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The organic/inorganic relationships in calcifying cartilage have been studied in tibial- 
femoral epiphyses of 5-day-old rats and in costochondral junctions of 1-month-old guinea pigs. 
The main results are: 

(a) Apatite crystallites in areas of early cartilage calcification are easily removed from 
araldite and glycol methacrylate (GMA) sections by 1-hour treatment with 2% formic acid. 
(b) The decalcified areas have a very low electron density and do not contain recognizable 
structures. Only after osmium fixation can an amorphous material be found in them. (e) Inde- 
pendently from the fixative and the embedding medium, staining decalcified areas with 
uranyl acetate and/or lead citrate reveals thin, elongated structures (erystallite ghosts) 
similar in shape to apatite crystallites. (d) These erystallite ghosts and a dense background 
are stained by phosphotungstic acid (PTA) in GMA sections, a method which reveals poly- 
saecharides. (e) The dense background is no longer stained by PTA after hyaluronidase 
digestion and the stainability of the erystallite ghosts is reduced. After uranyl acetate/lead citrate 
staining there are no recognizable changes due to hyaluronidase. But, on the other hand, the 
fine structure of the crystMlite ghosts is modified by papain digestion. (f) Clusters of fibrillar 
material are present in the areas of early calcification when EDTA decalcification is carried 
out before embedding the specimens. 

These results confirm the organic nature of the crystMlite ghosts and suggest that  they 
are formed by thin, rod-like protein/like structures (digested by papain) surrounded, and 
probably sheathed, by acid polysaeeharides (digested by hyaluronidase and stained by PTA 
in GMA sections). 

Key words: Epiphyseal cartilage - -  Calcification - -  Apatite crystals - -  Organic/Inorganic 
relationships. 

Les rapports entre composants organiques et inorganiques du cartilage ont 6t6 6tudi6s au 
niveau des 6piphyses tibiales chez des rats de 5 jours et au niveau des jonetions costo-ehon- 
drales chez des cobayes d 'un mois. 

Voici les principaux r6sultats auxquels on est parvenu: (a) Dans les zones o1"1 la calcification 
s'amorce les cristallites d'apatite sont suseeptibles d'6tre faeilement 61imin6s des coupes en 
araldite et en glycol methaerylate (GMA) aprbs traitement pendant une heure par une solution 
d'aeide formique au 2%. (b) Les zones d6ealcifi6es sont dou6es d'une faible densit6 aux 
61eetrons et vont exemptes d'une structure quelconque. Seulement la fixation s l 'osmium 
peut r6v61er du mat6riel amorphe. (c) Ind6pendemment du Iixateur et du moyen d'inclusion, 
les coupes d6calcifi6es, trait6es par l'ae6tate d'uranyl et/ou par le citrate de plomb, montrent 
de fines structures allong6es dont l 'aspect est semblable s eelui des eristallites. (d) Ces struc- 
tures ainsi qu'un fond dense interpos6 prennent l'acide phosphotungstique (PTA) dans les 
coupes en GMA, une m6thode eelle-ci qui met en 6videnee les polysaeeharides. (e) Le fond 
dense ne prend plus le PTA aprSs traitement par la hyMuronidase et en m6me temps les 
structures semblables au cristallites apparaissent plus faibles. AprSs traitement par l'ac6tate 
d'uranyl et te citrate de plomb, l 'attaque par la hyaluronidase ne produit aucune modification 
appreciable. Au contraire l 'aspect des structures semblables aux eristallites apparait modifi6 
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par la digestion ~ la papaine. (f) Quand la d6calcification s I'EDTA pr6c6de l'enrobage, des 
amas de mat6riel fibrillaire se mettent en 6vidence dans les zones oh la calcification s'6tMt 
amorc6e. 

L'ensemble de ces r6sultats permet d'6tablir la nature organique des structures semblables 
au cristallites et porte aussi ~ admettre que celles-ci soient form6es par de fins filaments 
cylindriques (dig6r6s par la papaine) entour6s, et probablement engain6s par del polysaccha- 
rides (dig6r6s par la hyaluronidase et prennant 16 PTA dans les coupes en GMA). 

Die Wechselbeziehungen zwischen den organischen und inorganischen Substanzen des 
verkalkenden Knorpels wurden in der tibialen und femuralen Epiphyse 5 Tage alter Ratten 
und in den Rippen 1 Monat alter Meerschweinchen untersucht. 

Die Hauptergebnisse waren: 
a) Die Hydroxyapatitkristalle der Friihverkalkungszonen k6nnen in Araldit- wie auch in 

Glycolmethylacrilatschnitten (GMA) mit einer l stiindigen Behandlung durch 1%ige Ameisen- 
sEure leicht entfernt werden. 

b) Dis entkalktcn Zonen haben eine sehr niedrige Elektronendichte und enthalten keine 
sichtbaren Festkhrper. Nach Fixierung mit OsmiumsEure kann man darin sin formloses 
Material erkennen. 

c) Eine F~rbung der Schnitte mit Uranacetat und Bleicitrat, welche yon den Fixicr- und 
Einbettungsmitteln nicht bceintr/~chtigt wird, zeigt feine, l~ngliche Khrper (,,Kristallgeister") 
an, welche morphologisch den Kristallen yon I-Iydroxyapatit gleichen. 

d) Die FErbung der GMA-Schnitte mit Phosphowo]framsEure (PWS), cine Methods welche 
Polysaccharide anzeigt, hob diese ,,Kristallgeister" besonders hervor und demonstrierte auch 
eine dichte dazwischenliegende Grundsubstanz. 

e) Diese Substanz ist nach Behandlung mit Hyaluronidase nicht mehr fErbbar mit PWS; 
die F~rbbarkeit der ,,Kristallgeister" wird dabei jedoch nur verringert. Dis Hyaluronidase- 
behandlung ver~indert die Uranacetat- und Bleicitratf~rbung nicht. Die Feinstruktur der 
,,Kristallgeister" wird durch PapMnbehandlung sehr angegriffen. 

I) Falls die Schnitte vor dem Einbetten mit EDTA entkalkt werden, k6nnen Faserbiindel 
in den Friihzonen dcr Verkalkung nachgewiesen werden. 

Diese Ergebnissc bestEtigen die organischc Natur dcr ,,Kristallgeister". Sie beweisen auch, 
dab dieselben aus feinen Proteinst~bchen bestehen (verdaulich in Papain) und yon Poly- 
sacchariden umgeben und vielleicht auch iiberzogen sind (verdaulich in Hyahronidase und 
anf~rbb~r mit PWS). 

Introduction 

Grea t  in te res t  has a lways  been shown in the  re la t ionship  be tween  the organic 
and  inorganic  subs tance  in calcified tissues, because deeper  knowledge of this  
re la t ionship  m a y  shed fur ther  l ight  on the  mechanism of calcification. I t  has been 
suggested t h a t  this  mechanism m a y  be the  same in car t i lage and  in bone, even 
though  in calcifying car t i lage the  crysta l l i tes  are not  a l igned along the  collagen 
fibrils in  the  same w a y  as in bone (ROBINSON and  CAME~O~, 1956; FITTO~ 
JACKSON, 1960; TAKUMA, 1960), b u t  in the  former  case lie p r imar i ly  be tween  the  
fibrils (RoBI~so~ and  CAME~O~, 1956). This d isorder ly  d i s t r ibu t ion  of crys ta l l i tes  
does no t  necessar i ly  mean  t h a t  the  mechanism of calcif icat ion in car t i lage is 
different  from t h a t  in bone, because i t  m a y  be due to  the  small  size of the  fibrils 
(GLIMCHER, 1959). However ,  since a h e a v y  concent ra t ion  of erys ta l l i tes  has been 
repor ted  in car t i lage areas  conta ining ve ry  few, or no, collagen fibrils, a different  
mechanism of calcif icat ion f rom t h a t  suggested b y  GLIMCttER was considered 
possible ( C A ~ a o ~ ,  1963). This hypothes is  is subs t an t i a t ed  b y  the  observa t ion  
t h a t  the  ear ly  deposi t ion  of calc ium sal ts  in ep iphysea l  car t i lage involves  no t  only  
collagen fibrils, bu t  also ma in ly  in terf ibr i l lary ,  osmiophilic,  amorphous  bodies  
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(BoNvccL 1967). Moreover, crystallites of early cartilage calcification lie against  
a dense, amorphous background which may  play some par t  in  the mechanism of 
calcification. Sta ining with phosphotungst ic  acid completely removes the crystalli:  
tes and  reveals a "dense or solidified appearance" of the areas previously occupied 
by  the mineral  (TAxuMA, 1960). Using phosphotungst ic  acid, as TAXU~A did, 
and  other decalcifying and staining techniques, Bo~ucc I  (1967) showed tha t  these 
dense areas conta in  elongated structures which have the same shape as the 
erystallites. There was evidence t ha t  these structures are organic and  tha t  there 
is a close relationship between them and the mineral,  so they  were called "crystal- 
lite ghosts". I t  was fur ther  suggested t ha t  these ghosts might  be protein/poly- 
saccharide structures.  

Because of the impor t an t  par t  crystalli te ghosts might  play in  the mechanism 
of cartilage calcification, further  invest igat ion has been carried out to subs tant ia te  
this conjecture using the same mater ial  as tha t  used in  previous research (Bo- 
~ c c I ,  1967), bu t  with different methods of embedding and  staining. 

Material and Methods 
Costochondral junctions of 1-month-old guinea pigs and tibial-femoral epiphyses of 

5-day-old rats were dissected under ether anesthesia and reduced to small fragments. These 
were either fixed in 4% formalin, in 1% osmium tetroxide, or in 4% formalin followed by 
1% osmium tetroxide, both buffered to pH 7.2 according to 1VhLLoNIC (1962). After acetone 
dehydration the specimens were embedded in araldite. 

Formalin-fixed specimens were also embedded in glycolmethacrylate (GMA) according 
to LEDVC and B~RNARI) (1962, 1967). This water-soluble resin makes a great variety of histo- 
chemical procedures possible as well as enzymatic digestion, all carried out directly on the 
sections (LEDve and BERNAI~D, 1962, 1967; M~I~OZZI and BERNAI~D, 1963). 

Ultrathin sections were examined under the electron microscope (Siemens Elmiskop 1A) 
both unstained and also after being stained by one of the following methods: 2% uranyl 
acetate; lead citrate (REY~coLns, 1963); 2% uranyl acetate and lead citrate; 1% phospho- 
tungstic acid (PTA) ; 1% PTA for 1 rain, followed by lead citrate for 10 see. 

Additional ultrathin sections from both araldite and GMA embedded specimens were left 
floating for 60 rain on a 2% formic acid solution (pH about 1.5). After this treatment, sections 
are thorougly decalcified (Bo~veei, 1967). To verify this, 1-tz-thick sections were decalcified 
together with the ultrathin ones, and these latter were considered decalcified if the former were 
negative to the yon Kossa method. Moreover, decalcification was also directly checked under 
the electron microscope on decalcified, unstained sections, since, of course, no crystals are left 
in decalcified areas. The same check was also made by electron diffraction of selected decalci- 
fied areas. Decalcified sections were examined by using one of the staining methods reported 
above. 

Several procedures have been suggested to show up protein/polysaccharides under the 
electron microscope: colloidal iron (Cu~nA~ et al., ]965), alcian blue (TIe]~ and BAlCENETT, 
1962 ; O~KVRA, 1966), bismuth nitrate (Sn~AFI~-FRAeAssI~I and SMITIL 1966 ; SMIT~ et al., 
1967), ruthenium red (LgFT, 1964). Unfortunately, all these methods must be applied on 
unembedded tissue blocks, which make them unsuitable for studying crystallite ghosts, since 
these are partly solubilized if the decalcification is carried out on unembedded tissue (Bo- 
Nveei, 1967). 

Recently, two methods have been suggested which can be used directly for ultrathin 
sections. Both are based on the use of water-miscible methacrylate (hydroxypropyl or glycol 
methacrylate) after "inert dehydration" (PEASE, 1966) or after aldehyde fixation (MAttI~COZZI, 
1967); sections are stained with PTA in both cases. Marinozzi's method was used in the present 
investigation for sections from formalin-fixed, GMA-embedded specimens. 

To show up neutral polysaceharides, decalcified sections were treated with silver-methen- 
amine impregnation after periodic acid oxidation (MA~t~cozzI, 1961). The ~echnique stains the 
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same structures as the periodic acid-Schiff method (PAS) and can also be considered specific 
for aldehydie groups (RA~BOVRG, 1967). In order to verify this staining reaction, additional 
decalcified sections, some oxidized with periodic acid, and others not, were left to float at 
60 ~ for 30 min on the alkaline solution (pH about 8.7) used for silver nitrate and then stained 
with uranyl acetate and lead citrate. 

Decalcified sections from G3~A-embedded specimens were digested with hyaluronidase 
and with papain. Testicular hyaluronidase (Nutritional Biochemicals) was used in saline 
solution (1 mg/ml), for 2 h at 37 ~ Papain (crude product, Nutritional Biochemicals) 
was used in 0.02 N acetate buffer (1 mg/ml) with KCN and EDTA, p g  5.4, for 15 min 
at 37 ~ . Control sections were left floating on the respective buffers at the same temperature 
and for the same lengths of time as the experimental sections. After having been carefully 
washed with distilled water, the extracted ultrathin sections and the controls were stained 
both with uranyl acetate/lead citrate and with PTA. 

For all the methods of decalcification, staining, and enzymatic digestion, free-floating 
sections were used according to MAI~ilgozzI (1961) in order to avoid metal contamination from 
the grids. 

Small epiphyseal specimens were fixed in formalin and osmium tetroxide, decalcified for 
48 h with EDTA at pH 7.0, and then embedded in araldite. The sections were stained with 
uranyl acetate/lead citrate and with PTA. 

Results 

a) Untreated Sections. The fine s t ruc ture  of ear ly  cart i lage calcif icat ion is now 
well known.  The present  inves t iga t ion  deals  ma in ly  wi th  the  zone of degenera t ing  
cart i lage,  in which isola ted  or coalescing clusters of apa t i t e  crys ta l l i tes  are recog- 
nizable (Fig. 1). 

b) Decalci/ied Sections. W h e n  s tudy ing  the  organic ma t r i x  of the  calcified 
areas  i t  is necessary to ascer ta in  t h a t  all the  crysta l l i tes  have  been removed.  

The bes t  w a y  of checking the  degree of decalcif icat ion would  seem to be to  
pho tog raph  the  same area  under  the  electron microscope before and  af ter  decalci- 
f ication.  Unfor tuna te ly ,  apa t i t e  crysta ls  are no longer decMcifiable once exposed 
to the  e lect ron beam of the  microscope.  Likewise,  organic s t ructures  are no longer 
s ta inable .  A t t e m p t s  were made  to overcome this  diff icul ty  b y  means  of n l t r a th in  
serial  sections, some of which were examined  wi thou t  having  undergone any  t rea t -  
ment ,  while others  were examined  af ter  formic acid  decalcif icat ion,  and  the  
remainder  af ter  decalcif icat ion and  staining.  Three of these serial  sections are shown 
in Figs.  1, 2, 3. I t  became clear t h a t  apa t i t e  cr~stal l i tes  were comple te ly  r emoved  
af ter  formic acid  t r e a t m e n t  even down to the  smal les t  c rys ta l  clusters, each 
decalcif ied cluster  appear ing  as an  amorphous  area,  the  electron dens i ty  of which 
was lower t han  t h a t  of the  ad jacen t  plas t ic  (Fig. 2). A t  high en largement  and  in 
sections f rom osmium-f ixed  specimens,  these decalcif ied areas  can be seen to 
conta in  amorphous  mate r i a l  of low electron densi ty ,  which is no t  recognizable  in 
sections f rom formal in-f ixed specimens.  I n  this  case the  decalcif ied areas  are 
a lmos t  t r anspa ren t  to the  electrons.  Of course, e lectron diff ract ion pa t t e rns  from 
these areas  do not conta in  apa t i t e  reflections. 

The yon  Kossa  me thod  used on undecalcif ied th ick  sections reveals  even the  
smal les t  areas of calcification. Af ter  decalcif icat ion,  the  yon Kossa  me thod  is 
comp]ete ly  negat ive  bo th  in ara]di te  and  GMA sections, confirming the f inding 
t h a t  the  reac t ing  minera l  is comp]ete ly  removed.  

c) Decalci]ied and Stained Sections. Staining decalcif ied sections makes  i t  
possible to examine  the  fine s t ruc ture  of the  previously-calc i f ied organic ma t r ix .  
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Figs. 1--3 
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The results obtained by  staining decalcified sections from araldite-embedded 
specimens with uranyl acetate and/or lead citrate as well as with PTA do not 
differ from those reported in a previous paper (BoNuccI, 1967). The decalcified 
areas, which are almost t ransparent  to the electrons in unstained sections, are 
deeply stained (Fig. 3) and contain elongated structures (about 1,500 A long) 
situated inside an amorphous substance of low electron-density (Fig. 4). Although 
thicker than untreated apati te crystallites (about 35 A as against 20 A), these 
structures have the same needle-shaped appearance as the crystals and the same 
arrangement in clusters. Owing to this similarity they were called "crystallite 
ghosts" (BoNuccI, 1967), and this term will be used here. 

PTA/lcad citrate staining does not greatly change these findings, except tha t  
the electron contrast of the ghosts is increased. On the other hand, erystallite 
ghosts are not recognizable in ultrathin sections treated with silver nitrate- 
methenamine. Aggregates of small silver granules are alone present in previously 
calcified areas. After periodic-acid oxidation these granules disappear, the areas 
previously occupied by the crystal clusters now appearing as areas of very low 
electron density surrounded by deeply impregnated collagen fibrils (Fig. 5). This 
negativity of the silver-methenamine method is not due to loss of the crystallite 
ghosts, since these are again clearly visible if decalcified sections - -  both the 
ones oxidized with periodic acid and unoxidized ones - -  are treated in the same 
way as in the case of the silver nitrate-methenamine method, but  with the silver 
nitrate omitted, and are then stained with uranyl acetate and lead citrate (Fig. 6). 

In  decalcified sections from formahn-fixed, GMA-embedded specimens, 
uranyl acetate and/or lead citrate reveal crystalhte ghosts as above (Fig. 7). 
However, they are thicker (mean value 45 A) than those found in araldite sections 
(mean value 35 A). The electron contrast is less sharp than in araldite. In  areas 
of advanced calcification, crystalhte ghosts are present, but they are more clearly 
recognizable at the edge of these areas than in the centre. After 1% PTA staining, 
crysta]lite ghosts are still visible, but they are situated against an amorphous, 
electron-dense background and are partially masked by it (Fig. 8). In  the areas 
of advanced calcification, this background completely masks the erystalhtc 
ghosts. After overstaining these PTA stained sections for 10 sec with lead citrate, 
the density of this amorphous material becomes such that  it masks all other 
structures. 

d) Decalci]ied and Extracted Sections. Hyaluronidase digestion of GMA- 
decalcified sections does not change the fine structure of the crystallite ghosts 

Fig. 1. First of three serial sections (see Figs. 2 and 3) from a formalin/osmium-fixed, araldite- 
embedded specimen, showing a calcifying trabecula and three cellular lacunae. Crystallites 

are collected in isolated or coalesced clusters. Unstained, • 10,000 

Fig. 2. Section treated for 60 rain with 2% formic acid and unstained (see also Figs. 1 and 3). 
The decalcified areas have a lower electron density than the adjacent regions, • 10,000 

Fig. 3. Section treated for 60 min with 2 % formic acid and stained with uranyl acetate and 
lead citrate (see also Figs. 1 and 2). The decalcified areas appear denser than the adjacent 
matrix. At higher enlargement crystallite ghosts are clearly visible (see Fig. 4), • 10,000 



Fig. 4 
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stained with uranyl acetate and lead citrate. The ghosts, however, are more 
deeply stained than in controls. 

If  the digested sections are stained with PTA, the crystallite ghosts are hardly 
recognizable and the amorphous background against which they lay in un- 
extracted sections is practically unrecognizable. 

As regards papain digestion, some changes in the fine structure of the crystal- 
lite ghosts also occur in control sections stained with uranyl acetate/lead citrate. 
Crystallite ghosts are easily recognizable in these sections, but  they are less 
stained and show a lower electron contrast than the same structures found in 
unextracted sections (Figs. 9, 11). These changes are actually much clearer in 
experimental sections, where erysta]lite ghosts are either unrecognizable (Fig. 12), 
or are swollen, lightly stained and only just recognizable (Fig. 10). After PTA 
staining there are no differences between experimental and control sections. 

e) EDTA Decalci/ication be/ore Embedding. Apatite erystallites are of course 
not visible in these sections. However, the areas of early calcification are easily 
recognizable, thanks to clusters of thin fibrils which are almost radially arranged 
(Fig. 13). Some of these fibrils are very thin, almost as thin as the crystallite 
ghosts described above. When cut tangentially, they appear as small, electron- 
dense dots. No difference was observed between uranyl acetate/lead citrate and 
PTA stained sections. 

Discussion 

This investigation on early cartilage calcification shows above all tha t  the 
organic matrix of the calcified areas is formed not only by thin collagen fibrils, 
but  also by very thin, elongated structures (the erystallite ghosts), which are 
similar in shape to untreated crystallites and which are surrounded by a dense, 
amorphous background. 

The similarity between the crystallite ghosts and untreated crystals might be 
taken as meaning that  the ghosts are actually undecalcified crystallites left in 
partially decalcified sections. However, it is easy to demonstrate tha t  the ghosts 
are organic structures. 

Firstly, they are recognizable only after staining. Moreover, the von Kossa 
method, as well as direct examination under the electron microscope of undecalci- 
fled unstained sections, and electron diffraction, all show that  the mineral is 
completely removed from the ultrathin sections after t reatment  for one hour with 
formic acid. This is particularly clear in serial sections. Furthermore, crystallite 
ghosts are not revealed by the silver nitrate-methenamine method in decalcified 
sections, while they are clearly visible if these sections are stained with urany] 
acetate/lead citrate. These results demonstrate beyond all doubt that  the crystal- 
lite ghosts are not apati te erystallites left in the decalcified sections, since, of 
course, in this case they would always be visible, independently of the staining 

Fig. 4. Section from a formalin-fixed, araldite-embedded specimen, treated for 1 h with 2 % 
formic acid and then stained with uranyl acetate and lead citrate. Crystallite ghosts are 
clearly visible. They show the same arrangement in isolated or coalesced clusters as apatite 

crystallites in untreated sections, • 72,000 



Figs. 5 and 6 
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methods used. On the other hand, the organic nature of the crystallite ghosts is 
also shown by the enzymatic digestion with papain, as discussed below. Finally, 
the great permeability of GMA must also be considered, i f  the large molecules of 
the enzymes can penetrate this plastic, there is no reason to deny its permeabili ty 
to formic acid. I t  must  be borne in mind tha t  decalcification begins in about 
5 min if araldite sections are left to float in distilled water whose pH is about 5.5 
(BooTttROYD, 1964), while in the present investigation the ultrathin sections were 
left for 60 min on a strong acid solution (pH 1.5). 

If  decalcification is complete, and if no crystallites are left in the sections, 
the conclusion must  be drawn that  the crystallite ghosts are organic. Moreover, 
since they have the same shape as the untreated crystalhtes, and since it is 
impossible to reveal them before removing the mineral, it must be deduced tha t  
each ghost takes part  in the formation of a crystallite (see also BoNuccI, 1967). 

Sections from specimens decalcified before embedding contain dusters of thin 
fibrils, sometimes similar to the crystallite ghosts, in the previously calcifying 
areas. Although ghosts are not recognizable, perhaps because of an EDTA-solu- 
bilizing effect, the presence of these finely fibrillary dusters is additional evidence 
that  a particular organic substrate is present in the areas of early calcification. 

Nucleation of calcium salts by organic substrate different from collagen is now 
admit ted as a possibility in a variety of tissues (GLIMCH~X~, 1959; PAUTARD, 1965, 
1966; SOBEL, 1965; HOHLING and VAItL, 1966; ENNEVER and CRWAMm~, 1967) 
and perhaps the best demonstration of this possibility is the calcification of enamel 
(FRANK et al., 1960; RONNHOLM, 1962; TRAVIS and GLIMCHER, 1964; GLIMCHER 
et al., 1965; BONAR et al., 1965). As regards the cartilage, it has been suggested 
tha t  the process of calcification is similar to tha t  in bone, tha t  is, in both these 
tissues calcium salts would seem to be nucleated by collagen fibrils (GLIMCHER, 
1959). However, morphological evidence showing that  crystallites may  be un- 
related to collagen fibrils (CA~w~oN, 1963), and that  they can also be nucleated 
in interfibrillary osmiophilic bodies (BoNuccI, 1967), suggests tha t  some other 
nucleating mechanism is present. Evidence tha t  an organic framework (the 
crystallite ghost) takes part  in the formation of the crystallites suggests that  it 
may  nucleate calcium salts in the cartilage. 

This organic framework, or ghost, does not react with silver nitrate-methen- 
amine; aggregates of silver granules are alone present in the previously calcified 
areas. These granules are probably due to the precipitation of silver on reduced 
osmium present in the organic matrix (see MAglNOZZI, 1961). They disappear after 
periodic acid oxidation, since the osmium is removed by this treatment.  The 

Fig. 5. Section from a formalin/osminm-fixed, araldite-embedded specimen, decalcified with 
formic acid, treated with 1% periodic acid, left for 30 rain at 60 ~ in the same borax-menthen- 
amine solution used for the silver nitrate method, and then stained with uranyl acetate/lead 

citrate. Clusters of crystallite ghosts are visible (c. f. Fig. 6), x 50,000 

Fig. 6. Section from a formalin/osmium-fixed, araldite-embedded specimen, decalcified with 
formic acid, treated with 1% periodic acid, and stained with silver nitrate-menthenamine. 
Only the collagen fibrils of the matrix are stained. The previously calcified areas appear to 
be empty and show a very low electron/density. Neither crystallites nor crystallite ghosts are 

visible, x 15,000 



Figs. 7 and 8 
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previously calcified areas appear empty and the crystallite ghosts are unrecog- 
nizable. The negativity of the silver nitrate-methenamine method after periodic 
acid oxidation would seem to prove that  no neutral polysaccharides are present 
in the matrix of the calcified areas. However, this is in contradiction to histo- 
chemical findings showing that  the calcified cartilage is PAS-positive (see PRIT- 
CHARI), 1952; CAm~INI, 1961). This PAS positivity is also evident in thick sections 
from araldite-embedded specimens. At the moment the different results obtained 
with periodic aeid-Schiff and periodic acid-silver nitrate in calcifying cartilage 
defy explanation. 

PTA staining of GMA sections reveals not only the crystallite ghosts, but the 
dense background against which they lay. Since PTA shows polysaccharides in 
GMA sections (PEASE, 1966; M~_aINOZZI, 1967), both the crystallite ghosts and 
the background might be considered as polysaccharides. However, PTA staining 
disappears in the background after hyaluronidase digestion, while it only decreases 
in crystallite ghosts. Moreover, the fine structures of the crystallite ghosts is 
unchanged if the hyaluronidase-digested sections are stained with uranyl acetate/ 
lead citrate. These results prove that  the background is formed by hyaluronidase- 
degradable polysaccharides, that  is, acid polysaccharides containing ehondroitin 
sulphate. This is in agreement with the well-known fact that  the decalcified 
cartilage stains metaehromatically with basic dyes and that  85S rapidly accumulates 
in the matrix of calcifying cartilage (see WEID~IA~N, 1963). On the other hand, the 
crystallite ghosts seem to be formed by another protein-like/substance too, or 
by that  substance alone. This is confirmed by papain digestion which deeply 
changes the fine structure of the crystallite ghosts. Although some change also 
occurs in control sections, it seems justified to believe the crystallite ghosts are 
digested by papain and, consequently, proteinaceous/structures. 

I t  is difficult to obtain histochemical information from techniques available 
at present for electron microscopy, chiefly owing to interference of the plastic in 
which the tissue is embedded. However, the present results, besides showing that  
the crystallite ghosts are organic, also seem to indicate that  they are protein-like, 
since they are altered by papain digestion, and that  they lay against a background 
containing acid polysaccharides. In conclusion, the crystallite ghosts seem to be 
rod-like/proteinaceous structures surrounded, and probably sheathed, by acid 
polysaccharides. 

The structure of the cartilage protein/polysaecharide complexes is still uncer- 
tain, but the proposed model corresponds to a rod-like structure, formed by a 
proteic core to which lateral chains of ehondroitin sulphate are attached (MATgEWS 
and LOZAITYTE, 1958 ; PARTRIDGE et al., 1961 ; CEssI and BV~RNARDI, 1965). The 

Fig. 7. Section from a formalin-fixed, GMA-embedded specimen, decalcified with formic acid 
and stained with uranyl acetate/lead citrate. Clusters of crystallite ghosts are visible. These 

are thicker and show a lower contrast  than  those found in araldite sections, • 50,000 

Fig. 8. Sections from a formalin-fixed, GMA-embedded specimen, decalcified with formic acid 
and stained with PTA. Clusters of crystallite ghosts are visible. These are partial ly maskedby  

the  amorphous background, • 50,000 
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crystalhte ghosts are very similar to this model. Although they may  simply be 
protein filaments in a polysaccharide background, it may  also be conjectured 
that  they are true proteinpolysaecharide complexes. 

Of course, this is only a conjecture, but  it would seem to agree with the evidence 
that  the protein core of protein/polysaecharide complexes is not degraded by 
hyMuronidase, which only splits off the polysaccharide chains, while it is promptly  
digested by papain (MATttEWS and LOZAITYTS~, 1958 ; MUIR, 1958, 1964 ; PA~T~IDGS~ 
et al., 1961). This behaviour is similar to tha t  of the crystallite ghosts. Moreover, 
the thickness (from 30 to 45 A) and the length (about 1,500 A) of the crystallite 
ghosts are similar to those of the basic molecular unit proposed by MATHEWS and 
LOZAITYT]~ (1958; see also MATgv~WS, 1965) for protein/polysaccharide complexes 
and calculated on the basis of the values of light scattering, viscosity and molecular 
weight (36 A in thickness and 3,700 A in length). They are also similar to the value 
(30 A in thickness and from 1,100 to 1,500 A in length) obtained by  Ss~AsI~I- 
FI~ACASSl~I and SMITK (1966) for protein/polysaccharide complexes stained with 
bismuth nitrate and obtained from the light fraction of bovine nasal cartilage. 

To pursue this speculation, it must  also be borne in mind that  in calcified areas 
the organic structures being "embedded" by  the mineral may  be protected 
against solubilization or morphological changes during fixation, dehydration, and 
embedding. This might explain why the protein/polysaceharide complexes, which 
of course are also present in the unealcified matrix, would have a rod-like appear- 
ance only in calcified areas. 

The importance of the polysaccharides in calcification has long been debated, 
and either a positive or negative role has been ascribed to them (see CAM~lZON, 1963 ; 
WEIDMA~r 1963). Recently, it has been shown that  the protein/polysaeeharide 
complex, or its protein component alone, may  be lost or drastically altered during, 
or just preceding, calcification (HIRSCttMA~ and DZI~WlATKOWSKI, 1966). A dras- 
tic alteration of the complex might well be explained by the fact that  its protein 
core takes part  in the formation of the erystallites. 

Of course, the possibility must  also be considered tha t  crystal ghost are non- 
polysaccharidic proteinaceous filaments. Keratin-like material, such as tha t  
described in enamel and baleen (see PAUTARD, 1966) might chiefly be considered. 

The technical assistance of Mr. LVClASO DI BALDO is gratefully acknowledged. 

Fig. 9. A cluster of crys~ullite ghosts in a section used to verify papain digestion. Uranyl 
acetate/lead citrate, x 60,000 

Fig. 10. A cluster of crystallite ghosts after papain digestion. The ghosts are swollen and seem 
fragmented (c. f. Fig. 9). Uranyl acetate/lead citrate, x 60,000 

Fig. 11. Coalesced clusters of crystallite ghosts in a section used to verify papain digestion. 
Uranyl acetate/lead citrate, x 45,000 

Fig. 12. Area of calcification in which coalesced clusters of crystallite ghosts were present 
after papain digestion. The erystMlite ghosts are no longer recognizable and the previously 
calcified area appears almost empty (c. f. Fig. 11). Uranyl acetate/lead citrate, x 45,000 
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Fig. 13. Clusters of filamentous structures in a section from a specimen decalcified w i thEDTA 
before embedding. Uranyl  acetate/lead citrate, x 45,000 
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