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Abstract
Tissue engineering can be a boon in treating lesions of the disc in the temporomandibular joint (TMJ). Unfortunately, little is known
about its biochemical content, so we analysed the discs of six slaughtered pigs. We measured the content and distribution of total DNA,
glycosaminoglycan, and collagen. The mean (S.D.) content of DNA was 0.14% (0.08%) of the dry weight, of glycosaminoglycan 0.96%
(0.39%), and of collagen 68.2% (14.5%). There were no significant differences from top to bottom, but from front to back the smallest
concentration of glycosaminoglycan was in the posterior band, and the highest concentration of collagen was in the intermediate zone. The
concentrations of DNA and glycosaminoglycan were higher in the medial than in the lateral area of the disc.
© 2005 The British Association of Oral and Maxillofacial Surgeons. Published by Elsevier Ltd. All rights reserved.
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Introduction
It is sometimes necessary to remove the disc of the temporomandibular joint (TMJ) to treat severe degenerative disorders
of the joint.1 It would improve the outcome if we could
replace the disc with a tissue-engineered prosthesis, but a
major hurdle in the design of current attempts at tissueengineering on the disc is the lack of comprehensive understanding of the biochemical content of the disc. Knowledge of
the distribution of cells, as measured by the amount of DNA
present, and the distribution of extracellular matrix proteins,
such as glycosaminoglycans and collagen, is of great importance to the structure function relation that is needed to be
mimicked by the replacement prosthesis.
Some biochemical studies have been made on the TMJ
disc, but no study to date has quantified comprehensively
the total amount and distribution of DNA, or its cellularity. One of the few comparisons is a study that reported that
∗
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human nasal cartilage contained about 25 million cells/g of
wet weight.2 The only studies of cellularity for the TMJ disc
are histological, and these have shown that the tissue is fairly
cellular.3,4
Glycosaminoglycans in the disc have been studied extensively, but there is still controversy about their total content
and distribution. The total amount of glycosaminoglycans in
the disc has been reported to range from 0.6% to 10% by dry
weight.5 There seems to be a general consensus that the centre of the disc has a higher content of glycosaminoglycan than
the periphery, in both bovine and porcine models.6,7 Other
investigators have reported that the periphery of the human
TMJ disc contains more glycosaminoglycan.8
In contrast, collagen, which is the major constituent of the
disc, has not been as thoroughly investigated as glycosaminoglycan. Reports are at best sporadic and not consistent; collagen has been reported to make up about 37% by wet weight,9
or 83% by dry weight.10 A standard method of measurement
must be agreed before any comparisons can be made.
The purpose of the present study was to measure the content and distribution of DNA, glycosaminoglycan, and colla-
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gen in the TMJ disc of pigs. Concentrations were measured
along the superoinferior, anteroposterior, and mediolateral
axes.

Material and methods
Preparation of specimens
Six TMJ discs were harvested from the right side of adult
female pigs that weighed 70–80 kg, and were procured from
a local slaughterhouse. Each disc was sectioned into nine
portions and then separated into upper and lower surfaces to
give a total of 18 portions (Fig. 1). The dry weight of each
section was measured after the portions had been lyophilised
for 2 days. Each sample was then placed in a papain solution,
125 g/ml papain (Sigma, St. Louis, Missouri) in 50 mmol
phosphate buffer (pH 6.5) containing 2 mmol N-acetyl cysteine (Sigma), overnight at 60 ◦ C.11
Biochemical analysis
The content of DNA was measured by the reaction of
DNA with picogreen (PicoGreen® dsDNA Quantitation Kit,
Molecular Probes, Inc., Eugene, Oregon). The formula for
conversion from concentration of DNA to number of cells
was 7.7 pg DNA/cell, which was established in our laboratory for the cells of porcine TMJ discs. The total amount of
glycosaminoglycan was measured by a dimethylmethylene
blue colorimetric assay kit (Biocolor; Newtownabbey, UK).
The total collagen content was assayed by first hydrolysing
samples of each digest in 4N sodium hydroxide at 121 ◦ C
for 1 h. The samples were then neutralised and placed in
buffer, and collagen content was measured by the modified
protocol of reacting the samples with chloramine T and
dimethylaminobenzaldehyde that allowed a colorimetric
comparison.12 Instead of using hydroxyproline standards,
collagen standards (Accurate Chemical and Scientific
Corporation, Westbury, NY) were chosen for a more direct
comparison.
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Statistical analysis
The total amounts of DNA, glycosaminoglycan, and collagen
were calculated by averaging the content of the 18 portions
for each of 6 discs. Variations of biochemical content
between the regions were compared along the superoinferior
direction at each surface (upper and lower) (n = 54), along
the anteroposterior direction at each zone (anterior band,
intermediate zone, posterior band) (n = 36), and along the
mediolateral direction at each area (medial, central, lateral)
(n = 36). A three-factor analysis of variance (ANOVA) for
each direction was used to compare the regions. When the
ANOVA showed a significant difference, a post hoc test was
done (Fisher’s protected least significance difference).

Results
Distribution of DNA
The total mean (S.D.) content of DNA in the TMJ disc was
0.14% (0.08) of dry weight. There are about 50 million
cells/g in the porcine TMJ disc. There was no difference in
the concentration of DNA between the superior and inferior
surfaces (Fig. 2A). In the anteroposterior direction, there was
a significantly lower concentration of DNA in the posterior
band than in the anterior band (p < 0.05, Fig. 2B). In the
mediolateral direction the medial area had a significantly
higher content of DNA than the central (p < 0.0005), and
lateral areas (p < 0.001) (Fig. 2C).
Distribution of glycosaminoglycan
The total mean (S.D.) dry weight of glycosaminoglycan was
0.96% (0.395). Again, there were no differences in concentration in the superoinferior direction (Fig. 3A). The posterior
band had a significantly lower content of glycosaminoglycan
than either the anterior band (p < 0.0001) or the intermediate zone (p < 0.0001), and though the intermediate zone had
a larger concentration than the anterior band, the difference

Fig. 1. (A) Lateral and superior view of the disc of the temporomandibular joint (TMJ) showing the upper and lower surfaces. (B) Superior view of the TMJ
disc illustrating sites of portions taken.
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Fig. 2. Distribution of DNA. (A) Superoinferior direction (n = 54). (B) Anteroposterior direction (n = 36). (C) Mediolateral direction (n = 36). The symbol (*)
indicates significance (p < 0.05). Error bars indicate S.D.

Fig. 3. Distribution of glycosaminoglycan. (A) Superoinferior direction (n = 54). (B) Anteroposterior direction (n = 36). (C) Mediolateral direction (n = 36).
The symbol (*) indicates significance (p < 0.05). Error bars indicate S.D.

was not significant (Fig. 3B). In the mediolateral direction,
the medial area had a significantly greater concentration of
glycosaminoglycan than either the central (p < 0.01), or lateral areas (p < 0.005), and the central and lateral areas were
not significantly different from each other (Fig. 3C).

mediolateral direction, the concentration in the central area
was significantly higher (p < 0.0005) than in the lateral area
(Fig. 4C).

Discussion
Distribution of collagen
The total mean (S.D.) concentration of collagen in the
porcine TMJ disc was 68.2% (14.5%) of dry weight. There
were no significant differences in concentration of collagen
between the superior and inferior surfaces (Fig. 4A). In the
anteroposterior direction, the intermediate zone had a significantly higher content of collagen than the anterior band
(p < 0.005) and posterior band (p = 0.01) (Fig. 4B). In the

As we embark on tissue engineering to effect successful
regeneration of the TMJ disc, it is clear that scarcity of
data about the characteristics of healthy tissue can hamper our efforts. The few studies that describe the tissue’s
biochemical content and regional distribution seem to provide only contradictory data. The objective of this study
was therefore to establish the total amount and distribution
of the constituents of the porcine TMJ disc. DNA, gly-

Fig. 4. Distribution of collagen. (A) Superoinferior direction (n = 54). (B) Anteroposterior direction (n = 36). (C) Mediolateral direction (n = 36). The symbol
(*) indicates significance (p < 0.05). Error bars indicate S.D.
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cosaminoglycan, and collagen were measured because the
disc in this animal is regarded as a suitable model for the
human TMJ disc, because of many matching characteristics, such as similarities in the size of articulating surfaces
and the shape of the disc.13 We showed that there were
large regional differences in the porcine TMJ disc, suggesting different functional requirements in different zones and
areas.
Direct inferences about the relation between the regional
differences in distribution of glycosaminoglycan and the local
compressive behaviour of the porcine TMJ disc can now be
made.14 The indentation aggregate modulus of the medial
area of the porcine TMJ disc was found to be 36% and 44%
higher than the central and lateral areas, respectively, which
correlates well with the content of glycosaminoglycan of the
medial area, that are also greater than the central and lateral
areas, being 25% and 29%, respectively. This comparison
alone tends to indicate an almost linear correlation between
content of glycosaminoglycan and aggregate modulus, but
the story is more complicated. The content of glycosaminoglycan does not necessarily indicate which type of proteoglycan is present, and it is the type of proteoglycan that truly
dictates compressive behaviour.5 An example of compressive behaviour that is not correlated with concentration of
glycosaminoglycan can be seen along the anteroposterior
axis of the porcine TMJ disc. There is an inverse correlation between lower content of glycosaminoglycan and higher
aggregate modulus in the posterior band than in the anterior
band and intermediate zone. So, although the concentration of
glycosaminoglycan and the compressive response may correlate, a better predictor of aggregate modulus may be the
content of proteoglycan.
Our data allow for the first time the elucidation of a connection between the tensile response of the porcine TMJ disc
and its total concentration of collagen.15 However, the orientation of collagen fibres may be the largest contributor
to the tensile response of the tissue. Correlations between
concentrations of collagen and tensile characteristics may
therefore be sought when the direction of tensile tests is along
predominant orientations of fibres. Comparisons between
tensile stiffness and collagen cannot be made because the
fibres of collagen in the intermediate zone do not align with
the mediolateral direction of testing, whereas the fibres of
the anterior and posterior bands do align.15 However, comparisons can be made at the three locations studied in the
mediolateral axis, because the collagen fibres are aligned
in the same direction.15 The relaxed moduli of the central
and medial areas were 74% to 35% higher, respectively,
than the modulus of the lateral area. Similarly, the collagen
content of the medial and central areas was 10% to 19%
higher, respectively, than the lateral area, so it seems that
there is a correlation between content of collagen and tensile
stiffness. Other factors contributing to the relation between
collagen and tensile stiffness may be the radius of the collagen fibres and the total number of fibres present in the
tissue.
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Further experiments need to be made on the porcine TMJ
disc to measure other biochemical constituents. We have
shown that 10–20% of the dry weight of the TMJ disc was not
accounted for. The statistical method that we used assumes
that no differences existed, within a reasonable range of variation, between individual discs. In the future, this should be
tested with replication. The amount of glycosaminoglycan
that we measured was less than the amount of proteoglycan
present. Other proteins such as elastin are potential candidates
for being the next major component to be found in modest
amounts in the porcine TMJ disc. The elastin content in the
TMJ disc has been seen to range from 3% to 7% of dry weight
in bovine TMJ disc.16
A recent study has identified the presence of collagen types
I and II in porcine TMJ discs, collagen type I being more
abundant.17 That study also found chondroitin sulphate, dermatan sulphate, and keratan sulphate in porcine TMJ discs.17
Minute amounts of types VI, IX, and XII collagen may also
be present in the TMJ disc.18,19
Knowledge of the differences between the TMJ disc and
hyaline cartilage is crucial to the future strategies of tissue
engineering. Early attempts at tissue engineering of the TMJ
disc have been made,20–23 but these did not have access
to more recent findings. As more data about the TMJ disc
are obtained, and more appropriate criteria for design and
validation are developed it will enable a more suitable tissue engineered replacement prosthesis to be made to correct
lesions of the TMJ disc.
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