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Super-resolution Scanning Patch Clamp Reveals Clustering
of Functional Ion Channels in Adult Ventricular Myocyte

Anamika Bhargava, Xianming Lin, Pavel Novak, Kinneri Mehta, Yuri Korchev,
Mario Delmar,* Julia Gorelik*

Rationale: Compartmentation of ion channels on the cardiomyocyte surface is important for electric propagation
and electromechanical coupling. The specialized T-tubule and costameric structures facilitate spatial coupling of
various ion channels and receptors. Existing methods such as immunofluorescence and patch clamp techniques
are limited in their ability to localize functional ion channels. As such, a correlation between channel protein
location and channel function remains incomplete.

Objective: To validate a method that permits routine imaging of the topography of a live cardiomyocyte and study
clustering of functional ion channels from a specific microdomain.

Methods and Results: We used scanning ion conductance microscopy and conventional cell-attached patch clamp
with a software modification that allows controlled increase of pipette tip diameter. The sharp nanopipette used
for topography scan was modified into a larger patch pipette that could be positioned with nanoscale precision
to a specific site of interest (crest, groove, or T-tubules of cardiomyocytes) and sealed to the membrane for cell-
attached recording of ion channels. Using this method, we significantly increased the probability of detecting
activity of L-type calcium channels in the T-tubules of ventricular cardiomyocytes. We also demonstrated that
active sodium channels do not distribute homogenously on the sarcolemma instead, they segregate into clusters
of various densities, most crowded in the crest region, that are surrounded by areas virtually free of functional
sodium channels.

Conclusions: Our new method substantially increases the throughput of recording location-specific functional ion
channels on the cardiomyocyte sarcolemma, thereby allowing characterization of ion channels in relation to the
microdomain where they reside. (Circ Res.2013;112:1112-1120.)

Key Words: calcium channels m cardiomyocyte m cardiomyocyte structure m electrophysiology
m ion channel m scanning ion conductance microscopy m sodium channels

he sarcolemma of adult c?lrdlo.myocyt.es mclu(.ies In This Issue, see p 1085
numerous heterogeneous signaling microdomains Editorial, see p 1088
where several types of ion channels, receptors, and ’
cytoskeletal elements coexist.! The clustering of these
macromolecular complexes is essential to the proper
timing of molecular events that couple electric activation
with the contraction of the cardiomyocyte.* L-type calcium
channels (LTCCs), for example, are functionally and
spatially coupled to the sarcoplasmic reticulum calcium

critical to proper electric and mechanical function.’ Sodium
channel proteins also segregate into defined subdomains.
In particular, recent data show that Na,l.5 distributes
into 2 separate pools with distinct functional properties,
one at the intercalated disc, where Na, 1.5 interacts with

release channel;** lack of synchronization of calcium influx ankyrin-G, synapse-associated protein 97, and plakophilin
through LTCCs can contribute to contractile dysfunction 2, and a different one, where Na, 1.5 associates with the
in myocardial hypertrophy and heart failure.® There is syntrophin—dystrophin complex.”” For the most part, the
evidence that the ultrastructural integrity of the dyad is findings described were obtained by immunofluorescence
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Nonstandard Abbreviations and Acronyms

ID internal diameter
LTCC L-type calcium channel
SICM scanning ion conductance microscopy

microscopy methods. Unfortunately, immunofluorescence
microscopy only localizes the position of channel proteins
grossly within a subcellular domain, but it does not
establish the extent to which those proteins form functional
channels. As such, a correlation between channel protein
location and ion channel function remains incomplete.

The current study reports a technical advancement that
permits routine imaging of the topography of a live cell and
then recording of ion channels from a selected site with
nanoscale precision. The new procedure has a throughput
similar to that of conventional cell-attached patch clamp
with the advantage of substantially higher spatial resolution.
Using this system, we have characterized for the first time
the clustering of functional sodium and calcium channels
in the cardiomyocyte sarcolemma. The method, heretofore
called super-resolution scanning patch clamp for its concep-
tual analogy to optical methods that enhance the resolution
of an imaging system into the nanoscale (super-resolution
microscopy),'® uses the platform of scanning ion conduc-
tance microscopy (SICM)" combined with conventional
cell-attached patch clamp. Previous attempts to combine
both methods were limited by the conflicting needs of a
fine-tipped pipette (<100 nm internal diameter [ID]) that
permits scanning at high spatial resolution and a pipette
with larger diameter to increase the probability of capturing
functional ion channels under the patch. Here, we validate
a new method that uses the computer-controlled movements
of piezo-actuators to progressively clip the tip of the pipette
to achieve a desired tip diameter. Following this approach,
the fine-tipped pipette (=100 nm ID) used for the topogra-
phy scan is modified into a patch pipette with a preselected
larger tip diameter (=300 nm ID) that can be moved back to
a precise coordinate, centered at a site of known topology,
and then sealed to the membrane for recording of functional
ion channels. Using this method, we confirm that LTCCs
are prominently clustered in the T-tubule region of adult
cardiomyocytes. We also demonstrate for the first time that
sodium channels in the midsection of cardiomyocytes (ie,
away from the intercalated disc)’ are not homogeneously
distributed along the surface. Instead, they form clusters of
various densities that are surrounded by areas free of func-
tional sodium channels. We further show that the crest re-
gion of the sarcomere contains the clusters of largest density
and has the highest likelihood of finding zero channels in a
patch. Overall, this method surpasses detection of ion chan-
nel proteins by immunofluorescence microscopy in terms of
spatial resolution, concurrent identification of extracellular
structures, and selective, highly quantitative identification
of the protein population that forms functional channels.
The potential of this method in providing novel quantitative
parameters in the study of cellular/molecular electrophysi-
ology is discussed.
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Methods

Cardiomyocyte Isolation and Cell Plating

All animal procedures related to LTCC studies conformed to the UK
Animals (Scientific Procedures) Act 1986 for rat cardiomyocytes
isolation. Studies of sodium channel properties were performed in
accordance with New York University guidelines for animal use
and care (Institutional Animal Care and Use Committee Protocol
101101-02 to M.D.) and conformed to the Guide for the Care and
Use of Laboratory Animals (published by the US National Institutes
of Health Publication 58-23, revised 1996). Cardiomyocytes from
adult rats were isolated by the Langendorff perfusion method as de-
scribed.'? Adult mouse ventricular myocytes were obtained by en-
zymatic dissociation following standard procedures. Briefly, mice
were injected with 0.1 mL heparin (500 IU/mL intraperitoneally)
20 minutes before heart excision and anesthetized by carbon diox-
ide inhalation. Deep anesthesia was confirmed by lack of response
to otherwise painful stimuli. Hearts were quickly removed from the
chest and placed in a Langendorff column. The isolated hearts were
then perfused sequentially with low calcium and an enzyme (colla-
genase; Worthington) solution. Ventricles were cut into small pieces
and gently minced with a Pasteur pipette. Calcium concentration
was then increased gradually to normal values. After isolation, car-
diomyocytes were plated on laminin-coated coverslips or dishes and
left to adhere for at least 30 minutes before the start of experiments.
Cardiomyocytes were used on the same day of isolation. Cells were
washed once with the external recording solution and mounted on the
microscope stage for recordings.

Instrumentation for Super-resolution
Scanning Patch Clamp

SICM

SICM is a noncontact scanning probe microscopy technique based
on the principle that the flow of ions through the tip of a nanopipette
filled with electrolytes decreases when the pipette approaches the
surface of the sample.!"!3* The result is a 3-dimensional topogra-
phy image of live cells with resolution of up to <20 nm." All topo-
graphical images in this study were recorded using a variant of SICM
called hopping probe ion conductance microscopy,'® implemented on
a software platform that controls the ICnano sample scan system'?
(Ionscope). The scan head of the ICnano system consists of a 3-axis
piezo-translation system (Physik Instrumente, United Kingdom)
with a 100 x 100-pm x—y piezo-stage for sample positioning and
38-pm z axis piezo-actuator for the vertical movement of the pipette
mounted on the stage of a conventional inverted microscope (Diaphot
200; Nikon). Schematic of the set-up is presented in Figure 1. Glass
nanopipettes of =100 nm ID pulled from 1.0 mm outer diameter, 0.5
mm ID borosilicate capillary were used in all experiments. Axopatch
200A/B patch-clamp amplifiers (Molecular Devices) were used to
measure the pipette current as well as to record ion channel activ-
ity. Cell-attached currents were digitized using Digidata 1200B and
a pClamp 10 data acquisition system (Axon Instruments; Molecular
Devices).

Controlled Modification of the Pipette Diameter

The tip of the pipette was clipped using a software-controlled
movement of the piezo-actuator. Details of the development of this
method are under consideration for publication in Neuron. Briefly,
after generating the topographical image of the cardiomyocyte
surface, the pipette (=100 nm ID) was moved to an area clear of cells
or debris. At that coordinate, the rate at which the pipette approached
the sample during scanning was increased to =500 nm/ms, and the
duration of the excursion (from fall to rise) was adjusted to 500 ms.
This maneuver caused the pipette tip to clip against the solid bottom of
the dish (Figure 2A and 2B). The pipette resistance was continuously
monitored and the clipping motion was stopped once the current
through the pipette reached the desired level. At that point, the pipette
was repositioned to spatial coordinates that were selected based on
the topography image recorded with the sharp pipette (Figure 2C).
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Figure 1. Set-up for super-resolution

Z- scanning patch clamp. The scanning/
displacement patch pipette is mounted on a piezo-
translation platform and connected to

lon channel a patch-clamp amplifier. The amplifier’s
recording output drives a feedback control amplifier
i to control the pipette’s piezo, which
provides a Z-only directional movement
(top and bottom). It also provides a drive
Feedback to the nanopositioning piezo-actuator

Control stage (bottom) raster scanning in 2

L

directions (X Y). Computer-controlled
software provides a user interface to

Controlled
lon current
(Distance)

Piezoactuator Stage

The lateral error of repositioning was determined by the x—y piezo-
actuators (PI-621.2CD; Physik Instrumente). The resolution of the PI-
621.2CD x—y piezo-stage in the closed loop operation is 0.4 nm and
the repeatability (error between repeated returns to the same point)
is +2 nm (complete set of specifications in http://www.physikinstru-
mente.com/en/pdf/P620_2_Datasheet.pdf). Of note, tip size is only a
determinant of the lateral resolution of a scan'’ and it does not affect
repositioning. Once the x, y coordinates of the structure are estab-
lished, the precision with which the pipette is returned to a specific
location is determined exclusively by the resolution and repeatability
of the x—y piezo-actuators. As such, though the recording pipette oc-
cupies a larger area after clipping, its center is repositioned with an
accuracy of £2 nm.

Image Recording Stability

Additional experiments confirmed that the repositioning error was
below the resolution limit of SICM. The results are shown in Online
Figure I. A specific area of an adult ventricular myocyte was scanned
twice (scan 1 and scan 2) with =100 nm ID pipette (spatial resolution
50 nm). The 2 scans were pseudocolored in red and green, respec-
tively. The images were then superimposed, yielding a yellow pixel at
those locations where red and green were in the registry. Notice that
the 2 images were virtually identical (all pixels in yellow), with no

A B

[ Imaging with
sharp pipette

Controlled clipping
of the pipette tip

control the set-up. Sample is placed
on the stage without any fixation or
additional preparation.

Bath/Sample

Y

N\ x

apparent offsets. These results indicate that our spatial error at repo-
sitioning was less than the overall spatial resolution of the recording
system.

Definition of Recording Sites

Figure 3 illustrates the recording positions described in this article.
Figure 3A shows an image of a cardiomyocyte and the pipette, as
seen optically. Figure 3B shows the 3 possible recording locations
defined by the SICM-based topology map: T-tubule; crest; and
Z-grooves. A depth profile along the x—y plane marked by the
black dotted line is shown on the right side. The profile reveals the
periodic crests and grooves characteristic of adult cardiac myocytes.
The Z-grooves correspond to the position of the Z-lines in the
intracellular side.'" The distance between crests (or Z-grooves) is
~2 pm and the recording probe travels into the T-tubule to a depth
of =100 to 300 nm (see vertical scale). As illustrated in Figure
3C and 3D, this configuration allowed detection of ion channels
(Figure 3C) or the lack thereof (Figure 3D) in relation to the precise
location of recording. The cell-attached configuration was formed
within 5 to 6 minutes after the SICM image was recorded. Based
on estimates correlating pipette resistance to pipette tip diameter,'
we calculated that clipping the tip increased the pipette ID =3-fold,
from 100 nm to 300 nm. Assuming a hemispherical shape of the

Cc

Cell-attached recording
with clipped pipette

Figure 2. Pipette clipping procedure. A, A sharp high-resistance pipette is used to resolve the topographical structure of the

cardiomyocyte. B, The pipette is moved to a cell-free area on the dish and the fall rate is increased (as described in the text) to clip
the pipette tip. C, The pipette is then returned to the structure of choice and patch clamp can be performed with a pipette of wider
tip than (A).
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Cell-attached single channel recordings

membrane patch, this increase in pipette diameter corresponds to a
10-fold increase in the area under the patch pipette, thus increasing
the probability of capturing a channel (or channel cluster) under
the patch.

Electrophysiological Recordings

After repositioning the pipette, the noncontact mode of SICM was
turned off and the pipette was lowered using the piezo-actuator un-
til it touched the membrane (indicated by an increase in the pipette
resistance); as in conventional patch clamp, slight suction sealed the
cell membrane to the glass pipette. All electrophysiological record-
ings were obtained using the cell-attached patch clamp configuration
and were only included if seal resistance was larger than SGC2 and if
leak current at 0 mV remained constant at 0 pA.

For recording of LTCCs, cardiomyocytes were bathed in an exter-
nal solution containing the following (in mmol/L): 120 K-gluconate,
25 KCl, 2 MgCl,, 1 CaCl,, 2 EGTA, 10 glucose, 10 HEPES, pH 7.4
with NaOH, and =290 mOsm. Pipettes were filled with an internal
recording solution containing the following (in mmol/L): 90 BaCl,,
10 HEPES, 10 sucrose, pH 7.4 with TEA-OH, and =250 mOsm. The
membrane under the patch was held at a voltage of —80 mV and volt-
age pulses were applied from =30 to +30 mV in incremental steps of
10 mV. To determine the effect of isoproterenol on the open probabili-
ty of LTCCs, repetitive depolarizing steps of 1 second duration to +10
mV were applied from a holding potential of —80 mV at an interpulse
interval of 2 seconds. Open probability was calculated from at least
15 to 20 consecutive sweeps before and after 5 minutes of perfusion
of 10 pmol/L isoproterenol. Data were recorded at a sampling rate
of 10 kHz and filtered at 2 kHz. The applied voltage was corrected
for a liquid junction potential of —16.7 mV. For recording of sodium
currents, pipettes were filled with a solution containing the following
(in mmol/L): NaCl 148, NaH,PO, 0.4, MgCl, 1, CdCl, 0.2, KCI 5.4,
HEPES 15, CaCl, 1.0, and glucose 5.5, pH 7.4 with NaOH. When
indicated, tetrodotoxin 30 pmol/L was added to the internal pipette
solution. Cells were maintained in a solution containing the following
(in mmol/L): 0.33 NaH,PO,, 5 HEPES, 1.0 CaCl,, and 140 KCI, pH
7.4 with KOH, thus depolarizing the membrane potential to a value
estimated to be near zero. To assess the presence of fast inward cur-
rents, the membrane under the patch was held at =120 mV and volt-
age clamp pulses of 500 ms were applied every 3 seconds to =30 mV.
To define the unitary current—voltage relation, 500 ms voltage clamp
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Figure 3. Schematic of super-resolution
scanning patch clamp. A, A single rat
cardiomyocyte and pipette as seen optically. B, A
10 pmx10 pm scan of a cardiomyocyte revealing
topographical structures such as the Z-groove,
T-tubule, and crest. A depth profile along the x-y
plane marked by the black dotted line is shown
on the right side. Super-resolution scanning
patch clamp of T-tubule (C) and crest (D) allowed
for detection (or lack thereof) of functional ion
channels. The traces below represent L-type
calcium channels activity that is usually seen

in T-tubules of cardiomyocytes as opposed to
crest. SICM indicates scanning ion conductance
microscopy.

pulses were applied to —80, =70, —60, and =50 mV from a constant
holding potential of =120 mV.

Data Analysis

Single-channel data were analyzed using Clampex version 10.0.
All graphs and statistical analysis were performed using either
GraphPad prism 5 or Origin version 8.5. All data are presented as
mean+SEM for the given number of experiments. Statistical sig-
nificance was calculated by a ¥ test and significance was defined
at P<0.05.

Results

Super-resolution Scanning Patch Clamp Recording
of LTCCs in Ventricular Myocytes

As a first step in the validation of this procedure, we
compared results with those obtained (at a very low success
rate) by the previously described smart patch-clamp
technique, which relied exclusively on the use of a high-
resistance pipette (=100 nm ID, 100 MQ resistance).? In
the case described in Figure 4, a pipette with 100 nm ID
was used to determine the cell topology at high resolution.
The tip of the pipette was then clipped to =300 nm ID
(approximate resistance of 30 MQ; Figure 2; see Methods)
and then repositioned on the cell surface so that the center
of the pipette coincided with the center of the selected
structure (ie, T-tubule, crest, or groove; diagram in Figure
4A). Figure 4B shows recordings of single LTCC current
recorded from the T-tubule using our new procedure.
The membrane patch was pulsed to the various voltages
indicated in the figure. Figure 4C shows the current traces
during consecutive sweeps to the same pulse potential.
In this and all other recordings, the seal resistance was
>5 GQ (zero measurable leak current). The stability of
the system allowed for recording of ensemble currents,
showing time-dependent current inactivation (bottom of
Figure 4C). Voltage dependence of activation also was
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observed in our experiments as expected for voltage-gated
LTCCs (Figure 4D). The overall parameters recorded
are in agreement with those previously published.”® The
probability of observing LTCC activity in cell-attached
mode using this procedure increased from negligible® to
28.75% (LTCC activity observed in 23 of 80 patches in
T-tubules of cardiomyocytes). Using this new method, we
assessed the likelihood of detecting LTCCs in a separate
region of the sarcolemma. Of 30 patches formed in the
crest region, only 2 showed channel activity (6.6%;
P<0.02; Figure 4E). Moreover, exposure to isoproterenol
caused an increase in channel open probability recorded
at the T-tubule, from 0.02 to 0.05, 0.03 to 0.05, and 0.028
to 0.04, respectively, in the 3 experiments attempted. The
low occurrence of channels at the crest, their sensitivity
to isoproterenol, and their biophysical properties are all
consistent with the notion that we selectively recorded
from LTCCs, with a spatial resolution in the nanoscale.?!*?
Of note, the probability of recording LTCCs on the surface
of neonatal rat ventricular myocytes, which lack T-tubular

Figure 4. Single L-type
calcium channel (LTCC)
activity in rat cardiomyocytes.
A, A 10 pmx10 pm scan of
cardiomyocyte revealing

V(mV) fl%pographical fstrr1uctures.
e position of the pipette
e 2 2 iy denotes a T-tubule where
g the pipette was lowered and
1a a gigaseal was obtained.
04l 8 B, Representative traces of
‘I/. single LTCC activity recorded
I/P' from a T-tubule at the given
054 voltages using a pipette of 30
mol/LQ resistance. C, Several
1.0- sweeps were recorded at

—6.7 mV and average of 11
sweeps is shown below. D,
Current-voltage relationship of
single LTCC activity. A voltage
dependence was observed in
our experiments as expected
(n= 5-13 for each data point).
E, Percent of occurrence

of functional LTCCs on the
cardiomyocyte sarcolemma.
P<0.02 when comparing the
occurrence of channel activity
in patches formed at the
T-tubule vs the crest (y? test).

8

[
o o

current (%)
>

1

T-tubule Crest

Occurrence of LTCC
o

structures,” was 30.8% (LTCC activity observed in 4
of 13 separate recordings; Online Figure IIA and IIB),
suggesting that the structural organization of the T-tubule
coincides with increased clustering of functional LTCCs at
that specific location.

Further increasing the pipette diameter to =600 nm (pipette
resistance =16 MQ) drastically increased the probability of
recording channels (3 of 3 attempts; Figure 5SA). Moreover,
as shown in Figure 5B, the larger pipette size also increased
the likelihood of detecting >1 channel within the area of re-
cording. The process of clipping the pipette tip was highly
controlled, and it did not affect the probability of forming
a gigaseal on the cardiomyocyte membrane. We observed a
similar success rate of gigaohm seal formation (=5 GQ) re-
gardless of whether we clipped (70%) or did not clip (68.5%)
the pipette tip. Overall, the method described allowed for a
dramatic increase in the probability of observing ion chan-
nel activity from cell-attached patches formed at a specific
location.

Figure 5. Relationship between pipette

A Pipette ID B resistance and probability of observing
100 350 600 i -36.7 mV single L-type calcium channels (LTCC)
100 e R ] activity. A, The graph depicts that

o [ Iy clipping the pipette tip to 20 mol/LQ

§ T 8o or lower greatly increases the chance

£ 5 e e man T e -16.7 mV of recording single LTCC activity in the

o % 60 1 ::::::g l 'l'““.'l J iij ]‘mﬂ‘l {~|m Il T-tubules of cardiomyocytes. Lower x-

g ': i ! 6 7my axis is pipette resistance (Rp) and upper

= = TR T Tm_ ik- -6.7m x-axis denotes estimated pipette internal

s :.-..E 20 w J*IWWLW w" diameter (ID). B, Representative traces of

S s _— e LTCC activity recorded from a T-tubule at
0-—* : : : p mﬁﬁf’ﬁﬂﬁﬁmﬁ%ﬁfmﬂﬂﬂ'ﬁwﬁ +3amy the given voltages using a pipette of 16

100 80 60 40 20
Rp (MQ)

mol/LQ resistance. Note that 2 channels
60 ms could be recorded at the same time.

0.8 pA Level 1 and level 2 denote the amplitude

of 2 single channels.
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Unitary Conductance of Sodium Channels as a
Function of Location

Previous studies have shown that the voltage gating
properties of cardiac sodium channels and the molecular
partners of Nag1.5 proteins are different depending on
their location in the cell.”” Here, we used super-resolution
scanning patch clamp to directly address the question of
whether the single channel unitary conductance of sodium
channels varies depending on their spatial location in the
cardiomyocyte sarcolemma. Recording conditions (bath and
pipette solutions, as well as voltage clamp protocols) were
adjusted for recording of tetrodotoxin-dependent channels,
as in previous studies.” Figure 6 shows individual current
traces obtained from sodium channels localized on the area
of the T-tubule, as identified by super-resolution scanning
patch clamp. Horizontal dotted lines represent unitary
current steps. All-points histograms obtained from each
trace (data not shown) allowed measurement of step current
amplitudes. A compilation of all amplitudes at 1 voltage in
the same cell produced a histogram of events (Figure 6B;
124 events at Vm=-70 mV); the same procedure repeated
at various voltages yielded a unitary current-voltage
relation plot (calculated from 114, 124, 97, and 130 events
captured during voltage steps to —80, =70, —60, and =50 mV,
respectively); a projection of the line joining the data points

o

V,, =-70 mV

-y
L]

Number of events
-;h {--]

0.4 0.8 1.2 16 2.0

c PA
-100 -80 -60 -40 -20 20 40
V_(mV)
. {05
/‘ 4-1.0
. 20 ms
ZpA Jas
pA

Figure 6. Single sodium channel activity in mouse
cardiomyocytes. A, Current traces obtained from a T-tubule of
an adult mouse cardiomyocyte using super-resolution scanning
patch clamp. Traces have been inverted for consistency with
other publications. Voltage steps to —70 mV from a holding
potential of —120 mV (polarity referred to the intracellular space).
Horizontal dotted lines reflect current steps indicative of unitary
events. B, Histogram of unitary current amplitude and best-fit
Gaussian (red line) corresponding to mean unitary current for that
particular family of events. C, Cumulative data for unitary current
amplitude at various command voltages. Dotted line represents
the extrapolation used to calculate the reversal potential and
slope unitary conductance of the channels. Each data point
corresponds to average of 114, 124, 97, and 130 events captured
during voltage steps to —80, —70, —60, and —50 mV, respectively.
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over the x-axis revealed the reversal potential of the channel
(+29 mV) and a unitary slope conductance of 10 pS (Figure
6C). This value is similar to the one previously reported.
Using the same approach, we determined that the unitary
conductance of channels located in the intercalated disc area
is also 10 pS, thus indicating that the differences in current
amplitude between the 2 regions, described before,” result
from differences in the total number of functional channels
in each region, rather than variations in unitary conductance
properties. Of note, currents were not recorded from patches
formed with pipettes filled with a solution containing 30
pmol/L of tetrodotoxin (n=10), further confirming the
identity of the channels recorded in the absence of this
highly selective blocker. We then proceeded to determine
whether channels gathered homogenously in the sarcomere
or clustered in confined nanodomains.
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Figure 7. Histograms indicating sodium channel clustering
as a function of recording location. Ordinates show percent of
recordings (relative to total number of attempts). Abscissae show
number of open channels detected. Number of open channels
in each recorded patch was estimated from the average peak
current amplitude (10 sweeps) during a voltage step to —30 mV
from a holding potential of =120 mV, and an estimated unitary
conductance of 10 pS (see data in Figure 6). Total number of
attempts: 12, 10, and 13 for T-tubule (A), Z-groove (B), or crest
(C), respectively. P<0.02 when comparing the occurrence of >20
channels in crest vs Z-groove and T-tubules (y? test).
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Regional Differences in Sodium Channel
Distribution on the Cardiomyocyte Sarcolemma

The technical advancement described allowed us to study,
for the first time, the subcellular distribution of functional
sodium channels in the adult cardiomyocyte sarcolemma.
After scanning the cell surface, pipette ID was increased to
=500 nm (=22 MQ resistance). The SICM topography image
allowed us to choose the precise recording location. Results
are summarized in Figure 7. Figure 7A through 7C present
histograms of the percent of recordings that yielded currents
of various magnitudes. The abscissae are expressed as number
of open channels calculated based on a unitary conductance of
10 pS (as per data in Figure 6). The number of open channels
was estimated from the peak average current recorded in 10
consecutive sweeps. We obtained a total of 12 recordings in
which the pipette was placed over the opening of a T-tubule.
Three of those recordings showed a complete absence of
channels. In the other 9 cases, we recorded an average of 8
channels per patch (Figure 7). The distribution of functional
sodium channel population in the Z-groove was bimodal,
with recordings showing either absence of current elicited by
the voltage clamp step or clusters of 6 to 10 channels (with 2
exceptions). The largest segregation, however, was found in
the crest, where we obtained a lower success rate and, yet, a
much higher channel density when fast inward currents were
recorded. Of 13 patches, only 6 were formed over functional
channels (in 7 other patches, the voltage step elicited no time-
dependent current). Of those that showed channel activity, 2
contained only 1 or 2 channels and 1 patch showed current
amplitude corresponding to 6 channels. Three patches,
however, yielded macroscopic currents that were estimated
to contain 29, 36, and 47 channels, respectively. These large
macroscopic currents were only observed in the recordings
from the crest region and reveal a high degree of sodium
channel clustering, with up to =50 channels occupying
confined areas of <0.4 pm? (assuming a hemispherical shape
of the membrane patch) likely separated by other areas void
of activity. The occurrence of >20 channels in the crest
compared with Z-groove and T-tubules was statistically
significant (P<0.02; Figure 7C). Of note, this segregation
was not observed in recordings from neonatal rat ventricular
myocytes, in which we observed a more Gaussian distribution
of events when recording from the cell surface (Online Figure
I1C).

Discussion
Several studies have demonstrated the existence of cell surface
microdomains, which are important for compartmentation of
cellular signaling.'®*2¢ Jon channels and receptors, which
are an integral part of these signaling microdomains, are
thus spatially confined. Yet, a method that allows the study
of spatial distribution of ion channel proteins together with a
characterization of their location-specific function is lacking.
Immunofluorescence microscopy is limited by its spatial reso-
lution (#250-300 nm)?’ and does not allow a functional as-
sessment of the channel. Patch clamp, however, provides data
on the functional properties of the channels, but the site of re-
cording is only grossly approximated by standard methods.”?

In recent studies, investigators combined SICM with patch
clamp to study the activity of ion channels from microdo-
mains in the sarcolemma with a nanoscale resolution.??22%30
The power of this method, however, was limited by its low
throughput, as shown in a previous study* in which only 1
sweep of 1 recording of a sodium channel was presented with-
out possibility of quantitation or further characterization of lo-
cation-specific activity. In the current study, we have validated
a new method for studying clustering of ion channels with
increased success rate by using a combination of patch clamp
and SICM, plus a software modification that allowed for a
precisely controlled increase in the pipette tip diameter. As
a result, a fine-tipped pipette can be used for characterization
of surface topology and, then, a wider pipette can be used for
location-specific recording of electrophysiological properties.
The larger pipette tip diameter greatly increases the success
rate of detecting ion channel activity because of an increase
in the membrane area under the patch. The result is the abil-
ity to record ion channels from a specific site with nanoscale
precision. Because of the similar spatial resolution achieved
by super-resolution microscopy,'® we refer to this new method
as super-resolution scanning patch clamp.

To validate the new method, we defined the spatial loca-
tion of functional LTCCs on the surface of cardiomyocytes.
Immunofluorescence microscopy indicates that LTCC pro-
teins are highly concentrated at T-tubules, in close proximity
to ryanodine receptors, thus facilitating excitation—contraction
coupling.* SICM-guided patch clamp had confirmed that, as
predicted by immunofluorescence studies, functional LTCCs
are found at the T-tubules, unlike ion channels, such as K, *
and maxi-anion channels,” which were observed to be uni-
formly distributed along Z-grooves. A systematic study was
prevented by the very low throughput of this method. Here,
we used super-resolution scanning patch clamp to increase our
success rate of recording functional channels from negligible®
to 28.75% (Figure 5SA). In addition, 70% of attempts yielded
a gigaseal, a success rate similar to that in conventional patch
clamp. The applicability of this new method is far-reaching.
Recent studies have demonstrated that the structure of the car-
diomocyte sarcolemma is disturbed in heart failure.!33!32 The
fate of LTCCs under that condition remains unknown and,
yet, intracellular calcium homeostasis is seen as an important
target for therapy in that pathological state.® The redistribu-
tion of ion channel proteins may carry as a consequence their
separation from other molecules that are relevant to their
regulation (such as f-adrenergic receptors).?! Furthermore,
as channel proteins redistribute through the cell surface, it is
important to identify the molecular clusters that remain as ac-
tive charge carriers. This information, not provided by simple
immunofluorescence, may be critical for target-specific phar-
macological design.

Similar arguments apply to the study of sodium channels. It is
well-established that Nav1.5 in the cardiomyocyte sarcolemma
associates with the syntrophin—dystrophin complex.’ However,
the precise location of functional channels remained undefined.
Here, we show that along the crests, functional channels are
found in well-populated clusters, coexisting with areas void
of electric activity. The latter is reminiscent of what has
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been described for other Na,, proteins in the nervous system.
A case in point are the node of Ranvier and the axon initial
segments, where sodium channels are highly clustered, and
their distribution is highly dependent on scaffolding proteins
that serve as molecular organizing centers.** This is the first
demonstration depicting that sodium channels not only
segregate into 2 different pools (intercalated disc and lateral
membranes, as defined by Petitprez et al® or cell midsection as
referred to by Lin et al”) but also cluster into highly confined
functional nanodomains. The fate of these domains under
various adaptive, developmental, or pathological conditions
(eg, Duchenne cardiomyopathy vis-a-vis excitation-
contraction coupling and heart failure) remains to be defined.
The method described in this article offers a glimpse at the
biology of functional ion channels in cardiomyocytes with an
unprecedented level of resolution, thereby providing a platform
to quantitatively address these important questions.
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Novelty and Significance

What Is Known?

Sodium and calcium channels are essential for cardiac excitation and
contraction.

These channel proteins compartmentalize to different cell surface
regions. However, their precise locations and location-specific func-
tions remain undefined.

There is a lack of experimental tools to associate ion channel function
with its precise location.

What New Information Does This Article Contribute?

We describe a novel technique called super-resolution scanning patch
clamp that allows us to image live cell topography and then record
ion channels at a chosen location with nanometer resolution.

e \We show that calcium channels are primarily confined to
T-tubules, whereas sodium channels in the cell midsection segre-
gate into clusters of variable density depending on the location.

e The major segregation is found in the crests, where areas void of
channel activity separate clusters containing >20 channels.

Our studies show the existence of >1 sodium channel pool in
the midsection of the cardiomyocyte. Each of these pools may
interact with different molecular partners or may be formed by
different sodium channel protein subunits. Moreover, we show
a new method with broader application in cardiac cellular
electrophysiology.




