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ABSTRACT Intracellular passive Ca+ buffering was measured in voltage-clamped rat ventricular myocytes. Cells were loaded
with indo-1 (K+ salt) to an estimated cytosolic concentration of 44 ± 5 pM (Mean ± SEM, n = 5), and accessible cell volume
was estimated to be 24.5 ± 3.6 pI. Ca2+ transport by the sarcoplasmic reticulum (SR) Ca-ATPase and sarcolemmal Na-Ca
exchange was inhibited by treatment with thapsigargin and Na-free solutions, respectively. Extracellular [Ca2+] was maintained
at 10 mM and, in some experiments, the mitochondrial uncoupler "1799" was used to assess the degree of mitochondrial Ca2+
uptake. To perform single cell titrations, intracellular Ca2+ ([Ca2+]i) was increased progressively by a train of depolarizing voltage
clamp pulses from -40 to +10 mV. The total Ca2+ gain with each pulse was calculated by integration of the Ca current and
then analyzed as a function of the rapid change in [Ca2+], during the pulse. In the range of [Ca2+], from 0.1 to 2 pM, overall cell
buffering was well described as a single lumped Michaelis-Menten type species with an apparent dissociation constant, KD, of
0.63 + 0.07 pM (n = 5) and a binding capacity, Bmax, of 162 + 15 pmol/l cell H20. Correction for buffering attributable to cytosolic
indo-1 gives intrinsic cytosolic Ca2+ buffering parameters of KD = 0.96 + 0.18 pM and Bmx = 123 + 18 pmol/l cell H20. The
fast Ca2+ buffering measured in this manner agrees reasonably with the characteristics of known rapid Ca buffers (e.g., troponin
C, calmodulin, and SR Ca-ATPase), but is only about half of the total Ca2+ buffering measured at equilibrium. Inclusion of slow
Ca buffers such as the Ca/Mg sites on troponin C and myosin can account for the differences between fast Ca2+ buffering in
phase with the Ca current measured in the present experiments and equilibrium Ca>2 buffering. The present data indicate that
a rapid rise of [Ca>2+] from 0.1 to 1 pM during a contraction requires approximately 50 pM Ca2+ to be added to the cytosol.

INTRODUCTION

Changes in intracellular free [Ca2+] ([Ca2 ] mediate a broad
spectrum of cellular activities in cardiac myocytes so that
[Ca21]i is closely regulated by several mechanisms (Bers,
1991). To understand fully the mechanisms that regulate
[Ca21]i, it is not sufficient to simply study changes in [Ca21]i
because almost all Ca21 is bound at intracellular buffering
sites. Thus, to study these Ca2' regulatory mechanisms, it is
necessary to understand changes in both free and bound Ca21
in the cell (Bers and Berlin, 1994).

Ca2' has the potential to bind at many sites within cardiac
myocytes including proteins such as troponin, myosin, cal-
modulin, transport proteins (most notably the Ca-ATPase,
and Na-Ca exchange mechanism), small molecules such as
ATP and phosphocreatine and binding sites associated with
the cell membrane (Fabiato, 1983). The Ca2' binding char-
acteristics of many of these cellular binding sites have been
examined under in vitro conditions, and it has become clear
that cellular buffers can be divided into two practical cat-
egories, Ca-specific sites and Ca/Mg sites (Robertson et al.,
1981). Ca-specific sites appear to be largely unoccupied by
divalent ions at resting [Ca2+]i and [Mg2+]j, but become in-
creasingly Ca2+-bound as [Ca2+]i rises. Because Ca2' dif-
fusion in this situation is likely to be rate-limiting for Ca21
binding, these sites such as the Ca-specific sites of troponin
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and calmodulin may be considered "fast Ca buffers." Con-
versely, Ca/Mg sites appear to be largely occupied by di-
valent ion, either Ca2" or Mg2", at resting [Ca2+]i and
[Mg2+]i. Increased Ca2" binding to these sites occurs only
after the dissociation of Mg". Thus, these sites, such as the
Ca/Mg sites of troponin and myosin, can be considered "slow
Ca buffers." In general, fast Ca buffers are believed to bind
significant amounts of Ca" in phase with the cardiac muscle
[Ca>]i transient, whereas Ca" binding to slow buffers may
lag significantly behind the waveform for changes in [Ca>]i
(Robertson et al., 1981; Konishi and Berlin, 1993).

There are two potential difficulties in relating the in vitro
binding characteristics to Ca" binding within the intact cell.
First, Ca" binding affinity is likely to be affected by con-
ditions in the cell, such as solution ionic strength (Ogawa,
1985), that are difficult to evaluate. Even more important,
however, is the finding that the Ca" binding affinity of some
of these proteins may be dependent on protein/protein in-
teractions within the cell (Zot and Potter, 1987). To over-
come the limitations of in vitro studies, Ca2+ binding has
been performed in triton-skinned ventricular trabeculae to
determine the myofilament Ca2+ and Mg2+ binding site af-
finities of troponin and myosin (Solaro et al., 1974; Pan and
Solaro, 1987). However, these studies necessarily precluded
the examination of total cytosolic Ca2+ buffering. More re-
cently, Hove-Madsen and Bers (1993) examined Ca2+ bind-
ing in digitonin-permeabilized myocytes, which allowed
total cytosolic buffering to be examined. Theses studies
found that Ca2+ buffering could be described by a two-site
Michaelis Menten equation that predicted a twofold higher
buffering capacity than that predicted by compiling data from
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in vitro studies (Fabiato, 1983), but considerably lower than
the cytosolic Ca2" buffering estimated by Pierce et al. (1985)
in whole ventricular homogenate or by Wendt-Gallitelli and
Isenberg (1990) using x-ray microprobe analysis.
The present study seeks to expand on these previous stud-

ies by examining Ca2" buffering in single, intact myocytes
with the goal of describing the fast Ca2" buffering properties
of the cytosol. This data would be useful in quantitatively
describing Ca2" fluxes in the cytosol during a [Ca2+]i tran-
sient and, therefore, would be important for understanding
Ca2" regulatory processes in the myocyte.

Preliminary communication of this work has been pub-
lished (Berlin et al., 1994).

MATERIALS AND METHODS

General

The experimental techniques used in this study are modifications of pre-

viously published methods (Bers et al., 1990; Konishi and Berlin, 1993).
Male rats weighing 200-250 g were anesthetized with pentobarbital (100
mg/kg, i.p.), and single cardiac ventricular myocytes were enzymatically
isolated by a modification of the method of Mitra and Morad (1985). After
enzymatic digestion and dispersion, cells were stored in a 0.2 mM CaCl2-
containing Tyrode's solution at room temperature or at 60C until used.

Cells were placed in an experimental chamber (Cannell and Lederer,
1986) on the stage of an inverted microscope (Diaphot, Nikon Inc., Garden
City, NJ) and superfused with a normal Tyrode's solution (145Na,2Ca).
Cells were voltage-clamped via a single electrode technique (Hamill et al.,
1981) with patch pipettes of 1-2 Mfl resistance filled with a intracellular
salt solution containing 60,uM indo-1(K salt). After formation of a gigOhm
seal, zero current and background fluorescence were measured. The mem-

brane patch under the pipette was then ruptured to establish a whole cell
voltage clamp and allow indicator diffusion into the myocyte.

Equipment for fluorescence measurement

Light from a xenon arc (PTI Inc., South Brunswick, NJ) was collected and
partially collimated before passing through a narrow-band interference filter
centered at 360 nm (10nm FWHM) and a neutral density filter (N.D. 0.6).
The filtered light was then focused onto one end of a liquid light guide. The
other end of the light guide was placed in the epifluorescence port of the
microscope so that the image of the light guide formed by a lens was at the
back image plane of a high N.A. oil immersion objective, which focused the
ultraviolet light onto the cell. Incident light was limited to the area of the
cell with an adjustable field stop. An electronic shutter (Vincent Electronics,
Rochester, NY) also limited the exposure of the cell to ultraviolet light. Light
from the Kohler illuminator of the microscope was used throughout the
experiments to view the cell with a CCD camera (NEC Corp., Mountain
View, CA) but was limited to wavelengths longer than 750 nm with a

longpass interference filter.
Fluorescent light was filtered at 410 and 500 nm (40 nm FWHM) and

measured simultaneously with photomultiplier tubes (Thorn EMI, Rock-
away, NJ) after diverting light with wavelengths longer than 700 nm by
dichroic mirrors. A field stop limited the view of the photomultiplier tubes
to the area of the myocyte.

Membrane potential, current, and fluorescence were recorded on vid-
eotape (Instrutech VR-100, Elmont, NY). For analysis, fluorescence
data were filtered at 30-100 Hz, and current at 1 KHz with an 8-pole
Bessel filter before digitization (DT2801A, Data Translation, Inc., Marl-
boro, MA) using commercially availablesoftware (A2D+; MedicalSys-

tems, Greenvale, NY).

Calibration of Ca2+-dependent changes in
indo-1 fluorescence
In vitro calibrations of indo-1 were carried out on the experimental apparatus
with a glass capillary approximately 100 ,um in diameter (see Fig. 1 A). The
calibration solution contained (in mM) 140 KCl, 1 MgCl2, 5 EGTA (eth-
ylene glycol-bis(,3-aminoethyl ether)N,N,N',N'-tetraacetic acid), 0.020
indo-1 (K salt) and 10 mM PIPES (piperizine-N,N'-bis[2-ethanesulfonic
acid]), pH 7.2. Various amounts of CaCl2 were added to set free Ca2' con-
centrations. Free ion concentrations were calculated with a computer pro-
gram, MaxChelator, vers. 6.1 (written by Chris Patton, Hopkins Marine
Station, Pacific Grove, CA), which used the equations from Fabiato and
Fabiato (1979) and dissociation constants determined by Harrison and Bers
(1987) and Martell and Smith (1974).

The optical and Ca2' binding properties of Ca indicators are believed to
be different in salt solutions and in the cellular environment because of
indicator binding to cellular constituents (Konishi et al., 1988; Hove-
Madsen and Bers, 1992). Because cytosolic indo-1 concentration was es-
timated (see below), it was particularly important to estimate how the optical
properties of the indicator might change in the cell. Toward this end, two
approaches were used to determine the Ca2+-dependent optical properties
of indo-1 in the cell. First, the calibration parameters, RmX, Rm., and (3 were
determined in separate experiments according the method of Borzak et al.
(1990). In brief, at the end of an experiment, myocytes loaded with indo-1
were superfused in a Ca2+-free, EGTA (2.5 mM)-containing Tyrode's so-
lution that included 25,M of the ionophore, 4-Br A23187. After fluores-
cence intensities reached a steady-state level and Rmin (F410mj/F50Oj^) was
calculated, the superfusion solution was changed to a Ca-free, 1 mM LaCl3-
containing Tyrode's solution. In this solution, fluorescence reached a new
steady-state (F410m., F50O.m). To convert these fluorescence intensities to
RMA for Ca, the relative fluorescence intensities of indo-1 in the presence
of saturating concentrations of Ca2' and La" were determined separately
and then conversion factors were calculated as k410 = F410cIF410l and
k500 = F500cJF500u,. R. was then calculated as F410,* k410/(F500S *
k500). The scaling factor, (3, was calculated as F500,m,* k500/F500,,1. The
dissociation constant was estimated from the in vitro calibrations described
above.

To estimate the changes in indo-1 optical properties in the intracellular
environment, in vitro calibrations were repeated with the addition of 20
mg/ml Aldolase, similar to Konishi et al. (1988). This protein concentration
is high enough to bind almost all indo-1, in accordance with reports that
fluorescent indicators are largely bound within the cell (Konishi et al., 1988;
Blatter and Wier, 1990; Hove-Madsen and Bers, 1992). Control calibrations
were carried out with protein-free solution containing 320 mM sucrose to
correct for changes in solution viscosity (as determined with an Ostwald
viscometer). In the absence of protein, indo-1 showed a significant Ca2+-
dependent change in fluorescence intensity at 410 nm; however, in the
presence of Aldolase, fluorescence at this wavelength was unaffected by
changes in [Ca21]. Fluorescence emission at 500 nm was also slightly de-
creased, and the apparent KD for Ca21 was shifted to twofold higher con-
centrations (the effect of changes in KD on the calculation of cytosolic buff-
ering is presented in Discussion). The apparent blue-shift in the isosbestic
wavelength and decrease in Ca2' affinity for indo-1 in the presence of
Aldolase are similar to the effect of protein on fura-2 fluorescence (Konishi
et al., 1988). In the cell, fluorescence at 410 nm was also close to the
isosbestic wavelength. Thus, changes in indo-1 fluorescence in the presence
of Aldolase are at least qualitatively similar to those observed in the cell.

Determination of accessible cytosolic volume
To calculate Ca2' buffering in the cell, it was also necessary to determine
the cytosolic volume that was accessible to Ca2+ ions. In spherical or cy-
lindrical cells, the estimation of cell volume is quickly done by converting
membrane capacitance to surface area. Unfortunately, cardiac myocytes do
not have a simple geometry. T-tubules as well as membrane caveolae and
plications are prominent features of rat ventricular myocytes (Sommer and
Waugh, 1976; Page, 1978). Most cells in this study also displayed some
degree of branching. Given these features (which increase cell surface area
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but contribute little or nothing to cytosolic volume), it seemed unlikely that
a simple conversion of cell capacitance to membrane surface area would
yield an accurate estimate of cell volume.

To determine the relationship between cell capacitance (i.e., surface area)
and cell volume, we attempted to calculate cell volume assuming that the
idealized cell shape was a rectangular parallelepiped. Two of the three di-
mensions, cell length and width, could be accurately determined with an
eyepiece reticle. Myocytes in this study were 116 ± 4 gm (Mean ± SEM,
n = 5) in length and 23 ± 2 gm wide. Cell depth, on the other hand, was
more difficult to estimate. Even so, maximum cell depth was estimated by
determining the difference in the first and last in-focus image of the cell top
and bottom surface, respectively, as viewed with a CCD camera (18 ± 2
,um). Given that cell depth is not accurately determined by this procedure,
we attempted to arrive at a systematic manner to estimate average cell
depth from accurately determined parameters, i.e., cell length, width, and
capacitance.

Cell capacitance in this study averaged 168 + 24 pF (n = 5), or an
average surface area of 16,800 ,um2 (at 1 puF/cm2). If it was assumed that
100% of cell capacitance represented surface membrane, average cell depth
was calculated to be 42 ± 9 ,um, clearly much larger than indicated by
optical measurements. If t-tubular membrane was assumed to contribute
33% of total sarcolemma (Page, 1978), average cell depth was calculated
to be 27 ± 7 ,um. This depth, although smaller, was clearly at odds with
the optical measurements that showed that cell depth was less than cell
width. Thus, only accounting for t-tubular membrane would still lead to a
significant overestimate of cell volume. As a final calculation, we assumed
that sarcolemmal caveolae, etc. involved half as much membrane as the
t-tubules so that a total of 50% of membrane was not surface membrane.
Given these assumptions, average cell depth was calculated to be 14 ± 4
,um. This value, although slightly less than the optically observed maximum
depth, is consistent with the observed cell dimensions. Preliminary experi-
ments in rabbit and rat ventricular cells, not reported in this study, were also
consistent with the dimensions reported here.

Total cell volume was thus estimated as length times width times average
depth calculated under the assumption that 50% of cell capacitance repre-
sented surface membrane. Because mitochondria and other membrane
bound organelles occupy a significant fraction of total cell volume (Page,
1978), accessible cell volume was estimated as 65% of total cell volume.
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Determination of cell indo-1 concentration

In the present experiments, exogenous Ca2" buffer, i.e., indo-1, was added
to the cytosol. Thus, to estimate intrinsic cytosolic buffering, it is necessary
to subtract Ca2+ buffering attributable to indo-1 from the total cytosolic Ca2"
buffering. The first step in determining indo-1 Ca2" buffering was to de-
termine the cytosolic concentration of the indicator. This was accomplished
by estimating intracellular indo-1 concentration according to the procedure
of Berlin and Konishi (1993), in which cell fluorescence is compared with
fluorescence of a "standard cell." In the present experiments, the standard
cell was a thin glass capillary (11 ,um diameter, similar to calculated cell
depth) containing 60 ,uM indo-I in the same solution used in the voltage-
clamping electrode ([Ca2"] < 100 nM).

In brief, fluorescence intensity of the cell measured at 410 nm (the isos-
bestic wavelength) was divided by accessible volume (as determined above)
to calculate cellular fluorescence per unit volume (CF). At the end of an
experiment, the standard cell was placed in the same position as the cell and
fluorescence intensity at 410 nm was measured and a standard fluorescence
per unit volume (SF) was calculated. Cellular indo-1 concentration was then
calculated as

[indo] = (CF/SF) * 60 AM * 1/M, (1)

where 4) is the ratio of indo-1 fluorescence at 410 nm in the presence and
absence ofAldolase at pCa = 7 (close to resting [Ca2"] levels) as determined
in Fig. 1. The results of these calculations for each cell are listed in
Table 1.
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FIGURE 1 In vitro calibration of indo-1. (A) Dependence of fluorescence
ratio on [Ca2"]. Ca2"-dependent changes in the ratio of fluorescence in-
tensities (F410/F500) for indo-I (20 j,M) during illumination with 360 nm
light were determined in a 100 ,um diameter capillary on the same micro-
scope used in the experiments. Free [Ca2"] in the EGTA-containing cali-
bration solution was calculated as described in the text. The KD(Ca) for
indo-1 was 0.33 ,M and ,3, was 4.8. (B) Effect of Aldolase on indo-1
fluorescence at 410 nm. The calibration in A was repeated except that 320
mM sucrose (0) or 20 mg/ml Aldolase (0) was included in the cali-
bration solution. (C) Effect of Aldolase on indo-1 fluorescence at 500
nm. The same calibration as in B in the presence of sucrose (0) and
Aldolase (0).
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TABLE 1 Estimation of intrinsic Ca buffers in rat myocytes

Total Intrinsic§

Vol* Bma KD [Indo-1]t Bma KD
Cell # (p1) (mol/l) (GM) (itmo1I) (rmol1l) (GM)
1 23.0 178' 0.89' 50 143' 1.57'
2 33.7 182 0.50 26 158 0.55
3 13.6 196 0.69 48 148 0.97
4 21.9 14011 0.5011 4311 10311 0.6911
5 31.6 114 0.57 51 68 1.02

Mean 24.5 162 0.63 44 123 0.96
SEM 3.6 15 0.07 5 18 0.18
* Intracellular accessible volume was calculated as 65% of the total cell volume necessary to account for 50% of cell capacitance with known cell length
and width.
* Cytosolic [indo-1] was estimated by measuring cell fluorescence, normalizing for intracellular accessible volume and comparing with the fluorescence
of a standard indo-1 solution in a known volume.
I Intrinsic cellular Ca buffers were estimated by assuming that total buffers were the sum of intrinsic buffers and indo-1, where indo-1 has a KD = 0.33
,uM.
'If the KD(Ca) for indo-1 was assumed to be increased fourfold in the cell, total cytosolic Ca2' buffers were calculated to have a Bmu = 176 ,umol/l and
a KD = 3.7 ,uM, and intrinsic buffers were calculated to have a Bm.. = 138 j±mol/l and KD = 6.3 pM, i.e., Bm., remained unchanged, whereas buffer KD
increased fourfold.
ll Estimation of cytosolic Ca2' buffers was performed a second time in the presence of "1799." Total cytosolic Ca2' buffers were calculated to have a

Bmax= 168 ,umol/l and a KD = 0.58,M. Cytosolic [indo-11 had increased to 50 ,umol/l so that intrinsic buffers were calculated to have a Bmax = 119 ,umol/l
and a KD = 0.76,uM.

Statistics

Nonlinear least-squares fitting was performed using a Marquardt-Levenberg
algorithm routine included in SigmaPlot (Jandel Scientific, Corta Madera,
CA). Equilibrium [Ca2"] predicted from model buffers was calculated using
a computer program, REACT, written by Godfrey L. Smith. Summary data
are displayed as Mean ± SEM.

Solutions and materials

Myocytes were initially superfused with a Tyrode's solution (145Na,2Ca)
containing (in mM) 140 NaCl, 4 KCI, 1 MgCl2, 2 CaCl2, 10 glucose and 10
HEPES (N-[2-hydroxyethyl]piperizine-N'-[2-ethanesulfonic acid]), pH 7.4.
All experiments were performed at room temperature. To switch to an Na-
free superfusion solution, Li was substituted for Na on an equimolar basis,
pH was adjusted with LiOH and 1 mM EGTA was added to the solution.
Na- and Ca-free solutions (ONa,OCa) contained a total of 3-5 mM Mg to
maintain clamp stability and prevent monovalent cation influx through Ca
channels (Hess et al., 1986). Na-free, 10 mM Ca-containing solution (ONa,
1OCa) also contained 1 mM EGTA, but Mg was 1 mM, whereas total Ca
was 11 mM. No adjustments for changes in ionic strength were made.

The intracellular salt solution in the voltage clamp electrode contained
(in mM) 100 cesium glutamate, 20 CsCl, 1 MgCl2, 5 MgATP, 5 phospho-
creatine (ditris salt), 0.06 indo-1 (K salt), and 30 PIPES, pH 7.2.

All chemicals were reagent grade. Caffeine was purchased from Sigma
Chemical Co. (St. Louis, MO) and dissolved directly in 145Na,2Ca solution
at a final concentration of 20 mM. Thapsigargin (Calbiochem, San Diego,
CA) was prepared as a 10 mM stock in dimethyl sulfoxide (DMSO) and
dissolved in 145Na,2Ca solution at a fmal concentration of 2.5-10 ,uM just
before use. The mitochondrial uncoupler "1799" (bis(hexafluoroacetonyl)-
acetone) (generously provided by Dupont, Inc., Wilmington, DE and Dr. J.
R. Williamson of the University of Pennsylvania) was dissolved in ethanol
(10 mM) and diluted in ONa,lOCa solution at a final concentration of 5 ,uM.
Vehicles (DMSO and ethanol) at a concentration of 0.1% had no effect on
[Ca2+]i transients.

The pentapotassium salt of indo-1 and 4-Br A23187 were purchased from
Molecular Probes Inc. (Eugene, OR).

RESULTS

Demonstration and validation of the
experimental protocol
Intracellular [Ca2"] in cardiac myocytes is regulated by a
number of powerful transport systems, including Na-Ca ex-
change mechanisms of the sarcolemma and the mitochondria
as well as Ca-ATPases located in the sarcoplasmic reticulum
and sarcolemmal membrane (Bassani et al., 1992). The sar-
colemmal Na-Ca exchanger and the SR Ca-ATPase, in par-
ticular, are capable of transporting large amounts of Ca2+
during a single cardiac contraction (Bers and Bridge, 1989).
To study the binding properties of intracellular Ca2' buffers,
it is necessary to minimize Ca2+ movements caused by these
mechanisms so that Ca` could equilibrate with the binding
sites of interest.

Fig. 2A shows the effect of inhibiting sarcolemmal Na-Ca
exchange on stimulated [Ca2+]i transients and illustrates the
experimental paradigm used throughout these experiments.
Initially, cells were superfused in a normal Tyrode's solution
(145Na,2Ca) with a holding potential of -70 mV. Every
2 s, the cell was depolarized with a ramp pulse to -40 (to
inactivate Na channels) just before a step depolarization to
0 mV for 100 ms to elicit a [Ca2+]i transient. During these
depolarizations, the [Ca21]i transient achieved a steady-state
waveform that was characterized by reproducible resting and
peak levels of [Ca2]i. After a steady state was achieved in
this superfusion solution, depolarizing pulses were termi-
nated and the superfusion solution was rapidly switched for
10 s to a 145Na,2Ca solution containing 20 mM caffeine to
deplete SR Ca2+ (not shown). Exposure to caffeine-
containing solution was repeated to ensure that the SR was
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FIGURE 2 The effect of inhibiting Ca2' removal mechanisms on

depolarization-induced increases in [Ca2+]i. The top panel shows the
solution protocol used in this and all other figures. Cells were initially
superfused in a normal Tyrode's solution, followed by superfusion in Na-
free solutions containing 0 and then 10 mM free Ca2 . The second panel
shows the voltage clamp protocols used in 145Na,2Ca and ONa,lOCa so-

lutions. (A) Control. This myocyte was exposed to vehicle (0.1% DMSO).
(B) Thapsigargin-treated. A second myocyte was superfused with a normal
Tyrode's solution containing 2.5 ,uM thapsigargin for 5 min before the
solution and voltage clamp protocol shown. SR Ca21 was depleted by two
10-s exposures to 20 mM caffeine in 145Na,2Ca solution after the [Ca2+]
transients shown in the left panel but before the step-wise increases in [Ca21]
shown in the right panel.

largely depleted of releasable Ca>2. During the second caf-
feine exposure, the superfusion solution was switched to a

Na-free, Li-substituted, Ca-free solution (ONa,OCa) to de-
plete the cell of Na+. After 3-5 min, the superfusion solution
was changed to a Na-free, Li-substituted, 10 mM CaCl2-
containing solution (ONa,lOCa), and the holding potential
changed to -40 mV. Under these conditions, sarcolemmal
Na-Ca exchange should be abolished because intracellular
and extracellular solutions are both Na-free. This assumption
was verified in some cells by monitoring [Ca21]i for periods
of up to 1 min after switching to ONa,lOCa superfusion so-

lution. In the absence of depolarizing voltage clamp pulses,
resting [Ca21]i increased very little or not at all (not shown).
Thus, this solution protocol effectively depletes the cell of
Na+ and prevents Na-Ca exchange.

During superfusion in ONa,lOCa solution, 200 ms depo-
larizing pulses to + 10 mV at 1 Hz elicited [Ca>]i transients
whose amplitude became steadily larger with each clamp
pulse (Fig. 2 A, right panel). Basal [Ca2+]i increased only
slightly until, eventually, spontaneous [Ca21]i transients were
observed (not shown). Thus, in Na-free superfusion solution,
cellular Ca2+ loading increased with each depolarization.
This is consistent with the idea that the sarcolemmal Na-Ca
exchanger is the major pathway for Ca2+ efflux from the cell
and that, in the absence of Na-Ca exchange, Ca2+ that enters
during each depolarization cannot be removed before the
next stimulated [Ca2+]i transient. Another noteworthy point

is that the rate of decline of the [Ca2+]i transients was not
much slower than that observed when the cell was in
145Na,2Ca solution. This may reflect, in part, the larger size
of the [Ca21]i transients (Berlin et al., 1990; Bers and Berlin,
1994), but it also points out that SR Ca21 uptake is the major
pathway for removal of Ca21 from the cytosol during a tran-
sient in rat ventricle (Bers et al., 1990; Bassani et al., 1994).

Fig. 2 B shows a similar experiment carried out in a myo-
cyte that had been exposed to 2.5 ,uM thapsigargin for 5 min
during superfusion in 145Na,2Ca solution. At this concen-
tration, thapsigargin is reported to irreversibly block Ca21
sequestration into the SR (Kirby et al., 1992; Bassani et al.,
1993). Depolarizing pulses elicited much smaller [Ca21]i
transients than in untreated myocytes. The first exposure to
20 mM caffeine-containing solution released any Ca2' re-
maining in the SR. Subsequent caffeine exposures, even with
continued depolarizations, did not produce a large increase
in [Ca2]1i (not shown). This indicates that releasable Ca2 in
the SR was depleted by the first caffeine exposure and that,
subsequently, reaccumulation was blocked by thapsigargin.
The marked slowing of the decline in [Ca2]1i during stimu-
lated transients in this thapsigargin-treated cell is also con-
sistent with inhibition of SR Ca>2 sequestration.

After caffeine application, this cell was superfused in
ONa,OCa and then ONa,lOCa solution as described above.
Depolarizations from -40 to + 10 mV during superfusion in
ONa,lOCa solution elicited step-wise increases in [Ca21]i that
showed only a very slow decrease in [Ca2+]i between de-
polarizations. Thus, blockade of Na-Ca exchange and SR
Ca-ATPase largely abolishes rapid phasic changes in [Ca2]i.
Furthermore, changes in [Ca2"]i under these conditions are
slow enough so that buffers that bind a significant amount of
Ca2+ during a single [Ca2+]i transient are likely to be in equi-
librium with [Ca>2]i.

Fig. 3 shows this same protocol in three other
thapsigargin-treated cells that were superfused in ONa,lOCa
solution and depolarized from -40 to + 10 mV for 200 ms
at 1 Hz. As in Fig. 2 B, depolarizations led to step increases
in [Ca2+]i that went into the micromolar range, similar to the
peak level of [Ca2+]i observed during a stimulated [Ca2+]
transient. In the absence of SR Ca>2 release and sarcolemmal
Na-Ca exchange, the only source for Ca>2 that increased
[Ca2+]i was the Ca current, shown in Fig. 3 A (bottom panel)
as an extracellular Ca-sensitive difference current. It is also
apparent that [Ca2+]i decreased slowly between depolariza-
tions when [Ca21]i became elevated. The half-time for this
decline of [Ca21]i was 5-10 s as evidenced by the slow de-
cline of [Ca2+]i after cessation of depolarizing pulses in Fig.
3 B. This decline of [Ca21]i could be caused by residual Ca>2
transport out of the myoplasm or could reflect slow buffering
of Ca.2+
To determine whether residual SR Ca2+ transport was

responsible for the decline of [Ca2+]i, 145Na,2Ca solution
containing 20 mM caffeine was rapidly applied to the
myocyte in Fig. 3 B after the last depolarization. Caffeine
application did produce a small increase in [Ca2+1] from 770
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nM (extrapolated from the rate of [Ca>]i decline) to 880 nM.
However, as pointed out in the Discussion, this increase in
[Ca2+]i represents a very small fraction of total Ca" over 13
depolarizations and would only amount to a 3% error in
calculation of total Ca> binding in the cytosol. These results
do demonstrate, nonetheless, that some small residual Ca>
uptake by the SR could be present, even though the rate of
this uptake must be markedly slower than in thapsigargin-
free cells. Thus, as a precaution, all cells used in the analysis
of Ca" buffering were exposed to 20 mM caffeine after the
train of depolarizing voltage clamp pulses increased [Ca>]I.
Cells showing large increases in [Ca21]i upon application of
caffeine were excluded from further analysis.

Another possible mechanism for slow removal of Ca>2
from the cytosol is uptake by the mitochondria, particularly
in the presence of prolonged elevation of [Ca21]i (Miyata
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et al., 1991; Bassani et al., 1992). The possibility that the
slow decline of [Ca21]i was caused by mitochondrial uptake
was tested as shown in Fig. 3 C. A myocyte treated with
thapsigargin and superfused in Na-free solution, as in Fig. 3
A, produced a large increase in [Ca21]i in response to the train
of depolarizing pulses from -40 to + 10 mV (Control). At
elevated [Ca2+]i, there was a slow decline in [Ca2+]i between
depolarizations. After these depolarizing pulses, caffeine
was applied to ensure that the SR was depleted of releasable
Ca2+ and the cell was superfused in ONa,OCa for an addi-
tional 5 min to ensure that cellular Na+ and Ca2+ were de-
pleted. The superfusion solution was then returned to a
ONa,lOCa solution that contained 5 ,uM "1799," a mitochon-
drial uncoupler (LaBelle and Racker, 1977). After 30-s ex-
posure to "1799"-containing solution, depolarizations at 1
Hz again elicited step increases in [Ca2+]i ("1799"). The in-
creases in [Ca2+]i resulting from each depolarization were
smaller than those during the Control period. This probably
represents the degree of run-down in the cell, as judged by
the decrease in the size of the Ca current (not shown) and an
increased cytosolic buffering capacity resulting from a
higher cytosolic indo-1 concentration. More important, when
[Ca2+]i became elevated, [Ca>2]i still showed a slow decrease
between depolarizations. The inset of Fig. 3 C shows su-
perimposed [Ca2+]i traces that suggest, at similar [Ca2+]i, the
rate of decline of [Ca>2]i between depolarizations was similar
in the presence or absence of "1799." Similar results were
obtained in two additional experiments. These data suggest
that mitochondrial uptake of Ca2+ was not the major mecha-
nism in the slow decline of [Ca2+]i.

In summary, superfusion of thapsigargin-treated myocytes
in ONa,lOCa solution allows depolarizing pulse trains to pro-
duce step-wise increases in [Ca2+]i. However, a slow decline
of [Ca21]i (Tlt2 > 5 s) can still be observed when [Ca2+]i
becomes elevated. Even so, the slow decline of [Ca2+]i may

5 sec

1.1

LCoo"1799

0.9

Control

4 " 1 799"

2 sec

FIGURE 3 Characterization of elevated [Ca2]i in thapsigargin-treated
myocytes. Different myocytes (A-C) were exposed to 10 ,uM thapsigargin
for 3 min in 145Na,2Ca solution, followed by superfusion in ONa,OCa and
ONa,lOCa solutions. Depolarizations of 200 ms duration from -40 to +10
mV were produced at 1 Hz, as in Fig. 2 B. (A) [Ca2+]i and Ca current. [Ca2]i
(top) and Ca current (bottom) during the 1-Hz train of depolarizations is
shown. Ca current is displayed as the extracellular Ca-sensitive difference
current calculated by subtracting current measured during superfusion in
ONa,OCa solution from that measured in ONa,lOCa solution. Equilibrium
[Ca2`]i ([A]) was estimated by assuming that cytosolic Ca2" buffering had
the characteristics described in Fig. 5 plus the slow Ca2` buffering described
by Robertson et al. (1981) or ([B]) Hove-Madsen and Bers (1993) plus 50
,M indo-1 (see Discussion). (B) SR Ca2` sequestration during superfusion
in ONa,lOCa solution. Another thapsigargin-treated myocyte was subjected
to a train of 1-Hz depolarizations followed by rapid application of 20 mM
caffeine in 145Na,2Ca solution to release any Ca21 sequestered in the SR.
(C) Effect of a mitochondrial uncoupler on changes in [Ca2+]i during su-
perfusion in ONa,lOCa solution. This myocyte was exposed to ONa,lOCa
solution, first in the absence and then in the presence of 5 ,uM "1799," a
mitochondrial uncoupler (see text for details). Slow decreases of [Ca21]i for
the starred pulses are shown in greater detail in the inset. The dashed line
at the bottom of B and C indicate the timing of depolarizations from -40
to +10 mV.
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Cytosolic Ca Buffering in Cardiac Myocytes

not prevent the estimation of fast Ca2" buffering that would
be important during a stimulated transient.

Analysis of cytosolic Ca2+ buffering
To accurately estimate cytosolic Ca2` buffering character-
istics, it is necessary to know two factors: (1) the change in
[Ca2+]i, and (2) the total amount of Ca21 that entered into the
cytosolic space to produce that change in [Ca2+]j. These two
variables were measured from changes in indo-1 fluores-
cence and the integral of the Ca current, respectively. An
example of this procedure is shown in Fig. 4 with data taken
from the same myocyte shown in Fig. 3 A. The Ca current
(top panel) and [Ca2+]i (middle panel) are shown at the time
of the fourth depolarization from -40 to + 10 mV during
superfusion in ONa,lOCa solution. Before the depolarization,
[Ca2+]i was slowly decreasing, and upon depolarization the
rise in [Ca2+]i was synchronous with the activation of inward
current. Upon repolarization and current deactivation, the
rise in [Ca2+]i ceased and a slow decline in [Ca2+]i continued
but from a more elevated level. The middle panel of Fig. 4
also shows that the time course of integrated Ca current su-
perimposed on the rise in [Ca2+]i. This result was consistent
with the assumption that Ca current was the only source of
Ca2+ under these conditions and suggested that Ca2+ influx
rapidly equilibrated with cellular buffers.

c

-0.0

0.6 r

The integral of the Ca current gives information on the
total moles of Ca2` that enter the cytosol; however, this value
must be converted into units of mol/liter to calculate Ca2+
buffering characteristics. Thus, it is necessary to determine
the cytosolic volume into which the Ca2+ influx is diluted.
For this cell, accessible cellular volume (i.e., that portion of
total cell volume not occupied by membrane-bound com-
partments such as mitochondria) was calculated to be 23 pl
as described in Materials and Methods. Thus, 0.038 nC of
charge carried during the Ca current translates into an in-
crease of 8.2 ,umol Ca2+/l accessible cytosolic H20. This
procedure applied to each voltage clamp pulse provides the
information needed to determine cytosolic Ca2+ buffering,
i.e., the change in [Ca2 ]i and the change in total Ca2 .

The simplest expression that would be expected to describe
cytosolic Ca2+ buffering over the physiological range of [Ca2+]i
is the traditional Michaelis-Menten relationship below:

[BCa] = [Ca2+]BaxKD + [Ca2+], (2)

where KD is the lumped dissociation constant for all buffers, Bm.
is the sum of the capacities of all the buffers, and [BCa] is the
concentration of bound Ca+ calculated as total Ca2" minus free
Ca2". However, the slow changes in [Ca2+]i preclude the tradi-
tional methods for estimation ofKD and Bm:. By focusing on fast
Ca2" buffering where the change in free [Ca2+]i (d[Ca2+]) par-
allels the change in total Ca2" during a voltage clamp pulse (Fig.
4, middle panel), the change in bound Ca2" (d[BCa]) is also
known, and as long as the stepwise change of [Ca2+]i with each
depolarization is small, Eq. 2 can be differentiated with respect
to Ca2+ so that

d[BCa] BmX * KD
d[Ca2+] (KD + [Ca2+]M)2' (3)

+
no1

(9

0.5 F

0.4 L

0

7-

`

0

10J o

N
0

0

0

0

I-),C)

0.2 s

accessible cell
volume = 23 pi

FIGURE 4 Correlation between Ca current and [Ca2]i. The top panel
shows the extracellular Ca-sensitive difference current for a depolarization
from -40 to +10 mV. The middle panel shows [Ca2+]i (noisy trace) and
the integral of the Ca current. The bottom panel is the change in total cy-

tosolic [Ca2+] calculated as moles of Ca influx via the Ca current divided
by the accessible cytosolic volume.

where [Ca2"]m is the mean level of [Ca2+]i during a step increase
in [Ca+]i. Using this relationship, it is possible to estimate KD
and B. using a nonlinear curve-fitting routine. Such a proce-
dure was performed using the current and [Ca(2+] data from the
myocyte in Fig. 3 A. The change in [Ca2+]i (d[Ca2+]) was cal-
culated as [Ca(2+] after repolarization minus that just before the
depolarization, and [Ca2+]m was calculated as the average of
[Ca2+]i at these two time points. The integral of each Ca current
was determined, and the change in total [Ca2'] was calculated
for each depolarization, as in Fig. 4. The change in bound [Ca2"]
(d[BCa]) was then calculated as change in total [Ca2'] minus the
d[Ca2+]. Fig. 5 shows the results of these calculations. As pre-
dicted by Eq. 3, d[BCa]/d[Ca2`] became smaller as [Ca2+]i was
elevated, a reflection of the increased saturation of Ca2+ buffers
at higher [Ca2+]i. The solid curve was fit using Eq. 3 as the input
function and the predicted KD was 0.89 ,uM and B. was 178
,uM. Data from five cells were used to obtain an estimate of the
KD for cytosolic Ca2" buffers equal to 0.63 ± 0.07 ,uM (mean
± SEM) and the total buffering capacity of the cytosol equal to
162 ± 15 pimolA cell H20 (Iable 1).
The values of KD and Bm. for total cytosolic buffering

includes Ca2' binding to intrinsic cellular buffers as well as
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FIGURE 5 Calculation of total cytosolic Ca2+ buffers. The change in
bound cytosolic Ca divided by the change in [Ca2+]i (d[BCa]/d[Ca]) for each
depolarization during the 1-Hz train of depolarizations is plotted as a func-
tion of [Ca2+]m, the mean [Ca21]i (see text for details). The curve was best-fit
by a nonlinear least-squares routine using Eq. 3 and the KD and B. shown.

Ca2+ binding to indo-1. Thus, to determine the properties of
the intrinsic Ca2' buffers, it is necessary to account for Ca21
binding to indo-1 and subtract it from the total Ca2+ bound
within the cytosol. To estimate Ca2+ bound to indo-1, cy-

tosolic indo-1 concentration was determined by comparing
the fluorescence intensity of the cell at the isosbestic wave-
length against the fluorescence intensity of an indo-1 solution
in a thin capillary. Cytosolic indo-1 concentration was then
calculated using Eq. 1 (see Materials and Methods for a full
description). The results of these calculations are shown in
Table 1 with the average concentration being equal to 44 +

5 ,uM. Ca2+ binding to indo-1 was then estimated assuming
a KD of 0.33 ,uM (Fig. 1 A).

Intrinsic Ca2+ buffering was calculated by subtracting the
Ca2+ calculated to be bound to indo-1 from the total Ca2+
estimated to be bound to cytosolic buffers using the KD and
Bmax calculated for total cytosolic buffering. Fig. 6 shows an

example of one such calculation where Bmax and KD deter-
mined in a myocyte were used with Eq. 2 to calculate the total
bound Ca2+ in the cytosol (total) and the calculated cellular
indo-1 concentration was used to calculate Ca2+ bound to
indo-1 (indo-1). The difference between these two quantities
was assumed to represent Ca2+ binding to intrinsic cytosolic
buffers, and KD and Bmax were calculated for this intrinsic
Ca2+ binding. These data, summarized in Table 1, show that
the Ca2' binding capacity of the cytosol was 123 ± 18 Amol/l
with a KDof 0.96 ± 0.18 AM.

Fig. 3 C pointed out that mitochondrial uptake of Ca2' did
not appear to be a major mechanism for Ca2+ transport in
these experiments. To test this conclusion, the protocol to
measure intrinsic cytosolic Ca2+ buffering was repeated
twice in the same cell, once under control conditions and then
again in the presence of the mitochondrial uncoupler, "1799"
(Table 1). The calculated values of KD and Bmax for intrinsic
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FIGURE 6 Estimation of intrinsic cytosolic Ca2" buffers. Ca2+ bound to
total cytosolic buffers and indo-1 was estimated with the following buffer
parameters (from Table 1): total cytosolic KD = 0.50 ,uM, Bm. = 182 ,moIl
(-); indo-1 KD = 0.33 ALM and Bmx = 26 ,umol/l (- -). The binding
isotherm for intrinsic buffers (-- - -) was calculated as Ca2` bound to total
cytosolic buffers minus Ca2' bound to indo-1. Parameters for intrinsic buff-
ers in this cell are KD = 0.55 ,uM and Bm. = 158 ,umol/l.

Ca2+ buffering were not significantly different in the absence
and presence of "1799." These data confirmed that the mi-
tochondria did not have a major role in Ca2+ movements
under the conditions of these experiments.

Another way to view these data is to consider how much
Ca21 would be involved in a [Ca2]1i transient that raises
[Ca21]i from 100 nM to a peak of 1 ,uM. The parameters for
intrinsic Ca2+ buffers calculated above predict that such a

transient would add 51 ,umol/l Ca21 to the cytosol. Given that
the Ca21 influx during the Ca current is approximately 8
gmol/l (Fig. 4), 43 ,umol/l or 84% of total Ca21 would be
released from the SR, consistent with Fig. 2 and previous
reports that rat ventricular myocytes are largely dependent on
SR Ca2+ release for stimulated transients (Cannell et al.,
1987; Bers et al., 1990).

DISCUSSION

The present study examined Ca2+ buffering in the cytosolic
space of rat cardiac ventricular myocytes. Many potential
Ca2' buffering sites have been identified in cardiac myo-

cytes, including fixed buffer sites on contractile proteins such
as myosin and troponin (Solaro et al., 1974; Robertson et al.,
1981), transport proteins such as Ca-ATPases and membrane
phospholipids (Fabiato, 1983). Potentially mobile buffers in-
cluding ATP, phosphocreatine, and calmodulin can also con-
tribute to cytosolic Ca2+ buffering (Fabiato, 1983). These
sites are present in high concentration and, given the tight
regulation of [Ca2+]i by the cell, could be very important in
modulating Ca2+-dependent processes within the cell. The
Ca2+-binding properties of these buffers have been examined
in vitro, in muscle homogenates (Pierce et al., 1985), in
chemically skinned fibers (Pan and Solaro, 1987), and in

0
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Cytosolic Ca Buffering in Cardiac Myocytes

permeabilized myocytes (Hove-Madsen and Bers, 1993).
Changes in myoplasmic Ca content during the contraction
cycle have also been studied by electron microprobe analysis
(Moravec and Bond, 1991; Wendt-Gallitelli and Isenberg,
1991), but the extent of Ca2" buffering in these two studies
varied widely (see below). Thus, the goal of this study was
to estimate Ca2" binding in the cytosol of voltage-clamped
myocytes so that Ca2" buffering, which plays a role in con-
trolling changes in [Ca2t]i during stimulated contractions,
could be determined.

Our methods did not allow us to distinguish between the
properties of individual Ca2" binding species, so we analyzed
Ca2" buffering under the assumption that all buffers behaved
as a single lumped species that had a one-to-one binding
relationship with Ca2". The binding properties of very low
affinity buffers also could not be determined in these ex-
periments. As such, an unique solution to the Ca2t buffering
properties of the cytosol was not possible. Instead, the
present experiments achieved a description of buffering
properties over a range of [Ca2"]i that included those levels
of [Ca2t]i observed during a transient. Buffers that bind sig-
nificant quantities of Ca2" during the [Ca2"]i transient should
have been well described. Given these limitations, the in-
trinsic buffers in the cytosol were described by a KD of 0.96
+ 0.18 ,uM with a binding capacity of 123 ± 18 ,umol/l cell
H20.
The [Ca2t]i reported in this paper were estimated from

changes in indo-1 fluorescence using the calibration param-
eters Rmin, Rmax, and 1B determined in myocytes, but a KD
determined under in vitro conditions. It is worth examining
what effect changes in indo-1 Ca2t affinity would have on
the calculated buffer parameters because several papers sug-
gest that Ca2t affinity of these indicators is decreased in the
cell (Hove-Madsen and Bers, 1992; Backx and ter Keurs,
1993) and by protein binding (see Fig. 1 and Konishi et al.,
1988). Table 1 shows such a calculation for the same myo-
cyte used in Figs. 3 A, 4, and 5 where the KD of indo-1 for
Ca2t has been increased fourfold (Konishi et al., 1988; Hove-
Madsen and Bers, 1992). It is quite clear that the apparent
affinity of the lumped buffer also decreases fourfold but Bma
is relatively unchanged. Thus, regardless of the affinity of
indo-1 for Ca2t, the buffering capacity of the cytosol will be
accurately determined; however, the [Ca2t]i and the buffer
KD will be scaled with the presumed Ca2t affinity of the
indicator.

Determination of cytosolic Ca buffering

The experimental paradigm to determine these buffer pa-
rameters relied upon the quantitation of exchangeable Ca
content within the cytosolic space. This was accomplished by
inhibiting Ca2t removal processes and measuring Ca2t in-
flux into the cell. Measuring Ca2t influx was very straight-
forward because the integral of the Ca current during su-
perfusion of Na-free solutions reflects Ca2t influx into the
cell in the absence of Na-Ca exchange. Furthermore, Ca2t

uptake with thapsigargin and then depleting intracellular
Ca2" stores by repeated exposure to caffeine. This procedure
has been shown to effectively deplete SR Ca2t release and
prevent Ca2t uptake (Bassani et al., 1993; Janczewski and
Lakatta, 1993). Under these conditions, Ca current should
represent all Ca2t coming into the cytosol during a depo-
larization. Determining that Ca2t removal processes were

inhibited, on the other hand, was more difficult.
The processes thought to be particularly important for the

rapid removal of cytosolic Ca2t are the sarcolemmal Na-Ca
exchange mechanism and the Ca-ATPase of the SR. These
processes were blocked with the use of Na-free solutions and
thapsigargin, respectively. Na-free superfusion solution
alone had only a small effect on the rate of removal of Ca2t
during a transient. Thapsigargin, on the other hand, produced
a much greater slowing of the decay of the [Ca2t]i transient,
consistent with the finding that rat myocytes rely largely
upon the SR to sequester Ca2t after a transient (Bers et al.,
1990; Bassani et al., 1994). These two maneuvers together
produced a profound slowing of Ca2t removal from the cy-
tosol. This is evidenced by the step increases of [Ca2t]i in
thapsigargin-treated cells that were superfused in 0Na,lOCa
solution and a half-time for the slow decrease of [Ca2"], that
was 5-10 s, i.e., approximately 50- to 100-fold slower than
under control conditions. Thus, Na-Ca exchange and SR
Ca2t sequestration appear to account for almost all of the
rapid removal of Ca2t in rat ventricular myocytes (Bassani
et al., 1994).
The mechanism underlying the slow decrease in elevated

[Ca2t]i during superfusion of thapsigargin-treated cells in
Na-free solution was also examined. One possibility exam-

ined was that some residual Ca2t uptake by the SR remained
after thapsigargin treatment. After Ca2t loading of the myo-
cytes, 20 mM caffeine was briefly applied to release any Ca2t
sequestered in the SR. As shown in Fig. 3 B, only a small
change in [Ca2t]i occurred as a result of this caffeine ap-
plication. Using the parameters for total Ca2t buffering in
Table 1, the total amount of Ca2+ calculated to be released
by caffeine was 4 gmol/l. If the amount released is due en-

tirely to Ca2t uptake during superfusion in ONa,lOCa solu-
tion, this suggests that the calculated Bmax of 162 ,mol/l
was underestimated by approximately 3%, a relatively small
error.

The possibility that the slow decline in [Ca2+]i was caused
by mitochondrial uptake was also tested by Ca2+ loading
cells in the presence of "1799," a nonfluorescent proton iono-
phore that uncouples oxidative phosphorylation in the mi-
tochondria (LaBelle and Racker, 1977). By dissipating the
proton gradient across the inner mitochondrial membrane,
1799 can prevent Ca2t uptake into the mitochondria. Even
in the presence of this drug, the slow decline of [Ca2+]i was
still observed (Fig. 3 C). Furthermore, cytosolic Ca2t buff-
ering parameters estimated in the presence and absence of
this mitochondrial uncoupler were only slightly different
(Table 1). These data suggest that mitochondrial Ca2t uptake
is not the major cause of the slow decline of [Ca2+]i. Ad-

release from the SR was prevented by inhibiting SR Ca2 d
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[Ca2"]i. Ca" efflux via the sarcolemmal Ca-ATPase is one
such mechanism; however, this ATPase appears to remove
cytosolic Ca" very slowly in cardiac myocytes (Bassani
et al., 1992). Even so, we cannot completely rule out the
possibility that some Ca2+ transport occurred during the slow
decline of [Ca2]i.

Another possibility is that Ca>2 binding to slow buffers
such as the Ca/Mg sites of troponin and myosin (see below)
could account for slow changes in [Ca2+]i (Konishi and
Berlin, 1993). Ca2+ binding at these sites is likely to occur
only after the displacement of bound Mg2+, a process that
may occur with rate constants of less than 1 s-' (Robertson
et al., 1981; Konishi and Berlin, 1993). At this time, iden-
tification of the mechanism responsible for slow changes in
[Ca2+]i is not possible.
The presence of slow changes in [Ca2+]i between depo-

larizations prevented us from analyzing total cytosolic buff-
ering, i.e., fast and slow Ca buffer species, simply by sum-
ming the integrals of the Ca currents and then calculating
Bma and KD based upon the [Ca+]i. Instead, our analysis of
Ca2+ buffering was limited to fast Ca buffers. These buffers,
such as the Ca-specific site of troponin and the binding sites
on calmodulin, are thought to be largely free of bound Mg2+
at physiological resting [Ca2+]i. Increases in [Ca2+]i bring
about increased binding at these sites limited only by the
association (i.e., diffusion-limited) and dissociation rate con-
stants for Ca2+. Thus, binding of Ca>2 to fast buffers is
thought to follow closely the waveform of changes in [Ca2+]i
(Robertson et al., 1981; Konishi and Berlin, 1993). These fast
binding sites should be important, therefore, in buffering
[Ca2+]i during the rapid changes in [Ca]2+] during a transient.

Comparison with published values

Fig. 7 A shows cytosolic Ca2+ binding calculated from the
present experiments (single myocyte), those of Hove-
Madsen and Bers (1993), and presumed properties of known
cellular Ca> buffers (Fabiato, 1983) as a function of [Ca2+].
It was somewhat surprising that the present results agree well
with the tabulation of known Ca2+ buffers proposed by
Fabiato (1983), because additional Ca2+ binding sites are
expected in the cytosol (see below) and the Ca+ binding to
troponin C and the SR Ca-ATPase were probably underes-
timated by Fabiato (Bers, 1991; Wier et al., 1994).

Neither the present experiments nor those of Hove-
Madsen and Bers (1993) experimentally determined the
amount of Ca2+ bound in the cytosol. Rather, the change in
bound Ca2+ was measured as a function of [Ca2+]. A com-
parison of the change in bound Ca (see Fig. 7 B) shows that
Ca2+ buffering in the present experiments is approximately
half of that measured with digitonin-permeabilized myocytes
(Hove-Madsen and Bers, 1993). Possible explanations for
this difference include: 1) Ca2+ binding to slow Ca buffers,
2) overestimation of Ca> buffering by Hove-Madsen and
Bers (1993), and 3) underestimation of buffering in the
present experiments.
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FIGURE 7 Comparison of intrinsic cytosolic Ca2l buffers with published
data. (A) Calculated bound Ca2" is plotted against [Ca2'] using the mean
KD and Bm. for intrinsic cytosolic buffering in Table 1 (single myocyte), KD
and B,. values from Hove-Madsen and Bers (1993), and the sum of cy-
tosolic Ca buffers listed in Table 2 of Fabiato (1983). (B) Calculated
cytosolic buffers and the effect of slow Ca buffers. The change in bound
Ca2" from an initial level at 100 nM [Ca2'] was calculated for the present
data (fast) and that of Hove-Madsen and Bers (1993) (equilibrium). The
curve labeled "fast + slow(A)" is that calculated by summing the change
in Ca2" binding predicted by the present data with that predicted for equi-
librium Ca2" binding to the Ca/Mg sites of troponin and myosin. The Ca2l
and Mg2e affinities of the Ca/Mg sites are taken from Robertson et al.
(1981). Myosin and troponin concentrations are taken from Fabiato (1983)
assuming that myosin and troponin exist in a 1:1 ratio in the cytosol and that
the molar ratio ofCa/Mg sites on cardiac troponin to Ca-specific sites is 2:1
(Robertson et al., 1981). The curve labeled "fast+slow(B)" is the same as
"fast+slow(A)" except that the Mg2` affinity of the Ca/Mg sites on troponin
have been increased 10-fold.

Ca> binding to slow buffers is a reasonable possibility
because Hove-Madsen and Bers (1993) measured equilib-
rium Ca> binding over many minutes, whereas only fast
Ca> buffering over 200 ms was assessed in the present
analysis. The potential contribution of known slow Ca buff-
ers to equilibrium Ca> binding can be estimated by calcu-
lating Ca>2 binding to the Ca/Mg sites of troponin C and
myosin. The Ca>2 and Mg> binding properties were taken
from Robertson et al. (1981) and the protein concentrations
from Fabiato (1983). For 1 mM Mg2+ (as in the electrode
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solution), the change in the equilibrium Ca> binding to these
slow buffers was calculated and added to the fast buffering
measured in the present experiments (fast+slow(A) in Fig.
7 B). This calculation indicates that Ca> binding to Ca/Mg
sites on troponin C and myosin could contribute appreciably
to equilibrium Ca> buffering.
The present data, however, suggest that equilibrium Ca>

buffering would be greater than that predicted by including
Ca> binding to these slow buffers. Equilibrium [Ca2+]i at the
end of the trace in Fig. 3 A can be estimated if these Ca>
buffering characteristics of the cytosol are assumed. Inte-
gration of the Ca currents elicited by the nine depolarizations
in Fig. 3 A gives an increase in total Ca> of 88.2 ,LM. With
only the fast Ca2+ buffering measured in the present experi-
ments (Table 1), [Ca2+]i should have increased to 1.75 ,uM
(well off-scale in Fig. 3 A). With inclusion of the Ca/Mg sites
of troponin C and myosin discussed above, [Ca]2+] should
have increased to 1.15 ,AM (shown as [A] in Fig. 3 A). It is
clear, however, that [Ca21]i is falling below this level by the
end of the trace. Thus, including Ca>2 binding to these slow
buffers does not adequately predict the equilibrium level of
[Ca2+] .

If the Ca2+ buffering characteristics of Hove-Madsen and
Bers (1993) are used in this calculation (plus 50 ,uM indo-1
in this cell), the predicted [Ca2+]i after nine depolarizations
would be 0.73 p,M (shown as [B] in Fig. 3 A), well below
the observed [Ca2+]j. Thus, the increased equilibrium Ca2+
buffering predicted by Hove-Madsen and Bers (1993) would
also seem to be consistent with the present data.

This additional Ca2+ buffering could still be attributable to
slow buffers. The Ca2+ affinities of troponin C and myosin
are greatly affected by a number of factors, including their
association with other proteins (Zot and Potter, 1987). For
example, a 10-fold increase in the Mg2+ affinity of the Ca/Mg
sites of troponin C (similar to that induced by phosphoryl-
ation of troponin T; Jahnke and Heilmeyer, 1980) would
increase Ca2+ binding to slow buffers enough that the re-
sulting curve is close to the data of Hove-Madsen and Bers
(see fast+slow(B) in Fig. 7 B). Alternatively, additional slow
Ca/Mg buffers such as the Mg2+-sensitive Ca2+ binding sites
on the inner sarcolemmal surface (Frankis and Lindenmayer,
1984; Bers et al., 1986) could contribute substantially to
equilibrium Ca2+ binding (Hove-Madsen and Bers, 1993).
The data of Hove-Madsen and Bers (1993) might have

overestimated equilibrium cytosolic buffering because Ca2+
binding to the external surface of the permeabilized myo-
cytes would be included in their calculations. However,
Ca2+-binding phospholipids appear to be asymmetrically dis-
tributed to the inner sarcolemmal surface (Post et al., 1988)
so that this error is likely to be small.
The present experiments could have underestimated cy-

tosolic buffering for several reasons. Thapsigargin may
greatly reduce Ca2+ binding to the SR Ca-ATPase (Sagara
and Inesi, 1991). In addition, residual Ca2+ transport may
still be present (see above). Finally, dialysis of mobile
buffers could have occurred between the cell and patch

cytosolic Ca2" buffers was repeated after several minutes, no
significant change in intrinsic buffering capacity was ob-
served (Table 1). This indicates that, on the time-scale of
these experiments, mobile buffers do not constitute a large
fraction of total buffer capacity. Measurements in bovine
chromaffin cells also suggest that very little of the cytosolic
Ca2" buffering capacity is highly mobile (Zhou and Neher,
1993).

Thus, after accounting for methodological and analytical
differences, several reports are in reasonable agreement with
regard to cytosolic Ca2" buffering in cardiac myocytes
(Fabiato, 1983; Pierce et al., 1985; Pan and Solaro, 1987;
Hove-Madsen and Bers, 1993; Balke et al., 1994). However,
one study using electron microprobe analysis (Wendt-
Gallitelli and Isenberg, 1991) estimated fast cytosolic Ca2"
buffering 10 times larger than the present study. On the other
hand, much smaller changes of myoplasmic Ca2" during a
twitch were reported by Moravec and Bond (1991) using
similar methods. There is no obvious explanation for the
large discrepancy in these two papers. Even so, the reported
changes in SR Ca content (Moravec and Bond, 1991; Wendt-
Gallitelli and Isenberg, 1991) are consistent with the pre-
dictions made from the present cytosolic buffering data.
Thus, comparison with published reports suggests that the
present data yield a reasonable estimate of fast Ca2" buff-
ering in the cytosol.

Importance of Ca buffering in determining the Ca
fluxes in rat myocytes

Fig. 4 shows that a Ca current that produces a increment in
total cytosolic [Ca2"] of 8,umol/l yields an increase in [Ca2"]
of less than 100 nM. This clearly makes the point that only
1% of Ca2" in the cytosol remains unbound. The other 99%
is rapidly complexed with any of the variety of potential
buffers. The properties of these Ca buffers may be the single
most important determinant of the magnitude of [Ca2]i
changes during a transient. Thus, maneuvers that alter cy-
tosolic buffering capacity such as loading high affinity Ca
indicators, including fura-2 or indo-1, may have significant
effects on any Ca2+-dependent process under study (Berlin
and Konishi, 1993; Balke et al., 1994).

Fig. 2 A shows that the amplitude of the [Ca21]i transient
can exceed 1 tM during superfusion in Na-free solution. The
binding parameters estimated for cytosolic buffering predict
that such a transient requires at least 50,umol of Ca>2 per liter
cell H20 be added to the cytosol to achieve these levels of
[Ca2+]j. Given that the Ca current in Fig. 4 is typical for these
experiments, only 8 ,umol/l is due to Ca2 influx across the
sarcolemma. The remaining Ca , over 80% of the total,
appears to come from SR release, consistent with previous
estimates (Cannell et al., 1987; Bers et al., 1990). Because
peak Ca>2 is reached in approximately 25-35 ms under these
conditions (Konishi and Berlin, 1993), the peak rate of re-
lease must be at least 1.5 mmol/l/s. In fact, this is likely
an underestimate because the peak rate of release must oc-

electrode. However, in the one myocyte where estimation of
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cur well before peak [Ca"]i is observed. This release rate,
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similar to that recently reported during stimulated [Ca2]i
transients (Wier et al., 1994) is several times lower than the
peak release rate in skeletal muscle (Baylor et al., 1983; Mel-
zer et al., 1987). Even so, this is consistent with the fact that
severalfold more [Ca2+]i is involved in a skeletal muscle Ca2"
transient than appears to be involved in a cardiac muscle
[Ca2+]i transient, based on the data presented in this paper.
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