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Abstract

The objective of this study was to investigate the inft@eof dynamic compressive
loading on chondrogenesis of mesenchymal stem cells (MSCs) iprésence of
TGF3. Isolated porcine MSCs were suspended in 2% agarose and subgected t
intermittent dynamic compression (10% strain) for a period ada® in a dynamic
compression bioreactor. After 42 days in culture, the freeliagekpecimens
exhibited more intense alcian blue staining for proteoglycamgile
immunohistochemical analysis revealed increased collagenitypenunoreactivity.
Glycosaminoglycan (GAG) content increased with time for botle-swelling and
dynamically loaded constructs, and by day 42 it was significduigher in both the
core (2.5+0.21 %w/w vs. 0.94+0.03 %w/w) and annulus (1.09+0.09 %w/w vs.
0.59+0.08 %w/w) of free-swelling constructs compared to dynalyidabded
constructs. This result suggests that further optimization isregtjin controlling the
biomechanical and/or the biochemical environment if such stirmndi to have

beneficial effects in generating functional cartilaginosstte.
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compression; Tissue engineering.



I ntroduction

Articular cartilage has a limited capacity for repairhis has motivated the
development of cell based therapies such as autologous chondnoglgetation for
the repair of cartilage defects [1; 2]. A major limitifagtor in extending the use of
such therapies is obtaining sufficient numbers of differentiatecdblagaus
chondrocytes, particularly in elderly and more osteoarthi@i&) patients. An age-
related loss in chondrogenic capacity has been observed in cultamedexp
chondrocytes [3], while collagen synthesis is lower in chondrocytesnellt from
OA patients [4]. This may be partially explained by changekerresponsiveness of
aged or OA chondrocytes to cytokines and growth factors [5-7]. diti@a OA
chondrocytes are likely to have significant DNA damage among atbiular

degenerative alterations [8].

Mesenchymal stem cells (MSCs) are a promising altematell source for
cartilage repairdue to both their ease of isolation and expansion, and their
chondrogenic differentiation potential [9]. Chondrogenic differentiabtbnMSCs
from different tissue sources has been demonstrated indbenge of growth factors
from the transforming growth fact@r-(TGF- B) superfamily [10-15]. A tissue
engineering approach to repair damaged cartilage tissues woudte seeding
MSCs into a scaffold and either implanting following mininralitro pre-culture, or
to culture these constructs for longer periods of time to engmeaore functional
cartilaginous tissue. While chondrogenesis does occur in theseenlifigystems, it
has been demonstrated that the amount of cartilage matrix pooduatid the
subsequent mechanical properties of the tissue is lower w&kdMcompared to

chondrocytes [16], leading to the suggestion that further optimizaiay be required



if MSCs are to be used to engineer cartilaginous tissues wititais functional

properties to that obtainable with healthy chondrocytes.

It is well established that the application of appropriate $ewél dynamic
compressive loading can enhance the biosynthetic activity of chotelsdd 7-23]. It
is also believed that the differentiation pathway of MSCx Isast partially regulated
by the local mechanical environment. In the absence of chondrogemithgactors,
it has been demonstrated that dynamic compressive loading camcenha
chondrogenesis of bone marrow derived MSCs [24-26]. For exampleagsct
aggrecan gene expression has been observed with as few as tioee ldading
cycles [25], however other studies have observed little dyneompression induced
stimulation of gene expression or matrix synthesis in the abs#nceondrogenic
growth factors [27]. However, the combined effects of dynaooimpression and
chondrogenic growth factors (TGH-on chondrogenesis of MSCs are generally more
complex [24; 27]. Dynamic compression has been shown to up-regulaecagg
gene expression in the absence of TE;But to down-regulate it in the presence of
TGF- [24]. In both the presence and absence of chondrogenic growth factas, i
been demonstrated that short-term expossgrel (week) to intermittent dynamic
compression leads to enhanced GAG synthesis in the proceeding afeakture
compared to free swelling controls [26; 28]. What remains andésewhat influence
long-term application of dynamic compression has on the diffatentiof MSCs in a
chondrogenic environment. This is an important question not only for engipeer
functional cartilaginous tissues from MSCs, but also to understandviis will
respond once implanted into load bearing defects. The goal ofttlig was to
determine how the daily application of dynamic compressive loadifigences

cartilage specific matrix production by MSCs undergoing chondrogenic



differentiation in long-term agarose culture. Our initial hypathess that dynamic
compression would enhance matrix synthesis, leading to increases nmethanical

properties of MSC seeded agarose hydrogels.

Methods
Cell isolation, expansion and agarose hydrogel encapsulation

Femora from a 4 month old porcine donor (~50 kg) were sawn and thengesati
bone marrow removed under sterile conditions. Porcine MSCs wer¢edsaad
expanded according to a modified method developed for human MSCs [2@feGul
were expanded in high-glucose Dulbecco’s Modified Eagle Medium EEM
GlutaMAX) supplemented with 10% foetal bovine serum (FBS), amitilen (100
U/mL)-streptomycin (100pug/mL) (all GIBCO, Biosciences, Ireland). Culture-
expanded MSCs (Bpassage) were encapsulated in agarose (Type VII) at ~#9°C,
yield a final gel concentration of 2% and a cell density of10Bxells/mL. The
agarose-cell suspension was cast in a stainless steel mquitgtitice cylindrical discs
(@ 6mmx4mm thickness). Constructs were maintained in a chigmubafined
chondrogenic medium (CM) consisting of DMEM GlutaMAX supplementedh wit
penicillin (100 U/mL)-streptomycin (100ug/mL) (both GIBCO, Biosciences,
Ireland), 10Qug/ml sodium pyruvate, 40g/ml L-proline, 50ug/ml L-ascorbic acid-2-
phosphate, 1 mg/ml BSA, 1x insulin—transferrin—selenium, 100 nM delkastate
(all from Sigma-Aldrich, Ireland) and 10 ng/ml recombinant hant@nsforming
growth factorp3 (TGF$3; R&D Systems, UK). Constructs were allowed to
equilibrate for 4 days before the addition of dexamethasone and33.Ga&nd the

initiation of mechanical compressive loading.



Application of dynamic compression

Intermittent dynamic compression (DC) was carried out in aougheumatic based
compressive loading bioreactor with the constructs immersé&MnThe dynamic
compression protocol consisted of ~10% strain amplitude superimpose@.0h &
preload at a frequency of 0.5 Hz. This loading regime was entpfoya period of 1
hour, 5 days/week. Free swelling (FS) controls were maimtaméhe same amount
of medium adjacent to the loading device during loading periods0% medium

exchange was performed every 2-3 days.

Mechanical and biochemical analysis

Constructs were mechanically tested in unconfined compression doetwe
impermeable platens using a standard materials testing mawitima 5N load cell
(Zwick 2005, Roell, Germany). Stress relaxation tests werformed, consisting of a
ramp and hold cycle with a ramp displacement ofind/s until 10% strain was
obtained and maintained until equilibrium was reached (~30 mjniDgeamic tests
were performed immediately after the stress relaxatiodecyA cyclic strain
amplitude of 1% superimposed upon the 10% strain was applied for €8 eyd Hz.
The compressive equilibrium modulus and dynamic modulus were deésfrfrom

these tests.

The biochemical content of constructs was assessed at eachdim (0, 14
and 42 days); constructs were cored using a 3mm biopsy punch, thessbf both
annulus and core was recorded and then frozen for subsequent analysesadhnuli
core samples were digested with papain (125ug/ml) in 0.1 M sodiatate, 5 mM
L-cysteine HCI, 0.05 M EDTA, pH 6.0 (all from Sigma—Aldricleland) at 60°C

under constant rotation for 18hours. DNA content was quantified usingaéehbt



Bisbenzimide 33258 dye assay as described previously [30], wal thymus DNA
standard. Proteoglycan content was estimated by quantifying tnen&of sulphated
glycosaminoglycan (GAG) in constructs using the dimethylmethylene dye-
binding assay (Blyscan, Biocolor Ltd., Northern Ireland), witlhandroitin sulphate
standard. Total collagen content was determined by measuring dnexyroline

content [31], using a hydroxyproline-to-collagen ratio of 1:73.

Histology and immunohistochemistry

At each time point, at least one sample per group was fixed ipad&formaldehyde
overnight, rinsed in PBS, and embedded in paraffin. The constmecesembedded
such that sectioning at 8n produced a cross section perpendicular to the disc face.
Sections were stained with 1% alcian blue 8GX (Sigma-Aldiiehtand) in 0.1M

HCI which stains sGAG, and picro-sirius red to stain collagdre deposition of
collagen type Il was indentified by immunohistochemical analysisabbit anti-
human polyclonal antibody (concentration 3 g/L; MD Biosciences, Sidiad) that
binds to collagen type Il was used. The presence of the coltgge Il antibody was
subsequently detected by the secondary antibody, biotin-labetlat] agti-rabbit
polyclonal (concentration 1 g/L; Sigma—Aldrich, Ireland). Negatand positive

controls, trachea and cartilage respectively, were indlude

Satistical Analysis

Statistical analyses were preformed using GraphPad Priemsifvi 4.03) software
with 3-4 samples analysed for each experimental group. TwoAMGNVA was used

for analysis of variance with Bonferroni post-tests to compseveen groups.



Numerical and graphical results are displayed as mean =+ asthrdkviation.

Significance was accepted at a levepaf 0.05.

Results

There were no statistical differences in the DNA content lerivthe FS and DC
groups at any time point; or between core and annular regions withigranp of
constructs (Fig. 1A).

The GAG content was significantly higher after both 14 and 42idaydture
compared to the corresponding samples on day 0 (Fig. 1B). No ddéeveas found
between the FS and DC groups for annulus and core respectively bt.ddowever
at day 42, both annulus (1.0920.09 %w/w vs. 0.59+0.08 %w/w) and core @15+0.
%w/w vs. 0.94+0.03 %w/w) regions for FS constructs were fsogmnitly greater
(p<0.001) than DC constructs. GAG content in the core region of altrachgroups
was significantly greater than that in the annulus (Fig. 1B)aGen content was also
higher in FS constructs compared to DC constructs at dayigl21(F).

Staining of construct sections with alcian blue for sulphated prot=ogl
revealed a steady accretion of positive staining for both F®&ndonditions (Fig.
2). At both days 14 and 42 the FS constructs exhibited more intenteepstining
for GAG than the DC constructs. Similar trends were sedmeiPicro-sirius staining
for collagen (data not shown). This staining corresponded to biochkerasults, with
a less intense staining around the periphery of the constructcdllagen type I
immunohistochemistry (Fig. 2) provides evidence of chondrogenic diffatieon,
again showing stronger staining away from the construct edge DTh constructs

exhibit a more homogeneous spatial staining in each casenth&i$tconstructs.



The equilibrium and dynamic mechanical properties were depeodeithe
in culture <0.001) and mechanical stimulatiop<(Q.001) (Fig.3). However,
significant differences between FS and DC were only seeayafl?l £<0.001); the
equilibrium modulus of day 42 FS constructs reached 49.91+0.6 kPa campare
24.4+1.5 kPa for the DC constructs. The 1 Hz dynamic modulus folloveahikar
trend with day 42 FS constructs reaching 230.7+3.4 kPa compared 4&4.11kPa
for the DC constructs. Notably, the mechanical properties@fcbnstructs did not

increase between day 14 and 42.

Discussion

Whether injected directlyin-vivo, or cultured ex-vivo on scaffolds prior to
implantation, understanding the response of MSCs to physical faraafscritical
importance when developing cell based therapies for cartigggar. Our hypothesis
was that intermittent dynamic compression applied daily to M8@garose culture
in a chemically defined medium supplemented with Tg3Fwould enhance
chondrogenesis, resulting in the formation of a more functicerdilaginous tissue.
No evidence was found to support this hypothesis. Rather dynamic csinpre
loading was observed to inhibit chondrogenesis of MSCs in the peesERGF3.
There are a number of factors that could explain the observedsreSuit
initial hypothesis was based on the observation that dynamic caiverésading of
chondrocytes in agarose culture stimulates cartilage spegfie expression and
protein synthesis [20; 23]. In this study, dynamic compressiverigadas applied
shortly after the MSCs had been exposed to chondrogenic growth fa&taiss
early stage in the differentiation process, it is perhaps nptisimg that MSCs do not

respond to biophysical stimulation in a similar manner to fullfed#htiated articular



chondrocytes. Mouw et al. [27] observed that the response of bonewrgerived

MSCs in agarose culture to dynamic compression varied during teegsr of
chondrogenesis, with dynamic compression only enhancing chondrogeneswnipll
16 days of pre-culture in free swelling conditions in the presehd GF1. It was

suggested that the developing pericellular and extracelld#ixyimay be regulating
mechano-stimulation of MSCs undergoing chondrogenesis. Cartilagi synthesis
by articular chondrocytes in dynamically compressed agarosesggteater at later
time points than earlier time points [20], implying that alwlelveloped matrix may
be required for the transduction of mechanical compression touacddlosynthetic
response.

Another possible explanation is that the type, magnitude, frequency or
duration of the applied mechanical stimulus in this study (unconfine@ression at
10% strain at 0.5Hz for 1 hour/day) inhibits chondrogenesis of MSCsagpiEation
of this loading protocol produces a complex mechanical environment whRin
agarose hydrogel, with magnitudes of deformation, hydrostatesyre and fluid
velocities that vary spatially and temporally. Theoretioaldels have suggested that
the mechanical environment can regulate the differentiatiamvaat of MSCs [33;
34], and it is possible that excessive levels of deformatidiuidrflow in the agarose
hydrogel, particularly in the absence of a fully developed pé&iiael matrix to
regulate mechano-transduction, could be promoting the formation ofor@ m
fibroblastic phenotype. Immunohistochemical analysis also rede¢hée presence of
type | collagen in both FS and DC constructs (data not shown). Coonsarié
different bioreactor systems for cartilage tissue engingesuggest that fluid flow
plays a role in regulating chondrogenesis [35]. Chondrocyte diffatemtihas also

been shown to be modulated by the frequency and duration of cyclic cowvgpress
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loading [36]. Altering parameters of the dynamic compressiodingaprotocol such
as the strain magnitude and frequency would allow this hypotleebs investigated
further.

These factors do not explain the results of similar studlesre mechanical
loading in the absence of TGQF-enhances chondrogenesis [24-26], even when
applied shortly after agarose encapsulation. This would suggest thate complex
interplay exists between the biophysical and biochemical envenohin regulating
chondrogenesis of MSCs, leading to the inhibition of cartikggesific matrix
production observed in this study. There are many potential in@rathat need to
be considered. In free swelling cultures, it was observeddtedtGAG synthesis was
greater in the core compared to the annulus of the agarose &lgd(By. 1). This
may be partially explained by diffusion of GAGs from the annuluthefconstruct
into the surrounding media. Anther explanation may be diffusion o= or cell
consumption at the periphery of the hydrogel producing a radialegtath the
molecules responsible for regulating chondrogenesis. For example,r lowe
concentrations of TGB3 or oxygen towards the core may be promoting
chondrogenesis. If this is the case, the enhanced transporbrecehtration of these
molecules due to dynamic compression [37] may explain the inhibitibn
chondrogenesis in this study. For example, hypoxia has been shown to ggromot
chondrogenesis of MSCs in the presence of chondrogenic growth f§88}rs
however it has also been shown that diffusional limitations in oxygygply can
result in more anaerobic conditions resulting in markedly redwated n the growth
of chondrocyte seeded polymer scaffolds [39]. The biosynthetic respboagilage
explants to TGH treatment has been shown to be dose dependant, reaching

saturation at 10ng/ml [40]. Chondrogenic differentiation of MSCs waldd appear
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to depend on the dose of T@F-with 5ng/ml of TGFB1 reported as optimal in
monolayer culture [41]. In pellet culture it has been reportedathea concentration of
1ng/ml of TGFB1, chondrogenesis is limited to the outer third of the cell agtgeg
with more homogenous chondrogenesis at 10ng/ml [11]. In addition, stipmutzt
the TGF$ signalling pathway could modulate mechano-transduction, or aliertyat
mechanical stimulation may modulate T@Fsignalling [27]. Interestingly, dynamic
compressive loading of chondrocyte seeded agarose hydrogels ajmpimdrently
with exposure to 10 ng/ml of TGE3 has also been shown to inhibit GAG synthesis
[42]. In the same study [42], deformational loading initiatedr aftéturing for two
weeks in the presence of T@B-yielded significantly stiffer constructs than free—
swelling controls. Adopting a similar loading protocol with MSCs ugdiag
chondrogenesis may produce a more anabolic response to dynamic tefaima
loading. The results of these studies have important immlicatior post-operative
rehabilitation regimes following cell-based therapies to repaitilage, and for
designing scaffolds to control the biochemical and biophysical enviminohé1SCs

following implantation.
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FigureLegends

Fig. 1. Biochemical composition of both core and annular regions for FS and DC
groups; (A): DNA content (ng DNA/mg construct w/w), (B): GAgntent (%
construct w/w), (C): Collagen content (% construct w/wp<G.05, **p<0.01,
*** n<0.001. ! indicates significant difference (p<0.001) between FS @R6d

constructs (both core and annulus).

Fig. 2. Representative alcian blue staining (top) and collagen type Il
immunohistochemistry (bottom) at day O and day 42 for both FS andobS€iract

groups. Scale bar: 1 mm.

Fig. 3. Equilibrium compressive modulus (left) and 1 Hz dynamic modulubtrajf

both FS and DC groups at each time pointp2®.001.
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Figure 1
Click here to download high resolution image
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Figure 2
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