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A B S T R A C T

It is accepted that K+ and Cl� flows are coupled tightly in regulatory volume decrease (RVD). However,

using self referencing microelectrodes, we proved that K+ and Cl� transport mainly by channels in RVD

was uncoupled in nasopharyngeal carcinoma CNE-2Z cells, with the transient K+ efflux activated earlier

and sustained Cl� efflux activated later. Hypotonic challenges decreased intracellular pH (pHi), and

activated a proton pump-dependent H+ efflux, resulting in a decline of extracellular pH (pHo). Modest

decreases of pHo inhibited the volume-activated K+ outflow and RVD, but not the Cl� outflow, while

inhibition of H+ efflux or increase of pHo buffer ability promoted K+ efflux and RVD. The results suggest

that the temporal dynamics of K+ channel activities is different from that of Cl� channels in RVD, due to

differential sensitivity of K+ and Cl� channels to pHo. H+ efflux may play important roles in cell volume

regulation, and may be a therapeutic target for human nasopharyngeal carcinoma.

� 2012 Published by Elsevier Inc.
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1. Introduction

Cell volume regulation is fundamental for various cell functions
[1–4]. Cell proliferation requires an increase of cell volume before
cell division [5]. Apoptosis is normally accompanied by cell
shrinkage [6]. Cell migration needs precise regulation of cell
volume to guarantee correct polarity and hence direction of
movement [7]. Cell volume regulation in these processes requires
the participation of ion transport across the cell membrane
through various transporters and ion channels [8–10]. Volume-
activated K+ and Cl� channels play important roles in regulatory
volume decrease (RVD) induced by cell swelling and in cell volume
maintenance under normal osmotic conditions, as well as in
various cell functions [1–4,11–15]. The activation and the
pharmacological properties of volume-activated K+ and Cl�

channels have been widely studied using patch clamp techniques.
However the activation and activities of the channels under
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non-invasive conditions have not been clarified because of the
limitation of patch clamp techniques.

With patch clamp techniques, channels are always isolated, or
the cell content is disturbed. For instance, a global acidification in
RVD has been identified [16,17] and hypotonic stimulation can
induce a decrease of intracellular pH even as large as 0.7 pH units.
The changes of pH may affect the activities of ion channels [18–21].
However, in the experiments performed with the whole-cell patch
clamp technique, the intracellular pH is restricted to the pH of
pipette solution, and the dynamic changes of intracellular pH in
RVD are normally prevented. In cell-attached single channel
recordings, the extracellular environment of channels is isolated
and restricted. The dynamic changes of ion channel activities or ion
flows under undisturbed physiological conditions are thus difficult
to be recorded using patch clamp techniques and a non-invasive
technique is needed to solve these problems.

The non-invasive micro-test technique is a technique capable of
studying the ion movements of cells without mechanical contact
between the recorded cell and the electrode using self-referencing
ion-selective microelectrodes [22–24]. It is able to ‘‘micro-sample’’
ion activities and measure diffusion gradient and ion fluxes even in
single cells [22–24]. The ion-selective microelectrodes can also
pose a barrier to simple diffusion, creating an ion trap close to the
plasma membrane. The technique provides the advantage of
amplifying the local change in ion concentration without

http://dx.doi.org/10.1016/j.bcp.2012.05.006
mailto:eyanglinjie@163.com
mailto:yandeer@yahoo.com.cn
mailto:wongkinglw@hotmail.com
mailto:zhanghaifeng19840305@yahoo.com.cn
mailto:wangchenlixin@hotmail.com
mailto:jianwenmao@hotmail.com
mailto:chenlixinw@sohu.com
mailto:wangliweic@sohu.com
http://www.sciencedirect.com/science/journal/00062952
http://dx.doi.org/10.1016/j.bcp.2012.05.006


L. Yang et al. / Biochemical Pharmacology 84 (2012) 292–302 293
dramatically changing the rise or fall time of the ion profile, which
other ion-mapping techniques do not possess [25]. These
advantages ensure it to be an ideal technique for measurements
of ion transport in living cells without interfering cellular content
or regulation mechanisms. The technique is also capable of
measuring the extracellular pH close to the cell membrane.

In this study, the temporal dynamics of the transmembrane
transport of K+, Cl� and H+ in the process of hypotonicity-induced
RVD were first investigated using the non-invasive micro-test
technique in intact human nasopharyngeal carcinoma CNE-2Z
cells. The measurements of ion effluxes revealed a differential time
course of different ions, which may be associated with the
secretion of H+ and the different sensitivities of various ion
channels to the changes of pH.

2. Materials and methods

2.1. Cell preparation

The poorly differentiated human nasopharyngeal carcinoma
CNE-2Z cells were routinely grown in 25 cm2 plastic tissue culture
flasks in the RPMI 1640 medium containing 10% fetal calf serum,
100 IU/ml penicillin and 100 mg/ml streptomycin, and incubated
in a humidified atmosphere of 5% CO2 at 37 8C. The cells were
subcultured every 2 days. For ion flux and current measurements,
cells that had been cultured for 48 h and reached 80% confluency
were trypsinized, centrifuged and re-suspended in the culture
medium. Cell suspension was plated on round coverslips of 22 mm
in diameter (150 ml/coverslip), which were located in 35 mm
tissue culture dishes, and was then incubated at 37 8C for 2–3 h
before the measurements of ion flux, current or cell volume.

2.2. Preparation of ion-selective electrodes

Ion-selective electrodes were prepared according to the
protocols described by Smith and Trimarchi [23]. Microelectrodes
with a tip diameter of 2–4 mm were pulled from borosilicate glass
capillaries on a two-stage vertical puller. The microelectrodes were
oven dried at 180 8C for 3 h and treated at 180 8C for 1 h in a beaker
containing silanizing compound vapor, which was achieved by
adding 100 ml silanizing compound tributylchlorosilane (Sigma
Aldrich, St. Louis, MO, USA) in the beaker. Dried and cooled
electrodes were back filled with the back-filled solutions (15 mM
NaCl plus 40 mM KH2PO4 for H+ flux measurements, 100 mM KCl
for K+ and Cl� flux measurements), and the electrode tips were
front filled with the commercially available ionophore cocktails,
the liquid ion exchangers (LIX; Fluca, Sigma Aldrich, St. Louis, MO,
USA). The prepared electrode was inserted into a half-cell
microelectrode holder (XYEH01-1, Younger USA Sci. & Tech. Co.,
Applicable Electronics Inc. and Science Wares Inc, USA) equipped
with a silver chloride-coated silver wire.

The Nernstian properties of each electrode were measured by
placing the electrode in a series of standard calibration solutions
based on the extracellular solutions for ion flux measurements. The
electrodes were calibrated in standard solutions before and after
use, and only the electrodes possessing Nernst slopes were used.

2.3. Non-invasive ion flux measurements

Measurements of net Cl�, K+, and H+ fluxes were performed
using the non-invasive micro-test technique described previously
[24] with a recording system (BIO-001A, Younger USA Sci. & Tech.
Co., Applicable Electronics Inc. and Science Wares Inc, USA).
Measurements of ion flux of single cells rely on the establishment
of an ion gradient generated on the cell surface. The ion-selective
electrode was controlled to move between two poles, the far and
near poles (with the near pole 1–2 mm away from the cell surface),
with an excursion of 10 mm at a programmable frequency of
0.3 Hz. Voltages at each pole, representing the Nernst potential of
the solution and the ion activity at each point, were measured. In
the presence of a flux, the voltages varied between the two poles.
The recorded potential differences were converted into electro-
chemical potential differences using the calibrated Nernst slopes of
the electrodes. Data and image acquisition, preliminary processing
and control of the three-dimensional electrode positioner were
performed with the system-equipped ASET software. The system
sampled at 1 kHz, and approximately one third of the data during
and after each movement were discarded to account for gradient
disturbance and system response time. Signals at each position
were averaged and the signal of the far pole was subtracted from
that of the near pole.

For Cl� flux measurements, the isotonic extracellular solution
contained (in mM): 70 NaCl, 0.5 MgCl2, 2 CaCl2, 1 HEPES, 2 KCl, and
147.5 D-mannitol. The concentration of KCl in the solution was
reduced to 0.5 mM for K+ flux measurements, while 0.15 mM
KH2PO4 and 0.8 mM Na2HPO4 were used to substitute HEPES for H+

flux measurements. The osmolarity of the solutions was measured
with a freezing-point osmometer (OSMOMAT 030; Gonotec,
Germany). The osmolarity of isotonic solutions was adjusted to
300 mOsmol/l with D-mannitol. The hypotonic solutions were
obtained by omitting the D-mannitol from the isotonic solutions,
giving an osmolarity of 160 mOsmol/l (47% hypotonicity, com-
pared to the isotonic solution). The pH of the extracellular
solutions was adjusted to 7.40 with NaOH.

We have reported that the Cl� channel blockers 5-nitro-2-(3-
phenylpropylamino) benzoic acid (NPPB) and tamoxifen can
inhibit the hypotonicity-activated Cl� currents and RVD in CNE-
2Z cells [1]. However, it has been reported that NPPB (50 mM) but
not tamoxifen (10 mM) can destroy the Nernstian characteristics of
the Cl� selective electrode [26]. We chose tamoxifen as the Cl�

channel blocker. The addition of the potassium channel blocker
clotrimazole (CLT, 100 mM) or the proton pump inhibitor
omeprazole (20 mM), which has been reported to be able to
inhibit the H+ secretion via proton pump [27], to standard
calibration solutions had little effects on the Nernstian slope of
K+ or H+ selective electrodes. Clotrimazole was dissolved with
DMSO in the concentration of 40 mM. Tamoxifen and omeprazole
were dissolved with methanol in the concentrations of 10 mM and
50 mM, respectively. They were diluted to the indicated final
concentrations using corresponding solutions for different experi-
ments. All chemicals were purchased from Sigma Aldrich (St. Louis,
MO, USA).

Cells were first exposed to isotonic extracellular solution for
20 min before experiments. The ion selective electrode was posited
vertically 500 mm above the cell for 3–5 min to record the
background signal (Blank), and placed 1–2 mm from the cell
membrane for 3–5 min to record the isotonic control signal (Iso).
The isotonic bath solution was then exchanged 3 times with the
hypotonic bath solution.

2.4. Patch clamp electrophysiology

Whole-cell currents of single CNE-2Z cells were recorded using
the patch-clamp technique previously described [28], with a List
EPC-7 patch-clamp amplifier (List Electronic, Darmstadt,
Germany). For whole-cell Cl� current recordings, the pipette
solution contained (in mM): 70 N-methyl-D-glucamine chloride
(NMDG-Cl), 1.2 MgCl2, 10 HEPES, 1 EGTA, 140 D-mannitol and 2
ATP, and the isotonic bath solution contained: 70 NaCl, 0.5 MgCl2, 2
CaCl2, 10 HEPES, and 140 D-mannitol. For whole-cell K+ current
recordings, the pipette solution contained: 134 K-Gluconate, 10
KCl, 1 MgCl2, 0.08 CaCl2, 0.03 EGTA, 10 HEPES, and 2 Na2ATP. The
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isotonic bath solution contained: 66 Na-Gluconate, 1 MgSO4, 2
NaCl, 4 K-Gluconate, 2 CaSO4, 10 HEPES, and 140 D-mannitol. The
osmolarity of the pipette and isotonic solutions was adjusted to
300 mOsmol/L with D-mannitol. The 47% hypotonic bath solutions
were obtained by omitting the D-mannitol from the isotonic
solutions. The pH of the pipette and bath solutions was adjusted to
7.25 and 7.40 with Tris-base, respectively. Experiments were
carried out at room temperature (20–24 8C).

The patch clamp pipettes were made from standard wall
borosilicate glass capillaries and gave a resistance of 5–10 MV
when filled with pipette solutions. Cell capacitance compensation
and series resistance compensation were used to minimize voltage
errors. The amplifier reading of capacitance was used as the value for
whole-cell membrane capacitance. Once the whole-cell configura-
tion was established, cells were held at 0 mV and then stepped
repeatedly to 200 ms pulses of 0, �40 and �80 mV for Cl� current
recordings and 0, �46 and �92 mV for K+ current recordings, with 4 s
intervals between steps. Command voltages and whole-cell currents
were recorded simultaneously on a computer via a laboratory interface
(CED 1401, Cambridge, UK) with a sampling rate of 3 kHz. The voltage
pulse generation, data collection and current analysis were performed
using EPC software (CED, Cambridge, UK).

In analysis of data collected, all current measurements were
made at 10 ms after onset of each voltage step. The inhibition of
volume-activated Cl� and K+ currents were calculated using
the following equation: (CurrentHypo � CurrentInhib)/(Curren-
tHypo � CurrentIso) � 100%, where CurrentHypo is the peak current
recorded under hypotonic stimulation, CurrentInhib is the
current recorded after inhibitory treatments, and CurrentIso is
the current recorded under isotonic conditions.
Fig. 1. Dynamic K+, Cl� and H+ fluxes across the cell membrane induced by 47% hypotonic

hypotonic solution and recorded by the non-invasive micro-test technique. The Cell was 

and then the bath solution was exchanged with 47% hypotonic solution (Hypo) as indica

from the cell. The upward deflection of the signal indicates K+ efflux from the cell. (B) The

by the non-invasive micro-test technique. The downward deflection of the signal indica

solution and recorded by the non-invasive micro-test technique. The upward deflection o

cells for different ion flux recording, mean � S.E.M).
2.5. Extracellular and intracellular pH measurements

Extracellular pH near the cell surface was detected using the
H+ selective electrodes. The pH was computed from the voltage
measured 1–2 mm from the cell membrane, which represents the
H+ activity of the extracellular micro-environment. Intracellular
pH was measured using the dual-excitation ratio method with
the pH sensitive dye 20,70-Bis-(2-carboxyethyl)-5- (and-6)-
carboxyfluorescein acetoxymethyl ester (BCECF-AM; Beyotime
Institute of Biotechnology, Jiangsu, China) [29]. The isotonic and
hypotonic bath solutions for intracellular pH measurements
were the same with the bath solutions for whole-cell Cl� current
recordings. The pH of the bath solution for intracellular pH
measurements was adjusted to 7.40 with NaOH. Employing a
digital fluorescence microscopy system, pH sensitive dye was
excited at 460 and 488 nm and the fluorescence emitted at
520 nm was detected in turn. Analysis was restricted to the cells
able to retain the fluorescent indicator. Raw intensity data at
each excitation wavelength were corrected for background
fluorescence prior to calculation of the ratio. The ratios of
background-corrected emission intensities (I488/I460) were trans-
formed into intracellular pH.

2.6. Volume measurements

Cell images were recorded simultaneously with ion flux
measurements, and the volume change of the cell was estimated
from the cell image. Cell images were captured by a charge-coupled
device digital camera (Mono CCD625, Leica, Germany) which was
connected to the microscope (Leitz DMIL; Leica Mikroskopie und
 challenges in CNE-2Z cells. (A) The typical time-course of K+ fluxes activated by 47%

exposed to the isotonic solution (Iso) for several minutes to establish a baseline flux,

ted. Background (Blank) flux was measured by moving the electrode 500 mm away

 typical time-course of Cl� fluxes activated by 47% hypotonic solution and recorded

tes Cl� efflux. (C) The typical time-course of H+ fluxes activated by 47% hypotonic

f the signal indicates H+ efflux. (D) Comparison of K+, H+, and Cl� effluxes (n = 11–14
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Systeme, Germany). The acquisition of the cell images was
controlled by the Quantimet Q500MC image processor and analysis
software (Leica, Germany). Cell volume was calculated with the
equation V = 4/3 � S � (S/p)1/2, where S is the area (mm2) [30]. Cell
volume was standardized by dividing the cell volume in treatments
with the control cell volume in isotonic solutions.

2.7. Statistical analysis

Data were expressed as means � S.E.M. (number of observations)
and, where appropriate, were analyzed using ANOVA (SPSS version
11.5; Chicago, IL, USA). Statistical significance was defined as P < 0.05
or 0.01. All experiments were repeated at least 5 times.

3. Results

3.1. Differential temporal dynamics of hypotonicity-induced K+, Cl�

and H+ fluxes

The transmembrane K+, Cl� and H+ fluxes in single CNE-2Z cells
under 47% hypotonic condition were recorded using the non-
invasive micro-test technique. The results showed that exposure of
cells to 47% hypotonic solution induced effluxes of K+, Cl� and H+

(Fig. 1). However, the time-courses of K+, Cl� and H+ effluxes were
different.

The activation of K+ efflux induced by hypotonic stimulation was
ahead of Cl� efflux. The K+ efflux peaked within 2 min and then
declined gradually in all the cells observed (Fig. 1A). Opposite to the
fast activation of K+ efflux, the activation of Cl� efflux was much
Fig. 2. Inhibition of hypotonicity-induced K+ efflux and K+ current by the potassium chann

stimulation and inhibition of the K+ efflux by 100 mM clotrimazole, detected by the no

solution. Blank, ion flux measured by moving the electrode 500 mm away from cells. (B) 

cells for CLT, mean � S.E.M. *P < 0.05, t-test, compared with Control). (C) The time-course o

clotrimazole, recorded with the patch clamp technique. Cells were held at 0 mV and then st

currents under different conditions (n = 5 cells, mean � S.E.M., *P < 0.05, **P < 0.01, Paired
slower, with a latency of about 5 min. Once activated, the Cl� efflux
was maintained in a relative high level when the cells were
still bathed in the hypotonic solution in the periods observed
(25–60 min, Fig. 1B).

Similar to that of Cl� efflux, the activation of H+ efflux induced
by hypotonic stimulation was slow. The H+ efflux was not
decreased in the time period observed. H+ effluxes remained at
a relative high level for more than 20 min (Fig. 1C). The
comparisons of different ion flows were shown in Fig. 1D. The
results indicated that hypotonic challenges induced a transient K+

efflux which was followed by sustained Cl� and H+ efflux.

3.2. Inhibition of K+ efflux by potassium channel blockers

The hypotonicity-induced K+ efflux could be abolished almost
completely by the Ca2+-activated intermediate conductance K+

channel (IK channel) blocker clotrimazole (100 mM, Fig. 2A). Mean
K+ efflux was reduced from 0.63 � 0.15 nmol cm�2 s�1 (n = 11) to
0.06 � 0.14 nmol cm�2 s�1 (n = 6, P < 0.05) (Fig. 2B). The results
suggest that the hypotonicity-induced K+ efflux is mainly mediated
by Ca2+-activated intermediate conductance K+ channels.

Patch-clamp experiments demonstrated that only a weak
background K+ current was recorded in the isotonic bath solution,
and exposure of cells to 47% hypotonic solution activated a K+

current in about 1–2 min (Fig. 2C). The current was inhibited by the
K+ channel blocker clotrimazole (100 mM) by 88.13 � 7.86% at
�92 mV and 92.97 � 4.97% at +92 mV (n = 5, P < 0.01) (Fig. 2D).

The K+ current recorded with the patch clamp technique
was different from the K+ efflux detected by the non-invasive
el blocker clotrimazole (CLT). (A) The time-course of K+ efflux induced by hypotonic

n-invasive micro-test technique. Iso, isotonic bath solution. Hypo, 47% hypotonic

Mean K+ effluxes measured under different conditions (n = 11 cells for Control, n = 6

f K+ current induced by hypotonic stimulation and inhibition of the current by 100 mM

epped repeatedly to 0, �46 and �92 mV with 4 s intervals between steps. (D) Mean K+

 t-test, compared with Hypo).
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micro-test technique. The hypotonicity-induced K+ efflux declined
gradually in a few minutes (Fig. 2A), but no significant decline was
observed in the hypotonicity-activated K+ current (Fig. 2C).

3.3. Inhibition of Cl� efflux by chloride channel blockers

The chloride channel blocker tamoxifen could inhibit the
hypotonicity-activated Cl� efflux (Fig. 3A). Mean Cl� efflux was
reduced from �9.66 � 2.66 nmol cm�2 s�1 (n = 9) to �0.94 �
2.27 nmol cm�2 s�1 (n = 6, P < 0.05) by 10 mM tamoxifen (Fig. 3B),
indicating that the Cl� efflux is mainly carried by volume-sensitive
chloride channels.

A tamoxifen-sensitive Cl� current was also recorded using the
whole-cell patch-clamp technique when cells were exposed to 47%
hypotonic solution (Fig. 3C). The current was activated in 1–2 min
and reached the peak in 3–5 min. Tamoxifen (10 mM) inhibited
almost completely the current (Fig. 3C and D).

Further analysis of the Cl� efflux detected by the non-invasive
micro-test technique and the Cl� current recorded with the patch
clamp technique indicated that the activation process was similar.
Once activated by the hypotonic challenges, both the Cl� efflux and
current were sustained, with no inactivation observed. However,
the activation latency of Cl� efflux was longer (about 5 min) than
that of Cl� current.

3.4. Inhibition of H+ efflux by omeprazole and extracellular calcium

depletion

The baseline of H+ flux (Blank) was recorded 500 mm above the
cells. When the recording electrode was positioned 1–2 mm away
Fig. 3. Inhibition of hypotonicity-induced Cl� efflux and Cl� current by the chloride chann

stimulation and inhibition of the Cl� efflux by 10 mM tamoxifen, detected by the non-inva

Blank, ion flux measured by moving the electrode 500 mm away from cells. (B) Mean Cl�

tamoxifen, mean � S.E.M., *P < 0.05, t-test, compared with Control). (C) The typical time-c

10 mM tamoxifen, recorded with the patch clamp technique. Cells were held at 0 mV and the

Cl� currents under different conditions (n = 5 cells, mean � S.E.M., **P < 0.01, Paired t-test
from the cell, a weak H+ efflux was detected under isotonic
conditions (Iso). The H+ efflux elevated significantly 5–8 min after
the isotonic bath solution was replaced with 47% hypotonic bath
solution (Hypo). The hypotonicity-activated H+ efflux was inhibited
by the H+ pump inhibitor omeprazole (20 mM) (Fig. 4A). The H+

efflux was decreased from 0.27 � 0.05 pmol cm�2 s�1 to
0.12 � 0.03 pmol cm�2 s�1 (n = 5, P < 0.01).

The activation of hypotonicity-induced H+ efflux could be
prevented by depletion of extracellular calcium (Fig. 4B and C).
Exposure of cells to the Ca2+-free hypotonic solution did not
induced significantly H+ efflux. The H+ efflux in the Ca2+-free
hypotonic solution was 0.04 � 0.03 pmol cm�2 s�1 (n = 5), which
was much smaller than that (0.27 � 0.05 pmol cm�2 s�1, n = 5,
P < 0.01) recorded in the control hypotonic solution.

3.5. Changes of extracellular and intracellular pH induced by

hypotonic stimulation

The extracellular pH at the position of 1–2 mm away from the
cell membrane was detected using the non-invasive micro-test
technique. The pH measured 500 mm above cells was taken as the
background recording (Blank). In the isotonic bath solution, the
extracellular pH recorded 1–2 mm away from the cells was
7.37 � 0.02, which was a little lower than the Blank (7.39 � 0.03,
n = 5, P < 0.05). When the cells were challenged with 47% hypotonic
solution, the extracellular pH decreased gradually in 5–8 min
(7.19 � 0.03, n = 5, P < 0.01) and reached a stable level in 15 min
(Fig. 5A). The hypotonicity-induced decrease of extracellular pH was
inhibited significantly by the proton pump inhibitor omeprazole
(20 mM), and the extracellular pH under isotonic conditions was
el blocker tamoxifen. (A) The typical time-course of Cl� efflux induced by hypotonic

sive micro-test technique. Iso, isotonic bath solution. Hypo, 47% hypotonic solution.

effluxes measured under different conditions (n = 12 cells for Control, n = 6 cells for

ourse of Cl� current induced by hypotonic stimulation and inhibition of the current by

n stepped repeatedly to 0, �40 and �80 mV with 4 s intervals between steps. (D) Mean

, compared with Hypo).



Fig. 4. Inhibition of hypotonicity-induced H+ efflux by the H+ pump inhibitor omeprazole (Omep) and extracellular calcium depletion. (A) The time-course of H+ efflux in

response to the hypotonic challenge (Control) and inhibition of H+ efflux by 20 mM omeprazole, detected by the non-invasive micro-test technique. Iso, isotonic bath solution.

Hypo, 47% hypotonic solution. Blank, ion flux measured by moving the electrode 500 mm away from cells. (B) The time-course of H+ efflux induced by hypotonic bath solution

(Control) and the response to the hypotonic stimulation caused by the Ca2+-free hypotonic bath solution containing 2 mM EGTA (Ca2+-free). (C) Mean H+ effluxes under

different conditions (n = 5 cells for each groups, mean � S.E.M., *P < 0.05, **P < 0.01, t-test).
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increased from 7.37 � 0.02 (n = 5) to 7.39 � 0.01 (n = 10, P < 0.01) by
the omeprazole treatment (Fig. 5A).

The intracellular pH of single CNE-2Z cells was detected using
the pH sensitive fluorescent dye BCECF. Similar to the changes of
extracellular pH, intracellular pH was also decreased from
7.19 � 0.02 to 6.68 � 0.04 by the hypotonic challenge (n = 5,
P < 0.01) (Fig. 5B). However, the time courses of changes were
different between the intracellular and extracellular pH. The
decrease of intracellular pH was ahead of the drop of extracellular
pH (Fig. 5C). Significant decrease of intracellular pH was observed in
1–2 min and peaked in 4–5 min, while the decline of extracellular pH
appeared in 5–8 min and reached a stable level in 15 min. The
intracellular pH was recovered gradually once the hypotonic effect
reached the peak. Further analysis indicated that the time course of
hypotonicity-induced K+ efflux was similar to the change of
extracellular pH (Fig. 5C), implying a relationship between K+ efflux
and extracellular pH.

3.6. Inhibition of K+ transport by extracellular acidity

Further experiments indicate that extracellular pH can modu-
late the hypotonicity-induced K+ efflux. As shown in Fig. 6A and B,
the K+ efflux activated by hypotonic solutions at pH 6.5 was much
smaller, compared with that at pH 7.4. The K+ efflux was reduced
from 1.00 � 0.20 nmol cm�2 s�1 at pH 7.4 (n = 11) to
0.22 � 0.07 nmol cm�2 s�1 at pH 6.5 (n = 6, P < 0.05). The results
indicate that hypotonicity-induced K+ efflux is pH-sensitive; Extra-
cellar acidity inhibits K+ transport across the cell membrane.

The inhibitory effect of extracellular acidity on K+ transport was
further confirmed using the patch clamp technique (Fig. 6C and D).
The hypotonicity-activated K+ current was decreased by
59.64 � 9.46% at +92 mV and 48.34 � 15.32% at �92 mV when
extracellular pH was decreased from 7.4 to 6.5 (n = 6, P < 0.05).

3.7. Facilitation of hypotonicity-induced K+ efflux by inhibition of H+

secretion and by increase of pH buffer ability

The above results showed that hypotonic stimulation activated
H+ secretion. To investigate the role of hypotonicity-activated H+

secretion in regulation of K+ transport, the proton pump inhibitor
omeprazole and HEPES were used to block H+ secretion and to
buffer the activity of secreted H+, respectively. Extracellular
application of 20 mM omeprazole increased slightly the extracel-
lular pH (Fig. 5A) and the background K+ efflux under the isotonic
condition, and enhanced the K+ efflux induced by hypotonic
stimulation (Fig. 6E). The hypotonicity-induced K+ efflux was
increased by 38.5% by omeprazole in 4 min (n = 10–12 cells for
different conditions).

The background and hypotonicity-induced K+ effluxes were
also facilitated by increasing extracellular pH buffer ability
(Fig. 6F and G). Increasing the concentration of the pH buffer
HEPES to 10 mM from 1 mM enhanced the hypotonicity-induced
K+ efflux by about 37.6% in 4 min (n = 10–12 cells for different
conditions).

3.8. Regulation of Cl� transport by extracellular pH

The effects of extracellular pH on hypotonicity-induced
Cl� efflux and current were different from those on hypotonici-
ty-induced K+ efflux and current. The decrease of extracellular pH
to 6.5 from 7.4 did not inhibited, but facilitated the activation of
hypotonicity-induced Cl� efflux and Cl� current (Fig. 7).



Fig. 5. Changes of extracellular pH (pHo) and intracellular pH (pHi) induced by hypotonic stimulation. (A) The typical time-course of extracellular pH changes in response to

hypotonic stimulation (Control) and the inhibitory effect of 20 mM omeprazole on the hypotonicity-induced changes. The extracellular pH at the position of 1–2 mm away

from the cell membrane was detected using the non-invasive micro-test technique. The pH measured 500 mm above cells was taken as the background recording (Blank). (B)

The typical time-course of intracellular pH changes induced by hypotonic stimulation, detected using the pH sensitive fluorescent dye BCECF. (C) Temporal relationships

between pHo, pHi and K+ efflux.
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Compared with that at pH 7.4, the hypotonicity-induced
Cl� efflux was activated earlier, and the peak value was slightly
smaller when the bath pH was changed to 6.5 from 7.4 (Fig. 7A and
B). The hypotonicity-activated Cl� current was slightly increased
at pH 6.5 (Fig. 7C and D).

3.9. Hypotonicity-induced RVD and effects of channels blockers,

extracellular pH and the proton pump inhibitor omeprazole on the

RVD

The cell volumes remained relatively constant under isotonic
condition. When exposed to the 47% hypotonic bath solution, the
cell volume was increased by 56.98 � 4.45% in 3–5 min and then
recovered gradually by a RVD process. The cell volume was recovered
by 67.74 � 11.10% (n = 19 cells in 5 independent experiments,
P < 0.01) in 25 min when the hypotonic bath solution was kept at
pH 7.4 (Control). The hypotonicity-induced RVD process was
significantly inhibited by 100 mM clotrimazole and 10 mM tamoxifen,
respectively (P < 0.01) (Fig. 8A). The hypotonicity-induced RVD
process was also significantly inhibited by the decrease of pH from
7.4 to 6.5, and was facilitated by the treatment with 20 mM
omeprazole (P < 0.01) (Fig. 8B).

4. Discussion

In this study, we first demonstrated that the hypotonicity-
induced efflux of K+ was different from that of Cl� in activation and
time course using the non-invasive micro-test technique. The
activation of K+ efflux was faster and only lasted for a relatively
short period, compared with the Cl� efflux. Furthermore,
the activation and time course of the hypotonicity-induced K+
and Cl� fluxes detected by the non-invasive micro-test technique
were different from the hypotonicity-activated K+ and Cl� currents
recorded by the patch clamp technique. The activation of both
currents was quick and sustained. Why the dynamics of
hypotonicity-induced K+ and Cl� fluxes are different from that
of hypotonicity-activated K+ and Cl� currents? There may be two
possibilities. First, the regulation mechanism is intact in non-
invasive ion flux recordings, but might have been impaired in
patch-clamp current recordings. For example, the intracellular pH
or the pH on cell surface is nearly physiologically regulated in non-
invasive ion flux recordings, but the intracellular pH is almost fixed
by the pipette solution in whole cell current recordings (discussed
in more detail later). The difference in the ability to regulate ionic
transport or to modulate ion channel activities may result in the
difference in activation and time course between ion fluxes and
currents. Second, the underlying mechanisms responsible for the
ion fluxes may be different from those for the currents. The ion
fluxes may be carried by ion channels and/or carriers, but the
currents are mainly carried by ion channels. However, our results
did not support this hypothesis. Our experiments demonstrate that
both the fluxes and currents can be inhibited by channel blockers,
indicating that both the ion effluxes and currents were mainly
carried by ion channels.

Our data obtained with the non-invasive micro-test technique
showed that the activation of the hypotonicity-induced K+ efflux
was ahead of that of hypotonicity-induced Cl� and H+ effluxes.
Could the delayed transport of Cl� and H+ be due to slower kinetics
of the resins compared to the K resin? In this study, the temporal
characteristics of different ion-selective electrodes were similar,
and the response time for the K+, Cl� or H+ probe was less than 1 s
during a step change in bath K+, Cl� or H+. However, the activation



Fig. 6. Effects of extracellular pH on K+ transport across the cell membrane. (A) Typical time-courses of K+ efflux induced by 47% extracellular hypotonic stimulation at pH 7.4

and 6.5. K+ efflux was detected by the non-invasive micro-test technique. Iso, isotonic bath solution. Hypo, 47% hypotonic solution. Blank, ion flux measured at the position of

500 mm away from cells. (B) Mean values of K+ efflux induced by 47% extracellular hypotonic stimulation at pH 7.4 and 6.5 (n = 11 cells at pH 7.4, n = 6 cells at pH 6.5,

mean � S.E.M., *P < 0.05, t-test). (C) The typical time-course of the K+ current activated by 47% hypotonic bath solution at pH 7.4 and 6.5. The K+ current was recorded using the

patch clamp technique, with the potential held at 0 mV and stepped repeatedly to 0, �46 and �92 mV. (D) I–V relation ships of the K+ current activated by 47% hypotonic bath

solution at pH 7.4 and 6.5 (n = 6 cells, mean � S.E.M., *P < 0.05, Paired t-test, compared with pH 7.4). (E) The time-courses of K+ efflux activated by 47% hypotonic stimulation and the

effect of the proton pump inhibitor omeprazole (20 mM) on the efflux. (F) The time-course of K+ efflux activated by 47% hypotonic stimulation and the effect of increase of pH buffer

ability on the efflux by elevating HEPES concentration from 1 mM (control) to 10 mM (HEPES). (G) Mean K+ effluxes under different conditions (n = 10–12 cells for different groups,

mean � S.E.M., *P < 0.05 compared with Control, t-test).
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of hypotonicity-induced Cl� and H+ effluxes was at least 3 min late
compared with that of the K+ efflux. The differences in activation of
transport of K+, Cl� and H+ could not be due to the small variation in
response time of different electrodes.
Our data indicate that hypotonicity-induced K+ efflux is
transient, while Cl� efflux is sustained. The phenomenon is
different from the widely accepted concept that K+ and Cl�

transport is tightly coupled in the process of RVD to retain charge



Fig. 7. Effects of extracellular pH on hypotonicity-induced Cl� efflux and current. (A) Typical time-courses of Cl� efflux activated by 47% hypotonic stimulation at pH 7.4 and

6.5, detected by the non-invasive micro-test technique. (B) Mean peak Cl� efflux recorded at pH 7.4 and 6.5 (n = 12 cells at pH 7.4, n = 6 cells at pH 6.5, mean � S.E.M. *P < 0.05,

t-test, compared with pH 7.4). (C) The typical time-course of the Cl� currents activated by 47% hypotonic solution and effects of extracellular pH on the currents. The Cl� current was

detected by the patch-clamp technique with the potential held at 0 mV and stepped repeatedly to 0, �40 and �80 mV. (D) I–V relationships of Cl� currents recorded under different

conditions (n = 6 cells, mean � S.E.M., *P < 0.05, Paired t-test, compared with pH 7.4).
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balance [31,32]. How can Cl� transport remain relatively high
when K+ efflux has significantly declined? In this study, H+ efflux in
the process of hypotonicity-induced RVD was recorded for the first
time with the non-invasive micro-test technique and results
showed that the H+ efflux was sustained. H+ efflux may work as one
of the substitutions of K+ efflux to balance the potential changes
induced by Cl� efflux. It was reported that a transient Ca2+ influx or
a transient increase in intracellular free Ca2+ was activated by
hypotonic challenges with the time course similar to that of the
hypotonicity-activated early K+ efflux [33,34]. Ca2+ may be the
Fig. 8. Hypotonicity-induced RVD and the effects of channels blockers, extracellular pH an

Cell volume changes in the 47% hypotonic bath solution (Control) and in 47% hypotonic bath

Cell volume changes in the isotonic bath solution at pH 7.4 (Iso), in the 47% hypotonic bath so

47% hypotonic bath solution containing 20 mM omeprazole at pH 7.4 (pH 7.4 + Omeprazo
counter ion for charge balance maintaining in the face of early K+

transport activation.
Our data showed that hypotonic stimulation activated an H+

efflux. The H+ efflux was inhibited by the proton pump (H+-K+-
ATPase) inhibitor omeprazole, suggesting that the H+ efflux is
mainly mediated by H+-K+-ATPase. The hypotonicity-induced H+

efflux was Ca2+-dependent. Depletion of extracellular Ca2+

abolished nearly completely the H+ efflux. Further analysis
indicates that omeprazole can only inhibited about 60% of the
hypotonicity-induced H+ efflux. This result suggests that besides
d the proton pump inhibitor omeprazole on the RVD (n = 11–19, mean � S.E.M.). (A)

 solution containing 100 mM clotrimazole (CLT) or 10 mM tamoxifen were showed. (B)

lution at pH 7.4 (pH 7.4), in the 47% hypotonic bath solution at pH 6.5 (pH 6.5) and in the

le) were showed.
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H+-K+-ATPase, other Ca2+-dependent H+ transport mechanisms
may also be associated with the H+ efflux.

We found that both intracellular pH and extracellular pH were
decreased during the hypotonic challenge. Furthermore, the
decrease of intracellular pH was ahead of activation of H+ efflux
and decline of extracellular pH, and the following recover process
of intracellular pH was paralleled with the decrease of extracellular
pH. These results imply that the decrease of intracellular pH may
be the trigger factor for activation of H+ efflux and extracellular pH
decrease. We also found that the onset of hypotonicity-induced
decline of extracellular pH was coincident with activation of H+

efflux, and that both hypotonicity-induced H+ efflux and extracel-
lular pH decrease were inhibited by the proton pump inhibitor
omeprazole. These data indicate that the decrease of extracellular
pH is caused mainly by the H+ efflux.

In present study, it was demonstrated that hypotonicity-
induced K+ efflux was transient. The onset of K+ efflux decline was
coincident with activation of H+ efflux. These results imply that
extracellular acidification may be responsible for the decline of
hypotonicity-induced K+ efflux by inhibiting volume-activated K+

channels. This hypothesis is verified by our further experiments.
Our results showed that decrease of extracellular pH had an
inhibitory effect on the hypotonicity-activated K+ current
recorded by the patch clamp technique and K+ efflux detected
by the non-invasive micro-test technique. If extracellular and
intracellular pH is fixed, as in the whole cell patch clamp
experiments, the hypotonicity-activated K+ flow should be
sustained. In this study, it was proved that increasing pH buffer
ability by elevating the concentration of the pH buffer HEPES or
blocking H+ secretion with omeprazole enhanced the hypotonici-
ty-induced K+ efflux.

However, omeprazole only enhanced the peak, not steady state
value, of K+ transport although omeprazole completely abolished
extracellular acidification. It was reported that intracellular
acidification inhibited the activity of the IK1 channels [19]. We
demonstrated in this study that intracellular pH was decreased by
the hypotonic challenge. It is possible that the decrease of
intracellular pH is one of the mechanisms underlying inhibition
of steady state K+ transport.

We have also reported that Ca2+-activated K+ channels were the
main component of volume activated K+ channels in CNE-2Z cells
[11]. It has also been reported that the potassium channel protein
IK1 undergoes transient volume-sensitive translocalization under
hypotonic stimulation [13]. The volume-activated K+ efflux in
present study presents similar time course with IK1 translocaliza-
tion. The decrease of extracellular pH might be responsible for the
alteration of IK1 spatial localization in the plasma membrane,
resulting in a decrease of channel numbers in plasma membrane
and thus the decline of K+ efflux.

It was demonstrated in this study that moderate decrease of
extracellular pH did not inhibit, but enhanced volume-activated
Cl� currents. The purinergic receptor pathways have been
proposed to be involved in activation of Cl� currents under
hypotonic conditions [31], and extracellular pH decrease may
facilitate ATP and its Mg2+ and/or H+ salts exit cells in anionic forms
[35]. Our previous studies have shown that ClC-3 chloride channel
is the component or regulator of the volume activated Cl� current
in CNE-2Z cells [1–3], and its up-regulation of expression in CNE-
2Z cells compared with normal human nasopharyngeal epithelial
cells [36]. Extracellular acidosis is a hallmark of solid tumors as a
result of high glycolytic flux and poor vascular perfusion [37]. The
low extracellular pH may promote malignant behavior of tumor
cells through activation of volume-activated Cl� channels. As a
result, methods to overcome this acidosis condition may be an
ideal therapeutic strategy in the volume-activated Cl� channel up
regulated tumor cells.
As showed above, we demonstrated in this study that K+ and Cl�

transport in hypotonicity-induced RVD process was uncoupled;
the decrease of extracellular pH induced by H+ efflux accounted for
the inactivation of volume-activated K+ channels. The effects of
extracellular pH on RVD were also proved in our experiments. The
hypotonicity-induced RVD was inhibited by extracellular acidifi-
cation, coincident with the sensitivity of volume-activated K+

channels to extracellular pH. Blocking H+ secretion with the proton
pump inhibitor omeprazole facilitated the RVD process. Numerous
proteins that play crucial roles in intercellular communication,
signal transduction, cytoskeletal dynamics and vesicle trafficking
have been reported to be highly sensitive to the concentration of
H+, and pH is suggestive of a role in signaling [38]. H+ efflux and
extracellular pH may function as the regulators of ion channels and
may further function in regulation of tumor cell proliferation,
migration and apoptosis.

As a summary, opposite to the widely accepted concept that K+

and Cl� transport is tightly coupled in the process of RVD, we prove
for the first time in this study that the K+ and Cl� transport in the
process of hypotonicity-induced RVD are uncoupled, with the
transient K+ efflux activated earlier and sustained Cl� efflux
activated later. The sensitivity of K+ and Cl� channels to
extracellular pH was different. The decrease of extracellular pH
caused by the hypotonicity-induced H+ efflux is responsible for the
inactivation of volume-activated K+ channels in the late stage of
RVD. H+ may function as a key regulator of volume-activated ion
channels which play important roles in regulation of cell function,
and may be a therapeutic target for human nasopharyngeal
carcinoma.
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