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G E N E R A L  I N T R O D U C T I O N  

'Hie presence ol' fund:iiiient:illy different constituenls i i i  l ) o i i i b  

and the :irrangenient of the organic and inorganic portions, nitike 
i t  c-lcar tho1 hone represents :I difficult tissue :is 1:ir :IS hislologic 
Itvhnique is concerued. 

1.1) to recent days, iii:iinlg two methods have btheii :iwil:il)lc 
for iiiicroscopical study of  hard tissues : Sectioning :if ter decal& 
I'ir:itioii or the iiwkiiig o f  ground sections and groiiiitl siirl':iccis. 

1 he first technique involves thc reiiioval of the iiiorg:iiiic s:ills; 

i n  l l i e  scrontl no soft tissues will be recognie:ihle, or :it 1r:ist no 

t1el:iiletl study :it the cel1ul:ir level is fe:isihle. 
The shortcoiiiings of  these procedures :ire obvious :inti griii.i.- 

:illy recognized. There has :ilw:iys been :I desire to inwstig:ilc I hi, 
soft :ind hard tissues in their proper rel:itionship. Soiiic slutlii-s 
h:rvc heen cwried out with inodified 1):ir:iffin :ind celloitlin lrcli- 
iiicliies hy which it was possiblc to obt:iin histologic scclioiis ol' 
uiic1ec:ilcified bone. I t  :ippe:ired, however, Ihnt this iiiclliotl Ii:itl 
Lo he liiiiiletl to fetal or very young spongious bone. 

'l'lie iiiet1i:icryl:ite eiiibedding technique ( Woorlrirf/ h A'orris,  
1!)65; Y u q e r ,  1958) seeiiiecl l o  provide :I iiiore cffeclive :ind wli- 
:iMe iiiethocl for the prep:ir:ition of undec:ilcifiecl seclions Jtir 

iiiicroscopic:il investigntion. One of the iiiaiii purposes o f  the 
present study was, lherefore, to c1:ibor:ite this iiielliocl for 1111. 

1ii:ilting of  sections o f  in:iture cortic:il hone wliirli woultl :ill(iw 
iiiorphologir :ind histocheinii~il slucly o f  cells :itid i i i i i i c n l i m l  

intercellu1:ir subst:ince o f  the sniiie speciiiien. 
Most o f  the knowledge on the forinution o f  iii:iturc honc slciiis 

froii i  studies on dec:ilcified iiiateriiil from different 1):irts of  t l i c  

skcleloii. l'he relatively few reports o n  osteogenesis, l):iscvi oii 

studies of undecalcifiecl prep:ir:itions, hnve been reslrirtrcl to 
o1)serv:itions on eiiihrgonic hone tissue or 1)riiii:iry :ind sccoiicl:iry 
spongios:i of the epiphyse:iI region of  the estreiniiies- 

r .  
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A hundred years :'go histologists using partly or completely 
clec:ilcified long bones. observed that when hone WYIS formed, i t  
was invariably preceded by :in organic iiiatrix, which subseclucwl- 
Iy became miner:ilized ( \'irchoiiJ, 185 1 ; 1853 ) . 

More recent works on undecalcified niaterial, however. could 
not confirm this det3il. This led to the belief that the osteoid 
borders found in the diaphyseal region and elsewhere, were 
either artefacts ( Weitlenreich, 1923 1 or signs of pathologic 
conditions ( McLenn h H l o o m ,  1940; B ~ O O I I I ,  Bloom h JlcIAccin, 
1941 ) .  This, in turn, laid the foundation for the stateiiient that bone 
matrix noriiially was calcifiable and becaine calcified siinultane- 
ous with its laying down (MelAerin & Urist, 1965 ) .  There is, 
however, evidence for the presence of osteoid at  sites of hone 
tissue forinntion even if it is not seen in the light inicrosropr 
I Robinson h Ciiiiicroii, 19.3; ) .  The s:iine phenoinenon occurs when 
dentine is forined. Dentine is alwiys preceded by : in  org:iiiic 
inatris, the predentine, which later becoines iiiiner:ilizcd. ' I ' h  
width of the predentine has  permitted the study of, and given 
\:ilu:ible inforination :)bout lhe processes which result i n  calci- 
fied dentine (Iruing & U'tJinniiinn, 1948, Hnls 1953 ) .  Similar 
processes of tissue differentiation have been postulated to  t:ike 
idace in the osteoid prior to tninera1iz:ition ( U'einmrtnn & Sichrr, 
1955 ) . 

The :iinount of osteoid wr i e s  considerably in different ;ire:is 
of  m e  iind the siiiiie skeleton (Ertfheiin,  1914) a s  well ;IS in 
wirious species and ages (Lehnert,  1910; Poninter, 1x85, 3925 ) .  

Knowing that the diaphyses of dog bones nornially exhibit ;I 

ronsideriible width of the osleoid (Lehnerf ,  1910 ), it WIS thought 
that this tissue would be favor:ible for the study o f  the tliffcr- 
enti:iting processes leading to  c:rlcified bone tissue. 

Studies on the niinernlizotion inech:inisiii itself h ; i w  :iI i i iosl  

without exceptions been performed on c:ilcifying c:irtil:ige. Al- 
lhough there exist most likely some coiiiiiioii characteristics in 
hone and cartilage, and ;ilthough there m i y  he sotiie c o i ~ i i i i o ~ i  

conditions required for niii1er:iliz:itioii to t:ike place in a n y  tissue, 
i t  ;ilso seems true th:it thew :ire h s i c  differences :IS to thc 
v:irious constituents involved, ;IS well :is to the ~)roc*ess itsrll' 
I Girfiiiiin h Yir, 1950) :inti t o  the end result ( Rohinaon LC C r r r w -  
ron, 1957) .  
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For these reasons, it was decided to take :idvantage of l l i r  
illaterial and the technique already mentioned, and to study the 
processes which lead to the formation of iiiature hone tissur 11y 
the application of conventional iiiethods of investigation to UII- 

decalcified sectioiis of hone known to have wide osteoid hordcrs. 
In  order to perinit a comparison with the findings recorded in 
the literature, the present investigation included sections of hone 
treated with the classical fixatives aiid decalcifying agents. 

As will he seen, the present investigation has shown that tlic- 
osteoid is a highly differentiating tissue. Three iiitijor zones ol' 
the osteoid :ire defined. On the hasis of the structur:il :ippe:ir- 
:ince of these zones, and their histocheiiiical hehavior, the ch:ir- 
wteristics of the tissue coinponents within the differcnt p:ir ls 
of thr osteoid :ire descrihed. 

In this way it has heen possible to disclose soiiie of tlir dym- 
iiiic processes taking place in this tissuc. 

'I'hc characteristic structural nrrangeiiient o f  hone tissiw. lo- 

gether with its specific chemical composition nnd i1iiporl:int 
physiological :ictivity have heen a challenge to researchers lor 
:I long time. The complexity of this tissue, however, calls for 
~)~'oEouid Itnowledge in :I multitude of sciences. 

Against this background it iiiay seeiii courageous of :I morpho- 
logist to forward a concept on the forinntion of hone tissue. On 
lhe other hand, the new inorphologic aiid histochei1iic:il findings, 
made possible by the choice of 1n:iterial and techniques. claim 
to he worked into dready existing hypotheses OH the procesws 
involved in bone tissue formntion. 



EARLIER INVESTIGATIONS 

C H A P T E R  I - BONE T Z S S U E  

Bone is :I specialized type of coniiectivc tissue which oweh ils 
c1i:ir:wteristics to its structural arr:ingeriient :ind cherilic.:il COIII -  

position. A s  tiny other living tissue, hone consists of cells :i i it l  

intercellular substance. The cells, known as the osteocytes, in  
inature 1aiiiell:ited hone extend nuiiierous branching 1)rocesscs 
in  all directions and planes, wherehy processes frorii one cell fuse 
with those of the cells in the neighborhood. The iiiost sulwr- 
ficial osteocytes, in addition, coriiiiiunic:ite with cells 011 the sur- 
face of hone by these aienns. A syncytiuiii thereby exists between 
the cells themselves, and a coiiiiiiunicatioii is estahlished hetwwn 
the cells and the tissues surrounding the hone. The osteocytes, 
or hetter the osteocytiuiii is enclosed in the calcified intercellulnr 
suhst:ince. Whether the processes :ictually fill the entire length 
and lumen of the canaliculi in iiiature bone appears not to he clear 
( H a m ,  1953). There seems to he no doubt, however, that thc 
cellular urrangeinent constitutes part o f  the nutritional path- 
ways in hone tissue, and :IS such is of iiiipoi*t:ince in thc ii1:iiii- 

tenance of the vitality of  the tissue. 
Except for the narrow portion bordering upon the osteocytes 

(the osteocytic capsule), and structures like ceiiientiiig lincs 
( Wrinmnnn (e- Sicher, 1955 ), the coiiiposition of all of the calcified 
intercellular substance has been considered basically identical. 

\':irying solnewhat with the type and maturation ( A rnprino d 
Kngstriim, 1952; Weinmnnn & Sicher, 195.5) bone tissue contains 
hy weight about 70 per cent inorganic matter, 20 per cent orgiinic 
structures and 10 per cent water (Eastoe & Eastoe, 1954). 

More than 90 per cent of the organic coiiiponent :ire collagen 
fibers (Rogers, W d m n n n  K- Pnrkinson, 1952) ; t i l so  viirying in 



aiuount, thickness and urrangeiiient according to agc :ind func- 
lion of the bone tissue in question (Weinmnnn Q Sicher, 1955). 

In ilialure bone, however, be it laiuellated or bundle bone, the 
fibers always display a definite pattern of organization. This 
:irrangement may sometimes, e.g., in the H(ioersi:in system, be 
very subtile and specific (Schmidt, 1938, hicroix,  1951 ) .  

Most of the studies on collagen have been performed on col- 
I:igen froni other tissues ( Wnssermnn, 1!)51; Gustnuson, 1956; 
Henr, 1956) but enough information seemed to be a t  hand to 
:issuiiie that bone collagen has essenti:illy the same charncteri- 
stirs ;ind properties a s  collngen of other connective tissues (A'r i i -  

i w n ,  1949, Enstoe, 1955). 
Structurally, collagen of bone has  been characterized on :I 

iiiicroscopic level by the organization in fibers or fiber bundles. 
These fibers were found by electron microscopy to he coiiiposed 
of fibrils with :in average dimieter between 50 to 100 A (Robinson 
d- \lrcltson, 1953; Jfickson & Rnnifnll, 1956). Robinson & \ l r f i fuon  

1!),53 1 noticed :I considerable incre:ise o f  the di:iiiieter of  llic 
lihrils froiii childhood to  old age. 

1Slec tron micrographs of the fibers of hone reveiiled cross- 
I):iiidiiig with axial repeating periods of approxiiiuitely 640 A. 
which corresponded to what was found in other collagen. It has  
Iwcn suggested that there exists ;I relationship between thesr 
rross-b:inds :ind the internal :irr:ingement o f  the colI;igen i i i o l r -  

l-ulr ( I h r ,  1952). 
Cheiiiic:illy, collagen is ;I protein or :I group of proteins. liuill 

u p  froin polypeptide chains :irranged in p;ir;illel and di:ir:ic- 
Irriaed by its content of certain aiiiino ticids (Nei in tm,  1!)49). 

Between the fibrous structures of bone is found ;I vari:ihle 
: i i i ioi i i i  t o f  interfibrilhr substance :ind fluid, probably fund:iiiico- 
tally very much like fluids of other tissues (Gersh, 1952). Froiii 
isotope studies (BPZnnger, 1954; d niprino, 1958) it appeared 
evident that the extracellular fluid must be in close relutionship 
to  llir so-called ground substance. In fact, the st:iteiiienl h:is 
been put forward that the tissue fluid mid the ground subst;incc 
:ire "co-extensive and hoiiiogeneous, interconnected throughout" 
I McImin & ZJrist, 1955). 

I3:isc.cl on results obt:iinetl by rheiiiicel ;iss:iys, this in ti-rl3lwil- 
hry  ~II:IW of honc has heen found to consist of :I ~iiuc*opoly- 
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saccharide-protein coiiiplex (nlnsnmunr rt  nl., 1950). Rogers 
f 1!)5 1 cstim:itetl the :iiiiount of po1ys:icch:irides to be :ibout 0.6 
' 4  of the organic materi:il in cor th l  bone. 

.Ile!ycr, I)rrniciron, Linker & Hoffnwn ( 1956) reported the c:irI)o- 
Iiyt1r:itc coinponenl o f  in;iture ox bone powder after c1ec:tlcific:i- 
lion lo  consist in:iinly o f  chondroitin sulph:ites, : inc l  :I iiiiirli 
s~i i : i l lcr  :iriiount of  hy:ilurouic acid and ker:ito-sul~~li:ite, I)ischc, 
Ihirii1c:eiiko h Zclnirnis ( 1!)58) decalcified femur sh:ifls from 
c:rlves and steers in ED'I'A. Hesides :in acid i1iucopolysacch;i- 
ride I'r:ic*tion they founcl :I coiiiplex of neutrnl I)olys:iceli:iriclcs. 
Alllioiigli tlir s;iiiie coiiiponents might be found in wr ious  o t l i i ~ r  
1)otly lissues, the :iiiiount ; i n d  the ratio of  tlie components iii:iy 

he s1)ecific for bone (K. .Ilryer, 1956 ) ,  

'H ie  Iwesencc of sulphated c:irbohydr:iles h:is 1)een confirriirtl 
hy isotol)e studies reyeding incorpor:itioii o f  radiosulphur in tlic 
organic matrix (Dzietzointkou,ski, 1949, 195 1 ; HPlnngrr, 1954; 
Engfrldt h Hjrrtqiiist,  1954; Amprino, 195(1 ) .  

lio!y~r.s, \Vrirliiirrnn di. Prirkinson ( l!Ki 1 ) ;incl Etrsloc~ h Eastoe 
( 19.54) reported of  :I "resistant protein" in hone which they 
could not dissolve by decalcific:ition :ind :iutocloving. 'I'he signifi- 
v:iiiw o f  this protein in hone tissue is not quite clear. 

Highly polyiiierized c:irhohydrates h:iw heen deinonstr:itetl in 
llir inlercellul:ir subst:ince o f  norinal : ind pathologic honc hy 
histoclieiiiic:il 1iie;iiis (Cohh,  1949; Heller-Sfpinberg, 1951 ; Emjel, 
1952; Yrteyer, 1958 ) .  Using periodic acid-Schiff technique, they 
:ill rcporletl results which substanti:ited thc st:iteiiients th:tt the 
tlrgrce ol' I)olyiiieriz:ition of the niucol)olysncch:ii.ides w:is 1)rop)r-  
l io i i : i l r  l o  Ilie degree o f  ro1cific:ition. 

.s!y/iJ(;n ( 1947 ) observed that i n  undecnlcified sections, the c y i k i -  

lied portions of bone did not show iiietnchroiiiasia. Leuine, Habin, 
l*'olli.s h Homcirtl ( 1949 1, however, deiiionstrnted the presence ol' 
iiie1:ichroiii:itic Iii;iterid evenly distributed iii bone, provided the 
s ~ ~ l i o i i s  wcre dec:ilcified before stiiining. 1ncuh:ition of  c:ilc-ified 
I issues with collagenase, trypsin or 1iy:iluronid:ise prior to st:iin- 
ing with periodic acid-Schiff (Biirstonr, 1952 ) or  toluidine blue 

\l'i.slr)clii & Sognnries, 1 !I50 ) ,  did not :ippreci:il)ly ch:inge their 
sl:iining qualities. 

The inorganic bone stilts :ippear to consist o f  ;I crystillline 
c':ileiiiiii~~lios~~h:ite coiiiplex :ind :I non-cryst:illine coiiiponent i n  
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the form of calcium carbonate. In addition, snialler :iinounls or 
various ions iiiay be present (McLean & Urist, 1955). 

inent of the crystalline structure may be close to that of :I tly- 
droxyapatite, and that this most likely is surrounded by a non- 
crystalline shell of varying composition (Carlstrom, 1955). 

Whether the shape of the crystals is that of platelets (Robinson 
& Crtmeron, 1956). rods (Carlstrom & Engstrom, 1956) or need- 
les (Sognnrtes, 1955) does not seein to be fully clarified. Possibly 
a l l  these forms are found, and the apparent discrepancies :ire 
dependent on the area of the tissue from which the speciiiiew 
:ire taken (Sognnaes, 1958). 

Polarization optical analysis of bone tissue (Schmidt, 1938 1 

has shown that the bone salts exist as negative uniaxial cryst:il- 
lites which are elongated along their optical axes, and arr:rng:etl 
parallel to the lime-embedded fibers. In untreated condition the 
positive birefringence of bone is largely due to the collagen f i lms 
which overconipensate the much weaker negative birefringence 
o f  bone salts. 

Also x-ray diffraction (Carlsfrom & Finarin, 1954; Wtillgrrrr, 
1957) and electron microscopy (Robinson & Watson, 1953; Jtrrk- 
sen, 1957) revealed an intiniate relationship and a definite oricn- 
lation between the organic fibrillar structure and the itiiner:iI 
crystals. Robinson h Watson (1953) observed the crystals to I)c 
situated within as well as on or very near the surface of tlir 
collagen fibrils. This finding was later confirmed by Shrltion dt- 
Robinson (3957) and Jackson (1958). In uitro studies by Glint- 
chcr, Hodge h Schniitt (1957) seemed to corroborate the slatc-  
inents about the interconnection between collagen and honc iiiiiic- 

r:tl. 
Most workers, however, seem to believe in the inucopol ysac- 

c.h:iride-protein coinplexes as a cementing substance of soiiie sort. 
Whether these substances, however, are solely cementing the 
fi1)riIs and fibers together (Partridge, 1948). or the mucoprolc- 
ins act :IS :I calciuni binding matrix (Lrninr & Schnberl, 1952; 
Yaegcr, 1!)58), or a collagen-polysnccharideprotein coitiplex is 
necessary for molecular interconnection between hone imitrix :ind 
bone salts (Nerrman et al., 1952). does not seein to he clenrly 
iintlcrst oocl. 

X-ray diffraction studies have revealed that the iiiain : 1 11 - .* ‘ I 1 l f . p  



C H A P T E R  II - B O N E  T I S S U E  F O R M A T I O N  

Introduction 

As seen froin the preceding chapter, bone tissue consists of 
eells, organic iiiatrix and minerals. The problems, therefore, 
involved in the understanding of osteogenesis are the origin of 
Ihr hone cells, the production and organization of the matrix, 
and finally the mechanism of deposition of inineral salts in this 
iiiatrix. 

The process of bone forination seeins to be essentially siinilar 
whenever and wherever it occurs (Weinmann & Sicher, 1955), 
in fetal or post-fetal life (Cardner, 1956). Any distinction be- 
tween endochondral and intra-membraneous forination of bone 
will consequently refer to the tissues which are to be replaced, 
rather than to the actual process of bone forination. Bone tissue 
is always laid down in loose connective tissue, in which the 
org:iiiic elements required in osteogenesis are qualitatively pre- 
sent. Minerals are normally available at adequate rates in the 
environmental tissue fluid through the blood supply. 

Although ectopic calcifications have been known to take place 
in the absence of any specific cellular activity (McLean & Bloom, 
1940) it seeiiis generally accepted that the cells related to the 
forination of bone are the osteoblasts (Pritchard, 1956). The 
lociition of these cells indicates their relationship to the process 
in general, and their morphology and cytocheniistry have given 
evidence for specific functions (Heller-Sfeinberg, 1951 ; Pritchard, 
1952; Jackson & Handnll, 1956). These studies revealed that the 
main function of the o s t e d a s t s  would be the production of 
fibers and interfibrillar substance. 

Since these functions are characteristic of many cells of nies- 
enchynial origin (Wassermann, 1951), the most iiiiportant r6le 



pl:iyccl I)y Ihc osteoblasts which also would justify their miiiit .  

- must be to organize the organic eleiiients and confer the calci- 
fiability upon this tissue. The details concerning these abilities 
o f  thr cells seein, however, still to be ;I ii1:itter of coiijccturc. 

Most osteoblasts, eventually, are einbedded in the hone ni:itri\ 
:inti hccoine osteocytcs. ‘I’he cells lining the bone surf:iec wlieix. 
no bane :ipposition occurs, are called resting osteoblasts ( IJril- 
c.ll(#rrl, 1958) . 

Presence of Osteoid as a Stage in Osteopiesis 

\’irc.hori~ (1851, 1853) was probably the first to describe l l i c  
org:inic precursor o f  hone. From his studies on shell fish :Inti 
Iiunian bone, he was able to show the existelice of ”:~n osteoitl 
ronnective tissue” which, he felt, became ossified I)y siuiple t lc-  
position of c;ilciuiii salts. He also applied the naiiie ”osteoid” t o  
this tissue. 

Pommer ( 1885, 1925) using partly dec:ilcified sections con- 
l’irmed the observations of Virchou], and furtherinore observed 
Ihnt osteoid did occur not only in growing inclividuuls, but th:iI 
this tissue also was encountered in adults. 

From his study of the foriiiation of the iiiantlible, ScAtrffer 
I 1888 ) described ”eine weiche, zellenlose und tinscheincnd hoiiio- 
genc Masse”, that he thought would change into :I fibrillar struc- 
ture, in which calcification finally would occur. Stoltzner (1902 1 

also believed that osteoid was a representative stage in osteo- 
genesis, that would last ”as long as the bone foriiiing cells kept 
their osteoblastic character”. 

Whereas the authors iiientioned invariably used decalcified 
muterial, Wielnnd (1909) examined undecalcified celloidin sec- 
tions of embryonic and very young bone. He found, as other 
researchers had done, that osteoid was regularly present :inti 
easily distinguished from the calcified bone a s  well :IS froin the 
osteoblasts. Wieknnd applied the term ”physiological osteoitl”, 
thereby stressing the normality of its occurrence. 

In a thorough study of growing and adult norni:il and rachitic 
rats, Erdlieim (1914) showed that osteoid was present both in  
growing and adult norni:il animals, as  well ;IS in rachitic ones, 



but that the width of the osteoid might differ in the various 
parts of the skeleton. He was +pwrally unable to find osteoid 
on primary spongios:i. I n  the secondary spongiosa the ;iiiioun t 
of  osteoid W I S  scarce. The di:iphysenl hone :ilw;iys showetl 
osteoid o f  considerable width. 

Weidenreich ( 1923). on the other hand, denied the presence 
of any osteoid in the norinal process of hone form:ition. He cha- 
r:icterized the findings of the above iiientioned :iuthors ;IS :irte- 
f:icts produced by f:iulty techniques. 

From his point of view, there was no definite difference 1 ~ -  
tween calcification and t rue bone formation, a s  both processes 
iiierely involved the deposition of ciilciuiu in :I ground substance. 
If  bone were formed in the presence of osteoblasts, he helievetl, 
these cells foriiied the fibrous iiiatrix and secreted the colciuiii 
salts siiiiult:ineously. Waft ( 1928) studying the developiiient o f  
bone in embryos, corroborated the stateiiients of Weidenreirh on 
the absence o f  osteoid and the rdle of the osteohlasts a s  "hone- 
secreting" cells. 

McLmn & Hloorn i 1 !I40 ) and H ~ O O I J I ,  131001~i & M c l e m  ( 194 1 
supported the view that the matrix was normally calcified siinul- 
taneously with its deposition, or :it least so soon thereafter that 
no intermediate stage in the form of osteoid could be recognized. 
The study was iiiade on undecalcified sections of bones of rats, 
puppies and kittens. In agreement with observations made by E d -  
Iieirn (1914) they were unable to find osteoid borders on priin:iry 
spongiosa. Neither did the secondory spongiosa usu:illy h;iw 
osteoid. In the sh:tft, however, they coiiiaionly observed osleoid 
lining in the growing Haversian systems. On the basis of these 
observations they 1ii:ide the st:iteiiient that osteoid was not ;I 

necessary stage i n  the process of hone forin:ition, and that when 
osteoid occurred, this might hare  been due to deficient loe:~l sup- 
ply of bone minerals. Work along the same line on enibryonic 
rats by Bloorii & 1jlOOIJt i 1940) revealed that although osteoid 
was present a t  the very beginning of the foriliation of bonc 
trabeculae in  the connective tissue, further growth occurred with- 
out the presence of  osteoid. 

In examining bone fro111 pigeons during the egg-laying ryrle, 
Bfoom, Blooni & A\frIAectn (1941 ) noticed that during the pre- 
ovulatory foriii:ition of  new bone - when the bone formation is 
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rapid - the bone newly laid down just opposite the osteoblasts 
was not densely calcified as revealed by the von Kossa technique. 
On the other hand, true osteoid was not seen. 

FoZZis ff Jackson (1943) also stated from studies on human 
hone that the presence of osteoid ”in any quantity” indicated 
disturbances in the deposition of bone salts. 

Microradiographs compared with decalcified histologic sections, 
however, confirmed the observations of earlier investigators that 
osteoid was present as a stage in osteogenesis and, moreover, that 
the osteoid was uniformly uncalcified ( P .  G .  Meyer, 1956). The 
translucence of this tissue to ”soft” x-rays was also evident from 
pictures published by Vincent (1955) and Lacroix (1956). The 
latter authors demonstrated a zone surrounding the osteoid that 
definitely showed a lesser degree of calcification than older bone. 

Examination in the fluorescence microscope showed that cal- 
cified bone has a primary fluorescence, whereas osteoid has not 
(Hcds, 1953). 

Robinson & Cameron (1956) investigated the formation of bone 
:it the epiphyseal line in the electron microscope. These authors 
found a zone of uncalcified tissue between the osteoblasts and 
the calcified bone. The completely uncalcified zone usually ex- 
hibited a width of less than 1.5 microns, whereas the region of 
inineralization seemed to be an additional 2 to 3 microns wide. 
In a more recent paper (1958) the same authors report the width 
of osteoid in the epiphysis to vary between 500 A and 2 microns. 

Without giving any nieasurements of the width of the osteoid, 
Jrickson ff Randall (1956) concluded from similar work that 
”considerable amounts of osseous organic matrix are formed 
before the process of mineralization occurred”. It is clear, how- 
ever, that the measurements given by Robinson & Cameron (1956. 
1958) corresponded to the figures given by Erdheim (1914) for 
the epiphyseal region (below 1 micron). 

Measurements from various regions of bones (Pommer, 1885; 
Wieland, 1909; Erdheim, 1914) have disclosed that the thick- 
ness of normal osteoid varies greatly with the locations in one 
and the same individual, as well as with the developmental 
stages and species. Thus, Lehnerf (1910) found that osteoid in 
the diaphyses of the long bones of nornial dogs, would make one 
lhink of rachitis if it occurred in human beings. 
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Morphology and Histochemistry of the Osteoid 

Generally, osteoid has been described :IS a zone of uncalcified 
tissue (\'incent, 1955; Lacrois, 1956; P. C .  Meyer, 19561, whereas 
the organic matter was either n homogeneous (Pommer, 11125) or 
hyaline ( Weinniann & Sicher, 1955) or edemntoos iiiaterial ( P r i f -  
chard, 1952) that would change into a fibrillar 111:iss before calci- 
fication. 

The deninrcation line between the osteoid and the bone iiintris 
was found to be sharp, but irregular. In heniatoxylin-eosin stained 
sections this boundary was recognized because of a fine, granular, 
basophilic deposit, in contrast to the bulk of the osteoid which 
nornially was eosinophilic or unstained ( P. C. Meyer, 1956 ). 

Collagen 

From his demineralized sections P. C .  Meyer (1956) showed 
that the osteoid stained inore intensely with Mnllory's connective 
tissue stain than the rest of the bone. However, when viewed in 
polarized light, it displayed the s:iine appearance as the calcified 
lainellae. 

Observations in the electron microscope froin eiiibryonic bone 
(Jackson & Rnntiall, 1956) or froiii the epiphyseal region (Hobin- 
son & Cameron, 1956) did not seein to disclose any characteristic 
features of the organic precursor of bone that would distinguish 
the latter froiii connective tissue fibers and interfibrillary sub- 
stance. It should be mentioned, though, that P. C .  Meyer (1956) 
found fine radi:il striations to be present in the osteoid when 
exainining ground sections froin dog bone. This phenomenon he 
could not observe in humin  niaterial. 

Mucopol ysaccharides 

SyZuPn (1947) studied sites of iiiineralization in cartilage of 
young rats. He was able to show that the cartilage lost its iiieta- 
chromatic material prior to calcification. This observation led 
him to the conclusion that calcified bone was free of ester sul- 

23 - Actcc odont. scrcnd. V o l .  17 
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phates. The same yhenotiieiion was noticed by 1Vislocki, Singer cY. 

Wnldo (1948) in their study of dentinogenesis. 
Lcvine, Rubin & Hownrd (1950), on the other h:ind, observed 

that when sections of rat costal cartilage and bone were subjected 
to toluidine blue and periodic acidSchiff reagents, a iiiarked in- 
crease in intensity of these two staining reactions occurred in the 
zone of transition from the noncalcified to the calcified part of 
the imitrix. This, they believed, was indicative of :i change either 
in the state or in the concentration of the acid tiiucopoly- 
saccharides, coincident with the onset of calcification. 

Beoelnnder & Johnson ( 1950), studying the development of 
the head in pig embryos, found that the periodic acid-Schiff 
positive material was confined to osteogenic fibers from the 
beginning, and later on becaiiie generally distributed throughout 
the osteoid. 

\'incent (1955) m d  L ~ C ~ < J ~ Z  (1956) reported that osteoid w:is 
periodic acidSchiff positive, but orthochromatic, while the newly 
calcified bone surrounding the osteoid was iiietachroiiiatic. 

Prifchnrd (1952) in his work on developing bone in rat fetuses 
found that newly deposited osteoid next to the osteoblasts stained 
iiietachroiiiatically and reacted positively to periodic acid-Schif!. 

HeIZer-Steinberg ( 1951 ) observed the periodic acid-Schiff re- 
action in osteoid to be weaker than in the rest of the bone. She 
also noticed iiietachroniatic material in the osteoid, but it appear- 
ed that the area of iiietachroiiiasia did not always coincide with 
the osteoid, as measured in sections stained with silver nitrate. 

Leblond et nl. (1950) stated that the osteoid soiiietiiiies did 
not contain any polysaccharides. Similar findings were iiinde 
by Fawns & Laundells (1953) in a coiiiprehensive study of 
huiiian knee joints. They stated that osteoid consisted of collagen 
only. P. C. Meyer (1956) was likewise unable to discover either 
periodic acid-Schiff positive material, or tiietachroiiiasia in the 
osteoid. 

In summary, although the results froiii the studies mentioned 
seemed to be somewhat controversial, it is apparent froiii the 
iiiajority of works on the subject, that acid iiiucopolysaccharides, 
presuniably in the fortii of choiidroitin sulphates are present in 
osteoid tissue. 
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The Isoelectric Point 

Stained with buffer solutions of acridine orange prior to ex:iiiii- 
nation in fluorescent light, the osteoid showed no "concentration 
effect". A certain secondary fluorescence, a fresh-green color 
occurred, however, above pH 4.5 (Hnls, 1953). Using acidoiiietric 
iiiethylene blue solutions, Hnls also observed that at and above 
pH 4.5 the osteoid displayed iiietachroiiiasia. The blue reiiiained 
fairly unchanged at the neutral point and in the alkaline range. 
By iiieans of these two basically different iiiethods Hnls  was able 
to show that the isoelectric point of osteoid of alveolar bone was 
:ipproxiinately pH 4.5. 

A1 kaline Phospha tase 

Much attention has been paid to the possible connection be- 
tween the alkaline phosphatase and the process of bone tissue 
foriiiation since Robison (1923) on the basis of cheiiiical studies 
discussed a possible significance of the enzyme in the calcifica- 
tion inechanism. 

Freeman & McLenn (1941 1 seemed to have been the first ones 
to apply the clnssical Gomori iiiethod (1939) for the visualiz a t '  1011 

of phosphatase activity in undecalcified sections of bone. 
Since that time a number of authors have studied the distri- 

bution of phosphatase in undecalcified sections of embryonic 
bone (Comori, 1942 ; Bevelnnder & Johnson, 1950 ; Pritchnrci, 
1952). Normal and pathologic bone tissue was studied by the 
same technique by Freeman & McLenn (19411, Bourne (1943, 
1948) and by Follis & Berthrong (1949). Tooth structures were 
investigated by Engel & Fiirotn (1942) and Wislocki & Sognnnes 
(1950). 

The probleiii of distinguishing between the preformed phos- 
phate in undecalcified bone and the phosphate liberated from 
the substrate by enzymatic activity evidently made difficult a n  
interpretation of the findings, and thereby, an understanding of 
the specific location of phosphatase. 

With the knowledge of the sensitivity of the enzyine towards 
acids (Robinson, 1923 and Gornori, 1939), Bourne (1948) decalci- 
fied the speciiiiens e n  b 1 o c after staining of sites of enzyme 
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activity. Although this procedure might haye diminished the 
difficulties in cutting sections, it certainly did not conlril)ulc 
toward a more :idequate method for the exact 1ocaliz:ition of thc 
enzynic. 

Seemingly more reliable results were obtnined with Lorch’a 
(1947) and Greep, Fischer & fiforse’s (1948) methods for the 
decalcification of bone before the histocheniical test. Similar 
procedures were used by Zorzoli (1948), Mnjno & Rouiller (1951 ) 
and by Sirfert (1951). The essence of the techniques of Lorch :ind 
of Creep et al. was that they utilized acid decalcifying solutions 
buffered to pH 4.5-5.0, whereafter the enzyme was re:ictiv:iletl 
in alkaline solutions at a pH about 9. 

The results of the investigations of undecalcified bone men- 
tioned above, and the reports of the findings after decalcification 
of embryonic rat bone (Zorzoli ,  1948), young rat bone (Larch, 
1947; Creep ef nl., 1948), and aniiiial and huiiian bone (Mnjno cC. 

Rouiller, 1951 ; Siffert, 1951) may be suiiiiiiarized as follows: 
Phosphatase activity was found in the periosteuni and in 

Huuersian canals, as well as on the surface of spongious bone. 
The presence of phosphatase in these tissues appeared to be con- 
fined to osteogenic cells and fibers and to vascular elements. 
Phosphatase activity was absent from the osteoid itself but 
seemed to occur on the surface of the latter as well :as of bone 
spicules. 

Bevelnndpr d? Johnson ( 1951 ) reported positively re:icling 
iiintter in the osteoid. A decrease and f ind loss of phosphatnsr 
activity seemed to occur toward the zone of calcification. 

Mnjno & Rooiller (1951) on the other hand, contended tliot 
cxhibition of positive enzymatic activity outside the osleoblaslic 
layer was caused by diffusion phenomena. Lorch ( 1947) occ;ision- 
ally observed patches of positively stained material in the decalci- 
fied bone matrix. This she interpreted a s  being reiiinaiits of 
cartilage trapped in bone. I t  should be iiientioned also that W i s -  
locki & Sognnnes (1950) were unable to corroborate the findings 
of Engel & Furutn (1942) and Comori (1943) that odontoblasts 
were devoid of phosphatase activity. In other words, they showed 
that the cells concerned in dentinogenesis displayed the saiiie 
properties, with regard to alkaline phosphatase, as did the osteo- 
blasts (Pritchnrd, 1952). 
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On the whole, it may be concluded that the distribution of the 
enzyiiie suggested some relationship between :ilk:iline plios- 
phatase mid calcified tissues. This relation will he ronsidercd 
in greater detail in the following scction. 

Ylechanism of Mineralization 

R81e of Alkaline Phosphatase 

Alkaline phosphatnse has  been considered with great interest 
since Robison t 1923) suggested this enzyiiie :is the  specific 
iiiinera1iz:ition enzyiiie (see Uoiirnc, 1956).  Its :iction w i s  thought 
to be that o f  hydrolyzing iiionophosph:ites, thereby increasing the 
concentration of phosphiite ions in  areas of bone tissue foriiiation 
and of calcification of cartilage. This specific ride of the  enzyiiie 
in iiiiner:iliz:ition w:is, howeyer, not concidered ten:ible, hecause 
calcificntion would occur in the presence of inorganic phosphorus 
(Shiply ,  Krcinicr & Hoii ic i rd ,  1926 1. Later evidence indicating 
the I:tcl< of suitable substrate for the enzyiiie (Roche,  1950)  and 
the iniprobability that foriii:ition of complex structures like the 
hone salts could take phce  by siniple precipit:ition (Ner in~ / in  d;- 
Neirmcin, 1!)58) have we:ikened the belief in the specific action of 
:ilk:iline phosphatase in this regard. I n  f:ict, Robison d;- Rosc~nlwin~ 

1934) had searched for :I second mechiinisin which together 
with phosp1i:itase \vould x c o u n t  for the selective deposition o f  
inorg:inic salts in areas of tissue calcification. Robison evidently 
helieved that this second mechanism would also be enzyiiiatic 
in n:iture, i ts  main contribution being to provide the necessary 
a i l i o u n t  o f  organic iiionophosl)li:ites. 

In 1941 Girtninn 6 Giitn~rrn deinonstr:ited the presence o f  :I 

I’1iosl’Iioryl:isiii~ enzyiiie i n  carti1:ige which, together with thc 
;iv:iilable glycogen (Hrrrris, 1932) theoreticnlly would g i w  tlic 
substrate needed. The  phos lh i t e  ions t h u s  released were he- 
lieved to becoiiie 1eiiipor;irily fixed on the pre-osseous iii:iti-ix 

I Roche & Jloirrge, 1945) :ind later in presence of cnlciuiii ions to 
1)c precipit:itetl :IS c a l c i u ~ i i - ~ ~ l i o s ~ ~ h ~ ~ t e .  

It should he reineiiibcretl, :IS aptly st:itcd hy C i r l n i t r n  S- 1’11  
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1950) that calcification of cartilage and the enzymatic processes 
involved iiiight have but little application to the fundamentill 
process of the iiiineralization of bone. The enzymes may h n v r  
other functions than to initiate the cnlcification o f  cartilage. Thus, 
EqpLnrsen (1958) contented that the glgcolysis in cartilage \v:is 
entirely related to the prolifcrative processes and intracellul:ir 
nietabolisni, rather than t o  mineralization. 

Finally, Wnldninn (1948) showed that slices of honr would 
calcify in uitro after inactivation of enzymes. This  indic:ited th:it 
the ”second mechanism” or ”the locnl factor” (NcLenn &? L’rist. 
19351, might have heen so stable that it resisted the imictivation 
processes and made cn1cific:ition possible in the absence of en- 
zymes (McLectn, 19.50). 

Although the r d e  played by alkaline phosphatase appeared 
to he inconspicuous in the case of niinernlization, it still iiiiglit 
IN? of import:ince in the formation of the organic in:ttrix ol‘ I)onr- .  

It was apparent that there does exist a relationship hetween 
fiher forniation and alkaline phosphatase in soft tissue (Dnnielli.  
1945). In :iccordance with this, Follis (19,523 observed that phos- 
phatase was absent in scurvy where fibrogenesis failed. During 
healing, fine :Irgyrophilic fibers appeared in the vicinity of the 
osteoblasts. These fibers gave positive reaction for a lkdine  phos- 
pha t a se. 

I h e  to the general skepticisni :is to the specificity o f  Ilic 
enzyiiie, together with the lack of evidence of any direct connec- 
t ion with the ca Ici f ic:i t ion process, a I I< :i I ine ph 0s p ha t :i se scc nit( I 
to have been pushed in the hackground in the effort to find tlir 
”locnl factor” of iiiineralization. From tiwe to time, and especial- 
ly on the basis of histochemical findings, speculations occur :IS to 
the significance of :ilkaliiie phosph:itase in the iiiineralization 
process (Gomori, 1945; S!lloPn, 1947; Lorch, 1945, 1949:~  19491); 
Pritchrrrtl. I952 1 .  

Rale of Mucopolysaccharides and Collageu 

During the last decade the search for the locnl iiiechnnisiii 
that would cause the selective deposition of inorganic cnlciuiii 
salts in the pre-osseous matrix, h m  heen concentrated more on 
the cheniicd and physical properties of the osteogenic fibers 
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and their interfibrillary substance. Also Robison (1923 ) did not 
exclude that ”the second iiiechanisiii” was hidden in these sub- 
stances. 

After their finding of :in increased 1iietachrom:itic reaction in 
areas about to calcify, Rubin 6 Hoil7nrd (1950! suggested that 
this indicated either the foriiiation of a new mucopolysaccharide, 
or a change in that dread?. present, and that these changes rc- 
presented the introduction of tlie local iiiechanisiii of iiiinerdiea- 
tion into the bone matrix. 

Cobb (1949 ), froiii her study of the periodic acid-Schiff reaction 
in epiphyseal tissues, believed that the increasing degree of 
polymerization of the niucopolysaccharides would increase the 
concentration of the calciuiii binding units. This idea was further 
elaborated by Engel (1958), who was of the opinion that tlie 
colloids of bone by virtue of the state o f  aggregation, possess :I 

high density of negative charge. Due to this negative charge, bone 
matrix would attract and accuiiiulate positively charged sub- 
stances, thereby producing :I calciuni-protein complex. 

Sobel ( 1952 1, studying the calcification of cartilage in nitro, 
found that :I compound likte chondroitin sulph:ite inight well he 
tlie specific target for c:ilcium salts during calcification. This 
author later (19%) appeared to favor the idea of Neumnn r t  (11. 
( 1952). viz. that although chondroitin sulphate iiiost likely played 
an important part in the cnlcification, the latter authors all- 
parently did not consider chondroitin sulphate per se  ;I vital fat- 
tor, but suggested the iiiiportmce of :I chondroitin sulphate- 
protein complex that would contribute to the local mechanism. 

SylvPn (1947) found that iiietachroiiiasia disappeared in the 
vicinity of the osteoblasts. Consequently, lie took up th.e idea put 
forward by Hnss ( 1943) that the absence of iiiucopolysnccliarides 
was a prerequisite for calcification. 

This concept was further supported by Climcher, Hodge d;- 
Schmitt (1957 ) who after experiments in uitro proposed a phy- 
sico-chemical iiiechanisiii for calcification involving the state 
of aggregation of collagen iiiacro-molecules. These authors, like 
Hnss, suggested that non-collageneous coiiiponents in the ground 
substance were responsible for the ”inhibition and control of  
c:ilcification”. 
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C H A P T E R  111 - M A T E R I A L  A N D  M E T H O D S  

Material 
‘I‘he present study is h s e d  on inves1ig:ilions o f  hone froiii 

r:iclius, lihi:i :ind iiietnc;irp;ils o f  five noriiial dogs between four 
;ind twelve months of age. The aniiiials were :ill fed :in :ideclu;ite 
stock diet for  several weeks before being killed. After intrnve- 
iious injection of ncriibut:il, the pieces o f  hone wcre reiiiovctl 
whilc the :inini:ils were still :ilive. After :imput:ition, the hones 
were cut 1r:insversely in sninll pieces. When thc tli:iineter 1v:is 

siii:iII enough ( :ipproxiiiialely 10 i i i i i i ) ,  no further division w i s  
iii:ide. In case of greater di:imetrical tliiiiensions, the pierrs o f  
bimc wcrc :ilso split longitudin:illy. 

Methods 
Fixation 

I n  :ill inst:inres the spcciinens were fixed within onr or I\vo 
11 i i nut e s ;if I r r :I i i i  1x1 t ;i t ion. 

10 per cent fresh forinnlin w:is neutriilizrtl :iccortlin;: l o  :I 

foriiiiih given by Z,nngelnncil ( 1957).  l‘hc specilllens were iisrcl 
for 4 X  hours ;it roo111 teinper:iture, ;ifter which they were wn~lictl 
in running wi t e r  overnight. Other pieces froi i i  tlie s:iiiie I m i c  
were exposed to Zcnker’s fluid, where the acetic :wid had been 
added shortly before use. The specimens were fixed in Zrnkcr’s  
fluid for 15 hours, and subsequently w:ished overnight. 

l’icces of tlie s:iiiie hones were iiiiiiiersed into isopcnl:inr 
chilled in liquid nitrogen for freezing (-150°C) and thereafter 
tlc1iydr:ilerl in i i w i i o  :it -30°C. The dehyt1r:itetl 1ii:iteri:iI W:IS 

posl-fisrd i n  ;icelone before ciiibedding. 
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MATERIAL AND METHODS 

MATERIAL CORTICAL DOG BONE 

METHODS 

DECALCIFICATION 

EMBEDDING PARAFFIN 

SECTIONING 

METHODS OF 
INVESTIGATION 

STAINING METHODS PHYSICAL METHODS ALKALINE PHOSPHATASE 

HEMATOXYLIN - EOSIN PHASE CONTRAST MICROSCOPY GOMORl's METHOD 
POLARIZATION MICROSCOPY AZO DYE TECHNIOUE 

Fibers : MICRORADIOGRAPHY 
MALLORY's COLLAGEN STAIN FLUMESCENCE MICROSCOPY 
VAN GIESON'S COLLAGEN STAIN 
WILDER'S PRECOLLAGEN STAIN Secondary Fluorescence 

Rimary Fluorescehce 

Bone salf ' 

VON KOSSA's SILVER TECHNIOUE 
ALIZARIN S. 

Mucopolysaccharidcs : 
PERIODIC ACID - SCHIFF 
TOLUIDINE BLUE 

'I'eslfig. 1 .  A di:igr;immatic suinin:iry of the material a i i t l  t h e  methods used i i i  

lliis inwstigatioii.  
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Undecalcified Sections 

E m  bedding 

l'he eiiibedding iiiediuiii for undecalcified bone consisted of 
ccpal p r t s  of ply-methyl and poly-butyl iiieth:icrylate, or e q u d  
parts of poly-ethyl and poly-butyl methacrylate. The stock solu- 
lions were freed froiii the inhibitor (hydroquinon) by w:isliing 
in three changes of five per cent sodiuiii hydroxide, followed by 
\v:ishing three times in distilled water. The reiiiaining water wis  

reiiioved with calciuiii chloride over night. After filtration, thc 
iiioiioiiier was :iccellerated (catalyzed) by adding 0.5 per cent 
Luperco (50  per cent peroxide in dibutyl phtalate). Accellcrntecl 
iiiononier was kept in the refrigerator until used. 

Foriiialin and Zenker fixed material was dehydrated in :iscend- 
iiig alcohols, and allowed to stay in anhydrous acetone over 
night. Frozen-dried bone was immersed directly into acetone and 
kept there for an  equal period. Infiltration of iiionoiiier into the 
tissues was f:icilitnted by iiialting the infiltrate :I iiiixture of 
iiioiioiiier and acetone, starting with 75 per cent acetone. The 
:icetone content of the fluid was daily reduced by 2.5 per ccnt. 
Finally, the speciiiiens stayed in pure iiiononier for 24--28 hours. 

The infiltrates were changed daily and adequate aniounts 
were provided. The  infiltration process was run  at rooin teiiipe- 
rature, except in case of the frozen-dried speciiiiens which werc 
kept a t  4°C. 

Einbedding syrup wiis made by letting accellernted iiiononier 
start to polyiiierize in a n  incubator a t  60-70°C. The process w:is 
discontinued :it the stage at  which the polymer was viscous : ind 

would allow air bubbles to iiiove to the surface when the fhslt 
wis turned up-side down. At this point, the partly polymerized 
polymer was chilled and the flask returned to the refriger:itor 
in order to  avoid further polymerization. 

Each piece of bone was placed in a siiinll square bottle :ind 
covered with the syrup. Hefore incubation, negative pressure 
was used to remove the air from the specimen. The final poly- 
iiierization and eiiibedding took place in ;I water bath a t  :I temper- 
ature of 40°C. Iiiiiiiersioii of a iiiaxiniuiii temperature theriiio- 
meter into this methacrylate syrup (I'treger, 19)sS), showed thut 
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the iii:ixiiiiuiii teniperature within the block during polyiiierim- 
tion, did not exceed 45°C. 

Polymerization was completed over night. The  blocks, freed 
by destruction of the bottles, were triiiiiiied so that only :I narrow 
shell of niethacrylate surrounded the specimens. The eiiibedded 
material was kept :it 4°C during storage. 

Sectioning 

All undecalcified sections used in the present study were c u t  
from niethacrylate embedded bone on ti iiietallurgic inicrotome, 
R. Jiing, model I<. Among the knives of the standard equipment. 
Knife No. 1 w a s  found to  be of little use in cutting sections of 
mature cortical bone. Knives Nos. 2. 3 and 4, however, gave 
cqually good results. The angle in the horizontd p1:ine between 
the specimens and the blade of the knife did not seeiii to be 
critical. 

Cross-sections of diaphyseal cortic:iI bone were cut :it 4 niierons. 
However, :is a routine and when serial sections wcre w:intccl, 
sections were usu:illy cut a t  0 microns. I n  order to :ivoid folding 
of the sections, pieces of thin paper, (lens or cigarette piper  ) were 
glued to the cutting surface of the block with a water soluble 
glue. This proved to  give the necessary support to the seetion 
during the passage of the knife through the block. The free end 
of the piper  was held between two fingers of the one hand, while 
the other operated the inicrotome. 

The knife blade was constantly kept moist with 7 0  per cciit 
alcohol, a fact which also assisted in keeping the sections from 
folding during the cutting. 

After cutting. the paper-backed sections was transferred to :I 

slide with the section against the glass surface. A few drops of 
water served to dissolve the glue, whereafter the paper was re- 
moved. The section was subsequently kept on the slide while 
carried through :ilcohols o f  increasing strength to acetone in 
order to reiiiove the embedding material. Usually, the sections 
were allowed to stay in acetone over night. Sections that were 
stained already after two hours in acetone did not exhibit :in?. 

trace of undissolved iiiethacrylate. 
Except for the obvious necessity of h:iving :I he:ivy-duty micro- 
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tome and a firm connection between the specimens itself and the 
specinien holder, in this case the iiiethacrylnte block, the pre- 
requisites for :I successful cutting of undecalcified sections of 
cortical hone seeiiied to be the support of the section during tlie 
nioment of cutting, and a slow, even piissage of the knife througli 
the specinien. 

Apparently, iiiaterial fixed in Zenker's fluid w;is easier to cut. 
Nevertheless, the resulting sections seeiiied to  he inferior to 
foriiinlin and frozen-dried sections. It  appeared ;is if the inhoiiio- 
gcncous consistency of these preparations niight hove hintlcrrtl 
thc knife froni passing evenly through the bone. 

Greater difficulties were encountered in trying to Iterp llie 
sections on the slides during the slnining processes. Evidenlly, 
Ihe fact th:it the sections had to  he kept iiioist :ill thc time, to 
prevent breaking and curling up, did not periiiit the egg-nlbuiiiin 
or gelatin solutions to display their ;idhesive qualities. A 1)ro- 
trctiiig collodiuiii film W:IS d s o  tried. It :ippeared, howcvcr, 
impossible to obtain tlie saiiie thickness of this cover on Iwo 
tlil'ferent slides. It was realized t1i:it this difference would i i i -  

fliience the staining ability of the sections and consequently 
iii:ike coiiip:irative studies iiiipossible. The  undec:ilcified sections, 
Ilicrefore, were carried one by one through the different st;iiniiig 
solulions with :I special section lifter. iind 1here:ifter ~noun t rd  
on slides. 

Decalcified Sectiom 

Soiiic o f  the form:ilin fixed ninteri:il was deniiiier;ilizctl in 

(:I) Five per cent solution of nitric :wid in water, for 48 hours. 
(1)) 45 per cent formic ticid and 20 per cent sodiuiii citr:itc in 

distilled water, according to Morse ( 1945). The I)H o f  
this solution was found to he 2.5. 1~e1iiineraliz:ition w a s  
completed after seven days. 

( c )  Saturnted solution of the di-sodium s d t  of ethylene t l i -  
aiiiine tetra-:icetate, buffered with sodium hydroxide to 
pH 7.2. The tissue was suspended :it ti  distance fro111 the 
hottoin of the jar and exposed to  this fluid for three werlts 
(Nikiforirk L Srrehn!y, 19.53). 

aiiiple :iiiiounts of the following deiiiineralizing :igcnts: 
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The deca1cific:ition was controlled r:idiographically. 
Deiiiineralization took place at room temperature. After proper 

washing, the decalcified specimens were dehydrated in increasing 
strengths of alcohol :it rooin temperature, and embedded in pa- 
raffin :iccording to the usual procedure. 

Methods of Investigation 

Sttrining Methods 

Both undecalcified and decalcified cross-sections of di:iphyse:il 
cortical bone were stained for the following purposes : 

The general morphology w:is brought out by staining in alun 
hematoxylin-eosin. 

Fibers were deliionstrated by nlnllory’s aniline blue phospho- 
tungstic acid stain, and van Cieson’s picric acid-acid fuchsin, 
counterstained with iron hematoxylin. Wilder’s and Cornori’s 
aniiiioniacal silver techniques were also regularly used (nlallory, 
1942). 

Carbohydmtes were deiiionstrated with the Schiff reagent 
subsequent to the application of periodic acid (Hotchkiss, 1948 ) .  

Reducing rinse was used in :dl instances. Treatment of the 
sections with diastase prior to staining served to distinguish 
other polysaccharides from glycogen. Sections were also subjected 
to the Schiff reagent without preceding oxidation, in order to 
check whether positive reaction occurred after oxidation only. 
In addition, acid iiiucopolysnccharides were identified by staining 
with aqueous solutions of toluidine blue (National Aniline Diri- 
sion). Concentrations froiii 0.00001 per cent to 0.5 per cent 
toluidine blue were used for varying periods of staining. After 
staining and washing in water the sections were dehydrated in 
70 per cent alcohol for one ininute, followed by two changes of 
absolute alcohol, each for 2% minutes. 

Inorganic Mineral Salts.  Sections from specimens fixed in Zen- 
ker’s fluid and undecalcified sections from foriiialin fixed and 
frozen-dried material, were stained according to rion Kossa’s 
silver technique (1910) for inorganic salts. 

For the saiiie purpose an  unbuffered 0.01 per cent solution 
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o f  sodiuiii :ilizarin sulphonate in water ( JlcCae-Russell, 19.58) 
was applied to the sections for 2.5 and 10 minutes. 
;I lktrline Phosphntnse. Sections of frozen-dried specimens werc 

tested for a l ld ine  phosphatase activity according to the tech- 
nique of Coniori ( 1939). Incubation with glycerophosyhate (pH 
Ij.2) at 37°C lasted for one, three, and five minutes. Control 
sections were treated with iodine-potassiuiii iodide solution for 
211 iiiinutes before incubation. Omission of glycerophosphate from 
the incubation iiiediuiii, staining directly with cobalt nitrate- 
aiiiiiioniuiii sulphide, or omission of calciuiii chloride froiii the 
incubation iiiediuiii, served to distinguish between enzyme activity 
and preformed phosphates or other anions. 

Alkaline phosphatase activity was also investigated with the 
azo dye coupling technique of Menten, Junge c t  Green, (1044) 
and JZmnheim & Seligmnn, (1949). Incubation in the sodium 
salt of iiaphtyl acid phospate iiiixed with Azo Red RC lasted for 
30 iiiinutes at 4°C. Control sections were treated with Lugol’s 
solution before incubation. Sections stained by the azo method 
were iiiounted in glycerin jelly. 

Physicnl Methods 

Phase Contrast Microscopy. Unstained cut sections froiii the 
various series of decalcified and undecalcified bone tissue were 
exaiiiined in the phase contrast microscope. All the sections were 
iiiounted in Canada balsam. A Leitz phase contrast iiiicroscope 
was used equipped with n phase contrast condensor according 
to Heine. 

Fliiorescence Microscopy. Unstained sections of undeiiiineral- 
ized bone were exaiiiined in distilled water for their primary 
fluorescence. For this purpose a fluorescence niicroscope was 
used which iiiade possible a radiation of the specimens with 
u I t raviol e t and bl ue light . 

By fluorochroiiiation of sections both froiii foriiialin fixed and 
frozen-dried bone, the preparations were investigated for second- 
ary fluorescence. 

Aiiiong the cationic fluorochronies, acridine orange was used, 
whereas eosin and thiazin red R were chosen among the anionic 
ones. Series of buffer solutions were prepared and checked 
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electroiiietrically. For pH 1, 0.1 N hydrochloric acid was used. 
For pH values between 1.7-11.0 phosphate buffers were pre- 
pared according to Strugger (1949). The concentration of the 
final staining solutions were 1: 1000. 

Prior to fluorochromation, the niethacrylate had been removed 
in the usual manner. The sections were carried through descend- 
ing alcohols to distilled water, and subsequently kept in the 
wanted buffer solution for one minute. Following ionization, the 
sections were fluorochroiiiated in the buffered dye solutions for 
one minute. After this, the sections were washed in the buffer 
solution and in distilled water. Finally, the sections were mounted 
in distilled water and examined iiiiiiiediately in a Leitz fluor- 
escence microscope. 

The fluorescence colors were recorded on Anscochroiiie Day- 
light Film. 

Polnrizril ion Microscopy. Unstained cut sections were examined 
in polarized light. As usual, the iiiethacrylate embedding iiiediuiii 
was removed, and the sections were studied in distilled water, 
:IS well a s  in Canada balsaiii. 

A Leitz polarizing niicroscope was used. 
Jficrorndiogmphg. Ground sections were made serially to thc 

sections of the undecalcified speciiiiens which had been cut for 
histological and histocheiiiical examination. The thickness of 
the ground sections was 30-40 microns. 

Exposures were iiiade as follows: 

No. iiiA I<\' Filter Roentgen Time of 
exposure 

9259 
9264 
9265 
9266 
9267 
9268 
9269 
9272 

8 12 
8 10 
8 8 
8 8 
8 10 
8 10 
8 I 0 
8 7 

Re 
Be 
Be 
Be 
Be 
Be 
Re 
Be 

W 
w 
W 
W 
W 
W 
W 
W 

30 niin. 
15 B 

15 B 

20 > 
20 B 

20 B 

15 B 

35 > 

The images were recorded on Kodak Spectroscopic Plates, 
Eiiiulsioii No. 649-GH. 
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O S T E O I D  

Osteoid in Undecalcified Material 

Presence of Osteoid 
I n  foriiialin fixed and in frozen-dried undecdcified sections 

stained with heiiiatoxylin-eosin, an eosinophilic or partly un- 
stained layer of tissue was observed separating the osteoblnsts 
from the slightly more basophilic calcified hone of the osteons 
(Figs. 1 and 2) .  

This layer of tissue was found to occur in :I variable nuiiibcr 
of osteons spread at random throughout the cross-section of the 
diaphyseal bone. Sections from the different bones of the s:iiiie 

mimal seeiiied to exhihit the smile frequency of occurrence of 
this tissue. The number of osteons showing this phenomenon, 
however, seemed to decrease with increasing age of the aniinal. 

Ground sections exposed to soft x-rays left no doubt that these 
layers consisted of non-calcified iiiaterial (Figs. 5 and 6 ) ,  or 
at least that they were made up of a tissue containing much less 
inorganic matter than the surrounding calcified bone. 

Sections subjected to the UOR Kossn silver iiiethod revealed no 
stainable matter between the osteoblastic lining and the yellow- 
brown-black calcified tissue (Fig. 4 ) .  When cut and unstained 
sections were viewed in ultraviolet and blue light, it appeared 
that the tissue located between the osteoblasts and the calcified 
bone exhibited a very weak, grey-black primary fluorescence, 
whereas both osteoblasts and mineralized bone tissue showed a 
strong, blue-white primary fluorescence (Fig. 25). 

In unstained sections viewed in the phase contrast microscope 
(Figs. 7 and 8 )  and in sections stained with hematoxylin-eosin 
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(Fig. 21, ilInllory’s (Fig. 13)  and imn Cieson’s (Fig. 14)  con- 
nective tissue stain and others, linear structures originating from 
the neighborhood of the osteoblasts were seen radiating through- 
out the uncalcified layer before disappearing into the calcified 
bone. There is hardly any doubt that these structures were the 
radiating striations observed in dog bone by P. C. 3Ieyer (1956). 
and which he could not find in hunim iiioterial. Occasionally. 
osteoblasts were seen embedded, or partially embedded in the 
uncalcified layer (Figs. 2 and 7 ) .  

With the evidence of the correlation between the microradio- 
graiiis, the fluorescence microscopic pictures and the staining 
iiiethodes used, it became clear that the layer between the os- 
teoblasts and the calcified bone, as it was seen in undecalcified 
sections, was osteoid. The linear structures represented the pro- 
cesses of the osteocytes. or the processes of the osteoblasts. That 
these structures hnve to be found in human bone tissue is self- 
evident. 

In frozen-dried a s  well a s  in foriiialin fixed specimens these 
processes of the cells running through the osteoid appeared to 
arise froiii the osteoblasts as tapered, bright lines. They could be 
traced into the calcified bone in their canaliculi. Close to the 
osteoblasts. the area occupied by these processes in frozen-dried 
sections was approximately half of the entire osteoid tissue (Fig. 
8 ) .  After fornialin fixation the processes seemed compressed 
and were only half as wide :IS in frozen sections (Fig. 7 1 .  

Zones of the Osteoid 

In liematoxylin-eosiii stained sections, it was difficult to de- 
termine exactly the end of the osteoblasts and the beginning of 
the osteoid. This might iiiainly be due to the eosinophilia of both 
these structures. However, when stained in Jlnllory’s connectiye 
tissue stain (Fig. 13). as well a s  when viewed in fluorescent 
light (Figs. 25 through 32), the distinction between the cells :ind 
the osteoid became clearly visible. 

A slight difference in the appearance of the osteoid was noted 
when undecalcified fornialin fixed and frozen-dried bone stained 
with hematoxylin-eosin were coiiiyared. The osteoid in frozen- 
dried sections was fairly evenly stained with eosin. In  formalin 
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fixed iiiaterial the osteoid tissue showed marked eosinophilia 
only in the area next to the osteoblasts and the degree of eosino- 
philia decreased peripherally into an unstained area. This turned 
basophilic near the edge of the calcified bone (Fig. 2 ) .  

In unstained sections fixed in foriiialin or by freeze-drying ex- 
aiiiined with the phase contrast microscope (Figs. 7 and 8) ,  three 
zones could be differentiated by their difference of optical path. 
These three zones were seen regardless of the width of the 
osteoid. The osteoid nearest the osteoblasts started off as a narrow, 
ftiirly bright layer. Farther from the cells this layer decreased in 
brightness, and about half-way through the width of the osteoid, 
the tissue appeared quite dark. It increased again in brightness, 
however, and reached a maximal brightness towards the calcified 
bone. A sudden decrease in brightness appeared in n granular 
area adjacent to the calcified bone. The border against the cnlci- 
fied bone was fairly sharp. 

In sections stained according to von K ( J S S ~  and counterstained 
with safranin, the peripheral pnrt of the osteoid lost its bright 
red color, and became iiiore yellowish just next to the edge of 
the calcified bone. In sections not countershined with safranin, 
the inner and the inajor portion of the peripherd part of the 
osteoid were unstained, whereas the yellow color appeared ad- 
jacent to the edge of the bone (Fig. 3 ) .  The brown-black calcified 
bone did not show a clear-cut edge against the osteoid. 1nste:id. 
Ihe transition area displayed a granular appearance, the dark 
brown granules being iiiore or less surrounded by the yellow 
colored niaterial. 

On the basis of the phase contrast niicroscopic picture (Figs. 
7 and 8) (and for the sake of convenience in the following de- 
scription 1 :in inner and outer zone of osteoid, and :I transitiond 
zone between osteoid and calcified hone c;in be preliiiiinurily 
defined :IS follows: 

The inner zone, the young osteoid, begins at the :ipic:il end of 
the osteoblasts and coiiiprises the n:irrow bright :ind the 
broader dark Iiiyer. 

The outer :one, old osteoid, begins :it the point where the 
osteoid starts to brighten ag:iin. and coiiiprises the layer of 
increasing brightness. 
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The transitional zone, or the area of transition, represents the 
narrow area of iiiaxiiiial brightness which continues into the 
layer of granular appearance. Stained according to von Kossa, 
this zone was iiiade partly visible by the yellow color. 

A s  will be seen later, thc  inner, outer and trnnsitional zones of 
the osteoid were visualized by a iiiultitude of methods used in 
this study. It should be born in mind, however, that although the 
zones were clearly different, the border between thein by no 
means represented sharp lines. Moreover, the individual width of 
all three zones appeared to vary independently of the width of 
the whole osteoid layer. 

The entire width of the osteoid ranged between eight and four- 
teen microns. 

Demonstration of Fibrous Elements 

Phrise Contrnst .lIicroscop!~ 

In unstained sections esainined with the phase contrast inicro- 
scope the inner zone adjacent to the osteoblastic layer showed 
loosely packed fibers running iiiore or  less in all  directions 
(Fig.  8). In  approaching the middle part of the s:iiiie zone, the 
fibrous structures seemed to be more densely packed. Most of 
the fibers in this area, appeared to  be in the plane of the section, 
and parollel to the surfiice of the calcified bone. A s  the outer 
zone brightened peripherally, fewer fibers could be identified and 
the number further decreased in approaching the zone of transi- 
tion. The part of the outer zone nest to the rather sharply de- 
marked border of the zone of transition, seemed to be devoid of 
libers and to be of :I iiiore hyiline nature. Nor could :my fibers 
be seen in the transition:il zone. 

The fibrous structures between the processes of osteoblasts and 
osteocytes stood out more clearly in frozen-dried acetone fisetl 
specimens (Fig. 8 )  than after fixation in foriiialin (Fig. 7). The 
osteoid in forinalin fised specimens appeared iiiore dense. 
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Staining .I1 e th od s 

The osteoid next to the osteoblasts within the inner zone 
stained heavily blue with MnZZory’s solution (Fig. 13 ) .  \I’ith 
rmn Gieson’s collagen stain the area of the osteoid adjacent to 
the osteoblasts was almost unstained, but the intensity of the 
stain increased rapidly toward the middle of the inner zone 
(Fig. 14).  However, the middle area of the inner zone was evenly 
stained by both MnZlory’s and van Gieson’s stains. Froni here on, 
the amount of staining decreased. The outer zone rem:iined un- 
stained in w n  Gieson’s stain and was stained yellow by Jlnllor!j’s 
stain. Peripherally to the outer zone the area of transition first 
showed a yery narrow rim of red granules whereafter the tissue 
took on a light blue hue in nlnllory’s and :I light red in riiin 
G ieson’s solutions. 

Frozen-dried specinlens responded solnewhat differently. The 
blue or red staining of the inner zone extended into the outer 
zone. Therefore, the unstained or yellow ptirt of the outer zone 
was reduced in width compared with the formalin fixed sections. 

When neighboring sections of both foriiialin fixed and frozen- 
dried bone were stained for precollagenous fibers according to 
Wilder’s and Gomori’s silver techniques, a narrow black band of 
reduced silver was consistently found in the inner zone adjacent 
to the osteoblasts (Figs. 15 and 16) .  In the rest of the osteoid 
no argyrophilic fibers could be seen, Part of the remaining osteoid 
was stained brownish-pink. The distribution of  the hrownish- 
pink color was the saiiie as the distribution of the other stains for 
collagenous fibers and showed the saiiie differences with different 
fixation. 

Polnrizntion Microscop/ 

When similar sections were exaiiiined between crossed Sirols, 
the inner zone showed birefringence. The outer zone :ippe:ired 
dark at all azimuths. In soiiie instance very weak birefringent 
structures could be observed radiating across the dark outer zone. 

The outer zone was surrounded by a narrow bright band, the 
birefringence of which sometinies did and soiiietiiiies did not 
exceed that of the inner zone :ind the rest of the cdcified hone. 
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The behavior of the zones when the stage was rotated is shown 
in Figs. 11, 12, 17 and 18. These illustrations leave no doubts that 
the inner and tr:msitional zones show double-refractive qualities 
and have the saiiie extinction position. 

After insertion of the 1st order red gypsuiii compensator, the 
inner and transitional zones exhibited increasing interference 
colors (2nd order blue) in the positive quadrants, and decreasing 
colors ( 1st order yellow) in the negative ones. The outer zone 
revealed a color close to the red color of the isotropy. 

Demonstration of Carbohydrate Components 

The Periodic .4 cid-Srhiff Rfnction 

Sections subjected to the periodic acid-Schiff reagents (Fig. 
24 ), demonstrated the presence of periodic acid-Schiff positiv iiia- 

terial in the cytoplasiii of the osteoblasts and the inner zone of 
the osteoid. The presence of reactive iiiaterial in most osteons 
diminished froiii the inner border of the osteoid through the 
inner part of the inner zone. 

The positive reaction continued into the outer zone which 
showed an intensity of reaction, similar to that of the inner zone. 
Close to the margin of the bone, the reaction was distinctly di- 
minished. The width of this area of reduced PAS-reaction cor- 
responded to that of the yellow color obtained after staining 
according to von Kossn, and to the birefringent transitional zone. 

Diastase-treated sections did not reveal any difference in the 
location of PAS-reactive iiiaterial in the osteoid. The intensity of 
the reaction in the cells, however, was lower after such treatment. 
In sections where the oxidation was omitted and that were 
stained in Schiff’s solution only, no staining of the osteoid was 
seen. 

.Uetnchromnsin 

(Table I ) .  When sections stained with toluidine blue were 
examined before alcohol dehydration, the entire osteoid appeared 
red or purplish. After dehydration in alcohols, all undecalcified 
sections showed red metachromasia in the inner zone of the 
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TABLE I 
METACHHOMASIA IN OSTEOID OF LWDECALCIFIED 

SECTIONS 
Concent rat ions 
of Toluidine Blue Time Old Osteoid 
in Distilled of Young and Intermediate 
Water (C ) Staining Osteoid Bone 

0.00001 60 lrlinutes I'nstained I'nstained 
18 Hours Faint lied Faint Green 

0.0001 60 Minutes I'ns t a ined I'nstained 
18 Hours Paint Red Faint Green 

0.001 

0.01 

0.02 

0.05 

(1.1 

0.3 

1/2 Minute Faint lied U ns ta ined 
3 Minutes Faint Red Faint Green 
30 Minutes Faint Red Faint Green 
60 Minutes Faint Red Green 
18 Hours Red Green 

1/2 Minute Faint lied Fiiint Green 
5 Minutes Red Green 

10 Minutes lied Green 

1/2 Minute Faint Red Faint Green 

1/2 Minute Faint Red Green 
1 Minute Red Green 
5 Minutes Red Green 
15 Minutes Red Green 

1 Minute Red Green 
2 Minutes Red Faint Purple 
5 Minutes Red+ Purple 
15 Minutes Red+ Purple+ 

1 Minute Red+ Green+ 
.i Minutes Red+ P u  r p I e 
15 Minutes Red+ Purple+ 

0.5 15 Minutes bIasked 11y the Blue Color 

* All sections were dehydrated in:  
70 per cent alcohol for 1 minute 
100 per cent alcohol for 2% minutes 
100 per cent alcohol for 2% minutes 

osteoid and nuiiierous nietachroiiiatic granules in the cytoplasm 
of the osteoblasts (Figs. 19 through 22). The staining of the 
osteoblasts and of the inner zone of osteoid appeared continuous, 
and therefore, the border between them was not always distin- 
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guishable. The intensity of the iiietachroiiiatic staining decreased 
froiii the inner border of the osteoid and through the first half 
of the inner zone, and disappeared before the outer zone was 
reached (Figs. 19-21 ). The shade of the color in this area seemed 
to be fairly constant below concentrations of 0.3 per cent tolui- 
dine blue for staining up to 15 minutes, although the intensity 
of the color varied with the concentration and staining tinie. 

The outer and transitional zones did not exhibit red metachro- 
iiiasia at lower concentrations or shorter staining time (Figs. 19 
and 20).  The outer zone either was partly unstained next to the 
inner zone and light green peripherally (Fig. 19) or was entirely 
green (Fig. 20). In the transitional zone, close to  the calcified tis- 
sue, this green color was markedly intensified (Figs. 19 and 20). 
With increasing concentrations and time, densely packed iiiinute 
purplish granules appeared in the transitional zone (Fig. 21) .  
With further increase, also the outer zone turned red (Fig. 22) .  
Finally, with concentrations above 0.5 per cent toluidine blue, all 
three zones appeared orthochroiiiatic ( Fig. 23) .  The orthochro- 
iiiasia evidently had a tendency to iiiask the metachroiiiasia, and 
it was nearly iiiipossible to distinguish between zones in the 
osteoid. 

Fluorescence Microscopy 

Prininry Fluorescence 

When unstained and undecalcified, both foriiialin fixed and 
frozen-dried acetone fixed sections were viewed in the fluor- 
escence iiiicroscope, the osteoblasts exhibited n bright primary 
fluorescence (Fig. 25 1. Also the calcified bone fluoresced to soiiie 
extent. The inner and outer zones of the osteoid showed a very 
weak fluorescence. Any differentiation between these two zones 
was impossible. On the other hand, the transitional zone showed 
a strong blue-white priiiiary fluorescence, which definitely ex- 
ceeded that of the surrounding bone, thereby making the distinc- 
tion between bone and osteoid easy. No difference could be ob- 
served between preparations fixed in foriiialin and those sub- 
jected to the freeze-drying procedure. 



Srcondnrg Fliiorrscence 

:!cridinc Ornngr. Some of the results of fluorochroniation with 
different buffer solutions of acridine orange are shown in Figs. 
2(i through 29. 

Already at pH 1.0 (Fig. 28) the osteoblast nuclei and the zone 
o f  transition exhibited a faint yellow-brown fluorescence color. 
It was noted that the color was located :it the inner border of 
the transitional zone. The cytoplasiii of the osteoblasts showed 
;I fresh green hue, whereas the inner and outer zones of the 
osteoid, as well as  the mineralized bone appeared dark dull green. 

Around pH 2.0 no marked change could be observed. On the 
other hand, at pH 3.0 the nuclei of the osteoblasts revealed a 
copper red color and the cytoplasiii was yellow (Fig. 27). The 
area of transition also increased its secondary fluorescence. The 
green of the inner zone, corresponding to the area of the silver 
stained fibers, had lost its dullness and had taken an :I fresher 
hue. The rest of the inner zone and the entire outer zone re- 
iiiained dark green. 

At pH 4.5 both the nuclei and the cytoplasiii exhibited the cop- 
per red color. Also, the narrow part of the osteoid adjacent to the 
osteoblasts, which formerly was fresh green, showed a change to 
yellow-red. The rest of the osteoid did not show any appreciable 
change of the fluorescence intensity. 

The characteristic picture at  pH 5.3 was an intensely red ccl- 
Iular layer bordering on a copper red narrow rim of the osteoid 
(Fig. 28) .  The rest of the inner zone as well as the entire outer 
zone showed a dull green coloring, while the copper red tran- 
sitional zone marked the border against the bone. 

This constellation in the osteoid was drastically changed :it 
pH 7.3 (Fig. 29). The entire osteoid displayed a grey-red fluo- 
rescence. Separate zones could not be distinguished. 

Froiii this stage up to pH 11.0 the findings did not leave much 
to say, except that the fluorescence showed a general gradual 
diminuation. In the extreme alkaline range, no secondary fluo- 
rescence could be seen. 

A noticeable difference was observed between the secondary 
fluorescence of preparations from foriiialin fixed tissue and that 
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of the frozen-dried acetone prepared specimens. I t  appeared that 
the color changes of the various tissues and tissue layers of the 
frozen-dried sections generally lagged one step behind those of 
the foriiialin treated ones. The recording of the secondary fluo- 
rescence given above, was iiiade from fluorochroiiiated sections 
of frozen-dried acetone fixed tissue. 

Thiazin Red R nnd Eosin. When frozen-dried acetone fixed 
sections were subjected to the anionic fluorochromes thiazin red 
R and eosin, only the zone of transition and the nuclei of the 
osteoblasts were unstained below and at  pH 2.0 (Fig. 30).  The 
inner as well as the outer zones of the osteoid showed dull color 
intensities, and consequently weak secondary fluorescence. The 
same was true for the osteoblastic cytoplasm. 

This distribution of the fluorescence reiiiained fairly un- 
changed until pH 4.5. At this pH, also the osteoid just next to 
the osteoblasts had ceased to fluoresce, whereas a steady increase 
of the intensity of the fluorescence had occurred in the rest of 
thc osteoid (Fig. 31). 

A t  pH 5.5 (Fig. 32) and through the neutral range no alteration 
in the qualitative image could be observed. The color intensities 
appeared to have reached a iiiaxiiiium, as  no further increase was 
noticed at higher pH values. Thus, the outer part of the inner 
zone and the entire outer zone showed secondary fluorescence at  
d l  pH values, the intensity of which increased with increasing 
alkalinity of the buffered staining solutions. 

Demonstration of Alkaline Phosphatase Activity 

The localization of alkaline phosphatase activity was the saiiie 
with both Gomori’s method (Fig. 33)  and the azo-technique (Fig. 
341, and did not vary with lengthening of the time allowed for 
enzyme action. 

Phosphatase activity was invariably observed in the nuclei, in  
the perinuclear cytoplasiii and in the processes of the osteoblasts 
bordering upon the osteoid. Also the cells lining coiiipleted 
osteons showed enzyme activity to soiiie degree in the nuclei and 
cytoplasm. 

The osteoid next to the osteoblastic layer was regularly active 
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up to a circumference corresponding to the peripheral liiiiit of the 
area of the fibers blackened by silver. The rest of the inner ;IS 
well as the entire outer zone were inactive. The cell processes 
were variably stained throughout the osteoid. The ones that were 
stained, however, could not easily be traced into the calcified 
bone. 

Control sections treated with iodine-potassium iodide were not 
stained by the azo dye (Fig. 35). Measures of control of the 
cobalt technique gave the following results: 

Treatinent of the sections with iodine-potassium iodide before 
incubation or omission of glycerophosphate froiii the incubation 
inediuni resulted in weakly stained nuclei. The stained inaterial 
was located close to the nuclear membrane. Sections stained 
directly with cobalt nitrate-amiiioniuiii sulphide also showed this 
intra-nuclear staining. When calcium chloride was oiiiitted froiii 
the incubating mixture, the nuclei were still stained. 

The present series was planned for the study of bone tissue 
formation as it occurred in the formation of osteons. For that 
reason, little attention was paid to the preservation of the peri- 
osteuni during the preparatory procedure. Thus. in soiiie in- 
stances the periosteuni was partly removed together with other 
surrounding soft tissues before fixation, while in others both the 
cndosteuni and periosteum were found in si t i f .  What has been 
described here concerning the presence, the morphology and the 
histocheniistry of the osteoid lining the inner surface of the 
Hrtuersian systeiiis, was also valid for the non-mineralized tissue 
between the bone surfaces and the periosteal and endosteal cells. 

Osteoid in Decalcified Material 

Osteoid which had not been exposed to decalcifying agents dif- 
fered froin osteoid in inaterial in  which the decalcification of the 
iiiineralized bone was complete, which again differed from spcci- 
inens where deiiiineralization was incomplete. Therefore, the 
qualities of osteoid will first be described on the basis of sections 
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of bone which have been exposed to deniineralizing agents for 
a relative long period of time and following this, :I similar de- 
scription will be given of osteoid froiii sections of bonc which 
have been subjected to deiiiineralization for shorter periods of 
time. 

Complete Decalcifica tiou 

The osteoid of bone tissue that had been coiiipletely decalcified 
in nitric acid. in formic acid-sodium citrate, or in ethylene di- 
arnine tetra-acetate (EDTA ), appeared as a dark layer between 
the osteoblasts and the slightly lighter decalcified bone matrix, 
when examined in the phftsp contrast microscop (Fig. 10). The 
osteoid, however, was not uniforiiily dark. It increased in bright- 
ness from the area adjacent to the osteoblasts towards the bone 
matrix. This increase in brightness was gradual throughout the 
osteoid and did not allow any division of the latter into zones. 
Moreover, as  the difference between the optical path of osteoid 
and that of bone iiiatrix was very sniall. the border line between 
these two structures could not be determined with certainty. 

In sections decalcified in EDTA, the tissue between the cell 
processes in that part of the osteoid which bordered the osteo- 
blastic layer :ippeared to be of a fibrous nature. In the peripheral 
two-thirds of the osteoid, fibers could not be distinguished. 

After decalcification in the formic acid solution, fibrous struc- 
tures were but rarely seen. The osteoid appeared granular next 
to the osteoblasts, and became hoiiiogeneous towards the bone 
matrix. Osteoid in speciiiiens which had been decalcified in nitric 
acid had a hyaline appearance, as  if it were composed of a ho- 
iiiogeneou s structure. 

Sections from bone decalcified in the above-mentioned decalci- 
fying agents and stained by the different procedures showed no 
basic differences as  to the staining abilities of the osteoid. 

After staining in hemntox!ylin-eosin the entire osteoid was 
eosinophilic. Occasionally, a stronger b:isophilic line ocurred at 
the peripheral limit of the osteoid. 

The affinity for both Jlallory’s and van Gieson’s stains was 
strong throughout the entire width of the osteoid, and did not 



3513 HAIlALl) 1.612 

periiiit the distinction of layers. Although the osteoid was iiiore 
henvily stained than the bone iiiatrix, a borderline could not be 
recognized, as the decrease in the intensity of color was gradual. 

In sections froiii bone decalcified in EDTA and stained accord- 
ing to Wilder, the silver stained fibers were seen in the inner 
third of the osteoid only. The outer two-thirds of the osteoid 
showed a light red-brown color. The rest of the osteon was of 
:I darker red-brown color. After exposure to acids the area which 
stained black by Wilder’s method was twice a s  wide as in sections 
exposed to EDTA. A sharp border between the osteoid and the 
bone iiiatrix could not be seen. 

Signs of metnchromnsin were absent in the osteoid of acid 
demineralized material. Occasionally, iiietachroiiiatic material 
was found located in a very narrow zone next to the osteoblasts, 
but only in sections froiii EDTA treated specimens, and only 
after staining with toluidine blue at high concentrations and with 
a long staining time. 

On the other hand, periodic ncid-Schiff positive iiiaterial was 
present. The intensity of the color reaction was fairly even 
throughout the entire width of the osteoid. 

Partial Decalcification in Zenker’s Fluid 
In sections of bone fixed in Zenker’s fluid, and thereby exposed 

to acetic acid, decalcification had occurred to soiiie extent. The 
period of exposure to the acid was shorter (15 hours) than that 
used in demineralizing bone fixed in fornialin. In addition, the 
degree of deiiiineralization in Zenker’s fluid varied with the lo- 
cation of the osteon in the block. The degree of decalcification 
was evaluated in sections stained acording to imn Kossn and by 
iiiicrorcldiography. It was found that the area adjacent to the peri- 
osteal surface showed complete decalcification. This was also 
true for the bone underlying the cross-cut ends. In other words, 
the cross-sections obtained in the beginning of the sectioning were 
completely decalcified. As the cutting continued further into the 
block, the deiiiineralized areas appeared to be iiiore unevenly 
scattered in the section. The bone surrounding the Hnversian and 
I’olkmnnn’s canals, was decalcified to a variable extent, ap- 
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parently dependent on the size and location of the canals. 
Furthermore, in osteons which were not conipletely decdcif ied, 
the degree of decalcification decreased from the surface of the 
Hnuersian canals toward the periphery of the osteon. In contrast 
to the periosteal bone tissue, the bone tissue adjacent to thc 
endosteuiii hardly showed any sign of decalcification. 

The picture presented by the osteoid was extreiiiely v:iriable. 
varying with the degree of decalcification of the osteon and, 
therefore, depending probably on the time of exposure to Zenker’s 
fluid. All variations were found, froin the clear-cut picture of 
osteoid with :in inner and outer zone, to the shge  at which the 
osteoid consisted of one more or less hoiiiogeneous layer whose 
outer liinit could not be determined. 

When unstained sections of this series were viewed in the 
phase contrnst microscope, it seemed as if the outer and tran- 
sitional zones which showed increasing brightness in undecalci- 
fied sections, becnme increasingly darker with increased tiine of 
exposure to Zenker’s fluid :tiid, therefore, the difference between 
the inner, outer and transitional zones of the osteoid was pro- 
gressively blurred (Fig. 9 ) .  

In stained sections, osteoid which had been subjected to the 
fluid for a very short time, as judged hy the I:iclc of decalci- 
fication of the surrounding calcified matrix, the inner and outer 
zones stood out clearly due to the characteristic ability or inability 
to take the various stains. Parallel to the increased time of acid 
action, the inner zone seemed to widen in its staining reaction 
at the expense of the outer zone. 

In sections stained with hemnfoxylin-eosin the entire osteoid of 
Zenker fixed specialens constantly showed eosinophilia which 
passed into the more basophilic deiiiineralized bone independent 
of the length of exposure to acids. 

When stained according to Mcrllory or uan Cieson, the inner 
zone with its strong affinity for collagen stains increased in 
width with the increase of exposure time, e.g. with increased 
decalcification, leaving an  increasingly narrow unstained outer 
zone. Finally, after about 12 hours of influence of thk decnlcify- 
ing fixative, ’ .g .  in case of the osteons located near the perioste:il 
surface, this unstained outer zone had disappeared, and the entire 
osteoid w:is stained. 
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Periodic acid-Schiff positive material was observed in all areas 
of sections fixed in Zenker’s fluid, and seemed to be evenly 
distributed throughout the osteoid. This  was apparently not in- 
fluenced hy the total period of exposure to Zenker’s fluid. 

C A L C I F I E D  B O N E  T I S S U E  

A thorough analysis of bone matrix seemed outside the scope 
of :I study on the foriliation processes. Consequently, observations 
will iiiainly be recorded which might contribute to the under- 
standing of  the iiiorphology m d  histochei1iic:il behaviour of 
os teoid. 

Bone Matrix in Undecalcified Material 

No iiiajor differences were observed in undecalcified sections 
of the ininerdized pmt  of the bone whether fixed in foriiialin or 
after freeze-drying. The following description is, therefore, valid 
for both types of speciiiiens, and reference to the method of 
fixation will he 111:ide only when deviations from this conforiiiity 
occurred. 

The  bulk of the cnlcified bone iiiatrix stained homogeneously 
and slightly basophilic in hemntosylin-eosin (Figs. 1 and 2 ) .  
Cementing lines, the lining of the osteocytic lacunae and the 
c:inaliculi, and the innermost border of conipleted osteons showed 
a stronger basophilin. A basophilic zone also marked roughly the 
division between the calcified matrix and the osteoid. I.aiiiellar 
;irrnngeinents of the osteons could, however, not be observed in 
sections stained with heniatoxylin-eosin. 

In sections subjected to J I ~ Z Z U F ~ S  collagen stain, :I variably wide 
zone adjacent to  the osteoid stained regularly blue. The outer 
part of the osteon or the core of trabeculae and the entire cross- 
section of completed osteon stained irregularly. In soiiie areas 
it stained blue, in others yellow or it reinained unstained. The 
distribution o f  the staining could not be reproduced in neigh- 
lioring sections. I.:iniellation of the r:ilrified bone iiiatrix could 
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soiiietiiiies be noticed in the completed osteons, but i t  was marc 
clearly seen in the tubular spongiosa, where green laiiiellae ap- 
peared to :iltern:ite with the blue-colored ones. 

Exaniination in the polrrrizrrtion microscope reveded ostcons 
coiiiposed of  laiiirllae of stronger birefringence altern:iting with 
weakly birefringent ones (Figs. 11 and 12). Moreover, isotropic 
laiiiellae could be seen in between, :ilthough these were relatively 
few. Other osteons or iireiis of  osteons, however, did not show 
this laiiiell:ited pattern but exhibited :I more or less diffuse, weak 
biref ringence. 

In undecnlcified sections stained according to  /)on Rossci, the 
incoiiipleted osteons showed :I uniform distribution of the brown 
silver staining (Fig. 3 ) ,  which did not perinit recognition of dif- 
ferences in the dcgree of  ~iiiner:ilization, or the lniiiellar patterns. 
As has been mentioned before, the boundury between osteoid and 
calcified bone, the zone of transition, stained yellow. In cotiipleted 
osteons, in the tubular tr;ibecul:ie and in the interstitial I:inielIae, 
lighter :ind dnrlter stained laiiiellne were :irrnnged in :in irregular 
sequence. A very ixirrow black line separated the calcified part 
o f  completed osteons from the soft tissues of the Hrrnersian 
caiials. A siiiiilarly stained line surrounded the osteocytcs within 
I he c:ilci f ied iii:i t rix. 

In  sections stoined with crlizrrrin the :ire:\ of tr:insition betwcrn 
osteoid and bone stood out  clearly, :is :tlre:idy described. The 
rest of the calcified mutrix stained faintly red. The contr:ist he- 
tween the red tr:insition:il zone ;ind the rest o f  the osteon :ippeured 
greater in frozen-dried specinlens th:in in those fixed in foriii:ilin. 

Sect ions stained with priotiic. crciii-Schif f reagents a ssu iiietl :I 

woolly appearance, app;irently a s  a result of an unavoidable slight 
dec:ilcific:ition in the acid re:igent (Fig. 2 4 ) .  In the incomplete 
osteon the cdcified inatrix showed a greater affinity for Icuco- 
fuchsin th:iii did osteoid. In coiiiplete osteons the inner bordcr 
stained inore intensely th:in the surrounding matrix. Both in 
incomplete :incl in complete osteons the rest o f  the c:ilcifietl 
tii:itrix W;IS stiiined fairly hoiwgeneously pink. Only the c:ipsiiles 
o f  the osteorytes st:iined tiiorc intensely. IA:ii~ieIlar structures were 
usunlly not seen in the osteons. Occusion:illg, in fully de\Teloped 
Hrrr)ersi:in s y s t e m  and iiiore often in t h e  tubular spongios:i, the 



lariiellated structure was brought out by the fact that sollie 
lamellae took less color than the others. 

Calcified hone iiiatrix did not show inefnchromrrsirr :it low con- 
centration of toluidine blue and with short staining time. Wlien 
sections were stained with dilute dye solutions, only the osteo- 
cytes and their capsules and the inner wall of coiiipleted Htr- 
riersian systeiiis revealed red metachromasia (Fig. 19 1. A green 
stained narrow layer, corresponding to the transitional zone, was, 
however, obseryed in the newly calcified bone adjacent to the 
osteoid (Figs. 19 and 20) .  With increasing time and concentra- 
tion this layer becanie red (Fig. 21). By further increase of the 
deteriiiining factors the layer bec:inie wider and turned purple 
(Fig. 221, and finally all of the bone took on this color. In sec- 
tions which had been stained in a high concentration and for :I 

long period of time (0.5 per cent toluidine blue for 15 minutes) 
the bone was aliiiost orthochroiiiatic (Fig. 23 1. 

The bulk of the calcified bone iiiatrix as it appeared in un- 
decalcified sections, exhibited :in even, iiiediuiii strong prinicrry 
fluorescence (Fig. 25) .  Variations in the intensity of prim:iry 
fluorescence corresponding to minor differences in the degree 
of iiiineralization a s  brought out by the micro x-ray technique, 
(Figs. 5 and 61, could not be discerned. The transition:il zone. 
however, revealed a strong primary fluorescence. As  a matter o f  
fact, no other areas of bone matrix reached siiiiilar intensities. 
I t  should be noted that this rery zone usually showed low de- 
grees of x-ray absorption. 
'4 f fer  ffuorochromnfion with buffer solutions of acridine 

orange, calcified bone iiiatrix did not show "concentr:ition effect". 
From pH 1 to the neutral point a steady increase of the freshness 
o f  the green color occurred (Figs. 26 through 2 9 ) .  In the alkaline 
rmge, a gradual iiiuddling of the green color took place. Fin:illy. 
n t  pH 11 the secondary fluorescence w a s  close to that of inter- 
cellular substance of bone fluorochromated at pH 1, naliiely :I 

dull green color. 
Throughout the series, both in  the acidic range and at higher 

pH values, the transitional zone exhibited stronger color intensi- 
ties than the surrounding hone. As already mentioned, part of 
this zone distinguished itself by showing "concentr:ition effect" 
in the extreme acidic range. 
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Pluorochromation with anionic fluorochroiiies gave no signifi- 
cant fluorescence. Dull and ill-defined color effects were obtained 
in the bone matrix at all pH values, in contrast to the transitional 
zone, which appeared light green in thiazin red, and yellow in 
eosin (Figs. 30 through 32). 

Phosphntase reaction of calcified bone as revealed by the azo- 
iiiethod was negative. Neither intercellular bone tissue nor the 
cytoylasiii of osteocytes were stained (Fig. 34). Osteocyte nuclei 
showed weak color reaction. 

With the Gomori method the intercellular substance and the 
nuclei of the osteocytes showed precipitation of cobalt sulfide 
(Fig. 33). The border of the calcified bone toward the osteoid 
appeared uneven, and the color reaction was somewhat dimi- 
nished in this narrow transitional area. The cytoplasm of the 
osteocytes, however, was unstained. 

Bone Matrix in Decalcified Material 

The material for the following series was formalin-fixed prior 
to complete decalcification in nitric acid, in formic acid-sodium 
ritrate, or by chelation. The bone matrix as a whole appeared 
slightly basophilic when stained with hematosylin-eosin. Resting 
:ind reversal lines, the walls of the osteocytic lacunae and the 
inner lining of completed osteons, showed strong basophilia. A 
basophilic layer separating the osteoid from the decalcified ma- 
trix was only occasionally found. Lamellar arrangements of the 
osteons could usually not be seen. Now and then, however, as 
in coiiipleted osteons, the laiiiellation was brought out by alter- 
nating stronger and weaker basophilia. Except for occasional 
lamellation, the decalcified bone matrix appeared homogeneous. 

By examining unstained sections in the phase contrast micro- 
scope, the cementing lines stood out clearly. The osteocytic 
capsule and the walls of the Hauersian canals of completed os- 
[eons showed a difference of the optical path from that of the 
rest of the matrix. No lamellation of the osteons was observed. 
The mntrix structure itself appeared, however, more fibrous or 
granular than in the heniatoxylin-eosin stained sections. 

Decalcified matrix stained according to uan Cieson and coun- 

25 - dcfrt  odont. scrtnd. Vol .  17 
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ler-stained with iron heiiiatoxylin showed ;I fairly evcn distribu- 
tion of the red color in cross-sections. A narrow layer of thc 
decalcified iiiatrix adjacent to the osteoid was, however, niore 
intensively stained than the rest of the osteoid. A thin black line 
sepiirated the osteoid froiii the surrounding matrix. In coinpleted 
osteons the area iiiiiiiediately surrounding the Hnuersian c:in:ils 
stained inore intensively red. A black line covered the inner sur- 
face of these osteons. A siinilar staining reaction characterized 
the walls of the lacunae. 

Cementing lines stained yellow. A laiiiellar pattern was visible 
in both the completed and incoinpleted osteons showing yellow 
stained lainellae alternating with red ones. Although the 1anicll:ir 
iirrangeinent was not clearly demonstrated in all instances, the 
staining of decalcified sections in unn Gieson’s stain apprnred 
Lo be the best method for bringing out these structures. 

After staining according to MaZIory, the portion of the in- 
complete osteons, bordering the osteoid, as well as that liiiii ling 
the fully developed osteons toward the Hnuersitin canals were 
regularly stained blue. The older parts of the bone matrix re- 
iiiained unstained, ‘or were yellow or red. The cementing lines 
stained as the bone in which they were found. On the other hand, 
the capsules of osteocytes stained regularly blue. 

Ammonincal d u e r  stained the bulk of the decalcified imitris 
red-brown. Cementing lines stained soinewhat grayish. The s:iiiit. 

gray color was found as thin layers between the laniellae of 
completed osteons, thereby accentuating the lainellar arrange- 
uient. In the osteons which were not completed, on the other 
hand, and especially in their inner halves, this grayish stained 
inaterial between the laniellae was not seen, Black stain aggre- 
gated around the osteocytes and their processes and around the 
Haversian canals of completed osteons. 

Decalcified bone matrix did not show metachromasici even 
when high concentrations of toluidine blue and longer staining 
tiiiies were used. The only recognizable inetachromatic inaterial 
was located in the walls of the lacunae, of the canaliculi, :ind 
of the canals of completed Haversian systems. The metachroiiia- 
sia of the capsules of osteocytes which were newly embedded, 
was weak. It increased, however, peripherally. The aiiiount of 
iiietachroiiiatic inaterial seeined iiiore reduced after decn1cific:i- 
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tion in nitric acid th:in in sections decalcified in .other inediu. 
Cementing lines were consistently orthochromatic, whereas the 
rest of the decalcified iiintrix w:is unstained, apparently in- 
dependently of the kind of decalcifying agent used. 

Periodic acid-Schiff positive Inaterial was found throughout 
the bone matrix. No difference in the distribution or the color 
reaction was seen after the different decalcification procedures. 
The decalcified iiiatrix showed :i uniform, pale pink staining, 
whereas the color of the osteoid was iiiore intense. Cementing 
lines, the osteocytic capsules, :is well as the inner surface of the 
conipleted osteons showed even greater reactivity. Variations in 
the color of  different osteons did not exist. Neither could any 
difference in  the various part of the decalcified matrix within 
single osteons, nor any difference in the st:iin:ihility of the la- 
iiiellae, be brought out by t h i s  method. 



C H A P T E R  V - D I S C U S S I O N  

MORPHOLOGY A N D  H I S T O C H E M I S T R Y  OF 
T H E  O S T E O I D  

General Morphology 
Osteoid is generally understood as the organic matrix in which 

the deposition of inorganic salts will take place, giving as the 
result bone tissue. 

Up to now, osteoid has been characterized at the riiicroscopir 
level as being honiogeneous (Pommer, 19251, hyaline f Wein- 
i n m n  & Sicher, 1955), or edematous (Pritchard, 1956). 

The present investigation, including examination of unstained 
section of undeinineralized diaphyseal bone in the phase contrast 
iiiicroscope, has disclosed an utterly inhomogeneous osteoid. 

On the basis of the phase contrast microscope pictures of such 
sections (Figs. 7 and a), the osteoid may be divided into three 
mijor zones: 

The inner zone, corresponding to the young osteoid adjacent 
to the osteoblasts, 

the outer zone, comprising the middle and the peripheral part 
of the osteoid, the old osteoid, which in turn, borders on 

the transitional zone. This zone is the narrow area of inter- 
mediate bone tissue which represents the end of the osteoid 
and the beginning of the bone tissue. 
Also, layers within the zones could be distinguished. 

By the definition of osteoid (see above) the latter zone of inter- 
mediate bone, does not really belong to the osteoid, as niineraliza- 
tion has already taken place within it. 

However, as has been demonstrated, the iiiorphologic charac- 
leristics, and as will be seen froin the subsequent discussion, the 
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clynaiiiics of this area favorize the conception of the transitional 
zone as being a zone of the osteoid. 

Different zones in the osteoid have not been described hefore. 
The reason why these morphologic features of the osteoid have 
not yet been observed may he that osteoid of :imple width has 
not been studied in undemineralized thin sections. P. C. M q e r  

1956) examined osteoid of deiiiineralized bone in the phase 
contriist microscope and did not find this technique profit:ible 
for such inaterial. The present study confirins that the zones of 
osteoid cannot he seen in sections of completely decalcified honc 
(Fig. 10). 

I t  has heen generally accepted (Morse, 1945) that deiiiinerali- 
ziition not only results in reniovnl of the inorganic phase of hard 
tissue, but also seriously alters the soft tissue constituents. In 
f;ict, agents like the deinineralizers are used in order to extract 
and separate the various organic coiiipoiients for chemical :in;i- 
lysis. 

Accordingly, osfeoid of osteons at different stages of decalcifi- 
tiition showed a gradual hlurring and disappearance of the zones 
of the osteoid (Fig. 9) .  Already after a very short time of ex- 
posure to the decalcifying fluid, the characteristics of the outer 
zone were seen in a narrow peripheral layer only. After 15 hours 
of influence of Zenker’s fluid. the zones of the osteoid had dis- 
appeared entirely. In other words, :in osteoid of three well di- 
stinguished zones had been changed into a tissue corresponding 
to the characterization of a homogeneous, hyaline or edeiiintous 
osteoid. 

At times, the radiating striations of the osteoid effected by the 
processes of the osteoblasts and osteocytes could not be observed 
in the deiiiineralized specimens (Figs. 9 and 10). It is conceivable, 
therefore, that too long time of exposure to deiiiineralizing agents 
may have caused the disappearance from the osteoid of human 
bone tissue of the structures on which P. C. Mryer (1956) re- 
ported. 

Major differences could not be observed between undecdcified 
material fixed by neutral foriiialin or by freeze-drying-acetone. 
?‘he same zones and sublayers could be distinguished. 

The saiiie subdivisions were also brought out hy staining of 
undecnlcifiecl sections. 
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The optical-path differences within the osteoid and the staining 
differentiation must be due to underlying differences of physical 
and/or chemical properties of the constituents of the various 
parts of the osteoid. 

The following discussion, therefore, will examine the possible 
changes to which the major components are subjected in the 
course of their developing froin young to old osteoid, and from 
old osteoid to calcified bone matrix. 

Inorganic Constituents of Osteoid 

I t  is possible that the differences in the different areas of the 
osteoid could be due to minor variations of inorganic matter. 
This possibility was tried on the basis of the results obtained 
with iiiicroradiography, the silver &:lining of i ~ o n  Kossri, :ind 
:ilizarin staining. 

.llicror.ndioyrnpl~!/ or roentgen absorption technique is probably 
presently the most reliable and practical method for the determi- 
nation of inorganic iiiatter in tissues (Knystriini, 1946; Lindsfrijnt, 
1955). 

Investigations with this method have clearly demonstrated 
that variations in absorptive qutilities exist in different struc- 
tures of bone (Amprino d? Rngatroni, 1952), and teeth (Enyfeldt,  
Hergmnn h Hnnininrlanci-Essler, 1954). Thnt the quditativc r:i- 
tliographic iiiiage actually represents degrees in the concentra- 
tions of calciuiii and phosphates, was shown by Lindstroni, 
( 1955 ) . Moreover, iiiicro-measurements of hardness have reveal- 
ed a correlation between hardness and the degrees of x-ray ab- 
sorption seen in iiiicroradiographs (Cnrlstriini, 1954). 

\'on Kossa (1901 ) observed that deposits of calciuiii phos- 
phates stained with silver. On reduction the siker salt beciiiiie 
visible :IS yellow to brown-black staining, the color depending on 
the concentration of the phosphates. Cameron (1930) found that 
not only calciuwi phosphate stains by this Iiiethod, but that other 
:inions :IS well as other cations react. In the study of bone tissue. 
this lack of specificity is not a serious iimtter :is no appreciable 
ni i iount  o f  coinl)ounds other th:iii c;ilriuiii 1)hosph:itrs :ind car- 
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boimtes :ire present which are capable of responding to this tech- 
nique (McLean & Bloom, 1940). 

Alizarin h:is been widely used in the study of bone and bones 
mid is thought to show the sites of calcium salts. The precise 
action involved is still not known, but it has been suggested thot 
:I r:ilciuni :ilizarinate is formed (Cnmeron, 1930). Areas of newly 
formed bone appears to take more stain than older bone when 
;iIimrin was applied to sections of bone, or when administered 
in niuo. The affinity of the dye for newly formed bone may be 
esp1:iined by the availability of calciunl in siinpler combinations 
Ih:in in fully mineralized bone (Ham &? Harris, 1952). 

'I'he microradiographs (Figs. 5 and 6) showed absence of bone 
salts in  the young and old osteoid. The zone of transition, how- 
ever, exhibited some, although weak, x-ray absorption, which 
increased rapidly within a small distance peripherally. 

The young and old osteoid did not respond to uon Kossci's 
silver technique either, whereas a yellow color appeared in the 
:ire:t of transition (Fig. 3). This yellow rim was succeeded by 
the brown-black color of the bone. 

A s  far :IS the three zones of the osteoid :ire concerned it ap- 
pears that t here is a corellation between the microradiographic 
iiiioge and the silver stain of uon Kossn. 

Although the osteoid took on a faint red color after staining 
with :iliz;irin, this tissue did not show more uptake of the stain 
t1i:rn other soft tissue constituents (Fig. 4) .  

On thc other hand, the zone of transition distinguished itself 
I)y showing :I strong red color which markedly exceeded the hue 
of  the osteoid A S  well :IS that of the surrounding bone. 

The neg:itive results of the staining methods and the lack of 
s-r:iy absorption in the young and old osteoid iiiay be held to 
indicate that the :imount of inorganic salts is no higher than that 
in any other soft tissues. 

The weak silver staining :kid increased uptake of :iliz:irin in 
lhe transitional zone, indicate sinall depositions of inorganic 
in:iterial. This conclusion is i n  ;igreeinent with the inicroradio- 
graphic iinage. 

The absence of mineral salts in the osteoid is not contradicted 
I)y the finding that part of the outer zone of osteoid occasionally 
WIS stained hy hrmcifox!llin in undecalcified (Fig. 2) and de- 
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calcified sections. Cameron (1930) and Schorrr h H a m  ( 1934J 
interpreted the intensive staining of tissues like bone and dentin 
with heiiiatoxylin ;is an indication of iiiineralization. Since this 
staining occurs in decalcified as  well as in non-decalcified m i -  

terial, and therefore does not depend on the retention of the 
iiiinerals in sifii, it has been concluded by Weininann & Sicher 
(1955) that the staining indicates a change in the matrix prior 
to or siiiiultanous with the precipitation of minerd salts. With 
this in mind, we may interprete the staining of part of the outer 
:ind the entire transitional zone of osteoid :is due to cheiiiiral or 
physical changes in the matrix prior to calcification. 

These changes postulated by Weinmnnn & Sichar (1955 J to 
have occurred in the. organic matrix prior to mineralization ;ire 
in agreement with the finding of separate zones when ptiasc 
contrast iiiicroscopic examination is employed. 

Conclusions 
The results of the tests for iiiinerals have deinonstruted th:it 

the inner and outer zones of the osteoid are devoid of inorgiinic 
depositions, but that mineral salts show increasing :iggregiition 
through the area of transition towards the bone. The inhoino- 
geneity of the osteoid, therefore, as it appears in the phase CVIII-  

trast niicroscope, is in the main not caused by differences in  
niinertil content. The explanation of this phenoiiienon must tie 
sought in differences in the organic constituents. 

Charge Conditions of the Osteoid 

The histologic determination of the iso-electric point is 1 ~ s c . d  
on the aiiiphoteric character of the proteins and protein coni- 
plexes, and the fact that such substances are charged positively 
helow their iso-electric point, and negatively on the alkaline side 
of the iso-electric point. Consequently, by the use of dissociutecl 
dyes in buffer-solutions it is theoretically possible to deterniine 
the IEP of such substances. This has been verified in practice by 
%pigar (1938) in model experiments, and by H d s  (1953) nriiong 



HONE TISSUE FORMATION 3G! 1 

others on biologic iiiaterial, by the utilization of iiiethylene blue. 
A different method exists, however, whereby the tissue is suh- 
jected to cationic and anionic fluorochroiiies a t  various pH va- 
lues, and subsequently exaiiiined in the fluorescence microscope. 

Acridine orange, being a cationic fluorochronie, has given evi- 
dence of being particularly adapted for the purpose of deteriiiin- 
ing the IEP (S f rugger ,  1949). 

I h e  to the electro-activity of aiiipholytes, no adsorption will 
take place by :I cationic fluorochroiiie below the IEP. Above the 
IEP, on the other hand, the substance will be negatively charged. 
and consequently electro-adsorption will occur. The fitness o f  
:icridine in this context is due to its characteristic change of 
fluorescence color from green to red. This phenomenon is called 
"concentration effect" ( S f r u g g e r ,  1949) and is caused by the 
increased concentration of the fluorochroiiie as  a function of the 
degree of electro-adsorption. Strugger contended that acridine 
orange alone would give reliable inforiiiation on the IEP of 
aiiiphoteric elements. In the present investigation, however, pa- 
rallel series were run with the anionic fluorochroiiies, thiazin 
red R and eosin. The mode of action of these fluorochroiiies is 
the saiiie as that of cationic ones, except that the scope for action 
is reversed. In other words, below the IEP, electro-adsorption will 
occur, wherem theoretically no adsorption takes place above the 
IEI'. 

One inore point is iiiiportant in this connection, namely the 
degree of dissociation of the fluorochroliies at  the different yH 
values (Text fig. 2). Watery solutions of acridine orange are 
dissociated in the entire acid and slightly alkaline range (S trug-  
ger,  1949). The curve of dissociation is rapidly falling above pH 
8.5, and at pH values above 10.5 electroneutrality of the solution 
is established. Reversely, the anionic fluorochroiiies show no or 
oiily :I weak dissociation in the extreilie acidic range, the degree 
of dissociation, however, increasing rapidly froiii pH 3.5 to :I 

iiiaxiiiiuiii around pH 5.0. 
As a whole, the iso-electric points of biologic iiiaterial :ire lo- 

cated in the acidic area. Consequently, it appears that cationic 
fluorochroiiies would be more adapted for the deteriiiination of 
the iso-electric points of tissues, than anionic ones. This fact has 
heen corroborated in the present study of the osteoid. 
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'rest fig. 2. - Uiagrani showing the dissociation curve for aqueous solutions 
of :icridine orange (drawn line) and for anionic fluorochromes (dotted line). 
after Strugger (1949). 'The ordinate represents the degree of dissociation 
i n  per cent. At the ahscissn thc pH is annotated. The pH valuca at which 
concentration effect appears after fluorochromation with acridinc orangc 
(ithove the ubscissu), and a t  which pH the eosin ;uid tliinzin cease to give 
srcondary fluorcscence (helow the ilbscissa) i n  the different itrens of IIlr 

osteoid, are sho\vn. 
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Secondary fluorescence as it appears after fluoroclironiation, 
represents the total of primary fluorescence of the tissues and 
fluorescence brought about by the adsorbed fluorochronies. 

The primary fluorescence in unstained undeinineralized sec- 
tions was extreiiiely weak in the young and old osteoid. A rehi- 
tivcly strong blue-white fluorescence appeared at the area of 
tr;insition. It was difficult to localize exactly the central limit of 
this fluorescence as d l  such images are inore or less diffuse 
having :I woolly appe:irmce (Fig. 25). The surrounding mi- 
neralized bone, however, showed a siiialler degree of primary 
fluoresccnce than that located at or very close to the area of 
tr:msition. The fact that the zone of transition showed strong 
secondary fluorescence between pH 1 :ind pH 2  nay to some 
extent hure been caused by the priiiiary fluorescence. On the 
olher hmd,  this cannot account for the concentration effect 
(copper red color) which was observed to inark the border 
against the centrally located old osteoid. In these specimens 
the prini:iry fluorescence could be seen to occupy an  area pe- 
ripheral to the area of the concentration effect (Figs. 26 and 27). 

The secondary fluorescence after treatment with anionic fluor- 
ochroiiies in solutions of strong acidity, showed siiiall color con- 
trast. The finding of weak secondary fluorescence in the transi- 
tional zone around pH 2 is in' keeping with the picture obtained 
with :midine orange. Surely, the low degree of dissociation of 
thr :inionic fluorochronies in this range must be taken into con- 
sicler:ition (Text fig. 2 ) .  The fact that the rest of the osteoid 
:rppenred to have taken some color, however, indicate th:i t the 
I:irk of :Idsorption in the area of transition is not entirely a 
in:ittrr of dissociation of the fluorochrome. 

'I'he interpretation of the primary fluorescence picture (Fig. 
25 1 and the correlation of the results after treatment with c:i- 
tionic (Figs. 26, 27 and 2 8 )  and :inionic (Fig. 30) fluorochronies 
justify the conclusion that the zone of transition consists of two 
sii hdivisions : 

11 :I narrow rim towards the old osteoid showing concentra- 
tion effect in acridine orange and left unstained by thiazin 
red and eosin a1 pH wlues just below 2, and which cor- 
responds to the areti of II~:IX~IIIUIII brightness in the phase 
contr;ist microscope, nnci 
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2)  :I soiiiewhat broader layer located periplier:illy to the foriiier. 
showing strong primary fluorescence, but exhibiting green 
secondary fluorescence. This broader layer corresponded to  
that part of the zone of transition which appeared granul:tr 
in the phase contrast microscope. 

Below pH 2 the young and the old osteoid neither showed ~ r y  
:Ippreci:ible degree of secondary fluorescence after trentiiient with 
;icridine orange nor after treatment with anionic fluorochronies. 
The explanation of this apparent discrepancy is found in the 
sm:ill degree of dissociation of the anionic fluorochroiiies, i. e., 
although the tissue is positively charged in this range :IS de- 
iiionstrated by the low color intensities in ncridine orange, thia- 
zin red and eosin are incapable of showing strong electro-adsorp- 
lion because of low degree of dissociation. 

Around pH 5, on the other hand, the inner part o f  the young 
osteoid adjacent to the osteoblasts stnrted to show concentr:itioii 
effect after fluorochroiiiation with acridine orange (Fig. 28 ) .  

The area of transition :it this point continued to exhibit slrong 
electro-adsorption. As a inatter of fact, the area of red secondary 
fluorescence even appeared to have increased in width. The ex- 
tinction of  secondary fluorescence in the sections subjected t o  
the acridine orange solution around pH 5, is in agreeiiieiit with 
the picture obtained lifter treatment with anionic fluororhollies 
;tt pH 4.5. In this range watery solutions of such fluorochronies 
have reached :I considerable degree of dissociation. Accordingly, 
the entire old osteoid and the peripheral part of the young 
osteoid showed secondary fluorescence, This picture w a s  fairly 
unchanged until the neutral point, above which the entire osteoicl 
gave red secondary fluorescence in acridine orange. Theoretically, 
then, one would expect that from the point of neutrality and 
through the iilkaline range, the entire osteoid would show 1 1 0  

secondtiry fluorescence. 
When the osteoid, except for the transitional zone nncl the 

n;irrow layer of the young osteoid adjacent to the osteoblasts, 
nevertheless, exhibited secondary fluorescence. this is iiiost likely 
not brought about by electro-adsorptive binding of the fluoro- 
chromes, but inay have been caused by the ill-defined elerlro- 
activity of this tissue. 

The utilization of the secondary fluorescence after fluorovhro- 



illation :it wrying pH values is no exact way of determining the 
charge conditions. The relative inaccuracy of the technical pro- 
cedure does not allow determination of absolute values. The 
method of registration of the color intensities also seeins to be 
inadequate. 

In spite of these reservations, there should be no doubt that 
this method is capable of denionstrating relative values of the 

To the best of the knowledge of the writer the only report 
:ivailable on charge conditions of the osteoid on the basis of 
fluorescence analyses is that of HaZs (1953). It appears from his 
study of osteoid in undeiiiineralized alveolar bone, that concentra- 
tion effect never occurs in this tissue and that the electric charge 
of the osteoid is weak. 

The discrepancies between these statements and the present 
findings not only of concentration effect, but of differences of 
the charge conditions within the osteoid, are niost likely to be 
found in the choice of Inaterial. The norinal width of the osteoid 
o f  iilveolar bone iiiay be too narrow to iiiake differentiation of 
different zones possible. 

. electric charge of tissues. 

Conclusions 
It is clear from the present series that a mean value for the 

electric charge of the osteoid does not exist, but that each zone 
has its characteristic electro-activity. Froin being fairly strong 
negatively charged in the narrow part of the young osteoid which 
borders on the osteoblasts, the rest of the young and the entire 
old osteoid are very weakly charged. The zone of transition, on 
the other hand, shows strong negative charge (Text fig. 2) .  

Fibers of the Osteoid 

Fibers of the Young Osteoid 

Iden tif icntion 

In undecalcified unstained sections of frozen-dried bone, ex- 
:tinination in the phase contrast iiiicroscope showed that in the 
young osteoid, part of the matter which occupies the space be- 
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tween the cytoplasmic processes of the osteoblasts and the osteo- 
cytes consisted of fibers, whereas in the old osteoid no fibrous 
structures could be recognized (Fig. 8 ) .  No fibers could be observed 
by this method in the transitional zone either. Close to the osteo- 
blasts, the fibers were loosely arranged and oriented at ran- 
dom, but towards the periphery of the inner zone, they werc 
oriented parallel to the surface of the calcified bone and the 
plane of the section. The diaineter of the fibers could he seen to 
increiise in approaching the outer zone. The outer zone itscll' 
presented nn appearance of increasing homogeneity. The areti ol' 
transition was first homogeneous and became more gr:inllliir 
:igqinst the border of the calcified bone. 

Mnllory's solution stained the inner zone blue from the :irw 
:idj:iccnt to the osteoblastic cytoplasin on (Fig. 13). The intensity 
of thc color appeared fairly constant throughout this zonc. 'I'hc 
outer zone was yellow. 

The distinctive blue staining of connective tissue fibers Iiy 
Mnllory's solution is well known. It is widely accepted that the 
intensity of the staining depends on the thickness and packing 
of the fibers, but that this stain does not differentiate between 
argyrophilic or precollagenous and collagenous fibers. It is not 
known whether the uptake of Mnllory's or imn Gieson's stains by 
the connective tissue fibers is dependent on their fibrous structure 
or may also occur in collagen in a nonfibrous state. 

Sections stained with uniiiioniacal silver solutions Wilder's 
or Cornori's method) showed the presence of black stained fibers 
in :I narrow area adjacent to the osteoblasts (Figs. 15 and 16). 
whereas the reiiininder of the young osteoid as well :is thc old 
osteoid werc left unstained by silver. The narrow black-staiiictl 
area corresponded to the bright area in the young osteoid which 
w:is observed under the phase contrast microscope. 

It is generally believed (.VdZor!y, 1942; Lillie, 1955) ;ind Ii:is 

:i lso 1)cen confirmed by electron microscopic studies (Zrning LY. 
Y'oifiliii, 1954). that the structures which stain black with :iiii- 

~iioiii~ic;il silver-solutions arc reticuiin or precollagenous fillers, 
whcreas thc reddish fibers :ire iii:ide up of collagen. The reh-  
lionship between collagen mid reticulin is by no means clarified 
(see (;iisfflii.wn, 19561, tind it seeins outside the scope of this 
:inalgsis to discuss this thoroughly. It should be mentioncd, how- 



ever, that, in electron microscopic studies, Litt lc 05 lircioirr. 
(1952); Tomlin (1953). and Irving k Tomlin (1954), found that 
the iiativc reticulin showed precisely the saiiie h n d c d  structiirc4 
:IS does collagen, but that the diaiiieters of the fibers were sni:il- 
ler. On the basis of reconstitution of collagen, Nngeotte h G i i ! p n  

(1930) concluded that the fibers usually called reticulin fibers 
or precollagenous fibers might represent :I stage in the develop- 
iiient of collagenous fibers. 

1'ol:iriaution iiiicroscopy cmnot distinguish between precollagc- 
nous :ind collagenous fibers. The weak positive birefringence oI' 
llic :ma of silver impregnation (Figs. 11, 12, 17 and 181, never- 
Iheless, corroborates the observations made in the phase contr:isl 
microscope, viz., the presence and the ill-defined orientation of 
libers. The increasing double refractive qualities of the rest 0 1  
the young osteoid, are likewise in agreeiiient with the ph:isi. 
contrast microscopic picture, revealing closer spacing oI' t l ic  
I'ibcrs and increasing tendency of orientation. 

The fibers in the youngest part of the osteoid therefore m:iy 1 ) ~  
identified as reticulin or precollagenous fibers, iiiore or less with- 
out any preferential orientation. The fibers in the rest of the 
young osteoid, which stain blue with iWnllorg's solution, red with 
van Gieson's stain, are reddish in silver preparations, and show 
increased tendency of orientation, niay be identified ;is collagen- 
ous fibers. 

Possible Differences between Precollogenorrs rind Collrrgenoirs 
Fibers 

By treating collagenous fibers with hyaluronir acid, Irving d;. 
Tomlin (1954) were able to increase the affinity of the fibers 
for silver. This led them to suggest that the ability of the pre- 
collagenous fibers to take up silver was due to a close re1 a t *  ion 
hetween these fibers and soiiie mucopo1ys:iccharide. On the other 
hand, Partridge (1948) was unable to separate polysaccharides 
I'roiii collagenous fibers without disrupting either the collagen 
iiiolecule or the polysaccharide iiiolecule. This goes to show that 
iii:iture collagenous fibers also have an intiiiiate relation to the 
1)oIys:icchnrides, and in fact may have an even closer one than 
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the precollagenous fibers. It may therefore be that the poor silver 
uptake of mature collagen fibers is due to the firm relation he- 
tween the collagen and the polysaccharide in these fibers, rather 
than to their having 21 snialler quantity of polysaccharide (Ir-  
uing ff Tomlin, 1954) or to their larger diameters (Nngeottc & 
Giiyon, 1930). 

The present study contains two observations which support 
lhis view: ( 1 )  In the sections of decalcified material, there wits 
:I widening of the area of black stained fibers adjacent to the 
osteoblasts. This ineans that on being exposed to dec:ilcifying 
agents, the youngest of the collagen fibers acquired the capacity 
to take up silver. In cheiiiical extraction procedures, acids or 
chelating agents are used in order to effect a coniplete separation 
of collagen and polysaccharides. However, these procedures arr 
applied to unfixed connective tissue. The same agents applied to 
the fixed tissue of our sections seem to bring about a loosening 
of the connection between the collagen and the polysaccharides. 
thus reversing the maturation process and enabling the fibers to 
take up silver. (2) True iiietachroniasia (Figs. 19 through 2 1 )  
iind the uptake of silver (Figs. 15 and 16) appear together in 
the region of the youngest osteoid and disappear simultaneously 
in the slightly older osteoid. The disappearance of iiie1achroiii:t- 
sia need not necessarily mean absence of the reacting polysacchn- 
ride molecules. It niay merely iiiean that the groups usually 
reacting iiietachromatically with the dye are engaged in other 
interactions. These interactions niay consist in the constitutioii 
of a chemical relationship between the polysaccharide and thr 
precollagenous fibers, which gives collagenous fibers :IS its rcsull. 
The constitution of this chemical relationship m:iy lead to loss 
of the nietachromatic reaction as well as to the inability to hind 
silver. Before this relation is established, the fibers are able to 
take up silver and to give a mettichroiiiatic reaction, because* 
the reacting groups of the investing niucopolysacc1i:tride ;ire not 
yet firiiil y bound to the collagen molecules. 

The finding of extracellular alkaline phosphatosc :It the sitc 
of conversion of precollagenous into collagenous fibers (Figs. 33 
and 34), agrees with its generally observed occurrence during 
fiber formation. Its rBle in this connection is not understood. 
There is, however, no reason to believe that the role of the extra- 
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~ * ~ 4 l u l : i r  ;ilk:iline phosp1int:isc is different in tlic ostroicl 1Ii:in in 
~ I h r r  sites of fiber forrii:ition ( N o r r r n ~ ,  1956).  

Collagen of the Old Osteoid 

ltlen t ificrrtion 

The entire inner zone of the osteoid of undeciilcified sections 
showed fibrous structures in the light microscope, a s  well BS in 
the phase contrast niicroscope. Exaiiiined between crossed Nicols, 
the inner zone exhibited positive birefringence. The fibers in the 
older part of the inner zone showed, with Mdlor!/'s,  r)rin Cirson's, 
:ind the silver methods, the staining rewtions which :ire ch:irac- 
teristic of mature collagen fibers. 

'l'lic outer zonc showed no cvitlcnc*e of' fillers with :iny o f  1 1 ~ .  
liglil iiiicrosropic iiiethorls ( Figs. 13 through 1 6 )  i ior under t h  
~ ) I I ; I S C  cwitr:ist inicroscope (Figs. 7 ;ind X ). In tlir 1)oI;iriz:itioii 
I 11 iciv ) w i p e .  the lmsi I ive hi ref ri ngence rlecreiisecl cl  r;is t ica II y i i i  

Ii:ihsiiig f'roiii young to old osteoitl. l'hc perip1ier:iI p r t  of' tl ic 
zone remained dark at  a l l  azimuths (Figs. 11, 12, 17 and 1 8 ) .  

'I'lic~ picture o f  thc  old osteoid in the ph:ise con1r:ist iiiicroscopi* 
n ; i h  in sh:irp rontrtist to thiit of the iidjarent younger rcgioii. re*- 
g;irtlless of the fix:itivc used. It was this rontrust which lctl l o  
the distinction of the inner and outer zones in the osteoid. At  the 
Iiouncl:try 1)etween inner :ind outer zones, the incre:ise in briglit- 
ness was rather abrupt, and from there on the brightness in- 
creased gradually through the reiiiainder of the outer zone. This  
h n v s  distinctly that there exiats :in optical path tliffereriec lie- 
tween the inner and the outer zones. From the phase contrast 
iiiii.roscope picture of the inner zone of the osteoitl we know that 
IIic tlensely p c k e d  collagen fibers appear :is the region of iiinxi- 
rii;iI tliirkness. The outer zone, therefore, c:uinot contaiii ro1l:igcn 
i n  the same state :is the inner zone. The saiue conclusion follows 
from the failure of the outer zone to stain with the connective 
tissue stains. 

'I'he hest evidence of' :I ch:inge in the org:iniz;itioii of' tlic col- 
l:igcii, however, is to I)e found in the ~)olariz:ition riiirroscopir 
picture. There are three possihilities th:it the isotropic :ire:( c*ould 
roii  t;iin f i hrous col I:igen : 

?t i  - dc'111 doit/. w t r r t c f .  1.d.  IT 
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1 ) 'I'he fibers :ire completely without orient:ition. 
( 2 )  'I'he positive birefringence o f  the fibers ;ind the 1icgiili\.cn 

birefringence of the crystt:il depositions :ire in ecluilil)riu I I I .  

( 3 )  All the fibers :ire cut trans\erselg, i. e. orientcd with their 
opticd ;ixes in the direction of the pol:irized light. 

I 1  hiis a1re:idy been shown that haph:izardly oriented fihcrs 
stain with both Nnllory's  and mn Giewn's  stoins. I t  has  :ilso 

1 ) ~ e n  clearly demonstrated by iiic;ins of inicrororlio#ral,h3. ;ind hy 
sl:iining inethods thtit the old osteoid contains no inineral clr- 
posits. Therefore, possibilities ( 1 ) :ind ( 2 )  cnn be t1isc:irded. 

'I'h:il :i l l  the fibers should h:ive been cut nc:itly perpentlirular 
L o  tlicir long i i w s  seeins highly iinprohable. Probably no one sec- 
l i o n  w i s  c * u t  :it exactly ninety degrees of  the osteons, : ind surely, 
iii:iny osteons were cut obliquely because o f  the oblique direclioii 
o f  iiiany Hwrrsi:in systems. Alternative ( 3 ), inoreover, iiiiplies 
no l ~ s s  than that the fibers be definitely oriented with their long 
: I X C ~  I)erpendicul:ir to the p1:rnc of section. On this b:ickground 
i I  is i&lent th:it ;I fortun:ite conjuncture o f  circunistancw i i i i is l  

hi* ;11 II~IIIC~ in order to obt:iin these ideal conditions. 
I t  s w i i i s  unlikely that such requireinents (-:in be cwnsistcntly 

fiilfilled just by ticcident, for which re:ison possibility ( 3 )  is dis- 
counted. 

'I'licrc is no doubt th:it the outer zoiic contains collagen, :is i I  
i\ I'ountl I)ol l i  in the outer p r l  o f  l h i b  inner zone, :inti in Ihc l)onc 
1ii:iIris. The only possibility lo  :icrount I'or the tliffercnrr i n  llic 
:il)l)tvr:iiice o f  the co1l:igen o f  this : i i * i b : i  i n  the ph:ise contr:isl 
Iiiiciv~scwpe, i n  the st:iining rc:iclions :ind i n  the po1;iriz;itioii iiii- 

croscvqw w ) i i l d  be Ih:it there is :I tlifl'rrence in the I)hysic:il sl:ilc 
o f  the roll;igen in the young and old osteoid, involving loss o f  
I'ihrous slructure. A.s ;I Illiitter of fact, the  beh:tvbur of  this lisstic 
i n  pol;irizetl light even intlic:ilcs the :il)scnc.c o f  oricnlcd i'ilwiIl:ir 
(1 I is I i i  r i i  t s ii  t 1 he s ti I) I ii i r  r( )sr( 11) it. I ovib I. 

Striin(ibi1ity of 1:ihroii.s nntl Son-Fibroils Collrigen 

The present investigation cannot expliiin the niiturc o f  t l i c s  

c*h:inges in the co1l:igen o f  the old osteoid which cuuse the de- 
inonstrable :il)sence of fibrous structure and the f:iilure to st:iin 
with rolla#cn fiber st:iins. If  one is willing to : I ~ ~ I I I I I ~  t1i:rl thc 
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three stuins in question are not tuken up by collagen unless it is 
in e fibrous state, then the dissolution of the fibers in the old 
osteoid would explain the observed differencen in ntiiining bc- 
tween the young and old osteoid. Such tin essuiiiption is neither 
substantiated nor contradicted by the fucts presently known. 
since the conditions under which collagen l o ~ s  its ability to nt:tin 
with connective tissue fiber stitins huve not been invrstigated. 

Tlic finclings ol' llic prcseiit inwsligation are eoiiip:iliblc willi 
llic :ilrovca :issuiiiption, but suggest that in order for the conncc4ivc~ 
lisnuc~ wliiiiis lo Ire liikcn up I)y fibrous collagen alone, Ihc liswucs 
iiiusl Ire fixed lry loriiialin or :I fixitlive with wiaiilur :iction. This 
iii;iy be iiilerri4 froin llic 01)ncrvolions in the frozen-clricvl ~ P C -  

lions. which were no1 nul)jerled to forinillin fixniion. 111 thcsc. 
llic cwllrigcii o l  Ihe oltl oxlcoitl sliiiiicil with lhe coiinectivc~ lisstic~ 
sl:iinw. 

'I'hc s:iiiiis sl;iining of llic oulcr zoiic w i s  obscrvrcl in  lhc c l c -  
c;ilciliivl winlions :ilso, rillhough thcwc 1i:icl lieeii subjcctecl lo  lor- 
itidin fixillion prior lo the inlrocluinlion ol' the cliv:ilcifyiii~ ;igiBiils. 
I1cc:ilcilying :igeiils clewtroy Ihc clilCcren1i:ilion which formrilin 
Ii:is Iirouglil :ilrouI, Iiowiwv-. I t  slioultl lrv rciiiriiibcrctl l1i:tt clc- 
c.:ilcifietl ncclioiis show iio clilfcrence t)clwccn llic inncr :inti out- 
er zones under the phase contrust micn)scope. Therefore, :dl col- 
1:igiw slitins iiicliscriiiih~ili~ly, j i isl  xis Ihough foriii:tlia fix:ilicin 
Ii:ul 1 ) w i  oiiiillctl, :in in l h i a  Ii-~~nc~a-tlriccl sectionn. This conclusioii 
is in ;igreeiiiivit with l h i ~  po1;iriz:ilioii iiiicroxcopic pic4urcb o f  
osleoid o f  tlciiiiiicrtilizelecI sivlioiis, i-cvc;tling no priiiciplin tlifl'cv-- 
1 ncc lroiii siiiiilrir pictures o l  uiic1ec:ilcifiecl nectionn. I n  olliw 
words, the different response to the sttaining rolutionn cannot 
liiivi- I)ecn criunccl 1)y iii:ijor s1ruclur:il cliffercnccs of  Ilw old 
oslcoicl of  unclecrilcifiivl :IS wiiipwml \villi tlccrilcificvl sc-rlions. 

Collagen of the Transitional Zone 

Correscpoiicling to the subclivisionx o l  llic lr:innilioe;i~ zone swi 
in  Ihc pliasc. con1r:iwt iiiicroncope, two nublnyers :ippc:irtd :iTlcr 
staining with Mtdlorg's rtuin (Fig. 13). A very nairrow lliyer o f  
rwl grunules wris clistinguishrcl lrorclering oil lhib yellow old os- 
Icoitl, while, :I IiNht Irluc hycr  iit:iclc up tlic peripliibd liiiiil o l  
I his 1ritnsition:ti xoiie eg:liIiSl Ihc c:tkifiecf boiie. 
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'I'he reappear:ince of the iuiiline Idue color which is ch:lriit*- 

Ieristic of fiber structures, together with the rise of l)irefringencc. 
(Figs. 17 :ind 111) and :ibsence of  silver reduction (Figs. 15 and 
1 6 )  in this location, show that collagen fibers ;ire present. '1'11~~ 
light blue and light red hue after Mnllory's and rwn Cirson's 
st:iins respectively, inay he due to the presence o f  fewer fihcrs 
per unit area, ;is compared with the young ostcoitl :intl tlir sur- 
rounding calcified inatrix. 

The variability of the double refraction of this :ireit is in :igree- 
iiient with the concept of  ;I corkscrew fiher orien1;ition in th r  
osteons (Lncroix, 1951 ; Weinmnnn Sicher, 1955 ). The re:isoii 
why the width of the birefringent area in iiitiny instances ex- 
ceeded the usual width of the aniline sh ined  layer, is found i n  
the double refractive character of already calcified surrounding 
1;iiiieIl;ie. 

The red granular layer of the transitional zone is ii conlinu:i- 
tion o f  the yellow old osteoid. I n  the foregoing section. the con- 
clusion W;IS reached thtit the co1l:igen of thc old osteoid 1i:id no 
fiber structures. Accordingly, the yellow-red color in front of and 
i n  hetween the light-blue stained fibrous eleinents, indicntes the 
I)reseiice o f  collagen in :I non-fibrous foriii. The  strong affinity 
I(, ornnge G of this region is most likely due to  increased density 
oL' this tissue (Zeiger ,  193N). This conclusion is in :iccord:iiic~ 
with the finding of strong negatiw charge and the decreilsed 
I'AS stain:ihility of the polysacch:iride coiiiponent ( see later 1 .  

Conclusious 

The silver stained fibers of the young osteoid bordering on thc 
osteoblasts :ire identified :IS reticulin or precoll:igenous fibers. 
They :ire loosely arranged and oriented :it r:indom, tilthougli the 
birefringence indicates that the iliain direction is parallel to the 
surface of the calcified bone and in the pl:ine of the section. 

The rest of the young osteoid, heavily stained by Mnllory's 
and /)tin Gieson's stains and not blackened by silver, contains 
iii:iturc cdltigenous fibers. Strong birefringence of this region 
IIW:IIIS th:it the fibers :ire arranged with their long diinension ill 
thc pl:ine of the cross section ;ind p;iriillel to the cnlcified I)oiic. 

The old osteoid contains collagen, hut this is not  in a fibrous 



slate. P~iriillel with the difference in the picture under l l i c  pliasc 
contrast microscope and in the poliiriziition microscope goes :in 
cqually striking difference in the reaction to connective lissuii 
stains of the undecalcified foriiialin fixed sections. Neither Md- 
lnry's nor iinn Gieson's nor the silver method stain the old 
osteoid. However, none of  lhesc negative results c;in 1)e 1:ikiaii to 
inclic:ile the h e n c e  o f  col1:igeii. The observed differeiiccs I)c- 
tween thr old :ind young osteoid ;ire coinp:itible with the hypo- 
lliesis t1i:il th r  iliain ch:ingc in the col1:igen consists in llir loss 
o f  fihroiis structure. 

I n  thc triinsitionill zone Ihc non-fibrous co1l:igeii shows i i i -  

c.re:isetl :iggreg:ition, viswilized by the upt:ike of  oriilige (;. I n  tliv 
perip1ier;il p i r t  o f  this :ire;i, the colors o f  iiniline blue :inti :wit1 
luch si n respectively reiippe:i r. 'I'oge t her with the recurre iicc o f  
birefringence :incl absence o f  silver reduclion, this leiids to I hc 
conclusion thilt ~~ol l i igenol~s fibers :ire present. 'I'hc orienl:ilioii 
o l  lhesc fibers wr i e s  :iccording to  l h c  ;irr:ingeinenl o f  filwrs in 
lhc lame1l:ie of the osteoii. 

Tlie coll:igenous fibers wliich :iri~ to ;ippe:ir i n  tlir c.alrificd 
I)oiic in:itrix I h u s  liegin to lie deiiions1r;ihle :IS I)recoll:igenous f i -  
I)crs, mitu rc  into collagen fibers, :ind finidly locie their fiber 
char:icler, which will no1 re:ippCiil* until cnlcific-:ilion sets i n .  
(Text Fig. 3 ,  page 403 ) . 

Polysaccharides of the Osteoid 

The Metachromatic Reaction 

Acid iiiiico~olysaccli~irides in l l ie  osteoid were tleiiiuns1r:itetl 
by inetacliroinatic staining ;ifter tre:itment of thc sections with 
:iqueous solutions of  toluidine blue of :I wriety o f  concentrntions 
:ind for different lengths of  t i i i i r  followed by w;ishing \villi : i l c v ) -  
hol (See Table I, page 350). 

Much coat roversy was connected writli the iicceptiince ol' JIIC-  

I:ichroni:isi:i iis o histocheniic:il test for po1ys:iccli:iridrs sinc-c 
KArlich ( 1878. 1879) first described thr  iiietachroiiinsi;i o l  ni:isl 
c.clls. Ehr1ic.h stressed that these cells were eh:ir:iclcrizetl I)?. :I 
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particular chemical substance ruther Lhtin hy structure or Sliill)c. 

H r  WIS unnble to identify lhis p;irticiil;ir sul)st:inrc. h i t  Iic  no- 
tiwcl froin cxperiinents in oitro tlial solutions of loluitliiic~ I r l w  
turnrtl red when sulphuric :wid W:IS ;itldetl. 'I'liis lctl Liaoia ( l!KMi) 
to believe th:it tlie shift iii color ol' llic tlyc which orri~rrc~tl  whrii 
certain tissues were stained with basic aniline dyes W;IS spe- 
cificolly caused by the presence of sulphuric eslers of  high I I I O -  

lecular weight. This has been found not t o  be the whole truth, :IS 
severd authors (e. g. Wislocki, Bunting & I )ernpsq  (19471, :ind 
Asboe-Hansen (1951)) showed that these dyes :dso stained hya- 
luronic acid iiietachroiiiatically. Moreover, Ilfichrrelis ( 1947) and 
also Lison & Mufsnars (1950) reported that nucleic acids react 
in the sanie way. 

SyZuCn studied the iiietachroiiiatic reaction in oiuo ( 1941, 1947:1, 
1947b) as well as in uifro (1954). Froiii these studies hc ro i i -  

cluded that in order to conihine with the dyes, :I suhstiincc iiiust 

have a iiiiniiiiuni number of inolecules having charged groups 
nvnilable with which the cationic dye molecules can coinbinc. If 
the shining is to be metachromatic, the reacting groups inusl 
furthermore display a certain degree of aggregation in ortler 11) 
provide the proper intercharge distance so that :I I)olysierizaliciii 
of the dye molecules can occur. This concept explains why chon- 
droitin sulphate stains iiietachroiiiatically, and also iiccouiils lor  
the fact that hyaluronic acid and the nucleic acids mag ex1iil)il 
nietachroniasia. 

Ehrlich (1877, 18791, using several aniline dyes, found it re- 
grettable that by the use of alcohol the iiietachroiiiatic staining 
was removed in some tissue components, while it reiiiained i n  
others. SyluPn ( 1947a, 1947b) elaborated the same expericnrr 
into the distinction between "true" and "false" iiiet:ichroni:isi:i, 
true nietachroniasia being due to the presence of chromotropc 
material, whereas false nietachroiiiasia according to SyZuPn W:IS 

caused by unexplained adsorption phenomena, and therefore tlie 
dye could be washed off by alcohol. 

Lison & Mutsnars (1950) found that on decreasing the con- 
centration of thionine or toluidine, one class of substances re- 
tained red iiietachroiiiasia independent of the concentratioii o l  

dye. Other substances showed a green color with low concentrii- 
tion of dye, and a red color only with high dye concenlratioii. 
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They termed the first type positive niet:ichroni:isia :ind th r  se- 
cond type, viz. the green one, negative iiiet:ichroui~isi:i, the ii:iiiies 

refcrring to the direction of shift of thc  :ibsorption spectr:i. l'o- 
sitivc nietachroniasia they thought to be characteristic for sul)- 
stances like chondroitin sulphate and hyaluronic acid. U p  to now 
negative iiietachroiiiasia has only been observed in nucleic acids. 

Sections of undecalcified bone stained :it low concentrations of 
Loluidine blue showed the entire osteoid red before dehy1r:ition 
in :ilcohols. 

Alter alcohol dehydration, the red color persisted in the y o ~ n g -  
cst region of the osteoid, corresponding to the area of precol1:igcw- 
ous tibers, whereas no trace of the red stain reiiinined in tlw 
rest of the osteoid. According to  SgZriPn's classific:ition, lhis in- 
dicates "true" nietachroiiiasia i n  the :ireti of precollagen fibers 
and "false" metachrom:isi:i in the rest o f  the osteoid. 

When slightly higher dye concentr:itions and :ilcohol tlehytlr;i- 
tion were used, the area of silver sttiined fibers was red :IS l)el'oi*c. 
The arc:i with denionstrable collagen fibers was uns1:iinetl :IS 

before but the outer zone of the osteoid showed :I light grccii 
color growing in intensity :it the edge of the newly c:ilcil'icvl 
h n c  (Fig. 19). 

On fur;her increase of the concentriition, the :ireas showing 
thc red and green colors widened and :ipproached each otlicr 
(Fig. 20).  After staining in 0.1 % toluidine blue for 15 iiiinutcs 
:in( tLe usual dehydration, the outer zone wtis no longer grcrii 
but purplish, whereas the red color of the inner zone reiii:iinetl 
un .mngcd (Fig. 22). M:ixiinal increase of the concentration of  
[ l i t  .is.. solu ion stained the entire osteoid orthochroiii:itic.:illy 
(Fig. 23). See Table I, page 350. 

'I'hc occurrence of green metachromasia in bone tissue 11:)s not 
heLn dc scribed before. The correlation between the prcsenl iiii- 
dings and the observations by Lison & Mutsatrrs (1950) is striking. 
T h e  green sh in ing  with dilute solutions of the dye : ind thr 
change to red when the dye concentration was incre:ised cor- 
respond entirely to what happencd in the old osteoid :ind i n  11ic 
zone of transition. Attempts to change the red iiie1:icliroiii:isi:i 
of lhe inner zone into green by diluting the dye solution. l':iiIml 
coiiipletely. It was eithcr red or unstained. Indeed, v:iri:itions iri 
concentrations of the staining solution would c:iusr tlit'l'crcii t in- 
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Irtisitirs of [lie color iwct ion,  but tlie s h d e  o f  the color reiii:riiic.tl 
the s:Iinc. I n  other words, thc? ;irc;i o f  the precol1:igenous fil)c*ra 
showed true (Sg lvPn)  or positive (Lison L Mutsnrtrs) metachro- 
iiiasia, the iirea of nonfibrous collagen and the :ire:i of niinernli- 
x:itioii, 1icg:itive iiiel;ichroiii:isi:~. 

Sylnf;n woiiltl have interpreted tlic iiiet:ichrolii:isi:I o f  the o u k r  
:mtl 1r:insit ionul zones :IS being caused by truly inetachrotii:ilic. 
substances if stained e.g. with 0.1 76 toluidine blue and dehy- 
drtited in alcohol (Fig. 22). Staining with 0.001 PA solution f o r  
Ii:ilf :I iniiiute, i. e., drastic reduction of  concentr:ition :~nd  t i l l i t * .  

:rntl subsequent dehydration, would :iccording l o  Lison h N u l -  
.war, reveal the presence of pseudo-aietachroiiiatic substances. 
I1  is no1 clear whether Lison L Yatsnnr ( 1!)50) in their tissiw 
sludics iiiade their observations from sections iiiounted in w:iltv. 
or :iftrr tlehydration in olcohol. Froiii thc  results of the prrstwl 
stiitiy it is eyident that  stand:irdizing of  w;ishing in ulcohol ;is 

wcll :IS variation of  the dye concentration :ire necessary for l h c *  
cliffcrentiation of the degree of positive nietachroiiiasi:~ : ind f o r  
thc tlistiiirtion of positive and negativc tiiet:ichrotiirisi:i. 

The finding o f  true iiietachroiiiatic iii:iterid in the :irw o f  llic 
I)i'ilcoll;igeiious fibers shows that  ;in :wid iiiiicnpolys:iccIi:iritlc is 
present in this area. Cheiiiical ;in:ilyses of bonc I K.  M q e r ,  l ! M  I ,  

:ind autoradiographic studies (DziefruintkoaJs~i,  1951a ; Amprino, 
1!)5(i) suggest lh:il this iiiucol)olysacch:iricfe is chonclroitin si l l -  

IAison ff Mufsririr ( 1950) do not iiiiply thal  green iiietuchroni:i- 
Siil is confined to  iiucleic acids only. The results o f  the preseiil 
studies perlait a tentative identification o f  the negatively iiw 

t;icliroiiintic material in the old osteoid :ind transitional zone ;IS 

well :IS in the newly calcified bone by drawing on evidence g:iinrtl 
froiii the secondary fluorescence, the periodic acid-Schif,f reaclioii 
;and 011 the stiiining reactions o f  the roll:igeii in this zone. This 
point will be discussed later. 

I )I1 ;I 1 e . 

The Periodic Acid-Schiff Reaction 
The periodic acid-Schiff technique consists in the treatiiietil of 

sections with periodic acid ( HIOd) and Schiff's reagent ( leuco- 
luclisin I .  The acid is thought to oxidize ;idj:icent hydroxyl g r o u p  
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into open chain ;ildehydes. I n  the subsequent treatment the col- 
orless leucofuchsin combines with aldehydes into red colored 
coiiiplexes (Hotchkiss, 1948 1 .  The iiiethod is generally :icceptecl 
:IS ;I histocheiiiical test for water-insoluble c;irbohydr:ites inclutl- 
iiig glycogen, acid :ind neutral iiiiicol~o1ysacch:irides. Glyiwgeii 
can he eliniin;ited by incubating the sections with di:ist:isc 
t Penrse, 1950 ) . 

Sections treated with cli;ist;isc prior to oxidation showed IIO 

difference in the intensity of  the periodic acid-Schiff reaction in 
lhe osteoid, indiciiting the absence o f  glycogen. On the othcr 
hand, the osteohl:ists appe:ired p l e r  to soiiie extent ; therefore, 
Ihey contain glycogen. 

The undec:ilcified sections which were treated with tliust:isc* 
and subsequently exposed to the periodic acid-Schiff re:igents 
showed ;in intense staining of the area corresponding to thc I;iyrr 
of the preco1l:igenous fibers, whereas the rest o f  the young ;is 

well as  the old osteoid displayed an even. slightly inteiisc c * o l o i *  
rcuction. Omission of the oxidation procedures :ind st;iiiiiiig cl i -  
rectly with Schiff's solution left the sections entirely unstained, 
indicating the :ibsence o f  preformed aldehydes. 

The osteoid therefore contained carbohydrates o f  high iiiolv- 
cular weight. The reacting groups :ire ;iffected by th r  ch:ingr l'roiii 
precollageiious to coll;igenous fibers, hut unaffected Ily t l i c .  
changes which occur in the colliigen itself during the devclopiiicnl 
lroni young to old osteoid. The ;irw :icij:icent to the- c;ilcil'itvl 
hone, the trmsitioniil zone, which stained yellow with imn 
K O S S ~ S  silver stain and red with :iliz;iriii, showed en :ihruptIy 
weakened PAS re:irtion. 

Cersh & Ctrtchpolc~ ( 1!)49 ), in their work on coiinecli\r lissui., 
rekted differences in the intensity o f  the PAS reactioii lo t l i v  
degree of aggregation of the reiicting groups, iind thereby lo tliv 
state of polyiiierizotion of the po1ys:icch;iride niolecules. ' I ' h -  i i i -  

tensity of staining is thought to he iii:iximnl ;it :in optiiiinl t l q r w  
of po1ymeriz:ition :ind to tlecliiic with further cwidens:ilion ol' 
the molecules because the reacting groups are  no longer :iccess- 
ible. Work d o n g  the s:iiiie line by Cobh (19491, Hdler-Steinhery 
(1951) and E n g d  ( 1952) hos suggested that this :ippliw I(, t l i v  
ground subst;ince o f  hone tissue :IS well. 

Therefore, the we:ilcenecl re:iction i n  the zonr ol' 1r;iiisiIioii 
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t * o i i l t l  he interpreted to iiie;iii thnt further I)olgiiierizatioii o f  Ilrv 
~)olys:iccli;irides has occurred in this region; in :itidition i t  coultl 
iriclic:itc thc iii:isl<ing of some o f  the re:irting groups by t l i v  mi- 
11c1.:11 s:ilts ( I'fIcgcI', l !158). 

The Relation between the Metachromatic Substance and 
the Periodic Acid-Schiff Reactive Compounds 

'l'lii~ positive iiietnchroiiiosi:~ tliiiiiiiishes gradu:dly lhrouglioul 
t l iv  iiincr zone, :ind is absent in the rest of the osteoid, whemis  
I he periodic acid-Schiff reaction shows no gradient in intensity 
pibriplier:il to the region o f  preco1I:igenous fibers. This  indicntrs 
11i:iL o i i c  :ictunlly is dealing with two different polysacrhnritles. 

In the section on "Fibers of osteoid" (pp 373-381 ) i t  was shown 
I Ii:it the tlecreasc in the intensity o f  iiiet:ichroniasi:i par:illels thin 
tlrwlopiiient o f  the precollagen fibers into mi ture  collagen fibers, 
:ind that chondroitin sulphate plays a rhle in this development. 
'l'lii~ i i iorc  iiiteiisc PAS-reaction in the youngest osteoid, whcrv 
Ihv I'ilwrs :ire still precollagenous fibers, is due to the fact th:il 
I hc choiitlroitin sulphate is not yet involvcd in the foriii:ition o f  
cwll:igcii fibers. Its hydroxyl groups are  therefore accessible to  
llir PAS re:igents, whereas in the mature collagenous fibers they 
: I I T  i io  longer reuctive. Since chondroitin sulphate is :i component 
o f  c:ilcified bone, there is no reason to :isstme that the pro- 
grrss iw decrease in the intensity and eventual disappearance of  
Ihe positive irietachroiiiasia are  caused by :I decrease in the 
; i i i i o u n t  of chondroitin sulphate, a s  claimed by SylriPn (1947). It 
seeiiis ftir iiiorc likely that its unionic groups :ire no longer ticcess- 
ilde lo  the molecules. 

The c1i:inge in the collagen within the old osteoid does not lead 
to  :I liberation of the reacting groups of chondroitin sulphate, 
since it does not lead to a rcappe:ir:ince of positive metachroiii:i- 
sia. 

II is possible that the sulphate groups reiii:iin interconnected 
with the collagen and therefore cannot respond to toluidine blue. 
II is also possible that the change in thc collagen fibers bas 
simply caused :in increase in the intercharge distance of the 



HONI'. TISSUI'. I~OHMATION 387 

\ull)h;ite groups beyond the distance required for met:iclironiasi:i 
lo  occur ( SgZnPn, 1954). However, the fact that positive iiietachro- 
in:isia does not recur in the area of iiiineralization, where thc 
tlistanre between the coll:igen iiiolecules is minimal, seeiiis to rulc 
I J U f  the second possibility. It appears therefore that the intimate 
reliltion between collagen and chondroitin sulphate which was 
est:iblished during the development of the fibrous co1l:igen :ind 
led t o  the disappearance of positive nietaclironinsia, has  been re- 
tained in the nonfibrous st:ite of the collagen in the old osteoid, 
and is also retained during iiiineralization. This concept of chon- 
clroitin sulph:ite serving a s  a cementing substance between fibrous 
elements is in agreement with what is found in other conncctive 
lissues. 

The periodic acid-Schiff reaction remains constant in part of 
the young and in the entire old osteoid, exhibiting the saiiie in- 
tciisity from the area of the precollagenous fibers to ti point just 
next to the iiiargin of the calcified bone, showing that this reac- 
tion is somewhat independent of the factors which cause varia- 
tions in the inetachromatic reactions. This suggests the presence 
of :I polysaccharide coiiiponent other than the sulphated one. 
This second polysaccharide group does not interact with col- 
lagen. The persistence of the periodic acid-Schiff reaction in 
contrast to the loss of nietachroniasia, which are observed in 
osteoid after exposure to decalcifying agents, is a further point 
suggesting the presence of a t  least two groups of polysaccharides 
in bone. 

Since no ncid mucopolysaccharides other than chondroitin sul- 
phatc have been found in any aiiiount in bone tissue (K. IMeyer, 
1956),  the PAS reaction in the osteoid must be due to a different 
po1ysacch:iride-protein complex. This  conclusion is supported by 
recent findings of Disrhe et nl. (1958).  They found a neutral po- 
1ys:iccharide-protein complex in bone tissue and considered that  
this group may constitute the major portion of the polysaccha- 
rides of bone. The  behavior of this polysaccharide coinpound 
throughout the osteoid and especially its independence of the 
v:iri:itions of the fibers, suggest that the neutral polysaccharide- 
pro?ein coniplex constitutes the colloid part of the ground sub- 
st:incc of bone, rather than acting as a cementing substance be- 
1wr.cn the fibrous structures. 
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Since they Iiavc no net negative charge the neutrd polysaccha- 
rides cannot he responsible for the negative iiietachroniasia of the 
outer : i n c l  triinsitioniil zones. Therefore, the most probable s o u r ~ c ~  
of tinionic groups for the ciitionic dye to react with, would be the 
colltigen. The change of the fibers which h a s  occurred in thc old 
osteoid (pp. 373-381 ) and the increased 1)olymerizatioii of the 
tissue towards the edge of the bone ni:iy he rcsponsihle for tlir 
negative iiietachroin:isi:i of the outer zone. 

The negative met:ichromasin continues into Ihe newly ral- 
cified portion of the transitional zone, as shown by the fact t h t i l  
this :ireti stained green with low concentr:itions of the dye so- 
lution. Engfrldt & Hjerfrlaisf (1955). l'incrnt ( 1955) and Id+ 
c*roi.r ( 1956) believed that the metachrom:isia of this region is 
due to the presence of true iiietachroniatic substances. It appears. 
however, that they have not reduced the concentration of the 
dye sufficiently to rule out negative iiietachromasi;i. 

The increased intensity of negative nietachroniasia in the tr:uis- 
itional zone compared with the-old osteoid is the expression o f  
:I cioser spicing of the collagen. The f:ict that negative m e -  
luchroniasia is found in the osteoid :IS well :is in the newly 
c-nlcifiecl hone clemonstrates that the staining o f  the hone is not. 
or :it le:ist not entirely, an :idsorption phenoiiienon ;is cliiiliicd 
by SyliiPn (1947a. 1947h), but indicates that nonfibrous coi- 
lagen is present in the are:i of newly calcified bone :is well :IS 

in the osteoid. 
The increased density o f  negative charge in the osteoid rv- 

sulting from the higher concentration of the nonfibrous collngeii 
and of the polysacch:irides is expressed by the niaxim:il intensity 
of hsophilin after staining with heniatoxylin-eosin. 

Conclusions 

Two high iiiolecultir p o l y s a c b i d e  coniponents :ire present i i i  

osteoid : ( 1 ) An acid iiiiicopolysaccharide, chondroitin sulph uric 
:wid, is closely connected with the developnient and iiiaintentince 
of the collagen. ( 2 )  A non-acid, presuniably :I neutral poly- 
saccharide coniplex, is inore independent o f  the vari:itions of the 
collagen, and acts ;is ground substance. 
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The Distribution of Alkaline Phosphatase in the Osteoid 

The histocheiiiical methods for the denionsiration of enzymes 
:ire somewhat complicated by the fact that as yet enzymes per se 
c;tnnot he visualized. Therefore, the principles underlying the 
Iechniques in use are to render visible a product of the reaction 
o f  the enzymes with one of its subtrates. (hniori's (1938. 1952) 
method inwlves the incubation of  sections with :in aliphatic 
ester o f  phosphoric acid :IS well :is with ionized c;ilciuiii. The 
resulting precipitate of  cnlciuiii 1)hosph:ite is subsequently de- 
inonstrated by the rep1:icenient of c:ilciuiii with iiietals forming 
insoluble colored phosphates, e.g. cobtiit. 

Any ralciuin phosphate contained in the sections is visuii- 
lized ;is cobalt phosphiite. Consequently, the application of this  
method to undecdcified hard tissues (Fremrtn h McLeiin, 1941; 
Fiiriitii h Bnyel, 1943; Goinori, 1943; Wislocki h Sognnues, 1950; 
Berwlrtntirr h Johnson. 1951 ) renders the interpretation difficult. 
However, alkaline phosph:it:ise is not only very sensitive to hi- 
slologir procedures like fixation :ind enihedding ( Ihnielli, 11145 ),  

I ~ r l  ;ilso to tlriiiiiier:iliz:ilioii in :ic.ids, since the optiuiii pH o f  thc 
c*iizyiiir is on the alkaline side. 

In 1944 Jlenlen, Janyc* & Green tleinonstr:ited :ilk:iline phos- 
p1i;tt:tse I)?. using :in :iron~ittic ester :IS substrate and by visualiz- 
ing the :ilcoholic p i r t  o f  the substriite-enzyme reaction through 
coiipling with ; in iizo dye. Modifications of this technique were 
i i i ; i t lcs  1)y .Ilrinheinirr 65 Seliyrnrrn ( 1941)). The f w t  that  the mi- 

gents (lo not visuiilize the inorganic salts made this method seeiii 
idc;il l'or the identification ol' alk:iline phosphatase in hone. 
especially so, :IS in other :ireus o f  research the method seemed 
t o  be superior to the cobalt sulphide method (dZinfz L Russel, 
1!)57 1 .  1)oth techniques were used in the present investig:ition. 

In order to distinguish enzyiiie :ictivity from prefornied st:iin- 
:ihle iii:iteritil, control sections of both series were inactivated by 
I r(*;il iiient with ic,dine-l)ot:issiulii iodide solution before i i i cuh -  
l ion .  Omission o f  g1ycerol)hosph:ite from the incuhation niediuiii. 
(11' txclusion o f  c:ilcium chloride from the s:ime, :is well ;IS slain- 
in;: tlirrctly with robtilt nitr:ite-:iiiiiiioniuiii sulphide, serve(] [(I 

increase the specificity of Coinori's iiiethod. 
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'l'hc are;i o f  the osteoid :idjacent to the osteohlasts st;iinctl i*cvl 

with the t izo technique (Fig. 34) and black with Gornori's me- 

thod (Fig. 33) for alk:iline phosphiitase. Sections 1re:itetl \v i l l i  
iodine-pot:issiuiii iodide solution and subsequently sut)jcc.lctl L i t  

t l ie respective iiiethods did not show staining in this region. ( Fig. 
35) indicating that the matter stained in the intact sections :ic- 
I U:I 1 I y w ;I s the product of phosp h :it a se :ic t ivi t y . 

Nuclei and cytoplasiii of  active osteobhsls were stained 1b.v 
Iiolh inclliotls. The cytoplasmic staining included tlie wliolr IcnglIi 
ol' l l ie  cell processes, ;IS f a r  :IS they could he followrtl i i i l o  1111- 

c.:ilcifictl iii:itrix. Resting ostcoblasts lining lhc s u ~ . l ' : i c ~  ol' I i o i i c b  

wlierc no Iwnc formation w:is going on, showed reduwtl iwxyiiica 
:ic.livily i n  nuclei ;ind cytopl:isni. The cxt~a-cellul:ir staining i i i  

t l i c  n:irrow :ire:i of tlic osteoid tind the staining in tlic cyIo1il:isiii 
of  cell bodies and cell processes occurred only in the sections 
l es l ( t l  for cnzynie activity and w;is :ihsent i n  thc  control scriw. 
Where:is treatment with iodine- potassiuni iodide solution Icl'l 
: i n  entirely unstained section after incubtition in sodiuiii n:iphlyl 
phosphate-:izo RC, the cell nuclei continued to sttiin we:ikly hl:ick 
w l i c ~ i i  tlil'l'crcnt cwntrol iiic;isures wcrc uiiclrrl:ilteii to vrril'y Ilir 
results o f  the Coniori method. 

'~rc~:itiiiiwl with iotline-l)ol:issiiiiii io t l i t l c i  sol ti Lion, or  oiiiissioii 
ol' iiic.ul):ilion in glyrero~~l ios~~l i : i  te  h i l h  rcsul l e d  i n  l';iiiil sl : i i i i i  iig 

(il' 11iv :irc:i ol' tlie nuclei close to l h c h  nuclc;ir iiii*iiiI)r:incs. i i i -  

c1ic:iling 111:iL other suhsl:inces tli;in Llic 1)roducts ol' riixyiiic. :I(-- 

tivity were stained by the I:itter iiiethod. St;iining of  sections es- 

clusively with cobiilt nitr.:tte---:i~ii~iio~iiuiii sulphide g:iw the s;iiiit* 

inlcbiisily :inti tlislribution ol' staining within the nuclci, :IS t l i t l  

11i(- previously inentionecl conlrol liiwcedurrs. This ronl'irliis IIic. 
1ii*iwnw of sl;iin:ible iii;iltei- othrr I1i:in 1h:it indic:~ting l d l o s -  
pIi;il:is(~ ;iclivity. 1~in;iIly. lht. oiiiission o f  c:ilciuiii cliloritlc i i i  t 111. 

iiwii1):iIing iiiislure g:ive the s:iiiie restill :IS in:ictiwtion ol' IIi(. 
t nxyiiic with c:ilciuni chloritle present, intliwting th:il olhr-r siil)- 

sl:riicc.s ;ire d ) Ie  to hind with coh:ilt. 
A l l  Ihis shows Ih;it :itso inlr:inucleur prcl'oriiied l ~ l i o s l i l i : i l t ~ s  

or other :inions rontrihute to the black color when Cor,lori'.i 
i i i c * l l io t l  is used. T h a t  the prefoi~iiietl sul)st:inc:cs :ire i ioL rrsl ioi i -  
dh I'or the entire bl:rck s1:iin i n  11iii nuclci, ;ippe:irs l'roiii Ihc. 
i I I ~  w:i silt l i 11 le 11 sit y ol' s l  :I i i i  i  i i  g :I 1'1 c I* ( iii c b  I ii i 11 ti 1 c ()I' cnxy I 1 1  1. : ic  I i  1 )ii 
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and  a l s o  from the results obtained with the :izo dye techniquv. 
l'hc consistent finding of : i n  unst;iined inner zone during L h c v  

control procedures excludes the presence of preforined insoluhle 
p1iospli:ites in this tissue, hyont l  the :iinounts found i n  so l t  

tissue i n  gener:il. 
l'hc i)nssihility that the prescnce o f  st:iin ill Ihc osleoiti iiiiglil 

h i s  clue to diffusion :irtef:icts froiii the osteo1)l:ists into Lhc o+ 

teoid (Mnjnn h Roriilkr, 1951 ) c:in be cxcluded for the w:isoii 
that  the activity was stronger in  the cistenid than in the cyto- 
plasm of  the  osteoblasts. I t  seeins unlikely that an  tiliiiost complete 
rc1oc;iIiz:~tion of the :ictivity could take p1:ice. More,)\w.. llic 
presence of phosphntnse :ictivity w:is ;IS in:irl<ed in areas whci.c 
llie ostenblnsts had been dislocated froin the osteoitl :ih in  :irci\ 
where the osteoh1:ists w e r e  i i i  position. The short period o r  i l l -  

cuh:ition i n  fi1yceropliosl)li:it~~ ( 1 - 3 iiiinutes) :id the inciiI):ilioii 
in sodiuiii n:iphtyl p1iosl)h;ite ;izo substrate :it low teiuper;iturr 
(4"(:) :ire 1)roh:ibly hoth ;ipt to reducc the degree o f  diffusion. 

'I'hat the h1:ick stain in pirt of the inner zone represc~ntcil 
diffusion of ininer:il sal ts  froin the c:ilcified bone c:iii I)r riilivl 
out 1)ec:iuse of the strongly :ilkdine 1'11 of thc incub:itinfi IiiixturcQ 
:ind hec:iuse o f  the finding of :izo dye in the sttilie 1oc:ition. Any 
internction of this dye with the hone iiiiner:ils is, :IS far :rs c:in 
tw wen, theoreticullg iinpossihlc. 

I t  w a s  :ilso evident that the ;izo dye did not slain ;illy 1):trt 
of  the  c:ilcifietl iiiiitril. Even i f  the  :izo dye terhniqur Ii:itl i i o t  

been used, coiit:iniiiiatioii from the iiiiner:ilizcd hone woultl h;i\ v 
been unlikely i n  view o f  the consistent finding o f  :in unst:iinetl 
portion o f  the osteoid of :ipproxiin:itely 8-10 inicrons belweeii 
the :ire:i of pliosphatnse :activity, :ind thc hlack-st:iinetl c:ilcifirtl 
1)on e. 

The  only p:irt o f  the periplier;il osteoid which st:iined with ( ; I ) -  

mori's method was ii narrow band nest to the calcified hone. T1i:tt 
this did not represent enzyine wtivity w i s  evident f ro in  t h e  f;wt 
that this areti did not stain with ;izo dye. It  also st;iinetl with 
cobalt in :iny of the controls of the (;oinori technique. 

Freezing-drying :ind acetone fixation and the eiiihedding o f  
tissue i n  ineth:icrylate :it :I teinperature below 45" for N hours, 
seem to have caused little in:ictivntion of the enzynie, :is high 
c.olor intensities were o1it:iined :tlre:idy :ifter very short iiicul):i- 
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Lion periods. The present inaterial does not permit ;in e\sluatiori 
of enzyme activity in sections from decalcified materiai COIII- 

pired with what is found in undecalcified sections. Nor can 
:I direct comparison between the phosphatase activity after par- 
:iffin embedding and embedding in methacrylate be made. Ne- 
vertheless, considering the tiwe of incubation used for dec:rlcified 
.ind reactivated sections (I,orch, 1947 ; (ireep, Fischer h nforse, 
I O 1 R ;  Wislocki h Sognniies, 1950) and for sections of  undecalci- 
fied bone embedded in paraffin (Pritchrrrd, 1952). it seeiiis justi- 
lied to state that the technique employed in iwiking undectilcified 
sections of frozen-dried and :icetone fixed :ind meth:icryl:ite em- 
I)edded bone is superior, :IS fnr :IS the preserwtion o f  :ilk:iline 
phosph;it:ise is concerned. 

‘I’he tires of bone used in this study facilitated the intcrpretn- 
lion of the results. The occurrence of alltaline phosph:il:ise ac- 
tivity in :I narrow layer of the osteoid adjacent to the osteobl:ists. 
and in  the cytoplasmic processes iind its absence in the iniijor 
portion (4/5) of the osteoid, have not been clearly shown before. 
‘I’he re:ison may be that iiiost of  the studies of phosphnt:ise in 
lhin sections of  undecalcified bone hiive been confined to spon- 
gioiis bone ( ( h i m x i ,  1943; Bevrlnnder h Johnson, 1951 ; Prii- 
rhrirtl, 1952). A study of phosphatase in osteoid which is so 

miwow ;is to be hardly visible (Erdheint,  1914; Hohinaon & M’trt- 
son, 1953) must be little inforai;ilive, especi:illy so, :is prwti- 
wlly :dl investigators hnvc used the cob:ilt sulphide method or 

re1 ated varieties. 
Decalcified sections of cortir:il bone for the study of the loca- 

1 ion of the enzyiiie activity in relation to the calcifieti iiiatrix 
seem to he less appropriate, because in such sections it is riirely 
possible l o  determine the exwt borderline between osteoid : ~ n d  
decalcified bone matrix. It is therefore understandable thut less 
specific stateiiients like ”edges of bony trabeculae”, ”newly fori i i -  

ed trabeculae” or ”the lining of vascular canals” have been used 
i n  describing the localization of phosphatase in bone tissue. 

Given the sensivity of the enzyme to acid pH (Hobison, 1923; 
G f m o r i ,  1939 1 and the need, in using the cobalt sulphide method, 
Lo sep:ir:ite the product of enzyme activity froin preforined i w i t -  
l e r s  by tedious controls, it :ippe:irs that the combination of un- 
der:ilcified sections :ind the iizo dye technique is the inethod of 
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choice. The azo dye method enables the investigator to ignore 
the probleiii of tissue phosphates. The presence of phenols or 
naphtols in body tissue under noriiial conditions is hardly con- 
ceivable. In view of the siiiiplicity of the technique involving one 
substrate-dye solution, the present study corroborates the judg- 
ment that this method gives better and clearer results in hard 
tissues than the cobalt sulphide method. 

Conclusions 

Alkaline phosphatase is located in the young osteoid, corre- 
sponding to the area of the precollagenous fibers. Active osteo- 
blasts show enzyiiie activity in the nuclei, in the perinuclear 
cytoplasiii and in the cell processes. Resting osteoblasts lining 
the inner walls of coiiipleted osteons show reduced phosphatase 
activity in the cytoplasiii and nuclei. Osteocytes are free of any 
cytoplasmic alkaline phosphatase activity from the iiioiiient they 
are embedded in the osteoid, and display only weak activity in 
the nuclei independent of the distance from the surface. 

Possible functions of alkaline phosphntase will be discussed 
in a following section. 

MECHANISM OF MINERALIZATION 

Calcifiability of the Osteoid 

The amount of water found in calcified bone tissue (10 7%; 
Robinson, 1958) is siiialler than in other connective tissues (60- 
70 %; Best & Taylor, 1954). The water content of the osteoid 
does not seein to differ from other coiiiparable connective tissues 
and is much higher than that of bone. This excess water of the 
osteoid is iiiost likely released just  before calcification. By which 
means water is removed froiii the area of iiiineralization is not 
clear. 

The loss of water in the area of mineralization would cause 
the above-mentioned increase of the negative charge. 

27 - Actcc oclo~ii. scccnd. V d .  17 
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\l’hether reconstitution of collagen fibers is a direct result of 
the closer spacing of the collagen units due to the withdrawal 
of water and thus occurs spontaneously, is dependent on thc 
nature of the preceding disorganization of the collagen. If the 
reconstitution requires energy, the source of energy is most likely 
located in the osteoblastic processes. 

The electron microscopic picture of the earliest calcification 
(Robinson & Cameron. 1956) reveals collagen fibrils and fibers 
with the characteristic periodicity, to which the inorganic crystals 
are spatially related. It is always a surprise to see that in the 
area of calcification the collagen fibers cover only approximately 
half of the available area, and that relatively large spaces are 
found between them. A short distance farther into the calcified 
bone the fibers are tiiore densely packed. The negative nieta- 
chroiiiasia in the area of earliest iiiineralization suggests that 
these spaces still contain nonfibrous collagen, and that this be- 
conies reconstituted at the moment of mineralization. This ex- 
plains the increase in the atiiount of fibrous collagen as iiiinerali- 
zation proceeds. An extension of the argument gives some reason- 
able explanation of the finding of thicker fibers in inore heavily 
inineralized bone and with advancing age (Robinson h Cameron, 
1956). 

The fact that the collagen fibers do not reappear before cal- 
cification starts, indicates that the reconstitution of fibers takes 
place simultaneously with or is followed by mineralization after 
too short a tiiiie for a stage of recognizable fibers to occur. In 
other words, calcifiable bone matrix cannot be visualized because 
mineralization sets in as soon as calcifiability is conferred upon 
the tissue. The long duration of the phase of nonfibrous collagen, 
which occupies the whole outer zone of the osteoid, suggests that 
calcifiability depends on the restitution of the fibrous state of 
the collagen, and the increased aggregation of the ground sub- 
stance. The factors controlling the timing of these processes are 
not clear. It is, however, evident that calcifiability is not deter- 
mined by the supply of iiiineral salts. In order to reach the area 
of mineralization, the bone salts which are directly or indirectly 
supplied by the circulation must traverse the entire width of the 
osteoid, and therefore are close to the organic matrix in all of 
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its successive stages. Only :it the stage of reconstitution of the 
collagen and the siiiiultaneous changes in the ground substance 
is there a n  interaction between the organic matrix and the mi- 
nerals. 

R6le of Alkaline Phosphatase in Mineralization 

Two conflicting concepts exist of the rdle of alkaline phos- 
phatase in the process of mineralization. One is based on the early 
hypothesis of Robison (1923, 1934) supported by Roche et nl. 
( 1945, 1950), according to which alkaline phosphatase is respon- 
sible for a local elevation of the concentration of phosphate ions 
in areas of mineralization. The other is derived from the observa- 
lion that cartilage can be caused to calcify in vitro after inactiva- 
tion of the enzyme (Wnldmrtn, 1948). I t  has, moreover, been 
suggested that the concentration of monophosphate esters in the 
tissue fluids is too low to provide the necessary substrate for 
alkaline phosphatase. Against this, it was argued that in cartilage 
the adequate aiiiount of substrate could be obtained by phos- 
yhorylation of glycogen (Cntmnn & Gutmrtn, 1041; Cictman & Yu,  
1950). 

The present study shows glycogen to be present in osteoblasts. 
It is a possibility, therefore, that glycogenolysis and phosphoryla- 
tion takes place. Furthermore, it is possible that the osteoblasts 
can take up and phosphorylate circulating glucose. A subsequent 
hydrolysis of glucose nionophosphate can also take place within 
the osteoblasts, and phosphate ions could be released through 
the cytoplasiiiic iiieiiibranes of the cell processes along the entire 
width of the osteoid. A polarized activity of the osteoblasts is 
found in other of their functions also. The present findings on 
the distribution of alkaIine phosphatase activity neither corrobo- 
rate nor reject the existing theories on the r61e of alkaline phos- 
phatase in the process of mineralization. However, the high level 
of activity in the cytoplasiiiic processes tends to show that extra- 
cellular enzyme activity in the area of iiiineralization is not a 
necessity, nor does the scarcity of monophosphate esters in the 
tissue fluids preclude the possibility that alkaline phosphatase 
plays a rcile in mineralization. 



Rble of Collagen and Polysaccharides in Mineralization 

Hnss (1945 ) suggested that a protein-carbohydrate coinplex in 
connective tissue acts as an inhibitant to iiiineralization. More 
recently, studies in uifro by Glimcher et al. (1957) showed that 
reconstituted collagen offers less resistance to iiiineralization than 
dissected native collagen. Following the suggestion of Hnss, these 
authors supposed that during their extraction of the collagen 
the mucopolysaccharides had been removed and that reiiioval 
of these substances was the key to mineralization. 

The present study shows that mineralization is not inhibited 
by the presence of iiiucopolysaccharides. On the contrary, the 
sudden change in the periodic acid-Schiff reaction in the aren 
of iiiineralization indicates that the neutral polysaccharides iii:iy 

play a positive r61e in the process. 
It seeiiis highly improbable that the sulphate groups of the 

chondroitin sulphate play a decisive r6le in this connection 
tleuine, Rubin, Follis h Hoiunrd, 1949; Sobel, 1952, 1955). be- 
cause these groups do not seeiii to be exposed in the area of mi- 
neralization, nor are they available for staining in the hone 
iiiatrix after decalcification. As  a whole. the behavior of chon- 
droitin sulphate froiii the collagen state in the young osteoid to 
the area of iiiineralization indicates that it iiiay be entirely con- 
cerned with the collagen as such, in bone as in other iiiesoderiiial 
tissues (Partridge, 1948; K. Meger, 1956). 

Concerning the r6le of the neutral polysaccharides, the findings 
of Yneger (1958) suggest :I possible interaction between extra 
crystalline iiiineral and some polysaccharide. 

On the other hand, substantial evidence exists for an orderly 
arrangement of the crystals upon and perhaps within the collagen 
fibrils I Robinson & Watson, 1953; Jockson, 1954, 1957; Sheldon 
& Robinson, 1957). Neamon & Neumnn (1958) have recently set 
forth a hypothesis of the crystal formation without a drastic 
local increase of inorganic ions in areas of bone formation. Ac- 
cording to this, in the iiiechanisiii of epitaxy or the seeding nie- 
chanisiii a coiiiponeiit is necessary which is crystalline by slrur- 
ture and which is sufficiently siiiiilar to the structure of thc 
hydroxyapatite. This crystalline material then, would induce ;I 
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nucleus o f  calciutii and phosphate ions. Once :I hydroxyapatite 
nucleus is formed, the further growth of the crystal takes place 
spontaneously. 

The only crystalline structure other than the mineral crystals 
in bone tissue is collagen. Theoretically, the authors just  men- 
l imed find it conceivable that collagen or some collagen-poly- 
saccharide coiiiplex may play the r6le of host crystal during 
11 uclea t ion. 

The present investigation indicates a n  itiiportant r61e of the 
collagen. A t  least, there :ire reasons to believe that the dyn:tiiiics 
of the collagen involving formation, dissolution and reconstitu- 
lion, serve m i l e  reasonable purpose in this context. The present 
study gives no direct clue :IS to the necessity of such peculiar 
behavior. It may well be that  reconstitution of collagen not only 
f:tcilitates iiiineralization, a s  Glimcher and co-workers ( 1957) 
suggest, but that reconstitution in uiuo is a prerequisite for mi- 
neralization to take place. It is also possible that the reconstitu- 
tion involves a rearrangeiiient of the col lagen-polysaccliaride in- 
lerrel:ttionship, which is specific for hone matrix :ind therefore. 
responsible for the initial nude  :I t '  ion. 



C H A P T E R  V l -  S U M M A I O '  A N D  C O I \ ' C L U S l O . N S  

Problems 

The iuorphological and histochemical malysis of the processcs 
inyolved in bone tissue formation has hitherto been perforiiictl 
oil either decalcified material or uildecalcified sections of em- 
bryonic or very young bone. Several authors have shown that 
the width of the osteoid, the organic precursor of bone, wr ies  
greatly in different areas of the skeleton. The purpose of the 
present investigation was to elaborate a technique for the pro- 
duction of thin undeinineralized sections of mature diaphyscal 
bone in which wide osteoid borders are found. By subjecting 
these sections to n variety of investigations, it was hoped to 
disclose the nature of sonie of the processes which necessarily 
h:ive to take place in the osteoid prior to iiiineralization. 

Material and Methods 

Cortical bone was taken froin the diaphyses of radius, tibia :inti 
the metacarpals of five noriiial dogs, aging froin four to twelve 
inonths. Sillall pieces of bone were removed while the aniinnls 
were still alive. In all instances the specimens were fixed w7ithin 
one or two minutes after amputation. 

Pieces of the same bone were fired in neutral form:ilin, i i i  

Zenker's fluid or by freeze-drying. The latter group of iiiateri:il 
w i s  postfixed in acetone before embedding. The undeniineralizecl 
illaterial was embedded in methacrylate and cut on a metallurgic 
iiiicrotome. Usually, serial sections were cut a t  six niicrons. hiit  

thinner sections could be obtained. 
Sonic of the foriiialin fixed illaterial was deiiiineralized in five 

per cent watery solution of nitric acid, forty-five per cent foriiiir 
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acid and twenty per cent sodium citrate in distilled water or in 
saturated solution of the disodiuiii salt of ethylene diaiiiine tetra- 
acetate, buffered with sodium hydroxide to yH 7.2. 

Both undecalcified and decalcified cross-sections were tested 
for general morphology, fibers, carbohydrates, inorganic miner:il 
salts and alkaline phosphatase by a variety of staining proce- 
dures and histochemical tests. Phase contrast microscopy. fluo- 
rescence microscopy (primary and secondary fluorescence ), pu- 
larization microscopy and iiiicroradiography were :ipplied to  
analogous sections. 

Morphology and Histochemistry of the Osteoid 

Up to now, osteoid has been characterized at the microscopic:iI 
level as beeing homogeneous, hyaline or edematous. The present 
study, including exaiiiination in the phase contrast microscope. 
disclosed three major zones of osteoid: 

.4n inner. zone, young osteoid, adjacent to the osteoblosts. 
An outer zone, old osteoid, coiuyrising the iiiiddle kind the 

pheripheral parts of the osteoid, which in turn, borders on 
tlw trrinsitionnl zone, i. e .  a narrow area of tissue representing 

the end of the osteoid and the beginning of the bone tissue. 
L:iyers within the zones were also distinguished. 

Radiating striations of the osteoid w e  effected by the pro- 
cesses of the osteoblasts and osteocytes. 

The par:illel series on partially and coiiipletely decalcified 1ii:i- 

terial leaves no doubt that the reason why these niorphologir 
features of the osteoid have not been seen before, are found i n  
thc detriiiiental effect of deniineralizing agents. In principle, no 
difference is observed after the use of different demineralizers. 

The optical pi th  differences in the osteoid which has not been 
cxposed to deniineralizing fluids, are consequently due to under- 
lying differences of chemical and/or physical properties. 

Inorgnnic constituents of osteoid. The possibility that the in- 
homogeneity of the osteoid could be caused by minor variations 
of inorganic matter was tried by microradioKr.7ph?., the silver 
staining of oon Kossn and alizarin staining. 
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As far  as the three zones of the osteoid :ire concerned, there 
:ippeared to be a correlation between these methods. 

The results deliionstrated that the inner and outer zones of 
the osteoid are devoid of inorganic depositions but that the mi- 
neral salts show increasing aggregation through the area of 
transition towards the bone. 

The inhoiiiogeneity of the osteoid, therefore, a s  it appe:ired in 
the phase contrast microscope, is in the iiiain not caused by 
differences in mineral content. The explanation of this pheno- 
menon may be sought in differences in the organic constituents. 

Chnrge condition of the osteoid. Prior to the discussion of tlic 
organic elements of the osteoid, :in analysis was iiinde of the 
electric charge conditions in the osteoid. 

The primary fluorescence in unstained sections and the se- 
condary fluorescence in sections subjected to dilute watery so- 
lutions of cationic and unionic fluorochroiiies at sliding p€I 
wlues, revealed roughly the same zones in the osteoid as did the 
phase contrast microscopy. 

It is clear froiii these series that :I iiieaii value for the iso- 
electric point of the osteoid does not exist, but that each zone 
has its characteristic electro-activity. The iso-electric point of 
the zone of transition is located in lhe pH range of 1-2, that 
o f  the narrow rim of tissue adjacent to the osteoblasts lies be- 
tween pH 4 and 5, whereas the rest of the young as well as the 
entire old osteoid is very weakly charged. 

Fibers of the osteoid. The fibrous eleiiients of the osteoid were 
examined in the phase contrast microscope, by staining in .Val- 
lory’s and uun Gieson’s stains and in ammonical silver solutions, 
and analyzed in the polarization microscope. The silver stained 
fibers of the young osteoid bordering on the osteoblasts were 
identified as reticulin or precollagenous fibers. They are loosely 
tirrangcd and oriented at random, although the birefringence 
indiczitcs that the iiiain direction is parallel to the surface of the 
calcified bone and in the plane of the section. 

The rest of the young osteoid, heavily stained by Jlnllor!j’s 
and van Gieson’s stain and not blackened by silver, were iden- 
tified as collagenous fibers. Strong birefringence would mean 
that the fibers are arranged with their long diiiiension in ihe 
plane of the section and parallel to the calcified bone. 
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The old osteoid showed no evidence of fibers. Neither Jlnl- 
lory’s nor van Gieson’s method stained the old osteoid, and signs 
of fibers were not seen in the phase contrast niicroscope. Fur-  
thermore, this area remained dark a t  a l l  aziiiiuths in polarized 
light. All o f  these negative results indicate the absence of col- 
lagenous fibers. The polarization iiiicroscopic picture even es- 
cludes the presence of oriented fibrillar elements :it the suh- 
microscopic level. 

The transitional zone is characterized by the reappenrance of 
weak color effects after Jltillory’s and imn Gieson’s stains. Be- 
tween crossed Nicols, this area consistently showed birefringence, 
the intensity of which might vary. Although individual fibers 
could not be seen, these findings are  taken to  indicate the pre- 
sence of collagenous fibers. The variations in phase difference as 
revealed by the polarization microscope are  caused by the dif- 
ferences in the direction of the fibers, the same phenomenon 
being responsible for the lamellation of the osteons. 

Crirbohgdmtcs of the osteoirl. Tests for carbohydrates in the 
osteoid included staining with watery solutions o f  toluidine blue 
and the periodic acid-Schiff technique. The inner part of the 
young osteoid corresponding to the silver stained fibers showed 
red (positive ) iiietachroiiiasia a t  all concentrations and staining 
times. The zone of transition showed green (negative) nietachro- 
iii;isi:i a t  low concentrations and was purplish red at  higher con- 
cent r:i t ion s. 

The occurence o f  green ~netachroinasia in bone tissue has not 
been described before. 

On the basis of earlier experinients, the conclusion WIS reached 
that in hone tissue positive inetnchroiiiasia indicates the presence 
o f  acid polysaccharides in the foriii of chondroitin sulpliuric 
acid. The negative nietachromasia, being very weak in the old 
osteoiti and strong in the zone of transition, is due to the increns- 
ing negative charge of tissue components other than acid 1’0- 
1ysacch;irides. These other elements :ire tentatively identified as 
colhgen in :I non-fibrous forin. 

The periodic acid-Schiff reaction reiiiained constant in p r t  of 
lhr young and in the entire old osteoid. In the very narrow area 
corresponding lo  the precollagenous fibers, the rex t ion  w:is 
soinewh:it inrrensed. The transitional zone showed :in :ibruptlg 



weakened reaction, indicating a higher degree of polyinerization 
of the polysaccharides. The constant intensity of the PAS reac- 
tion in part of the young and the entire old osteoid, and tlie per- 
sistence of the periodic acid-Schiff reaction throughout the inner 
and outer zones, in contrast to  the loss of positive metachroinasia 
:ifler decalcification, suggest the presence of :it least two groups 
of  polysaccharides in bone, :in acid and a neutral plysaccharide 
coiiiponent. 

Alkaline phosphntnse nctioity of osteoid. All<alinc phosphatasr 
was deliionstrated in undecalcified sections of frozen-dried bonr 
by Cornori's cobalt technique and the azo dye coupling technique. 
?'he area of bone used in this study facilitated the interpretation 
of the results. Given the sensitivity of the enzyme to histologic 
procedure, frozen-dried acetone fixed specimens and the :izo 
dye technique appears to be the method of choice. Alltaline phos- 
phatasc is located in the young osteoid corresponding to the area 
of precollagenous fibers. The rest of the osteoid, except for 
osteoblastic processes, is devoid of alkaline phosphatase activity. 

From tiiiie to time, both in the written language and orally, 
tlie word osteoid is erroneously used in the meaning of dc- 
iiiineralized bone matrix. The c1iar:icteristic morphology and 
specific histochemical qualities of the osteoid, and the clear cl i l -  
ferences between bone matrix and osteoid, deiiinnd that the \vorcl 
osteoid be reserved for the differentiating organic precursor of' 
bone, in which the deposition of inorganic salts takes plnre. 
giving :is :I result bone tissue. 



B O N E  T I S S U E  F O R M A T I O N  

A Concepl 

Analysis of the histological and histochemicnl properties of 
the zones of osteoid permit the distinction of  three stages in the 
process of bone forination (Text fig. 3 ) : 

( 1 ! A stage which includes the forination of precollagenous 
fibcrs and po1ysacch:irides and ends with the development of 

A .  Osteohlusls 

B. Osteoid 2. Outer zone ( o l d  osteoid) 

C. Bone 

1. Iniier zoiie (young osteoid 1 I 3. l ’ iu i i  s i t  ioiin I zoiic ( i l i t  eriiied ia  t e Iwnc 

Test fig. 3. 



iniiture collagen fibers mid ground substmce, ( 2  ) the  change 
of the collagenous fibers into nonfibrous units, and ( 3 )  increased 
degree of polyiiierization of the ground substance and the ne- 
gative charge, reconstitution of collagen, and the siiiiultaneous 
iiiineralization of the calcifiable matrix. 

( 1 )  The present study supports the concept that the osteoblasts 
play a decisive rdle in bone tissue forniation. The presence of 
glycogen, of iiietachroiiiatic and periodic acid-Schiff positive 
granules, and the evidence of alltaline phospliatase in  the pe- 
ripheral cytoplasm indicate specific activities of the osteoblasts. 
I t  seeiiis reasonable to think of the polysaccharide granules a s  
building blocks in what extracellularly exist a s  protein-yoly- 
s:ircharide coniplexes. Signs of fiber production within the cells 
could not be seen. Nevertheless, the location and the iiiesoderiiinl 
nature of the osteoblasts, together with the richness of fibers in 
lheir close vicinity, indicate some r d e  of the osteoblasts in fiber 
production siiiiilar to that suggested for fibroblasts. Thus, the 
osteoblasts seem to produce the major constituents of the future 
hone matrix. Furthermore, the cells are oriented with respect to  
the prospective calcified bone in the sense that aliiiost a11 fibers 
:ire found between the cells and the bone. 

The finding of occasional iiiature collagenous fibers between 
the osteoblasts show that the pre-existing fibers of the loose 
connective tissue are incorporated into the osteoid as the re- 
placement of the former takes place. The fibers formed by the 
osteoblasts appear as precollagenous fibers, and are vastly iiiore 
numerous than the pre-existing fibers. 

The precollagenous fibers are  identifiable by their staining 
re:ictions. They are  loosely packed and without any strict orienta- 
tion, :ilthough a weak birefringence indicates a preferential :ir- 
rtingement p:irallel to the surface o f  the bone and in the plane 
o f  the section. A short distance into the osteoid these silver 
stained fibers become converted into collagenous fibers. A t  least 
two constituents of the young osteoid contribute to the conversion 
into collagen fibers: Chondroitin sulphate and alkaline phos- 
phatase. Chondroitin sulphate is but loosely connected with the 
precollagenous fibers. The conversion of precollagen fibers into 
iiiature collagen fibers consists in the estnblishiiient of ;I firm 
connection between the precollageii fibers and the chondroitin 
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sulphate. The nature of the interaction between chondroitin 
sulphate and collagen is not known, but it appears that it con- 
sists in a cheinicnl reaction which involves at least the sulphate 
groups. 

The function o f  the chondroitin sulphate, therefore, is best 
understood as that of ii cementing sccbstmce. This is not unique 
for bone tissue, but is in agreement with what is found in other 
connective tissues. 

The occurrence of :ilkaline phosphatase in the nrea of the pre- 
collagen fibers corroborates what has been found in other con- 
nective tissues during fibrogenesis, namely. that extracellular 
alkaline phosphatase may be connected with the development of 
collagen fibers. The reactions catalyzed by the enzynie in this 
process are not known. 

A second polysaccharide component is present in the entire 
first stage. This is ;I neutral polysaccharide-protein coniples 
which is unaffected by the differentiation of the fibers, and con- 
stitutes the ground substnnce rather than acting as a cementing 
substance between the fibers. 

(2 )  With the beginning of the second stage, the collagen fi- 
bers start to change structurally, and to lose their staining qua- 
lities. After a brief transitional stage the fibrous structures 
disappear. From then on, the collagen does not respond to the 
conventional stains for collagen fibers and appears structureless. 
The characteristic birefringence of collagen is also absent. The 
chemical linkage between collagen and chondroitin sulphate per- 
sists in the stage where the collagen is nonfibrous. Judging by 
the old osteoid. this stage iiiust last for a considerable length of 
time. 

( 3 )  The third stage in the process of bone formation, although 
brief, comprises a complexity of processes directed toward the 
final transformation of the osteoid into calcifinble matrix and 
the subsequent mineralization of the latter. The initiation of the 
dynamics of the area of niineralization is probably the withdrawal 
of water. The loss of water leads to a higher concentration of 
nonfibrous collagen and accompanies increased aggregation of 
the ground substance. When this highly aggregated state is 
reached, the collagen fibers are reconstituted. This reconstitution 
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iiiay be spontaneous or require a specific energy systeiii tiiedi:itetl 
by enzyiiie systeiiis of the osteoblastic processes. 

With the reconstitution of the collagen and the constitution of 
the interrelationship between collagen and polysaccharides, 
which iiiay be specific for bone matrix, this is ready for iiiinera- 
lization. The withdrawal of water and the increase in concentra- 
tion of the colloid have brought about a n  increase in the electro- 
negative charge of the area. This would account for the attrac- 
tion of calciuiii ions. Phosphates and other anions have reached 
the area either by diffusion or by enzymatic action of phospha- 
tases in the osteoblastic processes. Whether the actual crys- 
tallization is caused by the effect of a booster iiiechanisiii or by 
a seeding iiiechanisiii cannot be determined :it the iiiorphologic 
level. 

The polyiiierization of the ground substance, the reconstitu- 
lion of collagen fibers, and the initial mineralization are iiiost 
likely siiiiultaneous processes. This means that noriiially the 
calcifiable matrix is not demonstrable, because the iiiatrix is 
tiiineralized as soon as calcifiability is brought about. The teriii 
"calcifiability" should be taken literally as a state of the osteoid 
which is not dependent on the supply of iiiineral salts. In order 
to reach the area of mineralization, the bone salts supplied by the 
circulation iiiust traverse the entire width of the osteoid in its 
successive stages. Only at the stage of increased polymerization 
of the ground substance, increased negative electric charge and 
reconstitution of the collagen fibers, is there an interaction be- 
tween the osteoid and the minerals. This applies regardless of 
whether the iiiineral ions diffuse in solution as electrolytes, or 
are released by enzymatic hydrolysis. 

As soon as the iiiineralization is initiated, only a short time 
is necessary in order to reach a relatively high degree of mi- 
neralization, provided the iiiineral supply is normal. If calcifica- 
tion is delayed by a scarcity of iiiineral salts, this should be iiia- 
nifested by an increased width of the transitional area. In other 
words, there should be a wide zone which stains with collagen 
stains, shows positive birefringence, exhibits strong negative me- 
tachroiiiasia and decreased periodic wid-Schiff reaction, and 
shows concentration effect at pH values below pH 2 after fluoro- 
chroiiiation with acridine orange, but lacks signs of accuniula- 
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tion of niineral salts and of calcification. Increased width of thc 
zones representing earlier stages in the developiiient of osteoid 
:we not indicative of a shortage of mineral salts. 

After the first stage of rapid mineralization is completed, the 
deposition of inorganic salts continues at a much slower rate. 
Evidence for continued deposition of mineral salts is found in 
;I higher degree of iiiineralization in the outer part coiiipared 
with the inner part of osteons under formation, and in older 
osteons coiiipared with younger ones. There is also evidence for 
a thickening of the collagen fibers of bone with age. In the ah- 
sence of cells capable of synthesizing collagen and ground sub- 
stance in the calcified bone matrix, it is assumed that these 
constituents are already present in the interstices of the cal- 
cified matrix and are gradually mineralized. This gradual mine- 
ralization of residual inaterial may, therefore, be accounted for 
by processes similar to those preceding the initial mineraliza- 
tion, i.e., loss of water, increased aggregation of ground sub- 
stance, and reconstitution of collagen fibers. 



C O N C L U S I O N  E T  R E S U L T A T S  

F O R M A T I O N  D U  T I S S U  O S S E U X  

Elitde morpliologiqoe et hislochiiii ique 

Les analyses iiiorphologiques et histochiiiiiques des processus 
dont I’enseiiible constitue la  foriiiation du tissu osseux ont jus- 
qu’ici principaleiiient C t C  exCcutCes aprks dCiiiinPralisation ou sur 
des coupes non dCiiiinCrnlisPes de tissu osseux spongieux eni- 
bryonnaire ou trbs jeune. Plusieurs chercheurs ont dkmontri. 
que la largeur de I’ostPoide, prPcurseur organicpe du tissu osseux, 
diffhre grandeiiient dans les diffPrentes parties du squelette. 

Le but de la prCsente etude a C t C  de dfvPlopper une technique 
periiiettant d’executer de iiiinces coupes non dCiiiinCralisCes de 
tissu osseux iiiQr provenant de la diaphyse oh I’on troure hnbi- 
tuelleiiient de larges zones d’ostCoide. En effectuant ensuite divers 
exaiiiens de ces coupes, I’auteur esphre pouvoir Cclairer quelques 
uns des processus qui doirent nkcessaireiiient se produire d a m  
I’ostCoide prtialableiiient a la iiiinhralisation. On :I prCler4 du 
tissu osseux cortical sur la diaphyse du radius, du tibin et des 
iriCtacarpiens de cinq chiens noriiiaux. L’Age des chiens variait 
de quatre a douze mois. Des fragments osseux ont Cte pr6levi.s 
sur I’aniiiial vivant. Les tissus ont CtC fixCs sans exception dans 
un dClai d’une a deux iiiinutes aprks aiiiputation. Les parties 
d’un seul et iii&iiie os ont CtC fixCes au foriiiol neutre, au liquide 
de Zenker ou par ”congelation-dessiccation”. Ce dernier groupe 
a ensuite CtC fix6 a I’acCtone. Ces tissus non dbminCralis6s ont 
CtC inclus dans du iiiethacrylate et coupCs au iiiicrotoiiie iii4tal- 
lurgique. Les coupes Ctaient en gCnPral d’une Cpaisseur de six 
iiiicrons, iiiais on pouvait les faire encore plus minces. Une partie 
des tissus fix& au foriiiol ont Ct6 dkiiiini.ra1isi.s dans une solution 
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aqueuse a 5 ”/ci d’acide nitrique, dans une solution de 45 “/c d’acide 
formique et 20 % citrate de sodiuiii dans de l’eau distilhie, ou 
dans une solution saturCe du sel disodique de tdtra-acCtate d’kthy- 
lhe-diainine aiiiende au pH 7,2 par taiiipon. 

Les coupes transversales dCcalcifiCes et les coupes non dCcal- 
cifiCes ont CtC? exaiiiinCes en ce qui concerne la niorphologie gC- 
nerale, les fibres, les hydrates de carbone, les sels ininCraux et la 
phosphatase alcaline B l’aide d’une s h i e  de colorations diverses 
et d’exaiiiens histochimiques. La iiiicroscopie en contraste de 
phase, 1:1 niicroscopie par fluorescence ( primaire et secondaire), 
la niicroscopie en luiiiiere polarisCe et la microradiographie ont 
aussi CtC einployPes pour l’examen de ces coupes. 

Au niveau microscopique, le tissu ostCoide a CtC par des cher- 
cheurs antkrieurs caractCrisC par sa constitution hoiiiogtne, hya- 
line ou oedCmateuse. L’Ptude prCsente :I prouvC au iiioyen du 
iiiicroscope B contraste de phase que l’ostkoide coniprend trois 
zones principles: 

Une zone inferne, l’osteoide jeune, le plus proche des ostCo- 
blastes. 

Llne zone externe, I’ostCoide AgC, qui coiiiprend la partie cen- 
trale et la partie p6riphPrique de I’ostCoide. A sa suite vient 

une zone de tmnsition, une aire Ctroite de tissu representant 
la liiiiite p&riphCrique de I’ostCoide et le dCbut du tissu 
osseux. 

Des couches A l’intkrieur des zones ont aussi CtC trouvies. Des 
lignes rayonnantes dans l’ost6oide ont C t C  identifiCes coiiinie 
Ctant les prolongenients des osteoblastes et des ostdocytes. 

Les sCries parall&les d’exaiiiens sur des tissus partielleiiient 
dCcalcifiCes et totaleinent decalcifies n’ont laissC aucun doute sur 
la raison pour laquelle ces traits iiiorphologiques de l’ostboide 
n’ont pas Cte const:itCs antc‘vieureiiient: l’effet destructif des 
liquides de dCininCra1is:itioii. Aucune difference notable n’a pu 
Ctre enregistree entre Ies r6siilt:its obtenus en utilisant les diff6- 
rents liquides d6c:ilcifi:ints. 

En se bns:tnt siir les faits iiiis en Cvidence indiquCs ci-dessus, 
on doit poiivoir ronclure clue les zones de I’ost&<ide dCcelCes par 
la inicroscopie en rontraste de phase de coupes non dCminCrali- 
sees, son1 dues  h des diffhenres loc:iles de nature chiiniqiie et/ou 
physiqiie. 

28 - Arftr o d o r i t .  scund. I ’ d .  17 
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Sels inoryaniques duns I’ostdoide 

La possibilitC que le manque d’hoiiiogCn6ite de I’ostCoide soit 
dQ A de petites variations dans le contenu de sels inorganiques a 
C t C  CtudiCe A I’aide de la micrortidiogr~iphie, de la coloration a 
I’argent de uon Kossa et de la coloration A I’alizarine. En ce qui 
concerne les trois zones de I’ostt!oide, il seinble qu’il y ait corre- 
lation entre ces riiCthodes d’exaiiien. Les rCsultats ont montre 
que la zone interne et la zone externe btaient totalement privCes 
de dCpots de sels mindraux, inais que la concentration de ceux-ci 
allait en augmentant en direction du tissu osseux dans la zone 
de transition. 

Le manque d’homogCnCitC du tissu ostCoide, inis en Cvidencc 
par le inicroscope en contraste de phase ne peut donc Ctre dii aux 
diffkrences du contenu iiiinkral, iiiais doit Ctre en re1 a t’ ion avec 
les variations dans les klCiiients organiques. 

Charges Plectrigues dans I’ostPnzde 

Une analyse des charges Clectriques relatives dans I’ostCoidc 
a 6th effectuke par niicroscopie de fluorescence. La fluorescence 
primaire sur des coupes non colorCes et la fluorescence secon- 
daire sur des coupes traitbes avec des solutions aqueuses de fluo- 
rochroiiies cathodiques et anodiques de pH variables ont dans 
I’ensenible donne les inkhies zones de l’ostdoide que celles wises 
en Cvidence par le inicroscope A contraste de phase. Ces sCries 
d’examens ont aussi iiiontr6 claireiiient qu’il n’existe pas de vnleur 
moyenne du point isoClectrique de I’ostdoide, mais que chaque 
zone prCsente des valeurs caractkristiques. Le point isohlectrique 
de la zone de transition se trouve aux environs de pH 1-2. L’C- 
troite aire de tissu la plus rapprochCe des ostkoblastes se trouve 
entre pH 4 et pH 5. Le reste de I’ostCoide jeune et la totaliti. de 
I’ostCoide GgC sont trbs prLs de la neutralit&. 

Les fibres dons I’ostCoide 

Les ClCments fibreux dans I’ostCoide ont 6tC examin& au iiiicro- 
scope A contraste de phase, avec coloration par les iiidthodes de 
Mallory et de uan Gieson, avec des solutions aniinoniacales d’ar- 
gent, et analysks au microscope de polarisation. 
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Les fibres colorees 8 l’argent se trouvant dans la partie de 
I’ostCoide jeune la plus proche des ostPoblastes ont 6t6 identi- 
fiCes coiiinie Ptant des fibres de dticuline ou prC-collaghes. Le 
reste de I’ostCoi’de jeune, fortenient color6 par les solutions de 
Mallory et de van Gieson, et lion noirci par I’argent, a PtC identi- 
fiC coiiiiiie Ctant des fibre collagPnes. La birPfringence accentuPe 
dans cette rCgion iiiontre que les fibres sont orientPes de telle 
nianibre que leur diiiiension la plus longue se troure dans le 
plan de la coupe transrersale et parall&lement A 1’0s calcifiC. 

L’ostCoide AgC ne prPsente aucune trace de forniations fibreu- 
ses. Ni la iiiethode de Mallory ni celle de van Gieson n’ont 
color6 cette partie de I’ostCo‘ide, et l’on n’a pas non plus nu mi- 
croscope B contraste de phase pu roir d’P16iiients fibreus ou de 
fibres. De plus, cette rPgion tissulaire est restPe obscure dans 
tous les secteurs en lumiPre polarisPe. 

Tous ces rksultats nCgatifs indiquent l’absence de fibres colla- 
gPnes. L’image au iiiicroscope de polarisation exclut iiiOiiie la 
yrhsence d’C1Cments fibrillaires au niveau submicroscopique. 

La zone de transition par contre prCsente une faible coloration 
par les iiidthodes de Mallory et de van Gieson. Cette r6gion prP- 
sente aussi une birhfringence entre nicols croisPs, I’intensite de 
cette birefringence Ptant cependant variable. 

Bien qu’on n’ait pas pu roir de fibres individuelles dans la 
zone de transition, ces rksultats indiquent la pr6sence de fibres 
collaghes. Les variations dans les diffPrences de phase qui ont 
dtC iiiises en Cridence par le iiiicroscope de polarisation sont dues 
B des variations dans l’orientation des fibres. La disposition la- 
iiiellaire des ostPones proroque le iiiaiiie yhknoiiiPne optique. 

Les hydrcites de cnrbone drrns Z’ostPoide 

Les 6preures histochiiiiiques concernant les hydrates de car- 
bone dans I’ostPoide ont compris la coloration a I’aide de solu- 
tions aqueuses de bleu de toluidine et la rPaction de PAS. 

La partie de 1’ostCoide jeune, correspondant nus fibres colo- 
rCes a l’argent, a prPsentP une iiiPtachroiiiasie rouge (positire 1 

A toutes les concentrations et pour tous les tenips de coloration. 

25’ 
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La zone de transition a present6 une iiiPtachroiiiasie verte ( n4- 
gative! aux concentrations basses et rouge pourpre aux concen- 
trations plus ClevCes. En se basant sur des expCriences anterieu- 
res, on a conclu que, dans le tissu osseux, la iiiCtachroiiiasie po- 
si the indique la prCsence de iiiucopolysaccharides acides sous 
fornie d’acide chondroitine-sulfurique. La iiiCtachroiiiasie nCga- 
tive, tr6s faible pour l’ostdoi’de PgC, iiiais augiiientant jusqu’h 
un niaxiiiiuiii dans la zone de transition, est due a une augiiien- 
tation de la charge negative dans les 6lCiiients tissulaires autres 
clue les iiiucopolysaccharides acides. On a, h titre d’essai, identi- 
fie ces autres PlCiiients coiiiiiie Ptant du collagkne sous une foriiie 
non fibreuse. 

La rCaction de PAS a Ctd constante dans des parties de 1’ostPo- 
ide jeune et dans la totalit4 de l’ostkoide Age. Dans l’espace trks 
Ctroit correspondant aux fibres prd-collaghes, la rCaction Ctait 
quelque peu augiiientde. La zone de transition prksentait u n  
;iffaiblissenient brusque de la reaction, ce qui indique un degrd 
de polyiiidrisation plus ClevC dans les polysaccharides. La con- 
stance de l’intensitd de la rkaction de PAS dans des partie de 
I’ostdoi’de jeune ainsi que dans la totalitC de l’ostdoi’de Sgd, et sa 
persistence dans toute la zone interne et toute la zone externe 
nprks dkcalcification, en contraste avec la perte de la iiidtachro- 
inasie positive, seiiible indiquer la presence d’au iiioins deux 
groupes de polysaccharides dans le tissu osseux, un PlCiiient wide 
et un eldiiient neutre. 

L’nctiuiit de phosphninse rilcrilinc tirins I’osiPoidc 

La phosphatase tilcaline a Cti! iiiise en Pvidence par la iiidthode 
:IU cobalt de Gornori et par coloration aeoi’que sur coupes non 
dCcalcifiCes. Le choix de tissu osseux provenant de 121 diaphyse 
s’est rdvClC approprit! et a facilitC l’interpretation des resultnts. 

Lorsque l’on prend en considbration la sensibilitd de l’enzyiiie 
h la technique histologique, il seiiible clue la congdation-dessicca- 
tion suivie de fixation 1 1’acPtone et lu  technique azoique soit la 
iiidthode la plus avantageuse. La phosphatase alcaline est locn- 
lisee dans l’osteo’ide jeune, correspondant a I’espace oil I’on :I 

trouyC des fibres prC-collagknes. Le reste de I’ostPoide, except4 
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les prolongeiiients des ostCoblastes, ne prksente nucuiie activitk 
de phosphntase alcaline. 

En conclusion et en se b:is:int sur les c:w:ictGres morphologiques 
et histochiiiiiques de I’ostkoide, 1’:iuteur presente son hypothhe 
sur la foriliation du tissu osseux. 



Z U S A M M E N I ' A S S U N G  U N D  E R G E B N I S S E  

DIE BILDUNG DES K N O C H E N G E W E B E S  

Ein e m orp h ol ogisch c 11 n d his t ocheni isc he C r n  t ersii c h 1 1  ng 

Die morphologischen und histochemischen lintersuchungen cler 
Yorgange, die insgesaiiit die Bildung des Knochengewebes dar- 
stellen, sind iiii wesentlichen an  entkalktem Material oder :in 
Schnitten von eiiibryonaleiii oder sehr jungeiii, spongiosem Jinorh- 
engewebe vorgenoiiiiiien worden. Eine Reihe von Forschern haben 
festgestellt, dass Osteoid, das organische Yorstadium des Kno- 
chengewebes, in den verschiedenen Skeletteilen an Breite stark 
wriieren kann. 

Der Zweck der vorliegenden Arbeit war, eine Methode zii ent- 
wickeln, die es erinoglicht, diinne, nicht entkalkte Schnitte Ton 
reifeiii Knochengewebe der Diaphysen, worin sich relativ :ws- 
gedehnte osteoide Zonen befinden, herzustellen. Zunachst hat 
der Yerfasser diese Schnitte iiiehrfach untersucht, uiii auf nlle 
Falle uber einige der Prozesse, die sich iiii Osteoid vor der Mi- 
neralisation abspielen miissen, Klarheit zu gewinnen. 

Kortikales Gewebe ron  den Diaphysen yon Radius, Tibia und 
Ossa inetacarpalin wurde aus funf normalen Hunden entnoninien. 
Das Alter dieser Hunde schwankte zwischen 4 und 12 Monaten. 
Die winzigen Ilnochenstiicke wurden eiitnoiiiiiien wahrend die 
Tiere aiii Leben waren. Die Praparate wurden ohne Ausnahirie 
innerhalb von 1-2 Minuten nach der Entnahme fixiert. Priipa- 
rate gleichen ZJrsprungs wurden in neutralem Formalin, in Zen- 
kers Flussigkeit oder durch "Gefrier-trocknung" fixiert, Die 
letzterwahnte Gruppe wurde in Azeton nachfixiert. Dieses nicht 
entkalkte IJntersuchunffsmaterial wurde in Methacrylat einge- 
bettet und iiiit eineiii iiietnllurgischen hlikrotom geschnitten. Die 
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Schnitte waren in der Regel 6 Miltron, obwohl es iiioglich war, sie 
noch dunner herzustellen. Ein Teil des in Foriiialin fixierten Un- 
tersuchun#siiiateriales wTurde in 5 % -iger Salpetersaure, ein an- 
derer in 45 %-iger Anieisensaure, in einer 20 %-igen Losung 
ron Natriuiiicitrat in destillierteiii Wasser und in einer gesattig- 
ten Losung des Di-natriuiiisalzes yon Aethylen-diaiiiintetra-aze- 
tat iiiit eineiii pH Wert von 7.2 entkalkt. 

Sowohl nicht entkalkte als auch entkalkte Querschnitte wur- 
den iiiittels einer Reihe Farbemethoden und histocheiiiischen Pru- 
fungen hinsichtlich ihrer generellen Morphologie, ihrer Fasern, 
ihres Gehaltes an Kohlenhydraten, anorganischen Mineralien und 
alkalischer Phosyhatase untersucht. Die Untersuchung uiiifasste 
auch Phasenkontrastiiiikroskoyie, Fluoreszenzniikroskopie, ( p i -  
mare und sekundare Fluoreszenz), Polarisationsiiiikroskopie und 
Mikroradiographie. 

Osteoid ist friiher iiiikroskopisch beziiglich seiner hoiiiogenen, 
hyalinen oder odeinatosen Konsistenz charakterisiert worden. Die 
vorliegende Untersuchung konnte dank der Phasenkontrastiiiik- 
roskopie feststellen, dass der Osteoid drei Hauytzonen hat: 

Eine innere Zone, die jungen Osteoid enthalt, an die Osteo- 
blasten ungrenzend. 

Eine iiussere Zone, die alteren Osteoid enthalt und den iiiittle- 
ren und peripheren Teil unifasst. Dieser Zone schliesst sich eine 

Ubergangszone an, ein dunner Gewebestreifen, welcher die pe- 
riphere Grenze des Osteoids und den Beginn des Knochengewebes 
reprasentiert. 

Auch zwischen den Zonen wurden Schichten gefunden. Strah- 
lenforniige Streifen iiii Osteoid wurden als Auslaufer der Osteo- 
blasten und Osteozyten identifiziert. 

Die Parallelversuche an teilweise und vollig entkalkten Prapa- 
raten lasseii keinen Zweifel dariiber, dass der Grund, weshalb 
diese iiiorphologischen Eigenschaften des Osteoids nicht fruher 
konstatiert worden sind, in der zerstorenden Wirkung der Ent- 
kalkungsflussigkeiten zu suchen ist. Es konnte bei Gebrauch der 
verschiedenen Entkalkungsflussigkeiten kein nennenswerter Un- 
terschied festgestellt werden. 

Auf Grund der obenerwahnten Ergebnisse kann iiian feststel- 
len, dass die Zonen des Osteoids, die bei nicht entkalkten Schnit- 
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ten iiii Pliasenkontrastiniltroskoy in Erscheinung treten, durch 
Unterschiede cheiiiischer und/oder physikalischer Katur Yerur- 
snch t sind. 

.i norgnnische Sake  in1 Osteoit l  

Die Moglichkeit, dass die Inhoiiiogenitat des Osteoids durch 
geringe Abweichungen iiii Gehalt :in anorganischen Salzen ver- 
ursacht sein ltonnte, wurde iiiittels Mikroradiographie, Silber- 
fiirbung nach UOR Kossu und Farbung iiiit Alizarin gepriift. He- 
zuglich der 3 Zonen des Osteoids scheinen diese Untersuchungs- 
iiiethoden iibereinstiiiiinende Befunde zu zeigen, niiiiilich, dsss die 
innere und aussere Zone lteine Mineralsalze enthalt, wahrend 
in der Ubergangszone zuiii Knochengewebe hin eine zunehiiiende 
Mineralsalz-Konzentration herrscht. 

Die Inhoiiiogenitat des Osteoids, wie sie iiii Phasenkontmst- 
iiiikroskop deinonstriert wurde, kann daher nicht auf unterschied- 
lichen Mineralgehalt zuriickgefiihrt werden. sondern iiiuss in 
Variationen des Gehaltes an  organischen Koiiiponenten zu suchen 
sein. 

Lndungsaerhaltnissr ini Ostroid 

Mittels Fluoreszenziiiikroskopie wurde eine Vntersuchung be- 
ziiglich der relatiren elektrischen Ladung des Osteoids vorge- 
noniiiien. Die Priiiiarfluoreszenz in ungefarbten Schnitten und 
die Sekundarfluoreszenz in Schnitten, die iiiit wassrigen Ver- 
diinnungen katodischer und anodischer Fluorochroiiie init va- 
riierenderii pH M’ert behandelt worden waren, ergaben iiii grossen 
und ganzen dieselben Zonen iiii Osteoid, wie diejenigen, die d:is 
I’hasenkontrastiiiikroskop offenbarte. Diese Yersuchsreihen zeig- 
ten auch eindeutig, dass kein Durchschnittswert hinsichtlich des 
isoelektrischen Punktes des ,Osteoids existiert, dass jede Zone viel- 
iiiehr charakteristisrhe Werte sufweist. Der isoelektrische Punkt 
der Ubergangszone liegt ini pH-Bereich 1-2, derjenige des 
schiiialen Gewebstreifens, zunachst den Ostcoblasten, zwischen 
pH 4 und 5, und der Rest des jungen nebst deiii gewiiiten iilteren 
Osteoid liegt nahe deni Neutralpunkt. 
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Die Fnsern im Osteoid 

Die fibrosen Eleiiiente iiii Osteoid wurden iiii Phasenkontrast- 
iiiikroskop iiiittels Jlnllory’s und unn Cieson’s Farbeiiiethoden, 
sowie niittels aiiiiiioniakalischer Silberauflosung untersucht und 
iiii Polarisationsiiiikroskop analysiert. 

Die silbergefarbten Fasern, welche in deiii Teil des jungen 
Osteoids auftreten, der a n  die Osteoblasten anstosst, wurden als 
Retikulin oder als prakollagene Fasern identifiziert. Der iibrige 
Teil des jungen Osteoides, durch Jlnllory’s und win Gieson’s 
Losungen stark gefiirbt, indes nicht geschwlrzt durch Silber- 
reagenz, wurde als Kollagenfasern identifiziert. Die starlte Dop- 
pelbrechung in dieseiii Gebiet zeigt, dass sich die Fasern hier in 
ihrer Langsdiiiiension in der Ebene des Querschnittes. d. h. pa- 
rallel iiiit deiii iiiineralisierten Knochen, lagern. 

Das altere Osteoid wies keine Faserforiiiationen auf. Weder 
Mnllory’s noch van Cieson’s Methode farbte diesen Teil des Oste- 
oides, und iiii Phasenkontrastiiiikroskop waren weder Faserteile 
noch Fasern zu sehen. Dieses Gewebegebiet yerblieb ferner in 
allen Quadranten des polarisierten Lichtes dunkel. 

Alle diese negatiren Resultate lassen auf den Mangel ron Kol- 
lagenfasern schliessen. Das Bild iiii Polarisationsiiiikroskop 
schliesst sogar die Anwesenheit yon faserigen Eleiiienten iiii sub- 
iiiikroskopischen Sektor aus. 

Die Ubergangszone wies dagegen eine schwnche Farbung nach 
YnZZory und van Gieson auf. Dieses Gebiet zeigte auch Doppel- 
brechung zwischen gekreuzten Nicols - wenn aurh yon wech- 
selnder Intensitat. Obwohl keine individuellen Fasern in der Uber- 
gangszone zu sehen waren, lassen diese Befunde auf das Vor- 
handensein kollagener Fasern schliessen. Die iiii Polarisations- 
iiiikroskop veranschaulichten Variationen des Phasenunter- 
schiedes sind durch Variationen in der Faserlagerung verursacht. 
Hier handelt es sich uiii dasselbe Phanoiiien, welches fiir die 
Laiiiiiiellierung iiii Knochengewebe rerantwortlich geiiiacht wird. 

Die Kohlenhydrnte im Osteoiti 

Die histocheiiiischen Proben bezuglich Kohlenhydrate iiii 0 s -  
teoid sind Farbungen init wasseriger Auflosung son Toluidin- 
blau und Farbung iiiit PAS. 
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Der innere Teil des Juiigen Osteoides, der den silbergeschwarz- 
ten Fasern entspricht, zeigte rote (positive) Metachroiiiasie in allen 
Konzentrationen und bei allen Farbezeiten. Die Obergangszone 
zeigte griine (negative) Metachroiiiasie bei niederen und purpur- 
rote bei hoheren Konzentrationen. Ausgehend yon friiheren Ver- 
suchen, wurde der Schluss gezogen, dass positive Metachroiiiasie 
iiii Knochengewebe auf das Vorhandensein von sauren Mukopoly- 
sacchariden in der Foriii von Chondroitinschwefelsaure schliessen 
Iasst. Die negative Metachroiiiasie, welche in deiii alteren Osteoid 
sehr schwach, aber in der Ubergangszone bis zuiii Maxiiiiuiii ge- 
steigert war, beruht auf einer Veriiiehrung der negativen Ladung 
anderer Gewebeteile als der sauren Mukopolysaccharide. Diese 
underen Eleiiiente wurden vorlaufig als Iiollagen in nicht faseri- 
ger Gestalt aufgefasst. 

Die PAS-Reaktion war in gewissen Abschnitten des jungen und 
iiii gesaiiiten alteren Osteoid konstant. In deni sehr schiiialen 
Gebiet, welches den przkollagenen Fasern entspricht, war diese 
Reaktion etwas kraftiger. Die Obergangszone zeigte eine plotz- 
liche Abnahiiie der Reaktion, was deiii hoheren Polyiiierisations- 
grad der Polysaccharide entspricht. Die gleichbleibende PAS- 
Reaktioii in Teilen des jungen sowie iiii ganzen alteren Osteoid, 
ihr Verharren sowohl in der inneren als auch in der ausseren 
Zone nach der Entkalkung - iiii Gegensatz zuiii Verlust der 
positiven Metachroiiiasie - deutet auf das Vorhandensein von 
iiiindestens zweier Gruppen von Polysacchariden, naiiilich eines 
sauren und eines neutralen Koiiiponenten iiii Knochengewebe. 

Die nlknlische Phosphntrise in1 Osteoid 

Alkalische Phosphatase wurde durch Gomori’s Kobaltiiiethode 
und iiiittels Azofarbung nicht entkalkter Schnitte nachgewiesen. 
Die Verwendung von Diaphysengewebe erwies sich zweckniassig 
und erleichterte die Deutung der Befunde. In Anbetracht der 
ausserordentlichen Eiiipfindlichkeit dieses Enzyiiis gegenuber 
histologischer Untersuchungstechnik diirfte die Verwendung von 
acetonfixierten Praparaten, die erst einer ”Gefriertrocknung” un- 
terworfen waren, in Verbindung iiiit der Azotechnik die vorteil- 
hnfteste Methode zu sein. Alkalische Phosphatase findet iiian in 
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deiii jungen Osteoid, was deiii Gebiet entspricht, wo man prz- 
kollagene Fasern fand. Das iibrige Osteoid, abgesehen von den 
Osteoblastauslaufern, weist keine Aktivitat von :ilk:ilischer Phos- 
phatase auf. 

Zuletzt legt der Yerfasser auf Grund der iiiorphologischen und 
histocheiiiisrhen Charakteristika des Osteoids seine Hypothese 
uber die Bildung des Knochengewehes  or. 
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Fig. 1. Undecalcifled cross-section of cortex from dog radius. Formalin flxed, 
methacrylate embedded and cut on a metallurgic microtome. Hematoxylin-eosin. 
A few osteons under development adjacent to the perlosteal surface (top). Osteoid 
borders lining the Haversian canals. Farther from the periosteum several fully 
developed Haversian systems (bottom). 

Fig. 2. High magnification of an incomplete osteon shown in Fig. 1. Hematoxyliii- 
eosin. Osteoblasts with strong basophilic nuclei and eosinophilic cytoplasm border 
on a nearly unstained osteoid. Basophilia of the osteoid increases to a maximum 
a t  the edge of the calcifled bone. Radiating striations caused by osteoblast and 
osteocyte processes. x 1250. 

Fig. 3. Von Kossa’s silver technique. Frozen-dried specimen. Young and old oste- 
old unstained. Transitional zone yellow. Surrounding mineralized bone brown. 
X 1250. 

Fig. 4. Alizarin red R. Frozen-dried material. Weak staining of osteoblast nuclei, 
young and old osteoid. Heavy accumulation of stain in the zone of transition (inter- 
mediate bone). x 1250. 

Pig. 5. Microradiogram no. 9268. Frozen-dried, 30 microns thick ground section 
of dog metacarpal. Four Haversian systems under development. Completed osteon 
in the upper left corner. Volkmann’s canal traversing the left part of the section. 

Fig. 6. Microradiogram no. 9269. Frozen-dried, 30 microns thick ground section 
of diaphyseal bone. Organic material of the Haversian canal, young and old osteoid 
show low x-ray absorption. Intermediate bone exhibits higher roentgen absorptive 
qualities. Calcifled bone with lacunae surroundlng the zone of transition is bright 
yellow. 





Fig. 7. Phase contrast photomicrograph. Formalin fixed, undecalcified, cut and 
unstained section of diaphyseal bone. Three zones of the osteoid. Osteocyte with 
processes in the old osteoid. x 1250. 

Fig, 8. Phase contrast photomicrograph. Frozen-dried, undecalcified, cut and un- 
stained section. In the young osteoid, fibrous matter loosely arranged between 
radiating cell processes. In the old osteoid and in the transitional zone, the tissue 
is denser and less fibrous. x 1250. 

Fig. 9. Phase contrast photomicrograph. Osteoid and surrounding bone tissue after 
exposure to Zenker’s fluid (partial decalcification). Blurred osteoid. Cell processes 
invisible in the osteoid. x 1250. 

Fig. 10. Phase contrast photomicrograph. Specimens decalcified in formic acid- 
sodium citrate subsequent to formalin fixation. Unstained paraffin section. Peri- 
pheral limit of osteoid nearly indistinguishable. Zones cannot be seen. Cell processes 
invisible. x 1250. 

Fig. 11. Frozen-dried, undecalcified, cut cross-section imbibed in distilled water 
and examined in polarized light. Young osteoid weakly birefringent (lower left 
corner). Old osteoid isotropic. Intermediate bone tissue birefringent. x 100. 

Fig. 12. Same section as in Fig. 11 in extinction position (left). 



Fig. 11. Fig. 12. 



Fig. 13. Mallory’s connective tissue stain. Formalin nxed, undecalcifled, cut cross- 
section. Young osteoid stained by aniline blue. Old osteoid stained by orange G. 
Transitional zone is divided in a red, granular inner layer and a weakly blue stained 
border against the blue stained calcined bone. x 1250. 

Fig. 14. Van Gieson’s connective tissue stain. Formalin fixed, undecalcifled cut 
cross-section. Young osteoid stained red by acid fuchsin. Old osteoid unstained or 
weakly stained by picric acid. The zone of transition appears as a faint red layer 
bordering on the red stained calcined bone. x 1250. 

Fig. 15. Gomori’s ammoniacal silver technique for flbers. Frozen-dried, undecal- 
cifled cross-section. Silver reduction occurs in a narrow layer of the young osteoid 
adjacent to the osteoblasts. Rest of the osteoid and calcifled bone stained red. 
x 1250. 

Fig. 16. Wilder’s ammoniacal silver technique for flbers. Formalin Axed, undecal- 
cifled cross-section. Silver precipitate in the inner part of the young osteoid. Rest 
of the osteoid and calcified bone stained red. x 1250. 

Fig. 17. Frozen-dried, undecalcifled cut section imbibed in distilled water and exa- 
mined in polarized light after insertion of the lSt order red gypsum compensator 
(addition position). Increasing positive birefringence peripherally through the 
young osteoid. The old osteoid is isotropic. Zone of intermediate bone shows positive 
birefringence. 

Fig. 18. Same section as shown in Fig. 17 in subtraction position. 



Fig. 17. Fig. 18. 



Fig. 19. Formalin Rxed undecalcifled section stained with dilute solution of toluidine 
blue (0.01 per cent for I/, min.) prior to washing in alcohol. Osteoblast nuclei blue 
stained. Cell cytoplasm and processes as well as young osteoid show positive meta- 
chromasia (faint red). The old osteoid and intermediate bone show negative meta- 
chromasia (faint green). Osteocytes with positively metachromatic capsules scat- 
tered throughout the unstained calcifled bone. x 900. 

Fig. 20. Undecalcifled cut section from the same series as that shown in Fig. 19, 
stained with slightly stronger solution of toluidine blue (0.02 per cent for min.). 
Osteoblast nuclei blue. Cell cytoplasm and processes as well as young osteoid 
positively metachromatic (red). The old osteoid shows negative metachromasia 
(faint green) which increases towards the intermediate bone (green). x 1250. 

Fig. 21. Undecalcifled cut section of the same series as those shown in Figs. 19 
and 20, stained with 0.1 per cent toluidine blue for two min. Osteoblast nuclei 
blue. Cell cytoplasm, cell processes, and inner part of the young osteoid show 
positive metachromasia (red) which decreases in passing into the nearly unstained 
old osteold. The area of transition contains faint purplish granules (negative meta- 
chromasia). Osteocyte nuclei are blue, cytoplasm positively metachromatic. Calci- 
fled bone unstained. x 1250. 

Fig. 22. Frozen-dried cut cross-section stained with 0.1 per cent toluidine blue for 
15 min. and dehydrated in alcohol. Osteoblast nuclei intensely blue stained. Osteo- 
blast cytoplasm and processes as well as inner part of the young osteoid are red 
(positive metachromasia). The old osteoid also shows the red color which continues 
into the purplish intermediate bone (negative metachromasia). Calcifled bone 
stains purplish or blue. x 1250. 

Fig. 23. Frozen-dried cut cross-section stained with 0.5 per cent toluidine blue for 
15min. Positive metachromasia of the inner zone masked by the blue (ortho- 
chromatic) color. Old osteoid and intermediate bone are stained with red and 
partly blue. Surrounding bone blue-black. x 1250. 

Fig. 24. Formalin flxed, cut cross-section subjected to the periodic acid-Schiff 
technique subsequent to diastase treatment. Osteoblast nuclei and cytoplasm un- 
stained. Young and old osteoid show fairly even PAS positive reaction. A sudden 
decrease in the color reaction occurs in the area of transition, after which the in- 
tense red color of the calcifled bone is reached within a short distance peripherally. 
No stainable matter showing in osteocytes except for some aggregation at  the 
periphery of the nuclei. x 1250. 



Fig. 23. Fig. 24. 



Fig. 25. Frozen-dried, undecalcifled unstained cross-section in distilled water 
viewed in ultra-violet and blue light (UG filter 1). Osteoblasts show intense primary 
fluorescence. Young and old osteoid very weakly fluorescent. Intermediate bone 
exhibits strong primary fluorescence, thereby accentuating the border between 
osteoid and calcifled bone tissue. 

Fig. 26. Frozen-dried, undecalcifled cross-section viewed in fluorescent light sub- 
sequent to  treatment with watery solution of acridine orange p H  1.7. Strong 
secondary fluorescence in osteoblasts and osteocytes and in the zone of transition 
(yellow). A narrow rim of the transitional zone towards the old osteoid and the 
cell nuclei show concentration effect (copper red). 

Fig. 27. Acridine orange pH 3.0. Cell nuclei and inner part of zone of transition 
show concentration effect (copper red). Young and old osteoid and calcified bone 
tissue show weak secondary fluorescence (dull green). 

Fig. 28. Acridine orange pH 5.3. Cell nuclei and cytoplasm, young osteoid adjacent 
to the osteoblasts, and the inner part of the zone of transition show strong concen- 
tration effect (red secondary fluorescence). The old osteoid and the peripheral 
part of the young osteoid show weak secondary fluorescence (dull green). 

Fig. 29. Acridine orange pH 7.3. All three zones of the osteoid and the cells with 
their processes show concentration effect (red). The calcified tissue exhibits some 
secondary fluorescence (green). 

Fig. 30. Thiazin red R pH 1.7. Very weak secondary fluorescence in the zone of 
transition. Somewhat stronger color effects (reddish) in the old and young osteoid. 



Fig. 29. Fig. 30. 



Fig. 31. Eosin p H  4.5. The entire old osteoid and the peripheral part of the young 
osteoid show secondary fluorescence (red). The osteoid adjacent to the osteoblasts 
as well as the zone of transition and the cells exhibit weaker absorptive qualities. 

Fig. 32. Thiazin red R pH 6.8 showing similar distribution as with eosin pH 4.5 
(Fig. 31). Old and peripheral part of young osteoid exhibit secondary fluorescence 
(red). Inner part of young osteoid adjacent to the osteoblasts and intermediate 
bone tissue show weak secondary fluorescence (dark red). 

Fig. 33. Gomori’s cobalt technique for alkaline phosphatase. Frozen-dried material. 
Enzyme activity is seen in the osteoblasts and in the inner part of the young osteoid 
adjacent to the osteoblasts. Calcified tissue surrounding the osteoid is stained black. 
x 1250. 

Fig. 34. Azo dye technique for alkaline phosphatase. Frozen-dried material. Local- 
ization of enzyme activity in the cells and osteoid is the same as that shown with 
Gomori’s method (Fig. 33). The red-brown color of the osteoblasts and their pro- 
cesses and in the inner part of the osteoid represents the phosphatase activity. 
The rest of the osteoid and the calcifled tissue unstained. x 1250. 

Fig. 35. Sections subjected to the azo dye technique subsequent to inactivation 
of alkaline phosphatase by treatment with iodine-potassium iodide. Absence of 
stained material in the cells and in the osteoid. x 1250. 



Fig. 35. 




