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KCNQ channels form a family of depolarization-activated

K+ channels with five members. A number of mutations in

the genes coding for channel a-subunits (KCNQ1–5) lead

to human disease (see, e.g. Wang et al. 1996; Kubish et al.
1999; Jentsch, 2000). The voltage-regulated KCNQ channels

have important functions in a number of excitable tissues.

In the heart and in the inner ear, KCNQ1 associates with

KCNE1 to form channels which are slowly activated by

depolarization as compared to homomeric KCNQ1

channels. In cardiomyocytes the KCNQ1–KCNE1 channels

conduct the slow delayed rectifier current, IKs (Wang et al.
1996; Sanguinetti et al. 1996; Barhanin et al. 1996), and in

the central nervous system, KCNQ2–KCNQ3 channels

mediate the so-called M-current (Wang et al. 1998).

KCNQ channels also have important functions in non-

excitable tissues. In secretory epithelia, e.g. in the distal

colon, KCNQ1 channels coassembled with auxiliary KCNE3

subunits may represent the major basolateral K+ conductance

during cAMP-mediated secretion (Kunzelmann et al.
2001). KCNQ1–KCNE3 channels have a nearly linear voltage

dependence and are therefore suitable for participation in

secretion of salt and water in epithelial cells (Schroeder et
al. 2000). KCNQ4 channels are expressed in the outer hair

cells of the cochlea and in the type I hair cells in the

vestibular organs (Kharkovets et al. 2000). Loss of KCNQ4

function is associated with a heritable form of deafness

(Kubisch et al. 1999), most likely because KCNQ4 channels

are responsible for extrusion of K+ taken up via mechano-

sensitive cation channels.

The transepithelial transport of salt and water demands a

tight control of cell volume, and cell volume changes have

been shown to modulate the activity of epithelial K+

channels (for reviews, see e.g. Lang et al. 1998; O’Neill,

1999), and in e.g. Ehrlich ascites tumour cells, K+ channels

are involved in regulatory volume decrease (RVD) (see e.g.

Niemeyer et al. 2001; Hoffmann & Hougaard, 2001).

Several types of K+ channels may be regulated by cell

volume changes, but although we have shown that certain

Ca2+-activated K+ channels (SK and IK channels) may be

regulated by cell volume through interactions with the

cytoskeleton (Grunnet et al. 2002), the precise mechanism

still seems obscure. It has earlier been suggested that the IKs

current in cardiomyocytes is enhanced during cell swelling

(Sasaki et al. 1994; Vandenberg et al. 1996), and in addition

it has recently been shown that cloned KCNQ1 channels

are activated by cell swelling after expression in

mammalian cells (Kubota et al. 2002). Also, in airway

epithelial cells, KCNQ1 channels seem to be involved in
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the RVD following cell swelling in hyposmolar medium

(Lock & Valverde, 2000).

In the present paper we provide evidence that the KCNQ1

and the KCNQ4 channels, but not the KCNQ2–KCNQ3

channels, are indeed tightly regulated by small changes in

cell volume. The activation of KCNQ1 and KCNQ4 channels

by cell swelling and inhibition by cell shrinkage probably

involves interaction between the cytoskeleton and the

N-terminus of the channel proteins.

METHODS 
Expression in Xenopus laevis oocytes
cDNAs coding for KCNQ1–4, sKCNQ1, KCNE1–3 and aquaporin 1
were subcloned into expression vectors and expressed in Xenopus
laevis oocytes as described before (Schmitt et al. 2000; Grunnet et
al. 2002). The oocytes were collected from Xenopus laevis frogs
under anaesthesia (2 g l_1 Tricaine) according to national guide-
lines. For co-expression of KCNQ channels, KCNE b-subunits
and aquaporin 1, the mRNAs were mixed in equal molar ratios,
before a total amount of approx. 5 ng was injected. Oocytes were
kept in Kulori medium (90 mM NaCl, 1 mM KCl, 1 mM MgCl2,
1 mM CaCl2, 5 mM Hepes, pH 7.4) at 19 °C until electro-
physiological measurements were performed.

Electrophysiological and cell volume measurements
All measurements were performed 3–5 days after RNA injection
using a conventional two-electrode voltage-clamp set-up. For
volume measurements the set-up was equipped with a CCD
camera, and the volume was recorded online at a rate of 1 Hz with
an accuracy of 3 in 10 000 (see Grunnet et al. 2002; Zeuthen et al.
2001). The measurements were done in medium that was isotonic
(65 mM NaCl, 1 mM KCl, 1 mM MgCl2, 1 mM CaCl2, 50 mM

mannitol, 5 mM Hepes, pH 7.4 (188 mosmol kg_1)), hypotonic
(65 mM NaCl, 1 mM KCl, 1 mM MgCl2, 1 mM CaCl2, 5 mM Hepes,
pH 7.4 (137 mosmol kg_1)) or hypertonic (65 mM NaCl, 1 mM

KCl, 1 mM MgCl2, 1 mM CaCl2, 100 mM mannitol, 5 mM Hepes,
pH 7.4 (239 mosmol kg_1)) or as described in the figure legends.
PKA was activated by raising intracellular cAMP by application of
1 mM 3-isobutyl-1-methylxanthine (IBMX) and 10 mM forskolin.
Protein kinase C was activated by application of 10 nM phorbol
12-myristate 13-acetate (PMA). Data obtained from oocytes
from at least three different frogs are given as means ± S.E.M.

RESULTS
Regulation of KCNQ channels by small changes in
cell volume
To examine if KCNQ channels are sensitive to changes in cell

volume, they were expressed in Xenopus oocytes together

with or without AQP1 water-channels. KCNQ channel

activity and oocyte volume were simultaneously recorded in

a set-up which monitored both the current through the

expressed KCNQ channels and the cell volume of the oocytes

(Grunnet et al. 2002). The plasma membrane of endogenous

oocytes is practically impermeable to water, and the presence

of AQP1 water channels assured that the oocytes responded

to changes in extracellular osmolarity with fast and

significant changes in cell volume (Grunnet et al. 2002).

Figure 1A shows the results of an experiment where KCNQ1

channels were co-expressed with AQP1 channels in an

oocyte. The expressed KCNQ1 channels were activated by

depolarization using a pulsed protocol, 2 s at +20 mV

separated by 4 s at –80 mV. In isotonic solutions, depolarizing

pulses resulted in maximal currents of approx. 2 mA

(measured at the end of the depolarization period). When

the extracellular medium was made hypotonic, the oocyte

immediately responded with a rapid increase in cell

volume, saturating at a volume increase of about 8 %. The

increase in oocyte volume was accompanied by a

simultaneous increase in current through the expressed

KCNQ1 channels to 172 % (S.E.M. = 12 %, n = 12) in

comparison to controls. When the oocyte was exposed to a

hypertonic extracellular medium it shrank by approx. 8 %

and the shrinkage was accompanied by a decrease in the

current through the expressed KCNQ1 channels to 55 %

(S.E.M. = 9 %, n = 12) of control (see also Fig. 4A). When

the oocyte was returned to isotonic medium, cell volume

as well as current through the expressed KCNQ1 channels

approached the initial levels (Fig. 1A). If KCNQ1 channels

were expressed in the absence of AQP1 channels, neither

the volume of the oocytes, nor the current through the

expressed KCNQ1 channels changed significantly during

hypo- or hypertonic challenges (Fig. 1B). This showed that

KCNQ1 channels are not sensitive to changes in extra-

cellular osmolarity per se. In another control experiment

(Fig. 1C) oocytes expressing AQP1 channels in the absence

of KCNQ1 channels were exposed to the same voltage

protocol and the same osmotic challenges as applied in

Fig. 1A. This result showed that endogeneous channels in

the oocytes did not interfere with the measurements. The

response of KCNQ1 channels to cell volume changes

reflected the extent of swelling or shrinkage of the oocytes.

The data in Fig. 1D show that KCNQ1 channels closely

sense even very small changes in cell volume and that the

relative response was linear for up to 4 % changes in cell

volume.

Figure 2A shows that the I–V relationship for KCNQ1

channels is not changed during modulation by cell volume

changes, indicating that the overall voltage sensitivity (and

the selectivity) for KCNQ1 was not affected by cell volume

changes. In the experiments shown in Fig. 2B, KCNQ1 co-

expressed with AQP1 channels in Xenopus oocytes were

activated at isotonic conditions and during swelling and

shrinkage by depolarizations to +40 mV for 10 s to ensure

full activation of the channels. A comparison of the

normalized currents showed that the activation kinetics

for the KCNQ1 channels apparently did not differ during

cell volume changes. Thus, the effect of cell volume

changes on KCNQ1 channels can be considered a mere

change in the maximal current that can be conducted after

voltage-dependent activation.

M. Grunnet and others420 J Physiol 549.2



Jo
u

rn
al

 o
f P

hy
si

ol
og

y

Regulation of other KCNQ channels subtypes by
changes in cell volume
Remarkably, KCNQ4 channels responded to cell swelling

with larger changes in activity than KCNQ1 when co-

expressed with AQP1 channels in oocytes (Fig. 3A). When

the oocytes were exposed to osmotic challenges of

± 50 mosmol l_1 the current through the expressed

KCNQ4 channels increased to 258 % (S.E.M. = 16 %,

n = 8) of control in response to cell swelling and decreased

to 30 % (S.E.M. = 3 %, n = 8) of control in response to cell

shrinkage (Fig. 3A). In contrast to the KCNQ1 and

KCNQ4 channels, the KCNQ2–KCNQ3 channels, which

K+ channels as sensors of cell volumeJ Physiol 549.2 421

Figure 1. Regulation of KCNQ1 channels by cell volume changes
KCNQ1 channels and AQP1 (A), KCNQ1 channels (B) or AQP1 (C) were expressed in Xenopus laevis
oocytes, and exposed to a pulsed voltage protocol: 4 s at – 80 mV and 2 s at +20 mV. When indicated, the
oocytes were challenged with a hyposmolar (hatched bar, _50 mosmol l_1) or hyperosmolar (filled bar,
+50 mosmol l_1) extracellular solution. The cell volume of the oocytes (upper traces) and the measured
currents (lower traces) were simultaneously measured. In D, KCNQ1 channels co-expressed with AQP1
were activated as in A, before the oocytes were exposed to diferent extracellular osmolarities (_50, _20, _10,
0, +10, +20, +50 mosmol l_1). The figure shows the maximal current (measured at the end of the
depolarization period) as a function of the measured oocyte volume. Data points shows the mean of 4
independent experiments ± S.E.M.
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most likely mediate the neuronal M-current (Wang et al.
1998), were totally insensitive to changes in cell volume

(Fig. 3A). In summary, the results showed that the KCNQ

subtypes exhibited significant differences in their volume

sensitivity; KCNQ4 channels responded to cell swelling

with larger changes in activity than KCNQ1, whereas

KCNQ2–KCNQ3 heteromers were insensitive

Effect of regulatory subunits of the KCNE type
The small subunits KCNE1–3 have significant effects on

KCNQ-channel gating properties (Barhanin et al. 1996;

Sanguinetti et al. 1996; Romey et al. 1997; Schroeder et al.
2000; Sanguinetti, 2000). We examined whether the co-

expresssion of KCNEs could affect the responses to cell

volume changes of the KCNQ1 channels. In the presence

of KCNEs, KCNQ1 channels were still sensitive to cell

volume changes (Fig. 3B). Co-expression of KCNE1

significantly attenuated the swelling-induced increase in

KCNQ1 current, whereas the response to cell shrinking

was unchanged. Co-expression of KCNE2 or KCNE3, on

the other hand, did not alter the response of KCNQ1 to

changes in cell volume.

Mechanism for regulation of KCNQ1 channels by
cell volume changes
KCNQ1 channel proteins contain consensus sequences for

protein kinase A and protein kinase C phosphorylation. It

has been suggested that cell volume changes possibly could

modulate membrane proteins through phosphorylation

(Vandenberg, 1996; Lang et al. 1998; O’Neill, 1999).

Therefore, we examined if KCNQ1 channels could still

respond to cell volume changes after phosphorylation by

protein kinase A and protein kinase C. Figure 4B and C
shows that although phosphorylations have pronounced

effects on the activity of KCNQ1 channels, the relative

responses to cell volume changes are fully preserved after

M. Grunnet and others422 J Physiol 549.2

Figure 2. Kinetics for KCNQ1 channels during regulation by cell volume changes
KCNQ1 channels were co-expressed with AQP1 in Xenopus laevis oocytes. A, the expressed KCNQ1 channels
were activated by a step-protocol; from a holding potential of –80 mV (3 s) current was recorded at
membrane potentials from –100 mV to +60 mV (20 mV steps) for 2 s, and finally the tail current was
measured at –30 mV for 1 s. The figure shows the recorded currents and the corresponding I–V curves
(plotted as the current measured at the end of the depolarization vs. voltage) in hyposmolar solution
(_50 mosmol l_1; I and II) isosmolar solution (III and IV) hyperosmolar solution (+50 mosmol l_1; V and
VI). B, the oocytes were kept at a holding potential of –80 mV, before the expressed KCNQ1 channels were
activated by a depolarization to +40 mV (10 s). Tail currents were measured at –30 mV (10 s). I shows the
recorded current traces in isosmolar, hyposmolar and hyperosmolar media and II shows the same currents
normalized to the maximal measured current in each experiment (found after 10 s of depolarization).
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phosphorylation. This indicated that protein kinase A and

C are not involved in the sensitivity of KCNQ1 channels to

cell volume changes.

Next, we investigated how important an intact actin

cytoskeleton was for the observed cell volume-dependent

regulation of KCNQ1 channel activity. Oocytes co-

expressing KCNQ1 and AQP1 were incubated with 1 mM

cytochalasin D for 30 min before they were exposed to

extracellular osmotic challenges. Incubation with

cytochalasin D did not affect the current through the

KCNQ1 channels at isotonic conditions, and did not have

any effect on the ability of the oocytes to swell and shrink in

response to osmotic challenges (data not shown).

However, after treatment with cytochalasin, KCNQ1

channels no longer responded significantly to cell volume

changes (Fig. 4D). The effect of cytochalasin D could be

prevented if the oocytes were treated with 1 mM phalloidin,

a compound antagonizing the destabilizing effect of

cytochalasin D on actin filaments (data not shown). The

experiments indicated that the sensitivity of KCNQ1

channels to changes in cell volume is critically dependent

on an intact actin cytoskeleton.

The N-terminus of KCNQ1 channels is required for
regulation by cell volume changes
Taking the cytochalasin experiments into account, it could

be tempting to suggest that the cytoskeleton through actin

or other cytoskeletal components interacts with parts of

the channel protein. It has recently been shown that KCNQ1

protein, which has the 95 N-terminal amino acids deleted

(short KCNQ1 or sKCNQ1), forms fully functional

channels after expression in Xenopus oocytes (Schmitt et
al. 2000). When these channels were co-expressed with

AQP1 in oocytes, currents were totally insensitive to

changes in cell volume (Fig. 4E and F). This experiment

indicated that the N-terminus of KCNQ1 contains

structural elements which render KCNQ1 channels

sensitive to cell volume changes.

DISCUSSION
The present study examined the effect of cell volume

changes on cloned voltage-regulated K+ channels of the

KCNQ type. KCNQ1 and KCNQ4 channels, but not

KCNQ2/3 channels, were readily stimulated by cell

swelling and inhibited by cell shrinkage. In addition, it was

shown that the KCNQ1 and KCNQ4 channels strictly

reflected even very small changes in cell volume, and that

the responses showed some saturation if the swelling or

shrinkage exceeded 5 %. Sensitivity to such small changes

in cell volume must be expected to be of physiological

relevance, and we believe it is not an exaggeration to regard

certain KCNQ channels as ‘sensors of cell volume’. In

addition, this regulatory mechanism explains the

observations that KCNQ1 channels in in vitro experiments

seem to be activated by cell swelling in e.g. cardiomyocytes

(Vandenberg et al. 1996) and airway epithelial cells (Lock

& Valverde, 2000), and after expression in mammalian

K+ channels as sensors of cell volumeJ Physiol 549.2 423

Figure 3. Sensitivity to cell volume
changes for KCNQ subtypes and effect ofb-subunits
A, KCNQ1, KCNQ2/3 or KCNQ4 channels were
co-expressed with AQP1 in Xenopus laevis
oocytes. The KCNQ1 channels were activated by
pulsed depolarizations to +60 mV for 2 s and the
maximal currents (at the end of the
depolarization period) were measured under
isotonic conditions, and during cell swelling
(_50 mosmol l_1) and cell shrinkage
(+50 mosmol l_1). The columns show the
relative changes in maximal current through the
expressed KCNQ1 channels during swelling
(hatched bars) and shrinkage (filled bars) as
compared to the current under isotonic
conditions. B, KCNQ1 channels were co-
expressed with AQP1 in the presence or absence
of the b-subunits KCNE1–3, activated by
depolarizations to +60 mV for 2 s (20 s for
KCNQ1–KCNE1) and their sensitivity to cell
volume changes was determined as described
above. The maximal currents in the control
situation (isotonic medium) ranged from 1.2 to
4.8 mA depending on the expressed isoforms.
Columns show the means of 4–12 independent
experiments ± S.E.M.* Indicates significant
differences (P < 0.01).
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Figure 4. Mechanism for regulation of KCNQ1 channels by cell volume changes
In all experiments KCNQ1 channels were co-expressed with AQP1 in Xenopus laevis oocytes, which were
swollen in hyposmolar medium (_50 mosmol l_1, hatched bars) or shrunken in hyperosmolar medium
(+50 mosmol l_1, filled bars). The columns show the maximal currents through the expressed channels at
+60 mV relative to the currents measured in isotonic medium (open bars). A, the results for wild-type
KCNQ1 channels. In B and C the expressed KCNQ1 channels were initially phosphorylated by protein
kinase A (panel B) or protein kinase C (panel C), before the oocytes were subject to volume changes. The grey
columns show the control currents before phosphorylation. D, the effect of incubation of the oocytes in 1 mM

cytochalasin D for 30 min before measurements were made. In E sKCNQ1 channels were coexpressed with
AQP1 and volume sensitivity measured as above. F, a model of KCNQ1; the arrow indicates the deletion of
the N-terminal in sKCNQ1, which interacts with the cytoskeleton. The currents measured in the control
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cells (Kubota et al. 2002). These observations suggest that

the sensitivity of certain KCNQ channels to changes in cell

volume is not a phenomenon restricted to expression

systems, but most likely should be regarded as a general

regulatory mechanism.

The strict regulation of certain KCNQ currents by cell

volume could in principle be mediated through three

mechanisms: changes in the number of active channels in the

plasma membrane, modulation of the open probability of

channels already in the plasma membrane or changes in the

single channel conductances. At present we cannot

distinguish between these possibilities. However, our data

show that the sensitivity of KCNQ channels to cell volume

changes is not critically dependent on regulatory subunits of

the KCNE type although co-expressed KCNE1 to some

extent modulates the volume sensitivity of KCNQ1,

indicating that the volume sensitivity must be a property of

the KCNQ1 and KCNQ4 a-subunits. These observations are

consistent with Kubota et al. (2002), who showed that

KCNQ1 channels, expressed in mammalian cells in the

absence of KCNE1, are activated by cell swelling. However,

in contrast, Lock & Valverde (2000) reported that in KCNE1

knock-out mice, the KCNQ1 channels failed to respond to

cell swelling. The reason for this discrepancy is not clear, but

may be due to the fact that the plasma membrane expression

of KCNQ1 in the KCNE1 knock-out animals is low.

A large number of possible pathways could link cell volume

and KCNQ channel activity (Lang et al. 1998; O’Neill, 1999).

Apart from membrane depolarization, it has been suggested

that KCNQ1 channels are regulated by Ca2+ and phosphoryl-

ation by protein kinase A and C (Schroeder et al. 2000;

Boucherot et al. 2001; Kunzelmann et al. 2001), and we

considered whether the volume sensitivity should be

mediated through one of these mechanisms. In earlier

studies it has not been possible by fluorescence methods to

measure any significant changes in global intracellular Ca2+

in Xenopus oocytes during volume changes (Vandorpe et al.
1998). In addition, experiments employing the Ca2+-

activated high-conductance K+ channel as a probe for Ca2+

have shown that changes in the oocyte volume do not result

in changes in free Ca2+ in the close vicinity of the plasma

membrane (Grunnet et al. 2002). Finally, in contrast to

regulation by cell volume, regulation by intracellular Ca2+

seems to be dependent on co-expressed KCNE b-subunits

(Boucherot et al. 2001). Taken together a Ca2+-mediated cell

volume effect on KCNQ1 channels was not considered

likely. Figure 4 shows that although KCNQ1 channels are

clearly modulated by protein kinase A and C, phosphoryl-

ation apparently did not interact with the sensitivity to cell

volume; the effects of phosphorylation and cell volume were

additive.

Thus, considering the experiments show in Fig. 4D and E,

our results suggest that KCNQ1 and KCNQ4 channels

expressed in oocytes are strictly regulated by cell volume

changes through interactions between the cytoskeleton

and structural elements in the N-terminus of the channel

protein. This regulatory mechanism could be expected to

be ubiquitous for volume sensitivity in channels (see Lang

et al. 1998; O’Neill 1999; Grunnet et al. 2002), but identifi-

cation of possible N-terminal structures involved will

require further experiments.

In particular, the sensitivity of certain KCNQ channels to

cell volume changes could be an important regulatory

parameter in epithelial cells and in cardiac myocytes. In

secretory cells in the colonic crypts, KCNQ1–KCNE3

channels have been identified in the basolateral membrane

of the crypt cells (Schroeder et al. 2000) and pharmaco-

logical studies have shown that recycling of K+ through the

basolateral KCNQ1–KCNE3 channels is crucial for the

transepithelial transport of Cl_ (see Fig. 4G and Lohrman

et al. 1995; Kunzelmann et al. 2001). Our results showed

that KCNQ1 channels are not stimulated only by cAMP

(Schroeder et al. 2000, Kunzelmann et al. 2001), but also

by cell volume changes. During secretion massive amounts

of water may be transported through the epithelial cells,

and the regulation of the basolateral K+ channels must be

strictly coordinated with that of the other transporters to

avoid potentially fatal imbalances in intracellular ion and

water content (see Fig. 4G). Indeed cell volume is an

obvious regulatory parameter (see Weyand et al. 1998),

and the fact that the effects of cAMP and cell volume

changes on the KCNQ1 channels are additive (see Fig. 4)

may explain the rather dramatic changes in basolateral K+

conductance seen e.g. during secretory diarrhoea. 

K+ channels as sensors of cell volumeJ Physiol 549.2 425

situation ranged from 2.8 to 4.3 mA (for KCNQ1) or from 0.6 to 1.2 mA (for sKCNQ1). Columns show the
means of 6–12 independent experiments ± S.E.M.; * Indicates significant differences (P < 0.01). G, model of a
secretory epithelial cell, e.g. from distal colon. During cAMP-stimulated secretion Na+, Cl_ and K+ are
transported into the cell by the basolateral co-transport system (NKCC1), Cl_ is secreted across the apical
membrane through Cl_ channels of the CFTR type and K+ is allowed to recycle through basolateral K+

channels of the KCNQ1 type. The basolateral co-transport system will directly transport or osmotically drive
water into the cells. H, in absorptive cells, e.g. in the renal proximal tubule, water is coupled to the Na+-driven
transport of solutes (e.g. glucose or amino acids) across the apical membrane (see Zeuthen et al. 2001).
Recent studies have suggested that the KCNQ1 channels are expressed in the apical membrane in these cells
(Vallon et al. 2001). In both cases a strict regulation of the involved transport systems is necessary during
transepithelial transport of solutes and water, and the KCNQ1 channels are expected to play a crucial role for
the overall transport. Modulation of the K+ channel activity by changes in cell volume is an obvious
regulatory parameter.
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In addition, the strict regulation of KCNQ1 channels by

cell volume, especially by cell volume increases, makes

these channels obvious modulators of epithelial re-

absorption of solutes and water in other epithelia. Indeed,

it has been shown that KCNE1_/_ mice are volume

depleted, hypokalaemic and suffer from an increased level

of aldosterone (Arrighi et al. 2001; Warth & Barhanin,

2002; Attali, 2002). In proximal kidney tubules cells, where

KCNQ1–KCNE1 channels most likely are located in the

apical membrane (Vallon et al. 2001), volume is tightly

regulated in response to the glucose and amino acid load.

Solute take-up is associated with Na+ and water influx. The

observed activation of epithelial KCNQ1–KCNE1 channels

upon cell volume increase suggests an obvious cellular

mechanism to exert tight cell-volume control. Volume-

dependent activation of the KCNQ1 potassium channels

most likely hyperpolarizes the cell membrane leading to an

increase in the electrogenic Na+-dependent re-absorption

of solutes as schematically diagrammed in Fig. 4H. A

compromised reabsorption in the proximal tubule due to

impaired function of the KCNQ1–KCNE1 channel will

lead to volume depletion and in consequence hyper-

aldosteronaemia. In the distal tubule the aldosterone

stimulation and increased tubular flow will stimulate K+

excretion and lead to hypokalaemia. It should be expected

that these mechanisms play an important role in the

pathophysiology of patients suffering from mutations in

the KCNQ1 or KCNE1 genes.

Our results may provide an explanation for the

observation that KCNQ1–KCNE1 channel activity, the

molecular correlate of IKs, the slowly activating cardiac K+

current, is increased when cardiomyocytes swell during

experimental procedures (Sasaki et al. 1994; Kubota et al.
2002) or during ischaemia (Vandenberg, 1996). In addition,

our results emphasize that renal re-absorption problems,

as seen in KCNE1_/_ mice (see Attali, 2002), may add to

the intrinsic cardiac problems that lead to episodic

arrhythmic attacks in LQT1 patients.
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