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Summary

Objective: Experimental findings have suggested that the metabolic activities of articular cartilage can be influenced
by mechanical stimuli. Our mathematical analysis predicted that cyclic compressive loading may create periods of
intermittent sub-ambient hydrostatic pressure within the cartilage extracellular matrix. Based on this mathematical
analysis, the present study was aimed to investigate whether the intermittent sub-ambient hydrostatic pressure,
created in the cartilage extracellular matrix during cyclic compression, has a stimulative effect on the biosynthesis of
chondrocytes.

Method: In order to test this hypothesis, the present study developed a custom-designed sub-ambient pressure
generator to subject a monolayer culture of chondrocytes to an intermittent sub-ambient pressure. Using this pressure
generator, the monolayer chondrocyte culture system was analyzed for **S-sulfate and *H-proline incorporation rates
for biosynthesis of proteoglycan and collagenous/noncollagenous protein molecules, respectively. Northern analyses
for aggrecan and type II collagen mRNAs were also performed.

Results: It was found that the intermittent sub-ambient pressure produced a 40% increase in proteoglycan and a 17%
increase in non-collagenous protein synthesis during the pressurization period (P<0.05). The collagenous protein
synthesis was not affected by the intermittent sub-ambient pressure regimen used in this study. After the intermittent
sub-ambient pressurization, the metabolic activities of the chondrocytes returned to normal (control level). The
intermittent sub-ambient pressure also produced an increase in the mRNA signals for aggrecan. Therefore, we
conclude that intermittent sub-ambient pressure may be one of the potential mechanical stimulators of chondrocytes
in articular cartilage during dynamic compression.
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Introduction synthetic activities of articular cartilage. This
effect depends on the frequency and magnitude of
the applied compressive load [4-8]. However, to
date, the exact mechanism through which mech-
anical loading affects cartilage metabolism
remains unclear.

Among several mechanical determinants which

Under normal conditions, the structure of articu-
lar cartilage is maintained by a balanced coupling
of chondrocyte anabolism and catabolism. In the
degenerative process, matrix resorption is acceler-
ated causing catabolism (degradation) to outpace
the anabolic attempt of the chondrocytes to pro-

duce new matrix [1]. Many experimental studies articular cartilage is subjected to, the hydrostatic
conducted over the past two decades have revealed pressure of the interstitial fluid is considered to be
that cartilage homeostasis can be mechanically a primary component of mechanical stress for
regulated. While static compression of articular resisting the compressive loads applied to the
cartilage suppresses the biosynthetic activity of cartilage surface during daily activity [9]. Thus,
chondrocytes [2, 3], dynamic compression has been one would expect this fluid pressure to be a
shown to either stimulate or suppress the bio- major mechanical signal transducer in regulating
cartilage metabolism.
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cartilage explants was inhibited significantly (a
53% decrease) by static pressure in the range of
0.5-2 MPa. We also found that young bovine carti-
lage explants produced a significantly lower
amount of GAG (a 60% decrease) under a static
pressure of 1.2 MPa [11]. However, neither Kimura
et al. [12] nor Giori [13] found any significant effect
of static pressure on GAG synthesis. Hall et al. [14]
showed that, in the physiological pressure range
(5-10 MPa), both short-term (20 seconds) and long-
term (2 hours) exposures to hydrostatic pressure
stimulated proteoglycan (PG) and protein syn-
theses in bovine cartilage explants. In a higher
pressure range (>20 MPa), however, this bio-
synthesis was significantly suppressed by long-
term exposure, but not by short-term exposure [14].
In a recent study performed by Parkkinen et al.
[15], cyclic hydrostatic pressure of 5 MPa for
1.5 hours did not affect the sulfate incorporation of
bovine cartilage explants at frequencies lower
than 0.5 Hz. However, the same pressure stimu-
lated the incorporation by 17% at higher
frequencies.

The effect of hydrostatic pressure on isolated
chondrocytes has also been studied. Hydrostatic
pressure of 13 kPa applied at 0.3 Hz significantly
stimulated the biosynthetic activities, as well as
the proliferative mitosis, of chick embryonic
chondrocytes [16-18]. Parkkinen et al. [15] found
that the PG synthesis of bovine chondrocytes was
inhibited at frequencies ranging from 0.017 Hz to
0.5 Hz when 5 MPa of cyclic pressure was applied
for 1.5 hours, but was stimulated at frequencies
>0.25 Hz when an identical pressure was applied
for 20 hours. However, Lammi et al. [19] showed
that cyclic hydrostatic pressure of 5 MPa did not
yield any distinguishable change in the PG mRNA
level. Smith et al. [20] recently demonstrated that
cyclic hydrostatic pressure of 10 MPa at 1 Hz for 4
hours resulted in elevated secretion of mRNA
encoding for PG core protein and type II collagen
in adult bovine chondrocyte cultures.

Ultrastructural changes in chondrocytes sub-
jected to hydrostatic pressure have also been
described [18, 21]. Veldhuijzen [18] reported that
repetitive hydrostatic pressure led to hypertrophic
changes in the dimensions of chondrocytes and
their nuclei. Although the Golgi complexes were
not affected by repetitive hydrostatic pressure,
they assumed a compact form when subjected to
continuous hydrostatic pressure [21]. In a recent
study using isolated human and ovine chondro-
cytes, Wright et al. [22] showed that the trans-
membrane electric potential of the chondrocyte
decreased by 28% under a continuous hydrostatic
pressure of 16 kPa but increased by 42% under

repetitive hydrostatic pressure of the same
magnitude at 0.33 Hz.

In summary, although ample evidence for the
stimulative effect of repetitive hydrostatic pres-
sure has been demonstrated, the overall effect of
this hydrostatic pressure on cartilage metabolism
appears to be somewhat inconsistent. We believe
that these inconsistencies, described above, could
be attributed to the wide range of loading par-
ameters used in the various studies, reflecting the
fact that a physiological normal range of mech-
anical stress/strain conditions within the cartilage
extracellular matrix (ECM) is to be further
established.

In our laboratory, we used the biphasic theory
for articular cartilage [23] to demonstrate that
intermittent sub-ambient (negative with respect to
the ambient) hydrostatic pressure exists within the
ECM when the tissue is subjected to cyclic com-
pression [24, 25]. Based on this mathematical
prediction, we hypothesized that the intermittent
sub-ambient pressure created within the cartilage
ECM during cyclic compression is a potential
mechanical stimulator in regulating the biosyn-
thetic activities of chondrocytes. Using a custom-
designed monolayer culture system of bovine
chondrocytes under intermittent sub-ambient
pressure environment, we demonstrated that a
repetitive intermittent sub-ambient pressure has a
potent stimulative effect on the biosynthetic
activities of the chondrocytes.

Mathematical analysis

In order to estimate the mechanical stress
environment within cartilage ECM under cyclic
compression, we used the linear biphasic theory
for articular cartilage which assumes that articu-
lar cartilage is a biphasic mixture of a porous
(permeable), elastic solid matrix (collagen and pro-
teoglycan) and an inviscid interstitial fluid [23].
Assuming that both the solid matrix and the
fluid are intrinsically incompressible, the linear
biphasic theory can be written as follows:

Continuity equation:

V- (v +¢/v)=0. 1)
Momentum equations:
V- 6%+n%=0, a=sf. 2)
Constitutive equations:
o’= — @°pl+1°tr(e*)I+2u°e°, 3)

o’= - ¢/pl, 4)
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cartilage explant

F(t)=-F,(1-cosot)

FI1G. 1. Schematic of the cyclic unconfined compression of articular cartilage plug with radius=a (Adapted from
Suh [25]).

2
= _nf:%(vf—vs), (5)

Here the superscripts s and f refer to the solid and
fluid phases, respectively; v is the velocity; ¢ is the
Cauchy stress tensor; 7 is the diffusive momentum
exchange; p is the hydrostatic pressure; ¢* is the
volume fraction of the o phase; €° is the infinitesi-
mal strain tensor; and A® and p® are the Lameé
constants of the solid phase. This biphasic theory
has been widely accepted as the model which best
simulates the interstitial fluid flow-dependent
viscoelastic behavior of this tissue [9].

We utilized an unconfined compression model
which has been widely used to study the mech-
anical stimulation of cartilage metabolism in vitro
with either displacement control [2, 3, 5] or force
control [26]. In this study, a cyclic compressive
force was applied to the cartilage specimen
through the impermeable loading platen as shown
in Fig. 1 [25]:

F(t)=—F, (1 — cos wt), (6)

and the resulting mechanical stress/strain vari-
ables, such as volumetric strain and hydrostatic
pressure, within the ECM were calculated from
Eqgs (1)-(6). The results showed that the mech-
anical behavior of the cartilage ECM strongly
depends on the loading frequency, o (Figs 2 and 3).
When the loading frequency is low (e.g.,
®=0.001 Hz), the deformational response of the
tissue matrix can easily adapt to the applied load.
Therefore, the solid matrix undergoes a large
deformation (Fig. 2) without a large pressure surge
(Fig. 3). In contrast, when the loading frequency
1s high (e.g., ®=0.1 Hz), the tissue deformation
cannot respond as quickly as the loading cycles
are being applied, causing a high elevation in
pressure within the tissue matrix (Fig. 3).

It was found that an oscillating positive-
negative (with respect to the ambient pressure)
interstitial pressure is created within the cartilage
ECM during repetitive loading-unloading cycles
(Fig. 3). When the tissue was subjected to a com-
pressive load, the interstitial fluid exuded from
the tissue matrix resulting in a decrease in the
apparent volume of the tissue matrix. When the
compressive load was removed during the cyclic
unloading period, the compressed tissue matrix
expanded returning to its original volume. This
volume expansion in turn created a sub-ambient
pressure within the matrix, causing imbibition of
the fluid into the tissue matrix. Furthermore, the
peak-to-peak magnitude of the oscillating inter-
stitial hydrostatic pressure was proportional to
the peak magnitude of the applied cyclic compres-
sive force. Therefore, this theoretical analysis sug-
gested that the peak magnitude of the intermittent
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of tr(g)) at r/a=0.9 with varying frequencies
(0.001 ~0.1 Hz) (Adapted from Suh [25]).
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Fic. 3. Normalized pressure (=pna?/F,) at r/a=0.9 with
varying frequencies (0.001~0.1 Hz) (Adapted from Suh
[25]).

sub-ambient pressure within the ECM can be very
low when the peak magnitude of the applied com-
pressive force is very large.

Experimental analysis
SPECIMEN PREPARATION

Fresh bovine articular cartilage was obtained
from the metacarpophalangeal joints of young
(1-2 year old) bovine specimens within 4 hours of
death. Chondrocytes were isolated from the tissue
with 0.2% trypsin digestion for 30 min followed by
0.2% clostridial collagenase digestion for approxi-
mately 120 minutes as described by Green [27]. The
isolated chondrocytes (5 x 10° cells) were then cul-
tured in tissue culture flasks (Flacon; culture
surface area=25cm?) with 2ml of low glucose,
HEPES-buffered DMEM supplemented with strep-
tomycin (100 ug/ml)/penicillin (100 U/ml) and 10%
fetal bovine serum (FBS) The cells were cultured
to a 90% confluent monolayer. The medium was
then replaced with 2 ml of fresh medium contain-
ing only 1% FBS. The cells were preconditioned in
this medium for 24 hours prior to the experiment.

INTERMITTENT SUB-AMBIENT PRESSURE REGIMEN

During the experiment, the cap of the tissue
culture flask was replaced with a specially
designed air-tight cap connected to a custom-
designed low-power vacuum generator. The low-
power vacuum system consisted of a 60 cc syringe
and a pressure transducer (Micro Switch,
Freeport, IL) attached to the tissue culture flask.
The vacuum pressure in the culture flask was

Pressure Transducer
Buttress

.\\\1‘{\\/a

Syringe

Monolayer Cell Culture

FIG. 4. Schematic of intermittent sub-ambient pressure
generator.

maintained at 0.8 atmospheric (atm) pressure by
using a buttress (Fig. 4).

The chondrocytes were subjected to an intermit-
tent sub-ambient pressure of 0.8 atm for 5 minutes,
and then released to normal atmospheric pressure
(1 atm) for 30 min. This cycle was repeated ten
times for a total pressurization period of approxi-
mately six hours. The pressurization experiment
was performed at 37°C within a 5% CO, incubator.
The air which had direct contact with the culture
medium was regularly replenished during the
normal atmospheric pressure period.

During the experiment, either 10 uCi/ml of **S-
sulfate or 5uCi/ml of L-[2,3-*H]-proline supple-
mented with 20 pg/ml of L-ascorbic acid was added
to the culture medium to deductively measure PG
synthesis or total protein and collagen synthesis,
respectively. The temporal biosynthetic response
of the chondrocytes to the intermittent sub-
ambient pressure was determined by using three
different time periods (ISP, ATM, and TOT
Groups) for the radioactive isotope pulsing
(Fig. 5). In the ISP Group, the isotope was added to
the medium during the first 6-hour period of inter-
mittent sub-ambient pressure, after which the
experiment was concluded. In the ATM Group, the
isotope was added to the medium immediately
after intermittent sub-ambient pressurization and
the chondrocytes were cultured for an additional
18 hours under normal atmospheric pressure at
37°C within the 5% CO, incubator. In the TOT
Group, the isotope was added to the medium dur-
ing the intermittent sub-ambient pressurization
period and remained in the medium for the 18 hour
normal culture period under one atmospheric pres-
sure. Each group consists of seven experimental
and seven control specimens.

In order to investigate the degasification
phenomenon in the culture system during the
intermittent sub-ambient pressure, four additional
specimens were used to measure the partial oxygen
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FiGg. 5. Design of intermittent negative pressure and
35S-sulfate/*H-proline pulsing. In the ISP Group, the
isotope was added to the medium during the first 6 hour
period of intermittent sub-ambient pressure, after which
the experiment was concluded. In the ATM Group, the
isotope was added to the medium immediately after
intermittent sub-ambient pressurization and the
chondrocytes were cultured for an additional 18 hours
under normal atmospheric pressure. In the TOT Group,
the isotope was added to the medium during the inter-
mittent sub-ambient pressurization period and remained
in the medium for the 18 hour normal culture period
under one atmospheric pressure. Each group consists of
seven experimental and seven control specimens.

pressure (PO,) of the culture medium after inter-
mittent sub-ambient pressurization for 5 minutes.

335-SULFATE INCORPORATION ANALYSIS

The medium was retrieved from each flask and
eluted on PD-10 columns of Sephadex G-256M
(Pharmacia, Piscataway, NdJ) [28] using 1ml of
4 M GuHCI buffer solution (0.05 M Tris, 0.05 M
Na,S0,, pH=7.0) per fraction, yielding a total of 8
fractions for each specimen. The cells in each
sample were separately digested with 2 ml of 1%
papain solution at 60°C for 48 hours. A 200 ul
aliquot from each sample was eluted on the PD-10
columns in a similar manner. When the last
fraction was completed, 6 ml of scintillation fluid
(Ultra Gold, Packard) were added to each vial and
the samples were counted with a scintillation
counter. The first peak value of the radioactivity
count of the eight fractions represented the newly
synthesized PGs. This value was normalized with
respect to the total DNA content per sample,
which was measured using the fluorometric
reaction method with Hoechst 33258 (Hoefer
Scientific Inst., San Francisco, CA) [29, 30].

3H-PROLINE INCORPORATION ANALYSIS

The incorporation of L-[2,3-*H]-proline into the
extracellular collagen and protein was determined

using the collagenase-digestible protein assay of
Peterkofsky [31]. Upon the completion of the
experiment, both the medium and cells from
each sample were completely transferred into
a cellulose membrane (Spectra/Por 1, Fisher
Scientific, Pittsburgh) and dialyzed against dis-
tilled water for 160 hours to remove unincorpo-
rated, free [*H]-proline. The total volume of each
specimen was approximately 8 ml after dialysis.
The specimen was then partitioned into three
groups of 2 ml each. Each group was mixed with an
additional 2ml of an enzymatic buffer solution
(100 mM Tris-HC1, 300 mM NaCl, 10 mM CaCl,,
0.4 mg/ml NaN,, 0.1% Triton X-100, and 6 mM
EDTA) containing either 10 U/ml of highly puri-
fied bacterial collagenase (Advance Biofactures,
Lynbrook, NY) (Group A), 50ug/ml of crude
collagenase and 50 ug/ml of trypsin (Group B), or
no proteases (Group C). After incubation at 37°C
for 150 minutes, the undigested protein was
separated by centrifugation at 12000 rpm for
60 minutes in the presence of 5% (w/v) trichloro-
acetic acid and 1mg/ml carrier bovine serum
albumin. One milliliter of supernatant from each
group was mixed with 14 ml of scintillation fluid
(Ultra Gold, Packard) and the radioactivity count,
representing *H incorporation, was measured with
a scintillation counter. The total collagen syn-
thesis was then calculated as the value of Group A
minus the value of Group C and the total non-
collagenous protein synthesis as the value of
Group B minus the value of Group A. The syn-
thesis rate was finally normalized with respect to
the total DNA content of each specimen.

MRNA ANALYSIS FOR AGGRECAN AND TYPE II COLLAGEN

RNA was purified by the acid phenol-
guanidinium thiocyanate method [32] and sub-
jected to denaturing gel electrophoresis on 1%
agarose gels in the presence of ethidium bromide.
Ribosomal RNA bands were photographed under
UV light as a control for the integrity and load-
ing of samples. RNA was transferred to nylon
membranes (Magna Nylon Membrane, 0.45 um,
MSI) and UV cross-linked (UV-crosslinker, Fisher,
Pittsburgh). Specific mRNA was identified by
hybridization to DNA probes labeled with
[a-**P]dCTP by the random primer method
(Multiprime DNA labeling system, Amersham) to
specific activities between 1.5 and 2 x 10° dpm/mg.
The probes used were a rat cDNA for aggrecan
encoding amino acids in the lectin-homologous
segment (89% identical to the bovine sequence), a
human COL2A1 ¢cDNA encoding amino acids in
the C-propeptide, and a human cDNA for the
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Table I
%58 incorporation into PG synthesis by intermittent
sub-ambient pressure

Group 353 Incorp. Ratio

(mean + SD cpm/ug DNA) (Exp/Cntrl)
Control Experiment
ISP 119 +£13.0 167 +12.9 1.40*
ATM 488 + 73.8 464 £+ 55.0 0.95
TOT 174 +24.6 193 + 28.1 1.11

(N=17) *P<0.01.

house-keeping gene Glyceraldehyde-3 phosphate
Dehydrogenase (GAPDH). Standard hybridization
procedures in phosphate buffer with SDS were
applied [33] and the filters were exposed to film
(XAR-5, Kodak) at —80°C. The image of autoradio-
grams was captured by means of a Cohu 8 bit black
and white video camera. Signal intensity was
analyzed by the Northern macro of Harmony
image analysis system and normalized to GAPDH
content.

STATISTICAL ANALYSIS

To determine statistical significance between
the various groups (ISP, ATM, and TOT) and their
corresponding control groups, ANOVA single
factor tests were performed, using Fisher’s PLSD
post-hoc test.

Experimental results
35S-SULFATE INCORPORATION

While the ISP and ATM Groups were performed
with samples from the same bovine specimen, the
TOT Group was performed with a different bovine
specimen, therefore the absolute values of the
3S-sulfate incorporation are not directly compara-
tive. It was found that the intermittent sub-
ambient pressure (ISP Group) produced a 40%

increase in the PG synthesis of the chondro-
cytes during the pressurization period (P<0.01)
(Table I). After the intermittent sub-ambient
pressurization, the metabolic activities of the
chondrocytes returned to the control level; the
ratio for ATM Group was found to be 0.95 with no
statistically significant difference between the
experimental and control groups. As a result, the
total PG synthesis by the pressurized chondrocytes
in a 24-hour time period (TOT Group) increased by
11%.

3H-PROLINE INCORPORATION

All experiments for the total protein/collagen
synthesis were performed with chondrocytes
harvested from the same bovine specimen. There-
fore, the absolute values of the *H incorporation
rate are comparable between groups. It was found
that the intermittent sub-ambient pressurization
did not cause any differences in the total collagen
synthesis in any group. The total non-collagenous
protein synthesis increased by 17% under the
intermittent sub-ambient pressure (ISP Group);
this difference was statistically significant
(P<0.05) (Table II). The total non-collagenous pro-
tein synthesis was not stimulated after the inter-
mittent sub-ambient pressure (ATM Group). As a
result, the overall synthesis of total non-
collagenous protein in the TOT Group increased
by 5% due to the intermittent sub-ambient
pressure.

MRNA ANALYSIS FOR AGGRECAN AND TYPE II COLLAGEN

Application of intermittent sub-ambient pres-
surization resulted in an 81% increase of mRNA
abundance for aggrecan as compared to the con-
trol, non-pressurized, specimens (N=2). However,
mRNA levels for the type II collagen mRNA
(COL2A1) were not affected by intermittent sub-
ambient pressurization. Depicted in the upper

Table II
SH incorporation into collagenous (C) and non-collagenous (NC) proteins synthesis by intermittent
sub-ambient pressure

Group Molecules *H Incorp. Ratio
(mean + SD cpm/ug DNA) (Exp/Cntrl)
Control Experiment

ISP C 18.8+ 8.0 18.7+ 3.9 1.00

NC 77.5+10.4 91.1+ 85 1.17*
ATM C 54.2 + 8.4f 521+ 8.5 0.96

NC 281.5 &+ 33.9 276.7 + 36.7 0.98
TOT C 67.8+21.1 70.0 + 4.8t 1.03

NC 320.9 + 52.3 337.5 £12.47F 1.05

(N=T7; 1N=6) *P<0.05.
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FiG. 6. Northern Hybridizations for Aggrecan (a) and
type II collagen (b).

panel of Fig. 6(a) is the autoradiograph of a
Northern hybridization for aggrecan mRNA both
without ( —) and with (+) ISP application. The size
of the aggrecan mRNA was approximately 8 kb,
which is consistent with aggrecan mRNA in other
species. As shown in Fig. 6(b), COL2A1 mRNA was
not affected by the same treatment. The ethidium
bromide stained 18S ribosomal RNA bands can be
seen in the lower panels.

PARTIAL OXYGEN PRESSURE DURING INTERMITTENT
SUB-AMBIENT PRESSURE

It was found that, after intermittent sub-ambient
pressurization for 5 min, the partial oxygen
pressure of the culture medium was reduced
by 10% (Control Group=21.3+0.4kPa; ISP
Group=19.3 + 0.3 kPa). However, there was no
noticeable change in the color of the DMEM

culture medium, indicating that the pH level of the
culture medium was relatively stable.

Discussion and conclusion

As described earlier, dynamic compression of
articular cartilage can stimulate the biosynthetic
activities of chondrocytes. Several mechanisms
have been proposed for the transduction of
dynamic mechanical loading into a biological
response of articular cartilage. Under mechanical
loading, chondrocytes will experience various
types of mechanical signals, such as stress/strain
(tensile, compressive, or shear), which can result
in the structural deformation of the cells [34-36].
These signals can in turn be selectively trans-
formed into electrical and biological responses
through stretch-activated ion channels [37].

In addition to the structural deformation of
chondrocytes, compaction of the cartilage ECM
due to mechanical compression can also cause
various changes in the physicochemical environ-
ment around these cells. For example, such load-
ing can alter the diffusive transport of nutrients
and other molecules [38]. Compaction can also
cause a change in the fixed-charge concentration
of GAG molecules with a concomitant osmotic
pressure gradient [39, 40], thereby leading to a
local change in pH within the tissue matrix [2].
Furthermore, dynamic compression of articular
cartilage creates time-dependent mechanical
deformation of the ECM, thus producing a hydro-
static pressure gradient and interstitial fluid flow
[24, 41]. The interstitial fluid flow within the
cartilage ECM can enhance the transportation of
large molecules, such as growth factors and newly
synthesized matrix macromolecules, through the
dense cartilage matrix [42]. It can also create a
streaming potential in the tissue matrix [43, 44].

A direct mechanical compression of cartilage
explants has been frequently utilized in many
in-vitro studies to study the biosynthetic response
of articular cartilage under mechanical compres-
sion. While direct mechanical compression of
cartilage explants closely mimics the physiological
loading conditions of articular cartilage, direct
mechanical compression of tissue results in a com-
pound phenomenon of matrix deformation, hydro-
static pressure, interstitial fluid flow, and other
physicochemical signals within the tissue ECM
[45, 46]. As a result, the chondrocytes embedded in
the cartilage ECM will receive a variety of mech-
anical signals during dynamic compressive load-
ing. This will confound the interpretation of the
role of each mechanical signal in stimulating
cartilage metabolism, and thus make the study
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of the mechano-transduction mechanism of
chondrocytes very difficult.

The present study proposes another probable
pathway of the role of hydrostatic pressure in the
mechanical stimulation of articular cartilage.
Dynamic compression of the tissue matrix can
create an intermittent sub-ambient hydrostatic
pressure environment within the cartilage ECM,
which can in turn directly stimulate the biosyn-
thetic activities of chondrocytes. This study dem-
onstrates the direct stimulatory effect of
intermittent sub-ambient pressure on the metab-
olism of chondrocytes, specifically, proteoglycan
and non-collagenous protein synthesis. However,
it does not show any effect on the collagenous
protein synthesis. These findings were supported
by the Northern analysis which showed an
increase of mRNA abundance for aggrecan. While
a 10% reduction in the partial oxygen pressure
was noticed during the intermittent sub-ambient
pressurization period, the decreased oxygen con-
tent in the culture medium did not appear to
stimulate the biosynthetic activities of chondro-
cytes. It was previously reported that a deceased
oxygen content in the culture medium adversely
affected matrix syntheses of chondrocytes [47].

Several limitations of the present study deserve
a detailed discussion. While we have mathemati-
cally predicted the existence of intermittent sub-
ambient pressure within the cartilage ECM, the
ultimate proof of the magnitude of the intermittent
sub-ambient pressure would be ideally obtained
through a direct measurement of the intra-matrix
pressure of articular cartilage. Unfortunately, it is
not feasible with present technology to experi-
mentally measure this pressure. In the present
study, the magnitude (0.8 atm) and the frequency
(5 minutes on/30 minutes off) of the intermittent
sub-ambient pressure, while far from the physio-
logical relevancy during normal joint loading, was
chosen from the technical aspect of the experimen-
tal design. Since the chondrocytes were subjected
to sub-ambient pressure within a closed tissue
culture flask, normal incubation with fresh air (5%
CO,) was allowed for 30 minutes between every
sub-ambient pressure application in order to pro-
vide sufficient gas exchange within the culture
medium. The tissue culture system coupled with
the low-power vacuum generator provided an
appropriate environment for monolayer cell cul-
ture without any contamination or cytotoxicity
during the experiment. In this study, the cell
viability was confirmed when the activity of the
cells returned to control levels after the pressuriz-
ation period (ATM Group). As the magnitude and
frequency of the sub-ambient pressure are changed

in future studies, however, these issues need to be
addressed to ensure cell viability.

The underlying hypothesis of the present study
was derived from the linear biphasic theory, in
which the deformation of the solid matrix was
limited to a small deformation (i.e., less than 10%)
and the permeability parameter was assumed to
remain constant under mechanical loading. In
addition, the solid matrix, which is a mixture of
collagen fibrils and proteoglycan molecules, was
also assumed to be a linearly elastic, isotropic
material and the interstitial fluid to be an inviscid
material. Including the large deformation of carti-
lage tissue under physiological conditions and the
intrinsic viscoelastic characteristics of the solid
matrix would yield a more precise mathematical
prediction of the mechanical behavior of articular
cartilage. We expect that these model improve-
ments would result in a different overall quantita-
tive magnitude of the stress and strain, but they
are unlikely to alter the trends regarding the
existence of intermittent sub-ambient pressure.
Nonetheless, an improved mathematical model
will help us to better predict the magnitude of
the intermittent sub-ambient pressure within the
cartilage matrix.

In summary, we conclude that the intermittent
sub-ambient pressure may be one of the direct
mechanical stimulators of chondrocytes in
articular cartilage under dynamic loading. Future
studies will need to further investigate the effect of
the intermittent sub-ambient pressure, especially
in the form of a combination of supra-ambient
and sub-ambient hydrostatic pressures, on PG syn-
thesis and the specific pathway for the stimulatory
role of these hydrostatic pressure signals on the
metabolism of chondrocytes. For example, study-
ing the changes in the structural organization of
the cytoskeleton and the expression of specific
macromolecules in response to these hydrostatic
pressure signals will provide further insight to the
exact mechanism of this phenomenon.
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