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ABSTRACT Following treatment with propylthiouracil, most chondrocytes 
in the reserve and upper proliferation zones in the tibial epiphyseal plate exhibit 
degenerate ultrastructural morphology. In the extracellular matrix, sulfated 
mucopolysaccharide is reduced, matrix vesicles are increased both in number 
andin  size, apatite crystals are present in all zones, and mineralization is 
enhanced. 

In post-treatment recovery, chondrocyte degeneration decreases; however, the 
extracellular matrix is considerably delayed in returning to conditions compa- 
rable to those in corresponding controls and this is indicated by the continued 
presence of apatite crystals in abnormal locations. 

Chondrocyte degeneration, sulfated mucopolysaccharide, and matrix vesicles, 
are discussed as they relate to the mineralization process. 

Two consistent themes repeatedly occur 
in the literature relative to cartilage min- 
eralization: (1) in the zone of calcifica- 
tion there is a decrease in sulfated muco- 
polysaccharide (Schubert and Pras, '68; 
Campo, '70; Smith, '70) and, (2)  matrix 
vesicles, probably of cellular origin, seem 
to be the sites of initial calcification, i.e., 
the deposition of calcium phosphate which 
subsequently is converted to hydroxyapa- 
tite crystals (Bonucci, '67, '69, '70, '71; 
Anderson, '68, '69; Anderson, Matsuzawa, 
Sajdera and Ali, '70; Ali, Sajdera and An- 
derson, '70; Matsuzawa and Anderson, '70; 
Alcock, '72; Thyberg and Friberg, '70, '72; 
Thyberg, '72). 

The relationship of a decrease in sul- 
fated mucopolysfaccharide to the calcifica- 
tion process has received different inter- 
pretations. On the one hand, it is claimed 
that calcification is dependent upon a 
failure to maintain the appropriate level 
of this polysaccharide in the intercellular 
matrix (Hass, '43), while, on the other 
hand it is postulated that the turnover of 
sulfated mucopolysaccharide is not closely 
related to the calcification process (Weath- 
erell, Bailey and Weidmann, '64). Regard- 
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less of these and other divergent opinions 
(Miller, Waldman and McLean, '52; 
Glimcher, '60; Dulce, '60; Sobel, '60) ,  it 
appears to be well established that a de- 
crease in sulfated mucopolysaccharide oc- 
curs in the calcification zone under nor- 
mal conditions. 

The concept that matrix vesicles consti- 
tute the initial locus of cartilage calcifica- 
tion seems less controversial. Recent ultra- 
structural evidence from a variety of cal- 
cifying tissues (cartilage, bone, teeth) 
(Mi et al., '70; Anderson et al., '70; An- 
derson and Sajdera, '71; Alcock, '72; Thy- 
berg, '72; Bernard, '72; Eisenman and 
Glick, '72) is supportive. 

In a recent experimental study of long- 
term recovery of the tibial epiphyseal plate 
in immature Long-Evans rats following 
treatment with 6-propylthiouracil (PTU), a 
marked increase in the number of matrix 
vesicles was noted in conjunction with a 
reduction of sulfated mucopolysaccharide 
in the extracellular matrix. In view of the 
foregoing, this suggested that treatment 
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with PTU might enhance mineralization. 
Therefore, the pTesent paper presents the 
effects of PTU-treatment on chondrocytes 
m d  relates these to the mineralization 
process with particular reference to sul- 
fated mucopolysaccharides and matrix 
vesicles. 

MATERIALS AND METHODS 

Forty male Long-Evans rats, forty-two 
days old and weighing approximately 121 
gm were used in this study. They were 
maintained individually in 7 by 7 by 10 
inch wire mesh floored cages at a tempera- 
ture of 21.2-26.7"C. The light-dark cycle 
was set at 14-10 hours. The standard diet 
was finely powdered Purina Laboratory 
Chow. Water was available ad lib. 

Growth retardation was produced by 
adding 6-propylthiouracil (USP-synthetic- 
Mann Research Laboratories) to the stan- 
dard powdered diet to make a concentra- 
tion of 0.1%. This diet was continued for 
18 days at which time the difference be- 
tween the mean body weight of experi- 
mentals and the mean body weight of con- 
trols approximately equaled the weight 
difference between controls and animals 
fasted for two days. Rats were divided into 
four groups, each with four controls and 
six experimental animals, Control rats re- 
ceived the standard powdered diet without 
PTU. Experimental animals and corre- 
sponding controls were sacrificed at 0, 5, 
12 and 26 days after discontinuation of 
PTU-treatment. All animals survived to 
the end of the experiment. 

At autopsy, tibial heads and the proxi- 
mal diaphyseal shaft from both legs were 
removed and one was placed in 4% glutar- 
aldehyde in Millonig's phosphate buffer 
(Millonig, '61) for electron microscopy, 
while the other was fixed in either neutral 
10% formalin or Bouin's solution for light 
microscopy. 

For electron microscopy, tissues were 
stripped of flesh and 1 mm thick coronal 
slices across the width of each tibial head 
were sequentially cut with a razor blade. 
Glutaraldehyde fixation continued for two 
hours. Tissues were post-fixed for one hour 
in 1% OsO,, dehydrated in a graded series 
of acetone and embedded in Epon 812. 
Before the final Epon change, tissue slices 
were cut sequentially into blocks (approxi- 

mately 1 X 2 X 3 mm) and each block 
was properly oriented in Epon filled cap- 
sules. Thick sections (0.5-1.0 p )  were cut 
with a Reichert ultramicrotome and stained 
with 0.5% aqueous toluidine blue. Areas 
for thin sectioning were selected; thin sec- 
tions (grey to gold) were cut, mounted on 
Formvar-coated copper grids, observed 
after staining with uranyl acetate and 
lead citrate (Reynolds, '63), and photo- 
graphed with a Philips EM 300 electron 
microscope. 

Acid mucopolysaccharides were identi- 
fied electron microscopically by means of 
Mowry's modification of colloidal iron 
(Curran, Clark and Lovell, '65; Matukas, 
Panner and Orbison, '67). Sulfated muco- 
polysaccharides were identified by stain- 
ing with bismuth nitrate (Smith, '70). As 
an aid in identification of the structures 
stained, alternate thin sections were 
stained with uranyl acetate and lead citrate. 

Other specimens were fixed in 4% for- 
malin and digested at 37°C for 12 hours 
with hyaluronidase following the tech- 
nique of Bonucci ('70). Controls, in buff- 
ers, without hyaluronidase were incubated 
for the same period of time and at the 
same temperature. Control and experi- 
mental specimens were dehydrated with 
acetone, embedded in Epon, sectioned, and 
stained with either bismuth nitrate, or 
Mowry's colloidal iron. 

For light microscopy, following standard 
dehydration and paraffin embedding, 7-8 p 
sections were cut and tissues were stained 
with hematoxylin and eosin; periodic acid- 
Schiff (PAS) for neutral polysaccharides 
(glycogen and neutral mucopolysacchar- 
ides - magenta); Mowry's alcian blue 
(pH 2.5) for acid mucopolysaccharides 
(blue) ; Mowry's modification of Muller's 
colloidal iron method (pH 1.3) for sul- 
fated mucopolysaccharides (blue) (Mowry, 
'58; Foldes, Modis and Suveges, '65). Some 
of these latter sections were counter 
stained with PAS. Other sections were 
stained with Gomori's aldehyde fuchsin 
which is claimed to be specific for sulfated 
polysaccharides (Spicer, '62). 

For comparison with paraffin sections, 
some thick plastic sections were deplasti- 
cized and stained with PAS, Mowry's alcian 
blue (pH 2.5) or with Mowry's colloidal 
iron (pH 1.3). Others were deplasticized 
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and stained with the Pearson silver- 
gelatin technique for calcium salt deposi- 
tion (Rosenquist, Slavin and Bernick, '71). 

OBSERVATIONS 

Histochemistry: Optical microscopy. 
(The different zones in chondrocyte ma- 
turation are indicated in figure one). The 
extracellular matrix in controls and in all 
experimental rats contained sulfated muco- 
polysaccharide (blue with alcian blue, blue 
with colloidal iron, purple with aldehyde 
fuchsin). In controls, sulfated mucopoly- 
saccharide in the extracellular matrix was 
most prominent in the proliferation zone 
and decreased toward the zone of chon- 
drolysis. Although there was some varia- 
tion, sulfated mucopolysaccharide was al- 
ways more pronounced and more exten- 
sive in the matrix of controls than it was 
in experimental rats at the end of the 
treatment period (compare figs. 1A,B). Al- 
though sulfated mucopolysaccharide in- 
creased in PTU-treated rats in later re- 
covery periods, in the terminal recovery 
period it did not correspond with that noted 
in controls. 

Glycogen deposition (PAS-positive) was 
much more prominent in cells in all zones 
than in cells in corresponding zones in 
controls (compare figs. 2A,B ). Matrix vesi- 
cles (PAS-positive; metachromatic with 
toluidine blue; negative with alcian blue, 
colloidal iron or aldehyde fuchsin) were 
larger and more numerous, particularly in 
the proliferation zone, than they were in 
controls. Glycogen deposition was subse- 
quently reduced and matrix vesicles be- 
came smaller and less numerous; however, 
return to conditions comparable to those 
in controls was considerable delayed. 

Calcium deposition was enhanced fol- 
lowing treatment with PTU (compare figs. 
3A,B, insets) and continued to be more 
extensive in all recovery periods than in 
corresponding controls. 

Histochemistry: ElectTon microscopy. 
Following colloidal iron or bismuth nitrate 
staining of formalin or glutaraldehyde 
fixed thin sections, the outer surface of 
cytoplasmic dense bodies, the cell mem- 
brane, granules on the membrane, lacunar 
granules, part of the contents of Golgi 
vacuoles, and matrix granules (probably 
from Golgi vacuoles) were positive with 

both stains in controls and in PTU-treated 
rats (fig. 4A). The outer surface of matrix 
vesicles was positive with either stain in 
controls and in PTU-treated rats in glutar- 
aldehyde fixed tissue (fig. 4B), but nega- 
tive in formalin fixed tissue; collagen was 
negative with both stains regardless of the 
fixative used (fig. 4B). The extracellular 
matrix was more positive with either stain 
in controls than it was in the PTU-treated 
rats. 

After hyaluronidase digestion and stain- 
ing with either bismuth nitrate or colloidal 
iron, the outer surface of cytoplasmic 
dense bodies, the cell membrane, granules 
on the membrane, lacunar granules, the 
content of Golgi vacuoles, matrix granules, 
and the outer surface of matrix vesicles 
were all negative (fig. 4C). 

Electron microscopy. At the end of the 
treatment period chondrocyte degeneration 
was extensive and two aspects of degen- 
eration were demonstrable. Chondrocytes 
with an abnormal cytoplasm and a pyk- 
notic nucleus were common; they fre- 
quently occurred in long columns (fig. 5). 
Golgi vacuoles were prominent in these 
cells but not in other degenerate cells. Less 
degenerate cells, particularly in the reserve 
and upper proliferation zones, exhibited 
ultrastructural abnormalities (fig. 6 A )  
when compared with corresponding cells 
in controls (fig. 6B). Nuclei were dense, 
frequently indented, and their chromatin 
pattern was abnormal; cytoplasmic vacuoli- 
zation was frequently noted; glycogen de- 
position was enhanced; lipid was noted in 
the cytoplasm frequently in conjunction 
with glycogen; mitochondria were swollen 
and vacuolated; the Golgi complex was not 
prominent; the endoplasmic reticulum (ER) 
was reduced; cytoplasmic dense bodies 
(presumably lysosomes) were common and 
were more frequently noted than in con- 
trols (fig, 6C). All of the criteria used to 
designate degeneration corresponded with 
those noted in chondrocytes by previous in- 
vestigators (Silberberg, Silberberg and Feir, 
'64, '66). Additionally, fibrillar microscars 
(fig. 7) developed during or after cell dis- 
integration (Silberberg and Hasler, '66) 
were commonly noted. Collagen fibrils com- 
posing these microscars were regularly 
banded and were much thicker (600- 
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1200 A vs 200 A )  than adjacent fibrils 
(inset, fig. 7). 

With the exception of enhanced glyco- 
gen deposition, the ultrastructure of chon- 
drocytes in the lower proliferation and hy- 
pertrophic zones was comparable to that 
of corresponding controls. 

Matrix vesicles in all zones were gen- 
erally larger (4,000 vs 2,000 A) ,  more 
numerous and frequently more electron 
dense than in the matrix of controls (com- 
pare insets (figs. 6A,B). They seemed to 
be derived, at least in part, from disinte- 
grating chondrocytes (figs. 8A,B) and, with 
the exception of the reserve zone, they 
were most commonly found in longitudinal 
septa. More infrequently they were found 
in pericellular lacunae and in transverse 
septa. As previously indicated, their outer 
surface was positive after staining with 
bismuth nitrate or colloidal iron. In chon- 
drocytes in all zones some cytoplasmic 
dense bodies corresponded in size and in 
configuration with matrix vesicles and were 
also positive with these same stains. 

Apatite crystals were present in all zones 
in the PTU-treated rats (see inset, fig. 5). 
They were not present in the proliferation 
zone in controls and they were less numer- 
ous in the other zones than they were in 
the experimental rats (compare figs. 9A,B, 
for example). They occurred most often as 
needle-shaped crystals in association with 
matrix vesicles but not necessarily in coii- 
tact with vesicles. In some instances they 
seemed attached to the outer lamina of the 
trilaminar membrane of vesicles. 

The presence of numerous matrix vesi- 
cles and apatite crystals, particularly in the 
proliferation zone, seemed to corroborate 
the light microscope findings relative to 
enhanced c alicific ation, 

In subsequent recovery periods chondro- 
cyte recovery was indicated by an increase 
in the amount of ER, a decrease in cyto- 
plasmic vacuolization, and the Golgi com- 
plex corresponded with that noted in con- 
trols. Mitochondria1 swelling and vacuoli- 
zation decreased; however, mitochondria 
were slower than other organelles in dem- 
onstrating recovery. Matrix vesicles de- 
creased both in number and in size. How- 
ever, there was still some degenerate ultra- 
structure in some cells, persistent columns, 

of degenerate chondrocytes (fig. l o ) ,  and 
continued abnormal occurrence of apatite 
crystals in the proliferation zone (see inset, 
fig. 10). 

DISCUSSION 

Following treatment with PTU chondro- 
cyte degeneration is increased. There is a 
marked reduction of sulfated mucopoly- 
saccharide in the extracellular matrix and 
this is in keeping with a similar reduction 
in skin after treatment with PTU (Schiller, 
Glover and Dorfman, '62). The greatest 
preponderance of sulfated mucopolysac- 
charide is in the lower reserve and upper 
proliferation zone in controls while, in PTU- 
treated rats, in these same areas, it is mark- 
edly reduced. The ultrastructure of most 
chondrocytes in these same areas in the ex- 
perimental rats is indicative of degenera- 
tion and this suggests altered chondrocyte 
metabolism. The amount of ER is reduced 
and this implies a reduction in protein 
synthesis which agrees with previous find- 
ings regarding inhibition of protein synthe- 
sis following treatment with PTU (Dearden 
and Mosier, '71 ) and with cortisone (Dear- 
den and Mosier, '72). Since secretory pro- 
tein from the ER is thought to be trans- 
ported by means of small vesicles to Golgi 
vacuoles (Caro and Palade, '64; Jamieson 
and Palade, '67; Holtrop, '72) where sulfa- 
tion occurs, (Godman and Lane, '64; 
Neutra and Leblond, '66; Rohr and Walter, 
'66; Rambourg, Hernandez and Leblond, 
'69) and the sulfated protein polysac- 
charide complex is subsequently extruded 
into the matrix (Holtrop, '72), a decrease 
in protein synthesis might relate to a re- 
duction of sulfated mucopolysaccharide. 
Additionally, this reduction would also be 
consistent with a decrease in the Golgi 
complex and with an increase in the num- 
ber of degenerate and/or cells judged to 
be destined for disintegration and death 
(fig. 5). Normally, sulfated mucopolysac- 
charide decreases in the early calcification 
stages (Schubert and Pras, '68; Campo, 
'70; Smith, '70) and the presence of apatite 
crystals in the proliferation zone in the ex- 
perimental rats suggests premature min- 
eralization. At first glance it would appear 
that mineralization is closely related to the 
observed decrease in sulfated mucopoly- 
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saccharide. However, in subsequent re- 
covery periods, while synthesis of sulfated 
mucopolysaccharide is increasing and its 
distribution is extending toward the zone 
of calcification, apatite crystals are still 
present in the proliferation zone. Thus a 
close relationship is not necessarily indi- 
cated and this corresponds with previous 
findings (Weatherell et al., '64). 

The accumulation of intracellular glyco- 
gen can be related to chondrocyte degen- 
eration and senescence (Silberberg et al., 
'64), as well as to a failure of incorpora- 
tion in the glycolytic pathway (Weatherell 
et al., '64). These findings, related to the 
present study would imply, in the first case, 
altered chondrocyte function, possibly lead- 
ing to an increase in cell death, and, in 
the second, an inhibition of synthesis of 
sulfated mucopolysaccharide. 

Concurrent with the reduction of sul- 
fated mucopolysaccharide, matrix vesicles 
increase both in number and in size. This 
might not seem to be consistent with an 
increase in the number of degenerate cells. 
However, matrix vesicles have been pro- 
posed to originate from degenerating cells 
(Bonucci, '67, '70; Anderson, '68, '69) or 
from lysosomes (Thyberg and Friberg, '70, 
'72; Thyberg, '72). In this study, there is 
morphological evidence of their origin from 
degenerating cells (figs, 8A,B). Histochemi- 
cally, matrix vesicles and cytoplasmic 
dense bodies (presumably lysosomes) are 
positive after staining with bismuth nitrate 
or colloidal iron ( f i g .  4A) ,  and their close 
proximity (lacunar space and just under 
the cell membrane) suggests that some 
matrix vesicles may be extruded lysosomes. 
Therefore, in view of the numerous degen- 
erate chondrocytes and of the increased 
number of lysosomes, an increase in matrix 
vesicles would not be unexpected. Since 
matrix vesicles have been proposed as the 
initial sites of cartilage calcification (Bo- 
nucci, '71; Alcock, '72) the increase in 
number and size of matrix vesicles in the 
present study suggests premature calcifi- 
cation. The enhanced calcium deposition 
at the end of the treatment period is sup- 
portive of this suggestion. Deposition of 
apatite crystals is increased in all zones 
and their association with matrix vesicles, 
which are particularly numerous in the 

proliferation zone, indicates that minerali- 
zation is also occurring prematurely. 

In subsequent recovery periods there is 
a decrease in the number of degenerate 
chondrocytes, a decrease in the number 
and size of matrix vesicles, an increase in 
production of sulfated mucopolysaccharide, 
and glycogen deposition corresponds with 
that noted in controls. These findings sug- 
gest recovery from the effects of treatment. 
However, apatite crystals persist in all 
zones and in all recovery periods. While 
conditions favoring enhanced mineraliza- 
tion are present at the end of the treatment 
period, they do not prevail in the terminal 
recovery period. The continued presence 
of apatite crystals in abnormal locations 
under conditions which would seem to 
favor the initiation of mineralization in 
the hypertrophic zone, indicates the need 
for additional study. 

In summary, following treatment with 
PTU, mineralization of the tibia1 epiphyseal 
plate is increased, and this seems related 
to chondrocyte degeneration and/or to al- 
tered chondrocyte metabolism. Whether 
the presence of apatite crystals and pre- 
mature mineralization of the proliferation 
zone in the terminal recovery period is di- 
rectly or indirectly related to PTU treat- 
ment, remains obscure. 
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Abbreviations 

G, Golgi complex M, mitochondrion 
GL, glycogen MG, matrix granules 
GV, Golgi vacuole MV, matrix vesicles 
H, hypertrophic zone P, proliferation zone 
L, lipid PL, pericellular lacuna 
LG, lacunar granules R, reserve zone 

A, aplatite 
C, calcification zone 
CDB, cytoplasmic dense bodies 
CM, cell membrane 
CV, cytoplasmic vacuole 
ER, endoplasmic reticulum 

PLATE 1 

EXPLANATION O F  FIGURES 

1A,B Part of the epiphyseal plate at the end of the treatment period ( 1 A )  
and in a corresponding control ( 1 B ) .  Paraffin, Mowry’s colloidal 
iron (pH 1 . 3 ) ,  PAS x 240. Comparison of these figures reveals a 
marked reduction of sulfated mucopolysaccharide (arrows) in  the 
matrix of the PTU-treated rats. 

Part of the epiphyseal plate at the end of the treatment period ( 2 A )  
and i n  a corresponding control (2B).  Paraffin, PAS, x 655. Intra- 
cellular glycogen deposition (white arrows) is much more promi- 
nent in the PTU-treated rats than in  controls. Granules in the 
matrix of the PTU-treated rats (matrix vesicles, PAS-positive, black 
arrows) are also more prominent than they are in the matrix or 
controls. 

Part of the hypertrophic and calcification zones showing the onset 
of calcification (arrows) a t  the end of the treatment period ( 3 A )  
and i n  a corresponding control ( 3 B ) .  Epon thick sections (0.5 p ) ,  
toluidine blue, X 750. Insets - hypertrophic and calcification zones 
to show the relative amounts of calcium deposition (arrows). Epon 
thick sections (0.5 p ) ,  deplasticized, Pearson silver-gelatin, x 430. 
Comparison of these figures and insets shows enhanced calcifica- 
tion and calcium deposition in the PTU-treated rats. 

2A,B 

3A,B 
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PLATE 2 

EXPLANATION O F  FIGURES 

4A Part of a proliferation zone chondrocyte (a t  the end of the treat- 
ment period) and part of its lacuna demonstraking acid mucopoly- 
saccharide in Golgi vacuoles, in  the cell membrane, a t  the outer as- 
pects of cytoplasmic dense bodies, in lacunar granules, and on the 
outer lamina of a matrix vesicle. Glutaraldehyde fixation with post- 
osmication, stained with Mowry’s colloidal iron. x 48,000. 

Matrix vesicles and matrix granules in the proliferation zone at the 
termination of treatment showing the acid mucopolysaccharide con- 
tent of matrix granules and of the surface of matrix vesicles. Col- 
lagen is negative. Glutaraldehyde fixation with post-osmication, 
stained with Mowry’s colloidal iron. x 60,000. 

Part of a proliferation zone chondrocyte a t  the termination of the 
treatment period, part of its lacuna, and part of the extracellular 
matrix. Formalin fixation with post-osmication, hyaluronidase di- 
gestion, and stained with bismuth nitrate for sulfated mucopoly- 
saccharides. x 30,000. Note the absence of stained granules in Golgi 
vacuoles, on the cell membrane, in the pericellular lacuna, or in 
the extracellular matrix. Matrix vesicles are visible because of their 
osmiophilia, but no granular deposits are apparent on their outer 
surface. 

4B 

4C 
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PLATE 3 

EXPLANATION O F  FIGURE 

5 A column of degenerate chondrocytes in the proliferation zone at  the 
end of the treatment period. Numerous apatite crystals in  the pro- 
liferation zone are depicted in the inset. This and all subsequent elec- 
tron micrographs were fixed with glutaraldehyde, post-osmicated, and 
double stained with uranyl acetate and lead citrate. x 5,300; inset 
x 32,000. Note the hypertrophic Golgi vacuoles, particularly in the 
middle two cells. Apatite crystals are not present in the matrix in 
the proliferation zone i n  corresponding controls. 
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PLATE 4 

EXPLANATION O F  FIGURES 

6A,B Reserve zone chondrocytes at the termination of the treatment 
period ( 6 A )  and i n  a corresponding control ( 6 B ) .  The outlined 
areas contain matrix vesicles and are enlarged as insets. x 4,300; 
insets x 60,000. When these figures are compared, considerable 
chondrocyte degeneration is noted in the PTU-treated rats; cyto- 
plasmic vacuoles are common, the nucleus is not normal, and 
matrix vesicles, sometimes associated with apatite crystals, are 
more numerous and frequently larger than in controls. 

This figure is an enlargement of a cell in  figure 6A. Note the ab- 
normal nuclear morphology, swollen and vacuolated mitochondria, 
enhanced cytoplasmic vacuolization, excessive and premature gly- 
cogen deposition frequently in  conjunction with lipid, and a re- 
duction in  the amount of ER. x 15,000. 

6C 
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PLATE 5 

EXPLANATION O F  FIGURES 

7 Microscars ( m o w s ) ,  composed of dense fibrils, are numerous and 
indicative of cell death. The inset is a n  additional adjacent micro- 
scar in which banding of the collagen fibrils is distinctive. x 24,600; 
inset x 24,600. 

These figures portray the possible genesis of matrix vesicles. In SA, 
part of a “disintegrating” reserve zone chondrocyte with numerous 
cytoplasmic dense bodies is depicted. One cytoplasmic dense body 
(single arrow) along with part of the cytoplasmic ground substance 
seems to have entered the pericellular lacuna through a disrupted 
area of the cell membrane while others (double arrows) appear to 
be in the process of exocytosing. In SB, from a n  adjacent area, the 
final stage of proposed chondrocyte disintegration is depicted. The 
cell membrane is absent, ground substance is indistinct, but the 
number, size, and ultrastructure of many “matrix vesicles” corre- 
sponds with that of cytoplasmic dense bodies. x 60,000. 

8A,B 
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PLATE 6 

EXPLANATION OF FIGURES 

9A,B Part of the extracellular matrix in the upper proliferation zone in a PTU-treated rat (9A), and 
from the same area in a corresponding control (9B) .  Note the preponderance of apatite crystals 
(arrows) in the PTU-treated rat. x 60,000. 
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EXPLANATlON O F  FIGURE 

10 Part of the proliferation zone in the terminal recovery period (26 days). Note the presence of a 
column of degenerate chondrocytes as well as scattered degenerate cells intermixed with normally 
appearing chondrocytes. The inset shows the persistence of apatite crystals (arrows) associated 
with matrix vesicles, in a longitudinal septum in the mid-proliferation zone. x 2,000; inset 
x 48,000. 


