
P2X4 Activation Modulates Volume-sensitive Outwardly
Rectifying Chloride Channels in Rat Hepatoma Cells*

Received for publication, September 7, 2009, and in revised form, December 30, 2009 Published, JBC Papers in Press, January 7, 2010, DOI 10.1074/jbc.M109.063693

Diego Varela‡1, Antonello Penna‡, Felipe Simon‡§, Ana Luisa Eguiguren‡, Elías Leiva-Salcedo‡, Oscar Cerda‡,
Francisco Sala¶, and Andrés Stutzin‡

From the ‡Centro de Estudios Moleculares de la Célula & Instituto de Ciencias Biomédicas, Facultad de Medicina, Universidad de
Chile, 838-0453 Santiago, Chile, the §Departamento de Ciencias Biológicas, Facultad de Ciencias Biológicas & Facultad de
Medicina, Universidad Andrés Bello, 837-0134 Santiago, Chile, and the ¶Instituto de Neurociencias de Alicante, Universidad Miguel
Hernández-C.S.I.C., Sant Joan d�Alacant 03550, Spain

Volume-sensitive outwardly rectifying (VSOR) Cl� channels
are critical for the regulatory volume decrease (RVD) response
triggered upon cell swelling. Recent evidence indicates that
H2O2 plays an essential role in the activation of these channels
and that H2O2 per se activates the channels under isotonic iso-
volumic conditions. However, a significant difference in the
time course for current onset betweenH2O2-induced and hypo-
tonicity-mediated VSOR Cl� activation is observed. In several
cell types, cell swelling induced by hypotonic challenges triggers
the release of ATP to the extracellular medium, which in turn,
activates purinergic receptors and modulates cell volume regu-
lation. In this study, we have addressed the effect of purinergic
receptor activation on H2O2-induced and hypotonicity-medi-
ated VSOR Cl� current activation. Here we show that rat hepa-
toma cells (HTC) exposed to a 33% hypotonic solution re-
sponded by rapidly activating VSOR Cl� current and releasing
ATP to the extracellular medium. In contrast, cells exposed to
200 �M H2O2 VSOR Cl� current onset was significantly slower,
andATP releasewas not detected. In cells exposed to either 11%
hypotonicity or 200�MH2O2, exogenous addition of ATP in the
presence of extracellular Ca2� resulted in a decrease in the half-
time for VSORCl� current onset. Conversely, in cells that over-
express a dominant-negative mutant of the ionotropic receptor
P2X4 challenged with a 33% hypotonic solution, the half-time
for VSORCl� current onset was significantly slowed down. Our
results indicate that, at high hypotonic imbalances, swelling-
induced ATP release activates the purinergic receptor P2X4,
which in turn modulates the time course of VSOR Cl� current
onset in a extracellular Ca2�-dependent manner.

Volume-sensitive outwardly rectifying (VSOR)2 Cl� channels
are ubiquitously expressed inmostmammalian cells types playing
a central role in maintaining normal cell volume. However,
increasing evidence supports the notion that these channels
participate in several other physiological processes, such as salt

transport and metabolic stress, apoptosis, proliferation, migra-
tion, and cell cycle regulation (1–5). Furthermore, it has also
been suggested that a failure in the activation of these channels
upon cell swelling is involved in necrotic cell death (6). VSOR
Cl� currents have been well studied and characterized; how-
ever, intracellular signal transduction pathways responsible for
VSORCl� channel activation in these diverse physiological cir-
cumstances remain less understood and appear to be rather
contradictory (7). Themechanisms of activation and regulation
of VSOR Cl� channels comprise, depending on the cell type
studied, a large variety of factors including ionic strength, mac-
romolecular crowding, intracellular Ca2�, G proteins, arachi-
donic acid, andmetabolites, protein kinaseC,ATP release, ROS
production, cytoskeleton proteins, tyrosine kinase-mediated
phosphorylation of several proteins, and inactivation of phos-
phatases (2, 8–14).
Nonetheless, the precise roles of these swelling-induced

cellular responses on the activation of VSOR Cl� channels are
not completely identified. In addition, it is evident that they
dependon the cell type studied (8). Participation of intracellular
Ca2� in VSOR Cl� channel activation exemplifies this issue. In
bovine pulmonary artery cells, hypotonicity-activated Cl� cur-
rents were found to be already maximally activated at 50–100
nM [Ca2�]i (15), and in Ehrlich ascites tumor cells 25 nM [Ca2�]i
was reported to be sufficient (16). In contrast, in a rat hepatoma
cell line (17) (HTC), it was demonstrated that hypotonicity-
induced cell swelling elicits an increase in [Ca2�]i, which
proved necessary for volume recovery (18).
On the other hand, extracellular Ca2� (Cao2�) has been

shown to be fundamental in mouse kidney proximal tubular
cells (19), whereas in astrocytes the current development was
found to be independent of Cao2� (20). Conversely, in non-pig-
mented ciliary epithelial cells Cao2� removal slowed down the
current onset as well as decreased the maximal current ampli-
tude, suggesting a role for Cao2� (21). Finally, in HTC cells,
despite the fact that the regulatory volume decrease was
impaired in the absence of external Ca2�, maximal VSOR Cl�
currentmeasured at steady-state remained unaffected by exter-
nal Ca2� removal (18).

In the same cells, it has been observed that after exposure to
a hypotonic solution, these cells respond with a transient
increase in NAD(P)H oxidase-dependent H2O2 production
(22), [Ca2�]i (18) and release of ATP (23). The [Ca2�]i increase
in these cells induced by extracellular exposure to hypotonicity
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was demonstrated to be mediated by PLC�1 phosphorylation
(10). More recently, we established in the same cell system that
exogenous application of H2O2 induced PLC�1 phosphoryla-
tion in isotonic conditions. Also, we demonstrated that the acti-
vation of this phospholipasewas found to be essential forH2O2-
dependent VSOR Cl� channel activation (24).

In this study, we explored the influence of Cao2� and extra-
cellular ATP on VSOR Cl� channel activation. Here we show
that the ionotropic purinergic receptor P2X4 is activated in
HTC cells as part of the mechanism responsible for VSOR Cl�
channel activation. Our results demonstrate that cells exposed
to 33% hypotonic solution (200 mosmol/liter), in contrast to
cells exposed to 200 �M H2O2, release ATP to the medium,
which in turn activates the purinergic receptor P2X4, promot-
ing Ca2� entry. This additional increase in [Ca2�]iwas found to
have a profound impact on the half-time constant for VSOR
Cl� current onset without affecting the activation and the
steady-state amplitude of the current.

EXPERIMENTAL PROCEDURES

Cell Culture—HTC cells passages 6–15 were grown at 37 °C
in a 5% CO2-95% air atmosphere in DMEM (GIBCO) supple-
mented with 10% fetal bovine serum (GIBCO), 2 mM L-gluta-
mine, and 50 units of ml�1 penicillin-streptomycin (Sigma). All
experiments were performed at room temperature.
Transfection—Subconfluent (�80%) cultures of HTC cells

were co-transfected with 1�g of P2X4K313A (non-functional)
plasmid (25, 26) and 0.2 �g of pEGFP plasmid (Clontech) using
Lipofectamine 2000 (Invitrogen) according to the manufactur-
er’s instructions. Electrophysiological experiments were per-
formed 48 h post-transfection on GFP-positive cells.
Electrophysiological Measurements—For electrophysiological

experiments, cells were grown on 12-mm coverslips and directly
mounted on the experimental chamber (RC-25, Warner Instru-
ments) installed on the stage of an inverted microscope (Nikon
Diaphot, Nikon America). Solution changes were made by a
gravity-fed perfusion system, and the solution level in the
chamber was kept constant by a peristaltic pump. In the case of
Cl� current recordings, the bath solution contained (mM): 5
NaCl, 95 NMDGCl, 2 CaCl2, 1 MgCl2, 100 sorbitol, and 10
Hepes, pH7.4, adjustedwithTris.Osmolalitywas adjustedwith
sorbitol to 300 � 5 mosmol (Kg H2O)�1 using an osmometer
(Advanced Instruments). The pipette solution contained (mM):
5 NaCl, 133 CsCl, 1 MgCl2, and 10 Hepes, pH 7.2 adjusted with
Tris and an osmolality of 295 � 5 mosmol (Kg H2O)�1. 33%
hypotonic solutions (200 � 5 mosmol (Kg H2O)�1) were made
by omitting sorbitol. For ATP-induced currents, the bath solu-
tion contained (mM):NaCl 140, KCl 5, CaCl2 2,MgCl2 1,HEPES
10, and glucose 10 (pH 7.4) and the pipette solutionNaCl 5, KCl
140, MgCl2 1, and HEPES 10 (pH 7.2). Patch-clamp pipettes
were made from thin borosilicate (hard) glass capillary tubing
with an outer diameter of 1.5 mm (Harvard Apparatus), using a
BB-CH puller (Mecanex). Whole-cell currents were recorded
with an EPC-7 (List Medical, Germany) amplifier. Command
voltage protocols andwhole-cell currents acquisitionwere con-
trolled by pClamp 8 (Molecular Devices Corp.) via a laboratory
interface (Digidata 1200, Molecular Devices Corp.). The bath
was grounded via an agar-KCl bridge. The nystatin perforated-

patch configuration was used as described (27, 28). Nystatin
(Sigma) stock solution was freshlymade in DMSO at 50mg/ml.
Aliquots of stock solution were added to the pipette solution to
obtain a final concentration of 165 mgml�1. Square pulses of 5
�V were used to monitor the electrical access to the cell. Usu-
ally, a stable access resistance (Ra) of 8 � 3 M� (mean � S.E.)
was achieved after 15 min. The membrane cell capacitance
ranged from20 to 30 pF. The acquisition rate was 1 kHz and the
experiments were performed at room temperature. Current
analysis was performed as described elsewhere (29).
Calcium Measurements—[Ca2�]i was measured by dual-

wavelength emission ratiometric laser scanning confocal mi-
croscope, using the Ca2�-sensitive fluorescent dyes fluo-3 and
fura-red (18). HTC cells were loaded with fluo-3 and fura-red
for 20–45 min at room temperature in the presence of 5 �M

fluo-3 acetoxymethyl ester (fluo-3-AM) and 15 �M fura-red-
AM, dissolved in pluronic acid/DMSO (Invitrogen) in the bath
solution described above. Cells were thoroughly washed, and
experiments were started after 30 min. Each coverslip was
placed in a perfusion chamber mounted on an Axiovert 200
inverted fluorescence microscope equipped with a LSM 5 Pas-
cal laser scanning confocal system (Carl Zeiss). Dyes were
excited with the 488-nm line of an argon-krypton laser and
emission was detected simultaneously at 515–530 nm (fluo-3)
and long pass � 670 nm (fura-red) with a 40�/1.4 NA oil
immersion objective. Changes in [Ca2�]i were measured in a
field-of-view consisting of 10–30 cells. Fluo-3 and fura-red
fluorescence emission intensity were acquired every 30 s.
Changes in [Ca2�]i were inferred from changes in the relative
fluorescence ratio, calculated by dividing R at each time point
by R0, the fluorescence ratio measured as the average fluores-
cence ratio 1–2 min before stimulation.
Bulk ATP Measurements—Bulk ATP measurements for

experiments with 200 �M H2O2 and 33% hypotonic solution
were performed as previously described (30). Briefly, HTC cells
were grownon 6-well plates (106 cells/well). Before stimulation,
cells were washed and equilibrated in isotonic medium for 15
min. Four min after stimulation, the medium was carefully
removed and kept on ice. Samples were derivatized in the pres-
ence of 1M chloroacetaldehyde and 25mMNa2HPO4, pH4 (200
�l final volume), and incubated for 40 min at 72 °C. Samples
were transferred to ice, alkalinized with 50 �l of 0.5 M

NH4HCO3, and analyzed by HPLC within 24 h. Identification
and quantification of ethenylated species were performed with
an automatedMerck HPLC apparatus equipped with a fluores-
cence detector. A 100-�l sample aliquot was injected into Sep-
Pak C-18 reverse phase cartridges (Waters). The mobile phase
(2 ml min�1, 30%methanol) contained 100 mM KH2PO4, 5 mM

tetrabutylammonium, 4% acetonitrile, pH 3. Typical elution
times (in min) of etheno-standards were as follows: -ADO, 1.8;
-ADP, 3.6; and -ATP, 9.3. The detection limit of this technique
is 3 pmol (31).
Cell VolumeMeasurement—Changes in cell water volume of

individual cells were assessed by measuring variations in the
concentration of an intracellularly trapped fluorescent dye as
previously described (29, 32). Briefly, HTC cells grown were
plated on round coverslips, loaded with 2 �M calcein-AM
(Molecular Probes) for 5min and then superfused with an isos-
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motic solution for 10 min before
subjecting the cells to hypotonicity.
Changes in fluorescence were mon-
itored using an Olympus DSU con-
focal microscope. Excitation light
was 495 nm, and emitted light was
measured at 521 nm. Images were
obtained at 15-s intervals, and the
fluorescence of a 10-�m2 area in
the center of a cell was measured.
The data are presented asVt/V0 val-
ues, where V0 is the cell water vol-
ume in iso-osmotic solution at time
0, and Vt is the cell water volume at
time t. Vt/V0 was calculated from
the fluorescence intensity ratio
F0/Ft as previously described (32).
Reagents—All reagents were of

analytical grade andwere purchased
from Sigma andMerck. EGTA, sur-
amin, ivermectin, and ATP (sodium
salt) were purchased from Sigma.
Pluronic acid, fura red, and fluo-3
were purchased from Invitrogen
(Carlsbad, CA).
Statistics—All results are pre-

sented as means � S.E. from 4–10
independent experiments. Statisti-
cal analysis of the data was per-
formed using Statgraphics Plus 5.0
(Statistical Graphics Corp., USA).
The unpaired Student’s t test was
performed. Statistical differences
in Ca2�measurements experiments
were assessed by two-way analy-
sis of variance (ANOVA) for mul-
tiple comparisons, followed by
the Bonferroni post-hoc test or
nonparametric ANOVA (Kruskal-
Wallis). Significance was consid-
ered at p � 0.05.

RESULTS

To clarify the involvement of
Ca2� in VSOR Cl� activity, HTC
cells were exposed to 33% hypoto-
nicity (Fig. 1A) or 200�MH2O2 (Fig.
1B). As anticipated, cells responded
by activating a Cl� current that dis-
played the characteristics of the
VSOR Cl� current. The hypotonic-
ity-triggered as well as the H2O2-in-
duced currentwas indistinguishable
at steady state, and as expected, the
current magnitude was smaller in
the H2O2-induced current (22).
However, a significant difference in
the half-time for current onset was

FIGURE 1. Hypotonicity- and H2O2-evoked VSOR Cl� currents. Representative current traces of nystatin-
perforated whole-cell currents activated by a voltage step protocol (2000 ms) from a holding potential of �30
mV ranging from �100 to 100 mV in 20 mV steps. The test pulse was preceded by a pulse to �100 mV (200 ms)
and followed by a pulse to �60 mV (200 ms), for cells exposed to 33% hypotonic solution (A) or 200 �M H2O2 (B).
C, representative experiment showing the time course of VSOR Cl� current development evoked by exposure
to 33% hypotonicity (E) or 200 �M H2O2 in isotonicity (‚) in the presence of 2 mM external Ca2�. Currents were
measured at 80 mV every 7 s and normalized to cell capacitance.

FIGURE 2. Effect of external Ca2� removal on VSOR Cl� currents and Cao
2� changes. Representative experi-

ments of the time course of VSOR Cl� current development evoked by exposure to 33% hypotonicity (A) or by
200 �M H2O2 (B) in a extracellular solution containing 2 mM Ca2� (E) or in the absence of external Ca2� (no Ca2�

added plus 5 mM EGTA, F). The experimental protocol is the same as for experiments depicted in Fig. 1C.
C, summary of the data for half-time for current onset obtained from n 	 5– 8 independent experiments, for
hypotonically (empty bars) or H2O2 (light gray bars)-stimulated cells in 2 mM external Ca2� solution or in the
absence of external Ca2�. D, time course of Cai

2� signal (averaged fluorescence ratio � S.E.). Cells were exposed
to 33% hypotonicity during the time depicted by the bar in the presence (E, control) or in the absence of
external Ca2� (F). n 	 4 independent experiments. *, p � 0.05 compared with control conditions (2 mM Cao

2�).
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observed (Fig. 1C). Hypotonicity (33%) in the presence of 2 mM

extracellular Ca2� triggered the activation of VSOR Cl� cur-
rents within the first 5 min. However, when Cao2� was omitted,
the half-time for current onset was significantly increasedwith-
out affecting the maximal current (Fig. 2, A and C). In contrast,

the half-time for current onset as
well as the current magnitude of the
current induced by 200 �M H2O2
was found to be independent of
Cao2� (Fig. 2, B and C).
To assess the influence of Cao2�

on Cai2�, we monitored the relative
changes in Cai2� in cells stimulated
with 33% hypotonicity. As displayed
in Fig. 2D, cells exposed to a hypo-
tonic stimulus showed a biphasic
increase in Cai2�, which was signifi-
cantly reduced upon extracellular
Ca2� removal (no Ca2� added plus
5 mM EGTA), suggesting that Ca2�

entry is responsible, at least par-
tially, for the observed increase in
Cai2�. This result is at variance with
the observation that H2O2-induced
Cai2� increase is independent of
Ca2� influx (24). Therefore, we hy-
pothesized that Ca2� entry could be
playing a role in modulating the
half-time for current onset.
Based on the observation that hy-

potonically swollen HTC cells (33)
and other cell types (2, 34) release
ATP to the medium, we examined
next the effect of suramin (100 �M),
a nonspecific purinergic receptor
inhibitor. As shown in Fig. 3, A and
D, suramin significantly increased
the half-time for current onset. Be-
cause suramin exerts a strong vol-
tage-dependent blockade of VSOR
Cl� channels producing a complete
inhibition of the outward currents
(Fig. 3B) (35), the currents were
measured at �80 mV. The partici-
pation of TRPV4 (36) was ruled out
because the nonspecific TRPV4 in-
hibitor ruthenium red (50 �M) did
not affect the half-time for current
onset (Fig. 3, A and D). If the
observed increase in the half-time
for current onset upon suramin
exposure is due to the inhibition of
purinergic receptors and not to
nonspecific effects on VSOR Cl�
channels, it can be anticipated that
application of ATP together with
H2O2 in the presence of external
Ca2� should decrease the half-time

for current onset. As depicted in Fig. 3C, in cells stimulatedwith
200 �M H2O2 and 10 �M ATP, the steady-state current was
achieved in a time frame comparable to that observed after a
hypotonic challenge (�5min, Fig. 1C).Moreover, the half-time
for current onset becameCao2�-dependent, as shown in Fig. 3,C

FIGURE 3. Effect of purinergic receptor activity on VSOR Cl� currents. A, representative experiment of the
time course of VSOR Cl� currents in cells exposed to 33% hypotonicity and 50 �M ruthenium red (‚), 100 �M

suramin (E), or 100 nM MRS2175 (�). Currents were recorded at �80 mV every 7 s, and normalized to cell
capacitance. B, representative steady-state nystatin-perforated whole-cell current traces obtained using the
same protocol as in Fig. 1, A and B of a cell exposed to 33% hypotonicity and 100 �M suramin. C, representative
time course of VSOR Cl� currents in cells exposed to 200 �M H2O2 and 10 �M ATP in the presence (E) or absence
(F) of external Ca2�. The experimental protocol is as in Fig. 1C. D, summary of the data for half-time for current
onset obtained from n 	 5– 6 independent experiments for 33% hypotonic solution (empty bars) or 200 �M

H2O2 plus 10 �M ATP (light gray bars)-stimulated cells. E, time course of Cai
2� signal (averaged fluorescence

ratio � S.E.). Cells were exposed to 200 �M H2O2 and 10 �M ATP during the time depicted by the bar in the
presence (E, control) or absence of external Ca2� (F). n 	 4 independent experiments. F, time course of Cai

2�

signal (averaged fluorescence ratio � S.E.). Cells were exposed to 33% hypotonicity and 100 �M suramin during
the time depicted by the bar in the presence (E, control) or absence of external Ca2� (F). n 	 5 independent
experiments. *, p � 0.05 compared with control conditions.
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and D. Similarly, the increase in Cai2� was also dependent on
Cao2� upon exposure to H2O2 and ATP (Fig. 3E). Conversely, in
cells challenged with 33% hypotonicity in the presence of sura-
min, the increase in Cai2� was independent of Cao2� (Fig. 3F),
suggesting that Ca2� entry following the activation of puriner-
gic receptors accounts for the difference in the half-time for
current onset observed in hypotonicity and H2O2-challenged
HTC cells.
As the metabotropic purinergic receptor P2Y1 has been

involved in cell volume regulation in the same cell line (37) and
because suramin inhibits this receptor, we explored the effect of
MRS2179, a specific P2Y1 inhibitor, onVSORCl� channel acti-
vation. As depicted in Fig. 3, A and D no change was observed
either in the maximal current attained or in the half-time for
current onset.
Prompted by these results and taking into account that sub-

stantial evidence indicate that ATP is released from mechani-
cally and hypotonically stressed cells triggering autocrine/para-
crine activation of purinergic receptors (23, 38, 39), we
comparedATP release fromHTCcells exposed to hypotonicity

and H2O2. To that end, bulk extra-
cellular ATP concentration was
measured after 5 min of exposing
HTC cells to either H2O2 or hypo-
tonicity. As illustrated in Fig. 4A, a
significant increase in bulk ATPwas
detected in cells exposed to 33%
hypotonicity when compared with
non-stimulated cells. In contrast, in
cells stimulated with 200 �M H2O2,
no ATP released could be detected
in the medium.
To establish which purinergic

receptor is responsible for the ATP-
dependent Ca2� entry in hypotoni-
cally swollen HTC cells, we mea-
sured ATP-induced currents. As
depicted in Fig. 4B, 10 �MATP trig-
gers a fast, suramin-blockable in-
ward current with a slow deactiva-
tion kinetic (� 	 10 � 2.6 s, single
exponential fitted to the data; n 	
10). Furthermore, this current was
potentiated after preincubation
with 4 �M ivermectin (not shown).
Based on the deactivation kinetic
and the potentiating effect of iver-
mectin, we explored the role of the
ionotropic purinergic receptor P2X4,
known to be expressed in liver and
in HTC cells (40). To that end, HTC
cells were transfected with a non-
functional dominant-negative mu-
tant in which the lysine 313 is
exchanged by alanine (P2X4 K313A)
(41). As shown in Fig. 4C, in HTC
cells overexpressing this mutant no
current could be measured after

application of 10 �M ATP, and only a small current was
detected upon preincubation with ivermectin. This result indi-
cates that in HTC cells the P2X4 purinergic receptor is respon-
sible for the inward current induced by ATP.
To determine the role of P2X4 on the extracellular Ca2�

dependence of the half-time for VSOR Cl� current onset,
P2X4 K313A-transfected cells were subjected to 33% hypo-
tonicity. As shown in Fig. 4D, overexpression of P2X4 K313A
was sufficient to increase the half-time for current onset
without affecting the maximal current. In addition, in these
cells the half-time for current onset became Cao2� indepen-
dent (Fig. 4, D and E).
Because the amount of ATP released from swollen cells has

been found to be dependent on the magnitude of cell swelling
(33, 42), we explored the role of P2X4 in VSOR Cl� channel
activity at a smaller hypotonic challenge. As depicted in Fig. 5,A
and B, in cells exposed to 11% hypotonicity the half-time for
current onset was Cao2� independent resembling the time
course observed in H2O2-stimulated cells. As expected, no dif-
ference in the Cai2� changes was observed when Cao2� was

FIGURE 4. Role of ATP release and P2X4 activation on VSOR Cl� currents. A, bulk ATP released from HTC
cells measured after 5 min of exposure to 33% hypotonicity (empty bars) or 200 �M H2O2 (light gray bars). n 	 3
independent experiments. *, p � 0.05 respect to basal release. B, representative current record of a cell kept at
a holding potential of �80 mV exposed to 10 �M ATP. The same cell exposed to a second puff of ATP in the
presence of 100 �M suramin. After suramin wash-out, partial recovery of the current is observed. ATP was
delivered for the time indicated by the bar using a puffing pipette located nearby the cell. For these experi-
ments, a 15% hypertonic solution was uses to avoid any contribution from volume-sensitive Cl� currents.
C, representative current record of a cell kept at a holding potential of �80 mV exposed to 10 �M ATP in a cell
overexpressing a dominant-negative mutant for P2X4 (P2X4 K313A). The same cell exposed to a second puff of
ATP after 15 min of preincubation with 4 �M ivermectin. n 	 3– 4 independent experiments. D, representative
experiments showing the time course VSOR Cl� currents evoked by 33% hypotonicity in cells overexpressing
P2X4 K313A in the absence (F) or in the presence (E) of 2 mM external Ca2�. Currents were measured at 80 mV
every 7 s and normalized by cell capacitance. E, summary of the data presented in D for normalized maximal
currents at 80 mV (left axis) and half-time for current onset (right axis) obtained from n 	 6 independent
experiments. *, p � 0.05 compared with control conditions.
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omitted (Fig. 5C), suggesting that no Ca2� entry pathway is
activated at 11% hypotonicity.
To confirm the relevance of purinergic receptor activation

on VSOR Cl� channel activity, cells were stimulated with 11%
hypotonicity and 10 �M ATP. In this condition, the half-time
for current onset was dependent on Cao2� becoming signifi-
cantly faster in the presence of Cao2� without variation in the
maximal current attained (Fig. 5,D and E). As shown in Fig. 5F,

Cai2� significantly increased with
ATP, similarly as obtained in cells
stimulated with 200 mM H2O2 and
ATP.
To establish that the purinergic

receptor responsible for the acceler-
ation of the current onset upon low
hypotonicity and ATP exposure can
be also attributable to P2X4 activa-
tion, we performed experiments in
whichHTC cells overexpressing the
dominant-negative mutant of this
receptor were stimulated with 11%
hypotonicity in the presence and
absence of 10 �M ATP. As depicted
in Fig. 6, A and B overexpression of
P2X4 K313A prevented the ex-
pected decrease of the half-time for
current onset upon stimulationwith
11% hypotonicity and ATP, without
affecting the current magnitude at
steady state.
Next we addressed the impact of

Ca2� entry on the regulatory vol-
ume decrease (RVD) process. For
this purpose, cells were loaded with
the fluorescent probe calcein for 5
min (2 �M) and exposed to 33%
hypotonicity in the presence or
absence of Cao2� or 11% hypotonic-
ity in the presence or absence of
ATP. To force the RVD response to
be dependent only on the Cl� con-
ductance (GCl), cells were exposed,
after swelling, to a NMDG-grami-
cidin hypotonic solution (43). As
depicted in Fig. 6, C and D, in cells
challenged with 33% hypotonicity
and 2 mM Cao2�, the RVD response
was faster (� 	 4.4 � 0.3 min, single
exponential fitted to the data) when
compared with cells exposed to 33%
hypotonicity in the absence of Cao2�

(� 	 9.2 � 0.8 min, single exponen-
tial fitted to the data). On the other
hand, cells subjected to 11%hypoto-
nicity (Fig. 6, E and F) have a faster
RVD response in the presence of
ATP (� 	 2.0� 0.2min, single expo-
nential fitted to the data) when

compared with cells exposed to 11% hypotonicity without ATP
added to the medium (� 	 4.3 � 0.5 min, single exponential
fitted to the data).

DISCUSSION

VSOR Cl� channels participate in maintaining normal cell
volume as well as in a number of other physiological processes
(13). Here we expand our knowledge on how hypotonicity acti-

FIGURE 5. Cao
2� and ATP modulation of 11% hypotonicity-induced VSOR Cl� currents. A, representative

experiment showing the time course of the development of VSOR Cl� currents evoked by 11% hypotonicity in
the absence (F) or in the presence (E) of 2 mM external Ca2�. Currents were measured at 80 mV every 7 s and
normalized by cell capacitance. B, summary of the data for maximal normalized currents at 80 mV (left axis) and
half-time for current onset (right axis) obtained from n 	 4 – 6 independent experiments described in A. C, time
course of Cai

2� signal (averaged fluorescence ratio � S.E.). Cells were exposed to 11% hypotonicity in the
absence (F) or in the presence (E) of 2 mM external Ca2� during the time depicted by the bar. n 	 4 –5
independent experiments. D, representative experiments showing the time course of VSOR Cl� currents
evoked by 11% hypotonicity and 10 �M ATP in the absence (F) or in the presence (E) of 2 mM external Ca2�.
Currents were measured at 80 mV every 7 s and normalized by cell capacitance. E, summary of the data for
normalized maximal currents at 80 mV (left axis) and half-time for current onset (right axis) obtained from n 	
4 – 6 independent experiments described in D. F, time course of Cai

2� signals (averaged fluorescence ratio �
S.E.). Cells were exposed to 11% hypotonicity in the presence of 10 �M ATP (2 mM external Ca2�, E; 0 mM

external Ca2�, F) during the time depicted by the bar. n 	 4 –5 independent experiments. *, p � 0.05 compared
with control conditions (no ATP added, 2 mM Cao

2�).
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vates VSOR Cl� channels in HTC cells demonstrating that,
depending on the magnitude of the hypotonic challenge, the
ionotropic purinergic receptors P2X4 are activated and thus,
the ensuingCa2� entrymodulates the time course ofVSORCl�
currents and RVD response.

Concerning VSOR Cl� channel
modulation, Ca2�-mobilizing G pro-
tein-coupled receptor (GPCR) activa-
tion has been studied in many cell
types. For example, in an intestinal
cell line (44) and in a neuroblastoma
cell line (45), activation of the
thrombin receptor induces at least a
2-fold increase in I� efflux. Further-
more, fibroblasts (46) show not only
an increase in VSOR Cl� current
but also a decrease in the half-time
for current onset after thrombin
receptor activation. Other GPCR
widely studied in this context are
the metabotropic purinergic recep-
tors (P2Y family). For instance,
some groups suggest that purinergic
receptor activation ismandatory for
VSOR Cl� activation (23, 38), nev-
ertheless, others authors propose
that purinergic receptors only mod-
ulate VSOR Cl� channel activation
(47). Similarly, in intestinal epithe-
lial and HTC cells, VSOR Cl� acti-
vation hasbeen showntobe indepen-
dent of ATP release and purinergic
receptor activation (37, 48).
In this work, we demonstrate, for

the first time, that in HTC cells in
addition to the activation of P2Y1
receptors, ATP released from hypo-
tonically stimulated cells activates
the ionotropic purinergic receptor
P2X4. In contrast with previous re-
sults, the data presented here demon-
strate amodulatory role of ionotropic
purinergic receptor on VSOR Cl�
current activation,whereP2X4open-
ing after ATP release allows Ca2�

entry, which is responsible for mod-
ulating the half-time for VSOR Cl�
current onset.
In cells exposed to H2O2, VSOR

Cl� current activation (this work) as
well as Cai2� mobilization is inde-
pendent of Cao2� (24) suggesting
that Ca2� permeability pathways
are not necessary for VSOR Cl�
activation. However, upon exposure
to extracellular ATP H2O2-induced
VSOR Cl� currents display a faster
current onset. Likewise, in cells

stimulated with 33% hypotonicity, Cao2� removal as well as
overexpression of a non-functional dominant-negative mutant
of P2X4, only slows down VSOR Cl� channel activation with-
out affecting themaximal current achieved, demonstrating that
Ca2� entry through P2X4 is a key modulator of the current.

FIGURE 6. Effect of P2X4 dominant-negative mutant overexpression on 11% hypotonicity-induced
VSOR Cl� currents and Cao

2� and ATP on RVD. A, representative experiments showing the time course of
VSOR Cl� currents evoked by 11% hypotonicity in cells overexpressing the P2X4 K313A dominant-negative
construct in the presence of 2 mM external Ca2� with (F) or without (E) 10 �M ATP. Currents were measured at
80 mV every 7 s and normalized by cell capacitance. B, summary of the data presented in A for normalized
maximal currents at 80 mV (left axis) and half-time for current onset (right axis) obtained from n 	 5– 6 inde-
pendent experiments. C, cell volume was monitored in single HTC cells loaded with calcein. Representative
experiment in which cell swelling was induced by exposure to 33% hypotonicity during the time depicted by
the bar is shown. At the time indicated by the arrow, the solution was switched to a NMDG-Cl (replacing all
NaCl) containing 10 �M gramicidin solution with (F) or without Cao

2� (E). D, summary of the rate constants
obtained by adjusting the fall in cell volume in each case to a single decreasing exponential from experiments
depicted in C. Results shown are averages of 15–20 cells measured in single coverslips, n 	 3– 4 independent
experiments. E, cell volume was monitored in single HTC cells loaded with calcein. Representative experiment
in which cell swelling was induced by exposure to 11% hypotonicity during the time depicted by the bar is
shown. At the time indicated by the arrow, the solution was switched to a NMDG-Cl (replacing all NaCl)
containing 10 �M gramicidin solution with (E) or without 10 mM ATP (F) in the presence of 2 mM Cao

2�.
F, summary of the rate constants obtained by adjusting the fall in cell volume in each case to a single decreasing
exponential from experiments depicted in E. Results shown are averages of 15–20 cells measured in single
coverslips, n 	 3– 4 independent experiments. *, p � 0.05 compared with control conditions.
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Although cells are exposed rarely to high (i.e. 33%) extracel-
lular hypotonicity, they are frequently exposed to lower magni-
tude anisotonic conditions. Here we show that a relatively low
magnitude of extracellular hypotonicity (11%) the time course
of VSOR Cl� current is slower compared with 33% hypotonic-
ity and in addition, independent of extracellular Ca2�. Also, it is
demonstrated that Cai2�mobilization is independent of Cao2�, a
fact that emphasizes the absence of a role for Ca2� entry path-
ways under these conditions.
The mechanisms for cell swelling-induced ATP release are

still under debate (49). The main ones proposed comprise exo-
cytosis (42) andATP4� translocation via VSORCl� channels at
high positive voltages (50). However, as no ATP release was
detected in cells stimulatedwith 200�MH2O2 (a concentration
twice the EC50 for VSOR Cl� channel activation (22)), our
results suggest that ATP is not released through VSOR Cl�
channels.
In view of the data presented here and previous findings in

HTC cells, a model for VSORCl� channel activation andmod-
ulation is suggested. In this model, we propose that cells sub-
jected to a high osmotic imbalance generate H2O2 upon
NAD(P)H oxidase activation (22) promoting Src-mediated
PLC�1 phosphorylation (10, 24) leading to IP3-sensitive intra-
cellular Ca2� mobilization (18, 51) and subsequent VSOR Cl�
channel activation. On the other hand, cell swelling triggers the
release of ATP (23, 33), which in turn acts on P2X4 receptors
increasing the Ca2� permeability and thus, modulating the
time course of VSOR Cl� currents (this work). The decrease in
the half-time of current onset would then allow a faster volume
recovery. Conversely, in cells exposed to a relatively small
osmotic imbalance, ATP release is not triggered, despite full
activation of the current.
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