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Abstract
Most bacteria initiate host inflammatory responses
through interactions with epithelial cells. Lipopolysac-
charide (LPS), a component of the bacterial cell wall
is a major cause of septic shock in emergency care
units and in the pathogenesis of acute renal failure.
Kidney cells exposed to LPS undergo apoptotic
changes, including cell volume decrease, phospha-
tidylserine exposure, caspase-3- and membrane K+

conductance -activation. Whole-cell configuration was
used to identify K+ channels in primary and immortal-
ized culture of mice distal convoluted tubules. LPS
exposure induced a 3 fold increase in intracellular
cAMP concentration and the activation of an outwardly
rectifying K+ conductance in both immortalized and
primary culture of distal cells. This LPS-induced cur-
rent exhibited KCNQ1 K+ channel characteristics, i.e.
inhibition by quinidine, chromanol293B and low dose
of HMR1556 (IC50<1 µM) and insensitive to TEA and
charybdotoxin. The background-like biophysical prop-
erties of the current suggest that the KCNQ1 pore-

forming subunit is associated with a KCNE2 or KCNE3
ancillary subunit. RT-PCR experiments confirmed the
presence of KCNQ1 and KCNE3 mRNA transcripts in
primary culture of distal segments. Activation of the
KCNQ1/KCNE3 K+ current appeared to be an essen-
tial step in the LPS-induced apoptosis process since
HMR1556 blocked the LPS-induced- cell volume de-
crease, -caspase-3 activation and -phosphatidyl-
serine exposure.

Introduction

Sepsis is a major cause of mortality in Europe and
North America in intensive care units. It is defined as the
body’s systemic inflammatory response to infection
provoked by pathogens or their components such as
lipopolysaccharides (LPS). LPS is a component of the
gram-negative bacterial cell wall and is a major cause of
endotoxemia. LPS has also been implicated in the
elaboration of the inflammatory response (secretion of
cytokines) and the pathogenicity of the acute renal disease
(ARF). In vivo, LPS injection can cause a catastrophic
disruption of renal cortical peritubular perfusion and renal
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failure [1, 2]. However, LPS-induced hypotension and
impairment of oxygen delivery are probably not essential
since a model of sepsis was described [3, 4] in which a
single injection of LPS leads to ARF with no hemodynamic
effects and no alteration of the kidney structure. This
separation between severe kidney dysfunction and the
absence of modification of the tubular organization can
be explained (at least for a significant part) by the increase
of apoptotic cell death in the kidney. Interestingly, in vivo
experiments have shown that caspase inhibitor (Z-VAD)
injection preserved renal cortical perfusion, prevented
apoptosis, and protected against renal failure [1].

Renal distal tubular epithelial cells are in large part
responsible for the regulation of sodium, chloride, and
potassium homeostasis in the body. The distal tubule has
key paracrine and autocrine functions in secreting an ar-
ray of inflammatory, reparative and survival signalling
molecules that include cytokines, polypeptide growth fac-
tors and vasoactive peptides. Interestingly while proxi-
mal cells are probably exposed to circulating LPS during
sepsis, distal convoluted tubules and collecting ducts rep-
resented also target sites for uropathogenic bacteria that
cause severe renal interstitial damaged and renal insuffi-
ciency. Uropathogenic E. coli have been widely used to
test the host-pathogen interactions between bacteria and
epithelial cells and there is some evidence that epithelial
renal tubule cells participate in the induction of the innate
immune response [5].

Ion homeostasis perturbations have been described
as important steps in apoptotic program cell death. Im-
portantly, blockage of K+ efflux by K+ channel inhibitors
prevents the apoptotic process in various cell types [6, 7-
9] as well as in cells originated from the proximal tubule
[10]. These findings suggest that K+ channel activation is
an essential step in the cascade of events leading to cell
apoptosis. The activation of K+ channels during apoptosis
is generally associated with the activation of Cl- perme-
ability which finally drives water efflux. Altogether, loss
of KCl and water leads to a well described normotonic
cell volume decrease called Apoptotic Volume Decrease
(AVD). Recently, a K+ channel (TASK2), mainly involved
in the regulatory volume decrease (RVD, [11]) of the
kidney proximal cells, has been shown to also control the
apoptotic volume decrease [10].

Previous experiments performed on human
monocytes, macrophages [12, 13] endothelial cells [14,
15] or lung pericytes [16] have clearly established that
specific potassium channels are involved in the LPS-
mediated cell activation. However, most of these studies
provided evidence for a transcriptional regulation of the

K+ channels membrane density. In sharp contrast, elegant
studies performed on macrophages [17] and vascular
smooth muscle [18] by using single-channel patch-clamp
experiments clearly showed that maxi K+ channel acti-
vation can occur in a transcriptional-independent proc-
ess. Both studies finally conclude that modulation of K+

channel activity is an early step in the LPS-induced trans-
membrane signal transduction.

In this study we demonstrate the essential role of
K+ channels activation in the LPS-induced apoptotic proc-
ess in murine distal tubule kidney cells. Moreover, we
found that the K+ channels activated by LPS are made
of the KCNQ1 and KCNE3 subunits and that their acti-
vation is mediated by an elevation of cAMP levels through
cyclo-oxygenases activation.

Materials and Methods

Primary culture of distal cells
The primary cell culture technique has been described in

detail previously [19]. Briefly, C57Bl/6 mice were used to obtain
primary culture of distal segments of the nephron. Kidneys
were perfused with Hanks’ solution containing collagenase
(700 kU/l, Worthington, UK). Kidneys were incubated in the
presence of collagenase (160 kU/l, 1h) and individual nephrons
were then dissected by hand under binoculars and sterile
conditions. The criteria used to identify the distal convoluted
tubule (DCT) have been described in detail previously [20].
The dissected tubules were transferred to Petri dishes filled
with defined culture medium [19] (DMEM-F12, Sigma, Saint
Quentin Fallavier, France). Cultured distal cells were used for
experiments during a period of 10 days after a minimum of 10
days of culture.

Transformation of primary distal cultures with pSV3 neo
and culture protocol
Ten-day-old primary cultures of distal segments were

transfected with pSV3 neo using lipofectin (Invitrogen). After
48 h, selection of the clones was performed by the addition of
G418 (500 µg/ml). Culture medium (DMEM-F12) with the same
composition as used for distal primary culture supplemented
with G418 (250 µg/ml) was used. Resistant clones were isolated,
sub-cultured and used after 10 trypsinization steps.

Annexin-V-FITC and Propidium iodide labeling of distal
cells
Apoptosis induced the alteration of the plama membrane

with translocation of phosphatidylserine from the inner part of
the plasma to the outer layer. PS exposure can be specifically
recognized by annexin-V proteins. This property was used to
quantify the apoptosis level in distal cells. For this purpose,
cell were grown in 35-mm petri dishes and maintained for 24h in
freeserum medium. The cells were then exposed to different
treatments and co-labelled (Apoalert annexin-V apoptosis kit,
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Clontech) with annexin-V-FITC conjugate (final concentration:
0.8 µg/ml; 15 min) and propidium iodide (PI, 1 µg/ml). The cells
were observed under a fluorescence microscope using a filter
set for FITC (550 nm) and PI (585 nm). Apoptotic cells were
counted by comparing the 2 staining. A cell was considered
apoptotic only if the nucleus was not stained by PI and stained
by annexin-V. The numbers of cells positive for annexin-V- or
PI-staining were expressed as the percentage of total cells. 3
fields containing around 200 cells each were randomly taken
and used to count the number of positive cells for AnnexinV-
FITC and/or PI.

Measurement of Caspase-3 activity
Caspase-3 activity was measured using colorimetric

assays (CaspACETM assay system, colorimetric, Promega). The
activity was assayed in triplicate or quadruplicate on protein
extracts obtained after lysis of distal cell line. The absorbance
was measured at 405 nm using an Automated Microplate Reader
ELX-800 (Bio-Tek instruments, INC).

Electrophysiological Studies
Whole cell currents were recorded from primary or

immortalized cultured cells grown on collagen-coated supports
(35mm Petri dishes) maintained at 37°C. The patch pipettes (2-
to 4-MΩ) were connected via an Ag-AgCl wire to the head
stage of a patch amplifier (RK-400, Biologic, France). The
membrane was ruptured by suction to achieve the conventional
whole cell configuration. The offset potentials between both
electrodes were zeroed before sealing, and the liquid junction
potential was corrected accordingly. Voltage-clamp commands,
data acquisition, and data analysis were controlled via the RK-
400 amplifier. The whole-cell currents resulting from voltage
stimuli are sampled at 2.5 kHz and filtered at 1 kHz. Cells were
held at -50 mV, and 400 ms pulses from -100 to +100 mV were
applied in 20 mV increments. The pipette solution contained
(in mM): 140 K-gluconate, 10 HEPES (pH 7.4 adjusted with
KOH), 10 EGTA, 1 CaCl2 (free calcium concentration of 10 nM)

and 2-5 MgATP (Pos = 290 mosmol/kg H2O). To avoid
spontaneous activation of volume-sensitive K+ currents, the
bath solution was slightly hyperosmotic and contained (in mM):
145 K-gluconate, 10 HEPES (pH 7.4 adjusted with KOH), 5
glucose, 1 CaCl2, 1 MgCl2 and mannitol (Pos = 320 mosmol/kg
H2O).

Measurements of intracellular cAMP concentration
cAMP intracellular concentration measurements were

performed using a cAMP competitive enzyme immunoassay
kit (Sigma). Distal cell line cultured 24 h in serum free culture
medium were exposed to LPS (10 µg/ml) and lysed with HCl
(0.01 N, 10 min at 4°C). The cAMP concentration of each sam-
ple was measured using colorimetric assays according to the
protocol provided by the manufacturer.

Cell volume measurement
Cell volume was measured by an electronic sizing

technique using a CASY 1 cell counter (SCHÄRFE SYSTEM®).

Fig. 1. The endotoxin LPS induces phosphatidylserine expo-
sure and cell death with apoptotic features in primary culture
of distal convoluted tubule (DCT). A. Primary culture of distal
cells (10-14 days old) from mice were maintained in serum free
medium for 15 and 24h in the absence (control) or in the pres-
ence of LPS (10 µg/ml). Exposure of phosphatidylserine residues
on the outer leaflet of the plasma membrane of the apoptotic
cells are stained with the annexin-V FITC. Cells were visualized
with a microscope in normal light mode (left) or at 550 nm in the
fluorescent mode (right). Given images obtained in normal light
and in fluorescent mode correspond to the same field of the
monolayer. B. Histograms representing the percentage of
annexin- (open bars) and propidium iodide PI- (closed bars)
positive cells measured in control condition and after 15 and 24
hours of incubation with LPS (10 µg/ml). Values are means ±
SEM of 4 different experiments (3 different micrographs were
taken and used for quantifying the annexin or PI positive cells
for each primary culture).
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Immortalized distal cells were exposed to different treatments
for 24h rapidly trypsinized (1X), and cell volume measurements
were performed just after by suspending the cells in casyton®
solution. A minimum of 30,000 cells were measured in triplicate
for each experimental conditions.

RT-PCR
Total RNA was prepared from 10-day-old primary cultures

of distal tubules dissected from wild type kidney mice using an
RNeasy Mini Kit (QIAGEN). cDNA synthesis was carried out
using Superscript First-Strand Synthesis System for RT-PCR
(Invitrogen) according to the manufacturer’s instructions.
The following oligonucleotide primers were used to amplify
kcnq1 (420 bp) and kcne3 (300 bp): kcnq1 sense: 5’-CCC TCT
TCT GGA TGG AGA-3’, kcnq1 antisense: 5’-ATC TGC GTA
GCT GCC AAA-3’, annealing temperature, Ta 54°C; kcne3
sense: 5’-AAC GGG ACT GAG ACC TGG TA-3’, kcne3 anti-
sense 5’-CAT CAG ATC ATA GAC ACA CGG-3’, Ta 58°C.
PCR conditions were 35 cycles of 30 s at 94°C, 30 s at Ta and
30 s at 72°C.

Chemical Compounds
LPS (E. coli O111:B4, Invivogen, USA) was prepared in

an ethanol/pyrogen-free distilled water mixture (1/5 volume,
stock solution 10 mg/ml) and stored at 4°C for one month. LPS
stock solution was then diluted at a final concentration of
10 µg/ml. TEA and quinidine (Sigma) were prepared directly at
the final concentrations. Chromanol 293B (Sigma) and
HMR1556 (provided by Dr Gerlach U, Aventis to JB) were dis-
solved in DMSO at final concentration of 100 mM and 10 mM
respectively. H89 and indomethacin (Sigma) were prepared in
DMSO (stock solution 10 mM) and used at a final concentra-
tion of 10 µM.

Results

The loss of asymmetric distribution of
phosphatidylserine (PS) in the cell membrane is known
to be an early phenomenon during the cascade of events

Fig. 2. Effect of the endotoxin (LPS) on the
development of K+ currents in primary
culture of mouse DCT cells. A. Whole-cell
current traces recorded in control condition
just after achievement of the whole-cell
configuration (left) and 10 min after (right).
Records were performed with symmetrical K-
gluconate pipette and bath solution.
Currents were obtained in fast whole-cell
voltage-clamp mode. The membrane
potential was held at -50 mV and currents
were elicited by a train of 11 voltage steps
(400 ms duration) between -100 and +100 mV;
zero current is indicated by dashed line. B.
Mean current-voltage (I/V) relations (± SEM,
n=4 from 4 different monolayers) of DCT cells
recorded as in (A) in control condition just
after achievement of the whole-cell
configuration (circles) and 10 minutes after
(squares). Current values were analyzed
between 350 and 375 ms of each square
pulses. C. Whole-cell current traces recorded
before (control) and after addition (5, 10 and
15 min) of LPS (10 µg/ml) to the K-gluconate
bath solution. The pipette was filled with the
standard K-gluconate pipette solution. Zero
current is indicated by dashed line. D. Mean
I/V-relations (± SEM, n=12 cells from 12
different monolayers) recorded as in (C) in
control condition (diamonds), 5 min (circles),
10 min (triangles) and 15 min after LPS
exposure (10 µg/ml; squares). Values are
means ± SEM.
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leading to apoptosis. To test whether LPS induced PS
redistribution at the outer leaflet of the plasma membrane,
primary culture of mouse DCT cells (15-21 days old)
were exposed to LPS (10 µg/ml) for 15 and 24 h and
stained with annexin-V-FITC (Fig. 1A) and propidium
iodide (PI) to control the membrane integrity. In control
condition, the culture appears as an homogenous epithe-
lium composed of juxtaposed cells all negative for annexin
and PI labelling. By contrast, epithelium exposed to LPS
(15h, 10 µg/ml) display profound modifications of the epi-
thelium integrity with apparition of regions without cells.

Fig. 3. Sensitivity of the LPS-induced K+

current to K+ channels blockers in primary
culture of mouse DCT cells. A. Whole-cell
current traces recorded 15 min after LPS
exposure illustrating the sensitivity of the
LPS-induced K+ currents to TEA (1 mM) and
quinidine (500 µM). The membrane potential
was held at -50 mV and currents were elicited
by 2 square pulses (400 ms duration) at -100
and +100 mV. Records were performed with
symmetrical K-gluconate pipette and bath
solution. Zero current is indicated by dashed
line. B. Inhibition of the LPS-induced K+

currents by quinidine and TEA. The percents
of inhibition were calculated by comparing
the conductance (calculated between 60 and
100 mV) in the presence of quinidine (500
µM, n=5) or TEA (1 mM, n=4) versus that
obtained before addition of the inhibitors
(LPS). Values are means ± SEM. C. Whole-
cell current traces recorded 15 min after LPS
exposure in the absence (left) or presence of
increasing concentrations of chromanol 293B
(1-10 µM). Records were performed with
symmetrical K-gluconate pipette and bath
solution. The membrane potential was held
at -50 mV and currents were elicited by a
train of 11 voltage steps (400 ms duration)
between -100 and +100 mV. D. Dose
dependent inhibition of chromanol 293B on
the LPS-induced K+ currents. The percents
of inhibition were calculated by comparing
the conductance measured in the presence

Some cells were bright and condensed and positively
stained by annexin-V-FITC. After a 24h-LPS incubation,
the fraction of condensed cells positively stained by
annexin-V-FITC was significantly increased as compared
to 15h treatment. Fig. 1B illustrated the percent of
annexin-V and PI positive cells recorded after 15 and 24
hours of LPS exposure. The percentage of annexin posi-
tive cells rose from 1 ± 1 % in control condition to
20 ± 1 % and 51 ± 1 % after 15 and 24h of LPS expo-
sure, respectively. At the same LPS exposure times the
percentage of PI positive cells increased from 1 ± 1 %

of LPS (calculated between 60 and 100 mV after 15 min of LPS exposure) to the conductances measured in the presence of
increasing concentrations of chromanol ( 1, 10 and 100 µM). Values are means ± SEM of 6 cells (5 different monolayers). E. Whole-
cell current traces recorded 15 min after LPS exposure in the absence (left) or presence of increasing concentrations of HMR-1556
(1-10 µM). Records were performed with symmetrical K-gluconate pipette and bath solution. Zero current is indicated by dashed
line. F. Dose dependent inhibition of HMR-1556 on the LPS-induced K+ currents. The percents of inhibition were calculated by
comparing the conductance measured in the presence of LPS (calculated between 60 and 100 mV after 15 min of LPS exposure) to
the conductances measured in the presence of increasing concentrations of HMR-1556 (0.1, 1 and 10 µM). Values are means ±
SEM of 5 cells (5 different monolayers).
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Fig. 4. Sensitivity of the forskolin-induced
K+ conductance to HMR-1556 and effect of H89
on the LPS-induced K+ current in primary
culture of mouse DCT cells. A. Whole-cell
current traces recorded in control condition and
10 min after forskolin exposure (10 µM, 10 min)
and finally after addition of HMR-1556 to the
K-gluconate bath solution. Zero current is
indicated by dashed line. B. Mean I/V-relations
(± SE, n=4 cells from 4 different monolayers)
recorded as in (A) in control condition
(diamonds), after 10 min of forskolin exposure
(squares) and in the presence of HMR-1556
(10 µM, triangles). Values are means ± SEM.
C. Whole-cell current traces illustrating the
effect of H89 (10 µM, pre-incubation of 30 min)
on the development of the LPS-induced
conductance. DCT cells were pre-incubated for
30-45 min in the presence of H89 and recorded
before (control, left) and after 15 min of LPS
exposure (10 µg/ml, right). Zero current is
indicated by dashed line. Mean I/V-relations
recorded as in (C) after a 30 min pre-incubation
with H89 (10 µM, diamonds) and then after
15 min of LPS stimulation (squares). Values are
means ± SEM of 7 cells from 7 different
monolayers. D. RT-PCR determination of kcnq1
mRNA and kcne3 mRNA in primary cultures of
distal tubules obtained from wild type mice.
RT-PCR analysis was performed with primers
specific for kcnq1 or kcne3. RT-PCR was
performed in the presence (RT+) or the absence
(RT-) of reverse transcriptase to control for
DNA contamination. M: markers.

(control) to 9 ± 3 (15h) and 10 ± 2 % (24h). Similar ob-
servations were also obtained in an immortalized DCT
cell line (not shown). These experiments indicated that
LPS induced exposure of PS residues on the outer l
eaflet of the plasma membrane in primary culture and in
cell line originating from DCT segments.

Patch-clamp whole-cell experiments were per-
formed in primary culture of DCT cells to test the ability
of LPS to activate K+ currents. Fig. 2A illustrates the K+

currents recorded in DCT cells in control conditions, the
voltage step protocol elicited small currents that were
not significantly modified after 10 min of recording.
The corresponding I/V curve (Fig. 2B) indicated a re-
versal potential close to 0 mV and a maximal slope con-
ductance (calculated between +80 and +100 mV) of
4.1 ± 1.6 nS (n=5) at the beginning of the experiment (0
min) and of 2.9 ± 0.9 nS after 10 min of recording.
By contrast, LPS exposure (10 µg/ml) induced a time-
dependent increase of the outward currents, with a maxi-

mal activation observed at 15 min of incubation (Fig. 2C).
The slope conductance was 5.0 ± 0.9 nS (n=11) at the
beginning of the experiment and reached 16.6 ± 2.7 nS
(n=11) after 15 min of LPS exposure (Fig. 2D).

We next examined the sensitivity of the LPS-induced
K+ current to various K+ channels inhibitors. Quinidine
(500 µM) reduced by more than 70 % the LPS-induced
current recorded at +100 mV (Fig. 3A-3B) but TEA and
charybdotoxin (data not given) have no effects.
Interestingly, chromanol-293B (an inhibitor of KCNQ1
channel) induced a dose-dependent inhibition of the
LPS-induced K+ current (Fig. 3C-D). 10 µM of chromanol
reduces by more than 50 % the LPS-induced
conductance. A significant inhibition of LPS-induced
channel was also obtained with the chromanol derivative
HMR-1556 (Fig. 3E-F). The low IC50 for HMR1556
(< 1 µM) suggest the involvement of KCNQ-1/KCNE-3
association rather than KCNQ-1 alone. The KCNE-3
subunit is known to modulate the KNCQ-1 channel

Duranton/Rubera/L’hoste/Cougnon/Poujeol/Barhanin/TaucCell Physiol Biochem 2010;25:367-378



373

activity when the intracellular cAMP concentration
increases. A previous study [19] has identified a K+

conductance activated by forskolin (FK) and inhibited by
chromanol in cells originating from DCT. It was then of
interest to verify if 1/the FK-activated K+ current is
inhibited by low dose of HMR-1556 and 2/if the inhibitor
of cAMP-dependent PKA (H89) prevented the
LPS-induced K+ current.

As a result the FK-activated K+ current is signi-
ficantly inhibited by HMR-1556 (Fig. 4A). The
corresponding I/V curves (Fig. 4B) indicated a maximal
slope conductance (calculated between +80 and +100
mV) of 5.3 ± 1.3 nS (n=3) in control condition which
increased to 16.3 ± 1.3 nS after FK exposure. The addition
of 10 µM of HMR-1556 reduced the maximal slope
conductance to 6.8 ± 1.6 pS. Moreover, when DCT cells
are pre-incubated with H89 (10 µM, 30 min), LPS (10
µg/ml) failed, in all the tested cells (n=7), to stimulate a
K+ conductance (Fig 4. C, D). The identification by RT-
PCR of amplified products for KCNQ1 and KCNE3
confirmed the presence of mRNA encoding for both
proteins in primary culture (15 day-old) of DCT segments
(Fig. 4E) and supported the hypothesis of a KCNQ1/
KCNE3 mediated LPS-induced apoptosis.

The activation of K+ current by LPS exposure was
also tested in DCT cell line immortalized from primary

Fig. 5. Effect of LPS on the development of K+ currents and
intracellular cAMP concentration in immortalized mouse DCT
cells. A. Percent of inhibition of the LPS-induced K+ currents in
the presence of quinidine, TEA, chromanol 293B and HMR-
1556 in DCT cell line. The percents of inhibition were calculated
by comparing the conductance (calculated between 80 and 100
mV) measured in the presence of quinidine (500 µM, n=5),
TEA (1 mM, n=4), chromanol 293B (10 µM, n=5) and HMR-
1556 (10 µM, n=5) versus that obtained before addition of the
inhibitors (LPS, 10 min 10 µg/ml). Values are means ± SEM.
B. Variations of cAMP intracellular concentration during LPS
exposure. Immortalized DCT cells were seeded in collagen
coated petri dishes and grown 48 hours to reach a confluence
of 60-80 %. The cells were then exposed to LPS (10 µg/ml) for
15 and 30 min. Cells were lysed and the intracellular
concentration of cAMP was measured using a competitive
enzyme immunoassay kit. The concentration of intracellular
cAMP for each time points is normalized to the value recorded
in absence of LPS (control). Values are means ± SEM of
5 independent experiments.

cultures. As expected, LPS (10 µM) induced a significant
increase of the maximal slope conductance from 13.4 ±
2.0 nS (n=19) in control condition to 31.3 ± 6.6 nS after
LPS exposure (data not shown). Fig. 5A illustrated the
percent of remaining currents recorded at +100 mV after
LPS exposure in the presence of various inhibitors. The
LPS-induced K+ currents recorded in DCT cell line shared
similar sensitivity to quinidine, Chromanol-293B (10µM)
and HMR1556 as compared to the K+ current recorded
in the cells obtained by primary culture of DCT. The LPS-
induced current remained insensitive to TEA or ChTX
(not given).

Altogether, these data suggested that KCNQ1
channels are also activated in DCT cell line. The
involvement of KCNE-3 subunit suggested a regulation
of the channel activity by intracellular variations of cAMP.
Thus, cAMP intracellular concentration was monitored
in the absence (control condition) and in the presence of
LPS or FK (Fig. 5D). LPS induced a ~2 and ~3 fold
increase of intracellular cAMP concentration when
incubating the DCT cells for 15 and 30 min, respectively.
FK (10 µM, 20 min, not shown), increase by ~18 fold the
intracellular cAMP concentration. In conclusion, LPS
activates probably KCNQ1/KNCE3 channel complex by
increasing the intracellular cAMP concentration which
in turn generate efflux of K+.

LPS-induced Apoptosis in Distal Kidney Cells Cell Physiol Biochem 2010;25:367-378
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Fig. 6. Effects of HMR-1556 on the LPS-induced apoptosis in
immortalized mouse DCT cells. A. Normalized caspase-3
activity measured in distal cells line in control condition, in
the presence of LPS (10 µg/ml, 24h), HMR-1556 (10 µM)
or concomitant presence of both substances (LPS+HMR, 24h).
A positive control was performed by exposing distal cell line
to staurosporine (STS, 1 µM) for 6 hours. Values are means
± SEM of 4 -5 independent cell cultures. *, p < 0.05;
Student’s t test. B. Normalized cell volume variations measured
in immortalized distal cells in control conditions, in the presence
of LPS (10 µg/ml, 24h), HMR-1556 (10 µM, 24h) or in
the concomitant presence of both substances (LPS+HMR, 24h).
A positive control was performed by exposing distal cell line
to staurosporine (STS, 1 µM, 6 h). Cell volume was measured
by an electronic sizing technique with a CASY 1 cell
counter (SCHÄRFE SYSTEM®). Values are means ± SEM of 4
different experiments. *, p < 0.05; Student’s t test. C. Primary
culture of distal cells (10-12 day-old) from mice were maintained
in serum free medium for 15 and 24h in the presence of LPS
(10 µg/ml) or concomitant presence of LPS and HMR-1556
(10 µM). Cells were visualized with a microscope in normal
light (left) or at 550 nm in the fluorescent mode (right).
Given images obtained in normal light and in fluorescent
mode correspond to the same field of the monolayer.
HMR-1556 abolished the LPS-induced phosphatidylserine
exposure in all tested primary cultures (n=6).

To confirm the involvement of the KCNQ1/KNCE3
complex in the apoptosis, caspase-3 activity and the
relative cell volume variation were measured in DCT cell
line during LPS treatment in the presence of HMR-1556.
LPS alone induced after 24h of exposure a significant
increase of caspase-3 activity (~3 fold, Fig. 6A) and cell
volume reduction (13 ± 2%, Fig. 6B). Interestingly,
addition of HMR-1556 completely abolished the LPS
induced- capase-3 activation and -cell volume reduction.
HMR-1556 alone remained without effect. The apoptotic
agent STS induced a significant caspase-3 activation (~7
fold increase) and a reduction of cell volume (15 ± 4%).
Taken together these experiments strongly suggested that
LPS induced apoptosis in DCT cell line by activating
KCNQ1/KNCE3 complex which in turn induced AVD
and caspase-3 activation. In a similar way, LPS-exposed
DCT cells obtained by primary culture (24 h, 10 µg/ml)
and incubated in the concomitant presence of HMR-1556

(10µM) failed to reveal a significant annexin-V-FITC
labelling (fig 6C) suggesting that HMR-1556 prevents
apoptotic process in DCT cell line as well as in primary
culture.

LPS is known to up-regulate COX-2 (cyclo-oxyge-
nase-2) expression in a time-dependent manner resulting
in the prostaglandins secretion that causes cellular and
humoral responses. To verify that the LPS-induced
apoptosis is related to an increase of prostaglandins,
whole-cell experiments were performed in distal cells pre-
incubated for 30 min in the presence of the non-specific
COX inhibitor (indomethacin, 10 µM). Interestingly, none
of the pre-treated cells (n=7, Fig. 7A-B) develop a K+

current when they were exposed to LPS (10 µg/ml, for
15 min). Similarly, the caspase-3 activity (Fig. 7C) was
not significantly changed when distal cells were co-incu-
bated for 24h in the presence of indomethacin (10 µM)
and LPS (10 µg/ml).
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Discussion

Whereas Lipopolysaccharides (LPS) has well-de-
scribed hemodynamic effects [4], the decrease of the
renal function in response to LPS can occur at relatively
low dose of LPS that do not produce significant hypoten-
sion. Cunningham and colleagues [3] described a model

of acute renal failure in which hemodynamic effects of
LPS were almost absent despite severe kidney impair-
ment and relatively modest structural tubular injury. A
possible explanation for this LPS-hemodynamic-insensi-
tive renal dysfunction and the observed absence of struc-
tural kidney damage is apoptotic cell death [1]. The
present study confirmed that LPS can induce caspase-3-
mediated apoptosis in kidney cells originating from the
distal convoluted tubules. Previous in vitro experiments
have also established that renal epithelial cells exposed
to various chemical agents (staurosporine [10], TNFα
[3], cyclosporine [10, 21], antitumor platinum derivatives
[22-25], cadmium [26-29],or even during pathological situ-
ations (ischemia/reperfusion, [30]) are dying through
apoptotic processes.

Apoptosis is characterized by a wide variety of
events (nuclear condensation, DNA fragmentation, cell
shrinkage, mitochondrial depolarization, cytochrome c re-
lease, etc.) leading to cell death (see for review [31])
and elimination of potentially harmful cells. It is now ad-
mitted that the initial process leading to apoptosis is the
apoptotic volume decrease (AVD). A number of studies
(see for review [31-33]) have established that the AVD
process is driven by loss of cytosolic ions (K+ and Cl-),
due to the activation of K+ and Cl- channels. The present
study supports this hypothesis and shows that distal cells
undergoing LPS-induced apoptosis are also decreasing
their cellular volume. Previous experiments performed
on human monocytes, macrophages [12, 13] endothelial
cells [14, 15] or lung pericytes [16] have clearly estab-
lished that K+ selective potassium channels are involved
in the LPS-mediated cell activation. Patch-clamp experi-
ments have even established that maxi K+ channels acti-
vation occurs in a few minutes after LPS exposure [17,
18]. The authors conclude that modulation of K+ channel
activity is an early step in the LPS-induced transmem-
brane signal transduction.

Interestingly, a number of K+ channels are known
to participate in the AVD process especially in highly dif-
ferentiated cells: TASK-2 in proximal kidney cells [10];
ROMK1 (Kir1.1) in hippocampal neurons [6] or, maxi-K
channels in vascular smooth muscle cells [34]. It was
then of interest to characterize the molecular identity of
the K+ channel activated in DCT cells by LPS. Of all the
K+ channels already described in the literature, KCNQ-1
channel was potentially a good candidate to generate the
LPS-induced outwardly rectifying K+ currents. The pres-
ence of KCNQ1 channel in the kidney has been demon-
strated by RT-PCR [35] and in situ hybridization experi-
ments [36]. More recently, experiments have clearly es-

Fig. 7. Effects of indomethacin on the LPS-activated K+ current
and the caspase-3 activity in immortalized mouse DCT cells. A.
Whole-cell current traces recorded before (control) and 15 min
after addition of LPS (10 µg/ml) to the K-gluconate bath solution.
The cells were pre-incubated with indomethacin (10 µM) for 30
min before achievement of the whole-cell configuration. The
pipette was filled with the standard K-gluconate pipette
solution. Zero current is indicated by dashed line. B. Means of
the maximal current amplitude (measured at +100 mV, ± SEM)
recorded in immortalized distal cell line before (basal) and 15
min after LPS exposure. The currents were recorded as in (A) in
control condition (black bars, n=14) or after an incubation with
indomethacin (open bars, 10 µM, 30 min, n=7). *, p < 0.05;
Student’s t test. C. Normalized caspase-3 activity measured in
distal cells line in control condition, in the presence of
indomethacin (10 µM, 24h), LPS (10 µg/ml, 24h) or in the
concomitant presence of both substances (indo+LPS, 24h). A
positive control was performed by exposing distal cells to
staurosporine (STS, 1 µM) for 6 hours. Values are means ±
SEM of 4 independent cell cultures. *, p < 0.05;, Student’s t
test.
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tablished that 1/KCNQ-1 mRNA are present in mouse
micro-dissected tubules of the distal and connecting ducts
[37] and 2/an intense basolateral labelling of the DCT
and CNT using anti-KCNQ1 polyclonal antibody
immunolabelling [37]. In the present study, we also con-
firmed by RT-PCR the presence of KCNQ-1 mRNA
transcripts in primary culture of mouse DCT cells. The
specific pharmacology of the LPS-induced conductance,
with an absence of effect of TEA and ChTX and an
inhibition of the conductance by chromanol 293B and
HMR-1556 confirmed the involvement of KCNQ-1.
Moreover, the low IC50 for chromanol 293 B (<10 µM)
and HMR1556 (<1 µM) supports also the involvement of
KCNQ1/KCNE3 rather than KCNQ1 alone. KCNQ-1
is a delayed voltage-gated channel that enable a K+ cur-
rent after electrical depolarization of the cell membrane
in the heart [38] KCNQ-1 gene mutations cause in hu-
man the Jervell and Lange-Nielsen syndrome character-
ised by hearing loss and cardiac conduction abnormality
[39]. KCNQ-1 alone can generate an outwardly rectify-
ing K+ current however interactions with beta-subunits
(KCNE-1, KCNE-2, KCNE-3) profoundly modify the
biophysical properties of the channel [40] and probably
its function and role in the target tissue. While
KCNQ-1/KCNE-1 association modify the time depend-
ent activation of the current without affecting the ampli-
tude; the beta-subunit KCNE3 markedly changes
KCNQ1 properties to an outwardly currents that are
nearly instantaneous with an enhanced sensitivity to
chromanol 293B (IC50 below 10 µM) and HMR-1556
below (IC50 below 1 µM) [41]. Such sensitivities was
observed in the present study for the LPS-induced cur-
rent. In the literature, it has been demonstrated that
KCNE-3 confers a cAMP functional regulation to the
KCNQ-1 channel. Interestingly, previous patch-clamp ex-
periments [19] performed in DCT cells have shown that
forskolin strongly activated a chromanol 293B-sensitive
K+ conductance supporting the hypothesis of functional
KCNQ-1/KCNE-3 association in the DCT. In the present
study, the pharmacological sensitivity suggests that the
forskolin-activated current and the LPS-induced current
are driven by the same type of cAMP-dependent chan-
nel (KCNQ-1/KCNE-3). LPS induced in a few minutes
(<30 min) a significant increase in intracellular cAMP
concentration supporting the hypothesis of cAMP depend-
ent apoptotic process in the DCT cells. Moreover, we

have also confirmed by RT-PCR the presence of KCNQ-
1 and KCNE-3 mRNA transcripts in primary cells cul-
ture of mouse DCT. Involvement of KCNQ-1 channel in
apoptosis process has already been proposed for IEC-6
enterocytes cell line [42]. But in this study we demon-
strated the involvement of cAMP signalling modulating
KCNQ-1/KCNE-3 in the apoptosis process. The inhibi-
tion of both LPS-induced-K+ current and -apoptosis by
H89 confirmed the involvement of KCNQ-1/KCNE-3 in
this process.

LPS is known to induce multiple intracellular signal-
ling pathways leading to various physiological effects fol-
lowing a paracrine and/or autocrine secretion of cytokines
and inflammatory mediators. Beyond the pro-inflamma-
tory mediators, PGE-2, the most prevalent derivative of
arachidonic acid is well known to modulate cellular and
humoral immune responses. It was then of interest to
verify if a putative PGE-2 pathway is related to the
LPS-induced apoptosis. As a result, addition of indometh-
acin to the bath (a non specific inhibitor of cyclo-
oxygenases) prevented not only the development of the
K+ current but also the caspase-3 activation and the cell
apoptosis. PGE-2 activity is dependent on binding to one
of four different G-protein coupled receptors, EP1, EP2,
EP3, or EP4 that induce various intracellular coupling
mechanisms (for review, see [43]). In the kidney, previ-
ous studies have established that EP4 and EP2 receptors
are strongly expressed in the DCT segments [44] sup-
porting the hypothesis that cAMP-coupled PGE-2 path-
way might exist at this specific nephron segment.
Altogether, the inhibition of the cAMP-activated K+ con-
ductance by indomethacin strongly suggests that LPS in-
duces the production of PGE-2 which stimulates
prostanoid receptors that leads to the activation of the
cAMP second messenger pathway.

In conclusion, the present study demonstrated the
activation of KCNQ-1/KCNE-3 conductance by LPS in
DCT cells. This conductance plays a major role in
the LPS-induced apoptosis since HMR-1556 (specific in-
hibitor of KCNQ-1/KCNE-3 channel) abolishes the
caspase-3 activation, the cell volume decrease and the
PS exposure (3 typical features of apoptosis process).
Altogether, this study implicates KCNQ-1/KCNE-3
channel in the LPS-mediated pathogenesis of renal dis-
ease during septicaemia and distal segments bacterial
retrograde infection.
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