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Modulation of L-Type Ca2" Current by Fast and Slow Ca2' Buffering in
Guinea Pig Ventricular Cardiomyocytes
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4H7, Canada

ABSTRACT Free Ca2+ near Ca2+ channel pores is expected to be lower in cardiomyocytes dialyzed with bis-(o-amino-
phenoxy)-ethane-N,N,N',N'-tetraacetic acid (BAPTA) than with ethyleneglycol-bis-(,B-aminoethyl)-N,N,N',N'-tetraacetic acid
(EGTA) because BAPTA chelates incoming Ca2+ more rapidly. The consequences of intracellular Ca2+ buffering by BAPTA
(0.2-60 mM) and by EGTA (0.2-67 mM) on whole-cell L-type Ca2+ current ('catL) were investigated in voltage-clamped guinea
pig ventricular cardiomyocytes; bulk cytoplasmic free Ca2+ (Ca2c+) was monitored using the fluorescent Ca2+ indicator
indo-1. /Ca.L was augmented by -1 2-fold when BAPTA in the cell dialysate was increased from 0.2 to 50 mM (half-maximal
stimulation at 31 mM), whereas elevating internal EGTA from 0.2 to 67 mM increased /Ca.L only by -2-fold. Ca2+ was <20
nM with internal BAPTA or EGTA 2 20 mM. While EGTA up to 67 mM had only an insignificant inhibitory effect on the
stimulation of /Ca,L by 3 ,M forskolin, /CaL in 50 mM BAPTA-dialyzed myocytes was insensitive to forskolin-induced elevation
of adenosine 3',5'-cyclic monophosphate (cAMP); conversely, /Ca,L in cAMP-loaded cells was unresponsive to BAPTA
dialysis. Cell dialysis with BAPTA, but not with EGTA, accelerated the slow component Of /Ca,L inactivation (Ts) without
affecting its fast component (TF), resembling the effects of cAMP-dependent phosphorylation. BAPTA-stimulated /Ca,L was
inhibited by acetylcholine and by the cAMP-dependent protein kinase (PKA) blocker H-89. These results suggest that
BAPTA-induced lowering of peri-channel Ca2+ stimulates cAMP synthesis and channel phosphorylation by disinhibiting
Ca2+-sensitive adenylyl cyclase.

INTRODUCTION

Intracellular Ca2+ (Ca42+) modulates both magnitude and
duration of Ca2+ entry through L-type Ca2+ channels
(UCa,L), thus providing an intrinsic feedback mechanism for
Ca2+ homeostasis in heart. Both stimulation and inhibition
of ICa,L by elevation of Ca2+ have been observed depending
on experimental conditions (You et al., 1994; see McDonald
et al., 1994 for review). In regard to stimulation, this puta-
tive positive feedback mechanism seems to involve a Ca+-
dependent enzymatic pathway that ends in phosphorylation
of L-type Ca2+ channels by enhanced PKA and/or other
kinase activity (Gurney et al., 1989; Hadley and Lederer,
1991; Hirano and Hiraoka, 1994; You et al., 1994; see
McDonald et al., 1994 for review). Concerning inhibition,
elevation of Ca4+ by (i) cell dialysis with high Ca2+ solu-
tions (Kokubun and Irisawa, 1984; Tseng and Boyden,
1991), (ii) lowering external Na+ (which compromises
Ca2+ extrusion via the Na+-Ca2+ exchanger, cf. You et al.,
1994), (iii) increasing external Ca2+ during K+ depolariza-
tion (Hirano and Hiraoka, 1994), and (iv) flashphotolysis of
caged Ca2+ (Hadley and Lederer, 1991) can switch on a fast
powerful ICaL inactivation process that is superimposed on
a slower voltage-dependent mechanism (e.g., McDonald et
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al., 1994). In regard to the mechanism underlying Ca 2
inhibition of ICaL, we have recently proposed two distinct
cytoplasmic inactivation sites at the channel protein, one of
which directly interacts with submembrane free Ca2+ in the
vicinity of the Ca21 channel pore (Cab2+), whereas the other
is regulated by a yet unknown mediator activated by bulk
cytosolic free Ca2+ (Car2+; You et al., 1995). This model
raises the possibility of differential roles of Cac+ and Casm
in the feedback modulation of ICa,L. However, such a pos-
sibility has not been explored in previous studies, in which
Cac2+ and Ca2+ were generally referred to as intracellular
free Ca2 , or C4
The free Ca2+ at each point in space within the cytoplasm

is determined by the balance between the supply of Ca2+ to
this point and diffusion of Ca2+ away from the point as well
as by Ca2+ sequestration. Thus, due to the limited diffusion
rate of Ca2+, as well as the slow rate of Ca2+ sequestration,
high Ca2+ concentrations can theoretically develop under-
neath the plasma membrane as the result of Ca2+ entry
through membrane Ca2+ channels (Neher, 1986; Kargacin
and Fay, 1991; Stern, 1992, Kargacin, 1994). Local Ca2+
signaling in this submembrane space (e.g., Lederer et al.,
1990; Leblanc and Hume, 1990 for cardiac muscle; Smith
and Augustine, 1988 for neurons) may, for example, facil-
itate the coupling of Ca2+ entry to Ca2+ release and/or
locally activate specific signal transduction pathways, be-
fore, or without activating other Ca2+-dependent pathways
in the central cytoplasm of the cell (cf. Kargacin, 1994). The
latter possibility has gained particular attention by recent
findings which suggest that local Ca2+ signals can regulate
adenylyl cyclase activity in a variety of cells (cf. Cooper et
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al., 1995; Sunahara et al., 1996). In chick cardiac cells and
membranes, for example, Ca2+ entry via L-type Ca2+ chan-
nels is suggested to act as a negative regulator of types V
and VI adenylyl cyclase activities and cAMP levels (Yu et
al., 1993). The evidence for this has been indirect, however,
and the effects of local Ca2+ changes on 'CaL have not been
explored experimentally.

Thus, the objective of the present study was to investigate
whether changes in Ca2+ affect 'CaL differently than
changes in Ca 2+. To this end, we utilized two different
Ca2+ chelators, EGTA and BAPTA, at different concentra-
tions in the cell dialysates. Although, at steady-state, both
chelators bind Ca2+ with similar affinities (apparent KD for
EGTA and BAPTA is 149 nM and 127 nM at pH 7.2,
respectively), BAPTA, due to its faster Ca2+ binding kinet-
ics (K00 = 9.4 X 108 M-1 s-1, Lattanzio and Bartschat,
1991), chelates incoming Ca2+ faster than EGTA (Kon =
1.5 X 106 M-' s-1, Smith et al., 1984). Consequently,
EGTA is ineffective in buffering Ca2+ within macromolec-
ular distances of the Ca2+ channel pore, whereas useful
Ca2+ buffering in this restricted diffusion space can be
achieved with the faster Ca2+ chelator BAPTA. ICa,L was
measured using the whole-cell patch clamp technique; Ca
was determined simultaneously by ratiometric measure-
ments of indo-1 fluorescence. Here, we report that cell
dialysis with 50 mM BAPTA increased 'Ca,L by - 12-fold as
compared to ICaL in 0.2 mM BAPTA-dialyzed cells; an
increase in dialysate EGTA from 0.2 to 67 mM augmented
ICa,L by only -2-fold. Bulk cytoplasmic free Ca2+ was

below 20 nM under both conditions. In contrast to EGTA-
modified current, ICa,L in BAPTA-dialyzed myocytes was
insensitive to forskolin-induced elevation of cAMP; con-
versely, 'Ca,L in cAMP-loaded myocytes was unresponsive
to subsequent BAPTA dialysis. Furthermore, BAPTA-stim-
ulated ICaL was reversibly inhibited by acetylcholine-medi-
ated suppression of adenylyl cyclase activity and by the
PKA blocker H-89. These results suggest that BAPTA-
induced lowering of Ca2+ in the vicinity of the Ca2+ chan-
nel pore increases cellular cAMP levels by disinhibiting
Ca2+-sensitive adenylyl cyclase, resulting in channel phos-
phorylation via PKA and 'Ca,L stimulation.

METHODS

Single ventricular myocytes were enzymatically dissociated from adult
guinea pig (350-650 g) hearts, as previously described (You et al., 1994).
Dissociated myocytes were stored in "KB medium" (see You et al., 1994
for composition) at room temperature before experiments.

For experimental recording, isolated cells in KB medium were trans-
ferred to a superfusion chamber mounted on top of an inverted microscope
stage (Olympus IMT-2, Tokyo, Japan). Once the myocytes had adhered to
the glass bottom of the chamber, they were superfused with a control
Tyrode solution containing (in mM) 140 NaCl, 5.4 KCI, 1.8 CaCl2, 1.0
MgCl2, 10 HEPES, 10 glucose (pH 7.4). After S min, the superfusate was
changed to K+-free Tyrode (KCI replaced by CsCl). After giga-seal
formation and patch breakthrough, voltage clamp was applied with an
EPC-9 patch-clamp amplifier (HEKA, Lambrecht/Pfalz, Germany; pipette
resistance 1.5-3 Mfl when immersed in control Tyrode) using the whole-
cell configuration of the patch-clamp technique (Hamill et al., 1981). ICa,L

was elicited by 100-ms step depolarization to 0 mV from a holding
potential of -40 mV at 0.08 Hz. Currents and voltages were recorded on
Atari Megafile 44 disks and analyzed on an Atari Mega 4 computer (Atari
Data Analysis software 3.11, Instrutech Corp., Elmont, NY). 'CaL is
expressed as current density (in pA/pF); cell capacitance (90-210 pF) was
automatically updated with each current recording.

Myocytes were dialyzed through the electrode opening (access resis-
tance 2-7 Mfl) with intracellular solutions containing 0.2-67 mM Ca2+
chelators (EGTA, Aldrich, Milwaukee, WI or BAPTA, Sigma, St. Louis,
MO). Three stock intracellular solutions (IS-0, IS-E, and IS-B) were
prepared and stored at -20°C. IS-0 was Ca2' buffer-free and contained (in
mM) 50 CsCl, 110 cesium aspartate, 10 HEPES, 2 MgCl2, 4 MgATP (pH
7.2). In IS-E and IS-B, 67 mM EGTA and 67 mM BAPTA, respectively,
were added, with cesium aspartate reduced to 11 mM to balance the
osmolarity. IS-E and IS-B were proportionally mixed with IS-0 before an
experiment to obtain the desired final concentrations of Ca2+ buffers in the
cell dialysate. The intracellular solution containing 5,5'-dinitro-BAPTA
(dn-BAPTA) (Molecular Probes, Eugene, OR) was prepared separately and
contained (in mM) 50 CsCl, 60 cesium aspartate, 10 HEPES, 2 MgCl2, 4
MgATP, 20 BAPTA, 20 dn-BAPTA (pH 7.2). Forskolin (3 ,uM, Sigma),
IBMX (50 ,uM, Sigma) and H-89 dihydrochloride (100 ,uM, Calbiochem,
La Jolla, CA) were diluted in K+-free Tyrode before experiments from 10
to 50 mM stock solutions prepared in DMSO. Acetylcholine (10 JIM,
Sigma) solution was prepared from a 10-mM aqueous stock. In experi-
ments using ryanodine (Sigma), 1 mM aqueous solution was freshly
prepared and mixed with the cell suspension at a final concentration of 10
j,M. Cells were incubated with ryanodine at room temperature for 0.5-5 h,
transferred to the recording chamber, and superfused with the K+-free
Tyrode, also containing 10 ,uM ryanodine. To achieve maximal cAMP
loading before electrophysiological recording, cells were preincubated with
3 ,uM forskolin and 50 ,uM IBMX for 20-50 min at room temperature.

In experiments where intracellular Ca2+ (Cac2) was monitored, 50 JIM
indo-1 (pentapotassium salt, Molecular Probes) was added to the cell
dialysate from a 1 mM aqueous stock. A PTI Deltascan-4000 ratio-
fluorescence system (Photon Technology International, South Brunswick,
NJ) was used to measure indo-1 fluorescence. The excitation was set at 355
nm by a monochromator (band pass 3 nm), and the emission was split by
a dichroic cube assembly, comprising a dichroic mirror (455 nm) and two
bandpass filters (405/10 nm and 485/10 nm). The ratio of emission fluo-
rescence at 405 and 485 nm, after background correction, was converted to
Ca2+ according to Grynkiewicz et al. (1985)

Ca2+ = KDI3 (R - Rmin)/(Rmax -R)
where KD (392 nM), ,B (1.934), Rm. (1.296), and Rmin (0.147) were deter-
mined as previously described (You et al., 1994). Ca+ below 5% ofKD (-20
nM) can not be detenmined with certainty. In such cases, a Ca4' < 20 nM was
given. All experiments were performed at 22 + 1 C.

Results in this study were expressed as means ± SEM. Statistic com-
parisons were made using Student's t-test. p < 0.05 was considered
statistically significant.

RESULTS

The experimental results are presented under three subhead-
ings. We will start with a description of ICa,L augmentation
by cell dialysis with high concentrations of BAPTA as
compared to high EGTA dialysis. Secondly, we will assess
the Ca2+ buffering characteristics of BAPTA, in compari-
son to EGTA, at different points in space of the cytoplasm,
and provide evidence bridging the stimulatory action of
BAPTA on ICa,L and the superior Ca2+ buffering by
BAPTA within macromolecular distances of the Ca2+ chan-
nel pore. Finally, we will present data that strongly suggest
the involvement of increased adenylyl cyclase activity,
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cAMP synthesis, and PKA-dependent phosphorylation in
the BAPTA-induced augmentation of Ca,L.

Effects of cell dialysis with various
concentrations of EGTA and BAPTA on /Ca,L

A common observation during whole-cell recording of ICa,L
using the patch-clamp technique is the decline of ICa,L
amplitude with time. This phenomenon is known as current
rundown, which is likely caused by a combination of many
factors resulting from the change in the intracellular envi-
ronment during cell dialysis (cf. McDonald et al., 1994).
Fig. 1 A illustrates a typical example of 'CaL rundown in a
myocyte dialyzed with a 40 mM EGTA-containing solution.
Fast ICaL rundown occurred in the first 300 s after patch
breakthrough, which accounted for 70% of the total run-
down. This was followed by a slower phase, which ac-
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FIGURE 1 Comparison of ICa,L time courses in guinea pig ventricular
cardiomyocytes dialyzed with a 40-mM EGTA-containing solution (A) and
a 40-mM BAPTA-containing solution (B), respectively. In both time
course illustrations, "0" time represents the moment of patch breakthrough
and the start of cell dialysis. Filled symbols (I to 5) in each time course

correspond to sample currents shown in the panels above. Breaks in the
time courses indicate times when the current-voltage (I-V) relations were

determined (cf. Fig. 2 A).

counted for the remaining 30% of the rundown. Fig. 1 B
shows a very different time course of ICa,L in a myocyte
during dialysis with a 40 mM BAPTA-containing solution.
In -200 s, the initial rundown was overcome by a progres-
sive augmentation of ICa,L with time (i.e., a "run-up"). At
>800 s, peak ICaL in the BAPTA-dialyzed myocyte was
-5 X larger than peak 'Ca,L recorded in the EGTA-dialyzed
cell (compare sample currents 5 in Fig. 1, A and B). This
novel change of 'CaL during intracellular dialysis with 40
mM BAPTA was observed in all 17 cells studied (also see
Fig. 4 for a summary).
The experiments summarized in Fig. 2 were designed to

examine whether the 40 mM BAPTA-augmented inward
current preserved all the characteristics of ICaL. Fig. 2 Aa
shows example currents elicited from a holding potential of
-40 mV to 5 test potentials ranging from -20 to +30 mV,
measured shortly (40-180 s) after patch breakthrough (Con-
trol), and after >800 s dialysis with 40 mM EGTA (EGTA)
or 40 mM BAPTA (BAPTA). Fig. 2 Ab illustrates the
relationships between peak ICa,L and test potential (I-V) over
a -30 to +80 mV voltage range. Prolonged cell dialysis
with 40 mM EGTA solution reduced 'Ca,L over the entire
potential range (Fig. 2 Aa, EGTA; Fig. 2 Ab, triangles). In
the late stage of 40-mM BAPTA dialysis, ICa,L was often
large enough (especially in myocytes >150 pF) to result in
loss of voltage control -10 mV. In smaller cells, how-
ever, borderline voltage control seems to be maintained in
this critical potential range (e.g., Fig. 2 Aa, BAPTA; Fig. 2
Ab, circles). The original records (Fig. 2 Aa, BAPTA) as
well as the I-V relation (Fig. 2 Ab, circles) from one of these
myocytes after prolonged 40-mM BAPTA dialysis suggest
that Ca,L was enhanced over the entire potential range
examined. Typical bell-shaped ICa,L-V relations were ob-
served in myocytes before extensive internal solution ex-
change (squares) and after dialysis with either 40 mM
EGTA (triangles) or 40 mM BAPTA (circles). It is also
worth noting that cell dialysis with EGTA and BAPTA
seemingly resulted in small positive and negative shifts of
the potential eliciting maximum inward current (Vmax), re-
spectively (Fig. 2 Ab), as revealed by Spline approximations
of the I-V relations (Origin 4.0, Microcal Software Inc.,
Northampton, MA). Fig. 2 B shows that extracellular appli-
cation of 0.2 mM Cd2+, a specific blocker of L-type Ca2+
channels, reversibly inhibited BAPTA-enhanced inward
current by 95.2 ± 0.3% (n = 5, p < 0.0001). Finally, since
the BAPTA-stimulated inward current is comparable in size
to the large Na+ current flowing through Ca2+ channel
(YCa(Na),L) in the virtual absence of external Ca2+ (cf. Mc-
Donald et al., 1994), we explored the possibility that high
BAPTA reverses the ionic selectivity of the Ca2+ channel,
thus allowing Na+ influx even in the presence of 1.8 mM
external Ca2+. The experiment illustrated in Fig. 2 C reveals
that BAPTA-stimulated current was not significantly re-
duced (n = 5, p = 0.82) upon complete substitution of
external Na+ with equimolar TEA+, a rather poor channel
permeant. This argues directly against the Na+ permeation
hypothesis.
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FIGURE 2 Characteristics of BAPTA-stimu-
lated inward current. Panel Aa illustrates original
current records elicited from holding potential
-40 mV to test potentials ranging from -20 to
+30 mV (1, -20 mV; 2, -10 mV; 3, 0 mV; 4,
+ 10 mV; 5, +30 mV) before (Control) and after
cell dialysis with either 40 mM EGTA solution
(EGTA) or 40 mM BAPTA solution (BAPTA).
Panel Ab compares I-V relations from -30 to +80
mV test potentials obtained under the above three
conditions (squares, Control; triangles, EGTA;
circles, BAPTA). Panel B illustrates the effect of
bath application of 0.2 mM Cd2+ on BAPTA-
enhanced inward current. A representative time
course and sample currents are shown in the left
and center panels, respectively (Ba); the average
amplitudes of BAPTA-stimulated current before
(Ctrl) and after (Cd2+) the application of Cd2+ are
summarized in Bb (n = 5). Panel C shows the
effect of external Na+ substitution with tetraeth-
ylammonium (TEA') on BAPTA-enhanced in-
ward current. Shown in Ca are a typical time
course and sample currents. The amplitudes of the
inward current before (Ctrl) and after TEA+ sub-
stitution (TEA+) are summarized in Cb (n = 5).
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Fig. 3 shows the time courses of ICaL recorded in myo-

cytes dialyzed with three different concentrations of EGTA
and BAPTA, respectively. When the EGTA concentration
was increased in the cell dialysate, the slow phase of IC,,L
rundown was retarded in a concentration-dependent man-

ner, thus allowing a progressively larger ICa,L to flow after
prolonged dialysis with higher EGTA concentrations (Fig. 3
A). When 0.2 mM BAPTA was included in the cell dialy-
sate, no augmentation of ICa L was observed; a rundown of

ICa,L similar to that with 0.2 mM EGTA was observed (Fig.
3 Ba). Run-up of ICaL became evident when the dialysate
BAPTA concentration was increased to 30 mM, and it was
much more pronounced during 40-mM BAPTA dialysis
(Fig. 3 Ba). Compared to the 40-mM BAPTA time course,

the ICa,L increment with 30 mM BAPTA in the internal
solution was smaller and took more time to develop (i.e.,
longer t112). Fig. 3 Bb shows that among cells dialyzed with
40 mM BAPTA, the half time for maximal ICaL stimulation
(tj12) was inversely related to the rate of BAPTA dialysis
into the cells: faster cell dialysis (smaller cell and/or lower
access resistance) corresponded to shorter t1/2, and vice
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versa. Such quantitative evidence strongly suggests a direct
correlation between the accumulation of BAPTA in the
cytoplasm and the stimulation of ICa.L*

Fig. 4 summarizes the dependence of ICa,L on the Ca2+
chelator concentrations in the cell dialysates. For cells dia-
lyzed with .30 mM BAPTA, ICa,L values were obtained
after maximal effects of BAPTA dialysis were reached.
ICa,L values from the rest of cells (where no net run-up was
observed) were obtained at comparable times after patch
breakthrough. When EGTA was used as a Ca2+ chelator
(triangles), a near doubling of ICa,L was observed when its
concentration was increased from 0.2 to 67 mM. In contrast,
a much larger ICaL-enhancing effect of BAPTA (circles)
developed steeply at concentrations >20 mM. At 50 mM
BAPTA, ICaL was 12.3-fold larger than at 0.2 mM. The
BAPTA concentration at which half-maximal stimulation of
ICa,L occurred was derived from the sigmoidal fit to the data
and was determined to be 31 mM. This significantly larger
enhancement of ICa,L by BAPTA may suggest a distinct
underlying cellular mechanism, which will be the subject of
our investigation in the remainder of this study.
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FIGURE 3 Dependence of ICa.L time courses on internal EGTA (A) and BAPTA concentration (Ba) and on the rate of cell dialysis (Bb). (A) time courses
of ICa L in three myocytes dialyzed with 0.2 mM, 25 mM, and 40 mM EGTA, respectively. (Ba), time courses of ICa,L in three myocytes dialyzed with 0.2
mM, 30 mM, and 40 mM BAPTA, respectively. t112 corresponds to half-maximal stimulation of ICa,L during cell dialysis of 30 mM and 40 mM BAPTA.
(Bb) correlation between t1,2 and the rate of cell dialysis (aRA-CM- 15, where RA and CM are access resistance and cell capacitance, respectively; Pusch
and Neher, 1988) in 10 cells dialyzed with 40 mM BAPTA solution. The straight line is a linear fit of all data points. r = correlation coefficient.

Buffering of Ca2+ and Ca2+ by intracellular EGTA
and BAPTA

Fig. 5 shows the behavior of ICaL simultaneously with
C4+, when guinea pig ventricular cardiomyocytes were
dialyzed with solutions containing low and high concentra-
tions of EGTA and BAPTA, respectively. Because the
microfluorometric method used collects indo-1 fluorescence
over a large area of a myocyte, the measured intracellular
free Ca2+ level represents an average C4 +, which closely
reflects bulk cytosolic free Ca2a, . With both 0.2 and
40mM internal EGTA (Fig. 5 A, a and b, respectively), ICa,L
progressively decreased with time. At comparable times
after patch breakthrough, ICa,L densities with 0.2 mM
EGTA were -50% of those with 40 mM EGTA; average
Ca2+ values were 93.7 ± 9.2 nM (n = 4) and <20 nM (n =
7), respectively. Equimolar substitution of 0.2 mM EGTA
with BAPTA (Fig. 5 Ba) did not significantly alter ICa,L
run-down or Ca2+ level (82.9 ± 6.4 nM, n = 7). However,
when intracellular BAPTA was increased to 40 mM, there
was a progressive rise in ICa,L density that plateaued at - 11
times the density recorded with 0.2 mM BAPTA dialysate
(Fig. 5 Bb). Despite this large increase in Ca2+ influx, Ca
remained < 20 nM.

Fig. 6 A illustrates Ca c changes in myocytes dialyzed
with 0.2-40 mM of either Ca2+ chelator. As shown in Fig.
6 Aa, Cac+ was 92 nM in quiescent myocytes held at-40
mV and dialyzed with 0.2 mM BAPTA. Membrane depo-
larizations to 0 mV for 100 ms induced transient elevations
of Cac . Cell dialysis with either 40 mM EGTA or 40 mM
BAPTA reduced the resting Ca2+ to <20 nM (which is
considered the detection limit of indo-1, see Methods for
details) and completely suppressed the depolarization-trig-
gered Cac2+ transients. Fig. 6 Ab summarizes the depen-
dence of the indo-l fluorescence ratio on intracellular Ca2+

chelator concentration. It is evident that at concentrations
>20 mM, both EGTA and BAPTA are equally effective in
reducing Ca,2+ to a minimal level.
The present microfluorometry does not provide enough

spatial resolution to detect Ca2+ concentration gradients
between different points in space within the cytoplasm. In
Fig. 6 B, we employed a mathematical model developed by
Stern (1992) to calculate the Ca2+ concentration gradient as
a function of the distance from the Ca2+ channel pore in the
presence of EGTA (top panel) and BAPTA (bottom panel),
respectively. This model was designed to calculate steady-
state Ca2+ profiles in the vicinity of a single Ca2+ channel
pore, conducting picoampere elementary Ca2+ cuffentiCa,L.
To adapt this model to a whole-cell setting, we made two
different assumptions regarding iCa,L to account for the
changes in ICaL after cell dialysis with EGTA or BAPTA
(see Discussion for rationale). (i) iCa,L was assumed to
change proportionally with ICa,L (Fig. 6 B, left panels),
although we realize that any change of Ca2+ entry at the
single-channel level is likely to be mediated by changes in
channel open probability and/or availability. Unfortunately,
the latter option is not available in the present model. (ii)
iCa,L was independent of peak ICaL (Fig. 6 B, right panels).
Regardless of either assumption, these calculations show
qualitatively that the effective degree of buffering near the
pore is markedly affected by the kinetics of the Ca2' buffer.
EGTA solutions are relatively ineffective in buffering Ca2+
within macromolecular distances of the pore (20-100 nm),
while they buffer Ca2+ well toward the center of the cyto-
plasm (say, at 500 nm away from the pore; Fig. 6 Ba). With
the fast buffer BAPTA at higher concentrations (Fig. 6 Bb),
Ca2+ declines much faster in the vicinity of the Ca2+
channel pore. For example, at a distance of 30 nm from the
pore, Ca2+ is 0.02-0.2 ,uM with 40 mM BAPTA, while it
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FIGURE 4 Concentration dependence of ICa,L on intracellular EGTA
(triangles) and BAPTA (circles). ICaL values were obtained after the
maximal effects of BAPTA dialysis on ICa,L had been reached, or after ICa,L
rundown during EGTA dialysis had plateaued after -10 min. Open sym-

bols represent averaged 'Ca,L values recorded from cells preincubated and
superfused with 10 ,uM ryanodine, and dialyzed with EGTA-containing
(triangles) or BAPTA-containing (circles) solutions. Note that the open

symbols at 0.2 mM buffer concentration are slightly moved to the right for
visual clarity. Filled symbols are from control experiments without ryan-

odine treatment. The dependence of ICa L on intracellular BAPTA (0.2-50
mM) is fitted by a sigmoidal function. When cell dialysates contained
BAPTA beyond 50 mM, many cells showed signs of losing striation and
blebbing during the process of dialysis, usually accompanied by fast decay
of 'CaL before maximal stimulation was accomplished (see 'CaL data
corresponding to 60 mM BAPTA). This may suggest that a crucial level of
Ca2+ underneath the membrane may be required to maintain the integrity
of the lipid bilayer. Data are given as mean ± SEM, n = 4-19. Where error

bars are absent, they are smaller than the size of the symbols.

is 5-7 ,uM with 40 mM EGTA. However, under the as-

sumption that iCa,L changes proportionally with ICa,L' Ca2+
is lower with 0.2 mM EGTA than with 10 and 40 mM at
'80 nm from the channel pore (Fig. 6 Ba, left panel) and
Ca2+ profiles in the presence of 10 and 40 mM BAPTA are

not well separated (Fig. 6 Bb, left panel).
Is the superior buffering of Ca2+ by BAPTA really re-

quired for the stimulation of ICaL? To rule out other non-

specific effects of BAPTA on ICa,L we designed an intra-
cellular solution that contains a mixture of 20 mM BAPTA
and 20 mM dn-BAPTA (see Methods). Dn-BAPTA is an

analog of BAPTA with a very low Ca2+ affinity (KD = 20
mM, cf. Pethig et al., 1989). With respect to Ca4+ buffering,
the Ca2+ buffering power of the 20-mM BAPTA/20-mM
dn-BAPTA mixture is similar to a 20-mM BAPTA solution,
while the Cac+ buffering of both solutions is sufficient (cf.
Fig. 6 Ab). With respect to the total concentration of
"BAPTA-like" ingredients, which could affect iCa,L by
chemical properties other than Ca2+ buffering, it resembles
a 40-mM BAPTA dialysate. Fig. 7 A shows that 40 mM
BAPTA stimulated ICa,L by about fourfold, whereas the
mixture of 20 mM BAPTA/20 mM dn-BAPTA could not
even negate the rundown of ICa,L. As summarized in Fig. 7

B, the mixture of BAPTA and dn-BAPTA maintained an
ICa,L (5.56 ± 0.36 pA/pF, n = 7) which is significantly
smaller (p < 0.0001) than that achieved with 40 mM
BAPTA dialysis (34.9 ± 1.5 pA/pF, n = 17), but which is
comparable (p = 0.58) to that achieved with 20 mM
BAPTA alone (5.89 ± 0.43 pA/pF, n = 9). These data
suggest that chemical properties ofBAPTA other than Ca2+
buffering are unlikely to contribute significantly to the
augmentation of ICa,L described in this study.

Recently, Sipido et al. (1995) suggested an interaction
between SR Ca2+ and sarcolemmal Ca2+ channels in
guinea pig ventricular cardiomyocytes; thus, SR Ca2+ re-
lease may, to some extent, contribute to the Ca2+ gradient in
the vicinity of the pore. To address this issue, we pretreated
isolated cardiomyocytes with 10 ,uM ryanodine to block the
release of SR Ca2+ (Marban and Wier, 1985). After the
inhibition of SR Ca2+ release by ryanodine, the ICa,L en-
hancement was still absent in either 0.2 mM EGTA (2.9 ±
0.4 pA/pF, n = 2) or 40 mM EGTA (4.2 ± 0.3 pA/pF, n =
3). Ryanodine treatment also had little effect on ICa,L in 0.2
mM BAPTA (2.3 ± 0.1 pA/pF, n = 3) or 40 mM BAPTA
(35.6 ± 1.2 pA/pF, n = 4) (also cf. Fig. 4). These results
suggest that SR Ca2+ release does not contribute signifi-
cantly to the Ca2+ gradient that determines the amplitude of
ICa,L under our conditions.

Involvement of Ca2+-sensitive adenylyl cyclase in
the BAPTA-induced stimulation of ICa,L

Recent studies suggest that adenylyl cyclase regulation
by factors other than G-proteins, particularly Car+, may be
an important modulator of enzyme activity and, thus, cAMP
synthesis (e.g., Cooper et al., 1995; Sunahara et al., 1996).
Moreover, there is indirect evidence that only Ca2+ entry,
and not Ca2+ release, can regulate these enzymes (cf. Coo-
per et al., 1995). Because Ca2+-inhibited adenylyl cyclase is
the dominant isoform in cardiac tissue (e.g., Cooper et al.,
1995), a lowering of Ca2+ within the vicinity of this mem-
brane-bound enzyme would result in enhanced adenylyl
cyclase activity, increased cAMP synthesis, and Ca2+ chan-
nel phosphorylation via PKA. Thus, we next investigated
this possibility to account for BAPTA-induced stimulation
of ICa,L-

At first, we ascertained whether BAPTA-elevated ICa,L
was still responsive to cAMP stimulation. Fig. 8 Aa shows
that cell dialysis with 1 mM BAPTA did not affect ICa,L' and
that subsequent bath application of 3 ,uM forskolin, a direct
activator of adenylyl cyclase (Seamon and Daly, 1986),
resulted in a 7.5-fold increase in ICa,L. In Fig. 8 Ab, after
.600 s of cell dialysis with 50 mM BAPTA solution, ICa,L
was elevated by 4.1-fold and was largely insensitive to
further stimulation by subsequent forskolin application. In
contrast, cell dialysis with 50 mM EGTA did not stimulate
'Ca,LX and subsequent forskolin superfusion increased ICa,L
by 4.6-fold (Fig. 8 B). The similar ICa,L increments in
response to forskolin-induced cAMP elevation in cells dia-
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FIGURE 5 Simultaneous measure-
ments of whole-cell ICaL and intra-
cellular Ca21 (Cac2) in myocytes di-
alyzed with intracellular solutions
containing either EGTA (A) or
BAPTA (B) as Ca2' buffer. Four
myocytes were dialyzed, respec-
tively, with 0.2 mM EGTA (Aa), 40
mM EGTA (Ab), 0.2 mM BAPTA
(Ba), and 40 mM BAPTA (Bb). In
each panel, sample ICa,L traces at
three different times after patch
breakthrough (1 to 3) were plotted
along with the Ca c value deter-
mined by indo-1. Dotted lines indi-
cate the detection limit of indo- 1
(-20 nM, see Methods). Arrows on
top of Ca.+ records indicate the
times when the corresponding ICa,L
traces were recorded.
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lyzed with low concentrations of BAPTA (Fig. 8 Aa) or

high EGTA concentrations (Fig. 8 B) suggest that the buff-
ering media do not affect the maximal ICaL response to
cAMP (also see Fig. 9 A). An elevation of cAMP before
BAPTA dialysis [(40 min preincubation of cells with 3 ,uM
forskolin and 50 ,uM of the phosphodiesterase inhibitor
IBMX (Fischmeister and Hartzell, 1990)] resulted in a post-
patch ICa,L (Fig. 8 C) comparable in size to (i) ICa,L recorded
after prolonged dialysis with 50 mM BAPTA (Fig. 8 Ab)
and (ii) ICaL observed after 3 ,uM forskolin application to
cells dialyzed with either 1 mM BAPTA (Fig. 8 Aa) or 50
mM EGTA (Fig. 8 B). ICaL in cAMP-upmodulated myo-

cytes was not further increased by prolonged dialysis with
40 mM BAPTA solution (Fig. 8 C).

Fig. 9 A summarizes the dependence of ICa,L sensitivity to
forskolin stimulation of adenylyl cyclase on the concentra-
tion of intracellular Ca2+ chelator. The ICa,L-enhancing
effect of internal BAPTA occluded that of forskolin (filled
circles), with half-maximal inhibition of forskolin stimula-

tion at 26 mM BAPTA. In comparison, prolonged dialysis
with EGTA up to 67 mM had a relatively small inhibitory
effect on the potentiation of ICa,L by forskolin (filled trian-
gles). In addition, in cells dialyzed with the mixture of 20
mM BAPTA and 20 mM dn-BAPTA, the size of the ICaL

increment induced by forskolin is similar to that in cells
dialyzed with 20 mM BAPTA (open square). Cell dialysis
with BAPTA and cAMP loading of myocytes resulted in
identical 'Ca,L densities (Fig. 9 B, p > 0.5) and both ma-
neuvers rendered ICa,L insensitive to subsequent forskolin-
induced cAMP elevation and BAPTA dialysis, respectively
(Fig. 9 B, p > 0.5 in all cases). These findings suggest that
the augmentation of 'CaL in response to BAPTA dialysis
may be accounted for by an increase in myocyte cAMP
levels via stimulation of adenylyl cyclase activity and sub-
sequent activation of the cAMP cascade.
To further compare the similarities of ICa,L stimulation by

cAMP and by BAPTA, we next examined the kinetics of
'Ca,L inactivation under the various experimental conditions
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FIGURE 6 Buffering of bulk cytosolic Ca21 (Ca,2) and submembrane Ca2' (Ca!.') by EGTA and by BAPTA. Panel Aa illustrates the Ca4+ changes
in myocytes dialyzed with 0.2 mM EGTA and 40 mM of either EGTA or BAPTA. The Ca2+ level is expressed as the ratio of indo-l fluorescence at 405
nm and 485 fn (F405/F485). Vm is the membrane potential, with each upward deflection representing a 100-ms depolarization from -40 mV to 0 mV.
Dashed lines represent average indo-l ratios in these quiescent myocytes; their corresponding Ca!+ values are given. Twenty nanomolar is regarded as the
detection limit of indo-1 (see Methods). Panel Ab summarizes average fluorescence ratios in myocytes dialyzed with 0.2-40 mM EGTA (squares) or

BAPTA (circles) (n = 4-12). The dotted line denotes Rmin (see Methods). In panel B, the spatial distributions of Ca!m+ near the channel pore were derived
according to Stern (1992)

Ca2+ = [(Ql - Qo) e-rw + Qo]/r + Ca2+

where r is the distance from the pore, and Ql, Q0, and W are determined by the "on" and "off' rates of a Ca2+ chelator (Ko,n BAPTA = 9.4 x 108 M-' s- ,

KOff BAPTA = 119 S-', KOn EGTA = 1.5 X 106M 5-' s-', Kff EGTA = 0.22 s -'), by the diffusion coefficients of both chelators and the Ca2+ ion (1 x 109
m2/s), by the total chelator concentration (2 X 10-4 to 0.04 M), and finally by the size of the current passing through the single Ca2+ channel (C. L). In
our calculations, iCa,L from cells dialyzed with 0.2 mM EGTA was assumed to be 0.2 pA in 1.8 mM external Ca21 solution (cf. Rose et al., 1992 for 10
mM external Ca2+). Unitary iCa,L under other conditions was either scaled up according to its whole-cell ICa,L amplitudes (left panels), or considered to
be 0.2 pA regardless of the size of whole-cell ICa.L (right panels). Refer to text for further discussions.

described in Fig. 8 (Table 1). When ICa,L was stimulated by
forskolin in myocytes dialyzed with 240 mM EGTA solu-
tions (EGTAi -- forskolin, Table 1), the slow time constant

(TS) of ICa,L inactivation decreased significantly, while the
fast time constant (TF) remained constant (also cf. You et al.,
1995). This is consistent with our previous findings (You et
al., 1995) that Ts is shortened by increases in Ca2+ flux
through the channel, whereas TF is more sensitive to cyto-

solic Ca21 changes, which in this case were well controlled.
In myocytes dialyzed with .40 mM BAPTA solutions

(BAPTAi -* forskolin, Table 1), the Ts value was compa-

rable to forskolin-stimulated Ts with 240 mM EGTA, but
was significantly smaller than the EGTA control. Subse-
quent application of forskolin did not further change the
value of TS. The TF values were unchanged under both
conditions. In the last set of experiments (forskolin --
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FIGURE 7 ICaL changes during cell dialysis with 40 mM BAPTA as

compared to those obtained during dialysis with a mixture of 20 mM
BAPTA/20 mM dn-BAPITA. (A) representative time courses of ICa,L in two
myocytes dialysis with 40 mM BAPTA (open circles) and 20 mM
BAPTA/20 mM dn-BAPTA (filled circles), respectively. The inset shows
two overlaid sample currents at the end of the respective time course.

Average ICa,L in 20 mM BAPTA/20 mM dn-BAPTA (n = 7) is shown in
(B) along with ICa L averages from cells dialyzed with 20mM BAPTA (n =
9) and with 40 mM BAPTA (n = 17). *, p = 0.58 compared with 20 mM
BAPTA and p < 0.0001 compared with 40 mM BAPTA.

BAPTAj), ICaL recorded in myocytes preincubated with
forskolin and IBMX had Ts values similar to those of
forskolin-stimulated ICa,L or those of BAPTA-stimulated
'Ca,L, whereas its TF value was significantly smaller, reflect-
ing a higher CaZ+ before the dialysis of the Ca2+ chelator.
Subsequent dialysis of BAPTA in these cells resulted in a

doubling of TF. Finally, the relative magnitudes of fast
inactivation [AF/(AS + AF); e.g., You et al., 1995] were

more variable from cell to cell (e.g., 0.28 0.10 with
EGTA; + forskolin), but showed a general trend of declin-
ing with cell dialysis in all three experiments. These
changes are partially attributable to a decrease in Ca2+ with
time, especially in the last set of experiments. In summary,

the kinetics of ICa,L inactivation demonstrated good resem-

blance between forskolin-stimulated ICa,L and BAPTA-
stimulated ICa,L-
The gradual inhibition of forskolin stimulation with in-

creasing BAPTAi as well as the occlusion of BAPTAi
stimulation in cAMP-loaded cells suggest that Ca2 + buff-

ering by BAPTA competes with forskolin in the activation
of adenylyl cyclase and cAMP synthesis. If so, acetylcho-
line, which inhibits adenylyl cyclase and cAMP synthesis
via an inhibitory G-protein (Gi) (Fleming et al., 1987) and
thereby counteracts ICa,L stimulation by forskolin in guinea
pig ventricular myocytes (Hescheler et al., 1986), should
antagonize BAPTA-induced stimulation of ICa,L. The exam-
ple experiment in Fig. 10 Aa illustrates that 10 ,uM acetyl-
choline reversibly suppressed BAPTA-stimulated ICaL. In
five cells studied, acetylcholine (10 ,uM) attenuated 30-mM
BAPTA-stimulated ICa,L by 53.3 ± 1.6% (*, p = 0.002; Fig.
10 Ab). Acetylcholine (10 ,iM) had comparatively little
effect on ICa,L in five cells dialyzed with a 40-mM EGTA
solution (**, p = 0.107; Fig. 10 Ab).

In a final series of experiments, we ascertained that
BAPTA stimulation of ICa,L resulted from PKA phosphor-
ylation of Ca21 channels. Bath application of 100 ,uM H-89,
a competitive blocker of PKA (Yuan and Bers, 1995) par-
tially reversed the augmentation of ICa,L induced by cell
dialysis with 30 mM BAPTA (Fig. 10 Ba). In six cells
investigated, H-89 (100 ,uM) inhibited 30 mM BAPTA-stim-
ulated ICa.L by 43.8 ± 2.8% (*, p < 0.0001; Fig. 10 Bb).

DISCUSSION

The experiments described in this study demonstrate a novel
effect of intracellular dialysis with high concentrations of
BAPTA on L-type Ca2+ channel current in cardiomyocytes.
Evidence provided here indicates that the ICaL-enhancing
effect of BAPTA is due to its fast Ca2+ buffering ability
within macromolecular distances of the Ca2+ channel pore
conducting picoampere Ca2+ current. Additional experi-
mental data demonstrate a complete reciprocity of ICa,L
stimulation by BAPTA dialysis and by cAMP elevation
with the adenylyl cyclase activator forskolin, and show the
similarities in ICa,L inactivation kinetics under these two
conditions. Lastly, involvement of adenylyl cyclase and
protein kinase A in the BAPTA-induced augmentation of
ICa,L is confirmed using interventions that suppress the
enzymatic activities of these two important constituents in
the cAMP signaling cascade.

The effects of Ca2+ buffering by high BAPTA
on 'Ca,L

Fig. 6 B demonstrates the superior buffering power of
BAPTA, in comparison to EGTA, in the restricted diffusion
space underneath the membrane near the Ca2+ conducting
pore. The connection between Ca2+ buffering by BAPTA
and ICa,L stimulation is strengthened by experiments using
the inactive BAPTA analog dn-BAPTA. Although the qual-
itative differences between the degree of Ca2+ buffering by
EGTA and BAPTA are very clear at concentrations >10
mM (Fig. 6 B), no attempts are made to quantify the relation
between 'CaL and Ca2+. This is primarily due to the uncer-
tainty of how to incorporate changes of whole-cell ICa,L into

u I sZZB--v Fl
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FIGURE 8 Effects of forskolin on
ICaL after cell dialysis with BAPTA
(Aa, 1 mM; Ab, 50 mM) or 50 mM
EGTA (B), and effect of BAPTA dial-
ysis on ICa,L in cAMP-loaded cells (C).
Three sample ICa,L traces from each
experiment are overlaid and labeled by
the respective symbols shown in the
time diaries of ICa,L amplitude. The pe-
riods of 3 ,uM forskolin (Fsk) applica-
tion are indicated by solid bars (A, B).
Elevation of cAMP preceding Ca21
buffering was achieved by preincuba-
tion of cells with 3 ,uM forskolin and
50 ,uM IBMX for 20-50 min before
patch breakthrough and the onset of 40
mM BAPTA dialysis at time "0";
thereafter, the superfusate also con-
tained 3 ,uM forskolin and 50 ,uM
IBMX (Fsk + IBMX, solid bar, C).
Note the slowing of ICa L inactivation
after BAPTA dialysis in cAMP-loaded
myocytes despite a lack of sizable ef-
fect on ICa,L amplitude (also cf Table
1).
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a model that is designed to calculate steady-state Casm
profiles near a single Ca2+ channel conducting unitary iCa,L'
but which does not account for changes in channel kinetics.
It is likely that stimulation of ICaL under our experimental
conditions results from increases in single-channel open

probability and/or availability rather than an augmentation
in elementary current amplitude (cf. McDonald et al., 1994).
However, if we consider a contribution of Ca2+ from adja-
cent open channels to the Ca2+ profile established by any

individual channel (e.g., Imredy and Yue, 1992), the most
conservative approach (which will likely overestimate Casm
with large ICaL) is to model the increases in whole-cell kCa,L
as proportional increases in single-channel Ca2+ conduc-
tance (Fig. 6 B, leftpanels). On the other hand, if we assume

that the cross talk between adjacent channels can be elim-
inated with even submillimolar BAPTA (Imredy and Yue,
1992), then Ca2+ influx used in the theoretical model can be
considered to be independent of the size of ICaL (Fig. 6 B,
right panels). In addition to the difficulties with incorporat-
ing ICaL amplitude into Cas2+ calculations, some inherent
limitations of the model may also compromise an accurate
representation of the whole-cell situation. For example,
contribution of a potential diffusional barrier (such as sar-

coplasmic reticulum) is not considered (cf. Kargacin, 1994).
Such a barrier may limit the effective BAPTA concentration
in the close proximity of the channel, as well as hinder the
diffusion of Ca2+ to the center of the cytoplasm. In sum-

mary, although theoretical computation provides important
insights regarding Ca2+ buffering by EGTA and BAPTA, it
seems premature to interpret the results in quantitative
terms. Experiments using lipophilic Ca2+ indicators such as

fura-C18 and fura-indoline-C18 and/or confocal laser scan-

ning microscopy may ultimately provide more accurate
estimates of Ca2sm and its relation to ICa,L.

In the following, we discuss some possible mechanisms
by which reducing Ca2+ may have led to the large augmen-
tation of ICa,L observed in this study. The first possible
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FIGURE 9 Dependence of ICa,L stimulation by forskolin on intracellular
EGTA or BAPTA concentrations (A) as well as the effect of BAPTA
dialysis in cAMP-loaded cells (B). In panel A, the degree of 'C.,L stimu-
lation by forskolin is expressed as the ratio of forskolin-stimulated ICa,L
over control IC.,L just before forskolin application [ICa,L(Fsk)/ICa,L(Ctr1)].
n = 3-24 (expect for 50 mM BAPTA, where n = 2). The open square
represents the degree of forskolin stimulation in seven cells dialyzed with

a 20-mM dn-BAPTA/20-mM BAPTA mixture. In panel B, ICa L from five
cells dialyzed with 40 mM BAPTA (BAPTA) and subsequently exposed to
3 AM forskolin (+Fsk) are contrasted with those from five cells preincu-
bated and superfused with 3 i±M forskolin and 50 ,uM IBMX (Fsk +

IBMX) and subsequently dialyzed with 40 mM BAPTA for .15 min
(+BAPTA).
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TABLE 1 Effects of EGTA, BAPTA, and forskolin on the kinetics Of 'Ca,L inactivation

Protocols* EGTAi -* forskolin BAPTAI -A forskolin forskolin BAPTA;

Conditions* EGTAi +forskolin BAPTAi +forskolin forskolin/IBMX BAPIAi

Ts (ms) 173 ± 6 (17) 125 ± 9 (5) 127 ± 4 (17) 135 ± 6 (6) 127 ± 2 (4) 138 ±41 (4)
TF (ms) 19.1 ± 0.7 (17) 19.2 ± 0.8§(5) 19.8 ± 0.8 (17) 21.7 ± 0.6 (6) 11.3 ± 0.8 (4) 23.7± 1.0§(4)
AF/(AF + As) 0.33 ± 0.02 (17) 0.28 ± 0.10 (5) 0.31 ± 0.04 (17) 0.14 ± 0.02§ (6) 0.35 ± 0.01 (4) 0.10 ± 0.04§ (4)

All values are expressed as mean ± SEM, followed by numbers of measurements in the parentheses.
* Refer to legend of Fig. 8 and text for detailed description of experimental protocols.
# EGTA,, cell dialysis with 40, 50, and 67 mM EGTA solution; BAPTAi, dialysis with 40 and 50 mM BAPTA.
§ p < 0.05 compared with values in previous column.
¶ p = 0.049 compared with the value in previous column-marginally significant.

scenario is that reduction in Casm increases the Ca2+ driv-
ing force across the cell membrane, thus resulting in larger
ICa,L. This hypothesis is faced with the following three
difficulties. (i) Bath application of acetylcholine or H-89
reversibly inhibited the BAPTA-stimulated ICaL (Fig. 10).
This is inconsistent with the Ca2+ driving force theory
because Ca2+ buffering by BAPTA was not likely compro-
mised under these conditions. Contrarily, the driving force
is expected to increase because the reduction of Ca2+ influx
may lower Cas2m. (ii) According to the calculation illustrated
in Fig. 6 B, Ca2+ reduction by BAPTA is limited at a
distance of .20 nm from the pore, whereas at shorter
distances, BAPTA becomes as ineffective as EGTA in
achieving good control of Cas2m. In fact, even for an "ideal
chelator" with an infinite rate of Ca2+ buffering, the model
by Stern (1992) predicts that diffusion will limit efficient
Ca2+ buffering at <1 nm. Thus, the effective Ca2+ gradient
across the channel is not expected to be steeper in myocytes
dialyzed with high concentrations of BAPTA. On the con-
trary, inasmuch as ICa,L was enhanced severalfold with high
BAPTA, the increased Ca2+ influx might actually elevate
Ca2+ in the immediate vicinity of the channel pore, thus
reducing the driving force. (iii) The amplitude of unitary
iCa,L is proportional to the Ca2+ driving force across the
membrane only if the open Ca2+ channel resembles a water-
filled pore, through which Ca2+ diffuses freely down its
electrochemical gradient. In reality, however, Ca2+ perme-
ation is likely in a single-file fashion, and involves binding
of Ca2+ to multiple sites within the conductive pore (Hess
and Tsien, 1984). Thus, the relation between iCaL and Ca2+
driving force may be more complicated. In fact, while
increasing external Ca2+ from 1 to -40 mM leads to
progressively larger single-channel conductance (cf. Mc-
Donald et al., 1994), elevation of internal Ca2+ has little
influence on the amplitude of iCaL. For example, Imredy
and Yue (1994) have shown that when cells were loaded
with Ca2+ by means of conditioning prepulses, subse-
quently elicited single-channel iCaL was similar in ampli-
tude compared to controls. When L-type Ca2+ channels
were incorporated in planar lipid bilayers, the amplitude of
unitary iCaL was insensitive to changes in internal Ca2+
from 20 nM to 15 ,tM (Haack and Rosenberg, 1994). Taken
together, it seems unlikely that changes in Ca2+ driving
force play a significant role in the BAPTA-induced stimu-
lation of ICa,L reported here.

Secondly, single-channel studies by Imredy and Yue
(1994) and by Haack and Rosenberg (1994) indicate that
elevation of Ca2+ on the cytoplasmic side of the Ca21
channel decreases its open probability, thus reducing the
ensemble average Ca2+ current. We have recently sug-
gested that Ca2'-dependent inactivation may reduce the
amplitude of whole-cell ICaL by inactivating Ca2+ channels
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FIGURE 10 Reversible inhibition of BAPTA-stimulated 'Ca,L by acetyl-
choline (A, ACh) and by H-89 (B). Cell dialysates contained 30 mM
BAPTA (A, B) or 40 mM EGTA (Ab). Sample 'Ca,L traces before, during,
and after bath application of 10 ,LM acetylcholine (A) and 100 ,tM H-89
(B) are shown in the top panels. The center panels illustrate time courses
of 'Ca,L in response to BAPTA dialysis and subsequent acetylcholine (A) or
H-89 (B) superfusion; the latter is indicated by solid bars (Ach, H-89). The
overshoot of ICaL after acetylcholine and H-89 withdrawal is likely due to
continued BAPTA dialysis during the period of drug superfusion. Panels b
summarize average 'Ca,L values (mean ± SEM, n = 5 for acetylcholine,
n = 6 for H-89) after 10 to 15 min of BAPTA (or EGTA, n = 5) dialysis
(at x, obtained from the extrapolations shown as dotted lines in the center
panels), and after acetylcholine or H-89 superfusion (BAPTA + ACh,
EGTA + ACh, BAPTA + H-89, corresponding to solid symbol 3 in the
time courses). * and ** represent p values given in text.
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FIGURE 11 Proposed model of the Ca!.' regulation of the cAMP cascade via a Ca2"-sensitive adenylyl cyclase. Panel A represents a situation when cells

are loaded with 40 mM EGTA. Ca2" entry creates a high Ca" region underneath the cell membrane, which inhibits adenylyl cyclase activity ("inactive
A.C."). The reduction of cAMP synthesis eventually decreases channel pbosphorylation and restricts Ca2" influx. Such a negative feedback loop could

potentially generate out-of-phase Ca2' and cAMP oscillations in the restricted diffusion space underneath the membrane (cf. Cooper et al., 1995). In the

presence of 40 mM BAPTA (B), the radius of the high Ca.2,+ region is smaller, despite a potentially higher Ca4m in the immediate vicinity of the channel

pore (due to the increase in Ca2' entry). Low Ca2' around the adenylyl cyclase disinhibits its enzymatic activity, leading to robust Ca2e channel

phosphorylation and stimulation of ICa,L-

before channel opening is complete, and that the inactiva-
tion of ICa,L depends on both cytoplasmic Ca2+ and Ca2+ in
the restricted diffusion space underneath the membrane
(You et al., 1995). This raises the possibility that, due to the
buffering of Cat2+, BAPTA slows ICa,L inactivation and thus
augments ICa,L amplitude. However, results in Table 1 argue

against this hypothesis. When we compare ICa,L inactivation
kinetics in myocytes after prolonged dialysis with EGTA
(EGTAi, 2nd column) and BAPTA (BAPTAJ, 4th column),
we find that parameters regarding the fast inactivation pro-

cess, namely TF and AF/(AF + As), are not significantly
different. This is probably because, as we proposed previ-
ously (You et al., 1995), the fast inactivation predominantly
depends on bulk Ca +, which is equally well controlled by
EGTA and by BAPTA (apparent KD for EGTA and BAPTA
are 149 nM and 127 nM, respectively). Because only the
fast inactivation process significantly reduces ICa,L ampli-
tude (TF activation time or time-to-peak), cell dialysis

with BAPTA is not likely to add favorably to the large
augmentation of ICa,L by attenuating ICa L inactivation. It is
worth noting that the doubling of ICa,L with increasing
EGTA concentration from 0.2 to 67 mM may reflect the
relief of Cac2+-induced inhibition of ICa,L observed by us

(You et al., 1994) and by others (cf. McDonald et al., 1994).
Finally, it has been shown that reducing intracellular

Mg2+ <1 rmM results in substantial potentiation of ICa,L
(White and Hartzell, 1988; Agus et al., 1989; La and Pelzer,
unpublished results). However, the possibility that high
BAPTA augments ICa,L by reducing Mgi+ is easily rejected
because the Mg2+ chelating power of BAPTA is exactly
identical to that of EGTA (apparent KD = 20 mM at pH 7.2
for both Ca2+ chelators).

Possible role of a Ca2+-sensitive adenylyl cyclase

The experimental evidence presented here indicates that low-
ering of peri-channel Ca2' stimulates cAMP synthesis and
channel phosphorylation via PKA by disinhibiting a C2+-
sensitive adenylyl cyclase, most likely the type VI isoform,
which is expressed predominantly in heart (cf. Cooper et al.,
1995; Sunahara et al., 1996). A dominant role for an inhibition
of Ca2+-dependent phosphatase(s) by BAPTA dialysis seems

unlikely, as BAPTA was unable to augment peak IcaL in
cAMP-loaded cells, where Ca + was seemingly high before
cell dialysis with the Ca2+ chelator (Fig. 8 C, Table 1). Anal-
ogous to our conclusion, a recent biochemical study on chick
heart cells and membranes indicated that submicromolar Ca2+
concentrations directly inhibited adenylyl cyclase activity and
that the cAMP-elevating effects of isoprenaline and forskolin
were increased as extracellular Ca2+ was lowered, an effect
antagonized by the Ca2+ channel agonist BAY K 8644 (Yu et

al., 1993). Similarly, the Ca2+ channel blockers D-600 and
nifedipine potentiated the cAMP-elevating effect of isoprena-
line in the presence of extracellular Ca2+ (Yu et al., 1993).

Fig. 11 illustrates our proposed model describing how

Ca2+-sensitive adenylyl cyclase intertwines cellular signal-
ing by Ca2+ and cAMP. Fig. 11 A shows that high peri-
channel Ca2+ in the presence of EGTA suppresses the

enzymatic activity of nearby the adenylyl cyclase ("A.C."),
probably via an intermediate, because no Ca2' binding
motif has been identified in the sequences of Ca2+-inhibited
adenylyl cyclases (e.g., Cooper et al., 1995). Ca2+ inhibi-

tion of adenylyl cyclase activity reduces the synthesis of

cAMP, which in turn attenuates Ca2+ channel phosphory-
lation by PKA. Ca2+ influx through the L-type Ca2+ chan-

B Ca-
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nel is restricted. In the presence of high BAPTA (Fig. 1 1 B),
lowering of Ca2+ within macromolecular distances of the
Ca2+ channel pore disinhibits adenylyl cyclase activity,
leading to increased cAMP synthesis and channel phosphor-
ylation by PKA. As a result, Ca2+ influx through the L-type
Ca2+ channel is augmented.

Results from this study also indicate that Ca2+-sensitive
adenylyl cyclase is largely unaffected by bulk Ca2+; effi-
cient buffering of Ca2+ below 20 nM by intracellular EGTA
'40 mM largely failed to potentiate ICaL with time (Fig. 1
A). Ca2+ release from the sarcoplasmic reticulum also
seems ineffective in inhibiting adenylyl cyclase, since block
of Ca2+ release from the sarcoplasmic reticulum by 10 ,uM
ryanodine had little effect on ICaL in cells dialyzed with
either EGTA or BAPTA at low and high concentrations (cf.
open symbols in Fig. 4). Thus, it is the Ca2+ close to L-type
Ca2+ channel entry sites that seems to be responsible for the
modulation of Ca2+-sensitive adenylyl cyclase activity.
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