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The organic-inorganic relationships in bone matrix undergoing osteoelastic resorption 
have been studied in rat tibial diaphyses using electron microscope techniques in an attempt 
to identify the steps of the resorption process. Results suggest that bone resorption occurs in 
two phases: the first, an extracellular phase, leads to bone matrix fragmentation and partial 
dissolution, and the second, an intracellular phase, to complete digestion of the breakdown 
products of the bone matrix. The first component of the bone matrix to be attacked by the 
osteoclast is the ground substance. This induces the release of the crystals lying between, 
and on, the collagen fibrils; any crystals lying within fibrils are released later, when the 
fibrils break up. As this stage proceeds, the collagen fibrils retain their normal intrinsic 
texture, but gradually loose their lateral aggregation, appearing as individual fibrils (some of 
them uncovered by crystals), mixed with fragments of fibrils and many free crystals. The 
loosened but otherwise structurally normal collagen fibrils, and their fragments, are strongly 
argyrophilic. Complete dissolution of the disaggregated fibrils occurs outside the cell, both in 
the resorption zone and in the initial portion of the channels of the ruffled border. The free 
crystals present in the resorption zone and those phagocytosed in cytoplasmic vacuoles are 
organic-inorganic structures, whose organic component (the crystal ghost) is, at least in part, 
of proteoglycan nature. Dissolution of inorganic material occurs within the cytoplasmic 
vacuoles of the osteoclasts, i~esults are viewed in relation to the process of bone resorption 
and, as far as crystal ghosts are concerned, to that of bone calcification. A tentative summary 
of the various steps involved in the mechanism of bone resorption is given. 
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In t roduct ion 

Al though  e lec t ron microscopy has y ie lded  a g rea t  deal  of in format ion  abou t  
the  fine s t ruc ture  of the  osteoclast  [63, 23, 27, 30, 15, 31, 60, 62, 61, 36, 40, 17, 22, 
28, 37, 41-3,  70, 44], a g rea t  deal  remains  to be discovered abou t  the  physiological  
processes opera t ive  dur ing bone ma t r i x  resorp t ion  and degrada t ion  [69, 17, 29]. 
One of the  ma in  unresolved  problems is which component  of the  m a t r i x  is first  
a t t a c k e d  and  r emoved  b y  osteoelasts.  

Work ing  from the  f inding t h a t  collagen fibrils depr ived  of some or all of the i r  
inorganic crysta ls  can be observed near  and  be tween  the  cy toplasmic  infoldings 
which form the  ' r u f f l ed '  border  of the  osteoelast  [30, 67, 15, 31, 16], i t  has been 
suggested t h a t  osteoclasts  m a y  first  remove the  inorganic  substance,  exposing 
decalcif ied collagen fibrils which can then  be digested.  Other  inves t iga t ions  have 
fai led to reveal  decalcif ied col lagen fibrils near  the  ruffled border ;  ins tead,  free 
crysta ls  are observed  [63, 23, 27] and  i t  appears  possible t h a t  the  organic sub- 

For reprints: Dr. E. Bonucci, I ~ Istituto di Anatomia Patologica, Policlinico Umberto I ~ 
ViMe Regina Elena 324, 00161 Rome, Italy. 



14 E. Bonucci 

s t ance  m a y  be r e m o v e d  by  os teoc las t s  be fore  t h e  r e m o v a l  of t h e  inorgan ic  sub- 
s tance.  

Clearly,  t h e  m e c h a n i s m  of os teoc las t i c  bone  r e so rp t i on  c a n n o t  be  fu l ly  unde r -  

s tood  as long as t h e  process  of bone  m a t r i x  d e g r a d a t i o n  is n o t  u n d e r s t o o d  in  

deta i l .  E l e c t r o n  mic roscope  i n v e s t i g a t i o n s  c e n t e r e d  on t h e  f ine s t r u c t u r e  of t h e  

zone  of os teoc las t ic  r e so rp t i on  and  on  t h e  o rgan ic - ino rgan ic  r e l a t ionsh ips  w i t h i n  

i t  can  he lp  to  solve th is  p rob lem.  A n  e l ec t ron  mic roscope  i n v e s t i g a t i o n  has  the re -  

fore b e e n  car r ied  ou t  on  t h e  per ios teM bone  of r a t  t ib iae .  T h e  m a i n  a im  was  to  

s t u d y  t h e  f ine s t r u c t u r e  of bone  m a t r i x  u n d e r g o i n g  os teoc las t i c  resorp t ion ,  t h e  

o rgan ic - inorgan ic  r e l a t ionsh ips  in it ,  a n d  t h e  fa te  of i ts  c o m p o n e n t s  dur ing  oste-  

oclas t ic  a c t i v i t y .  

Ma te r i a l  and  Methods  

Small specimens of tibiM diaphysis of three-day-old white rats were fixed for 1 h in cold 
1% osmium tetroxide buffered to pH 7.2 with phosphate or cacodylate buffer. A few specimens 
were also fixed for 2 h in 4% formalin (prepared from paraformaldehyde) buffered at pH 7.2 
with phosphate buffer; these specimens were then post-fixed for 1 h in 1% Os0 a prepared as 
above. After fixation, all the specimens were briefly washed in the buffer and rinsed 3 times 
in distilled water. They were then dehydrated with acetone and embedded in ArMdite. 

Sections 0~5-1 ~ thick were cut with a l%rter-Blum ultramicrotome and were stained with 
Azure II-Methylene blue with the aim of localizing the areas undergoing osteoclastic resorption. 
Once an osteoclast was detected, the block was trimmed, the tissue area was reduced, and 
ultra-thin sections including the osteoclast were collected for electron microscope observations. 
To prevent decalcification, care was taken to collect the ultra-thin sections as soon as possible 
after they had been cut. Usually, they remained floating on distilled water for less than 3 min. 

Because o~ the presence of central cores of calcified cartilage in the metaphyseal trabe- 
culae, only the periosteM side of each specimen was chosen to ensure that  the osteoclast 
examined was not reabsorbing bone and calcified cartilage at the same time. About one 
hundred osteoclasts were studied. 

Ultra-thin sections were examined under the electron microscope (a) without any treat- 
ment, so as to observe the fine structure of the untreated mineral substance; (b) a f te r"  staining" 
with uranyl acetate and lead citrate, to study the relationships between mineral substance 
and organic components, especially those of the osteoclast; (c) after decalcification by a 
30-rain flotation of the sections on a 2 % solution of formic acid, to study the structure of 
the resorption area after removal of the inorganic material; (d) after decalcification as in (c) 
and post-staining with uranium and lead, to study the structure of the unmasked organic 
matrix in the areas of resorption; (e) after decalcification as in (c) and post-staining with 
silver nitrate - -  methenamine (SNM) to ascertain whether argyrophilic structures were present 
in the same areas; (f) after decalcification as in (c) and post-staining with 1% phosphotungstic 
acid (PTA) in 0.1 N hydrochloric acid [46, 47], to determine whether proteoglycan material 
was present. 

Selected area electron diffraction of the resorption zone was performed in untreated 
sections, in sections decalcified by formic acid and unstained, and in sections decalcified 
by formic acid and stained with uranyl acetate and lead citrate. Selected area electron dif- 
fraction was carried out at 80 kV and at a magnification of 22000 in a Siemens Elmiskop 
1A electron microscope equipped with a circular field-limiting diaphragm of 50 ~. Calibration 
was obtained by selected area electron diffraction of magnesium oxide crystals. 

To avoid acid-metal interaction and contamination of the ultrathin sections on the grids, 
both decalcification and staining were carried out on free floating sections [45]. 

Results 

Because  t h e  f ine  s t r u c t u r e  of t h e  os teoc las t  has  a l r e a d y  b e e n  desc r ibed  in  
de ta i l  [63, 23, 27, 30, 15, 31, 62, 36, 17], on ly  t h e  resu l t s  r e l e v a u t  to  t h e  b reak-  

d o w n  and  r e so rp t i on  of t h e  bone  m a t r i x  are  r e p o r t e d .  



Fig. l.  Detail of the resorption zone and ruffled border of an osteoclast. The zone of resorption 
consists of loosened crystals distributed at  random. Many are contained within channels of the 

ruffled border. Between the crystals a granular and amorphous material can be seen. 
Unstained, X 96 000 
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Osteoclastic Bone Resorption 17 

The fine structure of bone matrix,  of bone matr ix undergoing resorption, of 
collagen fibrils, and of inorganic crystals is not  affected by  the type  of fixation 
(simple fixation with OsO~ or double fixation with formalin and 0s04) nor by  
the buffers (phosphate or cacodylate) used for preparing the fixative solutions. 

a) Untreated Sections 

The most  striking finding at the initial stage of osteoclastic resorption is the 
formation of a small area of f ragmented bone. As the act ivi ty  of the os~eoclast 
increases, this area grows in size until there is a large zone of disrupted bone 
between the osteoclast and the normal  bone matr ix  (Fig. 1). The thickness of 
this zone is irregular, a fact which probably depends on differences between levels 
of act ivi ty  in the various parts of the osteoclastic cytoplasm and on differences 
in the durat ion of this activity.  The main characteristic of this zone is the presence 
of free, r andomly  oriented inorganic crystals about  25 A thick. They  va ry  con- 
siderably in length, and are not  easily measurable because of their random 
orientation. This resorption zone also contains granular and amorphous material 
whose intrinsic electron densi ty is lower than  tha t  of crystals. 

Free crystals are also found between the processes of the ruffled border (Fig. 1) 
and within Cytoplasmic vacuoles (Figs. 2, 4) of the osteoclasts. These vacuoles 
vary  in size, the largest  measuring up to 2 ~z in diameter. Some of them seem to be 
empty,  while others contain variable amounts  of crystals which have the same 
morphology as those outside the cell. The vacuoles also contain other structures 
of variable morphology (Figs. 2, 4). Some of them have almost the same structure 
as the crystals, but  with a lower electron density. Others not only have a lower 
electron density than  the crystals, but  are irregular in shape and of variable 
thickness, which is greater than  tha t  of the crystals. On the whole, m a n y  of these 
structures look like damaged or modified crystals (Fig. 4). 

Calcified collagen fibrils are often recognizable between the free crystals of 
the zone of resorption. These fibrils appear  either unchanged, or they  are flag- 
lnented, the fragments  sometimes being closely surromlded by  the infoldings of 
the ruffled border. Fibrils are never present in cytoplasmic vacuoles. 

Electron diffractograms of the resorption zone (Fig. 19) are characterized by  
very  faint diffraction rings. Although these rings indicate the presence of crystal- 

Fig. 2. Cytoplasmic vacuole containing phagocytosed crystals and irregular structures whose 
intrinsic electron density is lower than that of crystals. Unstained, • 96000 

Fig. 3. Cytoplasmic vacuoles containing phagocytosed crystals and irregular structures 
(lower left vacuole) similar to those shown in Fig. 2. Both crystals and irregular structures 

are unchanged after staining. Uranyl acetate and lead citrate, X 85000 

Fig. 4. Detail of a cytoplasmic vacuole containing phagocytosed crystals and irregular struc- 
tures like those shown in Figs. 2 and 3. Arrows 1 point to apparently normal crystals; arrows 
2 point to crystals of irregular electron density; arrows 3 show structures which are similar to, 
but have an electron density lower than normal crystals; arrows d point to structures which 
are similar to, but have an electron density lower, and a thickness greater, than normal 
crystals; arrows 5 point to structures similar to those shown by arrows 4, but irregular in 

shape. This sequence of structures could show different phases of progressive crystal 
dissolution. Unstained, • 145000 

2 Calc. Tiss. Res., Vol. 16 
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line structures in the selected area, their limits are not clear and distinct making 
measurement of reflexions impossible. 

b) Sections Treated with Uranium and Lead 

Staining with uranyl acetate and lead citrate increases the electron density 
of the bone matr ix  undergoing resorption, but does not significantly change its 
fine structure (Figs. 3, 5, 6, 7). The zone of resorption contains numerous free 
crystals similar to those described in the preceding section (Fig. 5). The same 
crystals are found between the infoldings of the ruffled border (Figs. 5, 6) and 
within the cytoplasmic vacuoles (Figs. 3, 5). 

This staining procedure clearly shows that  collagen fibrils and their fragments 
are present in the zone of resorption (Figs. 5, 6, 7). A few of them sometimes 
appear to be completely lucking in inorganic crystals, so tha t  their periodic 
banding is clearly recognizable. More often, they are partially or completely 
covered with crystals (Fig. 6) which mask the periodic pat tern in an irregular 
way. Fragments of collagen fibrils are sometimes present in the initial, but not 
in the inner portion of the channels of the ruffled border (Fig. 7). They are never 
found in cytoplasmic vacuoles. 

c) Sections Decalci/ied by Flotation on Formic Acid 

In  these sections inorganic crystals are no longer visible in the zone of re- 
sorption, in the adjacent normal bone matrix, between the in~oldings of the 
ruffled border, or in cytoplasmic vacuoles (Fig. 8). All the areas previously 
occupied by inorganic substance, especially the zone of resorption and the bone 
matrix, now appear as areas of low electron density in which no ultrastructural 
details are visible. Electron diffractograms of the decalcified zones are of the 
"amorphous"  type;  only one shaded and rather  large diffraction ring, probably 
due to the embedding medium, is visible. 

d) Sections Decalci/ied by Flotation on Formic Acid 
and Stained with Uranium and Lead 

The zone of resorption is easily recognizable after this t reatment,  because it 
stains more deeply than the adjacent bone matrix not yet  at tacked by the oste- 
oclast (Fig. 9). This normal matrix consists of a compact collagenous network, 
whose fibrils are almost unstained by uranium and lead (Fig. 9). The zone of 
resorption consists of elongated structures about 30 A thick, whose length cannot 
be measured with any accuracy because of their irregular orientation (Figs. 10, 
11). On the whole, these structures are strikingly similar to the inorganic crystals 
found in untreated sections and described in Section a. However, because these 

Fig. 5. Part of the cytoplasm of an osteoclast and of the bone matrix undergoing resorption 
after staining with uranium and lead. The resorption zone contains free crystals and fragments 
of calcified collagen fibrils. Two osteocyte processes are visible in the bone matrix not yet 
attacked by the osteoclast (upper right corner). The ruffled border, with crystals within its 
channels, and cytoplasmic vacuoles containing phagocytosed crystals, are clearly visible. 

Stained with uranyl acetate and lead citrate, • 27000 

2* 
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structures are found in decalcified sections, they  cannot be inorganic crystals. 
They  will therefore be referred to as crystal ghosts. 

The zone of resorption contains not  only crystal ghosts, but  also collagen 
fibrils and their f ragments  (Figs. 12, 13). A few of these fibrils show a clearly 
recognizable periodic banding but more often, they  are masked by  elongated 
structures whose morphology is similar to tha t  of crystal ghosts. I n  areas where 
only a few of these elongate structures are present, segments of collagen fibrils 
are left uncovered so tha t  their period is to some extent  visible (Fig. 12). I n  
other  eases, the fibrils seem to be swollen and have a disaggregated appearance 
(Fig. 13). Crystal ghosts are often found closely adjacent  to these fibrils (Fig. 13). 
Finally, where the collagen fibrils are oriented at right angles to the osteoelast 
surface, the fibrils are often found abrupt ly  broken off. Then, crystal ghosts 
lying at right angles to the osteoclast surface bulge out from the tip of the fibrils 
as if they  had been produced by disaggregation of the end of the fibrils (see also 
Section [ and Fig. 17). 

Crystal ghosts are present not  only in the resorption zone, but  also between 
the infoldings of the ruffled border and within the cytoplasmic vacuoles of the 
osteoclast (Figs. 14, 15). I n  all of these areas their morphology is like tha t  of 
inorganic crystals. I n  the cytoplasmic vacuoles t hey  are mixed with other struc- 
tures which, al though like crystals in appearance, are more irregular and less 
sharply outlined (Fig. 14). These structures correspond perfectly to those ob- 
served in cytoplasmic vacuoles in unt rea ted  sections (see Section a). 

Electron diffraetograms of the zones which contain crystal ghosts are again 
of the " a m o r p h o u s "  type.  They  show a large diffraction ring with a diffuse 
outline, probably due to the embedding plastic (Fig. 19). 

e) Sections Decalci/ied by Flotation on Formic Acid 
and Stained with Silver Nitrate-methenamine (SNM)  

After formic acid decalcification and SNM staining, the zone of resorption 
is characterized by  the presence of a layer of deeply stained collagen fibrils (Fig. 
16). This layer is sharply marked off from the normal matr ix which contains 
relatively few stained collagen fibrils. I n  the zone of resorption, the argyrophilic 
collagen fibrils placed near the normal bone matr ix  are closely bunched and are 
often distributed with their periodic banding in register. The argyrophilic fibrils 

Fig. 6. Detail of the resorption zone shown in Fig. 5. Many free crystals are present, some 
of them within channels of the ruffled border. A fragment of collagen fibril is also present; 
its fine structure is masked by crystals lying over it. Uranyl acetate and lead citrate, • 92000 

Fig. 7. Part of the resorption zone in contact with the ruffled border of an osteoclast. Note the 
cross-sectioned collagen fibrils in the resorption zone and outer portion of the ruffled border 
and the lack of them in the internal portion of the ruffled border and in cytoplasmic vacuoles. 

Stained with uranyl acetate and lead citrate, • 20000 

Fig. 8. Detail of the resorption zone (below) and of an osteoclast (above) in a seetion decal- 
cified by flotation on formic acid and unstained. No crystals are visible and the previously 
calcified zones now appear as areas of lower electron density. Decalcified and unstained, 

• 19000 
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near the ruffled border of the osteoclast are, by contrast, dissociated, fragmented 
and separated by seemingly empty  spaces. A few argyrophilic fibrils are present 
between the infoldings of the ruffled border. None is found within the cytoplasmic 
vacuoles of the osteoclast. 

After this method of decalcification and staining no crystal ghosts arc visible. 

/) Sections Decalcified by Flotation on Formic Acid 
and Stained with phosphotungstic Acid at Low pH ( P T A )  

This technique of decalcification and staining gives results not unlike those 
described in Section d. The zone of resorption contains crystal ghosts together 
with dissociated collagen fibrils and fragments of fibrils (Fig. 17). The periodic 
banding of these collagen fibrils is not so clearly evident as might be expected 
after PTA staining. In  many  areas it is part ly obscured by elongated, filament- 
like structures which look like crystal ghosts. Where the collagen fibrils lie at  
right angles to the osteoclast surface, crystal ghosts are found at the free end of 
the fibrils, as if they were about to become detached from their disaggregating 
tip (Fig. 17). 

As previously described in Section d, crystal ghosts are also present between 
the infoldings of the ruffled border and within the cytoplasmic vacuoles of the 
osteoclast. After PTA staining they are less sharply outlined than after staining 
with uranium and lead. 

Discussion 

The organic-inorganic relationships in the normal bone matrix, especially the 
relationship between the inorganic crystals and the components of the collagen 
fibrils, are not yet  fully known [11, 12, 17]. The crystals, for instance, have been 
described by some authors as being localized between, on, or within collagen 
fibrils; others have described them as being between and on fibrils; still others 
have localized them between, on and within fibrils (el. Bonucci, 1971a). This 
lack of certainty about organic-inorganic relationships in the normal bone matr ix  
is a major source of doubt and difficulty when the organic-inorganic relation- 
ships in the same matrix during osteoclastic resorption are under discussion. 
A discussion of the main focus of interest here - -  the effects of osteoclastic activity 
on each of the various components of the bone m a t r i x - -  has been extended at 
various points to include the  formulation of hypotheses and drawing of inferences 
as to the nature of bone calcification. 

Fig. 9. Section decalcified with formic acid and stained with uranium and lead. Part of an 
osteoclast is shown. Its ruffled border is in contact with an area of bone matrix undergoing 
resorption (mur). This is more deeply stained than the normal matrix (nm) which consists 
of almost unstained, closely aggregated and packed collagen fibrils. On the left, this matrix 
is directly in contact with a zone of the osteoclast cytoplasm lacking the ruffled border. 
Cross sections of osteoeytes processes (arrows) are visible in the normal matrix. Many vacuoles 
are present in the cytoplasm. One of them (arrow), from another section, is indicated at 
higher magnification in Fig. 15. Below this vacuole part of the Golgi apparatus is visible. 
A nucleus (lower left corner), and slightly swollen mitochondria are also shown. Decalcified 

and stained with uranyl acetate and lead citrate, • 15000 
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The present investigation has yielded results similar to those reported by 
other authors [63, 23, 27] as far as the fine structure of the zone of resorption 
in untreated sections is concerned. Between the osteoclast on one side and the 
normal bone matrix on the other, many  free crystals are found, which have 
apparently been produced by the breakdown of the calcified matrix. Crystals of 
the same sort are also found between the infoldings of the ruffled border and within 
cytoplasmic vacuoles of the osteoclast; a clear indication that  they are phagocy- 
tosed while being detached from the bone matrix [23, 27, 30, 31]. 

The fine structure of crystals is not affected by the type of fixation (simple 
OsOd, or formalin followed by OsOa) nor by the buffer (phosphate or cacodylate) 
used in fixation. The morphology of crystals found in the resorption zone does not 
seem to be affected by osteoclast activity, as shown by the f~ct that  they are 
similar to crystals usually described in normal bone matrix, calcified cartilage, 
and dentine [59, 63, 67, 15, 4, 19, 8, 9, 11, 12, 32, 17]. They are mixed with intrinsi- 
cally electron-dense granular and amorphous material, which probably derives 
from the breakdown of the granular or "amorphous"  mineral substance which 
has been described as being closely associated with the collagen period in bone 
[50, 5, 26]. 

The crystals contained in the cytoplasmic vacuoles of the osteoclast are found 
with other intrinsically electron-dense structures. These resemble crystals to 
some extent, but are thicker, irregularly-shaped, and less electron dense than 
normal crystals. These structures seem to derive, at least in part, from the gradual 
dissolution of crystals, an interpretation supported by their intrinsic electron 
density and by the resemblance between some of them and true crystals. 

A definitive explanation cannot be given for any of these findings at this 
stage, but they seem to suggest that  although inorganic crystals become detached 
from the bone matrix, they undergo no great changes until, by a process of 
pinocytosis, they reach the segregated medium of the cytoplasmic vacuoles, where 
they are gradually solubilized. This seems to lead to a loss of their sharp outline 
and to their transformation into irregular structures of lower electron density 
which gradually become completely solubilized. 

I t  has been suggested that  the inorganic substance could be at least par t ly  
solubilized outside the cell by acid or chelating substance [35, 68, 49], but the 
presence of apparently normal crystals in the zone of resorption suggests that  
rather than being dissolved, the crystals are dislodged from the bone matrix 
[30, 15, 31, 17]. The present results suggest that  the solubilization of the 
inorganic crystals does not occur outside the cell. They are probably solu- 
bilized in the cytoplasmic vacuoles of the osteoclast. The structure and properties 

Fig. 10. Detail of resorption zone after decalcification and uranium and lead staining. Note 
the presence of elongated structures (crystal ghosts) whose morphology is similar to that of 
the crystals found in untreated sections and in undecalcified sections stained with uranium 
and lead. A small portion of the ruffled border is visible at the upper left corner. Decalcified 

and stained with uranyl acetate and lead citrate, • 90000 

Fig. 11. Detail of crystal ghosts. Decalcified and stained with uranyl acetate and lead citrate, 
X 145000 
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of these vacuoles are like those of secondary lysosomes [18, 25, 40, 22, 43] and 
they very probably have a low pH value [73]. I t  is therefore likely that  they 
both induce the solubilization of the inorganic substance and, at the same time, 
promote the digestion of the organic matrix by acid hydrolases. 

One result of osteoclastic activity is tha t  the organic matrix of the zone of 
resorption is highly disorganized and dissociated. This can be clearly observed 
in stained sections, especially those stained with SNM. Thus, collagen fibrils 
sited in bone matrix not yet  at tacked by osteoclast appear laterally aggregated, 
with many  of them lying in register, while those sited in the zone of resorption 
appear as separate, unconnected structures. The first stain feebly; the second 
show high affinity for uranium and lead, and for silver nitrate, a property they 
share with collagen fibrils in the osteoid border prior to their calcification (Bonueci, 
unpublished results). Argyrophilic fibrils increases in number in the uterus during 
pregnancy as a result of the splitting of collagen bundles [24]; so too, the 
argyrophilia of collagen fibrils in the zone of resorption may  be due to the 
disaggregation induced by osteoclastic activity. This disaggregation could be 
caused by  the digestion of the interfibrillar ground substance leading to dis- 
ruption of interfibrillar bonds. I f  this is so, the argyrophilia of these collagen 
fibrils would be indirect evidence that  the osteoclastic dissociation of bone 
matrix begins with the degradation of the interfibrillar ground substance (see 
also Hancox and Boothroyd,  1961; Scherft, 1968). This seems to occur simul- 
taneously with, but probably largely independently of, the breal~down of fibrils, 
as shown by the fact that  many  argyrophilic but otherwise normal collagen 
fibrils are left behind in the zone of resorption. Even so, the digestion of the 
interfibrillar ground substance (that unmasked by inorganic substance) seems 
to be an indispensable precondition for collagen degradation because it produces 
dissociation of laterally aggregated collagen fibrils and, presumably, greatly 
increases the penetrability and activity of enzymes in the matrix. I t  may  well 
also increase collagen solubility. I t  has, in fact, been shown that  the removal of 
ground substance by t rea tment  of connective tissues with ~-amylase or EDTA 
allows insoluble collagen to be dispersed in dilute acids [21, 65] and to be 
digested by eollagenase [54]. 

The dissociation of the  disaggregated collagen fibrils seems to reach completion 
outside the cell. No collagen fibrils or segments of fibrils have ever been found 
within cytoplasmic vacuoles (not even after staining of sections). Besides crystals, 

Fig. 12. Part of resorption zone, showing a collagen fibril (arrow) partly covered by crystal 
ghosts. Note that its cross-banding is intact. Pictures like this suggest that in many cases 
the crystals and their ghosts lie between the fibrils and on their surface (i.e., are components 
of the ground substance), so that they can be loosened and released without damaging the 
fibril texture. Part of the osteoclastic cytoplasm is apparent below. Decalcified and stained 

with uranyl acetate and lead citrate, • 92000 

Fig. 13. Part of an osteoclast (lower right comer), of the matrix not yet attacked bythe oste- 
oclast (upper left corner), and of the resorption zone (in between). Besides crystal ghosts, the 
zone of resorption contains disaggregated collagen fibrils and segments of fibrils, some of 
which (those near the osteoclast ruffled border) seem about to undergo complete dissociation. 

DecMcified and stained with uranyl acetate and lead citrate, • 70000 
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Fig. 14. Cytoplasmic vacuoles containing crystal ghosts. Compare with the undeealcified 
vacuoles shown in Figs. 2, 3 and 4. Decalcified and stained with uranyl acetate and lead 

citrate, • 105000 
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cytoplasmic vacuoles contain only irregular structures which might well be 
considered organic fragments of the bone matrix but which, because of their 
intrinsic, although slight, electron density, very probably consist of inorganic 
substance. I t  could be speculated that  the collagen fibrils are digested extraeel- 
lularly in the resorption zone and outer portion of the ruffled border and that  
the products of this digestion, now unrecognizable as collagenous structures, are 
accumulated in cytoplasmic vacuoles. 

The sections stained after decalcification seem to yield particularly useful 
results. After the ultrathin sections have been floated on formic acid solution, 
all the inorganic substance is solubilized and removed; both the matrix not yet 
at tacked b y  the osteoelast and the resorption zone now appear as electron trans- 
parent areas. No crystals are recognizable in these areas, nor are they found 
between the infoldings of the ruffled border or in the cytoplasmic vacuoles of the 
osteoclast. Moreover, the faint diffraction rings found in diffractograms obtained 
from the resorption zone in untreated sections completely disappear after deeM- 
cification. With all of the inorganic substance removed, it might be supposed 
that  the only structures which would be found after staining these decalcified 
areas would be organic structures. They would presumably be collagen fibrils in 
the normal bone matrix, and fibrils and segments of fibrils in the resorption zone. 
But staining decalcified sections with uranyl acetate and lead citrate, and with 
PTA shows that  the zone of resorption contains not only the expected whole 
and fragmented collagen fibrils but also elongated structures whose morphology 
is like that  of untreated inorganic crystals. The same structures are found between 
the infoldings of the ruffled border and within the cytoplasmic vacuoles of the 
osteoclast. I t  must be underlined that  these structures are not visible in decalcified 
and unstained sections, and that  they do not give evidence of erystallinity by 
electron diffraction; i.e., they are not inorganic crystals left in incompletely 
decalcified areas. However, they closely resemble inorganic crystals and for this 
reason they have been called "crystal  ghosts".  

Crystal ghosts have been previously described in calcifying cartilage, bone, and 
calcified soft tissues [8, 3, 9, 1, 64, 2, 11, 12, 66, 14, 13]. They have been considered 
organic structures and the conclusion has been reached that  in cartilage and 
bone, as well as in other calcified tissues, the crystals are organic-inorganic 
structures whose organic component, the crystal ghosts, is of proteoglycan and, 
perhaps, lipidic nature [8, 9, 11, 12, 14, 13]. Although it cannot be excluded that  
the formation of the crystal ghosts might part ly depend on adsorption of organic 

l~ig. 15. Cytoplasmic vacuole containing crystal ghosts and a dense material (arrow) which 
could represent the content of a primary lysosome (cfr. Scott, 1967, and Cohn and Fedorko, 
1969). Compare with the undecalcified vacuoles shown in Figs. 2, 3 and 4, and with Fig. 9. 

Decalcified and stained with uranyl acetate and lead citrate, X 68000 

Fig. 16. Detail of an osteoclast (right), of the bone matrix not yet attacked by the osteoclast 
(left), and of the resorption zone (in between). The resorption zone contains dissociated, 
argyrophilic collagen fibrils, some of which (arrows) are contained within infoldings of the 
ruffled border. None of them are visible in cytoplasmic vacuoles. The normal bone matrix 

(left) is almost unstained. Decalcified and stained with SNM, • 19000 
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Fig. 17. Detail of collagen fibrils undergoing resorption. They run perpendicular to the surface 
of the osteoclast (whose ruffled border is partly visible below). Crystal ghosts project outwards 
from the tip of the fibrils as if they were about to become detached from them. Decalcified 

and stained with PTA, • 100000 

material to the crystal surface during fixation, the evidence suggests that they 
are intrinsic components of the crystals, that  they are exposed to the external 
environment to some degree, and that  they can partly be removed without doing 
great damage to the crystal appearance [13]. 

Staining with PTA shows that  the crystal ghosts found in the present in- 
vestigation likewise consist, at least partly, of proteog]ycans. Crystal ghosts are, 
in fact, stained by PTA at low pH. This technique, when applied to plastic 
embedded material, is now considered to reveal glycoproteic complexes [51, 46, 
47, 55, 7, 6, 33, 53]. Further confirmation is provided by the close parallel between 
the results of this technique and those obtainable with other specific histochemical 
[47, 56, 58, 52, 53, 57, 14] and autoradiographic [71, 72] methods. 

The fact that  the crystal ghosts found in the resorption zone are stained by 
PTA not only implicitly confirms that  they are organic structures, but goes to 
show that  they consist of proteoglyean material. I t  is thought that  most bone 
proteoglycans are contained in the interfibrillar ground substance, and it may 
therefore be suggested, in line with previous investigations on calcifying cartilage 
and bone [9, 11, 12], that  the crystal ghosts form part of this substance. 
In fact, the present results show that  most crystal ghosts lie between collagen 
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fibrils and on their surface. Proteoglyeans are not only contained in the inter- 
fibrillar ground substance, but are also strictly associated with, and found 
within, collagen fibrils [34, 54, 48, 53, 21, 39, 38], so it is not unlikely that  crystal 
ghosts may be sited within fibrils too. In some cases crystal ghosts have, in fact, 
been observed to bulge out from the tips of collagen fibrils undergoing osteoclastic 
resorption as if they were intrinsic components of these fibrils. 

In investigations concerning organic-inorganic relationships during bone and 
cartilage calcification, Bonucci [8-13] has suggested that  crystal ghosts may 
play a fundamental role in determining and regulating the binding of the inorganic 
substance, that  both bone and cartilage crystals may be organic-inorganic struc- 
tures, and that  both bone and cartilage calcification may be a multistep process 
which, once begun by structures of cellular origin (calcifying globules), may then 
proceed in the ground substance lying between and on the surface of collagen 
fibrils, until the interior of the fibrils is more or less completely involved. This 
view has been partly confirmed by the present results, which show that  bone 
crystals are organic-inorganic structures, that  their organic component is at 
least partly proteoglycan in nature, and that  it is mainly sited in the ground 
substance and secondarily within collagen fibrils. 

If this view is correct, the organic-inorganic relationships in normal bone 
matrix mainly depend on the amount and siting of proteoglycans in the ground 
substance of the matrix. A further consequence of this view is that  crystals will 
mostly be sited between collagen fibrils and on their surface when plenty of 
ground substance is present, that  is, when collagen fibrils are not closely bunched, 
as in cartilage and primary bone, and will mostly be sited within collagen fibrils 
when little ground substance is present (when collagen fibrils are closely bunched, 
as in secondary bone). Any osteoclastic dissociation of the ground substance 
consequent to digestion of its uncalcified components would lead to the release 
of crystals in both cases, but especially in the former. The complete release of 
all crystals would follow the total dissolution of collagen fibrils. 

The presence in the resorption zone of swollen, seemingly disaggregating 
collagen fibrils suggests a direct dissociating effect of the osteoclast on the fibrils. 
However, it might be supposed that  the same effect could be produced by the 
hydrolytic activity of the formic acid solution used for decalcification. This type 
of artifact is almost always produced when bone specimens are decalcified before 
embedding. However, it does not occur when decalcification is performed on 
floating sections, perhaps because the fibres are stabilized by the embedding 
medium. In the present case, the effect of formic acid is greater in the normal 
compact bone matrix than in the resorption zone. This may be due to the fact 
that, because of its compactness, the normal bone matrix is less easily penetrated 
by the embedding medium than the dissociated resorption zone and, consequently, 
its collagen fibrils are less "pro tec ted"  by the embedding medium and more 
exposed to formic acid than those in the resorption zone. Evidently, the fibrils 
of the normal matrix would appear more dissociated than those in the resorption 
zone if the disaggregated aspect of the latter depends on the hydrolytic activity 
of formic acid. On the contrary, the normal bone matrix appears to be formed 
by a compact network of closely aggregated, undissociated, faintly stainable 
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Fig. 18. Scheme of the presumed steps of the process of osteoclastic bone resorption 
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Very faint diffraction rings, suggesting the presence of crystatline structures, are visible. 
Right: electron diffractogram of "amorphous" type pertinent to u zone of resorption in a 

section decalcified with formic acid and stained with uranium and lead 



Osteoclastic Bone Resorption 33 

fibrils (of. Fig. 9), thus confirming that  collagen fibril dissociation in the resorption 
zone is a direct effect of the osteoclastic activity. 

The presence of "decalcified" collagen fibrils in the resorption zone, a finding 
occasionally observed in this study but frequently reported in another type of 
bone b y  Hancox and Boothroyd [30, 31], does not necessarily mean that  the 
inorganic substance is solubilized outside the cell. I t  could mean that  no crystals 
were originally or ever contained within these fibrils, so that  they appear decalci- 
fied when the inorganic material once belonging to the ground substance around 
and on them has been removed by osteoclastic activity. 

By bringing together the results of the present investigation and those of 
previous studies on bone and collagen resorption [68, 73], and on lysosomal 
enzymes in skeletal tissues [20], the main steps of the mechanism regulating 
osteoclastic bone resorption have been tentatively summarized in Fig. 18. 
Here the osteoclastic bone resorption is shown as a two-phase process; the 
first, extracellular phase leads to fragmentation of the calcified matrix, and 
the second, intracellular phase leads to digestion of the phagocytosed frag- 
ments. The first components of the bone matrix to be dissociated by oste- 
oclastic activity are very probably those of the ground substance which are not 
masked by inorganic material and are therefore exposed to the osteoclastic 
enzymes. This has two effects. First, crystals placed between and on collagen 
fibrils (i.e., crystals related to components of the ground substance) become 
detached (first crystal release); second, the aggregated collagen fibrils are disag- 
gregated, rendered argyrophilic and partly unmasked. The released crystals are 
organic-inorganic structures, whose organic component (the crystal ghost) con- 
sists, at least partly, of proteoglycan material and may well be a substrate for 
binding inorganic substance during the calcification process. The argyrophilic 
collagen fibrils are further digested and reduced to small fragments and then to 
very small components. The intrafibrillar crystals, where present, may be released 
at this stage (second crystal release). They, too, are organic-inorganic structures, 
whose organic component probably derives from intrafibrillar proteoglycans. 

Not only the released crystals, but the uncalcified products of collagen fibril 
and ground substance degradation too are phagoeytosed by the osteoclast. The 
final stage of digestion occurs within the osteoclast's cytoplasmic vacuoles 
(secondary lysosomes). The inorganic substance of the crystals is solubilized at 
this site, probably as a result of its low pH value, and the crystal ghosts are 
therefore released at this point. These can then be digested together with, and 
in the same way as the other phagocy~osed organic components of the bone 
matrix. 
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