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SUMMARY

There is a paucity of literature concerning early and late tooth

root formation. Various authors have discussed general cellular

arrangements associated with tooth development, but apart from varying

descriptions of the morphology of Hertwig's epithelial root sheath during

cementogenesis, there is little information concerning early sheath

development or root apexification. It is recognized that Hertwig's root

sheath forms from the confluence of the inner and outer enamel epithelia

when crown formation is virtually complete, but the stimulus responsible

for initiating the cellular proliferation and/or migration to form the root

sheath is unknown. An intact root sheath, which is continuous with the

enamel organ, is only seen prior to the commencement of cemento$enesis,

as it subsequently becomes discontinuous. Previous studies have indicated

that the epithelial cells of Hertwig's root sheath are associated with the

induction of cell differentiation during root formation, whilst some authors

have also outlined an epithelial cell secretory function. The fate of

epithelial root sheath cells has been variously described with the cells

being reported to either degenerate, become incorporated into cellular

cementum, or migrate into the periodontal ligament to form epithelial

rests of Malassez.

In the current study, the ultrastructural features of the cervical

enamel organ and early Hertwigts root sheath were examined in an attempt

to identify cellular changes associated with root sheath formation and to

define the morphology of Hertwig's root sheath prior to the onset of

cementogenesis. The fine structure of mature epithelial cell remnants of

the root sheath was also investigated in an endeavour to clarify the fate of
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epithelial cells following apexification. Following an initial histological

study, the first mandibular molars from six 7-day-old and six 27-day-old

A.L.C.A. mice were prepared and examined using a Jeol l00S transmission

electron microscope.

Hertwig's epithelial root sheath associated with M t f rom

7-day-old mice, was observed to be a predominantly bicellular structure

which was continuous with the enamel organ and was surrounded by an

intact basal lamina. From the morphological observations it was proposed

that the outer layer cells added to the inner layer cells at the tip of the

epithelial diaphragm, whilst in the cervical enamel organ stratum

intermedium cells seemed to either degenerate or add to the inner enamel

epithelial layer. Epithelial cell rests of Malassez and remnants of

Hertwig's root sheath were observed adjacent to the cementum surface of

M, from the 27-day-old mice. The rests of Malassez were assumed to

form as a consequence of root sheath disruption associated with root

formation. Epithelial cells were aPparent adjacent to the root apex' along

with numerous cementoblasts which were actively involved in the

formation of cellular cementum. Epithelial cells were observed

incorporated within the cellular cementum and some of these cells

provided ultrastructural evidence of cellular phagocytosis resulting in ceII

deletion, similar to that which was observed within the outer enamel

epithelial cells of the enamel organ in the younger mice. From the

ultrastructural evidence obtained in the present studyr it was proposed that

odontogenic epithelial cell deletion by apoptosis, is a normal phenomenon

associated with tooth formation whereby degenerating epithelial cells

undergo autolysis in phagosomes.
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INTRODUCTIONI

It is recognized that the developing dentition offers a suitable

model for the study of developmental biology (Linde, 1984). However,

since Hopewell-Smith in 1920 described cementum as being histologically

the least interesting of the three calcified dental tissues, there has been a

marked paucity of literature regarding tooth root formation and

cementogenesis. Detailed analyses of the morphological changes which

accompany odontogenesis, and in particular root formation, are required.

Therefore, it was the aim of the current study to identify ultrastructurally

the morphological features associated with the cytodifferentiation patterns

necessary for tooth root formation.

Dental primordial cells are reported to be provided by epithelial

and mesenchymal elements of the maxillary and mandibular processes, and

according to Slavkin (o974), tooth development is dependent upon

reciprocal heterotypic and homotypic interactions between neighbouring

cell populations. Differential mitotic activity, and the overall dynamics of

the odontogenic epithelial cell population, are known to be correlated with

tooth root formation. It is generally accepted that when crown formation

is nearing completion, the inner and outer dental epithelia in the cervical

loop region of the enamel organ proliferate and give rise to Hertwig's

epithelial root sheath. Little is known, however, about the "trigger"

systems involved during the initiation of root sheath formation. Hence it

t¡/as proposed that an ultrastructural analysis of early Hertwig's root sheath

and the cervical rim of the enamel organ could provide some information

on the morphological changes associated with the initiation of root

f or mation.
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It has been established that Hertwig's epithelial root sheath

acts as the I'blue-print't pattern for determining the size, shape, and length

of the developing tooth root or roots, and that it outlines the

dentino-cemental junction (Ten Cate, 1980). From morphological

observations, it has recently been suggested that the root sheath initiates

the differentiation of odontoblasts (Lester, 1969b) and is also involved in

cementoblast dif ferentiation (Owens, 197\ Linde, 1984) which

accompanies root formation. During development Hertwigrs root sheath

grows between the mesenchymal tissue of the dental follicle and the dental

papilla to enclose the dental papilla except for a small basal opening

referred to as the apical foramen. V/ith root morphogenesis being bound up

with the dynamic activity of the root sheath, the length of the root is

described as being a function of either the degree of intrinsic growth of

Hertwig's root sheath, or of the growth of the dental papilla (Osborn and

Ten Cate, 1983). This however, has not yet been conclusively established.

There are some very interesting asides to root sheath

development. Of particular note is the feature that despite the apparent

continuity between the inner epithelial cells of early Hertwigrs root sheath

and those of the enamel organ, the two groups of epithelial cells do not

pass through the same cycle of histodifferentiation, and as a result they

produce two quite different types of hard tissue. According to Osborn and

Ten Cate (1983) the difference in cytodifferentiation between the two cell

populations is related to different histochemical contents of the two cell

strata. Morphological differences also exist between the enamel organ and

the root sheath. V/ith this in mind, it was considered important to compare

the morphology of the enamel organ with that of Hertwig's epithelial root

sheath and, more particularly, to compare the ultrastructural features of

the inner epithelial cells of the two structures as part of the present study.
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After completing its organizing function, Hertwig's root sheath

is involved in the formation of cementum, but the events leading to the

completion of root formation and apexification have been poorly defined.

Controversy exists with regard to the nature of the cellular cementum

found in the region of the apical foramen. Held (1951) has described the

cellular cementum found at the root apex as being more Porous in structure

than the cellular cementum found elsewhere in the root, whilst Owens

0974) has characterized a type of osteo-dentine in the apical region which

was also distinct from the rest of the cellular cementum. Other authors

have defined a relatively uniform pattern of cellular cementum on tooth

roots. Since the completion of tooth root formation is poorly understoodt

with a diversity of concepts on the types of cells and nature of cementum

associated with apexification, further investigation in the area appeared to

be justified.

Hertwig's epithelial root sheath is known to fragment during

root formation, and the fate of root sheath cells following sheath

disruption is an area of marked controversy. Lester (1969a) has suggested

that epithelial cell fragments of Hertwig's root sheath become entrapped in

the cellular cementum, degenerate, or persist in the adult periodontal

ligament as ceII rests of Malassez. By contrast however, Diab and Stallard

(1965), Kenney and Ramfjord (1969), and Freeman and Ten Cate (1971)

have claimed that epithelial cells do not persist as rests of Malassez.

Other authors who have identified cell rests in the periodontal ligament

have ascribed various functions to the rests from time to time, though

without any evidence. Osborn and Ten Cate (1983) have reported that

histochemical studies reveal a continuing viability of the epithelial cells

throughout life, albeit in a quiescent state. In the current study the

presence of cell rests of Malassez was therefore reviewed. According to
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Langford and Sims (1982), considerable remodelling and repair occurs on

the roots of teeth through cellular cementogenesis in response to various

stimuli. By categorizing and ultrastructurally identifying apexification

events, our understanding of root resorption, repair, and periodontal

attachment mechanisms was anticipated to be enhanced. The present

study of the completion of root formation was therefore considered to be

of some clinical significance.

I



5

AIMS OF THE INVESTIGATION

The present study aimed to provide information on the

ultrastructural morphology and possible cellular dynamics associated with

the initiation and the completion of root formation in the mouse first

mandibular molar. The objectives of the research project were as follows:-

(i) To establish methods whereby odontogenic tissue obtained from

young mice, could be adequately preserved for light

microscopic and transmission electron microscopic studies of

the early and late stages of root development.

(ii) To histologically determine the ages when an intact Hertwig's

epithelial root sheath could be distinguished from the enamel

organ and also when root formation was nearing completion.

( iii) To ultrastructurally describe the morphology of early Hertwigrs

root sheath, and to consider patterns of possible cellular flow

and cytodifferentiation associated with the initiation of tooth

root formation.

(iv) To ultrastructurally identif y cells associated with the

completion of root formation.

To consider the fate of the epithelial root sheath cells following

disruption of Hertwigrs root sheath.

(v)
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CHAPTER I

REVIEW OF THE LITERATURE

l.l THE PRIMORDIAL STAGES OF TOOTH DEVELOPMENT

It is generally reported that the archetype for the dentition

originates from islands of ectodermal thickening on the maxillary and

mandibular arches. The thickenings coalesce to form what is known as the

dental lamina. Tooth germs arise as epithelial ingrowths from the dental

lamina, (Hay, 1961; Gaunt and Miles, 1967; Nery, Kraus and Croup, 1970;

Provenza and Sisca, l97I; Ionge, L976; Frank and Sognnaes, L977; Orban'

1980; Ten Cate, 1980). The development of the tooth primordium is

reported by Slavkin (1974) to be influenced by neural crest-derived cells

which migrate into the region. Since the neural crest cells are of

ectodermal origin, and they are indistinguishable from the surrounding

mesenchyme, they are generally referred to as ectomesenchyme (Ten Cate,

1969; Slavkin, 1974; Tan, 19S0).

The embryonic development of teeth is usually discussed as

occurring in three stages: the bud stage, the cap stage, and the bell stage.

The precise sequence of changes that occur in these primordial stages of

tooth development are, however, rapid and often transient.

l.l.l Bud Staee of Tooth Development

In the bud stage, increased mitotic activity in specific areas of

the dental lamina results in bud-Iike invaginations into the surrounding

ectomesenchyme. Orban (192S) suggested that the tooth Eerms and the

dental lamina grow simultaneously. Tonge Q976) also reported that in the
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majority of species the odontogenic epithelium invaginates to form the

dental lamina and individual tooth buds concurrently. Tonge 0976)

explained that in the human odontogenic regions, tooth Serms develop

directly within the oral ectoderm, prior to its invagination.

1.1.2 Cap Stage of Tooth Development

V/ith continued cell proliferation, the gross morphology of each

forming tooth I'budrr is transformed into a 'rcap-shapedrr structure. Ten

Cate (1980) described the epithelial ingrowth at this stage as "a cap sitting

on a ball of condensed ectomesenchyme". The epithelial cap is termed the

enamel organ, whilst the ball of condensed mesenchyme is referred to as

the dental papilla. The area of ectomesenchyme which encapsulates the

enamel organ, and limits the dental papilla, is called the dental follicle.

The enamel organ, dental papilla, and dental follicle, are collectively

called the tooth germ.

Tonge 0976) observed mitotic areas outlining a columnar

internal enamel epithelium and a cuboidal external enamel epithelium of

the enamel organ. Orban (1980) described the enamel organ as having a

triple-Iayered structure at the cap stage of development in human teeth.

1.1.3 Bell Stage of Tooth Development

Continued growth of the tooth Eerm leads to the bell stage of

development, at which time there is a change in the morphology of the

cells in the central region of the enamel organ. According to Gaunt and

Miles 0967) the whole structure increases in size and becomes

"flask-shaped" with the concavity of the flask embracing the dental

papilla. Gaunt and Miles (1967), Tonge {J976), Orban (1980), and Ten Cate

(1980), described a histodifferentiation of the cells of the enamel organ
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during the bell stage to form the stellate reticulum, and a layer of

flattened cells referred to as the stratum intermedium. They described the

stellate reticulum layer as being interposed between the stratum

intermedium layer and outer enamel epithelial cells. The stellate

reticulum cells were reported to assume a star-shaped or fusiform outline,

and to be widely dispersed by the accumulation of intercellular substance,

although still maintaining contact by inter-communicating cytoplasmic

processes.

The basal or cervical region of the forming tooth germ is known

as the cervical loop area. It consists of a double-layered structure

exclusively containing outer enamel epithelia folding over and becoming

inner enamel epithelium (Slavkin, 197 4).

Ten Cate (1980) indicated that during the bell stage of tooth

development the dental lamina, which joins the tooth germ to the oral

epithelium, breaks up and separates the tooth from the oral epithelium. He

described dental hard tissue formation as beginning in the late bell stage of

tooth development, with the cells of the dental papilla forming the

primordium of the pulp, and the peripheral papilla cells, subjacent to the

inner dental epithelium, diff erentiating into pre-odontoblasts, and

subsequently odontoblasts which form dentine' smith (o979) and ren cate

(1980) reported that the cells of the inner enamel epithelium undergo

dimensional changes during the bell stage of development, whereby they

assumed a high columnar shape and a reversal of nuclear polarity. The

differentiation of the inner enamel epithelial cells to form pre-ameloblasts

and subsequently enamel forming ameloblasts was described as being

dependent upon dentine production. Similarly, they claimed that

odontoblasts differentiate from cells of the dental papilla under the

organizing influence of the adjacent inner epithelial cells, and Ten Cate
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(I9S0) concluded that epithelial cells were necessary to stimulate the

odontoblast differentiation. Thus, dentine aPparently forms ahead of the

enamel, and when crown formation is virtually completer root formation

begins with growth of the cervical loop to form a double layer of epithelial

cells known as Hertwig's epithelial root sheath (Spouge, 1980; Ten Cate,

I e80).
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Diagram of a developing tooth in situ, at the bell stage of

tooth development (not to scale). Adapted from osborn and

Ten Cate (1983) .
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l.l .4 The Cervical Loop

The cervical loop forms where the outer and inner enamel

epithelial cells become continuous at the cervical edge of the enamel

organ. Silva and Kailis $972) performed transmission electron microscopic

studies to analyse the cervical loop of the lower permanent canine teeth in

cats. They described the cervical loop as comprising a homogeneous

population of cells which were separated from the dental papilla and the

dental follicle by a continuous basal lamina. The cells of the cervical loop

were discussed as having a high nuclear-cytoplasmic ratio, and although

they varied in shape, their cellular inclusions were similar. Silva and

Kailis $972) outlined three layers which formed the cervical loop:-

(i) an inner layer adjacent to the dental papilla

(ii) an outer layer adjacent to the dental follicle,

and

(iii) a central region of polygonal shaped cells.

The inner and outer layer cells were described as "wedge-shaped", with the

base of the wedge adjacent to the basal lamina and mitotic figures were

present in the central cells. The cells of the cervical loop were reported to

exhibit ultrastructural features which v/ere recognised as being typical of

dental epithelial cells, such as numerous free polyribosomes, a moderate

number of mitochondria, sparse amounts of endoplasmic reticulum, a Golgi

complex, dense bodies and aggregates of tonofilaments.

According to Silva and Kailis u972), the basal lamina of the

cervical Ioop was similar on both the follicle side and the papilla side. This

was in contrast to the basal lamina of Hertwig's epithelial root sheath,

where the inner basal lamina has been frequently reported to be thickened

with minute fibrils, thus differing from the afibrillar outer basal lamina.

Silva and Kailis 0972) therefore proposed that the difference in basal
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lamina morphology could be used to distinguish between the cervical loop

and Hertwig's epithelial root sheath.

Provenza and Sisca (1973) studied the ultrastructural features

of the cervical loop cells of human tooth Berms in the late cap and early

bell stages of development. In the cervical loop proper, the peripheral

cells were similar in shape to the outer enamel epithelial cells, but they

contained fewer organelles. The deeper cells of the cervical loop were

described as small and closely packed. Provenza and Sisca 097)) suggested

that the cervical loop cells were quite immature. A high degree of mitotic

activity was observed in the cervical loop and Provenza and Sisca 0973)

postulated that the cells of the cervical loop must therefore serve as a

source of cells for the intermediate tissue of the enamel organ and for

development of Hertwigrs epithelial root sheath. Provenza and Sisca (1973)

described aperiodic fibrils in association with the basal lamina of the inner

and outer enamel epithelium of the cervical loop.

1.2 THE HISTOLOGY OF THE ENAMEL ORGAN

The enamel organ is a highly dif ferentiated ectodermal

derivative which produces the enamel component of mammalian teeth. It

has been explained that the enamel organ undergoes a series of

morphological changes during development which result in the formation of

four distinctive layers:- the inner enamel epithelium, the stratum

intermedium, the stellate reticulum, and the outer enamel epithelium.

These transformations precede the actual formation of enamel. According

to Orams 0978), the initiation of enamel matrix formation is a genetically

determined event in which the epithelial and mesenchymal cells of the

tooth germ interact in a precisely timed sequence of inductive steps.

Orams (1978) claimed that there is an exchange of inductive information
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between enamel organ cells and the surrounding ectomesenchymal cells.

This exchange was described as taking place across the basal lamina which

separated the inner enamel epithelium from the dental papilla.

A number of researchers have commented on the histological

changes which occur as the inner enamel epithelial cells differentiate into

pre-ameloblasts, and ultimately ameloblasts capable of producing enamel

(Reith and Butcher, 1967; Elwood and Bernstein, 1968; Smith, 1979). These

researchers have recognized that the process of enamel formation occurs

in two phases. The first phase has been described as a phase of enamel

matrix formation, and the second phase as involving enamel maturation.

The ameloblasts engaged in these two phases are called secretory, and

post-secretory or transporting ameloblasts, respectively. Between the

enamel matrix formation zone, and the enamel maturation zone, there is

generally a narrow transitional zone where the secretory ameloblasts

"redifferentiate" into transporting ameloblasts.

1.2.7 Cells Related to Enamel Matrix Formation

Reith and Butcher 0967) and Elwood and Bernstein (1968)

discussed the structural changes which occurred in the enamel organ with

the onset of amelogenesis in rats. They independently reported that the

ameloblasts became highly polarized, the stratum intermedium cells

showed changes in their appearance, whilst the stellate reticulum layer was

compressed and merged with the outer enamel epithelial cells. The

columnar, secretory ameloblasts were described as being closely packed,

with polarized nuclei situated at the basal end of the cell close to the

stratum intermedium cell layer. A basal cell web and a distal cell web

were observed. Reith and Butcher (1967) discussed the persistance of the

basal cell web throughout the entire period of enamel matrix formation, as
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the most consistent and characteristic feature of ameloblasts to be

observed in light microscopic sections. Whereas the ameloblasts in the

region of enamel matrix formation were closely Packed, the authors

reported that the stratum intermedium cells in the area were separated

from adjacent cells by large intercellular spaces.

Skobe, Stern, and Prostak (1981), examined the morphological

features of amelogenesis in monkeys. Histological sections of incisors and

premolars, in the late bell stage of development, revealed cytological

changes associated with differentiation of the inner enamel epithelium into

secretory ameloblasts. They described the tip of the cervical loop as

consisting of small polygonal cells, characterized by sparse cytoplasm, a

central nucleus, and wide extracellular spaces. Approximately 6-8 cells

from the tip of the cervical loop, inner enamel epithelial cells were shown

to accumulate extra cytoplasm and become elongated with polarized

nuclei. These epithelial cells were referred to as pre-ameloblasts and they

appeared to be orientated perpendicular to the basement membrane. With

increasing distance from the cervical loop ProPerr Skobe, Stern and

Prostak, (1981) showed that the pre-ameloblasts elongated until they

reached the level of pre-dentine formation, where they were called

secretor y ameloblast s.

1.2.2 Cells Related to Enamel Maturation

Post-secretory ameloblasts are found adjacent to enamel

matrix which has reached its full thickness. Reith and Butcher (1967), and

Elwood and Bernstein (1968), observed that in addition to their location'

the post-secretory ameloblasts could be identified on a structural basis.

They described the post-secretory ameloblasts as being somewhat shorter

than the secretory ameloblasts and noted that the basal and distal cell
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webs were not present in post-secretory ameloblasts. The stratum

intermedium cells in the region of enamel maturation were reported to be

indistinguishable from the outer enamel epithelial cells and a decrease in

extracellular space was described in the cellular layers external to the

ameloblasts. The cells of the maturational ameloblastic layer were

observed to be less tightly packed, with an appreciable amount of

intercellular space between them, when compared to the secretory

ameloblasts.

Whether or not vascular channels are found in close

approximation to the cells external to the stratum intermedium layer in

the region of enamel maturation is quite controversial. Reith and Butcher

(1967) did not support the idea that vascular channels exist as sinusoids

between epithelial ridges of the ,enamel organ in the maturation region of

forming teeth in rats. By contrast, Elwood and Bernstein (1968), also using

rats, described the outer epithelial ridges of the enamel organ as

separating adjacent capillaries. The capillaries in this case were reported

to be separated from the post-secretory ameloblasts by a layer of stratum

intermedium or outer enamel epithelial cells. Interestingly, Garant and

Nalbandian (1968), in their investigation of the enamel organ and vascular

elements overlying secretory and post-secretory ameloblasts of the mouse

incisor, provided a description similar to that published by Elwood and

Bernstein (1968).

1.2.3 Cells in the Reeion of Transition

In the transitional zone of the enamel organ, between the tall

secretory ameloblasts engaged in matrix formation and the short

post-secretory ameloblasts involved in enamel maturation, a number of

morphological changes have been reported to occur in the ameloblast and
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stratum intermedium cell layers (Marsland, L95L, L952i Symons, 1962;

Reith and Butcher, 1967; Elwood and Bernstein, 1968; Moe and Jessen,

1972).

According to Reith and Butcher (1967), the essential changes

which occurred in the transitional zone included the following:- Tomes'

processes disappeared, ameloblasts became separated from the enamel

surface and some cells separated from each other, the basal cell web

disappeared, and a distinctive stratum intermedium Iayer disappeared,

while the outer epithelial ridges increased in height. The ameloblasts were

observed to become reduced in length. Wassermann (1944) claimed that if

the transitional stage occurred quickly the changes were more striking.

However, if it occurred more slowly the gradual change made some of the

features of "redifferentiation" less conspicuous.

The most notable feature in the transition region is claimed to

be the appearance of globular structures in both ameloblasts, and cells of

the enamel organ external to the ameloblastic layer (Wassermann, 1944;

Marsland, L95I; Symons, 1962; Reith and Butcher, 1967; Elwood and

Bernstein, 1968; Moe and Jessen,1972). Symons $962) suggested that the

globular structures were indicative of disruptive changes in progress within

the enamel organ. He provided evidence of ribonucleic acid present in the

globules, and claimed that the globules arose from cellular degeneration in

the ameloblast and stratum intermedium cell layers. Reith and Butcher

(1967) proposed that the globules represented degenerating elements of

cellular constituents no longer needed in the new activities to be

performed in relation to the maturation of enamel, whilst the cells

themselves did not actually perish. Since 1967, several ultrastructural

studies have been performed to try and determine the origin and fate of
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the globules described by light microscopists, and to ascertain whether or

not cells of the enamel organ degenerate during the transition time

(Elwood and Bernstein, 1968; Reith, 1970; Moe and Jessen, 1972;

Kallenbach, 1974; Yamamoto, Matsuo, Nishimoto, líakisaka, Ichikawat

Nakata and Akai, 1984).

THE ULTRASTRUCTURE OF THE ENAMEL ORGAN1.3

T.3.7 Ultrastructure of the Enamel Orsan Prior to Enamel Matrix

Formation

Pannese (tlso, 1961, 1962) performed a comprehensive

ultrastructural study of ox and cat enamel organs. He defined stratum

intermedium and stellate reticulum cells as being essentially similar with

respect to their cytological characteristics and both cell types were

reported to have large nuclei bound by double membranes, and a Golgi

complex situated in the juxta-nuclear zone. Vesicles were described in

association with the flattened cisternae of the Golgi aPParatus' and in

close proximity to the cell membranes. Pannese (1960) postulated that the

vesicles formed in the Golgi area and migrated through the cytoplasm to

the cell membrane, where they apparently transferred material to the

extracellular spaces. Mitochondria, sparse amounts of endoplasmic

reticulum, and numerous tonofilaments were demonstrated by Pannese

(1960) in the cytoplasm of the stratum intermedium and stellate reticulum

cells. Pannese $962) described the outer enamel epithelial cells as

squamous, cuboidal, or columnar in shape, depending on the area observed.

Each outer epithelial cell was reported to be bound by a plasma membrane,

and the cytological elements were shown to be similar to those of the

stratum intermedium and stellate reticulum cells. Prominent free

ribosomes were observed in the cytoplasm of the outer enamel epithelial

cells, and tonofilaments were described as being arranged in tufts which
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often joined the plasma membranes of the cells in regions of desmosomal

junctions. Pannese 0962) reported that the outer enamel epithelial cells

were covered by a distinctive basal lamina, which was orientated parallel

to the limiting membranes of the epithelial cells. Adjacent to the basal

lamina, small vesicles were observed both in the surrounding dental follicle

and within the cytoplasm of the outer enamel epithelial cells. Pannese

(1962) postulated that these vesicles had a pinocytotic function, and that

they were involved in the transfer of materials between the dental follicle

and the enamel organ- Pannese U962) also described the ultrastructural

features of the inner enamel epithelial cells, and pre-ameloblasts, of the

cat enamel organ. He reported the Presence of a basal lamina Separating

the inner enamel epithelium from the dental papilla. Pannese Q962)

showed that the pre-ameloblasts increased in size with development, and

he noted a gradual increase in the number of tonofibrils associated with

pre-ameloblast maturation.

Frank and Nalbandian (1967), provided a report on the

ultrastructure associated with amelogenesis, which was based on their

observations on human and cat enamel organs. They confirmed a number

of the findings described by Pannese (1960, 1961, 1962). In particular, the

scarcity of endoplasmic reticulum and mitochondria in the stratum

intermedium, stellate reticulum, and outer enamel epithelial cells was

noted. Frank and Nalbandian (1967) showed that a large number of free

ribosomes were present in the cells of the enamel organ. The Golgi

apparatus was located adjacent to well-defined centrioles in the

juxta-nuclear region. They explained that the functions of the stratum

intermedium and stellate reticulum layers of the enamel organ were

debatable, although the stratum intermedium cell layer was assumed to be

essential to enamel formation. The stellate reticulum was ProPosed to play

a dynamic role in the formation of enamel, as well as providing
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protective and supporting functions. Frank and Nalbandian 0967)

described desmosomal junctions between neighbouring cells of the enamel

organ, and tonofilaments, arranged in bundles, were prominent within the

cells, particularly in the region of cell junctions. They also demonstrated

the presence of a basal lamina which separated the epithelial elements

from the surrounding mesenchymal tissues. The basal lamina was described

as extending intact, from the cervical loop inner epithelial cells to the

region between the pre-ameloblasts and odontoblast accumulation. The

inner basal lamina was characterized by numerous small, non-striated

fibrils, aligned perpendicular to the lamina. At the level of pre-dentine

formation, the inner basal lamina became interrupted by long cytoplasmic

extensions from the pre-ameloblasts which continued into the pre-dentine

matrix.

Frank and Nalbandian (1967) discussed the differentiation of

inner enamel epithelial cells into ameloblasts. The inner enamel ePithelial

cells and pre-ameloblasts were claimed to show numerous free ribosomes

within the cytoplasm, with a scarcity of endoplasmic reticulum.

Mitochondria were observed throughout the cytoplasm, and in the early

stages of inner epithelial cell differentiation, the Golgi zones were small.

The Golgi complex was described as becoming progressively larger, and the

tonofilaments were shown to increase in number during maturation and

enlargement of the inner enamel epithelial cells. Once the first layer of

pre-dentine had formed, the pre-ameloblasts were claimed to exhibit an

accumulation of granular material (enamel matrix precursors) in the

peripheral cytoplasm. The Golgi complex apparently migrated to the

juxta-nuclear region in the formative end of the cell, the rough

endoplasmiC reticulum became extensive and a Tomes' process formed

during ameloblast diff erentiation.
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Kallenbach {o97l) performed an ultrastructural study on

diff erentiating rat incisor ameloblasts. In the continuously growing

incisors of rodents, mitotic activity has been claimed to provide a constant

supply of undifferentiated cells for the enamel organ. Kallenbach (1971)

described the ultrastructural changes of inner enamel epithelial cells and

pre-ameloblasts to the level of enamel deposition. He defined inner

enamel epithelial cells as having an irregular cuboidal shape, with many

free ribosomes, a Golgi apparatus in the basal portion of the cell (towards

the outer enamel epithelium), and many dense vesicles in the cytoplasm.

The outer enamel epithelial cells were described as flat cells which

contained a number of tonofilaments. In the proliferation zoner the enamel

organ was claimed to be confined by a continuous basal lamina. Adjacent

to the proliferation zone, Kallenbach (1971) outlined a differentiation zone,

where the inner enamel epithelial cells showed a reorientation of cellular

organelles, and were called pre-ameloblasts. The pre-ameloblasts

appeared to be taller than the less differentiated inner enamel epithelial

cells, with their nuclei polarized towards the base of the cell. Numerous

free ribosomes, microtubules, and filaments, were apParent in the

cytoplasm of the pre-ameloblasts. Kallenbach (1971) described elements

of smooth endoplasmic reticulum, and sparse amounts of rough endoplasmic

reticulum in the pre-ameloblasts. The ultrastructural study by Kallenbach

(197I) showed that a basal terminal web, composed of filaments, and

inserting into attachment sites between cell bases, was present in the early

pre-ameloblasts. Later in the differentiation process an apical terminal

web was reported to make its appearance at the opposite end of the cell, as

a rather diffuse, filamentous mass, without any particular relationship to

the cell membrane. Basal and apical (or distal) terminal webs have

previously been described in pre-ameloblasts by light microscopists.
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Kallenbach (1971\ provided similar descriptions of

pre-ameloblast cytoplasmic contents as Pannese (1960, 196I, 1962) and

Frank and Nalbandian (1967), although Kallenbach (1971) classified the

intracytoplasmic vesicles found in pre-ameloblasts as being of two types.

Type I vesicles were described as large vesicles with a fine granular

content which could be seen throughout both the proliferation and

differentiation stages. By contrast, the Type 2 vesicles were small and

contained a dense homogeneous core which was always separated from the

limiting membrane by a narrow gaP. Type 2 vesicles were found in the

supranuclear region of pre-ameloblasts throughout the diff erentiation

stage. Kallenbach (197 L), also reported the presence of lysosomes in

pre-ameloblasts of the rat incisor. He suggested that the lysosomes might

play a role in the digestion of excessive secretory material associated with

enamel formation. It was postulated that the Type 2 vesicles could be a

form of lysosome. In summary, Kallenbach (1971) defined two phases of

pre-ameloblast differentiation. A first phase of early pre-ameloblast

differentiation characterized by the presence of numerous free ribosomes

and bundles of microtubules, with the main activity of the pre-ameloblast

in this phase being to build and rearrange cellular equipment for future use.

A second, or late phase of diff erentiation was described, with

pre-ameloblasts showing ribosomes bound to the endoplasmic reticulum,

intracytoplasmic lysosomes, and the extension of cell Processes through the

basal lamina and into the pre-dentine. At this late stage, the

pre-ameloblast was prepared for enamel formation. It is interesting to

note that Kallenbach (1971) only made brief reference to the presence of

filaments in pre-ameloblasts and he did not use the terminology of

tonofilaments, or tonofibrils, when describing the f ilaments found in

pre -ameloblasts.
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Slavkin U974), in his review of embryonic tooth formation,

reported on the differentiation of inner enamel epithelial cells to form

pre-ameloblasts in incisor and molar tooth germs of the rabbit and mouse.

The undiff erentiated epithelial cells of the ameloblastic layer were

distinguished by numerous free ribosomes and few profiles of rough

endoplasmic reticulum in the cytoplasm. With differentiation, the inner

enamel epithelial cells were reported to elongate, and large numbers of

microtubules, orientated parallel to the long axis of each cellr became

prominent in the distal cytoplasm. Slavkin lJ974) described a proliferation

of rough endoplasmic reticulum in the distal cytoplasm, and the Golgi

apparatus migrated from the basal to the distal end of the cell. The

nucleus showed a change in polarity, and as the number of mitochondria

increased, large concentrations of densely staining glycogen accumulated.

Slavkin (1974) did not refer to any intracytoplasmic vesicles, and perhaps

the glycogen accumulations corresponded to what Kallenbach (1971) had

called vesicles. Slavkin (1974) briefly discussed the morphology of the

outer enamel epithelial cells and noted that they were squamous in the

region of pre-ameloblasts, but became more cuboidal in shape in the

cervical loop region. Slavkin 0974) postulated that the outer enamel

epithelial cells subsequently differentiated into inner epithelial cells. Both

the inner and outer enamel epithelial cells were bound by a continuous

basal lamina, which according to Slavkin (L974), consisted of two main

components, the lamina densa and the lamina lucida. Microfibrils were

described adhering to the basal lamina. Slavkin 0974) claimed that the

basal lamina was presumably a product of the epithelial cells.

Orams (1973) performed an electron microscopic study to

specifically examine the basal lamina overlying the pre-ameloblasts of the

rat incisor enamel organ. He identified two comPonents of the basal
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lamina, which corresponded to those previously described by Slavkin (1974).

Orams (1973) observed numerous fine fibrils extending perpendicularly

from the basal lamina. The fibrils appeared to cross the lamina lucida and

contact the plasma membrane of adjacent pre-ameloblasts, whilst in the

opposite direction they passed from the lamina densa into the pre-dentine

matrix. Orams 0978) described the presence of banded collagen fibres

which formed in the pre-dentine matrix, and were closely approximated to

the microfibrils and lamina densa of the basal lamina. Apparently an

occasional collagen fibre crossed the basal lamina and contacted the

plasma membrane of a pre-ameloblast. It was proposed that the collagen

fibres might be a manifestation of synthesis by pre-ameloblasts, or of an

inductive role by them. Orams (1978) also discussed the presence of

membrane-bound vesicles, in the forming ends of pre-ameloblasts and in

the forming pre-dentine matrix in close proximity to the basal lamina. He

suggested that the vesicles could be secretion granules of enamel, thus

indicating that some enamel secretion had already taken place prior to

overt amelogenesis.

Wakita and Hinrichsen (1980) considered the proliferation and

differentiation stages in the enamel organ of the mouse molar. The

ultrastructural observations of the oval-shaped inner enamel epithelial

cells, confirmed the presence of few cell organelles apart from free

ribosomes in the small volume of cytoplasm. Alternating with the zones of

close contact of the inner epithetial cells were wide intercellular sPaces

with occasional slender processes observed between the cells. Wakita and

Hinrichsen discussed the ameloblast differentiation process according to a

series of stages which represented an overall transition. During the initial

stage, the inner enamel epithelial cells were described as acquiring a

columnar shape and showing a slight increase in the number of
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mitochondria and amount of smooth endoplasmic reticulum. Fibrils

associated with the basal terminal web were apparent in the

pre-ameloblasts at this time. A few basal vesicles were also observed.

The stratum intermedium cells in the initial stage were described as being

similar to the pre-ameloblasts and containing few organelles. Following

this period, a second diff erentiation stage was described where the

pre-ameloblasts elongated and intracellular polarity was observed. Wakita

and Hinrichsen (1980) reported an increase in the number of mitochondria

and rough endoplasmic reticulum, with a poorly developed Golgi apparatus

present in the infranuclear portion of the cells. The authors claimed that

the basal terminal web was almost completely developed by the end of the

second stage. The other characteristics of the second stage of

pre-ameloblast differentiation included a decrease in the number of free

ribosomes, the inclusion of many vesicle-like structures in the basal

portion of the cell, and the presence of bundles of long tonofilaments

arranged parallel to the longitudinal axis of the cell or to the forming basal

terminal web. The stratum intermedium cells exhibited a large Golgi

complex, small vesicles, well-developed organelles, and bundles of

tonofilaments. These cells were shown to be connected by long tight

junctions and numerous desmosomes, whereas between the stratum

intermedium cells and ameloblasts only a few tight junctions and

desmosomes were claimed to occur. The third stage of differentiation

coincided with the onset of pre-dentine calcification and continued through

to the onset of enamel secretion and during this time the basal terminal

web was completely formed. The stratum intermedium cells were shown to

increase in size and the intercellular spaces between the pre-ameloblasts

and stratum intermedium cells narrowed. Wakita and Hinrichsen (1980)

postulated that the stratum intermedium cells and the basal terminal web

act as supporting systems for the pre-ameloblasts. The stratum



24

intermedium cells were assumed to also play a role in the transport of

materials required for organelle production during pre-ameloblast

dif ferentiation.

Skobe, Stern and Prostak (1981) reviewed cytodifferentiation of

inner enamel epithelial cells. In their electron microscopic study they used

tooth buds prepared from Macaca monkeys. Skobe, Stern and Prostak

(1981) defined the epithelial cells of the cervical loop as containing a few

small mitochondria, some dense granules, a few tonofilaments, and a

number of free ribosomes. Occasional desmosomes were observed to join

neighbouring cells and the distended cytoplasm along the basal lamina

provided a continuous interface abutting the surrounding mesenchymal

tissue. Adjacent to the cervical loop proper, the inner enamel epithelial

cells were reported to be somewhat elongated with their longitudinal axes

perpendicular to the basal lamina. At this site a few profiles of rough

endoplasmic reticulum and Golgi saccules were observed within the cells.

In the next stage of differentiation, Skobe, Stern and Prostak (1981)

reported that the cells contained tonofilaments, many free ribosomes and

small membrane-bound vesicles, a Golgi apparatus in the basal cytoplasm

and profiles of rough endoplasmic reticulum in the distal cytoPlasm. The

cells were covered in the distal region by a continuous basal lamina, which

exhibited numerous small fibrillar extensions into the subjacent

mesenchymal tissue. Skobe, Stern and Prostak's (1981) findings confirmed

those which had been previously reported by Kallenbach o971) in

diff erentiation stage I of pre-ameloblasts in rats, and Wakita and

Hinrichsen (I9S0) in differentiation stage II in mice. V/ith increasing

distance from the cervical loop, Skobe, Stern and Prostak (1981) described

a basal terminal web in the pre-ameloblasts, and noticed that the basal

lamina became discontinuous. The pre-ameloblasts in this region were
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observed to show a change in cell polarity with a basal nucleus and the

Golgi complex located either laterally or distally to the nucleus. The large

extracellular spaces were reduced, and the pre-ameloblasts came to lie in

close proximity to neighbouring cells along their entire length. Vy'here

mineralized dentine formed a continuous front abutting the

pre-ameloblasts, Skobe, Stern, and Prostak (1981) claimed that remnants of

the basal lamina and the associated aperiodic fibres were no longer

present. Instead, finger-like pre-ameloblast projections were reported to

extend between collagen fibres and contact the mineralized dentine. The

distal cytoplasm of the pre-ameloblasts in this region contained numerous

profiles of rough endoplasmic reticulum, large mitochondria and a large

number of granules and vesicles of varying density. Although at this site

most pre-ameloblasts were described as being long with basal nucleit

shorter cells with centrally located nuclei were also observed. Skobe,

Stern, and Prostak (I981) reported that in the monkey, the basal lamina on

the dental papilla side was straight and relatively devoid of both aperiodic

fibres and mesenchymal cell contacts for some distance from the cervical

loop. Conversely, the basal lamina on the follicle side was described as

becoming convoluted and associated with aperiodic fibres immediately

adjacent to the cervical loop. This was in contrast to the previous

descriptions of tooth germ basal lamina provided by Slavkin (1974) and

orams 0978).

r.3.2 The Ultrastructure of Ameloblasts Durins Enamel Matrix

Formation

Concomitant with the mineralization of the first increments of

dentine matrix, pre-ameloblasts apparently increase dramatically in length

and become active, secretory ameloblasts. Frank and Nalbandian (1967)

observed that the vesicles and lamellae associated with the Golgi apparatus
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in secretory ameloblasts, were closely surrounded by masses of rough

endoplasmic reticulum. They postulated that this association allowed the

transfer of material between endoplasmic reticulum and Golgi apparatus.

Frank and Nalbandian (1967) noted the presence of mitochondria and

numerous free ribosomes scattered throughout the cytoplasm of human and

cat secretory ameloblasts, which was in contrast to Nylen and Scott (1960)

who described mitochondria as being limited to the basal end of mouse

incisor ameloblasts. Frank and Nalbandian 0967) reported that the

secretory ameloblast nuclei were located in the basal, non-formative ends

of the cells. They described the accumulation of stippled or reticular

material which was concentrated in the lateral intercellular spaces

between neighbouring secretory ameloblasts. This material was presumed

to represent precursors of enamel matrix in an early extracellular state.

Evidence was provided to indicate that material was transported between

the various cells of the enamel organ.

Reith (1967) considered the early stage of amelogenesis in the

molar teeth of young rats, and confirmed the descriptions provided by

Frank and Nalbandian (1967). Reith 0967) drew particular attention to the

loss of basal lamina before amelogenesis commenced. He concluded that

as the ameloblasts extended microvillous-type Processes into the

predentine, disrupting the basal lamina, a situation was created which

allowed a transfer of information between the epithelial and mesenchymal

ceII populations and ultimately resulted in the orderly sequence of

inductive events associated with the onset of amelogenesis. Smith (1979)

supported the view of Reith 0967), and explained that subsequent to the

cellular extension phase, material resembling enamel matrix appeared

within secretory granules at the distal ends of the ameloblasts, and

ultimately within the extracellular spaces around collagen fibrils abutting
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the cells. The ameloblasts at this point were reported to begin secretion of

the initial prismless layer of enamel. Apparently, when the full thickness

of enamel has been produced, the ameloblasts lose their Tomes' Processes

and deposit a final prismless layer of enamel at the surface. Smith (1979)

claimed that the ameloblasts then undergo an intracellular collapse and

shrinkage in cell height, with some ameloblasts degenerating altogether.

Many changes were described as occurring within the ameloblasts at this

time. For example:-

(i) mitochondria reappear in great numbers

(ii) the Golgi apparatus becomes rather vacuolated

(iii) the rough endoplasmic reticulum decreases in volume

(iv) numerous autophagic vacuoles and phagosomes appear within

the supranuclear and infranuclear regions

(v) the ameloblasts become separated by wider extracellular

sPaces.

Elwood and Bernstein (1968) reviewed the ultrastructure of the

enamel organ in relation to amelogenesis in rat incisor teeth. They

explained that the arrangement of the Golgi complex, mitochondria and

intracellular fibrils in stratum intermedium cells adjacent to secretory

ameloblasts, was indicative of a specific functional orientation. Channels

of metabolic exchange were proposed between the stratum intermedium

cells and the ameloblasts. The arrangement of organelles in the

ameloblasts was presumed to be such that material moved from their basal

to their distal ends.

More recently, Sasaki, Nakagawa and Higashi (1983) using

kitten tooth germs, and Sasaki (19S3) using rat incisors, considered specific

ultrastructural features of secretory ameloblasts and the enamel organ.
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The findings presented by Sasaki, Nakagawa and Higashi (1983) closely

corresponded to those of Frank and Nalbandian (1967), Reith 0967), Elwood

and Bernstein (1968) and Kallenbach 1977). The secretory ameloblasts

were described as tall cells with Tomes' processes at their distal ends,

basal nuclei, and many mitochondria throughout the cytoPlasm. Golgi

complexes, an abundance of rough endoplasmic reticulumr secretory

granules and various vesicles and vacuoles were seen in the supranuclear

portion of the cytoplasm. Neighbouring ameloblasts were reported to be

connected by basal terminal bars, whilst neighbouring stratum intermedium

cells and ameloblasts demonstrated well-developed desmosomes and gap

junctions. The cell junctions were proposed to participate in the control of

transcellular and extracellular movement of ions and metabolites in the

enamel organ. Sasaki (1983) more specifically studied the Golgi apparatus

and related organelles of rat incisor secretory ameloblasts. He claimed

that the Golgi apparatus and Golgi-endoplasmic reticulum lysosomes

(GERL) occupied the major part of the supranuclear cytoplasm of secretory

ameloblasts, and hence they were proposed to control the functions of the

secretory ameloblast including protein synthesis, calcium transfer and

lysosome formation.

1.3.3 The Ultrastructure of Ameloblasts Durine Enamel Maturation

Frank and Nalbandian (1967) discussed the ultrastructural

features of ameloblasts following enamel matrix formation in cat teeth.

They explained that their transmission electron microscopic observations

of the ameloblasts were consistent with those for a cell which has changed

from a secretory cell into an absorbing and transpsorting cell. In the

following year, Elwood and Bernstein (1968) reported on rat incisor

post-secretory ameloblasts in the region of enamel maturation. Large

vesicles, sometimes associated with smaller ones' were observed as
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prominent structures in the distal ends of the ameloblasts. The

endoplasmic reticulum distal to the Golgi complex was shown to be greatly

reduced in amount and to possess fewer ribosomes than that present in the

basal region. Mitochondria were observed scattered throughout the

cytoplasm of the ameloblasts, but according to Elwood and Bernstein

(1968), the mitochondria were more concentrated between the distal end of

the cell and the Golgi region.

Smith (1979) summarized the morphological characteristics of

the ameloblast related to maturing enamel. He described the morphology

as being extremely variable. Smith 0979) explained that the maturational

ameloblast contained large bundles of tonofilaments, numerous

mitochondria, profiles of rough endoplasmic reticulum and a Golgi

apparatus. Numerous dense bodies were observed in the supranuclear

region. Smith 0979) described some of the dense bodies as being very

large and containing obvious debris, thus resembling residual bodies.

After the enamel has fully matured, but prior to tooth eruption,

ameloblasts are reported to undergo final regression and shrinkage in

height to become cuboidal-shaped reduced ameloblasts. They apparently

remain as such until tooth eruption (Smith, 1979).

1.4 HERTWIG'S EPITHELIAL ROOT SHEATH

t.4.1 Or of Hertw tsE ithelial Root Sheath

The use of the term 'repithelial sheath" was first suggested by

Hertwig in 1874. From his observation of a frog tooth he reported that "as

soon as the crown is almost completely formed, the root of the tooth

begins to develop'r. Hertwig explained that "by an increase in the length of

the epithelial sheath in a downward direction, the tooth outline is
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lengthened, and the germ tissue as a result assumed the form of the future

root". (Cite¿ in Diamond and Applebaum, 1942.)

Since Hertwig's initial description, it has been widely

documented that the epithelial root sheath delineates the outline form of

the root and is responsible for inducing odontoblastic differentiation from

the mesenchymal cells of the dental papilla in the area. Diamond and

Applebaum (1942), in agreement with Hertwig, reported that the root

sheath forms when the enamel matrix of the crown has completely formed.

They described the epithelial cells of the root sheath as initially being

quite undiff erentiated, but explained that when enamel maturation is

virtually complete, the epithelial cells then stimulate root dentine

formation.

Schour and Massler (1940) defined Hertwig's epithelial root

sheath as arising from the internal and external enamel epithelial layers at

the margins of the enamel organ. They claimed that the root sheath acted

as a "blueprint pattern" as it outlined the cemento-dentinal junction and

hence determined the shape, size and length of the tooth roots. Shibata

and Stern (1967), Orban (1980), and Ten cate (1980) also explained that the

epithelial root sheath forms from the confluence of the inner and outer

enamel epithelia at about the conclusion of crown formation. Grant and

Bernick (1971) reported that at the time of Hertwig's root sheath

formation, the basement membrane of the cervical loop disappeared. They

suggested that it was the loss of basement membrane which permitted the

proliferation and migration of epithelial cells to ultimately form the root

sheath.
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1.4.2 The Function of Hertwiqrs Epithelial Root Sheath

It is generally reported that Hertwig's epithelial root sheath has

an inductive influence on tooth root formation. Schour and Massler (1940),

orban 0952), Gaunt and Miles 0967), Kenney and Ramfjord (1969), Lester

(1969b), Berkovitz, Holland and Moxham (1978), Ten Cate (1980), Heritier

and Fernandez (1981), and Osborn and Ten Cate (1983) discussed the prime

role of the epithelial root sheath as being that of induction of radicular

odontoblast dif f erentiation.

Orban (L952) described the function of Hertwigrs root sheath as

exerting an organizing effect on the mesenchymal cells of the dental

papilla to induce the development of odontoblasts, and hence radicular

dentine. He claimed that without the presence of the root sheath and its

organizing effect, no dentine, and hence no root formation, could occur.

Schour and Massler (1940), Hoffman and Schour (1940) and

Lester (1969b) reported that the epithelial root sheath cells were involved

in both odontoblast and cementoblast dif ferentiation. Lester (1969b)

indicated that odontoblast and cementoblast diff erentiation could be

observed ultrastructurally after disintegration of the previously intact

basal lamina of the root sheath. The first positive sign of disruption of the

basal lamina occurred with the extension of epithelial cell processes to

project beyond the basal lamina and contact either dental papilla or dental

follicle cells. On the dental follicle side this corresponded to a change

where the follicle cells became more rounded, with expanded sacs of

granular endoplasmic reticulum, and bulkier cytoplasm indicative of cell

differentiation. The dental papilla cells in contrast, became elongated

dur ing dif ferentiation.
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Gurling (1982) defined Hertwig's epithelial root sheath as having

an inductive, and a secretory role, in root formation in mice. He noted

that the morphology of the sheath changed with time and proposed that the

epithelial cells persisting on the root surface performed a repair function.

Lindskog (1982b) and Lindskog and Hammarström (1982)

described the epithelial root sheath in monkeys as having a secretory

function, and being actively involved in the formation of the intermediate

cementum layer found between the dentine and the cementum at the

periphery of dental roots. They hypothesized that Hertwig's epithelial root

sheath may synthesize an enamel analogue protein during root

development. Lindskog and Hammarstrom (19S2) claimed that the

exposure of the layer of intermediate cementum as the root sheath

disintegrates may be the signal for the formation of the "proper" dental

cementum.

1.5 THE CELLULAR MORPHOLOGY AND TOPOGRAPHY OF

HERTWIG'S ROOT SHEATH

1.5.1 Component Parts of Hertwig's Epithelial Root Sheqlb

Hertwig's root sheath is generally discussed as comprising two

main components:

(i) the epithelial diaphragm, which appears as a short,

predominantly horizontal structure, located apical to the

formed radicular dentine.

(ii) the lateral root sheath, which has a more vertical orientation,

and courses occlusally from the diaphragm to demarcate the

future cemento-dentinal junction and extends to the future

cemento -enamel junction.
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when describing the ultrastructure of the epithelial diaphragm,

owens (l97Sa) subdivided the diaphragm into three regions:- the tip' the

middle segment, and the upPer extremity. owens $s7+, 1978a) also

divided the lateral root sheath into two distinct regions for descriptive

purposes. They were the region of the intermediate root sheath, which was

distinguished by an intact inner epithelial sheath closely applied to the

formed dentine, and the more occlusal region of the discontinuous root

sheath, where the epithelial cells lost their continuity. These regions are

illusirated diagrammatically in Figures 2 and 3'
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Diagram of early Hertwig's epithelial root sheath (not to

scale). Adapted from Orban (1980) .

Figure 2:
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The terms inner epithelial layer and outer epithelial layer of

the root sheath are applied to the epithelial layer facing the dental papilla,

and the dental follicle, respectively. Ten Cate (1980) described Hertwig's

epithelial root sheath as forming from the external and internal enamel

epithelial cells. The epithelial cells of the enamel organ were reported to

converge in the region of the cervical loop and proliferate to form the

double-Iayered structure known as Hertwigts root sheath which extended to

enclose the dental papilla. An intact root sheath extending from the

cervical loop region to the apical foramen was described as only being

present at the start of root formation since once the epithelial sheath

formed it initiated root formation and subsequently became discontinuous

(Ten Cate 1980).

\lühen reviewing the reports in the literature it is imperative to

consider the species of animal studied and the stage of root development.

Hertwigrs epithelial root sheath is such a dynamic structure that without

these considerations the validity of comparisons becomes questionable.

Where possible, therefore, the review will include the stage of root

development as outlined by the respective authors, and record the source

from which the tissue has been obtained.

1.5.2 Cellular Arrangement Within Hertwig's Epithelial Root Sheath

Diamond and Applebaum (1942) and Orban (1980), from their

studies using human teeth, and Paynter and Pudy (1958) using rat molars,

described Hertwig's epithelial root sheath as a double layer of cells

continuous with the outer and inner enamel epithelia. Paynter and Pudy

(1953) noted a difference between the surface of the root diaphragm facing

the dental follicle and that opposing the dental papilla. They described the

presence of dense reticular fibres on the outer epithelial cell surface but
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reported an absence of such fibres on the inner epithelial cell surface. A

basement membrane was seen to be continuous over the inner epithelial

cells up to the point where Hertwig's epithelial root sheath became

discontinuous. Here the membrane was disrupted and allowed cells of the

dental follicle to come into contact with the radicular dentine. No

basement membrane was observed on the follicular surface of the root

sheath.

Noble, Carmichael and Rankine (1962), in their study of early

dentinogenesis examined the roots of human premolar teeth with a

transmission electron microscope. The extracted premolars were obtained

from children aged between l0 and l2 years. According to Fanning (1961)

and Berkovitz, Holland and Moxham (1978), these teeth would have

achieved at least two-thirds of root formation, and apical closure was

likely to have commenced. Noble, Carmichael and Rankine (1962) defined

Hertwig's epithelial root sheath as separating the dental papilla cells from

the dental follicle at the root apex, and consisting of little more than two

layers of epithelial cells. They described an inner layer of columnar cells

and an outer layer of cuboidal cells, with an occasional additional cell lying

flattened between the two layers. Although spaces were reported between

the epithelial cells, it was observed that the cells united to form a

continuous cell membrane surface adjacent to the dental papilla. No

evidence of mitotic activity in the root sheath was observed at this late

stage of root development. At the tip of the root diaphragm the inner

epithelial cells were described as being younger since they were less

columnar than the older cells located opposite the fully differentiated

odontoblasts. Noble, Carmichael and Rankine 0962), also observed a

limiting membrane, more commonly referred to as a basal lamina,

separating the mesenchymal cells from the epithelial cells. The basal
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Iamina appeared to form a double layer enclosing a thin, even space on the

sheath. Minute fibrils were observed as a thickening of the inner basal

lamina at the early stages of root dentine formation. The outer basal

lamina did not show any fibrillar thickening.

Selvig (1963) performed a transmission electron microscopic

investigation of the root sheath in the continuously growing mandibular

incisor of the 8-day-old albino mouse. Hertwigrs epithelial root sheath was

described as being separated from the cells of the dental papilla and the

dental follicle on either side by a continuous basal lamina in the region of

the epithelial diaphragm. The tip of the root diaphragm consisted of an

inner and an outer epithelial cell layer which \¡/ere separated by two or

more layers of interposed squamous cells. The cells of the area were

connected by interlocking, finger-like projections, between which wide

intercellular spaces were observed. The intercellular spaces did not appear

to extend to the basal lamina, and a uniform continuous front was

presented to the basal lamina as previously reported by Noble, Carmichael

and Rankine (1962). Selvig observed that the epithelial sheath was reduced

in thickness with increasing distance from the tip of the epithelial

diaphragm. The intermediate cell layers disappeared first, and the outer

epithelial cells diminished in size until they eventually disappeared. Other

investigators (Lester, L969arb; Owens, L978ai Gurling, 1982) have discussed

these outer epithelial cells as migrating away from the site, rather than

diminishing in size. However, in either case only a single layer of inner

epithelial cells remained. Selvig noted that eventually the inner cells

assumed a cuboid, or squamous shape, and the basal lamina disappeared.

Reith (1967) reviewed odontogenesis of the upper first molar

teeth of 7 to lO-day-old rats. He discussed the presence of a small space



38

on the dental papilla side of the root sheath which could not be seen on the

follicular side. The space was reported to be relatively cell free, and it

apparently contained microvilli from the cells of the dental papilla and

numerous small non-striated fibrils. A continuous basal lamina was

described as covering the epithelial diaphragm of the rat molars. The basal

lamina was observed to become disrupted by microvilli projecting from the

epithelial cells at the level of radicular pre-dentine formation. Reith

(1967) described the inner epithelial cells as being wider and containing

more cytoplasm than the outer layer cells.

Shibata and Stern (1967) considered the histomorphologic nature

of Hertwigrs root sheath in the continuously erupting incisor of 7 to

ll-day-old rats. The epithelial diaphragm was shown to be composed of

three layers. Shibata and Stern (1967) described an inner epithelial layer,

consisting of one cell layer of cuboidal or low columnar cells, with fine

granular cytoplasm, and large nuclei with prominent nucleoli. Adjacent to

the inner layer, a middle layer of several cells thickness was apparent, with

squamous cells orientated parallel to the long axis of the root sheath. An

outer epithelial layer of simple cuboidal cells, with cytoplasm and nuclei

similar to the inner epithelial cells, was present on the dental follicle side

of the root sheath. The inner epithelial cells were separated from the cells

of the dental papilla by a cell-free zone and the cuboidal cells of the outer

layer were separated from the dental follicle by a basement membrane.

Shibata and Stern $967) noted that the middle cell layer reduced to a

single cell thickness more coronally and disappeared in the region of the

lateral root sheath. In the region of the lateral root sheath the outer layer

cells of the root sheath became flattened and disappeared leaving only a

single-layered root sheath. The remaining inner epithelial layer was

reported to eventually break up into isolated groups of epithelial cells.
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Lester (1969b) studied the root formation of mandibular molar

teeth of. 2A, 25, 30r 35 and 4O-day-old Sprague-Dawley rats. He described

Hertwigrs epithelial root sheath as a bilaminar sheet of epithelial cells. In

the region of the epithelial diaphragm the sheath was covered on either

side by a continuous, well-defined basal lamina. Lester (1969b) explained

that the cytoplasm of the epithelial cells was small in amount and that the

intercellular spaces were limited.

Grant and Bernick (o97 L) investigated the morpho-

differentiation and histology of Hertwig's epithelial root sheath in l-day to

2-month-old cats. The root sheath was reported to develop from the

cervical loop of the enamel organ. V/hen the tooth roots were half formed,

the root sheath reportedly had a trilaminar arrangement with:

(i) an inner epithelial cell layer of tall cuboidal cells with their

nuclei aligned perpendicular to the sheath axis.

(ii) an intermediate layer (l to 3 cells thick) of flattened squamoid

cells with spindle-shaped nuclei arranged parallel to the sheath

axis.

(iii) an outer epithelial cell layer of low cuboidal cells with their

nuclei orientated obliquely to the sheath axis.

Mitotic figures were observed near the basal end of the elongating

epithelial sheath and it was proposed that the tip of the diaphragm u/as a

proliferative zone. Coronally, the lateral root sheath was reduced to a

two-layered structure of flattened squamous cells with nuclei aligned

parallel to the root. Further coronally, the outer epithelial cells were lost

from the root sheath and in this region fibroblasts from the dental follicle

were reported to have invaded the inner epithelial cell layer to disrupt the

root sheath. A basement membrane was described as separating the inner

epithelial cells from the developing pulp. The membrane enclosed the tip
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of the root sheath and continued to cover the outer epithelium in the

region of the root diaphragm, but beyond the diaphragm a continuous

membrane was not visible on the outer surface.

Grant and Bernick (1971) proposed that the basement membrane

could play a morphogenetic role in the epithelial proliferation and

migration which occurs during root formation. They observed that at one

stage during the growth of the tooth, the basement membrane was

discontinuous at the tip of the cervical loop and that it later reformed.

Grant and Bernick (1971) reported that at the same time as the membrane

was disrupted over the cervical loop, there was a prolif eration and

migration of cells to form the "pseudopodlike" extension known as

Hertwigts epithelial root sheath. Grant and Bernick (1971) postulated that

perhaps the epithelial cells produced a collagenase which destroyed

adjacent collagen fibres and thus facilitated the migration of epithelial

cells. They claimed that the histomorphology of the epithelial root sheath

observed in cats was consistent with that of man and rodents, as well as

marmosets, squirrel monkeys, and pigs, as previously described by Bernick

and Levy (1969). At equivalent developmental stages of root formation

each species was observed to exhibit a three-layered structural

arrangement of the root sheath. Grant and Bernick's (1971) findings are,

however, at variance with those reported by Paynter and Pudy (1958),

Gaunt and Miles (1967), Lester (1969b), and Gurling 0982), who

independently have described Hertwigrs root sheath as a predominantly

two -layered structure.

Owens (l974) analysed the histological development of the roots

of mandibular premolar teeth in dogs using light microscopy. He

considered Hertwigrs epithelial root sheath at stages of one third, one half ,
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two thirds root completion, and almost complete. During root

development, the epithelial diaphragm was observed to become

progressively shorter, with the tip of the diaphragm assuming a more

rounded architecture as the root matured. According to Owens (llZ+), ttre

epithelial diaphragm was composed of an inner layer of low cuboidal cells

and an outer layer consisting of two to three rows of spindle-shaped cells

in the earliest stage of root development studied. The single stratum of

inner layer cells were reported to become more cuboidal with maturation,

whereas the cells in the outer layer became flattened and eventually

disappeared. The inner epithelial cells of the diaphragm were lost when

the roots were almost completely formed. In the .early stages of root

formation, the intermediate lateral sheath comprised only cells from the

inner layer. At the coronal limit, the cells were somewhat seParated, but

the inner basement membrane was reported to remain intact. The outer

layer cells of the lateral root sheath apparently merged with the follicular

tissue. As the root developed, the intermediate portion of the epithelial

sheath apparently shortened dramatically.

Owens (1978a) used transmission electron microscopy to review

root development of mandibular premolar teeth in dogs. He viewed the

roots when they were approximately one-third formed. Owens (1978a)

observed that the tip of the root diaphragm consisted of two or three

layers of similar, flat, closely packed cells, enclosed by a well-defined

basal lamina. Owens (1978a) described pseudopodial processes which

extended from the outer layer cells, and he speculated that growth of the

root sheath in the dog might involve cells of the outer layer flowing around

the tip of the diaphragm and adding to the inner layer cells. In the middle

segment of the diaphragm the cells of the inner layer were reported to be

cuboidal and closely packed with few intercellular spaces. By contrast, the
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cells of the outer layer were described as being flat, elongated, and loosely

packed, with prominent intercellular spaces. Mitotic figures were not

observed in the epithelial diaphragm. In the region of the intermediate

root sheath the inner epithelial layer was reported to be intact and smooth,

but some of the cells of the outer layer appeared to be breaking off from

the sheath. The discontinuous portion of the lateral root sheath was

characterized by a complete loss of the basal lamina and the outer layer

cells were observed to have moved away from the sheath into the

surrounding follicular tissue, whilst the remaining sheath cells became

widely separated with collagen fibrils evident between the cells.

Owens (1980) performed light and electron microscopic studies

of root formation in l2-day-old rat first molar teeth. These studies

essentially confirmed his previous descriptions of Hertwig's root sheath in

dog teeth. However, in the rat molar, the inner epithelial cells were

plumper and contained fewer organelles, except for free ribosomes, than

the outer layer cells.

Heritier and Fernandez (1981) considered Hertwig's epithelial

root sheath in l6-day-old mouse first mandibular molars using light and

transmission electron microscopy. According to Liao (L979) in mice of age

l6 days, lower first molar root formation is two-thirds complete. Heritier

and Fernandez (1981) recognized that the epithelial diaphragm at this age

consisted of an external epithelial cell layer and an internal epithelial cell

layer, with cells arranged in "quincunxil between the two layers. The cells

of the outer layer were reported to be aligned parallel to the long axis of

the root and they appeared flattened and somewhat smaller than the inner

layer cells, except at the tip of the diaphragm. Numerous mitotic figures

were observed in the outer layer cells of the diaphragm. Therefore,
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Heritier and Fernandez (1981) proposed that there may be a cellular flow

from the outer layer to the inner layer of cells, as had been previously

reported by Owens (1978a). Single and double cilia were recognized in the

cells of the epithelial sheath. The lateral root sheath was composed of a

single layer of inner epithelial cells in the intermediate region adjacent to

the mineralized radicular dentine. Coronal to this, the sheath was

apparently discontinuous and unrecognizable.

Lindskog (1982b) viewed Hertwig's epithelial root sheath on

incompletely formed roots of monkey teeth using scanning electron

microscopy. He distinguished three different areas of the sheath. In the

most apical region, the sheath was reported to be free from the root

surface and to consist of smooth cells which were tightly attached to each

other. Between the free and attached parts of the root sheath and

adjacent to the unmineralized matrix, a single layer of smooth epithelial

cells was described. More coronally, the attached root sheath was

identified with the most. apical portion consisting of rounded or elongated

cells tightly attached to each other. Further coronally, a wide zone of

cells with numerous microvilli and wide intercellular spaces was seen. At

the site of initial mineralization, the epithelial cells showed microvilli

facing the root surface and bulb-like structures facing the dental follicle

were observed. Lindskog (1982b) hypothesized that Hertwig's epithelial

root sheath could be actively involved in the formation of intermediate

cementum.

Gurling (1982) reviewed lower first molar root formation in ll,
16, and 2l-day-old mice, using light and transmission electron microscopy.

Material from the I I -day-old mice indicated that root development

started after a small dentine spicule was present beyond the cervical rim
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of the molar crown. At age I I days the inner epithelial layer was observed

to be continuous almost to the cervical margin. However, the outer layer,

abutted the inner layer cells only to the coronal extremity of the root

diaphragm. As previously reported by Heritier and Fernandez (1981),

Gurling (1982) described occasional cells arranged in "quincunx'r between

the inner and outer epithelial layers at the tip of the diaphragm. The

l6-day-old mice demonstrated two-thirds root formation and the inner

epithelial cells remained continuous from the tip of the diaphragm to a site

just apical to the radicular dentine. Coronal to this region, the inner layer

cells were reported to be spaced along the root surface. Two outer layer

cells were described which remained at the apical extremity of the root

diaphragm and an occasional outer epithelial cell was seen along the length

of the diaphragm. With further root maturation, the 2l-day-old mice

showed that the epithelial diaphragm decreased in length with the inner

epithelial layer continuous to the level of the pre-dentinal spicule.

Coronal to the apex of radicular dentine, Gurling (1982) reported that

epithelial cells existed singly, or in pairs, external to the root surface at

relatively regularly spaced intervals. The outer epithelial layer of the root

sheath was apparently reduced to one cell which was located at the tip of

the diaphragm in the 2l-day-old mouse mandibular molar. Hence Gurling

(1982) discussed both the inner and outer epithelial layers of the root

sheath as decreasing in length in an apical direction with root maturation.

He only observed an intermediate cell layer in the early stages of root

formation and it was noted that the outer layer shortened more rapidly

than the inner layer of epithelial cells with root development.
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schematic diagram of Hertwig's epithelial root sheath during

root development when the root is about half formed (not to

scale). Adapted from Berkovitz, Holland and Moxham (1978)

A - epithelial diaphragm

B - dental papilla

C - dental follicle

D - odontoblast

E - epithelial cell rests of Malassez

F - cementoblast

G - alveolar bone

H - developing cementum

J - developing periodontal ligament

K - root dentine
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Table 1: Summary of descriptions of Hertwigrs root sheath.
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1.5.3 Cellular Dvnamics in Hertw iers Eoithelial Root Sheath

The cellular dynami'cs of Hertwig's epithelial root sheath has

been reviewed by a number of investigators. Gaunt (1960), cited in Gaunt

and Miles 0967), provided evidence of mitoses in the mouse molar root

sheath. The mitotic figures were observed from the time of initial root

sheath formation suggesting that the root sheath increased in area until the

time of its disruption. The growth of the root sheath was reported to occur

initially in a horizontal direction to outline the apical foramina, and

afterwards growth of the root sheath was vertically directed to determine

the root length.

Diab and Stallard 0965) used tritiated thymidine in their

radioautographic study of cellular kinetics during lower first molar root

development in rats aged from birth to 35 days. Diab and Stallard's 0965)

results indicated that Hertwig's epithelial root sheath proliferated by ceII

division from the apical region of the sheath. They postulated that some of

the outer layer cells migrated to add to the inner epithelial layer. No

Iabelling was retained by any cells of the root sheath beyond six days after

the tritiated thymidine injection, except in those epithelial cells trapped

during cementum formation. Hence Diab and Stallard 0965) recorded a

degeneration of the root sheath with the final stages of root maturation.

McHugh and Zander (1965) provided evidence of mitotic

activity in each of the epithelial layers of Hertwigrs root sheath. They

used tritiated thymidine labelling when studying the root sheath in

erupting, or recently erupted, monkey teeth. Consistent with Diab and

Stallard's {196Ð findings, McHugh and Zander $965) also described the

epithelial cells of the discontinuous root sheath, and the cells of the

epithelial rests as unlabelled.
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Kenney and Ramfjord (1969) used tritiated thymidine to study

the ceII turnover and migratory patterns of cells within the epithelial root

diaphragm of Rhesus monkey teeth which had penetrated the oral mucosa

but had not reached functional occlusion. Labelled epithelial cells were

observed along the length of the diaphragm, but no evidence of a definite

migratory pattern could be defined. Once again, there was no labelling of

the cell rests of Malassez.

Grant and Bernick (1971) observed mitotic activity at the basal

end of the elongating precursor of Hertwig's epithelial root sheath in cat

teeth. The basement membrane of the cervical loop disppeared at the time

of epithelial root sheath formation, which they claimed allowed the

proliferation and migration of the epithelial cells. Furthermore, Grant and

Bernick (1971) reported that certain epithelial cells had the ability to

produce collagenase, which they proposed caused destruction of adjacent

collagen fibres and thus permitted the epithelial cell migration.

Ten Cate (1980), orban (1980), and osborn and Ten Cate (1983)

claimed that the plane of the epithelial root diaphragm remains fixed

relative to the inferior dental canal during root development, whilst

Hertwig's root sheath proliferates coronally. It was proposed that the cells

of the root sheath proliferated in an attempt to enclose the dental papilla

but at the same time became pulled towards the oral cavity with growth of

the root and tooth eruption. This pull was postulated to produce tension

between the epithelial cells and, despite some cell division, the stretching

was claimed to ultimately result in fragmentation of the root sheath.

Osborn and Ten Cate (1983) reported that, as there was no evidence of

epithelial cell degeneration at the time of root sheath disruption, the

postulate was reasonable.
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Owens (l97Sa) in his electron microscopic study of root

development in dog premolar teeth described pseudopodial extensions from

the outer layer cells at the tip of the root diaphragm. Since in other cells

such extensions are associated with amoeboid activity of the cell, Owens

(1978a) proposed that the growth of Hertwigrs root sheath, in dog teeth at

least, involved outer layer cells flowing around the apical margin of the

sheath and adding onto the inner epithelial layer. Such a flow of the cells

was proposed to explain why the outer epithelial layer of the root

diaphragm became progressively shorter during root development.

According to Owens (1978a), mitotic figures were often not conspicuous

morphologically, and hence the view of outer layer cell migration provided

an alternative to the more classical view of root sheath elongation through

epithelial cell proliferation.

Heritier and Fernandez (1981) and Gurling 0982) perpetuated

Owen's (l97Sa) theory of cell migration when describing root development

in the mouse first mandibular molar. They described cells of the outer

epithelial layer migrating apically and adding to the inner epithelial layer

at the tip of the root diaphragm. Cilia were observed only occasionally in

the epithelial cells by Gurling $982), with the incidence increasing in the

older mice studied (16 and 2l days). However, Heritier and Fernandez

(l9Sl) reported an incidence of cilia being found in one out of two

epithelial cells in the l6-day-old mice investigated. It was speculated that

the cilia had the potential for some oscillatory bending, and as such were

possibly associated with cell migration within Hertwig's root sheath.

Pseudopodial extensions were not reported in either study. Heritier and

Fernandez (1981) identified the middle of the external epithelial layer in

the diaphragm as a proliferative zone with an appreciable number of

mitoses evident, whilst Gurling (1982), in confirmation of Owens (1978a)'
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described mitotic activity within the sheath as a rare event, therefore

implying periodic rather than continuous cell division. It must be

remembered, however, that all three studies were transmission electron

microscopic studies and some mitoses may not have been detectable. It is

apparent from a review of the literature, that confusion still exists

regarding the mode of development and cellular kinetics involved in the

growth of Hertwig's epithelial root sheath.

1.6. THE ULTRASTRUCTURE ASSOCIATED WITH HERTWIG'S

EPITHELIAL ROOT SHEATH

Selvig 0963) described the ultrastructure of epithelial cells

found in the region of the epithelial root diaphragm of mouse incisor teeth.

They were described as having Iarge oval nuclei bound by double

membranes. Numerous mitochondria, sparse endoplasmic reticulum and a

Golgi apparatus with typical vacuoles and concentrations of lamellae were

found within the cell cytoplasm. Selvig 0963) also noted granules of

varying sizes distributed throughout the cells. The epithelial cells were

reduced in size at increasing distances from the tip of the diaphragm, and

with the reduction in cell size, it was observed that the number of

mitochondria present within each cell decreased and the number of dense

cytoplasmic granules increased.

When observing early tooth formation in rats, Reith (1967)

described the cells of Hertwig's epithelial root sheath as having small

mitochondria, occasional profiles of rough endoplasmic reticulum and large

numbers of ribosomes in a moderately dense cytoPlasmic matrix. He

defined the cytoplasm as containing microtubules and delicate filaments,

with a prominent Golgi apparatus found at the end of the epithelial cell

away from the basal lamina. Small desmosomes were reported to be
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present at contact areas between neighbouring epithelial cells. Reith

0967) described the epithelial cells at the apical end of the root sheath as

being less flattened and containing large lipid granules, in contrast to those

found more coronally.

Lester (1969a) discussed the architecture of epithelial cells

associated with the first mandibular molars of 25-day-oId rats where

cellular cementum had just formed. Within the root sheath the epithelial

cells were described as forming junctional complexes of three types:-

(i) tight (zonula occludens)

(ii) intermediate (zonula adhaerens)

(iii) desmosomal (macula adhaerens)

Sparse, granular endoplasmic reticulum generally appeared in the form of

isolated, flattened, cisternae within the epithelial cells. Numerous

polyribosomes, mitochondria, a prominent Golgi complex and a few

membrane-bound dense granules were observed. According to Lester

(L969a), the mature epithelial cells which remained near the root surface,

were identified by the following ultrastructural features:-

(i) numerous tonofibrils arranged circumf erentially around the

nucleus except in the Golgi region.

(ii) an abundance of membrane-bound dense granules.

(iii) numerous mitochondria

(iv) a prominent Golgi apparatus

(v) numerous polyribosomes

(vi) endoplasmic reticulum with dilated sacs

(vii) desmosomal junctions

The very mature epithelial cells demonstrated many microvillous-tyPe

Processes.



52

Lester (1969b) from further studies using older laboratory rats,

explained that where the root sheath was still intact and the epithelial

cells were relatively immature, the tonofibrils were poorly differentiated

and desmosomal junctions were few. The more mature epithelial cells

were characterized by an increase in the complexity and number of cellular

organelles and numerous tonofilament bundles. Lester interpreted these

features of the mature cells as evidence of further differentiation. Osborn

and Ten Cate (1983) similarly characterized immature and mature

epithelial cells in the root sheath.

Owens (1978a), from his investigation at a stage of one-third

root formation in dog premolar teeth, outlined the ultrastructure of

epithelial cells in several regions of Hertwig's root sheath. He described

the cells at the tip of the epithelial diaphragm as containing numerous free

ribosomes, several mitochondria, small amounts of rough endoplasmic

reticulum, and some tonofilaments. The outer layer cells of the epithelial

diaphragm were described as having small, apically directed pseudopodia.

In the middle segment of the root diaphragm the inner layer cells had a

reduced amount of rough endoplasmic reticulum and the cell membranes in

this region were smooth, whereas at the tip of the diaphragm they were

convoluted. The outer cells in the area were flattened and tonofilaments

were present in the cytoplasm. At the lower levels of the discontinuous

root sheath, Owens (1978a) categorized two types of epithelial cells

adjacent to the radicular dentine:-

(i) Type I cells were relatively electron-lucent with small amounts

of rough endoplasmic reticulum and a few tonofilaments.

(ii) Type II cells were relatively electron-dense with more rough

endoplasmic reticulum and few, if any, tonofilaments.



53

Owens (1980) also examined the forming roots oL L2-day-old rat

teeth. The basal lamina covering the inner layer cells was seen to be

continuous and smooth at the apical extremity of the sheath where there

were no signs of odontoblastic differentiation. The inner layer cells at the

level of the intermediate root sheath were reported to show an increase in

the number of cellular organelles with a proliferation of mitochondria,

rough endoplasmic reticulum and Golgi aPparatus. More coronally, the

inner basal lamina was observed to become disrupted in the area of the

discontinuous root sheath. Owens (1980) described the mature epithelial

cells of this area as containing numerous organelles, consisting mainly of

vesicular bodies, mitochondria, rough endoplasmic reticulum and some

primary lysosomes. He noted that electron-dense granular material was

present in the intercellular spaces between the more mature epithelial

cells of the root sheath.

Heritier and Fernandez ( 198 l) perf ormed an electron

microscopic analysis of Hertwigrs root sheath associated with the first

mandibular molar of l6-day-old mice. They explained that the sheath was

surrounded by a basal lamina which was more Pronounced on the inner

aspect. The basal lamina which separated the external layer from the

follicular tissue was described as being more discontinuous and less

electron-dense than the inner basal lamina. The cells of the root sheath

were reported to be surrounded by moderate intercellular spaces, although

they maintained contact with some desmosomal junctions observed in the

epithelial diaphragm. Heritier and Fernandez (1981) classified epithelial

cells as having the following characteristics:-

(i) large, ovoid nuclei, with a double envelope and one or more

nucleoli

(ii) numerous ribosomes



54

(iii)

(iv)

(v)

(vi)

a few large mitochondria

elongated rough endoplasmic reticulum

under -developed Golgi apparatus

fine bundles of tonofilaments located around the nucleus and at

the cell periphery where they were often associated with

desmosomes

some cilia

a few lysosomes

some multivesicular bodies

(vii)

(vlll)

(ix)

Gurling (19S2) reported that root sheath epithelial cells of ll,

16, and 2l -day-old mouse first mandibular molars varied in their

nuclear-cytoplasmic ratio. He described the epithelial cells as containing

tonofilaments, mitochondria scattered throughout the cytoplasm, abundant

ribosomes and a Golgi apparatus which was present but not distinct.

Gurling 0952) discussed the rough endoplasmic reticulum as constituting a

minor cytoplasmic component. Tonofilaments, desmosomes, and tight

junctions were reported to be the main identifying features of the

epithelial cells. Within the region of the root diaphragm' Gurling (1982)

claimed that the inner layer of ePithelial cells had a lower

nuclear-cytoplasmic ratio compared to the ratio of the outer ePithelial

cells. It was observed that with epithelial cell maturation the rough

endoplasmic reticulum became more prominent and other cytoplasmic

organelles became more prolific, which was in agreement with Lester

(1969b) and Owens (19S0). Gurling (1982) observed an inner and outer basal

lamina which covered the epithelial cells of the root diaphragm in the

ll-day-old mice. He reported that in the 16 and 2l-day-old mice the

outer basal lamina remained intact along the length of the root diaphragm

but the inner basal lamina was seen to become discontinuous in the region

of the diaphragm which abutted the pre-odontoblasts.
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1.7 THE FATE OF HERTWIG'S EPITHELIAL ROOT SHEATH

CELLS

A number of theories have been proposed to explain the loss of

continuity of Hertwig's epithelial root sheath during root formation. These

include:-

(i) loss of basal lamina and epithelial cell migration from the root

sheath.

(ii) epithelial cell degeneration.

(iii) stretching of the root sheath, beyond the limit of stretch during

root elongation.

(iv) penetration of collagen fibres between the epithelial cells.

(v) extension of odontoblast processes to contact inner epithelial

cells and disruPt the root sheath.

Once the root sheath has become discontinuous, the epithelial cells are

presumed to:-

(i) degenerate (Schour and Massler, 1940; Diab and Stallard, 1965;

Lester, L969a; Freeman and Ten Cate, I97I) and/or

(ii) become encapsulated in forming cellular cementum (Paynter

and Pudy, 1958; Reitan, I96Ii Diab and Stallard, 1965; Grant

and Bernick, 1969; Lester, 1969a; Listgarten and Kamin, 1969i

Furseth, L97O; Jande and Belanger, 1970; Freeman and Ten

Cate, 197 L; Liao, 1979; Gurling, I9S2) and/or

(iii) migrate into the periodontal ligament to form epithelial cell

rests of Malassez (Schour and Massler, 1940; Wentz, Weinmann

and Schour, 1950; Bevelander and Nakahara, 1968; Lester,

1969a; Kenney and Ramf jord, 1969; Furseth, 1970; Ooë, 1974;

Liao, 1979i Gurling, 1982).
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1.7.1 Epithelial Cell Rests of Malassez

Epithelial cell clusters found close to, but not incorporated into

the cementum, are referred to as epithelial rests of Malassez if they have

been derived from Hertwig's epithelial root sheath. The cell rests are

reported to be most commonly found in the periodontal ligament near the

upper portion of the root surface in rats (Lester, 1969a) and mice (Liao,

re79).

The migration of epithelial cells from the forming root surface

into the periodontal ligament is generally regarded as a normal part of root

formation. Lester 0969a) proposed that the epithelial cells migrated

because they became blocked from their original nutritional supply in the

dental papilla with the formation of radicular dentine. Reitan (1961)

reported that the incidence of epithelial cell rests decreased with

increasing age of the animal being studied. Shibata and Stern (1967),

Lester (1969a) and Jande and Belanger (l970) investigated tooth

development in rats and reported that cell rests degenerate with time and

hence do not persist in the mature periodontal ligament.

Valderhaug and Nylen (1966) examined the periodontal ligament

of humans aged between l0 and 27 years. They paid particular attention to

the rests of Malassez and an extensive network of epithelial cell rests was

observed in most of the specimens. The cell rests appeared as strands,

clusters, and small islands of epithelial cells which were observed to be

interconnected when viewed in serial section. The strands and clusters

contained closely packed cells with large nuclei and a narrow rim of

cytoplasm. In the small islands of cells, the nuclei were described as being

located peripherally, with the cytoplasm concentrated towards the centre

of the Broup. Valderhaug and Nylen (1966) reported the presence of a

basement membrane surrounding the cell groups. Electron microscopically,
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the epithelial islands were separated from the surrounding connective

tissue by a basal lamina which apparently did not show the fine fibrils as

observed on Hertwig's root sheath. AII the cells were described as having

one smooth surface abutting against the basal lamina, but on the other cell

surfaces the outlines were irregular with numerous microvilli projecting

from the cells. Intercellular sPaces were Prominent although they were

constricted in the regions of desmosomal and tight cell junctions. The

epithelial cells in the rests of Malassez demonstrated nuclei which varied

from round to ovoid in shape, usually with one or more invaginations.

Valderhaug and Nylen (1966) described a predominance of dense cytoplasm

with an occasional epithelial cell possessing light cytoplasm. They

identified a large number of tonofibrils inserting into the attachment

plaques of desmosomes and hemidesmosomes. Rough endoplasmic

reticulum was only occasionally visible and the Golgi aPParatus was

described as ill-defined. A few, large, dense bodies were found in some of

the epithelial cells. Valderhaug and Nylen 0966) postulated that this was

most likely lipid material which was possibly indicative of metabolic

activity with glycogen, or else reflected some form of cellular

degenerative change.

Lester (1969a) considered the ultrastructure of epithelial cells

in the ageing rat molar periodontal ligament. Initially, the epithelial cells

were surrounded by a basal lamina which Lester (1969a) reported was lost

during migration into the periodontal Iigament space where it later

reformed. Lester (1969a) described the epithelial cells of the rests of

Malassez as containing sparse profiles of granular endoplasmic reticulum, a

clearly defined Golgi complex, numerous mitochondria, prominent

polyribosomes and a few membrane-bound dense granules in the cytoplasm.

The epithelial cells were distinguished from other cell types by their
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tonofilament bundles and associated desmosomal junctions. Lester (I969a)

explained that the epithelial cells degenerated with time. The

degenerating cells were characterized by an increase in the

nuclear-cytoplasmic ratio caused by a decrease in cytoplasmic volume.

Associated with epithelial cell degeneration, Lester 0969a) observed that

the rough endoplasmic reticulum became less prominent, whilst the

tonofilament bundles and Golgi apparatus remained conspicuous within the

cytoplasm. The nuclear envelope apparently dilated and the nuclear Pores

became more obvious with epithelial ceII degeneration.

Furseth (1970) similarly described the cell rests of Malassez in

pig periodontal ligament, as clusters of epithelial cells surrounded by a

basal lamina. Once again, the cells were characterized by dense

aggregates of tonofilaments in the cytoplasm, and numerous desmosomal

junctions were observed between individual cells. Furseth's $970)

description was in accordance with previous reports by Valderhaug and

Nylen (1966), Lester (t969a), and Listgarten and Kamin (1969).

Beertson and Everts $979) studied the ultrastructure of cell

rests of Malassez found in the periodontal ligament of mouse molars and

incisors. Epithelial rests of Malassez were found along the length of the

root surfaces with an increased number of rests associated with the molar

teeth. The basal lamina surrounding the molar rests was observed to be

more intact than that of the incisor rests.

The function of the epithelial cell rests of Malassez is still

somewhat speculative. Histochemically the rests are generally reported to

be viable throughout the life of the tooth, although they are reported to be

usually in a state of metabolic resting. Orban 0952) speculated that
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epithelial rests in the periodontal membrane might have a function of

stimulating the formation of cementoblasts and hence ultimately

cementum. Orban 0952) described a few observations which indicated that

the rests of Malassez could be associated with cementogenesis. For

example, herbivorous animals whose teeth show an extensive amount of

cementum formation demonstrate a rich network of epithelial cell rests.

By contrast, in carnivorous animals the cementum layers are rather thin

and the numbers of epithelial cell rests are much less. Orban 0952)

studied human autopsy material and he observed that where the cementum

was thick, or hypertrophic, there were more rests of Malassez found than

in association with thin, or hypotrophic cemental areas.

Löe and V/aerhaug (1961) implied that the epithelial rests serve

to Protect the tooth root against resorption' Brown (19s2) interpreted Lôe

and Waerhaug's (1961) findings to mean the role of cell rests was

maintenance of the periodontal space and perhaps destruction of the

epithelial rests resulted in tooth ankylosis.

In contrast to some previous reports, Valderhaug and Nylen

(1966) established through an ultrastructural study of human teeth that the

cell rests of Malassez are vital. They described poorly developed

endoplasmic reticulum, a scarcity of Golgi apparatus and indistinct cristae

in the mitochondria which discounted the existence of any secretory

function. Valderhaug and Nylen 0966) demonstrated accumulations of

glycogen granules within the epithelial cells. Ten Cate 0965) also

detected glycogen in the epithelial rests cells and he proposed that the

presence of glycogen indicated a metabolism requiring little energy. Ten

Cate (1980) later described the rests of Malassez as being functionless.



6T

Spouge (1930) discussed the role of epithelial cell rests. He

claimed that since the rests of Malassez were derived from the epithelial

cells which were responsible for inducing root formation it was conceivable

that they could retain some of their organizational properties. However,

he presented no real evidence to indicate that they do so. Spouge proposed

that the cell rests of Malassez served to separate the root of the tooth

from the subjacent connective tissues and the alveolar bone. In support of

Löe and Waerhaug (1961), Spouge (1930) therefore postulated that the

interposed epithelial rests could act as ankylosis inhibitors.

Gurling 0952) located two tyPes of epithelial cell rests.

According to distribution the rests were classified as follows:-

(i) Type I rests found in the periodontal ligament just below the

cemento -enamel junction.

(ii) Type II rests found lining the cementum surface at reasonably

regular intervals.

Gurling (1982) proposed that the epithelial cells of the rests of Malassez

could become active with the appropriate stimulation, and play a role in

cellular cementogenesis and cellular cementum repair of damaged acellular

cementum sites. If an acellular cementum surface was damaged, Gurling

(1982) postulated that the Type II rests could achieve contact with

marginal dentine thereby inducing cytodifferentiation of fibroblasts to

form cementoblasts which could provide the cementum repair. Damaged

acellular cementum sites have been reported to be repaired by cellular

cementum (Langford and Sims, I9S2).

1.8 CEMENTOGENESIS

Researchers, to date, have not reached a general a8reement on

the process of cementogenesis. However, this could be due to species
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variation, or it could also be related to age changes. There is even conflict

regarding the role of Hertwig's epithelial root sheath in cementogenesis.

1.8.1 Acellular Cemento genesis

A number of theories of acellular cementogenesis have been

proposed by different investigators, and these are best explained under the

f ollowing categor ies: -

(i) Cementoblastic Involvement

As early as 1920, Hopewell-Smith reported that cementum was

deposited on root dentine. He described cementoblasts as being the cells

responsible for the cementum matrix formation. Held (1951) also discussed

acellular cementogenesis as being under the histogenetic dependance of

cementoblasts.

selvig {iI96Ð observed mouse incisors and selvig (1964)

considered cementum formation on mouse molars at the ultrastructural

Ievel. He reported from these studies that acellular cementum was

produced by cementoblasts which differentiated from follicular fibroblasts

following the disintegration of Hertwig's epithelial root sheath. Contrary

to many other reports, Selvig 096i) explained that in the continuously

growing mouse incisor the cementoblasts remained close to the developing

root surface without a layer of cementoid interposing. He described

acellular cementogenesis as occuring with a simultaneous deposition of

mineral crystals and amorphous substance around the Sharpey's fibres from

the dental follicle.

Lester (1969b) examined molar root formation in the laboratory

rat. He outlined the normal course of interdependent events in tooth root
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formation as occurring in the following sequence:-

(i) proliferation of Hertwig's epithelial root sheath'

(ii) differentiation of odontoblasts from cells of the dental papilla

(iii) deposition and mineralization of radicular dentine.

(iv) disruption of Hertwig's epithelial root sheath.

(v) differentiation of cementoblasts from fibroblasts in the dental

follicle.

(vi) deposition and mineralization of cementum'

Lester (1969b) noted that in 25 to 35-day-old rat molars the

epithelial root sheath cells reached a previously unattained level of

cytodifferentiation. The basal lamina of the root sheath at the level of

differentiation was described as discontinuous with close associations found

between epithelial and connective tissue cells. Lester (1969b) postulated

that the juxtaposition of epithelial cells and adjacent connective tissue

cells, formed a mechanism for the exchange of information which produced

the differentiation of odontoblasts and cementoblasts, and possibly even

resulted in the degeneration of the epithelial cells.

Kenney and Ramfjord (1969) described cementoblasts randomly

distributed along the length of the developing roots of monkey teeth'

Initially, fibroblast-like cells were observed to be associated with the early

cementum formation but as cementoid material was laid down Kenney and

Ramfjord 0969) observed some cuboidal cementoblasts involved in

cementogenesis.

Formicola, Krampf and witte (1971), and Freeman and Ten

Cate (1971), reviewed cementogenesis in developing rat and mouse molars

respectively. Both teams of researchers described cementum formation as
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a product of cementoblasts. Contrary to Lester (1969b), they claimed that

the breakdown of Hertwig's epithelial root sheath was necessary for the

induction of cementoblast differentiation. Freeman and Ten Cate (I971)

and Mjör and Pindborg {fr97Ð called the cells originating from the investing

layer of the tooth germ, precementoblasts. The precementoblasts were

found in the areas between epithelial cells, whereas the cementoblasts

were described along the root surface coronal to Hertwig's epithelial root

sheath. One may assume that the precementoblasts corresponded to the

fibroblast-like cells previously described by Kenney and Ramfjord (1969)'

slavkin 0976), Liao (1979), Orban (1980) and Ten cate (1980)

summarised acellular cementogenesis as occurring after the disintegration

of Hertwigrs epithelial root sheath. Sharpey's fibres were rePorted to pass

between separated epithelial cells, and the fibroblasts from the dental

follicle were observed to diff erentiate into cementoblasts' The

cementoblasts were described as containing organelles which synthesized

and secreted fibre proteins and polysaccharide ground substance. These

intrinsic fibres were incorporated along with the extrinsic Sharpey's fibres

as the cementum matrix mineralized.

(ii) Odontoblastic Involvement

Osborn (o96Ð described odontoblasts as being present on the

outer surface of forming root dentine in decalcified sections of developing

teeth. He postulated that the odontoblasts could have a role in cementum

formation, and that they possibly became incorporated into cementum'

Owens 097)) subsequently provided evidence which indicated that in

human teeth odontoblasts played a role in the formation of the initial layer

of cementum. The evidence, however, was somewhat hypothetical.
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Owens (1980) examined the forming root surfaces of the first

molar teeth of l2-day-old rats. He reported that the acellular surface

layer found on the roots of rat molars during early development was an

unmineralized dentinal matrix, thus confirming his L973 study on human

teeth. Owens (1980) explained that epithelial secretory products were

added to the dentinal matrix leaving a root surface layer composed of

epithelial and odontoblast cell products. It was argued that, although other

investigators had described this layer as acellular cementum, it was not

true cemental tissue.

(iii) Epithelial CeIl Secretory Products

ln 1972, Stahl, Slavkin and Ten cate suggested an epithelial

origin for mammalian cementum. Several years later, Slavkin (1976) used

embryonic rabbit incisors to study acellular cementogenesis and found that

Hertwigrs epithelial root sheath remained intact on the surface of the

mineralizing radicular dentine during initial acellular cementum formation.

Slavkin {l976) proposed that the initial acellular cementum which formed

on the root surface must have been secreted by the epithelial cells of

Hertwig's root sheath.

Gurling (1932) performed a cross-sectional assessment of

acellular cementogenesis by examining root development in I l, 16 and

2l-day-old mice. In agreement with Slavkin (1976), Gurling (1982) defined

the initial acellular cementum layer as an epithelial cell secretory product

forming on the root surface beneath a continuous layer of Hertwig's

epithelial root sheath cells. Membrane-bound vesicles containing

electron-dense material were identified in the cytoplasm of the epithelial

cells and Gurling (19S2) proposed that it was these vesicles which deposited

the epithelial cell secretory products. Gurling 0982) claimed that
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fibroblasts were resPonsible for the production of collagen fibres which

were observed in the acellular cementum.

(iv) Mineralization of the Inner Basement Membrane

Paynter and Pudy (195s) histologically examined molar root

development in 10 to l0l -day-old albino rats. They described the

innermost layer of acellular cementum as amorphous and devoid of fibres.

This inner layer was reported to become covered with successive layers of

ground substance containing large numbers of collagen bundles' Paynter

and Pudy (195S) proposed that the initial material deposited on the

radicular dentine surface was the basement membrane of Hertwigrs

epithelial root sheath.

Glazman and slavkin 0974) used isotopic tryptophan, which is

incorporated into epithelial cell secretory products, to evaluate root

formation in 5-day-old rat maxillary first molars. The autoradiographs

demonstrated epithelial cell secretory material in Hertwigrs root sheath

and in the adjacent basement membrane. Glazman and Slavkin (L974)

postulated that an insoluble, non-collagenous epithelial secretory product

formed a thin covering over the forming root surfaces, in the form of a

basement membrane, which is often referred to as the initial layer of

acellular cementum.

1.8.2 Cellular Cementoqenesis

Cellular cementum is frequently described as forming at a more

rapid rate than acellular cementum. The initial onset of cellular

cementogenesis is believed to equate with the time of tooth eruption and

the application of functional forces to the tooth crown. Cementoblasts are

widely reported to be actively involved in the formation of cellular

cementum.
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Paynter and Pudy (1953) claimed that the cellular cementum

which formed on the root surface of rat mandibular molars was produced

by cementoblasts. They provided histological evidence of the presence of

cementoblasts, describing large cells with broad vesicular nuclei,

prominent nucleoli, and a plentiful basophilic cytoplasm. The cellular

cementum was said to form at such a rapid rate that in some sections

cementoblasts and epithelial cells from the disintegrating root sheath

became trapped within the cellular cementum'

Lester (1969a) studied the formation of cellular cementum rn

the developing roots o1 25-day-old rat molars using transmission electron

microscopy. He observed that following the disruption of Hertwigrs root

sheath, collagen fibres and cementoblasts penetrated between the

epithelial root sheath cells, and cellular cementum was laid down' Lester

(1969a) provided ultrastructural evidence of the incorporation of

cementoblasts and epithelial cells by the forming cementum, and he

related this to the rapid rate of formation. Lester (1969b) noted that

Hertwig's epithelial root sheath maintained somewhat, its topographical

relationship to the dentine surf ace, whilst cellular cementum formed

external to it on the rat molars. He questioned that this could be a species

difference as it had not been commonly described in mammalian cellular

cementogenesls.

Owens[974)performedalightmicroscopicstudyofroot

development in dog premolar teeth, and described cellular cementum

formation as occurring when the root was aPProximately two-thirds formed

and tooth eruption had begun. Owens (fi974) suggested two possible sites of

cementoblast induction for cellular cementogenesis:-
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(i) the rounded tip of the root diaphragm, where in the later stages

of root development, the first few cells of the outer layer

resembled the odontoblast-inducing cells in the inner layer, or

the space created by the separation of the inner and outer

epithelial layers, where some fibre formation was observed.

owens speculated that this separation of epithelial cells

permitted cells from the dental follicle to come into contact

with the inner epithelial cells and thus cementoblastic

differentiation could be proposed to be induced.

( ii)

Gurling (1952) claimed that once Hertwig's root sheath became

discontinuous, fibroblasts contributed to the formation of the collagenous

matrix of acellular and later cellular cementum in mouse molars. He

described cementoblasts which were associated with cellular

cementogenesis. Gurling (1982) gave support to the speculations of Owens

(1974), and Heritier (1982), when he proposed that "once inner epithelial

cell to pre-marginal dentine contact had been established, the follicular

sides of the inner epithelial cells were responsible for inducing

cytodifferentiation of cementoblasts from follicular cells". Gurling (1982)

described an amorphous ground substance adjacent to trapped epithelial

cells which existed as loci dispersed through the cellular cementum matrix.

The amorphous substance was considered to be of epithelial cell origin, and

it was found in the cellular cementum matrix along with relatively

randomly orientated collagen fibres and the organic matrix produced

circu mf erentially by cementoblast s.

It is well recognized that the cementoblasts and the epithelial

cells trapped within the deeper layers of cellular cementum degenerate

through loss of their nutritional supply. The degenerative changes of
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cementocytes are reported to include:-

(i) a decrease in the size of the Golgi complex

(ii) a decrease in the amount of rough endoplasmic reticulum

(iii) the formation of large vacuoles

(iv) the disruption of mitochondria

(v) the formation of irregular SPaces in the nuclear envelope

(vi) a lightening of the cYtoPlasm

(vii) an increase in the number of lysosomes

(Furseth, 1967; Listgarten and Kamin, 1969; Furseth, 19701 Jande and

Belanger, 1970; Frank and steuer, 1977; Scott and symons, 1982). The

epithelial cell remnants of Hertwig's root sheath which become

incorporated into cellular cementum are observed to be distinguished by

the presence of bundles of tonofibrils within the cell cytoplasm. The

incorporated epithelial cells also apparently show degenerative changes

such as:-

(i) a decrease in the number of organelles, with the granular

endoplasmic reticulum becoming less pronounced

(ii) an apparent increase in the nuclear-cytoplasmic ratio due to a

decrease in cYtoPlasmic volume

(iii) dilation of the Golgi apparatus membranous sacs

(iv) dilation of the nuclear sac

(v) an accumulation of tonofilament bundles which are eventually

released into the lacunae following cell disintegration

(Lester, I969ai Jande and Belanger,1970).

Although some authors have described cementoblasts as being

morphologically indistinguishable from f ibroblasts, and therefore have

identified them on the basis of their location, a description of their

ultrastructure is important. Beube 0949), Linghorne 0954), Selvig 0963),
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Stern (1964) and Scott and Symons (19s2) described cementoblasts as being

similar in histological characteristics to osteoblasts, with vesicular nuclei,

prominent nucleoli and basophilic cytoplasm. Various authors have defined

the ultrastructural characteristics of cementoblasts and their findings are

presented in Table 3.

According to Osborn and Ten Cate (I983), newly differentiated

cementoblasts could be characterized by their ovoid shape, and an

orientation which was parallel to the forming root surface. The young

cementoblasts were reported to contain modest amounts of rough

endoplasmic reticulum, Golgi apparatus and secretory vesicles, and they

apparently extended short cell processes towards the forming root surface.

Cementoblasts have been proposed to secrete both fibrillar and

non-fibrillar material depending on their locale and degree of

differentiation. The amount of rough endoplasmic reticulum has been

reported to increase with further cell differentiation (Furseth, 1969) and as

a result it has been proposed that the cementoblasts might produce the

unmineralized collagen fibres detected within the matrix of cellular

cementum.
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Stern (196Ð explained that his electron micrographs of

cementoblasts associated with rat incisor teeth, resembled other published

electron micrographs of various collagen producing cells such as fibroblasts

(Movat and Fernando, 1962), and osteoblasts, particularly with regard to

the highly developed endoplasmic reticulum, which is indicative of active

protein synthesis.

r.9 THE CEMENTO-ENAMEL JUNCTION

The relationship between cementum and enamel is quite

variable. Three different cemento-enamel junction relationships have been

reported to occur in human tooth tissue:-

(i) 60-65% of teeth show the cementum as slightly overlapping the

enamel at the cervical edge for a small distance.

(ii) 25-30% of teeth show a butt joint where the cementum and

enamel contact but do not overlaP.

(iii) I0% of. teeth have no contact between cementum and enamel,

leaving an area of exposed dentine

(Hopewell-Smith, 1920; Mjör and Pindborg, 1973; Orban, 1980; Ten Cate,

1980; Scott and Symons, 1982).

When considering the cemento-enamel junction, one must bear

in mind the findings of Listgarten and Kamin 0969) on rabbit molars. They

proposed that the formation of cementum on enamel is dependent on the

loss of continuity of the reduced enamel epithelium. Where the reduced

epithelial layer is retained prior to eruption of a tooth into the oral cavity,

no cementum is observed to be deposited on the enamel. When the

continuity of the reduced enamel epithelium has been lost prematurely, for

example near the cervical rim of enamel in human teeth (Listgarten, L966),

formation of cementoblasts can occur and cementum has been described in

the area. Heritier (1932) demonstrated conclusively, using transplanted

{
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mouse tooth germs, that cementum formation can occur on enamel in the

absence of the reduced enamel epithelium. Heritier 0982) proposed that

the presence of cemental overgrowths on enamel in the cervical region of a

tooth is not uncommon, since the reduced enamel epithelia in the area is

particularly vulnerable to disruption.

t.l0 THE DEVELOPMENTAL STAGES OF THE MANDIBULAR

FIRST MOLAR IN MICE

The developmental stages of mouse first mandibular molars

have been described by Gaunt (t9s5, 1956), Cohn $957), Hay (1961), Selvig

(1964), Freeman and Ten Cate (1971), Atkinson (1972), Corpron and Avery

(1973), Burnett (l978), Liao (1979), Yamada, Bringas, Grodin, Macdougall,

Cummings, Grimmett, Weliky and Slavkin (1980) and Gurling (1982). The

sequence of developmental events which these authors have described are

consistent, although the timing of events varies slightly from author to

author. It is perhaps best to describe the events with a chronological

precis summarising the findings of previous research. Such a precis is

presented in the following Tables 4 and 5.

Table 4: Pre-natal Development of the Mouse First Mandibular Molar

Age Appearance

ll days gestation

L2-14 days gestation

first sign of ingrowth of the oral
epithelium.

bud-shaped swelling of the dental lamina
surrounded by condensed mesenchyme.

cap stage of tooth development.

bell stage of tooth development with a
four -layered enamel organ.

dentinogenesis begins with differentiation
of odontoblasts from the dental papilla.

T5

l6- 18

days gestation

days gestation

19-20 days gestation
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Table 5: Post-natal Development of the Mouse First Mandibular Molar

Age Appearance

Birth

I-3 days post-natal

4 days post-natal

5 days post-natal

6-9 days post-natal

10 days post-natal

ll-13 days post-natal

L4-15 days post-natal

16 days post-natal

17-19 days post-natal

23-28 days post-natal

ameloblasts form.

the crown is covered by a layer of dentine and
amelogenesis begins.

external enamel epithelium merges with the
stellate reticulum.

a continuous layer of enamel is Present
outlining the crown.

nearly the entire thickness of enamel matrix is
laid down. The tongues of the epithelial
diaphragm grow inwards to outline the apical
foramina. Hertwig's epithelial root sheath
develops, and root formation begins.

The mesial root is l/5 - l/4 developed.

Hertwigrs root sheath becomes discontinuous
and fibre attachments to the root surface are
established.

mesial root formation is Il2 - Il3 completed.

the mesial root is 213 formed and eruption of
the tooth begins. Remnants of Hertwigrs root
sheath are found at the aPex.

lower first molar eruPts into the oral cavity
and the acellular cementum is well formed.

Iower first molar reaches functional occlusion
and cellular cementum formation occurs thus
completing root formation.
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CHAPTER 2

MATERTALS AND METHODS

2.1 THE EXPERIMENTAL ANIMAL

Adult male and female A.L.C.A. strain mice were acquired

from the Waite Agricultural Research Institute in Adelaide, South

Australia. The adult breeding pairs were mated, and once a female mouse

was observed to look pregnant she was checked at 9.00 a.m. each morning'

At the time when the mother was expected to give birth to her litter'

observations were made more regularly so that the time of birth was

detected within six hours of the litter being born. The time of delivery of

the litter was designated as day zero of age for that litter. The mice were

kept in an animal house where the humidity' temperaturer and lighting'

were controlled, They had a diet of distilled water and mouse cubes (H¡. A

V. Charlick).

The mice from each litter were sexed by measuring the

distance in millimetres from the urethra to the anus using a pair of

callipers. The distance between "".Á 
orifice is known to be significantly

Ionger in males than in females. For example, at age 7 days, the distance

between the male urethra and anus was 3mm, whereas for the 7-day-old

female mice, the distance was 2.5mm. Only the male mice were kept for

the purposes of this study.

Two male mice from each post-natal age of 6 days to l0 days

inclusive, and 21 days to 30 days inclusive, were PrePared for the light

microscopic investigation. The purpose of such a broad age range was to
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determine the age when Hertwig's epithelial root sheath forms, and also to

determine the age when root formation was virtually complete. From the

information gained from the light microscopic study, it was decided to

prepare six male mice of post-natal ages 7 days, and 27 days for the

ultra -structural study.

2.2

2.2.r

THE LIGHT MICROSCOPIC STUDY

Fixation

The mice were given an overdose of ether and then instantly

surgically decapitated. The head was immediately immersed into a

solution of l07o buffered neutral formalin (Appendix 6.1) for 24 hours. The

mandibles were dissected out from the surrounding soft tissues,

hemisectioned through the symphysis, and then replaced in fresh neutral

formalin for at least another 24 hours before commencing decalcification.

2.2.2 Decalcif ication

The mouse mandibles were decalcified in a solution oL 40Vo

formic formate (Appendix 6.2). The formic formate solution was changed

daily. Specimens were decalcified for 7 days, and the end point of

decalcif ication was checked radiographically. The hemisectioned

mandibles were then washed in running water for I hour.

2.2.3 Neutralization

The specimens were neutralized in a solution of 5Vo sodium

sulphate (Appendix 6.3) Lor at least l2 hours and then washed under running

water for I hour. Prior to dehydration the mandibles were cut

bucco-lingually in a position mesial to the first molars and the incisors

were removed. This was to facilitate orientation during embedding.
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2.2.4 Dehydration

The trimmed mandibles were then dehydrated in graded

alcohols at 37oC (Appendix 6.4).

2.2.5 Clearing

The specimens were cleared in a 50 : 50 methyl salicylate and

100% alcohol solution for I hour at 37oC (Appendix 6.5).

2.2.6 Embeddine

After clearing, the Process of embedding v/as commenced

according to a double embedding technique (Appendix 6.6). The paraffin

wax used was Paraplast Plus tissue embedding medium. After completing

the wax changes the specimens were vacuum embedded in 60oC paraffin

wax for 30 minutes, orientated in hot wax moulds, and placed on the cold

tray of a Tissue Tek II Tissue Embedding Center where they formed firm

blocks in Tissue Tek moulds.

2.2.7 Sectioning

The blocks were cut with the left side of the mandible serially

sectioned bucco-Iingually, and the right side of the mandible serially

sectioned mesio-distally. The blocks were iced to avoid expansion and aid

cutting, and they were sectioned using a rotary microtome (leitz Wetzlar,

Germany). The sections were cut at a thickness of 6pm, and floated onto

chromic acid cleansed, gelatinised, glass slides and dried on a slide

warming tray.

2.2.8 Histological Staining

Serial sections showing the first mandibular molar root profile

were stained using a Tissue Tek II Histo-Tek Slide stainer (Miles Lab-Tek
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Division, Illinois U.S.A.). A mini haematoxylin and eosin Histo-Tek Stain

Pak (4487) was used in the slide staining machine. After staining, the

slides were soaked in xylol overnight, and the following morning the

sections were protected by mounting glass cover slips with PIX dibutyl

phthalate in xylol on the slides.

2.2.9 Lieht Microscopy and Photomicrography

The slides were examined using a Zeiss Axiomat transmitted

light microscope. From the information observed with the light

microscope, the ages of 7 days and 27 days were selected for the

ultr astr uctural st udy.

Relevant sections were photographed using 35mm Kodak

photomicrography colour f.ilm 2483 (pCn ß5-36).

2.3 THE TRANSMISSION ELECTRON MICROSCOPIC STUDY

A main objective of any transmission electron microscopic

study is to obtain good ,preservation of the tissue to be considered. It is

known, however, that post-mortem changes associated with cell death

occur extremely quickly. Therefore, rapid fixation must be employed when

preparing tissue for ultrastructural analysis. Fixation may be achieved by

immersion of the tissue into fixative solution, dripping fixative onto a

limited tissue surface, injection of fixative directly into an organ to be

studied, or by intravascular perfusion of an animal.

Since the soft tissues, and cellular elements, associated with

developing teeth are surrounded by mineralized tissues, such as alveolar

bone, enamel, and dentine, it is generally difficult to fix such tissues

adequately by immersion alone. Intravascular perfusion fixation however,
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is recognized as providing good penetration of fixative and a more uniform

preservation of dental tissue for electron microscopy (Warshawsky and

Moore 1967; Yeerman, Hoefsmit and Boeré L974). Perfusion fixation is

therefore often the method of choice where non-human tissue is being

studied.

When considering previous research involving ultrastructural

analyses of dental tissue it should be noted that both immersion and

perfusion techniques have been successfully employed. Selvig Q963), Frank

and Nalbandian (1963), Garant and Nalbandian (1968), Freeman and Ten

Cate (1971) and Owens (19S0) ,ù/ere amongst some of the researchers who

utilized immersion techniques with satisfactory results. Beertsen and

Everts (1979), Wakita and Hinrichsen (1980), Gurling $982), and Sasaki,

Tominaga and Higashi (1934) used perfusion fixation methods and their

results showed excellent preservation of the fine structures of the cells

studied.

Following the light microscopic study it was decided to prepare

blocks from six, 7-day-old mice, and six, 27-day-oLd mice, to provide

sufficient material for the ultrastructural study.

2.3.r Anaesthesia

The young mice were anaesthetized with intraperitoneal

injections of SOVo urethane solution (Appendix 6.7) prior to all experimental

techniques. Each mouse was injected using a lml disposable hypodermic

syringe with a 26.5 gauge needle. A dosage of 0.1 ml/108m body weight

was used with the solution at room temperature.
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2.3.2 Fixation

When considering the small size of the 7-day-old mice, it was

decided to use a sequential immersion technique for primary fixation of the

mouse mandibles. Once a 7-day-old mouse was anaesthetized it was

immersed in a cold solution of. 25Vo glutaraldehyde in 0.06M cacodylate

buffer (Appendix 6.8 and 6.9) contained in a petri dish. The mandible was

dissected free from the surrounding tissues whilst in the glutaraldehyde

fixative solution, and hemisectioned through the symphysis. Each mandible

was dissected free within 40 - 60 seconds to minimize post-mortem

changes, and then immediately transferred to a 47o osmium tetroxide

fixative solution (Appendix 6.1l) and fixed for 30-45 minutes. The

mandibles were then ready for decalcification.

The 27-day-old mice were much larger in size than the younger

mice, and hence were more suitable for intravascular perfusion fixation. A

technique based on that used by Beertsen 0978) was used which required

intravenous injection of anticoagulant (Append ix 6.12) following

anaesthetization of the mouse. The anticoagulant was injected into the

ventral aspect of the tail vein of each mouse using a microlitre syringe.

The dosage of anticoagulant given was 0.02m1/108m body weight.

Following this, each narcotized mouse was strapped with leukosilk sticking

plaster to a wire gauze platform which rested in a glass petri dish. A

sub-dermal incision was then made down the midline of the ventral surface

of the mouse from just above the xiphisternum to the genital papilla where

lateral relieving incisions were made, and with blunt dissection the skin

was reflected back. The thorax was quickly opened by cutting through the

diaphragm and laterally through the rib cage. The left ventricle was

cannulated before respiration ceased and the heart stopped pulsating. The

right atrium was cut using a pair of fine surgical scissors to create an open
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system to give way to blood and excess fixing fluid, and the peristaltic

pump which comprised part of the perfusion equipment was started. The

catheter was always manually held in the heart while a mouse was perfused

with osmium tetroxide and glutaraldehyde fixative solution

(Appendix 6.ll). Each animal was perfused for at least 5 minutes at a

perfusate delivery rate of 2.5mI/min, using pulsatile pressures of 80

to lOOmm Hg, and a pulse rate of 60 beats/min. Care was taken to prevent

any air emboli from travelling through the system which could result in

unperfused areas. After perfusion each mouse was examined for marked

body stiffening and discolouration, which were taken to be indicators of

successful perfusions. Only the mice which were considered to be well

perfused were retained for processing. The mandibles from successful

perfusions were dissected free from the surrounding soft tissues,

hemisectioned, and prepared for decalcification.

2.3.3 Decalcif ication

The hemisectioned mandibles were suspended from a glass rod

in labelled histokinette baskets, and submerged in a 600m1 beaker of 0.lM

E.D.T.A. decalcifying solution (APPendix 6.13). The solution was kept in

the refrigerator at 4oC, and continuously agitated by a magnetic stirrer.

The solution was changed daily and the end point of decalcification was

determined radiographically to be sixteen days for the 7-day-old specimens

and twenty-four days for the 27 -day-old specimens.

2.3.4 Trimming

After demineralization, each hemisectioned mandible was

orientated in a mixture of Unijel alginate impression material held in a

small wax box which formed a mould. The specimens were kept moist by

pipetting cold 0.06M cacodylate buffer on them. As the molar teeth were
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Figure 5: Perfusion equipment used during fixation of 27 -day-old

mice.

1. Beaker to hold 20 mls of osmium tetroxide and

glutaraldehyde fixative (APPendix 6.1 l).

2. Peristaltic PumP.

3. Pulse regulator.

4. Flow regulator (An internal flow regulator was not used

as the pressure resistance created tended to split the

joins in the tubing and cause leakage of osmium

tetroxide).

5. Silastic tubing l-57 mm Inner Diameter

2.4L mm Outer Diameter

750 mm Length

6. Silastic tubing stop 1.57 mm Inner Diameter

3.18 mm Outer Diameter

l0 mm Length

7. 25 Gauge short-type winged infusion needle.

0.4 mm Inner Diameter

0.6 mm Outer Diameter

9.5 mm Length

(Sealed to the Silastic tubing with Aron Alpha.)

--+ \
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Figure 6: Diagram illustrating the sequence of cutting used when

trimming the 7-day-old mouse mandibles to form blocks

prior to embedding in EPon.

M, represents the lst mandibular molar'

M, represents the 2nd mandibular molar'

Lines A to E represent the cutting sequence for each

hemisectioned mand ible-
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trimming the 27 -day-old mouse mandibles prior to

embedding in EPon.

M, represents the lst mandibular molar'

M, represents the 2nd mandibular molar'

M, represents the 3rd mandibular molar'

Lines A to G rePresent the cutting sequence for each

Mî |

hemisectioned mandible.
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still in the tooth Berm stage, and therefore unerupted at age 7 days,

considerable difficulty was encountered when trimming these mandibles, as

orientation reference points were few. It was therefore decided to trim

larger blocks, rather than to risk losing the tooth Serm by trimming too

close to Mr. The 7-day-old and 27-day-old mandibles were sectioned with

disposable, Wilkinson Sword, double edged, razor blades according to

Figures 6 and 7 respectively. A stereo-dissecting microscope was used to

assist with the sectioning. A diagram was drawn of each section for both

the mesial and distal views, indicating the occlusal, apical, buccal, and

lingual orientation marks. These diagrams were subsequently used to assist

orientation at the embedding stage. Individual mandibular sections were

placed in 2 ml labelled glass vials, which were half filled with cold 0.06M

cacodylate buffer (Appendix 6.8). A metal cap was fitted to each vial and

they were placed on a rotator and kept in the refrigerator at 4oC to wash

overnight.

2.3.5 Tissu e Processine for Electron Microscopy

The tissue sections were kept in their glass vials on a rotator

during processing, and the solutions were changed using glass pipettes. The

process was carried out in the fume cupboard as follows:-

(i) Wash:-

Two changes of 0.06M cacodylate buffer (Appendix 6.8), leaving

the specimens in cacodylate buffer overnight.

(ii) Postfixation:-

2 gms osmium tetroxide in 50 ml 0.06M cacodylate buffer for I

hour. This solution was made up the previous day to allow the

osmium to dissolve.

(iii) wash:-

0.06M cacodylate buffer for l5 minutes.
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(iv)

(v)

(vi)

(vii)

(viii)

Wash:-

707o alcohol for 15 minutes

Block Stain:-

l7o uranyl nitrate inTOo/o alcohol for I hour (APPendix 6.14).

Wash:-

70o/o alcohol for 15 minutes.

Dehydration:- (using alcohols prepared with double

distilled water)

I x l5 minutes in 7 0o/o alcohol

2 x l5 minutes in 807o alcohol

2 x 15 minutes in 90o/o alcohol

2 x 15 minutes in l00oÁ alcohol (anhydrous)

2 x 15 minutes in propylene oxide (l-2 epoxy propane)

2 x 30 minutes in propylene oxide (l-2 epoxy propane)

Infiltration:-

Epon (LX-112) was prepared according to Appendix 6.15.

I x 12-15 hours in I : I (propylene oxide : epon)

I x 4 hours in I : 3 (propylene oxide : epon)

I x 4 hours in 1007o epon

I x 12-15 hours in 100% epon

2.3.6 Embeddins

A new batch of epon (l-X-tl2) was made up at least 3 hours

before final embedding according to Appendix 6.15.

Tissue sections were removed from the vials using a small wire

loop and placed on glass microscope slides. A stereo microscope with

transmitted light was used to assist orientation of the tissues. V/ith

correct orientation, individual sections were placed in labelled silicone
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rubber moulds filled with epon (I-x-tI2) resin. Care was taken to maintain

the tissue orientation required, and to eliminate any air bubbles near the

specimen.

The epon (l-x-tl2) resin filled moulds, were cured in a 37oC

incubator for 48 hours, and then in a 60oC incubator for 48 hours. The

cured blocks were later removed from the silicone rubber moulds and

stored at room temperature in labelled plastic vials.

2.3.7 Sectioning

Each block was reduced to an aPProPriate size using a fine

bladed hack-saw, and fixed in a Reichart specimen holder chuck. The

chuck was placed in the specimen arc on the trimming block of a

Reichart-Jung Om U4 ultramicrotome (C. Reichart, Vy'ien, Austria) and a

mesa was prepared on each block using safe-sided razor blades. Once a

trapezoidal mesa had been prepared the block and chuck were then

translated to the specimen arm of the ultramicrotome, and a glass knife

was aligned in the knife holder. For orientation Purposes, lpm thick

sections were cut with a glass knife. (Glass knives were prePared on a LKB

knifemaker, Type 780 lB).

Longitudinal sections were cut in a bucco-lingual directionr to

assist with identification of the regions to be examined. The tissue

sections obtained were transferred onto droplets of double-distilled

millipored water on clean glass microscope slides using a wire loop, and

flattened by wafting chloroform vapour above the specimens. The slides

were then dried on a thermostatically controlled hot plate set at 90oC, and

the sections were left at 90oC whilst they were stained with microfiltered

solutions of t% borax and 0.05% toluidine blue (APPendix 6.16 and 6.17) for
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2 minutes. The stained sections were then rinsed with millipored

double-distilled water and dif f erentiated in 50o/o ethanol for 30 seconds and

dried on the hot plate at 90oC.

Block orientation, mesa outline, and depth were checked by

viewing the stained lum sections under an Olympus EHT Iight microscope.

Adjustments were made accordingly and once the first mandibular molar

tooth was apparent a final mesa was Prepared incorporating the enamel

organ and Hertwig's root sheath in the 7-day-old material, and the cervical

region and root apex in the Z7-day-old material. Each final mesa was

checked by cutting a l¡rm section which was aPPropriately stained, and

then photographed using an Olympus polaroid camera and black and white

Polaroid Type lo7 Land film, mounted on the olympus EHT light

microscope.

V/ith identification of the tooth root region the mesa was

ultramicrotomed using a diamond knife (Diatome Ltd., Bienne, Switzerland)

with a clearance angle of l0o. Silver sections (approx. 750 Ao) were

obtained in small ribbons and floated on a bath of millipored

double-distilled water. Once enough sections had been obtained to fill a

clean VECO 200 mesh, 3mm diameter, uncoated copper grid, they were

scooped up on the dull side of the grid. The grids were temporarily stored,

dull side upwards on Whatman grade I filter PaPer, in covered, clear plastic

petri dishes. (Chloroform vapour was sometimes wafted over the silver

sections in the water bath to assist flattening of the sections, as curling

was at times a problem.)

At every ultramicrotomy session, a tabulated record was kept

of the following items:-



89

(i) block number

(ii) date

(iii) chuck angles: o vertical: o horizontal

(iv) knife angle o: knife holder angle o

(v) section thickness x number of sections

(vi) calculated depth

This information assisted in reorientation of the block at subsequent

sectioning times, thus enabling a more accurate alignment with the

diamond knife.

2.3.8 Grid Staining

Grid mounted sections were first floated on droplets of

microfiltered O.5o/o uranyl acetate solution (Appendix 6.18) for 7 minutes

with the sections approximating the solution. The uranyl acetate droplets

had been placed on a piece of Parafilm "M" laboratory film in a glass petri

dish and preheated to 37oC on a thermostatically controlled hot plate.

Following that, each grid was washed in millipored double-distilled water

heated to 37oC, by agitating the grid for 30 seconds in each of four

consecutive 100 ml beakers.

Once washed, the grids were floated tissue surface down, on

microfiltered droplets of modified Reynoldsr lead solution (Appendix 6.19)

f.or 2 minutes. The droplets had been placed on a square of Parafilm "M"

Iaboratory film in a glass covered petri dish containing sodium hydroxide

pellets to absorb any CO, produced, and thus reducé the amount of lead

carbonate precipitate produced on the sections. The grids were then

washed in millipored double-distilled water heated to 37oC, by agitating

them vigorously for 30 seconds in each of the four consecutive l00ml

beakers.
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After staining, the grids were stored on damp Whatman grade I

filter paper in covered clear plastic petri dishes until viewed.

2.3.9 Transmission Electron Microscopy

Transmission electron microscopy was carried out in the

Electron Optical Centre of The University of Adelaide. A Jeol l00S

transmission electron microscope (Jeol Ltd., Tokyo, Japan), with an

accelerating voltage of 60 kV, and a beam current of 50 micro-amPsr was

used to examine the tissue. A gun bias setting of 5, objective lens aperture

of I (or occasionally 2) an¿ a field limiting aperture setting of 2 was used

on the Jeol 1005. The grids were placed dull side down in the vacuum

column of the microscope and specimen conditioning was often required to

prevent tissue distortion. AII sections PrePared were scanned, but only

relevant sites were selected for photography. After sufficient

ultramicrographs had been taken, the grids were removed from the

electron microscope and stored systematically in an LKB 48288 Specimen

Grid Box (Sweden).

2.3.I0 Photomicroqraphy

The inbuilt photographic unit of the Jeol l00S transmission

electron microscope was used with Ilford Electron Microscope Technical

Film (size 6.2 x l0 cm). Sections to be photographed were carefully

focussed with the assistance of the inbuilt image wobbler and microscoPe

eyepieces, and the light exposure was adjusted to an optimum level.

2.3.11 Developine and Printing

Negatives were developed using Kodak Dl9 Developer for 4

minutes at 20oC, washed under running water and fixed in Hypam Rapid

Fixer f.or 7 minutes. After fixing, all films were washed in a mix of
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deionized water and a few drops of Photo-Flo, and dried before storing in

cellophane envelopes. Records were kept to identify the negatives and the

tissue photographed.

Using a Durst Laborator 54 enlarger, selected ultramicrographs

were printed on Ilfaspeed glossy photographic paPerr processed with

Ilfospeed paper developer, fixed in [fospeed paper fixer and dried in an air

dryer (Model RCD-33, F.C. Manufacturing Co. Ltd., Japan).
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CHAPTER 3

RESI.JLTS OF THE INVESTIGATION

3.r LIGHT MICROSCOPIC FEATURES OF ROOT DEVELOPMENT

Histological sections were obtained of the first mandibular

molars of 6 to lO-day-old and 21 to 3O-day-old mice. The serial sections

studied were cut bucco-lingually at 6Fm intervals, and stained with

haematoxylin and eosin. The mid-root sections were examined to

determine the approximate ages when root formation was initiated and

completed.

3.1.I The Epithelial Diaphragm

The epithelial diaphragm, which was Presumed to form from a

proliferation of the outer and inner enamel epithelia of the cervical loop of

the enamel organ, was apparent in the histological sections of the mesial

root from the 6-day-old mouse mandibular first molars. At this age, a

small amount of ameloblastic activity was observed, particularly in the

region of the future cemento-enamel junction. The epithelial diaphragm

appeared as a short, growing extension of the enamel organr and was made

up of an inner and an outer layer of epithelial cells, with an occasional cell

interposed between the two layers. The inner epithelial cells were cuboidal

in shape, with the outer epithelial cells appearing more elongated. The

outer cell nuclei were orientated at approximately right angles to the inner

epithelial cells. A basement membrane was observed surrounding the

epithelial cells of the root diaphragm, although this was difficult to discern

in places. Even though mitotic figures could not be clearly distinguished in

the epithelial diaphragm, or enamel organ, of the 6-day-old mouse first
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mandibular molars, their presence could not be totally discounted' The

horizontal "plates" of cells which constituted the epithelial diaphragm of

the forming root sheath were observed to extend inwards, thus limiting the

dental papilla, and defining the apical foramen. At age 6 days post-natal,

the cervical enamel organ associated with M, consisted of an ameloblastic'

a stratum intermedium, and an outer epithelial cell layer' Blood vessels

were observed in close association with the outer epithelial cells at varying

intervals along the enamel organ. The photomicrograph shown in Figure 8'

of a 6 ¡m section from 6-day-old mouse M, material, illustrates some of

the aforementioned features.

Figure 8: Photomicrograph of M, from 6-day-old material showing

the epithelial diaphragm of Hertwig's root sheath'

DP Dental papilla

ED EpithelialdiaPhragm

EO Enamel organ

Haematoxylin and Eosin Stain

Magnification X250



94

3.1.2 Hertwiq's Epithelial Root Sheath

First mandibular molar crown formation seemed to be nearing

completion at age 7 days post-natal, since many of the ameloblasts of the

enamel organ appeared to be short when compared with those of the

incisor, and were therefore assumed to be post-secretory. At this age, the

histological evidence indicated that Hertwig's epithelial root sheath had

elongated vertically, and a lateral root sheath as well as an epithelial

diaphragm was clearly distinguished. The root sheath appeared to be a

predominantly two-layered structure, with an occasional epithelial cell

interposed between the inner and outer layers. The inner epithelial cells of

the root sheath assumed a cuboidal shape, whereas the outer epithelial

cells were more squamous and orientated at about 9Oo to the inner

epithelial cells. A continuous basement membrane was apparent covering

both the inner and outer epithelial cell layers of the root sheath. Mitotic

figures were not prominent within the epithelial root sheath from the

7-day-old mouse mandibular molars, although their presence could not be

totally discounted. The outer epithelial cell layer of the root sheath was

continuous with the outer epithelial cell layer of the enamel organ. The

inner epithelial cells of the root sheath, by contrast, were morphologically

distinct from the ameloblasts of the enamel organ, in that the ameloblasts

were taller and more columnar in shape than the inner epithelial cells. A

nebulous type of material was noticed on the haematoxylin and eosin

stained sections, between the inner epithelial cells of the root sheath and

the adjacent zone of diff erentiating dental papilla cells in the apical region

of M,

Pre-dentine, dentine, and enamel matrices were recognized

according to stain and locale, however no cementum was distinguished in

the region of the developing roots of the 7-day-old mouse mandibular

molars. It was assumed from the current longitudinal study that the
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initiation of root formation of the mouse first mandibular molars, occurred

at age 7 days post-natal with the formation of a continuous epithelial root

sheath. At this age the root sheath was composed of a total of

approximately 45-50 relatively undifferentiated cells (inner and outer

epithelial cells). Figures 9 and l0 illustrate the histological features

associated with Hertwigrs epithelial root sheath in 7-day-old mice whereas

Figure I I shows histological features of the enamel organ.

Figure 9: Photomicrograph of M, from 7-day-old material included

for orientation purposes. Blue arrows point to Hertwigrs

root sheath.

GE Gingival epithelium

Idc Inferior dental canal

Inc Mandibular incisor

Ml Mandibular first molar

Haematoxylin and Eosin stain

Magnification Xl30
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Figure l0: Photomicrograph of Hertwig's root sheath from 7-day-old

material.

D Dentine

EO Enamel organ

O Odontoblast

RS Hertwig's ePithelial root sheath

Haematoxylin and Eosin stain

Magnification X390

o

\
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Photomicrograph showing the enamel organ of Mt from

7-day-old material.

A Ameloblast

BV Blood vessel

OE Outer epithelial cell

SI Stratum intermedium cell

Haematoxylin and Eosin stain

Magnification Xl'050

t

a

Figure I l:
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Investigation of the sections obtained from the 8, 9 and

1O-day-old specimens, showed further development and lengthening of

Hertwig's epithelial root sheath, with concomitant formation of radicular

dentine. The horizontal component of the root sheath (the epithelial

diaphragm) remained closely related to the inferior dental canal in the

apical region of the forming tooth. At ages 7, 8 and 9 days, Hertwigrs root

sheath was continuous with the enamel organ. However, the lO-day-old

specimens showed a possible disruption of the outer epithelial cell layer in

the region where the root sheath joined the enamel organ. An outer

epithelial cell was observed breaking away from the sheath, although this

was not conclusive as it could have been a tissue tear due to sectioning.

As there appeared to be a paucity of mitotic figures associated

with Hertwig's root sheath development in the 7' 8, 9 and lO-day-old

mouse first mandibular molars, a count of root sheath cells was carried out

on the histological sections. The cell counts were performed on two

separate occasions by two different individuals. The results indicated that

the number of epithelial cells constituting M, mesial Hertwigrs root sheath

remained approximately the same (+¡-SO cells) for each of the 7, 8, 9 and

lO-day-old mice, which seemed to imply that the root sheath increased in

size during this time predominantly by cellular expansion and/or cell

migration rather than by a cellular proliferation within the root sheath

itself . The mode of root sheath development needs to be èonfirmed more

conclusively by an autoradiographic study.

The photomicrograph presented in Figure 12 illustrates the

histological features associated with M, tooth formation in lO-day-old

mrce.
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Figure 12: Photomicrograph of Mt from lO-day-old material. Note the

virtually enamel free areas on the occlusal surface of the

crown.

EO Enamel organ

GE Gingival epithelium

M I Mandibular first molar

RS Hertwig's epithelial root sheath

Haematoxylin and Eosin stain

Magnification Xl60

3.1.3 Cellular Cementosenesis and Comoletion of Root Development

The end point of root formation was difficult to determine in

the mouse molars since cementum deposition, resorption, and repair, is

1
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known to continue throughout the life of a tooth, particularly according to

the physiological demands placed on the tooth. When studying the first

mandibular molars obtained from the 2L to 3}-day-old mice, it was noticed

that the root length increased, and the dentinal aPex narrowed with

increasing age. M, root formation aPPeared to be nearing completion at

age 27 days post-natal. Root formation in mice occurs with much greater

rapidity than that for humans, and as such, notable changes were

demonstrated at daily intervals.

Hertwig's root sheath was reduced to a few epithelial

diaphragm cells, with no lateral root sheath in the older mice studied. In

the 2l to 26-day-old sections, the epithelial diaphragm was observed to

shorten, and the 26-day-oLd specimens showed that the diaphragm was

reduced to several epithelial.cells at the root apex, which were difficult to

distinguish from the apposing follicular fibroblasts. At age 26 days, the

histological sections of the apical region of the first mandibular molars

still exhibited quite a degree of activity associated with cellular

cementogenesis. Cementoblasts were observed in bays on the forming

cementum surface, and some cells were noticed incorporated within the

cellular cementum matrix.

At age 27 days post-natal, the root apex of M, appeared to be

further developed, with a lesser degree of active cellular involvement on

the root surf ace. In the 27 -day -oLd specimens there were f ewer

cementoblasts found in bays on the developing root surface compared to

the 26-day-old specimens, and root formation appeared to be nearing

completion.
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Photomicrographs to illustrate the histological findings

totheimpendingcompletionofrootformationarePresentedinFiguresl3

and 14.

Figure 13: Photomicrographoftheapicaltwo-thirdsofthemesialroot

of M, lrom 27-daY-old material'

AC Acellular cementum

C Cementoblast

CC Cellular Cementum

D Dentine

HaematoxYlin and Eosin stain

Magnification X3l0
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Figure 14: photomicrograph of the apical half of the mesial root of Mt

from 27 -day-old material.

C Cementoblast

CC Cellular Cementum

Ecr Epithelial cell rest of Malassez

P PuIp

Haematoxylin and Eosin Stain

Magnification X620

3.1.4 Epithelial Cell Rests of Malassez

Epitheliat cell remnants of Hertwig's root sheath were observed

adjacent to the root surface of M, in each of the mouse specimens studied

in the 2I to 3o-day-old age ran8e. The epithelial cells were generally

I

r
ó

o
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observed in small clusters close to the cementum surface. They were

particularly prominent adjacent to the cementum in the mid-root and

apical regions. These ePithelial cell clusters were bound by a basement

membrane, and it was assumed that they represented epithelial cell rests

of Malassez. The cell rests were irregularly spaced along the length of the

root. The presence and location of the epithelial cell rests of Malassez are

shown in Figures 15 and 16.

Figure l5: Photomicrograph of an epithelial cell rest of Malassez

associated with the mesial root of Ml from 27-day-oLd

material.

BV Blood vessel

CC Cellular cementum

Ecr Epithelial cell rest of Malassez

Haematoxylin and Eosin stain

Magnification X390
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t04

Photomicrograph showing an epithelial cell rest of Malassez

associated with the cementum surface from 27-day-oId

material.

CC Cellular cementum

Ecr Epithelial cell rest of Malassez

ED Few remaining cells of the epithelial diaphragm of

Hertwigrs root sheath

P PuIp

Magnification Xl'000
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3.2 POTENTIALITY OF THE IMMERSION FIXATION TECHNIQTJE

FOR THE T.E.M . INVESTIGATION OF M FROM 7-DAY-OLDI

MICE

The mandibular first molars from six mice of age 7 days

post-natal were prepared for the T.E.M. investigation. The preliminary

light microscopic study had shown that Hertwig's epithelial root sheath had

recently formed, and remained continuous with the enamel organ, at this

age. The glutaraldehyde and osmium tetroxide sequential immersion

fixation technique permitted adequate fixation of the tissues associated

with Ml. When examined ultrastructurally the tissue blocks were evenly

fixed. The cell and nuclear membranes generally appeared distinct, and

the outlines of organelles were clear. The mitochondria often showed

triple-layered membranes, and inner triple-layered undistended cristaet

when appropriately sectioned. Apart from some degenerating epithelial

cells within the enamel organ which have been reported to be a normal

finding associated with tooth formation, there were no obvious signs of

poor tissue fixation such as cell shrinkage, capacious extracellular spaces,

vacuolized mitochondria, or marked clumping of nuclear chromatin in the

tissue examined. Figures L7, 18 and 19 are included to demonstrate

features of adequate cellular preservation.
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c¡l

Mesenchymal cell of the dental papilla showing well

Preserved orEanelles.

Cil Cilia

G Golgi aPParatus

L Lysosome

N Nucleus

Rer Rough endoPlasmic reticulum

Magnification X9'900
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Figure l7:
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well preserved mitochondria in a mesenchymal cell from

7-day-old material.

Mit Mitochondrion

Magnification X19,000

*¡1lÐ-

WelI preserved organelles in an osteocyte.

G Golgi apParatus

Mit Mitochondrion

Magnification Xl9'000
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Figure 18:
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Table 6: summary of the ultrastructural characteristics used in the identification of odontogenic cells '
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3.2.1 ldentification of Cell Types Associatedlryllh M at Ase 7 DaysI

Polaroid light micrographs of I }lm sections, stained with

toluidine blue, were used to assist with ultramicroscopic orientation of Mt

from the 7-day-old mice. Using the photomicrographs as references,

Hertwig's epithelial root sheath and the enamel organ were identified

firstly by their locale. A knowledge of the fine ultrastructural features

allowed the identification of individual cell types. Table 6 presents some

of the ultrastructural characteristics which were used in the identification

of cell types.

Odontoblasts were recognized on the pulpal aspect of the

dentine surface, and pre-odontoblasts were apparent on the dental papilla

side of Hertwig's epithelial root sheath. Ameloblasts were observed in

association with the forming enamel surface, and external to the

ameloblastic layer, stratum intermedium and outer enamel epithelial cells

were present. Stellate reticulum cells were not apparent in the basal rim

of the enamel organ. In general, both the cells of the dental papilla and

those of the dental follicle, were loosely arranged. Many of these

surrounding mesenchymal cells appeared to be poorly differentiated, and

somewhat lacking in cellular organelles, thus possibly reflecting the

relative immaturity of the 7-day-old specimens. A number of blood

vessels were however recognized, with their endothelial cells closely

associated with the outer epithelial cells of the enamel organ and Hertwig's

root sheath. A few pulpal blood vessels were also observed.

3.3 ULTRASTRUCTURAL FEATURES OF THE ENAMEL ORGAN

OF M.

The basal rim of the enamel organ, in the region which was

continuous with Hertwig's epithelial root sheath was examined. The

enamel organ was observed to be composed of three cell layers; an inner
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layer of pre-ameloblasts or ameloblasts, a central stratum intermedium

cell layer, and an outer epithelial cell layer. The outer epithelial cell

layer was covered by an almost continuous outer basal lamina, although

occasional cell processes were observed penetrating the lamina and

extending towards adjacent dental follicle cells. The low cuboidal stratum

intermedium cells were interposed between the ameloblastic and outer

epithelial cell layers, and desmosomal-type cell junctions between the cells

of the enamel organ were numerous. Photomicrographs which illustrate

these findings are presented in subsequent figures.

3.V.r The Ultrastructure of Pre-ameloblasts

Pre-ameloblasts, continuous with the inner epithelial cell layer,

were found in the cervical extremity of the enamel organ. The

pre-ameloblasts appeared somewhat elongated, when compared with the

inner epithelial cells of the root sheath, and they were orientated with

their long axes almost perpendicular to the basal lamina which separated

the cells from the forming dentine. The basal lamina could be resolved

into a lamina lucida and a lamina densa. Numerous fine, non-striated

fibrils streamed from the basal lamina into the pre-dentine. The fine

fibrils also crossed the lamina densa and the lamina lucida to contact the

cytoplasmic membranes of the pre-ameloblasts. At certain intervals, the

pre-ameloblasts exhibited small cellular projections which disrupted the

otherwise continuous basal lamina, and protruded into the pre-dentine.

The pre-ameloblasts were closely associated with each othert

and as such extracellular spaces were small. Desmosomal and tight

junctions were apparent between neighbouring pre-ameloblast and stratum

intermedium cells. Intracellularly, the Golgi apparatus was noticed in the

juxta-nuclear region, with the nucleus located in the basal portion of the
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cell. The pre-ameloblasts were characterized by numerous ribosomes, few

profiles of endoplasmic reticulum, tonofilament bundles, small

membrane-bound vesicles of varying densities, and a moderate number of

mitochondria.

Although most of the pre-ameloblasts were long, with basal

nuclei, shorter cells with more centrally located nuclei were occasionally

observed in the area. Figures 20 and 21 confirm these ultrastructural

features of pre-ameloblasts.
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Figure 20: Montage showing the alignment of pre-ameloblasts within

the cervical rim of the enamel organ. Note the presence of

cell processes interrupting the inner basal lamina.

BL Basal lamina

OE Outer epithelial cell

PA Pre-ameloblast

PD Pre-dentine

SI Stratum intermedium cell

Magnification X5,000



Figure 2l:

tL2

Photomicrograph of pre-ameloblasts in the cervical rim of

the enamel organ from 7-day-old material.

BL Basal lamina

OE Outer epithelial cell

PA Pre-ameloblast

Magnification X5,000
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3.3.2 The Ultrastructure of Ameloblasts

The ameloblasts of the enamel organ were distinguished from

the pre-ameloblasts by a change in cell polarity. The Golgi apparatus was

observed to assume a position in the distal portion of. the cell (that portion

of the ameloblast closest to the forming dentine), and the mitochondria

accumulated in the basal region of the cell. Basal and distal terminal webs

were apparent. The basal terminal web appeared as a filamentous

structure traversing across the basal cytoplasm of the ameloblast layer. It

was associated with desmosomal junctions, and as such the web may have

assisted in maintaining the alignment of the ameloblasts during enamel

matrix secretion.

The ameloblasts appeared as tall columnar cells, orientated

approximately perpendicular to the mineralizing dentine. It is recognized

that ameloblasts alter their morphology as their function changes from

that of enamel matrix secretion to a Post-secretory resorptive and

transportation function. However, the current investigation only

considered the ultrastructure of secretory ameloblasts in the cervical

region of developing first mandibular mouse molars. Here the secretory

ameloblasts contained numerous mitochondria, tonofilament bundles, Iarge

numbers of free ribosomes, abundant rough endoplasmic reticulum and a

prominent Golgi apparatus. The distal surface of the ameloblasts displayed

cytoplasmic processes which disrupted the inner basal lamina. Membrane

bound vesicles of varying density and size were located in the cytoplasm

of the ameloblasts. The vesicles were most common near the Golgi region.

Large dense granules were also observed within the cytoplasm of the

ameloblasts. The granules had a similar aPpearance to the stippled

material which was located in the large extracellular spaces between the

distal cell cytoplasm of neighbouring ameloblasts, and was most probably

early enamel matrix produced by the ameloblasts.
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The ameloblasts were closely related to one another at their

basal ends, and formed numerous desmosomal-type junctions with adjacent

stratum intermedium cells. Figures 22, 23, 24, 25 and 26 provide examples

of the fine structure of secretory ameloblasts.

Figure 222 Montage showing newly differentiated ameloblasts. Note

the loss of the inner basal lamina at the distal pole of the

ameloblast.

A Ameloblast

DF Dental follicle cell

PA Pre-ameloblast

PD Pre-dentine

W Terminal web apparatus (distal)

Magnification X5'500
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of secretoryPhotomicrograph showing the orientation

ameloblasts within the enamel organ.

A Ameloblast

E Enamel

BV Blood vessel

SI Stratum intermedium cell

Magnification X2,000
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in theFigure 24: Photomicrograph showing enamel substrate

extracellular spaces between ameloblasts.

A Ameloblast

ES Enamel substrate

T Tonofilament bundle

Magnification X4'000
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T17

Photomicrograph illustrating the polarization of organelles

within secretorY ameloblasts.

A Ameloblas!

G Golgi apparatus

Mit Mitochondrion

Rer Rough endoplasmic reticulum

V Vesicle

W Terminal web apparatus (basal)

Magnification X5'250
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Figure 26: High power view of ameloblast organelles associated with

enameloid secretion.

ES Enamel substrate

G Golgi apParatus

N Nucleus of the ameloblast

Pr Polyribosome

Rer Rough endoPlasmic reticulum

T Tonofilament bundle

V Vesicle

Magnification X13,000
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At varying intervals along the ameloblastic layer, ameloblasts

with very pale cytoplasm, and containing swollen, oedematousr organelles

were observed. The nuclei of these cells were pale relative to the nuclei of

the adjacent ameloblasts. Whether or not the appearance of these cells

was artefactual is quite debatable. Sometimes the pale staining cells

displayed relatively intact nuclear and cellular membranes' which would

tend to imply a reorganization of the cells. By contrast other ameloblasts

showed more distinct signs of cell death such as pyknotic nuclei, chromatin

clumping, disruption of nuclear and plasma membranes, and vacuolized

organelles. Such evidence of cell death could be part of a natural

phenomenon associated with tooth formation, or alternatively may reflect

inadequate fixation of the particular cell showing degeneration. Similar

pale staining cells were also observed in the ameloblast layer of

histological sections of M, from 7-day-old mice.

Photomicrographs showing the variations in cell density in the

ameloblastic layer are provided in Figures 27 and 28, whereas Figure 29

depicts an ameloblast with more obvious features of cell degeneration.
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Figure 272 Photomicrograph showing variations in cell density within

the ameloblastic layer at the cervical rim of the enamel

or8an.

Dg Degenerating ameloblast cell

OE Outer epithelial cell

D Dentine

Magnification X1,500
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12l

Higher power view of the degenerating ameloblasts shown in

Figure 27, indlcating the presence of swollen oedematous

organelles and discontinuous plasma and nuclear membranes.

DF Dental follicle cell

Dg Degenerating ameloblast

OE Outer epithelial cell

SI Stratum intermedium cell

Magnification X2,500
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Photomicrograph of a severely degenerated ameloblast with

a pyknotic nucleus and vacuolated cytoPlasm.

A Ameloblast

Dg Degenerating ameloblast cell

ES Enamel substrate

SI Stratum intermedium cell

Magnification X2,500

:¡
1,1

:j

|1,

Figure 29:
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3.3.3 The Ultr structure of Stratum Inter medium Cells

Betweentheameloblasticlayerandtheouterlayerofthe

enamêl organ, a layer of low cuboidal cells was observed. These cells were

assumed to be the stratum intermedium cells of the enamel or8an' The

stratum intermedium cells characteristically formed tight and desmosomal

junctions with neighbouring cells. They appeared as relatively small cells

which contained a moderate number of mitochondria, a Golgi complex and

associated vesicles, few prof iles of rough endoplasmic reticulum t

tonofilaments, and numerous free ribosomes. Frequently finger-like

projections of cytoplasm extended from the stratum intermedium cells to

contact ad jacent ameloblasts. In the region of the enamel orSan

immediately adjacent to Hertwig's epithelial root sheath, the stratum

intermedium cells appeared more elongated and were curved towards the

inner enamel epithelial cell layer. whether or not these cells were

differentiating and adding to the inner layer is not clear'

Similartotheameloblasts,theelectrondensityofthestratum

intermedium cells was observed to be quite variable. In places both the

nucleus and the cytoplasm were of similar density, and in these cells it was

difficult to discern the cytoplasmic contents. By contrast, other stratum

intermedium cells revealed a very pale cytoplasm with fewer organelles

and less free ribosomes than adjacent stratum intermedium cells' This

marked variation in nuclear and cytoplasmic density, possibly reflected the

dynamic nature of the enamel organ'

The photomicrographs presented in Figures 30' 3l' 32 and 33

show stratum intermedium cells from the cervical rim of the enamel or8an'

They demonstrate the diff erence in shape, and cytoplasmic density,

between various stratum intermedium cells'
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Photomicrograph showing the morphological arranSement of

stratum intermedium cells within the cervical rim of the

enamel organ.

A Ameloblast ceII laYer

BL Outer basal lamina

oE Outer epithelial cell

SI Stratum intermedium cell laYer

Magnification X2'500
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Photomicrograph of a very electron dense stratum

intermedium cell (arrowed) in which the organelle outlines

are difficult to discern.

A Ameloblast cell laYer

DF Dental follicle cell

OE Outer epithelial cell

SI Stratum intermedium cell

Magnification X2'900
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Figure 32: Stratum intermedium cell showing tight and desmosomal

junctionswithneighbouringouterenamelepithelialand

ameloblast cells.

A Ameloblast cell

Dj Desmosomal junction

OE Outer ePithelial cell

SI Stratum inter'medium cell

Tj Tight junction

Magnification X6'250
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High power photomicrograph showing organelles and

junctional complexes associated with a stratum intermedium

celI.

BL Outer basal lamina

Dj Desmosomal junction

G Golgi aPParatus

OE Outer enamel ePithelial cell

SI Stratum intermedium cell nucleus

Tj Tight junction

Magnification X10,000
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3.?.4 The Ultrastructure of Outer Enamel Epithelial Cells

The outer enamel epithelial cells appeared as a single layer of

low cuboidal cells, quite similar to the stratum intermedium cells'

Although stellate reticulum cells have frequently been reported to be

present beneath the outer epithelial cell layer, they were not observed in

the basal rim of the enamel organ of the 7-day-old mouse mandibular

molar. Desmosomal-type junctions were observed between adjacent outer

enamel epithelial cells and stratum intermedium cells'

The outer enamel epithelial cells contained a few mitochondria,

numerous free ribosomes, sParse amounts of rough endoplasmic reticulum'

a prominent Golgi complex, membrane-bound vesicles, and exocytic or

endocytic pores in the plasma membrane suggestive of a transporting

function. Occasional cilia were observed in the outer enamel epithelial

cells which was possibly suggestive of a migratory Pattern during tooth

formation. The cytoplasmic and nuclear densities varied between outer

enamel epithetial cells, but the nuclear-cytoplasmic ratio remained high'

Figures 34 and 35 show outer enamel epithelial cells in the basal rim of the

enamel organ.
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Figure 34: Photomicrograph showing the morphology of outer epithelial

cells in the region where Hertwig's root sheath joins the

enamel organ. Note the loss of the stratum intermedium

cell layer apicallY.

BL Outer basal lamina

OE Outer ePithelial cell nucleus

PA Pre-ameloblast

SI Stratum intermedium cell

Magnification X6'250
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Figure 35: Densely staining outer enamel ePithelial cell with long

cytoplasmic processes extending towards a stratum

intermedium cell.

BL Outer basal lamina

Cyt Cytoplasmic process

OE Outer enamel epithelial cell

PA Pre -ameloblast

SI Stratum intermedium cell nucleus

Magnification Xl21500

In the cervical region of the enamel organr the outer

enamel epithelial cells appeared to be bound by an almost continuous outer

basal lamina which was occasionally interrupted by small cytoplasmic

projections from the outer enamel epithelial cells. The microvillous-Iike

projections extended towards the fibroblasts or endothelial cells in the
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surrounding dental follicle, and were seen to be closely associated with the

plasma membranes of these cells. The photomicrograph presented in

Figure 36 illustrates several small projections'

Figure 36: Photomicrograph of an outer enamel epithelial cell

cytoplasmic process interrupting the outer basal lamina'

BL Outer basal lamina

Cil Possible cilia

Cyt Cytoplasmic Process

OE Outer enamel ePithelial cell

Ph Phagosome

Por Endocytic or exocYtic Pore

Magnification X15,000
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Blood vessels were aPParent alon8 the outer surface of the

enamel organ, and often the endothelial cells of the blood vessels were

aligned adjacent to the outer enamel epithelial cells or the stratum

intermedium cells, as shown in Figure 37.

Figure 37: Blood vessels associated with the outer "papillary" layer of

the enamel organ.

A Ameloblast cell

BV Blood vessel

End Endothelial ceII

OE Outer enamel ePithelial cell

SI Stratum intermedium cell

Magnification Xl'600
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3.4 ULTRASTRUCTURAL FEATURES OF EPITHELIAL CELLS IN

THE REGION WHERE THE ENAMEL ORGAN JOINS

HERTWIG'S ROOT SHEATH IN 7-DAY-OLD MOUSE FIRST

MANDIBULAR MOLARS

At the cervical rim of the enamel or8an, the trilaminar

epithelial cell structure was observed to narrow and form the bilaminar

root sheath. The epithelial cells of the enamel organ in the junctional

region appeared to follow a pattern whereby the distal poles of the

ameloblasts and stratum intermedium cells curved in an apical and pulpal

direction to the level of Hertwigrs root sheath. The epithelial root sheath

was observed to be continuous with the enamel organ in the 7-day-old

mouse first mandibular molar.

In the region where Hertwig's root sheath joined the enamel

organ, a cytosome or inclusion body was observed in the occasional outer

enamel epithelial cell of some sections. The cytosomes seemed to be

partially membrane-bound and had the aPPearance of phagolysosomes

which had become incorporated within the cytoplasm of the outer enamel

epithelial cells. The nuclei of the involved outer enamel epithelial cells

did not show any degenerative changes. Small vesicles were apParent in

close association with the cytosomes or phagolysosomes.

The photomicrographs presented in Figures 38, 39 and 40

illustrate some of the ultrastructural features identified at the junction of

the enamel organ and Hertwig's epithelial root sheath.
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Photomicrograph showing the region of continuity between

the enamel organ and Hertwig's epithelial root sheath.

D Dentine

DF Dental follicle

DP Dental papilla

EO Enamel organ

O Odontoblast

PO Pre-odontoblast

RS Root sheath

Magnification X2r250

j
s

Figure 38:
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Montage of the region where the enamel organ joins

Hertwig's ePithelial root sheath. Note the region of

discontinuity of the outer basal lamina indicated with small

white arrows.

BL Basal lamina

IE Inner epithelial cell

OE Outer epithelial cell

Magnification X6'600
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Figure 40: Cytosome, or phagolysosome, in an outer enamel epithelial

cell.

BL Outer basal lamina (discontinuous)

OE Outer enamel epithelial cell nucleus

Ph Phagolysosome

Pr Polyribosome

V Vesicles

Magnification X19,500

3.5 ULTRASTRUCTURAL FEATURES OF HERTWIGIS

EPITHELIAL ROOT SHEATH IN 7-DAY-OLD MOUSE FIRST

MANDIBULAR MOLARS

Hertwig's root sheath was observed to be composed

predominantly of two cell layers, an inner epithelial cell layer and an outer

epithelial cell layer, with an occasional epithelial cell located between the

two layers. The epithelial cells had a high nuclear-cytoplasmic ratio. The

root sheath was bound by a continuous inner and outer basal lamina to the

level of the enamel organ. Although Hertwigrs root sheath is generally
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described according to two main regions, the vertically orientated lateral

root sheath, and the more horizontal epithelial diaphragm, a clear

distinction between these two areas was not apparent on the sections

studied with the transmission elecron microscope. For purPoses of

description, however, the term epithelial diaphragm is used to describe the

ten to fifteen cells at the tip of the root sheath, while coronal to that

region the structure is referred to as the lateral root sheath.

3.5.1 The Lateral Root Sheath

The lateral root sheath appeared to be composed of cuboidal

inner epithelial cells and squamous outer epithelial cells. The nuclei of the

epithelial cells of Hertwig's root sheath were centrally located, and apart

from regions of cell junctions, the cells were separated by small

intercellular spaces. The cytoplasm of the cells was seen to extend

laterally to provide a continuous front adjacent to the basal lamina. The

inner and outer epithelial cells were characterized by the presence of

desmosomal junctions, tonofilaments, a moderate number of mitochondria,

few profiles of rough endoplasmic reticulum, numerous free ribosomes,

small membrane-bound vesicles, and a Golgi apparatus situated in the

juxtanuclear zone of the cell in the side away from the basal lamina. The

outer epithelial cells consistently contained fewer organelles than the inner

epithelial cells, and as such were possibly less differentiated. Single cilia

were observed in some of the epithelial cells of the root sheath, most

commonly in the inner epithelial cells, which themselves out-numbered the

outer epithelial cells in a ratio of approximately 2: l.

The photomicrographs presented in Figures 4l and 42 show

some of the morphological features of the lateral root sheath of the

7-day-old mouse mandibular molar.
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Photomicrograph showing the fine structure of inner and

outer epithelial cells of Hertwig's root sheath.

BL Basal lamina

Dj Desmosomal junction

IE Inner epithelial cell

OE Outer epithelial cell

T Tonofilament bundle

Magnification X6'500
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Figure 42: Montage of the lateral root sheath'

DF Dental follicle

DP Dental PaPilla

IE Inner ePithelial cell

O Odontoblast

OE Outer ePithelial cell

PA Pre -ameloblast

Magnificatíon X2,200
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The continuous inner and outer basal lamina which covered the

epithelial cells of the root sheath was resolved into a lamina lucida and a

lamina densa. There existed, however, a distinct difference between the

inner and outer basal lamina, as the inner basal lamina was observed to

exhibit numerous, Iong, fine fibrils running perpendicular to the lamina.

Such a fibrillar arrangement is often called a lamina diffusa. The lamina

diffusa was observed to become more Pronounced with an increase in

length and density of the fibrils with increasing distance from the tip of

the epithelial diaphragm. The fibrils associated with the outer basal

Iamina were fewer and much shorter. The fine non-striated fibrils of the

inner basal lamina appeared to cross the lamina lucida and lamina densa in

one direction, and contact the plasma membranes of the inner epithelial

cells, and in the opposite direction the fibrits could be seen extending

towards the differentiating pre-odontoblasts and odontoblasts.

Odontoblast condensation was recognized adjacent to the inner epithelial

cells of the lateral root sheath often in association with a pre-dentine

matrix. The region of pre-dentine was characterized by the presence of

matrix vesicles, collagen fibre bundles and odontoblast Processes all closely

associated with the fibrils of the inner basal lamina. Hemidesmosomes

were also apparent in association with the basal lamina of Hertwigrs root

sheath.

Figures 43, 44 and 45 illustrate the differences between the

inner and outer basal lamina of the lateral root sheath.
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Figure 43: Outer basal lamina associated with Hertwig's epithelial root

sheath. Note the characteristic tonofilament bundles and

desmosomal junctions of the epithelial cells.

BL Outer basal lamina

OE Outer epithelial cell

Magnification X24,750
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Figure 44:

"llr

Inner basal lamina associated with Hertwig's epithelial root

sheath. Note the presence of hemidesmosomes

BL Inner basal lamina

HD Hemidesmosome

IE Inner epithelial cell

PO Pre-odontoblast (witfrcytoplasmic processes)

Magnification X3I1250
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Figure 45: Photomicrograph showing matrix vesicles, collagen fibres'

pre-dentine matrix and odontoblast Processes closely

associated with the fine fibrils of the inner basal lamina.

BL Inner basal lamina

Col Collagen fibre

Cyt CytoPlasmic Process

Mv Matrix vesicle

O Odontoblast

Magnification X31'250

3.5.2 The EPithelial DiaPhragm

ThecellsoftheePithelialdiaphragm'wereobservedtobe

morphologically similar to those of the lateral root sheath' The squamous

outer epithelial cells however, aPPeared to be less elongated and were

plumper than those of the lateral root sheath, whereas the inner epithelial

cells at the tip of the root sheath were slightly smaller and more low

cuboidal in shape, than the inner epithelial cells at the upPer extremity of

the lateral root sheath. This provided an overall aPPearance of outer
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Figure 47: Fine structure of an outer epithelial cell from the middle

segment of the epithelial diaphragm of Hertwigrs root

sheath. Note the small number of organelles.

BL Outer basal lamina

Mit Mitochondria

OE Outer epithelial cell nucleus

Pr Polyribosomes

V Membrane-bound vesicle

Magnification X10,000
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Figure 48: Fine structure of an inner epithelial cell from the middle

segment of the epithelial diaphragm of Hertwigrs root

sheath.

BL Inner basal lamina

Cil Possible cilia

G Golgi apparatus

IE Inner epithelial cell nucleus

Mit Mitochondria

Pr Polyribosomes

V Vesicles

Magnification X10,000

The epithelial cells which formed the diaphragm were bound by

a continuous inner and outer basal lamina which extended around the tip of

the diaphragm. The outer basal lamina of the epithelial diaphragm was

observed to be relatively afibrillar, whereas at the apical tip of the root

sheath the inner basal lamina showed a few small fibrils extending across
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the lamina lucida and lamina densa towards the mesenchymal cells of the

dental papilla. The fine fibrils increased in density and length with

progressive distance from the tip of the epithelial diaphragm towards the

Iateral root sheath.

Figure 49: Photomicrograph of the tip of the ePithelial diaphragmt

showing the fibrillar inner basal lamina and relatively

afibrillar outer basal lamina. Note that the fibrils of the

inner basal lamina in the apical region are shorter and less

dense than those shown in Figures 44 and 45-

BL Basal lamina

Col Collagen fibre bundle

Dj Desmosomal junction

IE lnner epithelial cell

Mit Mitochondria

OE Outer epithelial cell

Magnification Xl0'000
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At the tip of the epithelial diaphraSm an amorphous material

was observed between the inner epithelial cells and the mesenchymal cells

of the dental papilla. Such a material had previously been observed in the

Iight microscopic study, but apart from the Presence of some collagen

fibres, the exact nature of this ground substance could not be identified.

Collagen fibres frequently appeared streamlined along the root sheath as

indicated in Figure 49. These fibres possibly provided some support to the

elongating epithelial root sheath.

-i,

Figure 50: Amorphous material associated with the inner ePithelial

cells at the tip of the epithelial diaphragm.

BL Basal lamina

Col Collagen fibre

Cyt Mesenchymal cell Process

IE lnner epithelial cell

Mat Amorphous material

Magnification X3l'750
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The dental papilla cells adjacent to the inner aspect of the

epithelial diaphragm appeared relatively undifferentiated compared to the

pre-odontoblasts and odontoblasts apposing the lateral root sheath. The

dental papilla cells associated with the epithelial diaphragm did, however,

show short cytoplasmic projections which extended to contact the fibrils of

the inner basal lamina. The dental papilla cells were observed to contain a

few mitochondria, a sparse amount of rough endoplasmic reticulum, small

vesicles and numerous free ribosomes.

, , a¿i-

Figure 5l: Photromicrograph of a dental papilla cell adjacent to the

inner aspect of the upPer extremity of the epithelail

diaphragm. Note the increase in length and density of the

inner basal lamina fibrits compared with those at the tip of

the diaphragm shown in Figure 49.

BL Inner basal lamina

DP Dental papilla cell

Mit Mitochondria

Rer Rough endoplasmic reticulum

Magnification X 101250



3.6

150

POTENTIALITY OF THE PERFUSION TECHNIQUE FOR THE

T.E.M. INVESTIGATION OF M FROM 27-DAY-OLD MICEI

The mandibular first molars of six mice of a8e 27 days

post-natal were prepared for the T.E.M. investigation of late root

formation. The mice were perfused with an osmium tetroxide and

glutaraldehyde fixative solution, and the cardiac perfusion technique

provided adequate fixation of the epithelial cells associated with Mt.

Sections examined showed even tissue fixation with well defined nuclear

and plasma membranes of the cells studied. The organelles within the cells

were observed to be satisfactorily preserved. Figures 52 and 53, are

included as verification of good tissue fixation.

Figure 52: Photomicrograph of periodontal ligament fibroblasts from

27-day-oId material, showing well preserved organelles.

Col Collagen fibres

F Fibroblast

Mit Mitochondria

Rer Rough endoplasmic reticulum

Magnification X3,800
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Figure 53: Photomicrograph of a cementoblast from

material showing well preserved organelles.

C Cementoblast

G Golgi apparatus and associated vesicles

Mit Mitochondria

Rer Rough endoplasmic reticulum

Magnification X7,250

27 -day-old

3.7 THE ULTRASTRUCTURAL FEATURES OF EPITHELIAL

CELLS ASSOCIATED V/ITH M ROOT DEVELOPMENT INI

27-DAY-OLD MICE

The epithelial cells associated with the roots of the first

mandibular molars from the 27 -day-oId mice were examined. The

morphological characteristics of these mature epithelial cells were

compared with those of the enamel organ and root sheath from the first

mandibular molars of 7-day-old mice.



152

The epithelial cells associated with M, from the 27-dav-old

mice were classified according to their location. That is, the epithelial

cells essentially were observed in the following areas:-

(i) adjacent to the acellular cementum surface.

(ii) adjacent to the cellular cementum surface at the root aPex.

(iii) incorporated within the cellular cementum.

The epithelial cells found within the periodontal ligament were referred to

as epithelial cell rests of Malassez. In each location the epithelial cell

remnants of Hertwig's root sheath were characterized ultrastructurally by

the presence of large tonofilament bundles and desmosomal-type junctions.

When compared with the epithelial root sheath cells from the

7-day-old material the epithelial remnants in the 27 -day-old tissue

contained an increased number of mitochondria, greater amounts of rough

endoplasmic reticulum, larger tonofilament bundles, many free ribosomes

and a very vesicular Golgi apparatus. The mature epithelial cells also had

a lower nuclear-cytoplasmic ratio in comparison to the epithelial cells of

the root sheath in the 7-day-old specimens. A continuous basal lamina was

not usually visible surrounding the mature epithelial cells, although small

segments of basal lamina were occasionally observed in association with

some of the cells. Independent of location, the epithelial cells were found

either singly or in small clusters.

The photomicrographs presented in Figures 54 and 55 illustrate

epithelial cell groups adjacent to the cellular cementum at the root apex.

Whether or not these epithelial cells were the few remaining cells of the

epithelial diaphragm actively associated with apexification was not

verified by this morphological study.
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t53

Photomicrograph showing epithelial cells adjacent to the

forming cellular cementum at the root apex of M, from

27-day-oLd material.

C Cementoblast

CC Cellular cementum

Ep Epithelial cell

O Odontoblast

Magnification X2,500
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Figure 55: Epithelial cells adjacent to cellular cementum near the root

aPex.

C Cementoblast

CC Cellular cementum

Ep Epithelial cell (characterized by tonofilaments and

desmosomes)

F Fibroblast

Magnification X2,500

Figures 56, 57, 58 and 59 provide photomicrographs of single

epithelial cells, and epithelial ceII clusters, presumed to be remnants of

Hertwigrs root sheath abutting the acellular cementum surface of the roots

of Mr. The cells appeared to characteristically resemble epithelial cell

rests of Malassez, as did those presented in Figures 60 and 6l in which the

photomicrographs depicted cell rests within the periodontal ligament

associated with the mid-root region.
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Photomicrograph of an epithelial cell rest of Malassez

adjacent to acellular cementum.

AC Acellular cementum

Ecr Epithelial cell rest of Malassez

F Fibroblast

Magnification X2'500

.{.
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Figure 56:
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Figure 57: Higher power view of the epithelial cell rest depicted in

Figure 56.

AC Acellular cementum

BL Basal lamina

Dj Desmosomal junction

Ecr Epithelial cell rest of Malassez

T Tonofilament bundle

Magnification X8,000
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Epithelial cell adjacent to acellular cementum. Note the

presence of dense tonofilament bundles, and fragments of

basal lamina.

AC Acellular cementum

Ep Epithelial cell

Magnification X5,500



158

Figure 59: Epithelial cell adjacent to acellular cementum.

AC Acellular cementum

Dj Desmosome

Ep Epithelial cell

T Tonofilament bundle

Magnification X8,000
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Epithelial cell located within the mid-root region of the

periodontal ligament.

Ep Epithelial cell

Lig Periodontalligament

T Tonofilament bundle

Magnification X5'500



160

Figure 6l: Epithelial cell rest of Malassez located within the mid-root

region of the periodontal ligament

Dj Desmosomal junction

Ecr Epithelial cell rest of Malassez

Mit Mitochondria

T Tonofilament bundle

Magnification X8'500

Single epithelial cells and clusters of epithelial cells were also

observed incorporated within lacunae in the cellular cementum near the

root apex. The epithelial bells located within the cellular cementum varied

in appearance, with some cells exhibiting a relatively normal epithelial

morphology, and others showing obvious signs of cellular degeneration.

However, even the pattern of cell death was variable. Some of the

incorporated epithelial cells appeared to be undergoing degradation by

what was proposed to be phagolysosomes. The dense phagolysosomes were

characterized by a surrounding membrane and cellular organelles were



16l

recognized within the digestive matrix. A typical phagolysosome,

associated with a group of epithelial cells incorporated within cellular

cementum, is shown in the photomicrograph presented in Figure 62 with a

higher power view in Figure 63. It is interesting to comPare these figures

with Figure 40 which shows an epithelial cytosome' or phagolysome,

observed in 7-day-old tissue.

Figure 62: Photomicrograph showing epithelial cell remnants of

Hertwig's root sheath incorporated within the cellular

cementum at the root apex of M, from 27-day-old material.

CC Cellular cementum

Ep Epithelial cell

Ph Phagosome

Magnification X5,250
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Figure 63: Higher power view of the phagosome shown in Figure 62.

Note the presence of organelles which can be recognized

within the apparently membrane-bound phagosome.

Dj Desmosomal junctions

Mit Mitochondria

Ph Phagosome

Pr Polyribosomes

Magnification X 131250

Other epithelial cells incorporated within the cellular

cementum of M, at age 27 days showed what were perhaps more classical

features of cell death. These cells were observed to have pyknotic nuclei

with marked chromatin clumping and indistinct nuclear membranes. They

exhibited swollen, oedematous, organelles and loss of continuous plasma

membranes. It should be recalled, that some of the post-secretory

ameloblasts from the 7-day-old tissue had a similar apPearance which was

¡



t63

presumed to be indicative of ceII degeneration, or an alteration in cell

function. The photomicrograph provided in Figure 64 illustrates the

ultrastructural appearance of a degenerating incorporated epithelial cell'

Figure 64: Photomicrograph showing degeneration of an epithelial cell

incorporated within cellular cementum from 27-day-oId

material.

Mit Mitochondria (swollen and oedematous)

Pyk Pyknotic ePithelial ceII nucleus with chromatin

clumping

Rer Dilated sacs of rough endoplasmic reticulum

T Tonofilament bundle

Magnification XI31250
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3.8 THE ULTRASTRUCTURE OF CEMENTOBLASTS ASSOCIATED

WITH CELLULAR CEMENTOGENESIS AT THE M . ROOT

APEX OF 27-DAY-OLD MICE.

Cementoblasts were observed to be associated with the root

apex of M, of 27-day-old mice. The cementoblasts were located in the

periodontal ligament adjacent to the root surface, or in bays in the forming

cellular cementum surface. Cementocytes were observed incorporated

within lacunae in the cellular cementum.

The most noticeable features of the cementoblasts were, the

extensive rough endoplasmic reticulum network, and associated vesicles

which appeared to contain a type of amorphous "cementoid" material.

Apart from the large prof iles of rough endoplasmic reticulum, the

cementoblasts were characterized by a moderate number of mitochondriat

a well developed Golgi system with distended vacuoles, some

polyribosomes, and a relatively low nuclear-cytoplasmic ratio.

Tonofilaments and desmosomal junctions were not observed to be

associated with the cementoblasts. Although the cellular organelles of the

cementoblasts were similar to the synthetic organelles found in the

fibroblasts of the periodontal ligament, the cementoblasts were generally

distinguished from the fibroblasts by their less elongated and more

trapezoidal shape. A typical fibroblast is presented in Figure 52 which

should be compared with the photomicrograph of a cementoblast illustrated

in Figure 53.

The cementoblasts associated with the forming cementum,

were observed to extend small processes into the cementum matrix, and

where cementum was formed on several sides of a cell at one time, that

cell was presumed to be destined to become incorporated within the

cellular cementum. The cementocytes, or incorporated cementoblasts,
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varied in appearance, with those located more deeply within the cementum

showing signs of cell degeneration, such as loss of plasma and nuclear

membranes, vacuolization of organelles and cell shrinkage.

The photomicrographs presented in Figures 65 and 66 show

cementoblasts adjacent to the cementum at the root apex of M l.
Figure 67 illustrates some of the features of a degenerating cementocyte

located within a lacunae in the cellular cementum near the root äpex.

Figure 65: Photomicrograph showing cementoblasts adjacent to the

forming cementum surface. Note the large amount of rough

endoplasmic reticulum which is indicative of an actively

synthetic cell.

C Cementoblast

CC Cellular cementum

Lig Periodontal ligament

Magnification X4,000
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Figure 66: Photomicrograph of a cementoblast associated with forming

cellular cementum near the root apex.

C Cementoblast nucleus

G Golgi apparatus (associated with cementoid vesicles).

Mit Mitochondria

Rer Rough endoplasmic reticulum

V Vesicles containing cementoid type material

Magnification X5'500
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Figure 67: Photomicrograph of a cementocyte incorporated within a

lacunae in the cellular cementum near the root apex of M t

'Lrom 27-day-old material. Note the cytoPlasmic processes

extending through channels within the cementum.

C Cementocyte nucleus

CC Cellular cementum

Cyt Cytoplasmic process

Lac Lacunae wall

Magnification X8,000
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CHAPTER 4

DISCUSSION

4.1

4.1.1

TECHNICAL CONSIDERATIONS

The Experimental Animal

Kardos and Hubbard (1981) have stated that molar tooth Eerms

from rats and mice are commonly used in morphological studies of

odontogenesis, as they provide a model in which mineralization and

well-characterized epithetial-mesenchymal interactions occur. Furthert

they have claimed that the events and mechanisms assoiiated with tooth

formation in rats and mice are similar in many respects to human molar

odontogenesis.

Cohn (1957) stated that the molar teeth in mice have attributes

which make them more suitable for dental investigations than rat molars.

The roots of mature mouse molars were described as being similar in most

aspects of appearance and arrangement to that of human teeth. Cohn

(L957) has explained, however, that mouse molars have enamel- free areas

on their crowns and are therefore more susceptible to occlusal wear than

human teeth. To compensate for the occlusal wearr there is generally a

gradual deposition of cellular cementum at each root apex which keeps the

tooth in occlusion. The present light microscopic investigation showed that

deposition of cellular cementum occurred in the apical region of M t from

2I to 3}-day-old mice, confirming the findings of Cohn $957)'

Atkinson 0972) has also reported that the molar teeth of mice

bear many similarities to human molars and he claimed that the results
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derived from studies using mouse molars could most probably be applied to

human dental development.

4.1.2 Histological Technique

Although tissue shrinkage was observed in all of the histological

sections, consistent with the report of Weibel (1979), the haematoxylin and

eosin stains provided adequate contrast to enable cell identification. The

light microscopic study was performed to identify the approximate age of

M, root sheath formation and apexification..

4.1.3 Selection of Method for T.E.M. Primarv Fixation

Trump, Goldblatt and Stowell (1962) have indicated that post-mortem

changes occur rapidly if immediate tissue fixation is not carried out. It is,

therefore, apparent that for optimal cellular preservation there must be

minimal time delay between the loss of blood supply to the tissue to be

investigated and its immersion in fixative. With this in mind two different

primary fixation techniques were selected for use in the current study,

according to the size of the animal to be prepared.

(i) Sequential and Simultaneous Immersion Fixation of M t from

7-day-old Mice.

Sequential primary fixation initially with glutaraldehyde, followed by

a second fixation step with osmium tetroxide, was first introduced by

Sabatini, Bensch and Barrnett (1963). It has since been recognized

that sequential fixation techniques have some disadvantages. For

example, the tissue often shows

(a) myelinization of lipid material

(b) dispersion of ribosomes

(c) disappearance or rearrangement of microtubules
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(d) precipitation of fine granular material

(e) cell shrinkage

(Franke, Krien and Brown, 1969).

Trump and Bulger 0966), Hirsch and Fedorko (1968)' and Franke,

Krien and Brown (1969) have reported that simultaneous

glutaraldehyde-osmium tetroxide fixation has some distinct

advantages over sequential fixation techniques in providing better

cell and organelle preservation and increasing the electron contrast

in sections obtained. In the current ultrastructural investigation of

M t from 7-day-old mice a combination of sequential and

simultaneous fixation techniques was used successfully to maximize

tissue preservation.

(ii) Intracardiac Perfusion Fixation of M, from 27-day-old Mice.

Intracardiac perfusion has been widely reported to be an ideal method

of providing unif orm tissue fixation for electron microscopy

(Warshawsky and Moore, L967; Yeerman, Hoefsmit and Boeré, L974i

Hayat, l98l). Although Nicoll (1969) reported that capillaries did not

significantly change in calibre over a wide range of experimental

flow rates and pressures, it was considered to be more reliable to

perfuse the mice using physiological parameters. Gil and Weibel

(1969) and Gross (1977) have described tissue oedema as occurring in

specimens where steady-state perfusions of isogravimetric

preparations were used. Therefore, a peristaltic pump was utilized in

the current investigation to deliver a pulsating flow. A flow

regulator was incorporated into the delivery system which restrained

the flow of fixative to a physiologically compatible level of 2.5

ml/minute. Pease (1964) has reported that "complete" tissue fixation

occurs within minutes, or even seconds, of the chemical
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reaching the tissue, whilst Thorball and Tranum-Jensen (1981)

recommended perfusion for 5 to l0 minutes to completely saturate

tissues. With this in mind, each animal was perfused for at least 5

minutes in the current study. The technique used on the 27-day-oLd

mice in the present investigation provided rapid perfusion before

cardiac arrest, but after respiratory arrest. As a consequence of

respiratory failure, a decrease in blood oxygen was produced which

presumably resulted in creating a patent microvascular system.

Therefore, the contraction of blood vessels produced by osmium

tetroxide would have theoretically been overcome, according to

Hayat (1981).

The sequential-immersion and perfusion techniques described in the

present report provided reliable fixation with well-preserved tissues.

Pease (1964) and Hayat (1981) have provided information on the criteria

used to assess the quality of fixation of tissues for transmission electron

microscopic analysis. The ultrastructural features which they claimed

were indicators of good fixation included:-

(a) dense, intact plasma membranes

(b) distinct Golgi with intact membranes

(c) intact endoplasmic reticulum with uniform cisternae

(d) well-defined mitochondria with outer double membranes and intact

cr istae

(e) well-defined, intact double nuclear membranes

(f) well-defined, fine granular ground substance

(S) no vacuolization of tissue post-mortem.

4.I.4 Fixatives used in the Ultrastructural Stud

Osmium tetroxide and glutaraldehyde . were used as

simultaneous fixatives in the current investigation as they are known to
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provide synergistic effects which favour excellent tissue preservation.

Osmium tetroxide was reported by Hayat (1981) to produce osmotic

changes which cause tissues to swell, whereas glutaraldehyde has little

osmotic effect. Although glutaraldehyde preserves the fine structures

better than osmium tetroxide, particularly nucleic acids, carbohydrates and

microtubules, it does not provide sufficient electron contrast and density

(Meek, 197O. According to Hayat (1981), glutaraldehyde does not render

lipids insoluble in organic solvents and, therefore, fails to define cell

membranes. Glauert 0978) and Hayat (1981) reported that glutaraldehyde

penetrates tissue more rapidly and to a greater depth than osmium

tetroxide which only apparently penetrates to a maximum depth of

0.25mm.

Sabatini, Bensch and Barrnett (1963) and Trump and Bulger

(1966) claimed that prolonged washing between fixation stages produced

uneven fixation in the tissue, cell shrinkage, widened extracellular sPacest

swelling of mitochondrial matrices, clumping of nuclear chromatin and

other artefacts such as myelin figures in the extracellular spaces. It was,

therefore, decided to avoid washing the 7-day-old M t tissue between

sequential fixation steps in the present study. Hence the hemisectioned

mandibles were transferred directly from the glutaraldehyde solution to

the glutaraldehyde - osmium tetroxide solution without washing.

concentrations of chemicals, equivalent to those suggested by

Beertsen (1978), were used as they have been shown to give excellent

preservation of the periodontal tissues of young adult mice. According to

Bone and Ryan (1972) the osmolarity of fixatives is not important, and in

any case it is impossible to exactly calculate the osmolarity of the osmium

tetroxide - glutaraldehyde fixative solution since the reagents react with

each other in an unstable manner (Glauert l97S). Attempts werer however,
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made to balance the osmolarity of the fixative by using sodium cacodylate

buffer and dextran to provide a slightly hypertonic solution (approx. 425

mosmol) as suggested by Williams U977).

Using the information from Hirsch and Fedorko (1968), Franke,

Krien and Brown (1969), Glauert (1978), Hayat (1931) and Gurling (1982) it

was decided to improve the preservation and contrast of the mandibular

tissue by using a post-osmication procedure where the tissue was

I'block-stained" firstly in 4o/o osmium tetroxide and secondly in l% uranyl

nitrate, prior to dehydration.

4.2 LIGHT MICROSCOPIC FEATURES ASSOCIATED WITH THE

ENAMEL ORGAN AND EARLY ROOT SHEATH FORMATION

The enamel organ is known to play an important role in root

development as it is reported to give rise to Hertwig's epithelial root

sheath which subsequently initiates radicular dentine formation, and

ultimately determines the shape and the number of tooth roots formed

(Orban 1980). More particularly, it is the cervical loop region of the

enamel organ which is claimed to give rise to new odontogenic cells for the

enamel organ itself (Bronckers, Bervoets and Wöltgens, 1982), and also for

Hertwig's root sheath (Grant and Bernick, L97L). McHugh and Zander

(1965), using labelling techniques, monitored cell turnover during tooth

development in monkeys and reported that labelled or mitotic cells were

numerous in the cervical loop of monkey tooth germs. McHugh and Zander

(1965) also described mitotic figures in the epithelial layers of the root

sheath and the "outer" layers of the enamel organ but not in the ameloblast

layer.

In the current investigation, serial, bucco-lingual histological

sections of M1, from mice of post-natal ages 6 to l0 days inclusive,
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provided time related evidence of the completion of crown formation and

early Hertwig's root sheath development. The enamel organ associated

with M, from the 6 to lO-day-old mice was observed to be a predominantly

trilaminar structure consisting of an inner ameloblastic layer and an outer

enamel epithelial cell layer, with a stratum intermedium layer present

between the inner ameloblastic and outer epithelial layers. A stellate

reticulum layer was not distinguished as Part of the enamel organ in any of

the 6 to lO-day-old mice. It could therefore be proposed, that the stellate

reticular cells might have merged with the outer enamel epithelial cells, as

previously reported by Reith and Butcher U967) and Elwood and Bernstein

(1968), or alternatively to have degenerated and become removed from the

enamel organ, as implied by Hubbard and Kardos (1981). The present light

microscopic study, however, provided no conclusive evidence of the fate of

stellate reticulum cells with crown formation, except to reveal that they

were not identifiable in the mice studied.

Apart from the epithelial cells in the cervical region of the

enamel organ, the ameloblasts which formed most of the M, inner enamel

epithelial cell layer of the 6 to l0-day-old mice investigated, appeared to

be principally short, post-secretory ameloblasts involved in enamel

maturation. Bearing in mind the absence of stellate reticulum cells, it was

assumed that Ml crown formation was nearing completion in these mice,

with the cervical region being the only area where enamel matrix might

subsequently have been deposited. This was an important consideration as

it has been widely reported that the root sheath does not begin to develop

until the crown is almost completely formed (Hertwig, 1874; Diamond and

Applebaum, 1942).

An absence of ameloblasts was observed on the occlusal surface

of the first mandibular molars in this study, which corresponded to the
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enamel-free areas previously described by Cohn 0957). The boundaries of

the enamel organ in the occlusal area was, however, difficult to discern

and the rationale for failure to produce enamel in the area could not be

properly determined.

As already indicated, it is frequently assumed that the cells of

the cervical loop region of the enamel organ proliferate to give rise to

Hertwig's epithelial root sheath (Schour and Massler, 1940; Diab and

Stallard, 1965; Provenza and Sisca, 1973i Slavkin, 1974; Osborn and Ten

Cate, 1983; Linde, 1984). Continued growth of the root sheath has also

been reported to occur as a result of cell proliferation within the epithelial

diaphragm of the root sheath (DiaU and Stallard, 1965i Kenney and

Ramfjord, 1969; Grant and Bernick, l97I). The present study could neither

confirm nor negate these findings, for several reasons. Firstly, mitotic

figures were not obvious in any of the sections, but their presence could

not be totally discounted. Secondly, at age 6 days post-natal the epithelial

diaphragm of the root sheath was well formed and hence it might be

inferred that cellular proliferation in the cervical loop would have occurred

prior to age 6 days.

In the present investigation Hertwig's root sheath was observed

to develop in a very specific manner. At age 6 days post-natal, the outer

and inner enamel epithelia seemed to be "bent" beneath the dental papilla,

in the region of the future cemento-enamel junction. "Plates" of cells

comprising the epithelial diaphragm, appeared to extend inwards and define

the epithelial apical foramen and limit the dental papilla. Thus the root

sheath at this age was a predominantly horizontal structure. The

time-related evidence then showed a vertical lengthening of the root

sheath during ages 7 to l0 days post-natal, such that both a horizontal
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epithelial diaphragm and a vertical lateral root sheath component could be

identified. This pattern of develpment was consistent with the descriptions

of Liao (1979) also using 6 to lO-day-old mice, Orban (1980) and Osborn

and Ten Cate (1983).

As mitotic figures were not observed to be a prominent feature

of the epithelial diaphragm, a cell count was conducted which indicated

that during the 7 to I0 day period Hertwig's root sheath did not elongate as

a result of rapid cell proliferation. A total of between 45 and 50 epithelial

cells were present in the M, mesial root sheath of each of the 7 to

lO-day-old specimens. This implied that the root sheath may have

elongated more during this time by cellular expansion and/or cell migration

than as a result of cell proliferation. Since the epithelial apical foramen is

presumed to remain spatially stable once the epithelial diaphragm has

formed (OiaU and Stallard, 1965) it, therefore, seems plausible that the

root sheath could elongate concomitant with eruptive movement of the

tooth crown. One could envisage that with the occlusal migration of the

crown, the root sheath became stretched with a consequent widening of

extracellular spaces, and a lengthening of the root sheath. This of course

is entirely speculative, and radioautographic studies need to be carried out

to determine when mitotic division occurs within the root sheath, and to

predict more accurately how Hertwig's root sheath elongates. Once the

cells have been labelled, their migratory patterns could also be established.

It seems unusual that mitotic figures were not observed in the epithelial

diaphragm of the developing root sheath in the present investigation, as

previous reports by Diab and Stallard (1965) using rats, and Kenney and

Ramfjord (1969) using monkeys, would lead us to expect to see them in the

developing root sheath of young mice.
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In the present study of M, in 6 to lO-day-old mice, Hertwig's

epithelial root sheath was observed to be a bilaminar structure. Typically,

the root sheath consisted of a cuboidal inner epithelial cell layer and an

outer epithelial layer of more spindle-shaped cells, with an occasional cell

interposed between the two layers. This was consistent with the light

microscopic descriptions of mouse root sheath morphology provided by

Heritier and Fernandez (1981) and Gurling (19S2) using older mice. It was,

however, at variance with the histological descriptions of the root sheath

given by Shibata and Stern 0967) using rat incisors, Grant and Bernick

(1971) using cat teeth, and Owens 0974) using dog premolars. Shibata and

Stern 0967) and Grant and Bernick (1971) reported that Hertwig's root

sheath had a trilaminar arrangement with a middle layer of several cells

thickness whilst Owens Q974) described the outer epithelial layer of the

root sheath as being two to three cells thick. One may therefore presume

that some species variation does exist, and hence the selection of animal to

be studied in relation to root formation is critical.

Cementum formation was not observed on the M, roots from

the 6 to 9-day-old mice used in this study, but at age l0 days there was

possibly a thin layer of acellular cementum forming in the cemento-enamel

junction region. The root sheath appeared to be continuous with the

enamel organ of the mesial root of M, in the 6 to 9-day-old mice, with a

possible disruption of the outer epithelial cell layer occurring in the

lO-day-old mice. Gurling (19S2) had previously reported that Hertwig's

root sheath was discontinuous in I I -day-old mice and that acellular

cementum formed on the M, radicular dentine at this age. Hence, one

might assume that cementum formation begins in the cemento-enamel

junction region of the mouse lower first molar at about age l0 to ll days

post-natal, and progresses apically. This is in contrast to Owens Q974)
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who described cementogenesis as initially occurring in the apical region of

dog premolar teeth and progressing coronally.

4.3 ULTRASTRUCTURAL FEATURES OF THE CERVICAL

ENAMEL ORGAN

The transmission electron microscopic study, carried out as

part of the present investigation of the first mandibular molar from

7-day-old mice, confirmed the earlier histological findings, and provided a

description of the fine structure of the cells found in the basal region of

the enamel organ.

4.3.1 Morphology

Ultrastructurally, the appearance of the pre-ameloblasts and secretory

ameloblasts, from the cervical rim of the enamel organ, was comparable to

the earlier descriptions provided by Pannese (1962), Frank and Nalbandian

(1967), Elwood and Bernstein (1968), Slavkin (1974), and V/akita and

Hinrichsen (1980). The differentiation pattern of the pre-ameloblasts and

ameloblasts observed in the present investigation confirmed the recent

reports in the literature by lt/akita and Hinrichsen (1980) and Skobe, Stern

and Prostak (1981). The inner enamel epithelial cells appeared to become

progressively more elongated, with a polarization of synthetic organelles at

increasing distance from the region of the future cemento-enamel

junction.

The secretory ameloblasts observed in the present investigation

contained numerous mitochondria and nuclear material in the basal

cytoplasm, whilst a well developed Golgi system, large profiles of rough

endoplasmic reticulum, cytoplasmic vesicles, and microtubules were

abundant in the distal cytoplasm. Kardos (1984) claimed that the
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distribution of organelles within secretory ameloblasts was suggestive of a

synthetic function which occured at both the proximal and distal ends of

the cells in rodent odontogenesis, although from the current study it

seemed more probable that the distal cytoplasm was the formative part of

secretory ameloblasts. In the present study accumulations of enameloid

substrate were apparent within the distal cytoplasm of the secretory

ameloblasts, in the intercellular spaces between the distal ends of

neighbouring ameloblasts, and in association with the forming enamel

surface at the distal pole of the cells. This was in agreement with the

findings of Smith (1979).

In the current investigation, the pre-ameloblasts and

ameloblasts were observed to be closely apposed to one another in the

juxtanuclear and basal cell regions. At such sites, tight and desmosomal

junctions were prominent. The desmosomal-type junctions were closely

associated with the fibrils of the basal terminal web apparatus. Kallenbach

(I97 L) in his review on rat incisor ameloblasts, had previously reported a

similar relationship. Desmosomal junctions were also noticed between

stratum intermedium and ameloblast cells in the current study. Wakita and

Hinrichsen (1980) have postulated that the stratum intermedium cells and

the basal terminal web apparatus could act as supporting systems for

pre-ameloblasts and ameloblasts, and as desmosomal-type junctions were

observed to be associated with the stratum intermedium cells and basal

terminal web system in the present study, it seemed quite probable that

Wakita and Hinrichsen's (1980) postulate could be correct. Perhaps the

stratum intermedium layer and the basal terminal web system act as a

"backbone" to maintain enamel organ integrity following the loss of the

inner basal lamina during ameloblast differentiation. Sasaki, Segawa,

Takiguchi and Higashi (1984) considered intercellular junctions in the
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have also reported that tight and

cell-to-cell adhesion during tooth

and they

provided

4.3.2 Cellular Kinetics

The cervical ameloblast cells examined in the present

investigation of 7-day-old mouse mandibular first molars appeared to

follow a streamlined orientation, whereby they curved inferiorly toward

the dentinal matrix. The stratum intermedium cells in the basal rim of the

enamel organ were also observed to assume a similar orientation. Slavkin

(L974) postulated that in the forming enamel organ, outer enamel epithelial

cells migrated and differentiated into inner enamel epithelial cells in the

region of the cervical loop. In the present study, it seemed as though the

apical stratum intermedium cells either degenerated or added to the inner

enamel epithelial cell layer, with the outer enamel epithelial cells

extending uninterrupted to form a continuous layer with the outer

epithelial cells of Hertwig's root sheath. This is not contrary to Slavkin's

(1974) postulate, but rather a hypothesis to explain the cellular kinetics

observed in the more mature enamel organ which was associated with a

forming root sheath. Evidence of migration of stratum intermedium cells

to add to the inner epithelial cell layer in the region of the

cemento-enamel junction in this study is not conclusive, but if correct it

would provide a possible explanation as to why Hertwigrs root sheath is a

bilaminar structure in mice. The evidence of stratum intermedium cell

degeneration was perhaps more convincing in the present investigation.

4.3.3 Cell Degeneration

Symons 0962), Reith and Butcher (1967), Moe and Jessen

(1972), Smith and Washawsky (1977), Moe (1979), Hubbard and Kardos

(1981), and Kardos (1984), have described the degeneration of cells within
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the enamel organ. In the current study, the evidence of cell degeneration

within the enamel organ was somewhat variable. A diversity in

cytoplasmic and nuclear densities of ameloblasts and stratum intermedium

cells was observed, with the presence of very pale-staining cells containing

swollen oedematous organelles and partially disrupted nuclear and plasma

membranes apparent at varying intervals along the cell layers.

Occasionally cells with pyknotic nuclei were observed in the ameloblast

layer. Since cell degeneration is frequently reported in the enamel organ,

it seemed unlikely that the degenerative changes described in this study

were artefactual or a result of poor tissue fixation.

The reason for enamel organ cell degeneration and the mode of

removal of the resulting cell debris is quite debatable. In recent years'

however, it has become widely recognized that the spontaneous loss of

cells is an important parameter in normal tissue development. The term

"apoptosis" has been proposed by Kerr, \ütlyllie and Currie 0972) to describe

the mechanism of controlled cell deletion, which they claim plays a

complementary, but opposite role to mitosis in the regulation of animal

cell populations. Kerr, V/yllie and Currie 0972) have reported that

apoptosis occurs in two discrete stages. Initially, the apoptotic cells show

a nuclear and cytoplasmic condensation as the cell breaks up into a number

of membrane-bound fragments. In the second stage, the apoptotic bodies

are claimed to be shed from the region and undergo autolysis within

phagosomes. If we consider cell deletion in the enamel organ, reports of

membrane-bound fragments associated with cells of the enamel organ do

exist. Such fragments which presumably correspond to the first stage of

apoptosis, have been called cytosomes or cytosegresomes by Elwood and

Bernstein (1963) and Moe and Jessen (1972), whilst Kardos and Hubbard

(L982) defined them as being equivalent to matrix vesicles. In the present



r82

study, despite other evidence of degenerative cellular changes amongst the

ameloblast cells in particular, cytosegresomes, or early apoptotic bodies,

were only occasionally observed. According to Kerr, Wyllie and Currie

(1972) however, the finding of relatively few apoptotic bodies is indicative

of quite extensive cell "drop-out'r, as the process of apoptosis is believed to

be completed rather rapidly.

It is interesting to note the degree of confusion relating to the

presence of globular type structures within the ameloblast layer of the

enamel organ, as observed by light microscopists. Symons (1962) described

the presence of t'globules" within the transition zone of the enamel organ

which were presumed to be products of cell degeneration from the

ameloblast and stratum intermedium cell layers. Hunt and Paynter (L963)

and Reith and Butcher (1967) described similar globular structures which

they claimed represented degenerating elements of cellular constituents

that were no longer required in the new activities to be performed in

relation to enamel maturation. However, the associated ameloblasts from

which the globules arose did not perish. The more recent evidence would

impty that the "globules" observed light microscopically corresPonded to

the apoptotic bodies, or cytosegresomes, which have been described

ultrastructurally. The studies of Elwood and Bernstein (1968), Moe and

Jessen (1972), Smith and Warshawsky (1977), and Moe (1979), have provided

evidence of ameloblast degeneration which occurs in the transition and

maturation zones in the enamel organ of rat incisors. Hubbard and Kardos

(I9Sl) using mice, have described apoptotic deletion of stellate reticulum

cells during crown development. Although one must be aware of species

variations, it is of interest that Moe 0979) claimed that ameloblast

degeneration occured immediately ad jacent to the cemento-enamel

junction in rat incisors. It is assumed that the ameloblasts adjacent to the
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cemento-enamel junction spent less time secreting enamel matrix than

most other ameloblasts, as the enamel thickness in the region was

markedly diminished. It/ith this in mind, it seems reasonable to expect to

observe the relatively high number of degenerating ameloblasts as were

seen in the cervical region of the enamel organ in the present study.

In the current investigation, large, dense bodies, or cytosomes,

were occasionally observed in outer enamel epithelial cells of the cervical

enamel organ. These large, dense bodies were proposed to represent

phagosomes in which local apoptotic bodies, or cytosegresomes, were being

degraded by lysosomal enzymes, enabling the removal of non-functional

cell remnants of the degenerating cells previously described. It is

interesting to note that Reith (1970) has described large inclusions in

stratum intermedium cells of rat molars, and suggested that they were

autophagic vacuoles, thus indicating that some stratum intermedium cells

perish. Moe and Jessen (1972), and Moe 0979) using rat incisors, also

described inclusions in stratum intermedium cells, and they called them

phagosomes. The phagosomes were claimed to originate from degenerating

ameloblasts. Kerr, Wyllie and Currie (1972) recognized that the distinction

between autophagic vacuoles and phagosomes in ultrastructural studies was

difficult, unless recognizable nuclear remnants were present in the

apoptotic bodies. Hence it seemed likely that the autophagic vacuoles

described by Reith (1970) were in fact phagosomes. If one pursues the

hypothesis that the stratum intermedium cells either degenerate or add to

the inner enamel epithelial cell layer in the cervical rim of the mature

enamel organ, it seems reasonable that the fragments of locally

degenerating cells would be phagocytosed and degraded by outer enamel

epithelial cells of the junctional area. Evidence of phagosomes in the outer

enamel epithelial cells was provided by the current study.
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Hubbard and Kardos (1981) and Kardos and Hubbard (t982) nave

described phagocytosis of involuting stellate reticulum cells as occurring in

adjacent cells and most particularly in the stratum intermedium cells. The

phagocytosis of such cells was reported to be indicative of lethal apoptosis.

Kardos and Hubbard (1934) considered the possible regulatory role of

calcium in odontogenesis, and claimed that minor disequilibrium in internal

calcium ion concentration evoked odontogenic cell adaptation, whereby

cell process deletion ("sublethal apoptosisr') occurred and matrix vesicles

were released. In circumstances of major calcium ion disequilibrium in

odontogenic cells however, Kardos and Hubbard (1984) reported that the

cells could not adapt and cell death, or complete cellular apoptosis,

occurred. The current study was in agreement with the studies of Moe and

Jessen (1972), and Moe (1979), which indicated that degenerating

ameloblasts were removed by apoptosis with phagocytosis of the cell

remnants in stratum intermedium or outer enamel epithelial cells. In

contrast, Kardos (1984) claimed that degenerating ameloblast fragments

were incorporated into the enamel matrix of the forming tooth crown and

were therefore, not likely to be phagocytosed within cells of the enamel

or8an.

4.4. ULTRASTRUCTURAL FEATURES OF EARLY HERTWIG'S

ROOT SHEATH

4.4.1 Morphologv

The present investigation revealed an intact epithelial root

sheath which was continuous with the enamel organ of the 7-day-old mouse

first mandibular molar. The epithelial root sheath was observed to be a

bilaminar structure, composed of inner and outer epithelial cell layers with

an occasional cell arranged in "quincunx". Such an arrangement was in

agreement with the earlier mouse molar studies of Heritier and Fernandez
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(tgSl) and Gurling (1932). Liao (1979) by contrast, in his study of mouse

lower first molar root development, failed to identify any intervening cells

between the inner and outer layers of the root sheath. Moreover, Selvig

(1963) described a trilaminar root sheath arrangement in the epithelial

diaphragm of mouse incisors, which reduced to two cell layers coronally, at

the level of odontoblast diff erentiation. As previously mentioned,

however, variations in sheath morphology are apparent between different

animal species. A bilaminar sheath arrangement, similar to that of the

current study, has been observed in animal species other than mice by

Noble, Carmichael and Rankine (1962) using human premolar teeth, and

Lester (1969b) using rat molars. In addition, Owens (19S0) has considered

rat molars and has noted that the root sheath varied between two and three

cell layers in thickness, in a manner resembling that previously reported by

Selvig (1963) for mouse incisors.

The fine structural appearance of the epithelial cells which

comprised the root sheath in the present investigation suggested that the

cells were relatively undifferentiated. The outer layer cells facing the

dental follicle in the mid root sheath region, contained relatively few

organelles apart from free ribosomes and a small Golgi complex situated on

the side of the cell away from the covering outer basal lamina. By

contrast, the mid root sheath inner epithelial cells showed comparatively

more intracellular organelles. The number of mitochondria, vesicles, and

profiles of rough endoplasmic reticulum, as well as the size of the Golgi

apparatus, was observed to increase in the inner layer cells more coronally.

Owens (1980) noted a similar pattern of organelle distribution in the root

sheath of rat molars, and proposed that the cellular contents represented

cells with some some secretory activity. In the present study, the function

of the root sheath cells was not determined, although the organelle
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distribution of the coronal inner epithelial cells of early Hertwigrs root

sheath was suggestive of a secretory function. Lester (1969b) described a

similar ultrastructural pattern, whereby the epithelial root sheath cells in

rat molars reportedly displayed an increase in complexity and number of

organelles with increasing distance from the tip of the diaphragm. Lester

(1969b) interpreted this as evidence of cytodifferentiation of the cells, and

he postulated that the well-differentiated sheath cells could be involved in

collagen synthesis.

4.4.2 Cellular Kinetics

Whereas Lester (1969b) did not distinguish between the

differentiation pattern of outer versus inner root sheath cells, the current

investigation found that the outer epithelial cells showed a progressive

pattern of differentiation represented by an increase in size in an apical

direction "down" the outer layer, and the inner epithelial cells showed an

increase in cytodifferentiation in a coronal direction "up" the inner layer.

Thus the inner epithelial cells demonstrated a pattern of increasing

maturation with increasing distance from the tip of the diaphragm, which

was opposite to that of the outer layer. It is interesting to note that the

apical migration of outer epithelial cells, to add to the inner epithelial

layer at the tip of the diaphragm has been described by Owens 0978a),

Heritier and Fernandez (1981) and Gurling (1932), as a probable mechanism

for root sheath elongation during root formation. Owens (l97Sa) observed

pseudopodial extensions on the outer layer cells of the epithelial

diaphragm, which he proposed could provide a mechanism by which the

outer layer cells might migrate around the tip of the sheath and add to the

inner layer. Heritier and Fernandez (1981) postulated that outer layer cells

added to the inner layer of Hertwig's root sheath as a result of mitotic

activity occurring only in the outer epithelial cell layer of the first
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mandibular molar from 16-day-old mice. McHugh and Zander (1965) and

Diab and Stallard (1965) also described mitotic activity within the

epithelial diaphragm of Hertwigrs root sheath, but contrary to the postulate

of Heritier and Fernandez (1981), Diab and Stallard (1965) observed a

maximum number of mitotic figures in the inner epithelial layer and

minimum in the outer layer. Through labelting Diab and Stallard (1969)

indicated that the inner epithelial cells migrated coronally along the root

sheath.

Gurling (19S2) observed that Hertwig's root sheath shortened

with time in an apical direction, with the outer cell layer shortening more

than the inner cell layer. Gurling (1982) claimed that the shortening of the

outer layer was not a result of cell migration into the periodontal ligament,

but rather that the outer cells added to the apical extremity of the inner

layer during root formation. The inner epithelial cells were proposed to be

gradually lost from the coronal extremity of the root sheath during

cementogenesis.

In the present investigation neither pseudopodial processes nor

mitoses were observed within Hertwigrs root sheath from the 7-day-old

mice. The apparent lack of mitotic figures within the sheath was presumed

to indicate that Hertwig's root sheath formed as a result of periodic, rather

than continuous cell division. The morphological arrangement of the

epithelial root sheath cells examined in the current study did, however'

reflect a migratory pattern from which it was proposed that, synonymous

with the process of cytodifferentiation, the root sheath cells migrated

from the outer epithelial cell layer to join the inner epithelial cell layer at

the tip of the diaphragm. The inner epithelial cells were postulated to

subsequently migrate coronally during root development. Such a migratory
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Pattern would provide an answer as to how Hertwig's root sheath elongates

in the apparent absence of cellular proliferation. The postulate is also

compatible with the reports of Diab and Stallard $965), Orban (1980), Ten

Cate (1980), Gurling (1982), and Osborn and Ten Cate (198Ð, where the

plane of the epithelial diaphragm has been observed to remain fixed during

development and growth of the root, whilst Hertwigrs root sheath develops

coronally. Inner epithelial cell migration has been reported in the root

sheath by Diab and Stallard (1965) and Spouge (1930) to occur in an apical

to coronal direction.

Future autoradiographic studies need to be carried out in order

to provide more accurate, time-related evidence, of the migratory

patterns of epithelial cells during the development of early Hertwig's root

sheath. Figure 68 is included to indicate the proposed flow of cells

associated with early root sheath development. The distribution of

organelles and the cell shape was assumed to be somewhat indicative of the

cytodifferentiation pattern of the epithelial cells.
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4.5 EPITHELIAL-MESENCHYMAL INTERACTIONS AND THE

BASAL LAMINA

The mechanisms which control the cytodiff erentiation of

odontogenic cells have yet to be confirmed, although a certain amount of

experimental evidence has led to the formulation of hypotheses regarding

tooth development. Grobstein 0956) has claimed that inductive tissue

interaction normally takes place whenever tissues of diff erent origin

become intimately associated as in the tooth Berm. The initiation of

matrix formation in developing teeth is normally regarded as a genetically

determined event, in which the epithelial and mesenchymal elements of the

tooth germ interact in a precisely timed sequence of inductive events

(Orams 197Ù.

In the tooth germ, it has been shown by Koch (1967), Kollar and

Baird ( 1969) and Slavkin (197 Ð, that progressive odontogenic

differentiation requires the presence of both epithelial tissue and

mesenchymal cells, since differentiation fails if either of the components

are isolated, as in an experimental situation. As early as 1887, Von Brunn

(cited by Ruch, Lesot, Karcher-Djuricic, Meyer and Mark, 1983),

postulated that odontoblasts only differentiated in the presence of inner

dental epithelial cells. Koch (1967) analysed the transfilter associations

between the enamel organ and the dental papilla, and demonstrated that

heterotypic cell interactions were necessary for the cytological and

functional diff erentiation of odontoblasts and ameloblasts. This was

consistent with the postulate of Grobstein (1956). Although the purpose of

the current report was to review early Hertwig's root sheath and the

initiation of tooth root formation, some parallels can be drawn between the

cellular interactions involved in crown formation and those associated with

root formation. As such, a brief review of eþithelial-mesenchymal

interactions observed during crown formation is worthy of discussion.



l9l

Slavkin and Bringas (J97 6) reported that odontogenic

epithelial-mesenchymal interactions prior to amelogenesis, were mediated

by either extracellular matrix molecules, direct cell contacts, or

membrane-bound bodies such as matrix vesicles. The inner enamel

epithelial cells of the mouse incisors studied, showed cell processes which

extended through the basal lamina and subsequently formed

heterotypic-type contacts with adjacent mesenchymal cells following

degradation of the basal lamina. Slavkin and Bringas (1976), therefore,

assumed that the degradation of the basal lamina and the formation of

epithelial cell processes were cytological characteristics indicative of the

"responsiveness" of the epithelial tissue during the differentiation period.

In the current study the inner enamel epithelial cell processes showed

relatively few direct contacts with odontoblasts, but rather the epithelial

cell processes were seen to interrupt the inner basal lamina and extend into

the pre-dentine matrix. Thus, the present investigation seemed to confirm

the earlier findings of Kollar (1972) and Koch (1972) who have reported

that the differentiation of ameloblasts does not occur until surrounding

odontoblasts differentiate and commence secreting the dentinal matrix. In

general, evidence suggests that the establishment of cell approximations

may play an important role in the normal development of odontogenic

secretory cells. The types of approximation observed between the

diff erentiating ameloblasts and odontoblasts in the current study,

corresponded to some of the types of contacts described by Burgess and

Katchburian (1982). The epithelial-mesenchymal contacts, which were

observed in the present investigation were assumed to be associated with

cytodif f erentiation, rather than with a specific mechanism for the

production of dentine or enamel. The approximation types could be

described as follows:-

(i) odontoblast processes closely associated with the fibrillar

thickenings on the inner basal lamina.
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(ii) odontoblast processes penetrating through the basal lamina to

provide rrend-on" contact with the distal poles of differentiating

ameloblasts.

inner enamel epithelial cell processes interrupting the basal

Iamina and extending into the dentinal matrix where they

became closely associated with matrix vesicles.

lateral approximations between ameloblast and odontoblast

processes.

(iii)

(iv)

Skobe, Stern and Prostak (1981) described extensions of

mesenchymal cells which lay in close proximity to the inner basal lamina

covering the enamel organ of developing monkey teeth. The mesenchymal

cell processes, however, did not actually contact the inner basal lamina

which surprisingly was reported to be relatively devoid of aperiodic fibres.

By contrast, Orams (1978) has commented on the presence of numerous

fine fibrils on the inner basal lamina covering the enamel organ of rat

incisors similar to those seen in the present study. The fine fibrils were

reported to be closely associated with collagen fibrils present in the early

dentine matrix, and it was questioned whether the collagen fibrils observed

were a manifestation of synthesis, or of induction by the odontogenic cells.

Orams (1978) also described small membrane-bound vesicles in the forming

pre-dentine matrix close to the basal lamina and he proposed that the

vesicles represented secretion granules of enamel. It is more generally

believed however, that the membrane-bound vesicles found within

pre-dentine are matrix vesicles, or apoptotic bodies, produced by

odontoblasts (Slavkin, 1974; Kardos, I9S4). Slavkin (1974) has postulated

that the matrix vesicles themselves could be capable of instructing

epithelial tissue to differentiate into ameloblasts as they have been shown

to contain ribonucleic acid. Slavkin has reported that matrix vesicles are
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formed by the distal cell processes of odontoblasts and released into the

extracellular environment where they also act as nucleation sites for

hydroxyapatite crystal growth. Since Koch 0967) demonstrated that

intimate cellular contact between individual tissue isolates was not

absolutely necessary to permit odontogenic cell differentiation and

histogenesis, it has been proposed that diffusible factors are most probably

responsible for the induction of organogenesis (Grobstein, 1967).

Therefore, it seems logical that structures such as matrix vesicles, which

were observed close to the basal lamina in the present investigation, could

contain elements necessary for the induction of ameloblast differentiation.

It is recognized that the induction of cell dif ferentiation

associated with the development of Hertwig's epithelial root sheath and the

initiation of root formation, bears many similarities to the odontogenic

induction accompanying crown formation. The developing root sheath

associated with M, from the 7-day-old mice observed in the present study,

revealed an intact cellular arrangement in which both the inner and outer

epithelial cells were covered by a continuous basal lamina. The outer

epithelial cells of the early root sheath were covered by a relatively

afibrillar basal lamina, whereas the inner epithelial cells were separated

from the surrounding mesenchymal cells by a continuous basal lamina with

well-defined fibriltar thickenings. Since the hard tissue of the root

develops adjacent to the inner epithelial cell surface, only the patterns of

intercellular communication between the inner epithelial cells of Hertwig's

root sheath and the adjacent dental papilla cells, as observed in this study'

will be discussed.

It has been suggested by Meyer, Fabre, Staubli and Ruch (1977)

that the inductive action of inner dental epithelial cells on odontoblast

differentiation is mediated by the basal lamina. Subsequent research by
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Hurmerinta and Thesleff (1981), and Thesleff and Hurmerinta (1981), has

confirmed these earlier reports and indicated that the presence of a basal

lamina is a prerequisite for terminal odontoblast dif ferentiation.

Descriptions of the electron microscopic appearance of inner odontogenic

basal lamina generally reveal an electron-dense lamina densa, a lamina

lucida region in close apposition to the epithelial cells, and an outer often

less distinct fibrillar lamina diffusa region (Slavkin, 1974; Orams, 1978;

Ruch, Lesot, Karcher-Djuricic, Meyer and Mark, I983). The lamina

diffusa, or zone of fine fibrils, is reported to be rarely found early in basal

lamina formation, but to develop later during histo-morphogenesis and

subsequently to become increasingly fibrillar and to contain granular

material (Ruch, Lesot, Karcher-Djuricic, Meyer and Mark, 1983). In the

current study, the outer basal lamina was observed to be relatively

afibrillar in the coronal extremity of Hertwig's root sheath, with a few

fibrils associated with the lamina in the apical region at the tip of the

epithelial diaphragm. The inner basal lamina, by comparison, demonstrated

numerous fine fibrils running perpendicular to the lamina densa, with an

increase in the density and number of fibrils in the more coronal regions

adjacent to the areas of odontoblast condensation. The appearance of the

inner and outer basal lamina as described in the present report, was

assumed to reflect the underlying epithelial cell differentiation pattern,

whereby the outer epithelial cells were less differentiated than the inner

epithelial cells. Although possibly peremptory, it seems as though the

developmental pattern of the root sheath basal lamina adds credence to the

previous postulate that outer epithelial cells add to the inner epithelial cell

layer at the tip of the epithelial diaphragm during the maturational

Process.

In the present investigation, differentiated odontoblasts were

observed adjacent to the intact basal lamina at the uPPer extremity of
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Hertwig's root sheath, with some dentinal matrix distinguished in the area.

This implied that direct cell-to-cell contact between mesenchymal and

epithelial cells was not necessary for the odontoblast dif ferentiation.

Mesenchymal cell processes were, however, observed at a lower level in

close relation to the fine fibrils of the inner basal lamina of Hertwigrs root

sheath. Owens (1978b) similarly reported that odontoblast processes

extended towards Hertwig's root sheath during root formation.

The aperiodic fibrils associated with the inner basal lamina in

the current study, appeared to cross the lamina densa and contact the inner

epithelial cells, whilst in the opposite direction they extended towards the

mesenchymal cells. Orams (1978) proposed that the fine fibrils which

crossed the basal lamina in rat incisors were possibly involved with

message transfer during odontogenesis. Gurling (1982) reported a similar

pattern of "intercellular" contact as that observed in the present study,

which he claimed preceded the differentiation of odontoblasts from the

mesenchymal cells of the dental papilla. He also reported that dentine

spicule formation followed the polarization of odontoblasts. Interestingly,

however, Gurling (1982) did not discuss the presence of matrix vesicles, or

collagen fibres, in association with the fibrils of the inner basal lamina. In

the current study, large collagen bundles were observed running parallel to

the root sheath in the region of the epithelial diaphragm, and it was

anticipated that these collagen fibres acted as a supportive framework for

the root sheath. More coronally, single, striated collagen fibres were

identified along with matrix vesicles in the early pre-dentine matrix

between the more mature inner epithelial cells and the odontoblasts. The

collagen fibres and matrix vesicles were frequently observed in close

approximation to the fine fibrillar extensions of the inner basal lamina, and

it is postulated that they could play a role in the odontogenic cell induction
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in the region. Slavkin lJ974) claimed that the deposition of collagen on the

epithelial interface could constitute one of the major steps in a series of

sequential interactions involved in cell induction.

Gurling Q9S2) reported that the inner basal lamina of Hertwig's

root sheath was lost as part of the differentiation process associated with

M, tooth root formation in 11, 16 and 2l-day-old mice. He proposed that

the epithelial cells acted as intermediary cells by first mediating

odontoblastic differentiation, and then mediating the differentiation of

pre-cementoblasts from follicular cells. In agreement with Slavkin (I976),

Gurling (1982) defined the initial acellular cementum layer deposited on

the radicular dentine of mous" M I as being an epithelial cell secretory

product. If one relates these findings to the previous discussion of

cytodifferentiation within the mouse molar enamel organ, a mechanism oI

inner basal lamina degradation is presumed to be required in order to

permit the epithelial-mesenchymal cell contact postulated to be necessary

for epithelial cell differentiation to form a secretory cell. Several modes

of inner basal lamina disruption have been described in the literature.

Gurling (1982) provided evidence of "finger-like" epithelial cytoplasmic

processes interrupting the inner basal lamina, whereas Ruch, Lesot,

Karcher-Djuricic, Meyer and Mark (1983) assumed that the matrix vesicles

present in the area contained collagenase-like activity which was

responsible for the degradation of the odontogenic basal lamina.

Alternatively, it could be proposed that the aperiodic fibres associated

with the inner basal lamina might act as a medium for message transfer

required during initial odontogenic cell differentiation.

In summary, it seems that the initiation of odontoblast

differentiation is dependent on the presence of an epithelial basal lamina,
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whereas complete epithelial cell maturation seems to require a more direct

epithelial-mesenchymal cell-to-cell, or cell-to-matrix contact. The role

of matrix vesicles, and fine fibrils, found at the epithelial-mesenchymal

interface, has not yet been conclusively determined. Thus the mechanism

of cytodifferentiation of the odontogenic cells involved in tooth root

formation remains mostly unknown, and according to Slavkin (1976) "the

mechanisms of epithelial-mesenchymal interactions is not known for any

biological system!"

4.6 CELLULAR CEMENTOGENESIS AND APEXIFICATION

Cellular cementum is characteristically found towards the root

apex of completely, or almost completely formed teeth, and it is often

presumed to differ from acellular cementum due to its more rapid rate of

formation (Formicola, Krampf and Witte l97I). The initial onset of

cellular cementogenesis is believed to equate with the beginning of active

tooth eruption, but the nature of the cells and the events responsible for

the cellular cementum formation, have been the subject of some debate.

As such, particular features of late root formation were considered in the

present investigation, in an attempt to ultrastructurally identify the cells

associated with cellular cementogenesis and apexification.

The formation of cellular cementum has been attributed to

cementoblasts by Paynter and Pudy (1958), Frank and Nalbandian (1963),

Lester (1969b), Owens (l974), orban (1980), Gurling (1982) and Heritier

(1982). By contrast, the first formed acellular cementum is reported to be

a secretory product of epithelial cells (Owens, 1980; Lindskog, 1982a) or

fibroblast-like cells (Kenney and Ramfjord 1969), although Selvig (1964),

Formicola, Krampf and Witte $971) and Liao 0979) have described all

cementum formed as a product of cementoblasts. In the present
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transmission electron microscopic investigation, fibroblasts,

cementoblasts, and epithelial cells, were observed in association with the

root apex of the 27-day-old mouse first mandibular molar. The plump,

ovoid, or trapezoidal, cementoblasts were distinguished from the

fibroblasts by their shape, location, and intracellular organelles. Even

though no evidence existed which could conclusively explain the induction

of fibroblasts to form cementoblasts, it was assumed that although

predominently genetically controlled, the association of root sheath

epithelial cells with fibroblasts would enable direct heterotypic-type cell

contacts which favoured the cytodifferentiation of cementoblasts. This

was in agreement with the general concept of cell differentiation provided

by Grobstein (195O, and complied with the reports of cellular

cementogenesis by Lester (1969b), and Owens 0974). Owens 0974)

suggested two possible sites of cementoblast induction. One was in the

space created by the separation of outer and inner epithelial cells of the

root sheath, where he observed some fibre formation, and the other was at

the tip of the epithelial diaphragm. In either case Owens (o974)

anticipated that it was the contact of inner epithelial type cells with

dental follicle cells that resulted in the differentiation of cementoblasts.

Owens (1974) and Gurling (1932) individually proposed that once inner

epithelial cell to dentine contact was established, the follicular sides of the

inner epithelial cells were responsible for inducing the cytodifferentiation

of cementoblasts from dental follicle cells. Despite the reports of

Formicola, Krampf and Witte 0971) and Freeman and Ten Cate 0971)

which indicated that direct contact of dental follicle cells with dentine is

required to initiate the process of cementoblast differentiation, evidence

from the studies of Lester (1969b) and Heritier (1982) has disproved the

idea. Lester (1969b) described a layer of cellular cementum forming

external to Hertwig's root sheath in the latter stages of root development,
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whilst Heritier (19S2) demonstrated experimentally, the deposition of

cellular cementum on tooth crown enamel from which the reduced enamel

epithelium was claimed to have been denuded, although fragments of

epithelial tissue were still possibly present.

It is apparent from the literature that considerable controversy

exists relating to the sequence of inductive events necessary for the

formation of cellular cementum, and unfortunately the current study

spread little new light on this contentious topic. Several conclusions could

be drawn however. Firstly, cementoblasts were observed to be involved in

the process of apexification. As a result of the rapid rate of formation of

cellular cementum, and the fact that organic cementum matrix was

secreted circumferentially into the extracellular space around the cells,

the cementoblasts frequently became incorporated within the cellular

cementum. Similarly, epithelial cells were seen within lacunae in the

cellular cementum.

Evidence that the cementoblasts were secretory cells was

provided by their ultrastructure. The cells were characterized by the

presence of vast amounts of highly developed rough endoplasmic reticulum

and an extensive Golgi system which confirmed the earlier descriptions of

Furseth (1969, 1970) and Jande and Belanger $970). Large

membrane-bound vesicles were observed to be closely associated with the

Golgi apparatus, and it was postulated that these vesicles contained some

form of "cementoid" type material which was secreted during

cementogenesis. Stern 0964) and Furseth (1969) reported the presence of

abundant rough endoplasmic reticulum, and proposed that cementoblasts

were most probably involved in the secretion of some form of collagen

fibrils which were found amongst the mineralized matrix of cellular
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cementum. The present investigation failed to classify the exact nature of

the 'rcementoid type" material found intracellularly within vesicles, but it

was proposed to correspond to the fibrillar material described by Stern

(1964) and Furseth (1969).

In the current study, Hertwigrs epithelial root sheath was

observed to have been reduced to a total of four to five cells located at the

apical extremity of the mesial root of M, from the27-day-old mice. More

coronally, the remaining discrete groups of epithelial cells were classified

as cell rests of Malassez whilst other epithelial cells were observed

incorporated within the cellular cementum. The epithelial cells were

readily identified by the presence of tonofilament bundles and

desmosomal-type junctions, but unlike the inner epithelial cells observed in

the 7-day-old material, a prominent inner basal lamina with fibrillar

thickening was not apparent on the epithelial remnants of the root sheath

from the 27-day-old material. It could be hypothesized that the absence

of basal lamina was indicative that the end-point of radicular odontoblast

differentiation had been reached, and therefore that the final root length

was determined. This of course, is based on the supposition that the

presence of an inner basal lamina is necessary for odontoblast

cytodifferentiation.

4.7 THE FATE OF CELLS FROM HERTWIG'S EPITHELIAL ROOT

SHEATH

From evidence obtained in the present investigation, remnants

of Hertwig's epithelial root sheath were observed to either become

encapsulated within the cellular cementum near the root apex, to migrate

into the periodontal ligament and form well circumscribed cell rests of

Malassez close to the root surface, or to degenerate. This was in

agreement with Lester (1969a), and Furseth (1970).
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4.7.1 Epithelial Cells Incorporated Within Cementum

Within the cellular cementum matrix observed on the

mandibular molar roots from the 27-day-old material in the current study,

were small foci of amorphous granular material. These foci were located

ad jacent to incorporated epithelial cells, and structurally resembled

acellular cementum. Jande and Belanger (1970) described the presence of

a similar amorphous substance, which was apparently condensed into

spheres within the cytoplasm of incorporated epithelial cells. Bearing in

mind that "first-formed" acellular cementum is claimed to be a secretory

product of epithelial cells (Owens, 1974) it was therefore proposed that the

foci observed in the current study represented small deposits of highly

mineralized "acellular cementum" produced by the entrapped epithelial

cells. Lindskog (1982a, 1982b) described epithelial root sheath cells as

secreting a non-collagenous matrix on the dentine surface before the

formation of "propertt cementum. This ttintermediatett cementum was

proposed to be similar to aprismatic enamel, and to have a higher mineral

content than the neighbouring "properrrcementum or dentine. Considering

that the non-collagenous matrix was mineralized as it was laid down, it is

assumed that Lindskog's (1982a, 1982b) intermediate cementum

corresponded to what is more commonly referred to as the rrfirst-formed"

acellular cementum. It therefore seems most probable that the highly

mineralized foci observed within the cellular cementum in the current

study were products of epithelial cell secretion.

The incorporated epithelial cells varied somewhat in

appearance. Many of the epithelial cells showed ultrastructural changes

which were indicative of either cell necrosis or apoptosis. The epithelial

cells which demonstrated more typical necrotic changes were presumed to

do so as a response to the altered environment, whereby with their
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incorporation into cellular cementum they became removed from the

nutritional supply. Lester (1969a) described early necrotic changes of

incorporated epithelial cells. He reported that the nuclear-cytoplasmic

ratio of the epithelial cells and the number of tonofilaments increased,

whilst the endoplasmic reticulum and Golgi sacs dilated. Jande and

Belanger (1970) similarly provided evidence of epithelial cell degenerative

necrosis, and they claimed that the incorporated epithelial cells showed a

decrease in the number of organelles, along with an accumulation of fine

filamentous material. Jande and Belanger (1970) claimed that ultimately

the plasma membranes of the epithelial cells became discontinuous and the

cells disintegrated releasing their debris into the lacunae. In the prescnt

investigation only early signs of necrotic change were observed, similar to

those described by Lester (1969a).

Kerr, Wyllie and Currie 0972) proposed that epithelial cells

when suitably stimulated, can display marked phagocytic activity. They

also suggested that epithelial cells are capable of taking uP large

structures such as apoptotic bodies. Similarly, Kindaichi (1980) provided

evidence that tooth Berm epithelial cells may have a phagocytic function.

In the current study, large phagosomes were observed in association with

incorporated epithelial cells. This was interpreted as being indicative of

apoptotic removal of affected epithelial cells. It was proposed that the

phagosomes could represent phagolysosomes, but the evidence was not

entirely conclusive. Jande and Belanger (1970) commented on an absence

of lysosomes associated with incorporated epithelial cells. However, it is

more generally recognized that lysosomal enzymes play a vital role in the

final degradation of phagocytosed bodies (Kerr, V/yllie and Currie, 1972).

It is of interest, that although other reports exist which discuss necrotic

degeneration of epithelial cells within cellular cementum (Held, l95I;
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Lester, L969a; Jande and Belanger, L97Oi Freeman and Ten Cate, L97l),

apoptotic degeneration of incorporated remnants of Hertwigrs root sheath

has not previously been described. If one compares the pattern of root

sheath cell death with the epithelial cell degeneration which occurs within

the enamel organ, as described in section 4.3.3., it seems quite probable

that apoptosis is a natural mechanism of tooth germ epithelial cell

deletion, subsequent to root formation.

4.7.2 Epithelial Cell Rests of Malassez

Epithelial cell rests of Malassez derived from Hertwigrs root

sheath have been described by Orban (1952'), Reitan (1961), Kenney and

Ramfjord (1969), Lester (1969a), Furseth (1970) and Beertsen and Everts

(1979), to name but a few. The descriptions of cell rest morphology and

location, however, vary quite markedly between authors. \üentz,

Weinmann and Schour (1950) observed epithelial cells which were presumed

to represent cell rests of Malassez in the periodontal ligament of rat

molars. They reported that the epithelial cell remnants were

predominantly located in the cervical area of the molars, with the

distribution following a pattern of 44-477o of the total cell rests present in

the cervical region, 22-23o/o in the mid-root region and 5-8% in the apical

region. The remaining 22-297o of cell rests are assumed to have been more

randomly distributed. Although the present investigation did not involve a

morphometric analysis of the distribution of cell rests, they were observed

close to the cementum surface at varying intervals along the length of the

mouse molar roots. Cell rests of Malassez were apparent, adjacent to

acellular cementum in the cervical and mid-root regions, and adjacent to

cellular cementum in the apical region. The rests of Malassez were readily

identified by their prominent tonofilament bundles and intercellular

desmosomal-type junctions. The epithelial cells were generally arranged in
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small clusters showing two or three cells in each rest, per plane of section,

although occasional single epithelial cells were observed in the

bucco-lingual periodontal ligament sections studied. The cell rests were

surrounded by a somewhat discontinuous basal lamina. This was

confirmatory of the report of Beertsen and Everts 0979).

Beertsen and Everts (1979) described numerous cell rests of

Malassez along the entire length of mouse incisor ligament. They claimed

that the cell rests were located very close to the cemental surface at 50 to

70 ym intervals. Other researchers have defined two distinct populations

of cell rests of Malassez. Firstly, the 'rType I'r rests, or glands of Serres,

found in the periodontal ligament just apical to the cemento-enamel

junction, and secondly, the "Type IIil rests which line the cementum surface

at reasonably regular intervals. The "Type Irrrests are presumed to form at

the time of initial disruption of Hertwigts root sheath from the enamel

organ. However, only the "Type II'r rests which form from the shedding of

inner epithelial cells later during root development (Gurling, 1982) were

considered in the present investigation. They were observed to contain

poorly developed endoplasmic reticulum, a moderate number of

mitochondria, and a small Golgi complex. Microvillus type processes,

hemidesmosomes, and autodesmosomes were also present. This

arrangement of organelles was presumed to indicate that the epithelial

cells comprising the rests of Malassez were vital cells which were not

particularly synthetically active. Although in contrast to the present

investigation, Valderhaug and Nylen (1966) could not identify a Golgi

apparatus within the epithelial cells of the rests of Malassez, they did

describe a similar state of vitality. Valderhaug and Nylen (1966) also

indicated the presence of glycogen granules within the epithelial cells of

the rests. Such granules were not however, recognized in the current
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study. It was postulated by Valderhaug and Nylen 1966) that the glycogen

stores could reflect a type of energy store within the cells.

Various functions have been ascribed to the cell rests of

Malassez, although mostly without validation. For example, Löe and

Waerhaug (1961) proposed that the epithelial cell rests function to protect

the tooth against resorption, whilst Gurling (1982) postulated that the

epithelial cell rests mediate cementoblastic differentiation necessary for

cementum repair of damaged acellular cementum sites. No conclusive

evidence exists to support these postulates, and if one considers the work

of Reitan (1961) some doubt is shed on such hypotheses. Reitan (1961)

considered the behaviour of epithelial cell rests of Malassez during

orthodontic tooth movement in humans, and found that the epithelial rests

were not present in the periodontal ligament adjacent to resorption lacunae

on the root surfaces. He noticed rather, that the epithelial cells

disappeared from the hyalinization sites within the ligament, and failed to

reappear with regeneration of the tissue. From this evidence it could

perhaps be concluded that the epithelial cell rests of Malassez perform

neither a protective nor a reparative function. This is currently under

review, and the ultrastructural studies of Sampson (1984) also using

orthodontically moved human premolar teeth, has provided evidence of

epithelial cell rests of Malassez within resorption bays on the cementum

surface.

4.7.3 Epithelial Cell Degeneration

Evidence of epithelial cell degeneration within the periodontal

ligament has been reported by Diab and Stallard $965), Valderhaug and

Nylen (1966) and Lester (1969ù. McCulloch and Melcher (1983a, 19S3b)

have autoradiographically and morphometrically indicated that cell death
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occurs in the normally functioning periodontal ligament of rat mandibular

molars. McCulloch and M elcher ( I 983a) showed that in the per iodontal ligament

of rodent molars, the epithelial cell rests of Malassez undergo turnover,

but that the dying cells outnumbered the dividing epithelial cells. In the

present ultrastructural investigation epithelial cells were identified which

showed features characteristic of cell degeneration. Shibata and Stern

(1967) previously suggested that dispersed epithelial cells most probably

degenerated within the periodontal ligament. The degenerating epithelial

cells observed external to the root cementum in the current study

demonstrated features such as swollen oedematous organelles, an increase

in vacuoles containing lipid-type material, nuclear chromatin clumping and

decrease in nuclear size, and loss of plasma and nuclear membranes. The

presence of large tonofilament bundles however, remained as a

distinguishing characteristic of these cells. The degenerating epithelial

cells existed as either isolated cells within the periodontal ligament, or as

single degenerating epithelial cells amongst a cluster of healthier cells in

an epithelial cell rest of Malassez.

Descriptions of odontogenic epithelial cell degeneration

patterns have already been discussed in sections 4.3.3 and 4.7.1. It is

proposed that the evidence of epithelial cell degeneration within the

periodontal ligament adds credence to the hypothesis that controlled cell

degeneration is normally associated with tooth root formation.
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CHAPTER 5

CONCLUSIONS

The current investigation confirmed some aspects of previous

reports relating to tooth root development.

The immersion and perfusion fixation techniques, using

glutaraldehyde and osmium tetroxide, permitted favourable preservation of

the mouse molar tissue in the present transmission electron microscopic

study.

The conclusions to be drawn from the current investigation of

early and late root formation in mouse first mandibular molars are as

follows:-

In the region of the future cemento-enamel junction it is proposed

that the stratum intermedium cells either degenerate, or add to

the inner enamel epithelial layer, thus leaving a bilaminar

extension from the enamel organ known as Hertwigrs root sheath.

Enamel organ cell degeneration is postulated to be a normal

phenomenon, whereby cells are deleted in a regulated manner.

Apoptotic cell deletion can be observed in the cervical rim of the

enamel organ at the time of early root sheath formation, with

evidence of cells, or cell fragments, undergoing autolysis within

epithelial cell phagosomes.

I

2
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Hertwigrs epithelial root sheath arises from a proliferation or

migration of cells from the basal rim of the enamel organ and

develops in a specific manner. At age 6 days post-natal, the

outer and inner enamel epithelia fold inwards to give rise to

horizontal "plates" of cells known as Hertwig's epithelial

diaphragm. At age 7 days post-natal there is a vertical

Iengthening of the root sheath such that a lateral root sheath

component can be recognized. Hertwig's root sheath then

increases in length, but remains continuous with the mandibular

molar enamel organ until age l0 days post-natal.

Hertwigls root sheath is presumed to elongate vertically during

the 7 to l0 day period, primarily as a result of cellular expansion

and/or cell migration, although radioautographic studies are

required to more accurately determine the mode of root sheath

development during this time.

Hertwig's epithelial root sheath is a predominantly bilaminar

structure composed of an inner and an outer epithelial cell layer

with an occasional ceII arranged in "quincunx".

The qualitative and quantitative aspects of organelle distribution

within the epithelial cells of Hertwig's root sheath suggest that

the outer layer cells add to the inner epithelial layer at the tip of

the diaphragm during development of the root sheath. The inner

layer cells demonstrate a pattern of increasing maturation with

increasing distance from the tip of the epithelial diaphragm.

5

6
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It is proposed that Hertwigrs epithelial root sheath forms as a

result of periodic, rather than continuous cell division, and hence

mitotic figures are not always obvious in early Hertwigrs root

sheath.

The structural arrangement of the outer and inner basal lamina

which covers the epithelial cells of Hertwigrs root sheath is

proposed to be indicative of the underlying epithelial cell

differentiation pattern. The inner basal lamina shows numerous

fine fibrils extending from the lamina densa, whereas the outer

basal lamina is relatively devoid of such fibrils. From this it

might be assumed that the outer epithelial cells are less

differentiated than the inner epithelial cells of early Hertwig's

root sheath.

The inner basal lamina of Hertwigrs epithelial root sheath is

postulated to be involved in the induction of odontogenic cell

differentiation associated with root formation. More specifically,

it seems that the initiation of odontoblast dif ferentiation is

dependent on the presence of an epithelial basal lamina, whereas

complete epithelial cell cytodifferentiation or maturation apPears

to require more direct epithelial to mesenchymal cell-to-cell or

cell -to -matr ix contact.

Hertwig's epithelial root sheath reduces in length and becomes

discontinuous during root formation coincident with the deposition

of cementum. It is therefore concluded that Hertwig's root

sheath has a morphology which is directly related to root

development.

8

9

10.
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Cementoblasts are involved in the formation of cellular

cementum during the latter stages of mouse mandibular molar

root formation. Evidence that cementoblasts are secretory cells

is provided by their ultrastructure which is typical of synthetic

cells.

Epithelial cell remnants of Hertwig's root sheath and

cementoblasts are incorporated within rapidly forrning cellular

cementum. Both epithelial cells and cementoblasts are

considered to contribute secretory products to the apical cellular

cementum.

Ultrastructural evidence indicates that remnants of Hertwigrs

epithelial root sheath cells either become incorporated within

cellular cementum, migrate into the periodontal ligament to form

cell rests of Malassez, or degenerate, during tooth root

development.

Cells incorporated within cellular cementum often show necrotic

changes as they become removed from their nutritional supply.

Incorporated epithelial cells, and remnants of Hertwigrs root

sheath located in the periodontal ligament, may alternatively

show signs of apoptotic cell deletion similar to that found within

the enamel organ of developing teeth. The Presence of

phagosomes is postulated to be indicative of such cell removal.

Apoptosis is proposed to be a natural mechanism of tooth Serm

epithelial cell deletion associated with tooth development.

15.
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It is recognized that further research would be useful in the

following areas:-

(i) To investigate the fate of stratum intermedium and

stellate reticulum cells during crown formation.

(ii) To investigate autoradiographically patterns of cellular

proliferation and migration occurring during the initial

formation of Hertwig's epithelial root sheath.

(iii) To autoradiographically assess how Hertwig's epithelial

root sheath elongates subsequent to sheath formation

from the cervical loop of the enamel organ.

(iv)

(v)

To conduct histochemical and/or biochemical studies to

analyse the exact nature and mode of information

transfer between epithelial and mesenchymal cell

populations, which result in odontogenic cell induction.

To further examine patterns of cell degeneration within

the enamel organ during crown development, and within

Hertwigrs root sheath during root development, as a

time-related study.

To relate recent morphological evidence of the pattern of

root formation to clinical situations; for example, tooth

transplantation, surgical repositioning, orthodontic tooth

movement, and associated resorption.

(vi)
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CHAPTER 6

APPENDICES

6.1 IMMERSION FIXATION FOR LIGHT MICROSCOPY

Solution:

Formula:

l0% buffered neutral formalin

40% formaldehyde

distilled HrO

sodium phosphate monobasic

anhydrous sodium phosphate dibasic

200 ml

1800 ml

8.0 gm

13.0 gm

6.2

6.3

DECALCIFICA TION MEDIUM FOR LIGHT MICROSCOPY

Solution:

Formula:

40% formic formate

sodium formate

distilled Hr0

formic acid

NEUTRALIZATION MEDIUM FOR LIGHT MICROSCOPY

68 gm

1650 ml

340 ml

Solution:

Formula:

57o sodium sulphate

5gm Na, SOU in l00ml distilled HrO.

6.4 DEHYDRATION FOR LIGHT MICROSCOPY

In 3Tooven

70% alcohol for L5 to 20 hours

80% alcohol for I hour

90% alcohol for I hour

100% anhydrous alcohol I for I hour

100% anhydrous alcohol II for I hour

100% anhydrous alcohol III for I hour

I
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6.6

6.7

CLEARING FOR LIGHT MICROSCOPY

, ^-otn ) I oven

50 ¿ 50 methyl salicylate and 100% alcohol for I hour.

EMBEDDING FOR LIGHT MICROSCOPY

. --otfi tl oven

50 z 50 methyl salicylate and 0.5% celloidin for 48 hours.

50 z 50 methyl salicylate and 1.0% celloidin for 48 hours.

In 600 oven

213 methyl salicylate and l/3 wax for I hour.

L12 methyl salicylate and Il2 wax for I hour.

l/3 methyl salicylate and 213 wax for I hour.

I00% wax I for 2 hours.

100% wax II for 2 hours.

100% wax III f.or I2to 20 hours.

ANAESTHETIC SOLUTION

213

3 gms

l0 ml

Solution:

Formula:

Dosage:

Shelf life:

Route:

30% urethane

ethyl carbamate (urethane)

isotonic saline (0.9% NaCl)

0.1 ml/10 gm body weight

(intraperitoneal injection)

2-3 days at 4oC

Intraperitoneal at room temperature.
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25.68 gm

2000 rnl

hence it is

and a fume

Solution:

Formula:

Shelf life:

Precautions:

6.9 MOUSE DISSECTION FIXATIVE

Solution:

Preparation:

0.06M cacodylate buffer (arsenic)

sodium cacodylate (E.H¡. grade)

double distilled Hr0

pH the solution to 7.4 at 20oC.

7 days at 4oC.

High toxicity to humans, and

recommended that gloves, mask,

cupboard are used.

Solution:

Formula:

Shelf life:

Precautions:

6.10 47o OS MIUM TETROXIDE SOLUTION

7% glutaraldehyde (fnne E.M. grade) in

cacodylate buffer.

25% g\utaraldehyde (fnng EM grade) 3 mI

O.O6M cacodylate buffer (pH 7.a) 7 -5 ml

pH the solution To 7.4.

The solution can be made up 2-3 hours before

the experiment.

High toxicity to humans, and hence it is

recommended that gloves, mask, and a fume

cupboard are used.

4% osmium tetroxide

The osmium tetroxide solution should be made

up the day before the experiment to allow the

crystals to completely dissolve. To prepare the

47o osmium tetroxide, remove the label, and
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clean the outside of the 2gm OsOO ampoule

with ethyl alcohol. Warm the ampoule in a

beaker of hot water and rotate it carefully to

get an even film of OsOU on the inner walls,

then drop the ampoule into a thick walled glass

bottle containing 50 mls of double distilled

water and seal with a screw tight lid. Shake

the bottle to break the OsOO ampoule and cover

with aluminium foil to exclude light. The 4%

osmium tetroxide solution should be kept in a

fume cupboard at all times.

Approximately l0 days but discard if not clear.

If the solution becomes straw coloured, or

darker, its fixative properties are greatly

reduced and it should be discarded.

Whenever solutions containing osmium

tetroxide are being used always wear protective

clothing (goggles, mask, gown, and gloves) and

work in a fume cupboard, as osmium tetroxide

has a high human toxicity. AU waste must be

stored in sealed containers in a fume cupboard,

and later disposed of properly.
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6.l l OSMIUM TETRO XIDE AND GLUTARALDEHYDE FIXATIVE

Solution:

Formula:

6.12 ANTICOAGULANT SOLUTION

Solution:

Formula:

Dosage:

Shelf life:

Route:

5.6% glutaraldehyde and 0.97o osmium tetroxide

in 0.06M sodium cacodylate buffer (pH 7.a).

0.06M cacodylate buffer pH 7.4 7.5 ml

25Vo glutaraldehyde (TAAB EM grade) 3 ml

4% osmium tetroxide (in d.d.Hr0) ¡ mt

dextran 70 0.54 gm

Add the dextran to the 0.06M cacodylate buffer

solution and stir to dissolve. Then add the 25Vo

glutaraldehyde. pH to 7.4 at 2OoC. Add the

osmium tetroxide L to 2 minutes before using

the solution.

1000 I.V. Heparin Sodium in 9ml Ringer's Fluid.

sodium nitrite NaNO, 90 mg

heparin sodium (l,oo0 I.V. in I mI I ml

Glaxo Australia Pty. Ltd.)

Ringer's solution (Travenol

Laboratories Pty. Ltd.) 9 ml

0.02mU L}gm body weight

7 days at 4oC.

Intravenous (tail vein) at room temperature.
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6.13 DECALCIFYING SOLUTION FOR ELECTRON MICROSCOPY

Solution:

Formula:

Shelf life:

Precautions:

6.r4 I% URANYL NITRATE BLOCK STAIN

0.lM E.D.T.A. in 2.5Vo glutaraldehyde (pH 6.0).

E.D.T.A. 74.45 gms

0.06M cacodylate buffer (pH 7.a) 1800 ml

25Vo glutaraldehyde (TAAB E.M. grade) ZOO ml

Dissolve the E.D.T.A. in the cacodylate buffer

by gently heating, and when cool add the

glutaraldehyde. pH the solution to 6.0 at 4oC.

7 days at 4oC.

Human toxicity, therefore gloves and masks

recommended.

Solution:

Formula:

N.B.:

Shelf life:

Precautions:

l7o uranyl nitrate in70Yo alcohol.

uranyl nitrate I gm

absolute alcohol 70 mls

double distilled HrO 30 mls

Exclude light from the solution by covering the

jar with aluminium foil.

7 days at room temperature.

Avoid skin contact.

6.r5 LX-II2 EMBEDDING RESIN

LX-112 embedding medium was obtained from Ladd Research

Industries, Inc. The hardness of the resin blocks depends upon

the ratio of mixture A (containing DDSA) to mixture B

(containing NMA), and considering the tyPe of
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tissue to be sectioned it was decided to use a hard embedding

medium. The two resin solutions were therefore mixed in the

proportion of I part of A to 2 parts of B.

The weight per oxide equivalent (W.P.E.) for the LX-ll2 of the

batch used was 147. Volumetric measurements were used for

making the embedding resin. The measurements were based on

the results published by Luft (1961).

Preparation: WPE = L47. Total volume approximating 30 mls.

Mixture A: LX-LL? + 5 mls
DDSA 6.3 mls

(Shake vigorously for l0 minutes)

Mixture B: LX-LL2 + l0 mls
NMA 8.45 mls

(Shat<e vigorously for l0 minutes)

Mixture C: Mix A + Mix B + 29.75 mls

DMP-30 0.41 mls

(Sha*e vigorously for l0 minutes)

Thorough mixing is essential, otherwise blocks with Poor

sectioning properties will be produced.

Precautions: LX-II? is a suspected carcinogen and hence

should be handled with great care. LX-112,

NMA, DDSA and DMP-30 are all toxic if

swallowed, and can cause skin irritation. Work

with the components must be conducted in a

fume cupboard, avoiding exposure to vaPours,

and avoiding contact with skin, eyes and

clothing. Gloves and gown should be worn.
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6.16 l% BORAX FOR I um LIGHT MICROSCOPIC ORIENTATION

SECTIONS

Solution:

Formula:

Shelf life:

Precautions:

l% borax in double distilled water.

sodium thiosulphate (borax)

double distilled HrO

Dissolve by stirring.

6 months at room temperature.

Avoid contact with skin.

lgm

100 ml

6.17 0.05o/o TOLUIDINE BLUE STAIN FOR lum LIGHT MICROSCOPIC

ORIENTATION SECTIONS

Solution:

Formula:

Shelf life:

Precautions:

0.05o/o toluidine blue in double distilled water.

toluidine blue 0.05 gm

double distilled HrO 100 ml

Dissolve by stirring.

6 months at room temperature.

Avoid contact with skin.

0.5% uranyl acetate in 30Vo ethyl alcohol.

uranyl acetate 0.125 gm

absolute alcohol 7.5 mL

millipored double-distilled HrO 17.5 mL

Cover with alfoil to exclude light.

Will last 7 days at room temperature.

Avoid skin contact.

6.18 0.5% URANYL ACETATE T.E.M. GRID STAIN

Solution:

Formula:

Shelf life:

Precautions:
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6.19 LEAD CITRATE T.E.M. GRID STAIN

Solution:

Formula:

Shelf life:

Precautions:

Modified Reynolds' lead solution.

lead nitrate 1.33 gm

sodium citrate 1.76 gm

millipored double-distilled HrO 30 ml

lM sodium hydroxide 8 ml

Mix lead nitrate, sodium citrate, and

double-distilled water, shaking vigorously for I

minute, then allow to stand for 30 minutes.

Add the 8 mls sodium hydroxide solution and

dilute the entire solution to 50 mls with

double-distilled water, and mix by inversion.

Final solution must be clear with pH less than

ll.

30 days at 4oC. Discard if pH drops below ll.

Recommend wearing gloves when using T.E.M.

grid stains, to avoid skin contact.
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ERRATA

Page B0 25e" glutaraldehyde shoul-d read 7Z glutaraldehyde

Page 87 Reichart should read Reichert

Page 90 Specimen conditioning was carried out by graded
voltage control

Pages 95
6, 98

Page 103

Page 104

Pages LL6
& 118

Pages 180
& 184

Page 181

Page LB4

Page L92

Magnification
Magnification

x 390 shoul-d read
x 1,000

(45-50 cells ) refers to the estimated number
of epj-thelia1 cells constituting the buccal aspect
of Hertwig's root sheath per serial section

Magnif icat ion
Magnif icat ion

x 1,000 should read
x 390

Enamel- substrate refers to early enamef matrix

Kardos (1984) should read, Kardos and Hubbard
( 1982 )

Shoul-d read whi]st Kardos and Hubbard (L982)
defined them as being equivalent to apoptoti-c
bodies

with an
should read
in quincunx

occasional cel-I arranged in
with cel-ls occasional-ly

qur_ncunx
arranged

Alter to "It is more generally believed however,
that the membrane-bound vesicles found within
pre-dentine are matrix vesicles (Slavkin, 7914)
or apoptotic bod,ies (Kardos , L9B4).




