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Abstract
Biophysical forces and biochemical factors play crucial roles in the maintenance of the integrity of articular cartilage. In this
study, we explored the eﬀect of dynamic tissue shear deformation and insulin-like growth factor I (IGF-I) on matrix synthesis by
chondrocytes within native cartilage explants. Dynamic tissue shear in the range of 0.5–6% strain amplitude at 0.1 Hz was applied to
cartilage explants cultured in serum-free medium. Dynamic tissue shear above 1.5% strain amplitude signiﬁcantly stimulated protein
and proteoglycan synthesis, by maximum values of 35 and 25%, respectively, over statically held control specimens. In the absence
of tissue shear, IGF-I augmented protein and proteoglycan synthesis up to twofold at IGF-I concentrations in the range of 100–
300 ng/ml. When tissue shear and IGF-I stimuli were combined, matrix biosynthesis levels were signiﬁcantly higher than the
maximal eﬀect caused by either stimulus alone. However, there was no signiﬁcant interaction between tissue shear and IGF-I as
determined by two-way ANOVA. We then quantiﬁed the eﬀect of dynamic tissue shear on the transport of IGF-I into and within
cartilage explants. [125 I]IGF-I was added to the medium, and the levels of intratissue [125 I]IGF-I were directly measured as a function
of time over 48 h in the presence and absence of continuous dynamic shear strain. Dynamic shear did not alter the rate of uptake of
[125 I]IGF-I into the explants, suggesting that convective diﬀusion of [125 I]IGF-I is negligible under the shear strain conditions used.
This is in marked contrast to the enhancement of transport reported in response to uniaxial dynamic compression [1]. Taken together, these data suggest that (1) the stimulatory eﬀect of tissue shear is via mechanotransduction pathways and not by facilitated
transport of biochemical factors and (2) chondrocytes may possess complementary signal transduction pathways for biophysical and
biochemical factors leading to changes in metabolic activity.
Ó 2003 Elsevier Science (USA). All rights reserved.
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Articular cartilage experiences a complex combination of compressive deformation and shear loading
during the articulation of synovial joints. Due to the
avascular, alymphatic, and aneural nature of cartilage,
mechanical loading in vivo is considered to be a potent
regulator of cellular processes that regulate cartilage
development and homeostasis. In addition to such biophysical forces, numerous studies have demonstrated
that soluble factors such as insulin-like growth factor

(IGF)1 I and II and transforming growth factor-beta can
stimulate chondrocyte biosynthesis [2,3] while retinoic
acid, interleukin 1 (IL-1), and tumor necrosis factor can
induce catabolic enzymes and inhibit matrix synthesis
[4,5].
The availability of these soluble factors to the chondrocyte is aﬀected by their endogenous concentrations
within cartilage and by transport into the tissue from the
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synovial ﬂuid [6]. Among the growth factors, IGF-I,
which is a 7.6-kDa polypeptide in its free form, has been
shown to stimulate the synthesis of matrix components
and inhibit catabolic eﬀects induced by IL-1 and retinoic
acid in cartilage [7,8]. IGF-I is synthesized in the liver
and can act in an endocrine manner. In addition, it has
been shown that chondrocytes synthesize IGF-I, IGF-Ireceptor proteins that mediate IGF-I signaling, and
IGF-binding proteins (IGFBPs) that limit the access of
IGF-I to IGF-I receptor [6]. This autocrine mechanism
provides a regulatory axis for IGF-I–IGF-I receptor–
IGFBP [6] in the stimulatory eﬀect of IGF-I on chondrocytes.
With regard to biophysical factors, dynamic compressive deformation has been shown to stimulate the
production of matrix proteoglycans and proteins by
chondrocytes while static compression decreases matrix
biosynthesis in a dose-dependent manner [9]. These
regulatory eﬀects of mechanical compression are related
to biophysical changes, including cell and matrix deformation, changes in intratissue pH and charge density,
intratissue ﬂuid ﬂow, and pressure gradients [10]. Biophysical and biochemical mediators may also interact.
For example, cyclic compression of cartilage has been
shown to aﬀect the transport of soluble factors and
nutrients in cartilage [11]. While the transport of small
molecules (e.g., urea, NaCI) was mostly due to diﬀusion
along concentration gradients, the transport of larger
molecules (e.g., serum albumin, 68 kDa) was strongly
facilitated by interstitial ﬂuid ﬂow caused by the cyclic
loading [11].
Previous studies have indicated that dynamic compression both augments the magnitude and accelerates
the time course of the biosynthetic response of chondrocytes to IGF-I [1]. These eﬀects of dynamic compression were due, in part, to the augmentation of IGF-I
transport into the cartilage matrix caused by compression-induced intratissue ﬂuid ﬂow [1]. Recently, dynamic tissue shear deformation has also been shown to
stimulate the synthesis of matrix proteoglycans and
proteins in bovine cartilage [12]. While dynamic tissue
shear strain also causes deformation of cells and matrix
within cartilage [12], theoretical studies [13] predict that
such tissue shear causes relatively little intratissue ﬂuid
ﬂow compared to the levels of ﬂuid ﬂow produced by
compressive strains and strain rates of similar magnitude. Thus, the respective roles of deformation, ﬂuid
ﬂow, and growth factor transport in articular chondrocyte biosynthesis remain unclear.
Therefore, the objectives of this study were (1) to
quantify the eﬀects of graded levels of dynamic tissue
shear strain and, in parallel experiments, graded levels of
IGF-I concentration on chondrocyte biosynthesis in
bovine cartilage explants, (2) to assess the combined
eﬀects of dynamic tissue shear deformation and IGF-I
on matrix biosynthesis, and (3) to quantify the eﬀect of

tissue shear deformation on the transport of IGF-I into
bovine cartilage explants to delineate whether the stimulatory eﬀect of tissue shear is partly due to the facilitated transport of the growth factor into the tissue.

Materials and methods
Cartilage explant and culture
Cartilage explants were obtained from the femoropatellar groove of 1- to 2-week-old bovine calves. After
cylindrical specimens of cartilage with underlying bone
were drilled, one to three slices (10 mm diameter by
1  0.05 mm thickness) were obtained from the middle
zone of the drilled specimens. Then four to six disks
(3 mm diameter) were punched from each slice and
matched disks were distributed across diﬀerent conditions described below. These disks were maintained in
serum-free, high-glucose (4.5 mg/ml) DulbeccoÔs modiﬁed essential medium supplemented with 10 mM Hepes,
0.1 mM nonessential amino acids, additional 0.4 mM
proline, 20 lg/ml ascorbate, 100 U/ml penicillin, 100 lg/
ml streptomycin, and 0.25 lg/ml amphotericin B in a 24well plate at 37 °C in 5% CO2 atmosphere for 2 days
before they were subjected to mechanical loading or
IGF-I (Fig. 1A).
Shear loading and IGF-I stimulation
Cartilage disks were assigned to either static control
or shear treatment groups. Control disks were placed in
polysulfone chambers (Fig. 2A) and maintained at their
original cut thickness of 1 mm (0% oﬀset) between

Fig. 1. Experimental design of biosynthesis and transport studies. (A)
Cartilage specimens were exposed to (1) dynamic shear deformation in
the range of 0.5–6% with no shear control, (2) IGF-I in the range of 0–
300 ng/ml or (3) dynamic shear at 6% and IGF-I combined. Culture
media was supplemented with [3 H]proline and [35 S]sulfate as measures
of total protein and proteoglycan synthesis. (B) The eﬀect of dynamic
tissue shear on IGF-I transport into and within cartilage tissue was
assessed by applying shear deformation for 2, 4, 8, 24, and 48 h in the
presence of labeled and unlabeled IGF-I in culture media and measuring the radioactivities.
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Fig. 2. Chambers that were used for control and shear loading. (A) Control disks were placed in each well of the bottom half and statically
compressed between impermeable platens to their original cut thickness of 1 mm. (B) The chamber for shear loading contained three groups of wells
located at radii of 0.5, 1, and 1.5 inch from the center of the chamber. This conﬁguration enabled simultaneous application of three diﬀerent
magnitudes of shear strain with a ratio of 1:2:3. The shear chamber was mounted into a tissue loading device, and the bottom half was cyclically
rotated with respect to the top half (inset), which applied simple shear to cartilage disks.

impermeable platens for 24 h. Shear-treated disks were
held at the same 0% oﬀset compression in a special
polysulfone chamber (Fig. 2B) that contained three
groups of wells located at radii of 0.5, 1, and 1.5 inch
from the center of the chamber. This conﬁguration enabled simultaneous application of three diﬀerent magnitudes of shear strain with a ratio of 1:2:3, respectively.
The shear chamber was mounted into an incubatorhoused tissue-loading instrument. Sinusoidal shear
strain amplitudes from 0.5 to 6.0% were applied at a
frequency of 0.1 Hz for 24 h [13].
To assess the stimulatory eﬀect of IGF-I on matrix
synthesis in this explant system, cartilage disks were
maintained at 0% compressive oﬀset within the static
control chamber, and recombinant human IGF-I (Peprotech, NJ) was added to the media to achieve ﬁnal
concentrations of 0, 3, 30, 100, 150, 200, 250, or 300 ng/
ml. To test the combined eﬀects of dynamic shear and
IGF-I on biosynthesis, cartilage disks were subjected to
either 0% static control or dynamic sinusoidal shear at
6% strain amplitude in the presence of 0, 3, 30, or
300 ng/ml of IGF-I, which was added to the culture
medium immediately prior to the start of loading.
During the 24-h loading period, disks were radiolabeled
with 10 lCi/ml [3 H]proline and 5 lCi/ml [35 S]sulfate as

measures of protein and proteoglycan synthesis, respectively.
Biochemical analysis
After loading, shear and control disks were washed
three times over 1 h in phosphate-buﬀered saline (PBS)
supplemented with 0.8 mM sodium sulfate and 0.5 mM
L -proline at 4 °C to remove unincorporated radiolabel.
All samples were digested in 1.0 ml protease K (100 lg/
ml in 50 mM Tris–HCl and 1 mM CaCl2 , pH 8.0)
for 12–18 h at 60 °C; 100-ll aliquots of the protease K
digests were mixed with 2 ml of scintillation ﬂuid for
radioactivity counting (RackBeta 1211 counter, Pharmacia LKB Nuclear, Turku, Finland) and the counts
were corrected for spillover. For the measurement of
DNA, 100 ll of the digests was mixed with 2 ml of the
Hoechst 33258 dye in an acrylic cuvette and the ﬂuorescence was measured using a spectroﬂuorometer (SPF
500C, SLM Instruments, Urbana, IL). Radiolabel incorporation rates were thereby normalized to the DNA
content and the duration of loading (Figs. 3–5). The
ﬂuid content of each disk was determined from the
diﬀerence between wet and dry weights, measured before
and after loading, respectively.
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Fig. 3. Stimulatory eﬀect of tissue shear deformation. After 2–3 days in
free swelling culture in serum-free media, groups of 11–60 cartilage
disks obtained from 10 animals were subjected to shear strains between
0.5 and 6% for 24 h with anatomically matched no-shear control disks.
Continuous monitoring of the shear stress waveform ensured that
appropriate shear deformation without slippage has been applied to
the specimens (see detailed description [12,13]). Using the shear
chamber of Fig. 2B with ﬁve or six disks placed in each of the three
strain amplitude conditions, 2 experiments were performed for 0.5, 1,
and 1.5% strain conditions (with matched controls), 3 experiments for
1, 2, and 3% strain (with controls), and 5 experiments for 2, 4, and 6%
strain (with controls). The levels of biosynthesis in the matched control
groups from these 10 independent experiments were not signiﬁcantly
diﬀerent from each other (p > 0:8; one-way ANOVA). Therefore, radiolabel incorporation in shear-stimulated disks (pmol/lg DNA/h) was
normalized to the average of control disks from each individual experiment. Proline and sulfate incorporation were found to depend on
shear strain amplitude (p < 0:001; one-way ANOVA). Dynamic tissue
shear at 2, 4, and 6% strain amplitudes stimulated protein synthesis by
30–35% and proteoglycan synthesis by 20–25% compared to static
controls (p < 0:05; TukeyÕs test).

Fig. 5. Combined eﬀects of IGF-I and shear on total protein (A) and
proteoglycan (B) synthesis: Cartilage disks were subjected to either 0%
static control or dynamic shear deformation at 6% strain in the presence of 0, 3, 30, or 300 ng/ml of IGF-I. IGF-I stimulated total protein
and proteoglycan synthesis by around twofold in its maximal eﬀect
both for shear-stimulated disks and for no- shear control. Tissue shear
further increased the level of biosynthesis by around 25–35%. Two-way
ANOVA indicated that IGF-I and dynamic tissue shear each signiﬁcantly ðp < 0:01Þ increased biosynthesis, but with no signiﬁcant interaction between the stimuli ðp > 0:8Þ.

IGF-I transport studies

Fig. 4. Stimulatory eﬀect of IGF-I: Cartilage disks were maintained at
0% static compression and IGF-I was added to the culture media at 0,
3, 30, 100, 150, 200, 250, and 300 ng/ml. The levels of matrix biosynthesis (pmol/lg DNA/h) of IGF-I-stimulated disks were normalized to
the level of no-IGF-I control disks. A sigmoidal dose–response equation was ﬁt to the measured normalized proline and sulfate incorporation vs IGF-I concentration. IGF-I alone increased proline and
sulfate incorporation in a dose-dependent manner up to approx twofold by 100 to 150 ng/ml IGF-I. However, further increases in medium
IGF-I concentration did not signiﬁcantly alter matrix biosynthesis.

The eﬀect of dynamic tissue shear deformation on
IGF-I transport into cartilage was assessed by adding
[125 I]IGF-I to the medium and measuring uptake of this
tracer into cartilage disks at varying time periods
compared to uptake into no-shear control disks. Initial
equilibration of the [125 I]IGF-I (a gift from JJ Van Wyk
and LE Underwood, University of North Carolina)
with an anion exchange resin (AG 501-X8, Bio-Rad)
was used to remove any small-molecular-weight radiolabel from the solution containing macromolecular
[125 I]IGF-I prior to addition to the explant medium.
Disks were subjected to shear (3% shear strain amplitude at 0.1 Hz) or no shear (control) for 2, 4, 8, 24, and
48 h in culture medium containing 50,000 CPM/ml
[125 I]IGF-I and 750 ng/ml unlabeled IGF-I that had
been added to the medium just before loading (Fig.
1B). The amount of labeled IGF-I added to the medium was less than 1% of unlabeled IGF-I, given the
speciﬁc activity of approximately 100 lCi/lg. At the
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end of each loading period, disks were collected and
washed with cold PBS brieﬂy to remove excess media
on the surface of disks. Then each disk was digested
with 1.0 ml protease K solution as described previously.
The amount of [125 I]IGF-I within the tissue and in the
culture medium was measured by counting 100-ll
aliquots of each digest and medium sample mixed with
900 ll of PBS in a gamma counter (Auto Gamma,
Packard Instruments, CT). Tissue concentration of
[125 I]IGF-I was calculated as the total amount of
[125 I]IGF-I in each digest divided by ﬂuid content of the
explant (measured as the diﬀerence between wet and
dry weight).
Transport models
IGF transport into the tissue was modeled using the
ﬁrst order kinetics equation for the IGF-I concentration
[IGF-I] within the tissue at time t ([IGF-I]t ) with respect
to the concentration after long-term equilibration
½IGF-I1 and the equilibration time constant s:
½IGF-It ¼ ½IGF-I1 ð1

expð t=sÞÞ:

ð1Þ

This equation is further modiﬁed as
½IGF-Ii =½IGF-Io ¼ c1 ð1

c2 expð t=sÞÞ;

ð2Þ

where [IGF-I]i represents the intratissue concentration
of IGF-I at a given time and [IGF-I]o the concentration
of IGF-I in the medium (which is maintained constant).
In ﬁnal equilibrium as time t approaches inﬁnity, c1
represents the ratio of intratissue to medium IGF-I
concentration, often called the partition coeﬃcient.
During the initial transient phase, the constant c2 accounts for the slight time diﬀerence between the onset of
loading and the addition of radiolabel to the medium
and factors not directly related to diﬀusive transport,
such as possible adsorption of IGF-I to the surface of
cartilage specimen. Eq. (2) was ﬁt to the [125 I]IGF-I
transport data; best ﬁt values for the three constants, c1 ,
c2 , and s, were determined as the set of parameters that
yielded a minimum of the sum of squares of the diﬀerences between the data and the model, divided by the
square of the standard deviation at each time point (see
Appendix).
Statistical analyses
Sample quantities are expressed as mean  SEM. The
eﬀect of varying shear strains on matrix synthesis was
assessed by one-way ANOVA followed by TukeyÕs
multiple comparison test. Two-way ANOVA was performed to test the signiﬁcance of the stimulatory eﬀect
of shear and IGF-I and the interactions between the
two. Power analysis on ANOVA was performed according to Cohen [14]. To assess the eﬀect of shear on
the IGF-I transport, the Student t test was performed on
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the obtained parameter set using the conﬁdence intervals
detailed in the Appendix. For all statistical analyses,
diﬀerences or interactions were considered signiﬁcant at
p < 0:05.

Results
Separate eﬀects of tissue shear and IGF-I on chondrocyte
matrix synthesis
Proline and sulfate incorporation were found to depend on shear strain amplitude (p < 0:001; one-way
ANOVA). Dynamic tissue shear at 2, 4, and 6% strain
amplitudes stimulated protein synthesis by 30–35% and
proteoglycan synthesis by 20–25% compared to static
controls (p < 0:05; TukeyÕs test) (Fig. 3). Proteoglycan
and protein biosynthesis were not signiﬁcantly altered in
disks subjected to less than 2% shear strain.
Treatment of cartilage disks with IGF-I alone increased both protein and proteoglycan synthesis in a
dose-dependent manner up to approximately twofold
at a concentration of 100 to 150 ng/ml IGF-I (Fig. 4).
Consistent with trends reported previously [1,6,15], the
stimulatory eﬀect of IGF-I on chondrocyte biosynthesis plateaued at concentrations above 150 ng/ml
(Fig. 4).
Combined Eﬀects of IGF-I and shear on chondrocyte
matrix biosynthesis
To explore the combined eﬀects of tissue shear and
IGF-I, we used 0, 3, 30, and 300 ng/ml IGF-I in the
presence or absence of 6% shear strain amplitude at
0.1 Hz, the shear loading conditions that induced maximal stimulation of matrix biosynthesis (Fig. 3). At all
concentrations of IGF-I, tissue shear further stimulated
both proteoglycan and total protein synthesis at all
levels of IGF-I (Fig. 5). This additional increase in
matrix synthesis due to shear deformation was apparent
even at 300 ng/ml of IGF-I, a concentration that was
maximally stimulatory in the absence of shear. Two-way
ANOVA indicated that IGF-I and dynamic tissue shear
each signiﬁcantly ðp < 0:01Þ increased biosynthesis of
proteins and proteoglycans, but with no signiﬁcant interaction between the stimuli (p > 0:8, power > 0.95),
indicating a lack of synergistic interaction between the
dynamic tissue shear and the IGF-I under these conditions.
Eﬀect of tissue shear on IGF-I transport
The transport of [125 I]IGF-I into cartilage disks was
measured after 2, 4, 8, 24, and 48 h of incubation. Disks
were either maintained statically at their cut thickness or
subjected to 3% dynamic shear strain at 0.1 Hz. The
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Fig. 6. Eﬀect of tissue shear on IGF-I transport. The transport of
[125 I]IGF-I into cartilage disks was measured after 2, 4, 8, 24, and 48 h
of incubation in medium containing [125 I]IGF-I and unlabeled IGF-I;
disks were either maintained statically at their cut thickness or subjected to 3% shear strain amplitude at 0.1 Hz. The ratio of IGF concentration in the tissue to that in the medium was plotted, and the best
ﬁt for the transport time constant of Eq. (2) was not signiﬁcantly
diﬀerent between shear and control groups.

ratio of [125 I]IGF-I concentration in the tissue to that in
the medium at each time point was plotted, and the
model of Eq. (2) was ﬁt to the data (Fig. 6) to obtain the
set of parameters (c1 ; c2 ; s) with a conﬁdence interval of
1 standard deviation. The best ﬁt parameters for the
control disks were c1 ¼ 1:1  0:05, c2 ¼ 0:7  0:05, and
s ¼ 11:0  2:4, and for sheared disks c1 ¼ 1:1  0:04,
c2 ¼ 0:6  0:05, and s ¼ 10:2  2:7 under the hypothesis
(H1) that transport models (Eq. (2)) for the shear and
control groups are signiﬁcantly diﬀerent (see Appendix;
note that from Eq. (2), the constants c1 and c2 are dimensionless and s has the unit of hours). The null hypothesis (H0) is that the two transport models are not
diﬀerent. To test whether the likelihood of the observed
outcome by a given model is signiﬁcantly improved
under the hypothesis H1 over H0, we ﬁrst calculated the
set of parameters for the combined group obtained by
pooling the shear and control data. This gave
c1 ¼ 1:1  0:03; c2 ¼ 0:7  0:04, and s ¼ 10:7  1:83.
Then, from the ratio of the maximum likelihood given
H1 to the likelihood given H0, the signiﬁcance was
calculated to be p ¼ 0:23. This result suggests that there
is no signiﬁcant improvement in the likelihood of the
outcomes by having two diﬀerent models for shear and
control groups (see Appendix for details).
The best ﬁt exponential time constant of s ¼ 11 h for
transport of IGF-I into cartilage disks maintained under
static conditions at cut thickness is very close to the
s ¼ 12 h value reported by Bonassar et al. [1] in a previous study using similar calf cartilage plugs having the
same geometry. In that study [1], dynamic compression
at 3% strain amplitude and 0.1 Hz resulted in a signiﬁcantly shorter time constant for IGF-I uptake ðs ¼ 6:0Þ.
In contrast, 3% dynamic shear strain at 0.1 Hz in the

present study did not change the time constant signiﬁcantly ðs ¼ 10:2; p > 0:35Þ.
We also determined whether the ratio of the ﬁnal
concentration of [125 I]IGF-I in the tissue to that in the
media, c1 , is signiﬁcantly diﬀerent between the shear and
the control groups. The values of c1 for the two groups
were essentially the same, suggesting that shear deformation did not signiﬁcantly change the partition coeﬃcient of IGF-I. The fact that the value of the partition
coeﬃcient (c1 ) is greater than unity may be attributed to
Donnan enhancement of the concentration of positively
charged IGF-I ðpI  8:3Þ within the negatively charged
cartilage matrix, consistent with the high ﬁxed charge
density of our immature bovine cartilage.

Discussion
The eﬀects on chondrocyte biosynthesis of the soluble
growth factor IGF-I and the biophysical stimulus of
dynamic tissue shear deformation were investigated
separately and in combination using a cartilage explant
system. Cyclic tissue shear above 1.5% strain amplitude
applied at 0.1 Hz stimulated chondrocyte synthesis of
proteins and proteoglycans up to 35 and 25%, respectively, compared to statically maintained control disks
(Fig. 3). Previous studies using this same bovine calf
cartilage system have shown that 75–80% of the proline incorporation is into collagen [16]. The stimulation
of matrix synthesis by IGF-I reached a plateau at 100–
150 ng/ml of IGF-I (Fig. 4), similar to trends observed
previously [6]. When these two stimuli were combined,
the increase in matrix synthesis was close to the sum of
that of each stimulus alone (Fig. 5). Analysis showed
signiﬁcant trends with applied shear or IGF-I but no
signiﬁcant interaction between the two stimuli (ANOVA, p > 0:8). This lack of interaction between biomechanical and biochemical stimuli was also found in
previous studies of IGF-I using both static [15] and
dynamic [1] mechanical compression.
The possibility that tissue shear-induced stimulation
of biosynthesis is related to the enhanced transport of
soluble factors such as IGF-I into and within cartilage
was examined experimentally. Direct measurement of
the time constant for uptake of radiolabeled [125 I]IGF-I
with and without shear showed that dynamic tissue
shear had essentially no eﬀect on the intratissue transport of this growth factor (Fig. 6). This ﬁnding is consistent with the hypothesis posed previously [12] that
tissue shear induces very little intratissue ﬂuid ﬂow
within cartilage. Even when using the simple shear
conﬁguration of this study (i.e., Fig. 2), any intratissue
ﬂuid motion that might occur may be expected to be
localized near the leading and trailing peripheral edges
of the explant disk. The ﬂuid velocity is estimated to be
an order of magnitude lower than the level of ﬂuid ﬂow
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induced by dynamic compressive deformation [13].
Therefore, the absence of signiﬁcant intratissue ﬂuid
ﬂow is consistent with our observation that dynamic
shear did not enhance convective transport of IGF-I
(Fig. 6). In contrast, previous studies have shown that
dynamic compressive deformation enhanced the transport of IGF-I into cartilage by nearly twofold [1]. It is
interesting to note that neither dynamic shear nor dynamic compression changed the plateau (i.e., the concentration at 48 h) or equilibrium level (½IGF-I1 in
Eq. (1)) of intratissue IGF-I concentration, while this
level was signiﬁcantly lowered by 50% static compression [15].
The ﬁndings that there was no interaction between the
stimulatory eﬀects of tissue shear and the IGF and that
each stimulus enhanced the maximal eﬀect of the other
suggest that chondrocytes can respond simultaneously to
physical and biochemical stimuli via complementary
signal transduction pathways. This concept has been
suggested in previous studies [1,15] of the kinetics of
biophysical and biochemical stimulation of chondrocyte
biosynthesis. The respective increase and decrease in
chondrocyte biosynthesis induced by dynamic and static
compression reached a new steady state within 4 h. In
contrast, the stimulation of biosynthesis caused by IGF-I
reached a new steady state level by 24-48 h. The signal
transduction pathways by which these two classes (biophysical and biochemical) of stimuli are transduced into
secondary intracellular signals leading to altered cellular
activity are still under investigation. Signal transduction
by growth factors such as IGF-I has been shown to be
initiated by binding to membrane receptors followed by
activation of kinase cascades [17,18], altered gene expression [19], and increased matrix synthesis [17]. Compared to the relatively well-studied signal transduction
mechanisms for growth factors, the transduction mechanisms associated with biophysical factors are only beginning to be deﬁned. Certain members of the integrin
family or stretch-activated ion channels have been proposed as mechano-receptors since integrins are bound by
ligands present in extracellular matrix or can be aﬀected
by mechanical deformation directly [20–23]. In addition,
the eﬀect of mechanical deformation on cell membrane
permeability to ions and changes in intracellular ion
osmolarity due to the volumetric deformation of cells
have been proposed as initial transduction mechanisms
[24]. These upstream signaling mechanisms may activate
other downstream signals that may be the same as or
diﬀerent from those utilized in growth factor stimulation
[25]. Mechanical deformation may also aﬀect translation,
posttranslational modiﬁcation, and intracellular trafﬁcking through morphological changes in organelles
[26]. The observations that a mechanical stimulus augments chondrocyte biosynthesis with kinetics very different from those of IGF-I stimulation and without
aﬀecting IGF-I transport suggest that these two classes
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of stimuli are mediated by distinct pathways. The similarity in the downstream eﬀect of these pathways also
suggests, however, that, at some point, they may converge.
In our previous study [12], dynamic tissue shear was
found to stimulate matrix synthesis by chondrocytes in
cartilage explants at an amplitude as low as 1%. Those
studies employed low-glucose (5.6 mM or 1 g/L) medium
supplemented with 10% serum. In the present study,
employing serum-free high-glucose (25 mM or 4.5 g/L)
medium, the stimulatory response was found only above
1.5% shear amplitude. The diﬀerence may be due to
factors other than IGF-I in serum. It is also possible that
the presence of high glucose medium may aﬀect the responsiveness of chondrocytes to exogenous stimuli, as
observed previously for the case of IGF-I stimulation of
chondrocyte biosynthesis [6]. It was found that the
augmentation of proteoglycan synthesis due to 100 ng/
ml of IGF-I was maximal at 5–10 mM glucose and was
marginal outside of this optimal range of glucose concentration.
Although dynamic shear did not alter IGF-I transport into the tissue, the possibility that shear may
inﬂuence the status of IGF-I within the tissue exists.
IGF-I exists in several forms including (1) free IGF-I
(7.6 kDa), (2) binary complexes (40–50 kDa) of IGF-I
bound to IGF-binding proteins, and (3) ternary complexes (150 kDa) involving the 85-kDa acid-labile
subunit glycoprotein bound to a binary complex
[27–29]. The binding of IGFBP to IGF-I modulates the
access of IGF-I to cellular receptors and IGF-I action
[30–32]. IGF-I that is released from IGFBPs or other
complexes in the tissue may increase chondrocyte access
to IGF-I above that provided. Whether mechanical deformation regulates IGF-I complex stability is not
known. In this study, we used the free form of IGF-I to
explore the hypothesis that mechanical and biochemical
factors interact to regulate the intratissue presentation
of soluble IGF-I to cell receptors relevant to joint
motion in vivo.
In summary, we found that the combined stimulatory
action of IGF-I and dynamic tissue shear deformation
was greater than that of either stimulus alone. This
observation is consistent with previous reports on the
combined interaction between mechanical compression
(dynamic or static) and IGF-I stimulation. Dynamic
cartilage compression was previously shown to enhance
uptake and intratissue transport of IGF-I associated
with intratissue ﬂuid ﬂow [12]. In contrast, dynamic
cartilage shear, which causes little or no ﬂuid ﬂow, did
not aﬀect IGF-I uptake or transport. Therefore, the
ﬁnding that the combined eﬀect of IGF-I and dynamic
shear further augmented the maximal eﬀect of IGF-I
suggests the existence of speciﬁc signal transduction
machinery sensitive to deformation of chondrocytes by
tissue shear.

230

M. Jin et al. / Archives of Biochemistry and Biophysics 414 (2003) 223–231

Acknowledgments
This study was supported by NIH Grants AR33236
and AR45779 (A.J.G.) and AR45749 (S.B.T.).

Appendix
The parameters of the transport Eq. (2) are obtained
by minimizing the sum of squares of the diﬀerence between the measurement and the prediction divided by
the square of the standard deviation of measurements
(i.e., v2 function), written as
v2 ðc1 ; c2 ; sÞ ¼

N
X
ðymeasured ðti Þ
i¼1

ypredicted ðti ÞÞ2
r2i

:

The set of parameters ðc1 ; c2 ; sÞ was obtained using the
algorithm referred to as Broyden–Fletcher–Goldfarb–
Shanno that is a variant of the conjugate gradient
method [33]. The conﬁdence interval of each parameter
(1 standard deviation or 68% conﬁdence interval) is
obtained from the square root of the variance–covariance matrix that is computed as the inverse of the second order diﬀerential of the v2 function evaluated at the
given parameter value [34].
With regard to the eﬀect of dynamic tissue shear on
IGF-I transport, which was modeled using the ﬁrst order kinetics Eq. (1), the null hypothesis (H0 ) is that the
transport models for control and shear are not diﬀerent.
The alternative hypothesis (H1 ) is that the two transport
models are signiﬁcantly diﬀerent. A generalized loglikelihood ratio test can be used to determine whether
the two models are signiﬁcantly diﬀerent or, equivalently, which hypothesis should be accepted. In addition,
the test of signiﬁcance of the diﬀerence between parameters in the two groups may be performed based on
the Student t test and the assumption that the diﬀerence
between the data and the estimation is normally distributed.
A generalized log-likelihood ratio test is a test statistic
computed by taking the ratio of the maximum probability under the constraint of the null hypothesis (H0 ) to
the maximum probability with that constrain relaxed or
the alternative hypothesis (H1 ), represented as:
k¼

Max½PrðX j- 2 H0 Þ
;
Max½PrðX j- 2 H1 Þ

where PrðX j- 2 Ha Þ is the probability of the outcome,
X , given the hypothesis, Ha , and the corresponding set of
parameters, -. Then, the value 2 log k will be asymptotically v2 distributed with degrees of freedom equal to
the diﬀerence in dimensionality of H1 and H0 . The parameters of the model under the null hypothesis are
obtained by combining the data from two groups into
one and ﬁnding the best ﬁt of the model to them. Once
the sets of parameters, - 2 H0 and - 2 H1 , are com-

puted, the ratio can be calculated under the assumption
of the normal distribution of the diﬀerence between data
and estimations. The degree of freedom equals 3 under
theses hypotheses, which is the diﬀerence between the six
parameters under H1 ð½c1 ; c2 ; sshear þ ½c1 ; c2 ; scontrol Þ and
the three parameters under H0 ð½c1 ; c2 ; scombined Þ.
The signiﬁcance of the diﬀerence between the parameters of the groups is evaluated using the Student t
test given as
xa xb
t ¼ qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
SDa
b
þ nSD
na 1
b 1
where xi , SDi , and ni represent the value of the parameter, the standard deviation, and the number of samples
of group i, respectively. For this test, the degree of
freedom is determined as the sum of the number of
samples minus two.
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