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Objectives — Previously, we demonstrated rapid changes in
temporomandibular joint (TMJ) disk gene expression during
monolayer expansion. This study’s objective was to investigate
the ability of pellet culture and growth factors to rescue TMJ
disk gene expression changes.

Design — Temporomandibular joint disk cells were isolated
from mature porcine tissue and passaged up to five times.
At each passage, 300 000 cells were placed in a monolayer
or pellet culture environment before being exposed to
transforming growth factor-beta 3 (TGF-$3) (5 ng/ml),
TGF-1 (5 ng/ml), and insulin-like growth factor | (IGF-I)
(10 ng/ml).

Outcome Measure — After 24 h, gene expression was
analyzed via reverse transcriptase-polymerase chain reaction
(RT-PCR).

Results — Pelleting was detrimental to TMJ disk gene
expression, marked by gene expression decreases in
collagen type | (5.5-fold), aggrecan (1.4-fold), decorin (0.73-
fold), and biglycan (0.73-fold) relative to monolayer cultures.
IGF-I, TGF-p1, and TGF-$3 demonstrated limited ability to
rescue TMJ disk gene expression in the pellet culture. In
monolayer, TGF-$3 and TGF-$1 increased decorin and
biglycan gene expression relative to passaged controls.
Collagen type | expression, the TMJ disk’s primary matrix
constituent, was highest in TGF-3 cultures; however,
differences were not statistically significant.

Conclusion — These results indicate that pellet cultures

are a poor choice for TMJ disk tissue engineering, and the
effects of TGF-p1, TGF-3, and IGF-I on TMJ disk gene
expression are minimal relative to passaging and pelleting
effects.

Key words: cell culture technique; fibrocartilage; growth
factors; temporomandibular joint disk; tissue engineering
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Introduction

Temporomandibular joint (TMJ) dysfunction is a
clinical syndrome associated with acute and/or chro-
nic pain. Persons suffering from TM]J dysfunction may
experience an inability to achieve functional man-
dibular movements, severe remodeling of articular
tissues, and coinciding incidents of pain such as
headaches (1). The pathogenesis of TM] disorders is
multifactorial and incompletely understood (2). Thus,
treatment of TMJ disorders is controversial, and a
variety of surgical treatments have been proposed and
utilized (3), aiming to restore essential joint motions
and reduce pain.

An important element in the debate of TM]J treat-
ment modalities is the TM]J’s central tissue, the TM]
disk. This fibrocartilaginous tissue likely aids in joint
motions by lubricating the surfaces of motion,
decreasing incongruence between the articulating sur-
faces, and dissipating loads and impact within the joint
(4). However, when displaced, malformed, or perfor-
ated, this tissue may become obstructive, resulting in
severe joint pain, crepitation, and loss of functional
joint motions (1). Many TM]J treatment modalities fo-
cus on replacing, reshaping, and/or repositioning the
TM] disk to correct internal derangements of the joint
(5-7). When the TMJ] disk is beyond repair, the
obstructive tissue must be removed. Post-discectomy,
disk replacement may be attempted via an alternative
tissue, such as autogenous fat, or the joint space may
be left empty. Hereafter, joint remodeling is common.

Implantation of a viable TMJ disk equivalent may
improve current treatment modalities by restoring the
joint functions provided by a healthy TMJ disk (8). As
synthetic TM]J disk implants have a dark history (9-
11), tissue engineering may provide an avenue by
which a biologically equivalent TM]J disk may be cre-
ated (8). Tissue engineering aims at generating neo-
tissue capable of restoring native structure-function
relationships; this is commonly achieved by combi-
ning cells, biofactors, and a scaffolding material either
in vitro or in vivo. Thus far, TM] disk tissue engin-
eering efforts have focused on scaffolds seeded with
autologous, terminally differentiated cells in vitro (12).
Within the knee joint, matrix-induced autologous
chondrocyte implantation (MACI) has been used with
some success (13). In this procedure, autologous
chondrocytes are derived from a biopsy of the non-
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weight-bearing cartilage, isolated, and then expanded
in vitro. With refinement, it may be possible to utilize
a similar procedure in TMJ repair, thus allowing for
the restructure or reshaping of degenerated cartilage
surfaces.

The selection of a viable cell population is essential
for the success of tissue engineering approaches, both
in vitro and in vivo. Stem cells, both adult and
embryonic, have a great potential to yield a large
population of healthy cells; however, differentiating
stem cells to an appropriate phenotype can be quite
complex (14-16). Healthy terminally differentiated cells
may be difficult to identify in the patient, and if avail-
able, these cells may require multiple expansions to
yield appropriate cell numbers (17). Furthermore,
expansion of cells in vitro may lead to dedifferentiation
and loss of phenotype (18).

Changes in the expression levels of specific extra-
cellular matrix (ECM) proteins during in vitro expan-
sion have been noted in TM]J disk cells (19). Rapid
losses in collagen type I, collagen type II, and aggrecan
expression occurred with passage while decorin
expression rapidly increased (19). Prior to these find-
ings, autologous TM]J disk cells were suggested as a
viable option for tissue engineering as the TM]J disk is
populated primarily by fibroblast-like cells (70%) with
the remainder mostly chondrocyte-like cells (8,12,20).
Growth factors may serve as a viable avenue to rescue
TMJ disk gene expression. Previously, growth factors
have shown increased matrix deposition in fibrocarti-
lage tissue engineering studies (21-24). These effects,
however, can differ between monolayer and tissue
engineering environments (21-24).

Motivated by the rapid changes in TM] disk gene
expression caused by passaging, in this study, we
investigate the potential of appropriate growth factors
to serve as a rescue vehicle for TM]J disk gene expres-
sion. In doing so, we describe the effects of trans-
forming growth factor-beta 3 (TGF-f3), transforming
growth factor-beta 1 (TGF-f1), and insulin-like growth
factor I (IGF-I) on passaged TM]J disk gene expression
in both monolayer and pellet cultures. Growth factors
were selected based upon their previously demonstra-
ted potential for articular cartilage, knee meniscus, and
TM]J disk tissue engineering (22,24,25). Thus, this study
aims to provide valuable insight into TM]J disk cellular
changes caused by common tissue culture and tissue
engineering practices.



Materials and methods

Harvest and culture conditions

Temporomandibular joint disks were isolated from fe-
male pigs weighing more than 61 kg (135 lbs) post-
dressing; pigs in this weight range are skeletally mature
(approximately 8-12 months old). All tissue was ob-
tained from a local slaughterhouse. Five TMJ disks from
five porcine heads were isolated for the purposes of
examining growth factor effects on cells in monolayer
and pellet culture. All disks were digested in 40 ml of
1 mg/ml collagenase type II (Worthington, Lakewood,
NJ, USA) overnight. Cells were then plated on tissue
culture plastic (TCP)-treated six-well plates at
approximately 50% confluence and cultured in Dul-
becco’s modified eagle’s medium with Glutamax
(Gibco) containing 10% fetal bovine serum (Gemini),
25 ug/ml ascorbic acid (Sigma), 1% non-essential
amino acids (Gibco), and 1% penicillin-streptomycin-
fungizone (Biowhittaker). Full media changes were
performed every other day.

Upon reaching confluence, cells were passaged by
exposure to trypsin/ethylenediaminetetraacetic acid
(EDTA) (Gibco). Cells were isolated from the trypsin
using centrifugation (450 rpm for 5 min), and cell
counts were obtained with a hemocytometer. Control
samples were obtained at each passage by lysing cells
in TriZol reagent. For the purposes of studying growth
factor effects in monolayer, cells were plated on TCP-
treated six-well plates (300 000 cells per well) and
media were supplemented with either an additional
5 ng/ml of TGF-f3, 5 ng/ml of TGF-f1, or 10 ng/ml
IGF-I. For the purposes of studying growth factor ef-
fects in pellet culture, cells were placed in a 0.5-ml
Eppendorf tube (300 000 cells per tube) and centri-
fuged at 400 g for 2 min. Media were removed and
growth factor supplemented media were added. Epp-
endorf lids were punctured for ventilation and placed
in an enclosed sterile rack. All samples, monolayer and
pellet, contained the same cell number based upon the
initial hemocytometer count. Samples were cultured at
37°C; at 24 h, media were removed, and samples were
lysed in TriZol reagent (Invitrogen, Carsbad, CA, USA).

RNA isolation and RT reaction

RNA was isolated using TriZol reagent, following the
protocol provided by the manufacturer. Briefly, cells
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were vortexed in 1 ml TriZol, 0.2 ml of chloroform was
mixed in each sample, and samples were centrifuged at
12 000 g for 15 min. The topmost, clear supernatant
was isolated and moved to a fresh 1.5-ml Eppendorf
tube, and 0.5 ml of isopropanol per original volume of
TriZol was added to the supernatant. RNA was preci-
pitated by centrifugation, washed with 1 ml of 75%
ethanol, and dissolved in 40 ul of RNAse-free water.
RNA concentration and purity were assessed on a
spectrophotometer (Nanodrop, Wilmington, DE, USA).
RNA was reverse-transcribed to cDNA using a Strat-
ascript™ First Strand Synthesis System (Stratagene)
according to the manufacturer’s protocol. Briefly,
350 ng RNA per sample was suspended in 17.7 ul of
RNAse-free water. As each reaction contained the same
concentration of RNA and reagents, similar reverse
transcription (RT) reaction efficiencies were assumed
for all samples in the ensuing analyses. Random
primers were annealed to the sample RNA by incuba-
ting samples with primers, buffer, and dNTPs at 65°C
for 5 min followed by cooling to room temperature
(approximately 10 min). The mixture was then incu-
bated with RT and RNase block at 42°C for 60 min
followed by reaction termination (70°C for 15 min).

PCR procedures

Real-time polymerase chain reaction (PCR) was per-
formed for collagen type I, collagen type II, aggrecan,
decorin, biglycan, and glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) using a Rotor-gene 3000 real-
time PCR machine (Corbett Research, Sydney, Aus-
tralia). HotStarTaq (Qiagen) combined with buffer
(Qiagen, 10x), MgCl (Qiagen, 3.5 mM), dNTPs
(Promega, 0.2 mM), RNAse-free water, and the gene-
specific primer-probe sets were used as the PCR mix.
The PCR reaction commenced with a 15-min dena-
turing step at 95°C followed by 50 cycles of 15 s at 95°C
and 30 s at 60°C. Fluorescence measurements (on
FAM, CalRed, and Quasar 670, Biosearch Technologies,
Novato, CA, USA) were taken every cycle at 60°C to
provide a quantitative, real-time analysis of the PCR
reaction for specific genes. The GAPDH primer-probe
set was included in every PCR reaction as a verification
gene. As GAPDH is abundant in TM]J disk cells, it is
easily detectable in the PCR reactions, allowing sam-
ples with no expression to be separated from failed
reactions. Primer-probe sequences for GAPDH are
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available in Darling et al. (26); all other primer-probe
sequences are available in Upton et al. (27).

Gene expression abundance

The efficiency (E) of the PCR reactions was determined
by a series of standard sample dilutions (1x, 10x, 100x,
and 1000x). Take-off cycle (Ct) for the standards and
samples, where Ct is equal to the cycle at which 30% of
the maximum slope for a PCR reaction occurs, was
determined via the comparative quantification package
available in the Rotogene software. Abundance values
for the gene of interest (Agor) can be calculated for
quantitative comparison from the following equation:

1

_— 1
(1 4 Egor) " o

Agor =

Abundances from three PCR reactions were exam-
ined to ensure that reaction loading was consistent. If
consistent, their average was used for the ensuing sta-
tistical analysis; if not, the reaction was repeated. To
ensure consistent reaction loading between PCR runs,
the GAPDH results were compared, and if necessary,
runs were repeated.

Statistical analysis

The distribution of abundances for each measured
gene appeared nearly log-normal (Fig. 1). A log-normal
distribution of gene expression data has previously
been noted in single cells from the pancreatic islets of
Langerhans (28) and also from single chondrocytes
(A.C. Shieh, unpublished data). A logarithmic trans-
formation of the original data set provides a distribu-
tion which more closely approximates the normal
distribution; thus, abundances were transformed to
their logarithmic equivalent prior to statistical analysis.
A four-factor analysis of variance (anova) approach was
employed to analyze the significance of animal, pas-
sage, growth factor treatment, and pellet vs. monolayer
culture. Animal, growth factor treatment, and pellet vs.
monolayer culture were treated as categorical data;
passage was considered continuous. Interactions were
initially considered, but excluded from the final model
because of a lack of significance. If an individual factor
was significant in the anova, a post hoc Tukey’s HSD
was conducted to investigate variations between
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Fig. 1. Validation of log-normal normal distribution. The distribution
of gene expression data, represented by a histogram (top), has a
strong skew right and appears similar to that of a log-normal distri-
bution. After a logarithmic transformation of the data, the histogram
(bottom) more closely approximates that of a normal distribution,
although maintaining a slight skew left. Because of the normality
assumption within the statistical methods, the log-normal conversion
provides a distinct advantage for our statistical analysis. The distri-
bution of the collagen type I gene expression results is presented
before and after the transformation. As can be verified by the figure,
the transformation converted the response variable into an approxi-
mately normal distribution.

treatment groups. In all statistical tests, a significance
level of 0.05 was used.

Results

Gene expression levels of collagen type I, decorin,
biglycan, and aggrecan were lower in pellet culture
compared with monolayer culture (p < 0.005, Fig. 2).
Gene expression of collagen type I, the disk’s primary
ECM component, demonstrated the largest variations;
monolayer cultures had collagen type I abundances
that were 5.5 times higher than pellet cultures, on
average. Aggrecan variations were also substantial, near
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ture vs. pellet culture for TMJ disk cells. Gene 2 0E-08 1 2.0 P S -
expression levels for collagen type I, decorin, 1 BE-06 i
biglycan, and aggrecan were lower in pellet 1.6E-06 1.0E-07
cultures relative to monolayer cultures 1.4E-06 0.8E-07
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for each gene were calculated from their 1.0E-06 0.6E-07
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statistical model. These data indicate that 0.6E-08 4807
pelleting downregulates the gene expression UA4E-09 0.2E-07
of the TMJ disk’s primary ECM proteins, L.2e-08

suggesting that pelleting is a poor choice for
TMJ disk tissue engineering.

1.4-fold, while decorin and biglycan variations were
approximately 0.73-fold.

Similarly, pellet culture rapidly decreased collagen
type I, aggrecan, and biglycan gene expression relative
to passage controls (Figs 3 and 4). As cells were pas-
saged, collagen type I and aggrecan levels in passaged
controls and pellet cultures tended to converge; how-
ever, at early passages, substantial decreases in colla-
gen type I and aggrecan gene expression were evident
(Fig. 3). At passage 1, decreases were near 9.0- and 3.5-
fold in collagen type I and aggrecan, respectively.
Decreases in biglycan levels were consistent, near 3-
fold at every passage examined (Fig.4). Decorin
abundances in pellet cultures were comparable with
passage controls throughout the experiment (Fig. 4).

The mean level of decorin gene expression was higher
in each growth factor group; these effects were especi-
ally apparent in monolayer cultures (Fig. 6). TGF-£3
significantly upregulated decorin gene expression rel-
ative to no-treatment controls (p < 0.05); decorin levels
were 96% larger, on average, in TGF-$3 groups com-
pared with no treatment. Growth factor did not have a
significant effect on any other measured gene; however,
the trends for collagen type I expression and biglycan
expression were identical (Table 1). Furthermore, the
mean value of aggrecan gene expression was higher in
each treatment group relative to no treatment controls.

Differences between passage controls and monolayer
culture samples were not as apparent (Figs 5 and 6). At

Biglycan

Aggrecan

passage 1, collagen type I gene expression was lower in
monolayer cultures relative to passage controls; how-
ever, at later passages collagen type I gene expression
was similar to passage controls (Fig. 5). Aggrecan levels
in monolayer culture relative to passage controls were
more irregular. Generally, aggrecan levels were lower in
monolayer culture relative to passaged control and
growth factors had little effect on aggrecan expression
(Fig. 5). Decorin gene expression tended to be larger in
monolayer cultures than passaged cultures, especially
those presented with a growth factor (Fig. 6). Biglycan
levels in monolayer culture were lower than passaged
control, especially those cultures not treated with a
growth factor treatment; thus, the presence of a TGF-f1
and TGF-p3 demonstrated some ability to return big-
lycan levels near that of passage controls (Fig. 6).
Passage effects on TM]J disk cells were similar to
those reported previously (19). Collagen type I and
aggrecan expressions were rapidly downregulated with
passage with predicted decreases of 28% and 44% per
passage, respectively (p < 0.0001). Collagen type II ex-
pression was undetectable after the second passage.
Decorin expression was predicted to increase by 10%
per passage. This
(p = 0.12), but is within the predicted range of the in-
crease reported previously (19). Biglycan expression
decreased 16% per passage (p < 0.01). The PCR re-
sponse for collagen type II was very low relative to
other genes. In addition, collagen type II gene

increase was not significant
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Fig. 3. Growth factor effects in pellet culture (Collagen Type I and
Aggrecan). Passage controls are represented by the solid black line; no
treatment controls at each passage are represented by a solid black
bar. Collagen type I and aggrecan gene expression levels dropped
rapidly due to pelleting. These losses were not recovered by exposure
to a growth factor. Losses in collagen type I were the most significant;
as early as passage 1, pelleting resulted in a 9.0-fold reduction of
collagen type I gene expression. Aggrecan losses were also substantial
at early passages with a 3.5-fold reduction at passage 1. Losses in
aggrecan and collagen type I became less substantial with passage,
primarily because of decreases in the passage controls.

expression levels were rarely detected after passage 2.
As a result, many singularities in the statistical model
were created, making analysis of collagen type II
changes impossible. Regardless, collagen type II gene
expression was near zero or negligible in most samples.

Discussion

Pellet cultures have demonstrated potential for articu-
lar cartilage tissue engineering (29-31). Based upon
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Fig. 4. Growth factor effects in pellet culture (Decorin and Biglycan).
Passage controls are represented by the solid black line; no treatment
controls at each passage are represented by a solid black bar. Biglycan
levels dropped rapidly because of pellet culture and were consistently
lower in pellet cultures relative to passage controls. Biglycan reduc-
tions were near 3-fold at every examined passage; these losses could
not be recovered by exposure to a growth factor. Decorin expression
was near passaged controls at every passage.

substantial down-regulation of TMJ disk ECM gene
expression, pellet culture appears to be a poor choice
for TMJ disk tissue engineering. In pellet cultures,
collagen type I, aggrecan, and biglycan gene expression
was rapidly down-regulated relative to both monolayer
cultures and passaged controls; in addition, decorin
gene expression was lower in pellet cultures relative to
monolayer cultures. This down-regulation of ECM
genes indicates a decrease in potential for ECM
deposition, suggesting a significant decrease in poten-
tial for tissue engineering success in pellet cultures. Of
greatest concern is the inability to rescue collagen
type I expression by placing TMJ disk cells in a pellet
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Table 1. Growth factor effects on TMJ disk gene expression

Collagen type 1 Decorin
Low Mean High Low Mean High

TGF-$3 26E-06 <« 1.2E-05 - 2.0E-05 3.0E-07 « 1.4E-06 - 2.4E-06
TGF-pI 59E-06 <« 1.1E-05 - 1.6E-05 6.9E-07 <« 1.3E-06 - 2.0E-06
IGF-I 59E-06 « 1.1E-05 - 1.6E-05 54E-07 <« 1.0E-06 — 1.5E-06
No treatment 42E-06 <« 7.9E-06 - 1.2E-05 43E-07 « 8.3E-07 - 1.2E-06

Biglycan Aggrecan
TGF-p3 1.3E-07 « 8.3E-07 - 1.5E-06 52E-09 <« 4.0E-08 - 7.4E-08
TGF-pI 3.7E-07 « 8.1E-07 - 1.3E-06 1.5E-08 « 3.5E-08 - 5.6E-08
IGF-I 3.2E-07 <« 7.1E-07 - 1.1E-06 19E-08 « 4.5E-08 - 7.1E-08
No treatment 25E-07 <« b5.4E-07 — 8.4E-07 1.3E-08 <« 3.2E-08 - 5.0E-08

The mean and ranges for each gene were converted from their logarithmic equivalent as calculated by the
statistical model. TGF-$3 produced the highest mean of collagen type I, decorin, and biglycan gene expression,
followed by TGF-$1, IGF-I, then no treatment. All growth factor treatments also had a higher mean for aggrecan
gene expression relative to no treatment. These variations, however, were not statistically significant, with one

exception; decorin expression was significantly larger in TGF-f3 treated groups relative to no treatment.

environment or exposing them to a growth factor. The
TM]J disk is almost entirely collagen type I. Inability to
produce this particular protein is detrimental to tissue
engineering success using either in vitro or in vivo
techniques. In addition, aggrecan, the disk’s primary
proteoglycan (32), could not be fully rescued by expo-
sure to TGF-f3, TGF-f1, or IGF-I. These growth factors
have previously demonstrated a potential for increas-
ing ECM deposition in cartilage tissue engineering (21—
24,33); however, their effectiveness on TMJ disk gene
expression was marginal in pellet cultures.

The inability to retain or recover gene expression for
TM] disk ECM matrix is of concern for procedures
using autologous cells for implantation. At minimum,
implanted cells must produce a tissue which restores
the volume, geometry, and mechanical integrity of the
joint; ideally, these neo-tissues would possess match-
ing mechanical and biochemical properties as well. The
use of autologous chondrocytes for implantation in the
knee has demonstrated positive effects (13), yet fibrous
tissue formation at the graft site may ensue (34). The
dedifferentiation of articular chondrocytes because of
in vitro expansion has been demonstrated via an RT-
PCR analysis; as chondrocytes are passaged, chondro-
cytic markers are down-regulated while fibroblastic
markers are up-regulated (18). Thus, these data support
the finding of fibrous tissue formation at autologous
chondrocyte implant graft sites. In our analysis of

passaged TM]J disk cells, critical ECM components are
down-regulated during passaging, further reduced by
pelleting, and not readily recovered via exposure to
IGF-1I, TGF-$1 or TGF-f3. Thus, it is not clear that
passaged autologous TM]J disk cells will form a neo-
tissue quickly or with acceptable biochemical compo-
nents.

Cultures exposed to growth factors generally had a
higher abundance of ECM gene expression. Although
differences were not statistically significant, TGF-$3
had the highest mean value for collagen type I, decorin,
and biglycan expression, followed by TGF-f1 and IGF-I;
growth factor-exposed groups also had larger means for
aggrecan gene expression. The effects of growth factors
were minimal relative to the effects of passage and
pelleting. However, the positive effects of growth fac-
tors for TM]J disk tissue engineering cannot be ruled
out; however, these positive effects are likely over-
whelmed in pellet cultures. Furthermore, the cellular
pathways toward protein production are lengthy with
many checks and balances, and while exposure to a
growth factor may not induce a dramatic upregulation
at the gene expression level, other parts of the pro-
duction pathway such as the translation of mRNA
transcripts to protein code may be positively affected.

Gene expression levels in monolayer cultures did not
vary from passaged controls as substantially as pellet
cultures; however, a few variations are of note. Biglycan
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Fig. 5. Growth factor effects in monolayer culture (Collagen Type I
and Aggrecan). Passage controls are represented by the solid black
line; no treatment controls at each passage are represented by a solid
black bar. Collagen type I gene expression was lower at passage 1;
however, at later passages, collagen type I expression was comparable
with passage controls. Aggrecan gene expression tended to be lower
than passage controls at each passage; however, fold variations varied
with passage.

levels were lower in monolayer culture than passaged
controls; however, biglycan levels could be partially
recovered with TGF-$3 or TGF-f1. Decorin, a prote-
oglycan similar to biglycan, was also up-regulated in
cultures exposed to TGF-$3 or TGF-f1. This decorin
upregulation, however, placed decorin gene expression
levels much higher than passaged controls. Thus, the
rescue of biglycan expression may also induce overex-
pression of decorin.

The effect of passage on TM] disk cells was similar to
those described previously (19). Collagen type I, colla-
gen type II, and aggrecan dropped rapidly with passage.

150 | Orthod Craniofacial Res 9, 2006/143-152

Biglycan
3 5E-06
3.0E-06
@ 2 5E-06
£
M20EDE e = = = = = = = = = = = - - = = = |Passage C
b= e o e R - == dPaEEAGE 1
c .| m——-—l-—-—-—-— - = Passage I
= 1.5E-06 - = (PassBgs 1
= —— —:ass.a!po-l
- = \PEERAgE 5
<L 1.0E-06 2 FF}= Passags £
d ]
] Y1
0.5E-06 ; oA
: %8
{ b H
0 1 2 a 4 5 6

Passage

B No Treatment
10 ng/mL IGF-1
[25 ng/mL TGF-p1
B35 ng/mL TGF-j3
— At Passage

Decorin

Fig. 6. Growth factor effects in monolayer culture (Decorin and Big-
lycan). Passage controls are represented by the solid black line; no-
treatment controls at each passage are represented by a solid black
bar. Biglycan gene expression tended to be lower than passage con-
trols; however, biglycan expression rebounded at many passages by
exposing the culture to TGF-$3 or TGF- 1. Similar upregulation was
seen in decorin; at most passages, decorin gene expression was up-
regulated by exposure to a growth factor. TGF-$3 had the greatest
effects and showed a significant difference from no-treatment control
in decorin expression (p < 0.05).

The observed decrease in aggrecan and collagen type I
was more rapid in this experiment than our previous
results, but the predicted decrease for both genes is
within the error of our earlier data. Decorin trended
upward with passage, similar to our earlier findings;
however, increases were far less substantial in the
present experiment and not statistically significant.
Biglycan, on the other hand, showed a significant de-
crease with passage. Previously, this trend was noted,
but not considered significant. These data on passage
effects follow the same trends as our previous report,



and the predicted increases and decreases fall within
the error of our previous report. The effect of passage
on TMJ disk cells is substantial and should be
accounted for in experiments using passaged TM] disk
cells.

To passage cells, the culture is typically exposed to a
digestive enzyme such as trypsin/EDTA. Cells are then
removed, centrifuged, and re-suspended in a new cul-
ture. Previously, we attributed changes in gene expres-
sion to exposure to a digestive enzyme (19); however,
our pellet culture data suggest that centrifugation may
have equal or more importance. Centrifugation imparts
a mechanical stimulus on the entirety of the cell mass.
This stimulus may lead to changes in gene expression
via mechanotransduction pathways. Mechanotrans-
duction is a powerful stimulus on cartilaginous tissues.
Intermittent hydrostatic pressure has caused detri-
mental effects on TMJ disk cells (35); sustained direct
compression has negatively affected knee meniscus and
articular cartilage explants (36-37). Thus, even the
simplest mechanical stimuli applied during culture and
tissue engineering practices may have large effects.

For many of our samples, collagen type II was not
detectable at any passage; by passage 3, collagen type II
expression fell below the level of detection in all sam-
ples. Relative to collagen type I, collagen type II is a
minor ECM constituent in the TM]J disk; however, its
expression is indicative of chondrocyte-like properties
of TM]J disk cells and hyaline-like activity. Its initial low
level and rapid decrease demonstrates the dominance
of fibroblast-like cells in the TM]J disk. Furthermore,
failure to rescue collagen type II may indicate an
inability to recapitulate hyaline-like matrix in a tissue
engineered TM] disk. While pockets of collagen type II
are sparse in the TM]J disk, creating these structures
may be important in TM]J disk function. Thus, in future
tissue engineering studies, the lack of chondrocytic
potential in TM]J disk cells may need to be addressed.

Gene expression of the TMJ disk’s primary ECM
proteins decreased with passage with the exception of
decorin. These losses were not recovered in pellet cul-
ture; in fact, pelleting generally led to further losses in
expression of aggrecan, biglycan, and collagen type I. In
addition, losses were not rescued by supplementing the
pellet culture media with growth factors. In monolayer,
the effects of growth factors were more apparent. Gene
expression of dermatan sulfate proteoglycans, decorin
and biglycan, appeared to be up-regulated by TGF-f1
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and TGF-f3. Collagen type I gene expression was also
generally higher in growth factor groups. These effects,
however, were far less substantial than passaging or
pelleting effects, and were often not statistically signi-
ficant. Our results indicate that pellet cultures are a poor
choice for TMJ disk tissue engineering. In addition,
growth factors at the investigated concentrations are
unable to rescue essential TMJ disk gene expression.
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