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The morphology of the mineralized component at the osteochondral junction was studied in the 
mandibular condyle of 264-day-old rats. Specimens were rendered anorganic in NaOC1, cut open 
with a scalpel, and the resulting surfaces examined in a scanning electron microscope. The extent 
of the mineralized cartilage plate and its relationship to invading vascular channels were visualized. 
Areas of resorption of calcified cartilage were identified and compared to areas of bone resorption. 
A likely sequence of events was reconstructed from the exposed internal surfaces: from initial 
chondroclasia in individual lacunae to extensive resorption of the cartilage plate; and from initial 
deposition of bone over the resorbed calcified cartilage cores to the organization of osteocyte 
lacunae and bony trabeculae. The mandibular condyle has not been examined in this way previ- 
ously. Possible cellular mechanisms suggested by other studies to be operating at the osteogenic 
front are discussed in the light of the results. 

The light microscope (LM) has been used 
extensively to study cellular organization 
and bone formation in the mandibular con- 
dyle and to compare the condyle with other 
sites (for example, 3, 14, 23, 35, 43, 62). 
The conclusion is commonly drawn that the 
histology of the condylar cartilage and the 
process of bone formation occurring be- 
neath it have certain unique features about 
them. Not all LM investigations support 
this contention (5) and transmission elec- 
tron microscope (TEM) studies tend to 
deny it (40, 46). 

Serial sectioning of mineralized tissue for 
the TEM is technically difficult. Sampling 
and localizing the specimen and subse- 
quently reconstructing it in three dimen- 
sions are also problems inherent to the 
technique. As a result, there are a number 
of TEM studies on the soft tissue of the 
mandibular condyle and the immediately 
adjacent mineralizing cartilage front (1, 2, 
47, 67-69, 71, 72). However, TEM data on 
the more deeply located resorbing cartilage 
front and mineralizing bone front are min- 
imal (40). 

Scanning electron microscope (SEM) 
study of anorganic specimens was antici- 
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pated as a means of overcoming some of 
these technical difficulties. This approach 
has been used previously for cartilage- 
bone junctions in long bone (7, 10, 51, 52). 
Our aim was to examine directly the sur- 
face morphology of the mineralized com- 
ponents of the ossification site in the man- 
dibular condyle. 

MATERIALS AND METHODS 

The mandibular condyles of six young adult (264- 
day-old) rats (Rattus norvegicus) were dissected post- 
mortem after their being subjected to ether inhalation. 
Condylar heads were placed in a cold solution of 
5.25% sodium hypochlorite (Chlorox) changed daily 
for a period of 4 days. The specimens were gently 
washed in distilled water to remove NaC1; dehydrated 
through graded ethanols to absolute; air-dried and giv- 
en a conducting coat of gold in an argon ion atmo- 
sphere (Polaron sputter-coater). 

The endochondraljunction was exposed by pressing 
a sharp, clean scalpel blade against the condylar sur- 
face. It was possible to prepare different angulations 
of internal surface and to return specimens for further 
sectioning after initial examination. Severed surfaces 
were prepared either predominantly perpendicular 
(coronal) to the cartilage plate (Fig. 1) or predomi- 
nantly tangential to it (Fig. 4). 

The coated specimens were examined in a SEM 
(JEOL JSM-U3) at 15 kV and stereo-pair photomicro- 
graphs taken at a tilt angle of 5 ° where appropriate. 
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RESULTS 

Clean internal surfaces suitable for ex- 
amination in the SEM are produced by this 
method (Figs. 1-5). Low-magnification sur- 
vey views of severed anorganic condyles 
are shown in Fig. 1 (coronal or perpendic- 
ular to the cartilage plate) and Fig. 4 (tan- 
gential to superior surface of condyle). The 
principal structures encountered are: the 
mineralizing front of the cartilage plate; the 
cut surface of the cartilage plate; the cut 
(or fractured) bone surface; and the natu- 
rally occurring bone surfaces lining the 
large irregular spaces and channels previ- 
ously occupied by bone marrow and vas- 
cular elements (Figs. 1-5). The channels 
are arranged radially at the osteochondral 
junction and mostly longitudinally within 
the bone of the ramus. 

The mineralized Cartilage and bone pro- 
duce a smear layer (see 8, 38) where con- 
tacted directly by the scalpel blade (Fig. 2). 
Many internal spaces are exposed by the 
cut and their linings remain intact. The ma- 
jority of surfaces are easily identified as 
forming or resting bone (9, 36) or cut bone 
surface. Less obvious are smaller areas on 
internal, uncut surfaces of the mineralized 
cartilage plate displaying a fine, exposed, 
fibrillar network (Fig. 3). These last we 
identify as sites of cartilage resorption. 

Figure 5 is a three-dimensional view of 
the junction of two tangential cuts into the 
superior surface of the condyle. The com- 
plex morphology of the ossification site is 
due primarily to the irregular honeycomb 
effect of the vascular channels at the car- 
tilage-bone interface. Resorption bays ap- 
pear on the cartilage plate side of vascular 
channels at the osteochondral junction 
(Fig. 5). Other evidence of chondroclasia is 
shown in Figs. 6-9. In Figs. 6 and 7, a co- 
ronal section passes through a single re- 
sorpt ion bay 
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long canaliculi extending from it. The op- 
posite side (Fig. 19) of this space (Fig. 15) 
shows a more advanced stage wherein bone 
deposition has covered the wail and the car- 
tilage core (Fig. 20). The distribution of car- 
tilage cores may be judged by !the smeared 
areas within the sectioned bony trabeculae 
(Fig. 19). 

Bone deposition upon a calcified carti- 
lage core is illustrated in Figs. 22 and 23. 
Evidence exists here of osteoblastic activ- 
ity and osteocyte lacuna formation within 
the previously resorbed chondrocyte la- 
cuna bays. Two of the cartilage bays still 
retain calcospherites, evidence of their hav- 
ing been chondrocyte lacunae. The central 

FIGS. 1-23. All illustrations are scanning electron micrographs of severed surfaces of anorganic mandibular 
condyles from 264-day-old rats. Figs. 1-3 and 6-19 are of surfaces predominantly perpendicular to the articular 
surface and Figs, 4 and 5 and 12-23 are of surfaces predominantly tangential to it. Abbreviations are: b, cut or 
fractured bone; c, calcified cartilage; cf, calcifying cartilage front; ch, chondrocyte lacuna; f, forming bone; os, 
osteocyte lacuna; r, resting bone; rc, resorbing cartilage; v, vascular channel; *, smeared (cut) cartilage surface. 

FIc. 1, Low magnification of condyle severed in coronal plane showing: calcified cartilage plate; vascular 
channels and marrow spaces oriented radially in region of osteochondral junction; and fractured bone of the 
ramus with predominantly longitudinally oriented vascular channels. Arrows are localization for Fig, 2. Field 
width = 2.37 mm. 

FIG. 2. Enlargement of area between open arrows in Fig. 1. From top to bottom are seen: the mineralizing 
cartilage front; the smeared, cut surface of the Cartilage plate; forming, resting, and fractured bone surfaces of 
trabeculae; and vascular channels. Arrows are localization for Fig. 3. Field width = 237.5/zm. 

FIG. 3. Detail of area between arrows in Fig. 2 showing: exposed fibrils in a resorbing area on the inferior 
aspect of the cartilage plate adjacent to forming bone and an osteocyte lacuna. Field width = 52.2 p~m. 

FIG. 4, Superior view of condyle showing tangential sections of surface made to expose the osteogenic site 
and internal bone surfaces. Note the calcified cartilage; vascular channels; cut cartilage plate and the cut bone 
surface. The open arrow is localization for Fig. 5. Field width = 1.19 mm. 

FIG. 5. Stereopair enlargement of area in Fig. 4---arrow to same point although image rotated somewhat. 
Note the variable thickness of the mineralized cartilage plate and the proximity and extent of invasion of the 
vascular channels. Resorbing cartilage areas balloon irregularly from the walls of the channels (at solid arrows). 
Field width = 475 txm. 

FIG. 6, Longitudinally cut surface rotated to profile the mineralizing front of the cartilage plate. Open arrows 
are localization for Fig. 7. Field width = 550/zm. 

FIG. 7. Enlargement of arrowed area in Fig. 6. Part of a naturally occurring internal surface layer showing 
an area of resorption involving multiple chondrpcyte lacunae. The large calcospherites (open arrows) forming 
the inner wails of the lacunae are in varying stages of dissolution. Forming bone is seen to the left of the rim 
of the resorptive crater (at solid arrows). Field width = 67.8/zm. 

FIG. 8. Naturally occurring inner surface of the mineralized cartilage plate showing a single chondrocyte 
lacuna in an advanced stage of resorption. The arrows are for localization for Fig. 9. Field width = 48.5/~m. 

FIG. 9. Enlargement of the arrowed resorbing cartilage area in Fig. 8 showing interweaving fibrils charac- 
teristic of cartilage. The lining calcospherites have completely disappeared. Field width = 14.6 p~m. 

FIG. 10. Survey view of the surface of subperiosteal bone of the ramus immediately beneath the condylar 
cartilage showing a mukitude of Howship's lacunae. Arrow localizes Fig. 9. Field width = 686/zm. 

FIG. 11. Detail from area in Fig. 10; the arrow is to same point in both. Note the exposed, interwoven 
collagen fibril bundles and osteocyte lacunae typical of a resorbing bone surface. Compare with cartilage in 
Fig. 9. Field width = 67.8 ~m. 

FIG. 12. Low-magnification stereopair of tangential section of condyle showing the three-dimensional com- 
plexity of the trabeculae beneath the cartilage plate. Arrows are for localization of Figs. 13 and 14. Field 
width = 514/~m. 

FIG. 13. Stereopair of detail from trabeculum in Fig. 12. The closed arrow indicates the same point in both 
figures although the field is rotated. The complete bone surface has undergone resorptive remodeling. Portions 
of five osteocyte lacunae are exposed. Collagen fibrils typical of a central resorbed cartilage core may be seen 
at arrow. Field width = 38/~m. 

FIG. 14. Stereopair of detail from Fig. 12. The open arrow pc, ints to the same area in both figures. The 
concavities above and to the left and the loss of the large calcospherites of the lacunar bed are evidence of 
cartilage resorption. Field width = 39.6/~m. 
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bay (enlarged in Fig. 23) is organized as an 
osteocyte lacuna and lies at the junction 
between forming bone and resorbing calci- 
fied cartilage. 

DISCUSSION 

Fractured preparations of anorganic rat 
mandibular condyle examined in the SEM 
provide useful information on the process 
of ossification occurring there. Areas of re- 
sorption of calcified cartilage can be posi- 
tively identified and compared to areas of 
bone resorption, both periosteal and endos- 
teal. A sequence of events can be recon- 
structed from the exposed internal sur- 
faces:  from initial resorpt ion in the 
chondrocyte lacunae to the extensive re- 
sorption of areas containing multiple lacu- 
nae; and from initial mineralization of the 
fibrillar component of bone over the calci- 
fied cartilage core to the organization of 
osteocyte lacunae and bony trabeculae. 
The degree of activity at this stage (264 
days) suggests that examination of much 
younger animals (17-20 days) would be es- 
pecially rewarding. 

Is Ossification in the Mandibular Condyle 
Unique? 

The view has been put repeatedly that 
the cartilage of the condyle and the ossifi- 
cation occurring there are quite different 
from that in the growth plate of the primary 

cartilaginous skeleton (19-21, 23, 35). The 
differences described, mostly in rat con- 
dyle, include: 

(i) the lack of a zone of oriented chon- 
drocytes; 

(ii) appositional rather than interstitial 
growth; 

(iii) the onset of  cartilage resorption 
prior to capillary invasion of the os- 
teogenic site; 

(iv) a significantly different blood supply 
pattern; 

(v) a lack of calcified cartilage cores as 
scaffolding for initial bone deposi- 
tion, that is to say, a "practically 
nonexistent" classical primary spon- 
giosa (23). 

The ossification process in the condyle was 
compared more favorably by these authors 
(22) with that occurring beneath the artic- 
ular cartilage of long bones. 

That a specific type of endochondral os- 
sification exists in mouse mandibular con- 
dyle was suggested on the basis of the ob- 
served retention of vitality of some of the 
hypertrophic chondrocytes and their sub- 
sequent transformation directly into bone 
cells (62--66). The idea was seen to hold 
some attraction in view of in vitro and in 
vivo experiments indicating the multipoten- 
tiality of the cells of the proliferative zone 
of the condyle (47, 48). The question of 

FIG. 15. Tangential section of  condyle showing a naturally occurring surface (between the open arrows) 
leading away from the mineralizing front o f  cartilage. Figs. 16-18 and 21 are enlargements of  different areas of  
this field and Figs. 19 and 20 illustrate the left-hand wall of the same arrowed space. Field width = 486/~m. 

FIc.  16. Detail from arrowed area in Fig. 15. A sequence of  events can be reconstructed from chondrocyte  
lacuna bed (1); to resorptive channel in the cartilage plate (2); to commencement  of  bone formation (3); to 
organized osteocyte lacuna (4). Part of  the field is enlarged in stereoscopic view in Fig. 21. Field width = 100.7 
/.Lm. 

FIG. 17. Detail from area between 2 and 3 in Fig. 16 showing junction of  cartilage resorption and bone 
formation about an osteocyte lacuna. Field width = 20.4/~m. 

FIG. 18. Detail from area (rc) in Fig. 16 showing profiled osteochondral  junction (j) and a lacuna (1) with 
long, fine canaliculi (at arrows) extending through the resorbing calcified cartilage. Field width = 20.4 t~m. 

FIG. 19. Same field as in Fig. 15, viewed from the other  side and enlarged to show the opposing, more 
deeply located and correspondingly more developed wall of the same marrow space. Note  cartilage cores (c). 
Arrow for Fig. 20. Field width = 340/~m. 

F~G. 20. Detail from Fig. 19, arrow to same osteocyte lacuna. Note also forming bone and calcified cartilage 
core. Field width = 44/~m. 
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transformation of cartilage to bone is, of 
course, an old one (12, 17, 74). Evidence 
that hypertrophic chondrocytes may sur- 
vive mineralization and dissolution of their 
matrix and transform to other cell types had 
been presented earlier for rat rib (29), 
mouse pubes (15), and tibia of the domestic 
fowl (44). The possibility has been denied 
by others (4) and is reviewed elsewhere 
(16, 28). 

A LM study comparing the condyle with 
the penile bone in the rat concluded that 
"undoubted uniqueness" could be attrib- 
uted to neither (5). One TEM study has 
denied any inherent differences in the pat- 
tern of mineralization and erosion between 
the epiphyseal growth plate and the devel- 
oping mandibular condyle finding them 
"fundamental ly similar" (40). Another 
study has positively identified lysozomes in 
the hypertrophic chondrocytes and sug- 
gested cellular autolysis as their primary 
function (46). The position then, that the 
mandibular condyle is unique in its ossifi- 
cation process is becoming increasingly dif- 
ficult to maintain. 

Primary Spongiosa 

Obviously, we disagree with the reported 
lack of calcified cartilage cores to the bony 
trabeculae formed immediately beneath the 
cartilage plate (23, 57), acknowledging at 
the same time that our material is from con- 
siderably older animals (Figs. 19-23). It is 
very likely that this and similar points 
raised in support of the uniqueness of the 
osteogenic process in the mandibular con- 
dyle are partly the understandable result of 
a combination of the limited resolution af- 

forded by the LM and the difficulty of 
three-dimensional reconstruction of sec- 
tioned material. We did, however, find only 
a small number of primary trabeculae ori- 
ented perpendicular to the outer condylar 
surface (Fig. 12). This is consistent with the 
known lack of oriented columns of hyper- 
trophic chondrocytes (23, 76) and made the 
search for resorptive cartilage sites more 
difficult. 

It is interesting to note that a similar lack 
of orderliness exists in the hypertrophic 
chondrocytes in developing chick vertebrae 
(16). A major difference in chick vertebrae 
however, is that in this "short bone" the 
larger part of the matrix does not calcify 
and trabeculae develop by deposition of 
bone osteoid on uncalcified matrix. Calci- 
fication of cartilage matrix in the mandib- 
ular condyle of the rat is very extensive 
(42). 

Capillaries and Ossification 
The role of capillaries has always been a 

major factor in consideration of the transi- 
tion of cartilage to bone (11, 16, 34, 41, 58, 
60, 73). Stereopair examination shows vas- 
cular channels invading the mineralized 
cartilage plate and extensive resorptive ac- 
tivity within the walls of these (Fig. 5). The 
close proximity of these channels to any 
resorptive site observed at the osteogenic 
front is so consistent (Fig. 15) that we 
would not care to separate the two pro- 
cesses (see also (40)). However, the adult 
stage examined here may differ from very 
much earlier phases of rapid growth ex- 
amined by others and only comparison of 
similarly aged specimens would clarify this. 

FIG. 21. Stereopair enlargement of middle right section of Fig. 16 to show the morphology of a chondrocyte 
lacuna undergoing initial resorption (1); large vascular resorptive channel (2) in the cartilage plate and the 
commencement of bone formation (3). Resorbing cartilage surface at top. Field width = 56.2/zm. 

FIG. 22. Stereopair of primary spongiosum showing mineralized cartilage core undergoing resorption and 
with bone forming over it. There is evidence of the resorbed chondrocyte lacunae acting as preferred sites for 
the location of osteocyte lacunae. Arrow is for localization of Fig. 23. Field width = 67.7 tzm. 

FIG. 23. Stereopair of detail from central lacuna in Fig. 22 (arrow to same point). Note forming bone, 
resorbing cartilage, mineralized collagen fibrils, forming bed of osteocyte lacuna, and canaliculi opening from 
it. Field width = 22 p~m. 
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Chondroclasia 

Our material demonstrated both frank 
channels and lacunae with canaliculi relat- 
able to invasive cellular extensions at the 
resorbing calcified cartilage front (Figs. 15- 
18, 21). We should emphasize that our 
specimens consisted only of mineralized 
material: osteoid and uncalcified cartilage 
being removed with the cellular component 
during preparation. Mineralization of the 
original cartilage plate is, however, very 
extensive (42). Uncalcified cartilage, if 
present, would be small in amount at the 
resorptive front in vivo and confined mostly 
to a circumcellular site. The mechanisms 
involved then, in resorption in the adult 
mandibular condyle at the osteochondral 
junction are primarily aimed at the disso- 
lution of mineralized cartilage. 

It has been reported by LM (18) and 
TEM (16, 59) that uncalcified cartilage and 
calcified cartilage resorb differently, easily 
identifiable chondroclasts being associated 
only with the latter. However, the exact 
relationship between the chondroclasts and 
the vascular, perivascular, and endothelial 
elements in terms of origin and function re- 
mains unclear (11, 39, 60, 73). 

The osteoclast/chondroclast is currently 
the subject of a great deal of research ac- 
tivity (for reviews, see 6, 26, 31, 61). The 
point is often made that cells involved in 
the breakdown of calcified cartilage are ul- 
trastructurally indistinguishable from os- 
teoclasts and that no distinction of nomen- 
clature need be made in the type of "clast"  
referred to (31). The characteristic span- 
ning by chondroclasts of several opened 
cartilage lacunae with long amoeboid pro- 
cesses was noted in a TEM study of Meck- 
el's cartilage (58). Cultured osteoclasts in 
rat parietal and frontal bone have been de- 
scribed with the/iSEM as being of two 
types; one a "buried fimbrillated variety" 
difficult to dissect from its Howship's la- 
cuna in fixed specimens (37). These two 
observations are compatible with our Fig. 
18 where part of a lacuna and its extending 
canaliculi run through a resorptive cartilage 

zone. We presume this to be the impression 
of the cell body of a chondroclastic cell and 
its extending, invasive processes within the 
resorbing cartilage. Numerous cell process- 
es have been described for the hypertrophic 
chondrocyte in other sites (30, 56) and tu- 
bules have been illustrated within articular 
cartilage (49). However,  the pattern illus- 
trated here is quite unlike the intact chon- 
drocyte beds previously described in rat 
mandibular condyle (42). 

The presence of insinuating osteoclast 
processes (see also (70)) offers a possible 
explanation for the relatively haphazard 
distribution of resorptive areas in the ex- 
posed cartilage plate and the difficulty ex- 
perienced in relating these definitely to the 
presence of capillaries. On the other hand, 
the haphazard nature of the resorptive ac- 
tivity could be taken as support for the idea 
of resorptive activity by single resident hy- 
pertrophic chondrocytes suggested else- 
where (40, 59). There are fields in our ma- 
terial where isolated chondrocyte lacunae 
show evidence of resorption (Figs. 8, 14). 

The Question of  Cellular Transformation 

Conclusions concerning cellular activity 
are necessarily indirect for anorganic spec- 
imens as only the mineralized component 
remains. Nonetheless, the high sampling 
rate afforded by the SEM is a distinct ad- 
vantage over sectioned material and the 
TEM (see also (37)). The multipotential na- 
ture of the proliferative zone in the condyle 
is well established (45, 48, 54). With regard 
to the possibility of chondrocyte transfor- 
mation to osteoclasts and osteoblasts, it is 
quite clear from our material that the rela- 
tive proportions of these cell-types are 
quite different. Chondrocyte lacunae far 
outnumber osteocyte lacunae (Figs. 5, 7) 
while resorptive areas must be diligently 
searched out. Even allowing for direct 
transformation of some chondrocytes to 
osteoblasts, the population ratios indicate 
quite definitely that the majority of chon- 
drocytes have no potential home site within 
the osteogenic front. 



SEM OF CONDYLAR OSSIFICATION 57 

Evidence is presented here of resorbed 
chondrocyte lacunae acting as preferred 
sites for the establishment of osteocyte la- 
cunae (Figs. 16, 22). What the origin of the 
osteoblasts is we cannot say from our ma- 
terial. However, the topography could eas- 
ily be interpreted by LM as offering support 
for the involvement of chondrocytes in os- 
teogenesis. Until more of the history of the 
cells at the osteogenic front is elucidated by 
other than LM, we are reluctant to draw 
further conclusions from our material. 

Species Specificity 
It would be unwise for us to extrapolate 

too much from the rat to the human for a 
number of reasons. There are many well- 
known dental features of the laboratory rat 
which make it atypical not only of mam- 
mals generally but of its own order. Species 
specificity of the temporomandibular joint 
is likewise well established (50, 55). In- 
deed, the rat has no temporomandibular 
joint as such but rather a mandibular-squa- 
mosal joint and lacks a postglenoid process 
(14, 25). The condyle is elongated antero- 
posteriorly and experimental retrusion rap- 
idly produces a proliferative rather than a 
resorptive response in adult animals (25, 
33). There is also evidence of changes re- 
sembling remodeling or arthrosis as a result 
of extraction or prosthetic interference (for 
a review, see (13)). The rat also possesses 
more secondary skull cartilagesthan other 
animals (75). Other differences have been 
noted in long bones of small laboratory ro- 
dents compared to larger mammals: the 
bone is laminar and lacks Haversian sys- 
tems (24); most of the epiphyses remain 
open throughout life and the osteochondral 
junction is irregular in outline and has a rel- 
atively sparser fibril component (32, 53). 
Finally, a report on the vascularity of the 
femoral head in rabbits noted that the re- 
sults "should not be freely related to the 
human condition" (27) because of signifi- 
cant differences. 

We are reluctant to prolong existing dis- 
cussion in the literature on the relative clas- 
sification both of condylar cartilage and of 

its process of ossification. It is our opinion 
that more high-resolution data are needed 
on the accompanying cellular and extracel- 
lular changes at different ages and that 
these observations need be made with an 
awareness of potentially significant species 
differences. 
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Engineering Department, University of Michigan. We 
are happy to thank Dr. A: Boyde, University College 
London, for his helpful discussion of the results. 
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