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ABSTRACT' \;; 

A morpho~ogical and functional_ investigation of the enamel 

organ and enamel was carried. out on the incisor of tpe rat. 

Using transmission electron microscopy and other electr9n op~cal 

technIques, the ultrastructure of enamel 'hydroxyapatite , , 

crystal lites and t;he mo:r;phology of the cell,s·'of the enamel organ 

related to these crystalli tes were exam±ned. In the enamel 

secretion zone, putative cell communication via matched 

appr.oaches lOI rough endoplasmic reticulum to the ameloblast cell 

membrane was not conf irmed. Throughout the .enamel organ, 

extracellular permeability was assessed using radiolabeled 
) . 

• protei~s as ·tracers. Regional differences were found, especi~lly. 

relat.ed ,to the two types of maturation C; ameloblasts. 
, 

Several 

modified histochemical techniques were successfully applied to 

the enamel such, that the functional contribution of eacn type of 

ameloblast was ascertaï?ed. In this way it was demonstrated that 

several 'functional cell subpopulations exist and that they can . \ 

~be correlated wi th different céÙcium and protein distributions 

withln the enamel. In vivo injection of virlblastine, and in 

vitro treatments with other drugs, aIl severely modified the 
J ' 

enamel maturation staining pattern and 45Ca uptake. In addition, 

it was found that ruffle-ended maturati'on ZOlle ameloblasts 

possess higher levels of (specifie ·transferrin receptor, sites 

relative to smooth-ended ameloblasts, a finding that May be 

directly related to the deposition of iron within the enamel. 
<1 ' 
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" . RESuME 

'. Une recherche sur la structure et la ,~onction de l'organe de 

1" émail et de l'émai,i a'ssociEŒ a été faite sur· lès incisi-~es du 
• v " . . 

, rat. L' ul trastructure des cristaux d' hydroxyapat,i te de l'émail 
1 

et la morphologie dès cellules _ de l'organe de l'émail qui "'y sont 

'a-ssociées, on~ été étudi.é à l'aide 'dU microscope, électroni~ ~t 
, , 

autreS mét~ode's optigues.· Dans la zone de.secrétion de l'ém~il, 
c ~ . ' 

le rôle des. 'cisternes du réti,culum endopl~sm\que. d' ~méloblastes 
RI _ , • ~ \ 

..... 

! 

adjacents dans' la comm'unicat'ion interce.llulaire n'a, !bu être , 

confirmée: La perméabilité èxtracellulaire .-dans l'organe de 

l'~mail à été évaluée.à l'aide ,de protéines ,radioactives. Des 

différences régi/onales 'de 'cette perméabilité ont été ):,bservées en 
• .' .J ' • . . 

f·onction des deulC stades de maturati'on. des amé:Lc;>blaste§.­
~ 

Plusieurs méthode;s histoc~imiques ~nt été. utilisées ave~ ''succé,s 
, 

dans l'étude de l' éma~l, c'est ainsi qU'une varla tion daps 
, 

t· act.;ivité fonctionelle des divers' types d ',améloblastes à pu' être 
J ), 

décrite. Plusieur's sous-populations'~' améloblartes ont été 

distinguées et associées à des régions ou zones de l'émail dOY{t 
/ - \ 

,la compositr'on en calcium et en. proté.ines' présente de 

charact~res distinctifs. L' inj ection de vinblastine dans 

l'organe de l'émail in vivo et ·l~ traitement ?e~: l' éma.h pas 

diver~es substances chimiques in vitro ~isent des 

modifications / marquées de la coloration de l'émail et de la 

captation du 45Ca par 1 ~ émail en maturation. Nous avons enfin 

observé" gue l' extrémitée striée des améloblastes de la zone de 

maturation contient plus de récepteurs de la transférine que 

l'extrémité non-striée des améloblastes également présents dans • 

/ 
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cette. zone ce qui suggère un ,rÔle plus actif .de certains 

, 
améloblastes dans la déposition du fer dans l'émail. 

, Il 1 

Marc D. McRee: Ph. O.;. Department of -Anatomy, McGi11 University: 
Etqde morphologique et fonc~ionelle de l'organe de l'émail et de 

If l'émail de l' inc~sive du rat. f 
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GENERAL-INTRODUCTION* 
r 

Dynamics of the rat incisor, "? 

The continuously erupting rat incisor is an excellent model 

system in which to study the complex phenomena comprising 
'--

amelogenesis. 
1 

In the rat incisor, continuous attrition at the 

incisaI end of the tooth is balanced by the continuous production 

of dentin and enamel at~ the apical end of the tooth. 

Ame10genesis in teeth of 1imited eruption is simi1ar to that of 

the incisor (reviewed bi'; Warshawsky et al·'\., 1981). The rat 
. .. 

incisor is particularly advantageous in that aIl the stages of 
\ 

,enamel development appear simul taneously and in sequence along 

the length of the same tooth. In a well-oriented longitudinal " 

section through the incisor, a continuous layer of amel.oblastis 

can be seen on the labial surface of the tooth., This layer 

contains the entire sequence of developmenta1 sta<]Jes related to 
) 

enamel production and has been morphologically and functionally 

divided into severa l, dif;ferent zones of amelogenesis (Warshawsky 

and smith, 1974)~ According to this classification, the enamel 

organ is divided into the following zones: (1) presecretory zone, 

(2) secretory zon~ -and, (3) maturation zone .. At the end of the 
. ;-

maturation zone the ameloblasts become dramatically reduced in 

height and end their life cycle as desquamating cells around the 

gingival margin at the beginning of the erupted portion of the 

tooth. The proportion of time sp~nt by the cells in each of 

these zones is proportional to the incisor length which they 

occupy, indicating that the cells' apparent migration rate is 

*Literature cited included in References of Chapter One. 
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about the same at the various s~ages of their life cycle (Leblond 
. 

and War~hawsky, 1979). 

Presecretion zone enamel organ 

The presecretion zone is devoted mainly to the 

differentiation of amelobla~ts. within this zone the ameloblasts . 
lengthen, become tall col umnar , and, undergo a reversaI in cel ï 

polarity relative to the basement membrane. More incisally, the 

ameloblasts develop aIl the morphological feat,ures of secretory 

'ameioblasts except for Tomes' processes. Concurrently, the other 

layers of the enamel organ (i. e. stratum- intermedium, stellate 

reticulum and outer dental epithelium) become more distinct. , 

Renewal of the cell populations in the presecretion zone has 

been studied usl.ng 3H-thymidin~ (Smith and Warshawsky, 197~). 

Using radioautography it has been established that a ,cohort \f 

cells from each layer of the enamel organ is carried incisall~ 

with the erupting incisor and aIl' of the cells in this cohort' 
(, 

reach the gingival margin at the same time relative to their 

starting positions. Continuous erupt~on therefore requires a 

continuous production of cohorts.at the apical end of the tooth. 

Secretion zone enarnel organ and enarnel 

In the secretion zone, ameloblasts are responsible for 

secreting the entire' enamel layer. The first enamel to be 

elaborated is termed initial enamel and is released from the 

flattened aPicf ends 

contains the ~ganiC 
crystallites generally 

of the secret,ory ameloblasts. This enamel 

matrix and numerous thin hydroxyapatite 

oriented perpendicular to the dentino-

enamel junction. continued, secretion and further differentiation 
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r. 
of the ameloblasts resul ts in the formation of a lohg, apical 

projection knoWn as Tomes' process that is distal to the distal 

junctional complex and terminal cell web. Tomes' process can be , 
,furtper subdivided into proximal and distal portions ,that are 

responsible,for secreting interrod and rod enamel, respectively. 

The ameloblasts then cooperate as a t .physiological syncytium in 

order to elaboratè the intricate gecussating pattern of rod and 
") 

interrod enamel charact~'ristic of mammals. 'Folîowing ,the 

secretion of the inner and outer~enamel layers, the ameloblasts 

lose their Tomes' 
1 ~ 

processes and complete enamel synthesis by 
~ ~----- . 

laying down a final layer of enamel in which the crystallites are 

again arranged perpendicular to the' surface of the tooth. 

Amêloblasts in the secretion zone are highly-differentiated 

polarized cells. The- cytoplasm of the ameloblast is subdivided 

into infranuclear, nuclear, supranuclear and distal portions 

(Warshawsky, 1968). The infranuclear cytoplasm house~ most of 

the cell's mitQchondria (Watson and Avery, 1954), sorne rough 

endoplasmic reticulum, and the proximal junctional complex and 

cell web (Ronnholm, 1962). The supranuclear cytoplasm contains 

much rough endoplasmi? ret-iculum oriented paraI leI to the long 

axis of the celi and an extensive tubular-shaped Golgi apparatus 

(Kallenbach et al., 1963). Smooth membrane vesicles, coated 

vesicles, secretion granules, lysosomes, and a few profiles of 

roug.h and smooth endoplasmic reticu].um are present in the 

supranuclear cytoplasm (Warshawsky, 1968). Separating the distal 

cytoplasm from the suprarmclear cytoplasm is an extensive cell 

web (Kallenbach et al., 1965) and distal junctional complex 
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(Warshawsky, 1978). ,Tomes' process is relati vely devoid af 

o!ganelles but cantains some free ribosomes, microtubules, coated 

vesicles and a core af secretion granules. In the region ?f 

inner enamel secretion, the stratum intermedityn consists of a 

single continuous layer of cuboidal cells with large spherical 

nuclei. The organization of the discrete layer of stellate 

reticul~ seen in the' presecretion zone "is .. lost in the secretion 

zone. ,The stratum intermedium, stellate. reticulum and the outer 

dental epithelium are considered te collectively make up " the 

de~~bping papillary layer. Further inta the secretion zone the "'?, 
"-------------------- ----.--.... -:;'''papillary layer -- in,creases -in- --height and regulari ty as the 

l 

( 

thickness of the enamel layer increases. 

Matüration zone enamel organ and enamel 

\ Just pr iO,r to the maturation zone in a region termed 

J postsecretory transition, there is a massive programmed death of 
, 

about 25% of the ameloblast population (Smith and Warshawsky, 

1977). This degenerative phase d~es not;, appear to include the 
\ 

developing papillary layer; however, the cells of the papillary 

layer reorganize and,the integrity of the stratum intermed~um as 

~}ayer is lost. As the ameloblasts enter the maturation zone 

there is a dramatic reorganization of the apical end o~, thè cell 

such that the ameloblasts assume one of two general morphologies 

related to the maturing enamel: ruffle-ended or smooth-ended. 

The two types of maturation ameloblasts are distinct not only in 

their morpholagy but in their distribution and type of 

intercellular junction (Warshawsky and Smith, 1974; Josephsen and 

Fejerskov, 1977; Boyde and Reith, 1976, 1~77). Ruffle-ended 
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~ . 
Po 

) . . . 
ameloblasts present tig~~ junctional complexes distally whiie . 
smooth-ended ameloblasts do hot ~how any evidence of these distal 

junctional complexes. Analysis of cellular renewal and tùrnover 

have shoWn that ameloblast cohorts are produced apically in ~ c~ 
-

shaped arrangement. and these ameloblasts remain as' such until 

- they re-ach the gingivai margin '(Smith al}-d Warshawsky, 1975, 

1977 )J. This c~shaped distribution ,of ameloblasts 'has been 

histolog~ca~ly visualized in the maturation zone pf the rat 

incisor (Takano and Ozawa, 1980; Reith and Boyde, 1981a; 

Warshawsky, 1985) and furthermore has been correlated witn 
, \ 

-d-r-a-ma-t-ie--banding patterns in the enamel visualiz'ed by 
o 

radioautography after injection of 45cal c ium and various in vttro 

staining proqedures (Boyde and Reith, 1981, 1982; Reith and , 

Boyde, 1981b; Takano et al., ,1982; Reith et al. 1 1982, 1984). 

The correlation of the ameloblast distribJtion pattern with the . -
enamel banding pattern in the maturation zone indicates that the 

biochemical and physicochemical processe~ constituting enamel , 

maturation are under the strict control of the overlying enamel 
• 

organ: 

It was previously suggested that ameloblasts modulate from 
, 

one morphology to the other as they migrate with the _ tooth 

through the enamel maturation zone (Josephsen and Fejerskov, 

1977 ; Smith, 1979; Rei th e·t al., 1982; Takano et al., 1982). 

Indeed, recently Smith et al. (1987) have confirmed that ruffle­

ended an~ smooth-ended ameloblasts modulate from one morphology 

to the other, and in addition have shown that this modulation 

occurs at a rate far faster than the incisor erupts. This wave 

of modulation occurs in an incisal direction and the cells 
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, )alternate 

per day. 

'" between the two cell types as frequently as three times 

Presumably, the al tern~ing changes that occur in the 

ameloblasts are in some way related to the maturative changes 
- . 

that occur within the enamel at this stage. It is during enamel 

maturation that mqst of the organic matrix produced during the 

,secretory stage is re~oved a~ the mineraI content of ~e enamel 

is increased (Deakins, 1942; Weinmann et al., 1942; Reith and 

Cotty, 1962; Allan, 1967; Robinson et al., 1977). -This decrease 
, 

in protein content has been explained by several theories. 

Proteins may leave the enamel by simple diffusion, a process 

possibly aided by the pressure exerted from growing crystallites 

(Ea~toe, 1963). Alternatively, proteolytic enzymes known to be 

present within the enamel (Suga, 1970; Shimizu et al., 197.9; . 
carter et al., 1984; Crenshaw and Bawden, 1984) may break down 

enamel proteins into small peptid~s or amine acids, and these i~J 
turn may diffuse out of the enamel or may be intracellularly 

\ 

degraded within ameloblasts of the maturation zone 1Nanci et al., 

1987) • ~ 

-
other -than the ameloblasts of the maturation zone, the rest 

of the enamel organ is now referred to as the papillary layer 

since this layer is arranged into a complex network of ridges 

which run generally perpendicular to the long axis of the tooth. 

The original three layers of the developing papillary layer 

(stratum intermedium, stellate reticulum and outer dental 

.epithelium) are no longer distinguishable ,and numerous 

capillaries deeply invaginate between ridges of papillary cells. 
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Presumably, the arrangement 'of this intricate vascular network is 

.. necessary for the bidirectional flow of materials that occurs 
':---

between the blood supply and the maturing enamel. Although there 

is little documen~ation of the development, morphoLogy and 
/' 

function of the,papillary layer cells, the presence of numerous 

cell processes', coated pits and~ vesicles, m±tochondria and ..gap 
, ~ 

junctions i.ngicate tqat thes~ cells may he actively inv,olved in .' 
l '" 

the ,enamel maturation proqess . .. 

Organic matrix of enamel 
) .. 0 

The organl.c matrix of ename1 consists mainly of protein. 
, , e 

These proteins are very heterogeneous in that they difter greatly 
4 

in amine acid composition, molecular size, ch,argeh d~nsity and 

their abi1i ty to i'nteract wi th the mineraI, .pha,s'e of enamel 

(reviewe? by ~obinson and Kirkham, 1985). Characte~z~d by /~minb 

acid composition,~enamel proteins can qe divided into two b!oad 

subfamilies: the ame10g~nins and the enamelins. Amelogenins are 
. 1' ' , 

the predominant protein, making up,approximate1y 80% of t~e 
, " 

deve10ping matrix prior to the maturation process de~cribed' 

above. Enamelins are the major prote in fotind in fully mature 

enamel. Although enamelins are a1so found in young. enamel,. it is 

the selective 10ss of the amelogenin components that allows them 

~ to persist and predominate during en~mel maturation. 

Ame~ogenins were first described by Eastoe (1960, 1964) and 

their properties have become well-documented (reviewed by Fincham 

and Belcourt, 1985). , Amelogenins are characterized by having an 
"" 

amino oacid composition relatively high in proline, histidine, 

glutamine and leucine. They 
, 

are poor1y greatly hydrophobic, 
• 
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phosphorylated or çlycosylated. and are soluble in guanidine ..... 
hydroahloride. Molecular weight determination of amelogenins has 

demonstrated a wide variety of si~es ranging from 5,000 to 40,000 

daltons. Recent studies using mRNA translation products suggest 

that the size of the primary amelogenin gene' product may be 

approximately 20,000 daltons (Zeichner-David et al., 1984; 

Shimokàwa et al., 1984). A -complete amine acid sequence for 
~- . 

C) b?vine _ .~me10genin of 170 res~dues weighing 19,350 daltons has 

r 

, . -
~ ~ ~ p 

been determined by Takagi et al. (1984) -. It pas bee? sugge~ted 

that the 40,000 dalton ame10genïn .protein present in young enamel 

may he a proame1ogenin mo1ecu1e and that the amelogenin structure 

shown immunocytochemically to be within the cell (Nanci et al;, 

1984) may be a pre-proamelogenin. Regardless of the exact nature 

of the primary amelogenin, i t is generally accepted that' 

degradation of amelogenins occurs in such a way as to produce 

smaller and smalrer peptides with the progression of enamel 

maturation. Both the exac~h~ism of degradation and removal 

of amelogenin fragments has yet to be determined. 

The enameliris .(Eastoe, 1960, 1964: Termine et al., 1980) of 

( the organic matr.ix are actdic protein~, are highly phosphorylated 
" 

and glycosylated, and are rich in serin~, asparagine, glutamine. 
_ f , 

and glycine (reviewed by Rohins?n and Kirkham; 1985). They range 

in molecular weight from 8,000. to 72,000 daltqns. The fate of 

enamelins during maturati~n is not cle~r. Presumably, they break 

down and/or are modified sinë"e the prote in present in fully 

mature enamel consists of peptide fragments or highly insoluble 
4) 

material. It is believed that thes~ proteins are closely 

assoeiated with the growing crystallites in enamel sinee 
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hYdroxyapatit~ dissolution g~~atly aids in solubilizinq enamelins 
l ~ 

from enamel. Furthermore, it has been sugqested that they may, 

when arranged in a linear manner, serve to nucleate and delineate 

the long ~xes of the crystallite~. Further c~stallite growth 

might require the removal of bound enamelins from the crystallite 
) 

surface. This. functfon of enamelins is consistent with the 

finding that in vitro incubation of apatite crystals with 

enamelins almost completely inhibits crystal growth (Doi et al., 

1984). Together, amelogenins and enamelins constitute a highly 
,-, 

dynamic o~ganic ~atrix th~t is necessary to nucleate, promote and 

control enamel crystallite growth .. 

• 
Crystallites of enamel 

The structure of the inorganic phase of, énamei is 

essentially that of t1;le mineraI hydroxyapat~te' (CalO[P04]6[OH]2) .. 

though some substitutions do occur. In enamel,' extremely long 

hydroxyapatite crystallites are bundled toqether to form either 
#" 

discrete enamel rods or la continuum of interrod enamel separating 

the individual rods (Leblond and Warshawsky, 1979; Warshawsky et 

, al., 1981). Individual crysta1lites, as seen by transmission 

electron microscopy of isolated crystallites (Menanteau et al., 

1984) and in freeze-fracture rèplicas (Leblond and _Warshawsky, 

1979; Bai and Warshawsky, 1985; Warshàwsky, 1985) are long thin 

flattened ribbons which qradually spiral along their c-axes. The 
.. t"" \ 

crystallites begin at or near the dentino-enamel junction and end 

at or near the surface of the enamel. When the final thickness 

of the e~amel layer has been achieved and the crystallites~attain 

·their maximal length, the,on90inq process of crys~al growth 
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continue~ throughout-maturation such that the width and thickness 

dimensions continue to increase. Finally, near the end of enamel 

maturation, when most of the organic matrix and water have been 

removed, the in,tercrystalline spaces diminish su ch that the 

individual crystallites grow into each other, leaving tWeir . 
impressions on adjacent crystallites (Warshawsky, 1985). This . , 

.J density of crystallite packing together with the complex 

intermixing of decussating rod~ and interrod enamel- resul ts in 

the formation of an enamel layer of great strength and rigidity: 

The work presented in this thesis was designed to furtherr. . 
investigate fundamental ~spects of enamel formation and ,,, 
development. ~he morphology and certain dynam~c principles of . . 
amelogenesis in the continuously-erupting rat incisor 'are well-

~ e 

characterized, and this work represents a logical extension of 
-

experiment~ constructed' to examine other ~orphological and 

,functional aspects of the enam~l organ and enamel. It is 

believed that the ensu;ng ch~pters contribute to an"understanding 
~ 

of the complex interrelationship between cellular and 

extracellular components i~ the. tooth·; anct ·,that some of this 

knowledge may be further. ,applied to the ~ineraliza:ti,on process in 
. ,. 

general" as it 0 relates to the other mineralized tissues of the 

body. 
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CHAPTER QN~: ' QUANTITATIVE ANALYSIS OF ROUGH ENDOPLASMIC 
APPROACHES TO THE CELL MEMBRANE IN THE SECRETORY 

f \ »JELOBI.;AST OF THE RAT INCISOR. / 

" SYNOPSIS 

The distribution of _app~aches of' rO~h . endoplasmic 

~eticulum to the cell membrane within the supranuclear reqion ot 
\ 

- . 
the secretory ameloblast of the rat incisor was quantitated using , 
a Zeiss MOP-3. In ameloblasts cut in cross section, most of 

" these approaches app~ared as circular profiles rep~esenting cross 

sect~ons of ~11gated cisterna-e, wh!ch were ,al~qned paralle~ to 

the long axis of th~ celle Because of their post tion, 

brientàtion, and distribution of ribosomes, these approaches ware 

consl-steJ)t wi th the· appearance of subsurface cisternae. Using 

cross-sectioned amelob1asts, tHe lengths ot apposed plasma 
U

f
, ~/ 

membranes e~ther between or within rows of cella were measured 
i 

from electron micrographs. Along these lengths 1 matched 

approaches of rough endoplasmic/reticulum trQm opposite sides of 

apposed plasma lIIembranes werer6ounted. Thirteen percent' ot the 
\ ' 

approaches were matched b~tv)!en rows ot ameloblast~, and 13.5~ ot 
, 

the approaches were matched vi th1n rows, demonstratinq no 

significant di~ference v::e'tw.een ,the two si-tes. Furthermore, 

mathematical analysis showed that the thl!o.retical probability of 

two appro~ches coincidinq vas 17.0'. The e~perlmèntal values vere 
, 

. not statis~ipall~ dittel\,ent trom the th!t0retical probability, and.. 
1 • 

-
it is eoncluded that the matching ot rough endoplaamlc reticuluil 

approaches to the plasma membrane, or aubsûrtace elaternae, 

oceurs at random in the, •• etetory am.1o~laat. 

\ , 

'. 

,f 
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INTRODUCTION 

--~Secretory ameloblasts _of the rat incisor are arranged in 
, 

- rows· paralle1 to the cross-sectiona1 plane of the tooth '. Freeze-
'1 ~ 

fracture studies (Warshawsky, 1978) have demonstrated different 

topographical relationships amQng neighboring seeretory 
~, 

ameloblasts between adj acent rows as compared to cells wi thin a 

row. It was shown that tight junctions are bette~ developed 
." 

., between adj acent rows; where~s gap j unetions are larger between 

. cel1s within the rows. However, little is known conc~rning a 

possible differéntial dis~ribution of cellular organelles and how 

it relates to the organization of ameloblasts into rows.. QIn 

particular, numerous approaches of rough endoplasmic reticulwn 

(rER) to the cell membrane have beén observed in the sec?=,etory 

ameloblast. A,pproaches of rER to the cell \ membrane- were 
, \ 

described in fibroblasts by Ross and Benditt (1964). These were 

seen as regi,ons in which the cisternal membrane is . . ' 

characteristically void of ribosomes. , These approaches also 

resemble the subsurface cisternae ($SC) originally described by 

(1958). 

Sinee the detailed description of SSC by Rosenbluth (1962), 

he occurrence of SSC has been dcf~ented in a variety of cells. 

They have been observed in nerve cells of both the central and 
, 

eripheral nervous system and in sensory cells (reviewed by 

akahashi and Wood, 1970; Le Beux, 1972). Subsurface cisternae 

also occur in the semmiferous tubules of the mouse and cat at,;. 

the junctional specializations between $ertoli cells in the 

seminiferous epithelium (Flickinger and Fawcett, 1967). Another 
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type of SSC has been described in the acinar cells of the rat 

parotid gland at regions of close apposition of nerves and acinar 

cells (Hand, 1970, 1972). They have been demonstrated J.n 

hepatocytes of mic~ (T~p et al., 1962,1965; perissel et al., 

1973; Tandler and Hoppel, 1974), in fetal sheep choroid plexus 
'\ 

epithelium (Mollgard an? Saun,ders, 1977), and in cultured KB 
~ 

carcinoma cells (Kumegawa et al., 1968). The morphological' 

features of the different types of SSC mentioned above varies 
-

considerably, both in terms of the ul trastructure of the 
\ 

individual cisternae themselves as weIl as their relationship to 
fi 

tl).e plasma nïémbrane. " 

Subsurface cisternae have also been noted' in the enamel-, 

producing amelob,lasts of the rat 
\ 

incisor (Kallenbach, 1968; Moe, , 
"ÎI" 

1971). These were described in the infranuclear reg ion ot the 

ameloblast as flattened sacs running paraI leI to the lateral cell 

membrane at a distance of 10-15 nm. . They display ribosomes on 

the surface facing the cytoplasm but are agranular on the .urtace 

facing the cell membrane. Subsul;'tace cisternae begin to appear 
\ . 

in amelobla_sts related to dent in and are bast developed in 
~ 

.sec~etory ameloblasts. In maturation ame10blasts they are still 

present, but th" number of SSC is much fewer in smooth-ended than . 
in ruffle-endesi ameloblasts (Josephsèn and Fejerakov, 1977). 

Subsurface cisternae are also present in the fJupranuclear reg ion. 

Mnst often, SSC are not found opposite ench other in neighboring 

cells; however, occasionally they are flcon to be matched in 

apposing ameloblasts. The close pfQximi ty botwoon SSC nnd the 

plasua membrane may suggest ap attachment botwoon them 

(Smith and Sjostrand, 1961: Rosenbluth, 1962). ROBenbluth (1962) 
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speculated tgat SSC might have an gf1ëèt on cell membrane 

u permeability', possibly in connection with ion transport. , 

Kalleabach (1968) suggested that SSC may match as a consequence 

of their havinq a direct effect on the content of the 

extracellula"r space or, conversely, the extracellular contents 

may exert an effect on SSC that resu].. ts in their matching. 

" This work presents a quantitative analysis of approaches of 

rER to the plasma membrane within the supranuclear region of the 

secreto~ ameloblast. The frequency with which these approaches 

are found opposite each 9ther in neighboring cells within rows or 

between adjacent rows has been determined and compared to the 

,prediction of random matching of these elements. 

MATERIALS AND METHODS 

Animal procedures and tissue processing 

The teeth used in this study were obtained from three male 

Sherman rats approxima,tely 1 month old weighing 100 ± 5 gm. The 

animaIs were anesthetized with an intraperitoneal injection of 

Nembutal and sacrificed by intracardiac perfusion with 2.5% 
~. 

glutaraldehyde and 2% acrolein. The lower right hemimandiblés 

were decalci f ied in 4. 13 % isotonie, neutral disodi um EDTA 

(Warshawsky and Moore, 1967) and were cut into segments which 

were washed in 0.1 M sodium cacodylate buffer~ 
"\" 

incisor segments'- were subsequently postf ixed 

pH 7.3. The 

in 2% osmium 

tet;,roxide, dehydrated through graded acetones and embedded in -

Epon so that each segment was oriented for sectioning in a plane 

tanqential to the long axis of the incisor. One-micrometer~thick 
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sections were cut with glass knivQs on a Reichert OM-U2 

ul tramicrotome and stainèd wi th toluidine blue. An area 
" 

containing secretory ameloblasts eut in cross section within the 

supranuclear region w~s then trimmed, and thin sections were eut 

with a diamond knife, mounted on copper grids, and stained with 

uranyl acetate and lead citrate. 

Counting of subsurfaee aisternae 
" 

For each animal, a single section· waf; selected from which 

20-30 electron micrographs were taken at a magnification of 

X6,OOO. These were enlarged to, a magnification of X22,OOO. This .. ; 

final magnification was selected as one whi~h wouJd clearly 

resolve approaches of rER from~other vesicular profilee in cross-, 
sectioned ameloblasts. Because of the C-shaped eurvature of the 

enamel organ; the plane of section and the area that was trimmed 
.d 

from the Epon block, the series of electron micrographs , 
represented a random sample of pictures from aIl levels of the 

supranuclear regian of the ameloblast. Care was taken in order 
, 

not to overlap any of the eleetron micrographs in order that an 
cl, 
'" 

approach would not be counted more than once. A Zeiss MOP-3 was 

used to measure the apposed lengths of plasma membrane between 

ç neighboring ameloblasts. AlI measurements were separated 
, 

~cording to w~ether the apposed membranes were betweon or within 

rows of ameloblasts. Along these lengths, approaches of rER from 
-

either side oi the apposed membranes were eounted. An approach 

" was defined as a profile of rER which, at X22,OOO magniflcation, ... 
appeared to make contact \011 th the plasma' membrane. Maintaining 

the same criteria for an approach as abova, matèhed approachea 
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were counted when two approa_ches from opposite sides of the 

apposed plasma membranes coincided within a distance of 1 mm. 

RESULTS 

Morphological appearance of SSC 

The tangentia1 plane of section showed ameloblasts cut in 

cross section. Within the supranuclear region at the level o,f 

the Golgi apparatus, the hexagonal or. pentagonal shape of the 

ameloblasts and their arrangement into rows was seen (Fig. 1). -
Numerous profiles of rER were present and most approaches of rER 

1.. 

to the cell membrane appeared as circu1ar profiles (Fig. 2). 

-Longitudinal sections of the supranuclear region of the 

ame1ob1asts showed that approaches of rER were cut parallel ta 
, 

their long axis (Figs. 3,4) and resembled the typical SSC (Fig. 

5) described by Kallenbach (1968) and Moe (1971). Subsurface 

') cisternae were matched by other SSC or unmatcJ;;red but always 

lacked ribosomes on the side apposed to the plasma-membrane and 

were separated from the plasma membrane by a uniform distance. , 

Statistlcal analysis of SSC 

Counts for matched and unmatched approaches of rER to the 
. 

lengths of apposed plasma membrane measured between rows and 

within rows of ame1ob1asts are shown in Table 1. simllar lengths 

were measured among the experimental animaIs. Table 2 ~hows that 

these counts were not significantly different per millimeter of .. 
apposed plasma membrane whether found between rows or wi thin 

'f 
rows. Furthermore, the 13.0% of approaches that were matched 

between rows did not differ si.gnificantly from the 13.5% of 

16 



.­.... 

approa~hes that were (lnatched w·i ~in rows. 

Determination of rand~ pro~ability of, SSC matchinq 

Thè possibility that these percentages occurred simply by 

random chance was then investigated. statistical analysis (see 

1Wpendix) showed that the probability that two approaches of rER 

should coinc;\.de under the defined criteria i,s 17.0%. The 

experimental values were not statistically different from the 

theoretical probability, and it was conc~uded that the matching 

of approaches of rER to the çell membrane in the form o-e SSC 

occurred -at random. 

DISCUSSION 

Intercellular communication' may be pa.:;:tly . responsible for 

the coordthated ef~ort of a row of ameloblasts to prosiuèe enamel 
. 

rods that incline differently:,from t:hose immediately in front of 
\ " 

and behind them. -In the rat incisor, alterriate rows of secretory 

ameloblasts have different three-dimensional arrangemen.ts as weIl 

as ultrastructural variations (Warshawsky, 1978). The amelQb1ast 

body is curved so that thê proximal and distal ends of the cell 

point in the same direct1:on, either mesia1ly or laterally, and 

the central part of the cell bulges out in the opposite 

direction. A row of cells consista of a mesial-lateral 

aggregation of similarly curved cells. A row of cells that are 

curved so that their proximal and distal ends are laterally 

directed will be sandwiched between two rows in which the cells 

curve in the opposite direction. In addition, tight junctions 

are large): between cells in a row. This different three-

11 
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dimensional arrange~ent di;;Pla~functional siqnificance by 

producing _ al ternating inclin~ions of 'enamel rods. The' pre~ent 

work was undertaken to determine whether a correlation exists 

between neighboring ameloblasts and the distribution of rough 

endoplasmic reticulum. 

A striking feature of cro'ss-sectioned ameloblasts is the -.r 

frequent .approaches of rER profiles to the cel1 membrane (Nanci' 

and Warshawsky, 1984). Some approaches of rER are similar to the 

SSC described in the infranucle-ar regiop 'of the secret ory 

amelob1ast by Kallenbach {1-968) and Moe (1971), and to SSC in 

,other- cell types. Because most ER in ameloblasts is oriented 
" 

par,allel to the long axis of the cell, longitudinal sections are 

less likely to intersect approaches of rER to the plasma membrane 
. 

th an are cross sections, and thus approaches are quantitatively 
ff" 

more numerous in cross sections of ameloblasts. However, in 

longitudinally cut ameloblasts, only very specifie planes of 

section would show these approaches 'as typical subsurface 

cisternae (Figs. -3-5) • 
... 

This report -has presented data pertaining to the 

distribution of approaches of rER to the cell membrane in t~e 4 

supranuclear cytoplasm of the secretory ameloblast. The results 

show that despite the frequent matching of these approaches, this 

is only a random phenomenon as emphas'ized by the large number of 

approaches that are unmatched. This does not' rule out the 

possibility that the approaches themselves may occ~r at a 

frequency that is greater than random, that is, there may be a 

differential distribution of rER within the supranuclear 

cytoplasm. 
1 

However, these data demonstrate that the percent age 

18 
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of matched approaches to ~nmatched approaches does not ditter 

whether between rows or within rows. 

The results do not suqqest Any obvious function mediated by 

the distribution of SSG, nor do they refute Any of the previously 

proposed functions of SSC (Rosenbluth, 1962; Kallenbach, 1968)., 

It remains entirely possible that SSc are responsible for some 

form of intercellular communication. However, if such a mode of 

communication exists, then it does not oceur as a direct 

consequence of the number of matehed and unmatched SSC, sinee 

these oceur equally both between and wi thin rows of secretory 
a 

ameloblasts. Q '. 

'" 
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-TABLE 1 

~ 

'Plasma membrane lenqths, of_ adj acent ameloblasts and the 
correspondj.nq counts of matched and' unmatched approaches of rER 

from ameloblasts cut in cross section 

Exp • _ Between within 
• Animal Rows Rows 

Apposed lenqths of 1 20,411 21,860 
plasma membrane (mm) 1 2 19,102 20,248 

3 20,040 20,703 

Approaches of rER from either 1 1,224 1,476 
side of the apposed plasma mem- 2 1,368 1,560 
branes (unmatched approaches). 3' 1,630 1,869 

-Approaches of rER on opposite 1 170 204 
sides of the apposed plasma mem- 2 202 236 
branes that coincided within 1 mm 3 184 202 
(matched approaches). 

i 

lAs m~sur~d in the electron microqraphs. 

... 
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TABLE 2 

/ 

1 . 

\ 

The number of matchéd and unmatched approaches of rER to the 
apposed p~ma membranes and the frequency of matched approaches 

Exp. Bf3tween Within 
Animal Il Rows Rows 

unmatched approachès of rER ,1 .060 .068 
per mil1imeter of apposed 2 .071 .077 
plasma membranes. - 3 .081 .090 

Matched approa~es ~f rER per , 1 .. ootJ' .009 
mil1imeter of apposed plasma '2 .. 010 .,012 
membranes. \ 3 ' .. 009 .010 

Percentage matched ,to unmatched 1 , 13.9 13.8 
2 14.'1 15.6 
3 11.1 11.0 

Average 13.0% ~ 
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APPENDIX 

Method to determine whether or not the occurrence of matched 

approaehes of rER to the eell membrane is a random phenomenon 

consider electron micrographs, magnified 22,200 times, in 

which the distance between two approaches to the saIne membrane is 

b mm ( see Fig 0 1) 0 If an approach fr..oJll the apposing cell is 

located at random, then the probability that it will strike' 

within a certain distance (a) to either side of either of the 

first two approaches is ~. 
.. b 

observations will be: 

'n = N 

2: 
n = 1 

N 

The mean probabil i ty for N 

\ 

a 
b . 

n 
where n is the observation 
number 1,2, •• oN . 

\ 

n=23.6 
Measuring b in 216 observations, the value of 2: 1 was 1807 

n= 3. . b n 4 

mm. Using a = 2 mm (1 mm to either side of an approach) and the 

" value obtained above (18.7 mm), the theoretical probability was 

calculated to be 1700% aecording to the expression for mean 

probability over N observations. Exp~rimentally, the incidence 

where the second approach struck within 2 mm of the firs.t 

approaeh . was 1300% between rows and 13.5% within rows. These 

. values are not statistically different ftem the !-heoretieal ratio 

of 17.0% (PSO. 05) • Therefore, it :Ls conc1uded that the matching 

of approaches of rER~he cell membr~ne oceurs at randomo 

/ 
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FIGURE LÈGENDS: CHAPTER ONE 

p 

Ligure" 1. Tal\gential plane of section shows ameloblasts c~; in 

cross section within the supranuclear region at the level of the 

Golgi apparatus JG). Ameloblasts are hexagonal or pentagonal in 
" 

shape and are arranged into rows. < Matched profiles of rER 

(curved àrrows) and unmatched profiles (straigbt arrows) are 

numerous. Thin wedgelike projectiohs of cytoplasm (asterisks) 

insinuate between two adjacent cells. Occasional coated vesicles 

(cv) may be seen. Arrowheads indicate distance b (see Appendix). 

X20, 000. 1"'" 
:i ' -

Figure 2. 
- t 

Higher magnification shows detail of matched (curved 

arrows) and unmatched (straight arrows) approaches of rER between 
~ , J 

rows of ameloblasts at the apposed plasma membranes. Note the 

absence of ribosomes on the side of the approach fàcing the 
) 

plasma membrane. X84,000. 
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.:..F-=i.:::lgL.=u:..::r:..::e:..::s=-----==3:...--..::5~. Long i tudina 1 _J5ecti ons 
"f 

of secretory ameloblasts'-

showing matched (Fig. 3, ~63,OOO) alld unmatched (F ig. 4, 

# X88,OOO) SSC cut parallel to their long axis. Figures 3 and 4 
,--;; 

are at the supranuclear level, whereas Fiture 5 (X63,OOO) shows 

similarly matched SSC in the infranuclear region. In aIl cases, 

ssç lack ribosomes on the surface apP9sed to the plasma membrane 

and are separated from it by a upiform distance. CUrved arrows, 

matched SSC; straight arrows, unmatched SSC and rER approaches: 

m, mitochondrion. 
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CHAPTER TWO: THE STRUCTURE AND DEVELOPMENT OF THE PAPILLARY 
LAYER AND THE PENETRATION OF VARIOUS_ MOLECULAR­
WEIGHT PROTEINS INTO THE ENAMEL ORGAN AND ~ENAMEL 
OF THE RAT INCISOR. . 

SYNOPSIS 

During enamel maturation, most of the organic matrix is 

removed as the mineraI content increases; it is postulated that 

proteolytic enzymes within enamel break down large proteins into 

more mobile fragments. To predict how such fragment1 might leave 

the enamel, the morphology of the enamel organ and the entry and 

penetration of various proteins into it was examined.' Rats (100 

gm) were injected via the external jugular vein with 125I_ 

io~ated calcitonin (mol. wt. 3,600), insulin (mol. wt. 5,700), 

epidermal growth factor (EGr; mol. wt. 6,100) and albumin (mol. 

wt. 68,000). The animaIs were sacrificed after 10 min and 
\ 

radioautographs wère made to visualize these' molecules in ,the 

incisor enamel organ and enamel. In addition, dissected incisors 

were wiped free of their enamel organs, dipped in th~ iodinated 

prote in solutions for 10 min, and processed for radioautography. 

In all dipped teeth, except those expose~ to albumin, there was a 

gradient of silver grain density over the entire thickness of 

enamel in both the secretion and maturation zones. In aIl 

injected animaIs, enamel labeling in the secretion zone was only . 
bJ ightly above background. In the maturation zone of animaIs 

injectea with calcitonin and insulin, many grains were over 

enamel adjacent tG smooth-ended ameloblasts but not ruffle-ended 

ameloblasts. AnimaIs injccted with EGF and albumin had no 

labeled enamel in the maturation zone. Thus dipped rat incisor 
1 
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enamel was permeable ta proteins with molecular weights as hiqh 

as 6,100 daltons . Localization of injected proteins fndipates 

that the enamel organ restricts their passag~ te the enamel, but 

p~oteins with molecu1ar weights~9h as 5,700 daltons may pass 

into enamel through or betweJ sm~oth-ended amelob-lasts. As 

exogénous proteins readi1y diffused into the enamel, it .seems 

likely that enamel proteins of similar size can leave enamel by a 

similar route. 

1 
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INTRODUCTION 

, 
Enamel formation requires a high degree of cellular 

interaction in the enamel organ (Warshawsky and Smith, 1974). In 

the secretion zone, the primary function of the enamel organ 15 

to elaborate the organic matrix of enamel- (reviewed by Weinstock 

and Leblond, 1971; Slavkin et al., 1976: Warshawsky, 1979i Karim 

and, Warshawsky, 1979). In the maturation zone, most of the 

organic matrix is removed whereas the mineraI content, in the 

form of hydroxyapatite, is increased (Deakins, 1942; Weinmann et 

al., 1942; Allan, 1967; Reith and Cotty, 1962; Robinson et al., 

1977). The mechanism whereby organic matrix is removed and the 

minerai content increased is still not clear. Immediately 

adjacent to the maturing ename1 are two distinct forms of 

maturation ameloblast (Suga, 1959), each with ,a different 

distribution and type of intercellular junction (Warshawsky and 

Smith, 1974; Josephsen and ~ejerskov, 1977; Boyde and Reith, 

1976, 1977). Several studies have demonstrated the band-like 

arrangement of smooth-ended and ruffle-ended ameloblasts across 

the rat incisor (Takano and Ozawa, 1980; Reith and Boydé, 1981a; 

Warshawsky, 1985; Nanci et al., 1987). Other studies have 

correlated various banding patterns in rat bincisor enamel with 

the distribution of the two types of maturation ameloblast (Boyde 

and Reith, 1981, 1982; Reith and Boyde, 1981bi 'Reith et a~. 1 

19}2, 1984; Takano et al., 1982; Josephsen, 1983: Smith et al., 

1987). These correlations indicate that the maturation pattern 

- of rat incisor enamel is under the st ict control of the 

overlying enamel organ. 

1 
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Regulation of the local environment at various body surfaces 

is an) important homeostatic functlon of epithelial tissues. The 

tight junction is the structure that limits epithelial, 

permeability through the intercellular spaces. The tightness and 

leakiness of such junctions has been asse~sed by examining the 

extracellular penetration of such tracers as lanthanum (Garant, 

1972; Takano and Crenshaw,1980; Shaklai and Tavassoli, 1982) and 
$ 

1 
horseradish peroxidase (Skobe and Garant, 1974; Takano and Ozawa, 

1980; Kal1enbach, 1980a,b). However, sorne controversy exists as 

to the dimensions, ionic charges and effects of these mo1ecules. 

Revel and Karnovsky (1967) assumed that, in thef.r. techniquEf, 

( lanthanum is in COlloidt} form and therefore acts as a passive 
r .... 

tracer of extracellu1a~ space. However, Schatzki and Newsome 

(1975) showed that at physio1ogica1 pH, ~t least 70% of lanthanum 

is in the ionic forrn, and that depqsits observed by electron 

microscopy may be due to it having either colloidal or non-

col1oidal dimensions. In addition, due to its cationic nature, 

lanthanum may bind to cell glycoproteins, cell membrane 
1 

phospholipids and calcium-binding sites (reviewed by Shaklai and 

Tavassoli, 1982). Horseradish peroxidasé (HRP) exhibits 

anomalous behaviour relative to its molecular size (Mazariegos et 

,al., 1984; Mazariegos and Hand, 1985),; it may damage cell 

membranes and junctions through its peroxidative activity and 

glycoproteinaceous nature. Furthermore, certain rat strains 

suffer a histamine reaction with increased vascular permeability 

after injection of HRP (Simionescu et al., 1975). 

~o avoid the pitfalls of using certain exogenous tracera, we . , 

have employed various normally-occurring proteine to trace ACC8SS 

\ 
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to the enamel layer. Proteins of different molecular weight were 

~abeled with 125I and radioautography was used to localize these 

Molecules within the enamel organ and enamel of the rat incis~r. 

,\--, In addition, the structure and development of the papillary layer 

was investigated so as to morphologically identify possible 

access routes for proteins as they p~ss ta the ename1. The main 

purpose of this work was ta study the behavior of enamel proteins 

during secretion and maturation. Newly-synthesized enamel 

proteins randomize through enamel saon after secretion (reviewed 

by L~blond and Warshawsky, 1979). ~ Proteolytic enzymes within 

maturing enamel May break down large proteins into more mobile 

fragments that can diffuse freely out of the enamel and through 

the ameloblast layer (Suga, 1970>'. This investigation might 

serve to predict how enamel proteins enter and leave the enamel. 

MATERIALS AND METHODS 

Tissue processing for electron microscopy 

Sherman and S"rague-Dawley rats were anesthetized with an 

intraperitoneal injection of Nembutal and sacrificed by perfusion 

through the left ventricle. The vasculature was prerinsed with 

lactated Ringer's solution (Abbott Laboratories) for 30 sec 

followed by perfusion for 15 min with 5% glutara1dehyde in 0.05 M 

. sodium cacodylate bUffer, pH 7.3'. The mandibles were dissected 

and immersed in the above fixative for 4 h at 4·C followed by 

washing in 0.1 M sodium cacodylate buffer containing CaC12' pH 

7.3. The mandibles were decalcafied in 4.13% isotonie neutral 

disodium EDTA (Warshawsky and Moore, 1967) and were cut' into 
" 
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~egments that were washed extensively in the abo~e 0.1 M sodium 

. <" 
cacodylate buffer. The incisor segments subsequently were 

postfixed in reduced osmium for 2 h at 4·C, dehydrated through a 
" 

graded acetone series and embedded in Epon 812. Each segm~nt was 

oriented'for sectioning in a plane perpendicular to the long axis 

of the incisor. One-micrometer-thick sections were 
'Il7 

eut with 

glass knives on a Reichert OM-U2 ultramicrotome and stained with 

toluidine blue. Areas "for thin sectioning were trimmEld and eut 

with a diamond knife, mounted on copper grids and stained with 

urany1 acetate and lead citrate. sections were examined with a 

JEOL 2000FX at 80 kV. 

Dipping experiment 

Under pentobarbital anesthesia, mandibular incisors from 100 

gm male Shermafl 'and' Sprague-Dawley rats were dissected quickly 

from the surrounding alveolar bone. The enamel organs were wiped 

from the teeth wi th gé\uze moistened in normal saI ine. Each 
• 

incisor was then immersed for +0 min in a 3 ml saline solution at 
'A ' • 
0-

4°C containing 0.5 ml (approximately 500 x 10 6 cpm) of one of the 

following freshly-prepared iodinated proteins in pho~phate 

buffer: 125I-salmon calcitonin (mol. wt. 3,600), 12517~rcine 

insulin (mol. wt. 5,700), 125I-murine epidermal growth factor 

(EGF; mol. wt. 6,100) or 125I-bovine serum 'albumin (mol. wt. 

68,000). The iodinations were performed by the Chlbramine T 

method (Hunter and Greenwood, 1962; Posner et al., 1978); the 

iodinateq proteins were purified OJil Sephadex columns and had 

specifie activities of 650, 142, 163 and 13 pCi/pg, respectively. 

After removal from the radioactive solutions, incisors were 
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rinsed for .s-Sec in saline ,and immersion-fixed for 4 h at 4·C in 

2.5% glutaraldehyde in O. 05 M sodium cacodylate buffer. They 
" 

were then demineralized in 4.13% EDTA and cut into segments which 

were washed and postfixed in 2% oe:;mium tetroxide. The segments 

were dehydrated 'throy.gh 9raded 'acetones and embedded in Epon. , 

,one-micromete,-thick sections were cut, stained wi th iron . , 
. " 

Q hematoxylin and processed for radioautography according to 

Kop~iwa and Leblond (1962). , 

1 

, Systemic injection experiment 
(, 

", 

.Under pentobarbital anesthesia, male Sherman<' and Sprague-
. 

Dawley ratlS, approximately 3 'wks 'old and weighing 60 + 10 9lll, 

were injected via othe ext~rnal jugular vein with ,approximately 

q 0.2 ml (160-300 x 106 cpm) of one of the iodinated proteins in 

0.05 M phosphate buffer, pH 7.4. The animaIs were sacrificed 10 

'min after injection by intracardiac perfusion w~.tq lactated 

Ringer ' s solution' for 30 sec followed by perfusion for 10 min 

'with 2.5% glutaraldehyde in 0.05 M· sodium cacodylate buffer, pR 

7 .• 3. The' mandibles were dissected and immersed in the fixative 

for 4 h at 4·C followed by d~minera11ization, postfixation, 

'. dehydration al;ld embedding as above. sections were processed for 

light microscope radioautograph,Y. . The extent of the background 

labeling in the radioautographs was assessed for each of the four 

molecules. useq; an arEël of 68,890 um2 was chosen in unlabeled 

dentirt' and the number of silver gra~ns was counted within that 

area. The background lev~l of labeling for 'éach experiment 

varied between 5 and 7 grains/SOO um2• Representative counts over 

similar areas of enamel w~re compared to the backgr9und counts. 
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BESULTS 

-

Pre secretion zone enamel organ morphology , 

" -

In the zone of presecret:ion, just prior to the synthesis of 
1 

the orqanic matrix of enamel, tall columnar ameloblasts formed a 

compact epithelial layer apposed to the dent!n (Fig. 1). Their 
, 

apical surfaces marked the site of the future dentino-enamel 

junction where numerous cell processes from the ameloblasts 
:- . 

, 

inte~digi tated wi th collagen f ibers of the dentin matrix. 
\ 

occa~J~~al odontoblast processes 

. appear{c! to make contact with 

traversed the dentin~ 

the am91oblasts. ~all 

accumulations of an enamel-like substance were present at this 

'stage. The remaining layers of the enamel organ, referred to as 
, 

the developinq papillary, layer in the presecretion »,"one 1 were 

situated immediately between the ameloblasts and the capillary 

bed related to the labial side of the tooth. 

The developing papillary layer tradi ti,onally has been 
. 

subd!vided into three cellular regions: (1) the stratum 

intermedium (closest to the ameloblasts), (2) the stellate 
" 

reticulum and, (3) the outer dental epithelium (closest to the 

blood supply). 

The stratum intermedium in the pr~secretion zone consisted { 

of 2 to 3 irreqular layers of closely-packed cuboidal cells that 

were immediately adj acent to the ba al UlqStiS the ameloblasts 

(Fig. 2). The cells were pa ed suc th t the stratum 
. ..A -0 -

inte:rmedium maintained a uni form --~n~~ess acro s the developing 
~ 0 ~ 

papillary layer. The cells tightly interdigitated with each 
\, ... 

other via their irregular outlines al}d numerous cell processes. 
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Desmosomes C~OnlY were present between stratum intermedium 

cells 1 and between cells of the stratum intermedium and the 

stellate reticulum and the ameloblasts. The cytoplasm of cells 

of the stratum intermedium had a range of staining Jdensities such 

that dark and light cells could be identified. 

d between the stratum intermedium and the outer 

dental epit elium was the stellate reticulum, a layer consisting 

of loosely-arranged, stellate-shaped cells (Fig. 3). Processes 
".-

branched from the cella towards each other and often were 
, 

connected by desmosomes. wi thin the stellate reticulum the 
• 

extracellular space was extensive. 

The outer dental epithelium, the outerm.ost layer of the 

enamel 'organ, was separated from the capillaries and the 
• j 

periodontal c0J1.t1ective tissue by a basement membrane which 

derived from the original embryo~ogical inv{gination of the oral 

epithelium (Fig. 3). rmmediately adjacent to the basement 

membrane was the capillary endothelium and periodontal connective 

tissue. The outer dental epithelium consisted of a single layer 

of cuboidal cells tightly interlocked by numerous cell processes 

and sometimes- connected by desmosomes. Occasional lipid d~oplets 

and glycogen d~osits were present within these cells, along with' 

a moderate amount of cellular organelles. 

Secretion zone enamel organ morphology 

In the secretion zone, ameloblasts were actively engaged in 

synthesizing and secreting the organic matrix of enamel. The 

tall columnar ameloblasts developed the interdigitating portions , 
of Tomes' processes tha t interdig i ta ted wi th interrod enamel 
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(Fig. 4). Tomes' processes showed both rod and interrod qrowth 

sites and numerous secretory granules in the interdiqitating 

poj'tion of Tomes' process. Occas ional branchinq of Tomes' 

process was observed (Fig. 4). 

The stratum intermedium of the developing papillary layer 

was adj acent to "the secretory ameloblasts and consisted of a 
, 

single layer of cuboidal célls with large spherical nuclei (Fig. 
/ . 

" 

5) • The cells aIl stained, uniformly, had mqderate amounts of 

cellular organelles, and were connected by desmosomes. Apposing 

cell membranes had numerous interdig i tating cell processes wi th 

more extracellular space between them than in the presecretion 

zone. The thic~ness of the stratum intermedium was fairly 

constant throughout the secretion zone. 

The stellate reticulum and outer dental epithelium of the 

developing papillary layer were no longer visible as distinct 
" 

layers (Fig. 6). The deeper invagination of capillaries caused 
" 

the developing papillary ridges to be more pronounced. The cells 

of the papillae were loosely-arranged and extracellular space was 

extensive. The ce'lls had numerous cell processeB an,d 

mi tochondria appeared to be more frequent. Separating the 

papillae from the flattened fibroblasts and collagen of the 

periodontal connective tissue was a basément membrane which 

invested the entire enamel organ. 

Maturation zone enamel organ morphology 

In the maturation zone of amelogenesis, ameloblasts could 

g~nerally be considered as being either ruffle-ended or smooth-

ended wi th regard to their distal cell surface. Ruffle-ended 
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ameloblasts (Fig. 7) occupièd the majority of the maturation zone 

and were identified by"their highly-invaginated distal cell 

membrane which formed a distinctive ruffled border related to the 

maturing enamel. The exact nature of the ruffling varied 

depending on the region of the maturation zone; but in general, 

adjacent,ruffled borders between cells were sealed by tight 

junctions (Fig. 8). Mitochondria acpumulated just proximal to 

the ruffled borders and 6ccasionally would slip in between 

individual membrane invaginations. Numerous vesicul~ profiles 

were found in close 'proximity to the ruffled border. 

Hemidesmosomes were observed on ruffle-ended ameloblasts where a 

bàsement membrane-like material was present between the cells and 

the enamel. 
\ 

Smooth-ended ameloblasts were found less frequently than 

ruffle-ended ameloblasts but were easily identified by their lack 

of a distal ruffled border (Fig. 9). The cells had - numerous 

-mitochondria homogeneously dispersed throughout the cytoplasm. 

Tonofilaments and a moderate amount of other cellular o}ganelles 

~ere present. Most obvious was the extensive extracellular space 

containing what appeared to be membrane remnants. The distal 

portions of smooth-ended ameloblasts were not sealed by ·tight 

junctions and frequently the extracellular space between 

ameloblasts was continuous up to the baseme~.membrane-like 

\, material ,adjacent to the enamel (Fig. 9). In ~ most distal 

cytoplasm of the ameloblasts, numerous vesicles 'were present 

among randomly-distributed mitochondria (Fig. 10). The vesicles 

often appeared as one ring of membrane enclosed by another. 

Hemidesmosomes were numerous where the slightly-undulated distal 
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cell membrane made contact wi th the basement membrane-l ike 
(J 

material. 

In the maturation zone, the' three distinct" layers of the 

developing papillary layer were indistinguishable and 
" 

collectively they formed the papillary layer (Fig. Il). The 
1 

papillary ridges were very prorninent as defined by the deeply-
~ 

invaginated capillaries. The papillary layer cells' were so 

closely packed and had such exten~ive interdigitating regions of 

cell membrane that individual celf profiles were difficult to 

disc~rn. The nuclei of these cells were generally spherical and 
,; 

numero~s mitochondria, junctional complexes, annular gap 

~ junctions and vesicles were present in these cells. Figure 12 

shows, at higher magnification, a reglon of the papillary layer 
r 

adjacent ta an invaginated capillary. Most of the capillaries 
'\ 

throughout the enamel organ in a11 the zones of ame10genesis were 

highly fenestrated. The cel1s of the papi11.ary layer in the 
; 

maturation zone were close1y apposed to the capillaries and the 

junctions between ce1ls formed channels of cel1 processes that 

appeared ta radiate away from the capillaries (open arrows, Fig. 

12). Frequently observed in regions of papillary layer cella 

closest to the capil1aries were a~eas of cytoplasm that contained 

/ -nUlBerous vesicular and tubular structures (Figs. 12, brackets 1 

Ij,14). These "foot pads" were separated from the endotholium of 

the capillaries by the investing basement membrane of tho enomel 

organ, sorne 100se connective tissue, and the baoemont membrano of 

the cap:!.llaries. The membranous prOfiles in the "foot pada" '§cre 

either coated, srnooth, cup-shaped and/or elongated tubulea (Fig •. 
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13,14). occasionally, coated' pi ts, gap j unctions and apparent 

;> fusions of membranous profiles were observed (Fig. 14).' 

A common feature of aIl enamel organ capillaries was their 

highly-fenestrated endothelium. Figure 15 shows such a capillary 

in the maturation zone which is deeply invaginated between two 

papillae 1 of the papillary layer. Higher magnification of a 
{1 

similar capillary (Fig. 16) shows that these fenestrations are 

closed by diaphragms, often with a small electron dense knob in 

their center. Another feature of enamel organ capillaries was 

the occasional presence of multiple layers of basem~nt;. membrane 

between the capillary endothelium and the papillary layer cells 

(Fig. 17). 

, 

Calcitonin penetration 

In the freshly-dissected incisor wiped free of it!? enamel 

organ, an intact enamel layer covered the surface of the tooth 

(Figs. 18a,b). In the secretion zone, the enamel had surface pits 

due to the removal of ameloblasts artd the interdigi tating 
\ 

portions of,Tomes' processes (Fig. 18a)~ Maturation zone enamel 

had no pits and its outer surface was smooth and continuous (Fig. 

18b) . Radioautography revealed the distribution of 1251_ 

ca'lci tonin in the dipped tooth. In the secretion zone, most of 

the silver grains were over the outermost enamel with a 

decreasing gradient of intensi ty toward the dentino-enamel ~ 

" 
junction. The ~namel closest to the dent in and the dent in itself 

showed only background labeling (Fig. 18a). In the maturation 

zone ,(Fig. 18b), the distribution of grains was similar to that 

in the secretion zone. 
, 

This labeling pattern was continuous 
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alonq the length of the 'tooth. 

J After systemic inje~tion, secreto~y am~loblasts (Fig. 18c), 

ruffle-ended ameloblasts of the maturation zone (Fig. l8d) and 

adjacent enamel had a background level' of labeling. Smooth-ended 

ameloblasts also had background labeling, but there were many 

grains over the ad] acent enamel (Fig. 18e; 19 grains/500 J.lm 2 of 

enamel). This reaction was present in the enamel of aIl regions 

covered by smooth-ended ameloblasts in theam~tura~ion zone. 

Insul~n penetration 
') 

Radioautography of the wiped incisor, dipped for 10 min in 

125I-insul in, .revealed sil ver grains over the enamel !-n the 
< 

secretion (Fig. 19a) and ma'turation (Fig~ 19b) zones of the .. 

tooth. Most grains were toward the surface of the enamel, with a 

decreasing gradient, toward the dentin, which had 1 background 

labeling only. Cellular \~emnants of the enamel organ also were 

heavily labeled (Fig. 19b). 

In the secretion zone after injection of 125I-insulin, the 

enamel organ and enamel had labeling similar to background (Fig. , 

19C) • In the maturation zone, many grains were found ovcr 
< 

ruffle-ended ameloblasts and the adjacent papi11ary layer cella,. 

specifie binding of insulin was localized to tho ondothelial 

cells of the invaginated capillaries (Martineau-Doizé ct al., 

1986). No labeling of the enamel was observed (Fig. 19d). In 

the regions of smooth-ended ameloblasts thoro 'tfere Gomo' graina 

ov~r the enamel organ but most striking was the reaction over the 

adjacent enamel (Fig. 1ge; 41 grains/500 J.lm 2 of onamol). / This 

reaction was present over all regions covered by smooth-endod 
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ameloblasts, but not over enamel a'dj acent to ruffle-ended 

ameloblasts. 

EGF penetration 

Radioautography of the wiped incisor, dipped for la min in 

125r-EGF, r~ealed silver grains over the ename1 in the secretion 

(Fig. 20a) and maturation (Fig. 20b) zones of the tooth. The 

distribution of grains as a gradient was similar to that of 1251_ 
, ~ 

~alcitonin and 125r-insu1in. 

After injection of 125I-EGF, a heavy reaction was observed 
, 

over the developing papi1lary layer of the 'secretion zone (Fig .. 

20C) and the papillary layer of the maturation zone (Figs. 

20d,e) • The amelob1asts and ename1 of both zones had background 

labeling only (Fi~ 20c-e) • 

Albumin pene~ration 

Dipped incisors had a different labe1ing pattern from that 

of the other iodinated proteins. In the secretion zone, grains 

wele observed only at the surface of the enamel, presumably in 

the pi ts exposed by the removal of Tomes' processes (Fig. 21aJ. 

In the maturation zone, some labeling was present at the surface, 

but there was only background labeling over the enamel itself 

(Fig. 21b). 

Systemica11y-injected 125I-albumin led to on1y weak 1abe1ing 

in the enamel secretion zone (Fig. 21c). In the maturation zone, 

ruffle-ended ameloblasts were heavily labeled (Fig. 21d) while 
J 

smooth-ended ameloblasts aùd the papil1ary layer were only weak1y 

labeled (Figs. 21d,e), and few grains were over the enamel of the 

maturation zone (Figs. 2ld,e). 
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Enamel organ morphology 
( 

DISCUSSION 
\\0 • 

Papillary layer cells are located between the ameloblast 

layer and the extensive capillary bed on the labial side of the 

enamel organ. The term "papillary layer" (Williams, 1896; Elwood 

and Bernstein, 1968) is commonly used to indicate the papillated 

nature of the enamel organ. Reith (1~59) described the papillae 

as a series of parallel ridges running across the enamel organ at . 
right angles to the long axis of the incisor, and numerous 

investigators have identifi~d' the .network of capillaries that 

separates the papillary ridges from each other (Kindlova and 

Matena, 1959: Adams 1 1962: Kallenbachl, 1966,1 1967; Garant and 

Nalbandian, 1968: Garan~ and, Gillespie, 1969; Iwaku and Ozawa, 
. 

1979: Skobe, 1980). Because of this intricate association 

between cellular papillae and the blood supply, i t has baen 

hypothesized that the developing. and mature papillary _layer may 

in some way be involved in t,he movement and/or transport of 

nutrients, proteins, ions and mineraIs to and 1 from the enamel 

(Addison and 

Bernick, 1960; 

1982; Crensha 

1922; Williams, 1923: Marsland, 1952: 

1962; Reith and Cotty, 1962: Bawden et al., 

The presence of numerous and highly-fenestrated capillaries 

in the enamel organ supports ~he concept of a flow of materials, 

through the papillary layer, to and from the enamel (Garant and 

Gillespie, 1969). /~trated capillaries are common in organs 

known .to be involved in rapid exchange of fluid and solutes 

(Majno, 1965) such as the glomerular capilla~ries in the kidney 
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(Pappenheimer êt al., 1951). The papillary layer cells possess 

elaborate interdigitatinq channels of cell processes which 

project into the extracellular space, and numerous mitochondria 

and vesic:les, aIl of whieh are structural eharacteristics also 

found in the salt glands of various marine birds (Komniek, 1965). 

In these birds, such features are related tO,the active transport 

of e1ectrolytes. Substances passing through the enamel organ to 

enter ~ leave the enamel must traverse the extraeellular space 

of the papillary layer or enter the papillary layer cells 

themselves. The presence of numerous eoated pits and vesicles in 

the papillary layer cells is indicative of uptake of material by 

endocytosis. Alternatively, and/or concomitantly, tight 

junetions are scarce among these cells, suggesting that 

substantial material may pass through the p~ layer by an 

extracellular route. In any case, the papili~>layer should be 
, 

considered as an important component of the enamel organ, 

actively particirating in and, allowing movement of precursors or 

products involved in enamel f<1rmation and maturation. Any 

investigatio? of enamel organ permeability must consider the 

funetional role of the papillary layer and its relationship to 

ameloblasts and developing enamel. 

Use of labeled proteins as b!ological tracers 

The proteins used in this study were chosen,because they are 

physiological molecules of various molecular weights without the 

adverse properties that affe,ç:t the behavior of lanthanum and 

horseradish peroxidase as tracers. Cale! tonin, insul in and EGF 
~ 

are biologieally-active polypeptide hormones (reviewed by, 
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Blundell and Wood, 1982).' Their iodination by the Chloramine T 

, 
method is a mono-iodination of a single tyrosine residue, with 

1< retention of their globular confirmation and hormonal activity 
l, 

(reviewed by Teitelbaum, 1983). A1bumin is a long, sing1e-éhain 

polypeptIde with four connected globu1ar segments and 17 

disu1phide. bridges that stabilize the conformation (reviewed by 

Peters, 1970). Iodination retains this conformation and hence 
.... 

the electrophoretic mobility of the native protein (Mancini, 

1963; Kinoshita, 1979; Ogura and Kinoshita,/ 1983). The iodinated 

proteins used here were purified on Sephadex gels to rernove any 

contaminating peptide fragments, aggregatf\S and/or free iodide. 

The time interva1 of 10 min was too short to al10w any 

significant reuti1ization of the iodinated tyrosine residues: 

which wou1d invo1ve catabo1ism of the protein and incorporation 

of the 1abeled tyrosine into new1y-synthesized proteins. Hence, 

aIl radioautographic reactions probab1y represented the location 

and binding of the intact prot~in mo1ecu1e. Presence 0 f the 

molecule cou1d b~ due ei ther to physio1ogical, binding, as with 

hormone to specifie receptor, or to nonspecif ic binding with 

other biologica1 substances. Absence of 1abe1ed protein could be 

attributed to washing out of unbound protein, to inaccessibility 

of that compartment because of mo1ecular weight or ,si_ze, or to 

exclusion by cellular mechanism~ such as junctiona1 complexes. 

Radioautography using 3H-proline as a precursor to the 

organic matrix of enamel shows that new1y-synthesized èname1 

proteins are re1eased from Tom~s' processes'and immediately-begin 

to sp~ead throughout the enamel in a proc~ss termed randomization 

(reviewed by Leb10nd and Warshawsky, 1979). -A time interva1 of 
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10 min hetween intravenous injection of the trace~ and the death 

of the, animal, and 10 min for dipping, was chosen so as to 

re,ilect as closely as pos-sible the early events in the 

randomization of newly-secreted enamel proteins. 

Significance of the dipping ~KPerirnents 
<0 

These experim~nts revealed that 125I-calcitonin, 125I_ 

insulin and 125I-EGF were aIl capable of penetrating deeply into 

the enamel throughout the length of the tooth, but iodinated 

album.tn did not penetrate within 10 min. Thus, r~at incisor' 

enarnel, at the sta<1e of secretion and maturat-ion is permeable to 
o 

molecules the size of mouse EGF (approximately 6,100 daltons), 

but rnay restrict molecules the size of bovine serum. albumin 

(approximately-68,ooO daltons) . 
. 

In the secretion zone, the pattern of labeling resembled the 

characteristic diffusion pattern of newly-secreted .. proteins 30 

min to 4 h after injection of labeled amino acids as precursors" 

(Greulich and Leblond, 1953; Young and Greulich, 1963 i Tiber, 

1971; Leblond and 'warshawsky, 1979: Warshawsky, 1979). similar 

diffusion patterns follow administration of 14c-bicarbonate 

(Greulich and Leblond, 1953); 35s-sulphate (Belanger, 1955; 

Blumen and Merzel, 1976) and tritiated sugars (Kumamoto and 

Leblond, 1958). The diffusion pattern is the preliminary stage 

of the randomization process which distributes newly-secreted 

protein moleoules among oider, previously-secreted proteine. As 

this pattern can he obtained by dipping teeth into radioactive 

protein solutions, in the absence of the enamel organ, it may be 
, 

that pf'oteins el-aborated by the secretory ameloblasts are 
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released at the enamsl surface and move into the enamel where 

théy randomize by a process which is not'mediated by cells. -
A possible explanation of the apparent migration of labeled 

\ 

proteins is that proteins could be dlstributed along continuous 

Tomes' processes (Warshawsky, 1971, 1978). Support for this 

concept was" obtained by the differe.ntial labeling of structural 

and secretory proteins (Warshawsky and Vugman, 1977). The 
, 

dipping experiment presented here demonstrates that the mqvement 

of tracers can occur through the enamel matrix itself and does 
\ . 

not require an intact ameloblast and Tomes' process. 

The sarne diffusion of prote in, occurring in the maturation 

zone, demonstrates the porosity of enamel during maturation 
, 

without the influence of cells. The maturing enamel has-

sufficient space between its crystallites to accomodate large 

molecular-weight proteins such as caleitonin, insu1in and EGF . 

. Larger proteins or protein aggregates may be present in enamel 

and their relationship with the crystals may prevent the 

diffusion of molecules as large as albumin. Smaller prote ins 

move freely into the enamel, and this raises the possibility that 

they can just as readily move out passive1.y without cellular 

control (Warshawsky, 1985). 

1 

r , Significance of the systemic injection experiments 

The enamel organ separates the de.veloping enamel from 1 ts 
, 

blood supply, and pre~umabl_y controls the passage ot molecules 

between the two (Bawden and Wennberg, 1977; Crenshaw and Takano~ 

1982 ),. The final barrier to molecules moving extracellularly , 

towards the enamel la 11kely to be the distal junctional complex 
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of the ame10blast (Kal.lenbach et al., 1965; Warshawsky, 1968, 

1978; Hast y , 1983). In the secretion zone, this, complex is well­

developed and has tiqht junctions~arranged ïn c~rcumscribed 
, 

plaques (Warshawsky, 1978). Lanthanum (Takano and Crenshaw, 

1~80) and ~p (Kallenbach, 198~a) studies have shown that in 

secr-etory amelo!Hasts the junctional< complex forms a barrier to 

these molecules. In this seudy, the enamel organ and enamel iQ 
• 9 

, ~ 

the secretioh zone liere not labeled after systemic inj ection of 

any of the mQl~cules except 125I-EGF which had a reaction over 

the enamel organ, but not over the enamel. Kinoshita (1979) and 

Ogura and Kinoshi ta (1983), using iodinatèd and fluol\Ochrome­

labeled albumin, also suggested that a barrier exists in the 

secretion zone between tHe extrace11ular fluid and the enamel 

matrix. 
, . 

In the maturation zone, the functional extracelluJ.ar barrier 
, , 

between the enamel and the 9tX~racellular space may also reside in • 

the distal ~ unctional complex of the ruffle- and smooth-ended 

amelobla 
ù 

Ruff1e-e 

(Kallenbacp et al., 1965; Kallenbach, 1968, ;1.973). 

ame10blasts have we1l-developed junctional complexes 

, whereas smooth-ended ameloblasts have only proximal 
1 

ones (Josel?hsen 'and Fejerskov, 1977). The distal junctional 

complex of ruffle-ended ameloblasts is tiqht to the ,penetration 

of various molecules (Skobe and Garant, 1974; Kallenb,aCh, 1980b; 

Takano and Crenshaw, 1980; Takano and Ozawa, 1''980). The degree', 

of tightness of the proximal junctional complex of smooth-ended 

ameloblasts,is still contrpversial (Josephsen and Fejerskov, 

1977; Kalienbach, 1980b; Takano and Ozawa, /1980). The results of 

50 



I­
I 
! 

1 

.1 

this study found differences in penetration of prote in molecules 

between ruffle- and smooth-ended ameloblasts of the matur~~ 
zone. Thè ability of 125I-caleitonin and 125I-insulin to enter 

the enamel matrix adjacent to smooth-ended ameloblasts as early 

as 10 min after inj ection shows that their intereellular 
1 

, . 
junctions are permeiible to. proteins with /molecular weights as 

great as approximately 5,7QO daltpns. . .' 

Al though the proximal junetional complexes of ruffle-ended 
.. 

ame,loblasts were generally permeab,le to certain proteins, the 

distal juncttonal complexes prevented aIl proteins fro~, reaching 

the enamel. The heavy radioautographic'reaetion over the enamel 

, 'organ following injection of 125I-EGF represents specifie binding 
Q 

si t.ee for this hormone (Martineau-Doizé' et al., 1987). The 

res~lts following injection of iodinated proteins show that 

ruffle-ended ameloblasts of ~he maturation zone can prevent , 

molecules as 
c' 

larg~ as 125I-'ôalcitonin (approximately 3,600 

daltons), from reaching tlie enamel. 

The findings presented 'here confirm mueh of the work done 

with classical tracers on junctional complexes of the maturation 
\ 

zone. This study shows that the distal junctional eomplex of 

rùffle-entled ameloblasts is impermeable to proteins, ~whereas the . . 
j~nctional complexes of smooth-ended ameloblasts are permeable to . . 
rather la~ge prote in molecu}es. Kallenbach (1980a, 1980b) ,found 

a similar tracer distribution 10 min after inj ection of HRP; in 

the secretion zone, the enamel organ was a barrier between the 

blood supply a and the enamel, whereas in the maturation zone, 

4 smooth-ended am~loblasts allowed passage of HRP to the surface of 

the enamel. However, over longer time periods, some HRP entered 

" 
.r, 
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the enamel in the secretion zone and in postsecretory' transition 
.... 

(KaIIenbach, 1980a). The reason for the changes in permeability 

char_acteristics to HRP wi th . increasing time 'ls not clear. 

Perhaps the tox~c (Mazariegos et al., 1984; Mazariegos and Hand, 

1985) or the physiological effects (Simionescu et al., 1975) of 

HRP may have resuited in artifactual tracer distribution. 

The results presented ,here are consistent with the 

hypothesis thàt proteolytic enzymes within maturing e~amel break 

down large proteins intç more mobile fragments that can freely 

dif,fuse out of the enamel and through the ameloblast layer, but 
; 

only ~here there are bands of smooth-ended ameloblasts. 

Furthermore, during secretion and maturation, the enamel stripped 
-of its enamel organ, is permeable to molecules as large as EGF, 

but not to albumin within a 10 min time periode The distribution 

of these injected proteins resembles the diffusion pattern seen 

when newly-secreted proteins mix with older unlabeled proteins. 

" 
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FIGURE LEGENOS: CHAPTER TWO 

Figure 1. Electron micrograph of the site of the future dentino-

enamel junction in the presecretion zone where the distal ends of 

tall columnar presecretory ameloblast's (pAM) abut against the 

·dentin (DEN). Cell. processes from the ameloblasts interdigitate t. 

with cOllagen fibers (Coll) of the dentin and occasionally appear 

to make contact . (stars) with odontoblast processes (OP). Small 

accumulations of an enamel-like substance (arrows) can be 

observed near the distal ends of the ameloblasts. Xll,500. 

F i'gure 2. The stratum lntermedium (SI) of the developing 

papilla:ry layer in the presecr~tion zone is found immediatély 

adjacent to the proximal ends of the presecretory ameloblasts 

(pAM) and the stellate reticulum (SR). It consists of two to 

three irregular layers of closely-packed cuboidal cells, tightly 
,. 

interlocked with each other via their irregular outlines and 
~ 

~numerous cell processes (open arrows). Oesmosomes are frequently 

present among cells within ,the stratum intermedium and between 
1 

cells of the stratum intermedium and the stellate reticulum and 

the ameloblasts (small arrows). within the stratum intermedium, 

light-staining (LC) and d~k-staining (OC) cells can be 

identified. The thickness of the stratum intermedium ls constant 

across the de~paPillary layer. X7,OOO. 
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re 3. Electron micrograph showing t~e three layers of the 

developing papillary layer. Interposed between the stratum 

intermedium (SI) and the outer dental epithelium (ODE) is the 

stellate reticulum (SR). The stellate reticulum consists of 

loosely-arranged, stellate-shaped cells often connected by 

desmosomes (small arrows) and. delineated by a large amount of 

extracellular space (ES). The outer dental epithelium~ is 

adjacent to capillaries (CAP) and co~sists of a single layér of 
1/ 

cuboidal cells having numerous cell processes (open arrow) and 

often containing sorne lipid droplets and small glycogen deposits. 

Separating the outer dental epithelium from the capillaries and 

periodontal connective tissue 18 a basement membrane which 

derives from the original embryolÇ>gical invagination of/the oral 
~ 

epithelium. X7,OOO.' 
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Figure, 4. Electron micrograph showinq ~meloblasts and enamel 'in· 

the secretion zone . secretory ameloblases '(AM) havinq Tomes' 
./ 

- processes (TP) interdigi tate wi th interrod enamel prongs (EN). , 
Numerous secretory' qr;anules (SG) are presen:t in the ameloblasts~· 

occasional branchinq of Tomes"process can be observed. Xll,SOO. 

',Fi.qure S. Thè stratum in,ter!1lèdium (S~) of the 'developing 

• 

papillary layer in th~ secretion zone is found immediately 

adjacent' to the· basal bulges -(BB) of the ameloblasts (AM) ,as 

def ined by the proximal cell web At this stage, the 
1 

stratum intermedium consists of a si~nqle layer of c~oi4al cel.ls .. 
wi~h large spherical nuclei. The 'celis stain uniformly, have 

-mode;rate amounts of cellular/ organelles, and are connected by 

desmosomes (small ~rrows). The cells of the ~tratum intermedium 
". 

interdigitate with each otper via numerous c~ll_ processes (open 

arrows) surrounded by a n~rrow extracellular space. Immediately ~ 

overlying the stratum intermedium is the stellate reticulum (SR). 

X7, 000. ( " 
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~igure 6. Electron micrograph of the developing papillary 'layer 

in the secretion, zon,e. The outer dental epithelium (ODE) and 

stellate reticulum (SR) are no longer visible as distinct layers. 

The enamel organ has formed small papillae as capillaries, 
J 

?, 

fibroblasts and collagen (Coll) of the periodontal connective 

tissue invaginate into i t (open arrows). The developing 

papilla,ry layer is inves,ted by a basement membrane (small 

arrows). The cells of the papillae are loosely arranged and othe 

extracellular space (ES) between them i8 extensive. ~he cells 

have numerous mitoçhondria CM) and ce11 processes. X7, 000. 
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Figure 7. Electron micrograph of ruffle-ended ameloblasts in the 

enamel maturation zone. These cells are characterized by their 

. highly-invaginated distal cell membrane which forms a ruffled 

border (RB).. The ameloblasts form a compact epithelial layer 

adjacent te the enamel (EN) but are separated from it by a 

basement membrane-like structure (arrows). Mitochondria (M) 

accUlIIûlate just/proximal to the ruffled border. X7, 000. 

'\ 

Figure 8. Higher magnification of Figure ? showing the ruffled 

border (RB) of a ruffle-ended ameloblast. Note the d~ep 

invaginations of the cell membrane and the presence of vesicular 

prof,iles (stars) related to them. Mitochondria (M) accumulate 

just proximal to the ruffled border and occasionally approach the 

enamel (EN). rTight junctions (TJ) seal the cells laterally and 

hemidesmosomes (curved arrows) adhere the ameloblasts to the 

basement membrane-like structure (straight arrows) distally·~ 

X23,OOO. 
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Figure 9. Electron micrograph of smooth-ended ameloblasts in the 
:; 

maturation zone. These cells do not possess ~ a ,ruffled border 

related to the enamel space (EnS). The amelobl asts have 

randomly-dispersed mitochondria (M) and a moderate amount of 
, 

cellular organelles including tonofilaments (TF). The 

extracellular space (ES) between the cells is large and contains 

membrane remnants. The ameloblasts aie not sealed at their 

distal ends by tight junctions and frequently the extracÈülul~r 

space between ameloblasts is open (open arrows) to the bàsement 

membrane-like structure (small arrows). XII', 000. 
- i 

Figure 10. Higher magnification of Figura 9 showing the distal 

cytoplasm of a smootho-ended ameloblast. Intermixed with 

mitochondria (M) are numerous vesicles (VES), some of which 

appear as 'one ring of membrane enclosed by another (arrowheads) . .. 
Hemidesmosomes (curved arrows) are numerous where the slightly-

undulated distal cell membrane makes contact wi th the "basement 

membrane-like structure (straight arrows). 

space. X27, 000. 
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Figure 11. Electron micrograph of the papillary layer: in the 

maturation zone. No distinct ,layera are visible and the 

papillary layer cells (PLC) aIl appear similar. capillaries 
\ \;' 

(CAP) are deeply invaginated into the- enamel organ, forming the 

characteristic ,papillary ridges found at this stage of 

amelogenesis. At the junctions between papilÜiry layer cells, 
1 

numerous tightly-packed cell ,processes form channels that appear_ 
> 

to radiate away from the capillaries (open arrows). These cells 
• 1 

possess many mitochondria, desmosomes, gap junct~&ns, annular gap 
~ -
junctions (solid arrows) and vesicles. X7,OOO. 
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Figure 12. Higher maqnifidâtion of a region, of the papillary 

layer adjacent. to an invaginated capillary. The capillary (CAP) 

is highly fenestrated (small arrow) and is found deep within the 

-papillary layer. The papillary layer cells have numerous 

mitochondria (M), ~onofi1"aÎn.,ts (TF), annular gap junctions, (AGJ) 

and ves icles. Cell procè-sses of papillary laye;- cells 

interdigitate to form chan~ls that appear to r~diate away from 

the capillary (open arrows). ~requen~ly, "foot padsn of 

papillary layer cell cytoplasm, containing numerous vesicular ~ 

, . 
structures, are found in closè proximity to the capillaries 

(brackets) . These are shown in greater detail in Figures 13 and 

14. X11,OOO. 
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Figures 13 and 14. tElectron micrographs showing a typical Il foot 

pad" of -a papillary layer cell closely apposed to a capillary of 
, 

the enamel organ (Fig. 13). An endothelial cell junction (curved 

arrow) is presènt and' the capillary is separated from the 

papill,ary layer cells by the corresponding basement membranes and 

" connective tissue in the extracellular space (ES). The' "foot 
. . 

pads" contain numerous ves~cular profiles (VES) t;.hat appear 

coated (CV), smooth (SV), cup-shaped (arrows) and/or as elongated 

tubules (t). The smooth vesicles (SV) often have a slightly 

dense material associated with the inner leaflet ~f the membrane. 
-

Coated pits (CP) are continuous with the cell membrane which 

frequently shows gap junctions (GJ). Occasionally, apparent 

fusion of membranous profiles is observed; Figure 14 shows a 

coated vesicle joined with a tubular struc:t,ure (star). 

13, X68,OOO; Figure 14, X110,OOO. 
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Figure' 15. Electron micrograph of an entire capi11ary deeply 

invaqinated into the papillary layer of the maturation zone., The 

invagina tion of ca'pï11ar ies causes ~he enamel organ to form-

.papil1ae (P, large arrows). These papillae extend as ridges 
r , 

~across the ename1 organ. The capillaries (CAP) are associated 

wi t-h sc;me periodonta1 cçnnective tissue (peT), are highlY 

fenestrated, (small arrows) 
4t 

and show endothelial cell junctions_ 

(stars). X8,OOO. 

Figure 16. Higher maqnification of trrè fenestrations present in 
~ 

endothelia1 cells of -enalltel organ capillaries. The fenestration~ 

(straight arrows) are, closed by diaphragms,. often containinq 

a sma11 " e1ectron dense knob in 

'membrane of the capillary and- thé 

visible (curved arrows). LUM, lumen 

layer celle X56,OOO. 

eir center, The basement 

pillary layer are cle,arly 

capillaryl PLe, papillary 

\ " 

Figure 17. Occasionally associflted wi th the fenestrated 

capillaries (arrow) is a basement membrane complex between the 

endothelium of the capillary and the papillary layer -cells (PLC). 

Excludinq the. basement membrane associated with the endothelium 

and that associated with t,he enamel orgëtn, up to five other 

basement meIilb,rarié " laye,rs have been observed. 
1 

. LUM, lumen of 
I.~:> ..... " , 

capi11ary. X19,OOO. 
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Figure 18. Light microscope radioautographs of dipped (a,b) and 

systemically-inj ej:!ted ( o-e) rat incisors 10 mi~ i~ter 

administratIon of 1251-oalcitonin. A heavy reaction is seen over 

enamel in the secretion (a) and maturation zones. (b) of incisors 

that were wiped tree of th~ir ename1 organs and d,ipped in 1251-

calcitonin. . Most ~f ~he grain.s are over the outermost enamel. 

In the secretion zone of animaIs systemd.ca11y-inj ected witn 1251_ 
. 

calcitonin (c), the enamel organ and· enamel show on1y a weak 

reaction. In the maturation zone, the enamel organ and enamel J 

in regions of ruff1~'-ended ame1obl;sts (d) show only background 

labeling. In regions of smooth-ended amelob1asts (e), the ename1 

organ shows only background/labeling but many grains are over the 

adjacent enamel. e~~ 'en:mel ~ den, dent in,; pl, papil1~ry 1ayer~ 
. 

AM, ame1oblasts; rAM, ruffle-ended amel6blasts; sAM, smooth-ended 

amelob1asts. X600. 
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Figure 19. Light microscope radioauto'graphs., of dipped" ~a, b) ând 

, fil ' .. 

systemica11y-injected (c-e) rat incisors 10 min after 

administration of 125I-insu1in. 
.-

Incisors that were,wiped free of • • 
, . 

their enamel organ~ and dipped in 125I-insulin show a heavy . ... 
reaction over enamel in. the secretion (a) and matura'tion zones 

sr ... " 

Ch) • Th~ grains extend throughout the entire thickness of the . 

enamel. Cellular' remnants' of the enamel or~an are 

secretion lo~e of 

heavlly-

labeled (arrow, b) • In the aI)imals 

systemically-injected with 125I-insulin (c), the enamel organ and 

enamel show only a weak reaction. .. In the maturation zone, the 

enamel organ in regions of ruffle-ended ameloblasts Cd) shows 

heavy 
. ~ 

label~ng, 
- is not labeled. but the adj acent enamel In 

regions of smooth-ended ame10blasts (e), the enamel organ shows a 

weaker reaction, but many grains are over the adjacent enamel. 

en, enamel : den, . . . 
den!-~n: pl, pap~llary layer: AM, ameloblasts; 

rAM, ruffle-ended ameloblasts; sAM, smooth-ended ameloblasts. 

X600. 
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Figure 20.
1 

Light microscope radioautographs of dipped Ca,b) and'~ 
syste~cally-injected ( c-e) rat incisors 10 min after 

administration of 125I-EGF. A heavy reaction is seen over enamel 

in th-è. secretion (a) and maturc:tion zones (b) of ln"cisors that 

were wiped free of ~heir 

At 10 min. afte~ injèction 

'enamel' organs and dipped ih 125I-ÈGF.~ 
"' ~ . 

of 125I-EGF, readtions are mainly over . . 
the developing papillary l§tyer of the secretion zone (c) and the 

• 1 

, papillarY layer of the maturation, zone (d, éL. The enamel of b'dth' 

zones shows only background labeling (c-e). en, den, 
\,,'1 , 

. dentin; pl, p&pillary layer; AM, ameloblasts; rAM, 

ameloblasts; s~ smooth-ended amelsblasts. X600. 

ruffle-enc;led . 
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Figure 21. Light microscope radioautographs of dipped (a,b) and 

·r 

sy~temically-injected (c-e) 

administ~tion of 125I-~lbumin. 
r'at incisors .10 ,min after 

, 
Incisors,that were wiped fr~e_of 

-
their ename1 organs and dipped in 125I~albumin show 1ittle or no 

labeling of 'i:he enamel in l;?oth the secretion (a) and maturation 

zones,;' (b). -The reaction at ,the surface of the ènamel in (a) is , : 

presumably due to'albumin in/~he pits.exposed by the removal of 

Tomes 1 proc~sse€. : .In th~· ~~etio~ ,~one of animaIs systemically­

injected with 125I-albumin (c), _;'-'e ena~el orcfdn and enamel show 

only_ a weak reaction. In the maturation zone at. regions of 
0. 1 

rUffle-ended ameloblasts (d), the papillary layer shows a .weak 

reaction, whereas many grains are. ovef ameloblasts. At regions 
, 

of smooth-ended ameloblasts, the enamel organ shows weak labeling 

(e) . The enamel throughout the matur~tion zone shows only 

background labeling (d,e) • en, enamel; den, dentin; 0 pl, . ' 
papillary layer; AM, ameloblasts; rAM, ruffle-ended amelobla~ts; 

sAM, smooth-'ended ameloblasts. 'X600. ' 
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CHAPTER THREE: • 

" 

EFFECTS OF VARIOUS AGENTS ON STAINING OF THE 
MATURATION PATTERN AT THE SURFACE OF RAT INCl SOR . -
ENAMEL. 

\ 
SYNOPSIS 

In ~e maturation zone, two, types of ameloblasts' are_ 

arranged as bands ac~oss ,the rat incisor; these corresponded with 

~a staining pattern at the surface which reflected the alternating 
\, 

" pattern of ruffl~-ended and smooth-ended ameloblasts. Tqe 

periodic acid-Schiff (PAS) stain showed bands 'and stripes similar 

to thpse following glyoxal bis (2-hydroxyanil) (GBHA) staining; 

these stains visualize the organic (PAS) and inorganic (GBHA) 

components of the maturation pattern. To further elucidate the 

nature of these bands, dissected rat incisors were treated with 

various agents prio&J to- staining wi th GBHA or PAS. Guanidine 
) 

extra'ction for 2 h at room ternperature showed no maturation 

pattern when stained with GBHA, as did teeth trèated with EDTA 

and a bisphosphonate (HEBP). Hydrochloric acid and ni tric acid 

removed the layer of outer enamel and incisors' did·' not stain with 

GBHA, suggèsting that the staining is a surface-related 

phenomenon. As stainin!g was abolished by either the removal of 

mineraI (EDTA} - or prote in (guanidine) , the . concurrent 

localization of, non-crystal-bound calcium by GBRA staining, ë}nd 

glycoprotein by PAS staining, indica tes that cal-cium is 
" 

assoéiated with· glycopro~ein at the surface E'f t.he. enamel. 

} 
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INTRODUCTION ) 
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Q 

Ameloqenesis can be divided into two stages, secretion 

(reviewed by Weinstock and Leblond, 1971; Slavkth et ë,\l., 1976; 

Warshawsky, 1979; Karim and Warshawsky, 1979) êlnd maturation 

(Deakins, 19'42; Weinmann et al., 1942; Reith and cotty~ 1962: 

. Allan, 1967; Rob'inson et "­al. , 1977: Warshawsky, 1985) • During 

maturation, the organic matrix produced during the secretory 

stage is removed and the mineraI content of the enamal i8 

increased, but the mechanism by which this occurs is not clear. 

Immediately adjacent to the maturing enamel are two di~tinctively 

different tyjes of cells; rUffle-ended and smooth-ended 
\ 

ameloblasts (Suga, 1959; Smith and warshawsky, 1974; Josephsen 

and 'Fej erskov, 1977) arranged as .bands across the rat ipcisor 

(Takano and Ozawa, 1980; Reith and Boyde, 1981a; Warshawsky., 

1985) . The various banding patterns of rat enamel correlate with 

the' distribution of these ameloblasts (Boyde ~ and Reith, 1981, 

1982: Reith and Boyde, 1981b: Takano et ale, 1982; Reith et al., 
1 

1982, 1984). .In particula~_, the glyoxal bis (2-hydroxaanil) (GBHA) r 

• 1 

staining method (Kashiwa and Sigman, 1966) has shown dramatic 

banding patterns (Takano e~ al., 1982). Takano et al. (1982) and, 
~ 

Smith et al. (1987) have shown that the GBHA-stained bands 
4fI 

directly correspond to the distributlon of smooth-ended 

·ameloblasts on the surface of rat incisor enamel. 

GBHA stains in~ganic lIlaterial, presumably non-crystal-bound 

ca1.cium (Kashiwa and Sigman, 1966). The orqanic matrix of enamel 

also has regional staining differences, as revealed by â number' , 
of different stains (Boyde and Reith, 1982} 1 which consistently 
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reflect the alternating pattern of ruffle-ended and smooth-ended 
~ 

ameloblasts. Thua, the' maturation pattern ôf en~mel seèms to be . 
under the strict control of the overlying enamel organ~ 

"" - '{) , 
The GBHA stain and the periodic acid-Schiff (PAS) reaction 

werê used to visuallze the maturation pattern ,of rat incisor 
t ' 

enamel. A sui table condàntration for each stain was determined 

so as to rev~al the na~rower stripes as well as the broader 

bands. 

MATERIALS AND METHODS 

E erimental rior to stainin 

Shermano and sprague-Dawley rats weighing 100 1; 20 gm were 

decapitated uncler ether anesthesia and the 1o~er incisors were 
1 

dissected out 
\ . 

of ,the surroundl.ng al veo1ar bone. The enamel 

organs, were removed from the teeth with gauze moistened in 

saline. Some incisor _ teeth were air-dried immediate1y with no 

other treatm_ent prior to st~?ning. The remainder were immersed 
( ,~ d ' 

in one of the following solutions for variàus times immediately 

a.fter the removal of the enamel organ: (1) physiological saline, 

(2) 4.0 M guanidine-HCI in 0.05 M _Tris-HCI buffer, pH 7.2, (3) 

4.13 % EDTA, pH 7.4, 

bisphosphonate (HEBP) in saline, (5) 1.3% hydroch1oric acid (HCl) 

and (6) 1.3% nitric acid (HN03)' All 

at 4'C except for one tooth which was 

lreatment~ were performed 

i~ersed in the guanidine 

solution at room temper~ture. The incisors from eaoh animal were 
, ~ 

kept together as pairs: one was treatad with the experimentaJ. \ 

agent, whereas the othel! was treated with saline' for the sama 

length of time to serve as a control. The teeth were than air-
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dried. 
: 

Enamel staining with GSHA and PAS 

Followinq the various experimental t'reatments described 
l 
1 

above, the teeth were stained witn GBHA except for a normal pair 

and a guanidine-extracted pair which were stained by the PAS 

reaction. The incisors were immersed for 30 sec at room 

tem~erature in 100 ml of a 75% ethanol solution containing 0.875 

qm of ~HA (Sigma) and Q. 35 gm of NaOH. In order to correlate 

staining intensity, aIl teeth were mounted in a single _piece of 

plasticene and immersed together into the continuously agitated 

'GBHA solution. After stain~ng, the inc~ors were rinsed briefly 

in absolute ethanol and allowed to air-dry ~t room temperature. 
, 

Two pairs of incisors, normal and guanidine-extracted, were 
1 

p;-epared as aboye and stained. by the PAS technique (McManus, 

, 1946) • Briefly, oxidation was performed with 0.5% periodic ac!d. ... .. 
for 10 min àt room temper~ture. The teeth were? washed and 

aldehydes wer'e visualized using 0.5% basic fuchsiFt for 10 min at r 
, 

J' room temperature. The inci'sors were th en reduce'd for 2 min in 

0.5% sodium metabisulphite, rinsed 'in water and air-dried. AlI . ,. 
teeth were mounted in plasticene and photographed. 

1 • 

Ground sectioning . 
After pho"t:ography of the st:aining patterns, the GBHA-st-ained 

Jr 

teeth were rehyara ted a~d tlien dehydrated through a graded~ 

âéetone series. . The teeth were embedded in Epon and sections 

were eut with ë1 oG'illings-Hamco thin sectioning machine at the 

mid-poi!lt of the matur,ation zone in a p~ane perp'endiqular to the 

.. 
.. 
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lpng axis of the incisor. , 
cover~slipped in Epon. 

-. 
Untreated incisors 

r 

The sections were then mounted and 

1 
RESULTS 

Lower incisors that were air-dried immediately after 

dissection! and stained wi th GBHA or the PAS reaction had a 

banding pattern on the enamel surface. 'the location· of this 

pattern sometimes varied s~ightly on aincisors from different 

animals but, w~th tne contralateral incisor from the same animal, 

.fi the pattern~ ~~re usually symmetrical. In GB~-stf'-ined teeth, 
.... 1 ~ 

the pattern consisted of 2 to - 5 red bands, running across the. 
-

',enamel (Fig. l, laft). Often the most api"cal band ran 

transversely across the tooth.' The other band~ were oblique and 

their staining intensity decreased' incisally so· that no bands 

w!!re observed in the piqmen~ed enamel. - The interband regions 
1 • 

contained a lightly stained, pink area in which other thinner 

. \...JIItripes could be observed, and an incisaI unstained area. The 

staining 'intensity of the thin stripefj? was genèrally greatest in 

the second and third interband regions and ran across the second 

and third darkly":stained bands. The orientation of these stripes 

did not necessarily follow _the curvature of, the bands. . ~The 
• 

eriamel apical ta the first band, presumably in the secretfon zone 
p 

of the tooth, was lightly-stained. 
( 

The arrangement and symme~ry 

of these staining characteristics was gener.ally similar between 
( -

contralateral incisors. 

In the PAs-stained teeth, the staining pattern 'was similar 

to that observed after stainlng with GBHA. . T'Wo to four magenta 
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bands ran across the enamel (Fig. 3). The staining intensity of 

the oblique bands e1ecreased incisally and none were observed in 
~ 

the pigmentation zone. The entire interband regions were lightly 

stained and also showed the narrower stripes running across the 

tooth. Ho~ever, no incisaI, unstained area was observed in the 
" ... 

in~rband region. The enamel in the secretion zone was lightly 

stained. 

Treated incisors 
n 

~Treatment before staining. either modified or removed the 

sta1ned bandil\g patterns. Immersion of an untreated tooth in 
t 

physiological saline at 4°C for 2~h prior to GBHA staining caused 
\. --==-",= -

a reduction in staining intensity (Fig. 1, right) compared to the 

untreated, immediately-staine.d, contralateral tooth (Fig.' l, 

1eft). Both the lightly-stained enamel in the secretion zone and 
'> 

the b.ands and stripes ,in tJ'le matur.ation zone showed this 

reduction of staining. 

Guan~dine treatment 

;Immersion in a 4.0 M gu'anidine solution for ~ h at 4'C 
~ 

before GBHA staining. removed aIl the bands except the first 

oblique one, which was stained less intensely (Fig. 2a, left) 
v ~ 

compared to the contralateral control that- had been(immersed in 

saline for '2 h at 4°C (Fig. 2a, right). The_stripe~ remained 

slightly visible in the treated tooth, but the transverse band 

and the enamel in the secretion zone ,dia not stain. Immersion in 

this guanidine solution for 2 h at room temperature produced no , 
bands or stripes whatsoever when stained with GBHA (Fig. 2b) 1 
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Figure 4 show!3 an incisor immersed /for 2 h in the quartidine 

solution.at 4·C (left) and the contralateral incisor immersed in 

saline for 2 h at 4 oC (right), both of wh,ich then were stained 

wi th t~e PAS reaction. In the guanidine-~mmersed tooth, there 
<J • 

was no ~pièal transverse band and a reduction of stain uptake in 

both the oblique b~~ds and the strip~s. 

, . 
EDTA treatment 

F~gure 5 shows an incisor pair, one of which was immersed in . 
\ 

EDTA for 5 min at 4°C (left), and the other in saline for 5 min 
-,,"'\~ .. 

or' at 4°C,.. (right). ,The, control ~ooth had typical GBHA staining, 

whereas the EDTA-tre~ted.incisor was unstainéd. 1 

HEBP treatment 

Figure 6 shows an incisor immersed for 2 h at 4·C in HEBP 
~ , 

(left) and the contralateral tooth immersed in saline for 2 h at 

4°C (right). 
"7 , 

The HEBP-treated tooth -was unstained with GBHA, 

wnereas the control tooth had a typical stainlng patter1. 

.. 
Acid treatment 

Incisors treated with hydrochloric and nitric acid' also 

showed removal of the GBRA staining pattern. Figu!e 7 shows a~ 

unstained incisor that was immersed l.n HCl for 30 sec at 4 • C 

(left) before GBRA staining; the control tooth had ~ypical GBHA 

~taining after 30 sec in saline (Fig. 7, right). Nitric acid for 

30 sec at 4°C ·(Fig. 8, left) removed the GB~-sta,ined banding , 
pattern wh~ch appeared in the control (right). . " 
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Ground sections 

These sections revea1ed a continuous layer of enamel that 

covered the labial' surface, of the tooth (Figs. 9-14). In the 
"-

normal tooth (Fig. 9), the maturing ename1 ~'xhibited rod and 

interrod patterns that allowed the junction between inner and 

outer enamel to be determined ( arrows) . After guanidine (Fig. 

10), ·EDTA (Fig. Il) and ,HEBP (Fig. 12), aIl teeth showed an 

- intact layer of inner 
. 

and outer enamel, a1though a 
, . 

possl.ble 

slight cracking of the outer enamel was present -in the EDT7'~-

treàted tooth ~ The dentin in the guanidine-treated~t~oth (Fig. 

10) was particularly opaque to transmitted light. The HCI- (Fig. 

13) and HN03- (Fig. 14) exposu're removed the outer enamel and 

~ possibly some of the inner ename1, revealing the ~nner ename1 rod 

pattern at the, surface ot. the tooth (Fig. 13, arrow) .• 

DISCUSSION 

These findings show that the maturation pattern of rat 
• 

incisor enamel as revealed by GBHA staining is similarly shown by 
~, . 

the PAS reaction and that this pattern can be affected by various 

agents when applied prior to staining. The PAS surface staining 

is simi1ar to GBHA staini!lg, and not only confirms tlÎ'e presence 
~ ~ 

. ~ . 

of an enamel maturation pattern consisting of bands, stripes and 
,-

unstained areas (Boyde and Reith, 1981, 1982; Takano et al., 
, 

1982)" but also indicates the chemica1 nature of sorne of its 

consti tuents. The PAS reaction is general1y used to 10calize 

glycoproteins or any mucous substance 60ntaining neutral sugars . 

The organic matrix of enamel contains carbohydrate residues as 

demonstrated by ra~ioautography (W~instock and Leblond, 1971) and 
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by_ PAS staining of SDS-polyacrylamide gels used to separate 

? . -
enamel proteins (Termine et al., ~980). It has been shown here 

that ,these glycoproteins are concentrated in the bands and 

stripes. 

Bindin~ of calcium by GBRA is dependent on the presence of 

non-crystal-bound calcium (Kashiwa and Sigman, 1966). 

does not bind to calcium already incorporated 

As GBRA 

into 

hydroxyapatite (Kashiwa and House, 1964), presumably the GBRA 

staining of ena~el indicates the binding of calcium that has not 

yet ço'ntributed to growth of enamel crystallites. This calcium 

appears to be localized in discrete regions of enamei 

corresponding to the bands and -stripes observed ,after GBRA 

staining. Those regions that do not s.tain wi th GBHA may be 

where aIl the calcium ls in the form of hydroxyapatite. - The 

concurrent localization of non-crystal-bound calcium and 

g!ycoprotein ~uggests that the two may be associated. The 

correlation of these staining patterns with· different cell types 

(Takano et al., 1982; smith et al., 1987) emphasizes the 

functional differences between smooth~ended and ruffle-ended 

ameloblasts and implicates thfaln Ç91YCOproteiri and calci,um 

regulation at the surface of the enamel. 

The dissociative guanidine extraction technique of Termine· 
, 

et al. (1980) was used to further investigate the possibili ty 

that enamel proteins are in some way responsible for sorne aspect 

of enamel maturation. This procedure completely dissolves and 

extracts amelogenin proteins without ·dissol ving the 
-

hydroxyapatite crystals. Guanidine extraction for 2 h greatly 
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, 
diminished (at ,~·C) or completely prevented (at room temperature) 

staininq with GBHA. As GBHA presumably stains only the non-

crystal-bound calcium present in the bands and stripes and 

quanidine extraction of the ameloqenin proteins completely 
ft. 

preve~s their staining, then there must be an association 

between calcium and enamel protein. This is in agreement wi th 

Drinkard et al. (1981), who d~monstrated calcium binding by'the 
, 

organic matrix of bovine enamel. Thus, enamel p~oteins may 

retain calcium in the enamel for further crystal growth. Acidic 
\ 

conditions have been used to extract (Fukae and Shimizu, 1974; 

shimokawa and Sasaki, 1978; Fukae et al., 1979) or dissol\!,e 

(Fincham, 1979) enamel proteins and mineraI. Ground sections 

through incisors treatêd with HCl or HN03 revealed that at least 

the outer enamel had been removed from the surface of the tooth. 

The failure to stain acid-treated incisors wi th GBHA, ihdicates 

that such staining in rat incisor enamel is a surface-related 

phenomenon. 

Treatment of incisors with EDTA prevented aIl GBHA staining; 
1 

EDTA is used routinely to chelate calcium, thereby demineralizing 

hard tissues (Warshawsky and Mooré, 1967). If GBHA does stain a 

calcium-protein complex, as suggested by the out come of the , . 
, 

guanidine extraction experiment, then the non-crystal-bound 

calcium~of this complex may have been chela~d and removed by the 

EDTA ~d therefore was not available fo+ ~BHA 

sectio~thrOUgh an EDTA-treate~ tooth showed 

layer of enamel remained so that loss of'GBHA 

be attributed to a loss of enamel inteqrity. 
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Bisphosphonates, 
. 
such as flEBP, are analogu~s of 

pyrophosphate which resist enzymatic hydrolysis '~d inhibit 
, / . . 

~1ological mineralization (Fleisch, 1983). They are similar in 
"-

their -actJoTls to ~ pyrophosphate in that they (a) inhibit· 

precipitation of calcium phosphate from clear solutions (Fleisch 
" 

et, al., 1970), (b) block the transformation of amorphous calcium 
.:> 

phosphate into hydroxyapatite (Francis, 1969; Francis et al'., 

196·9-; Meyer and Nancollas, 1973; Boskey et al., 1979), (c) delay 
• J c-

":. the aggregation of apatite crystals into larger cluster'S (Hansen 

.. 

et al., 1976), (d) disaggregate apatite crystal clusters (Bisaz 

et al., 1976) and, (e) slow do~ crystal dissolution (Fleisch et 

al., 1969; Russell et al., 1970; EvanS et °al., 1980)0. These 

effects seem to be related to their "marked affinity for 

hydroxyapa ti te . (Jung et al., 1973) and amorphous ca lc ium 

phosphate (Francis et al., 1980). Little is known about the , 

specifie effects,of bisphosphonates on enamel. In this s~udy it 

was found that a 2 h application of HEBP to thè rat enamel 

surface caused.a loss of GBRA staining, but a complete layer of l ' ~ 
enamel remained on the tooth. Aga in , as GBHA staining presum!bly 

, 
requires the presence of non-crystal-bound calcium t HEBP 

, 
treatment must have either temoved or prevented GBHA staining of 

this caloium. 

synthetic calcium-phosphate solutions with concentrations of 

these ions similar to those of serum contain, in addition ta free 

calcium and phosphate ions, a variety of Ca-P and Ca-p-x 

complexes (where x = a variety of organic or inorganic ligands',; 
~J ' 

Glimcher, 1976). ' It May be that enamel proteins in solution act 

as Ca or Ca-P ligands, so the high affinity of HEBP for these 
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complexetJ mi<;fht prevent the o~served bindinq of GBHA to this 
( ... .....' 

calcium. Furthermore, the slowinq of crystal dissolution by HEBP 

would only stabilize that mineraI already bound to 

hydroxyapatite. 

The re~\:llts presented here 
" 

are consistent wi th the 

hypothesis that by· controlling the aggregation of mineraI ions, 

the o:.;ganic inatrix 'may'- serve as a bioloqical céI'talyst for 

. initiatihg mineralization of hard tissues (Neuman and Neuman, 

1958; Orinkard et al., 1981). The binding of calcium by aniopic 

si tès of the enamel organic 'matrix may .. not only provide a 

m~chanism for heterogenous nucleation of crystal formation, but 
l ' 

may' aIso form a template for the shape -of the crystals, ~nd for· 

propagation and regulation of further crystal growth as the 

degree of. mineralization of enamel increases throughout -

maturation. 

. . -
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~-GURE LEGENDS: CRAPTER THREE 

1 
'!' 

FiJre 1. A pair of lower incisots stained ~ith GBRA. The 

apical ends' are below. The incisor on the left was not treated 

"prior to staining. The staining pattern consis~s of an apical 
J 

band running transversely and several oblique bands across the 

enamel. The iITterband regions conta in a lightly-stained ,area 

wi thin which narrow stripes can be· seen, and an incisal, 

\unstained area. 
) 

The incisor on the right, immersed in saline for 
\ 

2 hl at 4°q prior'to GBRA 'staining, shows a similar pattern but 
\ 

withlless staining intensity. X6.5. 

Figu~e 2. Lower incisors stained with GBHA. 
\ 

The incisor on the 

left Of'{ig . 2a and the incisor in Fig. 2b were immersed for 2 h 

in a g~anidine solution at 4°C and (oom te~perature, 

respectivelY, prior to staining. The incisor on the right in 

F;g. 'la (wa:. immersed in saline for 2 h as a controL Note the 

reductio~~, at left) and complete lack of (Fig. 2b) the 

GBHA staining patterns in the guanidine-treated teeth. X6.5 . 
• 

Figure 3. Incisors stained by the PAS reaction. 
1 

Neither was 

treated prior to staining: tp.ey show a transverse and severa], r 

oblique bands across the ename1., The interband regions are 

. light.ly-stained, show n'arrow stripes and do not conta in an 
1 

unstained region. X6.5. 

Figure' 4. 
t, 

Lower incisors stained by the PAS reaction.', That on . 
the l,eft was immersed for 2 h in a guanidine solution at 4·C 

prior to staining; i t shows a lack of the transverse band and 

reduction in staining intensity of the remaininq bands compared 

to the control incisor on the right, which was immersed for 2 h~' 
in saline be(ore staining. X6.5. 
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Figure 5. contralateral lower incisors àtained with GBHA. 
\ 

Apical ends are below; that on the left was immersed in EDTA tor, 

S min at 4°C, and thé control (riqht) was immersed in saline for 

the same time and at the same ~em~rature. ' The control shows 
• c 

typical 'GBHA staining; the EDTA-treated inc isor shows no , 
staining. X6. 5. 

, 
Figure 6. A pair of lower incisors stained with GB~". That on 

1 f 

'the left was immersed in HtBP for 2 h at 4·C. The control shows 

thé expected staininq pattern after 2 h in saline, ~h·ereas. the 

HEBP-treate..d incisor shows no st~,ini.n9. X6. 5. . 

A pair of lover incisora ata~ed ';ith GB~. That on 

c 
the I:eft was immer,sed in HCl for 30 -"'sec at 4 'C, and the control 

"Figyre 7. 

. . 
(right) was immersed in saline' for' 30 sec at '4·C. The control 

. 
shows typical GBHA' staining; the HCl-treated tooth shows no , , 
staining. X6. 5. ~ . 

Il> , 
Figure 8. -]\ pair ~f lower incisora staine!i with GBMA. That _on 

,the left was i,mmersed in HNO,3 tor'(J30 a~c at ·~·C; th. control 

(rlght) t"as immersed in saline tor 30 ,sac. at '·C. 'Th. control 
, 

sltowa typical GBHA staining; the HN0'3-treatad tooth shows no 

stafninq. 'X6. 5. ~ 
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Fiqures 9-14. '. ~r+nd' sections 

incisora at the "midpoint of- the 

through normâl a,nd ,treated 

maturation zone ln a plane 

perpendicular to the 10nq· axes of the teeth.­

stained with GBHA prior to the ground sectioning. 

AlI teeth were 

Figure 9. Liqht microqraph of av normal, untrea ted inciso%:' 

showing a ~ompletely intact layer of enamel (en) covering the 

dentin (den). The arrows indicate the junction between' inner and 
, 

outer enamel. X400. 

Figur.es 10-=12. Liqht ·micrographa of incisora treated with 

guanidine (Fiq. 10)., EDTA (Fig. Il) ~nd HEBP (Fig. 12). An 

intact layer ~of inner and outer enamel covers the dentine X400. 

Figyres 13« 14 Light micrographs, of incisors treated wi th HCl . . 
(Fi~. l~i and HN03 (Fig. 14). The outer enamel and p~obably Som. 

ihnet' ename1 have been removed leaving the inner enamel rad , ~ 
pattern at the surface '(arrow, Fig. 13) •. X40b~ 
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CHAPTER FOUR: MODIFICATION OF THE ENAMELIMATURATION PATTERN BY 
VINBLASTINE AS REVEALED BY GLYOXAL BIS(2~ 
HYDROXYANIL) (GBHA) STAINING AND" 45CALCIUM 
RADIOAUTOGRAPHY. 

SYNOPSIS 

Patterns characteristic of enamel maturation can be 

visualized at the surface of the rat incisor by staining with 

" 
glyoxa~ ots (2-hydroxyanil) (GBHA) and radioautography following 

45Ca injection. In this study, the affects of vinblastine on 

enamel maturation were moni tored by these two methods. At 4 h 

afterVinjection of vinblastine, the darkly-stained GBHA bands had 

wiq.ened incisally into the interband regions when compared to 

normal, control teeth. Radioautography at 5 min after calcium-

injection in vinblastine-treated anima~s (4 h) showed a modified 

maturation pattern of weaker labeling and le~s distinct banding. 

At 8 h after vinblastine injection, most of the enamel staincd 

uniformly with GBHA, and bands and interband regions could not be 

resolved. Radioautography at 5 min after calcium fnjec~ion 

showed that the 8 h vinblastine treatment removed the banding 

pattern, leaving only a weakly-labeled area.' 
0\ 

'. Vinblastine i8 

,known to destroy and prevent the forma'tion and turnover of 

microtubules,.and hence the formation of ruffled bordera of 

... -uffle-ended ameloblasts (Akita et al. 1983). The concomitant 

.decrea~e in calcium incorporation' iropl ies 
~ . 

that,~ avents taking 

place in relation to the ruffled border may affect calcium 

exch~nge or accretion within the enamel. 
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INTRODUCTION 

During enamel maturation, the 'organic matrix produced during 

the secretory stage is _ removed and the mineraI content of the 

enamel is increased. Al though the mechanism for su ch an 

interchange is not clear, the ~yclical nature of this maturation 

process has been demonstrated within the enamel itself by several 

different in vitro techniques, such as: glyoxal bis(2-

hydroxyanil) (GBHA) staining (Takano et al.", 1982),' tetracycline 

staining (Boyde and Reith, 1982), radioautography ~fter dippin~ 
'}' 

in 45Ca (Warshawsky, 1985), and by various histological stains 

(Boyde and Reith, J.982). In vivo ter,hniques also have 

demonstrated .that the cyclical nature of enamel maturation can be 

seen at the level of the enamel organ. Such techniques include 

in~ection .of calcein (Josephsen, 1983), systemic injection of 

calcium and radioautography (Reith and Boyde, 1981; Reith et al.~ 

1984), tetracycline injection (Boyde and Reith, 1981) and EDTA 

etching (Rei th et al., 1982). Further.more, the repetitive 

banding, characteristic of the enamel maturation pattern, has 

been correlated to the cyclic distribution of ruffle-ended (RA) 

and smooth-ended '(SA) ameloblasts of the enamel organ (Boyde and 

Reith, 1981, 1982; Reith and Boyde, 1981; Takano et al., 1982; 

Reith et al., 1982, 1984; Josephsen, 1983). R~cently, DenBesten 

et al. (1985) have shown that fluoride disrupts the cyclic 
, 0 

-
patterns of the maturation stage. Fluorosed enamel showed fewer 

if 

calcein-stained stripes and fewer cycles of 4SCa uptake. 

Microtubules are cellular organelles that have been 

implicated /in various cellular activities including secretion, 
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resorption, organization - and. maintenance of ce~~ shape. 

Vinblastine is, a drug which binds to tUbulin, the microtubule 

su~unit, destroying existing microtubules and preventing ~he 

formation of,new ones. Consequently, there ,is an interruption in 

cellular organization and function. Vinblastine (Moe and 

Mikkelsen, 1977; Takuma et al., 1982), colchicine (Kudo 1975) and 

colcemid (Karim and Warshawsky, 1979) aIl have been used to alter 

the secretory activity of arnel."oblasts during enamel formation. 

More recently , Akita et al. (1983) showed that vinblastine and 

colchicine caused a 1055 of both microtubules and the ruffled 
" 

border of RAs in the maturation zone pf the rat incisor. Sinee 

ruffling of the cel1 surface frequently as found in cella 
~ 

involved in absorption, resorption, ionic pumping or exchange, 

this mOrPhological feature ,of maturation ·ameloblasts has been 

assumed to indicate similar functions in enamel maturation. The 

pqssibility of resorption has been fU,rther strengthened by the 

finding of enamel proteins in lysosomes Of~ RAs' (Nanci et àl., 

1987) . Therefore, th is study invest ig ated the funct ional 

consequences of vinblastine's ability to remove the ruffled 

border by monitoring changes in the enamel as revealed by GBHA 

staining and radioautography after injection of 45ca l c ium. 

MATERIALS AND METHOPS 

Animal procedures 

Sherman rats weighing 100 + 10 gm were used in this study. 

Vinblastine sulphate (Sigma Chemica 1 s) was admin Is tered 

intravenously to four animaIs via the external jugular vain at a 

concentration of 0.5 m~ in 0.1 ml physioloqical saline. The 
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animaIs were aacrificed by decapitation at 4 h and 8 h after 

injection .. The lower incisors were dissected from the 
<.' 

surrounding ~lveolar bone and the enamel organs were wiped from 

the teeth with gauze moistened in saline. AlI incisors were air-

dried at room temperature. On the incisors of two, untreated 

control animaIs, the position of the white opaque boundary 

(Robinson et al., 1974) was notched in.the enamel with a scalpel. 

Enamel staining with GBHA 

Following air. drying of the vl.nblastine-treated incisors, 

they were stained wi th GBHA to reveal the maturation pattern at 

the surface of the teeth. The incisors were immersed for 30 sec 

at room temperature in 100 ml of a 75% ethanol solution 

cont~ining 0.875 gm of GBHA (Sigma Chemicals) and 0.35 gm NaDH. 

In order to correlate and compare staining intensi ty, aIl teeth 

were immersed together into the GBHA st ining solution. After , 

staining, the incisora were rinsed -brief in absolute ethanol 

and allowed to air dry at room tempe rature . The characteristic 

GBHA staining pattern of normal, untreated teeth served" as a 

control. 

Radioautography of enamel after 45Ca injection 
- ) ----- - --- ------

At 4 h and 8 h after intravenous injection of vinblastine, 

100 )Jei of 45caCl2 (New England Nuclear) were inj ected into the 

contralateral jugular vein. The animaIs were sacrificed 5 min 

later by decapi tation and the lower incj sors were dissected and 

dried as described above. Following air drying, aIl teeth were 

dipped in a 0.5% gelatin solution containing 0.05 gm chr~me alum 
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for 20 Bec at 40·C. The teeth then were dipped in photographie 

emulsion (Kodak), exposed for 5 d, and developed according to the 

method of Kopriwa and Leblond (1962). The charact~ristic 45Ca 

radioautographic pattern at 5 min after injection in normal, 

untreated teeth served as a control. AlI teeth weré fixed to a 

platform with plasticene and photographed. 
1 

RESULTS 

GBHA staining: Normal incisors 

Lower incisora from control normal,'untreated animaIs showed 

a banding pattern on the surface of the enamel a fter GBHA 

staining (Fig. 1). The location of the individual banda of this 

pattern varied slightly ori' incisors from different animals, but 

were generally symmetrical in inyisora from the same animal. The 

staining pattern consisted of up to six red bands running acrOBS 

the enamel, ;;epara ted by interband reg ions. 

intenaity of the bands decreased incisally. 

The ata in 1ng 

No banda were 

observed in the pigmented enamel. Often the" most incisal banda 

showed a tpin, darkly-stained l~ne. associated .. wit~ the apical 

sidé of the band. The interband regions contained a lightly-

stained, pink area ~picaIty, and an incisaI, unstained araa. The 

enam~1 apical t~ the first band was ~reaumably in the secretion 

zone of the tooth and stained lightIy\ 

GBRA staining: Vinblastine-tre~ted inçisors 

!l) • i Lower ~nc sors from' vinblastine-treated animala show.d a . 
mo~ification of the GBHA-stained banding pattern. At 4 h atter 

vinblastlne injection (Fig. 2), the wideninq of the i'ntena~.ly-
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stained red bands was most striking. These bands widened in an ,,-

incisaI direction, thereby diminishing the width of the Iightly-. , 

$tained, pink interband regions. The unstained areas in the 
\ 

interband region were similar dr slightIy wider than those in the 

control. The thin, darkly-stained lines normally close to the 

incisaI dark bands, were separated from these bands and appeared , -, 
within the unstained regions. The overall staining intensity was 

slightly greater in the experimental than in the control animaIs. 

At 8 h after vinblastine inj ection (Fig. 3 )\, the GBRA 

staining pattern was al tered completely. The sharp, darkly-

stained red bands were not discernible and the staining pattern 

could not be divided into band and interband regions. ' Most of 

the enamel stained uniformly wi th GBRA except for a few patches 

incisally and i t was possible to see regions which perhaps 

_corresponded to the unstained bands of the control. The thin, 

darkly-stained lines observed in the control and the 4 h 

vinblastine-treated teeth were not present . 

Radioautography: Normal incisors 

Five minutes after intravenous injection of 45Ca into ao 

control animal, radioautography revealed a blackened banded 

pattern on the tooth .surface (Fig. 4), presumably showing 

incQ~oration of calcium into the enamel. The pattern consisted 
ç 

of 5 or 6 broad black bands separated by narrow white bands of 

unlabeled e~mel. The intensity of the radioautographic reaction 

in thè heavily-exposed bands decreased incisally. Often the most 

incisaI unlabeled areas had a barely visible, thin black line 

running through their centers. The enamel in the secretion zone 
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showed little or n'o ~ncorporation of calcium. The overall 

pattern of alternatlnq 11ght and dark bands resembled a negatlve . - , 

image of that produced by GBHA st~ining (compare Figs. 1. and 4), 

but the unstained bands wi th GBHA were completely unlabeled in 

the radioautographs. 

Radioautography: Vinblastine-treated incisors 

Lower incisors from vinblastine-treated animaIs showed a 
,-

moditication of the pattern of calcium incorporation into enamel. 

At 4 h,after vinblastine injection (Fig. 5), the radioautographic 

reaction was slightly less intense than, that of the control and 

the unlabeled bands were not as obvious and less sharp. 

At a h after vinblastine injection (Fig. 6), very little 
-

radioautographic reaction w'as present. ' The al ternating pa.ttern 

of dark a~d light bands was n9 longer visible and only a mottled 

area of calcium incorporation persisted in early maturation. The 

illtensity of this reaction was much weaker than corresponding 1 • 
• :;;'/0 

areas in the control teeth. 

orSCUSSION" 1 
Microtubules and the ruffled border 

The ameloblasts of the maturation zone ln the rat incisor 

show alterI)ating morphologies, especially with, regard ta their 

distal cell membranes, and consequently are characterlzed as 

being either ruffle-ended or smooth-ended (Suga, 1959; Warshawsky 
t'-> • 

and Smith, 1974; Bayde and Reith, 1976; Josephsen and Fe~erskov, 
o 

1977). This region ls also referred to as the region of 

ameloblast modulation' (Josephsen and Fejerskov, 1977) because 
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maturation ameloblasts were shown to mOdulat~ between the two 

cell types (Josephsen, 1983; Ishige et al., 1987; Smith et al., 
C' 

1987). Akita et al. (1983) found that by 8 h after yinblastine 

injection, no RAs are found in the rat incisor, indicating that 

the ruffled border had been lost presumably as a result of the , 

anti-microtubu1ar effect of the dru~ Thus, vinblastine destroys 

and ,interrupts the formation, distribution, and turnover of 

microtubules, and' this in turn prevents 1 the development or 

maintenance of the extensive ce1l membrane infoldings of the RAs. 
" 

This implies 'that the modulation('from ruffled to smooth, and 
. i ' J 

smooth t0 ruffled, reflects a cyclical redistribution and 

assembly of new microtubules wi thin the ameloblast as it 

m'odulates. 

GBRA staining and the state of calcium bindinct < \ 
GBHA is 'a chelometric calcium-binding compound which stains 

loosely-bound calcium that has not been incorporated into 

hydroxyapatite (Kashiwa and House; 1964; Kashiwa and Sigman, 
1 

1966) • The banded maturat~on pattern of enamel following GBHA 

stain,:Lng demonstrateÉf regiona~ differences regarding the presence 

and concentration of non-crystal-bound calcium within the enamel. 

Those regions that stain. wi th GBHA contain non-crystal-bound 

cai9-!um whereas those thé\t do not stain with GBHA probably 

contain dium in a crystalline form. It appears that 

radioautography after 45Ca injection visualizes both the regions 

of crystalline and non-crystal-bound calcium. From the 

ra'diba'll:tographs · i t appears that only the unstained bands conta in 

enamel which is stable and incapable of exchange or accretion of 
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radioactive calcium. since calcium is always -present in the 
~ 

enamel either in the form of hydroxyapatite ~or as transient ionie 

or loosely-bound calcium, then the regional staining and 

incorporation differences must' indicate differenti~l processing 

of the available calcium wi thin particular regions. Presumably, 

the GBHA-stained, non-crystal-bound calcium, is noncrystplline 
-

and is associate~with the organic matrix of the enamel. Indeed, 

Drinkard et al. (1981) have demonstrated that calcium binds to 

the organic matrix of bovine enamel. Guanidine extraction of 

enamel proteins from intact enamel abolishes the GBHA-stained 

banding pattern (McKe~ ahd Warshawsky, 1986; Chapter.Three) thus 
, 0 

confirming that the organic matrix binds calcium. 

Takano et al. (1982) and smith et al. (1987) have shown that 

SAs overl!e areas of enamel that stain as intense red bands with 

the calcium stain GBRA. In the pre~ent study, this correlation 

has been confirmed by d~onstrating that vinblastine treatment, 

~which converta. RAs to SAs (Akita et 'a 1., 1983), resul ts in w fder 

" bands of intense GBHA staining at 4 h and continuous non-bande& 

areas at 8 h after inj ection of vinblastine. Presumably, 

vinblastine treatment prevents the modulation of SAs into RAs and 

inhibits the repl~cement oLN~~icisting microtub~1~~~ __ relaJe~d~_.t9 

the ruffled borders. The ruffled border appears necessary to 

estab1ish the functional state which leads to regional 

differences in calcium availability that must be related t6 

normal enamel maturation. 

Radioautography and the state of calcium binding 

The banded nature of the enamel maturation pattern ~s 
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'vis\laliz~d J:iy: radioautbgraphY f0110winq 45ca injectioI! was first 
o 

describ~d by Reith. and Boyde (1981), and the regions showinq ~h~ 

most calcium inco~oratrion were shoWn to be those tiverl~in by RAs 

(Reith. -and Boyde, 1981; Takano et al., 1982). This study has 

confirmed this incorporation patt~ at 5. min after systemic 

irrjec1:ion and in addi ti"n, has shawn that this pattern 0 is 

dèpendent on the prE!sence of RAs. Vinb1astine "" " " . treatmen~ 

draméftdca1ly' a1~eied the GBHA- staininq pattern a.hd qreatly 

dimirlished calcium 'I:lincorporat~on • vinblastiné prevents the 

formation and turnover of microtubules, and these in turn prevent . . -
the formation -of ruf-fled b"orders. S ince there is a concomitant 

decrease in ~ calcium incorporation, it would imp1y that events 

o which ' take place in relation to' thè ruffled border may affect 
o , 

calcium exchanqe or accretion wi t,hin the enamel. 
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FIGURE LEGENDS: CHAPTER FOUR 

Figure 1. GBHA-stained normal, control teeth. Darkly-stained 

bands run across the enamel. Interband regions contain an apical 

lightly-stained area and an incisaI unstained area. 

in the secretion zone stains lightly with GBHA. 

ind1cates the notch made at the opaque boundary. X6.5. 

, 

The enamel 

The arrow 

Figure 2. Incisors stained with GBHA 4 h after vinblastine 

injection. Note the'modifIcation of the banding pattern and the 

widening of the darkly-stained bands. X6.5. 

Figure 3. Incisors stained with GBHA 8 h after vinblastine 

injection. The staining is fairly continuous and no band or 

interband regions can be resolved. X6.5. 

Figure 4. Radioautographs of normal, control t~eth sacrificed 5 

min after injection of 45Ca. TJe radioautographic reaction 
't 

consists of broad black bands separated by narrow whi~e bands of 
'\ 

-
unlabeled enamel. The. arrow indicates the notch made at the 

opaque boundary. X6.5. 

Figure 5. 

injection. 

Radioautographs of incisors 4 h after vinblastine 

Note that the banding of the maturation pattern is 

net as obvious when oompared to Figure 4. X6.5. 

Figure 6. Radioautographs of incisers 8 h after vinblastine 

injection. Very little ~adioautographic reaction'is present. 

X6. 5 •. 
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CHAPTER FlVE: USE OF BACKSCATTERED ELECTRON lMAGING ON DEVELOPED 

RADIOAUTOGRAPHIC EMULSIONS: APPLICATION ~O VIEWING 
THE RAT INCl SOR ENAMEL - MATURATION PATTERN 
FOLLOWING 45CALCIUM INJECTION. ' 

SYNOPSI~ 

Backscattered electron ~maging (BEI) can be used to obtain 

composi tional contra st in biological structures because i t 

detects differences in concentration of elements with different 

àtomic number. Rat incisor enamel shows a banded pattern in the 

maturation zone when radioautography is used to reveal the 

location of injected 45Ca at the enamel surface. The bands of 

developed silver grains in the photographic emul~ion that coats 
~-' 

the enamel surface are ide al for atomic number contra st . The 

purpose of this study was~ to use BEI to analyze the 

radioautographic pattern with SEM resolution. One-month-old rats 

were injected with 45Ca and sacrificed at early (1 min, 5' min, 30 

min), intermediate (4 h, 8 hl, and late' (1 d, 4 d) time intervals 

after injection. Whole incisors·were dissected, the enamel 

organs were rem9ved, and the enamel surface was coated with 

photographic emulsion and processed for radioautography. These 

radioautographed teeth were examined with a JEOL JSM-840 SEM 

equipped with a JEOL backscatter annular-type detector. At the 

early time intervals, light microscopic examination showed 5 or 6 

broad black bands running across the teeth. These were sepprated 
1 

by narrow white bands of unlaheled enamel. BEI resol ved the 

presence of a delicate subbanding pattern within each dark band. 

At the intermediate time intervals, al though the incisaI bands 

persisted, only, a diffusely-blackened apical area was seen by 

\ 
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light microscopy. BEI resolved bands in this apical reglon, but 
, 

these showed no subbanding pattern. At the late time intervals, 

both light microscopy and BEI showed no banding, anq the enamel 
Cl , 

was uniformly labeled. The significantly 'improved' resolution 

obtained'with BElon surface radipautographs has reve~~ed a 

previously undetected substructure in the 45ca-labeled banding 

pattern seen in enamel maturation • 
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INTRODUCTION 
, 

The secondary electrc;>n imaging (SEI) mode of the scanning 

el~ctron microscope (SEM) is unique in, its ability to provide 

topographie images of surface features wi th high spatial 

resolution. As a high-energy electron beam passes through a 

specimen it produces many low-energy (typically less than 50 eV) 

"secondary" electrons within the material owing to electron-
'( 

electron scattering (reviewed by Becker and Sogard, 1979; Becker 

and Geoffroy, 1981). Because the greatest density of secondary 

electrons is created by the primary beam before it has a chance 

to spread, there is high spatial resolution relative to other 

available signaIs. However, secondary electrons carry little 

information about the elemental composition of a sample, and 

their range is qui te short, esckping from the specimen only if 

they are produced within a few nanometers of the surface (Becker 

and Geoffroy, 1981). In addition to secondary electrons, the 

interaction between an incidental electron beam and a specimen 

results in a variety of other. signaIs such as X-rays, Auger 

electrons, and backscattered electrons. Backscattered electrons 

- are produced when incident electrons interact with atomic nuclei 

of the specimen and are scattered in any direction with little 

1055 of energy (reviewed by Wells, 1977; Becker and Sogard, 1979; 

Becker and Geoffroy, 1981). If such an electron regains and 

leave& the surface of the specimen it is referred to as a 

backscatterect electron. Backscattered electrons are more 

energe,t'ic than seconda:t.i electrons 

. greate~ depth wi thin the specimen. 

\ 
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incident e1ectron, the deeper it may penetrate whi1e retaining 

the 19robabi1i ty of regaining the sl;lrface. The number of 

backscattered e1ectrons increases with the atomic number (Z) of 

the target hit by the incident beam (Wells, 1977). As a specimen 

'ié scanned, more dense or higher atomic number areas within the 

samp1e will produce more backscattering than less dense, lower 

atomic number regions. The numerical ,differences between these 
J 

regions 1eads to an image that is' said to show atomic number 

contrast. Such contrast differences can be produced by 

se1ectively staining biological structures with heavy metais that 

have relatively high atomic numbers. 
\ 
In 'this way cytochemical 

10calizations (Soligo and de Harven,. 1981; soligo et al., 1983) 
. 

and !mmunolocalizations (Hartman and Nakane, 1981; Ushiki et al., 

1984; de Harven and Soligo, 1986). have been achieved by using 

backscattered electron imaging (BEI). Indeed, heavy metal 
( 

staining has predominated as the best method to provide coctrast 

in BEI (Abraham and DeNee, 1973, 1974;~Becker and de Bruyn, 1976; 

Becker and Sogard, 1979; Becker and GeOffroy, 1981). Frasca et 

al. (1982) used BEI of the silver particl~s in photographie films 

to enlarge their images. B~de and Jones (1983) have used BEI to 

detect the level of mineralization in the dental tissues and bone 

with the aid of atomic number contrast provided by the calcium 

and phosphorous of hydroxyapatite. More recently, BEI has been 
, 

used to. visua1ize ce11 surface receptors fol1owing 

radioautography of whole cella in vitro (Junger and Bachmann; 

1980; Neugebauer et al., 1985; Salpeter, 1986) . 
. \ 

De~tal enamel of ~he rat incisor shows a panded maturation 

pattern as revealed by surface radioautography after 45Ca 
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injection (Reith and Boyde, 1981a; Reith et al., 1984). The 

bands of developed silver grains are ideal for providing regional 
Q 

differences in atomic number contrast relative to neighboring 

unlabeled areas. " The purpose of this study was to apply 

backscattered electron imaging methods to analyses of surface 

radioautographs. significant improvement in detecting 

substructures in the bands of -the enamel maturation pattern has 

been aChieved, clearly demonstrating the usefulness of BEI for 

viewing specimens processed for radioautography. 

MATERIALS AND METHODS 

45Calcium radioautography 

Male Sherman and wistar rats weighing 100 ± 10 gm were used 

in this study. Each animal was injected via the external jugular 

vein with,100 ~Ci of 45cal c ium chloride (New England Nuclear) in 

0.2 ml physiological saline. Two animaIs at each time interval 

were sacrificed by decapitation under ether anesthesia at 1 min, 

5 min, 30 min, 4 h, 8 h, 1 d, and 4 d after injection. The lower 

incisors were dissected from the surrounding al veolar bone and 

the enamel organs were wiped from the teeth with gauze moistened 

in saline. AlI incisors were air-dried at room temperature. The 

position of the white opaque boundary (Robinson et al., 1974) was 
l 

notched in the enamel w~th a scalpel. Following air-drying, aIl 

teeth were dipped in a 0.5% gelatin solution containing 0.05 gm 

chrome alum as a hardener for 20 sec at 40°C. 
Jr 

The teeth then 

were dipped in Kodak NTB2 liquid emulsion, ,exposed for 5 or 6 

Qays, and developed according to the method of Kopriwa and 
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Leblond (J.962). AlI teeth were attached to a platform vith 

plasticene and photographed. 

Backscattered electron imaginq (BEI) 
t 

For BEI, the teeth vere mounted on aluminum stubs with 

" plasticene. The embedded incisaI tips of the teith were 

conductively coupled vith the stub using conductive carbon paste 

(SPI Supplies, Toronto). The ~eeth used in this study were not 

carbon-coated since the specimens showed good conductance. The 

preparations were examined vith a'JEOL JSM-BAO scanning electron 

microscope fitted with a tungsten cathode and with a JEOL BEI 

backscatter divided annular-type detector. optimum image quality 
v 

was attained at an accel,erating voltage of 10 kV. A 110 ).lm 

-
objective aperture vas used, and th~ working distance was 34 mm 

\ 

with no stage tilt. The inverse' signal polar\ity vas chosen' for 

the observations because i t makes electrqn backscat,:tering 

structures appear as black images, while nonbackscattering areas 

appear white. ,This inverse BEI image is similar to that usually 

seen with light and transmj<.;sion .electron microscopy, thus 
1 

allowing for easier comparison. The backscattered ,electron 

timages were recorded directly onto Type 55P/N Polaroid film. 

RESULT5-. 

45Calcium radioautography in routine preparations viewêd by light 

microscopy 

The teeth dipped for radioautography showed a smooth labial 

surface, which indicated' that the enamel organs had been 

completely removed during the wiping procedure. At the apical 
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end of the incisors, the soft odontogenic tissues were removed, 

" which 1eft only the minera1ized components of the teeth. . ' 

At the time interva1s used in th!s study, three different 

radioautographic patterns were observed. At the ear1y time 

intervals (1 min, 5 min anq 30 min after 45Ca injection), the. 

radioautographic emulsion on the tooth surface was blackened in a 

banded pattern (Fig. 1), presumably representing incorporation of 

45ca into the enamel close to or at the surface. This p'attern 

generally consisted of 5 or 6 broad black bands separated by 

narrow white bands of unlabeled enamel. The. intensity of the 

radioautographic reaction in the heavily-exposed bands decreased 
, . 

incisally. At the early time intervals there was a suggestion of 
\ 

a subbanding pattern in the apical-most bands (Fig. 1). The 

central bands were the most oblique as the incisal-most bands 

became more transverse. At these early time intervals, the 

dradioautographic banding patterns of each set of teeth were 

similar with regard to their position and number of bands. At 

the intermediate times after injection (4 h and 8 h), the 

intensity of the reaction gradual1y increased. By 4 h (Fig. 5) 

and 8 h after injection, although the incisaI bands cou1d still 

be observed, the banding pattern .was diffuse, and the ap{cal 

bands had blended to form one b1ackened area. At the late time 

interva1s, 1 d (Fig. 7) and 4 d after injection, most of the 

maturation zone enamel was uniformly bl~ckened. At aIl time 

intervals, the pigment<ed ename1 showed no radioautographic 

reaction .. The enamel in the secretion zone showed practically no 

1abe1ing at the early time intervals, but this increased slight1y 

at the intermediate and late time intervals. The reljtionship of 
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the bands to the opaque boundary, marked with a scalpel in these 

preparations, was not consistent among animals, since a darkly­

labeled band or a lighter or unlabeled region would appear 

immediately incisaI to the opaque boundary. In the same animal, 

the banding patterns were generally symmetrical between the 

contralateral incisors. 

BEI of the 45cal c ium radioautographs 

The same teeth proces~ed for radioautography could be 

observed, without any coating, by BEI. Incisors viewed by 

secondary electron imaging (SEI) showed smooth surface topog~aphy 

with only a slight indication of any banding (Fig. 2). After 

viewing and aligning the axes of the teeth normal to the incident 

electron beam, BEI confirmed the presence of the radioautographic 

banding patterns. at the labial surface of the teeth (Fig. 3) . 

The position of the bands in BEI with inverse polarity (Fig. 4) 
, 

corresponded exactly to those observed in the light microscope 

(Fig. 1). At the early time intervals, 1 min, 5 min (Figs. 3,4) . . 
and 30 min, a definite subbanding pattern of each dark apical 

band was observed. This subbanding was most noticeable in' the 

apical bands of the maturation zone enamel. In the inverted ., 

image at 5 min (Fig. 4), the subbanding pattern was as follows in 

an apical to incisaI direction: (1) a white unlabeled area, (2) a 

thin black stripe, (3) a thin unlabeled stripe anq, (4) a broad 

black band of which the apical region was slightly darker. This 
, 

pattern could easily be determined in the first two apical bands, 

but became 'less distinct incisally' as the bands became more 

transversely oriented. Again, the notched enamel, indicating the .. 
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presence of the opaque boundary,·was 'clearly visible in each of 

~ 

the teeth a1J.d was used as a reference point to compare banding 

patterns. At the intermediate time intervals, 4 h (Fig. '6) and 8 

h after injection of 45ca injection, .banding was still present at 
, > 

........ ----.:= ~ , 
"the surfacé of the teeth. The diffusely-darkened area" s~own in 

Figu~e 5>revealed its banded nature with BEI ,(Fig. 6). However, 
J. • 

. at these" time intervals, no subbanding patterns were present 

"within the dark bands. At the late times, 1 d (Fig. 8) and 4 d 

after" :45Ca injection, the banding pattern was barely visible by 

BE;: Exc~usive of the pigmented enamel, all maturing enamel 

contained 45ca, and 'no unlabeled areas were found. 

DISCUSSION 

BEI of-developed radioautographic emulsions 

The purpose of radioautography is to., i,dentify the~ presence 

of ~adioel.ementB wi thin tissues by the action of emi tted 

radiation on photographie emulsions. The method consists of 

applying a photographic emulsion to a tissue, allowing sufficient 

time for the emi tted radiation to act on the emulsion, and 
n 

dev~loping ând fixing the preparation as in ordinary photography. 

The sites of radioactivity in the tissue can be identified by the 
( 

< 

accumulation of'microscopic black silver grains adjacent to those 

area,s in the etissue that conta in the radioactive element (Gross 

et al., 1951; Nadler, 1951). 

Backscattered. electron imaging as ~sed in this study relies 

on the presence ·of - elemental silver (Ag) formed by t'he 

photographic process (James and Kornfe~d, 1942; Mees, 194:6>' , 
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Photographie emulsions in general consist of sil ver bromide 

crystals embedded in gelatin; the bromide concentration and me an , 
diameter of the c:;-ystals vary with the different types of' 

emulsion (reviewed by Gross et al. \ 1951). When the radiation 

that emanates from a radioa,etive source strikes and traverses a 

silver bromide erysta).. in a photographie emulsion, there is an 

excitation-and release of eleetrons from some of the bromide ions 
\ 

~~ (revièwed ~y Nadler, 1951). These eleetrons migrate within the 

crystal _ and are trapped a,!: specifie irregularities called 
} 

----?sensitivity speeks. By trapping the migrating ,el(;ce{ons, these 
- ~ ~ 
!)~ locations become' negatively charged and attract neighboring 

positively charged silver ions. The silver ions (Ag+) are 

thereby reduced to elementa1 silver (Ag) to form latent images. 
. ), 

Ouring chemical development of the photographie emuls!on, those 

crystals that have latent images undergo a weak chemical , 

reduetion of more silver ions, thus ,producing elemental silver 

that precipitates around each latent image. During fixation, the­

remaining silver bromide ions in which latent images were never 

formed are dissolved and washed away. The developed phatograp~ic 

grains that remain indicate the sites of' radioactivity. 

The atomic number cantrast necessary for BEI resides, tn 

this case, in the grains of elemental silver present in the 

developed photographie 

47, é\nd this is high 

The atomic number of sllver is 

av de good regional atamic 

number contrast rélatiV/~)h6> ba r und emissions af calcium 

(Z = 20) and phosphorous (.z == 15) of hydroxyapa.tite. Owing ta 

the diff~ential distribution a~ silver, information was gained 
1 

on regional differenees in the i!lcorporation of 45ca into 
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deve10pinq enamel at resolutions weIl beyond the light 

microscope. It was thus shown that BEI can be successfully 

app1 ied to resol ve and ana1yze patterns in developed 
J 

--radioautographic emu1sions that exceed the resolution obtained by 
D 

light microscopy. 

maturation attern 

Backsc~ttered e1ectron imaging of developed radioautoqraphic 

emu1sions covering the labial surface of rat incis6rs showed good , 

atomic number contra st in the form of bands "Of silver grains 

~nnin9 across the enamel. This indicates that bands of newly-

inj ected 45Ca are present at or near the ename1 surface. 

Immediate1y adjacent to this maturing enamel are the smooth-ended • 

(SA) a:ryc\ ruffle-ended (RA) ameIob1asts of maturation (Suga, 1959; 

~ / -warshawsKY and Smith,. 1974; Boyde and Reith, 1976, 1977; 

Josephsen and. Fej erskov, 1977) • Several studies have 

demonstrated the band-1ike arrangement of SAs and RAs across the 

rat incisor (Takano and Ozawa, 1980; Reith and Boyde, 1981b; 

Warshawsky, 1985; Nanci et al., 1987). other studies have 

correlated various stained banding patterns in rat incisor enamel 

with the distribution of the two types of maturation ameloblasts 

(Boyde and Reith, 1981, 1982; Reith and Boyde, 1981a; Reith et 

al., 1982; Takano et al., 1982). Tl1ese correlations indicate 

that the banded maturation pattern is under the control of the 

over1ying ameloblasts. The banded nature of the enamel 

/ maturation pattern can also be visualized by radioautography 

foI1owing 45Ca injection. This was first described by Reith and 
y 

Boyde (1981a), and the regions that demonstrated most calcium 
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incorporation were shown to be those overlain by RAs (Reith and 

Boyde, 1981b; Takano et al., 1982). 

This study has confirmed ,the results of Reith and Boyde 

(1981a), and Rei th et al. (1984) in the maturation zone. In 

addition, BEI has resolved a subbanding pattern within the broad 

bands at the' ear1y time intervals that was not obvious 

previous1y. A simi1ar pattern h~ been ~served in enamel 

following staining of calcium witn glyoxal bis(2-

hydroxyanil) (GBRA) (Takano et al. , 1982). The radioautographic 

results confirm that 45Câ is present in the maturing enamel in 
-

some regions and is either completely or partIy absent from other 

regions. Presumably, differences'in band intensity reflect 

differences, in the extent of calcium incorporation. 

Consequently, this subbanding pattern predicts that there must be 

subpopulations of RAs within each band. Each subpopulation 

p!esumably has a different function, or degree of function, 

related to calcium processing during enamel mat':lration. Since 

differences in silver grain density reflect differences in 

calcium incorporation, these resul ts suggest that RAs are 

directly or indirectly involved with allowing calcium, to be 

incorporated into growing ename,l crystall i tes. This differential 

calcium binding may reflect the ability of the enamel organ to 

allow, or restrict, calcium 'passage to the enamel. 

~lternatively, it may be determine~ by physicochemical properties 

of either the organic matrix or the growing crystallite surfaces. 

In any case, the exact mechanism by which calcium traverses the 

enamel organ to contribute to crystalli te growth remains to be 

'" 
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Çalcium dynamics 

The uptake of 45ca by mineralized tissues may be due to 

adsorption, exchange, and/or the new formation of stable calcium 

.phosphate. CarlElson (1955) found that the fraction of the 

calcium taken up by the process 'of exchange was large in bone but , 
was small or abs'ent in the incisor' tooth of the. rat. He 

concluded that calcium irreversibly entered the tooth and was 

used for crystal growth. Bauer and Shtacher (1968) compared the 

rate of deposition of the mineraI precursor 85Sr to the rate ~f 

collagen synthesis measured by 14c-proline uptake and concluded ,. 
that there was mineraI exchange in bone but not in teeth. 

Attempts to remove labile or free labeled calcium in dentin by 

injecting large amounts of unlabeled calcium were ineffective 

(Munhoz and Leblond, 1974), and it was concluded that in dentin, 
, ' 

aIl or nearly aIl the labeled calcium entering the dentin is 
. 

retained and may be considered as being added for crystal growth. 

However, these authors did not quanti tate the effects that the 

unlabeled calcium had on the exchanqeability of labeled calcium 

in the enamel. 

Although conclusive evidence is lacking concerning the 

exchangeability of calcium in enamel, it appears that aIl or 
" 

nearly aIl of the calcium. that reach~s~e' enamel is used for 

~ hydroxyapatite crystallite growth. As soon as 30 sec after 45Ca 
J 

injection, the entire thickness of secretory and maturing enamel 

is uniformly labeled (Munhoz and Leblond, 1974). This may be 
~ 

interpreted as indicating that the enamel matrix mineralizes 
~ 
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immediately after it is ~ecreted (Nanci an~ Warshawsky, 1984) and 

continues to do so at about the same rate until the final degree 

of mineralization is aChieved&(Leblond and Warshawsky, 1979). In 

the present study, although the apical banding pattern had , 

blended as 'observed by light microscopy a)t 4 h after 45ca 

inject.ion,; BEI revealed that the banding pattern was still 

present within that area. However, the subbands were no longer 

detectab1e. At/ 1 d and 4 d a,fter injection, practically no 

banding was, present, and the enamel was uniformly '1abeled. 

Therefore, at longer time intervals after injection, labeled 

calcium entered regions thât were previously unlabeled. This 

could oceur by reutilization 'of calcium from the initial 

injection. Several sources could supply labeled calcium to a 

systemic pool for reutilization. First, the labeled calcium in 

the enamel i tself could ,exchange wi th circulating .. unlabeled 

calcium. Second, assuming that the' injected labeled calcium is 

irreversibly incorporated into ena~el hydroxyapatite, then 

labeled calcium entering the enamel over longer time intervals 

may come from calcium exchange from bone. This possibility is . }. 

strengthened by the fact that only 20% of the calcium 

incorporation in bonei is attributable to stable, growth-related 

incorporation (Munhoz and Leblond, 1974). 1herefore, even at 

long time intervals fOllowing injection of 45ca there is a . . 
constant, but diminishing, supply of 45Ca available to the rat 

inciso~. Consequently, cells that did not allow the entry of 

45Ca to the enamel at the early time intervals had modulated to 

cells that did permit calcium entry. This is consistent with the 
, . 

observation that ameloblasts rapidly modulate from one cell._type, 
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to another durinq enamel maturation (Ishiqe et al., 1987; Smith 

et al., 1987). With time, the continuous a'vailability of 45Ca to 

the enamel would result in u~iformly-Iabeled ~namel, thus 

masking the delicate radioautoqraphic pattern of the subbanc:ls 'and 

ultimately of the bands themselves. 

1 , \ 
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FIGURE LEGENDS: CHAPTER FIVE 

Figure 1. Light microscope radioautographs of the two lower 

incisors from a rat sacrificed 5 min after injection of 45Ca. 

The teeth.were processed for radioa~tGgraphy, and development of 

the photographie emulsion reveals the presence of the banded 
.... 

enamel maturation pattern that is due to 45Ca incorporation at 

the surface of the teeth. The pattern consists of 5 or 6 broad 

black bands separated by narrow white bands of unlabeled enamel. 

The incisaI pigmented enamel shows no banding. The scored enamel 

(arrows) represents the position of the opaque boundary. XI0. 

Figure 2. Scanning secondary electron image of the same pair of 

teeth as those shown in Figure 1. The smooth surface of the 

teeth indicates that the-cells of the enamel organ are completely 

removed. The banding pattern is only barely visible. X12. 

Figure 3. Backscattered electro~ image of the same teeth as 

those shown in Figm:-e 1. The banded distribution of developed 

sil ver grains in the radioautographic emulsion produces good 

atomic number contra st relative to those areas with no silver", 

thus allowing for good resolution of the enamel maturation 

pattern. X12. 

Figure 4. Backscattered electron image identical with that of 
9 • 

Figure 3 axcept that the inverse signal polarity image was 

recorded. This "negative" image allows for easier compari:son 

with the original 1ight microscope radioautographs (compare with 

Fig. 1). • Note that each dark band has a delicate subbanding 

pattern (1,2,3,4 as described in the text) that can only be­

clearly resolved ~sing backsc~ttered electron imaging. X12. ~ 
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Figure 5. Light microscope radioautographs of the Iower incisors 
\ , 

from a rat sacrificed 4 h ~after inj ection of 4 5ca. The apical 

region of the maturation zone enamel ia diffusely blackened, and 
" 

only the incisaI bands can be discerned. XIO. 

Figure 6. Inverse backscattered electron image of the teeth 

shown in Figure 5. This electron detection mode aIIows several 

bands to be resolved within the blackened area shown in Figure 5; 

however, no sUbbandi-ng pattern can be observed at this time 

interval. X12. 

Figure 7. Light microscope radioautographs of the lower incisors 
"-" 

from a rat "sacrificed 1 d after injection of 45Ca. No banding is 

apparent, 1 and only a diffuse labeling of the .maturing enamel is 

observed. XIO. 

Figure 8. Inverse backscattered electron image of the teeth 
1 

shoWn in Figure 7. The maturation zone enamel is uniformly grey, 

with only a very slight indication of bandlng. X12. 
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CHAP~ER SIX: ,A RADIOAUTOGRAPHIC STUDY OF THE _EFF~TS OF 
VINBLASTINE ON THE FATE OF INJECTED 4~IOM AND 
12~I-INSULIH IN THE RAT INCISOR. 

SYNOPSIS 

" 

- In order to eluc~date the effect of vinblastine on, the 

movement of cal,cium and macromolecules through both the enamel 

organ in the zone of secretion and the odontobl~st layer, 45Ca 

and 1.25I-insulin were used as radioautographic tracers. 

Vinblastine did not alter the radioautographic -localization of 
t- ' - . 

both labeled calcium and insulin in the enamel organ and 

underlying enamel. On the oth~'r hand, the labeling with both 

45Ca and l25I-insulin in the pu1i?, odontoblasts and d~ntin was 

eliminated after vinblastine injection. From these res~lts, it 

i5 concluded that vinblastine has no effect on· the passage, of 

calcium and macromoleC::Ples in the enamel' - organ and aecretory 

ameloblast layers, whereas ~he effect on the pulp and 

odontobiasts was to prev,ent the passaq~ of these tracera into the 

predentin and dentin. 

, , 

.. ' 

" 

128 

1 



c 

( 

( 

INTRODUCTION 

Ameloblasts and odontoblasts have been shown to be directly 

responsible for forming the organic matrix of the enamel and 

dentin, respectively. However, the cells have only been 

indirectly implicated in the mineralization of these matrices. 
v 

The effect of anti-microtubular agents such as colchicine~ 

'colcemid and vinblastine on these cells has been studied both -- \ 

li 

- ul trastructurally and functionally from the viewpoint of the 

synthesis and secretion of the organic matrix (Moe and Mikkelsen, 

1977; Karim and ~Warshawsky, 1979; Miake et al., 1982; Takuma et 

al., , 1982) . There is ho report ,of vinblastine' s effect on the 

passage/of ions or molecules to the enamel and dentine Based on 

the observations that 45ca enters the enamel and dent in within 

seconds after injection (Hunhoz and Leblond, 1974), and that 

125I-insulin enters the dentin and predentin within minutes 

(Martineau-Doizé et al., 1986), we have attempted to elucidate 

the, effects of vinblastine on the passage of calcium and lar'ge 

Molecules su ch as insulin through the cellular layers overlying 

enamel and dentine Radioautography was used to visualize these 

tracers after vinblastine-treated rats were lnjected wi th 45Ca 

and 125I-labeled insuline 

MATERIALS AND METHODS 

Male Sherman rats weighing 100 ± 10 gm were used in this 

study. Experimental rats were anesthetized and injected with 5 

mg of vinblastine sulphate (Sigma Chemicals) in 0.3 ml of 

physiological sal~ne via the external jugular vein. Control rats 
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were injected with 0.3 ml of normal saline. 

45Calcium experiment 

At one hour after vinblastine inj ection, experimental ,and 

contr~l animaIs were injected with 10 pCijgm body weight of 45Ca 

(as calcium chloride, specifie activity 10 pC,ijllg, New England 

Nuclear) via the contralateral external jugular vein. They were 
f 

perfused through the left ventricle 2 min later with Ringer's 

lactate for 30 sec to rinse out free tracer. This was followed 

by 5% glutaraldehyde in 0.05 M cacodylate buffer, pH 7.3, for 

-about 10 min.' The upper ~,.and lower incisors were dissected, 

postfixed with 1% osmium 'tetroxide in 0.1 M cacodylate buffer (pH 

7.3) for l h, dehydrated through graded acetones, and embedded in 

Epon 8.).2. Throughout these procedures, both experimental and 

control teeth were treated identically to equalize any potential ... 
loss of water soluble labeled calcium from the teeth. 

~xperimental and control inciser were embedded in a common black 

(see Fig., 1) and one-micrometer-thick sections were eut on 

ethy1ene glycol and mounted on glass sli~esi They were processed 

for light microscope radioautography (Kopriwa and Leblond, 1962). 
, 

After radioautographic exposure, the alides were developed and 

stained with 1% toluidine blue. 

, 

125I-insulin experiment 

At 1 h after vinblastine injection, experimental anq control 
>t>, 

animaIs were injected with 0.15 ml (approximately 250 x 10 6 cpm) 

of freshly-prepared 125I-porcine insulin (2.5 )lg/100 gm body 

weight, specifie activity 165 pCij)lg) via the contralateral 

external j ugular vein. The 125r-insulin was prepared by the 
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Chloramine T method as previously described (Hunter and 

Greenwood, 1962: Posner et al., 1978). F ive minutes after the 

injection of the labeled insulin, the rats were rinsed and 

sacrificed by perfusion of fixative as described above. The 

upper and lower j aws were removed and immersed in the same 

fixative for 2 h. After decalcif ication wi th 4.13 % isotonie 

di~odium EDTA (Warshawsky and Moore, 1967) for 16 d at 4"C, the 

jaws were cut i~to" cross-sectional segments which were postfixed 

in osmium, dehydrated, and embedded in Epon. One-micrometer-

th~ck sections mounted on glass slides were stained with iron 

hematoxylin and processed for light microscope radioautography. 

RESULTS 

Localization of 45cal c ium 

In the control incisors the radioautographic reaction was 

identical to the results reported by Munhoz and Leblond (1974). 

Numerous silver grains were located over the entire thickness of 

the enamel and dent in (Figs. 1,2). The calcification front of 

the dentin was heavily labeled whereas the deeper portion of thê 

dent in showed less labeling (Fig. 2). Silver grains seemed 

uniformly distributed over the, enamel (Fig. 2). Few grains were 

present over the pulp, odontoblast bodies, and the predentin . 
• 

The enamel organ, including the ameloblasts was also weakly , 

labeled (Fig. 2). 

In the vinblastine-injected rats, the radioautographic 

reaction over the enamel organ and the underlying enamel was not 
~ 

different from the control rats (Fig. 3). However, no labeling 
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was seen over thé predentin and dentin after the vinblastine 

injection (Fig. 3). 

Localization of 125I-insulin 

In the control rats, a heavy ~eaction was present over the 
~~ 

predentin and the adj acent dent in (Fig., 4) as previously reported 

(Martineau-Doizé et al., 1986). There was a moqerate 

radioautographic 'reaction over the pulp and the enamel organ. 

Çnly background labeling was observed over the enamel. 

The 4istribution of silver grains over the enamel organ in 

the vinblastine-injected animaIs was similar to that of the 

control rats. Howevèr, no labeling was observed over the pulp, 

predentin and dentin after vinblastine injection (Fig .. 5). 

DISCUSSION 

In the secretory ameloblast and odantoblast, vi~lastine 

causes disappearance of microtubules and a dramatic 
ct 

disorganization of cél1 organelles related to the synthesis and .. 
~ . 
secretion of organic matrix (Moe and Mikkelsen, 1977; Miake et 

, 
al., 1982; Takuma et al. 1 1982). conseqtiently, the secretory 

activi ty of these cells is disrupted and no new matrix is 

released at their respective growth sites. This inhibitory 

. effect of vinblastine on secretory activity c~uld have important 

functional implications regarding the passage or. binding'of 

calcium to mineralizing enamel and dentine 

Vinblastine, significantly al ters the int:orporation of 
1 

labeled calcium into the enamel of the maturation zone (McKee and 
o 

Warshawsky, 1986; Chapter Four). In the same study, the binding 
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state of calcium,' as revealed by glyoxal bis (2-hydroxyanil) (GBHA) 

staining, was also affected by vinblastine." However, in the 

secretion zone, i t was difficul t to detect any changes. The 

present study, using light micros'c:ope radiciautography, was 

undertaken to look more closely at the effects of vinblastine on 

the movement of calcium during enamel and dentin secretion. 

Furthermare, insul'in was used as a -large mOlecular-weight tracer 

(McKee et al., 1986; Ch~pter Two) to determine extracellular 

access af solutes to the enamel and dent in across the enamel 

organ in the secretion zone and odontoblast ~ayers in normal ~nd Q 

vinblastine-treated rats, respectively. 

Vinblastine did not affect the normal distribution of 

labeled calcium in the enamel of the secretion zcne, nar did it 

change the ability of the enamel organ and the ameloblast layer 

to prevent the passage of insulin to the enamel. Presumably 

then, this indicates that the passage of calcium ta the enamel in 
, 

the secretion zone is not dependent on a mechanism which involves 

an intact network of microtubules. Furthermore, i t indicates 

that contrary to previous conclusions (Eisenmann et al., 1979), 
1 

enamel mineralization in the secretion zone is functionally 

separate from the pathway 01 synthesis, and secretion of the 
1 

organic matrix. 

In the pulp, predentin and dentin, vinblas-çine prevented 

radioautographic reactions after injection of both 45Ca and 1251-

insuline In the rat incisor, specifie binding sites for insulin, 

presumably receptor sites, are present only on the endothelial 

cells of fenestrated capillaries in the papillary layer of the 

maturation zone, 'whereas nonspec~fic binding was described in 
i 
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·predentin and dent in (Martineau-Doizé ~t al., 1986). Since aIl 

the binding observed in this l25r-insulin experiment may be 

designated as nonspecific, it reflects the abil i ty of this 

molecule to act as an intercellular tracer. Because negligible 

'radioautographic reactions were found over the pulp, odontoblast 
<,l\ 

bodies, predentin and dentin, it is possible that vinblastine 

prevented the movement, from the bloodstream to the tissue fluid 

of the pulp 1 of both small molecules and, ions, such as calcium, 

and larger molecules like insuline If vinblastine treatment 

cre~tes a barrier to these molecules, then presumably i t would 

occur at the level of the endotheliat cells of the capillaries in 

the pulp and the odontoblast layer. It. is possible that "the 

anti-microtubular action of vinblastine, may affect 

transendothelial exchange either through modification or removal 

of fenestrae or by interruption of transcytosis. However, it has 

been pcistulated that v~sicle movement through endothelium occurs 

by pure diffusion or Brownian movement (revi.ewed by Simionescu, . . 
1983), a mechanism not requiring the presence of microtubules. 

It is also unlikely that vinblastine al ters insulin binding in 

endothelial cells since no insu:in receptors were detected in the 

capillaries of the pulp and odontoblast layer (Martineau-Doizé et 

al., 1986). In addition, Pringault et al. (1985) have shown that 

insulin binding in hepatocytes remains high for up to 4 h after 

vinblastine treatment, and only decreases thereafter as a result 

of interruption in reutilization. of insulin. receptors. 

Alternatively, the mineralization which occurs at the 

G:alcification front that converts predentin to dent in has been 
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postulated 'to require the presence of a noncollagenous protein 

(Butler et al., 1985). Presu~ably, the odontoblasts are 

responsible for elaborating such a protein. If vinblastine 

prevents this molecule from being secreted into the predentin, 

then perhaps the mineralization that requires its presence cannot 

occur. Thus , thel;'e would be no binding of calcium at the 

predentin-dentin border. However, this does not explain the 

absence of binding in the more mature ,mineralized dentine 

Although tHe exact site and mode of action of vinblastine on the 

odontoblasts and the pulp remains to be clarified, these results 

suggest that pathways for entry of calcium for mineralization in 

dentin may differ from those of enamel. 
\ 

\ 

" 
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FIGURE LEGENDS: CHAPTER SIX 

Figure 1. Low ~ower light microscope radioautograph of the 45Ca 

experiment. A control incisor (Con., left side) and an 

experimental incisor (Vinb., right side) are embèdded together in 
" 

the same block. An intense reaction is seen over the dentin of 
.' 

the control incisor (arrows). X60. 

Figure 2. Higher magnification of a region of the calcium-

control incisor shown in Figure 1. Numerous silver grains are 
, 

present over the dent in (0) and enamel (E). An enhanced reaction 

appears over the dent~n side of the calcification front. A, 
' .. . \ 

ameloblasts; P, predent1n; 0, odontoblasts. X300. 

Figure 3. Higher magnification of a region of the calci~ln-

vinblastine treated incisor shown in Figure 1. ReactionS' over ) 
enamel (E) and ameloblasts (a) are identical to those of control 

r,ats. NO grains are seen over dent in (0), predentin (P) or 

odontoblasts (0). X300. 

Figures 4,5. Light microscope radioautographs of the 125I_ 

insulin experiment show dent in (0), predentin (P), odontoblasts 

(0), and pulp (Pu) from a control rat (Ins. -Con., 'Fig. 4) and a 

vihblastine-treated rat (Ins.-Vinb., Fig. 5). The reactions seen 
, 

over the dentin, predentin, odontoblasts, and pulp in the control 

rat (Fig. 4) are eliminated in the vinblastine-treated animal. 

(Fig. 5). X450., 

138 



( 

/ 

( 

Con. , 

( 

0, 

" 
, •. r 
.' 

45Ca 

" . 
", 

,', 

, , 

O.2mm ~ 

... ~, 

..; " 

, .. 
.. ..... . '~ , 

... 
\ 

l(' r,.. 
.{ 

.. ~ 
...... "'lf .. 

\ , 
•• .1 ').. 

o 

p 

~ . 

. 

. , 

.. 



Ir, .. 

2 

-

/ J 

CHAPTER SEVEN: IN VITRO STAINING OF ENAMEL USING HISTO-
CHEMICAL COMPLEXING METHODS FOR CALCIUM 

/ 

SYNOPSIS 

Characteristic patterns dan be visualized at the surface of 
l;> 

the rat incisor in the maturation zone by staining with glyoxal 

bis (2-hydroxyanil) (GBRA). similar patterns can be obtained with 

certain histological and fluorochrome stains, and by 

radioautography following 45Ca injection. In this study, several 

histochemical reagents known to complsx with different states of 

calcium, ,were used to stain enamel and te compare th8: resulting 

" enamel maturation patterns. Rat incisors were quickly dissected 

and immediately immersed iri solutions containing the following 

calcium-binding reagents: GBHA, Arsenazo III, calmagite, 
"-

Murexide, N,N-Naphthaloy1hydroxy1ami~e and Calcein~ Routine1y, 

one contra1ateral lower incisor from each pair was counterstained 

wi th~ GBHA in order ,to relate the staining patterns to the 

l:1 classical maturation pattern known te;> reveal the position of 

smooth-ended ameloblasts. Each of the stains showed a similar, 

but not identical, 'pattern consisting of a series of broad or 

narrow bands runlling transversely and obliquely across the 

enamel. Some of the reagents also stained enamel in the 

-secretion zone. The appearance and distributi~n of the staining 

patterns, appears to be controlled on a time ,scale related to thè 

rapid modulat.:i"on of maturation ameloblasts. sinde the different 

stains revealed differences in ionic or complexed stat~s of 

calcium from one region of enamel to another, it is proposed that 

the ename~ organ controts the en~ry, distribution and processing 

of calcium within maturing enamel. 
<;) 7 
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INTRODUCTION 

Ename1 formation consists of severa1 stages of which the 

maturation stage ie the longest. Phenomena oceur within this 

stage in a cy~lica1 manner as shown. by repetitive banding. The 

banded nature of the cyclica1 pattern can be visua1ized in the 

ename1 organ anëi the ename1 by means of: 1ight microseopy of 

ame1ob1asts (Josephsen 'and Fejerskov, 1977; Reith and Boydé, 

,1981b), scanning e1eetron microseopy of ame1ob1asts (Boyde and 

Reith, 1976, 1977; Skobe et al., ,1~S.5)", radioautography of enamel 
T 

(Reith and ~oyde, 1981a'; Takano et aL, 1982ai Reith et al., 

1984; McKee and Warshawsky, 1986a; Chapter Four; McKee et al., 

1987; Chapter Five), horseradish peroxidase penetration patterns 
-

in disseeted ename1 organs (Takano and Ozawa, 1980), different 
" 

~olecular-weight pr6t~in penetratio~ patterns (McKee et al:, 

1986; Chapter Two), tetraeyc1ine and f1uorochrome 1abeling of 

,ename1 (Takano and Ozawa, 1980; Boyde and Rei~ ~981; Josephsen, 
. 

1983; DenBesten et ..aL" 1985; Ishige et al., 1987; smith et al., 
y 

1987), EDT~ etehing of enamel du'ring perfusion (~eith - et al., 

1982) and GBHA staining of enamel (Takano et al.,' 198215; McKee 

and Warshawsky, 1986a,b: Chapters Three and Four). These studies 

have aIl demonstrated that functiona1 subpopu1ations of 

ameloblasts exist within the maturation zone of ame1ogenesis. 

Sueh functional subdivisions presumab1y are related to 

differences in a variety of activi ties inc1uding secretion, 

absorption, permeabi1ity, diffusion, and transport of substances 

.1 to and from the enamel. 

140 

,/ 1" 

1 , 



-

/ 

\ 

The -banded nature of the patterns observed during enamel 

maturation must be due to biochemical and physicochemical 

differences in the organie and inorganié phases of ename1.) The 

"'inorganic phase of enamel consists of grow--ing hydroxyapatite 

crystallites, putative calcium-phosphate complexes (reviewed by 

Glinicher~, ' 1976), and transient mineraI ions (Robinson et al., 

. 1979). As observed in previous studies (Reith and Boyde, -1981ai 
-,. 

Takano et al., 1982b; Reith et al., 1984; McKee and Warshawsky, 

1986b; Chapter Three; McKee and Warshawsky, 1986a; Chapter Four; 

, McKee et al., 1987; Chapter Five) , the amount of calcium that 

reaches and enters the enamel, and the state of the calcium, is 

different from one region to another within the maturation zone. , 

The repetitive banded nature of these differences is commonly 

referred to as the maturation pattern. similarly, sinee organic 

matrices presumably act as templates for initiating, organizing 

and directing crystal growth in mineralized tissues (reviewed by 

Glimcher, 1976; Veis, 1985), it seems reasonable to predict that 

the organic matr ix of enamel may also be differentially 

distributed in conformation with the maturation pattern. Indeed, 

Boyde and Reith (1982), using several histological stains, found 

evidence of banding in the maturation zone. It therefore seems 

probable that the _distribution of certain enamel matrix 

components May be associated with a similar distribution of 
) 

different ionic or binding states of calcium. The purpose of 

this study was to use various histochemical complexing methods 

for di fferent chemical states of calcium to detect the presence 

and distribution of banding patterns ~~within the e,namel. 
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MATERIALS AND METHODS 

1 

Animal and tissye handling' procedures prior, to~ staining 
") 

Sherman and Sprague-Dawley rats weighing 100 ± 20 gm were 

used in this study. AnimaIs were sacrificed by decapitation 

under ether anesthesia, and the lower incisors were quickly 

dissected from the surrounding al veolar bone. Enamel organs were 

wiped from the teeth with gauze moistened in cold saline. 

Dissected wet incisors were transferred immediately to the 

staining solutions. 

GBHA staining of~ incisors 

Freshly-dissected lower incisors were stained with glyoxal 

bis (2-hydroxyanil) (GBHA) to reveal the basic maturation pattern 

at the surface of the teeth as described previously (Takano, et 

al. , 1982b). The incisors were immersed for 30 sec at room 

'temperature in 100 ml of a 75% ethanol solution containing 0.875 

gm of GBHA (sigma Chemicals) and 0.35 ,gm N~OH. After st,aining, 

the incisors were rinsed briefly in absolute ethanol and allowed 

to air dry at room temperature. Contralateral teeth .. were mounted 

as pairs and photographed. 

Histochemical complexing stains for calcium applied ta incisor , 

enamel 

Chemicals were obtained from the sigma Chemical Company (st. 

Louis) and freshly-dissected lower incisors were immersed in the 

following aqueous solutions under .constant agitation: (1) 0.1% 

Arsenazo III (sodium salt; 2,7- bis(2-arsonophenylazo)-l,S-

, dihydroxynaphthalene-3, 6-disulfonic acid) for 30 sec, (2) 0.1% 
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Calmagite (triethanolammonium salt; [1-(1-hydroxy-4-methyl-2-

phenyl-àzo)-2-naphthol-4-sulfonic acid) for 40 sec, (3) 0.1% 

Murexide (ammonium purpura te; ammonium salt of 5,5'-

ni trilodibarbaturic acid) for 2 min, .. (4) N,N-Naphthaloyl-
, , 

hydroxylarnine (sodium salt; N-Hydroxynaphthalimide) for 2 min 

and, (5) 0.15% Calcein (2'7'-[(bis[carboxymethyl]-

amino) methyl] fluorescein) in a 2.0% sodium bicarbonate solution 

for 20 sec. 'In aIl cases, both lower incisors from the sarne 

animal were stained with the s4me stain and the l'ower left 
'" 

incisors were then counterstained with GBHA. Contrala teral 

incisors were air-dried, mounted as pairs in plasticene and 

photographed. The Calcein-stained teeth were PhotOgr~Phed 'under 

a B-100A "Blak-Ray" lamp having an ultraviolet range ff 320-400 

nm with peak excitation at 365 nm (Ultraviolet Products Inc.). 

"--
RESULTS 

Lower incisors showed a banding pattern on the surface of 

the enamel after GBHA staining (Fig. 1) as previously described 

by Takano et al. (l982b). Th~ location of the individual bands 

of this pattern varied slightly on incisors from different 

animaIs, but were generally symmetrical in contralateral incisors 

from the same animal ~ The staining pattern consisted of up to 

srix dark red bands running across the enamel,. separated by 

iriterband regions. The staining intensity of the bands decreased 

incisall,y and no bands were observed in the pigmented enamel. 

The interband regions contained a lightly-stained pink area 

apically, and an incisaI unstained area. The secretion zone 

enamel apical to the Îirst ban~ stained lightly. 
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Arsenazo III formed a blue complex with calcium that stained 

th~ enamel in broad bands that ran transversely and obliquely 

across th~ ena~el of the incisor (Fig. 2). Occasionally a finer 

striping was observed in the stained regions. The broad bands 

decreased in staining intensity in an incisal direction and were 

separated by narrow bands of unstained enamel. The pigmented 

enamel and tne enamel in the secretion zone was not stained. The 

contralateral lower left incis~r, counterstained with GBHA to 

reveal the position of smooth-ended ameloblasts (Takano et al., 

1982b; smith et al., 1987), allowed the distribution of both 

stains to be observed. The dark red GBHA-stained bands of enamel 

corresponded exactly wi 1eh the narrow bands of enamel left 

unstained by Arsenazo III. 

Calmagite formeq a red complex with calcium that stained 

enamel in broad bands in a pattern similar to that observed after 
1 

Arsenazo III staining (Fig. 3). Broad red Calmagi te-stained 

bands of enamel were separated by narrow bands of unstained 

en-amel. Al though the pigmentation zone of enamel was not 

stained, the secretion zone enamel stained darkly. staining of 
o 

theccontralateral incisor with GBHA masked or altered (changed to 

a blue color) some of the Calmagite staining but it was still 
r , 

possible to'observe that the darkly-stained GBHA bands were found 

in thin regions of enamel unstained by Calmagite. 

Murexide staining of enamel showed broad pink bands 

alternating with narrower bands of darkly- and lightly-stained 

enamel, and unstained areas (Fig. 4). The repeating pattern, in 

an apical to incisaI direction, consisted of a broad darkly-
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stained area, a narrow lightly-stained band, a narrow darkly­

stained band, and an unstained area. The enamel in the secretion 

zone was lightly-stained and the pigmented enamel was not 

stained. Counterstaining with G1HA showed that the darkly-' 

stained GBHA bandsvwere in the n~r ow bands of enamel unstained 
~ ..,---

by Murexide. 

N, N-Naphthaloylhydroxylainine showed a banded pattern that 

stained enamel either dark yellow or a light blotchy yellow, 

alternating with unstained areas (Fig. 5). Typically the darkly­

stained re~ions and bldtchy yellow-stained regions were observed 

just apical and incisaI to the unstained aréas~ respectively. A 

slight indication o.f striIf,ing was observed in the stained enamel. 
; 

Superimposed . GBHA staining showed that the unstairted regions 

following N,N-Naphthaloylhydroxylamine were darkly stained with 

GBRA. 

Calcein formed yellow-orange complexes with calcium in 

visible light that caused enamel to fluoresce, a yellow-green 

color under ultraviolet light (Fig. 6). 'The- most heavily stained 
c ~ 

areas appeared as broad bands across the enamel similar to those 
, 1 

<;:1 

observed previously wi th the other stains. Staining with GBRA 
," 

.showed that the less-stalned Calcein areas corresponded with the 

"' dar~lGBHA bands (seen as yellow-gre~n bands in ultraviolet 

light) • 

DISCUSSION 

Calcium dynarnics 

In vertebl:ates ( the maj or inOrgani~1 id phase' of 

mineralized tissues I~S calcium and inorganic phosphate. In 
,\ 
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mammaliah enamel, this 'extracellular mineral phase consists of 

highly-crystalline, ribbon-like crystallites in close association 

with certain structural components of the organic matrix (Bai and 

Warshawsky, 1985). Presumably, crystal growth in enamel occurs 

as the" organic matrix crea tes a favorable local environment 

around the hydroxyapatite crystallites. At these sites the 
" 

constituents of the mineraI phase in solution are induced to forro 

a solid phase in relation to specific constituents of the organic 

matrix (Glimcher, 1976). The formation of enamel hydroxyapati te 

requires a solid-phase transformation of inorganic ions from 

c'on,.stituents initially existing as ions or ion complexes in 

solution (reviewed by Glimcher, 197"6). 'This phase transformation 

involves the initiation and formation of the first particles of 

the solid phase and the subsequent growth of the sOlid-ppase 
~ 

particles (crystals). Each of these processes is governed by 

physicochemical laws that are probably regulated by separate l 

l' biological control mechanisms defined by the amelogenins and 

enamelins of ~e organic matrix of enamel. It is therefore 

necessary to esta.blish exactly ,how the enp.mel proteins are 

associa.f:ed with the growing crystalli,tes and how these proteins 

,serve to distr ibute, process a·nd \ regulate the sol id-phase 
,~ 

transformation of inorganic minerals from solution. 

1 Staining 'reactions 

since numerous colorimetrie and photometrie methods ,have 

been developed for the detection of soluble and insoluble metal 

ions and ion "complexes, several of these were chosen to visualize 

calcium at the surface of ra1:i incisor enamel. 

1 
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certain metal substitution methods such as the von Kossa silver 

nitrate procedure, have been used to identify tissue 

mineralization. These methods demonstrate the anion, such as 

phosphate and carbonate, rather than the cation. Of particular , 

interest during enamel maturation is the pathway (s) taken by t~e 

predominant, cation, calcium, since this mineraI precursor 

differentially enters maturing enamel in a banded pattern (Reith 

and Boyde, 1981a; Takano et al., 1981ai Reith et al., 198~; McKee 

and Warshawsky, 1986a; Chapter Four; McK~e et al., 1987; Chapter 

Five) . A selection of reagents capable of complexing with 

calcium in various ways was chosen so as. to provide sorne insight 

int9 the histochemistry of calcium at the enamel surfa..ce . . ;/ 
Glyoxal bis(2-hydroxyanil) (GBHA) has been used to 

delllonstrate soluble and insolubre calcium salta in tissue 

sections (Kashiwa and Atkinson, 1963; Kashiwa and House, 1964; 

Kashiwa, 1966; Kashiwa and Sigman, 1966). More recently, GBHA 

w~-used to effectively 
t' " 

on wnole-mount teeth 
.~.~~-'-

demonstrate the enamel maturation pattern 

(Takano et al., 1982b). GBHA chelates 

calcium by both electrovalent and covalent bonds to the oxygen 
,,," 
~"'I, 

and nitrogen atoms of GBHA in 'an alkaline medium to form a red 

complex (Goldstein and Stark-Mayer, +1958). The reagent undergoes 

base-catalyzed hydrolyais at the necessary high pH to yield 
'" 

glyoxal and the amine; the glyoxal rearranges to glycolate anion 

and precipitates calcium glycolate from the alcoholic medium 

needed to keep the reagent in solution (Lindstrom and Milligan, 

1967). Chelation of calcium by GBHA is dependent on the presence 

of ionic' calcium and, therefore, on the solubility of calcium 
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House, 1964)'. The alcoholic and highly:'I saI ts (Kashiwa land 

alkaline (pJ 13.1) nature of the staininq solution acts to 

minimize t;p.e diffusion and loss of calcium, and interference from 

other cations, thus contributing to the sensitivity of the methed 
\ 

(Milligan and Lindstrom, 1972). The fail ure of GBHA to stain 

somei~ regions of enamel following whole-mount staining, and its 
,-" 
" 

ability to darkly and 1ightly sta.l:n other areas of enamel, 

indicates differences in the çlfemical state of calcium at the 

surface and within maturinq enamel. since GBHA rel ies on the 

availability of ionizable calcium, the results indicate that 

different calcium-phosphate complexes may exist in different 

regions of ma'turing enamel. The darkly-stained enamel 

corresponds to regions overlaid by smooth-ended ameloblasts 

(Takano et' al., 1982b), thus indicating that these cells either 

directly or indirectly control the comp1exing of calcium wi thin 

the enamel. 

\ Arsenazo III~ is a metallophilic dye that reacts 1: 1 with 

calc,ium to form a blue complex, and in!> the pH range of 3:"10 
, 

\' 
(neutral pH was used in this study), has excellent sensitivity 

for calcium, ev en when present with large excesses of magnesium 
If 

and manganese (Michaylova and Ilkova, 1971). It forms stable 

complexes with cal,cium and selects Ca2+ ovex Mg 2 + by about 50-

fold (Weissmann et al., 1976; Weidner and Byrd, 1982). Incisors 

stained with Arsenazo III show a dramatic blue banding pattern at 

the syrface of the maturing enamel. 
#fi> 

A contralateral incisor, 

having GBHA staining superimposed on the Arsenazo III staining, 

reveals that Arsenazo III stains calcium in enamel related te 

ruffle-ended ameloblasts. Consequently, the fact that calcittm 
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(including that incorporated into hydroxyapatite) present in 

regions of enamel related to smooth-end~d ameloblasts does not 

stain, reveals that Arsenazo III selectiv~ly complexes·w~th ionic 

calcium· solubilized from certain specifie calcium salts. The 

origin of this calcium has yet to be determined. 

Calmagite was first introduced by Lindstrom and Diehl (1960) 

as an indicator for the titration of calcium and magnesium. It 

forms a 1:1 comp1ex with calcium and stains red ~t the neutral pH 

used in this study. GBHA counterstaining of .Ca1magite-stained 

incisors shows th~t Calmagite complexes wi th calcil;lIll in regions 

of enamel related to ruffle-ended amelob1asts. 

Murexid~ is a metallophilic dye that combines with calcium 

, in basic solution to form complexes ranging in color from yellow-

orange to red and has been used for histochemical detection o~ 

calcium by Kaufman and Adams (1957) and ,Jurgensonn (1971). 

M;urexide is a che1ating agent which binds to càlcium in situ 

without precipitation, thus minimizing diffusion and dislocation 

artifacts (Chaplin and Grace" 1976). countcarstaining wi th GBRA 

shows heaviest Murexide staining in the apical regions of enamel 

related to ruffle-ended ame1ob1asts. 

N, N-Naphthaloylhrdroxylamine was first used by Beck (1951) 

and later was applied to the demonstration of' calcium oxalate 

(Voigt, 1957; Macaluso and Berg, 1959; Roscher, 1971), as a 

marker for bone deposition (Foldes et al., 1971), and as an 

electron microscopic -marker for calcium in musclé cells 

(Zechmeister, 1979). Superimposition of· GBHA staining reveals 

that the heaviest N,N~Naphthaloylhydroxylamine staining at pH 8.5 

149 



c 

( 

. , 
"". 

is in the incisal regions of enamel ,related to ruffle-ended-\ 

, 't ameloblasts. 

Calcein was first described as a fluorochromic cation 

indicator by Diehl and El1ingboe (1956). Commercia11y avai1ab1e 

Calcein is often a 50: 50 mixture of two 
\ 

fluorescent materials 

from which two types of complexes are formed with calcium 

(Wallach and Steck, 1963; Chiu and Haynes, 1977). GBRA staining 

superimposed on Calcein staining reveals that calcium is 

available to complex with Calcein in regions of enamel related to 

ruffle-ended amelob1asts .. 

Interpretation of staininq patterns 

The amount of histochemica1 information gained from staining 

of bio1ogical material usually is limi ted by the fact that most 
( , 

often the tissue has been chemically altered by fixation. The 
' '( 

inorganic miner~l-phase of enamel investigated in this study was 

not chemical1~ f~xed, was not aqueously treated prior to staining 

(other than the wiping proced~re to remove the enamel organ), and 

was performed almost immediately fo1lowing sacrifice of tbe 

animal. , other than by rapid freez ing, the quick dissection 

procedure fo1lowed by immediate in situ staining may be the most 

Isensitive way to ~n histochemical informatibn about the surface 

layer of enamel. 

Various calcium sal ts occur in animal tissues in a variety 

of normal and pathologica1 conditions. Calcium in ~issues may be 

present in the ,form of soluble salts as ,chlorides, sulfates or 

lactates, or in an ionized, ionizab1e, or masked form with 

proteins (proteinates), or it may occur in the form of insoluble 
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deposits within tissues as" phosphates, carbonates or oxalate 

saI ts. Experimental data gained from the. use of suitable 

histoèhemical reactions for calcium might make i t possible to 

identify and differentiate various forms of calcif'ied material. 

However, frequently the exact nature of the calcium binding 

mechanism is not clear, and this makes identification and 

Interpretation 'of histochemical reactions rather difficult. In 

any case, regional differences in the state of calcium may be 

observed and these in turn can be related to the cellular 

components of the tissue. In this way, information was gained on 
.' 

the distribution and state of calcium within the enamel and its 

relati~n to the type and distribution of matur'ation ameloblast 

within the enamel organ .. 

With the development of in vitro chemical modeling 
" 

techniques it has been observed'that apatite formation in aqueous 

solutions is often preceded by the transitory appearance of other 
1:. 

c~lcium-phosphate phases (reviewed by Brown and Chow,"1976; 

Boskey, 1985; Eanes, 1985). The calcium sal ts most often,. 

suggested to be possible mineral precursor phases to apatite in 

aqueous preparations at physiological pH are octacalcium 

phosphate (OCP; Brown, 196~; Eanes and Meyer, 1977; Brown et al., 

1981; Cheng, 1987), amorphous calcium phosphate (ACP: Eanes and 
(" 

Posner, 1965; Eanes et al., 1965; Termine et al., 1967; Posner 

and Betts, 1975; Boskey "and Posner, 1976), and dicalcium 

.' phosphate dihydrate (DCPD; Francis and Webb, 1971). The 

discovery of these precursor phases in synthetic preparations 

suggests that in vivo, apatite may not necessarily ferm directly 
~ 

from constituent ions in solution via classical heterogenous 
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nucleation and qrowth mechanisms, althouqh the existence of these 

precursors is still a matter of much controversy (Grynpas et al., 

1984; . Bonar et al., 1985). It ia interesting to note that in 

synthetic preparations under physioloq~cal c,ondi tions, the 

lit"etime of ACP and Ç>CP is 6 and 20 minutes, respectively, before 

converting by hydrolysis to apatite (Eanes and Reddi, 1979; 

Eanes, 1985). It therefore seems likely that if indeed 'precursor 

phases do exist, then they may not accumulate to an extent 

sufficient enough to be easily detected by physica1 means. - The 

histochemical methods used in this study are specifie and 

. sensitive enough to detect small changes in the ~tate of calcium 

in the surface layer of enamel. It is possible that the observed 

staining patterns, and the differences between staining patterns 

using different calcium-specifie. stains-, may reflect the presence 

of a precursor calci~-phC?sPhate phase(s) prior to conversion to 

apat'ite. A single incisor can be dissected, wiped and stained to 

reveal the staining pattern in the maturation zone in less than 2 

minutes after sacrifice of the animal. Presumably, the rapidity 

and 'low temperature (4· C) of these exper imental procedures would 

act only to minimize any possible conversion of precursor to 

apatite. Al ternati'vely, the process by which calcium and 

phosphorous are sequestered from the surrounding extracellular 

milieu is a dynamic one whereby calcium and phosphorous and 

calcium-phosphate complexes are gradually converted from ions and 

complexes in solution to poorly-crystalline hydroxyapatite. This 

in turn converts ta the highly-ordered, crystalline 

hydroxyapati te characteristic of mineralized tissues. Tl;l.erefore, 
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the process whereby enamel crystallites are formed maoy not 

necessarily include distinct and extensive layera of the above­

mentioned mineraI precursors, but may instead involve a slow"but 

o constant dynamic reorganization '?f mineraI ions and complexes at 

the surface of the crystals. It sb'ould be stressed however, that 

direct, physical identification of these putative complexes is 

necessary in order to validate the potential of the histochemical 

reagents used in this 
! 

study to btnd to calcium derived 
) 

specïfic calcium-phosphate complexes in the enamel. 

from 

An al ternative explanation for the observed staining 

patterns may be hypothesized from knowledge of the mat!ix-minera1 
() 

relationship. One suggestion for the ro1e of organic matrices, in 

mineralized tissues is that they may serve to nucleate and direct 

mineralization. ca~cium binding sites have been identified in 
( 

enamel proteins (Drinkard et al., 1981; Traub et al., 1985), 

dentin phosphophoryn~_ (Lee et al., 1977; Stetler-Stevenson and 
y 

Veis, 1987), bone osteoca1cin (Hauschka, 1985) and osteonectin 

(Romberg et al., 1983), cartilage chondroca1cin (Boskey, 1985), ... 
alkaline phosphatase (de Bernard et al:, 1985; Wuthier and 

Register, 1985) and lipids (Boyan, 1985). synthetic ,calcium-

phosphate solutions w~th concentrations of these ions similar to 
; 

those of serum may contain, in addi tion to free calcium and 

phosphate ions, a, variety of Ca-P ànd Ca-P-x complexes (where Xo= 

a varietx of organic or inorganic ligands; reviewed by GI!mcher, 

_1976). It may be that enamel proteins in- solution àGt as Ca' or 

Ca-P ligandS; this is in agreement with ,.the ca,lcium binding 
" 

properties of enamel proteins (I1rinkard' et al., 1981; Traub et 

al., 1981) and the fact that guanidine extraction of enamel 
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proteins completely prevents sta ining of enamel wi th , GBHA 

Cr (McRee and Warshawsky, 1986b: Chapter Three). 
• 

It is possible 

thât the calcium stains used in( th!s s~udy visualize . differe~t 
Ca-P-ligand complexes (where ;J,e ligands, are enamel proteins) 

within ~he enamel, a relationship mediated by the ove~lying 

maturation, ameloblasts. 

At present, these two hypotheses describing possible 

mechanisms for the differential staining of ~he enamel maturation, 
t' 

gattern can be""L consider,ed 
~ -

only as tentative. Fùrther 

investigation is necessary to clari+y the _ exact nature o~ the 

calcium":'stain complexe What can be emphasized, however, is that 
J - v 

the &taining patterns formed by each of the histochemical 

r 7agents are slightly different, yet each reflect~ the intimate 

association aqd distripution of the overlying ruffle-ended and 

_ smooth-ended ameloblasts of the maturation zone. .undoubtedly, 

bands of each cell type exert control over selected, ùnderlying 
" 

ar,eas of enamel suçh that the ionic or complexed states of 

calcium are different from one region of enamel to another. 

Il "Another important consideration related ta these staining 
J 

differences is that overlyinq ameloblasts are rapidly modulating 

between ruffle-ended and smooth-ended morphologies (Ishige et 

al., 1987; Smith et al., 1987). An implication of th~s rapid 

modulation phenomenon is that the abili ty of calcium to complex 

wi th the histochemical reagents used in this study changes in a 
\ 

matter of hours, and changes back again, such that a ,complete 

cycle of complexing and non-complexing occurs within 8, hours. In' 

this way, ameloblasts exert both spatial and temporal control 

over enamel mineralization. 
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FIGURE LEGENDS: CHAPTER SEVEN 

Figure 1. "\ Contralateral Iower incisora 'staine4 with glyoxaT 
bis (2-hydroxyanil) (GBHA) • Darkly-stained bands run tranversely 
and obliquely acrosa the enamel in the maturation zone and 
indicate the positions of bands of smooth-ended ameloblasts' 
(Takano et al., 1982b). Interband regions contain an apical 

~lightIy-stained area and an incisaI unstained area, both of which 
correspond to bands of ruffle-ended ameIoblasts. The enamel in 
the secretion zone stains lightIy. X6.5. , ." 

Figure 2. 'Arsenazo III-stained incisors show broad blue pands 
. running e;cross the e,namel in the maturation zone sepa:râted by 
narrower bands of unstained enamel (at- left). The staining 
intensity of the, bands decreàses in an incisaI direction. The 
ena~el in the pigmentation zone and secretion zqne does not 
stain. counterstaining of the contralateral ,incisor w,i th GBRA 
(at right),reveals that the dark red GBRA bands correspond to the 

,narrow white are~~ left unstained by Arsenazo III. X6.5 • 

. Figure 3. Calmagi tê-stained incisors show broad red bands 
runhing across the enamel in the maturati0,dn zone s~parate~ by 
narrower bands of unstained enamel (at l"ft). The staining 

. intensi ty of the bands decreases in an incisaI direction. The 
pigmented enamel does not stain but the enamel in the secretion 
zone stains a ~ark red color. Superimposed GBRA stainirig of the 
,contra.lateral incisor (at right) shows that the narrow' areas left' . 
unstai~ed by Càlmagite stain with GBRA. X6.5. ~ 

Figure 4. Murexide-stained incisors show broad pink b,ands 
alternating with narrower bands of darkly- and lightly-stained ) 
ename.+',· and, 'un'stâined enamel in the maturation zone (at left) .. 
The sta..in~ng inten::;'i ty of the bands deereases in an incisaI 
direct.ion;· The enaniel in the secretion zone is stained a ,Iight ' 
pink and _ the pigmented en'amel if? unstained. Counterstaining wi th 

,GBRA (at'right) shows the dark red GBHA bands in the narrow areas 
le~t unsta~I;1ed ~y '~urexide. X6. 5 • ,~, 

\ .. i ". , 

Figure 5. . - N, N-Naphthaloyll'o.Ydroxylamine-stained incisors. show 
bands of dark,and light b10tchy yellow running across the enamel 
in the maturation z~ne (at·left). The staining intensity of the 
bands decreases in an inc±sàl direction. Secretion zone enamel 
is lightly stained and the pigmented enamel shows no staining. 
Narrow bands of enamel 1eft unstained hy N, N-NaphthaIoy1-
hydroxylamine stain dark red \Ji th GBRA ~ (at riqht) '. X6. 5. -

'. 

Fiqure 6. Calcein-stained incisors show ye1low-orange bands in 
normal white light that fluoresce, a yellow-green col or under 
ul~raviolet light (at left).. ,~The Most heavily stained areas 
~appear ~s broad bands across maturing enamel simi~ar to thos'e 
observed after staining with Arsenazo III and Calmaglte (Figs. 2 
apd 3). staining with GBHA {at, right) shows that the Iess­
s,tained Calcein areas corcespond, to the dark red GBHA bands, 
here seen as yellow-greeI} bands due to ùl traviolet light. X6. 5 • '" 
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"'2CHAPTER EIGHT .. : IN VITRO STAINING,OF ENAMEL P~OTEINS USING 

SEVERAL COMMON HEAVY METAL AND HISTO~OGICAL 
STAINS. (-

SYNOPSIS 
'. . . 

The staininq patter~ in the enamel of the maturation zone of . 
the' rat incisor represents cyclieal phenomena occurring Within 

, , 
immersed in fixative containinq one of the followinq heavy metal 

and hi'stoloqieal stains coponly uf?ed to reveal. proteins: uranyl , 
acetate, lead citrate, Coomassie Blue, Aleian Blue apd Ruthenium ... 

Red. Other animaIs were injeeted with 35s-me,thionine as a . , 
} 

precursor to enamel proteins and the incisors were dissected and . . 
wiped . C?f their enamel organs and processed as whole mounts for 

radioautography. Teeth stained by heavy metals were also viewed 

by backscattered eleetron imaqing. Both radioautoqraphy and 

protein staining in vitro revealed that proteins~_~re di'stributed 

in bands and stripes aeross the enamel in the maturation zone . 

.. Correla~ion of this "pattern wi th maturation ameloblast morphology 

demonstrates the intricate control exerted by the, enamel organ 

over" the eyclical l events that oeeur during enamel maturation • • . . 
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INTRODUCTION 

• Ruffle-ended and smooth-endeq maturation ameloblasts in the 

rat incisor enamel organ are arranged as bands that "overlie the 

maturing enamel at either a transverse or oblique angle re~ative 

to toe long axis of the incisor (Takano and Ozawa, 1980; Reith 
" . 

,01 .. 
and Boyde, 1981.a; Wa,?:"shawsky, 1985; 'Nanci et al., 1987). In the 

l 

maturation zone, these ameloblasts rapidly modulate between being 

ruff1e-ended or smooth-ended such that as many as 45 modulation 

waves may pass over 

The dist~ion of 
, l' 

a given area of ename1 (Smith et al., 1987). 

these ce1ls affects t~ enamel in such a way 

which, imparts to 
• ~I'r 

i t the characteristic staining wi th gl'yoxal . 
bis (2-hydroxyanil) 

.. 
lJ (Takano et al., 1982b; McKee and Warshawsky, > 

,-
19B6a,b; ·Chapters Three and Four; Chapter Seven) described as the 

ename-1 maturation patternl This mat~ration pattern can be 
(; , 1 

visualized in the enamel at any given point in time by the 

following methods: radioautography (Reith and Boyde, 1981b; 

Takano et al., 1982a; Reith et a1., 1984; McKee and Warshawsky, 

1986a; Cha:pter Four; McKee et al-., 1987;' Chapter Five), different 
"yi , 

mo1ecular weight protein penetration patte"rns (McKee· et al., 

1986; Chapter Two), tetracycline and f1uorochrome 1abe1ing 

(Takano and Ozawa, 19801; Boyde and Reith, 1981; Jose2hsen, 1983; 
~ 

DenBesten et al., 1985; Ishige et al., 1987; Smith et al., 1987), 

EDTA etching by perfusion (Reith et al., 1982), and staining by 

other histochemical r..eagents that bind calcium (Chapter Seven). 

These studies have demonstrated that each type-- of amelob1ast is 

rel~ted to a differentia11y reactive band of enamel and . 
consequently must have a different function with regard to ename~ 
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maturation. The ·ultimate ~ffect of the alternating ameloblast ~ 

morphologies is to ptQduce the enamel maturation pattern, and to 

do this they must effect changes j.n the organic or inorganic 

. phases of enamel. Cycl ical change~ in the inorganic mineraI 

phase of enamel, can be inferred and correlated wi th ameloblast 

morphology principally by using radioautography after 

administration of 45cal c ium and various histochemical complexing 

. methods for calcium (references as above). On the other hand, 

documented cyclical changes in the organic matrix .of enamel and 

correlation to cell type are relati vely few (Boyde and Rei th, 

1982; McKee and Warshawsky, 1986b; Chapter Three). Since mineraI 
\ 0 

'entry and binqing occurs in a cyclical manner, and since organic 

matrices commonly act' to initiate, organize and direct crystal 
l 
growth in mineralized tissues (reviewed by Glimcher, 1976; Veis, 

1985), it seems reasonable to prédict that certain components of 

the organic phase of enamel may also be. differentially 
- -

distributed in a maturation pattern. The p~rpose of this study 

was to use various stains to investigate. the distribution of 

organic components at the enamel surface, and to correlate this 

)distribu~~on with overlyin~ ameloblast ~OrphOI~gy. e 

MATERIM AND METHO~S 
L':> 

Animal and tissue handling prior to staining • 
Sherman, Sprague-Dawley and Wistar rats weighing 100 ± 20 gm 

'II 

'were used\in thig study. AnimaIs were sacrificed by decapitation .. -
under ether anesthesia and the lower"'- incisors were qufckly 

dissected from the surrounding alveolar bone. Enamel organs we~e 

wiped, from the teeth with gauze moistened in cold saline. The 
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dissected wet incisors were transferred immediately to the 
-

staininq solutions. 

Staining procedures 
-) 

AlI stains were prepared in fixative containing 2% 
-

qlutaraldehyde, 0.1 M sodium cacodylate and 0.05% caCl2' 
\ 

~taininq solutions were prep'ared immediately before use and were 

f 11 tered throuqh number 50 fil t,t:.'r paper. stains were obtained 

throuqh Sigma Chemiça1 Co. (st. Louis) or JBEM- Services 

{Montreal) and were prepared at the followinq concentrations: (1) 

. 4.0% uranyl acetate (preparation and staining procedures 
, 

.performed in the dark), (2) 4.0% lead citrate, (3) 0.1% Coomassie 

Brilliant Blue G, (4) 0.01% Alcian Blue 8GX a,nd, (5) 0.01% 
- l 

Ruthenium Red (ruthenium oxychloride ammoniated). In aIl cases, 
t 

both incisors fr.om the sarne animal were stained at room 

temperature with the same stain, were rinsed vigorous1y in 

distilled water after staining and were air-dried at room 

temperature. While drjing, some incisors were scored wi th a 

scalpel at the position of the narrow translucent bands (Takano 

et al., 1982by~.- Before drying, some stained teeth were 

transferred- to the same fixative solution but without the 
~ 

re~pecti ve stain; these incisors were soaked for 2- to 6 h in 

order to evaluate the -possibility of simple diffusion of -stain 

into the enamel. other teeth were stained~ith aqueous SOIut~ons 

of the stains without fixative and some inctsors were fixed prior 

to staining. Contralateral incisors were, mou~ted as pairs in 

plasticene and photo-graphed. Urany1 acetate-stained teeth were 

photographed witlÎ a Wratten No. 47 blue filter to enhance 
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contrast .... 

Backscattered electron imagina of stained incisora 

For backséattered ~lectron imaginq (BEI), the teeth were 

mounted on aluminum stubs with plasticene and carbon-coated. The' 

-preparations were examined with a JEOL JSM-840 scanning electr6n 
, 

microscope fitted with a tungsten cathode and with r a J~OL BEI 
, v 

backscatter divided annular-type detector., optimum image' quality: 

was attained at, an acc~lerating voltage. of 10 kV. Allo JllIl 

objective aperture was used and the working distance was 34 mm 

with" no stage tilt. The inverse signal polari ty was recorded 

which makes electron backsc.attering structures- appear as dark 
/ 

, "' images while nonbàckscattering struotures appear as lighter 

images. This inverse ~EI image is simil~r to that usually seen 

with nor~al light photography, thus, allowing' for easier 

~ comparison. The baqkscattered electron images were recorded 

directly onta Type 55P/N Polaro'id film'". 

35S-methionine infection and radioautography 

wist~ar rats we~e inj ected via the $xternal jugular vein with 
. 

0.5 mCi 35~-methionine (S:A. = 11~4 ci/mMol; New England Nuclear) 

At' 6 min after inj ecti'on of the 
, 

radioactive tracer, the animal 'was-inj ected VIa the contralateral 

jugular vein with a large excess c)f "cold" n.cmradioactive . 
methionine (Sigma. Chemicals) in 0.2 ml PBS, pH 7.4," A~ 1 h ~fter~ 

the initial injéction the animaIs were sacrificed Py decapitation 

and 'the lower incisors were - quickly dissected and tne enamel 

organs were removed. Both teeth were then immedi~tely immersed in 
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2% glutaraldehyde containing 0.1. M sodium cacQdylate bUffer, pH 

\ ..,Ii. 

7.4, for 30 min at room temperature. The incisors were then 
o 

washed vigorous1y in distilled W'ater for several minutes and air-
1 

dried at room temperature. Following air-drying the teeth were 

dipped in a 0.5t qelatin solution containinq 0.05 qm chrome a1um 

as a hardener for 20 sec at 40" C. Th~ ~ncisors. were dipped in 

Kodak NTB2 1iquid emulsion, exposed for :(4 -t!-, and developed 

according to the method of Kopriwa and Leblond (1,962). 

RESULTS . \ 

Staining'patt~s 

A clear, repetitive pattern was produced by staining the . 
enamel surface with uranyl acetate, lead citrate, Coomassie Blue, 

Alci\n Blue and Ruthenium Red. Al~hough enamel • was stained in 

simple aqueous solutions, the staininq patterns were most 
~ 

~distinct when the stains were prepared in solution with fixative 
\ 

and the results reported be10w describe incisors stained in 

sodium cacodylate-buffered glut~raldehyde. Ea~h of these stains • 
\ . 

produced a repetitive but Slight~ent staining pattern. 

Incisors stained with uranyl' acetate for 3 h at room 
., 

temperature showed dark1y-stained ,enamel in the secretion zone 

and· 4 or 5 narrow stained bands of enamel in the maturation zone , . 
1 

(Fig. 1) . . staininq for shorter time intervals showed the same, 
\ 

t,ut less -intense, pattern. The bands were for t~e most part 
.. 

( obliquely oriented relative to the long axis of the incisor, but 

became more transverse incisa~ly. Soaking of a fresh- incisor . ~ 
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for 1 h in physJ.ological saline at room tempe rature prior to 

1 

st~~ninq with ~ran~l Acetate in fixative removed the staining 

patte;-n (Fig. 2). Backscattered electron imaging of uranyl­

stained teeth relied on differences in the _quanti ty of 
....,.. 

\ backscattered electrons produced by the high atomic number of 
-

uranium (Z=92) relative to the 'background backscattering caused 

by calcium (Z=20) and phosphorous (Z=15). BEI of the same teeth 
. . , 

shown in Figure 1 demonstrated the diffe'rentiai distribution of 

uranium into 4 bands (Fig. 3). OUring'drying after staining with 
) , \ ' 

uranyl Acetate, the enamel showed narrow translucent bands which 
, 

appeared to dry more sloWly than adjacent broad areas. The 

~incisors were scored along these translucent bands and BEI 
t ~ 

rlaveaied that the enamel bands stained by uranyl Acetate were 

Iocated just apical to' the score marks r~presenting the 
" translucent bands (Fig. 4). Frequently observed in the interband 

regio~s were narrower paraI leI stripes that lateralIy, followed .. 
the sa~e orientation as the pands, ~ut mesially lost this 

orientation as the stripes abruptly hooked incisally (Fig. 4). 
/ 

The stripes were most obvious in the first few interband regions. 

Incisors stained for 3 h at room tempe rature ~it~ lead 

citrate showed a pattern simil~r to stain!ng with uranyl Acetate 
! 

(Fig. 5). Since lead citrate did - not produce a color reaction 

suttable for normal lig~t photography, ~EI was e~lOY~d to 

visualize the enamel maturation~ pattern by utilizing the high 

atomic number provided by lead (Z=82). The pattern again 
. . 
consisted of 4 to 5 darkly-stained bands w~ th. interband regions 

\ 

containing narrow parallel I3tripes (Fig. 5). Scoring of the 
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translucent bands during dryinq showed th~t again, tqe stained 

bànds were immediately apical to the score ,marks.' 
, 

Incisors stained with Coomassie Blue ~~i9. ~6) and Aician 

Blue (Fig. 7) for ~ h at room temperature were more effective in 

showing (the repeated paraI leI narrow stripes. These stripes 

began immed1ately adjacent to the darkly-stained secretion zone 

enamei and continued uninterrupted along the enamel maturation 

zone, only decreasing in staining inten~dty as they approached 

the pigmented enamel. The sttipes maintalned _the , same 

orientation throughout each tooth. lIn addition, faint staining 

of broader bands was obserVed superimposed on the stripes. The 

broad bands were oriented differentIy from the stripes and the .. 
pattern was similar to that seen after staining with uranyi and 

\ 

Iead. Observation of Coomassie Blue-stained' and Aician Blue-" 

stalned incisors while .drying reveaied tha~ tl'\e bands were 
. 

present just a~cai to the translucent bands.ç exactly as observed 

after uranyi and Iead staining. 
-

Incisors stained with Ruthehium Red for l' h at ~OO1D 

. tell1perature aiso/) showed' a pattern ~t the surface of the enamei 
\ 

(Fig. 8). This pattern consisted of 4 or 5 narrow bands of 
/ , 

stained enamel in the maturation Z9ne. These bands had the same 
, 

orientation as those previously described but determination of 

their position during dryi~g reveale~ that unlik~ thp other 

stains they were, loc~ted just incisaI to the transluéent bands. 

T~~-bands d~creased in stainin9 intensity incisally. The enamel 

in the secret~OI1 zone was heavily stained and the pigmented 

enam~l did not,stain. 
~ 

In aIl cases, and with each stain, additional and prolonged 
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. -soakinq in ,fixative without stain did not diminish, alter". or 

remove the staininq pattern. 
î 

, 

Radioautography after 35S-methionine injection 

.. 

Wholë mount radioautoqraphy l h aftèr 35S-methionine 

injection showed' a repe:titive distribution. of rà~ioactivity at 
. 

the surface of the tooth (Fiq. 9) • Most prominent. in this 

pattern was the presence of narrow stripes in the apical region , \ 

of the maturation zone. 

also heavily labeled. 

The enamél in the s~cre~o!l fone was 

Some unlabeled areas app~ared as white 

bands and may correspond to regions of enamel normally overlaid 

by'smooth-ended ameloblasts. 

DISCUSSION' 

staining~reac~ions 
, 

The stains used in this'study are common histoloqical stains 
. 

used to reveal proteins in histological sections and in 

polyacrylamide gels. The stains were selected either for their 

ability to produce a color reactiôn when bound to proteins in 
1( 

" 
situ or for their intr~nsic property of havinq a hiqh atomie 

number, thus making the staining patterns suitable for 

backscattered electron imaqinq (McKee et al., 1987; Chap'ter 

Five) • 

enamel 

In aIl cases, the stains bound to consti tuents of the 

"-to produce a repetitive pattern. The reactions were 

considered to represent true bindinq of stain to protedn sinee 

the staining patterns were not diminished or altered during 

prolonqed immersion in the same aqu~ous fixative solution but 

without the staininq aqent. Whether th~ stains were eoupled 

170 
o 

.. , 



.. 

, 

c 

directly to the prote in , 

, " , 

or vi~ the fixative was uncertain. 
1 

However, sinca staininq occurred in aqueous solutions, it seems 
;> 

& 

likely that direct complexinq had occurred between the dye and 

the proteine 

Most heavy metal , ions are known to form coordination 

complexes with various chemical groups having nitroqen, oxyqen, 

sulfur or phosphorous atoms (reviewed by Zobel and ~eer, 1965). 

Watson (1958a) tested various uranium sa1 ts as electron dense' 

stains and found that uranyl ac~tate qave'superior results. 

Uranyl acetate if commonly used as a histologica1 stain and has a 

high affinity for the phosphate gtoups of nucleic acids (Huxley 
. 

and Zubay, 1961; Zobel and Beer, 1965) and a slight1y 1esser' 

affinity for the carboxyl (Stoeckenius, 1961) and tree ami,no 

(·Lombardi et al., 1971) groups of proteins. When uranyl acetate 
\ 

is employed en bloc, it also has a fixative effect (Glauert, 

1974) giving good structural preservation of DNA filaments (Ryter 
~ 

and Kellenberger, 1958; Na~s et al., 1965), membranous structures 

and cell junctions (Terzakis, 1968; Goodenough and Revel, 1970) 

and ground proteins, myofibrils and mitochondria (Hayat, 1969). 

From the evidence on the binding abilities of uranyl acetate, and 
\ . 

since a~~ cellular components oOf t~ enamel organ are removed 

prior to staining, • it seems reasonable to conc1ude that the 

staining reveals proteins and not nucleic acids, and that these 

proteins are distributed in a pattern r,sembling the enamel 

. mat~ration pattern c;ilveri by GBHA. The bands of enamel showing 

uranyl staining are just apical to the translucent bands observed 

during drying, a region shown to be Qverlaido by ruffle-ended 
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ameloblas,:tâ in vivo (Takano et al., 1,982b; smith et aL" 1987) • 

Since the uranyl-stai~ed stripes are found throughoutomost o~ the 

maturation zone, they would be overlaid by either ruffle-ended or 

'smooth-ended ameloblasts. 
./ 

Histologic:al staining using lead was introduced by Watson 
" .. 

(1958b) and preferentially stains RNA (Dalton and Zeigel, 1960) 

and carbohydrates such as glycogen (Rernolds, 1963). The 

'mechanism(s) for these b!nding reactions are not·well underst60d 
~ 

but may be due to polymerie cations arising from complex, lead . . . 
compounds formed by divalent lead saI ts- in alkaline solutions 

(Reynolds, 1963). The staining of carbohydrates may depend upon 

the for~ation QI a stable lead-carbohydrate complex through 

hydrogen bonding (Reynolds, 1963). In any case, the 
, 

visualization and disUribution of the lead-stainé<;l' pattern in 

enamel by BEI is ~dentical to that fOllowing uranyl stainirig, and 

may also reflect a differential 'distrIbution of prote in at the 

surface of the tooth. 

Coomassie Blue presently is widely used for the 

demonstration oÏ prote in in acrylamide gels (Diezel et-al., 1972; 

Fishbein, 1972) ~nd appears to b,ind solely and reliably to 

proteine < Furth~rmore, good results have been obtained using 

Coomassie Blue for the staining of proteins in histological 

sections (Feder and O'Brien, 1968; Fisher, 1968; Cawood et al., 

1978) • Li ttle is known of the chemistry",_ of the binding of 

Coomassie Blue to protein; nevertheless, aIl Coomassie· Blue-

binding biological material is sensitive to nonspecific protease 

(Cawood et al., 1978). Like other staIns," it ls probable that 

Coomassie Blue does not· bind in identical quantities with aIl 
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p~oteins. consequently, regi~nal accumulations of some proteins 

may take up more stain than other proteins in neighborinq ~reas. 
\ 

The increased staining of the narrow strlpes relative to the 

broader bands of the enamel maturation pattern observed in this 
\ 

stud~ may indicate stripes of an accumulated specific protein,at 

the surface of. the tooth, \capable of binding more coomassie Blue 
. 

relàtive to the protein in the bands. The Coomassie Blue-stained 
'" 

bands of· enamel correlate to regions overlaid' by ruffle-ended 

ameloblasts whereas the ~ stripes correlate to both ameloblast 
Y/I 
morphologies. 

Alcian Blue ls a cationic dye commonly used to demonstrate 

the glycosaminoglycans (~AGs) associated w~th prot~oglycansf­

It ie weIl known from the literature that conv~ntionaf \ '1 (PG~) • 
... 

methods of. fixation prior to stainin4 eliminate and/or 

transipcate GAGs '(reviewed by ~ol~er9 et al., 1987). However, \ 

the addition of a cationic dye to the fixati va reduces the . -
mobility and precipitates and retains these components in, situ 

(Scott, 1972). Alcian Blue has at least two, and up to four 

positive,charges'which react via salt linkages with the intense , 
negati ve electrostatiç field, gènerated by GAGs to produce 

insoluble precipitates (Scott et al., 1964). Alcian' Blue 
) 

Fltaininq in fixative solution, as used in "'this study to prevent 
. 

extraction and translocation of GAGs, revealed a faint staining , 

of the enamel maturation pattern, but an especial1y intense 

staining of the narrow stripes associated with it. The staining 

pattern observed after Alcian Blue was p,ractically identical to 
. 

that after Coomassie Blue, possibly indicating that the general' 
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protein accumulated in the narrow stripes and bands as revealed 

, 
by Coomassie Blue may in fac;:t be PGs. . Furthermore, dt is 

i 
, ? 

noteworthy that this pattern is similar to that ob-served -. . 
followinq' staining by the p~riodic ~èid-Schiff (P~S) reactiqn 

{(MCKee and. W~rshawsky, 1986b;, Chapte,r Three) used to visualize 

gly:coproteins. .. 
Ruthenium Red ig an inorganic cationie dye commonly used in 

solution with ,fixative to demonstrate GAGs (reviewed by LuftJ 
~ 

1971a'; Goldberg and Septier, 1986). Furthermore, Ruthenium Red 

prec1pita~e~ a large variety\ o~ po1yani~ns by' ionic interaction 
, ' 

and i ts classical reaction wi th GAGs is typical rather th~n . . . 
specifie (~uft, 1971a). Also noted was that Ruthenium' Red is 

i~tensely ~eactive towards certain lipids (Luft, 19'71a,b). The 
, 

pattern observed after Ruthenium Red staining was differènt from 

the other stains used in this study in that the stained areas 

were found illcisal to the translucent bands {in areas normally 

over~aid by smooth-ended am~loblasts) .. This was the only reagent 
J 

to stain in a pat,tern identical t-o the ea'lcium stain glyoxal 

"bis (2-hydroxyanil) (QBHA). The reason for the dramatic difference 
• Q 

" . 
between the' staining patterns observed after Ruthenium Red and 

thè similar cationie stain--Alcian Blue" is not clear at present. 

in any case, it appears that each stain is selective for specific 

organic constituents of enamel that relate' to specA,fic, and 

different maturation ameloblast morphologies. 

Radioaùtography of fixed and routinely-sectiorted incisors 

after inj ection of radi'olabeled methionine revealed that this 

amine acid is incorporated into "proteins that are secreted in 
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both tne secretion and maturation zones of amelogenesis (Nanci et 

, 

al., 1987). Whole mount radioautography, as used in this study, • 
". ," confirmed the presence of material containing 35s-methionine ~t 

or very close to the enamel surface and further demonstrated the 
t 

presence of a pattern in the maturation, zone consisti~g of narrow 

, labeled stripes presumably representing newly-secreted protein at 

the surface of the tooth. 

Interpretation of stain;ng patterns 

stainil\g of certain organic 
l , 

consti tuents of enamel ;and 

confirmation of synthesis and release of newly-formed, 358-

methionine-containing proteins by maturation zone ameloblasts, 
è 

all in the form of a pattern previously known 'fo exist during 
" 

enamel maturation, emphasiies the cyclical nature of phenomena 

occurring in~the maturation zone of amelogenesis. The cyclical 

~ature' 'of enamel maturation is fw well-documented, especially 

wi th régards to the inorganic phase of enamel. Furthermore, 

correlations \ri th overlying améloblast morphology are possible 

using certain calcium-binding compounds (especially GBHA: Takano 

et al., 1982b; smith et al., 1987) and the scoring method for the 
.. 

~ranslucent bands (Takano et al., 1982b). Taken together, these 
~ 

techniques allow ;nterpretation of the enamel maturation pattern 

as the functional consequence of the rapid modulation of 
.. 

maturation " amelobla$ts between their ruffle-ended and smooth-
, 

-.ended morphologies (Ishige et al. , _1987; Smith et al., ... 1987) • 

. Apparently 1 this modulation profoundly affects the distribution 

of both the mineraI and matrix phases of $namel. 
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This study was undertaken as an attèmpt to visualize the 

distribution of P!oteins at the surface of teeth and to correlate 

"this distribution w.l,th ameloblast morphology.. Prior to this, 

Boyde and Rei-ç.h (1982) provided some evidence of the cyclical 
, ~ 

distribution of protein but no attempt was made to correlate the 

stained \regions with the enamel organ. The present study has 

provided clear and. direct evidence of pz(otein banding and 
y, 

striping in the surface layer of enamel using different stains 

and direct correl~tions have been mad~ to ruffle-ended and 

smooth-ended ameloblasts. 

Of great importance to t~e understanding of enamel 

maturation is determination of the significance and, relationship 

between bands and stripes of matrix consti tuents and bands and 

stripes of different balcium- states within the 
~ 

enàmel. 

Evidently, the enamel organ controls this matrix-m,ineral 
, 

relationship to such an extent that interference wi~h the wàve of , 

modulation by vinblé!-stine, caused by preventing '" smooth-ended 

ameloblasts from reverting back to ruffle-ended! ameloblasts, 

predictably al ters the maturation pattern in the enamel (McKee , 

and Warshawsky, 1986a; Chapter Four). 

The stains used in this study aIl demonstrated that 

prote in was differentially distributed at the surface of the 

tooth. Biochemlcal investigations have shown that the organic 

matrix of enamel contains glycoproteins (Stack, 1954, 1956; 
'b 

EIgydi and Stack, 1956; Seyer and Glimcher, 1969 i Elw60d and 

Apostolopoulos, 1975; Belcourt and Gi11meth, 1979; Be1court et 

al., 1982). using -histochemistry and radioautography, 
i. 

glycoproteins have been identified in the ename1 (Scheinmann et 
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al., 1962; Suga and Gustafson, 1963; Reith and Butcher, 1967; 

Weinstock ~nd Leblond, 1971; Goldberg et al., 1979a,b; 
\ 

Warshawsky, 1979; Warshawsky and Josephsen, ï981; Goldherg and 
9 / 

Septier, 1986; McKee and Warshawsky, 1986b; Chapter Three)., 

Similar histochemical a~d radioautographic identification of GAGs 

in the enamel has been reported' (Belanger, 1955; Bevelander· and 
" '\ 

Johnson, 1955; Leblond et al., 1955; Kennedy and Kennedy, 1957; 

Quintarelli and Dellova, 1963; Weill ~nd Tassin, 1965; Lennox and 1 

1 

,Provenza, 1970; YosQiki and Umeda, 1972; Nagai and Takuma, 1973; 
9-

Blumen and Merzel, 1976; Goldberg et al., 1976, 1978, 1979a,b; 

Nakata èt al
l 
• .., 1982; Goldberg and Septier, i986}. Several of 

these studies ultrastructurally localized these molecules within 

sections of enamel. The present study has visualized proteins in 
\ J . 

. · general, and\ possibly proteoglycans, a the surrace of rat 

.incisor énamel. The technique for rapid dissection and staining 
• 

in fixative is useful ~ that it allows simultaneous fixation and 
\ 

staining of the matrix before the enamel proteins have a chance 

to significantly translocate, a procedure probably not sensitive 

enough for ultrastructural analysis but definitely adequate for 

whole mou nt staining. The dissection procedure must nev~rtheless 
"Î\ -

he performed rapidly since unfixed enamel proteins (rapidly 
-./ , 

diffuse freely out of the enamel (Warshawsky, 1985; smith and 

Pompura, unpubl:ished) . Additional evidence for this 
, 

diffusability of prote in out of the enamel was demonstrated in 

thiR study by the ~emoval of ename~ stainability by prior soaking 

of a tooth in normal saline (Fig. 2). 
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The p\ÎÎ'pose of this study was not so much to substantiate 
1 v 

and detect _specifie classes of proteine· wi thin the enamel, but 

~ather to demonstrate with common histologieal stains that there 

is a specifie distribution of proteins at the surface of the 
~ 

tooth. To this ~I it has been shown,that enamel proteins are 

distribute2 in a pattern similar to that observed tollowiIlg the 
l 

use of certain eal~um stains (Chapter Sev.en). It is probable 

that following identif~cation. of the specifie proteins found , . 

within each of the bands an~ stliPe~ it may he possible to g~in 

information on their lndividual calcium-binding(properties and 

how such organlc components contribute to the proeessing of 
~ 

calcium within the enamel. 
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FIGURE LEGENÔS: CHAnER EIGHT 

Figure 1. Contralateral lower rat incisors wiped tree ot their 
ènamel organs and stained with uranyl acetate in fixàtive tor 3 
h. The enamel in the secretion zone is darkly-stained and in the 
maturation zone, 4 bands of stained enamel run obliquely across 
the tèeth that ~esembles the' enamel maturation pattern. Staining 
intensity decreases incisally. X6.5. ' 

Figure 2. An incisor soaked \'for l h in physiological saline at 
, room temperature prior to staining with uranyl ~ acetate as in 

Figure 1. Note the re.mova~ of the staining pattern presumably 
due to diffusion of enamel proteins out ot the enamel and into 
the saline. X6.5. 

Figure 3. Inverse backséattered electron image of the same teeth 
shown in Fiqure 1. This electron detection mode relies on the 
relatively high atomic number of the uranium in the stained areas 
of enamel relative to the background backscatterinq produced by 
the calcium and phosphorous in the unstained areas. Again, the 
presence of 4 narrow bands of stained enamel can be observed in 
the enamel maturation zone. X12. 

L ,. 
Fig'ure 4.' Inverse backscattered electron image ot another 
contralateral pair of teeth stained with uranyl acetate. In this 
animal, the finer stripes (small arrows) can be observed in the 
interband regions. scorinq ot the translucent banda durinq 
drying (arrowheads) indica,tes 'that the uranyl-stained bands are 
found in regions of enamel normally overlaid by ruttle-ended 
ameloblasts. X12. 

Figure 5. Inverse backscattered electron imàge ot inciaor. 
stained with lead citrate in fixative tor' 3 h at rOOJD 
temperaturé. The staininq' pattern again consista of 4 -to 5 
darkly-stained bands just apical to the scored tranalucent band.a------_ 
(a~owheads) and interband regions containinq narrow .trip •• 
(small arrows). X12. 
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(Figure 6. Contralateral lower incisors stained with Coomass!e 
Blue in fixative for 2 h at ro~m temperature. ~he enamel in the 
se~retion zone is darkly-stained and in the maturation zone, the 
staining pattern consists of bands (white arrows) and stripes 
(black arrows)'. This stain is particularly effective in 
demonstratinq the narrow stained stripes which continue 
uninterrupted !!nd without changinq orientation along the 
maturation zone. X6.5. 

Figure 7. Alcian Blue staininq of incisors shows a pattern 
similar to that after staining with Coomassie Blue. The pattern 
consists of bands (white arrows) and stripes (black arrows) of 
stained enamel in the maturation zone. In th,~ secretion zone, 
the enamel ia darkly' stained. staining Intensi ty diminisfle..s in 
an incisaI direction. X6, 5. . 

Figure 8. Ruthenium Red staininq of incilrors also shows a 
banding pattern at the surface of the teeth. The pattern 
consists of 4 bands' of stained enamel running transversely and 
obliquely across the enamel in the ma1;:uration zone. The enam~l 
in the secretion zone is darkly stained. The position of, the 
bands with this stain is different from the other stains in that 
these areas of enamel are normaily overl~id by smooth-ended 
ameloblasts. X6.5. . ; 

Figure 9. Radioautographs of the lower incisors of an animal· 
injected wfth 35S-methionine. 1 h prior to sacrifice. The enamel 
in the -secretion zone is heavily labeled and in the maturation 
zone, narrow para'llel stripes (black arrows) ott radioactivity 
probably represent incorporation of 35S-methionine into newly~ 
synthesized enamel prote in released at the surface of thé tooth. 
Unlabeled areas, (white arrows) may correspond to enamel related 
to smooth-p.nded ameloblasts. X6.5. 
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=C_H=A~PT~E_R~~N=I~I~E: SPECIFIC BINDING SITES 
AMEL08LASTS OF THE ENAMEL 
THE RAT INCISOR . 

SYNOPSIS 

FOR TRANSFERRIN' ON 
MATÙRATÎON ZONE IN 

Durinq enamel maturation in rodents, an iron-containinq 
/ 

pigment is deposited into the surface ,layer of the enamel. 

Maturation zone ameloblasts presumablY are responsible for this 
" 

deposition. The presence of large amounts of ferritin in the 

cytoplasm of these cells ,suqgests that they receive iron, 

presumably {rom circulating transferr in. An in vivo 

radioautographic binding Assay (Bergeron et al., 1977) using 
> 

iodinated transferrin was used to determin~ if indeed maturation , 

ameloblasts possess transferrin receptors at~their cell surfaces. 

Experimental rats received systemic injections of labeled 

transferrin, while control rats received injections of labeled 

transferrin plus a large excess of unlabeled transferrin in orde~ 

to compete _ with the labeled transferrin for available specifie 
• 

receptors. Light microscope radioautography·showed that ruftle-, 
\ -

ended ameloblasts (RAs) of the enamel maturation-zo~e had a h!gh 

density of specific receptors for transferrin relative to smooth-" 
, . . .. 

ended ameloblasts (SAs). Electron microscopy and ertergy 
/ 

dispersive X-ray spectrospopy confirmed the presence ot territ!n 

and iron, respectively, within these ·cella. It is postulated 

that the iron responsibla for .namel pigmentation ï. transport.d 
/ \ 

by transferrin to maturation ameloblast. and i. bound to .pecifie 

transferrin receptors found mo.tly on 
1 

RA." and tha't· the 
~ 

modULation of these cella into SA. r •• ulta in a ~o •• of moat of 

these receptors. 
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INTRODUCTION 

In the rodel)t incisor, the enamel maturation process 

includes deposition of an iron-containing pigment into the 
< 

surface layer of mature enamel (Halse, 1972b; Halse and Selvig, 

1974). Furthermore, the amourlt of iron in the enamel increases 

progressively with the age of" the rat (Addi/son and Appleton, 
:;0 

~9~5; Pindborg et al., "1946; Schour and MassIer, 1949; Lindemann, 

1970; Halse, 1972b). Schmidt and Keil (19,71) determined that the , 

, iron-containing compound in_ rodent enamel. is an iron o~e, and 

i t has been further -proposed -that 'the iron may in some, way be 1 

associated with ~e hydroxyapatite crystallites of enamel (Selvig 

and Halse, 1975). 

Almost ~ll the ameloblasts in -the entire maturation zone 

incorporate exogenously-injected radiolabeled iron as visualized 

by radioautography (Karim 'and Warshawsky, 1984; Ogura et al., 

1984). Numerous other techniques have been used to identïfy iron 

both within this cellular layer as weIl as in'th~ enamel. These 

include histochemical, staining (Pindbqrg, 1947; ~ëith, 1959), 

~?electron microprobe analysis (Soyde et'al., 1961; Halse, 1972a), 

polarizing microscopy (Schmidt and Keil, 1971) and electron , . 
microscopy (Reith, 1961; ,Jessen, 1968; Kallenbach, 

< 

1970) . 

Electron microscopy has shown that ferritin is present within 
. 

these cells ~Reith, 1961; Jessen, 1968; Kallenbach, 1970). The 

ferritin is found either as free ferritin particles within the 

cytoplasm of the ame10blasts or in membrane-bounded pigment 

granu.1es. The ferritin particles appear first wi thin the 
\ 

cytoplasm, and then decrease as the number of pigment granules 
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containing ferritin particles increases (Kallenbach, 1970). . '~ 

~inally, mostly mdmbrane-bounded granules with ferritin are 

found. Ameloblasts wi th . Many pigment' granules lppear oliange-

brown and are called • "pigmented" ameloblasts: Ferritin ifl a 

protein containing ab~ 23% Iron in the ferric state (Granick 

and Michaelis, 1943), and is considered to be one of the storage 

forms of irone \ 

Most of the Iron in foods oceurs -in the ferrie (Fe3+) state, 

either as ferric hydroxide or as ferric organic compounds. In'an 

élcid medium, these compounds are broken down into free ferric 

ions or loosely-bound organic irone Reduelng substances May then 

convert fertic Iron to the ferrous (Fe2+) state. In this form, 

Iron is more soluble and is therefore more readily absorbed. 
, 

Oncfi! ferrous Iron enters the blood plasma i t is, oxidized and 
~ , 

combines with the me~l-binding, glycoprotein apotransferrin. 

This complex, known as \ transferrin, transports Iron in the b100d 

plasma and crosses cell membranes by transferrin-receptor-

med.iated eridoeytosis (Seligman, 1983).1 Transferrin has a 

v molecular weight of 88,000 daltons and binds two Iron roms per 

Molecule (Pollycove, 1966; Ha.rper, 1971). presfablY the 

transferr!n then releases the iron to ·the eell where it combines' 

with the prote in apoferritin, to form feI"ritin (Granick, 1946, 
, . -

'1951; Farrant, 1954: Pollycove, 1966; Harper, 1971).1 The 

" , 

presence' of l,.arge amounts of ferri tin in the cytoplasm of 

amelob1asts in the enamel maturation zone suggel?ts that these 

cells reeeive Iron from b1ood-borne transferrin found within the 
l" 

tissu~ ,fluide In our-study, an in vivo radioautographic binding 

assay (Bergeron et al., 197.1) -using iodinated tranaferrin was 
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used to determine if indeed maturation amelob1asts' possess 

transferrin receptors at their cel1 surfaces. 

MATERIALS AND METHODS 

_=,~ c~arq'ing of transferrin with iron 
,- -;,... - ::;---

Diterric transferrin was charged and saturated by a modified 

method of Klausner et al. (1983). ~ix mg of rat transferrin 

(Jackson Immuno Research Laboratories) were dissolved in 1 ml of 

0.25 M Tris-HC1." pH 8.0, with 10 )lM sodium bicarbonate. To this 

solution 20 }ll of 100 mM disodium nitri10triacetate al'\d 12.5 mM 

of FeC13 were added. The solution was 1eft at room temperature 

for 3 h and then was eluted through a Sephadex G-25 col\lllll1 Jlhich 

was equilibrated with 0.15 M NaC1/0.02 M Tris-HCI, pH 7.4. The 
-

amount of iron bound by the transferrin was estimated from the 

A465 nm/A280 nm ratio. Samples showing 90% saturation were 
4 

co11ected and kept frozen at -20·C. 

Iodination of transferrin 

Iodination of transferrin with Na125I (New England Nuclear) 

was performed by a modification of the Chloramine ~ method 

(Hunte!_ and Greenwood, 1962). The charged transferrin' (6 mg/0.2 

ml)'was placed ~nto a polystyrene tube and mixed with 5 mci (50 

J,ll) Na125I. The following reagents (aIl in 0.05 M phosphate 
" 

~uffer, pH ~ were then' added: Chloramine T (10 mg in 1 ml), 

sodium metabisulphite (50 mg / 1 ml) and potassium iodide (60 mg 

in 1 ml). The reaction mixture was then purif:Led on a Sephadex 
- . 

G-50 column that was equilibrated with 25 mM Tris-lO mM MgC12 

buffer ('pH 7.5). The 125];-transferrin was freshly prepared 
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before each experiment and its integrity was evaluated by 

trichloroacetic acid (TCA) 

incorporation. 

precipitation which showed 95% 
\ 

.. 

Animal procedures 
) 

Male Sherman rats weigbinq apprbximately 100 qm were uàed in 

this study. Under pentobarbital anésthesia, experimental rats 
, - 1 1 

were injected via the jugular vein" with 0.15 ml of iodinated 

transferrin (approximately 20~ x 106 cpm). Control rats received 

the samè amount of· iodinated transferrin plus a large excess of .' 
unlabeled transferrin in order to compete ~i~b.. the "hot" 

transferrin for availabl.,e spe'cific receptors (Bergeron et al., 
.. 

1977) • At 2 .5 min after inj ection of the transferrin, the 

animaIs were perfused through. the left ventricle with lactated 

Ringer 1 s solution for 15 sec followed by a 10 min fixation with 

2.5% q1utaraldehyde in. 0.1 M sodium cacodylate buffer containing 
-

.0.05% calcium chloride, pH 7.3. The mandibles were dissected, 

immersed in fixative ovez:night and ~ashed extensively in 0.1 M 
v/ a ~ 

- cacodylate buffer. The ~andib1es were decalcified in 4.13% 

disodium EDTA for 2 wks at 4·C (Warshawsky and Moore, 1967). 

The hemil:nandibles ~ere then eut into segments, postfixed in 2% 

osmium, dehydrate~· through graded acetones and embedded in Epon 

812. one-mi<y0meter-thick longitudinal sections were stained 

with iron hematoxylin and processed for radioautoqraphy according 

to the method of Kopriwa and Leblond (1962). The éections were 
l , 

exposed for 8 wks and quantitative analysis of silver grains was 

performed. Silver grains over ruffle-ended ameloblasts (RAs) and 

smooth-ended ameloblast!!J (SAs) throughout the entire maturation 
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zone, were c:ountec1 in -l.onqitudinal sections of the incisor. ln 

. __ tqe èxperimelltal 7 animals, l~O, 164 )lm2 of RAs and 101,972 )lm2 ofp 

-4 ,. ~ ... 

SAs were counted and in the control animaIs, 206,700 }llIl2 of RAs' 
tJ ~ 

and 107,484 J.Ull2 of SAs were counted. 
". 

, ~J .. 

Electron microscopy and X-ray microanalysj.s " 

Following identification of RAs by light miç::roscopy f the 

" 
are~s containing these cells were trimmed for thin sectioninq. ~ 

"" Thin sections were cut with a diamond knife on a Reichert OM':'U2 
r (,. , 

ultramicrotome, mounted on copper grids and stained with uranyl 
-::- ~' f '\:) _.;. '\ 

acetate ,and lead citrate~ Electron micrographs were taken with a 
. 

JEOL 2000FX operated at ao kV. For energy-aispersive X-ray 
r 

analysis, an ,x-Fay, detector system (Link AN 10,000) was used on 
, 

~nstain,ed sections from the sallle' blocks. The system was operated 

at 80 kV in "the transmission mode using 100 sec of countinq time. 
~ 

The width of the analysed area was approximately 5 }lm in 

diàmet~r , an~ X-rays were q~ner~ted from t.he supranu.clear 
. 

cytdplasm shown in Figure Sv ... 

,J RESULTS 

, 
Liqht microscope radioautography 

-. . 
- In the experimental rats, the enamer organ and the enamel· in ' 

~ thf! ,zoneS' of' presecretion and seéretion showed few si~ver grains • 
. , 

In the maturation zone r' numerous silver grains were found over 

aIl regions of RAs and the periodontal connective tissue adj acent 

to'the enamel orqan.(Fig. 1). The SAs and the papi1lary layer 

, showed only weak label ing (F igs. 1 f 3) • In' -the control animaIs 

(Figs. 2(4), numerous g~ains wère found ovez: the peri.q,d.ontal 
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connéctive tissue, ,but only weak -labelinq was' present over RAs 

(Fig. 2), ,SAs (Fiq. 4) and the rest of the enamel orqan. Sinee 

tfie concomitant administration of 'an exeess of unlabeled 

transferri~ together with the labeled transferrin given to the 
. 

control a.nimals dld not produce a competitive ~nhibition of the 
• labeling in the ~erio~ontal connective tissue, and the 

experimental values never exceeded the control, it was eoncluded 

that the reaction represented nonspecifie binding to high-
1 

capacity sites. Table 1 shows the grain counts obtained over RAs . , 

in the experimental versus the control animaIs. Grain counts 

over the RAs in the experimental rats significantly exceeded the 

co~nts in control rats (p<O.001). Therefore, these RA reactions 

represented binding of labeled transferrin to specifie sites 
. 

(Fig. 1). Table 2 'shows grain counts obtained over SAs in the 

experimental versus the control animaIs. Although qualitatively 

the SA reaetion appeared similar in the experimental versus the' 

control, quantitation revealed a difference that vas much less 

significant (p<O. o~. The RA reaction was 5 t!mes qreater than 

the SA reaction, and since only 20\, of the maturation zone vas 

SAs, the sample size was substantially smaller. 

Electron microseopy 
1 

Electron mieroscopy of maturation ameloblasta ahowed frae 

ferri tin partiel es homogeneously dispersed throughout the 

cytoplasm as vell as membrane-bounded pigment granule. in ~h. 

,supranuclear c~toPlasm of both RAs (Fig. 5) and SAs. The pigment 

• granules were irreqular in shape and aurrounded by an ott.n 111-

detined membrane. 
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Energy-dispersive X-ray spectroscopy (gDX) 

~ 
aRA 

Figure 6 shows the X-rays generated 'by an unstained area in 
• ~ 1 

similar to that shown in Figure 5... The presence of iron ., 

within the spècimen was demonstrated by the appearance of the ~~ 
. 

and'" Ka) X-ray peaks marked Fe in Figure 6. Presumably th~s iron 

was related to the ferri\tin particles found ei ther fré~ and 

homogeneously dispersed iri the cytoplasm, or in the pigment 
, " 

granules. The copper peaks (Cu, Fig. 6) were (generated by the 

'copper gr id. 

DISCUSSION 

\ AlI living cells require iron f~r the processes of celiular 

respiration (Weinberg, 1978). The densi ty of transferrin 

receptors appears to be related -to the iron requirement of the 

cell (Trowbridge and Omary, 1981; Sutherland et al., 1981). 

Furthermore, transferri\}. receptors are numerous on the basal 

cells of various epithEüia (Gatter et al., 1983; Salonen and 

Kallajoki, 198~) and on 'epithelial qells which have undergone 

malignant transformation. (Lloyd et al., 1984). These f indings 

are consistent with the view that the expression of transferrin 

receptors is also related ta cell proliferation tTrowbridge and . 
. 

Omary, 19~1; Su\herland e~ al., 1981). The presence of a high 

density of transferrin receptors on RAs in this study experiment 

was obviously not related to proliferation, 'since these cells do 

not divide. Since othe~ cells also have a metabolic requirement 

for iron, but lack detectable receptors, it seemed likely that 

the high densi ty of specifie receptors for transferrin on RAs 

~eflected their unique ability to accumulate iron-containing 
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Ît has béen shown that iron Is incorporated by am.lohlaata 

very. early in the enam~l maturation zone <l1t 1.5 mm into the 

zone; Katdm and Warsqawsky, 1984), al though no terri tin is 

obvious within the cells at thi~ point. IncisaI to thia point, 
, 
aIl ameloblasts of the maturation zone incorporate iron and show 

the presence of intracellular fèr~itfn tintil they become reduced 

amelobla'Sts at the incisaI end of the tooth (Kar im and, 

Warshawsky, 1984). Thus, concomitant wi th iron incorporation 

int:o maturation ameloblasts is the appearance of ferritin. 

Ferritin first ooeurs as free'particles within the cytoplasm and 

is th en incarporated into membrane-bounded granules (Kallenbach, 
, . 

,1970; Karim and Warshawsky, 1984). A similar pathway is known to 

oceur in hepatoey.tes (Kerr and Muir, 19601 Harris, 1963')". 

Pigmentation of ameloblasts is a result of iron-eontaining 

'ferritin. On the other hand, pigmentation ot enamel is not 

caused by ferritin, but by some unknown '~ow-molecular-weight iron 
~. 

compound (Schmidt and Keil, 1971) or by iron in some association 
• 

with the hydroxyapatite crystallites (Selvig and Hals., .1975). 

o ~ The iron-cont~ining pigment eventually leaves the amelohlasta to ~ 

enter the enamel hy some as yet unknown mechanism. It h~s heen' -, 

postulated that pigment granules ln ameloblasta represent a 
. ' 

lysosomal mechanism -.for the. removal and breakdown ot terri tin 

$l (Kallenbach, 1970; Takano and Ozawa, 1981) as these structures 
, 

are aeld phosphatas. positive (Takano and Ozawa, 1981). 

Therefore, the normal pathway of iron troll tlTe blood to th. 

enamel, can b~ v18ualized as follows: lng •• ted"or stored 1ron 1 •. 
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solubi1ized as ferrous iron and passes to b100d plasma where it 

i8 oxidized and combined w·ith the plasma prote in apotransferrin 

to become diferric transferrin. It then 1eaves the éapi1laries 

of the ename1 organ to enter the tissue f'luid where it binds to 

specifie transferrin receptors at the ce11 surfaces of the 
/ 

ame1ob1asts. After repeptor-mediated-endocytosis the iron is 

uncoup1~d from the transferrin and transferred to-apoferritin to 

form ferri tin wi thin the ame1oblasts. The intracellu'lar 
,.. 

'pro,cessing of iron in ameloblasts may involve binding to low-

molecu1ar-weight .intermediates prior (to incorporation into 

ferritin as evidenced in other cell type) (Charley et al., 1960; 
~ 

stitt et al., 1962; Primosigh and Thomas, 1968). By some further 
\ 

meohanism, the iron is released from the ferritin and enters the 

surface layer of the ename1 • 

Karim and Warshawsky (1984) have shown that most of the 

maturation zone amelob1asts incorpora te 55Fe, h~wever, no careful 

siistinction was made between RAs and SAs. An important mediator 
t 

in the trans~ort of the iron to the enamel appears to be 

t+ansferrin. In \ our study, there were indêed high levels of 
,/ 

specifie transferrin receptor sites at the surface of RAs. The . . 
reason for the reduction in transferrin binding to SAs remains to , 

be clarified, 'particularly in view of the fact that t~ese c:ells 

- also show ferri tin -partiel es, pigment granules and uptake of 

radio1~be1edgiron (Karim and Warshawsky, 1984). It is possible 

that most of the iron is transported directly into RAs which then 

modulate into SAs (Josephsen, 1983; Ishige et al., 1987; Smith et 

al., 1987)'. Modulationl of these cells to SAs appears to rèsult 

in a loss of most of the transferrin reéeptors. 
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TABLE 1 

Grain counts over RAs of rats injected with 125I-transferrin 
• 

. . 
Experimental 

Area of one sample 2756 JllIl2 

Number of samples 69~ 

Average number of vrains/2756pm2" 112.1 ± 13.1 

student's t-test })<O.001 

.. 

) 
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Control 

2756 ).UD2 

7,5 

75.1 ± 9.2 
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TABLE 2 

Grain counts -over SAs of rats injected with 125I-transferrin 

<:: 

Area of one samp1e 

Humber of samples 

Averaqe number of qrains/2756pm2 

Student's t-test-

Experimental Coptro1 

2756 Jllll2 2756 )lm2 

'37 39 . 

22.0 + 5.7 19.2 ± 3.3 

p<O.021 

/ . 

198 .. 



.1 

REFERENCES 

Addison WHG and Appleton JI 1915 The structure and qrowth Qt 
the incisor teeth of the Albino rat. J Morpho~, 26:43-96. -

'Bergeron JJM, Lavine G, Sikstrom R, O'Shauqhnessy D, Kopriwa aM, 
Nadler NJ and Posner BI 1977 Polypeptide hormone binding sites 
in vivo: Initial localization of 125I-labeled insulin to 
hepatocyte p1asma1emma as visua1ized by e1ectron microscope 
radioautography. proc Natl Acad Sei USA, 74:5051-5055. ' ~ 

, ~ 

\ Boyde A, switzur VR' and Fearnh~ad RV 1961 Application of 
the scanning electron-probe X-ray microana1yser to dental 
tissues. J Ultrastruct Res, 5:201-207. 

Charley P, Rosènst~in M, Shore E and Sal tman P 1960 The 
role of chelation and binding equilibria in iron metabolism. 
Archs Biochem Biophys, 88:222-226. 

Farrant JL 1954 An e1ectron microscopie study of ferritin. 
Bioch\m Biophys Acta, 13:569-576. 

Gatter Ke, Brown G, Trowbridge IS, Woolston R-E and Mason YD 1983 
Transferrin receptors in human tissues: Tneir distribution and 
possible relevance. J Clin Path, 36:539-545. 

Granick S 1946 Ferri tin: Increase of prote in a.poferl:! tin in 
gas1ërointestinal mucosa as direct. response to iron teeding. \ J 
Biol Chèm, 164:737-746. 

Granick S 1951 structure and physiôlog ical funct ions ot 
~ ferritin. Physiol Rev, 31:489-511. 

Granick Sand Michael'is L 1943 Ferritin. II. Apoterritin of 
horse spleen. J Biol Chem US~.' 147:91-97. 

, / 

Halse H 1972a An electron microprobe invest :gation ot the 
distribution of iron in incisor enamel. Scand J Dent Res, 
80: 26-39. 

<" 

Halse H 1972b Location and tirst appearanpe of rat incisor 
/piqmentation. scan~ J Dent Res, 80:428-433. 

Halse H and Selvig KA 1974 Incorporation of ,iron in rat 
inoisor énamel. Scand ~/Dent Res, 82:47-56 •. 

1 

Harper HA 1971 Water and mineral metabolism. In; Review of 
Physiological Chemistry. L~nge Med. PUblication., Los Altos, 
California. p. 406. 

Harris JW 1963 The Red Celle Harvard Univeraity Pre •• , 
Cambridge, Massachusetts. pp. 31-5'7. / 

199 

Î 
1 



c 
.' 

,. 

( 

Hunter WH and Greenwood FC 1962 
labeled human qrowth hormone of 
Nature, 194:495-496. 

Preparàtion of iodine-131 
hiqh specifie activity. 

Ishiqe N '1' ohya K and Oqura H' 1987 A rapid cyclic modulation of 
ameloblasts duringa enamel maturation. J Dent Res (Abstract), 
66:354. 

Jessen H 1968 The morphology and distribution ~t mitocho~dria 
in ameloblasts with special reference to a helix-containing 
type. J Ultrastruct~Res, 22:120-135. 

Josephsen K 1983. Indireqt visualization of ameloblast 
modulation in the rat incisor usinq calcium-bindinq compounds. 
Scand J Dent Res, 91:76-78. 

Josephsen K and Fejerskov' 0 1977 Amel obJ,.as t modulation in 
the maturation zone of the rat incisor enamel orqan. A light 
and electron microscopie study. J ,~at, 124:45-70. 

Kallenbach E 1970 Fine struc'ture ôf rat incisor enamel organ 
durinq late; pigmentation and reqression stages. J 
U1 trastruct Res, 3,0 : 38 - 6 3 • 

Karim A and Warshawsky H 1984 A radioautographic study of the 
incorporation of iron 55 by the ameloblasts in the zone of 
maturation of rat incisors. Am J Anat, 169:327-335. 

Kerr DHS and Muir AR 1960 A demonstration of the structure 
and disposition of ferri tin in the human liver 'celle J 
U1trastruct'Res, 3:313-319. 

K1ausner RD, Van Renswoude JV, Ashwell G, Kempf C, Schechter AN, 
Dean A and Bridqes KR 1983 Receptor mediated endocytosis of 
transferrin in K562 cells. J Biol Chem, 258:4715-4724. 

/' 

- Kopriwa SM and Leb10nd CP 1962 Improvement in the coating 
technique of radioautography. J Histocham Cytochem, 10:259-
284. " < j 

Lindemann G 1970 
74:662-670. 

Rat incisor piqmentation. Tandlaegebladet, 

Lloyd JH, 0 1 Dows T and Tee D 1984 1 Demonstration of an 
epitope of_ thp transferrin receptor in human cervical 
epithelium-a' p~entially useful cell marker. J Çlin Path, 
37:131-135. 

Ogura H, ohya K, Mataki S, Hashimoto K and Kubota M 1984 
Experimental studies on the transport mechanism of iron in rat 
incisors using 55'Fe and colchicine. In: Tooth Ename1 IV. Eds. 
Fearnhead RW and Suga S. Elsevier Science Publishers, 
Amsterdam. pp. 256-260. 

1 • 

/' 

200 
() 



1 

t 

Pindborg JJ 1947 Studies on incisor pigmentation in relation 
to 1iver iron and b100d picture of, the 'whit~ rat. v. 
Histochemical demonstration of the embedding of the pigment in 
the enamel. Odont Tidsk, 55:443-446. 

Pintiborg EV, Pindborg JJ and Plum CM 1946 Studies on 
incisor pigmentation in relation to liver iron and blood 
picture of the white rat. I. The affect of iron deficiency on 
the pi,gmentation of the incisors in the rat. Acta Pharmacol, 
2:285-293. 

\> P011ycove M 1966 Iron metabolism and kinetics. seminars in 
Hemato10qy, 3:235-298. 

Posner BI, Josefsberg Z and Bergeron JJM 1978 
Intracellular polypeptide hormone receptors: Characterization 
of insu1in binding sites in Golgi fractions from the liver of 
fema1e rats. J Biol Chem, 253:4067-4073. ~ 

Primosigh JT and Thomas ED 1968 Studies on the partition 
of iron in bone marrow ce1ls. J Clin Invest, 47:1473-1482. 

Reith EJ 1959 The ename1 organ of the rat' s inclso17, its 
histology and pigment. Anat Rec; 133:75-90. 

Reith EJ 1961 The ultrastructure of ameloblasts during matrix 
formation and the maturation of ename1. J Biophys Biochem 
Cytol, 9:825-840. 

Salonen J and ~allajo~i 
localization of transterrin 
sulcular epithelium of human 

, 345-349. 

M .1986 Immunohistochemical 
receptors in junctional and 

qinqiva. Archs Oral B'iol, 31: 

Schmidt WJ and Keil JA 1971 POlarizinq 
Dental Tissues. permagon Press, Oxfotd. 

" Microscopy of 

Schour l and MassIer M 1949 The teeth. In:- The Rat in \ 
Labora,tory Investigation. Eds. Farris~-EJ and Griffith' JQ, Jr. 
Lippincott, Phila~elphia. pp. 104-165. 

Seliqman PA 1983 Struc~re and function of the transterrin 
receptor. proq Hemat, 8:131-147. 

Selviq KA and Halse H 1975 The ultrastructural' tQcalization of 
iron in rat incisor enamel. -Scand J Dent Res, 83:88-95. 

Smith CE, McKee MD and Nanci A ,1987 Cyclic induction and rapid 
movement of sequential waves o~ new smooth-ended ameloblast 
modulation bands in _rat incisora a8 viaualized by polychrome 
fluorescent labelling and, GBHA-staininq of maturinq ena.el. J 
Dent Res, In Press. 

stitt c, Charley P, Butt EM and Saltman P 1962 Rapid 
induction of iron deposition j in apleen and liver 

201 



( 

( 

c 
.. 

,~ 

with an iron-ferritin chelate. Proc Soc Exp Biol Med, 110:70-71. 

Sutherla.nd R, Delia D, Schneider C, Newman R, Kemshead J and 
Graves M 1981 Ubiquitous cell-surface" qlycoprotein on tumor 
cells is proliferation associa~d receptor for transferrin. 
Proc Natn Acad Sci USA, 78:4515-4519. 

Takano Y and Ozawa H 1981 Cytochemical studies on ~he ferritin­
containinq vesicles of the rat incisor ameloblasts with 
special reference to the acid phosphatase activity. Caleif 
Tiss Inti 33:51-55. -

/ 

Trowbridqe IS and Omary B 1981 Human éell surface 
glycoprotein related to cell. proliferation is" the receptor for 
transferrin. Proe Natn Acad Sci USA, 78:3039-3043. 

Warshawsky H and Moore G 1967 A technique for the fixation 
and decalcification of rat incisors for electron mieroscopy. 
J Histochem Cytoehem, 15:542-549. 

·W~inberq ED 1978 Iron and infection. Microbiol Rev, 42:45-66. 

/ 

l' 

l' 202 



• 

FIGURE LEGENDS: CHAPTER NINE 
- ~ 

1 

, , 

Figure 1. Light microscope radioautograph of the enamel organ of 
an experimental animal injected with l25I-transferrin. Ruttla­
ended ameloblasts (RAs) and the connective tissue o,f the 
periodontal spa-ce (ps) show numerous silver grains. The 
papillary layer (pl)_is only weakly la~èled. X400. 

" 

Figure 2. Light microscope radioautograph of the enamal organ 
of a control animal inject~d with a large excess of unlabelad 
transferrin together with ~}le labeled transferrin. Note that 
only weak labeling is present over ruffle-ended ameloblasts (RAs) 

-and the papillary layer. Al though the periodontal connective 
tissue still shows a strong reaction, the diminished number of 
silver grains over RAs is due to the comp,etitive binding for 
specifie transferrin receptors by the unlabeled transferrin. X400 

Figure 3. Light microscope radioautograph of the enamel organ of 
an experimental animal injected with l25I-transferrin. Smooth­
ended ameloblasts (SAS) and the rest of the ,enamel organ' show 
only' a few silver grains. X400. 

. t 
Figure 4. Light microscope radioautograph of the enamel organ of 
a control animal inj ected with a large excess of unlabeled 
transferrin together ~ith the labeled transfarrin. The low level 
of labeling appears qualitativfaly similar to the exparimental 
(Fig. 3). X400. 

Figure 5. Electron microqraph of the supranuclear region of the 
same RAs shown in Figure l, that possess transferrin receptors. 
The supranuclear cytoplasm contains ferritin particles in pigment 
granules (pg, arrows) as weIl as numerous free ferritin particles 
that are homogeneously d~spersed throughout the cytoplasm. N, 
nucleus. X~2,OOO. 

! 

Figure 6. X-ray spectrum of the Kat. and Ka peaks of iron (Fe) 
generated from an area similar to that in Figure 5. The iron is 
presumably present as ferritin within pigment granules or as fr •• 
ferritin particles within the cytoplasm. The copper peaks (CU) 
are trom the copper specimen grid. 
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CHAPTER TEN: ~q USE OF ISOLATED ENAMEL CRYSTALLITES IN LATrpICE 
lMAGING BY HIGH RESOLUTION ELECTRON MICROSCOPY 

SYNOPSIS 

The lnorganic phase of enamel ls eomposed of hydroxyapatite 

crystallites that are unique in biological calcification. Unlike . 
the needle-shaped crystals of bone and dentin, enamel 

crystalli tes are ribbon,..like and extremely long. 
\ 

Their_ large, 

size and length was exploi __ ted for high 'resolution imaging of 

lattice. fringes by developing a technique for isolation of 

separated crystallites. These.preparations yielded crystallites ~ 

with a known orientation relative to the axis of the electron 

beam. The resul ts reported here present lattice f.ringes f'rom 
, 

crystallites which were oriented with their long axes 

'perpendicular to the axis df the electron beam. This orientation 

was achieved by isolating and dispersing rat enamel crystallites 

in suspension and plating tbem onto coated specimen grid,s. Thus, 
." 

the crystallite~ were not surrounded by embedding med1a, were nôt 

sectioned and ~e;;e isolated from 'other crystalli~es. Lattice 

fringe measurements - and selected area electron diffraction on 
, 

pumerous or single crystal lites revealed data consistent with an 

apatitic system. Major diffraction reflections 'corresponded'to 

the hkl planes of (002) and (110), and these correlated with the 
. 

0.344 nm and 0.472 nm d-spacings observed by transmission 

electron ·microscopy. In ,addition, these isolated crystallite 

preparations were advantageous in~ analyzing the moiré patterns 

formed by overlappinq crystal lites. 
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INTRODUCTION 

." The inorganic phase of enamel ~ consists of crystalli tes of 

calcium and phpsphate in the form of a reqularly-substi euted 

hydroxyapatite (Young, 1974). Enamel crystallites are .unique in 

bioloq~cal calcification because, unlike the needle-shaped~ smaii 

crystailites of bone and dentin, they are ribbon-like, fIat and 
-

extremeiy long (Dacuisi et al.., 1984; Menanteau et al. 1 1984). 

These fIat ribbons are packed together to form either the enamei 

rods or the interrod enamel which separates the rads and is . 
formed ~y·similar crysta11ites oriented in a different direction. 

, . 
Lattice- fringes were first seen on qexagonal profiles of 

resin-embedded enamel cryst~llites in sections by Nylen and 

Omneil (1962). The fringes had an 0.82 nm periodicity~and were 
~ 

. always paraI leI ta one of the pairs of edges of the elongated 

·hexagon. These same fringes were then observed in 

longltudinally-oriented enamel crystals (Nylen,. "1964). 

Subse~ently, Iattice fringes of many periodicities were observed 

in enamel crystaili~es with different orientations • . 
'" The results reported here show lat"tice fringes from_ 

crystal lites which w~re oriented with their longitudinal axes 
. 

generally perpendicular to the axis ,of the electron beam. In 

order to -'~chieve this orientation, isolated enamel' crystallites 
Q 

from ra~ incisor enamel were prepared by a simpl~fication of the 

methoQ. used on boyine enamel by Menanteau et al. (1984). By 
.' tl , 

plating these crystallites onto coated specimen grids, they are 

not surrounded by embeddinq media, they ar~ not sect!oned and are 

isolated from other crystalli tes. Such preparations have three 
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distinct advantaqes: (1) they are the thinnest possible specimen. 

(beinq~ only as thick as the crystalli te 1 s thicknes.), thua 

satisfying one requirement 0t hiqh resolution electron microscopy 

(Bres et al., 1~8S), (2) they are in a known plane of orientation 

which precludes any profiles other thai1 those in longitudinal 

orientation, and (3) the overlapping _of crystallites can easi1y 

be identified. Furthermore, th~ preparations used in this study 

allow the moiré patterns 'commonly produced by overlappinq ename1 
/ 

crystallites to be better interpreted. 

In addition, very high magnification enlargements were made 
i 
"-~ a method similar to Frasca et al. (1982). -4)ca~ electron 

~ microsc~py in the backscattered electron detection ~de was used 

to take advantaqe of the silver in the negative. For these 

enlargements, copies of the original negati vas obtained by 

~ransmission electron microscopy were used. 

MATERIALS AND METHODS 

Preparation of isolated enamel crystal lites 

, Samples of rat enamel were obtained forom the lower incisors 

of male Sherman rat~ weighing approximately 100 gm. Followinq 

" " dis'section of the incisors from the surrounding al veolar bone, 

the enamel qrqans were removed wi th wet qauze. The teeth were 

scored along the cemento-enamel junctions and the ename1 in the 

late secretion zone and ea zone was removed from 

the dentine 

Proteins were the method 

of TermiJV! ,et al. (1980) ul[ling 4.0 M quanidine-JlCl in 0.05 M 
... 

Tris-HCI'buffer at 4·C for 3 daya. The enamel was washed in 0.05 
1 
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M Tris-Hel buffer at 4"C. The pieces of extracted enamel were 

placed in a porcelain spot plate in a few drops of buffer. A 

, glass rod was used to crush the enamel which dissociated easily 

to form a suspension in the buffer. 
~ 

The suspénsion was 
; 

~ferred to a small glass vial and the volume was made:p to 2 

ml with buffer. After sonication for 20 sec, a gold loop :was 

use,d).o transfer a drop of the solution to 0.4% formvar and 

c~n-coated 100~ mesh copper grids. Grids were blotted on 

number 50 filter paper and dessicated for 10 min. 

Electron optical analyses 
, .. The specimens. were examined at 200 kV in a JEOL 2000FX 

"electron microscope. A large objective aperture (80 ~) was used 

and electron micrographs were taken at magnific~tions ranginq . 

between .1-4 x 105 • A liquid-nitrogen-cooled .Jlnticontamination 

device was used to dec~ease specimen contamination. Seleeted 

area electron diffraction was performed on large az:eas of the 

specimen containing many crystallites or on single isolated 

crystallites utilizing a 20 pm diffraction aperture. Diffraction 

patterns were interpreted. using evaporated aluminum as a 

calibration standard. For backscattered electron imaging (BEI) 

of the photographie film, a method similar to th~t of Frasca et 

al. (1982) was used. copies were made from the original 

negatives onto contrast p~ocess ortho film (Kodak). Areas of 
1 

interest were eut from the film, mounted on aluminum stubs and 

coated by evaporation of carbon. These specimens were examined 

wit~ a JEOL lSM-840 scanning electron ,microscope fitted with a 

baekscatter divided annular-type deteetor. Optimum image quality 

1) 
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was obtained at an accelerating voltage of 15, kV. A 70 ).UI 

objective aperture was used and the workinq distance was 14 lUIl 
f 

with no stage tilt. The ba~scattered electron imagea were taken 

with normal signal polarity and recorded directly onto Type 55 
v 

. 'PIN polaroid film. 

RESULT~ 

The crystallites isolated from pieees of guanidine-extracted 
. ' 

enamel were intrinsieally eleetron opaque and did not require 

staining. The long axes of the enamel crystallites lay parallel 

to the grid surface but they were otherwise at random. Densely­

packed clumps or dispersed eriss-crossing patterns vere found 

(Fig. 1). The crystallites were extremely long and fairly 

constant in width. They were uniform in electron density' except 

for irregular dark bands whieh were observed aeross' the width of 

the crystallites (small arrows, Fig. 1). Tilting ot the specimen 

caused these electron dense bands to widen,' disappear or move 

along the long axes of the crystallites, thus indicating that 

these areas represellted sI ight bends or wavines. ot the 

crystallites. Often moiré patterns!' vere clearly visible where 

crystallites overlapped (large ar~ows, F~g. 1). 

Electron diffraction 

Electron diffraction ot numerous crystal lites yielded a 

randomly-oriented pattern (Fig. 2) whereas single isolated 

crystallites gav~ a clear, sinc;11e crystal ,pattern (Fiq. 3). 

Meâsurements trom these patterns vere consistent in ~emon.trating 

an apatitic hexagonal ayat •• vith major ditfraction .pota 
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corresponding to the hkl planes of (110) and (002). 

Lattice fringes on single and overlappinq crysta1lites 

At hiqh maqnifications, lattice fringes eould be visualized 
, 

over the enamel crystallite images. The crystallites were 

sensitive to electron beam.' damage and showed sublimation 

following prolonged irradiation •. Sublimation occurred apparently 

at random, creatinq numerous' irreqular and interconnected 
. 

electron luseent voids seattered over the entire 6rystallite 

surface (Fig. 6). Lattice fringea appeared to persist across the 

reduced densi ty o~ t~e sublimation voids. ;z-o-- evidence r of 

preferred central dissolution was found. The)mallest and most 

consistently observed d-spa~ing eorresponded to the (002) plane 

ând measured 0.344 nm (Figs. 4,7). A copy negative of the 

crystalli te showing 0.344 nm fringes seen in Figure 4 was 

enlarged 35 times using baekscattered electron imaging (Fig. 5). 

Other crystallites showed two frinqes ~ntersecting at 90' and 

these corresponded to the (001) and (110) planes which measured 

0 .. 688 nm and 0.472 nm, respectively (Fig. 6)., Overlapping of 

crystallites did not neeessarily affect the lattice fringe 

pattern and sets of fringes cO\,lld still be attributed to the 

individual prystallites: In Figure 7, three overlapping 

crystallités (A,a,e) each showil').g 0.344 nm fringes, intersected 

at an anqle of approximately 60-. -

Moiré interferenee patterns' produced by overlappinq crystal lites 
, 1 

Moiré patterns resul ted when crystal~J.tes overlaid one" 
-' 

another at certain eritical angles (Figs. 7-9). The lattice 
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fringes of at least two overlappinq cry.tallit •• w.re re.pon.ibl. 

for creating the observed moiré patterns, however, in Fiqure 9 a 

third crystallite seeme~ to contribute to the "stepped" moiré 

pattern. A schematic diagram using lines to represent lat/tice 

frinqes was constructed (Fig. 10). The development of differant 

moiré patterns was shawn as one set of lines (l, Fiq. 10) wa • . 
J 

overlapped by another (2, Fig. 10), and by a third (3, Fig. 10), 

with each one ,s1ight1y inclined to the others. Figure e shows 

the simple mo~ré pattern depicted diaqramatically as pattern 2 in . 
Figure 10 that resul ts from two int~rsecting sets of lattice 'il 

fringes. The two contributing crystallites (A, B) were' eaaHy 

recognized ., Figure 9 shows the "stepped tl moiré pattern 

illustrated diagramatically as, pattern 3 in Figure 10 that 

results from three intersecting sets of lattice fringes, despite 

the fa ct that the profile of the third crystallfte was not 
\ 

readily apparent. 

DISCUSSION 

Thin sections and freeze-fracture replicas ot rat inci.or 

enamel show a,qgregates of crystal 1;' tes in the' forra of di.orete 

rods separateà by a continuum of interrod enamel. The apparently 

empty space between crystallites ha~ been shown to contain the 

amelogenin proteins in solution. Freez ing, as used in the 

preparation of freeze-fracture raplicas; creates artifactual 
. , 

pratein particles (Bai a~d Wa~shawsky, 1985) which can be removed 

wi th qua9idine by the tirst extraction of the two .tep 
. 

dissociative procedure described by Termin •• t al. (1980). 

Relatively gentle ~isruptive force. can cau •• th. cry.tallit •• to 

210 



( 

( 

separate into distinctive, sinqle crystals of consistent 

appearance, varying only in lenqth. This indicates that the 

inorqanic crystallites are not fused, nor chemically or 

,physically bound toqether and that each crystallite grows 

independently, beinq constrained only by the adjacent 

crystallites and separated from them by li. thin fluid phase 
1 

ccontaining ameloqenins in solution. Visuali~ation of external 

shape, or internaI structure !Jf the crystalli tes, is severely 

-limited in both sectioning and freeze-fracture replica methods. 

section thickness, embeddinq media interference and crystallite 

overlappinq are drawbacks of the sectioning p'rocedures. Freeze­

fractu~e replicas suffer from limitations such as the thi,ckness 

of the sh~dowing and replica layers,which can obscur details of 

the surface features. 

The atomic structure of enamel crystallites is well known 
l:) 

and much can be confirmed by direct visualization of the unit 

cell atomic planes as lattice frinqes. The proposed new 
\ 

interpretation of the external shape, of e~amel crystallites 

(Warshawsky et al., 1987) stresse~ the importance of confirming 

the exact orientation of ,the crystal lites with the predicted 

orientation based oM lattice imaqes given by various planes of 

the unit celle This confirmation is difficult to achieve in 

sectioned material, but is possible using isolated crystallites 

which must lie on the grid with the long axe,s parallel to tbe 

surface'. Thus, in order to correlate lattice fringes with 

external shape, this isolation method 

altern~te approach to examine enamel 
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In this study, a simple technique tor isolating rat enamel , 

crystallites ia' described and the .ethod teated u.ing hiCJh 

resolution transmission electron microscopy. The tiret advantage 

qained from this m'èthod is th, clear and direct demonstration 

that enamel crystallites are extremely lonq. Indeed, the lengths 
• l 

of crystal lites isolated in these preparations support the 

concept of crystal continuity trom the dentino-enamel junction to 

the enamel surface (Warshawsky, 1985). The technique provides a 

simple way to isolate, disperse and orient enamel crystallites 

with their c-axes more or less in the plane perpendicular ta 

the electron beam. Not only are isolated and dispersed 
. ,/ 

crystallites essential for selected area electron diffraction and , 

single crystal diffraction, but their isolation precludes 

interference from overlappinq crystallites. In addition, areas 

of overlap can be ascertained and interpreted according,ly as 
, 

lattice fringes or moiré patterns. This is particu1arly 

advantaqeous jlsince. it is difficult to determine the overlappinq 

of érystallite seqments with'in the thickness of resin-ambadded 

sections. 

The crystallite suspensions are appropriate tor atudy!nq 
, 

those sets of lattice tringes which can be obsarvad 1n 
1 

lonqitudinally-oriented crystallites. l' The trinqe. ob.arved ara 
. 

mathematically and geometrically identical to the unit cell 

qeometry proposed for hydroxyapatite by Kay et al. (1964). The 

(002) planes, having a d-spacing o( 0.344 na, lie midway betw •• n 

consecutive (001) planes and are occupied by soma of th. calciua 

atoms of hydroxyapati te. The 0.344 mil lattic. trinqa. ob.erved 
. 

in thi. study (Fig •. 4,-5, 7} ara regard.d •• th. direct r •• olution 
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of the (0·02) pla~es. The 0.688 nm fringes are the resolution of 

the (001) planes. 'Additionally, four calcium atoms lie on the 

(110) plane which joins opposite, acu~ely-angled corn,rs of the 
t 

unit cel • This plane is also occupied by the hydroxide groups 

at the corners of 

The 0.472 nm 

planes. 

unit celi and is parallel to the c-axis. 

served here corresponds to the (110) 

, Moiré patterns are alternating liqht and dark lines observed 
r 

when two or more qeometrically regular patterns, su ch as two or 

more sets~ of lattice fringes, -are superi~posed. The iso1ated 

enamel crystallites used 
fil 

in this study are idea~ for 

distinquishing lattice frinqes and crystal defects ,'trom moiré 
. " 

patterns (Henter, 1960). The observed moiré patterns were 
, 

. expected from the superimposition of 0.344 nm lattice frinqes and 

~ th~as confirmed schemati~ally in Figure 10 using lines with a 

"'\ spacing similar to that of the fringes in the micrographs. In 

. t 

c 
.. 

J'" most instances, the individuaL .profiles of the isolated 

crystallites contributinq to the moiré pattern could be 
\ 

discerned • In plastic sections it is often difficul t to 

establish areas of overlap and moiré patterns produced by 

overlapp~ng of crystallite segments may be misinterpreteq as 

lattice frinqes. 

A further advantaqe of tl}e isolatiJ,on method ls that the 
\j1' 

surface topography of individual érystallites -'can be directly 

visualized. For example, rotary shadowing, surface replicas, or 

negati ve staining may provide a direct way of confirming the 
ë'l> 

external shape of enamel crystallites. 
. ( 

213 



.' 

• 

1 

REFERENCES 

Bai P and Warshawsky H 1985 Morpholoqical etudie. ot the 
distribution of enamel matrix proteins using routine electron 
microscopy and freeze-fracture replicas in the rat incisor. Anat 
Rec, 212: 1-16. 

Bres EF, Barry JC and Hutchison JL 1985 Hiqh-res01ution 
electron microscope and computed images of human tooth enamel 
crystals. J Ultrastr Res, 90:261-274. 

Daculsi G, Menanteau J, Kerebel LM and Mitre D 1984. Length ~nd 
shape of,enamel crysta1s. Calcif Tiss Int, 36:550-555. \ 

J 

Frasca P, Galkin B, Fei~ S, Muir H, Soriano Rand Xaufman H 1982 
A new metQod.of magnifying photographic images usinq the scanning 
electron microscope in the backscattered electron detection mode. 
Scanning Electron Microscopy, pp. 917-923. 

Kay MI, Young RA and Posner AS 1964 
hydroxyapatite. Nature, 204:1950-1052. 

Crystal structure ot 

Menanteau J, Mitre 0 and Daculsi G 1984 Aqueous density, 
fractionation of minera1izing tissues: An efficient method 
~pplied to'the preparation of enamel fractions suitable tor 
crystal and protein s~udies. Calcif Tiss Int, 36:677-681. 

Henter JW 1960 "Observations on crystal lattices and 
imperfections by transmission electron microscopy through thin 
films. In: Fourth International Conference on Electron 
Microscopy. Sprinqer-Verlaq, Berlin. pp. 320-331. 

Nylen MU 1964 Electron microscope and a11ied biophyalcal 
approaches to the study ol enamel remineralization. J Roy MicroBc 
SQc, 83: 135-141. 

Ny1en MU and .~mnell K-A 1962 The relationship between the 
apatite crysta s and the organic matrix' of rat enamel. In: Fitth 
International Conference on Electron Microscopy. Academie Pre •• , 
New Yo~k. p. QQ-4. " 

Termine JO, 'Belcourt AB, Christner PJ, Conn KM and Nyl.n MU 1980 
Properties f of dissociabive1y extracted fetal tooth matrix 
proteins. J Biol Chem, 225:9760-9768 . 

. ..-warshawsky H 1985 Ultrastructura1 etudie. on am.logene.ia. In: 
The Chemistry and Biology of Mineralized Tissue •• Ed. Butler WT. 
Ebsco Media, Birmingham. pp. 33-45'-

Warshawsky H, Bai P and Nanci A ·1987 Analy.ia of cry.tallite 
shape in rat incisor enamel. Anat Rec, In Pr •••• 

Young RA 1974 Implications ot· atomic .ubatitution. and othet 
structural d.taile in apatite •• J Dent Re., 53: 193-20'3. 

214 

/ 

» . 



FI.GURE LEGENDS: CHAPTER TEH 

. ' 

Figure 1. Low magnificat,ion electron micrograph of isolated 

enamel crystallites plated onto a coated grid. The crystallites 

fall) randomly and fIat in a criss-crossing pattern onta the qrid.· 

The crystallites are extremely long and fairly con&tant in width. 

Dark bands representing _ slight bends in the crystal lites (small 

arrows) are se en at. irreg~lar intervals. Overlapping of 

crystal lites often produce moiré patterns as indicated by the 
\ 

larg~ open arrows. X45,OOO. 

Figure 2. Selected area electron diffraction pattern of an a~ea 
-

of.randomly-oriented crystal lites similar to that shown in Figure 

1. 

Figure 3. Electron diffraction, pattern of a single, isolated rat 

enamel crystallite. Major diffraction s,ots as indicated 

correspond to the (110), (002) and (004) planes. 
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Figure 4. High magnificat.i:on electron micrograph of, a single 

isolated enamel crystallite. Lattice fringe,s measuring, 0.344- nm, 

representing tll&a (002) planes, run transversely across the width 

of the crystallite. X2,500,OOO. 

Figure 5. Backscattered electron image (BEI) from a copy 

negative'of the crystallite shown in Figure 4. The atomic number , 

contrast necessa~ for BEI resides in the'distribution of grains 

of elemental silver present in the developed photographie film. 

X11,000,OOO. 

Figure 6.. High magnification electron micrograph of a single 

isolated erystal11te showing
o 

d-spaeings of'" 0.6~8 nm and 0.472 nm . 

" 

representing t~e (001) and (110) p1an~s; respectively. Irre91;:11ar' 

electron luscent voids represent sublimation.caused by electron 

beam . damage. X2,' 500; 000. 

. , 
Figure 7. Electron micrograph showing three isolated and 

overlapping crystallites (A,B,C). Each erystallite shows 0.344< , 

nm lattice fringes and in areas where C overlaps' B and A, a' moiré 
<' 

pattern can he seen. (M, arrows). X2,500,SOO. 
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Figure 8. Two enam~l crystalli t'es (A, B) overlappinq at an 
~ ~ 

oblique -angle display a moiré pattern similar to that shown by 
~ 

pattern? in the schematic diaqram in Figure 10. X2,500,000. P 

, ~ ... . . _-" 

" Figure 9. Two r~adily:-al?parent enamel crystal lites (A, B) and 

their . 0.344 nm là.ttiGe fringes, overlapping to .produce a moiré ... 
'pattern. A third crystallite,. althouqh not easily discerned, has 

contributed to this moiré patt~in to produce the "steppinq" shown 

diagramatically by, pattern 3 in Figure 10. X2, 50,0,000. 

Figure 10. A schematic diagram using lines to 'represent lattice ' 
- ~ 1 

fringes. The development of different moiré patterns is shown as 

• one set of. 1 1) ia overlapped by another (pattern 2) 
o 

and by a 
{ 

(pattern 3) ~ith each 'one slightly inclined to the 
/ 

others. 
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GENERAL-S~ ANp CONCLUSIONS 

This work was undertaken in an effort to gain furth~r 

knowledqe on the mechanisms -by which the cells of the enamel 

orqan effect and coordina te the secrètion and subsequent 

"maturation of enamel. Amelogenesis is an onqoipg dynamic process 

in the rat incisor, a process requiring complex and coordinated 

cellular :lnteraction. Ul t imately, the temporal sequence of ~ 

events comprising ameloge,nesis results in the formation of the 

Most hlqhly mineralized tissue component in mammals. The study of 

enamel structure and formation May therefore reflect fundamental 

aspects of mineraliza tion in ge.neral among the various 

mineral!zing ti~sues. Therefore, the work presented here 

/ Jnvestiqated several different cellular aspects of amelogenesis 

and as weIl, studied various intrinsic properties of enamel which 

in turn were found to' be under the direct control of ~he 

overlyinq enamel organ. \ 
. 
The purpose of the experiments described in Chapter One was 

to look' at one aspect of possible cellular interactiop. 

Traditionally, intercellular communication between adjacent cells 

has been known to occur throuqh gap junctions. However, other 

possibilities exist and each mus~ be evaluated accordingly. One 

sllch poss'ibility exists from the observation of subsurface 

cisternae of rough endoplasmic reticulum in Many cell types 
1 d 

includinq ameloblasts. Several different putative functions have 

been proposed for these structures, one of which being that they 

may be involved in intercellular communication. This possibility 

was investigateci in amel-ob.lasts by statistically analyzing' the 
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number P of subsurfaoe cisternae that matched one another between 

neighboring oells in a row of ameloblasts and the number that 
\ 

matched from cells in different rows. AIl matching of subsurface 

cisternae both between' and within rows of ameloblasts was found 

to result from the random probability of such an occurrence, . and 

as such probably d'id not represent a form of interce\lular' 

communication. 

Chapter Two' was f devoted to an investigation of the 

morpho 1 ogy ,and permeability cl'faracteristics of cells within the 

enamel organ. In particuHu: , the development of the stratum 

intermedium, stellate reticulum and outer dental epithelium to 

form the papillary layer of the enamel maturation zone was 

studied by means of electron microscopy. The papillary layer has 

teatures a characteristic of cells actively en'gaged in uptake and 

transport of materials across their cell membrane. Although this 

potential function was not verified in this partioular study, the 

ultrastructure of this cellular layer was characterized in,- order 

to establish any possible routes by which blood-borne substances 

might pass to the ~namel. Any study investigating extracellular 

acceSB routes must necessarily take into account not only the 

physical characteristics and intercellular'junct~on~ between 

ameloblasts but also these same features in the cells of the 

papillary layer. . 'To date, little attention has been ,.devoted to 

thé structure and function of th!s major component of the enamel 

organ. In order to' establish the role of both the papillary 

layer and the ameloblasts in preventing or allowing the passage 

of substances to and from the enamel; several normally-occurrinq 

physiological proteins were radiolabeled, .systemically injected, 
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and histoloqically localized within the various dental tissue 

compartments by radioautography. J;t was established that the 

papillary layer ls indeed permeable to these substances, but , 

ruffle-ended ameloblasts prevent their entry into the enamel. 

Smooth-ended ameloblasts allow large prote in molecules such as 

calcitonin and insulin to pass through their-extracellular spaces 

and reach the enamel. Furthermore, once these molecules reached 

the enamel surface, it was observed that they are able to freely 

diffuse throughou't the enamel by a process similar to that 

observed following prote in synthesis and release by ameloblasts. 

In yitro dipping of dissected incisors wiped free of their enamel 

organ revealed that the permeability of the enamel to these 

molecules is an intrinsic property of the enamel itself, thereby, 

emphasizing the role of the enamel organ in controlling certain 

aspects of enamel maturation. 

The experiments described in several of the ensuing chapters 

relied on the calcium stain glyoxal bis(2-hydroxyanil) (GBHA) 

which reveals a cyclieal pattern referred to as the enamel 

maturation pattern (i.e. the demonstrable cyclic banded and 

striped patterns in,maturation zone enamel). This stain has bee~ 

'correlated with the normal in vivo location of smooth-ended 

ameloblasts. This powerful yét' relatively simple staining 

procedure was used to evaluate the effects of various in vitro 

enamel treatments when applied prior to staining with GBHA. In 

this way, specifie agents selected for thèir- known effects on the 

matrix and mineraI phas~s of enamel were applied and their 

effects on GBHA staini~g were recorded. Taking intp account the 
'1\ 
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staining mechanism of thé, GBHA molecule together with the 

effect(s) of the pretreatment with a particular ~aqent, 

preliminary information was gained on the processing of calcium 
\ 

within the enamel. The results suggest that ca1cium is processed 

'differently within different regions of enamel. The localization 
/ 

of glycoprotein by the peri~dic acid-Schiff (PAS) reaction, and 
, ~ 

experimental removal of enamel proteins by quanidine extraction, 
. 

both indicate that the organic matrix of enamel may be involved 

in the regulation of calcium processing and addition to 

hydroxyapatite. 

Chapter Four describes ~xperiments designed to monitor the 

" effects that the anti-microtubular- drug vinblastine sulphate has 

on amelogenesis. ,Previous studies have demonstrated that after 
. '" 

vinblastine administration in vivo, aIl ruffle-ended ameloblasts 
, 

are convérted into smooth-ended ameloblasts. Indeed, it' such 
1 

~ere the case then it would be expected that these changes might 

be reflected i'. by changes in the GBRA staininq pattern (indicating 

changes in the distribution of certain specific calcium salts) . 
.. 

As a further way to test calcium pathways and processing within 
èi ~ 

the enamel, 45Ca was injected at ~arious time intervals after 

vinblastine inj ection. The modification of the GBHA-stained 

maturation pattern and the abnormal radioautographic distribution 
l> 

of 45ca revealed that vinblastine produced severe effects related 

to calcium processing with"in the enamel. These effects were as 

predicted and fit the time E,lcale relative to th~ rap'id modulation 

of maturation ameloblasts. Vinblastine probably prevented 

• reassembly of th~ microtubu1es necessary to red~velop the ruff1ed 

border definitive of ruffle-ènded ameloblasts during their 
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modulatio~ from smooth-ended amelOblasts. 

Chapter Fixe describes experiment,s that further explolted 
/ 

the technique of whole mount radd .. oautography of rat incisors 

following system le 45Ca inje~tion. Several sacrifice times were . 
used following injection and backscattered electron imaging (BEI) 

was applied to visualize with SEM resolution the incorporation 

pattern of 4-5ca into, the surface layer of the enamel. The 
\ . 

clari ty of the resul ts obtained using this electron detection 

mode provided information on the incorporation pattern of calcium 

into maturing enamel and, emphasized the usefulness of t~s 

procedure for analyzing the elemental silver patterns in 

photographie emulsions in general. BEI revealed that calcium 

enters the tooth in a delicate subbanding pattern; a pattern 

wllich supports the concept that specifie subpopulations exist 
" 

within ~he general categories of ruffle-ended and smooth-ended 

ameloblasts, each havinq a different mechanism (s) for ~ handling 

and processing incominq calcium necessary for crystallite growth. 

As a continuation of the study of the eff,cts of vinblastine 

on the processing of calcium, Chapter' Six describes. experiments 
r 

using 45Ca radioautography on tissue sections rather than on 

whole mounts (as in Chapter FOUr),/and also ~~scribes exper~ments 

designed to investiqate the effect of' vi~blastine on 

intercellular permeability usinq radiolabeled insulin as a 

tracer. Radioautography of tissue sections ta~en trom the zone . 
of enamel secretion in vinblastine-treated animaIs (maturation 

zon\ enamel is best observf:!d by whole mount radioautography), 

revealed that calcium incorporation, and .the lack of insulin 
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permeability, into the enamel did not ditter trom the 

radioautographs of normal control animaIs. These resul ts 
1 

t 
indicate that control of calcium processing by the enamel organ 

in the secretion zone of amelogenesis may be different from the 

influence of the enamel organ in the maturation zone. ÎJ'his 

chapter also contains evidence that the mineralization of dentin, 

and the odontoblasts' extracellular permeahility characteristics, 
, 

may he qui te ,dlfferent from the various stages of amelogenesis. 

Vinblastine inj ection dramat±cally reduced the distribution of 

both 45ca and 125I-insulin within the pred~ntin and dentin of the 

incisor. 

-The presence of cyclical phenomena associated with the 

maturation of enamel! demonstrated that al ternating and/or 

concurrent biochemical or mineraI phase. changes were occurring 't 

within the organic and inorganic components of the enamel. The 

work presented in Chapt ers Seven and Eight describes attempts to 

separate and define the contributions made by each of these two 

enamel components. Chapter Seven was devoted to the u~e of 

certain specifie histochemical reagents known -to bind to calcium 
-<Ii 

in ,order to reveal the distribution of different calcium states 

within the surface layer of the enamel. This study vas a logical 

-extension of the previously-documented results obtained after 

staining with GBRA: the first calcium-binding reagent used in 

vitro to demonstrate the heterogeneity of calcium within the 

__ enamel. The staining patterns created by the different reagents 

used in this study aIl visualized a pattern in maturation 
, 

consisting of a series of tranverse and oblique bands of stained 

" and unstained enamel. In most c~es, the darkly-stained area~ of 
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enamel were those known to be normally overlaid by ruffle-end_ed 

ameloblasts tas revealed by counterstaining the same tooth with 

GBHA). Despite the similarities~ each pattern was slightly 

different in distribution and in staining intensity. Such 
1 

results, taken together with the known rapid modulation of 

maturation ameloblasts, underscores the proposaI that the cyclic 

d"istributiop. of ruffle-ended and smooth-ended ameloblasts 

dictates the mechanism (s) by which calcium contributes to 

hydroxyapatite crystallite growth within ~ specified volume of 

enamel. Such cyclical changes are rapid and in accord with the 

approximate 8 hour cycle time of ameloblast modulation. This 

.emphasizes that calcium salt and phase changes of the inorganic 

component of enamel occur by a dynamic process mediated by cells 

of the overlying enamel organ. 

The possibility that the maturation zone enamel organ 

secretes protein, and also controls the removal of these and 

other ,organic components, and that this process May similarly 

occur in a cyclical manner, was examined in Chapter Eight. Heavy­

metal and histological stains commonly used to stain pr?teins in 

gels ând in se,ctions were applied to the surface of the tooth. 

These stains aIl demonstrated that prote in components also' are 

distributed in the form of a cyclical repetitive pattern. Whole 

mount radioautography confirmed the presence of radioactivity, 

presumably from newly-synthesized proteins at the surface of the 

tooth in the maturation zone', providing direct and convincing 

evidence that the pattern of bands and stripes visualized by each 

;- _, , of the stains truly represents. regional accumulations of new 
; ..... ~ __ ~ ____ ._ _ .... ., ________ ... _ ------__ -----__ .... ____ . __ .... __ ....... _________ ~__ __.... ________ ... __ ,"" -. ..... ..... ---. ___ .... __ ..... _~ _ ... ____ .. ~ ...... \., ~_o__ ... _____ ... ____ ~----- .. -___ ... _____ ...... : ........ ___ .. _ 
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prote in in'the surface layer ot enamel. Although this work has 

identified thé presence of organic and inorganic cyclical 

activity within the enamel, and ,has correlated this with 

maturation ameloblast mo~phology, further work is needed to 

define the exact nature of the,matrix-mineral relationship within 

these areas of enamel. 

Chapter Nine describes experiments that again show 

functional differences between the two classical ameloblast 

morphologies of the enamel maturation zone. Rodent incisor 

enamel, at i ts incisal tip, possesses a yellow-orange pigment 

" known to contain irone The fact that iron appears to be actively 

sequestered and released by maturation zone ameloblasts, and the 

fact that these cells are loaded with ferritin in the form of 

pigment granules and free ferritin, suggested tha1;. maturation­

ameloblasts may have a large number of transferrin receptors . 

This possibility was pursued by using an in vivo binding assay; 

an assay which allows unlabeled trans~errin to- compete for 

available receptors with radiolabeled transferrin. 

Radioautography reveaied that maturation ameloblasts did indeed 

have a high levei of transferrin receptors, but more 

specifically, ruffle-ended ameloblasts had much higher levels 

than dia smooth-ended ame16blasts. These resul~s were related to 

systemlc processing of iron and its subsequent incorporation into 

the pigme~t of rodent enamel. These -findings again''lconfirm the 

existence of substantial functional differences between ruffle­

ended and smd~-ende~ ameloblasts. 

Chapter Ten presents and describes a new technique> for the 

'" dispersion and isolation ~f individual enamel crystallites. Any 

t, f 
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comprehensive study investigatinq calcium and phosphorous 

behavior in the enamel should have sUP'porting documentation of 

the ultrastructural features of the solid inorganic mineraI 

phase. Observation of such features by electron microscopy 

requires a slightly higher acceleratinq voltage for lattice 

imaglng and the abili ty to perform selected area electron 

diffraction on individual enamel crystallites. Both of these 

electron optical techniques are best performed when crystals are 
, 

dissociate9 from one another and when interference from embedding 

./ 

media is eliminated. The procedure for meeting these criteria is ~ 

described in Chapter Ten and briefly requires the extraction of 

the organic matrix and mild sonication. Data obtained from 

enamel crystal lites prepared in this way de scribe lattice fringes' 

and electr9n diffraction patterns from a plane perpendicular to 
" the c axes of these crystallites. Eventually, these data may be 

used as aids in determining the exact orientation' of crystallite 

segments within tlssue sections. 

The present work has introduced new techniques and provided 

new information ~ëgarding the interrelationship bet~een, the 
1 

enamel organ and the enamel, during the formation of this highly-
. \ 

mineralized tissue. Most particularly" it has established àï'ld 

empnasi'zed importanlt structural and functional differences 

between various modulating subpopulations of maturation zone 
.' r 

ameloblasts. Each of these subpopulations is unique in i ts 

ability to 'effect changes in the organic and inorganic components 

of enamel durinq the maturation stage of ameloqenesis. 

1 
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ORIGINAL CONTRIBUTIONS 

CHAPTER ONE: QPANTITATIVE ANALYSIS OF ROUGH ENDOPLASMIC 
RETICULUM APPROACHES TO THE CELL MEMBRANE IN THE 
SECRETORY AMELOBLAST OF THE RAT INCISOR. 

Quantitation of approach,es of rough endoplasmic ,reticulum to 

" th.e cell membrane in secretory ameloblasts revealed that the 

matching of these approaches occurred at a rate equal t.o that 
~. 

statistically predicted by random matching of these elements. 

Areas of cell membrane were analy œ both between and within rows 
o 

of ameloblasts, and no, differen es were found. 
Q 

"These resul ts 

cast doubt on the hypothesis that subsurface "cisternae in 

ameloblasts act as mediat'ors of intercell:ular communication. 

~CHAPTER TWO:, THE STRUCTURE' AND DEVELOPMENT OF THE PAPILLARY 
LAYER AND THE,\ PENETRATION OF VARIOUS MOLECULAR­
WEIGHT PROTEINS INTO THE ENAMEL ORGAN AND ENAMEL 
OF THE RAT INCISOR. 

In order to investig~te how substances pass to_and from-the 
, 

enamel, physic~l access routes and barri ers were studied by , 

examining the ul trastructure and development of the papillary 

. layer anq the ameloblasts of the enamel organ. Certain unique._ 

ultrastructural features were identifiéd in papillary layer . , 
ceIls. Functionally, the permeability of the enamel organ was 

assessed with radiolabeled protein molecules used ~s tracers. It 
• 

was established that certain large molecular-weight molecules 
/ / 

pass through the papillary layer and into the enamel where 

overlied by smooth-ended ameloblasts. Ruffle-end~d ameloblasts 

prevent the passage of these tracers. This study demonstrated the 

successful use of normally-occurring physiological proteins as 

biolOgical}tracers for the study of extracellular permeability. 
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CHAPTER THREE: EFFECTS OF VARIOUS AGENTS ON STAINING OF THE 
MATURATION PATTERN AT THE' SURFACE OF RAT 
INCISOR ENAMEL. 

GBHA staining of normal control incisors was used as a 

control to assess the effects of various in vitro pretreatment 
. 

procedures usinq several agents predicted to have effects on the .. 
stainabil~ty of the enamel matur~tion pattern. The various 

treatments dramatically ,aff~cted the GBRA staininq patterns and 

thus demonstrated that the calcium salta necessary for GBHA • 
9-

staining can be modified and/or removed by these procedures. In 

addition, the periodic acid-SchitÏ (PAS) reaction for 
~ 

l' 
glycoproteins was applied for the first time to whole incisors to 

revèal their'distribution at the surface of the tooth in the form 
( 

of an enamel maturation pattern. It was suggested tl:lat ,GBHA'" 

stainaple calcium may be closely associated with certain enamel 

proteins. \\ 

CHAPTER FOUR: ,MODIFICATION OF ,THE ENAMEL MATURATION PATTERN BY 
,VINBLASTINE AS' REVEALED BY GLYOXAL BIS(2-
HYDROXYANIL) (GBRA) STAINING AND 45CALCIUM 
RADIOAUTOGRAPHY. 

The results of this study demonstrated that an intact 
" ' 

mfcrotubular network is neéessary to maintain the normal pattern 

of calcium entry and bfnd~nq in enamel. 
.. 

The altered staining and 

radioautoqraphic patterns probably result from the inability of 

" smooth-ended ameloblasts to transform via microtubule-mediated 

ruffled border formation into ruffle-end~d amelob~asts durinq the 

maturation zone modulation of these cells. This chapter , , 
, 

introduced the usefulness of hiqh-resolution whole mou nt 

radioautography to investigate druq-alter~d mineralization of , 

.enamel. 
.J : 

/ 
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CRAPTER Fly!: USE OF BACKSCATTERED ELECTRON IMAGING- ON DEVELOPED 
RADIOAUTOGRAPHIC EMULSIONS: APPLICATION TO VIEWING 
THE RAT INCISOR ENAMEL MATURATION PATTERN 
FOLLOWING 45CALCIUM RADIOAUTOGRAPHY. 

The experiments of this chapter applied the backscattered 

electron detection mode of the scanninq electron microscope tô , 

resolve with SEM resolution ehe whole-mount radioautoqraphic 
~ 

pattern of incisors followinq 45C~ ~njection. In this way, a 

delicate subbandinq pattern of 45ca incorporation into enamel'was 

observed. Furthermore, the results showed the calcium 

incorporation ... pattern over lonqer time intervals and discussed 

these patterns in relation to ameloblast modulati?n. This study 

dell\onstrated the ,usefulness of this t.echn,ique for vJ'~ualizing 
• J ~ 

photographie emulsions in general~' 

, 
CHAPTER SIX: A RADIOAUTOGRAPHIC STUDY OF THE EFFECTS OF 

VINBLASTINE ON THE FATE OF INJECTED 45CALCIUM AND 
125I-IN~UL~N IN' THE RAT INCISOR. "( 

, 
A continuation of the study of thé effects of vinblastine on 

" 

calcium processinq a~d incorporation into the dental tissues was 

·performed usinq radioautogra,hY to local~ze the presence of 45ca 

and l25I-in~ulin in tissue sections fOllow!ng systemic injection. , 

In the enamel secretion zone, calcium processinq and .. 
inc~rporation and jintercellu).ar permeability was not altered. 

However, vinblastine practically eliminated both radioautographic 
. ' 

'reactions from the predentin and dent in. The' resul ts of this 

study again confirmed the usefulness of employing radiolabeled 
'" 

pr~teins ~s extracellular space traaers and conc~uded the study 

of vinblastine' s effect 0' on calcium processing > during 

ameloqenesis. 

o 
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CHAPTER SEYEN: IN VITRO STAINING OF ENAMEL US~~G HISTO­
CHEMlCAL COMPLEXING METHODS FOR CALCIUM. 

J • 

In this chapter, several histochemical compl.exinq reagents 

knoWh to bind calcium were used for the first tJ.me on whole 

incisors in vitro. Effective staining conditions were 

established such that each rea9~nt revealed a cyclical pattern_at 

the surface of the tooth. Impl.icit in the presence of these 

staininq patterns and their distribution relative to ameloblast 
", 

morphology, was the conclusion' that the mat~ration zone enamel 

organ exerts strict control over calcium processing within the 
, . 

enamel, and that calcium forms several different and distinct 

complexes prior to conversion ~nto.hydroxyapatite. Furthermore, 

this p~ocess is a dynamic one, rapidly al ternatinq accordinq to 

ameloblast modulation. 

CHAPT ER EIGHT: IN VITRO 'STAINING OF E-NAMEL PROTEINS USING1 

SEVERAL COMMON HEAVY METAL AND HISTOEOGICAL 
STAINS ... 

Thé previous chapters and other literature had revealed.the 

fundamental and comprehensive nature of the enamel maturation 

pattern relative to~tb~ inorqanic mineraI phase of enamel. This 

chapter dealt wi~h the distribution of the organic matrix 'phase 

of enamel. Severa~ staining procedures commonly used to.reveal 

the presence of proteins in gels and in tissue sections were used 

to reveal that indeed certain enamel proteins were also 

distributed in a cycliçal pattern. This pattern was related to -
~ 

ameloblast morphology in the maturation zone. Similarly, 

radioautography foilowing 35S-methionine injection ~as performed 

for the first time on whole incisors, and thus' confirmed the 

)?f'esence, "location, pattern and extent of protein l secretion 
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. 
CHAPTER NINE : SPECIFIe BlNDING SITES FOR TRANSFERRIN ON 

AMELOBLASTS OF THE ENAMEL MATURATION ZONE IN 
THE RAT INCISOR. . 

" 

This chapter identified anothe~ functional difference 

between maturation ameloblasts with regard to the way they bind 
1 • 

transferrl.n. Maturation ameloblasts actively sequester and 
/ 

release> iron in the form of an iron-containing pigment .in the 

surface layer of rodent enamel. 'l'his study has shown that this 
--;-

process may be mediated by the ~igh level of transferrin 
.' . 

receptors found on these cells. Furthermore, it was shown that 

ruffle-ended ameloblasts may be the primary cell responsible for 

this uptake since they have much higher levels of receptors 
" 

relative -to smooth-ended ameloblasts. X-ray microanalysis 

confirmed the ~resence of iron in these maturation ameloblasts. 

CHAPTER TEN: USE OF ISOLATED ENAMEL CRYSTALLITES W !ATTICE 
lMAGING BY HIGH RESOLUTION TRANSMISSION ELECTRON 
MICROSCOPY. 

In this chapter, a new technique was introduced for thé 
, . 

isolation and dispersion of rat enamel crystallites. Thls 
. 

technique proved use~ul for lattice imaging by hiqh resol~tion 

electron microscopy and for 1 performing selected are a electron 
.1 

diffraction on single, isolated enamel crysta·lli tes. The 

crystallites obtained in this way are ideal for known-orientation 

lattice imaqi~g, for the study of moiré patterns,-and for future 
/ ) 

studies e~ployinq high resolution scanning electron microscopy. 
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