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Cyclic, mechanical compression enhances
chondrogenesis of mesenchymal progenitor
cells in tissue engineering scaffolds
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Abstract. The effects of cyclic, mechanical compression on human bone marrow-derived mesenchymal progenitor cells under-
going chondrogenic differentiation were examined in this study. Mesenchymal progenitor cells were injected into cylindrical
biodegradable scaffolds (hyaluronan–gelatin composites), cultured in a defined, serum-free chondrogenic medium and sub-
jected to cyclic, mechanical compression. Scaffolds were loaded for 4 hours daily in the first 7 days of culture. At 1, 7, 14
and 21 days of culture, scaffolds were harvested for reverse transcriptase Polymerase Chain Reaction (RT-PCR), histology,
quantitative DNA, proteoglycan and collagen analysis. Scaffolds loaded for 7 days showed a significant upregulation especially
of chondrogenic markers (type II collagen, aggrecan; p < 0.0001). No significant difference could be found for DNA content
between loaded samples and unloaded controls. At day 1 in culture no significant differences in proteoglycan- and collagen
contents could be detected between unloaded and loaded samples. After 21 days the proteoglycan (p < 0.001) and collagen
contents (p < 0.0001) were significantly higher in the loaded samples compared to unloaded controls. By histological analysis
(toluidine blue) a higher amount of proteoglycan-rich, extracellular matrix production throughout the matrix could be detected
for loaded samples compared to unloaded controls. This study indicates that cyclic, mechanical compression enhances the ex-
pression of chondrogenic markers in mesenchymal progenitor cells differentiated in vitro resulting in an increased cartilaginous
matrix formation, and suggests that mechanical forces may play an important role in cartilage repair.
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1. Introduction

During the in vivo repair process of skeletal tissue, the tissue is subject to a variety of mechanical forces
that may play an important role in the rate and/or quality of tissue repair. Mesenchymal progenitor cells
(MPC) are identified as possible repair cells of various connective tissues, because of their potential
to differentiate into a variety of cell types of the mesenchymal lineage [1,22,24–26,35,41,44,45,63].
Incorporation of MPC in suitable tissue engineering scaffolds and culture in chondrogenic medium are
described in the literature [1,21,26,42,50,59]. MPCs can be harvested from bone marrow by a small
puncture of the iliac crest of patients. In contrast to cartilage based repair this small procedure creates
no additional harvest defect in the knee joint of the patients.
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Numerous publications showed the beneficial influence of compression (e.g., mechanical, hydrostatic,
osmotic, shear, ultrasonic) on the chondrogenic differentiation of dedifferentiated chondrocytes [6,11,
14,20,33,34,37,46,56,61]. It has been shown that compressive stress is one of the most prominent extra-
cellular factors that regulate biosynthetic and catabolic activities of chondrocytes [62] and that isolated
chondrocytes respond to mechanical forces by upregulation of RNA levels for collagen, aggrecan and
other matrix molecules [4]. Dynamic loading, which causes intra-tissue fluid flow and dynamic tissue
deformation, stimulates the synthesis of matrix molecules at certain amplitudes and frequencies [16,28,
29,32,47].

In the case of mesenchymal progenitor cell mediated repair of skeletal tissue that involves a chon-
drogenic phase, such as fracture repair or articular cartilage regeneration, it is likely that mesenchymal
progenitor cells are subjected to mechanical factors that will influence the quality of repair. Theoretical
models have predicted the influence of biomechanical loading on tissue differentiation during skele-
tal growth and morphogenesis [11–13,53] suggesting that different loading conditions should result in
different types of tissue. Hydrostatic pressure may encourage cartilage formation [8–10,52]. In vivo ap-
plication of 2 MPa of hydrostatic pressure to mesenchymal cells in a conduction chamber, implanted
in the tibiae of Sprague–Dawley rats was shown to promote cartilage formation [53]. Some forces en-
hance collagen production (direct compression) whereas others better stimulate proteoglycan deposition
(hydrostatic pressure). Mass transfer for constructs under direct compression is expected to be better
than for those cultured under hydrostatic pressure or static compression. Dynamic compression helps to
alleviate diffusion limitations through a pressure gradient within the scaffold as well as by a secondary
mixing effect on the surrounding medium. The compression of the scaffold creates a higher hydrosta-
tic pressure at the center of the constructs than at the surface, which produces different fluid velocities
within the construct as the applied load changes [15].

Although much attention has been given to the influences of bioactive factors on mesenchymal progen-
itor cell differentiation and proliferation, there are few studies that examine the effect of mechanical
factors on these cells. A previous study showed the enhancement of chondrogenic differentiation of
mesenchymal progenitor cells in aggregate culture by hydrostatic compression [2]. The influence of bio-
mechanical loading on the expression of chondrogenic markers of mesenchymal progenitor cells from
post-natal tissues undergoing differentiation in tissue engineering scaffolds is still unclear and should be
analysed in this study.

2. Material and methods

Human bone marrow was obtained from the iliac crests of patients undergoing spine fusion. After
Percoll gradient fractionation, Dulbecco’s modified Eagle’s Medium with 10% fetal bovine serum was
added to the aspirate and 10 × 106 nucleated cells/100 mm dish were plated and grown at 37◦C with
5% CO2 until the cells reached 80% confluency. Adherent cell colonies were trypsinized, counted, and
2 × 106 synchronized mesenchymal progenitor cells were injected into cylindrical biodegradable scaf-
folds (hyaluronan–gelatin composites) with defined pore size (250 µm) and volume (70 mm3) and cul-
tured at 37◦C/5% CO2 in a defined medium, previously shown to induce chondrogenic differentiation of
mesenchymal progenitor cells [1,24,63].

To apply cyclic, mechanical compression, scaffolds were transferred under sterile conditions in load
definition units (for a total compression of 40%) at the bottom of 15 ml polypropylene tubes (sterile
compression chambers) (NeoLab, Germany), which were filled with 4 ml fresh chondrogenic medium
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Fig. 1. In vitro loading system for the application of cyclic mechanical compression in sterile culture conditions (left half).
Sterile compression chambers with sterile bar magnets (right half). Note the electro-magnets below the sterile compression
chamber.

(Fig. 1). A sterile bar magnet (NeoLab, Germany) (Fig. 1) with defined weight was inserted under sterile
conditions into the tubes. The tubes were placed in a custom-built mechanical compression apparatus
(Fig. 1) on electromagnets (RS Components, Germany), located within a temperature-controlled incu-
bator (37◦C). Cyclic, mechanical compression was applied to the scaffolds using a computer-controlled
interface SIOS and the software Do-it (AK Modul-Bus GmbH Saerbeck, Germany). The samples were
subjected to a continuous, uniaxial and unconfined compressive load using a sinusoidal waveform of
0.33 Hz and a peak stress of 7994 Pa over a period of 4 hours/day for the first 7 days. After each daily
loading period, the scaffolds were cultured in chondrogenic medium without load application [1,24,63].

The scaffolds were kept in culture for a total of either 1, 7, 14 or 21 days, allowing time for chon-
drogenic differentiation, matrix formation and biosynthetic response [1,24,63], and then harvested for
RT-PCR, biochemical and histological analysis. Each group of cell-scaffold composites subjected to
cyclic biomechanical compression was compared with two sets of matched control scaffolds. To inves-
tigate the influence of magnetic effects the first set of control scaffolds was manipulated in the same
manner as the experimental group, i.e. they were transferred into containers and placed in the loading
chamber incubator for the same time period, but was not subjected to cyclic biomechanical compres-
sion. The second set of control scaffolds was left in standard culture conditions [1,24,63] without any
manipulation. All experiments were performed with three sets of samples.

For RT-PCR RNA was extracted using RNA-Bee (Biozol, Eching, Germany) according to the single-
step acid-phenol guanidinium method. cDNA synthesis was performed by using Superscript RNase H−

reverse transcriptase (Invitrogen, Karlsruhe, Germany) in the presence of oligo-dt primers. We per-
formed and monitored RT-PCR by Light Cycler analysis with Light Cycler Kits (Roche, Mannheim,
Germany). The level of each target gene was normalized to the reference gene glyceraldehyde phos-
phate dehydrogenase (GAPDH). The primers were as follows:

GAPDH Forward 5′-gAA ggT gAA ggT Cgg AgT C Reverse 5′-gAA gAT ggT gAT ggg ATT TC
Aggrecan Forward 5′-ACT TCC gCT ggT CAg ATg gA Reverse 5′-TCT CgT gCC AgA TCA TCA CC
Col 1 Forward 5′-Agg gCC AAg ACg AAg ACA TC Reverse 5′-AgA TCA CgT CAT CgC ACA ACA
Col 2 Forward 5′-TTC AgC TAT ggA gAT gAC AAT C Reverse 5′-AgA gTC CTA gAg TgA CTg Ag
Col 10 Forward 5′-gAg gAA gCT TCA gAA AgC Tg Reverse 5′-CTg gTT TCC CTA CAg CTg A.
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DNA contents of the scaffolds were assayed using a two-step fluorometric assay. Scaffolds were pre-
pared by individual digestion with Soluene 350 (Packard) for 1.5 hours at 60◦C. Aliquots of the digest
(100 µl) were mixed with 1 ml of diluted Hoechst 33258 Dye Solution (1 µg/ml). The fluorescence
emission of the samples was measured with Cytofluor at A360 nm excitation, A460 nm emission with a
gain of 70. A standard curve was produced with calf thymus DNA (Sigma) and used to determine the
DNA content of the experimental samples.

The glycosaminoglycan content of the scaffolds, used as an indicator of proteoglycan production,
was quantified with a spectrophotometric assay as described elsewhere [2]. Scaffolds were digested in
papain solution overnight at 60◦C. After adding 100% ethanol the mixture was incubated at −20◦C for
3 hours. After centrifugation (14000 rpm, 10 minutes) the supernatant was discarded and the pellets
resuspended in 200 µl distilled water. Samples were allowed to precipitate in Safranin O reagent on
nitrocellulose filter (BioRad, USA), which covered wells in a dot-blot apparatus (BioRad, USA). The
precipitates were collected on the nitrocellulose filter and then dissolved in 10% cetylpyridinium chloride
at 37◦C for 20 minutes. The absorbance of the liquid was spectrophotometrically read at 536 nm. For the
experimental groups and the unloaded controls the proteoglycan-content of the negative controls (cell-
free matrix) was substracted to get a minimal estimation of the produced extracellular proteoglycan even
when a complete degradation of the matrices would influence the measurement.

The hydroxyproline content of the scaffolds was measured as described elsewhere [2]. Scaffolds were
hydrolyzed with 6 M HCl at 108◦C for 24 hours. The hydrolysates were repeatedly dried with resus-
pension in distilled water in between each drying cycle to wash out the acid. The neutralized samples
were resuspended in hydroxyproline buffer. Freshly prepared, chloramine T solution was added and the
vortexed suspension incubated for 20 minutes at room temperature. Perchloric acid and freshly pre-
pared P-dimethylaminobenzaldehyde solution was then added and the suspension incubated at 60◦C
for 20 minutes with intermittent shaking. The absorbance was spectrophotometrically read at 560 nm.
Cis-4-hydroxy-d-proline was used to construct a standard curve. The collagen content was calculated
by multiplying the total hydroxyproline content by assay with a conversion factor (×7.5). For the ex-
perimental groups and the unloaded controls the content of the negative controls (cell-free matrix) was
substracted to get a minimal estimation of the produced extracellular collagen even when a complete
degradation of the matrices would influence the measurement.

Histological (toluidine blue) and immunohistochemical (type II collagen) analysis was performed
on frozen sections of 10% formaldehyde fixed materials as described elsewhere [2]. Serial sections
(12 µm) of all samples were cut and sections stained with toluidine blue for histological evaluation.
For immunohistochemical analysis, unstained sections were washed in phosphate buffered saline (PBS).
Blocking of nonspecific antibody binding was achieved by incubating the slides with bovine serum
albumin (BSA) (15 minutes). The sections were digested for 30 minutes with 1% pronase in 1% BSA,
PBS and then for 30 minutes with chondroitinase ABC to facilitate the collagen antibody access to the
extracellular matrix. The sections were probed with anti-collagen antibody raised against type II collagen
(II-II6B3, obtained from the Developmental Studies Hybridoma Bank). Visualization was achieved with
a monoclonal fluorescein-conjugated secondary antibody.

The expression of molecular markers, DNA, proteoglycan and collagen contents in the scaffolds with
and without application of mechanical compression were compared between the groups at each time
point using two way ANOVA with Fisher’s post hoc test for multiple comparisons. The tests were per-
formed using Sigma Stat

TM
Software for Windows Version 2.03, SPSS Inc. Significance was accepted at

a level of p < 0.05.
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3. Results

There were no differences in expression of chondrogenic markers (aggrecan, type II collagen, type X
collagen and type I collagen) between the non-loaded control scaffolds and the control scaffolds cultured
without any manipulation (data not shown). The non-loaded controls showed a statistically significant in-
crease in chondrogenic marker expression, especially type II collagen, after 21 days in culture compared
to unloaded controls after 1 day in culture (p < 0.0001) (Fig. 2).

The aggrecan expression (major component of hyaline cartilage) of the 7 days loaded scaffolds showed
a 98% increase versus non-loaded control at day 7 (p < 0.001), an even higher increase of aggrecan
expression (loaded versus non-loaded group) was found at day 14 of culture (+386%; p < 0.0001). At
day 21 the aggrecan expression of loaded scaffolds showed an increase of 92% over unloaded controls
(Fig. 3; p < 0.001).

The type II collagen expression (major component of hyaline cartilage) of 7 days loaded versus non
loaded scaffolds showed a significant increase at day 14 (687%; p < 0.0001) and day 21 in culture
(90%; p < 0.0001) compared to unloaded samples (Fig. 3).

The type I collagen expression of 7 days loaded scaffolds showed a significant increase at day 14
(221%) and at day 21 in culture (76%) over non-loaded controls (Fig. 2; p < 0.001), but did not reach
the increased expression levels of hyaline cartilage specific markers.

No statistical significant differences in type X collagen expression were found between any loaded
group and its controls at either day 7, 14 or day 21 (Fig. 3; p = 0.45).

No statistical significant differences in DNA content were found in unloaded and loaded groups during
chondrogenesis (day 1 versus day 21). Also, no differences were found between the non-loaded control
scaffolds (those manipulated in the same way as the loaded scaffolds but kept non-loaded for 4 hours per
day in the compression chamber incubator) and the control scaffolds cultured without any manipulation
(data not shown). There were no significant differences in the DNA contents between the loaded and
non-loaded scaffolds (Fig. 4).

The proteoglycan content was significantly higher after 21 days in culture compared to the corre-
sponding samples on day 1 (p < 0.0001) (Fig. 4). At day 1 no significant differences in proteoglycan
content could be detected between unloaded and loaded samples (p = 0.23), however after 21 days in
culture a significant increase for loaded samples could be seen (p < 0.001) (Fig. 4).

Fig. 2. Increase of relative chondrogenic marker expression (x fold) of unloaded group (day 21) versus unloaded group (day 1).
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Fig. 3. Increase of relative chondrogenic marker expression of loaded versus unloaded group at days 7/14/21 in percent (%).

The collagen content was significantly higher after 21 days in culture compared to the corresponding
samples on day 1 (p < 0.0001) (Fig. 4). At day 1 no significant differences in collagen content could be
detected between unloaded and loaded samples (p = 0.12), however after 21 days in culture a significant
increase for loaded samples could be observed (p < 0.0001) (Fig. 4).

The histological and immunohistochemical analysis confirmed chondrogenic differentiation after
21 days by extracellular, metachromatic matrix deposition (toluidine blue stained sections) and posi-
tive staining for collagen type II in the cell-scaffold constructs (Fig. 5). A comparison of toluidine blue
stained sections indicated no qualitative microscopic differences between 14 (not shown) or 21 days in
culture. The 7 days loaded scaffolds had a quantitative increase in extracellular matrix production (in-
creased metachromatic, extracellular matrix deposition) throughout the scaffolds, especially in the center
of the scaffolds, in comparison with non-loaded controls after 14 days and 21 days in culture (Fig. 5).
Immunohistochemical staining of the scaffolds indicated positive expression of collagen type II in all
control and experimental groups, confirming successful chondrogenic differentiation of mesenchymal
progenitor cells (hyaline cartilage-like appearance) (not shown). No qualitative difference in collagen
distribution was found between the controls and the loaded scaffolds by immunohistochemistry.

4. Discussion

This study was performed using a custom-built system (Fig. 1), which allowed application of cyclic
mechanical compression to cell – scaffold constructs under sterile culture conditions. The applied me-
chanical compression was completely transferred to mesenchymal progenitor cells in tissue engineered
scaffolds over a pressure range between 0 and 8 kPa. Mesenchymal progenitor cells injected into
biodegradable hyaluronan–gelatin-composite scaffolds, which had proven ability to allow the differ-
entiation of mesenchymal progenitor cells to cartilage [1], were used to study the effects of mechanical
loading during chondrogenesis. For the first 7 days no extracellular deposition of cartilage-like matrix
was detected in the cell-matrix constructs [1]. Therefore this timeframe was used in this study to selec-
tively load mesenchymal progenitor cells and not chondrocytic cells.

In an in vitro aggregate chondrogenesis model, the progenitor cells are densely packed as they ag-
gregate and condense prior to cartilaginous matrix production [24,63]. The condensation of progenitor



P. Angele et al. / Cyclic, mechanical compression enhances chondrogenesis 341

Fig. 4. DNA, proteoglycan and collagen content of loaded and unloaded samples (mean of 3 samples). Negative control repre-
sents cell free scaffolds.

cells also occurred when the progenitor cells were injected in biodegradable hyaluronan–gelatin com-
posite matrices as seen in the present study. Densely packed cells were seen early in articular cartilage
regeneration, when the subchondral bone is penetrated and marrow cells migrate into the defect [49],
during the development of limbs and also in fracture repair [5,23]. The influence of mechanical forces
on progenitor cells during cell condensation and chondrogenesis is not well understood. This is partly
due to the complex distribution of stresses and strains in each of these situations. For example, the form
of mechanical stress in a joint in vivo is more complex than simply mechanical compression. According
to Mow et al. [38], the typical total stress on the surface of human joints ranges from 2.96 to 9.86 MPa.
A complex state of pressure in the interstitial fluid and spatially varying normal and shear stresses in
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Fig. 5. Toluidine blue stained sections of unloaded (left half) and loaded scaffolds (right half) after 21 days in culture.

the solid matrix are developed in response to the surface stress. According to the mechanical tissue dif-
ferentiation theory [11,12] an undifferentiated mesenchymal tissue will differentiate into fibrous tissue,
cartilage or bone depending on the mechanical load stimulation. Although mechanical compression does
not represent the mechanical forces seen by cartilage in vivo, compression and its effects on chondro-
genic differentiation of mesenchymal progenitor cells were examined selectively in the present study.

More information on the effect of mechanical load exists for chondrocytes and cartilage tissue. Loads
below the normal physiological levels appear to stimulate catabolic effects in chondrocytes [3]. In con-
trast, a load within the physiologic range stimulates production of cartilaginous matrix [36]. Supra-
physiologic loads appear to result in tissue damage [19]. An upregulation of aggrecan and type II col-
lagen mRNA expression in bovine chondrocytes by the application of hydrostatic pressure has been
described [58]. Convective transport is a critical component of nutrient transfer, especially in the early
stages of culture when the constructs are still very porous. In developing soft tissues, the extracellular
matrix is soft, so the total hydrostatic stress consists mainly of pressure in the fluid phase [11].

The highly porous tissue engineering scaffolds used in the present study cannot bear physiologic load
levels in its initial state. Therefore a lower compression of 8 kPa was applied. A cyclic load of 0.33 Hz
for 4 hours per day was used because this rate was previously shown to stimulate extracellular matrix
synthesis of articular chondrocytes [48,51]. The results of the present study indicate that with low levels
of mechanical compression a similar effect occurred with differentiating cells.

Mechanical influences are also found on the precursor cells of forming limbs [54,55]. Takahashi
et al. [54] demonstrated that significant differences exist between undifferentiated mesenchymal cells
and differentiated chondrocytes in terms of their responses to compressive forces. They reported en-
hanced chondrogenesis of mouse embryonic limb bud mesenchymal cells following static compressive
force. In contrast, static compressive force was shown to down-regulate cartilage matrix deposition [32]
and aggrecan expression [31] in mature articular cartilage. In a separate study of chick limb bud cells,
Elder et al. [17,18] found that cyclic compressive loading enhanced chondrogenic differentiation, but
they did not find an influence of static loading. They noted an increase in proteoglycan production when
differentiating chick limb bud cells were loaded with cyclic compressive displacement. However, they
also noted an increase in the total number of cartilaginous nodules in their cultures of cells entrapped
in agarose, thus the increase may have been due to increased recruitment of cells into the chondrogenic
lineage, rather than to an increase in per cell production. In the present study no significant differences
could be seen for DNA-content between loaded samples and unloaded controls, consistent with the liter-
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ature for chondrocyte loading, which postulated that mechanical stressed cells may direct their anabolic
efforts towards production and maintenance of matrix rather than cell proliferation [40,60].

Hydrostatic pressure in the physiologic range (5.03 MPa) was chosen in a previous study to evaluate
its effect on chondrogenesis of mesenchymal progenitor cells [2]. A significant increase in proteoglycan-
and collagen-content without change in DNA-content was detected in the loaded groups compared to
unloaded controls. In the present study similar results were seen. The mechanical compression applied
on multiple days for 4 hours per day significantly increased the chondrogenic marker expression and
matrix deposition. The increase in type II collagen and aggrecan expression were noted in the loaded
groups after 14 and 21 days in culture. This finding is similar to the effects of cyclical loading on artic-
ular cartilage explants or chondrocytes in culture: increased proteoglycan synthesis and overall matrix
production [3,7,57]. However, the effect of loading on mature chondrocytes may be more selective.
Carver and Heath [14] reported that the matrix produced by mature equine chondrocytes subjected to
6.90 MPa of intermittent loading increased collagen content but there was no significant difference in
the glycosaminoglycan content. At a lower level of pressure (3.45 MPa), the collagen concentration did
not change but a small increase in glycosaminoglycan concentration was noted. In contrast, the present
study had shown that low level compression (8 kPa) resulted in a significant enhancement of chondro-
genic differentiation of human mesenchymal progenitor cells, seen by an increase in type II collagen
and aggrecan expression and followed by cartilage specific protein production.

In the present study, both the loaded and non-loaded scaffolds were cultured in conditions that promote
the chondrogenic differentiation of mesenchymal progenitor cells. Therefore, the influence of mechani-
cal compression on the initiation of chondrogenic differentiation was not directly explored. Nevertheless,
the results of this study point to the importance of load during skeletal tissue regeneration, such as is
found during the chondrogenic differentiation of mesenchymal cells in fracture repair and articular car-
tilage regeneration. The study suggested that an appropriate load applied to mesenchymal progenitor
cells in the differentiation process enhance the chondrogenic marker expression. The increase in chon-
drogenic marker expression may facilitate the formation of an appropriate matrix, improving the final
quality of either fracture callus or repair cartilage of osteochondral defects.

Direct compression enhances the access of mesenchymal progenitor cells to TGF-β1 (mass transfer)
and accelerates the biosynthetic response of the mesenchymal progenitor cells to the growth factor.
Because soluble low molecular weight polypeptides such as TGF-β1 tend to be cleared rapidly after
intra-articular administration, this ability of dynamic compression to accelerate transport into the tissue is
of potential clinical significance [6,30,39,43]. In an in vitro system mechanical load might also increase
the access of exogenous added TGF-β1 and other supplements to the center of the cell-matrix constructs.
This could explain the increase in extracellular matrix deposition especially in the center of the scaffolds
seen in the present study.

Mechanical compression was the only component of loading considered in this study. Although me-
chanical compression is an important component of load seen by cartilage in a joint, additional studies
will be needed to evaluate the effects of shear and complex mechanical deformation on progenitor cells
undergoing chondrogenic differentiation. The mechanism by which the mechanical loading is sensed by
the differentiating cells is presently unknown, as is the mechanism by which the load is transduced into
an increase in chondrogenic marker expression and extracellular matrix deposition.

The present study described a system that allows the study of the effects of cyclic mechanical com-
pression on differentiating mesenchymal cells in tissue engineering scaffolds. This system can be used to
elicit mechanoreceptors and signal transduction pathways influenced by mechanical forces during chon-
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drogenesis of mesenchymal cells. Furthermore the system can be used to optimize tissue engineered
implants for cartilage repair.
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