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Abstract. Swelling-activated Cl− currents (ICl,swell) have
been characterized in a mouse renal inner medullary col-
lecting duct cell line (mIMCD-K2). Currents activated
by exposing the cells to hypotonicity exhibited charac-
teristic outward rectification and time- and voltage-
dependent inactivation at positive potentials and showed
an anion selectivity of I− > Br− > Cl− > Asp−. NPPB
(100 mM) inhibited the current in a voltage independent
manner, as did exposure to 10mM tamoxifen and 500mM

niflumic acid (NFA). In contrast, DIDS (100mM)
blocked the current with a characteristic voltage depen-
dency. These characteristics ofICl,swell in mIMCD-K2
cells are essentially identical to those of heterologously
expressed cardiac CLC-3.

A defining feature of CLC-3 is that activation of
PKC by PDBu inhibits the conductance. In mIMCD-K2
cells preincubation with PDBu (100 nM) prevented the
activation of ICl,swell by hypotonicity. However, PDBu
inhibition of ICl,swell was reversed after PDBu with-
drawal, but this was refractory to subsequent PDBu in-
hibition. Activation of either the cystic fibrosis trans-
membrane conductance regulator (CFTR) or Ca2+ acti-
vated Cl− conductance (CaCC), which are coexpressed in
mIMCD-K2 cells prior to PDBu treatment, abolished the
PDBu inhibition of ICl,swell. Control of ICl,swell by PKC
therefore depends on the physiological status of the cell.

In intact mIMCD-K2 layers in Ussing chambers,
forskolin stimulation of an inward short-circuit current
(due to transepithelial Cl− secretion via apical CFTR)
was inhibited by cell swelling upon hypotonic exposure
at the basolateral surface. Activation ofICl,swell is there-
fore capable of regulating transepithelial Cl− secretion
and suggests thatICl,swell is located at the basolateral

membrane. PDBu exposure prior to or during hypotonic
challenge was ineffective in reversing the swelling-
activated inhibition of Cl− secretion, but tamoxifen (100
mM) abolished the hypotonic inhibition of forskolin-
stimulated short-circuit current (Isc).

RT-PCR analysis confirmed expression of mRNA
for members of the CLC family, including both CLC-2
and 3, in the mIMCD-K2 cell line.
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Introduction

Cells of the renal medullary-collecting duct are normally
exposed to large variations in external osmolarity [2].
To cope with these changes the cell can activate a variety
of transport proteins in the plasma membrane (for review
see[20]).

Swelling-activated anion/organic osmolyte channels
play a major part in cell volume recovery after hypo-
osmotic perturbation in the renal inner medullary collect-
ing ducts (IMCD) (see[23] for review). Though the bio-
physical and pharmacological properties of these chan-
nels have been well characterized in rat IMCD cells in
primary cell culture [7, 8, 33], the cellular location and
molecular identity of this conductance remains uncertain.

Several proteins have been proposed to be the mo-
lecular entity responsible forICl,swell(for reviewssee[29,
34]), including P-glycoprotein (P-gp) [37] and the pICln

protein [30]. However, recent work indicates that nei-
ther is a Cl− channel [12]. Instead, P-gp may play a
regulatory role in cell volume regulation [38], overex-
pression of P-gp possibly altering cytoskeleton/mem-
brane interactions, which then in turn modify the activity
of volume-sensitive Cl− channels [34]. pICln is nowCorrespondence to:S.H. Boese
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known to reside in the cytoplasm [15] and may be best
regarded as being responsible for regulating the structure
and function of the cytoskeleton, and/or a protein in-
volved in mediating interactions between components of
intracellular signal transduction pathways [16]. Experi-
mental perturbation of pICln alters the architecture of the
cytoskeleton, which has an influence onICl,swell (see
[35]).

Members of the CLC voltage-gated Cl− channel
family have also been implicated in cell volume regula-
tion. CLC-2 was shown to be activated by cell swelling
after expression inXenopusoocytes [18] and Sf-9 insect
cells [43]. The characteristics of CLC-2 currents are,
however, substantially different fromICl,swell. In
addition, Bond et al. [9] showed that in T84 cells both
ICl,swell and CLC-2 type Cl− conductances are present,
but only the former appeared to be relevant to RVD
(Regulatory Volume Decrease).

The most recent protein considered to be responsible
for ICl,swell is CLC-3 (see[39] for review). CLC-3 was
first characterized by Kawasaki et al. in 1994 [22] and is
ubiquitously expressed, but with high expression levels
in kidney, lung and brain. Heterologous expression of
CLC-3 in Xenopusoocytes produced a large time-
independent, slightly outwardly rectifying Cl− current.
The anion selectivity was I− > Br− 4 Cl− > acetate >
gluconate. DIDS as well as the PKC activators TPA and
PDBu inhibited the conductance. Duan et al. [13]
showed that functional expression of a cardiac clone of
CLC-3 from guinea pig in NIH/3T3 cells resulted in a
swelling-activated anion conductance with similar char-
acteristics. The conductance showed outward rectifica-
tion but with time- and voltage-dependent inactivation at
high positive potentials, an anion selectivity of I− > Cl−

and inhibition by DIDS, tamoxifen, extracellular ATP,
and by the PKC activator PDBu. Furthermore, Duan et
al. [14] were able to link PKC modulation ofICl,swellwith
CLC-3 protein phosphorylation.

The biophysical and pharmacological characteristics
of CLC-3 shown by Duan et al. [13] are virtually iden-
tical to ICl,swell in brain endothelial cells [42]. Since RT-
PCR analysis showed high level expression of CLC-3
mRNA, they proposed that CLC-3 is likely to be the
channel that mediatesICl,swell or at least participates in
the RVD response in brain endothelial cells. In addition,
Yamazaki et al. [44] have demonstrated a swelling-
activated anion current with similar functional character-
istics to CLC-3 in canine vascular smooth muscle cells in
combination with a high level of CLC-3 mRNA expres-
sion.

Both CLC-2 and CLC-3 are expressed in the kidney
(e.g. [28]), with subpopulations of epithelial cells along
the nephron showing distinct patterns of expression. To
overcome the inherent limitations of isolated nephron
segments and cells in primary cell culture we have

chosen a homogeneous established murine cell-line,
mIMCD-K2, to characterize the swelling-activated anion
conductance. This cell-line was established from the ini-
tial segment of the terminal IMCD and we have shown
that these cells coexpress the CFTR Cl− conductance as
well as a Ca2+-activated Cl− conductance [4]. Using
functional criteria we have attempted to localizeICl,swell

in polarized epithelial cells and have determined whether
ICl,swell may be linked to CLC-3 expression by use of a
combination of molecular methods (RT-PCR) and func-
tional criteria (e.g., PDBu inhibition). (Parts of these data
have been published in abstract form [5, 6].)

Material and Methods

CELL CULTURE

mIMCD-K2 cells [24] were kindly provided by Dr. Bruce Stanton
(Dartmouth Medical School, Hanover, New Hampshire). mIMCD-K2
cells (18–25 passages) were routinely cultured in Opti-MEM medium
supplemented with 5 mM l-glutamine, 50mg/ml penicillin/streptomycin
and 10% v/v fetal bovine serum at 37°C in an air/5% CO2 atmosphere.
Stock Roux bottles (75 cm2 growth area were coated with Vitragel/
Cellon collagen and cells were passaged by trypsinization (2 ml of
0.5% w/v trypsin, 0.7 mM EDTA in Ca2+/Mg2+ free saline) to form a
cell suspension and culturing at a 1:10 split ratio. Functional epithelial
layers of mIMCD-K2 cells were prepared by high-density seeding (2 ×
105 cells/cm2) on to Vitragel/Cellon-coated permeable filter supports
(Snapwell, Costar, 12 mm diameter, 0.4mm pore diameter). Filter
supports were then cultured in 6-well plates at 37°C (air/5% CO2) for
up to 14 days with medium replacement every 2–3 days. For patch-
clamp recording and for intracellular Ca2+ measurements cells were
seeded at low density (1.7 × 104 cells) onto coverslips (24 mm diam-
eter) and cultured as for filter supported layers.

MEASUREMENTS OFSHORT-CIRCUIT CURRENT AND

EPITHELIAL RESISTANCE

Cultured epithelial layers were mounted in Ussing type chambers main-
tained at 37°C, connected to an automatic voltage clamp (WPI Instru-
ments, DVC-1000, New Haven, CT) via KCl/agar salt-bridges and
reversible electrodes (Ag/AgCl for current passage, calomel for voltage
sensing). Measurements of open-circuit electrical potential difference
(p.d.), transepithelial resistance (Rt) and short-circuit current (Isc) were
made in modified Krebs solutions (see below).

WHOLE-CELL PATCH-CLAMP ANALYSIS

mIMCD-K2 cells grown on coverslips were continuously superfused at
5 ml/min (volume of tubing switch∼1 ml, chamber volume∼0.5 ml) at
room temperature while membrane currents were measured using the
nystatin slow whole-cell configuration of the patch-clamp technique
and in some experiments the fast whole-cell configuration [19]. Patch
pipettes were made from borosilicate glass and had resistances, after
fire polishing, of 3 to 5MV. Seal resistance was typically between 5
and 20GV.

Whole-cell currents were measured with an EPC9 patch-clamp
amplifier (HEKA Electronics, Lambrecht, Germany) at a holding po-
tential of 0 or −60 mV with excursions from −80/−100 mV to +80/120
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mV in 20 mV increments. Voltage stimulation and data acquisition
were achieved using 16-bit DA and AD converters (ITC-16, Instrutech,
Washington Port, New York), controlled by a PC, using the Pulse
software (HEKA Electronics). Data were filtered at 1 or 0.5 kHz and
sampled at 2 kHz and stored on the computer hard disk. Data were
analyzed using PulseFit and PulseTools (HEKA Electronics). Junction
potentials were corrected, and cell capacitance and series resistance
was compensated. The slope conductance was obtained by linear re-
gression of the current at the reversal potential. Reversal potentials
were determined from 1 sec-voltage ramps (−80 to +80 mV).

In basal conditions with the standard bath and pipette solutions
the measured cell capacitance (EPC9 compensation circuit) was 23.4 ±
2.6 pF (n 4 99).

Determination of expression of CLC-2/3 mRNA transcripts by
Reverse Transcription-Polymerase Chain Reaction (RT-PCR).

RNA Extraction from mIMCD-K2

Confluent cell layers were briefly washed (3 times) with phosphate
buffered saline (2.7 mM KCl, 1.47 mM KH2PO4, 137 mM NaCl, 8 mM

Na2HPO4z7H2O). A 10-min incubation in lysis buffer (5 ml, 200 mM
NaCl, 200 mM tris-HCl, pH 7.5, 1.5 mM MgCl2, 4.7 mM disodium
EDTA, 2% SDS, 1mg proteinase K) at 20°C. Cell disruption was
completed by titruation through a 21-gauge needle, followed by incu-
bation at 45°C for 1 hr. Sodium chloride was added to a final concen-
tration of 500 mM before repeated resuspension, as above.

mRNA was purified from total RNA in lysis buffer (cells or
tissue) by the use of an oligo-dT resin method (Pharmacia Biotech, St.
Albans, Herts, UK). Poly-A+ RNA, eluted from the oligo-dT, was
precipitated by the addition of 40ml of 3M C2H3O2Na (pH 5.2) and 1
ml of 100% ethanol. After centrifugation (30,000 ×g for 1 hr at 4°C)
the solution was decanted and the pellet air-dried for 5 min before
adding 100ml of Tris-HCl, pH 8.5. This was incubated at 65°C for 10
min to aid dissolution. Quantification of purity and yield of mRNA was
made by UV absorption at 260 nm and 280 nm.

Reverse Transcription(RT)

Poly-A+ RNA (1 mg) was reverse transcribed in a buffer (50 mM

Tris-HCl pH 8.3, 50 mM KCl, 4 mM MgCl2, 10 mM DTT), containing
0.5 mM dNTPs (MBI Fermentas, Sunderland, UK), 10 units Moloney
murine leukemia virus reverse transcriptase (M-MuLV RT MBI Fer-
mentas), 20 units RNase inhibitor (MBI Fermentas) and 0.023 units
random hexamer primers (Pharmacia Biotech) at 42°C for 1 hr. Omis-
sion of M-MuLV RT provided a negative control for DNA contami-
nation.

Polymerase Chain Reaction(PCR)

PCR reactions were performed in a buffer (10 mM tris-HCl, pH 8.8, 50
mM NaCl, 2 mM MgCl2, 0.08% Nonidet P40), containing 0.2 mM

dNTPs, 1.25 units recombinant Taq DNA polymerase (MBI Fermen-
tas) and 0.5mM forward and reverse primers using the PCR Express
Thermal Cycler (Hybaid, Teddington, Middlesex, UK) for 30 amplifi-
cation cycles. Each cycle consisted of 94°C for 30 sec, 54°C and 55°C
for 30 sec and 72°C for 60 sec.

Oligonucleotide primers for CLC-2/3 were designed from rat
(CLC-2, Accession No. X64139) and mouse (CLC-3, Accession No.
AF029347) sequences using Primer3 software (www.genome.wi.
mit.edu/cgi-bin/primer/primer3.cgi). Forward primers 58-TCTCAGC-
AAGTTCCTCTCC-38 and 58-TCTTTCCAAAGTATAGCACC-38, re-
verse primers 58-GCCACTAGCAATACCAATGAC-38 and 58-CAT-
CACCAACCCATTTAC-38 for CLC-2 and CLC-3, respectively. The

CLC-2 forward primer is now known to be identical to mouse sequence
(AF139724). The reverse primer has a G residue in place of A at
position 13 of the primer sequence but is otherwise identical. PCR
products were analyzed using agarose gel electrophoresis of PCR mix-
tures using ethidium bromide fluorescence to visualize products. PCR
products were purified (QIAgel extraction kit, Qiagen, Crawley, Sus-
sex, UK) and cloned using the TA cloning vector pCR2.1 TOPO (In-
vitrogen, Groningen, Netherlands). The identity of each cloned PCR
product was by fluorescent di-deoxy sequencing on an ABI Prism
model 377 automated sequencer. Comparison of the cloned PCR frag-
ments to published sequence was performed using BLASTN software
(www.ncbi.nlm.nih.gov) [1].

SOLUTIONS

A modified Krebs’ Ringer solution was used forISC measurements of
epithelial layers; its composition was (in mmol/l) NaCl, 55, mannitol
140, KCl, 5.4, CaCl2, 2.8, MgSO4, 1.2, KH2PO4, 1.5, NaHCO3 24,
glucose 5 (pH 7.4, 37°C) gassed continuously with 95%O2, 5%CO2.
A hypotonic solution was obtained by omitting mannitol. For patch-
clamp recordings the bath solution contained (in mmol/l) NaCl, 100,
KCl, 4.5, KH2PO4, 1, MgCl2, 1, CaCl2, 2, HEPES, 10, tris(hydroxy-
methyl)aminomethane (TRIS), 6, glucose, 5, sucrose, 80. The pH was
adjusted to 7.4 by addition of TRIS. The standard hypotonic solution
was obtained by omitting sucrose. In some experiments 140 instead of
100 mmol/l NaCl (no sucrose) was used, and hypotonicity was
achieved by diluting the solution with distilled H2O. A 10-fold reduc-
tion in bath Cl− (110.5 mM → 11.05 mM) was obtained by replacement
of an equivalent amount of NaCl with NaAspartate. The osmolarity of
the bath solutions for patch-clamp experiments was 300 mosmol/kg
H2O) and 220 mosmol/kg H2O for the hypotonic bath solutions. Os-
molarity was measured by freezing point depression (Micro-
Osmometer Type 13, Roebling, Berlin, Germany). The pipette solution
contained (in mmol/l): NaCl, 10, KCl, 130, MgCl2, 2, HEPES, 10 and
nystatin (100–300mg/ml). The pH was adjusted to 7.2 by addition of
TRIS. The osmolarity of the pipette solution was 270 mosmol/kg H2O
(Boese et al., 1996). Anion selectivity of conductance was determined
by replacing bath NaCl with NaI or NaBr, respectively.

Perfusion of 300–500 nM Ca2+ into the cells cytoplasm via patch
pipette (Ca2+ has finite permeability via the nystatin pore) was used in
some experiments to activate CaCC. Appropriate amounts of CaCl and
EGTA were added to the pipette solution to achieve these free Ca2+

concentrations.
In fast whole-cell patch-clamp experiments the bath solution con-

tained (in mM): CsCl, 140, HEPES, 12 and TRIS, 8 (pH 7.4). Bath
osmolarity was adjusted to 600 mosmol/kg H2O by addition of sucrose.
Hypotonicity was achieved by omission of 100 mM sucrose. The pi-
pette solution contained (in mmol/l): CsCl, 140, CsOH, 10, HEPES, 20,
EGTA, 1 and ATP, 2 (pH 7.2). Pipette osmolarity was adjusted to 580
mosmol/kg H2O by addition of sucrose.

MATERIALS

The chloride channel blocker 4,48-diisothiocyanatostilbene-2,28-
disulfonic acid (DIDS [100mM]), 5-nitro-2-(3-phenylpropylamino)
benzoate (NPPB [100mM]; TOCRIS, Bristol, UK) tamoxifen [10mM],
niflumic acid (NFA, [500mM]) were made up as 10–100 mM stock
solutions in dimethylsulfoxide (DMSO) and then diluted to give final
bath concentrations. Forskolin (TOCRIS) and PDBu (Calbiochem-
Novabiochem, Nottingham, UK) were made as stock solution in
DMSO and used at 10–20mM and 100 nM, respectively. DMSO at the
concentrations used was without effect. Culture media and chemicals
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used were from Sigma and were of the highest purity available unless
stated otherwise.

STATISTICS

Data are expressed as mean values ±SEM for n separate epithelial layers
or cells. Significance of difference between mean values was deter-
mined using ANOVA with Bonferroni-corrections for multiple com-
parisons applied to Student’st test (unpaired/paired data) for tests
between individual data pairs (where appropriate). The level of sig-
nificance was set atP < 0.05.

Results

BIOPHYSICAL PROPERTIES OFICL,SWELL

A reduction in extracellular osmolarity from 300 to 220
mosml/kg H2O (at constant ionic strength by omission of

sucrose) increases whole-cell conductance, which is re-
versed upon restoration of the standard bath tonicity (Fig.
1A). The slope conductance increased from 0.24 ± 0.06
nS/pF (n 4 30) under isotonic conditions (control) to
1.28 ± 0.2 nS/pF (n 4 30), P < 0.001, Fig. 1B) after
reduction of bath osmolarity. Reestablishing isotonic
conditions returned the conductance to 0.25 ± 0.09 nS/pF
(n 4 10n.s. vs.controls). Activation of the conductance
started 62 ± 11 sec (n 4 30) after the change in bath
osmolarity, reached steady state after 205 ± 25 sec (n 4
30) and returned to control levels following reestablish-
ment of isotonic conditions after 221 ± 32 sec (n 4 10).
This slow development of whole cell conductance con-
trasts with the expected time course of osmotic equili-
bration; under whole cell conditions the cellular tonicity
is essentially clamped by the effective volume of the
pipette solution. (Tinel et al. [36] showed that rat IMCD
cells in primary culture swell to 135% of control volume

Fig. 1. (A) Reversible stimulation of whole cell
conductance (ICl,swell) by hypotonic exposure
(omission of sucrose) in mIMCD-K2 cells. (B)
Summary of whole-cell conductance values
normalized for cell capacitance in isotonic
(control), hypotonic and after recovery (isotonic).
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in less than 1 min. We were also able to confirm that cell
swelling occurred by direct visual observation using
×400 phase contrast optics.)

A 10-fold reduction in bath Cl− concentration fol-
lowing hypotonic activation ofICl,swell reduced the out-
ward current (inward Cl− movement at +60 mV) to a
level not significantly different from isotonic control
conditions (8.4 ± 1.5 to 8.2 ± 1.2 pA/pF,n.s., n4 10).
But the inward current (outward Cl− movement at −60
mV) is largely unaffected (−15.1 ± 1.0 to −14.6 ± 1.0
pA/pF, n.s., n4 10) (seeFig. 2A, B andD). There was
a concurrent shift in the reversal potential of 34.4 ± 0.5
mV (n 4 5). The conductance displayed an anion se-
lectivity [Px

−/PCl
−] of: I − (1.4 ± 0.02,n 4 4) > Br− (1.1

± 0.04,n 4 4) $ Cl− > Asp− (0.2 ± 0.01,n 4 10).
The current activated by cell swelling exhibited out-

ward rectification and time and voltage dependent inac-
tivation at positive potentials ($+60/80 mV, Fig. 2B).

INFLUENCE OF[Ca2+] i

Reducing the osmolarity of the bath solution (140 mM

NaCl, 300 mosmol/kg H2O) by dilution with distilled
water (to 225 mosmol/kg H2O) also activatedICl,swell

(Fig. 3). However, changing both ionic compositions to-

gether with bath osmolarity had additional effects on
cellular conductance (compare Fig. 1A with Fig. 3). The
activation of ICl,swell was preceded by a brief and tran-
sient activation of an additional Cl− conductance whose
characteristics were distinct and resembled the Ca2+-
activated Cl− conductance (CaCC) present in these cells
[4]. Activation of CaCC has always been correlated with
an increase in intracellular Ca2+ [4]. Comparison of the
time course of the conductance increase in Fig. 3 with
that seen in Fig. 1 suggests that CaCC remains active
until ∼150 sec post stimulus with bath dilution. Mi-
crospectrofluorimetry of fura-2 loaded mIMCD-K2 cells
during hypotonic challenge failed, however, to detect
significant change in global intracellular calcium (un-
published observations) suggesting that only a local
change in calcium concentration close to the membrane
occurs.

Cell-swelling by reducing extracellular osmolarity,
but without accompanied changes in ionic composition,
did not activate CaCC (Fig. 1A) suggesting that a reduc-
tion in bath Na+, perhaps acting via Na+/Ca2+ exchange,
may be involved in the transient activation of CaCC.
Taken together these results indicate that changes in in-
tracellular Ca2+ are not required for activation ofICl,swell

in mIMCD-K2 cells.
To confirm this finding, the response to hypotonic

Fig. 2. Voltage-dependence of whole-cell currents.
The voltage protocol used was −80 to +120 mV in
20 mV increments starting from a holding
potential of −60 mV (seeMethods). (A) Isotonic
control conditions, (B) 10 min after hypotonic
shock, (C) 10 min after return to isotonic
conditions, (D) when bath chloride was reduced
10-fold under hypotonic conditions.
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challenge was measured using the fast-whole cell con-
figuration, employing both nominally Ca2+-free pipette
and bath solutions (seeMaterials and Methods). Hypo-
tonic exposure increased membrane conductance from
0.04 ± 0.01 nS/pF to 1.0 ± 0.2 nS/pF (n 4 3, P < 0.001).
The activated conductance showed biophysical charac-
teristics identical to those seen in slow whole-cell ex-
periments (data not shown) and the reversal potential
was 0.6 ± 0.2 mV, close to the predicted Cl− reversal
potential of 0 mV in these conditions. Omission of ATP
from the pipette solution in the fast whole cell configu-
ration and incubation for at least 20 min in isotonic con-
ditions prevented the cell-swelling dependent increase in
whole cell conductance. Basal conductance changed
from 0.05 ± 0.01 nS/pF under isotonic conditions to only
0.07 ± 0.02 nS/pF after a 15 min hypotonic challenge (n
4 3, n.s.).

PHARMACOLOGY OF ICl,swell

To characterize furtherICl,swell present in mIMCD-K2
cells, the effect of the Cl− channel inhibitors 5-nitro-2-
(3-phenylpropylamino)benzoate (NPPB), tamoxifen, ni-
flumic acid (NFA) and 4,48-diisothiocyanostilbene-2,28-
disulfonic acid (DIDS) were tested (Fig. 4). NPPB
caused the most inhibition, 91 ± 4% (n 4 5) of the
activated conductance at 100mM. Tamoxifen (10mM)
and NFA (500mM) inhibited the swelling-activated an-
ion conductance by 73 ± 4% (n 4 8) and 45 ± 2% (n 4
5), respectively. NPPB, tamoxifen and NFA inhibition
of ICl,swell did not display any significant voltage depen-
dence. In contrast, DIDS (100mM) blocked the current
with a characteristic voltage dependency: 82 ± 2% at
+80 mV and 47 ± 2% at −80 mV (n 4 10, seeFig. 4a
andc). The block of the hypotonic-activated current was

Fig. 3. Stimulation of whole-cell conductance by
reduction in both bath osmolarity and ionic
strength. The dashed line shows the normalized
mean time course in whole cell conductance
increase under purely hypotonic (Fig. 1) conditions
for comparison. (a–f) Show whole-cell currents
recorded with the standard protocol (pulse to +80
mV followed by a pulse to −80 mV) at the time
indicated.
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completely reversible for all drugs tested (seeFig. 4b
andc).

PKC REGULATION OF ICl,swell

PKC activation by PDBu inhibits CLC-3 mediated Cl−

conductances and this has now been established as a key
criterion for establishing the molecular identity ofICl,swell

(see Introduction). Accordingly we have investigated
the modulatory effect of PKC by external application of
PDBu (100 nM). Application of PDBu had variable ef-
fects if ICl,swell was already activated. In 4 out of 20
experiments PDBu reduced the current in a voltage-
independent manner to 23 ± 3% (at ±80 mV) but had no
effect on the conductance in the other 16 experiments
(101 ± 2%). But as shown in Fig. 5a, if cells were ex-
posed to PDBu before or concomitantly with hypotonic
exposure, no activation of whole cell conductance was

seen (plus PDBu values were 113 ± 32%,n 4 10,n.s. vs.
controls). Withdrawal of PDBu from the hypotonic bath
solution resulted in the prompt activation ofICl,swell but
this was however refractory to subsequent PDBu inhibi-
tion (Fig. 5a).

INTERACTION OF ICl,swell WITH CaCCAND CFTR
Cl− CONDUCTANCE

Besides the swelling-activated anion channel a further
two Cl− conductances, the Cystic Fibrosis Transmem-
brane conductance Regulator (CFTR) Cl− channel [40]
and a Ca2+ activated Cl− Conductance (CaCC) which
may be related to the recently cloned CLCA1 protein
[4, 17] have been identified in mIMCD-K2 cells. Both
conductances are involved in transepithelial Cl− secre-
tion and are therefore present at the apical plasma mem-
brane. Furthermore, we have confirmed that both con-

Fig. 4. Effect of anion channel blockers onICl,swell.
(A) Blockade is represented as percent (%) inhibition
of the maximum values ofICl,swell after hypotonic
exposure. Reversal of inhibition was observed after
drug withdrawal for all conditions (see BandC).
Note that DIDS inhibition was voltage-dependent,
both ±80 mV mean data being represented (see C).
(B andC) Voltage ramps showing the effect of
NPPB and DIDS onICl,swell. (a) control, (b) drug
application (100mM), (c) washout.
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ductances are present in a single cell [4]. Both conduc-
tances display biophysical characteristics profoundly
different fromICl,swell. Activation of CFTR by extracel-
lular forskolin (10mM) led to a linear conductance with-
out time- or voltage-dependent kinetics (Fig. 6b). Acti-
vation of CaCC by increasing pipette [Ca2+] produces a
strongly outwardly rectifying conductance with pro-
nounced time-dependent current inactivation and activa-
tion at hyperpolarizing and depolarizing membrane po-
tentials, respectively (Fig. 6a). Activation of either one
of these Cl− conductances prior to hypotonic challenging
the cells had no effect on the subsequent activation of
ICl,swell nor on the inactivation after return to isotonic
conditions (Fig. 6c andd and 7). Application of 100 nM
PDBu after activation of CFTR or CaCC had no effect on
these currents, but importantly, PDBu failed to prevent

activation of ICl,swell after prior activation of CFTR or
CaCC (Fig. 7 and compare to results in Fig. 5).

CELLULAR LOCATION

To reveal the likely cellular localization (apical or baso-
lateral) of the swelling-activated anion conductance ep-
ithelial layers of mIMCD-K2 cells were established on
permeable filters (seeMethods). mIMCD-K2 epithelia
layers mounted in Ussing chambers and bathed in a
modified Krebs (79 mM NaCl, 140 mM mannitol) re-
spond to apical addition of 10mM forskolin by a prompt
stimulation of a maintained inwardIsc of 5.6 ± 0.7mA/
cm2 (n 4 6, Fig. 8A). This is due to transepithelial
Cl− secretion mediated via apical CFTR [40] and corre-

Fig. 5. Effect of PDBu onICl,swell. (A) Sequential
experimental data where PDBu preincubation (100
nM) abolishes the development ofICl,swell, removal
of PDBu then allows the full development of
ICl,swell, but this is now refractory to PDBu
inhibition. Reversal ofICl,swell occurs upon
restoration of medium tonicity. (B) Mean data (n
4 10).
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lates with the increased whole-cell conductance seen
with forskolin (above). Figure 8A shows that hypotonic
exposure of the basolateral surfaces (75 mM NaCl
Kreb’s) does not result in further stimulation of transep-
ithelial inward Isc. Instead it results in a prompt inhibi-
tion of the forskolin-stimulatedIsc to 1.0 ± 0.4mA/cm2,
which is reversed upon restoration of basal-bathing so-
lution tonicity (5.2 ± 0.4mA/cm2). After ten minutes
preincubation with 100mM tamoxifen, the forskolin-
stimulatedIsc was 4.40 ± 0.41mA/cm2 (n 4 5, n.s. vs.
controls minus tamoxifen), however hypotonic exposure
was now virtually without effect upon transepithelial
current flow, (P < 0.001 for tamoxifen reversal of reduc-
tion of forskolin-stimulatedIsc, Fig. 8B). This data thus
correlates both with the reversible activation ofICl,swell

by bath tonicity and its inhibition by tamoxifen (Fig. 4A),
and may be explained by the localization of the swelling-
activated Cl− conductance to the basolateral membrane.
Activation of ICl,swell will therefore control transepithe-
lial anion secretion by decreasing the electrochemical
driving force for Cl− across the apical membrane. PDBu
(100 nM) exposure during hypotonic challenge could not
reverse swelling-activated inhibition of Cl− secretion.
Forskolin-activation increasedIsc to 4.4 ± 0.6mA/cm2

which was reduced to 1.1 ± 0.4mA/cm2 (n 4 7, P <
0.05) by hypotonic treatment, but basolateral exposure to
PDBu (100 nM) did not reverse this inhibition (1.0 ± 0.8
mA/cm2). Similarly, PDBu exposure for 10 min prior to
hypotonic exposure did not effect either the forskolin-
stimulated secretion (5.2 ± 0.5mA/cm2, n 4 5) nor the

Fig. 6. Voltage-dependence of whole-cell currents
after stimulation by “Ca2+-perfusion” (500 nM)
“CaCC” (A) or 10 mM forskolin “CFTR” (B), alone
and in combination with the hypotonic bath stimulus
(C andD). (E andF) Computed difference between
A/C andB/D, respectively.
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hypotonic inhibition (to 1.6 ± 0.4mA/cm2, n 4 5, P <
0.01vs. forskolin alone,n.s. vs.levels in the absence of
PDBu).

After continued exposure to basolateral hypotonic
media there is a progressive recovery of forskolin-
stimulatedIsc (Fig. 8A). At 6 min post exposure, inward
Isc recovered to 46.0 ± 8.4% of the forskolin-stimulated
values after attaining a minimal value of 18.6 ± 6.3%
at 2 min exposure (n 4 4, P < 0.05 vs. 6 min). These
data are consistent withICl,swell progressively restoring
cell volume (RVD, see also[36]), then switching off
and so relieving the observed inhibition of forskolin-
stimulatedIsc.

CLC EXPRESSION IN MIMCD-K2 CELLS

We have utilized a RT-PCR approach to correlate the
biophysical and pharmacological data to the molecular
expression of both CLC-2 and CLC-3 mRNA in
mIMCD-K2 cells. Using gene-specific primers (seeMa-
terials and Methods) to amplify reverse-transcribed
mRNA, a major PCR product of 972 bp was identified in
mIMCD-K2 epithelial cells (Fig. 9) consistent with
mCLC-3 mRNA expression. This result cannot arise due
to genomic DNA contamination since on omission of
reverse transcriptase, a PCR product is not evident in
mIMCD-K2 samples. Cloning and sequencing of the
PCR product in both forward and reverse orientations
further confirm identity to mCLC-3. We also deter-
mined if there was expression of CLC-2. A PCR product
of 343 bp was identified consistent with mCLC-2 ex-
pression (Fig. 9). Alignment of mIMCD-K2 and pub-
lished murine CLC-2 and 3 peptide sequence showed

only one exchange in each sequenced fragment (identity
>99%). (This exchange might be due to Taq errors.)

Discussion

In this study, we have characterizedICl,swell in the mouse
renal epithelial cell line, mIMCD-K2. Its properties
closely resemble those reported for other cell types, in-
cluding glial [21], intestinal [25], and primary cultured
kidney cells [7, 8, 33]. Variation in these basic proper-
ties occur mainly in the response to pharmacological
agents and in the exact voltage dependence ofICl,swell.
We conclude that mIMCD-K2 cells provide an appropri-
ate cellular context to investigateICl,swell in renal epithe-
lial cells.

Whereas there is general agreement concerning the
basic features of the biophysical and pharmacological
profile of ICl,swell, the molecular identity of this channel
has remained controversial. Several proteins have been
proposed as underlying the swelling-activated conduc-
tance but only CLC-2 and CLC-3 are now considered to
be likely candidates underlyingICl,swell (see Introduc-
tion). Our own data reported here show that CLC-2
mRNA is expressed in mIMCD-K2 cells but no bio-
physical signature typical of CLC-2 was noted at the
plasma membrane in whole-cell patch-clamp experi-
ments. Even after strong hyperpolarization (−100 to
−150 mV) CLC-2 like currents were never seen (n 4 5,
data not shown). Taken together, it seems likely that
CLC-2 may be expressed within endomembranes in
mIMCD-K2 cells and is not trafficked to the plasma
membrane even after cell swelling.

In contrast to CLC-2, CLC-3 expressed in NIH/3T3

Fig. 7. Summary of sequential experiments showing
the abolition of PDBu (100 nM) inhibition on ICl,swell

after preactivation of “CaCC” or by preactivation of
“CFTR” by 10 mM forskolin. Seetext for details.
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fibroblasts produced a conductance with an anion selec-
tivity, pharmacology and voltage dependence similar to
ICl,swell [13]. In native tissues,ICl,swell is normally not
active under isotonic conditions, but transfection with
CLC-3 conferred a large Cl− conductance even under

nonswollen, isotonic, conditions [13]. A plausible rea-
son for this discrepancy may be the lack of an associated
regulatory subunit, similar to theb unit found in voltage-
gated cation channels (seee.g. [32]). An additional dis-
crepancy resides in the regulation ofICl,swell by PKC.

Fig. 8. Influence of hypotonic media upon
forskolin (10mM) stimulated inwardISC (chloride
secretion) in mIMCD-K2 epithelial layers mounted
in Ussing chambers. (A) Illustrative record,
including excursions of the voltage clamp by 0.5
mV to measure epithelial resistance. (B) Mean
data (n 4 5) showing hypotonic inhibition (dark
grey) of ISC and its reversal by 100mM tamoxifen
(light grey). For details see text.

Fig. 9. Ethidium-stained agarose gel showing
RT-PCR products generated with mCLC-2 and
mCLC-3 gene-specific primers. Lane 1, CLC-2 RT
control, Lane 2, CLC-2 PCR control, Lane 3,
CLC-2, Lane 4, CLC-3, Lane 5, CLC-3 RT
control, Lane 6, CLC-3 PCR control, L, size
ladder.
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Heterologously expressed CLC-3 conductances are in-
hibited by PKC activation (mediated by phosphorylation
of Ser51 of CLC-3, [14]). In native tissues there are
conflicting reports on the sensitivity ofICl,swell to PKC
activation: In human nonpigmented ciliary cellsICl,swell

was inhibited by PKC activation, whereas HeLa cells
ICl,swell was insensitive to PKC activation (see [39]),
while in pancreatic duct cellsICl,swell activation was pre-
vented by PKC inhibition [41]. Our data on mIMCD-K2
cells on the effect of PKC activation are similar to those
reported for brain endothelial cells [42].ICl,swell is in-
deed inhibited by PKC-activation but only if PKC is
stimulated prior to cell swelling. Furthermore, we have
now demonstrated that a rise in intracellular Ca2+ or
forskolin exposure, resulting in activation of CaCC or
CFTR, respectively, preceding the hypotonic shock
eliminates any sensitivity ofICl,swell to PKC activation.
How do these diverse stimuli apparently cause this com-
mon cellular response? We speculate that a change in
intracellular ionic strength or chloride concentration after
activation of an anion conductance may modulate the
ability of PKC to affect ICl,swell. Pederson et al. [31]
showed that variation in ionic strength and Cl− concen-
tration may directly regulate phosphatase activity. Spe-
cifically, amino acid-induced swelling of hepatocytes
resulted in a decrease of cellular chloride, which lead
to de-inhibition of glycogen synthase phosphatase.
Recently, Bize et al. [3] have demonstrated that mem-
brane-bound serine/threonine protein phosphatases (S/T-
PPases) are regulated by ionic strength and/or cell size in
human red blood cells. Protein phosphatases type 1
(PP1) and type 2A (PP2A) are present in these cells
where their activity is elevated after exposure to hypo-
tonic media. K-Cl cotransport is stimulated and is asso-
ciated with RVD. PP1 activity is more responsive to the
decrease in intracellular ionic strength while PP2A ac-
tivity is differentially responsive to an increase in cell
size. Further work is needed to test whether phosphatase
activity may be regulated in a comparable fashion in
mIMCD-K2 cells, and whether this can account for the
different sensitivity ofICl,swell.

Duan et al. [14] showed that CLC-3 currents are
blocked by an increase in intracellular Ca2+ (ionomycin
treatment) presumably via activation of PKC. Chou et
al. [11] found that at least in HT-3 cells PKC-a and
extracellular Ca2+ regulate RVD responses andICl,swell.
We have previously demonstrated that an ionomycin
or ATP mediated increase in intracellular Ca2+ activated
CaCC in mIMCD-K2 cells [4]. The present data clearly
show that whereas increases in intracellular Ca2+ may
indeed activate CaCC, they do not prevent activation
of ICl,swell in mIMCD-K2 cells. Furthermore the time
course for activation of CaCC with bath dilution is
distinct from the time course for activation ofICl,swell.
PKC-a is directly calcium sensitive and Nishino et al.

[27] showed that PKC-a activity is not affected by
changes in ionic strength but by an increase in pH due to
preferential association of PKC-a with the plasma mem-
brane. These findings imply that the inhibition observed
by PDBu occurs by activation of calcium independent
PKC isoforms. Clearly the isoforms expressed in differ-
ent cells will be cell-specific.

Further differences betweenICl,swellrecorded in vari-
ous cell types and the CLC-3 conductance relate to the
extent of voltage-dependent inactivation seen at positive
potentials and the sensitivity to different pharmacologi-
cal agents. We clearly show that cell swelling upon bath
dilution may stimulate both CaCC andICl,swell but with
different time courses. With only a change in medium
tonicity (omission of inert sugar) onlyICl,swell is stimu-
lated. While the biophysical properties of the two con-
ductances are distinct, coactivation of the conductances
gives rise to whole cell conductances with properties that
are the sum of individual conductances (Fig. 6c andd).
We therefore propose that the variation in the properties
of ICl,swell observed between cell types depends both on
the nature of volume perturbation and the complement of
conductances present. Other explanations are possible
e.g., that alternative splicing of a single gene that en-
codes the swelling-activated anion channel as it is seen in
Ca2+-channels [10] may give rise to divergent channel
properties. It is also possible thatICl,swell is mediated by
a complex of more than one protein (CLC-2/CLC-3 com-
plex?). So far there is evidence for at least one hetero-
multimeric CLC channel, a CLC-1/CLC-2 heterooligo-
mer, which possess biophysical characteristics when ex-
pressed inXenopusoocytes not seen if CLC-1 or CLC-2
mRNA is expressed singly [26]. mIMCD-K2 cells ex-
press multiple CLC family members including CLC-2, 3
and 5 (CLC-2 and 3 this study, CLC-5unpublished ob-
servation). However, heterologous expression of CLC-5
in CHO cells gives rise to a weakly DIDS sensitive
strongly outwardly rectifying Cl− conductance that
shows time-dependent activation rather than inactivation
at positive membrane potentials (Stewart, Sayer, Gray &
Simmons,submitted).

Finally, we have localizedICl,swell to the basolateral
surface of the mIMCD-K2 cell-line on the basis of
cell-swelling inhibition of a concurrent transepithelial
Cl− secretion. Since intracellular osmolytes, including
amino acids such as taurine, permeate viaICl,swell, in the
IMCD [8] cellular loss will be directed to the vascular
compartment rather than the tubule lumen. In addition
the ability of ICl,swell to effectively “short-circuit” trans-
epithelial Cl− secretion demonstrates an unexpected
regulatory role forICl,swell in secretory epithelia.

In conclusion, the characteristics ofICl,swell in renal
mIMCD-K2 are broadly consistent with that expected for
CLC-3 protein expression. The slow activation of
ICl,swell relative to volume change suggests that the
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mIMCD-K2 cell line may be an ideal model in which to
investigate the mechanism by which cell swelling (via
phosphorylation, or endomembrane traffic) may stimu-
late ICl,swell at the basolateral plasma membrane.

The work was supported by a grant from the Wellcome Trust to MAG/
NLS. MG was supported by the BHF.
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