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ABSTRACT This work demonstrates cell swelling as a new regulatory mechanism for the cloned hyperpolarization-activated,
cyclic nucleotide-gated channel 2 (HCN2). HCN2 channels were coexpressed with aquaporin1 in Xenopus laevis oocytes and
currents were monitored using a two-electrode voltage-clamp. HCN2 channels were activated by hyperpolarization to �100 mV
and the currents were measured before and during hypoosmotic cell swelling. Cell swelling increased HCN2 currents by 30%
without changing the kinetics of the currents. Injection of 50 nl intracellular solution resulted in a current increase of 20%,
indicating that an increase in cell volume also under isoosmotic conditions may lead to activation of HCN2. In the absence of
aquaporin1 only negligible changes in oocyte cell volume occur during exposure to hypoosmotic media and no significant
change in HCN2 channel activity was observed during perfusion with hypoosmotic media. This indicates that cell swelling and
not a change in ionic strength of the media, caused the observed swelling-induced increase in current. The increase in HCN2
current induced by cell swelling could be abolished by cytochalasin D treatment, indicating that an intact F-actin cytoskeleton is
a prerequisite for the swelling-induced current.

INTRODUCTION

HCN2 is a member of the family of hyperpolarization-

activated, cyclic nucleotide-gated channels. In vertebrates,

four different isoforms are known, HCN1–4 (1–6). The HCN

channels are molecular correlates for the current abbrevi-

ated as Ih, for ‘‘hyperpolarization’’, If for ‘‘funny’’, or Iq for

‘‘queer’’ because of some peculiar features. The channels

exhibit the classical voltage-gated potassium channel topol-

ogy, including six transmembrane segments, a positively

charged S4 segment involved in voltage gating, and a GYG

motif in the central pore region. The GYG motif normally

confers K1 selectivity to ion channels (7). However, HCN

channels conduct K1, Na1, and Ca21 ions. The residues

outside the GYG triplet in HCN channels differ from other K1

channels, which may account for the low K1 selectivity.

Unlike the classical voltage-gated potassium channels, the

HCN channels are activated by hyperpolarizing steps to

potentials more negative than �60 mV. Due to these unusual

channel properties, HCN channels conduct a net inward

current carried largely by Na1 at potentials near the resting

membrane potential for most cells (8).

HCN channels have been detected in both heart and brain,

where they have been proposed to be involved in pacing

rhythmic activity as well as determination of the resting

potential and membrane excitability (8). The expression of

HCN varies between species. The dominant HCN isoform in

the adult sinoatrial node of all species investigated (rabbit,

mouse, dog) is HCN4, accounting for 80% of the total HCN

mRNA (1). In the mouse, HCN2 constitutes the remaining

transcripts (9). In contrast, in the rabbit sinoatrial node,

a significant HCN1 transcript was observed (10). An open

question is whether the expression pattern in the human

sinoatrial node resembles that of mice or that of rabbits (11).

In all species investigated, the HCN2 expression was high in

the working myocardium (12).

The functional significance of HCN2 channels has been

demonstrated in knock-out experiments. HCN2-deficient

mice exhibited a cardiac arrhythmia characterized by varying

RR intervals but normal PQ, QRS, and QT intervals and

individual waveforms, indicating that the arrhythmia is due to

dysfunction of the sinus node. In addition, these mice dis-

played neuronal defects such as reduced locomotor activity

and spontaneous absence seizures (13,14).

The pacemaker channels are highly responsive to changes

in cAMP and thereby involved in the adaptation of the heart

to adrenergic stimulation leading to a faster heart rate

(15–18). cAMP binds directly to the HCN channels in the

C-terminal cyclic nucleotide-binding domain (16). In the

absence of cAMP, the cyclic nucleotide-binding domain is

thought to inhibit activation of the channels by hyperpolar-

ization (19). Binding of cAMP shifts the voltage dependence

of channels by relieving this inhibition (16), accelerating the

rate of channel activation, and shifting the voltage de-

pendence of HCN gating to more positive potentials (20). As

a result, less hyperpolarization is necessary to activate the

HCN channel, and the channel is thus more active at phys-

iologically relevant potentials after cAMP binding.

Furthermore, the function of HCN channels is affected by

associations withb-subunits of the KCNE type (21–24). KCNE2

is a member of the KCNE family of single transmembrane-

spanning proteins and it has been demonstrated that association
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of HCN2 with KCNE2 increases expression levels and acti-

vation rate of HCN2 (23,24).

Other regulatory mechanisms for HCN channels are possible.

HCN channels are present in cardiac tissue that is subject to

morphological changes in shape and, during ischemia, also in

volume (25). It is therefore tempting to speculate about a direct

effect of cell volume changes on HCN channel activity. For

other cardiac ion channels such as KCNQ1 such a regulatory

mechanism has been demonstrated (26–28).

The aim of this study was therefore to examine the effect

of volume changes on human HCN2 channels expressed in

Xenopus laevis oocytes and to examine the mechanism(s)

potentially linking channel activity and cell volume. Here we

provide novel evidence that the HCN2 channels are modu-

lated by cell swelling and this activation most likely involves

interaction with the F-actin cytoskeleton.

MATERIALS AND METHODS

Molecular biology

cDNA encoding for human HCN2, a kind gift from Andreas Ludwig

(Department of Pharmacology and Toxicology, the Technical University of

Munich, Germany) and human KCNQ4, a kind gift from Thomas Jentsch

(Centre for Molecular Neurobiology, Hamburg University, Germany), were

subcloned into the oocyte expression vector pXOOM containing the 59- and

39-untranslated regions for X. laevis b-globin as well as a poly-A segment

(29). Aquaporin 1 (AQP1) cDNA in the vector pMST1 was a kind gift from

Peter Agre (Departments of Biological Chemistry and Medicine, The Johns

Hopkins University School of Medicine, Baltimore, MD). Human KCNE2

was subcloned into a custom-made vector adapted for oocyte expression.

cRNA was synthesized by standard in vitro run-off transcription using the

mCAP mRNA capping kit (Stratagene, La Jolla, CA). The plasmids were

linearized downstream of the poly-A segment and mRNAs were synthesized

from the T7 RNA polymerase promoter for the pXOOM and KCNE2

constructs, AQP1 mRNA was synthesized from the T3 RNA polymerase

promoter (30). The RNA was resolved in TE buffer to a final concentration

of 1 mg/ml and the integrity of the transcripts was confirmed by agarose gel

electrophoresis.

Expression in Xenopus laevis oocytes

Oocytes were surgically removed from anaesthetized (2 g/l tricaine, Sigma,

St. Louis, MO) X. laevis frogs in accordance with Danish National

Committee for Animal Studies guidelines. The oocytes were defolliculated

enzymatically as described earlier (31) before injection with 50.6 nl mRNA

(;50 ng) (Nanoject, Drummond, Broomell, PA). For coexpression of

KCNQ4 or HCN2 with AQP1 and KCNE2, the mRNAs were mixed in equal

molar ratios. The 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

electrophysiological measurements were performed.

Electrophysiology

All measurements were performed 3–5 days after mRNA injection using

a standard two-electrode, voltage-clamp setup. Oocytes were impaled with

a current electrode and a voltage-clamp electrode pulled from borosilicate

glass on a DMZ-Universal Puller (Zeitz Instruments, Munich, Germany).

Both the electrodes had a final tip resistance of 0.5–2 MV when filled with

1 M KCl and were connected to a two-electrode voltage-clamp amplifier

(Clampator 1, Dagan, Chicago, IL). During the experiments the oocytes were

placed in a small chamber (200 ml) and superfused with either isoosmotic

(65 mM NaCl, 1 mM KCl, 1 mM MgCl2, 1 mM CaCl2, 50 mM mannitol,

5 mM HEPES, pH 7.4 (188 mOsmol/l)), hypoosmotic (65 mM NaCl, 1 mM

KCl, 1 mM MgCl2, 1 mM CaCl2, 5 mM HEPES, pH 7.4 (137 mOsmol/l)), or

hyperosmotic (65 mM NaCl, 1 mM KCl, 1 mM MgCl2, 1 mM CaCl2, 100 mM

mannitol, 5 mM HEPES, pH 7.4 (239 mOsmol/l)) medium. In some ex-

periments, the oocytes were subjected to isoosmotic swelling by direct

injection of ;50 nl intracellular solution (81 mM KCl, 13 mM NaCl, 5 mM

HEPES, pH 7.2 (193 mOsm/l)) or 50 nl of oil (light white, ICN Biomedicals,

Aurora, OH) into the oocyte cytoplasm using a microinjector (Nanoject,

Drummond, Broomell, PA).

cAMP experiments

Isoosmotic and hypoosmotic solutions containing a cAMP cocktail were

prepared from stocks: 1 M IBMX (Calbiochem) in dimethylsulfoxide

(DMSO), 0.1 M 8-bromoadenosine-39-59-cyclic monophosphate-cAMP

(8-Br-cAMP, Sigma) in H2O, and 100 mM forskolin (Sigma) in DMSO to

final concentrations of 1 mM IBMX, 400 mM 8-Br-cAMP, and 5 mM

forskolin.

Cytochalasin D/phalloidin treatment

Oocytes were in some experiments preincubated for 2–5 h in 10 mM

cytochalasin D (CD, Sigma) and 25 mM phalloidin (Sigma) before being

subjected to osmotic changes. CD was diluted from a 10 mM stock in

DMSO and the phalloidin solution was prepared from a 50 mM stock in H2O.

Data analysis

Data was acquired using Pulse software (HEKA, Munich, Germany) and

analyzed using Igor Pro 4.04 software (WaveMetrics, Lake Oswego, OR);

t-tests were performed using GraphPad Prism version 3.00 (GraphPad

Software, San Diego, CA). Statistics were calculated on nonnormalized

currents unless otherwise indicated. The results are presented as mean 6 SD

and the significance levels are indicated by asterisks (*, p , 0.05; **,

p , 0.01; ***, p , 0.001).

RESULTS

Hypoosmotic cell swelling increases
HCN2 currents

The purpose of this study was to examine the effect of

changes in cell volume on cloned HCN2 channels expressed

in X. laevis oocytes.

In previous work from our laboratory changes in cell

volume in both native and AQP1 water channels expressing

oocytes were determined using a two-electrode voltage-

clamp setup equipped with a CCD camera to monitor

changes in oocyte volume before and during various osmotic

challenges (26,27). These studies showed that native oocytes

respond with minor changes in cell volume after changes in

extracellular osmolarity (,0.2% after 50 s in 650 mOsm).

In contrast, oocytes expressing AQP1 respond with signif-

icant changes in cell volume upon exposure to osmotic

challenges (;5% after 50 s and 8% after 100 s in 650

mOsm, and the volume continued increasing for .300 s at

a slower rate) independently of the applied voltage protocol
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(26). Thus, to ensure adequate response to changes in extra-

cellular osmolarity, AQP1 channels were coexpressed with

the HCN2 channels.

Fig. 1 A shows the results of an experiment where HCN2

channels were coexpressed with AQP1. The oocyte mem-

brane was voltage-clamped and whole-cell currents were

measured in oocytes superfused with isoosmotic extracellular

solution. From a holding potential at �35 mV (3 s duration),

oocytes were clamped to �100 mV for 3 s, followed by a step

to 10 mV for 2 s. After obtaining stable current amplitudes,

the oocytes were superfused with hypoosmotic extracellular

solution, causing swelling of the oocyte (26). The increase in

cell volume resulted in a significant increase in HCN2 cur-

rents of 30 6 14% (n¼ 16, paired t-test, p¼ 0.0003, see also

Fig. 7).

Fig. 1 B shows the time course of whole-cell current as

a function of time after changes in extracellular osmolarity.

The HCN2 channels were activated by hyperpolarization as

described above; the membrane potential was clamped to

�100 mV for 3 s, and currents were recorded at the end of this

hyperpolarization step. The response to cell swelling was

a rapid increase in HCN2 current. This increase in HCN2

current was completely reversed by changing extracellular

conditions from hypo- to isoosmotic solution. The response

of the HCN channels to cell swelling could be repeated by

subsequent exposures to hypoosmotic solution. In contrast,

HCN2 currents did not change significantly when the oocytes

were exposed to hyperosmotic extracellular solution (cell

shrinkage). All further experiments were therefore devoted to

investigate the increased activity of HCN channels after cell

swelling. To verify that the observed increase in HCN2

currents was caused by an increase in cell volume and not by

changes in osmolarity per se, currents in oocytes expressing

HCN2 without AQP1 were measured under the same con-

ditions as described above (Fig. 1 C). After exposure to

hypoosmotic extracellular solution, no significant increase

in current was observed (1 6 7%, n ¼ 8, paired t-test, p ¼
0.9805, see also Fig. 7). The HCN2 current could be

abolished by application of 1 mM Cs1 (data not shown).

Also, currents were studied in noninjected oocytes (n ¼ 3)

subjected to the same voltage protocol. The whole-cell cur-

rent did not increase upon exposure to hypoosmotic extra-

cellular solution (Fig. 1 D).

Endogenous currents do not contribute to the
increase in current observed after changes
in cell volume

In a previous study by our group, the voltage-dependent

potassium channel KCNQ4 currents were measured simul-

taneously with oocyte volume (27). The increase in KCNQ4

current correlated with the increase in cell size as a function

of time. The experiment was repeated several times (n. 10)

and the increase in current upon swelling was very con-

sistent. Hence, KCNQ4 currents were used to confirm cell

volume changes in a control experiment to exclude con-

tribution of endogenous swelling-induced currents and to

confirm functional expression of AQP1 channels. X. laevis

FIGURE 1 Regulation of HCN2 channel current by

changes in cell volume. HCN2 and AQP1 channels

were expressed in X. laevis oocytes, and currents were

activated by a step protocol, as indicated. Whole-cell

currents were recorded at the end of the hyperpolar-

ization step as indicated by the black arrow in the inset.

The oocytes were superfused by isoosmotic extracel-

lular solution followed by exposure to hypoosmotic

extracellular solution and to hyperosmotic extracellular

solution. (A) Current traces recorded in isoosomotic

extracellular solution (black) and in hypoosmotic

extracellular solution (shaded). For oocytes coexpress-

ing HCN2 and AQP1 the mean increase in current after

exposure to hypoosmotic extracellular solution was

30 6 14% (n ¼ 16). (B) The current depicted as a

function of time after changes in extracellular osmo-

larity for the same experiment. (C) Time course of the

whole-cell current in an oocyte expressing HCN2

channels without AQP1. The currents were recorded as

described for B. The current was not significantly

increased by exposure to hypoosmotic solution (1 6

7%, n ¼ 8, paired t-test, p ¼ 0.9805) upon exposure to

hypoosmotic extracellular solution. (D) Time course of

whole-cell current in a native oocyte. The currents

were recorded as described for A (n ¼ 4).
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oocytes were coinjected with AQP1 and KCNQ4. The

oocytes were subjected to the standard protocol used for

HCN2 time course experiments: from a holding potential of

�35 mV for 3 s, the voltage was clamped at �100 mV for 3 s,

followed by a 110 mV step for 2 s. Whole-cell currents were

measured upon exposure to isoosmotic, hypoosmotic, and

hyperosmotic extracellular solution. As shown in Fig. 2 A,

the KCNQ4 channels were closed at the �100 mV step and

activated by the 110 mV step. Furthermore, a large increase

in the KCNQ4 current at the 110 mV step upon hypo-

osmotic swelling of the oocyte was observed. Hyperosmotic

induced shrinkage of the oocyte reduced KCNQ4 current.

The time courses for this experiment are summarized in Fig.

2 B. These observations confirmed that AQP1 was expressed

and functional, and that endogenous currents were not

activated at hyperpolarized potentials by the standard

protocol applied for HCN activation in either iso-, hypo-,

or hyperosmotic solution. Oocytes expressing only AQP1

were also tested using the same voltage-clamp protocol and

exhibited no change in current amplitude upon changes in

external osmolarity (n ¼ 3, data not shown).

Hypoosmotic cell swelling does not affect the
HCN2 current kinetics

In the experiment shown in Fig. 3, HCN2 channels were

coexpressed with AQP1 in X. laevis oocytes. To investigate

the effects of hypoosmotic cell swelling on kinetics, currents

were activated before and during hypoosmotic swelling by

a step protocol; from a holding potential of �35 mV (2 s

duration); currents were recorded at membrane potentials

from �60 mV to �130 in (10 mV decrements) for 3 s, fol-

lowed by a 10 mV step for 2 s. Fig. 3 A shows selected cur-

rent traces before and during hypoosmotic cell swelling.

Upon normalization of current traces no obvious changes in

activation and deactivation kinetics were observed (Fig. 3 B).

Furthermore, currents were measured at the end of each

hyperpolarized step to establish whether the I-V relationship

(Fig. 3 C) for HCN2 was changed during modulation by the

change in cell volume. The apparent reversal potential and

the overall voltage sensitivity for HCN2 channels were not

affected by hypoosmotic cell swelling.

Isoosmotic cell swelling increases HCN2 current
amplitude without affecting channel kinetics

The changes in cell volume in the above experiments were

induced by changes in the extracellular osmolarity. To estab-

lish whether isoosmotic swelling of the oocyte could increase

the activity of HCN2, oocytes expressing HCN2 channels

were injected with 50 nl isoosmotic intracellular solution.

Assuming that the oocyte represented a sphere with a volume

of 1 ml, injection of 50 nl would result in a volume increase of

5%. This 5% corresponds to the volume changes upon hypo-

osmotic swelling as measured previously in our laboratory.

However, the oocyte membrane is strongly invaginated

making it impossible to predict the effect of the injection.

Currents were activated by a step protocol; from a holding

potential at �35 mV (2 s duration), currents were recorded at

potentials from �35 to �105 mV (3 s duration) in 10 mV

FIGURE 2 Control for endogenous currents KCNQ4 and AQP1 channels

were expressed in X. laevis oocytes and currents were activated by a step

protocol, as illustrated in the inset. (A) Current traces recorded in isoosmotic

(black), hypoosmotic (dark shaded), and hyperosmotic (light shaded) extra-

cellular solution. KCNQ4 currents were activated by a step to 110 mV. The

KCNQ4 currents deactivated at �35 mV and at �100 mV no currents were

observed. (B) Time course of whole-cell current in an oocyte coexpressing

KCNQ4 and AQP1. Current as a function of time after changes in extra-

cellular osmolarity is shown. Currents were simultaneously recorded at the

end of the�100 mV step (indicated by black arrow in the inset) and at the end

of the 110 mV step (indicated by shaded arrow in the inset). The current at

�100 mV is shown in black symbols, whereas the current recorded at110 mV

is shown in shaded symbols. The oocytes were superfused by isoosmotic extra-

cellular solution followed by exposure to hypoosmotic extracellular solution

and to hyperosmotic extracellular solution.
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decrements followed by a step to 10 mV for 2 s. Currents were

measured in isoosmotic extracellular solution before and after

injection, and selected traces are shown in Fig. 4 A. Injection

of intracellular solution, leading to cell swelling, caused

a significant current increase, on average 21 6 4% (n ¼ 4,

p ¼ 0.0138, paired t-test, see also Fig. 7).

When normalizing the current traces before and after

injection, no obvious changes in kinetics were observed (Fig.

4 B). Fig. 4 C shows the corresponding I-V relationship for

currents measured at the end of each hyperpolarized step.

The results indicated that the overall voltage sensitivity and

the selectivity for HCN2 channels were not affected by

changes in cell volume.

To test if the observed current increase was directly due to

changes in cell volume and not an effect of dilution of some

intracellular chemical signal, an additional experiment was

performed. Instead of isoosmotic intracellular solution, the

oocytes were injected with 50 nl oil. This resulted in a 21 6

11% (n ¼ 7) increase in HCN2 current. This experiment

thereby supported the notion that the HCN2 current increase

was actually caused by the changes in cell volume and not by

dilution of any intracellular messengers.

The swelling-induced increase in HCN2
current is not enhanced by cAMP

To examine whether the observed increase in current could

be enhanced by cAMP, X. laevis oocytes coexpressing HCN2

and AQP1 were superfused with isoosmotic or hypoosmotic

extracellular solution in the absence or presence of increased

cAMP (Fig. 5). Intracellular cAMP was increased by various

combinations of IBMX (phosphodiesterase inhibitor), for-

skolin (adenylate cyclase activator), and 8-Br-cAMP (cell-

permeable cAMP analog). Reproducible activation of the

HCN2 currents was obtained by including 1 mM IBMX, 400

mM 8-Br-cAMP, and 5 mM forskolin in the extracellular

solution. High concentrations of drugs are necessary in X.
laevis oocyte experiments when applied to the extracellular

surface of whole oocytes due to the viteline membrane and the

yolk, which reduce the actual concentration of drugs at the cell

membrane (32).

HCN2 currents were activated by a step protocol; from

a holding potential at �35 mV (3 s duration), the membrane

potential was clamped to �100 mV for 3 s, followed by

a step to 10 mV for 2 s, as illustrated in the inset. The cor-

responding current traces are shown in Fig. 5 A and the time

course of whole-cell current in Fig. 5 B. The oocytes were

first exposed to hypoosmotic cell swelling. The current was

allowed to recover in isoosmotic solution and was then

superfused by isoosmotic solution containing 1 mM IBMX,

400 mM 8-Br-cAMP and 5 mM forskolin to increase intra-

cellular cAMP. This resulted in a significant current increase

of 7 6 2% on average (n¼ 5, paired t-test, p ¼ 0.001). After

obtaining a stable current level, the isoosmotic extracellular

solution was replaced by hypoosmotic extracellular solution

also containing 1 mM IBMX, 400 mM 8-Br-cAMP, and

5 mM forskolin resulting in a highly significant current

increase by 29 6 5% (n ¼ 5, paired t-test, p , 0.0001)

FIGURE 3 Kinetics of HCN2 current are unaffected by hypoosmotic cell

swelling. HCN2 channels and AQP1 were expressed in X. laevis oocytes and

currents were activated by a step protocol as indicated. (A) Initially, currents

were recorded in oocytes superfused by an isoosmotic extracellular solution

(black traces). The oocytes were then exposed to hypoosmotic extracellu-

lar solution for 4 min and currents were recorded (shaded traces). (B)

Normalized current traces from A. (C) The corresponding I-V curves (plotted

as the current measured at the end of the hyperpolarization versus voltage).

(:) Currents recorded in isoosmotic solution. (s) Currents measured in

hypoosmotic solution.
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compared to isoosmotic solution without intracellular cAMP

enhancement (see also Fig. 7). The 29% increase in current

upon hypoosmotic cell swelling in the presence of cAMP

was not significantly different from the 24 6 6% increase

in current observed in the initial hypoosmotic chal-

lenges without cAMP in the same experiment (n ¼ 5, paired

t-test, p ¼ 0.259). These results indicated that cAMP did not

influence the response of HCN2 current to hypoosmotic

swelling. To control whether endogenous currents contrib-

uted to the change in current after exposure to cAMP and

hypoosmotic solution, oocytes expressing AQP1 alone were

subjected to the same treatment as the HCN2 1 AQP1-

expressing oocytes. No response to either volume changes or

cAMP concentration was observed (n ¼ 4, data not shown)

for the AQP1-expressing oocytes.

FIGURE 4 HCN2 currents are increased upon isoosmotic cell swelling.

HCN2 channels were expressed in X. laevis oocytes and currents were

activated by a step protocol as illustrated. Currents were measured in an

isoosmotic extracellular solution before and during isoosmotic cell swelling.

(A) HCN2 currents recorded before volume injection (black traces) and after

injection of 50 nl intracellular solution (shaded traces), resulting in a current

increase of 21 6 4% (n ¼ 4). (B) Normalized current traces from A. (C) The

corresponding I-V curves (plotted as the current measured at the end of the

hyperpolarization versus voltage). (:) Currents recorded before injection.

(s) Currents measured after injection of 50 nl intracellular solution.

FIGURE 5 Volume regulation of HCN2 channels in the presence of

cAMP. HCN2 channels and AQP1 were coexpressed in X. laevis oocytes.

The oocytes were superfused with isoosmotic and hypoosmotic extracellular

solution with and without a compound mixture composed to increase cAMP l

(1 mM IBMX, 400 mM 8-Br-cAMP, and 5 mM forskolin). Currents were

activated by a step protocol as illustrated in the inset. (A) Current traces

recorded in isoosmotic extracellular solution (black trace), hypoosmotic

extracellular media (dark shaded trace), isoosmotic media containing cAMP

(shaded trace), and hypoosmotic media solution (light shaded trace). (B)

Time course of whole-cell current in an oocyte expressing HCN2 and AQP1.

The figure shows the current as a function of time after changes in extra-

cellular osmolarity and cAMP as indicated by the bars. The currents were

recorded at the end of the hyperpolarization step (indicated by black arrow in

inset). Increased cAMP resulted in an enhancement of HCN2 current of 7 6

2% (n¼ 5, paired t-test, p¼ 0.001, open bar). Cell swelling in the presence of

cAMP significantly increased HCN2 current by 296 5% (n¼ 5, paired t-test,

p , 0.0001) compared to isoosmotic media without cAMP.

2164 Calloe et al.

Biophysical Journal 89(3) 2159–2169



The swelling-induced increase in HCN2
current is not affected by KCNE2

Association of HCN2 with KCNE2 has been reported

to increase expression levels of HCN2 and its maximal con-

ductance by more than fivefold in X. laevis oocytes (24). To

investigate whether KCNE2 coexpression had any effect on

HCN2 currents during hypoosmotic cell swelling, oocytes

were injected with HCN2, KCNE2, and AQP1 in the ratio

1:4:1. In parallel, control oocytes were injected with equiv-

alent amounts of HCN2 and AQP1. Currents were measured

at �100 mV. In our hands, coexpression of HCN2 with

KCNE2 resulted in a threefold increase in current compared

to oocytes injected with HCN2 alone. The relative current

increase of the KCNE2 coexpressing oocytes to hypoos-

motic solution was 21 6 6% (n ¼ 4, paired t-test, p ¼
0.0069, see Fig. 7). This was not significantly different from

the 30 6 14% response observed in oocytes expressing

HCN2 and AQP1 alone (unpaired t-test on normalized cur-

rents, p ¼ 0.2393).

The swelling-induced increase in HCN2
current requires an intact actin cytoskeleton

In X. laevis stage VI oocytes the F-actin cytoskeleton is

associated with the cortical layer of the oocyte and within the

cytoplasm, surrounding the geminal vesicle and extending

toward the vegetal cortex, forming a dense mesh of fibers

(33). An intact actin cytoskeleton has previously been

demonstrated to be a prerequisite for regulation of potassium

channel activity by cell volume changes, e.g., for the Ca21-

activated potassium channels IK and SK3 (26,34) and for the

voltage-gated potassium channel KCNQ1 (27). In general,

cell swelling has been reported to cause a decrease in cellular

F-actin (34) and this change in the structure of the F-actin

cytoskeleton is thus a possible mechanism linking cell swell-

ing to regulation of ion channel activity. In addition, it has

been shown that treatment with CD, a drug commonly used

to depolymerize F-actin, disrupts the volume modulation of

IK, SK3 expressed in HEK-293 cells (34), and in X. laevis
oocytes (27). In HEK-293 cells, CD significantly decreases

net cellular F-actin content (34). Preincubation of oocytes

with phalloidin, an actin filament stabilizing complex, elimi-

nated the effect of CD, again indicating that the disruption of

the volume response was due to CD’s effect on the actin

cytoskeleton (27).

To investigate whether the actin cytoskeleton was in-

volved in mediating the response of HCN2 channels to cell

volume changes, HCN2 channels and AQP1 were expressed

in X. laevis oocytes incubated in Kulori (90 mM NaCl, 1 mM

KCl, 1 mM MgCl2, 1 mM CaCl2, 5 mM HEPES, pH 7.4)

containing 10 mM CD for 2–5 h. In previous experiments,

we have demonstrated that disruption of the F-actin cyto-

skeleton by CD treatment, in the concentrations and with the

timescale applied in this study, does not influence the volume

response of Xenopus oocytes (26). The currents were

activated by a step protocol; from a holding potential at

�35 mV (2 s duration), currents were recorded at potentials

from �35 to �105 mV (3 s duration) in 10 mV decrements

followed by a step to 10 mV for 2 s duration (Fig. 6 A). The

corresponding time course of whole-cell current after

changes in extracellular osmolarity is shown in Fig. 6 B.

The currents were recorded at the end of a hyperpolarization

step to only �70 mV to prevent damage to the oocytes. For

oocytes coexpressing HCN2 and AQP1, the current in-

creased by 30 6 14% after exposure to hypoosmotic extra-

cellular solution. After exposure to 10 mM CD for 2–5 h

before the experiments, no significant response to hypo-

osmotic exposure (2 6 7%, n ¼ 9, paired t-test, p ¼ 0.1920)

was observed. This indicated a role for the F-actin cyto-

skeleton in linking cell volume increase to increased HCN2

current. The response to cell swelling could be at least par-

tially rescued to 20 6 16% by adding 25 mM phalloidin to

the 10-mM CD solution, thereby inhibiting the CD-induced

depolymerization of the cytoskeleton. Relative changes in

HCN2 channel activity after changes in cell volume are

summarized in Fig. 7.

DISCUSSION

We examined the effects of changes in cell volume on cloned

HCN2 channels expressed in X. laevis oocytes. HCN2 cur-

rents activated by hyperpolarization can be increased by 30%

by hypoosmotic swelling of the oocyte. The response to

hypoosmotic cell swelling was found to be dependent on an

intact F-actin cytoskeleton. The increase in current was not

influenced by interaction with the KCNE2 b-subunit and

appeared to occur independently of cAMP levels.

The results presented in this study allow us to draw several

conclusions concerning the mechanism for regulation of HCN2

channels by cell volume changes. Since potassium channels

hydrate and dehydrate during conformational changes (35), it

could be expected that extracellular osmotic changes influence

the activity of these ion channels. However, in the absence of

coexpressed AQP1, no measurable changes in HCN2 currents

were found, indicating that the channels were sensitive to

cell volume changes per se and not to changes in extracellular

osmolarity.

When X. laevis oocytes are used to study the effect of cell

volume changes on expressed proteins, the possible volume-

dependent modulation of endogenous channels must be

considered. Several types of endogenous volume-sensitive

or mechanosensitive ion currents have been identified in X.
laevis oocytes: a stretch-activated nonselective cation current

ISA, a number of hypotonicity-activated Cl� channels,

a swelling-activated Ca21-independent Cl� current Icl swell,

a Ca21-activated Cl� current, and ClC-3- and ClC-5-like Cl�

currents (36–41). Contribution of endogenous currents to the

swelling-induced current increase was excluded by experi-

ments where AQP1 was coexpressed with KCNQ4.
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To investigate the effect of cell volume changes on HCN2

coexpressed with AQP1 in X. laevis oocytes, currents were

measured by two-electrode voltage-clamp at �100 mV.

Swelling of the oocyte resulted in a fast and reproducible

increase in current by 30%. HCN2 currents were unaffected

when the oocytes were exposed to hyperosmotic extracellular

solution. The hypoosmotic-induced increase in HCN2 current

could be mimicked by injection of 50 nl intracellular solution

resulting in an isoosmotic volume. On injections, a current

increase of 20% was observed. This current increase was

not significantly different from the response seen after

exposure to hypoosmotic solution. Neither hypoosmotic nor

FIGURE 6 Modulation of HCN2 channels by cell

swelling is dependent on an intact F-actin cytoskeleton.

HCN2 channels and AQP1 were expressed in X. laevis

oocytes. The oocytes were incubated in Kulori con-

taining 10 mM CD for 2–5 h at 19�C. (A) The cur-

rents were activated by a step protocol,as indicated.

The response to hypoosmotic volume changes was on

average 2 6 7% (n ¼ 9) after 3 h in CD. (B) The

corresponding time course of whole-cell current.

Currents were activated by a step protocol as illustrated

in the inset. The currents were recorded at the end of

the hyperpolarization step (indicated by arrow in the

inset). The figure shows the current as a function of

time after changes in extracellular osmolarity, as

indicated by the bars.
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isoosmotic swelling of the oocyte changed the kinetics of the

current or the apparent reversal potential.

In native tissue, KCNE1 (minK) has been shown to be

a prerequisite for the response of KCNQ1 channels to cell-

volume changes (42). This observation is not consistent with

studies done on KCNQ1 channels expressed in the absence

of KCNE1 in mammalian cells (43) or in X. laevis oocytes

(27). The reason for this inconsistency is not clear. In our

study, coexpression of human KCNE2 with human HCN2

resulted in a threefold larger conductance compared to

oocytes expressing HCN2 alone. This is in the same range,

but not identical to, previous findings in oocytes, where rat

KCNE2 was reported to give a fivefold increase in mouse

HCN2 currents (24). The discrepancy can possibly be ex-

plained by the different species investigated. The response of

HCN2 to cell swelling is maintained upon coexpression with

KCNE2 and the relative increase in current was similar to

that of HCN2 alone.

Despite a large amount of experimental data demonstrat-

ing regulation of membrane proteins by cell volume, no firm

evidence or conclusion exist as to how changes in cell

volume are transmitted to changes in channel current (44).

To investigate the link between cell volume increase

and the increase in current, a number of experiments were

carried out.

cAMP is a well described and potent activator of HCN

channels. HCN2 displays a shift in V½ of 12–14 mV in the

positive direction upon cAMP stimulation, with K½ ¼ 0.5

mM (2,3,19). Most groups investigate the effect of cAMP in

inside-out patches; however, intact oocytes were a prerequi-

site for our investigation of the response to cell volume changes.

Using this experimental setup, an increase in current of only 7%

was found. This might have been due to the abnormally high

and possibly variable levels of cAMP in the oocytes (45), which

can also explain the observation that the HCN2 current started

to activate at potentials less negative than in excised patches

(19). To investigate if cAMP is involved in mediating the

HCN2 current increase upon cell swelling, cAMP was added

before and during hypoosmotic swelling of the oocyte. The

relative current increase observed after intracellular cAMP

enhancement was not significantly different from the current

increase observed upon hypoosmotic cell swelling without

cAMP enhancement, indicating that the cAMP level does not

influence the current response of HCN2 to hypoosmotic swell-

ing under these experimental conditions.

Regulation of channel activity by changes in the structure

of the cytoskeleton has been shown for a number of channels

including Na1 channels, cardiac L-type and T-type Ca21 chan-

nels, Cl� channels, and various K1 channels (44). In nearly all

systems, volume changes cause alteration of the cytoskeletal

organization. In the majority of the systems examined, hypo-

tonic cell swelling evokes disorganization of the F-cytoskeleton

(44). Changes in intracellular osmolarity modulate the actin

polymer itself (44), and this may in turn modulate ion flux.

Thus, it is possible that the cytoskeleton can act as a volume

sensor or transducer of the response to hypoosmosis in some cell

types. In HCN2, the response to volume changes was abolished

when the actin cytoskeleton was depolymerized by CD. Whether

HCN2 interacts directly with the cytoskeleton or whether

intermediary proteins are involved, is currently unknown. In the

brain, HCN2 is reported to form a protein assembly with tamalin,

S-SCAM, and Mint2 scaffold proteins (46). Interestingly,

S-SCAM has also been reported to interact with b1-adrenergic

receptors (47) and HCN4 colocalizes with b1-adrenergic

receptors in lipid rafts in the membranes of ventricular myocytes

(48). HCN1 has been shown to interact with the cytoplasmic

scaffold protein filamin-A. Filamin-A has actin-binding domains

FIGURE 7 Summary of the response of HCN2 channels to various

stimuli. Relative responses as compared to controls are shown after different

stimuli: (HCN2) For X. laevis oocytes expressing HCN2 and not AQP1,

there was no significant increase in current after exposure to extracellular

hypoosmotic solution (1 6 7%, n ¼ 8, paired t-test, p ¼ 0.9805). (HCN21

AQP1) For oocytes coexpressing HCN2 and AQP1, the current increased by

30 6 14% after exposure to hypoosmotic extracellular solution. This

increase is highly significant (n ¼ 16, paired t-test, p ¼ 0.0003). (HCN2 1

AQP1 1 CD) After exposure to 10 mM CD for t . 3 h before the

experiments, there was no significant response to hypoosmotic volume

changes (2 6 7%, n ¼ 9, paired t-test, p ¼ 0.1920). (HCN21 AQP11 CD

1 Ph) The response could be at least partially rescued by adding 25 mM

phalloidin to the 10 mM CD solution (20 6 16%, n ¼ 7, paired t-test,

p ¼ 0.0097). (HCN2 vol. Injection) Isoosmotic cell swelling of HCN2-

expressing X. laevis oocytes was induced by injection of 50 nl isoosmotic

solution. Injection resulted in a significant current increase by 21 6 4%

(n ¼ 4, paired t-test, p ¼ 0.0138). (HCN2 1 AQP1 1 cAMP) Increased

cAMP resulted in an enhancement of HCN2 current of 7 6 2% (n ¼ 5,

paired t-test, p ¼ 0.001, open bar). Cell swelling in the presence of cAMP

significantly increased HCN2 current by 29 6 5% (n ¼ 5, paired t-test,

p , 0.0001) compared to isoosmotic media without cAMP. (HCN2 1

AQP1 1 E2) Coexpression of HCN2, AQP1, and KCNE2 resulted in

a threefold current increase compared to oocytes expressing HCN2 and

AQP1 alone (data not shown). The relative current increase upon exposure

to hypoosmotic solution for HCN2, AQP1, KCNE2-expressing oocytes

was 21 6 6% (n ¼ 4, paired t-test, p ¼ 0.0069).
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enabling the protein to link transmembrane proteins to the

cytoskeleton (49). Further study is necessary to demonstrate

whether any of these candidates form a link between HCN2

channels and the cytoskeleton and are involved in the response to

volume changes.

Suggested physiological role

Cell swelling causes stretch and deformation of the cell

membranes and the underlying cytoskeletal network, as well

as diluting intracellular environments. Most cells respond to

swelling by modulating transporters and or ion channels that

permit efflux of intracellular osmolytes (and osmotically

obliged water), which will restore cell volume to its original

value. Under normal physiological conditions HCN2 chan-

nels will carry inward sodium current. Seen in this light the

HCN2 current response to cell swelling is most puzzling.

Since hypoosmotic cell swelling increases HCN2 currents by

30% this would lead to influx of sodium and further swelling

of the cell. It is therefore most likely that HCN2 does not take

part in restoration of cell volume upon swelling.

In the heart, osmotic stress is encountered during a period

of myocardial ischemia when metabolites such as lactate accu-

mulate intracellularly and to a certain degree extracellularly,

and cause cell swelling. This swelling may be exacerbated

further on reperfusion when the hypertonic extracellular fluid is

washed out by normotonic blood (25). In cardiac tissue, ectopic

foci may arise in the ischemic border zone, leading to cardiac

arrhythmia, and it can be speculated that an increase in sodium

influx via swelling-modulated HCN2 channels could contribute

to the electrophysiological abnormalities causing arrhythmias.

We speculate that a more physiological role of the

swelling-induced increase in HCN2 currents could instead

be related to conductivity of the myocardium and heart rate

control. Current-clamp recordings have shown that the

membrane potential of HCN2-deficient sinoatrial cells is

more hyperpolarized than that of wild-type cells (14). This

suggests that HCN2 is activated in wild-type cells and sets the

membrane potential to a more depolarized level. Hence, the

predominant role of HCN2 in these cells may be stabilization

of a normal diastolic membrane potential (11,13,14). If

cardiac cells are challenged with a diminished oxygen supply

as a consequence of increased work load, cell swelling could

occur. This would increase HCN2 currents, and the mem-

brane potential would be more depolarized and more easily

excitable, thereby giving a faster heart rate and an increased

conductivity (50), effects that would beneficially compensate

the increase in work. However, cell-volume increase as a con-

sequence of increased work load still needs further investigation.

In conclusion, our work demonstrates hypoosmotic cell

swelling as a new regulatory mechanism for HCN2 channels.

An intact F-actin cytoskeleton is a prerequisite for the

response to increased cell volume. However, elucidation of

the exact molecular mechanisms behind HCN2 volume

regulation awaits further study.
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