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ABSTRACT Spatial distribution of maxi-anion channels in rat cardiomyocytes were studied by applying the recently
developed patch clamp technique under scanning ion conductance microscopy, called the “smart-patch” technique. In
primary-cultured neonatal cells, the channel was found to be unevenly distributed over the cell surface with significantly lower
channel activity in cellular extensions compared with the other parts. Local ATP release, detected using a PC12 cell-based
biosensor technique, also exhibited a similar pattern. The maxi-anion channel activity could not be detected in freshly isolated
adult cardiomyocytes by the conventional patch-clamp with 2-M(Q pipettes. However, when fine-tipped 15-20 M() pipettes were
targeted to only Z-line areas, we observed, for the first time, the maxi-anion events. Smart-patching different regions of the cell
surface, we found that the channel activity was maximal at the openings of T-tubules and along Z-lines, but was significantly
decreased in the scallop crest area. Thus, it is concluded that maxi-anion channels are concentrated at the openings of
T-tubules and along Z-lines in adult cardiomyocytes. This study showed that the smart-patch technique provides a powerful

method to detect a unitary event of channels that are localized at some specific site in the narrow region.

INTRODUCTION

The maxi-anion channel has been observed in a wide variety of
cell types and exhibits roughly uniform behavior (1,2), sug-
gesting it has a general physiological function. We have de-
termined recently that the maxi-anion channel is a nanoscopic
pore (3) well-suited to function as an ATP-releasing pathway
(2,4). This pore accounts for the swelling-induced ATP release
from mouse mammary C-127 cells (5,6) and NaCl-dependent
ATP-mediated signaling from macula densa cells to mesangial
cells during tubuloglomerular feedback in the kidney (7).

In the heart, many subtypes of ionotropic P2X receptors
and metabotropic P2Y receptors are expressed (8), and a
variety of effects of extracellular ATP on the heart have been
reported (9,10). There are a number of possible sources of
cardiac ATP release. These include purinergic nerves inner-
vating the heart (11), cardiac vascular endothelial cells (12),
and cardiomyocytes themselves (13). In our previous study
(14), it was shown that neonatal rat cardiomyocytes in pri-
mary culture respond to ischemic/hypoxic stress as well as to
a hypotonic challenge with the massive release of ATP and
activation of single-channel events with a large unitary
conductance (~390 pS). The channel was selective to anions,
showed significant permeability to ATP*", and exhibited
pharmacological properties essentially identical to those of
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ATP release. Based on these findings, we concluded that the
ATP release from neonatal rat cardiomyocytes is mainly
mediated by activity of the maxi-anion channel under is-
chemic or hypotonic conditions (14).

Paradoxically, these channels could not be observed in
cardiomyocytes freshly isolated from adult hearts with com-
monly used patch-clamp conditions (14,15). It was therefore
suggested that maxi-anion channels are only transiently ex-
pressed in neonatal cells, disappearing on maturation (15).
However, ATP release from mature cardiomyocytes (13) and
purinergic signaling in the normal and diseased heart (8§—10)
are well-recognized phenomena. We thus hypothesized that
the difference in maxi-anion channel activity between neo-
natal and adult cells could be related to different pattern of
spatial distribution of the maxi-anion channels over the sur-
face of sarcolemma. In this study, the spatial distribution of
maxi-anion channels and that of ATP release site were first
studied in neonatal rat cardiomyocytes by using a smart-patch
method and an ATP biosensor technique, respectively. The
finding that both distributions match with each other provides
further evidence for the ‘‘maxi-anion channel = ATP-con-
ductive channel’’ concept. We then reexamined functional
expression of maxi-anion channels in adult rat cardio-
myocytes by the smart-patch method using very fine-tipped
patch pipettes. We show, for the first time, that in adult cells,
the maxi-anion channel activity is localized only at specific
sites of the plasma membrane associated with the T-tubular
system and Z-lines.

doi: 10.1529/biophys;.107.117820
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MATERIALS AND METHODS
Cells

The experimental protocols were approved in advance by the Ethics Review
Committee for Animal Experimentation of the National Institute for Physi-
ological Sciences. Neonatal rat cardiomyocytes were prepared from ventri-
cles isolated from 2- to 3-day-old Wistar rats (Japan SLC, Shizuoka
Laboratory Animal Center, Shizuoka, Japan) after decapitation, according to
the method described previously (14,16). Cells were cultured in M199 me-
dium supplemented with 10% newborn bovine serum in 35-mm culture
dishes for 1 h. Nonadherent cells (mostly cardiomyocytes) were plated on
collagen-coated glass cover slips and then cultured for 2-3 days. Scanning
ion conductance microscope (SICM) cell imaging and patch-clamp experi-
ments were carried out when the cell density reached 3 X 10 cell/cm?.

Single adult ventricular myocytes were isolated from male Wistar rats
(7-9 weeks), as described previously (17). Briefly, hearts were quickly iso-
lated from rats anesthetized with pentobarbital (Abbott Laboratories, North
Chicago, IL) and put into ice-cold, Ca2+—free, modified Tyrode solution com-
posed of (inmM): 133.5 NaCl, 4 KCl, 1.2 MgSO,, 1.2 NaH,PO,, 10 HEPES,
and 11 glucose (pH 7.4 adjusted with NaOH). The aortas were cannulated
and mounted on a Langendorff apparatus at 37°C. The hearts were perfused
for 5 min with Ca®*-free Tyrode solution saturated with 100% O, and
subsequently, for 20-30 min with the same solution containing bovine serum
albumin (1 mg/ml) and collagenase S-1 (0.15 mg/ml; Nittazeratin, Osaka,
Japan) or collagenase (0.15 mg/ml; Yakult, Tokyo, Japan). The ventricles
were minced in KB solution containing (in mM): 70 L-glutamic acid, 25 KCl,
20 taurine, 10 KH,PO,, 3 MgCl,, 0.5 EGTA, 10 glucose, and 10 HEPES (pH
7.4 with NaOH). The cell suspensions were stored in KB solution at room
temperature (22-26°C) and used for experiments within 6 h.

PC12 cells were obtained from Riken Cell Bank (Tsukuba, Japan), cul-
tured in DMEM supplemented with 10% FCS, and used for patch-clamp
experiments without induction of neuronal differentiation.

Solutions and chemicals

For scanning and patch-clamp experiments cells were bathed with NMDG-
Cl or TEA-CI solution containing (mM): 140 NMDG-CI or TEA-CI,
1 MgCl,, 11 HEPES, 5 glucose, and 1 EGTA (pH 7.4 adjusted with NMDG
or TEA-OH, 290 mosmol (kg H,0) . Pipette TEA-C1 or NMDG-CI
solution contained (mM): 140 TEA-CI or NMDG-Cl, 2 CaCl,, 1 MgCl,, 5
Na-HEPES, 6 HEPES, and 5 glucose (pH 7.4, 290 mosmol (kg H,0)™!). For
measurements of relative permeability, both NaCl and KCI in the Ringer
solution were replaced with NMDG-CI, or NaCl was replaced with
Na-glutamate. In some experiments, cells were bathed and pipettes were filled

A B
Feedback
signal for
3D-scan

3D-scanning 0.0 pm

32.0 pm

Patch-clamp
amplifier

ot o s T I IS T ST LTSS ST LTSS S i s 5 s I

64.0 pm

0.0 pm

FIGURE 1

32.0 pm

1647

with Ringer solution containing (mM): 135 NaCl, 5 KCl, 2 CaCl,, 1 MgCl,,
5 Na-HEPES, 6 HEPES, and 5 glucose (pH 7.4, 290 mosmol (kg H,0)™").
The pipette solution used for whole-cell recordings in biosensor PC12 cells
contained (mM): 125 CsCl, 2 CaCl,, 1 MgCl,, 5 HEPES (pH 7.4 adjusted
with CsOH), and 10 EGTA (pCa 7.6; 275 mosmol (kg H,0)™ Y. Hypotonic
bath solution for cell-attached experiments contained (mM): 100 NaCl, 5
KCl, 1 MgCl,, 5 Na-HEPES, 6 HEPES, 5 glucose, and 1 EGTA (pH 7.4
adjusted with NaOH, 215 mosmol (kg H,O)™"). The isotonic bath solution
for cell-attached experiments was made from the hypotonic solution by
adding an appropriate amount of mannitol.

5-Nitro-2-(phenylpropylamino)-benzoate (NPPB), 4-acetamino-4'-iso-
thiocyanostilbene (SITS) and arachidonic acid were purchased from Sigma-
Aldrich (St. Louis, MO) and were added to the test solution immediately
before use from stock solutions in DMSO. DMSO did not have any effect,
when added alone at a concentration <0.1%. GdCl3 was stored as a 50-mM
stock solution in water and added directly to the test solution immediately
before each experiment. Apyrase was purchased from Yakult.

Osmolality of all solutions was measured using a freezing-point depres-
sion osmometer (OM802, Vogel, Kevelaer, Germany).

Conventional patch-clamp recordings

Patch electrodes, fabricated from borosilicate glass using a micropipette
puller (P-97, Sutter Instrument, Novato, CA), had a tip resistance of ~2 MQ
for whole-cell current measurements and for some single-channel recordings,
7-20 MQ) for single-channel recordings, when filled with pipette solution.
For whole-cell recordings, the access resistance did not exceed 5 M() and
was always compensated for (by 70-80%). Membrane currents were mea-
sured with an Axopatch 200A patch-clamp amplifier coupled to a DigiData
1322A interface (Axon Instruments, Union City, CA). Currents were filtered
at 1 kHz and sampled at 2—5 kHz. Data acquisition and analysis were done
using pCLAMP 8.1 (Axon Instruments) and WinASCD software (kindly
provided by Dr. G. Droogmans, KU Leuven, Belgium).

Whenever the bath chloride concentration was changed, a salt bridge
containing 3 M KCl in 2% agarose was used to minimize bath electrode
potential variations. The liquid junction potentials were calculated using
pCLAMPS algorithms and corrected when necessary.

High-resolution scanning patch-clamp technique

The basic arrangement and operation of the SICM have been described
previously (18-22). In this study, we used a similar set-up. Briefly, a fine-
tipped 80—100-M(Q pipette, called a nano-pipette (21), was used as a probe to
image the surface topography of myocytes (Fig. 1 A). In some experiments, a
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SICM imaging of a cultured cardiomyocyte. (A) Schematic diagram of the SICM technique. The micropipette is mounted on a three-axis piezo

actuator (not shown) controlled by a computer. The ionic current that flows through the pipette is measured by a patch-clamp amplifier, and is used for feedback
control that allows the maintenance of a constant distance between the micropipette and the sample during scanning. After 3D images are taken, computer
control is used to position the micropipette at a place of interest based on the topographic image acquired, and the same patch-clamp amplifier is used for single-
channel recordings. (B) 3D image of a cultured rat cardiomyocyte. The integrated cell volume is 1887 wm?. (C) Variation of the cell surface height along a line
(white line shown in B) drawn through the center of the cell. The peak height for this particular cell was 4.5 um.
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relatively wide-tipped micropipette of 20-35 M() was used. The electrode
was connected to an Axopatch 200A patch-clamp amplifier coupled to a
DigiData 1322A interface (Axon Instruments). The probe was mounted on a
piezo translation stage (Tritor, Piezosystem Jena, Germany) that is modu-
lated vertically 40 nm at 200 Hz (23). The modulated current was amplified
and fed to a DSP card (M44 TMS320C44 DSP board equipped with A4D4
AD/DA converter, Innovative Integration, CA) that generated the feedback
signal used to maintain the probe-sample separation distance. To scan the
specimen the nanopipette probe was driven in the x- and y-directions by the
electronics. The information on both the lateral and vertical positions was
recorded and used to generate the three-dimensional (3D) topographic image.
SICM Imaging software for DSP card together with image analysis software
was provided by the Ionscope Ltd. (London, UK).

The coordinates of the SICM images were used subsequently for precise
positioning of the pipette on a defined area of interest on the cell surface. This
method is known as a high-resolution scanning patch-clamp or smart patch-
clamp (22). A patch pipette was vertically placed and lowered by piezo
control until contact with the cell surface, usually after moving it down by
one tip radius. To reach into the T-tubule region, a downward movement of
~2 pum was required. Light suction was necessary to form a G(} seal. A tight
seal with a resistance of ~10 G() was routinely maintained in cell-attached
recordings. Currents were filtered at 1 kHz and sampled at 2-5 kHz. Data
acquisition and analysis were done using pPCLAMP 8.1 (Axon Instruments)
and WinASCD software (kindly provided by Dr. G. Droogmans, KU
Leuven, Belgium). Whenever the bath chloride concentration was changed, a
salt bridge containing 3 M KCl in 2% agarose was used to minimize bath
electrode potential variations.

Detection of ATP release by a
biosensor technique

A biosensor method (24,25) was used to measure the local concentration of
ATP released from a single cardiomyocyte. Whole-cell currents were re-
corded from a PC12 cell, which expresses P2X receptor channels, at a
holding potential of —50 mV, before and after placing the biosensor cell on
different areas of the cardiomyocyte. The current responses were observed on
changing the bath solution to a hypotonic one. In some experiments, effects
of high-K™-induced depolarization were observed by replacing the bath
solution with isotonic high K* solution containing (in mM): 105 KCI,
1 MgCl,, 5 Na-HEPES, 6 HEPES, 5 glucose, and 1 EGTA (pH 7.4, 290
mosmol (kg H,0)! adjusted with mannitol). For calibration experiments,
ATP was applied to a PC12 cell without positioning the biosensor cell near a
cardiomyocyte, through a micropipette filled with an ATP-containing bath
solution (for details see (25)). The ATP-induced currents were detectable at
concentrations >1 uM, and the half-maximal concentration was 30.4 = 2.9
uM, as reported previously (7,24,25). Because the ATP-induced P2X
receptor current was sensitive to SITS and Gd**, it was not possible to use
these drugs in the biosensor assay.

Data analysis

Single-channel amplitudes were measured by manually placing a cursor at
the open and closed channel levels. Background currents were subtracted,
and the patch currents were measured at the beginning (first 25-30 ms) of
current traces to minimize the contribution of voltage-dependent current
inactivation. By dividing the mean patch current by the single-channel am-
plitude, the mean number of open channels, NP, was calculated, where P,
and N represent the open channel probability and the number of active
channels, respectively. The single-channel current-voltage (I/V) relation-
ships in asymmetric conditions were fitted to a second-order polynomial and
reversal potentials were calculated as described previously (3). The perme-
ability ratio for glutamate to chloride was calculated using the Goldman-
Hodgkin-Katz (GHK) equation, as described previously (3).

Data were analyzed in Origin 6 and OriginPro 7.0 (MicroCal Software,
Northampton, MA). Pooled data are given as mean * SE of observations (1).
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Statistical differences of the data were evaluated by ANOVA and the paired
or unpaired Student’s z-test where appropriate, and considered significant at
p < 0.05.

In all figures, the membrane potential (V) is denoted according to the
following convention: Vy,, = V,, (the pipette potential) for whole-cell, and
Vi = —V, for inside-out, experiments. For on-cell records, applied voltages
represent —V/, values.

All experiments were carried out at room temperature (23-25°C).

RESULTS

Distribution of maxi-anion channels over the cell
surface of cultured neonatal rat cardiomyocytes

To determine the distribution of maxi-anion channel activity
over the surface of cultured neonatal rat cardiomyocytes, we
first imaged the cells using the SICM technique (Fig. 1 A).
Fig. 1 B shows an example of such an image. In normal con-
ditions, the cultured cardiomyocytes had a relatively high
central hill-like cell body surrounded by spreading edges or
extensions. The cell volume of single cardiomyocyte was equal
to 1783 = 145 um® (n = 15), corresponding to a radius of
7.5 pm. The capacitance (8.1 = 0.9 pF; n = 6) measured
from single detached cardiomyocytes in the conventional
whole-cell mode was close to the value (7.1 pF) calculated by
the cell surface area assuming a specific membrane capaci-
tance of 1 wF/cm?. Fig. 1 C shows the variation of cell surface
height along a line (white line shown in Fig. 1 B) drawn
through the center of the cell. The height of the cells varied in
arange from 3.1 to 10.3 wm. The mean cell height was 5.9 =
0.2 wm (averaged from 64 different cultured cardiomyocytes).
In the following experiments, the same patch pipette was used
to sequentially image the cells by SICM and then to patch
specified regions on the cells (a smart-patch technique). We
classified the total cell surface into three different parts (see
Fig. 2 A for definitions): 1), the surface of the center of the cell,
defined as the surface located in the region within 10% of the
vertical distance from the top of the cell; 2), the peripheral
surface, located in the region between 10% of the vertical
distance from the top and 20% from the bottom of the cell;
and 3), the surface of extensions, located at the bottom of the
cell and not in the area above 20% of the total cell height.
Similar to our previous observations (14), the maxi-anion
channel was inactive in the cell-attached mode but readily ac-
tivated on patch excision. Maxi-anion channel activity was
found in inside-out patches excised from all three areas of the
surface. Fig. 2 B shows current traces recorded from the
membrane patches with the same pipette used for 3D images.
The observed single-channel current amplitude was 18.3 = 0.6
pA at +50 mV and —18.8 = 0.7 pA at —50 mV when re-
cordings were made from the cell center. Similarly, channel
currentsof 18.6 £ 0.4pAat+50mVand 18.8 = 0.7 pA at —50
mV were recorded from the peripheral surface. The single-
channel amplitude of currents recorded from cell extensions
was 18.1 = 1.1 pAat+50mVand—-18.3 = 0.7pAat —50mV.
The single-channel current amplitudes did not significantly
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FIGURE 2 Spatial distribution of maxi-anion
channels over the sarcolemma of cultured rat
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of single maxi-anion channels. Ensemble averaged
currents were obtained in response to consecutive
applications of depolarizing step-pulse of +50 mV
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differ from each other when tested by ANOVA. Single-channel
inactivation kinetics on application of depolarizing step-pulses
to +50 mV were not notably different between different areas
that exhibit the time constants of ~100-130 ms (Fig. 2 C). In
contrast, maxi-anion channel activity, expressed as the mean
NP, value, was not distributed evenly between the different
areas of the cell surface. The mean NP, value was significantly
lower at the cell extensions compared with the central and
peripheral parts of the cell surface (Fig. 2 D).

Swelling-induced ATP release from specific
regions of the cell surface of cultured neonatal
rat cardiomyocytes

In previous studies, we have shown that the maxi-anion
channel serves as a conductive ATP-releasing pathway in a
number of cell types (5-7) including neonatal rat car-
diomyocytes (14). If the channel activity is unevenly distrib-
uted over the cell surface, we might expect a similarly uneven
variation in the efficiency of ATP release. To measure the local
concentration of released ATP in different parts of the sarco-
lemma, we used a P2X-receptor-based biosensor technique
(24,25). In these experiments, as depicted in Fig. 3 A, we
monitored the cells under a high-resolution inverted micro-
scope and placed the PC12 biosensor cell in close proximity to
(often touching) areas approximately the same as those used in
smart-patch experiments. Fig. 3 B shows a series of inward
current spikes recorded from a PC12 cell touching locations in
the central, peripheral, and extension areas of cultured car-

Periphery Extension

diomyocytes, on exposure to a hypotonic stimulation. The
ATP-evoked current responses from the cell center and pe-
riphery were detected after lag periods of 3.0 = 1.1 and 3.1 *
1.5 min, respectively (n = 5-0); these values are close to what
we observed previously (14). In contrast, no statistically sig-
nificant inward current spikes were observed over a recording
time of ~20 min, when PC12 cells were positioned at the cell
extensions (Fig. 3 B, bottom trace). Inward current responses
disappeared when the voltage-clamped PC12 cell was moved
apart from the cardiomyocyte. As we described in our previous
study (14), these inward currents were markedly suppressed
when hypotonic solution was supplemented with a P2-receptor
blocker, suramin (300 uM), or an ATP-hydrolyzing enzyme,
apyrase (0.1 mg/ml), suggesting that the currents were acti-
vated by the released ATP. Consistent with our previous
studies (14,24), no current responses were detected for a PC12
cell alone, exposed to hypotonic solution without positioning
near a cardiomyocyte (n = 4). Fig. 3 C summarizes the mean
peak current density for different areas of the cardiomyocyte
surface membrane. The density of the ATP-evoked current was
significantly lower for cell extensions compared with the cen-
tral and peripheral areas of the cell surface. Using the measured
biosensor current densities and a calibration curve (see Mate-
rials and Methods), we estimated the local ATP concentration
tobe23.5 £8.0uM,21.2 £ 8.5 uM, and 1.4 = 0.6 uM for the
central, peripheral and extension regions of the cell surface,
respectively. Thus, it seems that the spatial distribution of ATP
release site matches with that of maxi-anion channels in
neonatal rat cardiomyocytes.
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FIGURE 3 Swelling-induced release of ATP from dif-
ferent regions of the sarcolemma of cultured rat cardio-
myocytes. (A) Diagram representing the position of the
biosensor cell on the sarcolemma of a rat cardiomyocyte.
(B) Representative current records obtained from a voltage-

clamped (at —50 mV) PC12 cell placed on the central (top
trace), peripheral (middle trace) and extension (bottom
trace) regions of a cultured neonatal rat cardiomyocyte. (C)
Summarized peak current responses evoked by swelling-
induced ATP release from cultured cardiomyocytes. Each
column represents the mean * SE (vertical bar). *p < 0.05
Vs. center.
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Maxi-anion channels in adult rat cardiomyocytes
monitored by conventional patch-clamp

It was reported previously that maxi-anion channels are only
transiently expressed in neonatal rat cardiomyocytes and
could not be found in adult cells (15). Indeed, when patched
by a conventional method using relatively large pipettes (~2
MQ when filled with the experimental pipette solutions),
only an indiscriminate rise in the patch conductance, without
the specific pattern of maxi-anion channel activity, was ob-
served in 2 experiments of 11 attempts (18%, data not

shown). Recent studies have suggested that several types of
other ion channels can be specifically targeted to the T-tu-
bular system of cardiomyocytes (19,22,26). Therefore, we
hypothesized that the failure to observe functional maxi-an-
ion channels in adult cells in previous studies (14,15) was due
to the specific localization of the maxi-anion channel. To test
this hypothesis we used patch pipettes with finer tips (15-20
M) and targeted only areas of Z-lines visible under a light
microscope at high magnification, in cardiomyocytes freshly
isolated from adult rat hearts. The membrane patches formed
were silent in the cell-attached mode (Fig. 4 A). However,

FIGURE 4 Functional expression of maxi-anion
channel in the sarcolemma of freshly isolated adult
rat cardiomyocytes. (A) Representative traces of
single-channel currents recorded in the cell-at-

tached mode (upper trace) and after patch excision

(lower trace), in response to step pulses to =50 mV
(the protocol is shown at the top of the traces).
Dotted lines indicate the zero current level. (B)
Representative current traces showing single-chan-
nel events at different voltages (given on the left of

20 1

10 A
L

each trace). The dotted lines indicate the closed
state. (C) I/V relationship for maxi-anion channel
currents recorded with Ringer solution (open sym-
bols) or NMDG-CI solution (solid symbols) in the
bath. Pipette contained TEA-CI solution. Each
symbol represents the mean amplitude of unitary
currents with mean = SE (vertical bar). (D) Effect
of anion substitution on the single-channel I/V
relationship in inside-out patches. Currents were
recorded in control Cl -rich conditions in which
bath and pipette contained Ringer solution (open
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25 50  circles), or in glutamate-rich conditions in which

' mV‘ the NaCl of the bath Ringer solution was replaced
with Na-glutamate (solid circles). The solid line is a

n=3-23 polynomial fit with the reversal potential indicated

in the text. Each symbol represents the mean value
with mean * SE (vertical bar).
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patch excision in 11 experiments of 19 attempts (58%: sig-
nificantly different from the incidence of indiscriminate
conductance increase observed with 2 M{)-pipettes) resulted
in activation of maxi-channel events (Fig. 4 A, bottom trace)
with properties similar to those seen in neonatal cells. The
channels showed voltage-dependent inactivation at potentials
greater than 20 mV (Fig. 4, A and B). The unitary current-
voltage (I/V) relationship of the fully open channel was linear
with a unitary slope conductance of 365.5 = 6.5 pS, and the
reversal potential was ~0 mV, as shown in Fig. 4 C (open
circles). Neither the shape of the unitary I/V relationship nor
the reversal potential changed when monovalent cations in
the bath were replaced with NMDG™ (solid circles). In
contrast, replacement of Cl~ with glutamate™ in the bath
solution shifted the reversal potential to a value of —29.7 =
1.2 mV (Fig. 4 D). This result indicates that the maxi-anion
channel in adult cells is anion-selective with a permeability
ratio of glutamate™ to CI™ of 0.26 = 0.02.

Fig. 5 illustrates the basic pharmacology of the adult
cardiomyocyte maxi-anion channels activated after exci-
sion. In our experiments, a carboxylate analog C1~ channel
blocker, NPPB (100 uM), prominently decreased the sin-
gle-channel amplitude in symmetrical C1~ conditions. A
stilbene-derivative Cl1~ channel blocker, SITS (100 uM),
blocked inside-out single-channel events. Arachidonic acid
(10 uM), a potent blocker of the maxi-anion channel (6),
also inhibited activity of the channel observed in the inside-
out mode. Effects of these drugs on the mean amplitude of
patch currents activated after excision are summarized in
Fig. 5 B. Consistent with our previous observations (5,14),
bath (intracellular) application of Gd** (50 uM) failed to
block the channel activity in inside-out patches. In our ex-
periments we failed to obtain outside-out patches due to the
very small size of the pipette tips. Instead, we added 50 uM
Gd’™ into the pipette solution and tested the effect of ex-
tracellular Gd*>* on the maxi-anion channel activity after
patch excision. Gd*>* in the pipette completely abolished the
channel activity in adult rat cardiomyocytes in 11 experi-
ments (data not shown, channel incidence 0%: significantly
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different from the incidence in Z-line-targeted pipettes filled
with control solution).

Maxi-anion channels in adult rat cardiomyocytes
monitored by a smart-patch technique

The Z-lines could be clearly distinguished in cardiomyocytes
freshly isolated from adult rats by phase-contrast microscopy
(Fig. 6 A). In the following experiments, we narrowed the
area for scanning by patch pipette to ~10 X 10 um?. Fig. 6 B
shows a representative topographic SICM image of the cell
surface of an adult rat cardiomyocyte, obtained using a very
fine-tipped capillary pipette that had a resistance of 80—100
MQ when filled with experimental pipette solution. In this
image, Z-grooves, scallop crests, and the openings of trans-
verse tubules (T-tubules) are clearly visible. The Z-Z distance
could be estimated from the profile of the surface height
along a line drawn perpendicular to the Z-lines (Fig. 6 C).
The average Z-Z distance in our experiments was 2.01 *
0.05 pm (n = 24 from 15 different cells). This figure is very
similar to that obtained by immunocytochemistry (26,27) and
by scanning ion conductance microscopy in low-Ca®" so-
Iution (20,22,23) and in standard Ringer solution containing
1.5 mM Ca®" (28). When we attempted to patch the sarco-
lemma using these very fine pipettes, we observed channel
activity only on very rare occasions. Therefore, in the fol-
lowing experiments, to increase the membrane area to be
patched, we used pipettes with slightly larger openings with
tip resistance of 20-35 M(). Although the resolution of the
images dropped in these experimental conditions, Z-grooves,
scallop crests, and the openings of T-tubules were clearly
visible (Fig. 6 D). The estimated Z-Z distance (Fig. 6 E) in
these conditions was 2.11 = 0.09 um (n = 36 from 15 dif-
ferent cells) and very similar to the result obtained with very
fine pipettes.

In the following experiments, we used the same pipettes to
patch different areas of the sarcolemma after taking 3D images.
Single-channel events of 17.9 = 1.0 pAat +50mV and 17.7 =
1.0 pA at —50 mV were recorded from patches excised from

FIGURE 5 Pharmacologic profile of maxi-anion chan-
nels in freshly isolated adult rat cardiomyocytes. (A)
Representative current traces with single-channel events
recorded during application of step pulses (the protocol is
shown at the top of the traces) from excised inside-out
patches in the absence (control) or presence of drugs. The
drugs used were NPPB (100 uM), SITS (100 uM), and
arachidonic acid (10 uM). Dotted lines indicate the zero
current level. (B) Effects of drugs on mean currents for
excised inside-out patches. Currents were recorded at +50
mV (open columns) and —50 mV (solid columns). Data are
normalized to the mean current measured before applica-
tion of drugs and are corrected for background currents.
Each column represents the mean * SE (vertical bar). *p <
0.05 vs. control.

NPPB  SITS Arachidonate
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T-tubule openings (Fig. 7 A, left panel). Similarly, single-
channel currents of 18.4 = 1.5 pA at +50 mV and —19.1 = 0.8
pA at —50mV were recorded in patches excised from Z-grooves
(Fig. 7 A, center panel). These channels had linear current-
voltage relationships with slope conductances of 344 =
9.0 pS and 370.1 = 8.8 pS for T-tubule openings and Z-lines,
respectively (Fig. 7 B). In contrast, the activity of maxi-anion
channels in the scallop crest was very low (Fig. 7 A, right
panel) and was observed in only one of 14 patches tested. The
mean NP, value was significantly lower for scallop crests
compared with T-tubule openings and Z-grooves (Fig. 7 C).
These results indicate that the maxi-anion channel is ex-
pressed predominantly in T-tubule openings and Z-grooves.

Swelling-induced activation of maxi-anion
channels and ATP release in adult
rat cardiomyocytes

In the cell-attached (on-cell) configuration, single-channel
events were rarely observed in adult cardiomyocytes per-
fused with isotonic solution. When the isotonic bath solution
was replaced with hypotonic solution, we could observe,
even in the giga-sealed cell-attached configuration, single-
channel events of large amplitude after a lag period of 9.2 *
2.8 min (n = 5) (Fig. 8 A). The mean amplitudes of single-
channel events were 17.5 = 1.0 pA (n =9) and —7.5 £ 0.3
PA (n =7) at holding potentials (—Vp) of +50 and —50 mV,
respectively (Fig. 8 B). The unitary I/V relationship for sin-
gle-channel events exhibited outward rectification (Fig. 8 C),
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FIGURE 6 Freshly isolated adult rat cardiomyo-
cytes imaged by SICM. (A) Optical image of
freshly isolated adult rat cardiomyocytes. (B) Rep-
resentative topographic image of a rat cardiomyo-
cyte obtained using a fine nanopipette (90 M(,
when filled with pipette solution). Z-grooves,
T-tubule openings, and scallop crests are indicated.
(C) Variation of the cell height along a line drawn
as indicated by dashed white line in (B). (D)
Representative topographic image of a rat cardio-
myocyte obtained using a relatively wide-tipped
micropipette (35 MQ)). (E) Variation of the cell
height along a line drawn as indicated by dashed
white line.

2 pum 0.1 um

presumably due to a lower C1™ concentration within the cell.
A PC12 biosensor cell was placed in close proximity to (often
touching) the surface of isolated adult rat cardiomyocytes and
whole-cell currents were recorded to measure the local con-
centration of ATP released. On exposure to a hypotonic
stimulation, inward current spikes were recorded from the
PC12 cell touching the top of the isolated adult rat car-
diomyocytes with a lag period of 2.4 * 0.8 min (n = 4), as
shown in Fig. 8 D. The mean peak current density was 6.6 =
2.3 pA/pF (n = 4), which corresponds to a local ATP con-
centration of 18.7 = 7.0 uM. Swelling-induced ATP release
detected by the biosensor was largely abolished by the
presence of 100 uM NPPB in the bath (Fig. 8 D, n = 4). No
ATP-evoked inward current response was detected by the
biosensor when the cardiomyocytes were exposed to isotonic
high-K " bath solution for 5 to 10 min (n = 3), indicating that
depolarization per se does not induce the ATP release.

DISCUSSION

In our experiments, we used the technique developed recently
of scanning ion conductance microscopy and a smart-patch
method to investigate the spatial distribution of maxi-anion
channels on the sarcolemmal surface. Cellular extensions
located in the region within 20% from the bottom of the cell
exhibited significantly lower maxi-anion channel activity
compared with the other (central and peripheral) parts of the
cell body. Interestingly, the efficiency of local ATP release,
tested using the biosensor technique, also showed a strikingly
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FIGURE 7 Maxi-anion channel activity in
patches excised from different zones of freshly
isolated rat cardiomyocytes using the smart-patch
technique. (A) Representative single-channel
events recorded at +50 mV (upper traces) and
—50 mV (lower traces) in the opening of a
T-tubule, in the Z-line, and on the scallop crest.
(B) Current-voltage relationships for the maxi-
anion channel currents recorded in the openings of
T-tubules and in the Z-grooves. Each symbol rep-

0.5

Mean NP

resents the mean value with mean = SE (vertical
bar). (C) Mean maxi-anion channel activity (ex-
pressed as NP,) in the different regions of the
sarcolemma of isolated adult rat cardiomyocytes.
Each column represents the mean *= SE (vertical

similar pattern. This result underscores the relationship be-
tween the maxi-anion channel and the ATP release pathway
(2,4). In our preliminary experiments, the distribution of an-
other anion channel, the volume-sensitive outwardly rectify-
ing (VSOR) CI" channel, did not show any difference among
these three areas (A. Dutta, Y. Okada, and R. Z. Sabirov,
unpublished data), suggesting that cell extensions do not
generally exhibit different patterns of the channel expression.

The transverse tubules (T-tubules) of mammalian cardiac
ventricular myocytes are invaginations of the surface mem-
brane that occur at the Z-line and have both transverse and
longitudinal elements (26). Many of the proteins, including
voltage-gated L-type Ca®" channels (29), involved in exci-
tation-contraction coupling seem to be concentrated at

>
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©
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bar). ¥*p < 0.05 vs. opening of T-tubule.

T-tubules. Using the SICM technique, Korchev et al. (19)
showed directly that ATP-sensitive potassium (Katp) chan-
nels are also clustered near the openings of T-tubules. Gu
et al. (22) used the same technique to record L-type Ca**
channels and three different chloride channels with inter-
mediate unitary conductances at the openings of T-tubules.
We thus hypothesized that the ATP-conductive maxi-anion
channel might also be targeted to the same region.

The SICM method is very effective in resolving fine struc-
tures on the surface of cells and was used to patch the sarco-
lemma in the area of Z-lines of cardiac cells (19,22,28). In our
study, we used this smart-patch technique and obtained images
of the adult cardiomyocyte cell surface with a Z-Z distance of
~2 um, a value that is very similar to the values reported

FIGURE 8 Maxi-anion channel and ATP release activ-
ities induced by hypotonic stress in adult rat cardiomyo-
cytes. (A) Representative mean patch currents recorded
during application of alternating pulses from 0 to £50 mV
(every 10 s) in a cell-attached patch before and during
(horizontal bar) exposure to hypotonic solution. (B) Rep-
resentative current traces with single-channel events
occurring in response to step pulses to £50 mV in a cell-
attached patch. (C) Unitary I/V relationship for single-
channel events recorded from cell-attached patches. Each
symbol represents the mean amplitude of unitary currents
with mean * SE (vertical bar). (D) Representative trace of
biosensor current activated in response to swelling-induced
ATP release from an adult rat cardiomyocyte. Whole-cell
currents were recorded from a PC12 cell while positioning
it in contact with an adult cardiomyocyte before and during

(horizontal bar) application of hypotonic solution with no

\ o
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drug added (upper trace) and in the presence of 100 uM
NPPB (lower trace).
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previously (26). Using fine-tipped nanopipettes, we patched
different regions of the cell surface and found that channel
activity was maximal at the openings of T-tubules and along
Z-lines, and significantly less in the scallop crest area. Based on
these results, we conclude that the distribution pattern of the
maxi-anion channel parallels the expression pattern of other ion
channels involved in the excitation of cardiac myocytes, such
as voltage-gated Ca>* channels, and Karp channels. The
T-tubular system is known to be absent in neonatal cells and to
disappear with continuous culturing of adult cells (26). When
adult cardiomyocytes exhibiting a well-developed T-tubular
system are patched with conventional 2-MQ-pipettes, the com-
plex shape of the T-tubular system might facilitate the for-
mation of closed vesicle-like structures that distort the
measured ionic currents through maxi-anion channels. This
would result in poorly resolved records, as actually observed
in our experiments (data not shown). The lack of a T-tubular
system may explain why maxi-anion channels are accessible
to pipettes in conventional patch-clamp experiments with
primary cultured neonatal cardiomyocytes.

The specific localization of maxi-anion channels at the
openings of T-tubules and along Z-lines implies that the
stimulated release of ATP is also localized around these re-
gions, although the relatively large size of the biosensor cells
(~10 pwm) compared with that of the T-tubule openings (~2
pm) did not allow precise determination of the ATP-releasing
site on the surface of adult cardiomyocytes. However, it is
notable that using a biosensor technique, sizable ATP release
was not detected at the lateral end, which corresponds to the
intercalated disk lacking T-tubule openings, of freshly isolated
adult rat cardiomyocytes (A. K. Dutta, unpublished data).

The major constituent of the swelling-activated chloride
conductance in cardiomyocytes is the volume-sensitive out-
wardly rectifying (VSOR) C1™ channel (30-34) with prop-
erties similar to those reported for epithelial and other cell
types (35). In our previous study we have shown that the
mass ATP release from cultured neonatal cardiomyocytes
requires only brief opening of a small number of maxi-anion
channels (14). Itis conceivable that this inference is also valid
for freshly isolated cardiomyocytes from adult animals. We
therefore suppose that brief activation of few maxi-anion
channels alone is not sufficient to affect the total membrane
conductance observed in whole-cell recordings from car-
diomyocytes under hypotonic stress. The mean NP, values
obtained in recordings from T-tubules and Z-lines in exper-
iments with adult cardiomyocytes (Fig. 7 C) were about half
of the values obtained from center and periphery area of
cultured neonatal cells (Fig. 2 D). This may suggest that the
local channel density at T-tubules and Z-lines of adult cells is
two times lower compared with neonatal cells. Given that
T-system may occupy 20-60% of the total surface of sarco-
lemma (26), probability of detection of the maxi-anion
channel event by whole-cell recordings in freshly isolated
adult cells is expected to be substantially lower compared
with the cultured neonatal cells.
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In the on-cell mode, the average lag time for channel ac-
tivation (~9.2 min: Fig. 8 A) was longer compared with that
for ATP-evoked biosensor currents (~2.4 min: Fig. 8 D).
This apparent discrepancy could be due to a complex shape
of the membrane patches containing fragments of the
T-system. In addition, the channels in the cell-attached patch
membrane are spatially separated by a giga-sealed patch
pipette from the rest of plasma membrane, which actually
receives the stimuli, and therefore a longer time lag was
necessary for the signals to reach the maxi-anion channel in
the patch membrane. Mechanical perturbation due to giga-
seal formation should also be taken into account, because the
lag time for swelling-induced activation of maxi-anion
channels in the loose-patch on-cell configuration was much
shorter than that in the giga-seal on-cell configuration and
even shorter than the lag time for ATP release response de-
tected by the biosensor technique (14). Possible upregulation
of the maxi-anion channel by released external ATP, in an
autocrine positive-feedback fashion, could also fasten ATP
release detected by the biosensor but not activation of maxi-
anion channel recorded in the cell-attached patch to which
released ATP cannot reach. The precise mechanism of maxi-
anion channel activation on osmotic and ischemic stimula-
tion as well as on patch excision remains unknown and is
currently under investigation in our laboratory.

The functional significance of the localization of maxi-anion
channels to the Z-grooves and T-tubules can be considered in
two different aspects. First is the direct effect of the increased
chloride conductance on the local membrane potential around
T-tubules, and second is the effect mediated by ATP release.
The maxi-anion channel activation is expected to produce re-
polarizing outward current by C1™ influx, and therefore may be
involved in maintaining the T-tubule membrane potential. This
repolarizing effect should be particularly important during is-
chemia, because ischemia-induced sustained activation of
ATP-sensitive K™ channels will cause potassium accumulation
due to a limited diffusion of K™ ions in the T-tubules (36),
thereby resulting in depolarization of T-tubule.

The maxi-anion channel has a unique property to conduct
ATP. Cardiomyocytes do release ATP, and we have provided
compelling evidence for the involvement of the maxi-anion
channel in this process using cultured neonatal car-
diomyocytes (14). Extracellular ATP is known to be pro-
tective during ischemic preconditioning, possibly via
activation of p38 MAPK (8). The results of our study may
suggest that maxi-anion channel-mediated purinergic sig-
naling is confined to the T-tubular system, although the
spatial distribution of P2 receptors over the surface of car-
diomyocytes remains poorly investigated.

In summary, we succeeded not only in showing, for the
first time, functional expression of the maxi-anion channel on
the plasma membrane of adult rat cardiomyocytes, but also in
observing spatial distribution of the maxi-anion channel over
the surface of both adult and neonatal rat cardiomyocytes
by applying a smart-patch technique. In addition, spatial
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distribution of the ATP-releasing site was found to essen-
tially match with that of the maxi-anion channel in neonatal
cardiomyocytes by using an ATP biosensor technique. This
fact provides additional evidence supporting the maxi-anion
channel = ATP-conductive channel concept.
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