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Original Article

Dynamic Compression Stimulates Proteoglycan Synthesis
by Mesenchymal Stem Cells in the Absence

of Chondrogenic Cytokines

John D. Kisiday, Ph.D.,1,2 David D. Frisbie, D.V.M., Ph.D.,1

C. Wayne McIlwraith, B.V.Sc., Ph.D., D.Sc.,1 and Alan J. Grodzinsky, Sc.D.2–5

The objective of this study was to evaluate the effect of dynamic compression on mesenchymal stem cell (MSC)
chondrogenesis. Dynamic compression was applied to agarose hydrogels seeded with bone marrow-derived
adult equine MSCs. In the absence of the chondrogenic cytokine transforming growth factor beta (TGFb), dy-
namic compression applied for 12 h per day led to significantly greater proteoglycan synthesis than in unloaded
TGFb-free cultures, although at a rate that was approximately 20% to 35% of unloaded TGFb cultures. These data
suggest that the emergence of aggrecan dominated a chondrogenic response to loading as increases in proteo-
glycan synthesis. Cross-sectional analyses were conducted to subjectively identify potential spatial distributions
of heterogeneous differentiation. In loaded samples, cell viability and metachromatic staining was low near the
porous compression platen interface but increased with depth, reaching levels in the lower portion of the hy-
drogel that resembled unloaded TGFb cultures. These results suggest that the combination of high hydrostatic
pressure and low dynamic strain and fluid flow had a stronger effect on chondrogenesis than did low hydrostatic
pressure coupled with high dynamic strain and fluid flow. Next, the 12-h per day loading protocol was applied in
the presence of TGFb. Biosynthesis in loaded cultures was less than in unloaded TGFb samples. Taken together,
these data suggest that the duration of loading necessary to stimulate mechanoinduction of MSCs may not be
optimal for neo-tissue accumulation in the presence of chondrogenic cytokines.

Introduction

The field of regenerative medicine encompasses novel
therapies that seek to regrow damaged tissues that do

not spontaneously heal. One approach is to populate the
damaged area with cells isolated from biopsied autologous
tissue that can stimulate a repair response. Such cell-based
therapies have received considerable attention for the repair
of articular cartilage,1–3 a tissue that has limited repair ca-
pacity because of the lack of vascularity and low cell density.
Recently, bone marrow–derived mesenchymal stem cells
(MSCs) have received extensive consideration as a cell type
for cartilage repair.4,5 Laboratory experiments have demon-
strated cytokine-induced MSC chondrogenesis in the pres-
ence of members of the transforming growth factor beta
(TGFb) superfamily.6–8 In addition to gene expression and
qualitative protein assessment of chondrogenesis, quantita-
tive extracellular matrix (ECM) synthesis studies have dem-

onstrate that MSCs are capable of synthesizing neo-tissue on
the order of that reported for chondrocyte cultures.9–11 Such
laboratory studies have fostered enthusiasm that MSCs may
be capable of regenerating a biologically and mechanically
functional neo-cartilage in vivo.

Although the ability of MSCs to undergo chondrogenesis
has been well characterized, translation to a clinical repair
strategy has not been realized. It has been proposed that cell-
based therapies will encounter restrictions on ex vivo
manipulation because of economic factors associated with
engineering a repair tissue.12 These considerations increase
the likelihood that therapies will be centered on minimally
manipulated cell systems, such as joint injections,13 or seed-
ing of scaffolds within defect sites.14 In these cases, the joint
environment will have a significant influence on MSC dif-
ferentiation and ECM synthesis.

Chondrocytes are sensitive to mechanical loading that is
associated with joint functioning.15 These findings suggest
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that loading may affect MSC chondrogenesis in vivo. Con-
sequently, laboratory studies have begun to investigate the
influence of mechanical loading by culturing MSCs in biore-
actors that mimic certain aspects of joint loading. The majority
of studies have focused on dynamic compression or dynamic
hydrostatic pressure to approximate physiological tissue
strains and pressures that can occur with joint usage. One
approach has been to apply mechanical loading in the pres-
ence of TGFb, a frequently used cytokine for inducing MSC
chondrogenesis.6 Dynamic compression protocols based on
physiological parameters of cartilage strain15 have been found
to increase chondrocyte-like gene expression16–19 and stimu-
late the accumulation of cartilage-like ECM16,18,19 more than
in unloaded TGFb control cultures. However, a decrease in
chondrogenesis with dynamic compression has also been
reported.20 Dynamic hydrostatic loading, on the order of
what occurs during routine joint functioning,21 has been
proven to upregulate chondrogenic gene expression22,23 and
cartilage-like protein synthesis22,24 in the presence of TGFb.
These studies demonstrated that certain mechanical loading
protocols can have an additive effect on TGFb-mediated
chondrogenesis.

Laboratory studies have also evaluated load-induced
chondrogenesis in the absence of chondrogenic cyto-
kines.19,23,25–27 These experiments, conducted under condi-
tions in which cartilage-like differentiation was minimal at
best, represent the ability of loading to independently induce
MSC chondrogenesis from the undifferentiated state in
which the MSCs are culture-expanded. Dynamic compres-
sion19,25,26 and hydrostatic pressure23 have both been
found to stimulate gene expression markers of chondrogen-
esis more than unloaded TGFB-free culture conditions. Less
is known about the effect of loading on cartilage-like ECM
synthesis, an important outcome given that cartilage-like
gene expression may not directly correlate with protein
synthesis.9,28 In MSC-seeded agarose hydrogel, dynamic
compression applied over the first 5 days of a 28-day ex-
periment stimulated an approximate doubling in glycos-
aminoglycan (GAG) content by the end of the timecourse.27

Taken together, these studies demonstrate a positive effect of
loading on chondrogenesis of undifferentiated MSCs.

The cited results represent compelling examples of MSC
chondrogenesis in response to loading, especially in the
identification of cartilage-like gene expression. However,
these studies contain a high degree of variability, such as
differences in loading modality, parameters, and duration,
that does not allow for general conclusions to be drawn as to
the potential of mechanical loading to assist MSC-mediated
cartilage repair. In this study, our primary focus was the
effect of loading duration on dynamic compression-induced
ECM synthesis in the absence of chondrogenic cytokines.
Bone marrow–derived MSCs were isolated from adult
horses, an animal source that is used as a model for human
therapies.29 Culture-expanded MSCs were seeded into aga-
rose hydrogels and then subjected to two intermittent load-
ing protocols in the absence of chondrogenic cytokines. The
first protocol was based on an alternate-day duty cycle, de-
fined as 3 h of intermittent loading every other day, which
was previously found to stimulate chondrocyte biosynthe-
sis.30 For the second protocol, the duration of loading was
increased to 12 h each day to evaluate the effect of a more-
sustained mechanical input. In both cases, loading was

applied for nearly 3 weeks as a conservative evaluation of
chondrogenesis, because multiweek stimulation has been
shown to be necessary to maximize cartilage-like ECM syn-
thesis.23,31 In addition to quantitative measures of ECM syn-
thesis, cell viability and histological staining was conducted
to identify potential spatial distributions of heterogeneous
differentiation in the hydrogel. Finally, the 12-h-per-day
loading protocol was applied to MSC-seeded agarose in the
presence of TGFb for 15 days to explore potential synergistic
or antagonistic relationships between this dynamic com-
pression protocol and a chondrogenic cytokine.

Methods

Bone marrow harvest and MSC culture

Bone marrow was harvested from the ileum of healthy,
skeletally mature (2- to 5-year-old) mixed-breed horses eu-
thanized for reasons unrelated to this project. The nucleated
cells were separated from the red blood cells using centrifu-
gation, resuspended in low-glucose Dulbecco’s modified Ea-
gle medium (DMEM) containing 10% fetal bovine serum, and
seeded in tissue culture flasks at a concentration of 0.66�106

nucleated cells=cm2. Confluent MSC colonies developed over
10 to 12 days, at which point the cells were reseeded at 12�103

MSCs=cm2 and expanded in growth medium containing
1 ng=mL fibroblast growth factor-2.32 MSC cultures were
passaged at a split ratio of 1:3 twice before seeding in hydrogel
scaffolds.

Agarose hydrogel seeding and culture

Culture-expanded MSCs were encapsulated in 2% (w=v)
low-melting-temperature agarose (Invitrogen, Chicago, IL) at
a concentration of 10�106 cells=mL in a 3-mm-thick, 12-mm-
diameter plug geometry, as previously described.33 The MSC-
seeded hydrogels were cultured in high-glucose DMEM
supplemented with 1% insulin, transferrin, selenium (Sigma
Chemical, St. Louis, MO), 0.1 mM dexamethasone (Sigma
Chemical), and 37.5 mg=mL ascorbate-2-phosphate (Wako
Chemicals, Richmond, VA). Unloaded positive (TGFbþ) and
negative (TGFb�) controls of chondrogenesis were cultured
in the presence or absence of 10 ng=mL recombinant human
TGFb-1 (R&D Systems, Minneapolis, MN),6 respectively.
Dynamic compression was conducted in the absence or pres-
ence of 10 ng=mL TGFb. For each experiment, a single 12-mm
plug was cast, cultured, and analyzed for each condition.

Application of dynamic compression

Dynamic compression was applied using a specialized
loading chamber designed to allow for periods of fully un-
loaded, free-swelling culture interspersed with periods of
dynamic compression.30 For each experiment, one 12-mm
cell-seeded hydrogel disk was loaded in uniaxial unconfined
compression. Compression was applied using 13-mm-
diameter polyethylene porous platens (40% void, 120-mm
pore size) that were attached to the lid of the chamber
and aligned coaxially with each sample. In addition, the
lid contained a center-mounted spring aligned with a non-
culture well in the base such that the spring created an ap-
proximately 800-mm gap between the platens and samples
when the lid was unloaded. Displacement of the lid, and
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subsequent construct deformation, was controlled using an
incubator-housed loading apparatus.34 Experiments used a
sinusoidal dynamic compression protocol of 2.5% strain
amplitude superimposed on a 7.5% static offset strain at a
frequency of 0.3 Hz in displacement control; these loading
parameters are within the physiological range of moderate,
low-amplitude strain when applied to intact cartilage
explants.15 At the initiation of loading, these parameters
created maximum stress response of approximately 2 kPa.

For loading in the absence of TGFb, two dynamic com-
pression duty cycles were explored. The first protocol was
defined by 6-h cycles consisting of 45-min periods of com-
pression followed by 5 h and 15 min of free-swelling culture.
Each 6-h cycle was applied four times, followed by 24 h of
free-swelling culture such that loading was applied on alter-
nate days. In the second protocol, 45 min of dynamic com-
pression was followed by 45 min of free-swelling culture
throughout the loading period, resulting in 12 h of loading per
day. In the presence of TGFb, MSC-seeded agarose samples
were loaded using the second, 12-h=d dynamic compression
protocol.

Cellular biosynthesis of ECM macromolecules

Twenty-four hours before the termination of each experi-
ment, dynamic compression samples were removed from the
loading chamber. Ten- to 20-mg samples were cut from dy-
namic compression and unloaded cultures by sectioning
perpendicular to the circular face of the plugs. Each sample
was cut from the edge of the plug to approximately the mid-
point, creating a full-thickness cross-section coaxial to the
applied load. Samples were transferred to medium supple-
mented with 5mCi=mL 35S-sulfate and 10 mCi=mL 3H-proline
and then cultured for 24 h to measure the rate of synthesis of
sulfated proteoglycans and total protein, respectively.35 La-
beled samples were rinsed of free label and digested in
proteinase K (Roche)-Tris hydrochloric acid solution over-
night at 608C. From the digests, radiolabel incorporation and
the total accumulated sulfated GAG content (from the
DMMB dye binding assay)36 were measured. These data
were normalized to the wet weight of the samples.

Cell viability

A viable cell kit (Promega, Madison, WI) consisting of the
fluorescent dyes calcein and ethidium bromide were used to
identify viable and dead cells, respectively, by visual in-
spection. Full-thickness sections were subjectively evaluated
at the start and end of each culture.

Histological analysis

Samples were fixed in 10% neutral buffered formalin
overnight at 48C and then embedded in paraffin. Consis-
tent with the section technique for ECM synthesis and cell
viability assays, the hydrogels were embedded so that sec-
tioning produced a cross-section perpendicular to the
plug surfaces. Five-mm-thick sections were cut and spread
on charged slides (Fisher Scientific, Waltham, MA), de-
paraffinized, and then rehydrated before staining. Sections
were incubated in an aqueous, 0.04% toluidine blue O so-
lution (American Master*Tech Scientific, Lodi, CA) for 5 min,
then rinsed briefly in de-ionized water and left to air dry.

Statistical analysis

A mixed-model analysis of variance, with a fixed treat-
ment effect consisting of the dynamic compression group
and unloaded TGFb� or TGFbþ cultures, was analyzed
using Proc Glimmix (Version 9.1, SAS Institute, Inc., Cary,
NC). The donor horse was used as a random effect because
each data set was compiled from replicate experiments using
MSCs from separate animals. Individual comparisons were
made using the least square means procedure. In all evalu-
ations, p< 0.05 was considered significant.

Results

ECM synthesis in response to dynamic compression
in the absence of TGFb

Experiments conducted in the absence of TGFb were an-
alyzed after 21 days of culture.

Alternate day loading. ECM synthesis in response to
the alternate-day loading protocol was evaluated for MSCs
from two donor horses (data not shown). 3H-proline and 35S-
sulfate incorporation in dynamic compression cultures aver-
aged 2% and 14% more than unloaded TGFb- cultures,
respectively, whereas the average GAG accumulation in
loaded cultures was 67% of controls. Given the low levels of
biosynthesis in adult equine MSC cultures in the absence of
TGFb ,9 these effects of dynamic compression were consid-
ered negligible.

12 h=d loading. ECM synthesis was evaluated for MSCs
from three donor horses (Fig. 1). 3H-proline incorporation
was similar to that in TGFb� controls ( p¼ 0.09). 35S-sulfate
incorporation and GAG accumulation in dynamic compres-
sion cultures were 5.9 and 2.8 times as high, respectively,
as in TGFb� cultures ( p< 0.05). Biosynthesis in dynamic

FIG. 1. Extracellular matrix synthesis in response to dy-
namic compression in the absence of transforming growth
factor beta (TGFb) after 21 days of culture. Data for each
loading protocol were calculated from cultures established
from three donor animals. For each assay, significant dif-
ferences between conditions were denoted by the labels ‘a,’
‘b,’ and ‘c.’
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compression cultures was lower than in unloaded TGFbþ
cultures (Fig. 1). 3H-proline and 35S-sulfate incorporation in
dynamic compression samples were 20% of those of TGFbþ
samples ( p< 0.05), whereas GAG accumulation in loaded
cultures was 34% of that in TGFbþ samples ( p< 0.05).

MSC viability in unloaded cultures

MSC viability immediately after encapsulation in agarose
was greater than 95% for all cultures (data not shown). After
21 days of culture, subjectively significant cell death was
noted in TGFb� and TGFbþ hydrogels (data not shown).
The viable cell population appeared to be evenly distributed
across the hydrogel cross-section, with TGFbþ and TGFb�
cultures retaining approximately 50% and 25% viability, re-
spectively.

MSC viability and proteoglycan spatial deposition
profile in dynamic compression cultures
in the absence of TGFb

Cell viability and histological analyses were performed
for the three samples that were subjected to the second, 12-
h=d loading protocol. For these figures, only the calcein stain
is shown in the interest of clarity. However, ethidium bro-
mine staining verified that non-viable cells were present
throughout the samples, especially in areas of low viabil-
ity. In all cases, MSC viability and proteoglycan deposition
showed a heterogeneous spatial profile over the depth of the
plug coaxially to the applied compression. Figure 2 shows a
full-thickness cross-section from a sample that showed the
strongest gradient of metachromatic staining with depth.
Cell viability and metachromatic staining near the porous
platen interface was low and resembled the pattern observed
throughout unloaded TGFb� cultures (insets). Subjectively,
cell viability and metachromatic staining in loaded samples
increased with depth and reached levels in the lower portion
of the hydrogel (adjacent to the chamber base) that were
similar to those observed throughout TGFbþ cultures (in-
sets). A similar spatial pattern of cell viability and meta-
chromatic staining was observed for the two additional
cultures (Fig. 3). In these samples, the maximum viable cell
density and metachromatic staining was largely constrained
to the lower 500mm of the sample adjacent to the base.

ECM synthesis, MSC viability, and proteoglycan
spatial deposition profile in response to dynamic
compression in the presence of TGFb

Dynamic compression in the presence of TGFb was eval-
uated using the 12-h=d loading protocol. ECM synthesis,
viability, and toluidine blue staining was compared with
those in unloaded TGFbþ cultures for MSCs from three
donor horses after 15 days of culture. 3H-proline and 35S-
sulfate incorporation in dynamic compression cultures were
74% and 55%, respectively, of those of unloaded cultures
( p< 0.05, Fig. 4). Similarly, GAG accumulation in dynamic
compression cultures were 64% of those of unloaded samples
( p< 0.05, Fig. 4). Subjective assessment of cell viability did
not show a difference between dynamic compression and
unloaded cultures, with many viable cells evenly distributed
along the depth of each sample (data not shown). Toluidine
blue staining in dynamic compression cultures was homo-

geneously distributed as a function of depth, with a lower
intensity of staining than in unloaded control cultures (Fig. 5,
representative sections).

Discussion

In this study, the ability of dynamic compression to in-
duce chondrogenesis was evaluated based on ECM synthesis
assays that have previously been characterized for TGFb-
mediated chondrogenesis of equine MSCs in hydrogel cul-
ture.9 In the case of the alternate-day loading protocol, the
low volume of ECM synthesis and accumulation in loaded
cultures suggested a negligible effect of dynamic compres-
sion on chondrogenesis. Adjustment of the frequency of the
applied loading from alternate day to daily loading, applied
over 12 h=d, resulted in significantly greater proteoglycan
synthesis than in TGFb� cultures. These data suggest a
chondrogenic response to loading because the emergence of
aggrecan production,9 the major proteoglycan in cartilage,
probably dominates 35S-sulfate incorporation and GAG ac-
cumulation. Therefore, the duration of the application of
loading appeared to be a critical factor in stimulating pro-
teoglycan synthesis, as occurs during chondrogenesis.

Unlike the case of proteoglycan synthesis, the 12-hou=d
loading protocol did not significantly increase total protein
synthesis in the absence of TGFb. 3H-proline is a less-specific
marker of chondrogenesis in that it is incorporated into
several different collagen types, as well as many other pro-
teins. Thus, although the 3H-proline incorporation data alone
do not indicate a change in cartilage-like protein synthesis
with loading, quantification of a potential redistribution of
newly synthesized proteins, as previously observed for types
I and II collagen,37 would better illustrate potential changes
in cartilage-like protein accumulation,.

TGFbþ cultures were maintained as an example of MSC
chondrogenesis that results in a high rate of repair tissue
synthesis. Despite the stimulation of proteoglycan synthesis
in dynamic compression cultures, load-induced ECM syn-
thesis was less than that due to TGFb treatment. From these
data, the average GAG content for loading at 0.3 Hz was
approximately 34% of that of TGFbþ samples. In compari-
son, agarose hydrogels seeded with immature bovine MSC
cultures and subject to near-physiological dynamic com-
pression for the first 5 days of a 28-day period reported
GAG accumulation that was approximately 15% of that of
unloaded TGFbþ samples.27 These bulk data, averaged over
full-thickness samples, suggest that dynamic compression
may have only a modest overall additive effect on chon-
drogenesis with time in culture.

The stimulation of chondrogenesis in dynamic compres-
sion samples at a level that was inferior to that in TGFbþ
cultures suggests two potential interpretations. First, dy-
namic compression may have induced widespread differ-
entiation of a chondrocyte-like phenotype with a poorer
ability to synthesize ECM, or load-induced differentiation
may have occurred in only a subset of cells, which would
likewise result in an overall decrease in bulk ECM synthesis.
Similar to cartilage,38,39 agarose is a porous, hydrated scaf-
fold that responds in a non-homogeneous, time-dependent
manner to dynamic compression.40,41 In this study, the hy-
drogel dimensions (3-mm thick, 12-mm in diameter) and
porous platen design ensured that the mechanical environ-
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ment varied as a function of depth between the porous
platen and impermeable chamber base.38,39 Specifically,
zones near the porous platen would be expected to experi-
ence the highest fluid flow in response to the dynamic
loading, resulting in the greatest local dynamic strain. In
deeper zones, there would be relatively less fluid flow and
compressive strain but much higher levels of hydrostatic
pressure. Therefore, cross-sectional analysis was performed
to identify potential heterogeneous responses in these zones
of interest.

It is well established that MSC chondrogenesis over a
period of weeks leads to the accumulation of a proteoglycan-

rich ECM that can be identified using histological staining.6

Furthermore, it has been reported that MSC viability in hy-
drogel culture is better maintained in medium conditions
that promote chondrogenesis.18 Therefore, cell viability and

FIG. 4. Extracellular matrix synthesis in response to dy-
namic compression in the presence of TGFb after 15 days of
culture. Dynamic compression samples were loaded using
the 12-h=day protocol. Data were calculated from cultures
established from three donor animals. For each assay, sig-
nificant differences among conditions were denoted by the
labels ‘a’ and ‘b.’

FIG. 5. Proteoglycan deposition over full-thickness (3 mm)
sections of samples maintained in medium containing TGFb
(Day 15). Dynamic compression samples were loaded using
the 12-h=d protocol. Color images available online at
www.liebertonline.com=ten.

FIG. 2. Viable cell distribution and proteoglycan deposition
over full-thickness (3 mm) sections of samples loaded using
the 12-h=d protocol in the absence of TGFb (Day 21). Insets
show representative sections from unloaded TGFb�
and TGFbþ controls. Color images available online at www
.liebertonline.com=ten.

FIG. 3. Viable cell distribution and proteoglycan deposition
adjacent to the impermeable base after 21 days of the 12-h=d
loading protocol in the absence of TGFb. Color images
available online at www.liebertonline.com=ten.
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histological staining in loaded samples were evaluated as
an indication of a potential heterogeneous chondrogenic
response. In the three dynamic compression samples, the
zones near the chamber base contained the highest density of
viable cells, suggesting that chondrogenesis was preferen-
tially stimulated in deep zones of maximal hydrostatic
pressure. Histological analysis demonstrated that metachro-
matic staining closely resembled the patterns of cell viability,
further supporting the potential for heterogeneously dis-
tributed chondrogenesis. This metachromatic staining pat-
tern generally resembles that of articular cartilage,42 a
compositional profile that correlates with in vivo loading,43

although the modest level of proteoglycan accumulation
here would suggest that in vivo development was not repli-
cated. Although additional measures would be necessary to
fully characterize the extent of chondrogenesis as a function
of location in the hydrogel, including potential regional dif-
ferentiation into the zones of adult cartilage, these data
suggest that a heterogeneous response to loading was at least
partially responsible for the reduced ECM synthesis relative
to TGFbþ cultures and that zones of relatively high hydro-
static pressure and low dynamic strain and fluid flow had a
stronger effect on chondrogenesis than did low hydrostatic
pressure coupled with high dynamic strain and fluid flow.
These conclusions potentially support previous findings for
immature bovine MSCs, which showed that the highest load-
induced aggrecan gene expression coincided with maximal
hydrostatic pressure and dynamic strain and minimal fluid
flow.27

Although the functional assays in this study demonstrated
the net effect of dynamic compression protocols, complex
mechanical interactions may have contributed to the out-
comes. Specifically, the lack of observed chondrogenesis near
the platen surface in plugs loaded for 12 h=d was unlikely to
have occurred merely from an absence of mechanical stim-
ulation, as seen in unloaded TGFb� cultures. Instead, strain-
induced apoptosis,44 or the physical or enzymatic disruption
of secreted ECM, may have overcome any chondrogenic
mechanical factors present in these areas. Such details merit
future consideration for the optimization of dynamic com-
pression protocols for MSC chondrogenesis.

Based on the stimulatory effect of the 12-h=d loading in
the absence of TGFb, this protocol was tested in the presence
of TGFb to explore potential synergistic or antagonistic re-
lationships between the two stimuli. The decrease in ECM
synthesis and accumulation demonstrated an inhibitory ef-
fect of loading in TGFb. Although loading may have pre-
vented the induction of chondrogenesis of the initially
undifferentiated MSCs or simply decreased the metabolic
activities of the cells, the similar levels of cell viability be-
tween loaded and control cultures suggest that a reduction of
biosynthesis within the strongly chondrogenic cytokine en-
vironment was at least partially responsible for these data.
Taken together with the results from TGFb-free loading,
these data suggest that the mechanical factors necessary to
independently induce chondrogenesis may be detrimental to
differentiation and subsequent biosynthesis in the presence
of a chondrogenic cytokine, especially when loading is ap-
plied before the accumulation of ECM.18 Given that loading
for 12 h=d is higher than in previous studies that report en-
hanced chondrogenesis with loading in TGFb,16,18,19 it seems

possible that the duration of loading is an important factor,
as has been reported for chondrocyte cultures.30

In this study, we focused on the effect of dynamic com-
pression in the absence of chondrogenic cytokines in support
of treatment strategies targeting the implanting or injecting
of undifferentiated MSCs. Therefore, any mechanical load-
ing experienced by the cells would result from joint func-
tioning associated with movement or rehabilitation. The
finding that an extended duration of loading is necessary
to stimulate chondrogenesis may challenge the physical
abilities of the recipient, although given that compression-
induced hydrostatic pressure proves to be the major influ-
ence on MSC chondrogenesis, it is possible that therapeutic
pressures can be applied using passive means. Previously,
finite element analyses have predicted compression-induced
hydrostatic pressures of less than 1 kPa in agarose constructs
compressed using near-physiological deformation levels.25,27

Although this value is significantly less than that measured
in joints during normal activities, it is closer to the 0 to 3 kPa
reported for continuous passive motion.45 Therefore, it ap-
pears possible that dynamic compression of MSC-seeded
agarose may serve as a model for exploring the influence of
passive rehabilitation activities.

Acknowledgments

This work was supported by National Institute of Health
Bioengineering Research Partnerships grant EB003805
(MIT), College Research Council (CSU), and NIH Grant
AR33236.

Disclosure Statement

No competing financial interests exist.

References

1. Hunziker, E.B. Articular cartilage repair: basic science and
clinical progress. A review of the current status and pros-
pects. Osteoarthritis Cartilage 10, 432, 2002.

2. Tuan, R.S. Stemming cartilage degeneration: adult mesen-
chymal stem cells as a cell source for articular cartilage tissue
engineering. Arthritis Rheum 54, 3075, 2006.

3. Goldring, M.B, Goldring, S.R. Osteoarthritis. J Cell Physiol
213, 626, 2007.

4. Caplan, A.I. Review: mesenchymal stem cells: cell-based re-
constructive therapy in orthopedics. Tissue Eng 11, 1198, 2005.

5. Tuan, R.S., Boland, G., Tuli, R. Adult mesenchymal stem
cells and cell-based tissue engineering. Arthritis Res Ther 5,

32, 2003.
6. Johnstone, B., Hering, T.M., Caplan, A.I., Goldberg, V.M.,

Yoo, J.U. In vitro chondrogenesis of bone marrow-derived
mesenchymal progenitor cells. Exp Cell Res 238, 265, 1998.

7. Majumdar, M.K., Wang, E., Morris, E.A. BMP-2 and BMP-9
promotes chondrogenic differentiation of human multipo-
tential mesenchymal cells and overcomes the inhibitory ef-
fect of IL-1. J Cell Physiol 189, 275, 2001.

8. Palmer, G.D., Steinert, A., Pascher, A., Gouze, E., Gouze,
J.N., Betz, O., Johnstone, B., Evans, C.H., Ghivizzani, S.C.
Gene-induced chondrogenesis of primary mesenchymal
stem cells in vitro. Mol Ther 12, 219, 2005.

9. Kisiday, J.D., Kopesky, P.W., Evans, C.H., Grodzinsky, A.J.,
McIlwraith, C.W., Frisbie, D.D. Evaluation of adult equine

2822 KISIDAY ET AL.



bone marrow- and adipose-derived progenitor cell chon-
drogenesis in hydrogel cultures. J Orthop Res 26, 322, 2008.

10. Mauck, R.L., Yuan, X., Tuan, R.S. Chondrogenic differenti-
ation and functional maturation of bovine mesenchymal
stem cells in long-term agarose culture. Osteoarthritis Car-
tilage 14, 179, 2006.

11. Williams, C.G., Kim, T.K., Taboas, A., Malik, A., Manson, P.,
Elisseeff, J. In vitro chondrogenesis of bone marrow-derived
mesenchymal stem cells in a photopolymerizing hydrogel.
Tissue Eng 9, 679, 2003.

12. Evans, C.H., Palmer, G.D., Pascher, A., Porter, R., Kwong,
F.N., Gouze, E., et al. Facilitated endogenous repair: making
tissue engineering simple, practical, and economical. Tissue
Eng 13, 1987, 2007.

13. Murphy, J.M., Fink, D.J., Hunziker, E.B., Barry, F.P. Stem cell
therapy in a caprine model of osteoarthritis. Arthritis Rheum
48, 3464, 2003.

14. Sharma, B., Williams, C.G., Khan, M., Manson, P., Elisseeff,
J.H. In vivo chondrogenesis of mesenchymal stem cells in a
photopolymerized hydrogel. Plast Reconstr Surg 119, 112,
2007.

15. Grodzinsky, A.J., Levenston, M.E., Jin, M., Frank, E.H.
Cartilage tissue remodeling in response to mechanical for-
ces. Annu Rev Biomed Eng 2, 691, 2000.

16. Angele, P., Schumann, D., Angele, M., Kinner, B., Englert,
C., Hente, R., et al. Cyclic, mechanical compression enhances
chondrogenesis of mesenchymal progenitor cells in tissue
engineering scaffolds. Biorheology 41, 335, 2004.

17. Campbell, J.J., Lee, D.A., Bader, D.L. Dynamic compressive
strain influences chondrogenic gene expression in human
mesenchymal stem cells. Biorheology 43, 455, 2006.

18. Mouw, J.K., Connelly, J.T., Wilson, C.G., Michael, K.E.,
Levenston, M.E. Dynamic compression regulates the ex-
pression and synthesis of chondrocyte-specific matrix mole-
cules in bone marrow stromal cells. Stem Cells 25, 655, 2007.

19. Terraciano, V., Hwang, N., Moroni, L., Park, H.B., Zhang, Z.,
Mizrahi, J., et al. Differential response of adult and embry-
onic mesenchymal progenitor cells to mechanical compres-
sion in hydrogels. Stem Cells 25, 2730, 2007.

20. Thorpe, S.D., Buckley, C.T., Vinardell, T., O’Brien, F.J.,
Campbell, V.A., Kelly, D.J. Dynamic compression can inhibit
chondrogenesis of mesenchymal stem cells. Biochem Bio-
phys Res Commun 377, 458, 2008.

21. Hodge, W.A., Fijan, R.S., Carlson, K.L., Burgess, R.G., Harris,
W.H., Mann, R.W. Contact pressures in the human hip joint
measured in vivo. Proc Natl Acad Sci U S A 83, 2879, 1986.

22. Miyanishi, K., Trindade, M.C., Lindsey, D.P., Beaupre, G.S.,
Carter, D.R., Goodman, S.B., et al. Dose- and time-dependent
effects of cyclic hydrostatic pressure on transforming growth
factor-beta3-induced chondrogenesis by adult human mes-
enchymal stem cells in vitro. Tissue Eng 12, 2253, 2006.

23. Miyanishi, K., Trindade, M.C., Lindsey, D.P., Beaupre, G.S.,
Carter, D.R., Goodman, S.B., et al. Effects of hydrostatic
pressure and transforming growth factor-beta 3 on adult
human mesenchymal stem cell chondrogenesis in vitro. Tis-
sue Eng 12, 1419, 2006.

24. Angele, P., Yoo, J.U., Smith, C., Mansour, J., Jepsen, K.J.,
Nerlich, M., et al. Cyclic hydrostatic pressure enhances the
chondrogenic phenotype of human mesenchymal progenitor
cells differentiated in vitro. J Orthop Res 21, 451, 2003.

25. Huang, C.Y., Hagar, K.L., Frost, L.E., Sun, Y., Cheung, H.S.
Effects of cyclic compressive loading on chondrogenesis of
rabbit bone-marrow derived mesenchymal stem cells. Stem
Cells 22, 313, 2004.

26. Huang, C.Y., Reuben, P.M., Cheung, H.S. Temporal ex-
pression patterns and corresponding protein inductions of
early responsive genes in rabbit bone marrow-derived
mesenchymal stem cells under cyclic compressive loading.
Stem Cells 23, 1113, 2005.

27. Mauck, R.L., Byers, B.A., Yuan, X., Tuan, R.S. Regulation of
cartilaginous ECM gene transcription by chondrocytes and
MSCs in 3D culture in response to dynamic loading. Bio-
mech Model Mechanobiol 6, 113, 2007.

28. Mwale, F., Stachura, D., Roughley, P., Antoniou, J. Limita-
tions of using aggrecan and type X collagen as markers of
chondrogenesis in mesenchymal stem cell differentiation.
J Orthop Res. 2006.

29. Frisbie, D.D., Ghivizzani, S.C., Robbins, P.D., Evans, C.H.,
McIlwraith, C.W. Treatment of experimental equine osteo-
arthritis by in vivo delivery of the equine interleukin-1 re-
ceptor antagonist gene. Gene Ther 9, 12, 2002.

30. Kisiday, J.D., Jin, M., DiMicco, M.A., Kurz, B., Grodzinsky,
A.J. Effects of dynamic compressive loading on chondrocyte
biosynthesis in self-assembling peptide scaffolds. J Biomech
37, 595, 2004.

31. Mehlhorn, A.T., Schmal, H., Kaiser, S., Lepski, G., Finken-
zeller, G., Stark, G.B., et al. Mesenchymal stem cells main-
tain TGF-beta-mediated chondrogenic phenotype in alginate
bead culture. Tissue Eng 12, 1393, 2006.

32. Solchaga, L.A., Penick, K., Porter, J.D., Goldberg, V.M., Ca-
plan, A.I., Welter, J.F. FGF-2 enhances the mitotic and chon-
drogenic potentials of human adult bone marrow-derived
mesenchymal stem cells. J Cell Physiol 203, 398, 2005.

33. Kisiday, J., Jin, M., Kurz, B., Hung, H., Semino, C., Zhang, S.,
et al. Self-assembling peptide hydrogel fosters chondrocyte
extracellular matrix production and cell division: implica-
tions for cartilage tissue repair. Proc Natl Acad Sci U S A 99,

9996, 2002.
34. Frank, E.H., Jin, M., Loening, A.M., Levenston, M.E.,

Grodzinsky, A.J. A versatile shear and compression appa-
ratus for mechanical stimulation of tissue culture explants.
J Biomech 33, 1523, 2000.

35. Hascall, V.C., Handley, C.J., McQuillan, D.J., Hascall, G.K.,
Robinson, H.C., Lowther, D.A. The effect of serum on bio-
synthesis of proteoglycans by bovine articular cartilage in
culture. Arch Biochem Biophys 224, 206, 1983.

36. Sah, R.L., Kim, Y.J., Doong, J.Y., Grodzinsky, A.J., Plaas,
A.H., Sandy, J.D. Biosynthetic response of cartilage explants
to dynamic compression. J Orthop Res 7, 619, 1989.

37. Barry, F., Boynton, R.E., Liu, B., Murphy, J.M. Chondrogenic
differentiation of mesenchymal stem cells from bone mar-
row: differentiation-dependent gene expression of matrix
components. Exp Cell Res 268, 189, 2001.

38. Frank, E.H., Grodzinsky, A.J. Cartilage electromechanics—
II. A continuum model of cartilage electrokinetics and cor-
relation with experiments. J Biomech 20, 629, 1987.

39. Mow, V.C., Kuei, S.C., Lai, W.M., Armstrong, C.G. Biphasic
creep and stress relaxation of articular cartilage in com-
pression? Theory and experiments. J Biomech Eng 102, 73,
1980.

40. Buschmann, M.D., Gluzband, Y.A., Grodzinsky, A.J., Ki-
mura, J.H., Hunziker, E.B. Chondrocytes in agarose culture
synthesize a mechanically functional extracellular matrix.
J Orthop Res 10, 745, 1992.

41. Gu, W.Y., Yao, H., Huang, C.Y., Cheung, H.S. New insight
into deformation-dependent hydraulic permeability of gels
and cartilage, and dynamic behavior of agarose gels in
confined compression. J Biomech 36, 593, 2003.

MSC BIOSYNTHESIS IN RESPONSE TO DYNAMIC COMPRESSION 2823



42. Mankin, H.R.E. Structure and Function of Joints, 9th Ed.
Philadelphia: Lea and Febiger, 1979.

43. Wong, M., Carter, D.R. Articular cartilage functional histo-
morphology and mechanobiology: a research perspective.
Bone 33, 1, 2003.

44. Kearney, E.M., Prendergast, P.J., Campbell, V.A. Mechan-
isms of strain-mediated mesenchymal stem cell apoptosis.
J Biomech Eng. 130:061004. 2008.

45. Pedowitz, R.A., Gershuni, D.H., Crenshaw, A.G., Petras, S.L.,
Danzig, L.A., Hargens, A.R. Intraarticular pressure during
continuous passive motion of the human knee. J Orthop Res
7, 530, 1989.

Address correspondence to:
John Kisiday, Ph.D.

Orthopaedic Research Center, CSU
300 W. Drake Road

Fort Collins, CO 80523

E-mail: john.kisiday@colostate.edu

Received: June 24, 2008
Accepted: February 18, 2009

Online Publication Date: April 29, 2009

2824 KISIDAY ET AL.



This article has been cited by:

1. Stephen D. Thorpe, Conor T. Buckley, Tatiana Vinardell, Fergal J. O’Brien, Veronica A. Campbell, Daniel J. Kelly. 2010. The
Response of Bone Marrow-Derived Mesenchymal Stem Cells to Dynamic Compression Following TGF-β3 Induced Chondrogenic
Differentiation. Annals of Biomedical Engineering 38:9, 2896-2909. [CrossRef]

2. Ágústa T. Vigfúsdóttir, Chetan Pasrija, Pratiksha I. Thakore, Ryan B. Schmidt, Adam H. Hsieh. 2010. Role of Pericellular Matrix
in Mesenchymal Stem Cell Deformation during Chondrogenic Differentiation. Cellular and Molecular Bioengineering . [CrossRef]

3. John T. Connelly , Eric J. Vanderploeg , Janna K. Mouw , Christopher G. Wilson , Marc E. Levenston . 2010. Tensile Loading
Modulates Bone Marrow Stromal Cell Differentiation and the Development of Engineered Fibrocartilage ConstructsTensile
Loading Modulates Bone Marrow Stromal Cell Differentiation and the Development of Engineered Fibrocartilage Constructs.
Tissue Engineering Part A 16:6, 1913-1923. [Abstract] [Full Text] [PDF] [PDF Plus]

4. Daniel J. Kelly, Christopher R. Jacobs. 2010. The role of mechanical signals in regulating chondrogenesis and osteogenesis of
mesenchymal stem cells. Birth Defects Research Part C: Embryo Today: Reviews 90:1, 75-85. [CrossRef]

5. John D. Kisiday, Christina M. Lee, C. Wayne McIlwraith, David D. Frisbie. 2010. Induction of bone marrow mesenchymal stem
cell chondrogenesis following short-term suspension culture. Journal of Orthopaedic Research n/a-n/a. [CrossRef]

http://dx.doi.org/10.1007/s10439-010-0059-6
http://dx.doi.org/10.1007/s12195-010-0135-x
http://dx.doi.org/10.1089/ten.tea.2009.0561
http://www.liebertonline.com/doi/full/10.1089/ten.tea.2009.0561
http://www.liebertonline.com/doi/pdf/10.1089/ten.tea.2009.0561
http://www.liebertonline.com/doi/pdfplus/10.1089/ten.tea.2009.0561
http://dx.doi.org/10.1002/bdrc.20173
http://dx.doi.org/10.1002/jor.21200

