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SUMMARY 

Cartilage was taken from the macroscopically normal part of human femoral heads immediately after 
orthopedic surgical operations for total prothesis consecutive to hip arthrosis. Alter clostridial 
collagenase digestion and repeated washings, chondrocytes (10 s cells) were cultivated in a gyrotory 
shaker (100 rpm}. Under these conditions, cells were kept in suspension and after 3 to 5 d formed a flaky 
aggregate which, on Day 10, became dense. These chondrocytes were morphologically differentiated: 
they had a round shape, were situated inside cavities, and were surrounded by a new matrix. 
Histochemical methods showed the presence of collagen and polysaccharides in cell cytoplasm and in 
intercellular matrix, and the immunofluorescence method using specific antisera (anticartilage 
proteoglycans and anti-type II collagen) showed that these two constituents were in intercellular matrix. 
The measurement of the amounts of proteoglycans (PG) released into culture medium and those present 
in chondrocyte aggregate (by a specific PG radioimmunoassay} showed a maximum production on Days 
3 to 5 of culture, then the production decreased and stabilized (from Day 10 to the end of culture). 
The observed difference between the amounts of PG in aggregates after 20 d and those after 2 h of 
culture demonstrated that PG neosynthesis did occur during cultivation. This conclusion was 
supported by other results obtained by [l'C]glucosamine incorporation in chondrocyte aggregates. 
Moreover, the aggregate fresh weight related to cell number (appreciated by DNA assay} increased 
significantly with culture duration. Three-dimensional chondrocyte culture represents an interesting 
model: chondrocytes were differentiated morphologically as well as biosynthetically and synthesized a 
new cartilage matrix. 
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INTRODUCTION 
It is well known that chondrocytes are characterized by 

their ability to synthesize an extracellular matrix. This 
matrix is essentially composed of type II collagen (31,44) and 
cartilage proteoglycan (PG) (20,22,23,29,36). Proteoglycans 
are covalently linked to hyaluronic acid in a supramolecular 
complex (21). Metabolic functions of chondrocytes have 
mainly been studied by cultivating in monolayers chick em- 
bryo chondrocytes (4,11,30,32,43) or mammalian articular 
chondrocytes (9,25,26) and human chondrocytes (19). Under 
these experimental conditions, chondrocytes in culture usually 
have an unstable phenotype and tend to dediiferentiate 
(1,2,35,45,46). To avoid this difficulty, chondrocytes have 
been cultivated in agarose gel (6,24) or in organ culture (7,28). 
Chondrocyte cultivation in three dimensions and in suspension 
has been proposed (5,12,33,40,41), hut such a model has not 
been studied in detail up to now. 

The aim of this work was to cultivate chondrocytes from 
human articular cartilage in three dimensions and to 

study their eventual morphological dii|erentiation and 
matrix production (proteoglycans and collagenk 

MATERIALS AND METHODS 

Human chondrocytes were cultivated in Dulbecco's 
modification of Eagle's medium (DMEM, Flow Labs) 
supplememted with 10% fetal bovine serum {GIBCO, Ghent, 
Belgium)vand ascorbic acid (50 pg/ml). Cartilage was taken 
from the macroscopically normal part of human femoral heads 
immediately after surgery. This hyaline cartilage was cut into 
small fragments which were then digested by clostridial 
eollagenase (Boehringer-Mannheim GmbH, Germany; 1 
mg/ml) in carbonate-bicarbonate buffer (CaClz 1 mM ad- 
justed to pH 7.4) during 24 h. This way, chondrocytes were 
separated from their matrix. The cellular suspension was 
centrifuged (1500 rpm, 5 min) and the pellet was suspended in 
culture medium. Alter six successive washings and cen- 
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trifugations (1500 rpm, 5 min) the pellet was suspended in the 
culture medium. Cells were then put into suspension (10' 
ceUs/10-ml flask, Sovirel, containing 3 ml of culture medium). 
Flasks were placed in a gyrotory shaker (100 rpm). Cultures 
were maintained at 37 ~ C in an air atmosphere with 5% CO2. 

Histological and histochemical analysis. Chondrocyte 
aggregates (1.5 to 2.5 mm diameter) were fixed with Bouin 
liquid after 9 to 30 d in culture. Sections (1-~m thick) of 
aggregates embedded in paraffin were stained with 
hematoxylin and eosin, light green, periodic acid Schiff 
(PAS~, or Alcian blue (light microscopy). 

Transmission electron microscope analysis. Aggregates 
were fixed with glutaraldehyde (2.5% in cacodylate 
buffer). Ultrathin sections of aggregates embedded in 
Epon and contrasted with uranyl acetate and lead citrate 
were studied with a transmission electron microscope 
(800 kV, Philips E M  301). 

Immunocytochemical study. Type I I  collagen, carti- 
lage proteoglycans, and laminin were sought by the 
immunofluorescence method applied to semithin sec- 
tions (1 ~m) of chondrocyte aggregates fixed with formol 
and embedded in paraffin (42). 

Specific antisera were used. Type I I  collagen antise- 
rum, induced in guinea pig (type I I  collagen, isolated from 

bovine cartilage) was obtained from Foidart et al. (13). 
The specificity of antitype I I  collagen has been 
established as follows: (a) by the hemaglutination 
method--there was no cross-reaction of antitype I I  
collagen with any other type of collagen (13,14); (b) by the 
radioimmunological method--there was no reaction with 
other types d collagen and it still reacted with type I I  
collagen after a preincubation in presence of other types 
of collagen (16,38). 

Human cartilage proteoglycans antiserum was induced 
in rabbits by injections of human cartilage PGs. The 
specificity of this antiserum was assessed by the 
radioimmunological method (]9L There was no cross- 
reaction with other connective tissue components such as 
type I, I I ,  I I I  collagens, fibronectin, or hyaluronic acid. 
Furthermore, the antibodies were directed against the 
core protein of cartilage PGs whereas chondroitin and 
keratan sulfate were not immunoreactive with the 
antiserum. Finally, the antibodies were species-specific 
(rat and chick cartilage PG did not cross-react) and 
tissue-specific (proteoglycans from bone, liver, and lung 
did not cross-react in cartilage PGs radioimmunoassay). 
Laminin antiserum (15,16) was used as a control, because 
laminin is not present in normal cartilage. 

FIG. 1. Sections of human chondrocyte aggregates stained with hematoxylin and eosin ~9 d in culture}. A, with PAS 
(29 d in cultureL X465. B, with light green and Kernechtrot (9 d in culture). X465. C, with Alcian blue ~30 d in cultureL 
X237. D, a superficial layer of flat cells delimits the aggregates. Chondrocytes are situated inside small cavities 
embedded in a newly synthesized matrix. X86. 
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For all antisera, these three controls were applied: 
sections of aggregates were incubated for 30 min in the 
absence of antiserum, in the presence of nonimmunized 
rabbit serum, and in the presence of specific antiserum, 
the antibodies of which had been previously adsorbed 
with antigen excess. 

Sections of chondrocyte aggregates after different 
culture durations, (9 to 30 d) were treated for 30 min with 
testicular hyaluronidase (20 mg/ml phosphate buffered 
saline (PBS), washed five times in PBS, incubated for 30 
min with normal goat serum, then put in contact with 
antiserum (I/20) (I h), washed with PBS, (5 times), 
incubated with anti-Ig induced in goat and chemically 
coupled with fluorescein or rhodamin, and washed again. 
Chondrocyte aggregate sections were observed with a 
fluorescent microscope. 

Radioimmunoassay of cartilage proteoglycans. Pro- 
teogiycans released into culture medium and PG present 
in chondrocyte aggregate were measured according to the 
radioimmunoassay described by Gysen et al. (18,19). 

Culture media were assayed for PGs without treatment. 
Chondrocyte aggregates were washed three times with 
PBS, then dissolved in 4 M guanidinium chloride 
containing e~zyme inhibitors (37) under agitation. After 
24 h, the extracts were centrifugated and supernatants 
were dialyzed against PBS, then assayed for PG. 

The radioimmunoassay was performed in a 0.4-ml 
incubation volume constituted with 0.1 ml of the tracer 
solution (15000 to 20000 epm of PG labeled with 
[125]iodine by chloramine T method), 0.1 ml of 
antiserum anti-PG diluted at 1:5000 in PBS containing 5 
g/l bovine serum albumin (incubation buffer) and 0.2 ml 
of several dilutions of the material to he measured 
(conditioned culture medium or chondrocyte aggregate 
extract) or the unlabeled antigen ranging from 0.1 to 500 
ng/tube (reference curve). After 4 d at 4 ~ C, the labeled 
PG antibody complexes were separated by double 
precipitation by adding 0.1 ml of a 1:20 dilution of 
donkey antirabbit Ig G serum and 0.1 ml of a 1:100 
dilution of normal rabbit serum. After 48 h at 4 ~ C, the 
precipitate was separated by centrifugation after addition 
of 2 ml of incubation buffer containing 200 mg/l of 
microcristalline cellulose and 2.5 ml/l of Tween 20. The 
radioactivity was measured in a gamma counter. 

[14C]Glucosamine incorporation into chondrocyte 
aggregates. To study PG synthesis, chondrocytes were 
incubated after various culture durations, in culture 
medium containing [D-1-14C]glucosamine hydrochloride 
(Amersham, Arlington Heights, IL; 2 ~Ci/ml; 56.8 
mCi/mmol). After 24 h, chondrocyte aggregates were 
washed in PBS (3 X 5 min), incubated for 1 h in PBS 
containing 5 g/l glucosamine, washed again, and 

FIG. 2. Electron microscope observation of a human ehondrocyte in one aggregate (10 d in culture). Close to a 
portion of the nucleus, the cytoplasm contains developed granular endoplasmic retieulum. In extracelhlar matrix, 
homogeneous material and striated collagen microfibrils were present. X46 020. 
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ultrasonlcated. Incorporated radioactivity was counted: 
(E-counter), and DNA content in chondrocyte aggregates 
was measured according to the fluorimetric method of 

Labarca and Paigen (27). Incorporated radioactivity was 
reported to microgram DNA. Incorporated radioactivity 
was studied every 3 d I5 to 25 d in culture) in three 

FIG. 3. Immunofluorescence method applied to thin sections in chonclrocyte aggregates demonstrates the presence 
of type II collagen (A-C) and cartilage proteoglycans (B-D). A-B 10 d in culture; C-D 30 d in culture. A, C, D X319; B 
X 120. 
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FIG. 4. Mean curve obtained for five individual experiments 
concerning proteoglycans released into culture medium as a 
function of culture duration. Cumulative values; mean +_ 
one SD. 

chondrocyte aggregates in each case. As a control for 
[~4C]glucosamine incorporation, three aggregates were 
previously fixed in absolute ethanol. 

RESULTS 

Dissociated human chondrocytes cultivated under 
these conditions formed aggregates after 3 to 5 d. These 
aggregates tended to condense; their diameter was 
around 2 mm. They were kept in excellent condition for 
more than 1 too. in vitro. 

Histological and histochemical analysis--llght micros- 
copy. Sections of aggregates after various durations of 
culture have been stained by different methods: two types 
of chondrocytes can he distinguished in aggregates. A 
layer of flat cells delimited the latter-aggregate. Inside 
aggregates, cells were quite spherical. Between them, 
abundant newly synthesized intercellular material (matrix) 
was present in which small cavities contained living chon- 
drocytes (Fig. 1 A-D). Periodic acid Schiff and Alcian blue 
stainings demonstrated the presence of polysaccharides in 
intercellular matrix and in chondrocyte cytoplasm (Fig. 1 
B-D). Light green staining showed the presence of collagen in 
intercellular matrix and on the edges of small cavities, which 
were particularly positive (Fig. 1 C). Identical aspects were 
observed after 9, 29, and 30 d of culture. Mitotic cells were 
present, usually at the aggregate periphery; their number 
decreased with culture duration. 

Transmission electron microscope analysis. Chondro- 
cytes presented a well-developed Golgi apparatus. 
Granular endoplasmic reticulum was relatively abundant 
and contained synthesized material in cisternae. Cyto- 
plasmic granules contained homogeneous granular materi- 
al. Microfilaments and microtubules were present in the 
cytoplasm. Microvesicles were often associated with 
plasma membrane. Intercellular matrix contained abun- 
dant microfibrils which were usually striated (collagen) 
{Fig. 2). 

Immunocytochemical study. With specific antisera, 
type I I  collagen and PGs were demonstrated to he present 
in intercellular matrix and in cell cytoplasm (Fig. 3). 
Usually, the intensity of the reaction was lower at the 
aggregate periphery. Similar results were observed in 
chondrocyte aggregates after 10,16, and 29 d of culture. 

Quantitative and kinetic study of PG synthesis. To 
study the formation of cartilage matrix by chondrocytes 
in three-dimensional culture, the amounts of PG present 
in chondrocyte aggregates and in conditioned culture 
medium were measured by specific human cartilage PG 
radioimmunoassay. 

Figure 4 represents cumulative PG production in 
culture medium for five different experiments. For each 
experiment, three flasks were used at a time; each flask 
contained one ehondrocyte aggregate. Under identical 
conditions, the PG amount in chundrocyte aggregates 
increased as a function of culture duration (Fig. 5). 

Chondrocyte aggregate fresh weight also increased as a 
function of culture duration, especially during the first 
days of culture (Table 1); up to Days 8 to 10 chondrocyte 
aggregates were flaky; then the aggregates were clearly 
formed (Days 10 to 15 in culture). Aggregate fresh weight 
related to cell number (appreciated by DNA content) 
increased progressively (after 4 d: 2.2 -I- 0.38 
mg/tag DNA, but 3.25 A- 0.35 mg//ag DNA after 20 d 
in culture). 

["Clglucosamine incorporation into chondrocyte ag- 
gregates. ['4C]Glucosamine incorporation into hyaluron- 
ic acid and keratin sulfate was studied as a function of 
culture duration (Fig. 6). Values were expressed as 
disintegrations per minute per microgram DNA. Figure 6 
shows maximal incorporation when cultures were 
10-d-old, after which incorporation intensity decreased, 
hut some incorporation was clearly maintained during 
more than 25 d. 

DISCUSSION 

It is well established that chondrocytes, when liberated 
from their matrix by digestion and then cultivated in vitro 
in monolayers, usually rapidly lose their morphological 
and biochemical characteristics, assume a fibroblastic 
phenotype, and actively divide (1,2,8,10,40,47). When 
cultivated in a defined medium, in monolayers, rabbit 
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FIG. 5. Mean curve obtained for five individual experiments 
related to proteoglycans measured inside chondrocyte aggregates 
as a function of culture duration. Mean -4- one SD. 
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TABLE 1 

CHONDROCYTE AGGREGATE FRESH WEIGHT 
RELATED TO MICROGRAM OF DNA 

Culture Duration Fresh Weight (rng/~g DNA) 

2h 1.3 _ 0.10 
4d 2.2 ___ 0.38 
6 d 2.62 -+- 0.20 

10 d 2.78 • 0.4O 
13 d 2.84 • 0.30 
15 d 2.96 • 0.58 
20 d 3.25 • 0.35 

articular chondrocytes proliferate and synthesize type I I  
collagen (3). The behavior of rabbit articular chondro- 
cytes in suspension is quite different from that in 
monolayer culture; cells deposit metachromatic material 
(17k When rabbit chondrocytes cultured in monolayer 
flasks are trypsinized and transferred to spinner bottles, 
proliferation is greatly reduced. Much metachromatic 
material is deposited by the aggregated cells {41). 
Furthermore, suspension conditions result in the produc- 
tion of type I I  collagen. Our results showed that when 
cultivated under three-dimensional conditions, human 
chondrocytes expressed their morphological differentia- 
tion; they were spherical and lived inside small cavities in 
a newly synthesized matrix. Only cells at the aggregate 
periphery had a flbroblastie shape. These morphological 
aspects persist during a period of culture that was 
relatively long (1 too.). Ultrastructurally, chondrocytes 
present signs of intense secretory activity (developed 
Golgi apparatus, abundant granular endoplasmic reticu- 
lure, cytoplasmic granules). 

Chondrocyte differentiation was demonstrated not only 
by morphological analysis, but also by the presence of 
normal constituents of intercellular matrix; type I I  
collagen and cartilage PGs. By the histological method 
(light green staining) collagen was detected in cell 
cytoplasm and in matrix; the immunofluorescent method 
also showed the presence of type I I  collagen in 
intercellular matrix and in cell cytoplasm. 
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FIG. 6. [14C]Glucosamine incorporation into aggregates after 
different culture durations. Bars = mean values ___ one 
SD. 

Histochemical methods (PAS and Alcian blue stain- 
ings) and immunofluorescence using specific antiserum 
anticartilage POs demonstrated the presence of cartilage 
PG in chondrocyte aggregate. Moreover, large amounts of 
cartilage PG assayed by the radioimmunologic method 
were detected in conditioned culture medium and in 
chondrocyte aggregates. There was an important increase 
of PO in culture medium and in chondrocyte aggregate as 
compared to values observed after 2 h in culture. Thus, 
we can consider that PG assayed in chondrocyte 
aggregate and in culture medium corresponded to newly 
synthesized material. Furthermore, electron microscope 
observations showed that chondrocytes presented signs of 
intense secretory activity (well-developed Golgi appara- 
tus, abundant granular endoplasmic reticulum contain- 
ing synthesized material in cisternae). Moreover, [14C]- 
glucosamine incorporation indicated a new synthesis 
either of hyaluronic acid or of proteoglycans or of both. 

Analysis by autoradiography of [14C]glucosamine in- 
corporation is now in progress. The first results show that 
[14C]glucosamine is incorporated in the cytoplasm of all cells 
and in matrix. 

The evolution of the PG amount in chondrocyte 
aggregates and in conditioned culture medium during 
cultivation can be explained as follows: During the first 
days of culture, chondrocytes progressively aggregated 
and cons t i tu ted  ce l lu lar  masses  ( -4- 2 mm 
diameter), which before Day 9 were flaky but became 
solid and spherical during further cultivation (1 mo.). 
During the first 3 d of culture, chondrocytes synthesized 
large amounts of cartilage PG but these were released into 
culture medium. 

Between Days 4 and 10 part of the secreted PG was 
integrated into an intercellular matrix. At this time, cells 
were close together and probably synthesized other types 
of molecules, such as type I I  collagen. This could explain 
why the amount of PG released into culture medium 
clearly decreased with time; increasing proportions of 
produced PG then remained inside chondrocyte aggre- 
gates. Moreover, aggregate fresh weight increased mainly 
during the first 6 d of culture. 

To maintain human ehondrocytes in culture with a high 
degree of differentiation, we eonsMer that newly formed 
aggregates in culture constitute an interesting model. 
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