
CHONDROCYTE RESPONSE TO TENSILE AND
COMPRESSIVE CYCLIC LOADING MODALITIES

Srinath Kamineni

Elbow Shoulder Research Centre
Department of Orthopaedics and Sports, Kentucky Clinic
740 South Limestone Lexington, Kentucky 40502, USA

srinathkamineni@gmail.com

Zubair Wani

Faculty of Life Sciences, Stopford Building
Oxford Road Manchester, M13 9PL

zubair.wani13@gmail.com

Zong-Ping Luo

Department of Orthopedic Surgery, The First Affiliated Hospital
Soochow University, Suzhou, Jiangsu, 215007, China

zongping_luo@yahoo.com

Yoshida Ruriko

Assistant Professor in the Department of Statistics
University of Kentucky, 805A Patterson Office Tower Lexington, KY 40506-0027

Ruriko.yoshida@uky.edu

Kai-Nan An

Biomechanics Laboratory, Division of Orthopedic Research
Mayo Clinic, Rochester, Minnesota 55905 USA

An.kainan@mayo.edu

Received 14 November 2011
Accepted 12 March 2012
Published 9 May 2012

Correspondence to: Srinath Kamineni Department of Orthopaedics and Sports, Kentucky Clinic, 740 South Limestone,
Lexington, Kentucky 40502, USA.

Journal of Musculoskeletal Research, Vol. 15, No. 1 (2012) 1250006 (9 pages)
© World Scientific Publishing Company
DOI: 10.1142/S0218957712500066

1250006-1

J.
 M

us
cu

lo
sk

el
et

. R
es

. 2
01

2.
15

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.w

or
ld

sc
ie

nt
if

ic
.c

om
by

 U
N

IV
E

R
SI

T
Y

 O
F 

K
E

N
T

U
C

K
Y

 L
IB

R
A

R
IE

S 
on

 1
0/

03
/1

2.
 F

or
 p

er
so

na
l u

se
 o

nl
y.

http://dx.doi.org/10.1142/S0218957712500066


ABSTRACT
There is very little data addressing cartilage response to tensile forces, and no literature attempts to
correlate compressive with tensile modalities. Our hypothesis was that the cyclic compression and
tension modulate chondrocyte matrix proteoglycan synthetic response differently. Porcine chon-
drocytes cultured to confluence on a flexible membrane were subjected to cyclic compression (Group
A: 13KPa at 1Hz) or tension (Group C: 10% strain at 1Hz) for 16 or 32 h; while controls not subjected
to any force were kept (Group B). The chondrocytes were then stained with alcian blue and stained
areas quantified with confocal microscopy and image processing software. Two-factor ANOVA with
post-hoc tests (Scheffe and Bonferroni) statistical analysis were used. Proteoglycan staining covered
46% (range 28%�61%) and 39% (range 26%�49%) of the surface area following 32 and 16 h of
compression respectively, 23% (range 15%�49%) for control, and 19% (range 10%�29%) and 16%
(range 9%�25%) following 16 and 32 h tension respectively. Proteoglycan content following all
compressions was significantly greater than with cyclic tension or control ðp < 0:0001Þ. Our data
demonstrate that chondrocytes cultured in vitro respond to compression distinctly different from
tension and that it is highly sensitive to mechanical loading, with rapid adaptation to its mechanical
environment. These results imply that cartilage grown in culture, with the intention of transplantation,
may structurally benefit from an environment of cyclic loading at higher frequencies.

Keywords: Porcine cartilage; Cyclic loading; Synthetic response.

INTRODUCTION

One function of articular cartilage is to withstand
and distribute mechanical loads in diarthrodial
joints, and its structure is uniquely designed for
this purpose. Articular cartilage is a heterogenous
tissue consisting of a large volume of extracellular
matrix, predominantly consistent of proteoglycan
and collagen, with a sparsely interspersed
population of specialized cells, the chondrocytes.
Human articular cartilage is known to undergo
numerous sequential structural and compo-
sitional changes during its natural history.19 Os-
teoarthritis is the result of one such sequence of
changes that appears to culminate in a dysfunc-
tional joint that causes significant morbidity.
Although the cause of osteoarthritis is not fully
understood, a greater understanding of its effect
on cartilage is emerging. One such effect of the
osteoarthritic process is that the cartilage struc-
ture, mainly due to the extra-cellular matrix
component, is less able to resist mechanical for-
ces. This change in behavior has been character-
ized as decreases in stiffness or modulus of

elasticity of the osteoarthritic cartilage under
these loading conditions, and a propensity to lose
its morphological integrity and for its cells to
become swollen.15 The relative importance of
these different loading modalities in the genesis
and propagation of the pathological process is
unclear. However, normal, non-arthritic, articular
cartilage experiences the same forces of similar
magnitudes yet its structure allows normal
function to continue.

Thus far, the vast majority of investigations
have focused on compressive mechanisms, either
static or dynamic, because of the dominant
compressive loading in the physiological articu-
lar joints at the gross level.6,7,11,16,18 However, it is
arguable that at the cellular level, due to non-
homogeneity and anisotropy of cartilage matrix,
embedded chondrocytes are likely to be loaded
by compression in one direction while by tension
in another direction. Compression and tension
may have profound differences in regulating the
metabolic activity of chondrocytes. To date, scant
data have been reported addressing cartilage
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response to tensile forces,6,7,12 and no reports
attempt to correlate the two loading modalities,
within the same experiment.

The purpose of this study was to examine
whether or not the cartilage matrix and chon-
drocytes are regulated differently by compression
and tension. Our hypothesis was that cyclic com-
pression and tension would result in a different
chondrocyte response in the downstream syn-
thesis of matrix proteoglycan, a major extracellu-
lar matrix molecule in resisting compression.

MATERIALS AND METHODS

Porcine chondrocytes were harvested under
sterile conditions from the patellofemoral joints of
six 3-month-old piglets. The cartilage was sharply
separated from the underlying femoral condyle,
and divided into 1mm3 blocks, which were
rinsed three times in refrigerated calcium mag-
nesium free saline (CMFS) solution. The cartilage
was then immersed in a collagenase II-trypsin in
EDTA solution (2mg/ml collagenase II [Sigma
Chemical] and 2mg/ml trypsin [Gibco BRL,
Grand Island, NY, USA]), diluted into a calcium
magnesium free saline solution with added glu-
cose (CMFSG) for 1 h. The suspension was cen-
trifuged and the remaining pellet of cells and
cartilage was resuspended, for a final digestion
stage, in a solution of collagenase II (0.5mg/ml of
CMFSG) for 4 h. The suspension was constantly
and gently agitated by pipetting, until it became
cloudy. At this stage, the suspension was visu-
alized under light microscopy, to confirm that
a significant cell suspension was achieved.
The solution volume was doubled by adding
50ml of Dulbecco’s Modified Eagle’s Medium
(DMEM�BioWhittaker, Wlakersville, Maryland),
in order to reduce the enzymatic reaction, and the
solution was centrifuged for 10 minutes at 1000
revolutions per minute, at 5�C. The pellet of cells
deposited at the bottom of the centrifuge tube

was then resuspended in a culturemedium (DMEM
solution with high glucose and L-glutamine; 10%
Fetal Bovine Serum [FBS], 1% Fungizone
[Gibco BRL, Grand Island, NY, USA], Penicillin
100U/ml [Sigma St. Louis, MO], Streptomycin
100�g/ml [Sigma St. Louis, MO], and ascorbic
acid 30�g/ml [Sigma St. Louis, MO]), by gentle
pipetting. Cell density within the re-suspension
was measured with a hematocytometer and
4� 106 cells were placed onto each culture mem-
brane (Bioflex, Flexcell International Coporation).
The membranes were pronectin coated and had a
total growth surface area of 57.75 cm2. The total
volume of culturemediumon eachmembranewas
standardized to 5ml, and the suspension fluidwas
topped with a DMEM solution with added 10%
FBS, 1% Fungizone, 1% Penicillin, and 50�g
ascorbic acid.

The culture, following a single passage, was
undisturbed for 5 days in a 37�C incubator, at
which point there was microscopic evidence
demonstrating a significant proportion of cell
attachment to the underlying membrane, (> 50
cells per 100 times magnified viewing field). Pilot
studies with fluid change at times between one
and four days resulted in a vast majority of cells
removed with the elutant. Fluid was sub-
sequently changed three times each week with
that of the same composition described above.
Cells were allowed to grow until there was a
demonstrable monolayered cartilage sheet, as
viewed with light-microscopy, which took an
average of 12 weeks (range 10�14 weeks).
Samples of the multi-layered cell sheets were
stained with eosin and thickness measured with a
Zeiss Axiopan 100 fluorescent microscope. Once
a multi-layered sheet was achieved, testing and
staining were performed.

Testing in compression and tension was con-
ducted utilizing previously validated tech-
niques.14,17 Dynamic compression of the gas phase
above the fluid covering the cell sheet was applied
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as described by Saris et al.14 with a square wave-
form. The chondrocyte sheet was exposed to
dynamic pressurization contained in a rigid con-
tainer, at 1.3Kpa and at a rate of 1Hz square wave
form. Cyclic compression was conducted for 16 h,
or 32 h. Following testing the culture medium was
changed and the cartilage sheets of all test speci-
mens were left undisturbed for 16 h in a 37�C
incubator, prior to staining. Cyclic tensile testing
was conducted utilizing the experimental device
described by Stroetz et al.17 Pilot studies were
performed with well membrane tensile strains of
10%, 15%, and 25%. The former two strain con-
ditions resulted in higher than normal numbers of
detached/dead cells compared to equivalent con-
trol specimens, with the former also sustaining
observable areas of delamination from the under-
lyingmembrane. Only the 10% strain value, with a
square wave-form, allowed testing to be com-
pleted for 16 h and 32h without visible cell death
beyond that seen with control wells. Each strain
condition was repeated with three membranes
from the same animal, and from each animal.

Immediately prior to staining, the specimens
were rinsed twice with refrigerated PBS, fixed for
10minutes in Kahle fixative, and rinsed twicewith
refrigerated PBS. Each well was filled with 5ml of
filtered pH1 Alcian blue solution for 16 h. The
cultures were then rinsed with double distilled
water and allowed to air dry. Once fully dry the
samples were stored in a darkened chamber
(temperature 30�C), for between 8 and 16 h, until
thewhole specimen cohortwas ready to be viewed
under the microscope at the same occasion.

Microscopy of the specimens was performed
with an Axioplan 2 microscope (Carl Zeiss,
Oberkochen, Germany) at a magnification of 100
times. Images were captured with an AxioCam
digital camera (Carl Zeiss, Oberkochen, Germany)
and stained area measurements were performed
with a KS400 image analysis software (Carl Zeiss,
Oberkochen, Germany). Statisical analysis was

performed with a two factor ANOVA, which, if
significance was present, was followed by Scheffe
and Bonferroni post-hoc tests to detect differences
between the timing and loading conditions. The
person responsible for the strain application and
the person responsible for the subsequent staining
and area measurement were blinded to each
others’ work.

RESULTS

A mechanically confluent tissue was produced
in 12 weeks. The tissue thickness was constant
with little variation between different wells
and between different areas within each well,
90�m (�10%).

Control cell sheets produced distinct and con-
sistent areas stained for proteoglycan, in the form
of small islands stain (Fig. 1). Areas of stain
appeared to become more darkly stained, con-
fluent, and larger in area with compression, when
comparedwith the control specimens, and became
more lightly stained with tension. However this
was a qualitative observation and no statistical
significance was achieved for staining density.

The area of cell sheet that was covered by
staining was measured by a commercially avail-
able product. Alcian blue staining covered 46%
(range 28%�61%) of the membrane surface area
following 32 h of compression testing (Fig. 1),
with large tracts having become confluent.
Following 16 h of compression 39% (range 26%�
49%) of the surface area was covered with stain-
ing, which resembled islands, seen in the control
specimens, having become confluent into small
tracts of staining (Fig. 1). Control specimens had
an average of 23% (range 15%�49%) of the sur-
face area covered by stain (Fig. 1). 16 h of tension
resulted in an average of 19% (range 10%�29%)
(Fig. 1), and 32 h of tension resulted in an average
of 16% (range 9%�25%) of surface area staining
(Fig. 1). Proteoglycan content following cyclic
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compression, both 16 and 32 h, was statistically
significantly greater than with cyclic tension or
control ðp < 0:0001Þ. No statistically significant
increase was observed between the two time
periods in compression. The observation between
the two time intervals suggested that the islands
of staining enlarged and, in some cases, became

confluent in some areas. No statistical differences
were found between the control and tension
groups, although there was a visible decrease in
the staining density and the size of stained areas
between the control and tension groups and
between the two time periods of tension. These
results are summarized in Fig. 2.

Fig. 1 Upper left: Alcian blue staining after 32 h compression | 13KPa, 1Hz, square wave ð�100Þ; Upper right: Alcian blue
staining after 16 h compression | 13KPa, 1Hz, square wave ð�100Þ; Middle left: Alcian blue staining in control specimen
ð�100Þ, Middle right: Alcian blue staining after 16 h tension | 10%, 1Hz, square wave ð�100Þ; Lower left: Alcian blue staining
after 32 h tension | 10%, 1Hz, square wave ð�100Þ.

Chondrocyte response to Tensile and Compressive cyclic loading modalities
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DISCUSSION

Precise knowledge of the effects of an altered
biomechanical environment is needed to under-
stand the biological response of the chondrocytes.
In our study we measured the synthetic activity
of chondrocytes, experiencing either tensile or
compressive forces of similar order of magni-
tudes. This study demonstrates that cartilage
cultured in vitro responds to cyclic compression
distinctly differently from cyclic tension. Com-
pressive forces at a high frequency increased
while tensile forces did not change proteoglycan
synthesis as compared to controls. Differences in
experimental conditions, loading frequency, and
force magnitudes reported in different studies
makes a direct comparison of results difficult
from existent literature.1,3,6�9,11

Chondrocyte response to compressive
stimulus has been variously investigated in the
reported literature. Cyclic compression of chon-
drocytes of frequencies of 0.1Hz has been shown
to inhibit proteoglycan synthesis, whereas fre-
quencies of 0.01Hz increased the proteoglycan
synthesis.3 This finding is in marked contrast to
this current study in which we used an even
higher frequency of 1Hz, in a square wave-form
mode, which showed an increased proteoglycan
synthesis compared to control specimens. Since
we focused on the differences between tensile
and compressive loads, we did not test the

frequency dependence. However, our findings
agree with previous results that predict a time
dependent effect of compressive loading. A
shorter duration of static compressive force has
been associated with increased synthetic activity
of chondrocytes as opposed to longer periods of
compressive force, which has resulted in reduced
proteoglycan synthesis.1 This phenomenon has
been explained by an initial phase, in which
loading pressure dominates. With increasing
loading duration, fluid exudation from the cell
causes a transfer of the load to the solid com-
ponent of the cell resulting in increased cell
strains. In our experiment pressure presumably
did not lead to fluid exudation due to the high
frequency used, which may explain the increased
synthetic activity observed.1

High frequency cyclic tensile forces [30 cycles
per minute] have been shown to lead to an
increased proteoglycan destruction as opposed to
low frequency cyclic tension force [1 cycle/4min].6

These findings do not correlate with our results,
showing a proteoglycan content with both tensile
loading conditions that did not differ from the
controls statistically, although our visual obser-
vations tend to support these data. A clinical
correlate is that ageing19 and osteoarthritic carti-
lage5 lose the ability to remain avascular and also
lose proteoglycans and other glycosaminogly-
cans. In addition to a decrease in proteoglycan

Group Area of cell sheet covered by Alcian Blue stain (%)
Mean Range (lower limit) Range (upper limit)

32 hours
Compression

46 61

16 hours
Compression

39 49

Control 23 49

16 hours
Tension

19 29

32 hours
Tension

16 25

28

26

15

10

9

Fig. 2 Table summarizing the percentage cell sheet stained by Alcian blue stain measured in compressive, tensile and control
groups in the study.
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synthesis with tension, there appears to be a trend
towards decreasing synthetic activity with
increased duration of cyclic tensile loading.
However, this latter observation was not found to
be statistically significant but an observable trend
was present.

There are some limitations to our study. Due
to our experimental set-up we were restricted to
the use of compressive stresses of 1.3 kPa, which
do not correspond to the 5�10Mpa that have
been estimated for the lower limb joints (hip/
knee/ankle) during standing.10 However, in our
experiment we were looking at the effect of
changing the mechanical environment in terms of
tensile and compressive forces, as opposed to
attempting a direct physiological correlate. Fur-
thermore, 1.3 kPa of compression does not
markedly differ from previously published
studies.6 Tension was tested at a 10% strain due
to pilot data that showed that at this level of
strain, compared to 15% and 25%, the quantity of
cell death did not vary from that normally
observed in control specimens. A 25% strain was
also noted to cause focal areas of delamination
from the underlying membrane. Additionally,
10% tensile strain has been utilized and corro-
borated as a safe experimental testing value in
previous studies,6 although the tensile forces ex-
perienced in vivo have yet to be elucidated.

The majority of literature reports cartilage
models using rabbit chondrocytes, a smaller
biological system, the results of which are more
difficult to transfer to human cartilage. We elec-
ted to use porcine chondrocytes since they rep-
resent a biological system of cartilage more
relevant to humans. In addition, the current en-
vironment of donor shortages has lead to a
resurgent interest in xenografts, with porcine
grafts already in clinical use.20

Chondrocytes grown in monolayers have a
tendency for dedifferentiation and for the pro-
duction of abnormal matrix components, such as

Type I and Type III collagen,2 as is the case with
osteoarthritic cartilage in which types I and X
collagen are produced.5 However, this process of
dedifferentiation has been demonstrated in cells
grown following multiple passages at low den-
sities.2 We followed a single passage protocol that
has previously been demonstrated to produce a
proteoglycan and collagen density comparable to
that of replacement cartilage.4

Hence, in essence, this study does not attempt
to equate the changes in synthetic product, pro-
teoglycan, to physiological values of compression
or tension. We do, however, attempt to correlate
sub-physiological loads in compression and ten-
sion, of similar magnitudes, with a direct com-
parison between these loading modalities
possible with our results. Our findings have sig-
nificant clinical implications. Since cartilage
appears to have a high sensitivity to its mechan-
ical environment, subtle changes of this en-
vironment may alter the cartilage matrix
structure and function. Since poor proteoglycan
content has been considered detrimental to the
functional integrity of cartilage, cartilage degra-
dation and the possible formation of osteoar-
thritis may be the consequence of loading
patterns switching from compression to tension.
However, we recognize that pure applied forces,
in compression and tension, are likely to be
interpreted at the cellular level as a combination
of both forces. These subjects are currently under
investigation for further details.

The correlation between compressive and
tensile loading in proteoglycan synthesis of
chondrocytes supports the hypothesis that com-
pression and tension are two distinct stimuli
which can potentially modulate the chondrocyte
response independently. Although it was out of
the scope of our study to consider the question of
how cells sense and transduce mechanical sig-
nals, it is conceivable that changes in cell shape or
size due to mechanical loading initiate the

Chondrocyte response to Tensile and Compressive cyclic loading modalities
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production of intracellular second messengers,
either through stretch activated and/or stretch
inactivated ion channels, on the plasma mem-
brane.9,13 The findings of this study may help in
further studies of mechanical behavior and bio-
logical response of chondrocytes to compressive
and tensile loads. Furthermore, our results imply
that cartilage grown in culture, with the intention
of transplantation, may structurally benefit
from an environment of cyclic loading at higher
frequencies.
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