
2213

Alterations in Muscarinic K' Channel Response
to Acetylcholine and to G Protein-Mediated
Activation in Atrial Myocytes Isolated From

Failing Human Hearts

Shin-ichi Koumi, MD; Carl E. Arentzen, MD;
Carl L. Backer, MD; J. Andrew Wasserstrom, PhD

Background A variety of previous studies have demon-
strated reduced diastolic potential and electrical activity in
atrial specimens from patients with heart disease. Although K'
channels play a major role in determining resting membrane
potential and repolarization of the action potential, little is
known about the effects of preexisting heart disease on human
atrial K' channel activity.
Methods and Results We characterized the inwardly recti-

fying K' channel (IKI) and the muscarinic K' channel [IK(ACh)I
in atrial myocytes isolated from patients with heart failure
(HF) and compared electrophysiological characteristics with
those from donors (control) by the patch-clamp technique.
Resting membrane potentials of isolated atrial myocytes from
HF were more depolarized (-51.1±9.7 mV, mean-SD, n=30
patients) than those from donors (-73.0±7.2 mV, n=4 pa-
tients, P<.001). The action potential duration in HF was
longer than that in donors. Although acetylcholine (ACh)
shortened the action potential, reduced the overshoot, and
hyperpolarized the atrial cell membrane in HF, these effects
were attenuated compared with those observed in donors. The
whole-cell membrane current slope conductance in HF was
small, the reversal potential was more positive, and the
sensitivity to ACh was less compared with donors. In single-
channel recordings from cell-attached patches, IKI channel
conductance and gating characteristics were the same in HF

P revious studies have demonstrated that normal
human atrial tissue shows normal electrophysi-
ological characteristics similar to those from

other mammals, whereas atrial specimens from patients
with heart disease often exhibit low resting membrane
potentials.1-5 In addition, studies using experimental
animal models with primary heart disease revealed low
resting membrane potentials.6'7 The basis for the low
resting potential includes the increase and/or decrease
in transmembrane ion permeabilities as well as the level
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and donor atria. When ACh was included in the pipette
solution, 1K(ACh) was activated in both groups. Single-channel
slope conductance of IK(ACh) averaged 42±3 pS (n=28) in HF
and 44±2 pS (n=4) in donors, and mean open lifetime was
1.3+±0.3 milliseconds (n=24) in HF and 1.5+±0.4 milliseconds
(n=4) in donors. These values were virtually identical in the
two groups (not significantly different, NS), although both
single IKI and IK(ACh) channel densities were less in HF.
Channel open probability of IK(ACh) was also less in HF
(4.0+1.2%, n=24) than in donors (6.8+1.1%, n=3, P<.01).
The concentration of ACh at half-maximal activation was 0.11
,umol/L in HF and 0.03 ,umol/L in donors. In excised inside-
out patches, IK(ACh) from HF required higher concentrations of
GTP and GTPyS to activate the channel compared with
donors. These results suggest a reduced lK(ACh) channel sensi-
tivity to M2 cholinergic receptor-linked G protein (G,) in HF
compared with donors.

Conclusions Atrial myocytes isolated from failing human
hearts exhibited a lower resting membrane potential and
reduced sensitivity to ACh compared with donor atria. Whole-
cell and single-channel measurements suggest that these alter-
ations are caused by reduced IK1 and IK(ACh) channel density
and reduced lK(ACh) channel sensitivity to Gi-mediated channel
activation in HF. (Circulation. 1994;90:2213-2224.)
Key Words * potentials * potassium * proteins

of Na,K-ATPase activity in atrial tissue from diseased
patients.5
Membrane K' conductance is increased by acetylcho-

line (ACh) in a variety of cardiac tissues from many
species.8-10 The activation mechanism of muscarinic K'
channels [IK(ACh)] has been studied extensively in atrial
cell membranes and was shown to involve the M2
cholinergic receptor-coupled G protein, Gi.11-13 The
electrophysiological response to ACh in human atrial
myocytes has been shown to be qualitatively similar to
that in guinea pig atrial cells under whole-cell voltage-
clamp conditions; ACh shifted the reversal potential of
the membrane current in the hyperpolarizing direction,
indicating an increased contribution of the current to
resting membrane potential.14 Recently, however, our
laboratory characterized the human atrial IK(ACh) and
demonstrated that the density of IK(ACh) in diseased
human atrial myocytes was low compared with that in
other species.15 A similar observation was made in
human atrial IK(ACh) by Heidbuchel et al.16 However,
these studies did not evaluate the normal human heart,
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leaving several important questions unanswered con-
cerning the influence of disease on electrophysiological
function. In addition, the transient outward current has
also been reported to be altered in myocytes dispersed
from dilated and diseased atria.17

In this study, we focused on two major native K'
channels in atrial myocytes isolated from adult patients
with heart failure: IKACh) and the inwardly rectifying K'
channel (IK1). We compared their properties with those
from normal atria to determine whether preexisting heart
disease alters the behavior of these channels. This ques-
tion is all the more important because these two K'
channels provide the major current contributions to atrial
resting and action potentials16'18-20 and because IK(ACh) is
the major effector of ACh stimulation in atrial myocytes.8,9

Methods
Human Cardiac Specimens
Adult human atrial specimens were obtained from ex-

planted hearts of transplantation recipients and from patients
undergoing cardiac surgery. Institutional and National Insti-
tutes of Health guidelines for human experimentation were
followed in obtaining surgical specimens and informed consent
was obtained from all subjects. A total of 30 congestive heart
failure patients (HF) were studied (32 to 68 years old; median
age, 50 years). Twenty-three patients were men and 7 were
women. Twenty-two patients underwent surgery for ischemic
heart disease (IHD), 5 for valvular heart disease (VHD), and
3 for ischemic heart disease with valvular heart disease
(IHD+VHD). All patients had symptomatic congestive heart
failure with elevated mean right atrial pressure (9.1±2.8
mm Hg, n=30, all patients >5 mm Hg), with elevated mean
pulmonary artery wedge pressure (14.6±3.0 mm Hg, n=30),
with elevated left ventricular end-diastolic pressure (14.1±3.2
mm Hg, n=30), and with atrial enlargement as diagnosed by
ultrasound cardiography. Six patients had chronic atrial fibril-
lation (AF), whereas the remainder were in sinus rhythm
(SR), including 4 with paroxysmal atrial dysrhythmia. All
specimens were obtained from the right atrial appendage.
Similar specimens were also obtained from 4 explanted donor
hearts (donors 28 to 41 years old; median age, 38 years) that
served as nondiseased healthy controls. All patients received
diuretics and vasodilators for >2 months before surgery.
Twenty-four patients received digoxin for >1 month before
surgery. Three patients received calcium antagonists for 1 to 9
months. No catecholamines or fl-blockers were given. The
administration of cardiac drugs was stopped 48 hours before
surgery. Immediately after surgical explantation of each heart,
the specimen was placed in a chilled transport solution and
carried to the laboratory within 1 hour.

Isolation of Atrial Myocytes
Human atrial myocytes were isolated by an enzymatic

dissociation method identical to that described previously by
our laboratory.21 Specimens were minced into small pieces
with a fine razor blade and washed three times, 7 minutes each
time, in oxygenated Ca 2k-free Tyrode's solution. The tissues
were then incubated in oxygenated Ca 2k-free Tyrode's solu-
tion containing 300 to 350 U/mL collagenase (Sigma, type V),
0.5 U/mL protease (Sigma, type XXIV), and 1 mg/mL of
bovine serum albumin (Sigma) at 37°C and were gently stirred
with a magnetic stirring bar until isolated myocytes appeared
(-40 minutes). The tissue was then strained through a 200-,um
nylon mesh to collect the individual myocytes. Myocytes were
stored at room temperature in a modified Kraftbruhe (KB)
medium.22 The residual nondigested tissue was reincubated in
enzyme-containing solution for an additional 10 minutes, and
isolated myocytes were collected as described above. This

isolated. Isolated cells were stored in KB solution at room
temperature. Only Ca2+-tolerant, clearly striated, rod-shaped
cells without any blebs were studied.

Solutions
The transport solution for human specimens contained (in

mmol/L): NaCl 27, KCl 20, MgCl2 1.5, HEPES 5.0, glucose 274
(pH 7.0). The Tyrode's solution contained (in mmol/L): NaCi
140.0, KCl 5.4, CaCl2 1.8, MgCl2 0.5, HEPES 5.0, glucose 5.0
(pH 7.4 with NaOH). Ca 2+-free Tyrode's solution was made by
omitting CaCl2 from the normal Tyrode's solution. The mod-
ified KB solution had the following composition (in mmol/L):
KCI 25, KH2PO4 10, KOH 116, glutamic acid 80, taurine 10,
oxalic acid 14, HEPES 10, glucose 11 (pH 7.0 with KOH). The
composition of internal solution used for the action potential
and whole-cell recording was (in mmol/L): potassium aspar-
tate 110, KCl 20, KH2PO4 1.0, MgCl2 1.0, Na2-ATP 5.0, EGTA
5.0, HEPES 5.0 (pH 7.2). Pipette solution used for both
cell-attached and inside-out patch recordings was (in mmol/
L): KCl 150, HEPES 5.0 (pH 7.4). Normal Tyrode's solution
was used for external solutions during the action potential and
whole-cell recordings. Either normal Tyrode's solution or
high-K' (150 mmol/L) solution was used for external solutions
during cell-attached patch recordings. High-K' solution was
prepared by simply adding KCl to normal Tyrode's solution. In
excised inside-out patch recordings, the cytosolic surface of the
membrane was perfused with a bath solution containing (in
mmol/L): potassium aspartate 120, KCl 30, Na2-ATP 5.0,
MgCl2 1.0, HEPES 5.0, and EGTA 5.0 (pH 7.2).
ACh (0.001 to 10 gmol/L) was added to the bath solution

during the action potential and whole-cell recordings or to the
pipette solution during cell-attached patch recordings. GTP
(0.1 to 500 ,umol/L) and guanosine 5'-0-(3-thiotriphosphate)
(GTPyS, 0.1 to 200 ,umol/L) were added to the bath solution
in inside-out patch recordings. Pertussis toxin was dissolved in
KB solution at a final concentration of 5 ,ug/mL with albumin
(3 mg/mL) during myocyte incubations for up to 90 minutes at
35°C. All reagents were purchased from Sigma Chemical Co.
The experimental chamber (0.2 mL) was continuously per-

fused with bath solution at a rate of 6 to 7 mL/min, and
complete solution exchange was achieved within 5.0+1.2 sec-
onds (n=16) as determined by measuring the current change
induced by changing the solution from 5.4 mmol/L K' solution
to 150 mmol/L K' solution. To facilitate the rapid exchange of
test solutions, the mouth of a fine-bore polyethylene inlet tube
was positioned within 1 mm of the patch.

Electrophysiological Recording Technique
Patch-clamp recordings of whole-cell and single-channel uni-

tary currents were made by use of cell-attached and excised
inside-out patch configurations.23 The amplifier and head stage
were designed by Narahashi et al.24 The feedback resistance of
the head stage was 100 MQ for recording whole-cell current and
10 Gfl for recording single-channel current. The electrodes
were pulled from glass capillary tubes (Kimax-51, Kimble
Products) with a programmable horizontal micropipette puller
(model P-87, Sutter Instrument Co). Electrodes with tip resis-
tances of z-2 MQl were used to record whole-cell currents and

10 MQl for single-channel currents. Seal resistances were 10 to
100 GQl for recording single-channel currents.
For whole-cell recording, the series resistance attributed to

the pipette tip and the cell interior was compensated by
summing a fraction of the converted current signal to the
command potential and feeding it to the positive input of the
operational amplifier. Series resistance compensation was
used to minimize the time course of the capacitative surge. The
capacitative transient remaining after series resistance com-
pensation was constant throughout the experiments. The cell
capacitance (Cm) was calculated from the equation

process was repeated until viable myocytes could no longer be (1) Cm=Q/V
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TABLE 1. Action Potential Parameters in Atrial Myocytes Isolated From HF and Donor Hearts

RP, mV Overshoot PI-A, mV Notch, mV APD50, ms APD90, ms

HF, n=7 (16)

Control -51.9+8.8 14.8+9.7 8.7+3.6 2.7±4.1 185.4±16.5 371.0±3.1

ACh (1 ,umol/L) -52.4+8.1 15.5+9.8 8.0+3.9 2.9+4.9 153.7+14.2 320.5+20.8

Difference 0.4+0.3 0.6±0.4 0.7±2.9 0.2±0.9 80.9±11.4 (%) 83.7±12.5 (%)

Donor, n=4 (9)

Control -73.0±7.2t 17.5±6.4 16.8+5.0* 3.2±4.0 167.3±15.5 289.4±23.Ot

ACh (1 ,umol/L) -77.4±6.1t 20.3±7.7 -8.1 ±4.8t 3.4±4.5 40.5±9.9t 112.6±14.5t

Difference 4.1 ±1.Ot 2.8±0.7t 25.6±54.1t 0.2±0.6 24.8±5.6 (%)t 38.8±7.0 (%)t

HF indicates heart failure; RP, resting membrane potential; Pl-A, action potential plateau amplitude; notch, depth of the notch; APD50
and APD90, action potential duration measured at 50% and 90% repolarization, respectively; n, number of patients or donors; number
in parentheses, number of cells; and ACh, acetylcholine. The percentage in APD50 and APD90 indicates the value in the presence of ACh
relative to control. Values are mean±SD.
*P<.05, tP<.001 different from HF by Student's t test and two-way ANOVA.

where Q is total charge movement determined by integrating
the area defined by the capacitative transient in response to
+10 mV voltage step (holding potential of -40 mV). The
mean cell capacitance was 84.5±11.6 pF (n=20) in human
atrial myocytes. Although the averaged cell capacitance in
atrial myocytes isolated from HF was generally greater than
that from donors, the difference did not achieve statistical
significance (84.8± 11.4 pF, n=16 in HF and 83.9±8.1 pF, n=4
in donors). The sizes of myocytes under microscopic observa-
tion were also similar between the two groups. The output of
the voltage-clamp amplifier was adjusted to give zero current
when the tip of the patch pipette (filled with internal solution)
was immersed in the bath containing control external solution.
After access was gained in the whole-cell patch-clamp config-
uration, myocytes were allowed to "stabilize" electrophysio-
logically for 10 to 15 minutes before data were collected. The
whole-cell membrane currents were filtered at 10 kHz with a
two-pole active filter, digitized at a sampling rate of 40 kHz,
and stored on the Winchester drive of an LSI 11/73 computer
(Digital Equipment Corp) for subsequent analysis. Resting
and action potentials were measured in the whole-cell current-
clamp mode with an Axoclamp 2A amplifier (Axon Instru-
ments, Inc).
The single-channel currents were monitored with a digital

oscilloscope (7101A, Kikusui) recorded through an analog-to-
digital converter and stored continuously on videotape with a
PCM recording system (Unitrade, Toshiba). The recorded
signals were reproduced and filtered off-line through an eight-
pole low-pass Bessel filter (48 dB/octave, model 902-LPF,
Frequency Devices, Inc) with a cut-off frequency of 2 kHz for
IK1 and 5 kHz for IK(ACh). Data were digitized to 14-bit
resolution at a sample rate of 10 kHz and stored on an LSI
11/73 computer. The data were then analyzed by use of
algorithms developed locally and based on the half-amplitude
threshold analysis developed by Colquhoun and Sigworth.25
Channel transitions were calculated with an averaging tech-
nique for channel amplitudes. The measurements of single-
channel transitions were collected into histograms to allow
determination of single-channel kinetics. The mean dwell
times were determined from the sum of exponential fits to the
distribution of open and closed times recorded from patches
with evidence of only one channel. When no double openings
were seen, we determined that only one functional channel
was present in a patch (by use of Equation 65 in Colquhoun
and Hawkes26). Channel open probability (PO) and dwell time
histograms were derived from data recorded at HP= -60 mV
in symmetrical external and internal K' concentrations (150
mmol/L K') to assess the channel gating kinetics at this
potential, unless otherwise stated. Experiments were per-
formed at room temperature (20°C to 22°C). For the action

potential measurements, external solution was maintained at
37°C by use of a Peltier thermoelectrical device.

Data Analysis and Statistics
To achieve quantitative comparisons, mean values were

calculated from multiple data obtained from one patient
(heart) and used as one datum. We could not simply compare
the data from different patient groups as a whole, because the
variability of data for each patient results in a deviation from
the mean value if the number of data are not balanced
between patients. Thus, throughout this paper, n refers to the
number of hearts, not cells, unless otherwise stated.
The results are expressed as mean±SD. Statistical analyses

were performed with Student's t test or one-way ANOVA only
when the data were suited for parametric tests as judged by
normality and equal variance tests. When the data were not
suitable for parametric tests, we used a Mann-Whitney rank-
sum test (Wilcoxon rank-sum test) for data comparisons. To
consider the interpatient and intrapatient variability, each
data comparison was also evaluated with a two-way ANOVA.
In addition, an ANCOVA was used to determine the influence
of age and sex in each comparison, unless otherwise stated. A
nonparametric procedure in STATISTICAL ANALYSIS SYSTEM
(SAS Institute, Inc) on a NeXT computer (NeXT Computer,
Inc) was used for these analyses. Results were considered to be
significant when P<.05.

Results
Resting Membrane Potentials and Action Potential
Response to ACh in Atrial Myocytes Isolated From
HF and Donors

Freshly isolated Ca2'-tolerant human atrial myocytes
from both HF and donor atria appeared morphologi-
cally similar. As summarized in Table 1, resting mem-
brane potentials in myocytes from HF atria were
-51.1+9.7 mV (n=74 cells from 30 patients), while
those in donors were -73.0±7.2 mV (n= 18 cells from 4
donors, P<.001). When the resting membrane potential
of an individual cell from HF was within -51.1±3.9 mV
(evaluated by the confidence interval estimation,
8= +3.9 mV with 99.9% reliability), we considered the
cell "diseased." This voltage range of cell selection
criteria in HF is similar to that reported previously in
human diseased atria.4,27,28

Fig 1 illustrates typical action potentials and their
response to ACh in atrial myocytes from HF and donor
atria. In the absence of ACh, the rate of repolarization
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FIG 1. Effect of acetylcholine (ACh) on the action potentials
recorded in atrial myocytes from heart failure (HF) and donor
heart. A, Representative action potential and response to ACh in
an isolated atrial myocyte from HF recorded in the whole-cell
current-clamp configuration at a stimulation frequency of 1 Hz.
After application of ACh (1 ,umol/L) to the bath solution, short-
ening of the action potential occurred (to 84.8% of control
measured at 90% repolarization) with a small hyperpolarization
of the resting membrane potential (-1 mV, a). The action
potential recovered partially after 10 minutes of washout of ACh
(A). B, Representative action potential and response to ACh in an
isolated atrial myocyte from donor heart recorded under the
same conditions as A. The action potential shortened to 36.5% of
control, and the resting membrane potential was hyperpolarized
by -4 mV in response to ACh (m). These effects were partially
reversed after 10 minutes of washout of ACh (A).

(phase 3) was slower than in the donor, so that the
action potential duration at 90% of repolarization was

longer in HF than in the donor. The action potential
plateau amplitude, overshoot, and the depth of the
notch (following the overshoot) were greater in donor
than in HF. Bath application of ACh (1 ,umol/L) caused
a shortening of the action potential duration, shifted the
plateau level to more negative potentials, and increased
the resting membrane potentials in both groups. How-
ever, these responses to ACh in myocytes from HF were

much less than those from donors. Table 1 summarizes
the action potential parameters and their response to
ACh in both groups. Characteristics of the action po-
tential in control and in response to ACh from donors
are similar to those reported previously for normal
atria.227 29 When a comparison was performed between
transplant recipients and nontransplant patients within
the HF group, the action potential parameters were not
significantly different. The hyperpolarizing shift of the
resting membrane potential and shortening of action
potential durations at 50% and 90% repolarization by
ACh were significantly reduced in myocytes from HF
compared with donors (P<.001). These results indicate
that the sensitivity of transmembrane potential charac-
teristics to ACh is reduced in HF compared with
donors.

Whole-Cell Membrane Current Response to ACh in
Atrial Myocytes Isolated From HF and Donors

Since alterations in K' conductance could be respon-
sible for the diminished resting potential and action

-120 4

r~~~~~~~~~~~~
(V ~~~~-20.
* Contol
* ACh (1 ^M)

40J

40

-I (pA/pF)

FIG 2. Effect of acetylcholine (ACh) on the whole-cell mem-
brane current in atrial myocytes from heart failure (HF) and donor
heart. A, top, Representative whole-cell membrane current and
response to ACh (1 btmol/L) in an isolated atrial myocyte from HF
recorded in the whole-cell voltage-clamp configuration. The
membrane was voltage-clamped to -100 mV for 300 millisec-
onds from a holding potential of -40 mV (-). lca was blocked by
nifedipine (5 ,mol/L), and INa was blocked by tetrodotoxin (10
,umol/L) in the bath solution. Application of ACh (1 ,mol/L) to the
bath solution slightly increased the inward current (m). Bottom,
Averaged steady-state current-voltage (I-V) relations before (e)
and during exposure to ACh in atrial myocytes from HF (n=7).
Whole-cell current was increased by ACh, and reversal potential
shifted to a more negative potential. B, top, Representative
whole-cell membrane current and response to ACh in an iso-
lated atrial myocyte from donor heart under the same conditions
as A. Both the control current magnitude (e) and response to
ACh (m) were greater than in HF. Bottom, Averaged steady-state
I-V relations before and during exposure to ACh in atrial myo-
cytes from donors (n=4). ACh increased membrane current and
caused a greater hyperpolarizing shift in reversal potential than
in HF. TP indicates test potential.

potential response to ACh in HF compared with donors,
the characteristics of whole-cell K+ currents were stud-
ied. Fig 2 shows the whole-cell membrane current
characteristics and response to ACh in atrial myocytes
from HF and donors. Fig 2A and 2B (top panels) show
examples of the response to a voltage step from a
holding potential of -40 mV to -100 mV for 300
milliseconds in atrial myocytes from HF (Fig 2A) and
donor (Fig 2B). Nifedipine (5 gmol/L) and tetrodotoxin
(10 gmol/L) were included in the bath solution to block
Ca2+ (ICa) and Na+ current (INa). ACh (1 ,umol/L)
increased the inward current at -100 mV in both traces,
but both the original current magnitude and the re-
sponse to ACh were different in the two cells. The
current offset at the holding potential was observed
consistently in donors (n=4). Fig 2A and 2B (bottom
panels) show the averaged steady-state current-voltage
(I-V) relations before and during exposure to ACh (1
gmol/L) in atrial myocytes from HF (n=7) and donors
(n=4). Before exposure to ACh (control), slope con-
ductance of the membrane current at the reversal
potential was 6.2+0.5 nS (n=7) in HF and 13.9+ 1.7 nS
(n=4) in donors (P<.001). ACh (1 gmol/L) increased
the conductance and shifted the reversal potential to
more negative potentials in both groups: -2.4±0.7 mV
(n=7) in HF and -5.5+0.9 mV (n=4) in donors
(P<.01). However, the magnitude of membrane cur-
rents in HF was significantly smaller than in donors
under control conditions. To compare the magnitude of

A HF

0mV
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* ACh (1 gM)
A Wahout

20 mV
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FIG 3. Whole-cell Ba2+-difference (sensitive) and acetylcholine
(ACh)-difference (sensitive) current in atrial myocytes from heart
failure (HF) and donor heart. A, Averaged current-voltage (I-V)
relations of the whole-cell Ba2+-difference current in atrial myo-
cytes from HF (a) and donors (0). Current was obtained by
subtracting Ba2+ (1 mmol/L) -inhibited current from control
current. Vertical bar through each point represents SD (n=3 for
each). B, Averaged I-V relations of whole-cell ACh-sensitive
current in atrial myocytes from HF (a) and donors (c). Current
was obtained by subtracting control current from current during
exposure to ACh (1 ,umol/L). Vertical bar through each point
represents SD (n=7 in HF and n=4 in donors).

the background IK1 between the two groups in more
detail, Ba2` (1 mmol/L) was introduced to the bath
solution. Fig 3A illustrates the I-V relations of the
Ba2`-difference (sensitive) current obtained by sub-
tracting the current in the absence of Ba2` (control)
from that in the presence of Ba2` in both groups. The
averaged slope conductance measured at the reversal
potential was 6.5 ±0.7 nS (n=3) in HF and 14.2± 1.9 nS
(n=3) in donors. The slope conductance in donors was
significantly greater than in HF (P<.001), indicating
that the contribution of Ba2+-sensitive K+ conductances
to the membrane current is smaller in HF than donors.
In addition, the increase in whole-cell currents by ACh
in HF was less than in donors. Fig 3B illustrates the I-V
relations of the ACh-difference (sensitive) current ob-
tained by subtracting the current in the presence of ACh
(1 ,umol/L) from control in both groups. The averaged
slope conductance measured at the reversal potential
was 7.1±0.7 nS (n=7) in HF and 13.7±2.0 nS (n=4) in
donors. The value in donors was significantly greater
than that in HF (P<.001). There were no significant
interpatient differences associated with age and sex in
both groups. These results are consistent with those
obtained from the action potential measurements and
indicate alterations in IK1 and IK(ACh) in HF.

Characteristics of 1K1 Channels in Atrial Myocytes
Isolated From HF and Donors
The characteristics of single atrial K+ channels were

also studied to gain further insight into the basis for the
differences in whole-cell membrane currents between
HF and donors and in the response to ACh.

Fig 4 shows the characteristics of unitary 1K1 currents
in isolated myocytes from HF and donor atria in cell-
attached patches. 1K1 channel activity occurred in long-
lasting bursts of slow open-close events in myocytes
from both groups (Fig 4A). Unitary amplitudes in-
creased and the duration of individual open events
decreased at more negative potentials. No outward
currents could be detected at potentials positive to the
reversal potential (estimated by zero current potential),
indicating inward rectification. Channel activity was

A HF
+80

+30 _

Donor

RP_

-20 - --

40_

-60

50 mAn ~~~~~~~~~~~~~~~500 ms
B
V (mV)
-80 -60

C

0 Open dme (mn) 350 0 Open time (m) 350

FIG 4. Characteristics of 1K1 channel activity in atrial myocytes
from heart failure (HF) and donor heart. A, Representative unitary
1K1 currents in isolated atrial myocytes from HF and donor heart
recorded under cell-attached patch conditions with 150 mmol/L
K' in the pipette. Holding potential (HP) is expressed as voltage
deviation from resting membrane potential (RP) and is indicated
to the left of each current trace. Each patch contained only one
channel whose openings occurred in bursts. Current recordings
were low-pass filtered at 2 kHz. Dotted line running above trace
indicates closed state (baseline level). B, Current-voltage rela-
tions obtained from same patches as A. Inward current showed
a slope conductance of 28 pS in HF (a) and donor (o) heart. C,
Histograms of open times from HF and donor in cell-attached
patch recordings at HP= -60 mV. Lifetimes of openings were
distributed according to a single exponential function in both
cases.

observed in 25.2% (29/115) of patches from HF atria
compared with 38.7% (12/31) of patches from donor
atria. The I-V relations for both groups were almost
linear in the voltage range between resting potential
(RP) -60 mV and RP +30 mV (Fig 4B). The estimated
reversal potential was -55.0 mV in the cell from HF
and -75.3 mV from the donor. The slope conductance
was 28 pS in both cells.
The distributions of open times in both groups were

well described by a single exponential function, indicat-
ing the presence of a single open state (Fig 4C). The
mean open lifetime was 28.7 milliseconds in HF and
30.4 milliseconds in donor. Channel open probability
(PO) at HP= -60 mV was 39% in HF and 38% in donor.
Table 2 summarizes the results. Channel characteristics
were generally similar for the two groups (NS, not
significant statistically) with the exception of the inci-
dence (percentage of patches in which channels were
found), indicating that individual single IK1 channel
properties were unaffected by HF. These results suggest
that reduced whole-cell membrane current magnitude
in the absence of ACh in HF may be caused by a
reduced number of functional IKI channels.

Characteristics of Muscarinic K+ Channels in
Atrial Myocytes Isolated From HF and Donors

Fig 5 shows the unitary IK(ACh) currents in isolated
atrial myocytes from HF and donor heart recorded in
cell-attached patches with 1 ,umol/L ACh in the pipette
solution. The original current traces in Fig 5A show
channel activity typical of the fast gating behavior of
IK(ACh) with openings occurring in brief bursts superim-
posed on 1K1 openings, which occur more slowly in
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TABLE 2. Intergroup Comparisons of 1K1 Channel
Characteristics in Atrial Myocytes Isolated From HF
and Donor Hearts

Incidence,
n , pS n iO, ms PO, % %

HF 23 (29) 28+2 18 (22) 27.5+4.8 40+5 25.2

Donor 4 (11) 28±2 4 (10) 29.9+4.6 41+4 38.7

HF indicates heart failure; n, number of patients or donors;
number in parentheses, number of cells; y, slope conductance;
ro, time constant for open time distributions determined at
HP=-60 mV; PO, channel open probability measured at
HP= -60 mV; and incidence, percentage of patches in which IKl
channels were found. Values are mean±SD. Conductance and
gating parameters (y, r,, and PO) were not statistically different
between the two groups (NS) by Student's t test. Because of the
low density of IKl channels, one patch (myocyte) with IKl channel
activity was obtained from a specimen in several cases in HF.
Thus, in this comparison, comparisons were performed using
the value from one cell (patient) or mean value from each patient,
because neither two-way ANOVA nor ANCOVA was applicable.
However, when data analysis was focused on the patients
providing multiple cells, the statistical results using two-way
ANOVA and ANCOVA were exactly the same as above.

long-lasting bursts. The opening of IK(ACh) channels
occurred only when ACh was included in the pipette
solution in both groups. The channel exhibited brief
openings (flickering) during individual bursts. When
atropine (1 gmol/L) was included in the pipette solu-
tion or myocytes were preincubated with pertussis toxin
(5 ,ug/mL, see "Methods") and albumin, ACh failed to
activate the channel even at a concentration of 20
gmol/L in the pipette in both groups (n= 10 in HF, n=4

A HF
+80 _

+20 offi'yll1p Alyh ''Jm"mfl 'I

Donor

1 -

-20
-

-40 PAirlih-w
3 pA

B C 500 mS
.' AI ' ^' 200 HF 180 Donor

-60 -40 -20
V (mV)

FIG 5. Muscarinic K+ channel activity in atrial myocytes from
heart failure (HF) and donor heart. A, Original single IK(ACh)
channel recordings in atrial myocytes isolated from HF and
donor heart recorded under cell-attached patch conditions with
acetylcholine (ACh, 1 ,mol/L) in the pipette solution. IK(ACh)
activity is superimposed on IK1 activity, which displayed typical
slow open-close events that occurred in long-lasting bursts with
smaller unitary amplitude. In contrast, IK(ACh) exhibited brief
openings (flickering) that occurred in short bursts. Outward
currents were not detected at holding voltages more positive
than RP +80 mV in both groups. Current recordings were
low-pass filtered at 5 kHz. B, Current-voltage relations obtained
from same patches. Single-channel slope conductance of IK(ACh)
was 43 pS in both HF (a) and donor (c) heart. C, Open time
histogram for IK(ACh) channels from HF and donor heart at
HP= -60 mV. The lifetimes of openings were distributed accord-
ing to a single exponential function in both groups.

TABLE 3. Intergroup Comparisons of 1K(ACh) Channel
Characteristics in Atrial Myocytes Isolated From HF
and Donor Hearts

Incidence,
n Y, pS n ro, ms PO, % %

HF 28 (62) 42+3 24 (54) 1.3+0.3 4.0±1.2* 66.1

Donor 4 (20) 44+2 4 (16) 1.5±0.4 6.8±1.1 83.9

HF indicates heart failure; n, number of patients or donors;
number in parentheses, number of cells; y, slope conductance;
7m, time constant for open time distributions determined at
HP=-60 mV; P,, channel open probability measured at
HP=-60 mV; and incidence, percentage of patches in which
IK(ACh) channels were found. Values are mean+SD. Conductance
and the mean open lifetime (y and 7TO) were not statistically
different between the two groups (NS) by Student's t test and
two-way ANOVA.

*P<.01 different from donor when comparison was made by
Student's t test and two-way ANOVA.

in donors, data not shown). In contrast, myocyte incu-
bation with albumin alone had no effect on channel
activation (n=4). Similar results were obtained in atrial
myocytes from both groups. Channel activity was ob-
served in 66.1% (76/115) of patches from HF atria
compared with 83.9% (26/31) of patches from donors.
The inward I-V relations for both channels were almost
linear (Fig SB). Outward currents were not detected at
holding voltages more positive than the reversal poten-
tial (estimated by zero current potential; -53.3 mV in
the cell from HF and -68.7 mV from the donor). The
single-channel conductance was 43 pS in both. Fig 5C
shows representative histograms of single-channel open
time distributions in HF and in donors. Open time
distributions could be best fitted by a single exponential
function in both cells. Mean open lifetime was 1.5
milliseconds in HF and 1.6 milliseconds in donor. PO was
4.1% in HF and 6.6% in donor (at HP= -60 mV). Table
3 summarizes the gating parameters of both groups. No
significant interpatient differences were detected in
these comparisons. Although channel characteristics
were similar in both groups, the number of functional
channels (incidence) and P0 were lower in HF than in
donors.

Fig 6 illustrates the dependence of single IK(ACh)
channel activity on ACh concentration in myocytes
isolated from HF and donor atria in cell-attached
patches. Channel activity was estimated by NP0, where
N is the number of channels in the patch. The concen-
tration-dependent activation of IK(ACh) was fitted by a
least-squares method to the following form of the Hill
equation:

(2) NPO=Vmax/ [1 + (KD/ [ACh])H]
where Vm, is the maximal NP0 value, KD is the concen-
tration of ACh at half-maximal channel activation, and
H is the Hill coefficient. The best fit for the relation
between the concentration of ACh and single-channel
activity was obtained with values for the Hill coefficient
of 1.7 for HF atria and 2.1 for donor atria; however,
donor showed a higher sensitivity to ACh (KD=0.03
,umol/L) than HF (KD=0.11 ,mol/L) as well as a
greater maximal response to ACh. These results suggest
that the reduced whole-cell membrane current response
to ACh in HF may be caused by a reduced total number
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TABLE 4. Intergroup Comparisons of Time Course of
GTP-Dependent Activation and Deactivation of IK(ACh) in
Atrial Myocytes Isolated from HF and Donor Hearts

n 100 50 10

Half-activation time (s) in different concentrations of GTP (,mol/L)

HF 11 (24) 94+10* 115±21* 140±27*

Donor 3 (8) 15±4 22±5 31±5

Half-decay time (s) in different concentrations of GTP (,umol/L)

10001 0.01 0.1 1 1

ACh concentration (gM)
FIG 6. Concentration-dependent activation of muscarinic K'
channels in atrial myocytes isolated from heart failure (HF) and
donor heart in cell-attached patch recordings. Relation between
the concentration of ACh in the pipette solution and channel NP.
(%) in HF (a) and donor (0) heart. ACh concentration at
half-maximal channel activation was 0.11 j.mol/L in HF and 0.03
.amol/L in donor heart. Vertical bars through each point repre-
sent SD from 3 to 6 patients (8 to 20 cells) with HF and from 3 or
4 donors (8 to 12 cells).

of functional channels (density) and/or reduced activity
of individual IK(ACh) channels.

Coupling of G Proteins to Muscarinic K' Channels
in Atrial Myocytes Isolated From HF and Donors
Recent studies using inside-out patch recordings

showed that M2 cholinergic receptor-linked G proteins
(G1) are involved in the activation of IK(ACh) in human
atrial myocytes similar to other mammalian species.15,'6
G protein-mediated activation of atrial IK(ACh) was ex-

amined in myocytes isolated from both HF and donors
by use of the excised inside-out patch configuration.

In the presence of ACh (1 gmol/L) in the pipette
solution, IK(ACh) activity was observed in cell-attached
patches in myocytes from HF and donor atria (Fig 7A).

B ,GTP 10 aM HF
a

A GTP100UM HF
1 |M -~

1/\/--l~1
G1.Dn_o

1 , 1 r r1
I GTP100aM oor~~~0

- a

HF 10 (21) 14±4t

Donor 3 (8) 48+9

1 2±4t

41±6

9±2*

34+5

HF indicates heart failure; n, number of patients or donors;
number in parentheses, number of cells.
*P<.001 compared with donor when comparisons were made

by Student's t test and the two-way ANOVA; tP<.001 compared
with donor by Mann-Whitney rank-sum test (Wilcoxon rank-sum
test).

Channel activity disappeared immediately after forma-
tion of an excised inside-out patch (downward arrows).
Application of GTP (100 ,umol/L) to the bath solution
(cytosolic side of membrane) restored channel activity
in both patches. Single-channel slope conductances and
mean open lifetimes of the GTP-activated channels
were similar in the two groups (not shown). However,
channel reactivation by GTP showed a much greater
delay in the patch from HF compared with that from the
donor (Table 4) evaluated by a method similar to that
previously described by Okabe et al.30 In addition, the
channel open events were less frequent in myocytes
from HF than from donors (see insets in Fig 7A). After
washout of GTP from the bath, channel activity disap-
peared in both patches. In addition, the time to channel
closure in HF was significantly less than that in donor
(Table 4). Fig 7B illustrates a similar experiment in
which the concentration of GTP was reduced to 10
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FIG 7. GTP-dependent activation of muscarinic K+ channels in atrial myocytes isolated from HF and donor heart in excised inside-out
patch recordings. A, Original current recordings in atrial myocytes from HF and donor heart at HP= -60 mV. Initially, channel activity was
observed in the cell-attached patch configuration in the presence of ACh (1 ,umol/L) at HP= -60 mV (150 mmol/L K+ in both the pipette
and bath). On formation of an excised inside-out patch (downward arrow), channel activity was abolished in both patches. Application
of GTP (100 ,umol/L) to the bath solution caused reactivation of the channel. Channel from HF activated with a significant delay after
application of GTP compared with donor heart. In addition, channel activity in HF disappeared faster during washout of GTP than in
donors. Arrowhead indicates baseline level (zero current, channel closed). B, Experiments similar to those in A using a lower
concentration of GTP (10 j,mol/L). Similar to A, the channel from HF activated with a significant delay after application of GTP compared
with donor heart, and channel activity in HF disappeared faster during washout of GTP than in donors. C, Relation between

concentration of GTP and channel NP0 (%) in HF (a) and donor (o) heart. GTP concentration at half-maximal channel activation was 29.8

,umol/L in HF and 6.6 ,umol/L in donor heart. Vertical bars through each point represent SD from 3 to 7 patients (8 to 22 cells) with HF

and from 3 or 4 donors (9 to 14 cells).
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FIG 8. GTPyS-dependent activation of muscarinic K+ channels
in atrial myocytes isolated from heart failure (HF) and donor heart
in excised inside-out patch recordings. A, Original current re-
cordings of atrial myocytes isolated from HF and donor heart at
HP=-60 mV under inside-out patch conditions. Acetylcholine
(ACh) was absent from the pipette solution in both cases. No
channel activity was detected in the initial segments of either
trace. Application of GTPyS (100 ,umol/L) to the bath solution
caused the activation of channels in both cases in a manner
similar to that which occurred with GTP. Channel activation by
GTPyS in the patch from HF heart exhibited a significant delay
compared with that from donor heart. B, Relation between
concentration of GTPyS and channel NP0 (%) in HF (a) and
donor (-) hearts. The GTPyS concentration at half-maximal
channel activation was 13.1 gmol/L in HF and 3.25 pmol/L in
donor hearts. Vertical bars through each point represent SD from
3 to 6 patients (8 to 19 cells) with HF and from 3 or 4 donors (9
to 13 cells).

gtmol/L in both groups. Channel reactivation by GTP
was significantly slower and the channel closure after
washout of GTP was significantly faster in HF than in
donors. These differences were observed at every con-
centration of GTP tested (Table 4). In addition, channel
activity in HF was less than that in donor.

Fig 7C illustrates the dependence of single IK(ACh)
channel activity on GTP concentration in myocytes
isolated from HF and donor atria. Channel activity was
estimated by NPO. Overall average values of NP0 were

calculated at concentrations of GTP ranging from 0.1 to
500 ,umol/L in each group. The concentration-depen-
dent activation of IK(ACh) was fitted by Equation 2. The
relation between the concentration of GTP and single-
channel activity fit with values for the Hill coefficient of
1.7 for HF atria and 1.8 for donor atria but showed a

higher sensitivity to GTP in donor (KD= 6.6 gmol/L)
than in HF (KD=29.8 ,mol/L) as well as a greater
maximal response to GTP.

Fig 8A illustrates similar inside-out patch experi-
ments using GTPyS instead of GTP with no ACh in the
pipette solution. Although application of GTPyS (100
,umol/L) to the bath solution resulted in activation of
IK(ACh) in both experiments, the patch from HF exhibited
a delay in channel reactivation and less channel activity

compared with donor heart. The half activation time by
100 ,umol/L GTPyS in myocytes from HF was 231+±26
seconds (n=8) compared with 37±8 seconds (n=3,
P<.001) in donors. A difference in the delay of channel
activation was also observed at different concentrations
of GTPyS; the half activation time by 10 ,gmol/L GTPyS
in myocytes from HF was 299±28 seconds (n=6) com-
pared with 40±8 seconds (n=3, P<.001) in donors. In
contrast to GTP, channel activity was irreversible fol-
lowing washout of GTPyS from the bath solution in
both groups. Fig 8B illustrates the dependence of single
IK(ACh) channel activity in HF and in donors on GTPyS
concentration as estimated in a manner similar to
GTP-dependent channel activation in the presence of
ACh (Fig 7C). Values for the Hill coefficient were once
again similar in HF (1.8) and in donor (1.8) atria. In
addition, the relation between the concentration of
GTPyS and single-channel activity showed that the
apparent KD in HF atria (13.1 ,umol/L) was about
fourfold greater than in donors (3.3 ,gmol/L) and that
maximal NPO was greater in donors than in HF. There
were no significant interpatient differences in these
comparisons. These results suggest that both sensitivity
to and magnitude of G protein-mediated activation of
IK(ACh) are diminished in HF compared with donors.
The GTP dependence of individual channel activity

was directly compared between atrial myocytes isolated
from HF and donor heart by estimating the PO values for
ACh- and GTP-activated channels. Fig 9 illustrates the
dependence of the channel PO on ACh in cell-attached
patches and that on GTP in inside-out patches at
HP= -40 mV. Throughout these experiments, 150
mmol/L K' external (bath) solution was used. PO values
Of IK(ACh) were plotted versus time of single-channel
recording in myocytes from HF and donor atria. In
cell-attached patches, ACh (1 ,gmol/L) in the pipette
activated the channel from HF with an overall averaged
PO value of 4.5±0.4% (n= 10, Fig 9A). Upon formation
of an excised inside-out patch, channel activity was
completely abolished but reappeared after application
of GTP (100 gmol/L) to the bath solution with a PO
value of 4.9±0.4% (n=10). Channel activity was abol-
ished after washout of GTP from the bath solution. In
myocytes from donor atria, the overall averaged PO value
in the cell-attached patch configuration was 6.7±0.6%
(n=4) and the value of GTP-activated channels was
7.4±0.6% (n=4, Fig 9B). The averaged P0 values of
both the ACh- and GTP-activated channels in HF were
lower than those in donors (P<.001). In contrast, the
level of ACh-activated channel activity was not signifi-
cantly different from that of GTP-activated channel in
both groups, suggesting that signal transduction be-
tween the M2 cholinergic receptor and the G protein is
not altered in HF.

Discussion
The major findings in this study are as follows: (1)

Resting membrane potential in isolated atrial myocytes
from HF heart was depolarized compared with donor.
(2) The plateau amplitude and duration of the action
potential in HF were significantly reduced compared
with donors. Although ACh hyperpolarized the resting
potential and shortened the action potential in HF,
these effects were diminished compared with donors.
(3) The whole-cell membrane current conductance was
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FIG 9. Dependence of IK(ACh) activity on ACh and GTP in
cell-attached and inside-out patches in atrial myocytes from HF
and donor heart. Channel activity was evaluated as PO, which
was then plotted versus time in cell-attached and in inside-out
patches at HP= -40 mV. ACh (1 ,mol/L) was included in the
pipette solution, and measurements were made in 150 mmol/L
K+ external solution. PO was measured every 2 seconds. Current
recordings were low-pass filtered at 5 kHz. A, Data from an atrial
myocyte isolated from HF. After formation of a cell-attached
patch, channel activity appeared with a mean P. value of 4.3%
and was abolished after formation of the inside-out patch.
Application of GTP (100 ,umol/L) to the bath solution reactivated
the channel with a mean PO value of 4.9%. Channel activity
disappeared after washout of GTP from the bath. B, Data from an
atrial myocyte isolated from donor. PO values were plotted as in
A. Mean P0 value in the cell-attached mode was 6.5%, and that
in the inside-out mode was 7.6%.

reduced in HF compared with donors. Also, the slope
conductance of the ACh-difference current in HF was

significantly less than that in donors. (4) Single IK1
channel characteristics in HF were similar to those in
donors with the exception of a lower number of func-
tional channels. (5) Single 1K(ACh) channel activity and
number of functional channels were lower and the
channel sensitivity to ACh and G protein activation in
HF was less than in donors. These results suggest that
the low resting membrane potential and reduced elec-
trophysiological response to ACh in atrial myocytes
from HF may be caused by reduced density of IK1 and

IK(ACh) channels as well as reduced IK(ACh) channel sensi-
tivity to activation by ACh and G proteins.
Alteration in Resting Membrane Potential in Atrial
Myocytes Isolated From HF Heart
A number of previous studies have demonstrated

that human atrial specimens with low resting mem-

brane potentials may be associated with in situ dis-
ease.3427283'33 Atrial specimens obtained from pri-
mary nonatrial disease (ventricular septal defect,
valvular heart disease, patent ductus arteriosus, or

complex congenital heart disease) were also depolar-
ized.4,32'33 This may be the result of direct or indirect
influences on the atrium by altered circulation and
pressure and/or volume overload generated by ventric-
ular or valvular heart disease. Using multicellular prep-
arations, Hordof et a134 showed that the decreased
resting membrane potential is associated with atrial
dilatation. Diastolic potential of atria obtained from
patients with elevated right atrial pressure (25 mm Hg)
and/or congestive heart failure was significantly depo-
larized compared with healthy subjects.3 In addition,
Mary-Rabine et a14 demonstrated clear relations be-
tween atrial size, atrial pressure, cellular ultrastructural
changes, and electrophysiological changes; specimens
from atria with elevated pressure and/or dilatation
exhibited low resting membrane potentials, alterations
in the action potential, and degenerative pathological
changes. Isolated myocytes from diseased atria exhib-
ited low resting membrane potential similar to that in
multicellular preparations.14 We also found that resting
potentials in atrial myocytes isolated from HF patients
with elevated pressure and dilatation were depolarized
compared with donors. In fact, our results are strikingly
similar to those reported by Ten Eick and Singer,3 who
used multicellular specimens from diseased (-56.3+±8.2
mV) and normal (-74+2.4 mV) atrial tissues.

It is unlikely that atrial myocytes isolated from HF
were damaged or adversely affected by the isolation
procedure or experimental conditions because of the
following observations: (1) Isolated myocytes from both
HF and donor atria appeared morphologically similar.
They were Ca2'-tolerant in normal Tyrode's solution
and rod-shaped with clear striations without any blebs
or granulations. (2) They generated action potentials in
current-clamp mode. (3) ATP-sensitive K' channel ac-
tivity never appeared during cell-attached patch record-
ings, but it appeared after the formation of excised
patches in ATP-free solution in both groups (data not
shown), suggesting maintained metabolic function after
cell isolation. (4) Although the isolation procedure was
identical between HF and donors, resting membrane
potentials in myocytes from donor atria were not depo-
larized and were similar to the value reported previously
in normal atria.4,27,28 (5) In addition, broad study of INa
in our laboratory using myocytes isolated from the same
patients as in the present study demonstrated that
numerous characteristics of INa were unchanged from
137 human atrial specimens.35 This result also suggests
that INa may not be a major target for modification by
HF.
Although a variety of studies have addressed the

origin of the low resting membrane potential in diseased
human atrium,2-4 its underlying mechanism remains
unclear. However, several recent studies from our lab-
oratory and from others have provided some clues
about alterations in atrial membrane function with
disease. In diseased atrium, (1) the electrogenic Na+
pump demonstrated nearly normal function36; (2) low
intracellular K' activity (measured with K' sensitive
microelectrodes) may not be responsible for the low
resting potential, which indicates that depolarization
was the result of changes in ionic conductance33; and (3)
depolarized atrial myocytes did not repolarize during
exposure to 0 mmol/L Na+, tetrodotoxin, or Ca21
channel blockers, indicating that the transmembrane
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Na+ permeability (PNJ) is not exclusively responsible for
membrane depolarization3 (this finding also indicates
that the depolarization is not caused by Na+ ions moving
through Ca2' channels); and (4) INa, 'Ca, or Cl- current
(Ic,) were not responsible for low resting membrane
potential.33 IN, and ICa measured by whole-cell voltage-
clamp techniques were nearly identical to other mam-
malian species and were unchanged in different preex-
isting disease states.21,37 In contrast, other reports
demonstrated that increases in permeability to ions
such as Na+ as well as reduced Na+ pump activity also
contribute to the low resting potential in diseased
atria.32,38 Another recent report demonstrated that the
transient outward current is altered in myocytes isolated
from dilated and diseased atria.17
The present study provides direct measurements of

whole-cell membrane currents as well as single IK' and
IK(ACh) channel behavior. Our results suggest that low
resting membrane potential may be caused at least
partially by the diminished K' conductance associated
with altered 'K1 and 'K(ACh), which is consistent with the
notion that the absolute level of K' conductance is
reduced in depolarized myocytes from diseased atrium.3
However, failure to restore normal resting potential
despite an increase in K' conductance by ACh in HF
suggests that transmembrane ion conductances other
than K4 may also contribute to the low resting mem-
brane potential in HF.

Characteristics of IK1 and Muscarinic K' Channels
in Atrial Myocytes Isolated From HF Heart

Single IK1 and IK(ACh) channels in myocytes isolated
from HF exhibited individual channel behavior similar
to that in myocytes isolated from donor heart, with the
exception of a lower PO value of IK(ACh) channels in HF.
The channel gating characteristics were not different
from those previously reported in human atrium1516 and
in other mammalian species.9,13,39-41
One of our most important observations is that the

channel density of both 'K1 and IK(ACh) in HF was lower
than in donor heart. The lower channel incidence in
single-channel recordings was consistent with a reduced
whole-cell current density in HF. Previous studies sug-
gested that the density of IK(ACh) in atrial myocytes
isolated from diseased human hearts was lower than in
other species.15,16 However, it was unclear whether or
not this difference was due simply to a species difference
or to the influence of disease. In the present study, the
whole-cell ACh-sensitive current magnitude in HF was
significantly less than in donors, and single IK(ACh) chan-
nel incidence and PO were lower than in donors. These
results suggest that reduced atrial IK(ACh) channel density
in HF may be associated with heart disease and not due
to species differences.
The loss of M2 cholinergic receptor (downregulation)

may be, in part, responsible for the reduced channel
density. A reduction in the density of muscarinic recep-
tors and an alteration in agonist binding have been
demonstrated in a canine model of heart failure.42
However, aside from the possible downregulation of M2
receptors, the major alteration in individual IK(ACh) ac-
tivity in HF was the reduced channel sensitivity to GTP
and GTPyS. Excised inside-out patch experiments with
GTP and GTPyS allowed the direct comparisons of M2

between the two groups and excluded possible influ-
ences of receptor downregulation, agonist-receptor
binding affinity, and signal transduction from receptor
to G protein. The delay in channel activation, higher
apparent KD value for channel activation by GTP and
GTPyS, and low NP, value in HF may be caused by a
diminished sensitivity to Gi stimulation in HF. In addi-
tion, the fast decay of IK(ACh) channel activity on washout
of GTP from the bath in HF suggests that the intrinsic
GTPase activity may be enhanced in HF. An enhanced
GTPase activity would cause an apparent decrease in
sensitivity of the channel to GTP.
These results suggest that the relation between Gi

and the channel, but not channel gating behavior, may
be altered in HF. Recent studies have shown evidence
of alterations in endogenous Gi, concentrations associ-
ated with disease states in animal models.43-45 Reduced
amounts of Gi0 are associated with chronic ischemia in
the porcine heart.45 In humans, increased cardiac GQ,
was reported in idiopathic dilated cardiomyopathy heart
but not in ischemic cardiomyopathy.46 48 Although
changes in the amount of Gi present in diseased human
heart are still uncertain, the affinity of Gi for binding to
intrinsic GTP may also be reduced. Our results suggest
that it is unlikely that signaling between M2 receptors
and Gi is disturbed. Hence, reduced IK(ACh) channel
activation in HF may be caused by downregulation of
M2 cholinergic receptors, the reduced function of Gi
with altered GTPase activity, and/or an impaired signal
transduction pathway between Gi and the channel.

Limitations and Clinical Implications
One limitation of this study was the small number of

donor hearts evaluated. The availability of healthy
donor hearts is usually limited in in vitro studies of
human heart. However, our statistical treatment using
the mean values from multiple data for each heart, the
two-way ANOVA, and ANCOVA (see "Methods")
effectively eliminated the statistical errors generated
by using a different sample size for each heart. We
found that the electrophysiological properties of myo-
cytes obtained from donor hearts as well as HF were
quite homogeneous within each group. Thus, there
were no significant interpatient differences associated
with age, sex, and other factors in the present study,
and HF was the only factor that influenced the inter-
group comparison.
The reduced sensitivity of IK(ACh) to ACh in HF

compared with donors suggests the potential impor-
tance of parasympathetic activity in electrophysiological
properties of human heart. Withdrawal of parasympa-
thetic tone is reported in patients with congestive heart
failure and a pacing-induced canine model of congestive
heart failure.49-51 Because enhanced sympathetic tone is
recognized in patients with heart failure,52 54 reduced
response to ACh may influence autonomic control of
the failing human heart. Study of electrophysiological
responses to parasympathetic stimulation under in vivo
conditions may provide further information about the
changes in response to ACh in HF. Our results suggest
that further study of the influence of HF and other
cardiac disease on intracellular signaling is likely to
provide important insights into alterations in ion chan-
nel function that may serve as the basis for altered

receptor-linked G protein (G,) coupling of the channel electrophysiological properties in heart disease.
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