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Connexin hemichannel (Cx HC) opening is involved in physiological and pathological processes, allowing the
cellular release of autocrine/paracrine signalingmolecules. Linoleic acid (LA) is known tomodulate the function-
al state of connexin46 (Cx46) HCs. However, the molecular mechanism involved in this effect, or whether LA
affects HCs constituted of other connexins, remains unknown. Here, we report the effects of LA on HCs in HeLa
cells that express Cx26, one of the main Cxs in the cochlear sensory epithelium. Cx26 HC activity (dye uptake)
was increased in a concentration-dependent manner by bath application of LA and inhibited by HC blockers.
Moreover, intracellular BAPTA, a Ca2+ chelator, and PI3K/AKT inhibitors were found to reduce the LA-induced
Cx26HCopening, suggesting that the LA effect ismediated by an increase of free intracellular Ca2+ concentration
and activation of the PI3K/Akt-dependent pathway. The LA-induced increase in free intracellular Ca2+ concen-
tration was mainly due to Ca2+ influx through Cx26 HCs. In addition, the involvement of \SH groups was
ruled out, because dithiothreitol (DTT) did not block the LA-induceddye uptake. LA also increased themembrane
current mediated by Cx26 HCs expressed in Xenopus oocytes and the dye uptake in HeLa cells expressing Cxs 32,
43 or 45. Since LA is an essential polyunsaturated fatty acid, its effect on HCs might be relevant to cell growth as
well as to cellular functions of differentiated cells such as audition.

© 2012 Elsevier B.V. All rights reserved.
1. Introduction

A hemichannel (HC) results from the oligomerization of six protein
subunits called connexins (Cxs). Serial docking of two HCs, each one
located at the cell membrane of two neighboring cells, forms an
intercellular gap-junction channel (GJC). This GJC connects the cyto-
plasm of two adjacent cells, allowing the exchange of ions and small
cytoplasmic molecules, including metabolites and second messengers
[1]. Until about a decade ago, HCs were thought to remain closed and
open only when they are part of GJCs. However, during the past decade
growing evidence has shown that HCs open under physiological as
well as pathological conditions, providing a mechanism for commu-
nication between the cytoplasm and the external microenvironment
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[2,3]. Through controlled release of signaling molecules, HC opening
has been implicated in important physiological events such as cell
cycle progression and hence in development and also in pathological
processes where they promote and/or accelerate cell death [4].

Connexin26 (Cx26) is expressed in a variety of tissues, including
skin and cochlear sensory epithelia, where it fulfills important functions
[5,6]. The latter have been unveiled by deafness and skin diseases asso-
ciated with several mutations in gene GJB2, which encodes Cx26 [7,8].

Polyunsaturated fatty acids (PUFAs), omega-6 and omega-3, and
their metabolites influence physiological and pathological processes
acting as pro-inflammatory or anti-inflammatory agents, respectively
[9]. They are structural components of phospholipids in cell mem-
branes, and can affect their fluidity and flexibility [10]. In addition,
recent studies suggest that omega-3 PUFAs influence the expression
and phosphorylation status of Cx43 [11].

The functional state of Cx26 HCs and GJCs is modulated by fatty
acids. For example, oleamide derivatives of omega-9 unsaturated Oleic
acid, inhibit Cx26 GJCs in mouse melanoma BL6 cells [12], while arachi-
donic acid (AA), an omega-6 PUFA, potentiates the cellular release of
ATP promoted by a divalent cation-free solution in HeLa-Cx26 cells
[13]. Recently, linoleic acid (LA), an essential unsaturated omega-6
fatty acid, was shown to induce a biphasic effect on the functional
state of HCs formed by Cx46 in Xenopus laevis oocytes, used as an
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exogenous expression system. Low LA concentrations increased Cx46
HC-mediated currents, while high concentrations reduced them [14].
However, the molecular mechanism through which PUFAs affect Cx
HC activity is unknown, as well as if LA affects HCs composed of other
Cxs. Considering that Cx26 HCs are activated by AA, a by product of
LA, we decided to evaluate if LA modulates the activity of Cx26 HCs
expressed in HeLa cells, using the ethidium (Etd) uptake as a measure
of membrane permeability mediated by HCs [15]. LA was found to
increase the membrane permeability to Etd through Cx26 HCs in a
concentration-dependent manner. The LA-induced increase in Cx26
HC activity was dependent on an increase in intracellular free Ca2+

concentration, and required the activation of a PI3K/Akt (Protein
kinase B)-dependent pathway. LA was also found to increase Cx26
HC currents in X. laevis oocytes, indicating that the effect of LA on
Cx26 HCs is independent of the cell type. Our data strongly suggest
that LA affects the functional state of HCs composed of several differ-
ent Cxs and the molecular mechanism by which LA is acting may be
due to the activation of intracellular pathways.

2. Materials and methods

2.1. Reagents

Linoleic acid (LA),methyl-linoleate, ethidium (Etd) bromide and LaCl3
were obtained from Sigma-Aldrich (St. Louis, MO, USA); Fura 2-AM and
BAPTA-AM fromMolecular Probes (Eugene, Oregon, USA.); Akt inhibitor
VIII (Akti) and PI3K inhibitor Wortmannin (PI3Ki) from Calbiochem
(Merck KGaA, Darmstadt, Germany); p38 MAP kinase inhibitor SB20
3580 (p38Ki) and polyclonal anti-Akt as well as anti-phosphorylated
Akt (S473) antibodies were from Cell Signaling (Danvers, MA, USA);
and anti-rabbit secondary antibody conjugated to horseradish peroxi-
dase were from Santa Cruz Biotechnology Inc. (Santa Cruz, CA, USA).
The mimetic peptide Gap26 (Sequence: N-VCYDKSFPISHVR-C) was
synthesized by Beijing SBS Genetech Co. Ltd. (Beijing, China).

2.2. Cell culture

HeLa-Parental cells were obtained from ATCC (CCL-2; ATCC,
Rockville, MD) and HeLa cells stably transfected with rat Cx26 were
kindly provided by Dr. Bruce Nicholson, Department of Biochemistry
at the University of San Antonio, USA. HeLa cells stably transfected
with mouse Cx32, Cx43 or Cx45 were kindly provided by Dr. Klaus
Willecke from the Limus Institute, Bonn University, Germany. All cell
lineswere cultured in DMEM-10% fetal bovine serum (GIBCO, Invitrogen)
with 100 U/ml penicillin, 100 μg/ml streptomycin sulfate and 0.5 μg/ml
puromycin. The latter was used to select transfected cells. Untransfected
HeLa-Parental cells were used as control. For each experiment, HeLa
cells (transfected or parental) were seeded at a density of 60,000
cells/plate in a 60-mm-diameter plate, containing several #1 glass
coverslips at the bottom (Nunc, Roskilde, Denmark). Cells were used
48 h after seeded.

2.3. Dye uptake

HC activity was evaluated by using the Etd uptake method [15].
Briefly, a coverslip with subconfluent HeLa cells was transferred to
a 30-mm dish, coated with a thin layer of vaseline so as to adhere
and immobilize the coverslip. Then, cells were washed twice with a
recording solution [in mM: NaCl (148); KCl (5); CaCl2 (1.8); MgCl2
(1); glucose (5); HEPES (5), pH=7.4] containing 5 μMEtd to replace
the culture medium. Basal fluorescence intensity (without LA) from
selected regions was recorded for 5 min, and cells were subsequent-
ly exposed to LA in the same recording solution. To confirm that Etd
uptakewasmediated by HCs, a HC blocker, either La3+ or themimet-
ic peptide Gap26, was added at the end of each recording [16–18].
Dye uptake was recorded in an Olympus BX51WI upright microscope,
with a 40x water immersion objective (Melville), and equipped with
the image acquisition system Q Imaging, model Retiga 13001, fast-
cooled monochromatic digital camera (12-bit) (Qimaging, Burnaby,
BC, Canada). Images were captured every 30 s (exposure time=
30 ms, gain=0.5). Metafluor software (version 6.2R5, Universal
Imaging Co., Downingtown, PA, USA) was used for off-line image
analysis and fluorescence quantification. For data representation
and calculation of uptake slopes, the average of three independent
background fluorescence intensity measurements (FB, expressed
as arbitrary units, AU) was subtracted from the fluorescence inten-
sity in each cell (F1). Results of this calculation (F1-FB), including at
least 20 cells per experiment, were averaged and plotted against
time (expressed in minutes). Slopes were calculated with Microsoft
Excel software and expressed as AU/min. Microscope and camera
settings remained the same in all experiments.

2.4. Dye coupling

The intercellular communication through GJCs was evaluated in
the presence of 200 μM La3+ in the extracellular solution to avoid
possible cellular leakage via HCs from the microinjected cell; dye cou-
pling was assessed in the absence as in presence of 100 μM LA. Cells
were grown on coverslips and allowed to reach ∼80% confluence and
then a single cell was iontophoretically microinjected with a glass
micropipette filledwith a solution containing 75 mMEtd and the num-
ber of cells to which the dye was transferred in 2 min was counted. The
fluorescent cells were observed using an invertedmicroscope equipped
with xenon arc lamp illumination and a filter appropriate for Etd fluo-
rescence (XF34; Omega Optical, Inc., Brattleboro, VT, USA). In all ex-
periments dye coupling was tested by injecting a minimum of 10
cells.

2.5. Western blots analyses

Cell cultures were rinsed twice with PBS (pH 7.4) and harvested
by scraping with a rubber policeman in ice cold solution containing
a protease and phosphatase inhibitor cocktail (Sigma). Proteins
were measured in aliquots of cell lysates with the Bio-Rad protein
assay (Bio-Rad, Richmond, CA). Pelleted cells were resuspended in
60 μl of the protease and phosphatase inhibitor solution (Thermo
Scientific, Pierce, Rockford, IL, USA) placed on ice, and lysed by soni-
cation (Ultrasonic cell disrupter, Microson, Ultrasons, Annemasse,
France). Subsequently, samples were analyzed by immunoblotting.
Briefly, aliquots of cell lysates (100 μg of protein) were resuspended
in Laemli's sample buffer, separated on 12% SDS-PAGE, and electro-
transferred to nitrocellulose sheets. Nonspecific protein binding was
blocked by incubation of nitrocellulose sheets in 5% nonfat milk in
TBS, 1% Tween-20 buffer for 60 min. Blots were then incubated with
primary polyclonal anti-Akt or anti-phospho Akt (S473) sera overnight
at 4 °C, followed by five 20-min TBS, 1% Tween-20 buffer washes (each
primary antibody was diluted in 5% nonfat milk in TBS, 1% Tween-20
buffer at 1:1000 dilution). They were then incubated with goat
anti-rabbit secondary antibody, conjugated to horseradish peroxidase
(1:5000 in 5%nonfatmilk in TBS, 0.1% Tween-20). Finally, immunoreac-
tivity was detected by ECL using the SuperSignal kit (Pierce, Rockford,
IL) according to the manufacturer's instructions.

2.6. Cell surface biotinylation

Proteins located at the cell surfacewere biotinylated as described pre-
viously [19]. Cell cultures grown in 100 mm dishes, were washed three
times with ice-cold Hank's saline solution, pH 8.0, and 4 ml of
sulfo-NHS-SS-biotin (0.5 mg/ml) was added followed by incubation for
30 min at 4°C. Cells were washed three times with ice-cold saline plus
15 mM glycine, pH 8.0, to quench unreacted biotin. Then, they were
harvested in saline solution containing a cocktail of protease (200 μg/ml
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trypsin inhibitor from soybean, 6.4 mM benzamidine, 7.6 mM ε-
aminocaproic acid, 20 mM EDTA, 3.2 mM phenylmethanesulfonyl
fluoride, 6.1 μM aprotinin, 20 μM leupeptin) and phosphatase in-
hibitors (100 mMNa2P2O7×10 H2O, 100 mMNaF). Then, an excess
of immobilized NeutrAvidin was added (1 ml of NeutrAvidin per
3 mg of biotinylated protein), and the mixture was incubated for
1 h at 4°C. Then, 1 ml of washing buffer (saline solution, pH 7.2
plus 0.1% SDS and 1% Nonidet P-40) was added. The mixture was
centrifuged for 2 min at 14,000 rpm at 4°C and the supernatant
was removed and discarded. After removing the supernatant, 40 μl of
saline solution (pH 2.8), plus 0.1 M glycine were added to release the
proteins from biotin. The pellet was resuspended, and centrifuged at
14,000 rpm for 2 min at 4°C. The supernatant was placed in an
Eppendorf tube (1.5 ml), and the pH was adjusted immediately by
adding 10 μl of 1 M Tris, pH 7.5. Relative levels of proteins were evalu-
ated by Western blot analysis as described above.
2.7. Intracellular Ca2+ signal measurement

Cells plated on glass coverslips were loaded with 5 μM Fura-2-AM,
in DMEM, without serum for 30 min at 37°C, and then washed three
times in recording solution [in mM: NaCl (148); KCl (5); CaCl2 (1.8);
MgCl2 (1); glucose (5); HEPES (5), pH=7.4]. The experimental proto-
col for intracellular Ca2+ signal measurements involved data acquisi-
tion every 3 s. Fluorescence intensity was measured at excitation
wavelengths of 340 and 380 nm (the emission wavelength was
510 nm), by using an Olympus BX 51W1I upright microscope and
imaging system described above. METAFLUOR software (Universal
Imaging, Downingtown, PA) was used for image acquisition and analy-
sis. Analysis involved determining the pixel values assigned to each cell.
The average pixel value allocated to each cell was calculated from the
excitation wavelength, and then corrected for background. The ratio
was obtained after dividing the 340-nm by the 380-nm fluorescence
image on a pixel-by-pixel base (R=F340 nm/F380 nm). Some experiments
were conducted in recording solution without extracellular Ca2+ and
Mg2+. For experiments with BAPTA, which is a Ca2+ chelator, cells
were simultaneously pre-incubated for 30 min with BAPTA-AM (5 μM)
and Fura 2-AM (5 μM).
2.8. Cx26 cRNA preparation and injection into X. laevis oocytes

The plasmid pOocyte-Cx26, containing human Cx26 cDNA, was
kindly provided by Dr. Guillermo Altenberg (Texas Tech University
Health Sciences Center, Lubbock, Texas). cRNA was prepared as fol-
lows: cDNA was cut with Sal I enzyme (New England Biolabs, MA,
USA) for 3 h at 37°C. Then, cut cDNA was purified with the kit gel
extractor (QIAGEN) following the manufacturer's recommendations.
cRNA was obtained by mixing the purified cDNA with the enzyme
mix, whichwas provided by themMessengermMachine kit (AMBION).
The resulting mixture was incubated for 3 h at 37°C in a heated bath.
Then, cRNA was precipitated by adding 30 μl of RNAse/DNAse free
H2O, plus 30 μl of LiCl solution [mMessenger mMachine kit (AMBION)],
and stored at−80°C. The next day, cRNA was precipitated by centrifu-
gation at 15,000 rpm at 4°C for 15 min. Supernatant was discharged
and 1 ml of 70% ethanol was used to clean the cRNA. After centrifuga-
tion at 15,000 rpm at 4°C for 15 min, ethanol was carefully discharged
and cRNA was resuspended in H2O, aliquoted and stored at −80°C.
Each oocyte was injected with 12.5 ng of antisense Cx38 oligonucleo-
tide, so as to avoid the expression of endogenous Cx38, plus 50 ng of
cRNA coding for Cx26. After cRNA injection, oocytes were maintained
in Barth's solution (containing in mM: 88 NaCl, 1 KCl, 5 CaCl2, 0.8
MgCl2, 10 HEPES/NaOH, pH 7.4) supplemented with 0.1 mg/ml
gentamycin and 20 units/ml of penicillin-streptomycin each for 24–
48 h, in order to reach a good expression level.
2.9. Electrophysiological recordings in oocytes

Whole cell recordings of transfected X. laevis oocytes were carried
out as previously described [14]. In brief, oocytes expressing Cx26
were placed in the recording chamber and positioned on a stereomi-
croscope. The chamber was superfused with ND96 solution (in mM:
96 NaCl, 2 KCl, 1.8 CaCl2, and 5 HEPES/NaOH, pH 7.4), and recording
micropipettes were filled with 3 M KCl. All experiments were performed
at room temperature. For data acquisition and off-line analysis, we used a
patch-clamp amplifier for oocytes (Warner Instruments, Hamden, CT,
model OC-725C), which was connected to a digital-to-analog converter
(Molecular Devices, model DigiData 1440A). The pClamp 10 software
was used to acquire and analyze the recordings. Currents were recorded
following 15-s rectangular voltage pulses, ranging from −50 mV to
+60 mV, in 10-mV steps, with a holding potential of −60 mV and 10-s
intervals between pulses. The I–V relationship was calculated from the
current values at the end of each depolarizing pulse. Then, normalized
conductance values were calculated and the Boltzmann equation was fit
to the data. The fatty acid was dissolved in ND96 and carefully added to
final concentrations ranging from 0.1 to 1000 μM. The recordings were
performed after 3 min of incubation with the fatty acid.

2.10. Statistics

For each group of data, results are expressed as means±SEM and
n is the number of independent experiments or the number of cells,
as indicated. Data sets were compared by one-way analysis of vari-
ance (ANOVA) followed by a Tukey's post-test or paired Student's t
test, as appropriate. Differences were considered significant at p≤0.05.
The analyses were performed with GraphPad Prism 5 software for
Windows (1992–2007, GraphPad Software).

3. Results

3.1. LA increases Etd uptake rate of HeLa-Cx26 cells in a concentration-
dependent manner

Recently, LA was demonstrated to induce a biphasic effect on the
functional state of HCs formed by Cx46 in X. laevis oocytes, used as an
exogenous expression system. Cx46 HC currents are enhanced by low
(b10 μM) and reduced by high (>100 μM) LA concentrations [14]. In
this work, we explored the possible effect of LA on properties of
Cx26 HCs expressed in both HeLa cells and X. laevis oocytes. All
recordings were performed in the presence of physiological extracellu-
lar Ca2+/Mg2+ concentrations.

Both HeLa-Parental and -Cx26 did not show significant Etd uptake
under resting conditions (Fig. 1A, control), which is consistent with
absence of Cx26 HCs and the low open probability of Cx26 HCs in
the presence of extracellular divalent cations, respectively. However,
in HeLa-Cx26, but not HeLa-Parental cells, an increased Etd uptake
after the application of 100 μM LA for 10 min was observed (Fig. 1A).
In time-lapse experiments, the application of 100 μM LA induced a pro-
gressively increase in Etd uptake after a lag of about 2–3 min, after
which Etd uptake was relatively high and constant (Fig. 1B). The LA-
induced increase of Etd uptake was not observed in HeLa-Parental
cells (Fig. 1B) and the HC blocker La3+ (200 μM) significantly inhibited
Etd uptake in Hela-Cx26 cells (Fig. 1B). The LA–induced increase in Etd
uptake rate of HeLa-Cx26 cells was concentration-dependent (Fig. 1C)
with an EC50 of around 51.2±1.1 μM. Pre-incubationwith themimetic
peptide Gap26 (200 μM) [20] strongly reduced the Etd uptake rate
induced by LA (Fig. 1D). Methyl linoleate (ML) has a similar structure
to LA, except that it has a methyl instead of the acid group. ML
(100 μM) applied to the bath solution did not affect the Etd uptake
rate of HeLa-Cx26 cells (Fig. 1D), indicating that the carboxyl group
of LA is critical to induce the increase of HCs activity. HeLa-Cx26



Fig. 1. LA increases ethidium (Edt) uptake in HeLa- Cx26 but not in HeLa-Parental cells. A: Representative fluorescent fields of HeLa-Parental or HeLa-Cx26 cells incubated for
10 min in saline solution containing 5 μM Etd under control conditions, or after exposure to 100 μM LA. Scale bar, 40 μm. B: Representative time-lapse experiments showing
Etd uptake in HeLa-Cx26 and HeLa-Parental cells under the control condition (first 5 min) and after applying 100 μM LA (following 15 min). Cells were treated with 200 μM
La3+, a Cx HC blocker, during the last 5 min. In the presence of physiological extracellular concentrations of divalent cations, measurements were taken every 30 s as fluorescence
emission intensity of Etd bound to DNA and referred to as Florescence intensity expressed in arbitrary units (AU). Each value corresponds to the mean±SEM of at least 20 cells. C:
Etd uptake induced by different LA concentrations in HeLa-Cx26 cells. Each point represents the mean±SEM of at least 3 independent experiments, as the one shown in B. Values
were normalized considering basal response in the absence of LA and adjusted to a Hill equation, EC50=51.2±1.1 μM, R2=0.95. D: Etd uptake rates measured under control con-
ditions and after exposure to 100 μM methyl-linoleate (ML), 100 μM LA, pre-incubated with 200 μM La3+ or 200 μM Gap26 mimetic peptide, both blockers of Cx HCs, and then
followed by LA or ML treatment of Hela-Parental or HeLa-Cx26 cells. Data are presented as mean±SEM, with the number of independent experiments indicated in each bar.
***pb0.001. Values recorded in at least 20 cells per experiment were included.
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and HeLa-Parental cells treated with the vehicle (ethanol) did not
show any change in the Etd uptake (data not shown).

Additionally, we found that LA increases Etd uptake in HeLa cells
transfected with Cx32, Cx43 or Cx45 (see Supplementary Fig. 1) and
it was completely blocked by 200 μM La3+; further suggesting that
LA increases the activity of HCs formed by other Cxs. In contrast, the
dye-coupling between HeLa-Cx26 cells was drastically reduced by
100 μM LA (see Supplementary Fig. 2). According increased HCs ac-
tivity and reduction of intercellular coupling trough GJCs, have
been previously reported in astrocytes and HeLa expressing Cx43
or Cx26 [13,16,17,21].

We also tested the effect of three additional HC blockers, ß-
glycyrrhetinic acid (ßGA), octanol (Oct) and carbenoxolone (CBX),
on the Etd uptake induced by LA in HeLa-Cx26 cells. Neither of these
HC blockers reduced the Etd uptake induced by LA (Supplementary
Fig. 3). In contrast, ßGA (50 μM) and Oct (50 μM) induced a slight
(but not significant) increase (Supplementary Fig. 3A and B), where-
as the same concentration of CBX significantly increased the Etd
uptake induced by 100 μM LA (Supplementary Fig. 3A and B),
suggesting that LA interferes with the mechanism by which these
blockers exert their expected inhibitory effects. We use a divalent
cation free solution to open HCs and test the effectiveness of each
blocker, as shown in Supplementary Fig. 3. HeLa-Cx26 did not
show significant Etd uptake in the presence of extracellular divalent
cations (Supplementary Fig. 3C and D, Ca2+/Mg2+), which was con-
sistent with the lack of Cx26 HCs expression and the low open prob-
ability of Cx26 HCs in the presence of extracellular divalent cations,
respectively. An increased Etd uptake was observed in HeLa-Cx26,
after replacing the bath solution by a Ca2+/Mg2+-free solution (Sup-
plementary Fig. 3C and D, Ca2+/Mg2+ free). No further increase of
Etd uptake was observed in HeLa-Cx26 after addition of 50 μM of
each blocker in Ca2+/Mg2+-free solution (Supplementary Fig. 3C
and D), demonstrating that these inhibitors, exert the expected effect
on the HCs activity induced by a divalent cation free solution.

3.2. The increase in membrane permeability to Etd induced by LA is
mediated by a PI3K/Akt-dependent pathway

Proinflammatory conditions are known to induce HC opening in
astrocytes via a p38 mitogen-activated protein kinase-dependent
pathway [16,21]. Since LA can activate several kinases, including
Akt and p38 kinase [22,23], we decided to use a pharmacological
approach to study the possible role of these intracellular pathways
in the Etd uptake rate increase of HeLa-Cx26 cells treated with LA.



Fig. 2. The LA-induced Etd uptake in HeLa-Cx26 is mediated by a PI3K/Akt- but not by a p38 MAPK-dependent pathway. A: Representative time-lapse experiment of Etd uptake in
HeLa-Cx26 induced by LA under control conditions, or pre-incubated for 30 min with 10 μM Akti, 1 μM PI3Ki or 10 μM p38Ki, inhibitors of Akt, PI3K and p38 kinase, respectively.
Each point represents the mean±SEM of the fluorescence intensity of at least 20 cells per experiment. B: Etd uptake rates relative (%) to the control conditions (100 μM LA) or after
pre-incubation with 10 μM Akti, 1 μM PI3Ki, 10 μM p38Ki or 200 μM La3+ prior to LA treatment. Each bar represents the mean±SEM of independent experiments including at least
20 cells, as showed in A. The number of independent experiments is indicated in each bar. ***pb0.001, **pb0.01. C: This panel shows a representative Western blot of three inde-
pendent experiments showing that LA induces phosphorylation of Akt on S473. Confluent Hela-Cx26 cultures in 60 mm dishes were or not preincubated for 30 min with Akti prior
to LA treatment or vehicle. Then, they were exposed to 100 μM LA for 2, 5 and 10 min, or to 10 nM insulin for 30 min, as positive control.

1173V. Figueroa et al. / Biochimica et Biophysica Acta 1828 (2013) 1169–1179
Thus, we tested the effect of SB202190, a p38 MAP kinase inhibitor
(p38Ki), wortmannin (PI3Ki), a PI3K inhibitor and Akt inhibitor VIII
(Akti), a cell-permeable Akt1/Akt2 inhibitor, on the Etd uptake rate
of HeLa-Cx26 cells treated with 100 μM LA. The Etd uptake induced
Fig. 3. LA increases the intracellular Ca2+ signal in HeLa-Cx26 cells: Representative experime
(changes in intracellular Ca2+ signals are expressed as the Fura-2 fluorescence ratio F340/F38
experiment showing the individual Ca2+ signal changes over time in 29 HeLa-Cx26 cells, sho
were measured every 3 s in the presence of physiological extracellular divalent cation conc
by LA was inhibited in cells pre-incubated for 30 min with 1 μM
PI3Ki or 10 μM Akti, whereas pre-incubation with 10 μM p38Ki had
no effect (Fig. 2A and B). The analyzes of dye uptake experiments
show that both PI3K and AKT blockers importantly inhibited the
nts showing pseudo color images of Ca2+ signals in HeLa-Cx26 cells loaded with Fura-2
0) at A: 2 min, B: 7 min, and C: 25 min after exposure to 100 μM LA D: Representative
wn in A, B and C, after treatment with 100 μM LA. The Fura-2 fluorescence ratio changes
entrations.

image of Fig.�2
image of Fig.�3


Fig. 4. The LA-induced rise in intracellular Ca2+ signal in HeLa-Cx26 cells is sensitive to HC blockade and depends on intra and extracellular Ca2+. HeLa-Cx26 and HeLa-Parental
cells were loaded with Fura-2 and then treated with 100 μM LA. Representative traces of Ca2+ signal changes induced by LA are shown (values correspond to mean±SEM of at
least 20 cells) in the presence of physiological concentrations of extracellular divalent cations (except in C). A: HeLa-Cx26 cells. B: HeLa-Parental cells. C: HeLa-Cx26 cells in
divalent cation-free solution. D and E: HeLa-Cx26 cells pre-incubated for 10 min with 200 μM La3+, or pre-loaded with BAPTA (5 μM) and then treated with 100 μM LA, respec-
tively. F: The amplitude of the transient increase in intracellular Ca2+ signal induced by LA was reduced to basal level by free divalent cation solution, La3+ or BAPTA. Values
represent mean±SEM. The number of independent experiments is indicated in each bar. *pb0.05, **pb0.01, ***pb0.001.
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rate of Etd uptake (Fig. 2B), indicating that PI3K and AKT are acti-
vated by LA and both are involved in LA-induced HC opening.

It is well known that Akt acts downstream of PI3K and its activa-
tion requires phosphorylation at S473 [24]. Insulin is a well-known
activator of Akt in several cell types [25]). In addition, HeLa cells are
known to express insulin receptors [26]. Therefore, we used insulin
as a positive control of LA-induced Akt activation by phosphorylation.
Accordingly, a rise in phosphorylation in this amino acid residue
was detected by western blot analyses of cells treated with 100
nM insulin. This response was completely inhibited by Akti
(Fig. 2C, 3rd and 4th lanes), as it is known to occur in cells expressing
insulin-sensitive receptors [27]. In Hela-Cx26 cells exposed to 100 μM
LA for 2, 5 and 10 min, the increase in Akt phosphorylation in S473
was higher than in control cells. The maximal effect was observed
at 5 min, and decreased at 10 min post-treatment (Fig. 2C).

Because increases in HC activity can be explained by rises in the
number of HCs located in the plasma membrane [19], we studied
whether LA through Akt/PI3k may affect the abundance of HCs at the
cell membrane. To achieve this purpose, cell surface proteins were
biotinylated and isolated and levels of Cx26 were determined by
Western blot analyses. It was found that 100 μM LA does not change
the levels of Cx26 at 2, 5 or 10 min (Fig. 2D). Therefore, the LA-
induced increase in Cx26 HC activity is not due to a rise of HCs at
the plasma membrane.
3.3. LA increases the intracellular Ca2+ signal in HeLa-Cx26 cells

In myocyctes and stem cells, two cell types that express Cxs, LA
increases the free intracellular Ca2+ concentration ([Ca2+]i) [28,29];
in myocytes, this rise occurs through a La3+-sensitive pathway
[22,30]. Regarding to HCs, the elevation in [Ca2+]i to about 500 nM
has been shown to increase the activity of Cx HCs [13,31,32]. There-
fore, we decided to study if LA affects the Ca2+ signal in HeLa-Cx26
cells. The intracellular Ca2+ signal (ratio 340/380) was monitored in
HeLa-Cx26 cells loaded with the Ca2+ indicator Fura-2 (Fig. 3A–C).
LA (100 μM) induced a fast and transient increase in Ca2+ signal dur-
ing the first 5 min after treatment (indicated with the number 1 in
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Fig. 5. BAPTA prevents LA-induced Etd uptake in HeLa-Cx26 cells. A: Representative
time-lapse experiment showing the LA-induced Etd uptake in HeLa-Cx26 cells under
control conditions or pre-loaded with BAPTA (5 μM); each point represents the
mean±SEM of the fluorescence intensity of at least 20 cells per experiment. B: Etd up-
take rates of HeLa-Cx26 cells in the presence of LA under control conditions, or
HeLa-Cx26 cells pre-loaded with BAPTA and subsequently treated or not with
200 μM La3+ are shown. Each bar represents the mean±SEM. The number of indepen-
dent experiments is indicated within each bar. ***pb0.001.
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Fig. 3D), which was followed by a slow and progressive increase after
about 7.5 min (indicated with the number 2 in Fig. 3D).

3.4. The LA-induced increase in intracellular Ca2+ signal in HeLa-Cx26
cells requires Ca2+ inflow via HCs

Recent studies in HeLa cells transfected with mCx32 or mCx43,
and in purified human Cx26 HCs reconstituted in liposomes as well
as in X. laevis oocytes expressing human Cx26, have shown that HCs
formed by these Cxs are permeable to Ca2+ [33–36]. To test the pos-
sible involvement of HCs in the Ca2+ signal increments induced by
LA, we conducted a series of experiments in which the extracellular
Ca2+ was excluded, or the intracellular Ca2+ was chelated. In the
presence of physiological concentrations of divalent cations in the
extracellular solution, LA induced a fast and transient rise followed by
a progressive increase in Ca2+ signal (Fig. 4A). as illustrated in Fig. 3D
(1). The fast and transient rise in Ca2+ signal was also detected in
HeLa-Parental cells, however the second sustained increase was not
observed (Fig. 4B), suggesting that the latter is mediated by HCs. The
LA-induced rises of the Ca2+ signal in HeLa-Cx26 cells were also dras-
tically reduced in cells bathed with extracellular solution nominally
free of divalent cations (Fig. 4C); while the amplitude of the transient
rise (1) was drastically reduced, the progressive increase (2) was
absent (Fig. 4F). Pre-incubation with La3+ (200 μM) for 5 min in a
saline solution containing physiological Ca2+/Mg2+ concentration
abolished completely both Ca2+ signals (1 and 2) induced by LA
(Fig. 4D). Similarly, LA did not affect the Ca2+ signal in cells
preloaded with BAPTA (Fig. 4E). The results are summarized in the
graph presented in Fig. 4F. Moreover, cells loaded with BAPTA in
saline solution containing physiological Ca2+/Mg2+ concentration
did not show increase in membrane permeability upon treatment
with LA (Fig. 5) and 200 μM La3+ blocked the dye uptake in control
but not in BAPTA loaded cells (Fig. 5), suggesting that both Ca2+

and Etd cross the cell membrane through the same pathway.

3.5. The LA-induced increase in intracellular Ca2+ signal in Hela-Cx26
cells is directly related to the opening of Cx26 HCs

To elucidate whether the effect of LA on the Ca2+ signal is related to
Cx26 HC opening, intracellular Ca2+ signal changes and Etd uptake in
Hela-Cx26 cells were simultaneously monitored. We used Fura-2 load-
ed HeLa-Cx26 cells and extracellular saline solution containing physio-
logical Ca2+/Mg2+ concentrations as well as 5 μM Etd (Fig. 6A). After
the application of 100 μM LA, the Ca2+ signal showed a rapid onset
with almost no delay (Fig. 6B). Before the maximal rise of the first tran-
sient rise of Ca2+ signal (1) the Etd uptake increased slowly (from
mb=0.012 to m1=0.159 AU/min) (Fig. 6B). However, ~3 min later
the dye uptake showed a more pronounced increase (m3=0.352 AU/
min) (Fig. 6B), whereas the Ca2+ signal showed a slow and progressive
increase (2). The application of 200 μM La3+ at minute 26 reduced dras-
tically both the Etd uptake and Ca2+ signal rise (Fig. 6B).

3.6. Dithiothreitol increases the dye uptake and enhances it in LA-treated
HeLa-Cx26 cells

The open probability of some HCs as those formed by Cx43 is
affected by redox changes [16,19]. Moreover, LA is metabolized to
AA, a substrate of cyclooxygenases and lipooxgenases that generate
superoxide anions [37]. Thus, we tested if the LA effect on Cx26 HC
activity was due to changes in redox state. To this end, HeLa-Cx26
cells under control conditions were exposed to 10 mM DTT
(Fig. 7A). After ~1 min of DTT addition to the bath solution an im-
portant increase of dye uptake rate occurred (from 0.077±0.004
to 0.985±0.190 AU/min), which was blocked by 200 μM La+3

(0.106±0.031 AU/min) (Fig. 7B). Moreover, the effect of DTT was
additive to that of LA (Fig. 7C); LA (100 μM) increased the dye
uptake rate (from 0.080±0.009 to 0.465±0.066 AU/min, Fig. 7D)
and the posterior addition of 10 mM DTT induced a new increase
(1.121±0.133 AU/min). However, 10 mM DTT did not significantly
change the dye uptake rate in parental cells (from 0.104±0.005 to
0.160±0.015 AU/min, Fig. 7B).

3.7. LA increases Cx26 HC currents in X. laevis oocytes

Finally, we tested whether the effect of LA over Cx26 HCs is
cell-dependent. To study this possibility X. laevis oocytes expressing
Cx26 were used. Forty eight hours after Cx26 cRNA injection, the
oocytes were exposed to different LA concentrations (0.1–1000 μM) for
3 min and whole cell membrane currents were measured. Holding
potential was maintained at −60 mV. Under control conditions,
transfected oocytes showed higher instantaneous and steady-
state membrane currents than oocytes not injected with Cx26
cRNA (not shown) after depolarization pulses (10 mV, 15 s) rang-
ing from −60 to +60 mV. In transfected oocytes the appearance
of prominent outward currents at voltages above 0 mV was evident.
Around +20 mV the oocytes expressing Cx26 HCs showed a fast in-
crease of whole cell currents followed by a relaxation of the outward
currents, a second increase (slower than the first one) was observed
after the relaxation. However, at +60 mV the second increase was
much less evident. Similar recordings have been previously reported
[36,38]. After each depolarization pulses, the membrane potential was
maintained at −60 mV for 10 s. A sustained tail current was also ob-
served when the membrane potential (after depolarization) returned
to the holding potential (−60 mV) (Fig. 8A, control). The bath ap-
plication of 10 μM LA increased (176±15%, n=8) both the maxi-
mum current and tail current (Fig. 8A, 10 μM LA). The current
increases were more evident at voltages over 0 mV (Fig. 8B).
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Fig. 6. The LA-induced rise in intracellular Ca2+ signal is directly related to Cx26 HC opening. HeLa-Cx26 cells pre-loaded with Fura-2 were used. The Ca2+ signal was evaluated for
5 min under control conditions in an extracellular solution containing physiological concentrations of Ca2+/Mg2+ and 5 μM Etd. Then, cells were treated with 100 μM LA. A: Rep-
resentative experiments showing pseudo color images of Ca2+ signals in HeLa-Cx26 cells loaded with Fura-2 (changes in Ca2+ signal are expressed as the fura-2 fluorescence ratio
F340/F380) and pictures of Etd-stained nucleic acids, as observed in HeLa-Cx26 cells after 30 min application of 100 μM LA. B: Representative simultaneous records showing changes
in Fura-2 fluorescence ratio and Etd uptake versus time in HeLa-Cx26 cells, in response to 100 μM LA. Each point represents the mean±SEM of the fura-2 fluorescence ratio F340:
F380, and fluorescence emission intensity of Etd bound to DNA of 30 cells. The basal Etd uptake rates and the successive changes in slope during the experiment are indicated as mb
and m1–3, respectively.
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Quantification of the maximum current (recorded after the initial
maximal current) at +60 mV (Fig. 8A and B, arrow) revealed that
concentrations of LA ranging between 0.1 – 100 μM increased the
steady-state current. However, such increase was statistically differ-
ent from control values only at 10 μM. Boltzmann analysis of HC
conductance (Ghemi) showed that both V50 and voltage sensitivity
are not modified after 3 min of 10 μM LA addition. Thus, the V50

under control conditions was 16.2±3.5 mV and after LA was
16.8±1.7 mV (p>0.05). Whereas, the voltage sensitivity (A) under
control conditions was 0.06±0.02 and after LA was 0.04±0.02
(p>0.05). But the Imax (maximal hemichannel current) increased
from 1.01±0.04 to 1.76±0.04 after treatment with LA. Therefore, this
LA concentration did not change the voltage sensitivity of Cx26 HCs,
but it increased either the number of hemichannel ready to open,
or increase the open probability of available HCs in the plasma
membrane and/or increase the unitary conductance of Cx26 HCs.
The increase in membrane current induced by 100 μM was less
prominent than that induced by 10 μM. Furthermore, 1000 μM LA
slightly decreased the membrane current induced by voltage, but
the difference was not statistically different from control values.
Thus, the concentration-response relationship of LA on membrane
current had a bell shape.

4. Discussion

In the present work, LA was found to increase the activity of Cx26
HCs as evaluated by the Etd uptake method. We ascribe the LA effect
on cellular Etd uptake to Cx26 HC opening, because it is not observed
in HeLa-Parental cells, levels of Cx26 in the cell membrane in
HeLa-Cx26 cells are not affected and the effect is rapidly abrogated
by two HC blockers, La3+ and the mimetic peptide Gap26. Opening
of Cx26 HCs is mediated by an Akt and PI3K-dependent signaling
pathway and increases the intracellular Ca+2 concentration. LA also
increases Cx26 HC currents in Xenopus oocytes and dye uptake in
HeLa-Cx32, -Cx43 and –Cx45, suggesting that its effect is cell and Cx
type independent. In contrast, ML, a derivative of LA in which the car-
boxylic acid is replaced by a methyl group, fails to increase the mem-
brane permeability to Etd.

The Akt activity is enhanced through a PI3K-dependent signaling
pathway [39] and Akt becomes phosphorylated at residues Thr 308

image of Fig.�6


1177V. Figueroa et al. / Biochimica et Biophysica Acta 1828 (2013) 1169–1179
and Ser 473, which are required for full Akt kinase activity [39].
Here, we show that LA induces Akt phosphorylation on Ser 473 in
a time-dependent manner and its maximal phosphorylation (5 min
after LA treatment) ocurrs before the maximal increase in Etd uptake
(~7.5 min after LA treatment), suggesting that Akt phosphorylation
precedes HC opening. In support to our results, HeLa cells express a
free fatty acid receptor, but to our knowledge it remains uncharacterized,
and could mediate activation of a PI3K/Akt-dependent pathway. Howev-
er, it is clear that LA, through Akt activation, increases Cx26 HC activity
probably via an increase in open probability or in Etd permeability since
Cx26 levels present in the cell membrane are not modified. These
changes might be the result of a cytoplasmic regulator of Cx26 HCs
or a direct consequence of Cx26 phosphorylation. However, it remains
controversial if Cx26 is a phosphoprotein [40,41].

We also found that LA enhances the intracellular Ca2+ signal and
this response is temporally associated with the increase in Etd uptake,
suggesting a reciprocal dependency. In support to this interpretation,
the first and transient intracellular Ca2+ increase induced by LA is
significantly reduced but not completely abrogated in HeLa-Cx26 cells
bathed with divalent cation-free solution, suggesting the involvement
of a mechanism independent of Ca2+ influx. However, inhibition of
PLCwith 10 μMU73122 applied 30 min before LA treatment prevented
neither thefirst nor the secondCa+2 peak, ruling out the involvement of
intracellular calcium stores (data not shown). Thus, we speculate that
the first peak is due to Ca+2 influx through a La3+ sensitive ion channel
(i.e., P2X and/TRP channels). This influx might be mediated by the gra-
dient of Ca+2 still present between the intracellular and extracellular
compartment of cells bathedwith nominal Ca+2-free solutions (usually
~10 μMCa2+ in the extracellular milieu and 100 nM in the intracellular
space). Accordingly, the first rise in Ca2+ signal is still evident in HeLa-
Parental cells, which does not express Cx26 HCs. Moreover, the first
transient increase in Ca2+ signal appears to be essential to enhance
Cx26 HC activity, since intracellular BAPTA prevented both the rise in
Fig. 7. DTT, a sulfhydryl group reducing agent, increases the Etd uptake in HeLa-Cx26 cells
uptake in HeLa-Cx26 and HeLa-Parental cells treated with 10 mM DTT followed by bath app
tensities of a least 20 cells per experiment. B. Etd uptake rates of HeLa-Cx26 and HeLa-Par
independent experiments. ***pb0.001. C. Representative time-lapse experiment of Etd up
Each point represents the mean±SEM of the fluorescence intensities of a least 20 cells per
LA followed by 10 mM DTT. Each bar represents the mean of Etd uptake rates±SEM of the
Ca2+ signal and opening of the Etd permeable membrane pathway. In
contrast, the second and sustained intracellular Ca2+ increase was
completely abrogated by omission of extracellular Ca2+ signal in
HeLa-Cx26 cells and did not occur in HeLa-Parental cells, indicating
that the second increase in Ca2+ signal is due to Ca2+ influx through
Cx26 HCs. It was recently shown that HCs formed by Cxs 26, 32 or 43
are Ca2+ permeable and provide a cell membrane route for Ca2+ influx
[31,33–36], which is consistent with our results. It remains unknown
why La3+ blocked the first LA-induced Ca2+ signal increase. A possible
mechanism could involve inhibition of the LA interactionwith its mem-
brane receptor. Alternatively, early activation of Cx26 HCs might be es-
sential to activate a possible feed-forward mechanism. However,
clarification of this issue requires further investigation.

We also demonstrated that HCs formed by human Cx26, or mouse
Cxs 43 or 45 are also activated by LA, suggesting that Ca2+ homeostasis
could be affected in different cell types and species. It has been
described rises of intracellular Ca2+ signal in response to LA in other
cell types such as endothelial cells and myocytes [22,30,42,43]. Particu-
larly in myocytes, LA, palmitic acid and AA increase the intracellular
Ca2+ signal through a pathway inhibited by 100 μM La3+ [30], also
known to block Cx HCs. Mammalian myocytes express Cxs 40, 43 and
45 [28], which also form functional HCs [44,45]. Since LA also increases
the activity of Cx43 and Cx45 HCs. It is possible that the Ca2+ rises
induced by LA inmyocytes are due to opening of HCs formed by cardiac
Cxs. We also found that LA reduces gap junctional communication,
which is reminiscent of the opposite effect of pro-inflammatory agents
on HCs and GJCs [13,16,17,21].

DTT, a \SH group reducing compound, increases the activity of
Cx43 HCs [19] and reduces their open probability in cells under oxida-
tive stress [19,21]. To this end, Cx26 presents a cysteine residue in 218
position located in the carboxyl terminus [46] and in the present
study DTT was found to increase the activity of Cx26 HC under control
conditions. Moreover, in HeLa-Cx26 cells treated with LA, known to
and its effect is additive to that of LA. A. Representative time-lapse experiment of Etd
lication of 200 μM La3+. Each point represents the mean±SEM of the fluorescence in-
ental cells after treatment with 10 mM DTT; each bar represents the mean±SEM of 3
take in HeLa-Cx26 cells induced by 100 μM LA followed by exposure to 10 mM DTT.
experiment. D. Etd uptake rates of HeLa-Cx26 induced by 100 μM LA and by 100 μM
3 independent experiments. *pb0.05, **pb0.01.
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Fig. 8. LA increases Cx26 HC currents. A: Representative whole-cell current records from Xenopus oocytes previously (48 h before) injected with Cx26 cRNA under control condi-
tions (left) or treated with 10 μM LA (right). Oocytes were depolarized from −60 mV to +60 mV in steps of 10 mV for 15 s. The current generated at +60 mV is indicated by an
arrow in control and 10 μM LA treated oocytes B: Normalized HC mediated membrane conductance of oocytes under control condition (black circles) and after the addition of
10 μM LA (white circles). Currents were measured at the end of each voltage step (arrows panel A and B). C: Normalized currents at +60 mV in the presence of different LA con-
centrations. Data are presented as mean±SEM. Each bar, n=6.
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induce oxidative stress in different cell types including HeLa cells [47,48],
DTT enhanced the Etd uptake in a way additive to the LA, indicating that
oxidation of\SH groups does not explain the LA effect on Cx26 HCs. The
effect of DTT on Cx26 HCs of LA-treated cells also rules out the possible
involvement of oxidant stress in the activation of PI3K and Akt.

Unexpectedly, lipophilic GJC blockers, BGA, CBX and Oct, did not re-
duce the increase in Etd uptake induced by LA. In contrast, all of them
tended to increase the Etd uptake in LA-treated cells, which was partic-
ularly evident for CBX. Given the lipophilic nature of these compounds,
we hypothesize, without excluding other possible explanation, that LA
might induce a conformational change of Cx26 HCs, initiated in a cyto-
plasmic domain of the protein subunit, via a Ca2+/PI3K/Akt-dependent
pathway. This putative change would modify the BGA, CBX and Oct
binding sites likely to be located in a hydrophobic domain of Cx26
HCs. This would also implicate that the binding sites of these three
liposoluble compounds are similar and possibly common. Moreover,
the proposed conformational change might not significantly affect ex-
tracellular hydrophilic domains of Cx26 because the HCs remained sen-
sitive to La3+ and Gap26, two hydrosoluble HC blockers.

Our findings support the presence of a new HC control mechanism
triggered by LA and mediated by an Akt/PI3K-dependent pathway
and therefore, it could also shed light on the role of HCs in phenome-
na where fatty acids and/or Akt/PI3K are involved.
5. Conclusions

In the present work, LA increased the activity of Cx26HCs expressed
in HeLa cells and in Xenopus oocytes. LA also enhanced the activity of
HCs formed by Cxs 32, 43 or 45. The effect of LA on Cx26 HCs was
mediated by a transient rise of intracellular free Ca2+ signal and activa-
tion of an intracellular transduction pathway involving PI3K and Akt
protein kinases. The delayed and progressive increase in intracellular
Ca2+ was mediated by Ca2+ influx through Cx26 HCs. DTT, a mem-
brane permeant reducing agent, also increased the activity of Cx26
HCs under control conditions and its effect was additive to that of
LA. Moreover, it was found that LA drastically reduces the permeabil-
ity of gap junctions to Etd.
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