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ABSTRACT
: 7

<
*

Experiméktai‘agents administered systemically are costly and often
toxic to animals. An in vivo technique has been developed whereby a
surgicgl gigdow in the alveolar bone allows selected areas of the rat in-
cisor enamef organ and underlying enamel to be exposed to treatment with
various drugs, um%ecular weight markers and radiolabeled ﬁolecules.
Shermanlratsteighing 100gm were anesthetized and\the inferior sur-"
“face of each hemi-mandible was sugically exposed. A slow-speed dental™
\hand drill was used to drill,a small hole through the alveolar bone over-h~
lying the secretion zone of the enamel organ. The wound was closed and
during recovery the mechanical trauma to the underlying tissue moved away
from the hole due to the continuous eruption of the tooth. Two to five
days later the hole was re-exposed and microinjections of 3H-proline, 1251-
salmon calcitonin, vinblastine aulphate’and normal saline (as control)
were administered through the hole with a micromanipulator and microliter
syringes. Radioautographic detection of 3H-proline incorporation in
secretory ameloblasts and enamel at 10 win,, 30 min., 1 h and 4 h after
injection was identical to that obtained previously by systemic injection.
Two hours after microinjection of vinblastine sulphate the cellular res-
ponse was again identical to that following systemic injection. 12571 -
salmon calcitonin (MI~3600) was used as a molecular weight marker and was
seen to diffuse into the enamel at 10 min. after injection. This study
has demonstrated the feasibility of this new technique for experimentation

on rat enamel organs.
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Résumé
.

Les produits expérimentaux administrés de fagon systémiques sont
couteux et souvent ‘toxiques & 1'animal. Nous avons mis au point une
technique qui, en produisant une fenétre chirurgicale in vivo dans
1'os alvéolaire, nous permet d'exposer des régions sélectionnées de
1'oxrgane de l'émail et de traiter les tissues soﬁs-jacent avec
différentes drogues, marqueurs de poids moléculaire et molécules

I
radioactives.

Des rats Sherman pesant 100 g ont été .anesthésiés et la surface
inférieure de chaque hémi-mandible a été exposée chirurgicalement.
Un tour dentaire & vitesse lente a été utilisé pour percer un trou a
travers 1'os alvéolaire recouvrant la zone de sécrétion de l'organe de
1'émail.  La plaie & été refermée et, durant la période de guérison,
la région de trauma mécanique s'est graduellement éloignée du trou
3 cause de 1'éruption continue de la dent. De deuz a cing jours plus
tard, le trou a été ré-exposé et des microinjections (~ .1 uL) de
‘ 3B—proline, lzsl—calcitonine de saumon, sulfate de vinblastine et
sérum physiclogique (comme contr8le) ont été administrées 3 travers
ce dernier & 1l'aide d'un micromanipulateur et des seringues micro-
litre. La détection radiocautographique de 1'incorporation de
34-proline & 10 min., 30 min., 1 h et 4 h aprds 1'injection était
sembable A celle obtenue au paravant par injection systémique. Deux
heures apreés la microinjection de sulfate de vinblastine la réponse
cellulaire était également sembable & celle obtenue par injection
systémique. La calcitonine marquée a l'lzslode (poids moléculaire
de 3600D) a été utilisée comme marqueur de poids moléculaire. Dix
minutes aprés l'injection elle s'était diffusée a travers la couche
d'émail. Cette étude démontre la faisabilité de cette nouvelle

technique et son applicabilité a l'organe de 1'émail chez le rat.

Nom: Marc Douglas McKee

Titre de la Thése: Expérimentation sur 1'Organe de 1'Email de 1'Incisive
de Rat a'1'Aide d'une Fenétre Chirurgicale.
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" INTRODUCTION ' .

This study was undertaken in order to determine the feasibility of
approaching the enalmel organ of the rat incisor through the alveolar bone
overlying the labial surface of the tooth. A technique using a slow-
speed dental hand drill equipped with dental burs has been developed
whereby a surgical window in the alveolar bone allows selected areas of
the rat incisor enamel organ and undexlying enamel to be exposed to . -
mic:_?oin jections of various drugs, radiolabeled molecules, and molecular .

weight markers. Experimental agents ‘administer,gd systemically are costly

and often toxic to animals. The main objective of this study was to .

Bar ke

develop a microinjection technique in which minute -amounts of experimen-
tal agents could be introduced through the surgical window in the alveolar
bone and allowed to diffuse down and over selected areas of the engmel

organ and underlying enamel. Subsequently;, the fate and effects of

>

microinjected experimental agents on the enamel organ and enamel of the

rat incisor could be compared with the previously described effects of

systemic injections of the same substance, A similar response of the

i

enamel organ and enamel to the two different procedures would establish

é
{
|
]
i
|
|

the feasibility of the microinjection technique,

!

DYNAMICS OF THE RAT INCISOR

The well-characterized dentition of the white la\boratory rat was
chosen for the application of this new technique. Sp%cifically, the in-
cisor of the rat has been shown to be an excellent model system in which
to study the complex phenomena associated wit:}un amelogenesis (see reviews
in Reith, 1960,- 1961, 1963; Watson, 1960; Fearnhead, 1960, 196la,b;
Kallenbach et al., 1963; Warshav;sky, 1968, 1971, 1978, 1979; Warshawsk;

and Smith, 1971, 1974; Weinstock and Leblond, 1971; Kallenbach, 1973;
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Skobe, 1976; Warshawsky and V’ugman, 1977; Smith, 1979; Leblond and Warshaw-

sky, 1979). 1In the rat incisor, continuous attrition at the incisal end
of the tooth is balancec{ b)} continuous production of dentin and enamel
at the apical end of the tooth. More precisely, :the odontogenic organ is
rt;.sponsible, either dLitectly or indirectly, for the production of all the
hard tissues of the tootin (Smith and Warshawsky, 1977).

Along the length of the incisor are several specialized cell pop-
ulations. In a single well-orientated longitudinal section through the
rat incisor, a continuous layer of ameloblasts can be seen on the labial
surface of the tooth, This layer conta:insthe entire sequence of develop-
mental stages in enamel production and has been morphologically and func-
ti;Jnalty classified into several different zones of amelogenesis (Warshaw-
sky and Smith, 19i4). According to this classification, the entire length
of the odontogenic and enamel orga'r;s is divided into the following zones:
(1) Presecretory zone, (2) Secretory zone and, (3) Maturation zone. At
the end of the maturation zone the ameloblasts become drgmtically reduced
in height and end :hc;ir life as 8 desq}u_amting cell'afot\%(xd the gingival
mrgln at the beginning of the erupted portion of the tooth. The propor-
tion of time spent by the cells in each of these zones 1is proportional to
the incisor length which they occupy, indicating that the cells' apparent
migration rm:ej is about the same at the various stages of their life
cycle (Leblond and Warshawsky, 1979).

Renewal of the cell populations of the rat incisor was studied using
3B-thymidine (Smith ;ind Warshawsky, 1975). Radiqautographi:cally; it was,
established that a cohort of cells from each lacyer of ‘tt‘xe enamel organ is
carried incisally with the erupting incisor and all of the cells in thisg

cohort reach the gingival margin at the same time relative to their

starting position. Previously, it had been reasoned that since these cells
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make the hard tissues,u they likely also move at a velocity which is

"similar to the rate of eruption (Ness and Smale, 1959; Starkey, 1963;

Chiba, 1965; Hwang and Tonna, 1965). The study by Smith and Warshawsky
(1975) concluded that "the true rate at which cells move and the rate

at which the hard tissues move are equal. However, because there is
growth in the length of the embedded portion of the incisor, the rate of
cell migration, as measured relative to the zones of amelogenesis, appears

to be faster than the rate of eruption (impeded), as measured in the oral

cavity, and this difference is equal to the growth rate."

HISTOLOGY OF THE ENAMEL ORGAN-RELATED PERIODONTAL SPACE

The technique developed in this study involves penetraticon of the
alveolar bone into the underlying periodontal space. . The periodontal
space consists of comnective tissue that separates the growing incisor
from the surrounding alveolar bone. At the Jlingual surface of the rat
incisor, the connective tissue of the periodontal space forms the perio-
dontal ligament (see review by Narayanan and Page, 1983)., Related to the
enamel organ at the labial surface of the tooth, the per{oc.lon{ial spa‘ce
contains connective tissue arrangeci ﬁdifferently from that of the perio-
dontal ligament. This area was first described at the level of the light-
microscope by Matena (1972) and more recently its ultrastructure has beet;
detexrmined (Berkovitz and Shore, 1978a). } §

The general appearance of the connective tissue adjacent to the
enamel organ is similar throughout the length of the tooth,-although the
width varies. Two zones may be distinguished within the connective tissue
according to the density and shape of fibroblasts: (L) an inner enamel

organ rone adjaéent to the €namel organ in which the cells are elongated

in both the longitudinal and transverse axes of the tooth and are com-

.
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paratively numerous, (2) an outer alveolar zone where the cells are more .

round and sparse (Bexrkovirz and Shore, 1978a). ~ P
“The enamel‘organ zone consists of several layers of elongated fibro-

blasts between which ’collagen fibrils are loosely arranged and orientated

parallel to thé long axis of the tooth (Berkovitz and Shorxe, 1978a). The

fibroblasts show numér;us organelles associated with protein synthesis:

rER, Golgi saccules, and mitochondria., The cells also contain microtubules

and mici'Gfilaments and their cell processes make contact with those of

adjacent cells at desmosome-like junctions. The enamel organ zone also

contains the extensive capillary network of the developing papillary layer.

The alveolar zone of connective tissue contains far fewer cells and

collagen but noticeably more ground substance, The fibroblasts possess
the intracellular organelles associated with protein synthesis and contain :
finely branching processes. Occasionally, collagen and single nerve
fibers are encountered. No collagen fibers are inserted into the alveolar
bone. Most striking is the abundance of venous sinuses that frhequentl.y
almost completely occupy the alveolar zone. Latex casts (Kindlova and
Matena, 1959) and longitudinal and cross sections of the incisor sﬁgw

I8l

the vessels fo be arranged in a vascular network rather than a linear

system. The network of venous sinuses in the alveolar zone is connected
with the capillary network of the enamel orgaﬁ zone at its margins op~- |
posite the mesial and lateral cemento-enamel junctions,

Comparatively, the reduced concentration, alignment and lack of inser- i
tion of collagen fibers is obvious in@;:jhe egamel organ-related periodc;ntal
space relative to the periodontal ligament. The fibroblasts of both areas
show considerable similarities with respect to general morphology. Also,

in the alveolar zone of the enamel orfan-related periodon%al space, mye-

linated nerves occur mainly as single fibers, whereas in the periodontal

e g gt = B Rt T e I P P |
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ligament they are more numerous and run in bundles (Berkovitz and Shore,

v

1978b).
The enamel organ-related periodontal space has been considered to
supply a mechanical cushion, presumably hydrostatig.c in nature, protecting

the growing tooth from injury (Kalninsh and Berzinsh, 1949).

THE ENAMEL ORGAN IN THE SECRETION ZONE 2

The microinjection techmnique developed in this study allows the
secretion zone of the rat incisor enamel organ to be exposed to various
experimental agents. Tile enamel organ in the secretion zone of amelo- °
genesi.s consists of the developing papillary layer (outer dental epith-

[y

elium and stellate reticulum), the stratum intermedium, and the ameloblast

»~
“

layer, )

A basement membrane invests the basal aspect:. of the papillary layer,
separating it from blood vessels and the connective tissue surrounding .
the enamel organ (Lehmer and Plenk, 1936). The papillated outline of the
enamel organ of the rat incisor was first.described by Williams (1896).
Reith (1959) described the papillae as a series of parallel ridges whicti
extend across the enamel organ at right angles to the incisor axis. A
network \of capil_laries separates the ridges of the papillary layer from
each other (Kindlova and Matena, 1959; Adams, 1962; Garant and Nalbandian,
1968; Garant and Gillespie, 1969; Iwaku and Ozawa, 1979; Skobe, 1980).
Between the capillaries, one or two rows of papillary cells overlie tt}e
stratum intermedium cells. The extracellular space is extensive in the
papillary las-'er.‘a,\wlithin the papillary cells, mitochondria are numerous
and are disposed toward the conmnective tissue as well as lateral to the

nuclei (Elwood and Bexnstein, 1968)., Endoplasmic reticulum is sparse and

not confined to amy particular region of the cell. The stratum inter-

L9
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medium cells form a layer one cell thick, adjacent to the proximi ends
of the ameloblasts. These cells are smaller than the cells of the papil-
lary layer, and their mitochondria are disposed lateral to the nuclei,
toward adjacent ‘stratum intermedium cells. The Golgi apparatus is \located
both above and below the nucleus. Vesicular structures are numerous in
the cytoplasm towards the ameloblasts but endoplasmic reticulum is sparse. .

The secretory cell —<‘>f the enamel organ, the ameloblast, attains its
maximal height in the enamel secretion zone. The cytoplasm of the amelo-
blast is subdivided into ;.nfranuclear, nuclear, supranuclear, and distal
portions (Warshawsky, 1968). The infranuclear cytoplasm houses most of
the cell's mitochondria (Watson and Avery, 1954), scme rER, and the prox-
imal junctional complex and cell web (Ronnholm, 1962). The supranuclear
cytoplasm contains n;u’ch rE’R orientated parallel to the long axis of the
cell and an extensive t:ubular:shaped Golgi apparatus (Kallenbach et al.,
1963). Smooth membrane vesicles, coated vesicles, secretion granules,
lysosomes, and a few profiles of rough and smooth ER are present in the
supranuclear cytoplasm (Warshawsky, 1968), Sepaf§t1n3 the distal cyto- O
plasm from the supranuclear cytoplasm is an extensive cell web (Kallenbach
et al,, 1965) and d;atal junictional complex (Warshawsky, 1978). The dis~
tai cytoplasm of the secretory amelobIlast is known as Tomes' process (Tomes,
1850) which is further subdivided into a proximal and interdigitating
portion (Wa;shawsky, 1968). Tomes' process is devoid of organelles but
contains free ribosomes, micrc;tubules, coated vesicles and a core of sec-
retion granules.

According to the classification of Warshawsky and Smith (1974), the
secretion zone of amelogenesis may be subdivided into two regions: (1) re-

gion of inner enamel secretion and, (2) region of outer enamel secretion,

The region of inner enamel secretion begins apically at the point of initial

- T
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ename]l secretion and ends incisally at the point where Tomes' processes
change from those typical of inner enamel secretion to those typical of
outer enamel secretion. In the region of inner enamel secretion, the
Tomeg' processes incline slig}itly towards the apical end of the tooth,
The cells engage in the production of rows of decussating enamel rods
(Boyde, 1969; Warshawsky, 1971). The cell body of the ameloblast also
appears slightly inclimed, The stratum intermedium consists of a single
continuous layer of"cuboidal cells with large spherical nuclei. The
organization of the discrete layer of stellate reticulum seen in the pre-
secretion zone is .lost in the secretion zone, Thg stellate reticulum
and the outer dental epithelium are considered to collectively make up
the developing papillary layer.

‘

The region of outer enamel secretion begins at the limit of inner
enamel secretion and ends incisally at the point w‘rQere the interdigitating
portion of Tomes' process disappears. The major change in this region
is the thinning and lengthening of Tomes' processes and the increase in
their angle of inclination tawards the apical end of the incisor. The
ameloblast bodyl also inclines incisally to a greater extent than in the
inner enamel secretion zone. These ameloblasts produce rods which do

not decussate., The papillary layer increases in height and regularity and

the thickness of the enamel layer increases.

RADIOAUTOGRAPHIC STUDIES OF AMELOGENESIS

In order to demonstrate the applicability of the micro:lnject:io; tech-
nique to radioautographic studies, 3H-proline, a labeled amir:‘o acid
precursor of the organic matrix of enamel, was microinjected over the
enamel secretion zone of the rat incisor. The organic ma\t:rix of enamel is

almost exclusively composed of proteins and radicautography has been used

1
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to identify the sites of synthesis of these proteins and their ultimate
destinations in the enﬁ%l organ and enamel of the rat incisor (Warshaw-
sky, 1966). . The synthetic pathway of enamel n;;atrix proteins has now
been elucidated (Weinstock and Leblond, 1971; Leblond and Warshawsky,
1979; Warshawsky, 197'9).

Radioautographic analysis of the secretory process in ameloblasts has
shown that' enamel proteins are synthesized entirely within the ameloblast
cytoplasm as early as 10 min, after.injection of 3H-proline (Warshawsky,
1966) . The radioactive proteins are rapidly secreted as a layer of enamel
at 30 min., and this layer of labeled enameél increases in width at 1 and
4 h after injection. At later time in't-ervals, the ‘labeled enamel proteins
progressively spread from the initial site of deposition and become homo-
geneously dispersed throughout the entire layer of enawel, The process
in which recently formed enamel proteins intermix with previously formed
matrix is called randomization (see review in Leblond and Warshawsky, 1979), .
and {its significance is not known. Therefore, the ameloblast is the site
of synthesis of enamel matrix proteins. These proteins are rapidly

secreted and can migrate throughout the previéusly formed enamel.

INFLUENCE OF VINBLASTINE SULPHATE ON SECRETORY AMELOBLASTS

In order to demonstrate the potential of the microinjection tech-

nique for administering experimental agents that alter cell function and

‘morphology, vinblastine sulphate was microinjected over the enamel sec-

retion zone of the rat incisor. The vinka alkaloid vinblastine sulphate

has bem shown to disrupt microtubules (Ekholm et al,, 1974; ‘Ericson, 1980;

Williams, 1981), and to interfere with secretion (Redman et al., 1975;

Ericson, 1980;/Williams, 1981). Vinblastine binds to the microtubule sub-

unit tubulin, preventing polymerization, and results in a los‘s of micro-
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tubules (Dustin, 1978). Secretory activity of the ameloblast is severely
altered after systemic injection of vinblastine (Moe and Mikkelsen, 1977;
Takuma et al., 1982; Nanci, 1982), and similar results were also obtained
with colcemid (Rarim and Warshawsky, 1979; Nishikawa and Kitamura, 1982).
Microtubules are absent and the- organization of intracellular organelles
i,s altered. In particular, seclretot(y granules are no longer seen in
Tomes' process, and instead, ectopic secretion sites are observed betwe;.n
ameloblasts. Therefore, vinblastine is frequently used as a biological

tool to elucidate the role of microtubules in various types of cells.

IN VIVO EXPERIMENTATIONS ON RAT INCISORS

Previously, many methods of im vivo experimentation on rat incisors
have been 1mp1emented.. Surgical manipulations such as root resections
and transections (Berkovitz and Thomas, 1969; Berkovitz, 1971) have con-
vincingly implicated the periodontal ligament to l?e directly or indirectly
associated with the mechanism of the efuption of the ‘tooth., These pro-~
cedures involve surgically removing a portion of the mandibular alveolar
bone and wounding or removing the underlying dental tissues. Other ways
of penetratifig the alveollar bone have been developed (Melcher, 1970;

Gould et al,, 1977). These procedures consist of drilling a hole through

the alveolar bone to the level of the periodontal ligement in mouse molars

in order to stimulate and locate progenitor cells of the periodontal ligament.

PURPOSE AND ORIGINALITY OF THIS STUDY

With surgic;l manipulation in wind, this study was undertaken in
order to determine the feasibility of approaching the enamel organ of the
rat incisor through the alveolar bone overlying the labial surface of the
tooth. This thesis describes an in vivo experimental procedure which has

been developed to approach the enamel organ of the rat incisqr. The

B
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“2.feasibility of this new technique is compared and contrasted to the con-

ventional method of systemic injection. |

.This is the first attempt to#tilize such a system to explore problems

in amelogenesis. Using this new technique, microinjections of 3H-proline

were localited radioautogrgphicaily and show 'a;x identical pathway of
incorporation into the enamel matrix as that seen after systemic injec-ﬁ :
tion., Microinjection of vinblastine sulphate caused morphological and Z
functional changes in ameloblast structure again ;Videntical to those pro- e
duced by systemic injection. This study has also demonstrated the per-
meability of the enamel matrix to relatively large molecular weight
substances as shown by the diffusion of 125I-salmon calcitonin into the
enamel matrix at 10 minutes after microinjection. Furthermore, thi; study
has demonstrated the susceptibility of the enamel to trauma following
mec;hanical breakthrgugh of the alveolar bone surrounding the tooth. This

may have ilmportant clinical significance during surgical procedures in-

volving the mandible or maxilla in children with developing dentition.
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MATERIALS AND METHODS

-

ANIMALS AND TISSUE PROCESSING "

Sherman and Sprague Dawley rats weighing approximately 100gm were
used in this study. The‘ animals were anesthetized with intraperitoneal

injections of Nembutal and sacrificed by perfusion through the left ven-

‘tricle with lactated Ringer's solution (Abbott) for 30 sec. followed by

‘perfusion for 10 min, with an aldehyde mixture consisting of 2% acrolein
N :

and 2,57 glutaraldehyde in 0.05M sodium cacodylate buffer, pH 7.3. The
mancﬁ\bles were dissected and immersed in the above fixative for 4 h at

4°C followed by washing in 0,1M sodium cacodylate buffer containing

0.05% CaClky, pH 7.3. The mandibles were then decalcified in 4.13% iso-
. -

tonic, neutral disodium EDTA (Warshawsky and Moore, 1967) and were cut

into segments that were extensively washed in the above 0.1M sodium

cacodylate buffex. The incisor segments were subsequently post-fixed in

LIGHT AND ELECTRON MICROSCOPY

1]

Each segmwent was orientated 'for sectioning along the lonh axis of
tl:e incisor. (;me um thick sections were cut with‘élass knives on a Reich~-
ert Om U2 ultramicrotome and stained with toluidine blue, Thin sections
(gold interference color) were cut with a diamond knife, mounted on copper
grids and stained with uranyl acetate (Watson, 1958) for 5 min. and lead
citrate (Reynolds, 1963) for 3 min. Sections were examined with either a

Siemens Elmiskop IA or a Siemens 101 at 80KeV. Sections used for light

microscope radiocautography were placed on a hot plate prewarmed to 80 C,

.
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flooded with a mordant solution of 5% ammonium sulfate for 10_ min., rinsed
in distilled water 'end replaced on the hot plate. They were then flooded
with Regaud's 1% hematoxylin for 1 min. and again rinsed in distilled
vater. Sections were differentiated with tap. water for 3 min. followed

by a last rinse in distilled water. The sections were then coated with

’ Kodaic NTB2 emulsion and exposed for various time intervals (Kopriwa and

Leblond, 1962),

DRILLING TECHNIQUE

&

Animals were anesthetized with an intraperitoneal injection of Nem-
butal and the inferior surface of each hemi-mandible was surgically -

exposed, Retractors were used to hold back the musculature and the area

-

was kept moist witt; rinses of physiological saline. A slow-speed dental
hand drill equipped with a straight handpiece and carbide dental burs
was used to drill a small hole through the alveolar bone overlying either
the secretion or maturation zones of the enamel oxgan (Fig. 1). Complete
penetration through the alveolar bone into the vascular periodontal space
overlying the enamel organ was determined by tactile sensation and im-
médiace bleeding upon breakthrough. The bur was removed and gauze was
placed over the hole for 1 min. to stop the bleeding and the area was again
o
rinsed wit;h physiological saline. Inlanimals that were sacrificed within
10 min, after drilling, the wound was kept moist, but open: At lqnger

time ‘intervals the wound was closed and during recovery the mechanical

trauma to the underlying dental tissues moved away from the hole due to

s

the continuous eruption of the toeth.

Recovery from trauma

~ In order to follow the recovery and repair of mechanical trauma
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“caused by the drill, hewmi-mandibles of 12 animals were surgically exposed

and the alveolar bone was drilled as described above. A 1/4-round car-

bide dental bur was used and- each hemi-mandible was drilled in the alveolar -
bone ‘owerlying the secretion zone of the enamel, organ. The animals were
sacrificed at 0 h, @ h, 2 d, and 5 d after drilling, by intracardiac

perfusion and the tissues were processed. Longitudinal sections of the

incisor were cut so as to include, in the same plane of section, both

[N SN

the original hole in the alveolar bone and the area of trauma to the under-
lying dental tissues that had moved away from the hole due to the con-

tinuous eruption of the tooth into the oral cavity.

Exgmerimental application of beat . v

I
In an attempt to simulate local frictiomal heat generated by the

drill, two animals were used in which the drilling procedure was carried

out as described above with the exception that only a small, shallow pit

Ly

2 3
was drilled into the alveolar bone with no penetration into the perio-

e e b o Kt e o

dontal space. A similar bur was heated to "red-hot'" in an open flame i
and wag immediately placed into the pit of the original drill site for

approximately the same time it takes to drill a hole completely through

the, alveolar bone. The animals were sacrificed immediately by intra-

cardiac perfusion angl prepared for sectioning as described above. -

ey

Bur configuration ‘ A ) k

)

Animals we;'e prepared for drilling as described above with the excep-

tion that the burs used to penetrate the alveolar bone to the level of
the periodontal spdce were of different size, shape and blade configuration. ;

The various buxs were obtained from Beaver Dental Products, Ltd. and their

variations are shown in Fig. 2. Furthermore, a hand-held dental reamer

L
{
\
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was slowly rotated between two fingertips, and in this manner, was used

to penetrate the alveolar bone. The animals were immediately sacrificed

by intracardiac perfusion,

MICROINJECTION TECHNIQUE

Animals were drilled in-:the alveolar bone overlying the secretion
!
zone of the enmamel organ. The wound was closed and during recovery the

mechanical trauma to the underlying tissue moved away from the hole by

the continuous eruption of the tooth. Two to five days later the hole

was re-exposed to permit microinjections as described below.

f)escription of microinjection apparatus

3

A vertical compact micromanipulator (Brinkmann Instruments, Model MM
33) was mounted on a column stand and a micrometer (Scherr-Tumico, Inc.)
was inserted into its clamping mechanism to allow for extremely fine
vertical movements of a microsyringe plunger (Fig. 3). One hundred micro-
liter microsyringes were obtained from the Hamilton Co. (Cat. No. _ilO)
an(a weqre fitted with 33 gauge luer lock needles. A rubber band was used
to keep the plunger of the syringe firmly applied to the plunger of the
micrometer. In this way, small amounts of the solution to be injec'ted

-

\ \
were drawn into the syringe by the micrometer. Graduations on the micro-~
\

\

meter were calibrated to the graduations on the syringe which allowed

dispensing of accurate, reproducible; minute volumes of solution.

Microsyringe procedures

Due to the small bore size of the 33 guage needles used in this
study, several precaitions had to be taken to insure accurate and consis-

tent microinjections. The needle tip was filed down from itsioriginal
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bevel to a flat surface using 600 grade emory cloth., Both microsyringe

and needle were thoroughly rinsed with physiological saline , rapidly
plunged to remove any compressible air bubbles, and the plunger was slowly

-

withdrawn so as to partiglly fill the syringe with a "buffer zone'" of
saline, The syringe was then mounted to the micromanipula{:or. Solutions
could now be drawn into the sy:."inge of the‘micromanipulat::)r assembly.
The sﬁinge was filled only immediately prior to injection and paraffin

film was used to seal the tip of the needle between injections to prevent v

evaporation of the solution from the small bore diameter at the tip of

- ‘ ]

the needle. - ‘

Microinjection of 3H-Eroline - )

L(i,3-3H) proline (specific activity 32.2 Ci/mmol) was purchased in
0.01N HCl {(New England Nuclear). Under a stream of nitrogen gas, 0.1 nl

of solution containing 100 pCi of 3H-—proline, was evaporated to dryness.
y

The amino acid was redissolved in 1 pl of physiological saline to provide

for ten injections of/O.l pl containing 10 pCi of 3H--proline. The
solution then slowly was drawn into the microsyringe. Two days prior

1

to microinject:ior;, a minimum of 20 animals were drilled in the alveolar
bone overlyiné the secretion zome of the enamel organ in both hemi-
mandibles and allowed to recover. IThe holes were then re-exposed and ﬁhe
ti})\of’ the needle was lowered approximately 0.5 ml into the connective
;:\ﬂgs‘ue plug that had filled the lesion in the bone, Approa[cimately 0.1 ul
of'solution containing 10 pCi of 3H-proline wag microinjected under a
dissecting microscope into the right hemi-mandible, The needle was with-
tiraWn immediately, the solution was allowed to "sink in" for 2 min., and

the wound was closed, The left hemi-mandibles were not injected. Animals

vere ﬁcrificed at 10 min., 30 min., 1 h, 4 h, 1 d, and 2 d after micro-

! [l g
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injection, by intracardiac perfusion., The tissues were processed for
L - > -

>

radioautography.

Microinjection of vinblastine sulphate)

" A group of five rats was drilled 1n'both hemi-mandibles as above,
two days prior to microinjection. The right hemi-mandibles were micro=
injected with 0.1 pl of a stock solution of SImgIO.SO ml saline of vin-
blastine sulphate (Sigma). Injections of physiological saline into ti:e

left hemi-mandibles served as controls. All animals were sacrificed by

intracardiac perfusion two hours after microinjection.

L)

Microinjection of 1251-salmon calcitonin

Synthetic salmon calcitonin (sCT); approximately 2500 mU/ug, was

. iodinated with isotopic sodium iodide (Na 1251); specific activity 17

uCi/mg (New England Nuclear), by the Chloramine T method described by Hun-

ter and Greenwood (1962). Following these procedures the supernatant comr
taining the 125I-sCT (M.W.~3600D) was subsequently evaporated to dryness
under a stream of nitrogen gas and redissolved in 2.5% (w/v) bovine serum

albumin in 25 oM TRIS-HC1 buffer, pH 7.4. From this solution, 0.1 ul

was microinjected into the right hemi-mandibles of two 100gm rats drilled

in the alveolar bone overlying the maturation zone 2 d prior to injection,

and the apimals were sacrificed by intracardiac perfusion 10 min. there-

L]

aftér. The tissues were processed for radioautography.-

ANALYSIS OF THE PERIODONTAL SPACE

Five Sherman rats weighing approximately 100gm were anesthetized

and sacrificed.by perfusion as described above. After decalcificationm,
a segment containing the inner enamel secretion zone, corresponding to the

~
.

Mo ot = e
P I S I e -

-ty

L R

Y . IR PR NP




secretion zone wvere measured in each animal,
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-

drill site of the previous experiments, was dissected from the right hemi-
mandible of each animal., The segments were washed in 0.1M sodium caco-

dylate buffer, post-fixed in 27 osmium tetroxide, dehydrated in graded .

- acetone and embedded in Epon. One um-thick sections were cut in the long-

itudinal axis of the incisor and stained with toluidine blue.

The tissues related to the enamel aspect—of the incisor were divided
into the following compartments: (1) bone, con;isting of the alveolar
prebone and bone but not includit(lg'ad jacent periosteum and endosteum, (2)
periodontz;l space, consisting of the connective tissue between the alveolar
bone and the deve}opiugupépillary layer, (3) e'namel organ, consisting of
the entire enamel organ including the capillaries of the developing pap-
illary layer but excluding the interdigitating portion ofb'romes' process
found therein and, (5) venous sinus, consisting of the venous sinuses

4

found within the periodontal space. These compartments are out\lined in

.Figure 3.1, °

One histological section from each of the five animals was selected
for this study. A rectangular area was superimposed over the c}inpart-
ments related to the zone of inner enamel secretion (Fig. 3.1). The rec-

tangular area vas orientated so that its length was perpendicular to the

epamel, Within each rel:tangular area, the relative area and thickness of

each compartment to the total compartmental area and thickness was measured

using a Zeiss }DP-j. The thickiiess of each compartment was determined by

&
measuring along the border of the rectangle closest to the apical end of

v

the tooth, Three adjacent rectangulai- areas (a,b,c) in the inner enamel
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RESULTS

DEFINING THE LESIONS

Drilling through the alveolar bone of the mandible causes trauma to
the underlying dental tissues that moves incisallg awvay from the drill
site due to the continuous eruption of the tooth. Figure 4 shows the
trnuma' and its incisal movement two days after drilling. The dental tis-
sue trauma appears as an altered or ruptured enamel organ overlying a
complete discontinuity in the enamel layer. This discontinuity extends
completely through the enamel to the dentino-enamel junction. The bone
lesion at the drill site is seen as a hole in the alveolar bone filled
with a plug of comnective tissue. A "healthy" region of enamel and enamel
organ has f:i:een passively carried underneath the bone lesion due to the
eruptionb of the tooth .(the large arrow indicates the direction of tooth

eruption). Note the vascularity of the region between the enamel organ

and the alveolar bone, the periodontal space (Fig. 4).

Alveolar i)one lesions

\

The bone lesions are seen in histological sections as prominent inter-
uptions of the alveolar bone. Figures 5 and 6 show two lesions drilled
over the e:namel secretion zone in which the animals were sacrificed two
days after drilling, The enamel lesions have moved incisally and "healthy"
enamel and enamel organ has advanced 'underneath the drill sit;é. The cut
edges of bone are clearly visible and bone fragments occasionally sur-
rounded by cells resembling osteoclasts may be observed, Bleeding often
occurs into the cognective tissue of the periodont'al ‘space and exter7ds

laterally from the drill site. Normal vascular channels traversing the

¢
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the alveolar bone are numerous and lined by osteoblasts, Occasionally,
the drilling will cause a "bone flap” to hang down in a manner.that com-
presses the enamel organ as it moves past the flap during erbption (Figs.
7,8). Thé enamel organ appears to "squeeze" underneath the flap but
incisally loses its normal morphology. Only on two occasions did drilling
of the alveolar bone not cause trauma to the enamel or enamel organ. In
both examples, the hemi-mandibles were drilled over the enamel gecretion
zone, complete penetration of the alveolar bone was achieved, and the
animals.were sacrificed immediately (Figs. 9,10), The drilling occured
directly over a vascular sinus in the periodontal space and there was no
rupture of the endothelium on the side facing the enamel organ.

Electron microscopy shows that bone fragments caused by the drilling

may be lined with active osteoclasts (Figs. 11,12). These osteoclasts

were multinucleated, contained numerous mitochondria, and showed the

-

characteristic clear and ruffled zones suggestive of bone resorption.

N
4 .
R 7
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These cells alsc may be found lining the cut edges of the bone lesion.
Frequently found within the conmnective tissue plug of the bone lesion are
osteoblast-like cells, filled with distended rER and surrounded by

numerous, small collagen fibrils (Fig. 13). Osteoblasts also are found

i

frequently lining the cut edges of the bone lesion (Fig. 14). .

Enamel and enamel organ lesions: Light microscopy

&

Drilling of the labial alveolar bone in the rat hemi-mandible almost
invariably causes lesions in the enamel organ and the underlying enamel,
The lesions presumably occur when the drill bur pe”net;ates the alveolar
bone and plunges a short distance into the periodontal space. Animals sac-
rificed immediately after drilling (0 h) exhibited the same degree of

trauma as those lesions in which the animals were sacrificed up to 5 days i
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after drilling, Figures 15 and 16 show lesions at 0 h in which the enamel
and enamel organ have been completely stripped from the dentin. In most
cases, the dentin shows no sign of trauma (Figs. 16-19). The enamel organ
of the lesions in which the enamel is completely stripped from the dentin
may be ruptured and display a "gushing" effect (Figs. 15,16), or may be

completely intact for the extent of the lesion (Figs. 17-19). In the
latter ;ase, serial sections show the enamel organ to bé‘ ruptured at some
kpvo;i.m: over the enamel lesion. Fragments of enamel may be seen at some
distance from the enamel layer (Fig. 16) and occasional remnants of en-
emel may be seen at the dentino-enamel junction (Fig. 18).

Animals sacrificed at 12 h after drilling show similar enamel lesions
(Figs. 20,21). Remmants of enamel remain at the dentino-enamel junction

[4

and many red blood cells are present at the site of the lesion, The
ameloblasts have been torn away from the enamel, their nuclei are pyknotic,
and they show signs of degeneration. Rod profiles are readily apparent

in the remaining enamel and the spaces between them seem exagerated.

At 2 d post~drilling the enamel lesions have moved incisally approx-
'imtely one millimeter, Thiz; corresponds to the normal rate of tooth
eruption (Smith and Warshawsky, 1975). Figures 22 and 23 show enamel com-
pletely removed at the dentino-enamel junction, the dentino-enamel junction
is unscarred, and cluatc-.;.rs of red blood cells are seen at the lesion site.
Note that the vasculature of the periodontal space remains relatively
intact (Fig. 22). The lesion in Figure 24 again shows a typical accumula-
~t:i.ox-l of blood, a ruptured enamel organ, and lack of enamel. Furthermore,
several new features of the lesion become apparent. At the dentino-enamel
junction and extending only as wide as the les%on, can be séen a thin

layer of dark-staining material. This material is not present where enanmel

completely covers the dentin. At the periphery of the lesion, an amorphous
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dense material frequently is observed between ameloblasts and may appear
as small globules or long, extensive accumulations (Fig. 24). Also at

the periphery of the lesion, apposed to the ragged edges of the enamel, ¢
are cells of unknown origin which a;;pear to be in intimate contact with
the enamel. Fiéures 25 and 26 show a lesion at 2 d post-drilling that was
drilled in the outer enamel secretion zone and has since moved into the
ename]l maturation zone. This lesion shows what appears to be smooth-
ended ameloblasts extendiné over the ragged edge of the enamel at the
periphery of the lesion. These cells still show intimate contact with

the enamel, Separated rod profiles are apparent and cells may be seen to
"ereep" between the enamel and the dentin where the enamel is slightly
torn away., Figures 27 and 28 again show similar features. The cells
lining the dentino-enamel junction may be deri\;ed from the enamel organ
as the capillary network of the papillary layer may be followed over the
lesion. The cells resemble stratum spinosum or styatum intermedium cells.
The dark-staining material again is seen at the dentino-enamel junction|
At the periphery of the lesion (Figs. 28,29) the enamel thickness is
constant, indicating an inhibition of secretion due to the trauma, Amelo-

blasts have decreased in height but Tomes' processes appear intact,

Accumulations of red blood cells, singly stacked or packed in oval clusters

not bound by endothelium, are found between ameloblasts. These accumula-
tions conform to the spatial limitations of the ameloblast layer,
Lesions at 5 d post-drilling show features similar to those at 2 d

post-drilling (Figs. 30,31). A gross preparation of an animal sacrificed

24 d after drilling is seen in Fig. 1, Bone remodeling has occurred at the

drill sité and the erupted enamel lesion appears as a shallow pit. The

distance between the bone lesion and the enamel lesion corresponds to the
- i
normal eruption rate over a 24 day period. . K
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Enamel and enamel organ lesions: Electron microscopy .

At the periphery of the lesion, red blood cells were frequently
found between ameloblasts (Figs. 32,33), Their presence did not seem to
disrupt the normal morphology of the ameloblasts but some displacement of
ameloblasts may have occurred(this feature is seen light microsco/p/ically
in Figs. 25,29). Red blood cells were also observed in the periodontal
space (Fig. 34). *

Also at the periphery of the lesion but apposed to the ragged edges
of the enamel, were cells exhibiting a wide range of morphological charac-
teristics of which several trends were noted. Figure 35 éhows a mononuclear
cell, with mitochondria and a moderate amouné of rER, apposed to the enamel
surface..The cell membrane follows the irregular contour of the enamel
surface and possesses junctional specializatioqs with neighboring cells
(Fig. 36). Observed between two cells of this type is an amorphous, homo-
geneous, light-staining materiial (Figs. 35,37). Higher magnification
shows t:llxese accumulations t; be either of a granular nature (Figs, 38,40,41)

or homogeneously dense (Fig.’39; corresponds to the black arrow in Fig. 2?&).

The lighter—stainingAsubstance is not always present, but the cells. freq-

uently show fingei‘-like projections into the intercellular space (Figs. 40,41).

Another cell type often seen apposed to enamel at the periphery of
the lesion is shown in Figures 42-44; These cells are osteoclast-like
in appearance and possess clear zones ax;d numerous mitochondria character-
istic of osteoclasts. They have finger;like projections into the inter-
cellular space but otherwise, the cell membrane follows the irregular
’furface of the enamel. Occasionally seen wit:hin the clear zone are mem-
brane bound structures containing what appears to be enamel (Fig. 43) .I

Figures 45-47 show cells closely apposed to the enamel surface, In all

cases, mitochondria are numerous, A ruffled border may be present (Fig. 46)
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or simple qytc;plasmic extensions may interdigitate with the enamel (Figs.
4£5,47)., Higher magnifications of membrane-enamel relationships' (Figs. 48-
50) show vacuolar and vesicular structures within the cytoplasm. These
structures and their contents are occasionally continuous with the plasma
membrape and are therefore exposed to the enamel (Figs. 49,50). Membrane-
bound granules, similar to the secretion granules of ameloblasts, are
sometimes observed (Fvig. 50). Also, coated pits, desmosomes, and other
Junctional specializations are frequent (Fig. 47). -

_ The enamel at the pe‘riphery of the lesion presents one of several
abnormal morphologies (Figs. 51-54). Generally: rod profiles appear sep-
arated (corresponds to the white arrows in Figs, 20,26) and frequently a
lightly granular or filamentous material is dispersed between the rod and
interrod enamel. Occasionally, rods may be delineated only by sheaths.
of greater density at their periphery (Fig. 53).

Also ass‘ociai:ed with the enamel at the ﬁeriphery of the lesion arle
amorphous dense globules (Figs. 55-57). Thesgse globules are most freq-
uvently seen at the rod-interrod interface or are seen within the lightly
granular material mentioned above. These same globules may also be seen
in close association with membrane remmants (Figs. 58-62). Most freq-
uently, ‘the globules are aligned between the membrane and the enamel but
_sometimes may be completely enclpsed by membrane,

Frequently seen within the enamel at the periphery of the lesion are
amoeboid cells “crawling' through the separations of rod and interrod
enamel (Figs. 63,64). These cells havé a prominent Golgi apparatus,
relatively little rER, and an abundance of lysosomes. Accumulations of
1lipid droplets frequently are observed. Similar cells are seen at the

dentino-enamel junction (Figs. 65,66; corresponds to the black arrow in

Fig. 26).
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At the center of the lesion the enamel has been completely removed,
In its place, at the dentino-enamel junction, an amorphous layer of mat-
erial can be seen (Figs. 67-72). This layer completéiy covers the dentin,
may vary in thickness, and extends to tﬁe periphery of the lesion where
enamel again overlies the dentin (éorresponds to the white arrows in Figs.
24,28). At higher magnification this layer seems to be bounded by two
zones of increésed'dehsity(Fig. 71).’ In all cases, the arrangement of
collagen fibrils in the dentin is abnormal at the dentino-enamel junction

since the irregular interdigitations of initial enamel and dentin nor-

mally seen, are not present,

’
4

EFFECTS OF HEAT AND BUR CONFIGURATION

The procedure for application of heat to the alveolar bone (Materials
an? Methods) did not cause any trauma- to -the underlying dental tissues,
Animals sacrificed immediately after the "red-hot" bur was placed in the -
drilled pit in the alveolar bone showed a completely intact enamel organ
and enamel (Figs. 73,74). MHowever, leucocytes and red bleood cells were
numerous at the drill site.

Drill burs of different size, shape and blade configuration used to *
penetrate the alveolar bone all caused equal degrees of trauma to the under-
lying dental tissues; Figures 75 and 76 are two examples of the trauma
caused by two different burs. The lesions may be characterized in the
same wa& as the lesioné ﬁreviously described in which the animals were
sacrificed immediately after drilling—(o h). The enamel organ is torn
away from the enamel, the enamel is completely remov?d from the dentin,
and the dentin‘at the dentino-enamel junction remains undamaged. All the
drill burs in Figure 2 cauged similar lesions.

The hand-held dental reamer used to penetrate the alveolar bone, did
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not cause any trauma to the underlying enamel organ or enamel.

RADIOAUTOGRAPHIC LOCALIZATION OF 34- PROLINE -

The- microinjection technique al-lowt;d émall amounts of 3H-proline to
be introduced into the right hemi-mandible over the enamel secre.tion
zone. The 1abe1éd amino acid was then utilized by the secretory amelo-
blasts and incorporated into all proteins béing synthesized at that time, ~ -
including the enamel matrix proteins. At 10 minutes after microinjection, ‘ -
silver grains were located over the supranuclear reéion of the ameloblasts ;
(Fig. 77). By 30 minutes, the distribution of the label in the supra-

nuclear zone was unchanged from above, but in addition, a reaction band

was seen over Tomes' processes of the ameloblasts (Fig. 78). At 1 hour

ot S s ot e ekt o

after microinjection the reaction band over Tomes' processes had greatly

intensified., Silver grains were still found over the supranuclear zone /

(Fig. 79). By 4 hours, fewer grains were found over the supranuclear
zone and the reaction band in the enamel was deeper into the enamel (Fig.

80). At 1-day the reaction was seen over the entire depth of the enamel

- |
\but stopped at the dentino-enamel junction (Fig. 81). .Some silver grains

N

were still obsexrved over the ameloblasts. By,2 days after microinjection,

grains were still seen over the entire enamel layer but very few were

gseen over ameloblasts, which were now ameloblasts of outer enamel sec- :

retion (Fig. 82). ? -
Frequeni:ly, 3H-proline entered the bloodstream after microinjéction.' -

This was observed as a reaction band in the predentin at 4 hours' in the

uninjecteﬂ contralateral left he‘:mi—mandible (Fig. 83) in the same animal’

as the injected right hemi-mandible shown in Fikgure 80. Figure 84 shows

an intense radioautographic reaction over cells in the comnective tissue ,

plug at the drill site 1 day post-microinjection. Osteoblasts lining i
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vascular channels in the alveolar bone also are labeled heavily. Silver -
grains are seen over )the entire-thickhess of the enamel and 'as a band

over the calcification front of the dentin,

RADIOQAUTOGRAPHIC LOCALIZATION OF 1251-salmon CALCITONIN

. 1251—salmon. calcitonin microinjected into the right hemi-mandible
over' the early maturation zm.1e was localized by radioautography 10 min-.
utes after microinjection (Fig. 85). Most striking was the reaction ob-

= served over the entire thickness of the enamel., Silver grains were found
in greater dénsity in the outermost enamel but neverthelessvextended
completely over the enamel up to the dentino-enamel junction. The dentin‘
only showed background labeling. Labeling also was seen'ovef the amelo-
blasts and over the periodontal space, but to a lesser. extent over the

papillary layer.

EFFECTS OF VINBLASTINE SULPHATE

Microinjection of vinblastine sulp—hate into the right hemi-mandible.
ov:er the enamel secretioq zone of the rat inciso;, caused numerocus dis-~
ruptions of normal morphology of the secretory ame—loblasts. The organiza-
tion of organ;elles within the ameloblasts was disrupted (Figs. 86-93).
The infranuclear zone contained mitochonhria, rglR, and numerous secretion
- granules (Figs. 86‘,87). Occasionally, Golgi saccules were seen in this

region (Fig.. 88). Figu—re 87 shows the linking of several secretion gran-
| ules by a continuous membrane. In the supranuclear zone, marked accumula-

tions of granules were seéen (Figs.-89-91) and these were clustered around

the stacks of Golgi saccules (Fig. 90). Rough endoplasmic reticulum

( . appeared fenestrated or fragmented . Patches of a granular, dark-staining

.
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material v;:ere seen between ameloblasts (Figs‘. 89,91). Tomes' processes
also showed significant alterations inlnormal morphology. The inter~
digitating portion of '],‘Bmes' process was completely devoid of organelles
(Figs. 92,93). Although a few membrane infoldings were found, they were
not as frequent as in controls. A tubular network w;vas sometimes observed
in Tomes' process (Fig. 92) and coated pits a,].sog were seen (Fig. 93).
Microinjection of physiological saline served as controls and thesgé an- ’
imals showed mnormal ameloblast morphology.

THE PERIODONTAL SPACE

The relative areas of the 1;bia1 periodontal and‘deqtal compartments
to the tota_l compartmegxtal area in the inner enamel secretion zone of the
mandibular incisor are shown in Table I. Similar areas were measured;
among Ehe‘experimental animals. The alveolar bone compartment” occupies_
the iargest relative area.

The relative thickness of each of the compartments to the total thick-
ness in the inner enamel secretion zone is shown in Table II., WNote that
the combined relative thickness of the periodontal space and the enamel or-

gan appro&cima’tely is equal to the relative thickness of the alveolar bone.
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. DISCUSSION

This study has demonstrated a new technique whereby the formation

.

g of a aur//gical window in the labial alveolar bone of the rat hemi-mandible
allows the underlying enamel organ and enamel of the incisor to be expos-
ed to micr(?binject;:l.ons~of various experimental agents. The application
of this procedure to the well-characterized dental tissues of the rat

incisor has been used to address some of the problems concerning the com-

plex phenomena of amelogenesis.

! RESPONSE OF THE ENAMEL ORGAN AND ENAMEL TO DRILLING PROCEDURES

) In the early stages of this work, it was noted that complete penetra-
tion of the labial alveolar bone of the rat incisor by a carbide dental
° _bur attached to a slow-speed dental hand d_rill, almost invariably caused
trauma tp the L;nderlying enamel organ at;d enamel in the zone of enamel
secr;et:ion. This trauma occurred as a ruptured enainel organ and complete
removal of the enamel up to the dentino-enamel junction (Figs. 15-31).
Immature en;mh;aken from the zone of enamel secretion is often referred
to as a"chgesy-enamel" and contains about 30% organic matrix by weight
(see review 'in Leblond and Warshawsky, 1979). Massive net selective loss
of enamel matrix proteins occurs at a fairly specific stage of develop-
ment at or shortly after the full thickness of th; tissue has been laid
down (Robi;xson et al,, 1977, 1978, 1981)i It. is not clear how the organic
’ mhtrix is remove?d.. OPeﬂsﬁtration of the alveolar bone overlying the enamel
secretion zone by drilling causes complete removal of enamel underneath |

the drill site up to the dentino-enamel junction (Figs. 15-31). This

N ( indicates that the enamel in the secretion zone is relatively soft and
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can be disturbed by nearby turbulence such as that caused by the drill
1S

bur. The more rigid matrix of the dentin remains intact and undamaged

along the entire length of the lesion. o ’ .

Several possibilities as to the cause of the trauma were investigated. v

[

Superficially, it would appear that the enamel Lesion was the result of

the bur coming in contact with the enamel layer, indicated by the ruptured

RSP TR v

enamel organ and b‘y the shape and extent of enamel loss. However, several

i

histological features of the lesion and the experimental techniques employ- |

VR e bl §

.

Firstly, complete penetration of the

N,

ed argue against this possibility.

dlveolar bone by the bur almost invariably produces identical lesions of

O P e e S e

the enamel organ and emamel., In each of these lesions, the enamel layer

v g 4

is entirely removed yet the dentin at the dentino-enamel .junction remains

completely undamaged. If the bur had come into contact with the relative-

1y thin layer of enamel, inevitably the bur would occasionally also come

into contact with the dentin. Lesions which were created purposefully by

allowing the bur to descend to the level of the enamel and dentin show

Ve 6 St o st 4w 8 S ) o

dentin which is damaged or completely ruptured by the bur as shown in Fig

T

ure-94. This possibility is not supported by the consistent reproducibility

of identical enamel lesions in which the layer of dentin remains unscarred

and intact along the entire length of the lesion. Secondly, at the periph-

ery of the lesion, there may be a complete loss of enamel, yet the integ-

rity of the enamel organ persists (Figs. 17-19) and the dentin remains

undamaged. Although serial sections show the enamel organ to be ruptured

at some point over the central region of the lesion, the loss of enamel

»

underlying an intact enamel organ may not be explained by the penetratjion

. ]
of the bur into the emamel, Thirdly, the use of a slow-speed hand drill

was chosen so as to allow good tactile sensation in the hands of the

inveﬁstigator. During the course of this study, the drilling procedure was

.
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performed on a8 minimum of 100 animals in which repetition of the technique
allowed the exact moment of breakthrough of the alveolar bone to be deter-
mined. . This breakthrough also coincided with moderate bleeding after rup-_
ture of some of the venous sinuses in the alvéolar zon;\ of the periodontal
space. The bur immediately was withdrawn following tactile sensation of
breakthroughi and the appearance of blood. In a further attempt to clarify
this issue, measurements of relative area and length were made of the
tissue compartments in this area (Tables I,II). The ”results indicate that
after complete penetration of the alveolar bone, in order for the bur to
reach the enamel layer, it would have to traverse a distance equal to the
combined thickness of the periodontal space and enamel organ com[;artments,
which is greater than the thickness of the alveolar bone compartment. It
is highly unlikely that the tactile sensation felt upon breakthrough of
the alveolar bone would include a "followthrough" that would extend the
distance to the enamel layer, a distance greater than that needed to pene-~
trate the al\;eolar bone, For these reasons it was concluded that the

enamel lesion is caused by factors other than contact with the drill bur.

The heat generated by the frictional interface between the bur and

the alveolar bone was considered suspect in causing the lesion. This poss-

.ibility was investigated by placing a '"red-hot" bur in a previously drilled

shallow pit in the alveclar bone, for the same time interval that it takes
to drill a hole completely through the alveolar bone (Figs. 73,74)..This
procedure applies heat far in excess of any h;i.ctional heat generated by

the drilling. In these experiments, although empty osteocyte lacunae and

ruptured vascular channels were seen in the alveolar bone, no enamel lesions

were found, thus indicating that frictional heat does not cause the enamel

lesions, >

Another experimental parameter considered suspect in causing the
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enamel lesions was the size, shape and blade configuration of the bur.

To 1nvesfigate this possibility, different burs were used to penetrate the
alveolar bone (Fig. 2). 1In all cases, these burs caused similar en;amel
1esions_ (Figs. 75,76). 1In an attempt to minimize any turbulence caused
by a rapidly rotating drill bur, a hand-held dental reamer was slowly
rotated between two fingertips, and in this manner, was used to penetrate
the alveolar bone. .Complete penetration of the alveolar bone using the

hand-held dental reamer did not cause any trauma to the underlying enamel

organ and enamel,

The results of this study suggest that the drill bur, after complete
penetration of the alveolar bone, descends a relatively short distance
into the connective tissue of the periodontal space. At this point the \
bur immediately is withdrawn. However, during the short period of time
tha:t the bur is actually within the periodontal space it is rapidly spin-
ning, and this motion may be sufficient to cause turbulence within the
tissues of the periodontal space that is transduced to the enamel organ
and enamel, resulting in the enamel lesion. The histological appearance
of the lesion suggests that 2 portion of enamel directly below the rotating™
bur is "torn" away from the enamel layer.

The le;sion occurs immediately after drilling of the alveolar bone
(Figs. 15,16) and presumably undergoes repair as evidenced by the appear-
ance of lesions in which the animal was sacrificed at later time intervals
after drilling (Figs. 17-71). At the periphery of the lesiop, cells show
intimate contact with the ragged edges of the enamel (Figs. 35-37, 45-50),

-
accumilations of a dark-staining material, similar in nature to the organic
matrix of enamel, are seen between cells (Figs., 35-41) and amoeboid cells
are seen between separated rod and interrod enamel (Figs. 63-66). Amelo-

blast-like cells apposed to the enamel may show signs of secretory or
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resorptive activity (Figs. 42-50)., Red blood cells may accumulate between
these ameloblasts (Figs. 27-29,32,33), indicating a nearby rupture of at
least tt:e proximal junctional complex. Centrally, where the enamel has
been completely stripped away, the lesion is characterized by an amorp:mus
layer of material at the dentino-enamel junction (Figs. 67-72). This

may represent an adsorption of local, non-specific proteins to the exposed
dentin.

Routine thin sections and freeze-fracture replicas of secretory amelo-
blasts reveal a proximal and distal junctional reéion associated with a
moderate proximal cell web and an extensive distal cell web (Kallenbach
et al., 1965; Warshawsky, 1968, 1978) . The cells of the developing pap-
illary layer in the secretion zone also are characterized by frequent
junctional contacts (Kallenbach, 1967; Elwood and Bernstein, 1968). The
trauma caused by the drilling frequently tears the enamel organ away from
the enamel (Figs. 17—19_). At‘ the periphery of the-lesion, the enamel or-
gan' may be torn from the enamel yet'maintain its organizational integrity.
This elasticity presumably results from the numerous junctional contacts
within the enamel organ. This feature again is demonstrated by the ability
of the enamel organ to '"'squeeze" beneath an interfering bone flap produced
by the drilling procedure (Figs. 7,8)\as the enamel organ is carried in-

cisally by the eruption of the tooth into the oral cavity.

4

APPLICATIOI‘iS OF THE MICROINJECTION TECHNIQUE

. ~
The microinjection technique described in this study has demonstrated
a new in vivo approach to experimentation on rat incisors, 3H-proline and
vinblastine sulphate were successfully microinjected over the enamel organ

and enamel of the secretion zone of the mandibular rat incisor, and gave

results idenéical to those following systemic injection. 1In ‘some circum-

~
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stances, the micrqitfjection technique has several advantages over the
method of systemwic injection, Firs‘tly, experimental agents that are toxic
to animals when administered systemically may be microinjected over select-
ed areas of the enamel organ and enamel, and the animal wmay be sacrificed
at any time thereafter. Secondly, in the continuously growing incisor of
the rat, a cohort of cells in the enamel organ and the underlying enamel
matrix, at any specific developmental stage of amelogenesis, may be select-
ively exposed to various experimental agents. Furthermore, due to the

incisal eruption of the tooth, the evolution of this same cohort and its

underlying enamel, and the fate and effects of the previously administered

experimental agents, may be followed as they pass through the different
developmental zones of amelogenesis. Thirdly, systemic administration of
radic;labeled molecules requires that they be injected in quantities high
enough to reach, through the bloodstream, all the tissues of the body,
Frequently, a dose of 1000uCi of a radiolabeled molecule is’ administered

systemically to a 100gm animal, The purchase or production of such radio-

'labeled molecules is costly. Using the microinjection technique, only

LOuCi of label, 1/100th of that necessary for systemic injection, is intro-

duced to a small, selected volume of cells thereby eliminating the unneces-

sary distribution of radioactivity to other tissues of the body.

&
Vinblastine sulphate and 3H—proline were selected as representatives

of a drug and a radiolabeled mclecule, respectively, to assess the feasibil-
ity of the microinjection technique, When administered systemically, vin~
blastine disrupts microtubules (Ekholm et al., 1974; Ericson, 1980; Williams,
1981) .and interferes )with secretion (Redman et al., 1975; Ericson, 1980;
Williams, 198l). The results are identical to those produced by colcemid
(Karim and Warshawsky, 1979; Nishikawa and Kitamura, 1982)., The amelo-

blasts lose their intracellular organization of organelles, marked accumul-
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ations of secretion gramiles are present, ectopic secretion sites are

‘ observed between ameloblasts, Tomes' processes are devoid of orgamelles

and relatively few membrane infoldings are associated with the rod and
interrod enamel growth sites (Moe and Mikkelsen, 1977; Takuma et al,, 1982;
Nanci, 1982) . Vinblastine sulphate, microinjected by the technique develop-
ed in this study, caused identical al’trerationslin the morphological appear-
ence and functional activity of the secretory ameloblast. These results
demonstrate the feasibility of administering drugs by the microlnjection
technique, .

When administered systemically, 3H-proline is utilized by the secretory
ameloblast and incorporated into the organic matrix of enamel (Warshawsky,
1966; Weinstock and Leblond, 1971; Leblond and Warshawsky, 1979; Warshaw-
sky, 1979). Enamel proteins are synthesized within the ameloblast cyto-
plasm as early as 10 minutes after injection, are secreted as a layer of
* enamel at 30 minutes, and this layer of labeled enamel increases in width

at 1 and 4 hc:urs to eventually become homogeneously dispersed throughout

the entire layer of enamel in a process termed randomization (see review

i‘n Leblond and Warshawsky, 1979). 3H-proline microinjected by the technique
developed in this study, follows identically the same synthetic pathway

and incorporation into the enamel matrix. These results demonstrate “the
feasibility of administering radiolabeled molecules by the microinjection
technique,

When a single injection of 3H-proline is administered intravencusly,
the labeled amino acid rapidly circulates to capillaries and within minutes
appears in the tissues of the animal. When the animal is sacrificed and
the tissues processed for radioautography, the unused labeled amino acid
that may still be present is washed out, while the labeled p’i’otein is

retained within the ‘tissue. Presumably, a similar route of entry of 3H—pro-

o

B L T P

s

T SO e W AY $ w1 AR e

Nt il a5 50

—d




(Y

PRUAE 50 2 Folh PR PR ]

34

line into the enamellorgan and enamel follows avfter microinjection.
3H-proline is microinjected into the connective tissue plug that results
from the drilling procedurt'a. The labeled proline rapidly diffuses to the~
ame‘loblasts of the enamel organ as demonstrated by radioautographical
localization of labeled prote;ins at 10 minutes after microinjection (Fig.
77). Once the amino acid has reached the level of the connective tissue
surrounding the capillary network of the enamel organ, presumably it
behaves and' is utilized by the enamel oréan in the sz;nle manner as amino
acids diffusing from the capillary lumen following intravenous injection.
Following microinjection, it is possible that the pulse of radio-
activity available to the enamel organ may be longer than that achieved

intravenously due to the continued diffusion of 3H-proline from the connec-

tive tissue into the enamel organ. Labeled amino acids are essentially

cleared from the blood plasma by 1 hour after intravenous injection (Nak-
agami et al., 1971). Weinstock and Leblond (1974) found that the amount
~c:f free labeled proline in the blood plasma dropped sharply during the
first 10 minutes after injection and concluded that a pulse of high radio-
activity was achieved. However, a low but significant level of radijo- ,
activity persisted between 30 minutes and 30 hours after injection. In
bone and dentin, some of the secreted ‘proteins become part of a collagenous
matrix which is transformed into mineralized products of the cells (Carneiro
and Leblond, 1959; Young and Greulich, 1963; Weinstock and Leblond, 1974).
Because of the appositional formation of dentin by odontoblasts, it becomes
a continuous and stable record of the availability of labeled amino acids
for incorporation into protein (Josephsen and Warshawsky, 1982). Although
this study does not quantitate the amount of radiocactivity available to

the enamel organ following the initial pulse introduced by the microin jec-

tion, it does show that concurrent with the diffusion of 3H-proline into
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the enamel organ, there exists a similar rapid diffusion of 3H—proline into
the bloodstream. This w;s seen as a reaction band in the predentin as )
early as 30 minutes after microinjection. Figure 83 shows a reaction
band in the predentin of the left hemi—mnj’lible 4 hours after microinjec-
tion of the-contralateral right hemi-mandible, Therefore, following micro-
injection of minute quantities (~10uCi) of 3H--proline into a IOOgui animal,
the labeled amino acid rapidly diffuses into the local vasculature, is
removed from this site by the circulat.ion, and is incorporated into dentin
of the contralateral incisor as a secretory product of the odontoblasts.
JSeveral studies have investigated the permeabilit)Lof the enamel organ
and the enamel matrix to relativély large macromolcules “such as serum
*albumin (Kinoshita, 1979; Ogura and Kinoshita, 1983; Okamura, 1983). 1In
thege studies; both endogenous and exogenous serum albumin were locglized
using the direct fluorescent antibody technique and radioautography. 1Inmn
the enamel maturation zone of the rabbit (Okamura, 1983), marked fluores-
cent staining of endogenous albumin was seen in the cytoplasm of amelo-
blasts and in the intercellular spaces between them, This staining was
observed in both ruffle- and smooth-ended ameloblastsi The localization
of intravenously injected, exogenous bovine serum albumin in,the enamel
maturation zone was identical to that of endogenous serum albumin. In no

case was endogenous or exogenous serum albumin localized to the enamel

matrix.

me finding that serum albumin was present in the intercellular space
between ameloblasts is in agreement with observations of electron micro-
scopic experiments using exogenous materials as tracers (Kallenbach, 1980a,
1980b; Skobe and Garant, 1974; Takano and Crenshaw, 1979). Ultrastructural’

investigations with or without exogencus tracers have indicated that
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pinocytosis occurs in ameloblasté (Kallenbach, 1980b; Skobe and Garant,

1974; Josephsen and Fejerskov, 1977), It has been suggested that the move-

ment of endogenous serum albumin in the ameloblast layer _is similar to

134

that of injected exogenous tracers (Okamura, 1983).

Salmon calcitonin has a molecular weight of approximately 3600D and
was used in this study as a molecular weight marker to investigate the
The present study

permeability of the enamel organ and enamel matrix.

has shown radioautographically that exogenous, 1251-labeled salmon calcito-

TTTe—
Te—

nin, administered by the microinjection technique over the enamel maturation

zone of the rat incisor, passes through the enamel organ and into the

Furthermore,

D amwas d b

enamel matrix as_soon as 10 minutes after microinjection.
the label appears over the entire thickness of the enamel up to the dentino-
enamel junction. This short time interval (10 min.) would suggest that

the moi.ecule is'not,a secretory product of the ameloblast and ;iiffuses
either extracellularly or transcellularly through the enamel organ to

reach the enamel. Such a pathway suggests that either the proximal and

distal junctional complexes of the ameloblast _layer do not preclude the

passage of 125I-salmon calcitonin, or the putative transcellular tramsport
¥

is irery rapid,

The results presented here are in agreement with those of Okamura (1983) ;

blast layer of the enamel maturation zone. Additionally, this study ' ?
i
!

presents evidence that the enamel matrix is completely permeable to a

‘molcule having a molecular weight of approximately 3600D. Microinjection -

o
. I
experiments are presently underway using various molecular weight markers
¢ \
and using intravenous injestions of the same molecules to serve as controls.

In conclusiot{, this study has demonstrated the feasibility of a drill-

ing procedure that penetrates into the periodontal space overlying the

)
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enamel organ. Furthermore, this procedure suggests that surgical penetra-
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.tion of the alveolar bone may cause trauma tg the enamel organ and enamel. -
//’ - - I

I
This study has also demonstrated the feasibility and advantages of a

microinjection technique for in vivo experimentation on the enamel organ

and enamgl of the rat incisor.
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The relative percentages of the labial periodontal and dental compartments te the total area

¥

Compartmeﬁts
Experimental Windowl Total Alveolar Pe:ioéontal Enamel - Enamel - Venous
animal bone space organ sinuses
1 a 100 42,17 27.8 23.9 6.9 0.3
b 100 43.4 25.1 . 24.0 . 8.7 4.8
c 100 52,9 23.0 . 24.3 10.5 5.2 .
2 a 100 51.5 26.3 | - 18.8 5.4 13.7
b 100 47.4 25.1 20.4 6.8 4.4
c 100 42.1 25.9 23.0 8.8 3.7
3 a 100 . 433 26,0 - 22,4 8.5 4.6
b 100 - 39,7 /26// 24,1 10.1 5.0
c 100 38.9 ] 25.7 24.9 12.5 9.3
4 a 100 ’//53320 29.8 20.3 5.6 10.7
b 100 _—"39.6 29.1 23.3 8.5 .10.2
c 100 — 35.3 29.0 24,0 1Ly 8.8
5 a 100 49,7 25,6 18.4 4.9 7.3
» b 100 47.6 24,5 20.3 7.3 6.8
c 100 43.9 ,25.2 21.1 8.7 9.4 ¢
‘ » 4
AVG, 100 43 .4 26.3 22,2 8.3 1 6.9
“ 'lThe rectangular viewing limits used to measure the compartments
J \ ! |
. 2
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TABLE II

The relative percentages of the labial periodontal and dental compartments to the to‘tal thickness

1
2

a

Compartment
Experimental Window!  Totel Alveolar Periodontal: Enamel Enamel
. animal bone space organ

S a 100 43.4 28.9 21.9 5.9

’ b 100 45.9 24,1 22.4 8.0

c *100 . 41.9 23.9 22.8 9.7

o 2 1 a 100 , 45,4 3L.7__ 18.7 4.9
" b 100 49.7 25.1 20,0 6.2
‘; c 100 \ 41.7 . 27.2 22.6 8.3
; K] a 100 o, KQS.B 25.8 21.6 6.7
l b 100 K1 - B 28.5 235 9.3
c 100. 39.9 4 24,5 24.0 11.5

) 4 a 100 43,4 30.8 - 20.6 5.2
b 100 44.2 26.0 23.3 6.9

. c 100 - 39.0 29.1 22.3 9.7

5 s 100 53.4 24,9 17,0 4.4

; b 100 - 50.9 23.4 . 19.5 6.4

c - 100 48.5° 23.9 21.3 7.9

hd .
AVG. 100 44 .8 26.5 21.4 1.4
# ’ 1'nﬁe rectangular viewing [imits used to medsure the compartments v
, ‘ ' /
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Figure 1 :

Enlargemer;t of the right hemi-mandible of a Sherman strain
rat sacrificed 24 d after drilling. The drill used for the
surgery is shown above the hole in the alveolar bone (black
arrow). The alveolar bone may be drilled anywhere‘along\
its inferior border where it overlies the secretion or mat-
uration zones of the incfsor. Note the bone remodeling
surrounding the hole. The enamel has moved awvay from-the
hole due to the continuous eruption of the tooth and appears
as a shallow, white pit in the erupted enamel (white arrow).
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Figure 2 |

Dental burs of different size, shape and blade config-

uration used to penetrate the alveolar bone. X 20
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Figure 3

The microinjection apparatus showing the column stand (A)
on which was mounted a micromanipulator (B). A micro-
meter (C) was inserted into the clamping mechanism (D) of
the micromanipulator and a 100 ul microsyringe with a 33
guage luer lock needle (E) was fitted to the micrometer. ‘

This assembly allows for the fine vertical and horizontal

movements necessary for microinjections. X 0.85
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Figure 3.1
Photomicrograph of the inner enamel secretion zone of the

Yat incisor corresponding app:\oximately to the area where

the alveolar bone was drilled. Superimposed over the photo-
micrograph are the rectangular viewing limits (R) used to
delineate the compartments from which the areas and °t:hi.c;k—
ness were measured using a MOP-3. The bar to the left of

the rectangle illustrates how the thickness of each compart-
ment was measured, Three such rectangular areas were measured
in each animal, ab, alveolar bone compartment; vs, vascular
sinus cowpartment; ps, periodontal spacé compartment; eo,
enamel orgen compartment; e, enamel compart;nent. The bound-
aries of each compartment are outlined in the text, page
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Figure 4 g | .
A longitudinal section of the right hemi-mandible showing the

original drill site (B) in the alveolar bone (ab) and the trauma
to the underlying dencgf tisaueﬁ_(E) that.has moved imcisally
awvay from the drill site over 2 d (the large arrow-indicates the
direction of tooth eruption). "Healtﬁ&" ameloblasts are now
found Qnder the bone lesion. Note the vascularity of the region
between the enamel organ and the iylveolar bone, -the periodontal

space (PS). am, ameloblasts; en, enamel; d, dentin, X 130

-

‘

.
&

.

.
e d, g B 2 J bag, s - ."
l LB - e ‘ébduefm%wmﬁgﬁww‘% e R A g - B e

\
T I . o ox b
et s st hn o e DS

LA Sy

- :
B IRV Y



£ T mm R A e A e I A T T R TTRERTE TeT TE TR T AR AT AR T e TR AT .-

!
|
1 ,
' )
_ . / ,
< \
- u +
! . e
s
red
~ .
! - 1]
i .
t T
\ A
|
i ) v i
) . .
. -
L
R
4 - 1 ¥
:
i : t 1
N )
- | |
*
|
*
| |
*
| ! | G v,
! 4
i ) i “
] ¢ - M
] N - ~ 400 okt Nt it saga ”
. s . . |




N e
I P s g N . e 5w, «pteat T
5 P e A s T LT U b e g KRR e o e wg e T R A P R i M wd

- \

©
ke -

Figures 5,6 .

Bone lesions drilled over the enamel secretion zone in

e e A L B S i

which the animals were sacrificed 2 d after drilling, ,

Bone fragments (straight arrows) are séen_‘at, or near the

.

drill site, some of which may be surrounded by osteoclasts,

Aol D 4 gt L

Bleeding has occurred in the periodontal space (PS) and L

b

extends laterally from the drill site (curved arrow), -

. Note thé "healthy" enamel and enamel organ under the bone

am” Foteond ot

lesion. ab, alveolar bone; eo, enamel organ; e, enamel;

c, vascular channel., X 250 _ \ .
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Figure 7

A bone 188101'1 showing a bone flap (white arrow) caused
by the, d;illing. The hemi-mandiblée was drilled over the
er’xamell secretion zone. The black arrow indicates the

direction of tooth eruption. ab, alveolar bone; am, amelo-
blasts, X 250 )

" Figure 8
Higher magnification of the bone flap in Figure 7. The

bone flap (bf) compresses the enamel organ as it "squeezes"
underneath the flap during eruption. The integrity of the
enamel organ is lost incisal to the bone flap. si, stratum

intermedium;“AM, ameloblasts. X 400 3
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Figures 9,10
Examples of bone lesions that did not cause trauma to

the underlying enamel (e) or enamel organ (eo). Complete
penetration of the alveolar bone was achieved and the
animals were sacrificed immediately. The drill entered
a vascular sinus (vs) but there was no rupture of the
endothelium on the side facing the enamel organ (between

the arrows). b, red blood cells; d, dentin, X 140
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/Figure 14

Figures 11,12
Electron micrographs showing bone fragments (b) lined

with active osteoclasts. These osteoclasts are multi-

nucleated, contain numwerous mitochondria (m), and show
the characteristic clear (cz) and ruffled zones (rz).

suggestive of bone resorption. Pig. 11, X 7,000; Pig.
12, x 12,250

Figure 13

Electron micrograph of an osteoblast-1like cell found with-
in the connective tissue plug of the bone lesion. Note
the numerous and\distended rough endoplasmic reticulum,
frequent mitochondria, and the numerous collagen fibrils

(cf) seen at the cell surface (arrows). X 10,500

Electron micrograph of an osteoblast (ob) frequently found

lining the cut edges of the bone lesion. pb, prebone; b, '
bone. X 14,000
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Figures 15,16
Enamel lesions in which the animals were sacrificed im-

metiiately after drilling (0.h). The enamel organ. (eo)
and enamel (e) have been completely stripped from the
dentin (d) and the enamel organ displays a "gushing" ef-
fect. Bone fragments (bf) and enamel fragments (large
arrow) may be seen at the site of the lesion. In most
cases, the dentino-enamel junction (DEJ) shows no sign

of trauma (between arrows in Fig. 16). si, stratum inter-

medium; am, ameloblasts. X 220
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Figures 17:19 ’

Enamel lesions at O h in vhi:ch the enamel organ (eo) is
intact for the extent of the lesion. Again the énamel (e)
is completely removed from the dentin (d) and the dentino-’
enamel junction (DEJ) has remained unscarred l(arrovs). .

The enamel that remains in the lesion is fragmented. Serial
sections through these lesions show the enamel organ to be
ruptured at sowe point over the enamel lesion. PS, perio-
dontal space; pl, papillary layer; si, stratum intermedium;

am, ameloblagts, X 220 4
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Figures 20,21 ] S ’
Lesions at 12 h after driilfﬁg. Remnants of enamel (en) remain

at the dentino-enamel juﬁctiqnf(DEJ) and ma;y red blood cells (rbe)
are present at the site of the lesion. Ameloblasts (am) have

been torn away from the enamel; their nuclei are pyknotic, and

they show signs of degenerdtion. ,Rod profiles appear seperated
(arrow), PS, periodontal space; si, stratum intermedium, X 325
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Figures 22,23
Lesions at 2 d after drilling. The enamel (en) is com-

pletely removed at the dentino-enamel junction (DEJ).
The DEJ is unscarred and pools of blood (arrows) are seen
at the lesion site. Note that the vasculature of the
periodontal space (PS) remains relatively intact. d, den-

tin; ab, alveolar bone. X 120
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/ v, Figure 24 ’ i
. Lesion at 2 d after agilling. This lesion shows a typical

pool of blood (rbc), a ruptured enamel organ and a lack of

enamel at the lesion site. At the dentino-enamel junction,

. extending the width of the lesion, is a thin layer of dark-
staining material (white arrow). Between ameloblasts (am)-
~at the periphery of the lesion are accumulsations of an amor-
phous dense material (black arrow). Note cells (c) apposed
— ) to the ragged edges of the enamel. en, enamel; d, dentin.
X 400,
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Figures 25,26 ’ .
Lesion at 2 d aftexr drilling. The drilling occurred in

the outer enamel secretion zone and the enamel lesion has
since moved into the enamel maturation zone (MAT)., The
capillary network (czwof the paplllar)! layer may be fol-
lowed over the lesion. Smooth-ended ameloblasts (curved
arrow) of the maturation zone extend over the ragged edge
of the enamel (en). These cells still show intimate con-
tact with the enamel. Separated rod profiles are apparent
(v‘v'hice arrow)., Cells may be seen to "creep! between the
enamel and the dentin at Zhe dentino-enamel junction (black

arrow). Fig. 25, X 120; Fig. 26, X 400
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Figpures 27,28
Lesion at 2 d after drilling, Cells appearing to belong to

the enamel organ seem to continue across the lesien, The dark-
staining material (w;\ite arrow) is seen at the dentino-enamel
junction. The enamel depfh i8 constant for part of the lesion
(s) and may be due ’to an inhibition of secretion in this area.
Accumulations of red Slood cells, singly stacked or packed in’
oval clusterg not bound by endothelium, are found between amelo-
blasts (black arrows). vs, vascular sinus; si, stratum inFer-
medium; am, ameloblasts; d, dentin; c, capillary; PS, periodontal
space. Fig. 27, X 120; Fig. 28, X 400 '
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Figure 29 ‘
Lesion at 2 d after drilling in which the plane of section

passes through the periphery of the lesion. Serial sectioms
show the enamel to be completely removed at the center of the
lesion, The ameloblasts (am) have decreased in height and
the enamel (en) in this area maintains a constant thickness
(arrowheads). Accumulations of red blood cells (arrows) are,

found between ameloblasts, d, dentin. X 400

t

<






Figures 30,31

Lesions at 5 d after drilling. The lesions are similar to
those in animals sacrificed at other time inQerGals. The
enamel (en) is completely removed and there is a dark-staining
- layer (arrow) at the dentino-enamel junction. The enamel
organs are ruptured and cells of unknown origin are located
in the lesion. am, ameloblasts; d, dentin; ps, periodontal

K space. X 325
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Figures 32L3§ , ~

The infranuclear zone (IZ) of secretory ameloblasts show-

ing the presence 6f red blood cells (arrows) located
interstitially between amelobia‘sts (am). M, mitochopdria.
Fig. 32, X 6,000; Fig. 33, X 7,500 '

- Figure 34

Electron micrograph showing red blood cells (arrow) in

the periodontal space (PS) caused by trauma ‘to the vas-

. culature during drilling. CF, collagen fibrils, X 10,500
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Figures 35-37 ‘ . ‘

' -

Electron micrographs showing mononuclear cells with mito-

éhondria and moderate amounts of rER apposed to the

irregular surface of the énamel (en). The cell membranes

follow the contour of the enamel and laterally make junc-

tional contacts (j) with each other, The enamel appears

mottled and may contain a lighter-staining, granular

substance (g). Observed betwégn’ cells is an amor\jlhous, ®

homogeneous, light-staining material (asterisk) witl:in

which may be found accumulations of a darker-staining o
material (arrows). Fig, 35, X 7,000; Fig. 36, X 28,000;

Fig. 37, X 14,000 : . .
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Figures 38-41
Bigher magnification of the dark-staining mterialk‘between’*’
cells lining the emamel, This material may be of a granular

N and irregularly clumped nature (G) or homogeneously dense

).

. is not alwvays- present but the cells frequently show finger-

The lighter-staining material between cells (asterisk)
‘ 4

like projections into the intercellular space (arrows).
Fig. 38, X 49,000; Fig. 39, X 24,500; Fig. 40, X 38,500;
Fig. 41, X 38,500
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. Figures 42-44 t R :
Osteoclast-like cells apposed to ename} (en) at the °
periphery of the lesion. They possess clear eones (CZ) I
and nuyperous mitochondria (m) characteristic of osteo- .
clasts s~ Seen within the clear zone are membr*-bound H
structures containing what appears to be enamel (arrows). . »{%
o

They have finger -like projections (f) into the extra-
cellular space away from the enamel, but otherwise the
cell membfane follows the irregular surface of the enamel.‘
d, lipid droplets. Fig. 42, X 14,000; Fig. 43, X 19,250;

Fig 44, X 31,500

)}

d - e e e e

o «



&

Tl e ¥ Lkl Hder




Figure 45

Electron micrograph of a cell apposed to the _}rregular'

surface of enamel (en) at the periphery of -the lesion. - .
Cytoplasmic extensions (ce) are seen to lm:er@igitate with

the engmel. Mitochondria (m) are numerous and hetgro-

lysosomes (ly) may be seen. X 10,500

Figure 46
Electron micrograph of a cell apposed to the enamel (en)

in which a ruffled border is present (RB). Dark-staining
material (arrow) maytbe found within the ruffled border,
A grainy precipitate (p) is seen in the extracellular
space of the ruffled border and in the adjacent enamel,
m, mitochonldria. X 17,500

Figure 47
Electron micrograph showing intexdigitation of the cyto-

plasmic extensions (ce) and enamel (en). Vacuoles (v) are
present, some of which are continuous with the cell men-
brane (arrow) and show possible uptake of a dark, amorphous
material, Well-developed desmosomes (d) can be geen.

X 31,500
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Figure 48
Higher magnification of the cell membrane-enamel junctfon

showing numerous mitochondria (m). en, enamel. X 35,000

Figures 49,50 / ‘
Electron micrographs showing membrane-enamel relationships,

Vacuolar (v, Fig. 49) and vesicular {(vs, ?ig. 50) struc~
tures are numerous and, occasionally vesicles or coated
pits are continuous with the cell membrane (arrowheads) and
are therefore open to the enamel (en). The vesicular
structures may be filled with material similér in nature

to enamel (Fig. 56). Membrane-bound granules, similar to
secretion granules of ameloblasts, are sometimes observed
(arrows)., m, mitochondria. Fig. 49, X 17,500; Fig., 50,

X 42,000 '
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Figures 51-54 . ’
Different a%pearames of enamel at the periphery of' the

lesion. Rod (R) and interrod (IR) profiles appear sep-
arated and frequently a lightly granular (g) or filamen-

tous (f) material is dispersed between the rod and interrod ’
enamel, Occasionally, a dense sheath delineates the rod
profilee (arrow, Fig. 53). Fig. 51, X 7,000; Figs. 52,53,
- X 14,000, Fig., 54, X 31,500
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Figures ;55,56 ) — ) . : -
Association of amorphous, dense globules (gs with enamel R '
(en) at the periphery of the lesion., These globules are * | - , '

most frequently seen at the rod-interrod interface’,“ are
irregular in éhape, and are not membrame-bound..Fig. 55,

X 31,500. Fig. 56, X 42,000

Figure 57 . - ‘ )
Electron micrograph of deeper enamel showing globules (g) )

at the rod (R)-interrod {(IR) interface. X 24,500
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Figures 5862 ;

»

S —

Dense, amorphous g{o\bules (g) seen in close association v

with membrane remnanfs\(l'arge arrowss. Most frequently,
B,

the globules are aligned between membranes and enamel (en)

but may sometimes be seen on the other side of the mem-

brane or completely enclosed by membrane (Fig. 61).. Figs.

- 58,59, X 28,000; Figs, 60,61, X 38,500; Fig., 62, X 66,500
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Figures 63,64 ’ —
Amoeboid cells "crawling" through the separations of rod

(R) and interrod (IR) enamel. These cells have a prominent
Golgi apparatus (G), relatively little rER, and an al;undance
of lysosomes (ly). Fig. 63, X 8,000; Fig. 64, X 10,500

¢

Figures 65,66 ) ¢

Similar cells as above but at the dentino-enamel junction.
Cytoplagmic lipid droplets (Li) are frequently observed,
en, enamel. Fig. 65, X 5,750; Fig. 66, X 14,000 o
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Figures 67-69

Electron micrographs at the center of the lesion. The

enamel has been completely removed and an amorphous layer
of material is seen at the dentino-enamel junction (arrows).
This layer completely covers the dentin iDen), may vary

in thickness, and extends to the periphery of the lesion
wvhere enamel again overlies the dentin. PMN, polymorpho-

nuclear leucocyte. X 10,500
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Figures 70-72 .
Higher magnification of the amorphous layer at the dentino-

enamel junction (asterisks). This layer seems to be bounded
by two zones of increased density (arrows). Den, dentin;

Fig. 70, X 23,1005 Fig. 71, X 42,900; Fig. 72, X 33,000
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Figures 73,74

Photomicrographs of animals sacrificed immediately after
a "red hot" bur was placed in a shallow pit drilled in
the alveolar bone (ab). The hemi-mandibles were drilled
over the secretion zone and the outline of the drill
penetration into the alveolar bone is clearly visible
(arrows). Note that the enamel organ (eo) and the enamel
{(e) are completely intact. Leucocytes and red blood cells

are numerous at the drill site. vs, vascular sinus. X 140
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Figures 75,76 -
Lesions in which burs of different size, shape and blade

configuration were used to penetrate the alveolar bone.

The animals were sacrificed immediately after drilling

(0 h). The lesions were similar to those previously des-

cribed Ac 0 h post-drilling in which the enamel organ (eo)

is torn away from the enamel (e), the enamel is completely
¢ removed from the dentino-enamel junction, and the dentin

(d) remains unscarred. rbc, red.blood cells. X 140
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Figure 77
Radioautographic localization of -proline 10 minutes

after microinjection., The reaction is over the supra-
nuclear zome of the secretory ameloblasts (AM). EN,

enamel. X 800

Figure 78
Radioautographic localization of 3H-proline 30 mimutes

after microinjection. The reaction is seen over Tomes'
processes as well as the supranuclear zone of the amelo-
blasts. X 800

Figure 79
Radiocautographic localization of 3H-proline 1 hour after

.microinjection. A heavy reaction band is seen over
Tomes' processes and paxt of the enamel matrix. Grains
are still seen over t'he‘ supranuclear zone of the amelo-
blasts, X 600

. Figure 80
Radioautographic localization of 3H-proline at 4 hours

after microinjection. The.reaction band extends deeper
into the enamel and the ameloblasts are still labeled.
X 800 ) . _
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Figure 81 . . )
Radioautographic localization of 3H-proline 1 day after :
microinjecti&ﬁ. The reaction is seen over the entire

enamel matrix but stops at the dentino-enamel junction.

Some label remains over ameloblasts (AM). EN, enamel. X 800

Figure 82 o
Radioautographic localization of 3H-proline 2 dé;é after

A S

microinjection. The reaction is seen over the entire

-
P

enamel matrix but little reaction is seen over ameloblasts
I}
which have now become ameloblasts of outer enamel sec-

retion. X 600
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Figure 83 ‘ . ;
Radioaut‘pgraphic’localization of 3u-proline 4 hours after -
microtnjection. This contralateral left hemi-mandibie in
the same animal as the right hemi-mandible shown in Fig.,
80, was not microinjected but shows a reaction band over
“the predentin. This is presumably due to the systemic
circulation of 1label picked up by the vasculature in the
periodontal space, pd, predentin; d, t!entin; e, enamel,

X 600

Figure 84

Radiocautographic, localization of 3H—proline 1 day after
microin jection. An intense reaction is seen over cells in
the connective tissue pltlg at the drill site and osteo-
blasts lining an exposed vascular channel (vc) in the
alveolar bone (arrowhead). Reactions may be seen in the
enamel (large arxow) and over theucalcification front of

the dentin (small arrow). e, enamel; d, dentin, X 130
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Figure 85
Radioautographic localization of 125I-salmon calcitonin

10 minutes after microinjection. Most striking is the
reaction seen over the entire enamel matrix (en). Label-
ing is also seen over ruffle-ended ameloblasts (r-am) and
over the periodontal space (ps) but to a lesser extent

over the papillary layer (pl). d, dentin. X 400
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Figure 86

Secretory ameloblasts 2 hours after microinjection of
vinblastine sulphate. The infranuclear zZone (IZ) shows
mitochondria (m), rER and numerous secretion granules
(arrows), bb, basal bulge. X 9,500 \

Figure 87

Higher magnification of secretion granules (small arrows)
in the infranuclear aone of vinblastine treated amelo-
blasts. Several secretion granules linked by a continuous
membr ane may be obsexrved (large arrow). m, mitochondria.
X 13,000

Figure 88
Golgi‘appax"atus (6) in the infranuclear zone (IZ) of

vinblastine treated ameloblasts, Several secretion gran-

ules (arrows) are also seen. X 23,500
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Figure 89
The supi'anuclear zone (SZ) of secretory ameloblasts 2 h

after microinjection of vimblastine sulphate. Accumulations
of secretion granules (s8g) and a Golgi apparatus (G) are
present. Rough endoplasmi(; reticulum (rER) appears frag-
mented, Patches of a granular, dark-staining material

are seen between ameloblasts (arxrows). X 13,500

Figure 90 .
Higher magnification of Golgi saccules (G) in the supra- :

nuclear zone of vinblastine treated ameloblasts, Note the
accumulation of secretion granules (sg) near the trans

face of the Golgi. X 35,000

Figure 91
Higher magnification of the dark-staining, granular sub-

stance (GS) between ameloblasts in vinblastine treated
animals, Secretion granules (sg) and .coated vesicles (cv)
are seen nearby and coated pits (arrows) may be present

on the cell membrane, X 36,500
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. Fignire 92 a

Tomes' processes (TP) of secretory ameloblasts 2 hours 3‘
after microinjection of vinblastine sulphate. The inter- ' ©

«. digitating portion of Tomes' process is completely devoid '

of organelles., A tubular network is sometimes observed

(arrows).. en, enamel, X 12,000
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Figure 93

Tomes' processes (TP) of secretory ameloblasts 2 hours
« after microinjection of vinblastine sulphate, Occasional
membrane infoldings (large arrows) are seen and coated

pits (small arrows) are also present. en, enamel, X 15,000
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Figure 94
Lesion in which the dentin deliberately was ruptured by the bur
and the animal sacrificed 4 d after drilling. Both the dentin (d)

and the enamel (e) are discontinuous along the length of the
lesion and dentin fragments (df) may be_PPen at the ruptured site.
Odontoblasts (od) reﬁain active and continue to secrete dentin
(large arrows) along the length of the lesion. Where the originalﬂ

dentin still remains, a dark line (small arrows), presumably due
to the trauma, separates the preLarilling dentin from the post-
drilling dentzn secreted over the 4 day period, Note the similar
dark line in the dentin fragment (df). PS, periodontal space; vs,

venous sinus. X 120,
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