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Enzyme histochemical analysis of Meckel's cartilage*
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INTRODUCTION

There is a difference of opinion about the contribution of Meckel's cartilage to the
development of the mandible. Reviews of the literature have been presented by
Richany, Bast & Anson (1956) and by Melfi (1966). They summarised the opinions of
those who believed that the intramandibular (anterior or distal) portion of the
cartilage bar was a temporary structure that simply disappeared, and those who
believed that it contributed to the ossification of the mandible. Most investigators
have favoured the latter opinion, but the manner and degree in which the cartilage
participates in bone formation has not been clarified completely.

In studies of the development and growth of the rat mandible (Bhaskar, 1953;
Bhaskar, Weinmann & Schour, 1953) it has been reported that Meckel's cartilage,
anterior to the intramembranous ossification at 20 days post-insemination, contributes
to the future growth of the mandible. In this area, the cartilage shows a typical
cartilaginous degeneration similar to that of other cartilages in developing long bones
(Akisaka, 1982).
During a degenerative process such as endochondral ossification, Meckel's cartilage

cells might be expected to undergo striking changes in both their morphological and
functional aspects. As their morphological modifications correlate inevitably with the
organisation of cellular organelles they are responsible for cytochemically detectable
enzyme activities.
The main purpose of this study was to clarify changes in the distribution of different

hydrolytic, metabolic and oxidative enzymes during the formation and resorption of
Meckel's cartilage.

MATERIALS AND METHODS

Sprague-Dawley rats from Anticimex AB (Stockholm, Sweden) were used. Male
and female animals were housed together overnight in the proportion of two males to
three females. Vaginal smears were taken in the morning, and the day when
spermatozoa were present in the smears was designated Day 0 of pregnancy. Pregnant
dams were housed in plastic cages and kept in 12 hour light/dark cycles with an
ambient temperature of 21 'C. Animals were allowed free access to water and
standard pellets.
Under diethyl ether anaesthesia, 48 pregnant dams were killed by decapitation. Two

hundred and fourteen fetuses were obtained at daily intervals between embryonic
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Days 11 and 22 and were staged for embryological age according to Edwards (1968).
After transport in Histocon' (Bethlehem Trading Co., Gothenburg, Sweden) fetal
heads were mounted on cryostat chucks and frozen in isopentane (- 140 °C) cooled by
liquid nitrogen. Cold microtome sections, 8 ,um thick, were cut in a cryostat (System
Dittes-Duspiva, W. Germany). Sections were cut in the sagittal, horizontal and frontal
planes.
The following staining methods were used. For histological analysis, sections were

stained with haematoxylin and eosin. Cartilage was localised by alcian blue staining
according to Mowry (1956). Frozen sections were incubated according to standardised
methods for reduced nicotinamide adenine dinucleotide diaphorase (NADH2-
diaphorase, EC 1.6.99; Chayen, Bitensky & Butcher, 1973), non-specific alkaline
phosphatase (APase, EC 3.1.3. 1; azo dye method of Burstone, 1960), acid
phosphatase (AcPase, EC 3.1.3.2; azo dye method of Barka & Anderson, 1965) and
lactate dehydrogenase (LDH, EC 1. 1. 1. 27; Heyden & From, 1969). Control
incubations were performed in media lacking enzyme substrates.

RESULTS

At the 13th embryonic day the anterior portion of Meckel's cartilage attained its
basic shape and position. Histologically, the cartilage was composed of two
precartilaginous cell types; small round densely packed mesenchymal cells and
differentiated, less densely packed chondroblasts. The two cartilages, one on either
side in the mandibular processes, converged and joined at the anterior ends, where
they continued anteriorly in the midline as short rostral processes. A small central
segment of each cartilage was composed of chondroblasts.
At the 14th embryonic day, each small condensation of chondroblasts had become

a cluster of chondrocytes, surrounded by chondroblasts (Fig. 1 a). Lateral to Meckel's
cartilage was the first indication of pre-osseous tissue that contained osteogenic cells,
precursors of membrane bone (Fig. 1 a). This region was the primary mandibular
ossification centre, located anterior to the first molar tooth bud. Alcian blue staining
revealed the presence of Meckel's cartilage medial to the mandibular ossification
centre (Fig. 1 b). Non-specific alkaline phosphatase activity (APase) was present
around the primary mandibular ossification centre, in the tissue between the
membrane bone and Meckel's cartilage, halfway around its circumference in the pre-
ossification mesenchymal tissue and in the tissue lateral to the mandibular osteoid
(Fig. 1 c). There was no APase activity in Meckel's cartilage. Acid phosphatase activity
(AcPase) was most abundant in resorptive areas in the mandibular osteoid. AcPase
activity was also seen in the area lateral to the mandibular osteoid, in myogenic areas
medial to Meckel's cartilage and also in the chondrocytes of Meckel's cartilage (Fig.
Id). NADH2-diaphorase was present in the cytoplasm of the chondrocytes of
Meckel's cartilage, in the osteoblasts of the mandibular osteoid and in the myoblasts
medial to Meckel's cartilage (Fig. 1 e). LDH showed the same localisation as
NADH2-diaphorase (Fig. 1]).
As the mandibular process grew anteriorly, Meckel's cartilage continued to elongate

in this direction by interstitial and appositional growth. At the 15th embryonic day,
the rostral processes still appeared as condensed mesenchyme. The differentiating
cartilage bars continued to mature having acquired a definite perichondrium, enlarged
lacunae and a thin matrix. The forming mandible appeared as a thin plate ofmembrane
bone curving around Meckel's cartilage, lateral and inferior to it.
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a 14 days embryonic rat M, Meckels cartilage B mandibular ossification centre P preossification
mesenchymal tissue. (a) Haematoxylin-eosin, (b) Alcian blue, (c) APase, (d) AcPase, (e) NADH2-
diaphorase, (I) LDH. Original magnification x 80.

At the 16th embryonic day, the anterior portion of each Meckel's cartilage, except
for the rostral process was, for the most part, cartilaginous. The adjacent ossified
portion of the mandible was more extensive, especially lateral and inferior to the
cartilage. The first indication of osteogenic cellular zone formation within the
cartilages occurred at this age. The chondrocytes adjacent to the mandibular
ossification centre became hypertrophic.
At the 17th embryonic day, a section through the intramembranous ossification

centre showed a C-shaped mandible lateral to Meckel's cartilage, with the cartilage
occupying the open region. Additional zonal differentiation occurred in Meckel's
cartilage anterior to the intramembranous ossification centre. There was a zone of
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Fig. 2 (a-f). Frontal sections through plane posterior to the junction of the two cartilage bars (A) in
20 days embryonic rat. Secondary cartilage (S), membrane bone (B). (a) Haematoxylin-eosin,
(b) Alcian blue, (c) APase, (d) AcPase, (e) NADH2-diaphorase, (f) LDH. Original
magnification x 80.

young cartilage followed by a region of maturing chondrocytes. Adjacent to this was
an area of hypertrophic chondrocytes with pyknotic nuclei. As the cells expanded, the
matrix between them diminished in quantity and was replaced by a tissue with intense
APase activity and a moderate AcPase activity. The endochondral bone that thus
formed at the lateral side of Meckel's cartilage filled in the region of the mandible
medial to the incisor tooth bud. The trabeculae that developed at the medial side of
the cartilage contributed to the lingual plate of the mandible and thus completed its
circumference.
At the 18th embryonic day, the membrane bone enclosing Meckel's cartilage

extended to the rostral process, which still appeared as condensed precartilaginous
mesenchyme. The region of endochondral ossification continued anteriorly with a
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thickening and extension of the cellular zones. Posterior to the region of formed
endochondral bone at the level of the first molar tooth bud, Meckel's cartilage
appeared to be diminished in size and irregular in shape. The matrix in this region was

calcified but posterior to this it was scanty, without mineralisation, and it made no

direct contribution to ossification of the mandible.
At the 19th embryonic day, the body of the mandible appeared to be almost fully

formed. Although intramembranous bone development had progressed further
towards the rostrum, this region had not been reached by the advancing endochondral
ossification of Meckel's cartilage.
At the 20th embryonic day, the centre of endochondral bone formation progressed

anteriorly almost to the junction with the partially calcified bar of cartilage from each
side. The ossification zones appeared more definite, particularly the zones ofcalcification
and erosion. At the more osteogenically advanced regions, the cartilage was seen to be
split up into several layers with varying degrees of resorption and calcification (Fig.
2a). Alcian blue staining revealed a cartilage with large chondrocytes in lacunae but
with a periphery of disintegrating cells (Fig. 2b). This was accompanied by an intense
APase activity in the calcifying matrix (Fig. 2 c). AcPase activity was present but was

more pronounced at the adjacent bone trabeculae (Fig. 2d). The NADH2-diaphorase
and LDH activities were still weak in the remaining part of Meckel's cartilage (Fig.
2e,f).

During the early neonatal period, endochondral ossification continued to progress

anteriorly along the lateral edges of the bars until it extended as far as the fusion of
the two bars at the rostrum.

DISCUSSION

Although it is recognisable in younger embryos as a mesenchymal condensation, the
primordium of Meckel's cartilage, as studied in this investigation, is not delineated
clearly until the 13th embryonic day. On the 15th embryonic day, the first membrane
bone has formed lateral to each cartilage and anterior to the first molar tooth buds.
This region of early intramembranous bone formation is the primary mandibular
ossification centre. Endochondral ossification becomes apparent on the 17th
embryonic day with the mineralisation of the matrix in the adjacent part of the
cartilage. The central portions of Meckel's cartilage posterior to this region do not
attain the mineralisation stage and are not to be expected to play a role in the
ossification of the mandible.

Using grafting experiments, Tyler & Hall (1977) have shown that Meckel's cartilage
differentiates either in organ culture or as a graft to the chorioallantoic membrane.
After treatment of the mandibular processes with trypsin-pancreatin, epithelium could
be removed from the ectomesenchyme, which did however form cartilage. Hall &
Tremaine (1979) showed that even before leaving the neural tube, cranial neural crest
cells have an ability to chondrify. Bee & Thorogood (1980) have further shown that
for this cartilage to form, the neural crest cells have to interact with the epithelial
ectoderm, which normally lies adjacent to the neural tube. Thus the ability to form
Meckel's cartilage depends on a very early interaction between cells of the cranial
neural crest and an epithelium. The membrane bone of the mandible develops because
of interactions with mandibular epithelia at their site of differentiation (Tyler & Hall,
1977). Mandibular processes deprived of their epithelium in early stages thus
differentiate to form a Meckel's cartilage but not membrane bone. Frommer &
Margolies(9971) suggested that Meckel's cartilage rather than mandibular epithelium
was responsible for inducing mandibular bone formation. This proposal is
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contradicted by the study of Jacobson & Fell (1941), in which mandibular osteogenic
centres, isolated at four days of incubation, formed membrane bone in culture in the
absence of Meckel's cartilage.

It thus seems that the formation of Meckel's cartilage and the membrane bone of
the mandible occurs simultaneously but independently. However, after these structures
have formed, they exert considerable interactions on each other.

It is known that differentiated bone cells exist in a vascularised, highly oxygenated
environment whereas cartilage cells can survive in an avascular, low oxygen
environment (Bassett, 1964). While differentiated cartilage cells are better adapted for
existence in an anaerobic environment than the differentiated bone cells, the results of
Thorogood & Hall (1976) show that chondrogenic precursor cells are also similarly
adapted due to their higher LDH activity. LDH is known to be a key enzyme in
anaerobic metabolism, and during late differentiation in rat mandibular processes
LDH isoenzymes 3-5 are known to predominate (Granstrom & Magnusson, 1986a),
which indicates that this tissue is well adapted for anaerobic metabolism. In cartilage
which was under resorption during endochondral ossification, LDH activity had
disappeared, indicating a low metabolic activity of this tissue. The osteoblasts on the
other hand had a high LDH activity as an indication of high metabolic activity during
bone formation. Also in mouse Meckel's cartilage, LDH activity was found from the
15th embryonic day and decreased during hypertrophy of the cells (Heyden & From,
1970).
The high activity of NADH2-diaphorase in the chondrocytes of Meckel's cartilage

in addition to a moderate glucose-6-phosphate dehydrogenase activity (Heyden &
From, 1970) is evidence of a functional citric acid cycle and pentose phosphate shunt.
As NADH2-diaphorase, the LDH activity was present in the chondroblasts and
chondrocytes, but diminished during hypertrophy and disappeared during resorption
of the cartilage.
We found a moderate AcPase activity in Meckel's cartilage during the whole

experimental period. AcPase is considered to be a lysosomal enzyme and is supposed
to reduce the proteoglycan content of the matrix (Baylink, Wergedal & Thompson,
1972), which might explain the high activity in the nearby resorbing mandibular bone.
The relatively high activity in the cartilage may be explained by the higher proteoglycan
content of this tissue.
APase plays a role in biological mineralisation (Granstr6m, 1977). The enzyme

consists of four isoenzymes. During embryonic days 14-20 there is a development of
isoenzymes, starting from 1 at Day 14, 2 at Day 15 and 3 at Day 16. Isoenzyme 4
appears after birth (Granstrom & Magnusson, 1986b). We found APase activity at its
earliest appearance onDay 14 inconnection withintramembranous boneformation in the
mandibular process. The enzyme activity followed the osteoblasts and osteocytes but
also osteoprogenitor cells at a distance from the osteoid. In early phases of Meckel's
cartilage development (e.g. Fig. 1 c), mandibular osteoid and osteoprogenitor cells
were seen to envelop Meckel's cartilage on three sides. In this phase of development
it is tempting to speculate that Meckel's cartilage actually inhibits bone formation and
might therefore have a function as a 'spacer' to keep the centre of the mandible
unossified.

It has earlier been shown that Meckel's cartilage in mice contains an additional
ATPase (Heyden & From, 1970) and a thiamine pyrophosphatase (TPPase; Akisaka,
1982). ATPase may also participate in the formation of mineralised tissues (Nielsen &
Magnusson, 1979), but ATP, the most important energy- and phosphate-containing
intracellular component produced by metabolically active cells, is one of the



phosphates that inhibit mineralisation (Fleisch & Neuman, 1961). TPPase is mainly
located in the Golgi apparatus. In the chondrocytes, the Golgi apparatus is the site of
polysaccharide synthesis and sulphation for matrix formation (Akisaka, 1982).
TPPase can be found in the chondrocytes from their formation to the hypertrophic
state in Meckel's cartilage of mice (Akisaka, 1982). In human Meckel's cartilage, the
chondrocytes have been shown to contain glycogen, a low activity of AcPase, a low
activity of non-specific AS-esterase but an absence of APase (Kjaer, 1975).

In conclusion we have found that chondrogenesis of Meckel's cartilage begins at a
site anterior to the first molar. Immediately lateral to this locus, the mesenchyme
differentiates into the elements of membrane bone formation. Meckel's cartilage
shows intense activity of LDH and NADH2-diaphorase and a weak activity of
AcPase, whereas the mandibular osteoid showed intense activity of APase. Osteoblasts
showed intense activity of LDH and NADH2-diaphorase, and osteoclasts showed
intense activity of AcPase. After the differentiation of Meckel's cartilage and
mandibular bone, Meckel's cartilage supported mandibular bone formation by
endochondral ossification in the anterior part of the mandible.

SUMMARY

Osteogenesis of the body of the mandible in embryonic and neonatal rats was
studied histologically and by histochemistry to determine the role of Meckel's cartilage
in bone formation. Meckel's cartilage showed intense activity of lactate de-
hydrogenase and NADH2-diaphorase and weak activity of acid phosphatase, indicating
a functioning citric acid cycle, pentose phosphate shunt and a capacity for anaerobic
metabolism. The activity of these enzymes declined after hypertrophy of Meckel's
cartilage. Alkaline phosphatase was the major enzyme of mineralising mandibular
osteoid. and was present in the osteoblasts and osteoprogenitor cells but not in
Meckel's cartilage. After the differentiation of Meckel's cartilage and intra-
membranous bone, Meckel's cartilage supported mandibular bone formation by
endochondral ossification in the anterior part of the mandible.
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