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The spatial distribution of ion channels in the cell plasma membrane has an important role in governing regional
specialization, providing a precise and localized control over cell function. We report here a novel technique based
on scanning ion conductance microscopy that allows, for the first time, mapping of single active ion channels in
intact cell plasma membranes. We have mapped the distribution of ATP-regulated K* channels (K, channels) in
cardiac myocytes. The channels are organized in small groups and anchored in the Z-grooves of the sarcolemma.
The distinct pattern of distribution of these channels may have important functional implications.

spatial distribution of individual membrane components

such as ion channels and receptors to enable a precise, local-
ized control over cell function. A good example is the neuromus-
cular junction where the location and density of ion
channels/ionotropic membrane receptors are responsible for
synaptic transmission. Nerve impulses induce Na* channels in the
target muscle cell to redistribute, immobilize and co-localize with
acetylcholine receptors at sites of neuronal contact'. In contrast, at
extrajunctional regions the Na* channel density is lower, and the
channels are mobile®. Another example is Na*-reabsorbing epithe-
lia where amiloride-sensitive Na* channels facilitate sodium trans-
port and are restricted to the apical cell membrane®. These channels
may also be non-uniformly distributed in the apical plasma mem-
brane, and microvilli protruding from the cell bodies may carry
more sodium channels than other parts of the membrane’. Non-
random distributions have been also suggested for other types of
ion channel>'".

Two major methodological approaches have been used to study
the distribution of ion channels in the cell membrane. One uses
specific markers for the ion channel proteins which can be visual-
ized by microscopy-based techniques (for example, electron®®,
optical>'>!* or scanning probe microscopy*). Specific labelling is
commonly achieved by immunostaining®>'* or with toxins®. The
difficulties of identifying specific markers, low ion channel density,
and non-specific staining of the sample limit the applicability of
these methods, however. Moreover, staining can alter ion-channel
function, and sample preparation often requires cell fixation. The
green fluorescent protein (GFP) technique'? may preserve the func-
tional integrity of ion channel proteins. However, this method does
not permit visualization of the native ion channels; only the addi-
tionally expressed, ‘alien’ ion channel proteins, hyperexpression of
which may also alter cell function.

The second approach uses either patch—clamp or loose
patch—clamp"'®'” techniques to measure the local ion current
across the plasma membrane, or fluorescent microscopy methods'®
to monitor regional ion dynamics. This allows the activity of ion
channels to be monitored in localized regions of the intact cellular
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membrane. There are two methods that record the induced whole-
cell current in conjunction with the localized activation of ion
channels by the liberation of ‘caged’ mediators with two-photon
absorption-mediated photoactivation’ or by local extracellular
stimulation through a loose-seal pipette'. None of these methods
is, however, capable of localizing individual functional ion channels
in intact cellular membranes.

Here we describe a new method that allows, for the first time,
mapping of single active ion channels with simultaneous high-res-
olution imaging of intact cellular membranes.

Results

Microscopy system for functional localization of ion channels. In
essence, the system combines the peerless capability of the
patch—clamp technique® to investigate the functions of single ion
channels and another unique but relatively novel technique—scan-
ning probe microscopy (SPM). The latter uses a glass micropipette
as a scanning probe” > and allows high-resolution imaging and
micromanipulation of the sample. The SPM part of the instrument
is a scanning ion conductance microscope (SICM)*** that consists
of the micropipette probe and a computer-controlled three-axis
translation stage with measurement and feedback systems. The x
and y axes of the translation stage are driven so as to scan the
micropipette probe over the specimen, while recording the ion cur-
rent through the probe tip. The position of the tip relative to the
sample surface strongly influences the ion current through the
pipette, which provides the feedback signal to control the vertical
position of the tip. This ensures that the sample and probe do not
come into contact with one another. The use of a micropipette as a
SPM probe provides two distinct advantages in cell imaging and
mapping of ion channels in intact cell membranes. First, it provides
a non-invasive scanning protocol that prevents the tip of the
micropipette making direct physical contact with the specimen by
maintaining a constant distance between the probe and the sam-
ple”. Second, it enables the direct stimulation of single ion channels
on the cell surface. This is achieved by the highly localized applica-
tion of ions, agonists or other agents to the membrane during the
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Figure 1 Functional localization of single ion channels in intact cell mem-
branes. a, Photograph of the experimental arrangement with two micropipettes.
b, Diagram of the sensing mechanism of the combined SICM/whole-cell
voltage—clamp technique. ¢, Detection of a single Ky channel position in rat car-
diomyocyte sarcolemma. A single-channel current record obtained during a single
profile scan over the cell surface. d, A single Ky, channel current record observed
in an outside-out patch under ionic conditions similar to those in ¢ (see Methods),
where the bath K* concentration was equal to that supplied by the scanning
micropipette.

scan via the microscope micropipette, while monitoring the electri-
cal response of the cell with the patch—clamp micropipette (Fig. 1).
Localization of ATP-regulated K* channels in cardiac myocytes.
We have applied this method to investigate the distribution of ATP-
regulated K* channels**?, which have important roles in the relax-
ation and preservation of cardiomyocytes during metabolic stress-
es?” such as hypoxia or ischaemia. Very little is known about their
localization in the cell membrane. The experimental conditions
were designed so that intra- and extracellular solutions contained
no K* ions, and the intracellular ATP concentration was reduced to
provide maximum activation of K, channels. Under these condi-
tions, when a microscope micropipette filled with K* ions scans the
surface of a cardiac myocyte and passes over the active channel, the
patch—clamp micropipette records increased K* current (Fig. 1c).
The observed ion-current profile is bell shaped, which is as expect-
ed from the distribution of K* ions around the micropipette tip.
The maximum value of negative current corresponds to the posi-
tion of the scanning micropipette tip when it is exactly above the
ion channel, and is proportional to the K* concentration in the
micropipette. This value closely matches the amplitude of single
Kyp channel currents observed in outside-out patches studied
under similar ionic conditions (Fig. 1d), where the bath K* con-
centration is equal to that supplied by the scanning micropipette.
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Figure 2 Simultaneous topographic and ion-channel current recording. a,
A single topographic profile of cardiac myocyte sarcolemma. b, A matching K*
current record. The arrows indicate the positions of single Ky channels on the
cell surface.

These procedures allow us to obtain two images simultaneously
(shown as the single profiles across a cardiac myocyte surface in
Fig. 2a, b). One is the topographical image of the cell surface (Fig.
2a). The other is an ‘ion current’ image (Fig. 2b), where each point
corresponds to the value of ion current measured by the
patch—clamp pipette. This is plotted using the coordinates of the
microscope micropipette tip on the cell surface at the time of
measurement. There are two clearly visible, downward-directed
current peaks in Fig. 2b. These correspond to the individual K,
channels where vertical arrows indicate their positions on the car-
diac myocyte surface (Fig. 2a).

The opening of large-conductance ion channels just beneath the
probe tip might interfere with SICM scanning, forcing a control
system to readjust the tip position towards the sample. This could
produce unwanted topographical artefacts. We estimated that in
our experiments the inaccuracy of height measurement attributed
to the potassium current was less than 0.1 nm, which is much less
than the present SICM resolution (~50 nm).

Active ion channels spend part of the time in the closed state
and can easily remain undetected during a short period of meas-
urement. To increase the probability of detecting single channels,
we acquired the current through the same single channel during
several profile records of the scan similar to one shown in Fig. Ic.
For example, the left of the three single channels visualized in Fig.
3a shows a relatively smaller current peak. However, the single pro-
file records (not shown for this channel) indicate that it has the
same open-state current amplitude as the other channels but hap-
pens to spend more time in the closed state during the time of
observation. The open probability for this channel was estimated to
be 0.18 compared with 0.6 and 0.8 for the other two. These results
raise the possibility that for the first time one can acquire the posi-
tion and the functional characteristics of individual ion channels in
intact cellular membranes. Analysis of a large number of current
images reveals that K., channels are non-uniformly distributed,
being concentrated in the localized regions of the cardiac myocyte
sarcolemma (for example, Fig. 3c). Each of these regions or ‘clus-
ters’ is separated by 2—6 pm from the others and contains up to 10
active ion channels. The ion channels within the ‘cluster’ are
0.2-1 pm apart.

We have also found that the K, channels can be recorded at the
same locations in the sarcolemma during relatively long periods of
observation (more than 40 min). This suggests that these channels
have low lateral mobility. Furthermore, the active K, channels are
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Figure 3 Functional imaging of the distribution of single K, channels in the
cardiomyocyte sarcolemma. a-d, Maps of K* current (a, ¢) and of surface
topography superimposed on the K* current map (b, d) of a small area of a single,
quiescent cardiac myocyte. Individual Ky, channels are detected in the parallel

observed only in ‘scallop’-like regions of sarcolemma (for example,
Fig. 3), and not in other parts of the plasma membrane (for exam-
ple, the regions of cellular contacts). We estimated the channel den-
sity in these scalloped regions of sarcolemma to be 5-10 K, chan-
nels per 100 pm?, which is slightly higher than average channel den-
sity in the whole cardiac myocyte sarcolemma (2-5 K, channels
per 100 pm?) estimated from whole-cell current data. This is
expected from the averaging of high and low channel density
regions. Superimposing the K* current distribution on the sar-
colemma surface topography reveals that the K, channels align
along the grooves that are over the I bands of the main contractile
elements (Fig. 3b, d). These are the regions where the plasmalem-
ma is anchored to an intracellular cytoskeleton to form Z-grooves
and so give cardiac myocytes a characteristic scalloped surface.

Discussion

Our results show that the K, channels hold their position on the
cell surface for a relatively long time. This suggests that the chan-
nels are most likely anchored by the cytoskeleton in the sarcolem-
ma. Published results also indicate that there is a link between the
F-actin cytoskeleton and the K, channels?. Moreover, the channel
positions are found in the Z-grooves—the sarcolemma regions that
strongly interact with the intracellular cytoskeleton. It is from these
grooves that the transverse tubules (T-tubules) emanate; one of
their functions is presumed to be propagation of the action poten-
tial®. The fact that the K, channels are involved in controlling
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grooves (Z-grooves) of the cardiac myocyte sarcolemma; their visibility is partially
obscured by the three-dimensional scalloped features of the cell surface (b, d).
Imaging was performed so that each scanning raster increment step is at least
one-tenth of the diameter of the microscope micropipette tip.

propagation of the action potential®®, together with our observed
clustering of K, channels close to the T-tubule openings suggests
that this proximity could provide a precise, localized, as yet unrec-
ognized control over propagation of the action potential along the
T-tubule system. This could be especially important during meta-
bolic changes in cardiac myocytes (hypoxia, ischaemia) when a sig-
nificant drop in ATP concentration can trigger K, channel open-
ing, resulting in the action potential shortening™.

The technique described in this paper is designed for imaging
the distribution of ion-specific channels. The technique could also
be adapted to map the localization of ligand-regulated,
mechanosensitive or voltage-gated ion channels, as the microscope
micropipette probe can be used to deliver defined chemical, electri-
cal or mechanical stimuli to the localized regions of the cell surface
during the scan. Also, the technique will have general applications
in the investigation of ion channel functional localization in intact
cell membranes of different cell types.

Methods

Patch—clamp recording.

Standard patch—clamp techniques operating in the whole-cell and outside-out modes were used as
described previously®. The patch—clamp micropipettes were made from 1 mm outer diameter, 0.58
mm inner diameter glass microcapillaries (Intracel) using a laser-based Brown-Flaming puller (model
P-2000, Sutter Instrument Company). Before use, the micropipettes were fire polished to produce tip
diameters of ~2 pm. The pipette was gently sucked on to the myocyte at a point fairly remote from the
area intended for topographical scanning. The ion channel currents were measured with an Axopatch
200B patch—clamp amplifier (Axon Instruments). Current signals were low-pass filtered at 200 Hz,
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digitized and analysed with continuous data acquisition hardware and software (Axon Digipack 1200,
Axon Instruments).

Scanning ion conductance microscopy.

The basic arrangement of the SCIM for topographical imaging of living cells was described previous-
ly*?*. The microscope micropipettes were made from the same glass microcapillaries as the
patch—clamp micropipettes. We estimated the tip radius of the microscope micropipettes used in the
present series of experiments to be ~100 nm, and the cone angle of the tip to be [11.5°. The set-point
current for the SICM feedback control was ~3 nA.

Combined whole-cell voltage clamp and SCIM imaging system.

The microscope micropipette provides local application of ions to the cell surface/ion channel during
the scan while the patch—clamp micropipette records the cellular electrical response (Fig. 1a, b). High
current sensitivity and low noise recording was achieved by adjusting the experimental conditions such
that the intracellular and extracellular solutions were replaced with solutions containing ions that do
not permeate through the ion channel of interest. The microscope micropipette contained permeable
ions and as it scanned the cell surface it supplied these ions to a highly localized region (of the order of
the tip size, 50-200 nm). When the microscope tip passed over active ion channel(s) it created a strong
electrochemical gradient for the permeable ions across the ion channel and the patch—clamp
micropipette then immediately recorded an increase in ion-channel current.

For detection of single K, channel positions in the rat cardiomyocyte sarcolemma, the cell was
clamped in the whole-cell configuration with a patch—clamp micropipette containing K* and ATP-free
solution (in mmol 1'): 140 CsCl, 2.2 CaCl,, 1.2 MgCl,, 2.2 EGTA, and 10 HEPES/TrisOH pH 7.3. The
extracellular solution also had no potassium ions. Under these conditions and at 0 mV membrane
potential, the patch—clamp micropipette recorded nearly zero whole-cell current. This provided the
necessary conditions for detection of single K* channels in the whole-cell configuration.

Before channel mapping, extracellular Na* was replaced for a short time by K to ensure that the
intracellular ATP level was sufficiently low to observe strong ATP-regulated K* current. Under these
conditions, but in the presence of ATP in the patch—clamp micropipette, this current was not observed.
The micropipette probe contained K* ions and as it was scanned over the cell surface it supplied K* to
a highly localized area under the micropipette tip (Fig. 1b). Slight positive pressure (20 mm Hg above
atmospheric pressure) was kept in the microscope micropipette to maintain a constant K* concentra-
tion under the tip, even during a relatively rapid scan (25 um s™'). The higher ionic strength
micropipette solution (in mmol I": 145 KCl, 855 potassium aspartate, 2.0 CaCl,, 1.0 MgCl,, and 10
HEPES/TrisOH pH 7.3) was used to increase the probe current. This current was monitored to ensure
that the application of potassium ions was not interrupted during the scan.

The K* distribution under the probe is determined by the diffusion of potassium ions out of the
micropipette tip, yielding the highest K* concentration just beneath the probe, which is rapidly diluted
outside the probe tip by the bath solution. The dimension of this region with the effective ion concen-
tration could be defined with an ‘diffusion radius’, which in the present series of experiments we esti-
mated was ~200 nm. During the scan, when the K* concentration increased near the active ion channel
(within the ‘diffusion radius’ distance) the patch—clamp micropipette recorded increased K* current
(Figs 1c and 2b). During raster scanning, this current was recorded, simultaneously with cell topogra-
phy, using the coordinates of the microscope micropipette tip on the cell surface. This produced an
‘ion current’ image, where current peaks correspond to the positions of single ion channels on the cell
surface (for example, Figs 2 and 3). The ion-channel current peaks had the expected bell shape (see.
Fig. 1c) and the full width at half maximum matched the estimated ‘diffusion radius’. Superimposition
of the K* current distribution on the cell-surface topography provided the exact positions of Ky,
channels on the cardiac myocyte sarcolemma (see Fig. 3¢, d).

Cardiac myocytes.

Quiescent rat cardiac myocytes were isolated by digestion of intact perfused ventricle as previously

described*. Cells were imaged on a glass coverslip at room temperature in K*-free solution containing

(in mmol I'): 145 NaCl, 2.0 CaCl,, 1.0 MgCl,, and 10 HEPES/TrisOH pH 7.3.
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