
Biorheology 39 (2002) 153–160 153
IOS Press

The functional expression of connexin 43
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Abstract. Cell-to-cell interactions and gap junctions-dependent communication are crucially involved in chondrogenic differ-
entiation, while in adult articular cartilage direct intercellular communication occurs mainly among chondrocytes facing the
outer cartilage layer. Chondrocytes extracted from adult articular cartilage and grown in primary culture express connexin 43
and form functional gap junctions capable of sustaining the propagation of intercellular Ca2+ waves. Degradation of articu-
lar cartilage is a characteristic feature of arthritic diseases and is associated to increased levels of interleukin-1 (IL-1) in the
synovial fluid. We have examined the effects of IL-1 on gap junctional communication in cultured rabbit articular chondro-
cytes. Incubation with IL-1 potentiated the transmission of intercellular Ca2+ waves and the intercellular transfer of Lucifer
yellow. The stimulatory effect was accompanied by a dose-dependent increase in the expression of connexin 43 and by an
enhanced connexin 43 immunostaining at sites of cell-to-cell contact. IL-1 stimulation induced a dose-dependent increase of
cytosolic Ca2+ and activates protein tyrosine phosphorylation. IL-1-dependent up-regulation of connexin 43 could be prevented
by intracellular Ca2+ chelation, but not by inhibitors of protein tyrosine kinases, suggesting a crucial role of cytosolic Ca2+

in regulating the expression of connexin 43. IL-1 is one of the most potent cytokines that promotes cartilage catabolism: its
modulation of intercellular communication represents a novel mechanism by which proinflammatory mediators regulate the
activity of cartilage cells.

1. Introduction

Intercellular communication confers tissues the ability to co-ordinate many different cellular functions,
such as the regulation of cell volume, the intracellular ionic composition and cell metabolism [3]. Cell-
to-cell communication through gap junctions represents the pathway for direct intercellular exchange of
small cytosolic constituents that diffuse through the intercellular channels constituted by the multimeric
assembly of connexins, a family of closely related proteins [3].

Gap junction-mediated intercellular communication is critically involved in the development of car-
tilage during differentiation [6]; in adult articular cartilage, on the other hand, chondrocytes exist as
individual cells embedded in the extracellular matrix, and gap junctions are mainly expressed by the
flattened chondrocytes facing the outer cartilage layer [24]. Chondrocytes extracted from adult articular
cartilage, however, retain the ability to form functional gap junctions in culture, as demonstrated by the
expression of connexin 43 (Cx43), the 43 kD gap junction protein [4,8], and by the ability to respond to
extracellular chemical or mechanical stimuli with co-ordinated patterns of intercellular Ca2+ oscillations
and waves [7,12].
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Degradation of articular cartilage is a characteristic feature of arthritic diseases and results from in-
creased levels of matrix metalloproteinases such as collagenase and stromelysin [18]. Interleukin-1 (IL-1)
is one of the most potent cytokines that promotes cartilage catabolism; its levels are elevated in arthritic
joints and induce in chondrocytes the production of metalloproteinases [26], suppresses type II collagen
and proteoglycan production [11], inhibits chondrocyte proliferation [2] and induces proinflammatory
mediators such as prostaglandins and nitric oxide [18]. Interestingly, chondrocytes from the outer carti-
lage layer show a greater vulnerability to the harmful effects of IL-1 than cells in the deeper layers of the
tissue [13].

Among the articular pathologies linked to increased IL-1 levels, rheumatoid arthritis induce an un-
scheduled remodelling of cartilage and the degradation of extracellular matrix [1]. As a part of synovial
tissue reaction, proliferating synovial cells penetrate the superficial cartilage layer in the form of a pan-
nus, causing the destruction of cartilage [5]. Synovial pannus formation is initiated with the recognition
and adhesion of synovial cells to chondrocytes and to cartilage matrix [15,22,23,27]. Studiesin vitro
demonstrated that IL-1 stimulates dose-dependently the attachment of monocytes and synovial cells
to cartilage through a mechanism involving an increased and altered expression of integrins and cad-
herins [16].

There is growing evidence that intercellular adhesion precedes, and may even be a prerequisite for, the
establishment of gap junctions [17,20]. Moreover, evidence has been reported that inflammatory diseases
in kidneys and lungs are associated with an increased expression of Cx43, resulting in a higher level of
cell-to-cell coupling [9,14].

In this study we show that stimulation of rabbit articular chondrocytes in primary culture with IL-1β
induces a dose-dependent up-regulation of Cx43. Increased Cx43 levels are associated with a higher
level of intercellular dye coupling and with a potentiation of mechanically-induced intercellular Ca2+

waves, indicating that IL-1 enhances intercellular communication and signalling in articular cartilage.
IL-1 induces dose-dependent increases of the cytosolic Ca2+ concentration and protein tyrosine phos-
phorylation. Intracellular Ca2+ chelation totally prevents IL-1-dependent Cx43 up-regulation, while ty-
rosine kinases inhibitors did not affect the level of IL-1β-induced Cx43 expression: the action of the
cytokine on intracellular communication appears therefore mediated cytosolic Ca2+ increases.

2. Results

Chondrocytes extracted from rabbit articular cartilage and grown in primary cultures for 6–7 days form
confluent layers of 40–60 cells; complete confluence is normally attained 1–2 days later. The intracellular
Ca2+ concentration of chondrocytes under resting conditions was 92± 11 nM (n = 368), as measured
by digital video imaging in cells loaded with fura-2.

We showed in previous studies [4,12] that mechanical stimulation of a single cell, obtained by briefly
distorting the plasmamembrane with a fire-polished glass micropipette, induced a rapid increase of the
cytosolic Ca2+ concentration to 1957± 270 nM (n = 368) followed by a subsequent decline to resting
levels. Besides inducing a Ca2+ rise in the stimulated cell, mechanical stimulation gave rise to inter-
cellular Ca2+ waves which propagated radially from the point of stimulation and involved 10± 2 chon-
drocytes (n = 57). We recently demonstrated that Ca2+ wave propagation depends on the intercellular
diffusion of InsP3 through gap junctions, followed by the intracellular Ca2+ release in neighbouring cells
[12]. Given the pleiotropic effects induced by IL-1 on cartilage cells and its role in promoting cellular
interactions at the chondro-synovial junction, we tested possibility that the cytokine could modulate also
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Fig. 1. IL-1β increases the extent of dye coupling. Intercellular dye transfer was measured in confluent chondrocytes cultures
by micronjection of Lucifer yellow. Fluorescence micrographs were taken 8 min after microinjection of Lucifer yellow into one
cell. Injections were performed before (A) or after incubation with 10−8 M IL-1β for 24 h (B). Bar: 40µm.

the level of cell-to-cell coupling among articular chondrocytes. Incubation of cells for 24 h with 10−8 M
IL-1β resulted in an increased propagation of the mechanically-induced intercellular Ca2+ wave which
diffused to higher distance and involved 24± 3 cells (n = 22).

The extent of intercellular coupling was assessed in confluent cell layers by microinjecting individual
cells with Lucifer yellow and measuring the intercellular dye transfer (Fig. 1). In control cultures the
intercellular diffusion of Lucifer yellow was observed in 14± 1.5 cells (n = 7) (Fig. 1A), while in
cultures treated with 10−8 M IL-1β (24 h) the number of fluorescence-labelled cells was 37±3 (n = 18)
(Fig. 1B), indicating that the cytokine increased the degree of cell-to-cell coupling.

Among the most widely connexins expressed, articular chondrocytes express elevated levels of Cx43,
but not Cx32 or Cx26 [4,8]. Indirect immunofluorescence using a commercially available anti Cx43
antibody revealed a punctate distribution of Cx43 immunoreactivity particularly abundant at the interface
of adjoining cells (Fig. 2). With respect to control cultures (Fig. 2A), cell treated for 24 h with increased
concentrations of IL-1β (5 × 10−11 M, Fig. 2B; 5× 10−10 M, Fig. 2C and 10−8 M, Fig. 2D) show
a dose-dependent increase of Cx43 immunoreactivity. Higher cytokine doses (up to 10−7 M) failed to
further increase the level of staining (not shown).

Immunoblotting experiments demonstrated the expression of four bands on chondrocyte cell lysates
(Fig. 3) corresponding to the unphosphorylated (NP) and to differently phosphorylated isoforms of Cx43
(P1, P2, P3) [21]. Cell stimulation with increasing concentrations of IL-1β (5 × 10−11 M, lane 2; 5×
10−10 M, lane 3, 5× 10−9 M, lane 4 and 10−8 M, lane 5) for 6 h (Fig. 3, upper panel) or 24 h (Fig. 3,
lower panel) induced a dose-dependent up-regulation of all Cx43 bands with respect to controls (lane 1).
At both incubation times, the maximal stimulation of Cx43 expression was obtained with IL-1β 10−8 M,
while higher cytokine doses (up to 10−7 M) did not stimulate further Cx43 increase (not shown). The
concentration of IL-1β 10−8 M was therefore employed in all subsequent experiments.

In time–course experiments, an increase of Cx43 expression was detected after 6 h stimulation
(166± 15%, n = 3), although a slight increase could sometimes be observed after 30 min (see be-
low). Stimulation for 24 h maximally increased the level of Cx43 (180± 13%,n = 3) while prolonged
stimulation times (up to 48 h) failed to induce a further up-regulation (not shown).

In a next series of experiments we investigated the possible mechanism responsible for the increased
expression of Cx43 induced by IL-1β. In articular chondrocytes IL-1β has been shown to induce dose-
dependent increases of the cytosolic Ca2+ concentration [19]. Although the transduction mechanism has
been not fully elucidated, a necessary role of focal adhesions has been suggested.
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Fig. 2. IL-1β increases Cx43 immunoreactivity. Confluent chondrocytes cultures were stimulated, fixed, permeabilized and
incubated with a polyclonal antibody to Cx43. A FITC-coniugated secondary antibody was used for fluorescence visualisation.
Under control conditions (A) chondrocytes exhibit a punctate staining pattern that represents gap junctions composed of Cx43
located primarily in the plasma membrane between adjacent cells. Stimulation of the cells for 24 h with IL-1β 5 × 10−11 M
(B), 5× 10−10 M (C) and 10−8 M (D) increased dose-dependently the abundance of the punctuate staining. Bar: 40µm.

Fig. 3. IL-1β induces dose-dependent increases of Cx43 protein levels. Cells grown to confluence were incubated with in-
creasing concentrations of IL-1β for 6 h (A) or 24 h (B). The protein extracts (10–15µg for each sample) were separated by
SDS polyacrylamide gel electrophoresis, transferred to nitro-cellulose and analysed using a polyclonal antibody to rat Cx43.
Control (lane 1), IL-1β 5× 10−11 M (lane 2), 5× 10−10 M (lane 3), 5× 10−9 (lane 4) and 10−8 M (lane 5). Multiple bands
corresponding to phosphorylated (P1, P2, and P3) and unphosphorylated (NP) forms of Cx43 are present.

Stimulation of confluent cell monolayers with IL-1β induced dose-dependent increases of the cytoso-
lic Ca2+ concentration (Fig. 4). At lower cytokine doses (5× 10−11 M, Fig. 5A, 5× 10−10 M, Fig. 4B)
the increase was slow and long lasting (reaching 129± 18 nM, n = 12 and 133± 22 nM, n = 9,
respectively), while at the maximal doses employed (10−8 M, Fig. 4C) the cell response appeared bipha-
sic and composed by an initial spike (reaching 250± 30 nM,n = 15) followed by a sustained plateau
(120±5 nM,n = 15). The cytokine-induce Ca2+ response could be prevented by preincubating the cells
(1 h) with the membrane-permeant Ca2+ chelator BAPTA-AM (25µM, Fig. 4D).

Another important signal transduction pathway stimulated in chondrocytes by IL-1β is the activation
of tyrosine kinases [10]. We, therefore, tested the ability of IL-1β to induce protein tyrosine phos-
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Fig. 4. IL-1β induces dose-dependent increases of the cytosolic Ca2+ concentration. Changes in intracellular Ca2+ were mon-
itored by calcium imaging in cells loaded with fura-2. For each series of experiments is reported a representative tracing.
(A–C) Cells were stimulated with indicated dosages of IL-1β. (D) Cells were preincubated with BAPTA-AM 25µM for 1 h
prior to stimulation with IL-1β 10−8 M.

phorylation in our chondrocyte cultures. Time-dependent activation of protein tyrosine phosphorylation
was analysed in Western blots of whole cell lysates probed with an anti-phosphotyrosine antibody (not
shown). IL-1β 10−8 M induced the tyrosine phosphorylation of several proteins migrating at 64, 53, 35
and 33 kDa. Tyrosine phosphorylation of these proteins was evident after 5 min stimulation and was
maintained in cells stimulated for 24 h.

In order to verify whether the effects of IL-1β on Cx43 expression and protein tyrosine phosphory-
lation could derive from the increased Ca2+ levels induced by the cytokine, we assayed the expression
of Cx43 in cells stimulated in the presence or in the absence of BAPTA-AM 25µM, the concentra-
tion effective in preventing the rise of cytosolic Ca2+ induced by maximal IL-1β doses (10−8 M). Cell
pre-treatment with the chelator alone (1 h) did not appreciably altered the level of Cx43 compared to
controls (Fig. 5A) nor the basal tyrosine phosphorylation of cellular proteins (Fig. 5B). The chelator,
however, consistently inhibited the up-regulation of Cx43 induced by IL-1β. The effect could be already
detected in cells stimulated with the cytokine for 30 min, and fully evident in cells stimulated for 6 h
(Fig. 5A). Cell pre-treatment with BAPTA-AM appeared effective also in preventing protein tyrosine
phosphorylation induced by IL-1β (Fig. 5B).
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Fig. 5. BAPTA-AM prevents the effects of IL-1β on Cx43 expression and protein tyrosine phosphorylation. (A) Cells grown
to confluence were incubated with IL-1β 10−8 M for the times indicated. In parallel experiments, cells were incubated for 1 h
with 25µM BAPTA-AM prior to cytokine stimulation. The protein extracts (10–15µg for each sample) were separated by SDS
polyacrylamide gel electrophoresis, transferred to nitro-cellulose and analysed using the polyclonal anti-Cx43. (B) 20µg of the
same protein extracts were analysed using a monoclonal antibody to phosphotyrosine (4G10).

Fig. 6. BAPTA-AM prevents the effects of IL-1β on Cx43 immunolocalization. Confluent chondrocytes cultures were fixed, per-
meabilized and incubated with a polyclonal antibody to Cx43 in resting conditions (A), after incubation either with BAPTA-AM
25 µM for 1 h prior to stimulation with IL-1β 10−8 M for 6 h (B), or after stimulation with IL-1β 10−8 M for 6 h (C).
A FITC-coniugated secondary antibody was used for fluorescence visualisation. Bar: 40µm.

In another set of experiments stimulation with IL-1β was carried out in the presence and in the absence
of tyrosine kinases inhibitors, to test the effects of protein tyrosine phosphorylation on Cx43 expression.
Cell pretreatment with herbimycin A ( 1µM, 2 h) did not prevent the IL-1β-induced Cx43 up-regulation,
and did not interfere with the inhibitory action of BAPTA-AM, suggesting that tyrosine phosphorylation
is not directly involved in the signalling pathway leading to the increased expression of Cx43 (not shown).
Similar results were obtained preincubating the cells in the presence of tyrphostin A 25 (100µM, 15 min,
not shown).

Immunofluorescence experiments were carried out to verify whether the treatment with BAPTA-AM
induced major modifications in the cellular localisation of Cx43 (Fig. 6). The punctate distribution of
Cx43 immunoreactivity, evident in control cultures (Fig. 6A) was not altered in cells pre-treated with
BAPTA-AM and stimulated with 10−8 M IL-1β for 6 h (Fig. 6B). Moreover, the average level of staining
was similar in both conditions. In the absence of BAPTA-AM, cell stimulation with 10−8 M IL-1β greatly
enhanced the Cx43-specific staining at appositional membranes (Fig. 6C).
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3. Conclusions

In this study, we examined the effect of the proinflammatory cytokine IL-1β on gap junction-mediated
intercellular communication in articular chondrocytes. We found that the cytokine increases dose-
dependently the expression of Cx43, its localisation at the plasmamembrane, the extent of dye transfer
and the propagation of mechanically-induced intercellular Ca2+ waves, indicating a positive modulation
of cell-to-cell coupling. Among the intracellular signals activated by IL-1β in these cells, an increase of
cytosolic Ca2+ appears necessarily required, since preventing Ca2+ rises with BAPTA-AM completely
abolished the cytokine-induced Cx43 up-regulation.

Modulation of intercellular coupling represents a novel aspect of cartilage response to proinflam-
matory signals and is likely to have important consequences in cartilage pathology. Inflammatory and
degenerative joint diseases are invariably associated with elevated levels of IL-1, one of the most impor-
tant mediators responsible for cartilage matrix catabolism [18]. IL-1-induced chondrocytes responses
represent central pathogenic events in rheumatoid arthritis and osteoarthritis and include the induction
of metalloproteinases, of other proinflammatory cytokines and the inhibition of both extracellular matrix
synthesis and chondrocyte proliferation [18]. The resulting dysregulation of cartilage homeostasis leads
to progressive destruction of the joints.

The IL-1-dependent up-regulation of Cx43 expression, reported in this study, appears to be associated
to the activation of Ca2+ signalling, since it is prevented by intracellular Ca2+ chelation. Interestingly,
this condition prevents also part of the cytokine-induced protein tyrosine phosphorylation, suggesting
that IL-1 activates multiple tyrosine kinases in cartilage cells. The activation of Ca2+ signalling by IL-1
is strictly dependent on focal adhesions [19]: a likely candidate for a direct linkage between Ca2+ rises
and tyrosine phosphorylation could be the Ca2+-dependent tyrosine kinase Pyk2, a member of the fo-
cal adhesion kinase family which can be activated by stress signals [25]. In this context, chondrocyte
response to proinflammatory stimuli would depend on the adhesive status of the cells, which is deeply
modified in pathological cartilage: the erosion of the matrix embedding individual cells leads to the direct
exposition of chondrocytes to novel cell–matrix and cell-to-cell interactions, and in rheumatoid arthritis,
to the direct interaction with the infiltrating inflammatory cells [5].

Gap junctions-mediated intercellular communication provide a pathway for a bi-directional transfer of
ions and small molecules between the cells; their permeability to intracellular second messengers confers
tissues the ability to respond uniformly to localised stimuli [3]. Enhanced communication competence
among chondrocytes and, possibly, between chondrocytes and synovial cells, may facilitate the diffusion
of locally generated signals, such as mechanical strain, and thus regulate the sensitivity of cartilage and
synovial pannus to hormonal and physical factors.
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