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ABSTRACT 

Experimentaî agents administered systemically are costly and often 

toxie to animaIs. An in vivo technique has been d~veloped whereby a 

surgical window in the alveolar bone allows selected areas of tha rat in-
, .--, 

cisor enamel organ and underlying enamel to be exposed to treatment with 
" 

various drugs, molecular weight markers and radiolabeled molecules. 

\_ Sherman,rats 'weighing 100gm were anesthetized an~ the inferior sur-

~:--Iace 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- ,'.' 

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 hale due to the continuous eruption of the tooth. !WO ta five 

days later the hole wes re-exposed and microinjections of 3M-proline, 1251-

salmon calcitonin, vinblastine sulphate and normal saline (as control) 

were administere~rough the hale with,a micromanipulator and-microliter 

syringes. Radioautographtc detection of 3H-proline incorporation in 

aecretory ameloblasts and enamel at 10 min., 30 min., 1 h and 4 h after 

injection was identical to that obtained previously by systemic injection. 

Two hours after microlnjection of vinblastine"sulphate the cellular res

ponse was aga in identical to that following systemic injection. 1251_ 

salmon calcitonin (HW-3600) WS8 used as a molecular weight marker and was 

seen to diffuse into the enamel at lq 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 ~périmentaux adBùnistrés de façon systémiques sont 

cout~ux et souvent 'toxiques ~ l'animal. Nous avons mis au point une 

technique qui, en produisant une fenêtre chirurgicale in vivo dans 

l'os alvéolaire, nous permet d'exposer des régions sélectionnées de 

l'organe de 1'émail et de traiter les tissues sous-jacent avec 

différentes drogues, ~arqueurs de poids moléculaire et molécules 

radioactives. 

Des rats SheDœan pesant 100 9 ont été ,anesthésiés et la surface 

i~férieure de chaque hémi-mandible a été exposée chirurgicalement. 

Un tour dentaire à vitesse lente a été utilisé pour percer un trou à 

travers l'os alvéolaire recouvrant la zone de sécrétion de l'organe d~ 

l'émail •. La plaie a été refermée et, durant la période de guérison, 

la région de trauma mécanique s'est graduellement éloignée du trod 
~ 

à cause de l' éruptiçm continue de la dent. De deuz à cinq jours plus 

tard, le trou a été ré-exposé et des microinjections (~.1 pL) de 
3 125 H-proline, l-calcitonine de saumon, sulfate de vinblastine et 

sérum physiologique (comme contr8le) ont été administrées à travers 

ce dernier à l'aide d'un micromanipulateur et des seringues micro

litre. La détection radioautographique de l'incorporation de 

3a-proline à 10 min., 30 min., 1 h et 4 h après l'injection était 

sembable à celle obtenue au paravant par injection sys témique. Deux 

heures après la microinjection de sulfate de vinblastine la réponse 

cellulaire était également sembable à celle obtenue par injection 

systémique. La calcito~ine marquée a 1,1251ode (poids moléculaire 

de 36000) a été utilisée COlline marqueur de poids moléculaire. Dix 

minutes après l'injection elle s'était diffusée à travers la couche 

d'émail. Cette étude d6montre la faisabilité de cette nouvelle 

technique et son applicabili'té à 1 t organe de l'émail chez le rat. 
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INTRODUCTION 

This study was undertaken in order to, determine the feasibility of 

approaching the e~l organ of the rat incisor through the alveolar bone 

overlying the labial surface of the tooth. A technique uaing a slow-

apeed dental hand drill equipped with dental burs has been developed 

whereby a surgieal window tn the alveolar bone allows sele'cted areas of 

the rat incisor enamel organ and underlying enamel to he exposed to 
,., 

mieroinjeetions of various drugs. radiolabe1ed moleeules, and molecular 

weight markers. Experimental agents 4dministerfold systemieally are costly 

and often toxie to animaIs. The main objective of this study was to 

develop a microinjection technique in which minute -amounts of experimen

ta1 agents could be introduced through the surgical window in the alveolar 

bone and allowed to diffuse down and over selected areas of the enamel 

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

microinjeeted 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 

ensmel organ and ename1 to the two different procedures would establish 

the feasibility of the microinjection technique. 

DYNAMICS OF THE RAT INCISOR 

The well-characterized dentition of the white 

chosen for the application of this new technique. 

l\boratory rat was 

SP~cifical1y, the in-

cieor of the rat has been shown to be an excellent model system in which 

to study the complex phenomena associated with ame1bgenesia (see reviews 
. -

in Reith. 1960,' 1961, 1963; Watson, 1960; Fearnhead, 1960, 1961a, b; 

Kallenbach et al., 1963, Warshawsky, 1968, 1971, 1978, 1979; Warshawsky 

and Smith, 1971, 1974; Weinstock and Leb1ond, 1971; Kallenbacn, 1973; 

" 
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Skobe, 1976; Warshswsky and ~ugman, 1977; Smith, 1919; Leblond and Warshaw-

sky, 1979). ln the rat incisor, continuous attrition at the incisaI end 

of the tooth 1& balanced by continuous production of dentin and enalDel 

at the apical end of the --t:ooth. More precisely, the odontogenic organ ls 

reaponsible, either directly or indirectly, for the production of aIl the 
( 

hard tissues of the tooth (Smith and Warshawsky, 1977). 

Along the length of the incisor are several specialized ceU pop-

ulations. In a single we11-orientated longitudinal section through the 

rat incisor, a continuous layer of ameloblasts can be seen on the labial 

surface of the tooth. This layer contaius' the entire sequence of develop-

mental 8ta~es in enamel production and has been morphologicaHy and func-

tionally classified into s~veral different zones of amelogenesis (Warshaw

sky and Smith, 1974). According to this classification, the entire lel\8th 

of the odontogenic and e~l orgaos Is divided into the following zones: 

(1) Pres~cretory zone" (2) Secretory zone and, (3) Maturation zone. At 

the end of the maturation zone the ameloblasts become dramaticaUy reduced 

in height and end their life as a des<l,.~mating ceU-~d the gingival 

margin at the beginning of the erupted portion of the tooth. The propor-

tion of time spent by the cella in each of these zones is proportional to 

the incisor length which they occupy, indicating that the ce11s' apparent 

migration rate is about the same at the various stages of their lUe 

cycle (Leblond and Warsbawsky, 1979). 

Ilenewal of the cell populations of the rat incisor W8S studied using 
o 

3B-thymidine (Smith and Warshawsky, 1975). Iladi<?4utograRhically; it vas, . , 

established tha't a cohort of ce1h from each layer ·of . the enamel organ 18 

carried incisaq, with the erupting incisor and aU of the ce!.ls in this 

cohort reach the gingiva~ margin at the same tilDe relative to their 

atarting position. PJ;eviously, it had been reasoned tbat Binee these cells 

.-. - --_._---------
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make the bard tissues, they l1kely also IIIOve at a velocity which i8 

. 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 ceUs move and the rate 

at which the hard tissues move, are equal. However, because there i8 

growth in the length of the embedded portion of the incisor, the rate of 

cell migration, as measured relative te>, 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. 1f 

HISroLOGY OF THE ENAMEL ORGAN-RELATED PERIODONTAL SPACE 

The technique developed in tltis study involves penetration. of the 

alveolar bone into the underlying periodontal space. The periodontal 

space consists of conne~tive tissue that separa tes the growing incisor 

from the surrounding alveolar bone. At the lingual surface of the rat 

incisor, the connective tissue of the periodontal space for~ the perio-

dontal l1~ament (see review by Narayanan and Page, 1983). Related to the 

enamel organ at the labial surface of the tooth, the perlodonta1 space 
~ 

contains connective tissue arranged differently from that of the perio-

dontal ligament. This area was firet described at th~ level of the lighr;-
. 

microscope by Matena (1972) and more recently its ultrastructure has been 

determined (Berkovitz and Shore, 1978a). 

The genera1 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 denaity and shape of fibroblasts: (1) an inner enamel 

organ zone adja~ent to the enamel organ in which the cella are e10ngated 

in botb tbe longitudinal and transverse axes of the tooth and are com-

,.-. . 

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

round and sparse (Berkovitz and Shore, 1978a). '-

"The enamel organ zone consists of several layers of elongated fibro-

blasts between whlch collagen fibrils are loosely arranged and orientated 

parallel to the long axis of the tooth (Berkovitz and Shore, 1978a~. The 

flbroblasts show numêroua organelles associated with protein synthesis: 

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

// 

and microfilaments and their cell processes make contact with those of 

adjacent cells at desmosome-like junctions. The enamel organ zone a1ao 

contaius the extensive capillary netw~k of th~ developing papillary layer. 

The alveolar zone of connective tissue contains far fewer cells and 

• collagen but noticeably more ground substance. The fibroblssts possess 

the intracellular organelles asaociated vith protein synthesis and contain 

finely branching processes. Occas ionally, collagen and single nerve 

fibers are encountered. No collagen fibers are inserted into the alveolar 

bone. HOst striking la the abundance of venous sinuses that frequently 

almost completely occupY the alveolar zone. Latex casts (Kindlova and 

Matena, 1959) and longitudinal and cross sections of the incisor shdw 
[' 

the vessels ~o be arrsnged 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 organ zone at lts margins op-

posite the mesial and latersl cemento-enamel junctions. 

Comparatively, the reduced concentration. alignment and lack of inser-
({r 

tion of collagen fibers i8 obvious in the enamel organ-relsted periodontal 

space relative to the periodontal ligament. The fibroblasts of both areSs 

show considerable similarities with rèspect to general morphology. Also, 

v 
in the alveolar zone of the enamel or~an-related periodontal space, mye-

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

1 
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1isament they are IDOre numeroua and run in bund1es (Berkovitz and Shore. 

1978b) • 

The ename1 organ-re1ated periodonta1 space has been conaider-ed to 
c 

supp1y a mechaniea1 eushion, presumab1y hydrostatic in nature, protecting 

the growing tooth from in jury (Ka1ninsh and Berzinsh, 1949). 

THE ENAMEL ORGAN IN THE SECRETION ZONE 

The microinjection technique deve10ped in this study a110ws the 

secretion zone of the rat incisor ename1 organ to be exposed to various 

experimenta1 agents. ~é enamel organ in the secretion zone of amelo- . 

genesis consists of the developing papi11ary layer (outer dental epith-

elium and stellate reticu1um), the stratum intermedium, and the ame10blast 

layer. 

A basement membrane invests the basal aspect of the papi11ary layer, 

separating it from blood vessels and the connective tissue surrounding 

the ename1 organ (Lehner and P1enk, 1936). The papi11ated out1ine of the 

ename'! or'gan of the rat incisor was tirst, described by Williams (1896). 

Reit~ (1959) described the papi11ae as a series of para1le1 ridges which 

extend across the ename1 organ at right angles ta the incisor axis. A 

network of capillaries separates the ridges of the papillary layer from 

each other (Kindlova and Matena, 1959; Adams, 1962; Garant and Na1bandian, 

1968; Garant and Gillespie, 1969; Iwaku and Ozawa, 1979; Skobe. 1980). 

Between the capillaries, one or two rows of papillary cells overiie the 

stratum intermedium cells. The extrace11ular space is extensive in the 

papillary 1aYer./~ithin the -papillary cells, mitochondria are numerous 

and are dispo,sed toward the connective tissue as weIl as Iateral to the 

nuelei (Elwood and Bernstein, 1968). Endoplasmic reticulum is sparse and 

not confined to any particular reglon of the celle The stratum inter-

1 
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medium cells form a layer oné~ cell thick, adjacent to the proximal ends 
, 

of the ameloblasts. These cells are smailer than the cells of the papil-

lary layer, and their mitochondria are dispased laterai to the nuelei. " 

toward adjacent "stratum i'ntermedium cells. The Golgi apparatus ia located 

both above and below the nucleus. Vesicular structures are nurnerous in 

the cytoplasm towards the ameloblaats but endoplasmic retlculum Is aparae. 

The secretory cell of the enamel organ, the ameloblast. attaina ita 

ma.ximal heigh't ln the enamel secretio'n zone. The cytoplasm of the amelo-

blast is subdivided into infranuclear. nuclear. supranuclear. and distal 

portions (Warshawsky, 1968). The infranuclear cytoplasm houses mast of 

the ceilla mitochondria (Watson and Avery, 1954), sdme rER, and the prox-

iIMI junctional complex and ceU web (Ronnholm, 1962). The supranuclear 
r.j 

cytoplasm contains much rER orientated paraI leI ta the long axis of the 

cell and an extensive tubular-shaped Golgi apparatus (Kallenbach et al., 

1963). Smooth membrane vesicles, coated veslcles, secretion granules, 

lysosomes, and a few profiles of rough and smooth ER are présent in the 

Bupranuc lear cytoplasm (Warshawsky, 1968). SepatlÏ't ing the dis tal cyto-

plasm from the supranuclear cytoplasm ia an extensive ceU web (Kallenbach 

et al., 1965) and distal junctional complex (Warshawsky, 1978). The dis-

tal cytoplasm of the secretory ameloblast is known as Tomes' process (Tomes, 

1850) which ia further subdivided into a proximal and interdigitating 

portion (Warshawsky, 1968). Tomes' process ls devoid of organelles but 
, 

contains free ribosomes, microtubules, coated vesicles and a core of sec~ 

retion granules. 

According to the classification of Warshawsky and Smith (1974), the 

8ecretion zone of amelogenesis may be subdivided into two regions: (1) re'-

gion of inner enamel secretion and, (2) reglon of outer enamel secretion. 

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

, 1 
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enamel secretion and ends inclsally at the point where Tomes' proceaaes 

( change from those typlcal of Inner enamel secretion to those typlcal of 

outer enamel secretion. In the region of inner enamel secretion, the 

Tomes' processes incline slightly towards the apical end of the tooth. 
l 

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 inclined. The stratum intermedium consists of a single 

continuous layer of'cuboidal cella with large spherlcal nuclei. The 

organization,of the discrete layer of stellate reticulum seen in the pre-

secretion zone is lost in the secretion zone. The stellate reticululII 

and the outer dental epithelium are conaidered to collectively make up 

the deve loping papillary layer. 

The region of o'Uter ename 1 secretion begins at the limit of lnner 

enamel secretion and ends incisally at the point where the interdigitating 

portion of Tomes' proce8s disappears. The major change in this region 

i8 the thinning and lengthening of Tomes' procesaes and the increase in 

their angle of inclination tawards the apical end of the incisor. The 

ameloblast bod~ also inclines incisally to a greater extent than in the 

inner enamel secretion zone. These amelob1asts produce rods which do . 

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

thethickness of the enamel layer increases. 

RADIOAUTOGRAPHIC STUDIES OF AMELOGENESIS 

" In order to demonstrate the app1icability of the microinjectlon tech-

nique to radioautographic studies, 3H- proline, a labeled amino acld 
~ 

precuf80r of the organic matrix of ~namel. was microinjected over the 
\ 

( enamel secretion zone of the rat incisor. The organic matrix of enamel 18 
" 

almost excluaively composed of proteins and radioautography ~as been used 

~. -----._-------------
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to identi~y the sites of synthesis of these proteins and their ultimate 

~ 
destinations in the enamel organ and enamel of the rat incisor (Warshaw-

sky, 1966)., The' synthetie pathway of enamel matrix proteins has now 

been elucidated ONeinstoek and Leb1ond, 1971; Leb10nd and Warshawsky, 

1979; Warshawsky, 1979). 

8 

Radioautographic analysis of the secretory pr~cess in amelob1asts has 

shown that enamel proteins are synthesized entire1y within the ame1ob1ast 

cytop1asm as early as 10 min. after'injection of 3H-proline ONarshawsky, 

1966). The radioactive proteins are rapidly secreted as a layer of enamel 

at 30 min., and this layer of labeled en8mEl inereases in width at 1 and 

4 h after injection. At 1ater time intervals, the'labeled enamel pr~teins 

progressive1y spread from the initial site of depos1tion and become homo-

geneously dispersed throughout the entire layer of enamel. The proeess 

in wh$..ch reeently formed enamel proteins intermix witl;t previously formed 

matrix is ea11ed randomizatibn (see review in Leblond ~nd Warshawsky, 1979), 

and its significanee 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 previous1y formed enamel. 

INFLUENCE OF VINBLASTINE SULPHATE ON SECRETORY AMELOBLASTS 

ln order to demonstrate the potential of the microinjection tech-

nique for administering experimenta1 agents that alter eeU funct10n and 
-, 

. morpho1ogy, vinb1astine su1phate was microinjected over the ename1 sec-

retion zone of the rat incisor. The vinka alkaloid vinb1astine sulphate 

has beEn shown to disrupt micro tubules (Ekho1m et al., 1974; 'Ericson, 1980j . 
Williams, 1981), and to Interfere with secretion (Redman et al., 1975; 

Ericson, 198~Wil1iams, 1981). Vinb1astine binds to the microtubule sub-

unit tubulin, preventing polymerization, and results in a 10s,8 of micro-

--_ ... ------~---~ .. • --..... t-~_:_---
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tubules (Dustin, 1978). Secretory activity of the ameloblast i8 severely 

altered sfter systemic injection of vlnblastine (Mae and Mlkkelsen, 1977; 

Takuma et al., 1982; Nanci. 1982), and siml1ar r~~ults were slso obtained 

with colcemid (Karim and Warshaw~ky, 1979; Nlshikawa and Kihmura, 1982). 

Mlcrotubules are absent and the:organization ~f intracellular organelles 
f 

is altered. In particular, secretory granules are no longer seen in 

" Tomes' process, and instead, ectopie secretion sites are observed between 

ameloblasts. Therefore, vinblastine Is frequently used as a biologieal 

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

IN VIVO EXPERIMENTATIONS ON RAT INCISORS 

Previously, many methods of in vivo experimentation on rat incisora 

have been implemented. Surgical manipulations such as root resections 

and transections (Berkovitz and Thomas, 1969; Berkovitz, 1971) have con-

vincingly implicated the periodontal ligament to be directly or indirectly 

associated with the mechanism of the eruption of the "tooth. These' pro-

cedures involve surgically removing a portion of the, mandibular alveolar 

bone and wounding or relllC?ving the underlying dental tissues. Other ways 

of penetratifig the alveolar bone hav.e been' developed (iHelcher, 1970; 

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

the Blveolar bone to the levei of the periodontai ligament in mouse molars 

in order to stimu1ate and locate progenitor cells of the periodontal 1agament. 

PURPOSE AND ORIGINALITY OF THIS STUDY 

With surgi4l manipulation in mind, this study was undertaken in 

or der to determine the feasibil1ty of approaching the ename1 organ of the 

rat incisor through the alveolar bone overlying the lab~al surface of the 

tooth. This theais describes an in vivo experimental procedure which has 

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

~-------rt------------_·------------------------~ 
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"~":,feasibl1ity of this new technique 18 compared and contrasted to the con-

ventional method of systemie injection. 

.This la the firat attempt t0,rtilize such a system to explore problems 

ln ame logenea ia • Us ing this new technique ~ micro injections of 3H-proline 

were localited radioautographically and show an identical pathway of 
" 

incorporation into the enamel matrix as that aeen after systemie injec-

tion. Mlcroinjection of vinblastine sulphate caused morphologieal and 
- . 

functional changes in ameloblast structure again identical ta those pro-

duced by systemic injection. This study has alao demonstrated the per-

meability of the enamel matrix to relatively large molecular weight 

substances as shown by the diffusion of l25I-salmon calcitonin into the 

enamel matrix at 10 minutes after microinjection. Furthermare, this study 

has demonstrated the susceptibility of the enamel ta trauma following 

me~hanical breakthr~ugh of the alveolar bone surrounding the tooth. This 

may have important clinical significance during surgical procedures in-

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

ANlMÀLS AND TISSUE PROCESSING 

Sherman and Sprague Dawley rats weighing approximately lOOgm -were 

used in this study. The animals were anesthetized with intraperitoneal 

injections of Nembutsl and sscrificed by perfusion through the 1eft ven-

, 'tric1e with laetated Ringer' s solution (Abbott) for 30 sec .. followed by 

11 

'perfusion for 10 min. with an aldehyde ~ mixture consisting of 2'X. acro1ein 
\ 
sn~ 2.5% glutaraldehyde in 0.05M sodium cacodylate buffer, pH 7.3. The 

mandt~les vere disseeted a~d lmmersed in the above fixative for 4 h at 

4'C fo~wed by w •• hing in O.lM sodium caeOdYlat~ buffer contai~ing 
0.05% CaC , pH 7.3. The mandibles were then decalclfled in 4.l3~ iso-

~ - " 
tonie, neut 1 disodium EDTA ~arshawsky and Moore, 1967) and were cut 

into segments hat were extensively washed in the above O.lM sodium 

cacodylate buffe • The incisor segments were subsequently post-fixed in 

2% o8m~um tetroxid for 4 h st: 4·C, dehydrated in graded ~cetone and em-

bedded in Epon 812. 

LIGHT AND ELECTRON MICRO COPi 

Each segment was orien: ated for aectioning along the long axis of 1 

, ' 
the incisor. One J.1lII thick s t;io08 were cut with glass knivea on a Re1eh... 
ert Om U2 ultramicrotome and 8 ained vith toluidine bIne. Thin sections 

(gold Interference color) were eut ~with a diamond knife. mounted on copper 

grida and stained with uranyl acetate (Watson, 1958) for 5 min. and 1ead 

citrate (Reynolds, 1963) for 3 min. Sections were examined with either a 

Siemens E1miskop lA or a Siemens 101 at 80KeV. Sections used for light 

microscope radioautography were placed on a hot plate l'rewarÎDed to 80 Ct 

\ 
-- '-----\, ---
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flooded. vith a mordant solution of 5t ammonium sulfate for 10 min .• rinsed 

in distilled water 'and replaced on the hot plate. They vere then f100ded 

vith Regaud' s 1% hematoxylin for l min. and again Tinsed in distilled 

vater. Sections were differentiated vith tap,wat~r for J min. folloved . ' -
, 
by a last rinse in distilled vater. The sections were then coated with 

'. ~dak NTB2 emulsion and exposed for various ~ime intervals (Kopriva and 

Leblond, 1962). 

DRlLLING TECHNIQUE 
/il 

AnimaIs were anesthetized with an intraperitoneal injection of Nem-

butaI and the inferior surface of each hemi-mandible was surgically 

\ 

exposed. Re trac tors were used to hold back the musculature and the area 

vas kept moist vith rinses of physiologieal saline: A slov-speed dental 

hand drill equipped vith a straight handpiece and carb1de dental burs 

vas used to drUl a small hole through the alveolar bone overlying either 

the secretLon or maturation zones of the enamel organ (Fig. 1). Complete 

penetration through the alveolar bone into the vascular periodontal space 

overlying the enamel organ was determined by tactile sensation and im-

mediate bleeding upon breakthrough. The bur vas removed and gauze was 

placed over the hole for 1 min. to stop the bleeding and the are~ vas again 

rinsed with physiologieal saline. ln animaIs that were saerificed within 

10 min. after drilling, the wound was kept moist. ~ut open. At longer 

Ume °intervals the wound was closed and during recovery the mechanical 

trauma to the under1ying dental tissues DXJved away from the hale due to 

the continuoU8 eruption of the tooth. 

Recovery from trauma 

In ,order to follow the recoyeryand repair of mecbanical trauaa 

ï 
1 , 
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'caused by the drill~ 'hemi-mandibles of 12 animaIs vere surgically exposed 

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

bide dental bur was used an~ each hemi-mandible vas drilled in the alveolar 

bone'cwerlying the secretion zone of the enamel, organ. The animaIs were 

sacrificed at 0 h, ~ h. 2 d, and 5 d after drilling, by intracardiac 

perfusion and the tissues were proeessed. Longitudinal sections of the 

incisor were eut so as to inelude, in the same plane of section, both 

the original hole in the alveolar bone and the area of tràuma to the under-

lying dental tissues that had mo~ed away from the hole due to the con-

-

tinuous eruption of the tooth into the oral cavity. 

Experimental application of heat 
- .. 

In an attempt to simulate local frictîonal heat generated by the 

drill, two animaIs were used in which the driIIing procedure was carried 

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

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

dontal space. A similar bur was heated to "red-hot" in an open flame . 
and was 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 animaIs vere sacrifice'd immediately by intra-

cardiac perfusion an,d prepared for sectioning as described above. 

Bur configuration . . 
AnimaIs were preparedo for drilling as described above with the excep

tion that the burs used to penetrat~ ~he alveolar bone toÙthe levei of 

the periodontal space were of different size, shape and blade configuration. 

The various burs were obtaine~ from Beaver Dental Products, Ltd. and their 

yariations are shawn in Fig. 2. ~urthermore, a hand-held dental reamer 

, 
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was slowIy rotated between two fingertips. and in this manner. was used 

to penetrate the aIveolar bone. The animaIs were immedi~tely sacrificed 

by intraeardiac perfusion. 

MICROINJECTION TECHNIQUE 

Animais were driiied in 'the aIveolar bone overlying the secretion 

zone of the enamel organ. The wound was closed and during recovery the 

mechanical trauma to the underlying tissue movèd away fr~m the hole by 

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

was re-exposed ta permit microinjectio~s as described below. 

Description of microinjection apparatus 

-
A vertical compact micromanipulator (Brinkmann Instruments, MOdel MM 

33) was mounted o~ a column stand and a micrometer (Scherr-Tumico, Ine.) 

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. JlO) 
{' 

and were fitted with 33 gauge iuer lock needles. A rubber band was used 

to keep the plunger of the syringe firmly appiied to the plunger of the 

micxometer. In this way. smali amounts of the solution to be inje~~ed 

were drawn, into the syringe by the micrometer. Graduations on the micro-
\ 
meter were calibrated ta the graduations on the syringe which allowed 

dispensing of aecurate, reproducibie, minute volumes of solution. 

Microsyringe procedures 

Due ta the small bore siz~ of the 33 guage needles used in this 

study. severai precauti~ns had ta be taken to insure accurate and consis-

tent microinjections. The needle tip was filed down from its original 
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bevel ta a Hat surface using 600 grade emory cloth. Both mlcrosyringe 

and needle were thoroughly rinsed with physiologieal sa1in~; rapidly 
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plunged to remove any compress ible air bubbles, and the plunger was slowly 

withdrawn 80 as to parti~l1y fiU the syd.nge with a "buffer zone" of 

saline. The syringe was then mounted to the micromanipulator. Solutions 

could noW' be drawn into the syringe of, the, micromanipulat~r assembly. 

Th~ syringe was filled only immediately prior ta injection and paraffin 

~ 

fillll was used to seal the tip of the needle between ~njeetions ta prevent 

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

the needle. 

Hicroinlec tian of 3H-proline 

L(2,3-3H) proline (specifie activl-ty 32.2 Ci/lJllIol) was purchased :l:n 

O.OlN Hel (New Engladd Nuelear). Un~er a stream of nitrogen gas, 0.1 ml 

of solution containing 100 lJCi of 3H-proline, was evaporated 1;0 dryness. 

Th~ amino' aeid was redissolved in 1 ~l of physiologieal saline to provide 

for ten injections of 0.1 11-1 containing 10 ~i of 3H-proline. The . /" . 

solution then slowly was drawn into the micro syringe . Two days prior 

-
ta microinjection, a minimum of 20 animals were drilled in the alveolar 

bone overlying the secretion zone of the enamel organ in both hemi~ 

mandibles and al10wed to recover. The hales were then re-exposed and the 

tir of' the needle was lowered approximately 0.5 ml into the connective 

il ! \. 
tiLssue plug that had filled the lesion in the bone. Appro~imately 0.1 1J.1 

of solution containing 10 ~i of 3H-proline was microinjected under a 

dissect~ng microscope into the right hemi;'mandible. The needle was ~ith-

drawn immediately, the solution was allowed to " s ink in" for 2 min. ~ and 

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

were itcrificed at 10 min., 30 min., l h, 4 h~ 1 d, and 2 d aftel' mrcro-

j ,) j) ;.' 
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injection, by intracardiac perfusion. The tissues were processed for 

radioautogr aphy. 

MicroinJection of vinblastine sulphate 

A group of five rats was drilled in bath bemi-mandibles as above. 

two days prior to microinjeetion. The right hemi-mandiblea were micro .... 

injected with 0.1 l-L1 of a stoek solution of 5 mg/O.30 ml saline of vin-

blastine sulphate (Sigma). Injections of physiologieal saline into tbe 

left hemi-mandibles served as controle. AU animals were sacrificed by 

intraeardiac perfusion two hours after mieroinjection. 

Microinjection of 1251-salmon calcitonin 

Synthetic salmon ealcitonin (sCT); approximately 2500 rrIJ/Jl8, waS 

iodinated with isotopie sodium iodide (Na 1251); specifie activity 17 

~ilmg (New England Nuelear), by the Ch10ramine T method described by Bun-" 

ter and Greenwood (1962). Follawing these procedures the supernstant con-

,taining the 1251-sCT (M.W.-3600n) was subsequently evaporated to dryness 

under a stream of nitrogen gas and redissolved in 2.5'1 (w/v) bovine serum 

albumin in 25 mM TRIS-HCI buffer, pH 7.4. From this solution. 0.1 J.11 

was mieroinjected into the right hemi-mandibles of two 100gm ~ats dril1ed 

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

and the allima1s were sacrificed bJ' intracardiac perfusion 10 min. there-

aftër. The tissues were proee'Bsed for radioautography •. 

ANALYSIS OF THE PElUODOHTAL SPACE 

Five Sherman rats weighing approxillBtely lOOgm were aneathetized . 
and sacrificed by perfusion as ~eseribed above. Mter decalcification. 

a segment containing the inner enamel s~cretion zone, corresponding to the 
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drill site of the previous experiDients, was dissected from the right hemi-

mandible of each animal. The segments were washed in O.IM sodium caco-

dylate buffer, post-fixed in 2% osmium tetroxide, dehydr_ated in graded ' 

acetone and embedded in Epon. One ~-thick sections were coc in thé 10ng-

itudinal axis of the incisor and stained with toluidine blue. 

The tissues related to the enamel aa.pec~of the incisor were divid~d 

into the folloving compartments: (1) bone, consisting of thè alveolar 

prebone an~ bone but not; including, adjacen't peri08teum and endo8teUDI» (2) 

periodontal space, consisting of the conneCtive tissue between the alveolar 

bone and the deve }.oping" papillary layer, (3) ename 1 organ, cons isting of 

the entire enamel organ inclu,ding the capillaries of the devel\')ping pap-

illary layer b~t excluding the interdigitating portion of Tomes 1 process 
b 

found therein and, (5) venouS sinus, consisting of the venous sinuses 

., found within the periodontal spaee • 

"Figure 3.1. . 

These compartments are outlined in 
~ 

One histologieal section from each of the five animals vas seleeted 

for this study. 4. rectangular area vas super1ldposed ov~r the c~lnpart-

ments related ta the zone of inner enamel secretion (Fig. 3.1). The rec-

t~ular area vas orlentated so that 1ts length vas perpendieular to the 

1 

enamel. Within eaeh rectangular area, the relative area and thicknes8 of 

each compartment to the total compartmental area and thickness was measured 

using a Zeiss K>P-3. The thicknes8 of eaeh compartment was determined by 
# 

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

the tooth. Three adjacent rectangula~ areas (a,b,c) in the inner enamel 

, secretion zone vere measured in each animal. 
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RBSUL'lS 

DEFINIMG THE LESIONS 

Drilling througb the alveolar bone of the mandible c:auses trauma to 

the underlying dental tissues that maves lncisally avay from the drill 
" 

site due to the continuous eruption of the tooth. Figure 4 shows the 

trauma and its incisaI movement two days after drilÜng. The dental tls-

aue traulD& appears as an altered or ruptured enamel organ overlying a 

c:omplete discontinuity in the enamel layer. This discontinuity extends 

c:o,upletely through the enamel to the dentino-enamel junetion. The bone 

le810n at the drill site iB seen as a hole in the alveolar bone filled 

vith a plug of connective tissue. A "healthy" reglon of enamel and enamel 
e.. 

organ bas been passively carried underneath the bone les Ion due to the 

eruption of the tooth .(the large arrow indicates the direction of tooth 

eruption). Note ~he vaseularity of the reglon between the enamel organ 

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

, 
Alveolar bone les ions 

The bone les ions are seen in histological sections as prominent inter-

upt10ns of the alveolar bone. Figures 5 and 6 show two 'lestons drilled 

over the enamel secretion zone in vhich the animaIs vere sacr1fic:ed tvo , 

o days after dr1l11ng. The enamel leslons have moved iucisal1y and "healthy" 

.. 

enamel and enamel organ has advaneed underneath the drill site. The eut 

edges of bone are clearly visible and bone fragments oecasionally sur-

rounded by cells resembling osteoelasts may be observed. Bleeding often 

oc:curs into the c:o~nective tissue of the periodont~l 'space and exte1s 

laterally from the drill site. Normal vascular channels tra1)'ersing the 

-- -- -----------------
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the alveolar bone are nuœerous and lined by osteoblasts. Occasionally, 

the drilling will cause a "bone flap" to hang down in a manner. tbat com

presses the enamel organ as it mayes past the flap during eruption (Figs. 

7,8). The 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 ta the ename!: or enamel organ. In 

both examples, the hemi-mandibles were drilled over the enamel secretion 

zone, complete penetration of the alveolar bone was achieved, and the 

animals.vere sacrificed imrnediately (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 mu1tinucleated, contained numerous mitochondria, and showed the 
'. 

characteristic clear and ruffled zones suggestive of bone resorption. 

These cells also may be found lining the cut edges of the bone lesion. 

Frequently found within the connective tissue plug of the bone lesion are 

osteoblast-like cells, filled with distended rER and surrounded by 
'. 

numerous, small collagen fibri1s (Fig. 13). Osteoblasts a1so are found 

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

Enamel and enamel organ lesions: Light microscopy 

Drilling of th~ labial alveolar bone in the rat hemi-mandible almost 

invariably causes leslons in the enamel organ and the underlying enamel. 

The lesions presumably occur when the drill bur penetrates the alveolar 

bone and plunges a short distance into the periodontal space. Animals sac-

rificed immediately after dri1ling (0 h) exhibited~the same degree of 

trauma as those les ions in which the animais were sacrificed up ta 5 days 
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after drilling. Figures lS and 16 show les ions at 0 h in which the enamel 

and enamel organ have been completely stripped from the dent in. In most 

cases, the dent in shows no sign of trauma (Figs. 16-19). The enamel organ 

of the les ions in which the enamel is completely stripped from the dentin 

may be ruptured and disp1ay a "gushing" effect: (Figs. 15,16), or may be 

completely intact for the extent of the lesion (Figs. 17-19). In the 

.JI 
latter case, seriaI sections show the enamel organ ta be'ruptured at some 

1 
point over the enamel lesion. Fragments of enamel may be seen at some 

distance from the enamel layer (Fig. 16) and oecasional ~_remnants of en-

amel may be se en at the dentino-ename1 junction (Fig. 18). 

AnimaIs sacrificed at 12 h after drilling show similar enamel lesions 

(Figs. 20,21). Remuants of enamel remain at the dentino-enaIll!'!l junetion 

~nd many red blood cells are pres~nt 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. Rad profiles are readi1y apparent 

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

At 2 d post-drilling the enamel lesions have moved incisally approx-

imately one millimeter. This corresponds to the normal rate of tooth 

eruption (Smith and Warshawsky, 1975). Figures 22 and 23 show enamel eom-

pletely removed at the dentino-enamel junction, th~ dentino-enamel junetion 

• i8 unscarred, and clusters of red blood cells are seen at the lesion site • 

tfote that the vaseulature of the periodontal space remaina relatively 

intact (Fig. 22). The lesion in Figure 24 again shows à typical accumula-

tian of blood, a ruptured enamel organ, and lack of enamel. Furthermore, 

'Severai new features of the lesion become apparent. At the dentino-enamel 

\ 

junetion and extending only as wide as the lesion, can be seen a thin 

( 
layer of dark-staining material. This material 18 not present where enamel 

completely cavera the dentine At the periphery of the ledon, an amorphous 

----.. _j~.,r~*_,.b • 
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dense material frequently j.s observed between ame10blasts 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 appear to be in intimate contact with 

the enamel. Figures 25 and 26 show a les ion at 2 d post-drilling that was 

dri11ed in the outer enamel secretion zone and has since moved into the 

enamel maturation zone. This lesion shows what appears to be slDOoth-

ended ameloblasts extending over the ragged edge of the enamel at the 

periphery of the les ion. TheBe cells still show intimate contact with 

the enamel. Separated rod profiles are apparent and cella may be seen to 

"creep" between the ename1 and the dentin where the ename1 is slightly 

torn away. Figures 27 and 28 again show similar featùres. The cells 

lining the dentino-ename1 junction may be derived from the enamel organ 

as the capillary network of the papillary layer ~y be followed over the 

1esion. The cells resemble stratum spinosum or stratum intermedium cells. 

The dark-staining material aga in 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. Ame 10-

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 endothe lium, are found between ameloblasts. These accumula-

tions conform to the spatial limitations of the ameloblast layer. 

Lesions at, 5 d: post-drilling show featureB similar to those at 2 d 

post-dril1ing (Figs. 30,31). A gross preparation of an animal sacrificed 
, 

24 d after drilling is seen in Fig. 1. Bone remodeling has ()ccurred at the 

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

distance hetween the bone lesion and the enamel lesion corresponds to the 

normal eruption rate over a 24 day period. 
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Ename1. and enalDe! organ lesions: Electron microscop:y 

At the periphery of the leslon, 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 mieroscc)P1eally 

in Figs. 28,29). Red blood cells were also observed in the periodo~tal 

space (Fig. 34). 

Aiso at the periphery of the les ion 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 shows a mononuclear 

cell, with mitoehondria and a moderate amount of rER, apposed to the enamel 

surface •. The cell membrane follows the irregular contour of the enamel 

surface and possesses junctional specializations with neighboring cells 

(Fig. 36). Observed between- two cells of this type is an amorphous, homo-

geneoue, light-staining material (Figs. 35,37). Higher magnification 

shows these accumulations to be either of a granular nature (Figs. 38,40,41) 

or homogeneously dense (Fig.:';39; corresponds to the black arrow in Fig. 24). 

The lighter-staining substance is not always present, but the cells.freq-
" 

uently show finger-like projections into the intercellular space ~igs. 40,41). 

Ano~her eell type often seen apposed to enamel at the periphery of 

the les ion is shown in Figures 42-44, These cells are osteoclast-like 

in appearanee and possess clear zones and numerous mitochondria character-

istic of osteoelasts. They have finger-like projections into the inter-

cellular space but otherwise, the cell membrane follows the irregular 

surface of the enamel. Occasionally seen within the clear zone are mem-

brane bound structures containing what appears to be enamel (Fig. 43), 

Figures 45-47 show cells closely apposed to the enamel surface. In aIL 

cases, mitochondria are numerous. A ruffled border may be present (Fig. 46) . 
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or simple çytoplasmic ~xtensions .y interdigitate vith the enamel (Figs. 

45~41). Higher magnifications of membrane-enamel relationships (Figs. 48-

50) show vacuolar and vesicular structures within the cytoplasm. These 

structures and their contents are occasionally continuou8 with the plasma 

membrane and are therefore exposed to the enamel (Figs. 49,50). Membrane-

bound granules, aimilar to the secretion granules of ameloblas'ts, are 

sometimes observed CF~g. 50). Also, coated pits, desmosomes, and other 

junctiqnal specializations are frequent CFig. 47). 

The enamel at the periphery of the les ion presents one of severa! 
, 

abnormal morphologies (Figs. 51-54). Generally, rod profiles appear sep-

arated (corresponds to the white arrows in Figs. 20,26) and frequently a 

11ghtly granular or filamentous material is dispersed between the rod and 

inter,rod enamel. Occasionally, rods may be delineated only by sheaths-

of greater density at their periphery (Fig. 53). 

Also ass,ociated with the ena'mel at the periphery of the lesion are 

amorphous deOBe globules CFigs. 55-57). These globules are most freq-

uently seen at the rod-interrod interfacè or are seen within the lightly 

granular material mentioned above. These same globules may also be seen 

in close association with membrane remnants ÇFigs. 58-62). Most freq-

uently, "the globules are aligned between the membrane and the enamel but 

,sometimes may be completely enc~osed by membrane. 

Freqùently seen within the enamel at the periphery of the les ion are 

amoeboid cells "crawling" through the separations of rod and interrod 

enamel (Figs. 63,64). These cells havé a prominent Golgi apparatus, 

relatiyely little rER, and an abundance of lysosomes. Accumulations of 

lipid 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 les ion the enamel has been completely removed. 

In its place, at the dentino-ensmel junction, an smorphous layer of mat-

erial can be seen (Fige. 67-72). This layer comp1ete~y covers the dentin, 

~y vary in thicknesB, and extends to the periphery of the lesion where 

enamel aga in overlie~ the dent in (corresponds to the white arrows in Fige. 

24,28). At higher ~gnification this layer seems to be bounded ~y two 

zones of increàsed'densityÇFig. 71). In aIl cases, the arrangemen~ of 

co1lagen fibrils in the dentfn i8 abnorma1 at the dentino-enamel juncÙon 

since the irregular interdigitations of initial enamel and dent in nor-

mally seen, are not present. 

EFFECTS OF HKAT AND BUR CONFIGURATION 

The"procedure for application of heat to the alveo1ar bone (Materials 

and Methods) did not cause any tX:l\~tOar ta -the underlying dental tissues. 

Animals sacrificed inunediately after the "red-hot" bur was placed in the 

drilled pit in the alveolar bone showed a complete1y intact enamel organ 

and enamel (Figs. 13,74). However, leucocytes and red blood cella were 

numerous at the drill site. 

Drill burs of different size, shape and blade configuration used to 

penetrate the alveolar bone aIl caused equal degrees of trauma ta 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 way a8~the lesions previously described in which the animaIs were 

sacrificed immediately after drilling (0 b). The enamel organ la torn 

away from the ename1, the ensmel ls completely removed from the dentin, 

and the dent in at the dentino-enamel junction remaina undamaged. AlI the 

drill burs in Figure 2 cau~ed similar lesions. 

The hand-held dental reamer used to penetrate the alveolar bone, did 

-------
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no~ cause Any trauma to the underlying enamel organ or enaJDel. 

( RADIOAUTOGRAPHIC LOCALIZATION OF 3H-PROLINE 

The microinjection technique aUowed amall &mounts of 3H-proline to 

be introduced into the right hemi-mandible over the enamel secretion 

zone. The labeled amino acid was then utilized by the secretory _aJDe10-

blasts and incorporated into aIl proteins being synthesized at tbat time t 

including the enamel matrix proteins. At 10 minutes after microinjection, 

silver grains\were located over tjJ.e supranuclear region of the aœloblasts 
, 

(Fig. 77). By 30 ~inutes, the distribution of the label in the supra-
J 

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

l , was aeen over Tomes' _processes of the ameloblasta (Fig. 78). At 1 hour 

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 l-day the reaction was seen over the enUre depth of the enamel 
1 

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

were still observed over the amelob1asts. BY't.2 da ys aiter microinjection, 

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

seen over ameloblasts, which were now amelohlasts of outer enamel sec-

retion (Fig. 82). 

Frequen~ly, 3H-proline entered the bloodstream after microinj;ction. 

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

uninjected contralateral Ieft hemi-mandible (Fig. 83) in the same animal' 

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

an intense radioautographic reaction over cells in the connective tissue 

( 
plug at the drill site l clay post-microinjection. Osteoblasts Uning 

\ J 
.. 
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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 
f 

over the calcification front of the dentine 

RADIOAUTOGRAPHIC LOCALlZATION OF 125I-salmon CALCITONIN 

" 125I-salmon calcitoni.n microinjectèd into the right hemi.-mandible 

over\ the early maturation zone was localized by radioautography 10 min-. 

utes after microinjection (F-ig. 85). Most striking was the reacUon ob-

26 

served over the entire thi.ckness of the enamel. Silver grains were found 

in greater density in the outermost enamel but nevertheless extended 

completely over the enamel up ta the dentino-enamel junction. The dentin 

only showed backgro~nd labeling. Labeting also was seen over thè amalo-

blasts and over the periodontal space, but to a lesser. extent over the 

papillary layer. 

EFFECTS OF VINBLASTINE SULPHATE 

Microinjection of vinblastine sulphate intp the right hemi-mandible:. 

ov,er the enamel secretion zone of.. the rat incisor) caused numerous dis-

ruptions' 'of normal morphology of the secretory ameloblasts. The organiza-

tion of organelles within the ameloblasts was disrupted (Figs. 86-93). 

The, infranuclear zone contained mitochondria, l'ER, and numerous secretion 
, 

granules (Figs. 86,87). Occasionally, Golgi saccules were se en in this 

region "(Fig." 88). Figure 87 .. shows the linking of several secretion gran-

ules by a continuous membrane. In the supranuclear zone, marked accumula-

tions of granules were sèen (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 granulaI', dark-staining 

. 
'\ 
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---.. 
material were seen between anieloblasts (Figs. 89,91). Tomes' processes 

(~ also showed si,gnificant alterations in normal morphology. The inter-

\. 

digitating portion of Tomes' process was cornpletely devoid of organelles 
'.' 
, .. ~ , , 
l" 

(Figs. 92,93). Although a few membrane infoldings were found, they were 

not as fréquent as in controls. A tubular network was 60metimes observed 

in Tomes' process (Fig. 92) and coated pits also' were seen (Fig. 93). 

Microinjection of physiologieal saline served as controls and thesè an-

imals showed normal ameloblast morphology. 

THE PERIODONTAL t,SPACE d 
l' 

ù 

The relative areas of the labial periodontal and' dental compartments 

" 
to the total compartmental area in the inner enamel secretion zone of the 

mandibular incisor arë shown in Table 1. Similar areas were measured 

among the, experimental animaIs. The alveolar bone compartment" occupies_ 

the largest relative arèa. 

The relative thickness of each of the compartments to the total thick-

ness in the inner enamel secretion zone is shown in Table II. Note that 
~ 

Î 
the cornbined relative thiekness of the periodontal space and the enamel or-

1 
gan appr0d'ima'tely is equal to the re lat ive thickness of the alveolar boue. 
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DISCUSSION 

-. 
This study has demonstrated a new technique whereby the formation 
~~ 

21 

of a surgical 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 microinjecttions of various experimental agents. The application 
-b 

of this procedure to the well-characterized dental tissues of the rat 

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

plex phenomena of amelogenesis. 

RESPONSE OF THE ENAMEL ORGAN AND ENAME!. TO DRILLING PROCEDURES 

In the- early stages of this work, it was noted that complete penetra-

tion of the labial alveo1ar bonè of the rat incisor by a carbide dental 

, bur attached to a slow-speed dental band drill, almost invariahly caused 

--~~~---_.------

trauma tp the underlying enamel organ and enamel in the zone of enamel 

secretion. This trauma occurred as a ruptured enaiDel organ and coaap1ete 

removal of the enamel up to the dentino-ename1 junction (Flgs. 15-31). 

Immature enameb,~aken from the zone of enamel secretion ls often referred 

to as .lcheesy-ename1" and contalns about 301 organic matrix by welgbt 

(see review'ln Leblond and Warshawsky, 1979). Massive net selective 1088 

of enamel ~trix proteins' occurs at a falrly_specific stage of deve1op-

ment at or shortly after the full thickness of the tissue bas been laid 

down (Robinson et al., 1971, 1978, 1981). It. is not c1ear bow tbe organic 

~trix is removed. Pettstration of the alveolar bone overlying the ename1 

secretion zone by drilling causes complete removal of enamel underneath 

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

indicates that the enamel in the secretion zone 18 relatively 80ft ancl 
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can be disturbed by nearby turbulence such as that caused by the drill ! .. 
bur. The more rigid matrix of the dentin remains intact and undamaged 

along the ent ire length of the les ion. 

Several possibilities as ta the cause of the trauma were investigated. 

Superficially, it wou Id appear that the enamel Lesion was the result of 

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

ename 1 organ and by the shape and extent of ename 1 10ss. However, severai 

histological features of the Lesion and the experimental techniques employ-

ed argue against this possibility. Firstly, complete penetration of the 

à1veolar bone by the bur almost invariably produces identicai les ions of 

the enamel organ and e'bamel. In each of these les ions , the enamel layer 

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

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

'ly thin layer of enamel, :Lnevitably 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 ename1 and dentin show 

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

ure -94. This possibility i8 not supported by the consistent reproducibility 

of identical enamel lestons in which the layer of dentin remains unBcarred 

and intact along the entire length of the lesion. SecondlYL~t the periph-

ery of the les:lon, there may be a complete 10s8 of enamel, yet the integ-

rit y of the enamel organ persists (Figs. 17-19) and the dentin remaina 
, L_.....,. 

undamaged. Althougb seriaI sections show the enamel organ to be ruptured 

at some point over the central region of the les ion. the loss of enamel 

underlying an intact enamel organ may not be explained by the penetrat,"on 
1 

.... of the bur into the enamel. Thirdly, the use of a slow-speed band d:ti.1l 

was chosen 50 as to allow good tactile sensation in the bands of the 
, 

investigator. During the course of this study, the drilling procedure vas 

1 

.,. ....... ~_-._ ......... lk __ .iO_ .. ___ -'-_ ........... ~~ __ I ... --____ ,_, _______ -----

::4.1 1 t 

\' 

t 
,>< 

,l~ 

~ 

1 ~ 
~ 

,-, 

-lé , 
< 
) 

.-

1 
J 
ï 

1 
1 
l 

, ~ 
-: 



" 

\ 

( 

• 

29 

performed on a 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 zone ot the period.ontal 

space. The bur immediately was withdrawn following tactile sensation of 

breakthrougH and the appearance of blood. ln a further attempt to clarify 

this issue, measurements of relative area and length were made of the 

tissue compartments in this area (Tables l,Il). 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 distanc~ equal to the 

combined thickness of the periodontal space and enamel organ compartments, 

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 alveolar bone. For these reasons it was concluded that the 

enamel Lesion is caused by factors other than contact with the drill bure 

The heat generated by the frictionsl interface between the bur and 

the alveol~r bone vas considered suspect in causing the Lesion. This poss-

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

sballow pit in the alveolar bone, for the same time interval that it taus 

to drill a hole completely through the alveolar bone (Figs. 73,74) •. This 

procedure applies heat far in excess of Any ~~ictional heat generated by 

the dril~ing. ln these experiments, although empty osteocyte lacunae and 

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

were fouod, tbua indicating that frictlonal heat does not cause the enamel 

lesious. 

Another experimental paramet:er cooa;l.dered suspect in c4W8ing the 

i ... 4 _____ ·~_.-_, __ ... '~_ .... "''" ..... - 1 .. , "'iN • .., Hf .. • ~. 
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ename1 1esions wàs the size, shape and b1ade configuration of the bur., 

( " To investigate this ~ossibility, different burs were used to penetrate the 

alveolar bone (Fig. 2). In aIL cases. these burs caused similar ename1 

lesions (Figs. 75,76). ln 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 ename!. 

The results of this study 8uggest 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 immedlately ls withdrawn. Howéver, during the short period of time 

that the bur is actually within the periodontal space it ia 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 les ion suggests that a portion of ename1 directly below the rotating~ 

bur is "tornll away from the enamel layer. 

The les ion occurs immediately after driIIing of the alveolar bone 

(Fig8. 15,16) and presumab1y undergoes repai,r as evidenced by the appear-

ance àf 1esions in which the animal was sacri,ticed at Iater time intervals 

after drilling (Figs. 17-71). At the periphery of the 1esiop, cells show 

intimate contact with the ragged edges of th*-: enamel (Figs. 35-37, 45-50), 

accumulations of a dark-staining material, similar in nature to the organic 

uatrix 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-lib cella appos-ed to the enamel may show signs of secretory or 

t >'1'1)0'''' __ ''_'_1 ."" ..... 1 ...... ___ ••• _-.,.------~--.- ---_. ~_ .. __ . -- --
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resorptive activity (Figs. 42-50) •. Red blood ceUs may aceumulate between 

these amelob1asts (rigs. 27-29,32,33), indicating a nearby rupture of at 

least the proximal junctiona! complexe Centrally, where the enamel has 

been completely stripped away, the leslon is characterized by an amorphous 

• 
layer of material at the dentino-enamel junetion (Figs. 67-72). This 

may represent an adsorption of local~ non-specifie proteins to the exposed 

dentine 

. 
Routine thin sections and freeze-fracture replicas of secretory amelo-. 

, . 
blasts revea1 a proximal and distal junctional region associated witb a 

moderate proximal eeU web and an extensive distal ceU web (Ka11enbach 

et al., 1965; Warshawsky, 1968, 1978). The cella of the deve10ping pap-

illary layer in the secretion zone also are eharacterized by frequent 

junctional contacts (Kallenbach, 1967; Elwood and Bernstein, 1968). The 

trauma caused by the drilling frequently tears the enamel organ away from 

the ensmel (Figs. 17-19). At the periphery of the---1.esion, the eosmel or-

gan'may be torD from the enamel yet'maintain its organizational integrity. 

This elasticity presumab1y results from the nurnerous junctional contacts 

witbin the enamel organ. This feature aga in i5 demonstrated by the ability 

of the enamel organ to "squeeze" beneath an interfering bone flap produced 

~-
by the drilling procedure (rigs. 7,8) a8 the enamel organ is carried in-

cieaUy by the eruption of the tooth into the oral cavity. 
• 

APPLICATIONS OF THE MlCROINJECTION TECHNIQUE 

"'-
The microinjection technique described in tlÎis study has demonstrated 

a new in vivo approach ta experimentation on rat incisors. 3H-proline and 

vinblastine sulphate were successfu11y microinjected over the enamel organ 

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

results identical to those following systemic injection. In sorne circum-
l . 
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8 tances, the micrQirt)ec t ion technique has several advantages over the 

( method of systemic injection. Firstly, experimental agents that are toxic 

to animaIs when administered systemieapy ma.y be mieroinjected over select-

ed areas of the enamel organ and enamel, and the animal may be saerificed 

at any time thereafter. Secondly, in the continuous ly growing ioeisor of 

tbe rat, a cohort of cells in the ensmel organ and the underlying enamel 

matrix, at any specifie developmental stage of amelogenesis, may be select-

ively exposed to various experimental agents. Furthermore. due to the 

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

underlying enamel, and the fa te and effects of the previously administered 

experimentai agents, may be fol1owed as they pasa through the different 

developmental zones of amelogenesis. Thirdly, systemic administra tion of 

radiolabeled molecules requires that they be injected in quantities high 

enough to reach, through the bloodstream, aIl the tissues of the body. 

Frequently, a dose of lOOOl-LCi of a radiolabeled molecule is adminis tered 

systemically to a 100gm animal. The purchase or producti,on of such radio-

, labeled molecules ia cos tly. Using the microinjection technique) only 

10j..lCi of label, l/lOOth 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 molecule. respectively, to aasess the feasibil-

ity of the microinjection technique. When administered sys temically, vin-

blastine disrupts micro tubules (Ekholm et al., 1974; Ericson, 1980; Williams, 
) 

1981) . and interferes with secretion (Redman et aL, 1975; Ericson, 1980; 

Williams, 1981). 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-

1 
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ations of secretion granJ1es are present, ectopic secretion sites are 

obèerved between ame1oblasts, Tomes' processes are devoid of organelles 

and re 1ative 1y few membrane info1dings are associated with the rod and 

lnterrod enamel growth sites (Moe and Mikkelsen, 1977; Takuma et al., 1982; 

Nanci, 1982). Vinblastine sulphate, microinjected by the technique develop-
d 

ed in this B tudy, caused identica1 a1terations in the morphological appear-

ence and functional activity of the se,cretory ameloblast. These results 

demonstrate the feasibility of administering drugs by the micro1njection 

technique. 

When administered systemically, 3H-proline is utilized by the secretory 

amelob1ast and incorporated into the organic matrix of ename1 (Warshswaky, 

1966; Weinstock and Leblond:, 1971; Leblond and Warshawsky, 1979; Warahaw-

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 enamei increases in width 

at 1 and 4 hours to eventua11y become homogeneously dispersed throughout 

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

in Leb10nd and Warshawsky. 1979). 3H- pro line microinjeèted by the technique 

developed in this study. follows identically the same synthetic pathway 

and incorporation into the ename1 matrix. These results demonstrate the 

feasibility of administering radioiabeled molecules by the microinjection 

technique. 

When a single injection of 3H-proline is 'administered intra'venously, 

the labeled amino acid rapidly circulates to capillaries and within minutes 

appears in the tissues of the animal. When the animal i8 sacrificed and 

the tissues processed for radioautograp~y, the unused labeled amino acid 

that may still be present is washed out, while the labeled pfotein is 

retained within the tissue. Pres umab 1y , a similar route .of entry of 3H-pro-

~ __ ~~ ... _"~~ ___ ..... ~n • 
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. 
Une into the ename~ organ and enamel f0110ws after microinjection. 

• 
3H-proline is microinjected into the connective tissue plug that results 

from the dri 1Urig procedure. The labeled proline rapidly diffuses to the 

ameloblasts of the enamèl organ as demonstrated by radioautographical 
) 

localization of labeled proteins at 10 minutes after microinjection (Fig. 

77). Once the amino aeid has reached the leve1 of the connective tissue 

8urrounding the capillary network of the ename1 organ, presumab1y it 

behaves and' is uti1ized by the enamel organ in the same manner as smino 

acids diffusing from the capillary lumen following intravenous injection. 

Following microinjection, lt is possible that the pulse of radio-

activity avai1able to the enamel organ may be longer than that achieved 

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

tive tissue into the cnamel organ. Labeled amine acids are essentially 

c1eared from the b100d plasma by 1 ho ur after intravenous injection (Nak-

agami et al., 1971). Weinstock and Leblond (1974) found that the amount 

of free labe1ed proline in the b100d plasma dropped sharp1y during the 

first 10 minutes after injection and concluded that a pulse of high raclio-

activity was achieved. However, a 10w but significant level of radio-
l 

activity pers isted between 30 minutes and 30 hours after injection. In 

bone and dent ln, some of the secreted proteins become part of a collageno~s 

uatrix which 18 transformed into mineralized products of the cells (Carneiro 

and Leb1ond.' 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 avai1ability of labeled amino acids 

for incorporation into protein (Josephsen and Warshawsky, 1982). Although 

this study does not quantitate the arnount of radioactivity available to 

the enamel organ fo110wing the initial pulse introduced by the microinjec

tion, it does show that concurrent with the diffusion of :lH-pro1ine into 

1 
1 ;/ 

~ ,2j 
~~ , 
;: 

, .,. 
" :.: 
" iJ 

A: -0' 

,"' 
t 
1 

1 , 
" j 
,< , 
i. 
< r 
, 

J , 
• 

1 

~ 
1 

1 
1 

1 
1 

f 

------------------



( 

~~ .. ~ ... "_'~"'~'" \ Uy"t ...... ~" 

l'lf,'o,, L 

, 

....... -, 

the ename1 organ, there exists a similar rapid diffusion of 3H-proline into 

"' 
the b1oodstr.eam. This WBS seen as a reaction band in the predentin as 

ear1y as 30 minutes after mi crain je ct ion. Figure 83 shows a reaction 

band in the predentin of the left hemi-mandible 4 hours after microinjec-' 
P> 

tian of the "contra1ateral r ight hemi-mandible. Therefore, following dlicro

injection of minute quantities (--lO~i) of ln-proline into a IOOgui animal, 

the labeled amina acid rapidly diffuses iuto the local vascu1ature, is 

removed from this site by the circulation~ and is incorporated into dentin 

of the contralateral incisor as a secretory product of the odontoblasts. 

~Severa1 studies have investigated the permeabilit~of the enamel organ 

and the enamel matrix to relatively large macromolcu1es such as serum 

&a1bumin (Kinoshita, 1979; Ogura and Kinoshita, 1983; Okamura, 1983). ln 
.... 

the~e studies~ both endogenous and exogenous serum albumin were 10calized 

using the direct fluorescent antibody technique and radioautography. ln 

the ensmel maturation zone of the rabbit (Okamura, 19B3) > marked fluores-

cent staining of endogenous albumin was seen in the cytop1asm of ame1o-

blasts and in the intertellular spaces between them. This staining vas 

observed in both ruffle- and smooth-ended ameloblasts. The localization 

of intravenous1y injected, exogenous bovine serum albumin in, the enamel 

maturation zone was identical to that of endogenous serum albumin. ln no 

case was endogenous or exogenous serum albumin 10cal1zed to the enamel 

matrix. 

The finding that serum albumin vas present in the intercellular spBce 

between ameloblasts is in agreement with observations of electron micro-

scopie experiments using exogenaus materials as tracers (Kallenbach, 1980a, 

1980b; Skobe and Garant. 1974; Takano and Crenshaw, 1979). Ultrastructural' 
" 

investigations vith or vithout exogenous tracers have indicated that 

" 
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pinocytosiB occurs in ameloblasts ÇKallenbach, 1980b; Skobe and Garant, 

1974;, Josephsen and Fejet:skov_, 197.1). lt has been suggesteci that the IDOve-

ment of en~ogenous serum albumin in the ameloblast layer _is similar to 

that of iÎljected exogenous tracers (Okamura, 1983). 

Salmon calcitonin has a ~lecular weight of approximately 3600D and 

was used in this study as a mo1ecular welgh t marker to investigate the 

permeability of the enamei organ and enamel matrix. The present study 
, 

bas shown r,adioautographically that ~xogenous, l251-labeled salmon caleito-

nin, administered by the microinjection technique over the enamel maturation 
\ 

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

enamei matrix as soon as 10 minutes after microinjection. Furthermore, 

the label appears over the entire thickness of the enamel up to the dentino-

enamei junction. This short time interval (10 min.) would s~ggest that 

the molecule ls -not a secretory product of the ameloblast and diffuses 

either extracellularly or transcellularly through the enamel organ to 

reach the enamel. Such a pathway suggests that eith~r the proximal and 

distal junctional.complexes OI the ameloblast ,layer ~o not preclude the 

passage of l251-salmon calcitonin, or the putative transce llular transport 
; 

Is very rapid. 

The results presented here àre, in agreement with those of Okamura (1983) 

»IJ, which relatively large exogenous molecules_ may reach and enter the amelo

blast layer of the-enamel maturation'zone. Additi?nally, this study 

presents evidence that the enamel matrix i8 completely permeable to a 

'molcule having a molecular weight of approximately 3600D. Microinjecti0't 

experiments are presently underway using various molecular weight markers 
\ 

and using intravenous inj~tions of the same molecules to seiv~ as controis • 

. 
In conclusion, this study has demonstrated the feasibility of a drill-

lng procedure that penetrates into the periodontal space overlying the 
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enamel organ. Furthermore, this procedure suggests that surgical penetra-

, tion of the alveolar bone may cause trauma t:.9:J~he- ename1 organ and enamel • 

..------------------------------. 
This study has a1so demonstrat~tithe feasibility,and advantageS of a 

microinjection technique for in vivo experimentation on the enamel organ 

and enamel of the rat incisor. 
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TABLE I 

The relative percentages of the labial periodontal and dental compartmentslto the total area 

Experimental 
animal 

1 

2 

3 

4 

5 

AVG. 

Window1 

a 
b 
c 

a 
b 
c 

a 
b 
c 

a 
b 
c 

a 
b 
c 

Total 

100 
100 
100 

100 
100 
100 

100 
100 
100 

Alveolar 
bone 

42.7 
43.4 
42.9 

51.5 
47.4 
42.1 

43.3 
39.7 
38.9 

100 ~,.2o 
100 ~ 39.6 
l~ 35.3 

100 49.7 
100 47.6 
100 43.9 

100 43.4 

Compartments 
" 
0 

Periodonta1 , J 
space 

27.8 
25.1 
23.0 

2q.3 l ' 
25.1 
25.9 

'26.0 / 

~ 25.7 

29.8 
29.1 
2-9.0 

25.6 
24.5 
I~ 

26.3 

IThe rectangular viewing limits used to measure the compar,tments 

J 

Enamel- Enamel Venous 
organ sinuses 

23.9 6.9 0.3 
24.0 8.7 4.8 
24.3 10.5 5.2 

18.8 5.4 13.7 
20.4 6.8 4.4 
23.0 8.8 3.7 

22.4 8.5 4.6 
24.1 10.1 5.0 
24.9 12.5 9.3 

20.3 5.6 10.7 
23.3 8.5 ,10.2 
24.0 11.1' 8.8 

18.4 4.9 7.3 
2Q.3 7.3 6.8 , 
21.1 hl ti 

22.2 8.3 1 6.9_ 
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TABLE II 

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

Experimental 
ani"mal 

1. 

2 

3 

4 

5 

AVG. 

Window1 

a 
b 
c 

a 
b 
c 

a 
b 
c 

a 
b 
c 

a 
b 
c 

J ____ ._~ ___ ._ 

Compartment 

Tot~l A1veolar Periodontal' Enamel 
bone space organ 

100 43.4 28.9 21.9 
100 45. 9~ 24.1 22.4 
100 41.9 23.9 22.8 

45.4 31. 7." 18.7 
49.7 25.1 20.0 

100 
100 
100 41.7 . 27.2 22.6 

li 

100 45.8 25.8 21.6 
100 '" 38.S > 1 28.5 23 .~5 
100. 39.9 J 24.5 24.0 

100 43.4 30.8 20.6 
100 44.2 26.0 23.3 
100 39.0 29.1 22.3 

100 53.4 24.9 17.0 
100 50.9 23.4 19.5 
lQQ ~ ~ 21.3 

100 44.8 26.5 21.4 

l~he reetangular viewing ftmita used to me.sure the compartments 
, 1 

--- -{ 

.. 

Ename 1 

5.9 
8.0 
9.7 

4.9 
6.2 
8.3 

6.7 
9.3 

11.5 

5.2 
6.9 
9.7 

4.4 
6.4 
7.9 

1.4 
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Figure 1 

Enlargement of the right hemi-mandibie of a Sherman strain 

rat sacl:1ficed 24 d after drilling. The drill used for the' 

surgery ie 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 incisor. Note the bone remodeling 

surrounding the ho le. The ename l has moved away ft.om·the f 
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, 0 

Dental burs of dlfferent size, 8ha~ and blade config

urad.on useQ, to penetrate the alveolar bone. X 20 
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FisUX'e 3 

Thè microinjection apparatus showing the column stand (A) 

on which was mounted a mlcromanipulator (B). A micro-, 

meter (C) was inserted into the clamping mechanism (D) of 

tbe micromanipulator and a 100 ~l microsyringe witb a 33 

guage luer lock needle (E) was fitted to the m1crometer. 

This assembLY allow8 for the fine vertical and horizontal 

movements neces8ary for microinjections. X 0.85 
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Fisure 3.1 

Photomicrograph of tbe inner enamel secretion zone of tbe 

rat incisor correspondtng app~oximate1y to the' area where 

the alve01ar bone was drilled. Superimposed aver the photo

micrograph are the rectangular viewing limita (R) used to 

delineate the compartments from which the areBS and thick

ness were ~asured using a I1OP-3. The bar ta the left of 

the rectangle illustrates how the thickness of each comparf

ment was measured. Tbree such rectangular areas were measured 

in each animal. ab, alveolar bone compartmentj vs, vascular 

sinus compartmént; ps,' periodontal spac~ compartment; eo, 

enamel organ compartment; e·, enamel compartment. The bound

aries of each compartment are out1ined in the text, page 
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Figure 4 

A longitudinal section of th~ right hemi-mandible .howing the 

original drill lite (B) in the alveolar bone (ab) and the trauma 

to the underlying dent~l tisBues ,(E) that·has moved i~isally 

away from the drUl site over 2 d (the large arrow' indicates t,he 

direction of tooth eruption). IlHealthy" ,ameloblasts are now , 

found under the bone lesion. Note the vascularity of the reglon 
, .J 

between the enamel organ and the alveolar bone.-the periodontal 

• paCe (PS). am, ame1oblalt'j en, enamelj d, dent1n. X 130 
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Figures 5,6 

Bone lesions drilled over the enamel secretion zone in 

which the animals were sacrificed 2 d after drilling. 

Bone fragments (straight arrows) are seen at, or near the 
-.. -
dr.ill site, sorne of which may be surrounded by osteoclasts. 

Bleeding has occurred in the periodontal space (PS) and 

extends la;terally from the drill site (curved arrow). 

Note thê IIhealtby" enamel and enamel organ under the bone 

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

c, vascular channel. X 250 
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Figure 7 

A bone les ion showing a bone f lap (wh 1 te arr ow) caU6ed 

by the drilling. The hemi-mandible was drilled over the 

enamel secretion zone. The black arrow l.ndicates the 

direction of to~th eruptlon. ab, alveoiar bone; àm, amelo

blasts. X 250 

Figure 8 

Higher magnification of the bone flap in Figure 7.' The 

bone fiap (bf,) compresses the ename l organ as it "squeezes" 

underneath the flap during eruption. The inte.rity_ of the 

enamel organ i6 lost incisaI to the bone flap. si, stratum 

intermediumj ~ AH, amelob las ts • Xo 400 , 
• 0 • 
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Figures 9,10 

Examples of bone les ions that did not cause trauma to 

the underlying enamel (e)' or enamel organ (eo). Complete 

penetratio'n of the alveolar bone was achieved and the 

animals were sacrifieed immediately. The drill enterèd 

a vascular 5 inus (vs) but there was no rupture of the 

endothelium on the side faeing the enamel organ (between 

the arrows). b. red blood eells; d, dentin. X 140 
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Figures 11.12 

Electron micrographs showing bone fragments (b) lined 

with active osteoclasts. These osteoclasts are multi

nucleated. contain nuuerous mitochondria (m), and show 

the characteristic clear (cz) and ruffled zones (rz). 

suggestive of bone resorption. Fig. Il. X 7.000; Fig. 

12. X 12.250 

Figure 13 

Electron micrograph of an o~teoblast-like celi found with

in the connective tissue plug of the bone lesion. Note 1 
thè numerous and distended rough endoplasmic reticulum. 

\ 

trequent mitochondria. and the numerous collagen fibrils 

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

Figure 14 

~ Electron micrograph of an osteoblast (Ob) frequept1y found 

1in1ng the cut edges of the bone les1on. pb, prebonej b, , 

bone. X 14,000 
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Figure. 15,16 

Enamel lesions in vhich the animais vere 8acrificed hl

mediately after_pril1ing (0 ,h) . The eriamel organ. (eo) 
~ ~ . 

and enamel (e) have been completely strlpped from the 

dentin (d) and the ename 1 organ displays a "gushing" ef

fect. Bone fragments (hf) and enamel fragmen"ts (large 

arrow) may be seen at the site of the lesion. ln !DOst 

cases, the dentino-ename1 junction (DEJ) shows no aign 

of trauma (between 81'rOWS in Fig. 16). si. stratum inter

medium; am, amelob las ts • X 220 
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Figure. 17-19 

Ename1 leaiona at 0 h in whlch the enamel organ (eo) is 

intact for the extent of the leston. Again the énamel (e) 

la complet.tly removed from the dentin (d) and the dentino·' 

erwnel junction (DU) has remained unBcarred (arrowa) .. 

The enamel that remaina 1'n che lesion is fragmented. Serial 

.ections through the6e les ions show the enamel o~gan tp be 

ruptured at some point over the enamel tesion. PS,' perlo-. ' 

dontal space; pl. papl11ary layer; sI, stratum intermedium; ... 
am, ameloblasts. X 220 ~ 
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Figurea 20,21 

Lesion. at 12 Il afur driÎl1~8. Remnantl of enamel (en) rem.in 
• 

at the dentino-enamel junét~Qn (DEJ) and many red blood cella (rbc) 

are preaent at, th.e site of the, lesion. Ameloblast'S (am) have 

been torn a~ay from the enamel, their nuclei are pyknotlc, and 

the y show signa of, degener.ltion. 1 Rod profiles appear aep«I'at,d 

(arrow). PS, periodon~al aplee; ai, Itratum intermediulll. X .325' 
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Figures 22.23 

Lesions at 2 d after dx:i11ing. The enamel (en) is com .. 

pletely removed at the dentîno-enamel junction (DEJ). 

The DEJ is unscarred and pools of blood (arrows) are seen 

at the les ion site. Note' that the vasculature of the 

periodontal space (PS) remains relative1y intact. d, den-
<

tin; ab) alveolar bone. X 120 
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~ Figure 24 

Lesion at 2 d after drilling. This les ion sh9ws 8 typical 

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

enamel at the lesion site. At the dent1no-enamel junction, 

extending the width of the lesion, 19 a thin layer of dark

staining material (white arrow). Between amelOblasts (am)-

:at the periphery of the les ion are accumulations of an amor
phous dense material (black arrow). Note cella Cc) apposed 

to the ragged edges of the enamel. en, enamel; d, dentin. 

X 400. 
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Figures 25.26 

Lesion st :z d sfter drilling. The drilling occurred in 

the outer eoamel secretion Zone and the enamel les ion has 

Binee moved into the ename 1, maturatl.on zone (HAT). The 

capillary network (c) of the papl.1lary layer may be fol-
"\10 ' 

lowed over the lesion. Smooth-ended amelob1asts (curved 

arrow) of the matur~tion zone extend over the r~gged edge 

of the tname l (en). 

tac t wlth the ename 1. 

These cells still show intimate con

Separated rod profiles are apparent 

(white arrow). Cella mal' be seen to "creep~1 between the 

ename 1 and the deotin at the dentino-enamel junc tion (black 

arrow). Fig. 25, X 120; Fig. 26, X 400 
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Figures 27.28 

Lesion at 2 d after drilling. Cells appearing to belong to 

the ênamel organ seem to continue across the lesien. The dark-
• 

staining materiai (white arrow) ls 'seen at the dentino-enamei 

junctlon. The enamêl depth is constant for part of the les ion 

(s) and may be due to an inhibition of secret,on in this area. 

Accumulations of red blood cells, singly stacked or packed in 
) ( 

oval ~lusterg-not bound by endothelium, are found between amelo-

blasts (black arrows). vs, vascular sinus; si, stratum lnter

medium; am, ameloblastsj d, dentinj c,' capillarYj PS, periodontal 

space. Fig. 27, X 120; Fig. 28, X 400 
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Figure 29 
~ 

Lesion at 2 d after drilling in wh1ch the plane of section 

jas ses through the periph~ry of the lesion. Serial sections 

show the enamel to be completely removed at the center of the 

lesion. The ameloblasts (am) have decreased in height and 

the enaroel (en) in this area maintains a constant thickness 

(arrowheads) • Accumulations of red blood cells (arrows) are . ' 

foundbetwee~loblasts. d, dentine X 400 
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Figures 30,31 

Lesions at 5 d after drilling. The lesions are similar to 
---those in animals sacrificed at other time intervals. ~é 

enamel (en) is completely removed ~nd there i8 a dark-staining 

layer (arrow) at the .denti.no-~namel junction. The enamel 

organs are ruptured and cel~s of unknown origin are located 

in the lesion. am, ameloblasts; d, dentin; pa, periodontal 

space. X 325 
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Figures 32,33 -." 

" 

\ The infranuclear zone (IZ) of secretory ameloblasts show-

ing the presence bf red blood cells (arrows) located 

inters,titially between amelobla.sts (am). M, mitoc;hoJldria. 

Fig. 32, X.6,000; Fig. 33, X 7,500 

c 
.'. 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

chondria and moderate amounts of rER'apposed to the 

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

follow th~ contour of the enamel and lat~rally make junc

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

mottled and may contain a l~ght~r-staining, granular 
\ 

substance (g). Observed hetwe~n cells i8 an amorphou8, " 

homogeneous, light-staining material (asterisk,) within 

which may he found accumulations of a darker-staining 

material (arrows). Fig. 35, X 7,000; Fig. 36, X 28,000; 

Fig. 37, X 14,000 

-
, " \ 

~. 

\ 

) 

1 

'< 
" 

\ 

n -
-' 

....... ---=-~---:- ~··"-~~>'r,,~ 
_J 

. 
i 

\' 



\ 

, c 

• 

N-: i. rt~j(il u. n hW!. ' • .. .:~ .... .,...... ........ ,............. ....... IW .... -'".*" .... rv .. T.'.M ........ i..... ...... Ij .. ~ .... ~ Xl ",,5 en .11 t*jl .-" ........ *..,1 .. tt .. ii~ 

\ 

,t 

,~cJ 



,1 

, , 

/ 
1 

./ 

" 

rtaure. 38-41 

Biaher IIIlguifieation of tbe dark-staining materi.al \berweetiJ 

cells l1ning the enamel. This material may he of a granular 

and i.rregularly clumped nature CG) or homogeneously dense 

(H). The ligbter-staining material hetween cells (asterisk) 
) 

la not always- present but the ce Ils frequently sbow finger-

lUte projections 'luta the interce11ular space (arrows). 

Fi8. 38, X 49.000; Fig. 39, X 24,500; Fig. 40, X 38,500. 

Fi8. 41, X 38,500 

" 

" '9< 

o 

o 

------------ ---~------------,--........... -,""',. 



.' 
, '. 1 

( 

--

\ 

) 
.,-

,------;------



11" 

d 

1 

Fiees 42-44 

Osteoclast-like cella apposed to enamel (en) at the 

perlphery of the 1esion. They possess c1ear zones (CZ) 

and D\W1erous mU:ochondria (m) characteristic of osteo-

c lasts t}' Seen w:1 thln the c1ear zone are membr-'-bound 

structures containing what appears to be ename1 (arrows). 

They have finger-like projections (f) into the extra

cellular space away from the enamel, but otherwise the 

cell membrane fo11ows the lrregu1ar surface of the enamel. 

d. lipid drop1ets. F:l,g. 42, X l4,OOO; Fig. 43, X 19.250; 

Fig 44, X 31,500 
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Figure 45 

Electron micrograph of a cell apposed to the j-rregular 

surface of enamel (en) at the periphery of- the 1esion. 

Cytoplasmic extensions (ce) are seen t,o 1nterdigitate with 

the ell4mel. Hitochondria (m) are numerous and hetero

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

Figure 46 

Electron micrograph of a c~ll apposed to the enamel (en) 

in which a ruffled border i8 present (RB). Dark-staining 

ID4terial (arrow) may~e found within the ruffled border. 

A. gra1ny precipitate (p) ia seen in tbe extr'acellular 

space of the ruffled border and in the adjacent enamel. 

m, mitochondria. X 17,500 

Figure 47 

Electron micrograph showing interdigitation of the cyto

plasmic extensions (ce) and ename1 (en). Vacuoles (v) are 

present, some of which are continuous vith the ceU mem

brane (arrow) and show possible, uptake of a clark, amorphous 

materia1. Well-developed deslDOsoJDes (cl) can be seen. 

X 31,500 
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Figure 48 

Higher magnification of the cell membt'ane-enamel junction . 
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, Fig. 50) struc

tures are numerous and, occasionally vesicles or coated 

pits sre continuous with the cell membrane (arrowheads) and 

are therefore open to the enamel (en). The vesicular 

structures may be fiUed with material similar in nature . 
to enamel (Fig. 50). Membrane-bound granules, s:lmilar to 

secretion granules of ameloblasts. are sometimes observed 

(arrows). m, mitochondria. Fig. 49, X 17.500; Fig. 50, 

X 41,000 
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Figures 51"54 
0' 

Different appearances of enamel st the periphery of' the 

lesion. Rod (R) and Interrod (IR) profiles appear sep" 

arated and frequent.ly a lightly granular (g) or filamen-

, tous (f) material 18 diaperaed between the rod and Interrod 

enamel. Occ8sionally, a dense sheath delineates the rod 

profiles (arrow, Fig. 53). Fig. 51, X 7,000; Figs. 52,53, 

, X 14.000. Fig. 54. X 31,500 
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Figur~s 65.56 ---
Association of amorphous, dense globules (g) with e~l 

(en) at the periphery of the lesion. These globules are 

most frequently seen at the rod-interrod interface~ .t;lre, 

irregular in shape, and are not membrane-bound •. 4'ig. 55, 

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

Figure 57 

Electron micrograph of deeper ~natne1 showing globules (g) 

at the rod (R)-interrod (IR) interface. X 24,500 ' 
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Figures 58-:.62 .. 
~ ---Dense, amorphous globules (g) seen in close association 

'---..... -., 
with membrane remnants--{large arrows). Hos t f'requent ly , -------- ~ , 
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. 

58,5'9, 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 bave a prominent 
, 

Golgi apparatus (G), rel~~ively little rER, and an abundance 

of lysosomes (ly). Fig. 63, X 8,000; Ffg. 64, X 10,500 

Figures 65.66 

Simila![' cells as above but at the dentino-enamel j~nction. 

Cytoplasmic lipid droplets (Li) are frequently observed. 

en, enamel. Fig. 65, X 5,750; Fig. 66, X 14,000 
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Figures 67-69 

Electron micrographs at the center of the lesion. The 

enamel has been completely removed and an 8,plOrpl1ous layer 

of material is seen at,the dentino-enamel junction (arrows). 

This layer completely covers the dentin (Den), may vary 

in thickness, and extends to the periphery of the lesion 

where enamel again overlies the dentine f,HN, polymorpho

nuc lear 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 ~o zones of increased density (arrows). Den» dentin; 

Fig. 70, X 23,100f 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 hotU bur was placed in a shal10w pit drilled in 

the alveolar bone (ab). The heml-mandibles were drilled 

over the secretion zone and the outline of tbe drill 

penetration lnto the slveolar bone ls clearly visible 

(arrows). Note that tbe enamel organ (eo) and the enamel 

(e) are ,completely intact. Leucocytes and red blood cells 

are numerOU8 st the drill site. vs, vascul~r 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 animais were s8crificed immed~ately after drilling 

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

cribed at 0 h post-drilling in,which the enamel ~rgan (eo) 

ia torn away from the enamel (e), the ensmel i8 completely 

~ removed from the dentino-enamel junction, and the dent in 

(d) remains unscarred. rbc, redJbl~od cella. X 140 
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Figure 77 

Radioautographic loca1ization 10 m~nutes 

after'microinjection. The reaction is over the supra

nuc1ear zone of the secretory ameloblasts (AMO. EN, 

enamel. X 800 

Figure 78 

Radioautographic localization of 3H-proline 30 minutes 

after microinjection. The reaction i5 seen over Tomes' 

processes as well a8 the supranuclear zone of the amelo

blasts. X 800 

Figure 79 

Radioautographic localization of lH-proline 1 hour after 

.microinjection. A heavy reaction band 18 ~een over 

Tomes' processes and part of the ename1 matrix. Grains 

are still seen over the, supranuclear zone of the amelo

blasts. X 600 

~ Figure 80 

Radioautographic localization of lH-proline at 4 hours 

after microinjection. The .reaction band extends deeper 

iuto the ename1 and the ameloblasts are still labeled. 

X 800 
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Figure 81 
\' 

Radioautographic localization of 3H-proline 1 day after 

microinjectià~. The reaction ls seen over the entire 

enamel matrix but stops at the dentino-enarnel junction. 

Sorne label remains over ameloblasts (AM). EN~ enamel. X 800 

Figure 82 

Radioautographic localization of 3H-proline 2 days after 

microinjection. TUe reaction iB seen over the entire 

enamel matrix but little readtion ia seen over ameloblasts 

which have now become ameloblasts of out~r enamel sec

retio!l. X 600 
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Figure 83 
) 

Radioautographic localization of 3H-~oline 4 hours after 

microinjection. This contralateral left hemi-mandible in 

the same animal as the ~ight hemi-mandible shown in Fig. 

80, was not microinjected but shows a reaction band over 
1 

--the predentin. This is presumably due to the sys,temic 

circulation of label picked up by the vasculature in the 

periodonfal space. pd, predentin; d, dentin; e, enamel. 

X 600 

Figure 84 

Rad1oautographiC" localization oI 3U-proline 1 day after 

microinjection. An intense reaction is seen over cells in 

the connective tissue pl~g 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 the calcification front of 

the dentin (small arrow). e, enaiœl; d, dentine X 130 
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Figure 85 

Radioautographic local1zation of 125I-salmon calcitonin 

10 minutes after microinjection. Most 8triking 18 the 

reaction seen over the entire enamel matrix (en). Label

ing la 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, dent in. X 400 
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Figure 86 

Secretory ameloblasts 2 hours after microinjection of 

vinblastlne sulphate. The infranuclear zone (IZ) shows 

mltochondria (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

bIas ta. Several secretion granules linked by a continuous 

membrane may be observed (large arrow). m, mitochondria. 

X 13,000 

Figure 88 

Golgi . app~atus (G) in the infranuclear zone (IZ) of 

vinblastine treated ameloblastB'. Severai secretion gran

ules (arrows) are also seen. X 23.500 
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Fi.gure 89 

The supranuclear Zone (SZ) of secretory ameloblssts 2 h 

af ter microinjec t ion of vinblas dne sulphate. Accumulations 

of secretion granules (sg) and a Golgi apparatus (G) are 

present. Rough endoplasmic reticulum (rER) appears frag

mented. Patches of a granular" dark-staining mat'érial 

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

Fi.gure 90 

Higher magnificat ion 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 

Hi.gher magnification of the dark-staining, granular sub

stance (GS) between ameloblasts in vi.nblastine treated 

animaIs. Secretion granules (sg) and -,costéd vesicles (cv) 

are seen nearby and coated pits (arrows) may be present 

on the cell membrane. X 36,500 
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Figure 92 

Tomes' processes (TF) of secretory ameloblasts 2 hours 

after micro~nJection of vinblastine sulphate. The inter

digit:ating portion of Tomes' process i8 completely devoid 

of organelles. A tubular network 18 sometimes ob8erved 

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

Tomes' processes (TF) of secretory ameloblasts 2 hours 

<? after mlcroinjection of vinblastine su1phate. Occasional 

membrane infoldings (large arrows) are seen and coated 

pits (smaIl arrows) are also present. en, enamel. X 15,000 

, 

/ _. __ ._--,~.~ -

~/ '\ 
L 



" 

c 

... ~ ~--'- ------ ~-~~------,----------. *---- -- • 
__________ __ * ___ ~ ~ ____ i 

1 -c-. 1 
.. _. __ ._------_. 



i 
r! 

, 

j 

1 

1 ç 

1 
~ 
~ 

t 
1 Q 

.. 
/ 

} 

Figure 94 

Lesion in which the dentin deliberately was ruptured by the bur 

and the animal sacrificed 4 d after drilling. Both the dent in (d) 

and the enamel (e) are discontinuous along the length of the 

lesion and dent~n fragments (df) may be seen at the ruptured site. 

Odontoblasts (od) re~ain active and continue to secrete dentin 

(large arrows) along the length o~ the les ion. Where the original 

dentin still 'remains, a dark line (small arrows), presumably due 

to the trauma. separates the pre~drilling dentin from the post-, 
drilling dentin secreted over the 4 day periode Note the similar 

dark 11ne ln the dentin fr~gment (df). PS, periodontal spacej vs. 
venous sinus. X 120. 
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