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Abstract
Objective-To clarify the effects of trans-
forming growth factor ,1 (TGF(l1),
TGF,32, and basic fibroblast growth factor
(bFGF) on cell proliferation and proteo-
glycan (PG) synthesis in articular chon-
drocytes obtained from immobilised
rabbit knees.
Methods-The right knees of rabbits were
immobilised in full extension for up to 42
days using fibreglass casts. Specimens for
histology were stained with safranin 0.

Chondrocytes were isolated from the
weight bearing regions of the femur and
tibia of the immobilised knees and cul-
tured with combinations of growth fac-

tors. Cell proliferation and PG synthesis
were determined by 'H-thymidine and
35S-sulphate incorporations.
Results-Histological study revealed loss
of metachromasia in the articular carti-
lage at seven days, fissuring and cell
clusters at 28 days, and loss of cartilage
layers 42 days after immobilisation.
Radioisotope assay of the chondrocytes
revealed no remarkable change in DNA
synthesis in the presence of either TGFOI
or TGFP2 alone. bFGF markedly stimu-
lated cell proliferation in specimens
obtained 0 to seven days after immobil-
isation. The combination of either TGFj31
or TGF02 with bFGF had a synergistic
effect, inducing significant increases in
DNA synthesis four, seven, and 14 days
after immobilisation. PG synthesis by
chondrocytes from immobilised joints was
not significantly altered by these agents.
Conclusion-TGFOI or TGFI2 in com-

bination with bFGF exert synergistic
effects on cell proliferation in articular
chondrocytes obtained from the rabbit
knee during the early days after immobil-
isation by a cast. These results suggest a

critical role of cytokine combinations in
the development of articular cartilage
degeneration after immobilisation.

(Ann Rheum Dis 1996; 55: 181-186)

Transforming growth factor d (TGFO) has
profound effects on proliferation and matrix
production in cartilage cells. Three isoforms of
TGFP (TGF 1, TGFP2, and TGFI3) are all
expressed in chondrocytes,' and seem to form
part of the network of cartilage regulatory

factors.' Among these three isoforms, TGF3 1
and TGF,B2 are potent growth factors and
TGFI2 is a more active stimulator of chondro-
genesis,2 proteoglycan (PG) synthesis,3 4 and
cell proliferation in vitro. TGF,B is also
believed to have an important role in the repair
process of degenerated cartilage in diseases
such as osteoarthritis (OA).9
There are several reports, however, indi-

cating that the responsiveness of human
articular chondrocytes to TGF,B may depend
on the presence of other serum factors,'0 and
TGFP provides both up and down regulation
of PG and DNA synthesis in cultured articular
chondrocytes.6 8 Basic fibroblast growth factor
(bFGF) is known to be a potent mitogen for
chondrocytes4 1112 and to stabilise phenotypic
expression of cultured chondrocytes in vitro.'3
bFGF expression by synovial tissues from the
osteoarthritic joint is found to be more intense
than that by normal synovial tissues.'4 These
cytokines have been shown to act synergisti-
cally to stimulate chondrocyte proliferation
in vitro. l l15 16
We have examined cartilage histologically and

used a cell culture system of rabbit chondro-
cytes obtained from knee joints after immobil-
isation by fibreglass cast fixation for up to 42
days, in order to clarify whether there is a
change in responsiveness of articular chondro-
cytes to TGFP1, TGF,B2, bFGF, and combi-
nations thereof, during the development of OA.

Materials and methods
EXPERIMENTAL PROCEDURE

Thirty two male Japanese white rabbits, six
months old and weighing approximately 3 kg,
were used. A straight wooden splint measuring
approximately 220 x 25 x 2 mm was applied
to the dorsal aspect of the right leg from the
proximal thigh to the distal end of the limb.
The splint was tied to the limb by three to six
turns of a fibreglass casting tape (Castlight;
Alcare, Tokyo, Japan). The right knee joints of
the rabbits were securely immobilised in full
extension for periods ranging from 0 to 42
days. Six rabbits were used to examine his-
tology; each was killed 0 (not fixed, day 0),
four, seven, 14, 28, and 42 days after immobil-
isation. The other 26 animals were sacrificed
0, two, four, seven, 14, 28, and 42 days after
immobilisation, for chondrocyte studies; two
animals were killed at day 0 and four at each
of the other time points.

181



Okazaki, Sakai, Nakamura, Kunugita, Norimura,Suzuki

HISTOLOGICAL EXAMINATION
Frontal blocks of the knee joints, approxi-
mately 5 mm thick, were excised from the
weight bearing region of the femur and the
tibia. Specimens for histology were fixed with
10% formalin for one week and decalcified
with 0 53 mol/l aluminum chloride mixed with
hydrochloric acid 8-5 ml and formic acid 5 0
ml per 100 ml solution at 4°C for 48 hours.
Specimens were neutralised with 5% sodium
sulphate at 4°C for 48 hours and were em-
bedded in paraffin. Sections 7 ,um thick were
stained with safranin 0.

CHONDROCYTE CULTURE AND DETERMINATION
OF CYTOKINE CONCENTRATIONS TO BE USED
Chondrocytes were obtained from the weight
bearing region of the femur bicondyle and tibia
ofthe right knee in animals that had undergone
immobilisation. In the animals sacrificed at day
0, chondrocytes were obtained from both the
right and the left knees. Each cartilage sample
was cut into small pieces with a scalpel. All
pieces of cartilage tissues were mixed together;
they were then digested with EDTA, trypsin,
and collagenase as described previously.'7 Cells
were seeded at a density of 1 X 105 cells/dish
(9-6 cm2) in collagen coated dishes (Coming,
Iwaki Glass, Tokyo, Japan); this density was
optimal for measuring incorporation of
3H-thymidine (3H-TdR) into DNA. Cells were
cultured in HAM F-12 medium (Gibco,
Grand Island, USA) supplemented with 10%
heat inactivated (56°C, 30 minutes) fetal
bovine serum (FBS) (Gibco), 100 U/ml peni-
cillin, and 100 mg/ml streptomycin at 37°C in
a humidified atmosphere of 95% air and 5%
carbon dioxide, after which 0 5 ng/ml TGF,B1
(Wako, Osaka, Japan), 0 5 ng/ml TGF,B2
(Austral Biologicals, USA), 10 ng/ml bFGF
(donated by Kaken Pharmaceutical Co, Ltd,
Tokyo, Japan), and various combinations of
these, were added. Conditioned medium was
changed after three days, and at the same time
cytokines were added. No agents were added
to the control at any time. Twelve dishes of
cells were prepared to assay each concentration
of the agents.
To determine those concentrations, the

concentration-response curves were obtained

I B

0 1 2 3 4 5 0 12 3 4 5

C

0 10 20 30 40 50

TGFI1 (ng/mI) TGFP2 (ng/mI) bFGF (ng/mI)
Figure Effects of increasing concentrations oftransforminggrowthfactors 31 and (32
(TGF(3I,TGF(32), and basicfibroblastgrowthfactor (bFGF) on thegrowth (measured as
incorporation of3H-thymidine) ofnormal rabbit articular chondrocytes, incubatedfor six
days after isolation, in culture with (A) TGF,B1, (B) TGF(B2, or bFGF (C). Four knees
usedfor aU experiments;five dishes analysedfor each concentration. cpm = Counts per
minute: means and ISD shown.

in preliminary experiments. Briefly, articular
chondrocytes were obtained from four knees of
normal six month old rabbits and cultured in
a manner similar to that described above.
Chondrocytes were cultured for six days after
isolation and incubated in medium containing
a concentration of up to 5 ng/ml for TGFI 1
and TGF,B2, and up to 50 ng/ml for bFGF. Six
hours before the end of the incubation,
3H-TdR was added to the culture medium.
Concentration-response curves were obtained
from the average values of five dishes for each
concentration (fig 1). We also obtained the
concentration-response curves for 35S-sulphate
incorporation (data not shown). Based on
these two concentration-response curves, 0-5
ng/ml concentrations for TGFP1 and TGF,2
and a 10 ng/ml concentration for bFGF were
selected.

ASSESSMENTS
Cell proliferation-Cell proliferation was as-
sayed by incorporation of 3H-TdR (Amersham
Japan, Tokyo, Japan) into chondrocyte DNA.
Six dishes were cultured for six days before
measurement and then 3H-TdR was added to
each dish at a concentration of 37 kBq. After
incubation for six hours at 37°C, each dish was
washed with cold phosphate buffered saline
three times, 5% trichloroacetic acid (Wako,
Osaka, Japan) once, and ethyl alcohol-diethyl
ether (3:1, v/v) once. Cells were then harvested
using a 0*3 mol/l solution of sodium hydroxide.
The cell suspension thus obtained was filtered
through a cellulose acetate filter (0 45 mm in
diameter) (Sartorius, Gottingen, Germany).
After neutralisation, radioactivity bound to the
filter was determined by a liquid scintillation
counter (LS7000 Liquid Scintillation System,
Bechman, Fullerton, USA).
PG synthesis-Six other dishes were cultured
for seven days for incorporation of 35S-sulphate
(Amersham Japan) as described previously.'7
35S-sulphate was added at a concentration of
74 kBq per dish. After incubation at 37°C for
four hours, each sample was separated into a
solution layer and a cellular layer. For the
solution layer, calcium chloride dihydrate with
Tris-HCl, chondroitin sulphate, magnesium
sulphate, and cetylpyridinium chloride were
added to each sample. The cell layer was
treated in the same way, but after nuclease free
protease had been added. After filtration
through a cellulose acetate filter, radioactivity
bound to the filter was determined by liquid
scintillation counting.

STATISTICAL ANALYSIS
Data are expressed as radioactivity (counts per
minute: cpm) and their relative ratios to the
mean of the control without agent at each time
point. All values are expressed as the mean and
1 SD. To assess differences between the control
without agent and specimens treated with
cytokines, all values were initially assessed by
two factor factorial analysis of variance. When
a significant difference was found among
groups over the time course ofthe experiments,
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Figure 2 Histological changes in the articular cartilage obtainedfrom rabbit proximal tibia after immobilisation. A: Control (day 0); B: 14 days after
immobilisation; C: 28 days after immobilisation; D: 42 days after immobilisation. Bar represents 0 1 mm.

values at each time point were compared by
Scheff&'s F test. A value ofp less than 0 05 was
considered significant.

Results
HISTOLOGICAL CHANGES
The tibia specimens at day 0 showed a normal
appearance of the articular cartilage with a

Control TGF,B2 bFGF TGF,2 TGF,1 TGF31
+bFGF +bFGF

Figure 3 Effects ofvarious combinations oftransforming growth factors 31 (TGF/31)
0S5 ng/ml, transforming growth factor (32 (TGF,B2) 0 5 ng/ml, and basicfibroblast growth
factor (bFGF) 10 ng/ml on the growth (measured as incorporation of3H-thymidine) of
normal rabbit articular chontdrocytes incubated in culture with the cytokine combinations for
six days after isolation. Four knees usedfor all experiments; six dishes analysedfor each
agent. cpm = Counts per minute: means and lSD shown. ***p < 0-001 (Scheffe's F test).

smooth joint surface, regular cartilage cell
columns, and good staining of matrix meta-
chromasia (fig 2A). The joint surface became
less smooth and appeared to be undulated in
specimens obtained seven to 14 days after
immobilisation (fig 2B); loss of metachromasia
was also observed in the specimens obtained
during this period. In specimens taken 28 days
after immobilisation, irregularity of cell
columns, cluster formation, and fissures in the
cartilage were evident (fig 2C). Forty two days
after immobilisation, ulceration of joint
surfaces appeared and a cluster formation of
the cartilage cells had progressed (fig 2D); a
decrease in cartilage cell numbers and nuclear
pyknosis were also observed.

EFFECTS OF TGFO31, TGFP2, bFGF AND THEIR

COMBINATIONS ON THE PROLIFERATION OF

CHONDROCYTES

At day 0, TGF,B2 significantly reduced DNA
synthesis (by approximately 30%/o) in the chon-
drocytes obtained from knee joints compared
with the control (fig 3), and bFGF significantly
increased the values (by approximately 30%),
but administration of TGFj31 did not have any
effect on chondrocyte proliferation. No syner-
gistic effect was observed by their combination.

Seven days after immobilisation, chondro-
cytes from the immobilised knees showed sig-
nificantly enhanced DNA synthesis in the
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Figure 4 Effects ofvarious combinations of transforming
growth factors 11 and ,P2 (TGF,81, TGF,82), and basic
fibroblast growthfactor (bFGF) on the growth (measured
by incorporation of3H-thymidine) ofsmmobilied rabbit
knee articular chondrocytes, incubated in culture with the
cytokinesfor six days after isolation. Four rabbit knees for
each time point; six dishes analysedfor each agent. Relative
activity = ratio ofincorporation of3H-thymidine into
cultures obtainedfrom the immobilised knee to that into
culturesfrom control knees: means and I SD shown.
* = Control; A = 0-5 nglml TGFf82; * = 10 ng/ml bFGF;
A = 0 5 nglml TGF,82 + 10 ng/m bFGF; O = 0 5 nglml
TGF,81; * = 0 5 nglml TGF,81 + 10 nglml bFGF.
Significant differences compared with control: p < 0-05;
***p < 0 001 (ScheJffe's F test after two way analysis of
variance).

cantly stimulated cell proliferation in the speci-
mens two, four., seven., and 28 days after immo-
biisti*.l . *. .

z1lsao Imr obiliseactiontimswee(as)g uan

21

Immobilisation time (days)

Figure S Effects ofvarious combinations oftransforming growthfactor (TGF,B1)
0 5 nglml, transforming growthfactor,(2 (TGF(32) 0 5 ng/ml, and basic fibroblast growth
factor (bFGF) 10 ng/ml on PG synthesis (measured as incorporation of35S-sulphate) in
immobilised rabbit knee articular chondrocytes incubated in culture with the cytokines for
seven days after isolation. Four kneesfor each time point; six dishes analysedfor each
agent. Relative activity = ratio ofincorporation of3'S-sulphate into cultures obtainedfrom
immobilised knees to that into control knees: means and I SD shown. 0 = control;
A = 0 5 ng/ml TGF(32; * = 10 ng/ml bFGF; A = 0 5 nglml TGF,82 + 10 ng/ml bFGF;
0= 0-5 ng/ml TGF,BI. Significant increase in PG synthesis in the presence of TGF,BI
alone, on day 0.

increased by 2 5 to 4 5 times that of control
specimens during the corresponding period.
The combination of TGFR32 and bFGF
exerted a detectable synergistic effect four,
seven, and 14 days after immobilisation:
relative activities were 5i6, 15i9, and 2-4 times
those in control specimens during the corres-
ponding period. The peak effect ofthese agents
occurred seven days after immobilisation, but
decreased 14 days after immobilisation. While
TGF 1 alone did not induce any remarkable
change, the combination ofTGFI 1 and bFGF
exerted a synergistic effect on DNA synthesis
seven and 14 days after immobilisation: rela-
tive activities were 7-5 to 2 5 times greater than
in control specimens during the corresponding
period. These growth factors and their combi-
nations were less effective in specimens
obtained 28 days after immobilisation. Re-
sponses were not detected in specimens
obtained 42 days after immobilisation (data
not shown).

EFFECTS OF TGFPi1, TGFf2, AND bFGF ON PG

SYNTHESIS OF CHONDROCYTES
PG synthesis showed no remarkable change in
the presence of TGF0i2, bFGF, or both,
during the experimental period (fig 5). In the
presence of TGF, 1 alone, however, PG syn-
thesis was significantly increased in normal
chondrocytes obtained at day 0. The relative
activities were 1-9 times greater than those in
the control.

Discussion
This study has clearly demonstrated that early
changes in the articular cartilage induced by
immobilisation are associated with increases in
the proliferative response of cartilage cells to
bFGF and its combination with TGF,B1 or
TGFP2. TGFP2 alone was less effective, and
TGF,31 alone did not induce any significant
effect on the chondrocytes. Relative activities
of articular chondrocytes in PG synthesis were
not changed by these cytokines in this model.

Histological findings confirmed the early de-
generative changes such as loss of meta-
chromasia of the matrix and undulation of the
cartilage surface starting seven days after im-
mobilisation, and these changes progressed
until 14 days after immobilisation (table). Pro-
liferative changes such as cluster formation of
the chondrocytes were then found 28 days after
immobilisation. Definite cartilage loss was
apparent 42 days after immobilisation. These
changes are compatible with previously re-
ported findings of changes in the articular
cartilage of rabbit knee joints after immobil-
isation.'8 21 It has been reported that incorpor-
ation of 35S-sulphate in rabbit knees increases
four days after immobilisation,22 and that PG
synthesis rates increase 10 days or later after
immobilisation, 9 whereas articular chondro-
cytes in our model did not show increased PG
synthesis in response to TGFO1, TGF0i2, or
bFGF. Other factors present in the serum, or
their combined effects, may have a critical role
in the regulation of PG synthesis for articular
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Relationship between histologicalfindings after immobilisation and the effects of various combinations ofgrowth factors on
DNA synthesis in cultured articular chondrocytes obtainedfrom immobilised knees

Immobdisaton time (days)

0 2 4 7 14 28

Histological Normal No data No apparent Loss of metachromasia Loss of metachromasia Cell clusters
findings change Undulated surface Undulated surface Fissuring

Irregularity of
cell columns

DNA synthesis
in presence of
TGFI32 0 70*** 0-67 1-56 4.97*** 0-75 0-67
bFGF 1-31*** 2-46*** 3-02* 4-47*** 109 2-90***
TGF32 + bFGF 0 91 0-75 5-55*** 15-93*** 2-39*** 0 90
TGF1I 1-04 1 19 1-05 1-48 093 No data
TGFP1 +bFGF 1-31*** No data No data 7 50*** 2-53*** No data

DNA synthesis values expressed as the ratio of experiment to control at each time point.
TGF = Transforming growth factor; bFGF = basic fibroblast growth factor.
Significant difference compared with control group at each time point (Scheffes F test): *p < 0-05; ***p < 0 001.

chondrocytes during immobilisation of the
limb.5 23

The stimulation ofDNA synthesis by bFGF
observed in normal chondrocytes (day 0) may
be related to the rather large concentration of
this cytokine that we used. The preliminary
concentration-response curve of 3H-TdR in-
corporation to bFGF showed a sharp increase
in the activity in response to a concentration of
1 ng/ml, followed by a gradual increase up to
50 ng/ml, so the 10 ng/ml concentration we

subsequently chose to use was apparently close
to the maximal effective one. However,
3H-TdR incorporation in articular chondro-
cytes obtained from the joint immobilised for
two to seven days was significantly increased
and greatly exceeded the maximal level of
incorporation observed in normal chondro-
cytes, after which the incorporation subsided.
These transient increases in the proliferative
response of the cells to the agent were followed
by subsequent histological changes indicating
increased proliferation of chondrocytes, such
as cluster formation. Therefore, while the con-
centration of the agent may have been
pharmacological, it is likely that the transient
increase in DNA synthesis as a result ofbFGF
stimulation was related to changes in the chon-
drocytes that were caused by immobilisation.
The effects ofTGFB1 and TGFP2 alone on

either PG or DNA synthesis were not as

remarkable as expected in our experiments.
The effect of TGFI2 in stimulating DNA
synthesis was significant only seven days after
immobilisation. The stimulatory effects of
these cytokines became significant when com-
bined with bFGF, four to 14 days after immo-
bilisation. Nevertheless, these results do not
indicate less important roles for TGFp1 and
TGFP2 in the development of arthritic
changes. It has been well documented that
there is an increase in both PG synthesis and
cell proliferation during the early stage of
human OA,24 25 and the concentration of
TGF, in the synovial fluid has been reported
to be increased.26 The amounts of active TGF(
produced by osteoarthritic cartilage cells are

larger than the amounts produced by normal
cartilage.6 Furthermore, osteoarthritic cartilage
seems to be more sensitive to TGFP than is
normal cartilage, and PG synthesis in response

to TGFP administration has been shown to be
upregulated in arthritic cartilage.6 Therefore

TGFP in combination with other cytokines
may exert an anabolic effect to repair the
chondrocytes damaged by immobilisation.
Another possible explanation for the less
remarkable action ofTGFP in our experiments
might relate to our use of a smaller concen-
tration of the cytokine (0-5 ng/ml) than that
observed in osteoarthritic joints. While the
TGF, concentration in osteoarthritic cartilage
tissues in humans has been reported to be 0O2
ng/mg,6 it has also been reported that the mean
concentration of active TGF3 in synovial fluids
was as much as 3-8 ng/ml for osteoarthritic
knee joints."6 However, the concentration-
response curves obtained in our study clearly
indicated that the concentration we used was
sufficient in normal chondrocytes. With these
concentrations of TGF, 1 and TGF,2, we
could detect the transiently increased DNA
synthesis in degenerated chondrocytes. The
data suggest, therefore, that the capacity of
chondrocytes to respond to combinations of
TGF[B1 with bFGF, and TGFI2 with bFGF,
is greatly increased by immobilisation of the
joint for seven days.
Our observation of synergistic effects of

TGF,3s and bFGF on DNA synthesis in chon-
drocytes suggests a critical role of cytokine
combinations in the development of OA. It has
been reported previously that TGF3 and
bFGF exert synergistic effects on chondrocyte
proliferation in vitro.' While the action of
bFGF on differentiated chondrocytes seems to
be limited in vitro,27 administration of bFGF
in the rabbit joint was shown to promote the
repair of cartilage defects in vivo.28 As growth
factors act through different pathways,'6 com-
binations of growth factors may also exert
various actions on the chondrocytes in vivo. In
our study, the differences in the magnitudes of
synergistic potential on DNA synthesis be-
tween combinations of TGFI1 with bFGF,
and TGF,B2 with bFGF at each time point
(table) may support the specificity of cytokine
combinations on proliferative stimulation.
Further examination of the effects of TGF3s
in combination with other cytokines contained
in the serum and synovial fluid, such as epi-
dermal growth factor, would be'necessary.'0 As
Vivien et al observed that TGFI increased
proliferation of rabbit articular chondrocytes in
cultures containing 10% fetal calf serum
(FCS), while the agent decreased proliferation
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in a medium containing 2% FCS,'° the con-
centration of these agents used in combination
is clearly important.

Other issues affecting the actions of the
cytokine combinations in the development of
OA include the microenvironment of the chon-
drocytes and the state of differentiation of the
cells. Pressure and regional circulation in the
articular cartilage are easily affected by cast
fixation of the joint. Thus immobilisation may
cause dedifferentiation of the chondrocytes,
and the cellular responses to cytokines may be
greatly changed. The responses of DNA syn-
thesis in the articular cartilage to cytokines and
their combination may differ depending on the
time after immobilisation, as shown in our
experiment. In other words, our model may be
useful in detecting the transient aspects of
chondrocyte metabolism during the develop-
ment of OA, and the augmentation of DNA
synthesis of articular chondrocytes by cytokine
combinations may be a phenomenon observed
only in the early stage of osteoarthritic change.

In conclusion, either TGF 1 or TGF32
combined with bFGF exert a synergistic effect
on DNA synthesis of the articular chondro-
cytes obtained from the rabbit knee in the early
days after immobilisation with a cast. These
results suggest that cytokine combinations
such as TGFIs and bFGF may have a critical
role in the development of cartilage degener-
ation after immobilisation, and that a model of
immobilisation would be useful in studying the
metabolic processes of chondrocytes in
diseased cartilage.
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