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Cardiac myocytes express protein kinase A-dependent Cl� (ClPKA) channels that are thought to represent
cardiac expression of CFTR. In the present study, the ‘Smart’ patch clamp technique was used to investi-
gate the distribution of ClPKA channels at the cell surface of isolated guinea-pig ventricular myocytes.
Imaging the cell surface using scanning ion conductance microscopy allowed the identification of the
mouths to t-tubules and lateral z-grooves with a spacing of 1.86 lm. Cell-attached patch clamp record-
ings were made from specified locations within the imaged area. Perfusion of the cells with an activating
cocktail of isoprenaline (5 lM), forskolin (10 lM) and isobutylmethylxanthine (50 lM) activated large,
noisy anion-selective currents in which unitary channel currents could not be identified. Currents were
recorded both from within z-grooves and in the inter-groove region but not at the mouths of t-tubules.
Power spectral and noise analyses indicated the involvement of 13.5 pS channels occurring in clusters of
>50 channels. Channel activity was lost on excision of the patch from the cell but could be recovered in
inside-out excised patches by application of the catalytic subunit of PKA. These results suggest that CFTR
ClPKA channels occur in clusters in the sarcolemma of guinea-pig ventricular myocytes; there was no evi-
dence of a heterogeneous distribution of clusters between the z-grooves and the inter-groove region.

� 2009 Elsevier Inc. All rights reserved.
Introduction

Cardiac myocytes possess a chloride conductance activated by
G-protein coupled receptors via cyclic AMP signaling pathways
[1–4]. The protein kinase A (PKA)-dependent Cl� channels (ClPKA)
underlying this conductance are thought to represent the cardiac
expression of the cystic fibrosis transmembrane conductance reg-
ulator protein, CFTR [5–8]. Cardiac ClPKA channel currents can be
activated via Gs-coupled receptors, such as b-adrenoceptors and
histamine H2-receptors, and the activated currents inhibited via
Gi-coupled receptors, such as muscarinic receptors, a1-adrenocep-
tors and endothelin ETA receptors [1,9–11]. The equilibrium poten-
tial for Cl� ions in cardiac muscle is thought to be in the range �65
to �40 mV, so that activation of a Cl� conductance can be expected
to contribute depolarizing inward current at the resting membrane
potential and repolarizing outward current during the plateau
phase of the action potential, with the predominant effect of ClPKA

channel activation being to shorten the action potential duration
(APD) [1,5,12]. It has therefore been suggested that cardiac ClPKA
ll rights reserved.

f Cell Physiology, National
85, Japan. Fax: +44 117 331
CFTR channels may function to control the action potential in the
face of the APD prolonging effect of b-adrenoceptor-mediated
potentiation of the L-type Ca2+ channel current [1].

There is accumulating evidence that many ion channels and
transporters are heterogeneously distributed within the cardiac
sarcolemma, their localization being specific to their function and
regulation. The sarcolemma itself is quite inhomogeneous, pos-
sessing t-tubules, which are relatively large diameter (i.e. 100–
450 nm) invaginations of the cell membrane that lead to a branch-
ing network that plays a key role in excitation–contraction (EC)
coupling [13,14], and caveolae, that are more shallow invagin-
ations of the sarcolemma (i.e. 50–100 nm diameter) enriched in
cholesterol in which various membrane and signaling proteins
may be co-localized [15,16]. The t-tubule membrane is particularly
enriched in ion channels and transporters key to EC coupling,
including L-type Ca2+ channels and the Na+/Ca2+ exchanger [17–
19]. Caveolae play an important role in the compartmentalization
of cyclic AMP signaling [16,20–22]. There is also evidence that
interaction with scaffolding proteins, such as A-kinase anchoring
protein (AKAP) and ezrin binding proteins, play an important role
in the localization and anchoring of cardiac ion channels in macro-
molecular signaling complexes [23–25]. CFTR channels possess a
PDZ-binding domain in the C-terminus that allows the channels
to form immobilized macromolecular complexes and plays a role
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in the membrane localization of the channels [26–28]. However,
while there is considerable data regarding the localization of other
cardiac ion channels, there is very little information regarding the
distribution of ClPKA channels in the cardiac sarcolemma. The
objective of this study was to use the ‘Smart’ patch clamp tech-
nique, which has been used to demonstrate the localization of car-
diac L-type Ca2+ channels and ATP-sensitive K+ channels to the
mouths of t-tubules [19,29], to examine the distribution of ClPKA

at the cardiac myocyte cell surface.
Fig. 1. Representative scanning ion conductance image of a 10 lm square area of
the surface of a guinea-pig ventricular myocyte. Letters ‘z’ indicate grooves in the
cell surface and the letter ‘t’ indicates the mouth to a t-tubule.
Methods

Isolation of guinea-pig ventricular myocytes. Cardiac myocytes
were isolated from the left ventricle of adult male guinea-pigs
(�400 g, Japan SLC, Hamamatsu, Japan) by retrograde perfusion
of the heart with a collagenase-containing Tyrode’s solution via
the aorta as described previously [6]. Cells were stored until use
in a ‘KB’ solution at 4 �C [30]. Experiments were performed within
12 h of cell isolation. All procedures were performed according to
the Guidelines for the Care and Use of Laboratory Animals of the
Physiological Society of Japan. Experimental protocols were re-
viewed and approved by the Ethics Review Committee for Animal
Care and Experimentation of the National Institutes of Natural
Sciences.

‘Smart’ patch clamp: combined scanning ion conductance imaging
and patch clamp recording. Cells were superfused with Tyrode’s
solution containing (in mM): NaCl 145, KCl 5.4, MgCl2 1.2, CaCl2

1, D-glucose 11, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic
acid (Hepes) 10 at pH 7.4. Experiments were performed at room
temperature (�25 �C) using the ‘Smart’ patch clamp approach
[29]. Patch pipettes were pulled from borosilicate glass (Summit
Medical, Tokyo, Japan) and had tip resistances of 23.5 ± 1.3 MX
(n = 36) when filled with the pipette solution containing (in
mM): N-methyl-D-glutamine chloride (NMDG-Cl) 146, MgCl2 2,
Hepes 5, pH 7.5. Using the patch pipette as a conductance probe,
10 lm � 10 lm square images of the myocyte surface were re-
corded to the hard drive of a PC using SICM software (Ionscope
Ltd., London, UK) as reported previously [29,31]. Images were ana-
lyzed using Imag software (Ionscope Ltd., London, UK). The profile
at the cell surface was assessed from the relative height/depth at
lines drawn along the longitudinal axis of the cell. After formation
of the image, the pipette was directed to a location on the cell sur-
face specified by co-ordinates within the image and an attempt
was made to form a giga-seal. Recordings were then made in the
cell-attached configuration of the patch clamp technique. Cells
were superfused with a cocktail of agonists in Tyrode’s solution,
including the b-adrenoceptor agonist, isoprenaline (ISO, 5 lM),
the adenylyl cyclase activator, forskolin (FSK, 10 lM) and the phos-
phodiesterase inhibitor, isobutylmethylxanthine (IBMX, 50 lM). In
some cells, following recordings of currents in the cell-attached
configuration, the patch was excised from the membrane and cur-
rents recorded in the inside-out configuration. The cytosolic sur-
face of excised patches was superfused with an excised patch
recording solution containing (in mM): NMDG-Cl 146, MgCl2 2,
Hepes 5, pH 7.5. The catalytic subunit of protein kinase A (PKA; Sig-
ma, Japan) was applied to the cytosolic surface of patches at 20 U/
ml in a modified excised patch recording solution in which MgCl2

had been substituted with equimolar Mg-ATP. Current recordings
were made using an Axopatch 200B (Molecular Devices, CA,
USA), low pass filtered through an 8-pole Bessel filter with a corner
frequency (fc) of 1 kHz and recorded to the hard drive of a PC using
pClamp 9 software (Molecular Devices, CA, USA) at a sampling fre-
quency of 2 or 5 kHz.

Data analysis. Current records were subject to a low-pass Bessel
software filter (fc = 200 Hz) in Clampfit 9 before export for further
analysis using IgorPro v3.16 (Wavemetrics Inc., OR, USA). The
power spectra of currents were calculated from 2048 data point
segments of record, as described previously [32,33]. The power
spectrum of the activated current was calculated by subtraction
of the mean spectrum of the background current from the mean
spectrum of currents in the presence of the agonist cocktail or
PKA. The power spectra of the activated currents were fitted with
a double Lorentzian function:

Sðf Þ ¼ Sð0Þ1
1þ ðf=fc1Þ2

þ Sð0Þ2
1þ ðf=fc2Þ2

; ð1Þ

where S(0)1 and S(0)2 are constants with units of A2 s, f represents
frequency with units of Hz and fc1 and fc2 are the corner frequencies
for each of the two components. The variance of the current was
calculated as the integral of the power spectrum. The unitary cur-
rent was calculated as:

i ¼ r2=DIp; ð2Þ

where i is the unitary current, r2 represents the current variance
and DIp, the mean activated pipette current calculated as the differ-
ence between the pipette current in the presence and absence of
PKA-agonism. Noise analysis of the non-stationary currents during
activation was performed as described previously [33]. The current
variance was calculated for 2048 data point segments of the record
and plotted against the corresponding mean pipette current. The
relation was then fitted with the relation:

r2 ¼ iIp � I2
p=N; ð3Þ

where N is the number of channels in the patch and Ip is the mean
pipette current (i.e. Ip = i � N � Po, where Po represents the channel
open probability). Average data are expressed as mean (±SEM).

Results

Scanning ion conductance images were produced from 36 cells
(Fig. 1). Indentations in the cell surface parallel to the transverse axis
could be clearly discerned in 31 of these cells (marked with a ‘z’ in
Fig. 1). The trough to trough distance was 1.86 ± 0.07 lm (n = 31),
consistent with the transverse indentations representing so-called
‘z-grooves’ [19,29]. After having obtained the image, giga-seals were
achieved in 18 of the 36 cells; 4 of these being from the mouths of t-
tubules, 4 from the z-grooves and 3 from the region between the z-
grooves. It was not possible to identify the region in which the seal
had been made in seven recordings; five of these were because no
z-grooves were apparent (Note: 100% success rate in achieving
giga-seals in cells without apparent z-grooves.) and two were due
to the cell moving between imaging and seal formation.
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Superfusion with a cocktail of PKA agonists comprising 5 lM
ISO, 10 lM FSK and 50 lM IBMX activated large, noisy currents
in 5 of 18 cells (Fig. 2). Currents typically activated rapidly and
recovered on washout of the agonist cocktail (marked by ‘�’ and
‘#’ in Fig. 2A), without clearly defined unitary currents being evi-
dent at any stage of current activation. Occasionally, the currents
would spontaneously decay in the continued presence of the ago-
nist (e.g. ‘%’ in Fig. 2Ai) or re-activate during washout of the agonist
(e.g. ‘$’ in Fig. 2Aii). The current–voltage relations in the steady
state were assessed by recording currents during 3 s voltage pulses
from the pipette holding potential of 0 mV (e.g. Fig. 2B). The cur-
rent–voltage relation was linear with a mean reversal potential
of �32.1 ± 3.2 mV (n = 5), consistent with the contribution of an-
ion-selective channels to the currents (Fig. 2C). Of the five record-
ings of currents activated by PKA-agonism, one recording was
made from a z-groove (data shown in Fig. 2A and B), one recording
was from the region between grooves and three recordings were
Fig. 2. Currents recorded in cell-attached configuration activated by a cocktail of
isoprenaline (ISO, 5 lM), forskolin (FSK, 10 lM) and isobutylmethylxanthine (IBMX,
50 lM). (A) Representative current traces recorded at the resting membrane
potential (i.e. pipette potential = 0 mV). Dotted lines indicate zero current level.
Trace showing activation of current during superfusion with the cocktail of ISO, FSK
and IBMX and its recovery on washout of the cocktail. � indicates rapid activation of
current. % indicates spontaneous decay of current. $ indicates spontaneous re-
activation of currents. # indicates the final deactivation of the current. Note the
broken time scale: in this period, depolarizing pulses were applied to obtain current
records as shown in Bii below. (B) Currents recorded at pipette potentials from 0 to
�180 mV in 20 mV increments before (Bi) and during (Bii) superfusion with the
activating cocktail (traces from the same cell as shown in (A)). (C) Current-
membrane potential relations of currents activated by the ISO/FSK/IBMX cocktail.
Data are the mean (±SEM) from 5 cells.
from regions that it was not possible to identify. No channels were
activated in the four recordings from the mouths of t-tubules.

The activated currents were typically large and noisy and no
unitary current events could be identified from any of the record-
ings. Analysis of the power spectrum of the activated currents was
performed at each membrane potential (Fig. 3A). The power spec-
tra of the currents could be fitted by a double Lorentzian equation
(Eq. (1)) with no obvious voltage-dependence to the corner fre-
quencies (Fig. 3B). For example, the mean corner frequencies for
the 5 cells at a membrane potential of �80 mV were fc1 = 2.45 ±
0.85 Hz and fc2 = 44.10 ± 5.50 Hz and at a membrane potential of
+100 mV were fc1 = 2.16 ± 0.85 Hz and fc2 = 55.94 ± 16.51 Hz. The
unitary currents (i) at each membrane potential (V) were calcu-
lated from the integral of the power spectra using Eq. (3). Fig. 3C
shows the mean unitary current–voltage relation for the 5 cells.
The chord conductance for the channels, calculated from the slope
of the regression lines fitted to the i�V relations was 13.5 ± 0.7 pS
(n = 5). Thus, the data presented hereto in Figs. 2 and 3 suggest that
the currents activated by PKA-agonism represent currents carried
by a large number of �13 pS anion-selective channels gating to-
gether. Noise analysis of the non-stationary currents was
conducted to obtain an estimate of the numbers of channels under-
lying these currents (e.g. Fig. 3D). The calculated numbers of chan-
nels for the five recordings ranged from 58 to 278, with a median of
142 (the mean channel number was 163.2 ± 40.6).

Patch excision from the cell into control excised patch recording
solution resulted in complete loss of channel activity, which could
not be restored by exposure of the cytosolic surface of the patch to
Fig. 3. Noise analysis of ISO/FSK/IBMX-activated currents. Power spectral analysis
of ISO/FSK/IBMX-activated currents. (A) Example current traces, with DC compo-
nent subtracted, recorded before (gray) and during (black) superfusion with ISO,
FSK and IBMX at membrane potentials of (i) +100 mV and (ii) �80 mV. Data from
the same cell as shown in Fig. 2B. (B) Example power spectra from the data shown
in (A). Open circles, data at +100 mV; filled circles, data at �80 mV. Solid lines
represent fits to Eq. (1). (C) Unitary current–voltage relations from 5 cells. Data are
the means (±SEM) of unitary currents; unitary currents were calculated by power
spectral analysis and using Eq. (2). Solid line was fitted by linear least-squares
regression. (D) Example non-stationary noise analysis of ISO/FSK/IBMX-activated
currents at the resting membrane potential (data shown corresponds to Fig. 2A).
Solid line represents a fit to Eq. (3). In this cell, i was �0.49 pA and N was 142.



Fig. 4. PKA-activated currents in excised patches. (A) Example current traces
recorded in control solution, in the presence of Mg-ATP and in the presence of Mg-
ATP with the catalytic subunit of PKA. Membrane potential was �80 mV. (B) Power
spectrum of PKA-activated current. Solid line represents a fit to Eq. (1)
(fc1 = 1.02 Hz; fc2 = 38.30 Hz).
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Mg-ATP (Fig. 4A). However, addition of the catalytic subunit of PKA
in the continued presence of Mg-ATP resulted in the activation of
large and noisy currents similar to those seen in cell-attached
recordings (Fig. 4A). The power spectrum of the PKA-activated cur-
rent was remarkably similar to those obtained from recordings in
the cell-attached configuration (Fig. 4B).

Discussion

These data demonstrate for the first time that ClPKA channels in
cardiac myocytes occur in clusters consisting of large numbers of
channels (>50) in the sarcolemma. The dependence of the currents
on PKA-agonism (Figs. 2A and 4), the anion-selectivity (Fig. 2C), the
single channel conductance (Fig. 3C) and the properties of the
power spectra (Fig. 3B) were all consistent with these representing
currents through cardiac CFTR Cl� channels [6–8,34]. Moreover,
the loss of channel activity on patch excision with subsequent
recovery on exposure of the cytosolic surface of the patch to the
catalytic subunit of PKA argues strongly for the involvement of
PKA-dependent channels in the currents (Fig. 4). The single chan-
nel conductance of 13.5 pS was remarkably similar to the values
of 12–13 pS reported previously for the adrenaline-activated anion
unitary currents recorded in the cell-attached mode and the PKA-
dependent currents recorded in giant excised patches from this cell
type [4,8]. The power spectra were fitted with a double Lorentzian
equation with corner frequencies of approximately 2 and 50 Hz,
similar to values reported for wild-type human CFTR [34].

Evidence for clusters of channels

Non-stationary noise analysis indicated that the large, noisy
currents could be accounted for by the contribution of, on average,
163.2 channels to each activated current. The currents were acti-
vated by PKA-agonism in 5 of 18 giga-seals. However, currents
were not activated in each giga-seal patch, there being 13 giga-
seals in which no current whatsoever was activated. Since, if the
channels were homogeneously distributed in the membrane, it is
very unlikely that 13 recordings could be obtained without any
channel activation whatsoever, these data provide very strong
evidence that the channels were heterogeneously distributed into
clusters in the sarcolemma. These findings are consistent with
the proposal that the CFTR Cl� channel protein interacts with the
cytoskeleton, and thereby forms immobilized macromolecular
complexes [26–28]. Although, due to the small sample size of the
present study, it is not possible to determine the relative distribution
of channel clusters between the mouths of t-tubules, z-grooves and
the inter-groove region, activated currents were observed in
recordings from both the latter regions.

Potential functional significance of channel clusters

The rapid activation of the currents on superfusion with the
agonist cocktail in the present study, together with the rapid deac-
tivation on washout, suggests that the channels within the clusters
activated together. The PDZ-binding domain of CFTR plays a key
role in the interaction of the channel with regulatory proteins, such
as PKA [35,36]. Furthermore, there is evidence that the association
of CFTR with NHERF/EBP50 itself modulates channel gating [37].
Thus, the clusters of channels may represent large macromolecular
complexes incorporating regulatory proteins key to the modula-
tion of channel activity, allowing the activation of relatively large
currents through spatially compartmentalized signals. However,
both the proportion of giga-seals in which currents were activated
(>27%) and the average numbers of channels activated in each
recording (typically >50 channels) in the present study were very
much greater than those observed or reported by Ehara et al. in
their cell-attached recordings of ClPKA channel currents activated
by the physiological agonist, adrenaline, in which typically 3–5
channels were observed in fewer than 5% of recordings [4]. While
the reason for the differences in apparent ClPKA channel density be-
tween this and previous studies remains unclear, it is possible that
the agonist cocktail used in the present study, comprising a b-adre-
noceptor agonist, an adenylyl cyclase activator and a phosphodies-
terase inhibitor in combination, led to recruitment of a greater
number of ClPKA channel clusters, and greater number of channels
within each cluster, than was possible with adrenoceptor activa-
tion using adrenaline alone [4]. In any case, the observation in
the present study of large, noisy currents in excised patches acti-
vated by exposure of the cytosolic surface of the membrane to
the catalytic subunit of PKA (e.g. Fig. 4) confirms the existence of
clusters of greater than 50 channels in the sarcolemma. Although,
in their giant excised patch recordings of cardiac ClPKA activity,
Gadsby and co-workers obtained currents typically involving few-
er than 10 ClPKA channels, these patches were obtained from mem-
brane ‘blebs’ in which the sarcolemma had become dissociated
from the myofilaments; it is therefore possible that the distribu-
tion of membrane proteins within the blebs had become disrupted
through dissociation from the cytoskeleton, leading to a lower
number of channels in each cluster [8,38]. The differences in appar-
ent CFTR channel density between this and previous studies might
be explained if; (i) there is a redundancy in CFTR channel expres-
sion in guinea-pig ventricular myocytes and/or (ii) not all channel
clusters are effectively coupled with b-adrenoceptors. For example,
it is possible that the ClPKA channel clusters co-localized with his-
tamine H2-receptors would not have been activated when adrena-
line was used as the agonist [4,9–11]. Alternatively, co-activation
of a1-adrenoceptors by adrenaline may have limited the effective-
ness of this agonist in activating ClPKA channels [9].

In summary, this study presents novel evidence from cell-at-
tached and excised patch recordings suggesting that CFTR ClPKA

channels in guinea-pig cardiac myocytes occur in spatially discrete
clusters involving large numbers of channels (typically >50 chan-
nels/cluster). Further investigation of the activation of the CFTR
ClPKA channel clusters in cardiac myocytes by physiological ago-
nists is warranted in the future.
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