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Abstract: Macroscopic and unitary currents through terburst interval. Single channel activity was inhibited
stretch-activated Clchannels were examined in isolated by DIDS and 9-AC in a manner similar to whole-cell
human atrial myocytes using whole-cell, excised outside€onfiguration. These results suggest that membrane
out and inside-out configurations of the patch-clampstretch induced by applying pressure via the pipette ac-
technique. When K and C&" conductances were tivated a CT current in human atrial myocytes. The cur-
blocked and the intracellular €aconcentration ([C&];) rent was sensitive to Clchannel blockers and exhibited
was reduced, application of positive pressure via the pimembrane voltage-independent bursting opening with-
pette activated membrane currents under whole-cell volteut sensitive tg3-adrenergic stimulation.
age-clamp conditions. The reversal potential of the cur-
rent shifted by 60 mV per 10-fold change in the externalkey words: Patch-clamp technique — Stretch-activated
CI™ concentration, indicating that the current was Cl ¢|~ channel — Human atrial myocytes
selective. The current was inhibited by bath application
of 4,4'-diisothiocyanatostilbene-2,2lisulfonic acid
(DIDS) and 9-anthracenecarboxylic acid (9-AQ- Introduction
Adrenergic stimulation failed to activate a Giurrent.
In single channel recordings from outside-out patchesin a variety of cell types, electrical response can be
positive pressure in the pipette activated the unitary curcaused by cell membrane stretch. The membrane
rent with half-maximal activation of 14.7 mm Hg at +40 stretch-activated ion channels have been described in
mV. The current-voltage relationship of single channelerythrocytes (Hamill, 1983), skeletal muscle (Guharay &
activity obtained in inside-out patches was linear in sym-Sachs, 1984), lens epithelia (Cooper et al., 1986), vas-
metrical CI' solution with the averaged slope conduc- cular endothelium cells (Lansman, Hallam & Rink,
tance of 8.6 + 0.7 pS (meansb, n = 10). The reversal 1987), E. coli (Martinac et al., 1987), choroid plexus
potential shift of the channel by changing"Gloncen-  epithelium (Christensen, 1978), renal cells (Sackin,
tration was consistent with a Téelective channel. The 1987), smooth muscle cells (Kirber, Walsh & Singer,
open time distribution was best described by a single1988), liver cells (Bear, 1990) and fungus (Zhou et al.,
exponential function with mean open lifetime of 80.4 + 1991). In cardiac preparations, mechanical stretch-
9.6 msec1f = 9), while at least two exponentials were activated K channels have been documented in Lym-
required to fit the closed time distributions with a time naea stagnalis heart (Brezden, Gardner & Morris, 1985),
constant for the fast component of 11.5 + 2.2 msee=(  rat atrium (Kim, 1992) and molluscan ventricle (Sigurd-
9) and that for the slow component of 170.2 + 21.8 mseason et al., 1987). Cell swelling activated Gthannels
(n = 9). Major changes in the single channel activity in have been described in rabbit atrial myocytes (Hagiwara
response to pressure were caused by changes in the igt al., 1992; Duan, Fermini & Nattel, 1995), canine car-
diac cells (Tseng, 1992; Sorota, 1992), cultured chick
heart cells (Zhang et al., 1993).
I Recently, the patch-clamp technique has been ap-
Correspondence taR. Sato plied to examine membrane ion conductances in isolated
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human heart cells and electrophysiological characterisSoLuTioNs AND CHEMICALS

tics have been reported in this and other laboratories

(HeidbucheL Vereecke & Carmeliet, 1990; Beuckel- The transport solution for human specimens contained (im): iNaCl
mann, Nabauer & Erdmann, 1993; Koumi et al., 1994;27. KCI 20, MgCh 1.5, N-2-hydroxyethylpiperazine-N2-

. . ethanesulfonic acid (HEPES) 5.0, glucose 274 (pH7.0). The Ty-
Koumi, Backer & Arentzen, 1995 Koumi et al., rode’s solution contained (in m): NaCl 140.0, KCI 5.4, CaGl1.8,

199%). In addition, whole-cell swelling-induced Tl 001 05 HEPES 5.0, glucose 5.0 (pH 7.4 with NaOH). C&'-free
myocytes (Oz & Sorota, 1995; Sakai et al., 1995). Theseode's solution. The modified KB solution had the following compo-
two reports have demonstrated that cell swelling inducedition (in muv): KCI 25, KH,PO, 10, KOH 116, glutamic acid 80,
by perfusing hypotonic solution caused activation of C| taurine 10, oxalic acid 14, HEPES 10, glucose 11 (pH7.0 with
conductances. In contrast to these detailed studies 0pﬂOH). The external solution used during whole-cell recordings con-

. X tained (in mm): NaCl 140, CaCJ 1.8, MgCl, 2.0, glucose 10, HEPES
human heart Clcurrents, Cl channel kinetics evoked by 0 (pH = 7.4). The external solution used during different €bn-

direct membrane stretch has not yet been_fU”y analyzedientrations (IC1)) measurements contained (invip at [CI'] = 150
In the present study, we have characterized the memmnu; NaCl 142.4, CaGl1.8, MgCl, 2.0, glucose 10, HEPES 5.0 (pH
brane stretch-activated Tlchannels in human atrial 7.4). Low [CI] solutions were prepared by replacing NaCl with Na-
myocytes using whole-cell and single channel recordingglutamate, for example at [Jl = 75 mum, NaCl was replaced with
techniques. NaCl 67.4 and Na-glutamate 75wnin order to minimize the osmotic
change. The external solution used during the outside-out patch re-
cordings contained (in m): Na-glutamate 110, CsCl 30, Cag@.8,
MgSO, 2.0, glucose 10, HEPES 5.0 (pH 7.4). The composition of
internal solution used for the whole-cell and outside-out recordings was
(in mm): Cs-aspartate 100, tetraethylammonium (TEA)-aspartate 40,
HUMAN CARDIAC SPECIMENS MgSO, 1.0, TEA-CI 30, Ng-ATP 5.0, ethyleneglycol-bif-
aminoethylether)-N,Ntetraacetic acid (EGTA) 5.0, HEPES 5.0, pH
Adult human atrial specimens were obtained from patients undergoing?-2 with TEA-OH. In excised inside-out patch recordings, pipette so-
cardiac surgery. Institutional and National Institutes of Health guide-!ution contained (in m): Cs-aspartate 120, CsCI 30, HEPES 5.0 (pH
lines for human experimentation were followed in obtaining surgical = 7-4)- The internal solution for outside-out patch recordings was
specimens and informed consent was obtained from all subjects. Alsed as the bath solution (cytosolic side). Experiments with different
total of 24 patients were studied (31-67 years; median age 52 yearsf! concentrations (pipette [Q) were performed by replacing Cs-
Eighteen patients were male and six female. Twenty-one patients ur@SPartate with CsCl in the pipette, for example at’[Ck 75 mw,
derwent surgery for ischemic heart disease and three for valvular heaf¢S-aspartate 75 mand CsCl 75 m (pH = 7.4). The recording
disease. All patients did not have symptomatic heart failure withoutchamber (0.18 ml) was continuously perfused with bath solution at the
elevation of mean right atrial pressure (4.1 + 1.2 mm Hgs 24, all  Perfusion rate of 5 mi/min. ) ) ) )
patiens < 5 mm Hg) andwithout atrial enlargement as diagnosed by Nifedipine, 4,4-diisothiocyanatostilbene-2 2isulfonic acid
ultrasound cardiography. All patients were in sinus rhythm. All speci- (P1DS) and 9-anthracenecarboxylic acid (9-AC) were applied to the
mens were obtained from the right atrial appendage. The administra€Xternal solution. The synthetic peptide inhibitor of cAMP-dependent
tion of cardiac drugs was stopped 48 hr before surgery. ImmediatelyProtein kinase (PKA), 5-24 amide, was prepared as described previ-
after surgical explantation of patient or donor heart, the specimen wa§usly (Cheng et al., 1986) and added to the pipette solution during

placed in a chilled transport solution and carried to the laboratoryWhole-cell recordings. All chemicals were purchased from Sigma
within one hour. Chemical, St. Louis, MO.

Materials and Methods

ISOLATION OF ATRIAL MYOCYTES ELECTRICAL RECORDINGS

Human atrial myocytes were isolated by an enzymatic dissociationMembrane currents were recorded using the patch-clamp technique
method identical to that described previously (Koumi et al., EI95 (Hamill et al., 1981; Koumi & Wasserstrom, 1994) and an Axopatch-
Specimens were minced into small pieces using a fine razor and.C amplifier (Axon Instruments, Foster City, CA). The pipettes were
washed three times, 7 min each time, in oxygenated-Gee Tyrode’s pulled in two stages from hard glass tubing (Narishige Scientific In-
solution. The tissues were then incubated in oxygenatéé-tee Ty- struments Laboratories, Tokyo, Japan) using a vertical microelectrode
rode’s solution containing 300—-350 U/ml collagenase (Sigma, Type V,puller (Type PE-2, Narishige Scientific Instruments Laboratories, To-
St. Louis, MO), 0.5 U/ml protease (Sigma, Type XXIV) and 1 mg/ml kyo, Japan) and then fire-polished using a microforge (Model MF-83,
of bovine serum albumin (Sigma) at 37°C, and gently stirred with aNarishige Scientific Instruments Laboratories, Tokyo, Japan). Elec-
magnetic stirring bar until isolated myocytes appeafétd(min). The trodes had resistances of 1.5-248) for whole-cell recording and
tissue was then strained through a 30 nylon mesh to collect the 2.5-3.5m() for single-channel recording when filled with appropriate
individual myocytes. Myocytes were stored at room temperature in astandard internal solutions. Inverted voltage-clamp pulses were ap-
modified Kraftbruhe (KB) medium (Isenberg & Klockner, 1982). The plied to the bath through an Ag-AgCl pellet-KCl agar bridge with the
residual nondigested tissue was reincubated in enzyme-containing s@ipette potential maintained at ground level. The feedback resistance
lution for an additional 10 min and isolated myocytes collected in the of the head stage was 5@ for recording whole-cell current and 50
similar manner as above. This process was repeated until viable myas() for recording single channel current. The pipette holder tubing was
cytes could no longer be isolated. Isolated cells were stored in KBconnected to a mercury manometer with valving to allow either appli-
solution at room temperature. Only €&olerant, clearly-striated, rod-  cation of positive, negative pressure or equilibration to atmospheric
shaped cells without any blebs were studied. pressure.
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Single-channel currents were monitored with a storage oscillo- A
scope (Type 5113, Tektronix, Beaverton, OR) and were stored con- control pressure ‘
tinuously on digital audiotape (R-60DM, MAXELL, Tokyo, Japan)
using a PCM data recording system (RD-100T, TEAC, Tokyo, Japan).

The recorded single channel events were reproduced and filtered off- [

line with a cutoff frequency of 2 kHz through an eight-pole low-pass
Bessel filter (48 dB/octave, Model 902-LPF, Frequency Devices, 300 ms
Haverhill, MA), digitized with 14-bit resolution at a sample rate of 10

300 ms
0.5 nA

100 ms
kHz. The data were analyzed on a computer (PC-9801, NEC, Tokyo,B 1 1inAy C pressure
Japan) using locally written analysis programs that are based on the m control z ——
half-amplitude threshold analysis method of Colquhoun and Sigworth @ pressure %

(1983). The measurements derived from the channel transitions were 05 g o8 A
collected into histograms to allow an analysis of single channel kinet- 5

ics. Mean dwell times were determined from the sum of exponential V(mV) §

fits to the distributions of open and closed times recorded from patches -2 ot 40 20 | 20 a0 60 E

with only one channel. When sufficiently lon@Z0 min) continuous ‘g‘ ) ‘
recording was achieved, active number of channels (N) in the patch can 0.5 duration (min)

be predicted by using the equation (Colquhoun & Hawkes, 1983):
Fig. 1. The stretch-activated whole-cell current in isolated human

P = exp[{~T(N -1/N)m}/ mZ] (1) atrial myocytes. &) Representative families of whole-cell membrane
currents recorded in control condition (left Panel) and during applica-
whereT is the length of the observed recomi, is the mean open tion of 20.0 mm Hg positive pressure via the pipette (right Panel) in
lifetime, andm is the mean closed time. It is considered that the patchK '-free solution at 37°C. The voltage-clamp pulse protocol used to
has only one functional channel when the predicted probabilityObtai” the recordings; 300 msec duration pulses to test potentials rang-
achieves 99.9%. When multiple channel activities are observed in 4"d from —100 to +50 mV in 10-mV increments were applied from a
patch (more than two channels open simultaneously), “an averaging'°lding potential of ~40 mV. Current and time calibration are shown in
technique” was used to obtain the channel open probability using théhe lower corner.&) The averaged current-voltage\() relationships

equation: in the control condition (squares) and during application of positive
pressure (circles). Each point was measured at the end of the test pulse
I = NPy () The vertical bars through each point represensth@ = 12 for each).

(C) Time course of pressure-induced change in the whole-cell current.

wherel is the averaged total channel current amplitudiis the number Time course of changes in membrane current elicited by a 300-msec
of channelsP, is the channel open state probability dridlthe unitary ~ Voltage-clamp pulse to +40 mV from a holding potential of 40 mVv.
amplitude of the single channel current. The unitary current amplitudg”0Sitive pressure (20 mm Hg) was applied for 3 min via the pipette.
(i) can be obtained by directly measuring the individual channel current

magnitude. The average total channel current amplitdflegn be .
obtained by calculating the average level of channel openlhree hundred msec duration voltage-clamp steps were

events. When sufficiently long recording was achieveg,can be  delivered ranging between —-100 and +50 mV from a
obtained from Eq. 2. The temperature of the bath was maintained at 3holding potential of —40 mV. K conductances were
+ 0.5°C using a Peltier thermo-electrical device. blocked by replacement of pipette Kvith Cs", adding
TEA to the internal solution and omitting Kfrom ex-
ternal solution. Nifedipine (wM) was added to the ex-
ternal solution in order to block the &acurrent. Figure
All curve fitting was performed with a nonlinear least-square algorithm 1B shows averaged current-voltageV) relationships
on a computer (PC-9801, NEC, Tokyo, Japan) using custom softwarefrom 12 different cells before and during application of
The results are expressed as measpz Differences between sample positive pressure. The slope conductance measured at |
megns were determined using Stud_emttest or (_Jn_e-way gna_llysis of mV was 0.8 + 1.4 nSr( — 12) in the control and 9.0 +
variance. AP value <0.05 was considered statistically significant. 2.1 nS @ = 12) during application of pressure. The
reversal potential of the pressure-induced current was
Results (40 mV, which is compatible for a Clselective chan-
nel with external ClI concentration ([CI],) of 147.6 rm
(internal CI' concentration [CI]; = 30 mm). This type
WHoLE-CELL CI™ CURRENTS of current was observed in 105 out of 129 cells (81.4%).
Application of negative pressure caused no significant
To characterize the macroscopic current induced byvent i = 10). Figure T illustrates the time course of
membrane stretch in human atrial myocytes, positivehe response to positive pressure as well as the revers
pressure (5.0-20.0 mm Hg) was applied to the cell inte4bility of the reaction to pressure. The current turned on
rior via the patch pipette. FigureAlshows examples of with a sigmoidal shape and saturated within 1 min fol-
whole-cell membrane current families obtained beforelowing application of positive pressure. Release of pres-
and after application of positive pressure (20 mm Hg)sure deactivated the current.
recorded from an isolated human atrial myocyte at 37°C.  The ionic selectivity of this current was estimated by

DATA ANALYSIS
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Fig. 2. Reversal potential measurements for the curr@nthe aver-
aged current-voltagd-{) relationships in different [C] external so-
lutions. [CI] in the pipette solution was 30w After obtaining thd-V
curve in 150 nm [CI7] external solution (circles), it was switched to 75
mm [CI7] (squares) and 30 m [CI7] (triangles). The vertical bars
through each point represents the 3D 8 for each). B) The reversal
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potentials were plotted semilogarithmically as a function of the extra-

cellular CI concentrations ([Cl,). [CI"], was changed to 150 (circle),
75 (square), 30 (triangle) and 15Mm(diamond). The vertical bar
through each point represents tse(n = 8 for each).

changing [CT],. [CIT] in the pipette solution was 30
mm. Figure A shows the averagedV relationships in
different [CI],. The current was activated by applica-

tion of positive pressure of 20.0 mm Hg. Decreasing

Fig. 3. Pharmacological modification of the whole-cell current. Effects
of bath application of 4,4diisothiocyanatostilbene-22lisulfonic acid
(DIDS) and 9-anthracenecarboxylic acid (9-AC) on the currefsf. (
(Top panel) Effect of bath application of DIDS (0.2M)n0on the current.
Following the measurement of the current in the absence of DIDS,
DIDS (0.1 nm) was applied to the external solution. The averaged
relationships of the current in control (circles), during exposure to
(squares) and after washout of DIDS (triangles) are shown. The vertical
bar through each point represents t8B (n = 6). (Bottom panel)
Relative amplitude of currents during exposure to and after washout of
DIDS (0.1 nm) measured at +40 mV and normalized by the control in

[CITo _reduced the con_ductance and Shifted_ the reversaly different cells. The vertical bar through each bar representsithe
potential to less negative membrane potentials. The awB) (Top panel): Effect of bath application of 9-AC (0.1vhnon the

eraged reversal potential at [} = 150 nm was —46.0
+4.4mV (h = 9). The reversal potential was shifted to
-239+25mV (1 = 8)and -0.1 + 2.2 mVr{ = 8)
when [CI], was decreased to 75 and 3Quprespec-
tively. The averaged reversal potential at TGl = 15
mm was 9.8 £ 2.9 mVi§ = 8). The averaged reversal
potential was plotted in the logarithm of the [§in Fig.
2B. The best fit to data points (meansh) was obtained

current. After the measurement of the current, 9-AC (0xt) rwas
applied to the external solution. The averadddrelationships of the
current in control (circles), during exposure to (squares) and after wash-
out of 9-AC (triangles). The vertical bar through each point represents
thesp (n = 6). (Bottom panel) Relative amplitude of currents during
exposure to and after washout of DIDS (0.&1ymeasured at +40 mV
and normalized by the control in six different cells. The current am-
plitude between the control and washout was not significantly different

(Ns).

with a line having a slope of 60 mV per 10-fold change
in [CI7],. These results indicate that this positive pres-
sure-induced membrane current is highly selective fofHARMACOLOGICAL MODIFICATION OF THE CURRENT

CI” ions.

In contrast to positive pressumgsadrenergic stimu-
lation with isoprenaline (luMm) did not activate the cur-
rent even if GTP (10Qum) was included in the pipette
solution f = 12). In addition, neither bath application
of forskolin (10 wwm) nor internal application (to the pi-
pette solution) of cAMP (1Gwm) activated the current(
= 8 for each,not shown. Loading the myocytes with

selective cAMP-dependent protein kinase (PKA) inhibi-

tor, 5-24 amide (5Qu™m), did not prevent activation of
the current by positive pressume € 8). After activation

DIDS, known to inhibit the CI channel, was applied to
the bath solution to test the effect on this current (Fig.
3A). Initially, application of positive pressure (20.0 mm
Hg) activated the current (control). DIDS (0.1vnre-
versibly inhibited the positive pressure-activated current.
The averaged current amplitude at +40 mV was inhibited
to 47.1 + 5.6% of controlr{ = 6, P < 0.001) during
exposure to DIDS and recovered to nearly the control
level after washout of DIDS. The averageW relation-
ships before, during exposure to and after washout of

of the channel by positive pressure, isoprenaline couldIDS are shown in Fig. 8. Inhibition was observed at
not enhance the amplitude of the current. These resultgll voltages tested. Inhibition was significant in outward

suggest that the PKA cannot activate thé @irrent and
B-adrenergic stimulation-induced Gturrent is not pres-
ent in human atrial myocytes.

currents than inward currents, although it did not reach
statistical significance. Effect of 9-anthracenecarboxylic
acid (9-AC) on the ClI current was also tested. Figure
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3B shows an example of the effect of externally applied A B
9-AC (0.1 nm) on the CT current. Following exposure _(mmHg)
to 9-AC, the current was reduced. The current at +40 0

mV was reduced to 43.9 * 5.0% (= 6) of control .5 T &

during application of 9-AC. Following washout of 9- 3

AC, the current magnitude was recovered to nearly the 75 TRAPY go's

control level. 125 _nomnem o g

SINGLE CI~ CHANNEL CURRENT IN 200 MYt T ‘o 1 3
OuTSIDE-OUT PATCHES Pressure (mmHg)

1pA

To gain further insight into the channel gating charac- oo

teristics and modification of the channel by pressure, we
studied the characteristics of single”@hannels in the Fig. 4. Pressure-dependent nature of the unitarycdirent measured
outside-out patch recording. Figure4llustrates ex- in outside-out patch mode single channel recordingy dfriginal re-
amples of individual channel activity recorded at a hold_cordings of single channel activity of the current at +40 mV. Pressure
ing potential (HP) at +40 mV at 37°C. Before applyin in the pipette was changed from atmospheric (0 mm Hg) to 20.0 mm
9 p : - Pp ying Hg. Pressure is indicated to the left of each current trace. No channel
positive pressure (0 mm H'g'), no Channe|.aCtIVIty. WaSyctivity was detected at 0 mm Hg. Progressive increase in single-
observed. By applying positive pressure via the pipettehannel open state probabilit ) with increasing positive pressure in
(>4.5 mm Hg), unitary channel activity was observed.the pipette. The dotted line running in each trace indicates the closed
Channel openings occurred in bursts separated by varptate (baseline level). Currents were low pass filtered at 2 kBje. (
able interburst intervals. Individual burst duration in- Pressure-dependent change of channel open probalilycf the
creased and interburst period decreased with increasinﬁ:"e”t' The graph shows the relationship between normafigedthe
annel and positive pressume £ 6-8).
pressure (4.5-20.0 mm Hg); Channel open state prob-
ability (P,) increased from 0.03 + 0.0 (= 7) at 4.5

mm Hg to 0.94 £ 0.08r( = 6) at 20.0 mm HgR < . . . . .

n the pipette recorded in excised inside-out membrane
0.001). After release of pressure, the channel closed. T . )

patches. The inside-out patch configuration can effec-

Figure 48 illustrates the normalizeé, of the channel - X . ;
. . . tively eliminate cytoplasmic regulation via second mes-
plotted as a function of positive pressure. Data points

were fitted by a least-square routine to a modified Boltz-—c " 9< =" Channel activity was measured at a voltage
mann distrib)l/Jtion' q range between —80 and +80 mV at 37°C. The channel

did not exhibit any time-dependent differencesPinat
P, = [exp{(p — p,)/K/L + exp{(p - p1/K}] (3) any potential. The unitary current amplitude was influ-
enced by the membrane voltage. Current traces became
flat at around 0 mV, which was the Tlequilibrium
potential Eg)). Figure B shows thel-V relationship.
The I-V curve was linear and the averaged sloped con-
uctance at 0 mV was 8.6 + 0.7 p8 & 10). Single
hannel activity induced by applying 20.0 mm Hg nega-
tive pressure in the pipette was measured in different
[CI7], external solutions in excised inside-out patch con-
figurations. In this experimental mode, [{ indicates
ipette CT concentration and [C]; indicates CI con-
entration in the bath solution. Pipette €bncentration
LCI']O) was changed under the condition where™[CI
as fixed at 30 m. Figure 6 summarizes the result.
he averaged reversal potential of the current shifted by
0 mV per 10-fold change in [C],. The result suggests
that the observed single channel current activated by
negative pressure is conducted through €lannels.
Figure 7 shows the distribution of open and closed
times of the channel at +40 mV. Open time distribution
was best described by a single exponential function with
a mean open lifetime of 80.4 £ 9.6 msat € 9). At
Figure A illustrates examples of individual channel ac- least two exponentials were required to fit the closed
tivity induced by applying 20.0 mm Hg negative pressuretime distributions with a time constant for the fast com-

wherep is the positive pressure in the pipetpg,, is the
pressure at half-maximum channel activation &iglthe
slope factor. The half-maximum channel activatipg,j
was at 14.7 mm Hg. The channel had same activatio
range as macroscopic currents. In addition, consiste
with the results obtained in whole-cell measurement
bath application of isoprenaline (im), forskolin (10
M) and dibutyryl cAMP (5 nm) could not induce chan-
nel openingsr{ = 4 for each, not shown) in outside-out
patches. Similar channel activation was present in th
inside-out patch recording. Application of negative pres-
sure to the pipette caused channel opening in a mann
similar to positive pressure-induced channel opening in].
outside-out patches. In inside-out patches, bath applicas
tion (cytosolic side of membrane) of catalytic subunit of
PKA (1 wm) also failed to activate the channel (10 out of
10 cells).

CHARACTERISTICS OF THECI™ CHANNEL IN
INSIDE-OUT PATCHES
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YOS A 4 0 T L0

40 Mrmprthrrir e Sy
0 Fig. 5. Voltage-dependence of the unitary Cl
current measured by inside-out patch single
channel recordingsAj Original recordings of
R DIRTVAE T EIYITH WY ETE W T VPR T single channel activity of the stretch-activated
channel in the inside-out patch recording.
) Negative pressure (20.0 mm Hg) was applied via
) the pipette. Channel activity exhibited slow
-80 WWMMWW bursting kinetics. Currents were low pass filtered
at 2 kHz. B) The averaged-V relationships of
1pA the stretch-activated current. The vertical bar
1s through each bar represents te
[C17] (mM) current recording. The channel was activated by apply-
=¥ 1 ing positive pressure (15.5 mm Hg) in the pipette. Bath
s 0 A 30 applications of DIDS (0.1 m) inhibited channel activ-
5 ity. P, was inhibited to 48.6 + 6.0%n(= 5) of control
g (P < 0.01).
g-ao Inhibition of the channel by 9-AC was also evalu-
ool : ated (Fig. 8). Similar to DIDS, 9-AC (0.1 m) inhib-
1530 50 75 150 ited channel activity evoked by application of positive
[CT' ] (mM) pressure.P, was inhibited to 42.8 + 9.1%n(= 5) of

Fig. 6. Reversal potential measurements for single €iannel cur- control ¢ < 0.01). S_lngle channel currents were blocked

rents in inside-out patch recordings. The reversal potentials were plot-by DIDS or 9-AC _W'th the same potency as the whole-

ted semilogarithmically as a function of the extracellular &ncen-  Cell currents geeFig. 3).

trations ([CI],) in excised inside-out patch configurations. In the in-

side-out mode, [C], means pipette [C]. Bath solution ([CT];) was

kept at 30 . [CI7], was changed to 150 (circle), 75 (square) and 30 Discussion

mwm (triangle). The averaged reversal potential at[CE 150 mv, 75

mm and 30 nw was —45.5 + 4.0 mVr{ = 6), ~27.8+4.9 MV =  The major findings in this study are as follows: (i) Mem-

6) and —'0.2 + 3.1 mVr{ = 6), respectively. The vertical bar through brane stretch induced by applying pressure via the pi-

each point represents tlse (n = 6 for each). . 7 .
pette could activate a Cturrent in isolated human atrial

myocytes; (i) The current was inhibited by external ap-

plication of DIDS and 9-AC; (iii) Single channel open

state probability progressively increased with increasing

ressure in the pipette and no channel activity was ob-

erved in normal atmospheric pressure; (iv) Single chan-

| activity had CI selectivity and sensitivity to DIDS

d 9-AC similar to whole-cell currents, indicating that

whole-cell and single channel currents are carried by the

%ame channels; (v) Channel activity exhibited bursting

opening and the increase in channel activity was caused

mainly by decrease in the interburst intervals; and (vi)

B-Adrenergic stimulation failed to activate a Gurrent.

ponent of 11.5 £ 2.2 msen (= 9) and that for the slow
component of 170.2 + 21.8 msea & 9). The time
constants for open and closed time distributions WeréJ
measured as a function of membrane voltage. Table

summarizes the result. These time constants measur%(ﬁ
as a function of membrane voltage did not exhibit sig-

change in gating kinetics of the channel at different
stimulating pressureP, increased with pressure with
decreasing the interburst intervats).

EFFecTs ofFDIDS AND 9-AC oN THE CI™ CHANNEL IN RELATION TO PREVIOUS STUDIES
OuTsIDE-OUT PATCHES

The cell membrane stretch-activated ion channels have
Modification of the pressure-induced unitary €hannel been demonstrated in the heart (Brezden et al., 1985;
current by DIDS was estimated using excised outside-ouSigurdson et al., 1987; Kim, 1992). These previous stud-
patch recordings. FigureA8shows an example of the ies describe stretch activation of Kelective channels.
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Fig. 7. Dwell time histograms of single ClI
channel currents in inside-out patch recordings.
(A) Histogram of open times recorded from a
representative single channel activated by 20.0
mm Hg negative pressure at +40 mV. This patch

A B never exhibited more than a single channel during
210-’" 1701 20 min of continuous recording. Open time
) 1 distributions were formed from the recording with
*2 ) x *2 1 low-pass filtering at 2 kHz. Open state lifetimes
27 27 were distributed according to a single exponential
-.g | 1\ -g | Tef = 127 ms function with a time constantrf) of 81.5 msec.
5 o= 81.5ms 5 - Tes = 1649 ms (B) Closed times histogram determined at the
'E J -E . same condition aBanel A.At least two
3 1 3 exponentials were required to fit the closed time
1 1 m Bj distributions with time constants of 12.7 msec for
Y L S LR i o+ Pl the fast componentr{;) and 164.9 msec for the
0 Open time (ms) 1000 0 Closed time (ms) 700 Sow component.J).

Table 1. Single channel gating parameters at different holding volt- properties from our described channel; thé curve ex-
ages hibited outward-rectification in symmetrical Ctoncen-
trations; and single channel activity exhibited slow gat-

P o o es ing kinetics with mean open lifetime was 485 msec
-80 755+ 8.1 14.6+3.3 157.1+305 (Ehara & Matsuura, 1993). Different from these charac-
-40 79.6+ 8.6 13.8+2.4 160.9+20.9 teristics, our described stretch-activated €hannel ex-
+40 804+ 9.6 115£2.2 170.2+£21.8 hijbited an almost lineakV relationship. Our described
+80 79.9+115 135+2.9 161.7+28.4

channel exhibited gating kinetics relatively faster than

All parameters were measured in inside-out patch single channel re-CFTRcardi_ac Recently, Duan and ’\_latte| (1_994)_ have de-
cordings. HP, holding potential (mVj;, time constant for open time scribed single C1_ C_hanne| activity in rab_blt atrial _‘39”3-_
distributions (msec)t,,, time constant for the fast component of closed The channel exhibited double exponential open time dis-
time distributions (msec);,, time constant for the slow component of tributions with time constants of approximately 43 msec
closed time distributions (msec). Values are presented as meafot and 988 msec which is different from our described
mean values of 9 different cells.
channel.

The information on the electrophysiological proper-

Table 2. Single channel gating parameters at different stimulating ti€S Of stretch-activated Clchannel activity is limited.

pressure Recently, swelling-induced Cthannels have been char-
acterized in cardiac preparations (Sorota, 1992; Tseng,
P To Ter Tes Po 1992; Oz & Sorota, 1995; Duan et al., 1995). Our de-

125 728481 00+17 761.0+928 040+ 08 scribed st(etch—actlvated Cbhanne] |s_d|ffere_nt from
150 744%82  97+19  498.1:5P0 054:.06 these previously documented swelling-induceddbian-

175  79.1+9.0 104+19  2475+266 0.87+.07 nels in the sensitivity tg3-adrenergic stimulationp-

200 80496 115%22  170.2+2%88 0.95+.07  Adrenergic receptor stimulation by catecholamines has
been shown to enhance swelling-induced CGhannels.

All parameters were measured in inside-out patch single channel fea-Adrenergic stimulation also modifies swelling-
cordings at +40 mVP, stimulating pressure (mm Hgj,, time constant induced CT channels in rabbit atrial myocytes (Duan et

for open time distributions (msec);;, time constant for the fast com- .
ponent of closed time distributions (mseeg),, time constant for the al., 1995)' Our described channel was not enhanced by

slow component of closed time distributions (msd?); channel open B_-a_dre_n_ergic stimulation. In Contrast- there are some
probability. Values are presented as measpfor mean values of 10 ~ Similarities between the stretch-activated Channel in

different cells.®P < 0.01 different from other groupSP < 0.01 dif-  rabbit sino-atrial and atrial cells reported by Hagiwara et
ferent from 17.5 and 20.0 mm HGP < 0.01 different from 20.0 g, (1992) and our described channel. The whole-cell
mm Hg. stretch-activated Clcurrent in rabbit atrial myocytes is
time-independent with slope conductance of 12 nS and
CI” channel characteristics have been initially describednsensitive top-adrenergic stimulation by catechol-
in guinea-pig and rabbit ventricular myocytes (Bahinskiamines. Swelling-induced Clcurrents having similar
et al., 1989; Harvey & Hume, 1989) that are similar to properties have been reported in human atrial myocytes
the channel observed in the epithelial cystic fibrosis(Sakai et al., 1995). Our described channel may have
transmembrane-conductance regulator (CFTR). The casome overlapping components with the swelling-induced
diac variant of CFTR (CFTR,4iad has different kinetic  CI™ currents. Although these reports have not shown
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A DIDS (0.1 mM)
Pressure (15.5 mmHg)

> L MWMW
e .

1 min

Fig. 8. Effect of DIDS and 9-AC on the
NS stretch-activated Clchannel in outside-out
patch recordings.A) (top): Effect of DIDS (0.1
mm) on the positive pressure-activated Cl
channel in outside-out patch recordings at 37°C.
After application of positive pressure (15.5 mm
Hg) via the pipette, channel activity appeared.
A subsequent application of DIDS (0.1vnto
the bath inhibited channel activity. The current
was low pass filtered at 2 kHz at +60 mV.
(botton): The relativeP, during exposure to
DIDS (0.1 mm) was measured in five different
cells. P, was normalized by the control value.
The vertical bar through each bar represents the
sp. The value during exposure to DIDS was
significantly smaller than that in control and
after washout of DIDSR < 0.01). In contrast,
B 9-AC (0.1 mM) the value was not significantly differentis)
Pressure (15.5 mmHg) between the control and after washout of DIDS.
(B) (top): Effect of 9-AC (0.1 nm) on the
positive pressure-activated Gthannel in
1 oA outside-out patch recordings at 37°C. After
P application of positive pressure (15.5 mm Hg)
1 min via the pipette, channel activity appeared. A
subsequent application of 9-AC (0.1vnto the
bath inhibited channel activity. The current was

1
p<0.01 p<0.01
| —

Relative Po

NS low pass filtered at 2 kHz at +60 mVbdtton):
p<0.01 p<0.01 The relativeP, during exposure to 9-AC (0.1
| — mm) was measured in five different cellB,

was normalized by the control value. The
vertical bar through each bar representsshe
The value during exposure to 9-AC was
significantly smaller than that in control and
after washout of 9-ACK < 0.01). The value
was not significantly differentNs) between the
control and after washout of 9-AC.

|
)
i
i
]

Relative Po
=}
3

single channel kinetics, our described stretch-activatediary amplitude of an individual channel and the number
CI” channel should be compared with these channels if channels in the patch did not change with presdaye,
the future. was influenced by pressursgeFig. 4). This would con-
tribute to the macroscopic current response to pressure
because macroscopic curreltgan be expressed by Eq.
CHARACTERISTICS OF THECHANNEL 2. Inthe equationN andi were almost unchanged by the
pressure. Pressure-induced change of the macroscopi
Our described stretch-activated "Gthannel exhibited current magnitude can be mainly influenced by single
slow bursting openings separated by interburst periodsshannelP,. In addition, pressure-dependent change of
The channel may have the one open-channel state, b&, may be caused by the pressure-dependent change o
cause single channel open time distributions were beghe interburst closed intervat {, seeTable 2). Because
described by a single exponential function. In contrastthe time constant for open time distribution,Y and the
the channel may have at least two closed states becaus®sed time within burstr(;) were unchanged with pres-
of the double exponential fitting of the closed time dis- sure, channel gating kinetics may not be influenced by
tributions. The open and closed time constants did nothe pressure.
show significant voltage dependence. Although the uni- It has been documented that the stretch-activated
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