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Integrins in ageing cartilage tissue in vitro
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Summary. Matrix-cell interactions are of great
importance for numerous cell functions whereby
integrins play an essential role as transmitters of extra-
cellular signals. In cultures of ageing cartilage tissue
(organoid or high density cultures) cartilage cells occur
on the surface of which thick fibrils of collagen type I
are deposited. Since integrins, in their role as receptors,
cause an interaction between matrix components and cell
membrane, we tried to demonstrate immuno-
morphologically (light and electron microscopically) the
corresponding integrin receptors for collagen type I
(By0t; and Baiy) on the surface of these ageing cartilage
cells. Cultures of normal, i.e. young cartilage tissue
exhibit only B;03- and B;0is-receptors; labelling against
the integrins B0, and B0, is not possible in this case.
Our results show that after the occurrence of thick fibrils
cartilage cells express new receptors (8,0, and B;0.,) on
the cell membrane. Thus, in ageing or dedifferentiating
cartilage tissue it is not only the synthesis programme of
matrix components (e.g. instead of collagen type II >>
collagen type I) which changes but also the integrins
(instead of o3/B, os/By >> /B, 0p/B) so that new
collagen types can be bound. These findings may also
serve for a better understanding and interpretation of
cartilage changes in vivo during ageing and under
pathological conditions.
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Introduction

Interactions between cells and matrix are important
for numerous cell functions; e.g. for proliferation,
migration, adhesion and differentiation. They are
transmitted by specific receptors (Buck and Horwitz,
1987; Hynes, 1987; Ruoslahti and Pierschbacher, 1987;
Akiyama et al., 1989; Albelda and Buck, 1990). Many of
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these matrix receptors belong to the family of integrins,
especially of the By-group (Hynes, 1987; Ruoslahti and
Pierschbacher, 1987; Akiyama et al., 1989). Integrins are
heterodimer molecules; i.e. they consist of different,
non-covalently-linked polypeptide chains which are
designated as «- and B-subunits (Hynes, 1987, 1992;
Albelda and Buck, 1990). The size of the o-subunit
ranges from 120 to 180 Kd. It consists of an extracellular
domain with several divalent cationic binding sites and a
transmembranous domain as well as a cytoplasmic
domain. The cationic binding sites are essential for the
binding of ligands. The size of the B-subunit varies
between 90 and 110 Kd. It also consists of an
extracellular, a transmembranous and a cytoplasmic
domain (Hynes, 1987, 1992; Ruoslahti and
Pierschbacher, 1987).

Electron microscopic investigations of isolated
integrin receptors have shown that the two subunits of
the integrins have a common extracellular globular end
and two separate cytoplasmic ends (Carell et al., 1985;
Kelly et al., 1987; Nermut et al., 1988). They function as
transmembrane connections thus causing an interaction
between the actin cytoskeleton in the cell and the
extracellular matrix components (Ruoslashti, 1991).

At present 8 B-subunits and 14 a-subunits are known.
This allows numerous combinations which recognize
many different extracellular matrix components on the
surface of other cells (Hynes, 1992).

Apart from their biological significance for essential
cellular processes, integrins also play a great role in the
medical field; e.g. in the aggregation of blood platelets,
in the immune system, during embryogenesis, tissue
repair, wound healing, and in the formation of
metastases (Albelda and Buck, 1990; Ruoslahti, 1991).

Using an organoid in vitro model, cartilage tissue can
be produced within a few days (Zimmermann et al.,
1990). After a 2- to 3-week culture period thick
collagenous fibrils occur on the surface of the cartilage
cells. According to light as well as electron microscopic
findings, these collagenous fibrils consist of collagen
type I. These cartilage cells lose, or have already lost,
their contact with the cartilage matrix (Shakibaei et al.,
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1993a). It is known that after loss of the connection with
the matrix dedifferentiation of the cartilage cells occurs
and they assume a fibroblast-like appearance (Merker et
al., 1978; Grundmann et al., 1980).

The occurrence of thick collagenous fibrils on the
surface of cartilage cells and the identification of these
collagenous fibrils as collagen type I give rise to the
assumption that in ageing cartilage tissue not only the
synthesis programme of these cells is changed but also
the spectrum of surface receptors, so that new collagens
(type I) can be bound on the surface of the de-
differentiating cartilage cells.

It was the aim of this study to demonstrate the
presence of integrin receptors for collagen type I (B0
and B,0,) in ageing cartilage tissue using biochemical,
as well as immunomorphological means. In young
cartilage tissue only the integrins o3/B; and o5/ can be
demonstrated (Shakibaei et al., 1993b). We used
monoclonal and polyclonal antibodies and the double
labelling technique for the demonstration of integrin
receptors at the light and electron microscopic level.

Materials and methods

Limb bud mesenchymal cells grow at high density (at
least 2,000,000 cells/10 ul cell suspension) at the
medium/air interphase comparable to the organ culture
(Zimmermann, 1987; Zimmermann et al., 1988, 1990)
described by Trowell in 1959.

Cell culture

The upper and lower limb buds of day-12 mouse
embryos (day 0 = day of conception) were excised,
rinsed in Hank’s salt solution and shaken in 0.2%
dispase in Ca- and Mg-free solution. After the addition
of medium the suspension was homogenized by
pipetting and separated from non-dissociated tissue
fragments by filtration through a nylon mesh with a pore
width of 20 um. For sedimentation of the cells the cell
suspension was centrifuged at 600 rotations for 10 min.

After removal of the foam the centrifugation tubes
were decanted and the cells resuspended using an
Eppendorf pipette. Ten pl each of a cell sediment with
an average density of 2 x 100 cells were pipetted onto a
membrane filter. The cells rested as a dense cell mass,
similar to the Trowell culture (1959), on a membrane
filter at the medium/air interphase. The high cell density
caused extensive cell contacts and reorganization of the
cells (sorting out) accompanied by the formation of
organoid structures, and cellular differentiation. The
cells were grown in an incubator under 5% CO, at 37°C.
After corresponding fixation they were investigated
morphologically and immunomorphologically after 7,
14, 21, 24 and 35 days of cultivation.

Western Blot Analysis

For Western Blot Analysis we used monoclonal

antibodies of the mouse (Telios Pharmaceuticals, Inc.,
USA) and Polyclonal antibodies of the rabbit (Chemicon
International, Inc., USA) which had been produced
against various human integrins. The protein samples
were separated electrophoretically on a 7.5% SDS-
polyacrylamide gel using a 4% collecting gel. Sub-
sequently, they were transferred for 2 hrs at 200 V to a
nitrocellulose membrane (Schleicher and Schiissel,
Dassel, FRG) using a transblot electrophoresis apparatus
(Mini Trans Blot™, Bio Rad Laboratories, Richmond,
USA). The membranes were then incubated with anti-
integrin antibodies (diluted in 80 mM Na,H(POy)3,
100 mM NaCl, 1% bovine serum albumin, pH 7.4,
overnight at 4 °C. The samples were specifically
detected using an anti-mouse or anti-rabbit immuno-
globulin, conjugated with peroxidase and a chemi-
luminescence reaction and photographed on a Kodak
XAR (England) film.

Immunofluorescence

The cultures were placed into an O.C.T. solution
(Bayer, Munich, FRG) and frozen in liquid nitrogen. For
the immunolabelling of the integrins 10 um-thick
sections were prepared and labelled with double
immunofluorescence; i.e. the two integrin subunits of
one section were differently labelled. GAR-FITC and
GAM Rodamin (Dianova, Hamburg, FRG) served for
the labelling of specific antibodies (Shakibaei et al.,
1993a).

Electron microscopy

The cartilage cultures were fixed in 1%
glutaraldehyde plus 1% tannic acid in 0.1 M phosphate
buffer at pH 7.4 and post-fixed in 1% OsOy solution in
phosphate buffer. After corresponding rinsing and
dehydration in ascending alcohol series, the preparations
were embedded in Epon, cut on a Reichert Ultracut and
contrasted with 2% uranyl acetate/lead citrate. The
sections were then inspected under a Zeiss EM10
transmission electron microscope.

Immunoelectron Microscopy

Immediately after fixation (3% paraformaldehyde,
0.25% glutaraldehyde in PBS, 1 hr) the cells were
washed overnight in PBS/BSA and gradually dehydrated
in ethanol (50%-100%). Subsequently, the cells were
infiltrated for 12 hrs with a mixture of LR-White/100%
ethanol (1:1) and then for 2 days with 100% LR-White.
The medium was changed 4 to 5 times during
this period. After two days, the material was placed
in plastic capsules containing LR-White (Plano,
Marburg, FRG) together with an accelerator (1 drop
acclerator per 10 ml LR-White). Polymerization was
achieved on ice for 30-60 min in the deep freeze.
Subsequently, the capsules were stored for 2 hrs at 4 °C.
After 24 hrs, the capsules were removed at room
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Double Immunolabelling of the LR-White Preparations

The LR-White ultrathin sections were transferred to

Formvar coated grids and immunolabelled as follows:

1. Blocking

2. Incubation with
1st primary AB

3. Washing

4. Incubation with
1st secondary AB

5. Washing

6. Incubation with
2nd primary AB

7. Washing

8. Incubation with
2nd secondary AB

10. Washing
10. Fixation
11. Washing
12. Contrasting
13. Washing
14. Contrasting

PBS/BSA/0.5% Tween
anti-integrin AB 1:40
in PBS/BSA
PBS/BSA/Tween

GAR 10 nm 1:30

in PBS/BSA/Tween
PBS/BSATween
anti-integrin AB 1:40
in PBS/BSA
PBS/BSATween
GAM 5 nm 1:30

in PBS/BSA/Tween
PBS/BSA/Tween
1% glutaraldehyde
PBS

1% tannic acid in PBS
PBS

2% uranyl acetate

30 min
overnight

3x15 min
60 min

3x15 min
overnight

3x15 min
60 min

3x15 min
10 min
3x15 min
10 min
3x15 min
20 min

15. Washing Aqua bidest. several

times
The preparations were inspected under a Zeiss EM10.
Antibodies

Collagen type I was obtained from foetal mouse skin
(Trelstad et al., 1976); antibodies were produced in the
rabbit. The specificity of the antibodies was determined
using the ELISA technique (Gosslau and Barrach, 1979).
The polyclonal antibodies against integrins were
purchased from Chemicon (Chemicon International,
Inc., USA) and the monoclonal antibodies from Telios
(Telios Pharmaceuticals, Inc., USA). The secondary
gold-labelled antibodies were purchased from
Amersham (Brunswick, FRG).

Results
After a 7-day culture period of limb bud blastemal

cells from 12-day-old mouse embryos at high
density, cartilage nodules and plates had developed.

Fig. 1. Immunofluorescence microscopic demonstration of integrin B0, in cartilage grown in organoid culture. a. 14-day-old culture; demonstration of
the B;-chain (FITC). x 140. b. 14-day-old culture; demonstration of the o,-chain (Rodamin). x 140
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These structures were delimited by a peri-chondrium
consisting of 2 to 5 layers of elongated, bipolar
fibroblast-like cells. Loose mesenchyme of poly-
morphous cells were located between them.
The cartilage cells were mainly round with
small cuspidal processes at their surface. They
were characterized by a well-developed rough
endoplasmic reticulum, a large Golgi apparatus
and the occurrence of other organelles or structures

(mitochondria, small vacuoles, vesicles, granules and
some components of the cytoskeleton). The matrix
was closely attached to the cell membrane. The
matrix in the cartilage tissue consisted of thin
(18-22 nm) collagenous fibrils which proceeded
singly and irregularly. After tannic acid fixation
some of these fibrils fused with the surface
coat of the cell membrane. The cells flattened towards
the perichondrium. The matrix of the perichondrium

Fig. 2. 14-day-old culture. Numerous thick collagenous fibrils (>) resting on the surface of a chondroblast (C); typical thin collagenous fibrils (18-22 nm)
at some distance to the cell (*). x 60,000. b. 14-day-old culture. Gold labelling against collagen type | only in the region of thick collagenous fibrils (>) in
the vicinity of chondroblasts (C). No immunolabelling in the cartilage matrix (*). x 63,700
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contained thicker fibrils (20-30 nm) which occurred
mainly in bundles and almost parallel to the surface of
the cartilage incorporations.

After a culture period of 2 weeks cells occurred
which were characterized by two properties that were
observed separately or jointly.

1) The cell membrane of some cartilage cells
detached from the matrix over distances of varying
length; i.e. an optically empty space developed between
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cell membrane and matrix (Fig. 1).

2) Cross-striated fibrils rested on the surface of the
cells which were clearly thicker than the fibrils of the
cartilage matrix (35-55 nm).

The number of cartilage cells showing these
two changes became larger over the next few weeks
(after 3-5 weeks of cultivation). The thick fibrils
on the surface of the cartilage cells also increased in
number.

Fig. 3. 21-day-old culture. Demonstration of integrin receptors 3, and a, (double labelling) in cartilage tissue. a. Gold particles only over thick
collagenous fibrils (>). No labelling in the typical cartilage matrix (*). B-chain = 5 nm gold granules; a-chain = 10 nm gold granules. x 127,500. b. Simple
immunolabelling against integrin o,. Gold particles on the surface of chondrocytes (C) and in the region of thick collagenous fibrils (>). No
immunolabelling in the cartilage matrix (*). x 100,000
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Immunomorphological findings obtained at light and
electron microscopic level showed that positive labelling
could be achieved on the surface of cartilage cells in the
regions of thick fibrils by the use of antibodies against
collagen type I. Labelling against collagen type II could
no longer be demonstrated (Shakibaei et al., 1983a) (Fig.
2). Thus, the thick fibrils represent collagen type 1.

In normal «young» cartilage only integrins of

the B,03- and B 0i5-types could be shown on the surface
of cells as well as in the matrix of cartilage tissue.
During the ageing process receptors for the newly-
synthesized collagenous fibrils of type I were also
expressed on the surface (i.e. integrins of the B0t -
and B o,-types; Figs. 3-5). These integrins could
be demonstrated light and electron mlcroscoplcally
These new cell surface receptors were also observed on
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Fig. 4. 21-day-old culture. Demonstration of integrin receptors B;c, B0, and o, in cartilage tissue. a. Double immunolabelling of integrin B;c.;. Gold
labelling on the surface of chondroblasts (C) and in the region of thick collagenous fibrils (>). No labelling of o, in the cartilage matrix proper (*).
B3-chain = 5 nm gold granules; o-chain = 10 nm gold granules. x 80,000. b. Double immunolabelling of integrin B0, on the surface of chondroblasts (C)
and in the region of thick collagenous fibrils (>). B-chain = 5 nm gold granules; o—chain = 10 nm gold granules. x 100,000. c. Simple immunolabelling of

integrin o.;. Gold particles only on the surface of chondroblasts. x 127,500
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the thick collagenous fibrils in the matrix. The two
integrin types (B0, and B,0,) also occurred in
perichondral cells and in the matrix of the perichondrium
in vitro.

The findings were confirmed by immunoblots (Fig.
6) of cartilage cell lysate in the presence of integrin
receptors of the B,0,- and B;0,-types using antibodies
which were also employed for immunomorphological
investigations.

!
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Discussion

After a 2-week culture period of blastemal cells from
day-12 mouse limb buds in high density organoid
cultures collagen type I occurs at an increasing extent on
the surface of cartilage cells. This collagen type can be
demonstrated light and electron microscopically by the
use of specific antibodies (Schriter-Kermani et al., 1991;
Shakibaei et al., 1993a).

Fig. 5. 14-day-old culture. Demonstration of integrins oy and a5 in the perichondrium using the gold immunolabelling technique. a. Immunolabelling
against integrin o, only at the contact site of a cell process with thick collagenous fibrils. x 80,500. b. Immunolabelling against integrin o. Gold particles
directly on the surface of the cells (C) or at thick collagenous fibrils (>). x 127,500
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The occurrence of thick fibrils of collagen type I is in
most cases preceded by a detachment of the cell
membrane from the matrix; i.e. from the inside of the
cartilage cell cavity. The thick type I fibrils are
occasionally closely attached to the cell membrane
again.

Hence, these changes in the composition of the
cartilage matrix represent an alteration in the synthesis
programme, as it has been described for the
dedifferentiation of cartilage cells and degenerative
cartilage diseases. Such modifications have also been
observed during skeletogenesis in vivo (von der Mark et
al., 1976; von der Mark and von der Mark, 1977;
Shakibaei et al., 1993a).

The findings clearly show that the matrix binding of
cartilage cells is initially lost. This is probably due to the
loss of receptors for the cartilage matrix. The developing
new cell type then expresses other receptors (B0,
3j0) which are able to bind collagen type I or other
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Fig. 6. Immunoblotting. Integrins Bya,; and Ba, recognizable in the
immunoblot due to antibody binding which is also used in
immunomorphology.

associated matrix components; e.g. fibronectin.

The question arises whether the occurrence of
integrins in the matrix represents an artefact or a cross-
reaction. Two reasons speak against an artefact or cross-
reaction:

- For immunolabelling of the ¢- and the B-chains we
used the double immunolabelling technique at light and
electron microscopic level; i.e. each chain was
imunolabelled with different antibodies (mono- and
polyclonal antibodies). There was always a close co-
localization of the two chains and an identical
localization of the two antibodies.

- Immunoblotting caused a specific staining of the
integrins.

- Using the immunolabelling technique, the integrin
receptors B0, and B0, were only found in the region
of ageing cartilage and the perichondrium; i.e. only in
areas containing collagen type I. Normal or young
cartilage exhibited the integrin receptors B0z and B;0.s.

Therefore, a specific binding between integrin
receptors and their ligands can be assumed. It is,
however, not easy to interpret the localization of integrin
receptors in the matrix of cartilage and perichondrium.
Secretion and shedding may be the mechanisms
responsible for the presence of integrins in the matrix.
Other membrane receptors of the family of syndecanes
(heparan sulphate proteoglycans) are known to be
secreted by the cell (Hook et al., 1984; Rapraeger et al.,
1986, 1987; Hassel et al., 1986). Due to changes in the
cell shape and/or loss of the binding with the matrix, the
extracellular domain of the cytoplasm membrane
receptors is detached and released into the medium
(«shedding»). Thus, the cell loses its anchorage and
stabilization at the matrix (Jalkanen et al., 1987).
Therefore, it is quite possible that also in the case of
integrins of chondroblasts the extracellular part is
detached and then adheres to the receding collagen
fibrils. Secretion or activation of enzymes might be the
reason for this event.

Secretion cannot be excluded because of the
occurrence of integrin-positive vacuoles (Shakibaei et
al., 1993b). When interpreting the function of integrins
in the matrix, interlinkage of matrix structures can be
assumed.

Hence, integrins play a great role in changing
the direction of differentiation in ageing cartilage.
However, the sequence of the processes is not yet fully
understood. Must the integrin-matrix connections first be
dissolved before the cells change their synthesis
programme or is the integrin-matrix detachment a result
of dedifferentiation? Furthermore, it is not known yet
whether the new integrins represent a secondary
response to the newly-formed collagens or whether their
occurrence is already fixed in the new synthesis
programme.

Certain is that a change of the synthesis programme
of the matrix components is accompanied by changes in
the cell-matrix interactions and that they establish a
different matrix contact via new integrins.
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