
BioMed CentralCell Communication and Signaling

ss
Open AcceResearch
7-Ketocholesterol modulates intercellular communication through 
gap-junction in bovine lens epithelial cells
Henrique Girão, Steve Catarino and Paulo Pereira*

Address: Centre of Ophthalmology, Biomedical Institute for Research in Light and Image (IBILI), Faculty of Medicine, University of Coimbra, 3000 
Coimbra, Portugal

Email: Henrique Girão - hgirao@ibili.uc.pt; Steve Catarino - scatarino@ibili.uc.pt; Paulo Pereira* - ppereira@ibili.uc.pt

* Corresponding author    

Abstract
Background: Connexin43 (Cx43) is an integral membrane protein that forms intercellular
channels called gap junctions. Intercellular communication in the eye lens relies on an extensive
network of gap junctions essential for the maintenance of lens transparency. The association of
Cx43 with cholesterol enriched lipid raft domains was recently demonstrated. The objective of this
study is to assess if products of cholesterol oxidation (oxysterols) affect gap junction intercellular
communication (GJIC).

Results: Primary cultures of lens epithelial cells (LEC) were incubated with 7-ketocholesterol (7-
Keto), 25-hydroxycholesterol (25-OH) or cholesterol and the subcellular distribution of Cx43 was
evaluated by immunofluorescence confocal microscopy. The levels of Cx43 present in gap junction
plaques were assessed by its insolubility in Triton X-100 and quantified by western blotting. The
stability of Cx43 at the plasma membrane following incubation with oxysterols was evaluated by
biotinylation of cell surface proteins. Gap junction intercellular communication was evaluated by
transfer of the dye Lucifer yellow. The results obtained showed that 7-keto induces an
accumulation of Cx43 at the plasma membrane and an increase in intercellular communication
through gap junction. However, incubation with cholesterol or 25-OH did not lead to significant
alterations on subcellular distribution of Cx43 nor in intercellular communication. Data further
suggests that increased intercellular communication results from increased stability of Cx43 at the
plasma membrane, presumably forming functional gap-junctions, as suggested by decreased
solubility of Cx43 in 1% Triton X-100. The increased stability of Cx43 at the plasma membrane
seems to be specific and not related to disruption of endocytic pathway, as demonstrated by
dextran uptake.

Conclusions: Results demonstrate, for the first time, that 7-keto induces an increase in gap
junction intercellular communication, that is most likely due to an increased stability of protein at
the plasma membrane and to increased abundance of Cx43 assembled in gap junction plaques.

Background
Gap junction channels (GJ) consist of two connexons that
are located at the plasma membrane of two adjacent cells.
Each connexon is composed of six subunits, the connex-

ins. These channels allow passage of small molecules,
with a molecular mass below 1 kDa, such as small metab-
olites, ions, and second messengers [1]. The physiological
importance of intercellular communication through gap
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junctions is well illustrated in the eye lens where inner
fiber cells fully depend on a complex network of gap junc-
tions for nutrition and signalling [2,3]. The lens is an avas-
cular organ containing a central mass of fiber cells covered
by an anterior monolayer of epithelial cells. In the lens,
the gap junctions allow the passage of small molecules
between metabolically active epithelial cells, which pro-
duces most of the ATP used by the lens, and the fully dif-
ferentiated fiber cells that present low metabolic activity.
At the equatorial region of the lens, epithelial cells exit cell
cycle and undergo significant morphological and bio-
chemical changes that result in the formation of fully dif-
ferentiated fiber cells, where virtually all organelles,
including the nuclei, are absent [4]. Three connexin genes
are expressed in the vertebrate lens; α1 (Cx43) connexin
that is expressed mostly in epithelial cells [5]; α3 (Cx46)
and α8 (Cx50) connexins which are expressed in fiber
cells [6,7].

Lens plasma membrane is unique among eukaryotic cell
membranes due to its extremely high content of choles-
terol and deficit of polyunsaturated fatty acids. In fact,
lens membranes contain the highest cholesterol content
of any known biological membrane [8,9]. As the main
unsaturated lipid present in lens membranes, cholesterol
is prone to oxidation yielding a variety of oxidation prod-
ucts. Some of these cholesterol oxides (or oxysterols) were
shown to be increased in human cataractous lenses [10],
7-ketocholesterol being the predominant oxysterol
present in human cataracts.

Accumulation of oxysterols on plasma membrane may
alter intercellular communication by a variety of mecha-
nisms most of which are unclear. For example, oxysterols
may alter lipid bilayer order and, therefore, affect intercel-
lular communication [11]. Recently, it was shown that
Cx43 at the plasma membrane is localised in specialised

domains called cavoelae [12]. The presence of products of
cholesterol oxidation on caveolae disturbs the function of
such domains [13-15]. Moreover, Cx43 trafficking, assem-
bly, and turnover are regulated by multiple mechanisms,
including those mediated by the cytoskeleton [16-18].
Cholesterol oxides were shown to disrupt cytoskeleton
network organisation, through a mechanism that involves
activation of Rho GTPases [19].

The objective of this study is to evaluate if oxysterols alter
intercellular communication through Cx43 gap-junctions
in lens epithelial cells.

Results
7-keto stabilises Cx43 at the plasma membrane
Cholesterol has been shown to increase gap junction
assembly and cell-cell communication. In this study we
evaluated the effect of the products of cholesterol oxida-
tion on subcellular distribution of Cx43 and GJIC in LEC.

To investigate the effects of cholesterol oxides on subcel-
lular distribution of Cx43, primary cultures of lens
epithelial cells were incubated with 20 µg/ml cholesterol,
7-keto or 25-OH, for 3 hours. Cells incubated with 0.2%
ethanol were used as controls. The cells were fixed and
stained with antibodies directed against Cx43 and imaged
by immunofluorescence confocal microscopy. In control
cells Cx43 staining appeared as small punctate spots at the
plasma membrane and cell-cell interfaces (Figure 1A).
After 3 hours of incubation with 7-keto the abundance of
Cx43 at the plasma membrane (as evaluated by the
number of punctate staining) was higher (Figure 1C)
while incubation with cholesterol (Figure 1B) or 25-OH
(Figure 1D) did not result in major alterations on Cx43
staining at plasma membrane. A perinuclear staining was
also observed following incubation with both 7-keto or
25-OH.

Effect of oxysterols on subcellular distribution of Cx43Figure 1
Effect of oxysterols on subcellular distribution of Cx43. LEC were treated with 20 µg/ml cholesterol (B), 7-keto (C) or 
25-OH (D) for 3 hours. Cells incubated in 0.2% ethanol were used as controls (A). The cells were fixed and stained with anti-
bodies directed against Cx43 and imaged by confocal microscopy.
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There is a variety of factors reported to affect the amount
of Cx43 at the plasma membrane. These are often cell spe-
cific and lead to either recruitment of Cx43 to the plasma
membrane or to stabilisation of the protein at the mem-
brane. The observation that the total amount of Cx43
does not change following treatment with 7-keto (Figure
2A) strongly suggests that Cx43 is not up regulated in
response to cholesterol oxides.

In order to determine if accumulation of Cx43 at the
plasma membrane following incubation with 7-keto was
associated with an increased stabilisation of the protein at
the membrane, cell-surface proteins were labelled with
biotin. The cells were incubated in the absence or presence
of 20 µg/ml cholesterol, 7-keto or 25-OH, for 30 minutes,
prior to biotinylation. The stabilisation of Cx43 at the
plasma membrane was evaluated as the amount of bioti-
nylated Cx43 remaining at the cell surface 2 hours after
biotinylation (Figure 2C). The internalised Cx43 was

Effect of oxysterols on Cx43 stability at the plasma membraneFigure 2
Effect of oxysterols on Cx43 stability at the plasma membrane. The total amount of Cx43 following treatment with 
20 µg/ml cholesterol, 7-keto or 25-OH, for 3 hours, was determined by western blot using antibodies directed against Cx43 
(A). Actin on the same samples is included to demonstrate comparable loading of the lanes (B). LEC were treated with 20 µg/
ml cholesterol (lane 3), 7-keto (lane 5) or 25-OH (lane 7) for 30 min prior biotinylation. Cells incubated in 0.2% ethanol were 
used as controls (lane 1). To determine the stability of Cx43 at the plasma membrane, the biotinylated cells were returned to 
the incubator for an additional 2 hours in DMEM, in the absence (lane 2) or presence of cholesterol (lane 4), 7-keto (lane 6) or 
25-OH (lane 8). After extraction in situ by incubation in DPBS containing 0.5% Triton X-100, the biotinylated surface Cx43 was 
detected with antibodies directed against Cx43 following isolation with Neutravidin beads (C). The results obtained are 
depicted in a graph and correspond to the Cx43 remaining at the plasma membrane 2 hours after biotinylation (D). Each bar 
represents means ± SD of three independent experiments. * – indicates statistically significant differences from controls (p < 
0.01).
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washed out from the cells following permeabilisation
with 0.5% Triton X-100 [20]. In controls, the levels of
Cx43 at the plasma membrane decreased about 70%,
while in cells incubated with 7-keto the decrease was only
of about 37% (Figure 2D). Cells incubated with choles-
terol or 25-OH showed a decrease on the amount of Cx43
at the plasma membrane of about 53% and 80%, respec-
tively (Figure 2D).

Stabilisation of Cx43 at plasma membrane is not related to 
a decrease in endocytosis
Endocytosis of dextran is often used as a functional test for
the endocytic pathway [20-22]. To demonstrate that stabi-
lisation of Cx43 induced by 7-keto results from a specific
effect on the protein, rather than a general effect on
endocytic pathway, the uptake of RITC-dextran was evalu-
ated in LEC in culture (Figure 3). The internalised fluores-
cently labelled dextran was assessed by confocal
microscopy. For negative controls, cells were incubated at
4°C to inhibit endocytosis (Figure 3E). Results show that
endocytosis is slightly enhanced in cells treated with 7-
keto (Figure 3C) or cholesterol (Figure 3B), as revealed by
the increased fluorescence inside the cells. Conversely,
endocytosis was not affected following treatment with 25-
OH (Figure 3D). Despite the increase in endocytosis fol-
lowing treatment with 7-keto, Cx43 accumulates at the
plasma membrane, indicating that the effect of 7-keto is
most likely associated with stabilisation of Cx43 at the
plasma membrane.

7-keto increases intercellular communication through gap 
junctions
The functional implications of Cx43 redistribution fol-
lowing incubation with 7-keto was investigated in pri-
mary cultures of lens epithelial cells by scrape loading/dye
transfer assays. The intercellular communication was

quantified as the distance travelled by the dye Lucifer yel-
low 8 min after loading of the dye. The results obtained
are presented in an histogram (Figure 4). Incubation of
LEC with 7-keto resulted in a 57% increase in GJIC, as

Effect of oxysterols on the endocytic pathwayFigure 3
Effect of oxysterols on the endocytic pathway. Lens epithelial cells were incubated with RITC-dextran for 30 min, at 
37°C, following incubation with 20 µg/ml cholesterol (B), 7-keto (C) or 25-OH (D) for 2 hours. Cells incubated with 0.2% eth-
anol were used as controls (A). The cells were incubated for an additional 30 min in the absence of the dye, and subsequently 
fixed with 4% PFA and imaged by fluorescence confocal microscopy. For negative controls, cells were incubated at 4°C to 
inhibit endocytosis (E).

A         B C    D E

Effect of oxysterols in intercellular communication through gap-junctionsFigure 4
Effect of oxysterols in intercellular communication 
through gap-junctions. LEC were treated with 20 µg/ml 
cholesterol (B), 7-keto (C) or 25-OH (D) for 3 hours. The 
cells were assayed for intercellular communication by Lucifer 
yellow dye transfer, following scrape loading. The intercellu-
lar communication was evaluated as the average distance 
travelled by the dye Lucifer yellow along the monolayer and 
is represented as an histogram. The values are the average of 
three individual experiments ± SD. * – indicates statistically 
significant differences from controls (p < 0.05).
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compared to controls, while incubation with cholesterol
did not significantly affect intercellular communication.
On the other hand, when cells were incubated with 25-
OH there was a slight decrease in intercellular communi-
cation through gap junction.

7-keto induces partition of Cx43 into Triton X-100 
insoluble fraction and accumulation of phosphorylated 
form of Cx43
Formation of functional gap junctions requires incorpora-
tion of Cx43 into gap junction plaques. Thus, by increas-
ing intercellular communication 7-keto should
consistently stabilise Cx43 in GJ. To confirm this hypoth-
esis primary cultures of lens epithelial cells were incu-
bated with 20 µg/ml cholesterol, 25-OH or 7-keto, for 3
hours. Cells incubated with ethanol 0.2% were used as

Effect of oxysterols on Cx43 phosphorylation and solubility in Triton X-100Figure 5
Effect of oxysterols on Cx43 phosphorylation and solubility in Triton X-100. LEC were incubated with 20 µg/ml cho-
lesterol (lane 2), 7-keto (lane 3) or 25-OH (lane 4) for 3 hours. The Triton X-100 insoluble fractions of cell lysates were sepa-
rated by SDS-PAGE, transferred to PVDF membranes and probed with antibodies directed against Cx43 (A). To allow 
quantification of phosphorylated forms of Cx43 the film of was overexposed (B). Actin on the same samples is included to 
demonstrate comparable loading of the lanes (C). The intensity of the bands was determined by laser scanning of the films fol-
lowed by quantitative densitometric analysis and the results obtained are depicted in a graph (D and E). The values are the 
average of three individual experiments ± SD. * – indicates statistically significant differences from controls (p < 0.05).
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control. Phosphorylation of Cx43 and its assembly into
GJ plaques results in an increased insolubility in 1%
Triton X-100 [23]. The results presented in Figure 5A and
5D showed that incubation with 7-keto led to a 2-fold
increase in the amount of Triton X-100 insoluble Cx43
(Figure 5A, lane 3, and 5D). Incubation of cells with cho-
lesterol resulted in a 53% increase on the amount of Cx43
partitioned into the Triton insoluble fraction (Figure 5A,
lane 2, and 5D) while cells incubated with 25-OH pre-
sented a decrease of about 20% (Figure 5A, lane 4, and
5D).

Incorporation of Cx43 into GJ is associated with phos-
phorylation of the protein [23-25]. The presence of phos-
phorylated Cx43 in the Triton insoluble fraction was
determined by immunoblotting using polyclonal anti-
bodies that recognise the phosphorylated forms of Cx43
(Figure 5B). Three major forms of Cx43 are often recog-
nised by immunoblotting: the non-phosphorylated (NP)
form and two slower migrating bands corresponding to
the phosphorylated species (P1 and P2). However, in Fig-
ure 5B, due to overexposure of the film, the non-phospho-
rylated form could not be quantified. Thus, only the
phosphorylated forms P1 and P2 were considered and
quantified (Figure 5B and 5E). The results serve our pur-
pose by showing that the amount of phosphorylated
Cx43 increased in cells incubated with 7-keto (Figure 5B,
lane 3) suggesting its assembly into gap junction plaques.

Discussion
In the present study we demonstrate, for the first time,
that 7-keto can modulate gap junction intercellular com-
munication, probably through a mechanism that involves
stabilisation of Cx43 at the plasma membrane. Data pre-
sented in this study shows that incubation of LEC with 7-
keto leads to an accumulation of the protein at the plasma
membrane and to an increase of cell-cell communication.
Additionally, an increased partition of Cx43 into Triton X-
100 insoluble fraction after treatment with 7-keto suggests
that Cx43 is incorporated into gap junctions. This hypoth-
esis is further supported by the observation that the
amount of total Cx43 is not altered following incubation
with 7-keto. Such changes in subcellular distribution may
thus account for the increased intercellular communica-
tion. On the other hand, the biotinylation experiments
showed that the rate of endocytosis of Cx43 is signifi-
cantly reduced following incubation with 7-keto. Biotin
labels mainly non-junctional Cx43, therefore, taken
together the experiments of biotinylation and solubility in
Triton X-100 suggest a role for 7-keto in stabilisation of
Cx43 at the plasma membrane. Moreover, at least part of
Cx43 stabilised at the plasma membrane is likely to be
incorporated into functional gap junctions, as revealed by
the increased intercellular communication. Thus, it is con-
ceivable that the accumulation of Cx43 into gap junctions

induced by 7-keto is a consequence of an increase in Cx43
at the plasma membrane available to form gap junction
plaques. It is not likely that perinuclear accumulation of
Cx43 following treatment with 7-keto or 25-OH can
account for the accumulation of Cx43 at the plasma mem-
brane. Indeed, although both 7-keto and 25-OH lead to
an accumulation of Cx43 in perinuclear region it is only
7-keto that stabilises Cx43 at the plasma membrane.

The findings in this report further suggest that 7-keto
effects on Cx43 endocytosis are rather specific and most
likely involve activation of specific signalling pathways.
This hypothesis is supported by two main observations:
(1) the effects of 7-keto cannot be mimicked by other cho-
lesterol oxides such as 25-OH and (2) the effects of 7-keto
are exerted specifically on Cx43 as the endocytic pathway
is not inhibited (internalisation of dextran is not dimin-
ished). Taken together these observations suggest that the
effects of 7-keto reported in this paper are not the result of
unspecific cholesterol oxidation at the plasma membrane
but rather reflect a physiological role for 7-keto in LEC
intercellular communication. Presumably, a similar effect
is also of significance in other cells and tissues, where
changes in intercellular communication are likely to com-
promise cell or tissue function.

The effects of cholesterol oxidation on endocytosis are
controversial. In fact, Chow et al. have shown that OxLDL
(rich in 7-keto) promote endocytosis in endothelial cells
[26], while Borsum showed a decrease of endocytic path-
way induced by OxLDL [27]. The results presented in this
report indicate that 7-keto slightly enhances endocytosis
in LEC. This emphasises that Cx43 stabilisation is a spe-
cific phenomena unrelated to endocytic pathway.

Two main pathways for Cx43 internalisation have been
suggested: via clathrin-coated pits [28,29] and via caveo-
lae [12]. Caveolae are membrane lipid rafts rich in choles-
terol and sphingolipids involved in signal transduction
[30-32], endocytosis [33] and cholesterol transport
[34,35]. Indeed, connexins, including Cx43, were shown
to specifically target to lipid raft/caveolae and directly
interact with caveolin-1, a membrane protein that acts as
a scaffolding protein to cluster lipids and signalling mole-
cules within caveolae [12]. More recently, Lin et al.
showed that phosphorylation of Cx43 regulates the
distribution of the protein within caveolae in lens epithe-
lial cells [36]. Disruption of caveolae following incuba-
tion with cholesterol oxidase was reported to affect the
activity of various membrane receptors sequestrated in
these membrane domains, including the endothelin
receptor type A [37], GLUT4 [38] and the platelet-derived
growth factor receptor (PDGFR) [15]. The presence of
oxysterols, namely 7-keto, on caveolae has been shown to
interfere with enzymes that concentrate in such
Page 6 of 10
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membrane domains [14,39]. Additionally, in vitro studies
demonstrated that 7-keto interacts with caveolin [40].
Therefore, disturbing caveolae structure and/or function,
7-keto may affect proteins involved in regulating the sta-
bility of Cx43 at the plasma membrane. The identity of
such proteins is largely unknown as are the mechanisms
whereby Cx43 is extracted from the plasma membrane,
endocytosed and eventually degraded. Protein kinases are
likely candidates to assist in regulation of Cx43 stability
and endocytosis. Indeed, C-terminal domain of Cx43 was
shown to be phosphorylated by a variety of kinases
including protein kinase C (PKC) [41], v-Src [42],
mitogen-activated protein kinase (MAPK) [43,44] or
casein kinase I [25]. We and others have shown that
hyperphosphorylation of Cx43 is associated with
decreased GJIC and with increased protein degradation
[24,45,46]. However, recent studies reported an increased
GJIC following phosphorylation of Cx43. For example, it
was shown that casein kinase 1 directly phosphorylated
Cx43, promoting gap junction assembly [25] while FGF
upregulated intercellular communication between lens
epithelial cells through activation of extracellular signal-
regulated kinase (ERK) [46]. Initial phosphorylation of
Cx43 is normally involved in assembly of the protein into
gap junction plaques [23-25]. Significantly 7-keto was
shown to activate a variety of protein kinases [14,48]. It is
thus conceivable that the presence of 7-keto at the plasma
membrane may enhance Cx43 assembly and formation of
gap junction plaques by a mechanism that probably
involves phosphorylation of Cx43. The importance of
cholesterol oxidation in the lens is not without signifi-
cance. Indeed, cholesterol is the most abundant lipid in
lens membranes and we have shown before that choles-
terol oxides are present at detectable levels in the lens and
more so in human cataracts [10]. Although the ratio of
cholesterol/phospholipid is higher in the inner regions of
the lens [9], where the oxysterols are most likely accumu-
late, this does not exclude that cholesterol oxides in fiber
cells may still affect function of lens epithelial cells nor
that cholesterol oxides may interfere with intercellular
communication through gap junctions formed by Cx46/
Cx50. in inner regions of the lens. We have previously
shown that cholesterol oxides affect the organisation of
cytoskeletal network in LEC, through a mechanism medi-
ated by Rho GTPases [19]. Since cytoskeleton plays a
major role in the trafficking and recruitment of connexins
into gap junction [16-18] it is conceivable that the effect
of 7-keto on GJIC may be caused by a mechanism involv-
ing cytoskeleton disruption. Although data presented in
this report does not allow to demonstrate a mechanism
whereby 7-keto increases Cx43 stability at the plasma
membrane, it certainly provides a new insight into the
effects of cholesterol oxides in LEC and into its physiolog-
ical implications in intercellular communication. The
inner layers of the lens fully depend on a complex net-

work of gap junctions through which nutrients and signal
molecules produced in the outer layers reach the inner fib-
ers. Through a model similar to that described for Cx43 in
lens epithelial cells, upregulation of intercellular commu-
nication through gap junctions formed by Cx46/Cx50 in
deeper cortical regions of the lens may compromises lens
transparency leading to formation of cataract. Addition-
ally, the increase of intercellular communication induced
by 7-keto may also disrupt a variety of highly regulated
events, including differentiation of LEC into fibers. Sev-
eral studies have shown that connexins play an important
role on lens differentiation and development [46,50-52].
For example, recent data obtained in our laboratory
showed that 7-keto induces differentiation of LEC, by an
unknown mechanism [53]. Thus, by interfering with
GJIC, cholesterol oxides may affect highly regulated, dif-
ferentiation program and compromise normal lens
growth and transparency, contributing to the catara-
togenic process.

Conclusions
The results obtained in this study show for the first time
that 7-keto induces an increase in GJIC, that is most likely
due to an increased stability of the protein at the plasma
membrane and to an increased abundance of Cx43 assem-
bled into gap junction plaques. The upregulation of GJIC
in the lens may disrupt a variety of highly regulated
events, including differentiation of LEC into fibers, that
ultimately compromises lens transparency leading to for-
mation of cataract.

Methods
Cell culture
For primary cultures of LEC eyeballs were removed from
adult bovines and the anterior capsule of the lens, with
the attached epithelium, was cut along the equator and
cultured in a 24 well-plate containing Dulbecco's modi-
fied Eagle's medium (DMEM) supplemented with 10%
fetal bovine serum (Gibco BRL Life Technologies, Inchin-
nan, UK), 100 i.u./ml penicillin, 100 µg/ml streptomycin,
at 37°C with 5% CO2. The epithelial cells were then
allowed to spread out from the capsule into the plate. The
cells were kept in culture for 48 hours before treatments.
At this stage they reached 90% confluence. 1 × 106 cells
were plated onto 60 mm Petri dishes.

Antibodies and reagents
Both rabbit polyclonal and mouse monoclonal anti-Cx43
antibodies were obtained from Zymed (San Francisco,
CA, USA). Unless otherwise noted, all other reagents were
from Sigma. Oxysterols were dissolved in ethanol.

ImmunofIuorescence
Cells grown on glass coverslips were fixed with 4% para-
formaldehyde (PFA) in phosphate buffered saline (PBS),
Page 7 of 10
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containing Ca2+ and Mg2+. The samples were then washed
with PBS, permeabilised with 1% v/v Triton X-100 in PBS,
and blocked with goat serum (1:10) for 20 min. Incuba-
tion with primary antibodies proceeded for 1 hour at
room temperature. The samples were then washed three
times with PBS before incubation with Texas Red isothio-
cyanate (TRITC) conjugated secondary antibodies for 1
hour at room temperature. The specimens were rinsed in
PBS and mounted with Glycergel (Dako, Glostrup, Den-
mark). All solutions were made up in 0.2% w/v BSA
(Sigma) containing 0.02% sodium azide (Sigma, St Louis,
MO, USA) in PBS. For controls, primary antibodies were
omitted.

Western blotting
To isolate the Triton X-100 soluble fraction, cells were
rinsed with PBS at 4°C, scraped and ressuspended in lysis
buffer (190 mM NaCI, 50 mM Tris-HCI, 6 mM EDTA, 1%
Triton X-100, Roche protease inhibitor cocktail Complete
Mini (Roche, Mannheim, Germany), 2 mM PMSF, 10 mM
iodacetamide, 50 mM NaF, 500 µM NaVO4), pH 8.3. Fol-
lowing incubation on ice for 30 min, samples were ultra-
centrifuged for 50 min at 100 000 g at 4°C and the super-
natant collected (Triton X-100 soluble fraction), while the
pellet was ressuspended in lysis buffer containing 1% SDS
and solubilised by sonication (Triton X-100 insoluble
fraction). After denaturation with Laemmli buffer for 30
min, at 37°C the proteins were separated by SDS-PAGE,
transferred to PVDF membranes and probed with anti-
bodies to Cx43.

Dextran uptake
Lens epithelial cells grown on glass coverslips were incu-
bated with 10 mg/ml rhodamine isothiocyanate RITC-
dextran (Mr 10 200 Da) in DMEM for 30 min, at 37°C.
Cells were then rinsed with PBS and incubated with fresh
DMEM without dextran and returned to the incubator for
an additional 30 min. The cells were subsequently rinsed
with PBS and fixed with 4% PFA and imaged by fluores-
cence confocal microscopy.

Dye transfer assay for gap junctional intercellular 
communication
Lens epithelial cells grown on glass coverslips were
assayed for gap junction-mediated intercellular coupling
as described by Le and Musil [49]. Briefly, the culture
medium from a confluent monolayer of LEC was
removed and saved. The cells were rinsed three times with
Hank's balanced salt solution containing 1% bovine
serum albumin (HBC), after which a 27-gauge needle was
used to create multiple scrapes through the cell monol-
ayer in the presence of Dulbecco's phosphate buffered
saline containing 0.5% rhodamine-dextran and 0.5%
lucifer yellow. After exactly 1 minute, the culture was
rinsed three times with HBC and then incubated for an

additional 8 min in the saved culture medium to allow the
loaded dye to transfer to adjoining cells. The cells were
then rinsed, fixed with 4% paraformaldehyde and imaged
on a fluorescence microscope under UV light.

Biotinylation of cell surface proteins
LEC grown on 60 mm culture dishes were rinsed twice
with 5 ml of ice-cold PBS containing 0.5 mM MgCl2 and 1
mM CaCl2, followed by the addition of 3 ml of the same
ice-cold solution containing 1 mg/ml of freshly added
SULFO-NHS-SS-biotin (Pierce, Rockford, IL, USA). After
30 min at 4°C, to stop subcellular trafficking, the medium
was discarded and the plates were washed 3 times with
PBS containing 0.5 mM MgCl2, 1 mM CaCl2 and 100 mM
glycine. The cells were scraped in RIPA buffer (50 mM
Tris-HCI, 150 mM NaCI, 5 mM EGTA, containing 1% Tri-
ton, 0.5% DOC, 0.1% SDS and supplemented with pro-
tease inhibitor cocktail, 2 mM PMSF, 10 mM
iodoacetamide, 10 mM NaF and 500 µM Na3VO4; pH
7.5). After 15 min on ice the cells were sonicated and the
homogenates were centrifuged at 14000 rpm, for 10 min-
utes. To determine the stability of Cx43 at the plasma
membrane, the biotinylated cells were incubated for an
additional 2 hours in DMEM, at 37°C, in the absence or
presence of cholesterol or oxysterols. The culture medium
was then rejected and the cells extracted in situ by incuba-
tion in DPBS containing 0.5% Triton X-100, for 10 min-
utes, at room temperature. The samples were then
processed as described above. The protein content of the
supernatants was determined and the same quantity of
protein was transferred to 1.5 ml Eppendorf microfuge
tubes containing 200 µl of Neutravidin beads (Pierce,
Rockford, IL, USA). After 2 h of incubation at 4°C under
agitation, the beads were washed four times with RIPA
buffer. The final pellets were resuspended in 150 µl 2x
Laemmli buffer and incubated 1 h at 37°C. The beads
were pelleted and the solubilised proteins were separated
by SDS-PAGE, transferred to PVDF membranes and
probed with antibodies directed against Cx43.

Statistics
All results are representative of at least three experiments.
Data are expressed as a sample mean ± standard deviation
(SD). Different samples were compared by using the Stu-
dent's t test and two-tailed probability (P).

List of abbreviations
25-OH, 25-hydroxycholesterol; 7-keto, 7-ketocholesterol;
Cx, connexin; eNOS, endothelial nitric-oxide synthase;
ERK, extracellular signal-regulated kinase; FGF, fibroblast
growth factor; GJ, Gap junctions; GJIC, gap junction inter-
cellular communication; LEC, lens epithelial cells; MAPK,
mitogen-activated protein kinase; NP, non-phosphor-
ylated; OxLDL; oxidised low density lipoproteins;
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