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Simultaneous recording of Indo-1 fluorescence and Na* /Ca?™ exchange
current reveals two components of Ca?* -release from sarcoplasmic
reticulum of cardiac atrial myocytes,
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Simultaneous messurements of intracellular Cit” -concentration ({Cad* J) using Indo-1 and the current generated by electrogeniv Na' JCué* -ox.

change (Fuaea) have been performed onatrial myocyles from heirts of adult guineu-pigs. Whercas the fluorescence-tmizasurements provide informae

tion on global {Caf * | Jues Which is o linear function of Ca?* -concentration, indicates subsarcalemmal (Ca* ). Under copditionsin which intracellu-

far Ca* ~trunsients due to Cid -release from the sarcoplasmivc reticulum (SR) huve been artificially slowed, a deviation between the two diflerent

Cut*-signals can be found. During unset of release signals Cad’ -concentration seen by the membranc is higher thun global (Ca?*]. Our results

provide evidenee that in atrial myocytes, lacking a T-system, Ca® "induced Ca?*-release oveurs first from a subsarcolemial compartment of the
SR, The resulting Cad* -transient serves to trigger Cad* -releise from deeper SR-comptrtinents,

Curdine myocyter Ca?* -release; Surcoplasmic reticulunt: Indo-1; Nu® /Cu** -exchange: Guinea-pig heart)

1. INTRODUCTION

Cardiac contraction is controlled by a phasic rise of
[Ca**}; primarily caused by Ca**-release from the sar-
coplasmic reticulum [1]. There is compelling evidence
that the signal that causes opening of the release chan-
nels in the SR-membrane, is a rise in free [Ca**]i duc to
Ca*’-entry through voltage-gated Ca®*-channels
(Ca?*-induced Ca**-release, [2-5]). In myocytes, par-
ticularly of supraventricular origin, peripheral coupl-
ings, i.e. close associations of SR-vesicles with the sur-
face membrane seem to function as equivalents to triads
or diads in t-tubule containing muscle cells [6]. If the
membrane signal is transmitted to the SR release chan-
nels via Ca?*-ions, these peripheral structures should
detect such a signal carlier than deeper layers of the SR
and therefore should release Ca®* earlicr than the latter.
Using simultaneous measurement of Na*-Ca®* ex-
change current [7-9] as a signal indicating subsarcolem-
mal Ca?*-concentration and fluorescence changes of
the Ca®*-sensitive dye Indo-1 [10,11] as a signal in-
dicating global cytosolic Ca®*-concentration, such
spatial inhomogeneities are found in the present study.
Our measurements for the first time permit the iden-
tification of two distinct components of Ca®*-release in
an excitable cell with fast Ca** -signalling. One of these
is likely to represent a peripheral release compartment,
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transmitting the signal duc to transmembrane Ca?*-
entry to central regions of the cell.

2. MATERIALS AND METHODS

2.1. Materials

Atrial myocytes from hearts of adult guinea-pigs were enzymatical-
ly isolated and cultured as deseribed previously [12], The cells were
grown on thin coverslips in medium M199 supplemented with FCS
(2%) and gentamycin (25 mg/ml). Cells were ur~d from day 1 to 5
after isolation, Most of the cells were completely spherical within one
day of culture. Cells with a diameter between 10 and 20 4m were
selected for the experiments. Thelr membrane capacitance was less
than 20 pF. External solution contained (mM): NaCl 140, CsCl 2.0,
CaCl, 2.0, MgCl; 2.0, TTX 10 #M, Hepes/CsOH 10.0, pH 7.4. In
order to maintain the capability of the SR to accumulate and release
Ca?*, the external solution was supplemented with 1-5%107'® M
isoprenaline {13], a concentration which upon acute application did
not significantly increase Jcq.-amplitude. Patch clectrodes [14] were
filled with the following solution: Css-citrate 60, NaCl 10.0, CsCl
10.0, MgClz 1.0, MgATP 5.0, Inda-1 (K-salt) 0.1, Hepes/CsOH 10.0,
pH 7.4. Pipette resistance ranged from 1.5 to 2.5 M{2. Citrate-based
internal solution was used, to get prolonged release-signals (e.8.
[8,15]) and to prevent focal Ca** -release, previously described to oc-
cur in cardiac myocytes [16]. The coverslips containing the myocytes
were mounted in a sandwich chamber which was placed on the stage
of an inverted microscope and continuously perfused with external
solution (22-24°C).

2.2, Measurements of membrane current and [Ca** J;

Current measurements were performed in whole cell mode [14] us-
ing a patch-clamp amplifier (EPC-7, List, Darmstadt). After a few
minutes of loading, Indo-1-fluorescence was measured from a field
slightly larger than the size of the cell. Excitation wavelength was 360
nm; emission was measured at 405 and 485 nm wavelength using two
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3. RESULTS

In Fig, | membrane current following activition of
L-type Ca®ecurrent and corresponding chinnges of
[(,‘:\"‘ Fleoare illuserated, The myocyte was depolarized al
0,25 from - 50 to +5mV causinga Ca®* inward cur-
rent of 240 pA peak amplitude (not shown), During a
trainr of 20 identical step depolarizations every seeoid
was followed by an inward current after repolarizaiion,
paralleled by an intracellular Ca*’ -transient, (Ca*" )
reaching a peak level of around 1,2 M {A). Tt has been
shown previously that the inward cureent in the present
conditions exclusively retlects electrogenic Na* -Ca**
exchange (Inaca, o2, (8,17.18]), caused by SR Ca’"-
release. The contribution of the Ca*” -current itself to
the Ca** -transient is very small, Bvery second Ca®™ -
current in this myocyte failed to trigger release (1), Vir-
tually no inward current following repolarization was
recorded under that condition, and [Ca** i rose from
its basal level of 110 nM to only around 200 nM. For the
isolated Na*-Ca®* exchange current in the absence of a
functional SR a linear dependence on [Ca** )i has been
documented over a wide range of. concentrations
[19,20]. In Fig. 1C inward current following repolariza-
tion has been plotted against [Ca** | (from A), resulting
in a completely linear relation in the range of concentra-
tions (=1 M) which can be reliably measured by the
fluorescent dye. Thus, for the decay of the transient,
i.c. late after release, the Ca®*-concentration detected
by the internal face of the membrane, or the exchanger
respectively, is likely to correspond to the global Ca2* -
concentration indicated by the indo-measurement.

By variation of the depolarization parameters (dura-
tion and/or frequency), in the majority of myocytes
conditions could be found, that resulted in release
signals, the rising phase of which was clearly separated
from the triggering /ca. In Fig. 2 membrane current (A,
top) and [Ca%"]; (A, bottom) durinig a train of
depolarizing voltage steps eliciting Jca have been traced.
The first pulse was followed by a large Ca?* -transient
and the corresponding inward current, the rising phase
of which was fused with Jc, (a). The subsequent voltage
steps either failed to elicit release or caused release
signals of variable amplitudes and time courses (b-d).
The rising phases of the current transients which were
clearly separated from Jc,, displayed two components
(b,d) particularly prominent in d. A plot of change of
current vs [Ca®™ ]; for the relaxation of the pair of tran-
sients labelled ‘a’ again yields a straight line between
around 100 nM and 1 xM which intersects close to the
origin (B,a). Above 1 uM a flattening is observed,
possibly due to saturation of the exchanger and/or the
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Iiga 1. (A) Correlation between release-dependent inward current and
[Ca® ). Membrane current (top traces) and intacellular Ca®*-
concentration (bottom traces) following activation of Jfey by
depolariation from =50 to +5 mV (step duration 50 ms; frequency
0.2 57 Y. Ie-amplitude was constant (240 pA; off seale) throughout a
train of 20 pulses, Currents and (Ca®* 1i-signals alternated between the
two representative responses illustrated. (B) Plot of change of mem-
brane current against [Ca®* J; for the period of time marked by the ar-
raws in (A), One point per 10 ms from the data-set has been plotted.
The straight line was calculated by linear regression for 200
nM=[Ca** lis1 uM.,

Ca®* -indicator which has a Kq for Ca?* in the order of
200 nM [10]. For the falling phase of signal-pairs b and
d identical slopes of this relation were determined (open
circles in B,b and B,d). If, in the same co-ordinates, the
rising phases are plotted (closed symbols), considerable
deviations from this relation are observed. A fit of the
first 20 data points of set b yields a slope of ~4.1 x 1072
pPA/nM as compared to —1.8x10~* pA/nM for the
falling phase. An identical line was drawn through the
data in d.

For clarity the maxima of the small transient (c) and
the first component of d, have been included in graph
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Fig. 2 Two components of Ca*"* -relcase. (A) A train of step depolarizations was applied from —80to +5 mV (duracion 100 ms; frequency 0.7
s~ "), resulting in failures and variable release signals (a-c), one with a distinet two-component rising phase (d). The decay phases of signals a, b
and d have been analysed using plots of change in current against {Ca®* )i (open symbols in (1B)). A straight line was calculated through the data
points of event a for 0.2 xM=[Ca®*];=1.0 M. An identical line was drawn through the sets of data corresponding to event ¢ and d. sl rising
phases of events b and d have been symbolized by the closed squares in the corresponding graphs. A straight line was calculated through the first
20 pairs of data from b. This line was copied to graphs a and <. In A the peak current of ¢ and of the first component of d are indicated by the
closed symbols. (The rapid downward deflection in the current trace b is due to opening of a large-conductance ion channel described previously

B,d (closed symbols). The same straight line as in
graphs b and d can be drawn through these data. Thus,
the deviation from the 7 vs [Ca®"|; plot of the falling
phase is a property of the first component of the release

signal, which is represented in isolation by the transient
marked ‘¢’. Furthermore this component is also hidden
in the rising phase of Ca** -transients lacking two clear-
ly identifiable components.
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4, DISCUSSION

Our results provide strong evidence that in atrial
myocytes  the  membrane signal  (Ca™ " -eurrent) s
transmitted into an intracellulir Cu® ' -signal via CICR
from superficial stores. The resulting subsiircolenmmual
Ca™™ -wave causes further release from deeper regions
of the SR, also via CICR. This process is discontinuous
giving rise, at least oceasionally, to two distinet com-
ponents of the eschange current, As compared to
physiological Ca*’ -transients of atriul cells, which
reach a peak within less than 30 ms [21], the signals
measured in the present study are considerably slower,
This stowing, which is a prerequisite for detecting the
phenomena deseribed above, is due to the loading of the
cell with a high concentration of a mobile Ca®'-
chelator {15,22). 1t does not represent an eflect of
citrate as a chemical, Similar slow transients were ob-
tained upon replacement of citrate by an equivalent
concentration of free ATP, which has rather similar
Ca®* -chelating propertics [15,23].

The observation of two-component release signals is
not due to focal Ca**-rclease described previously
[16,24]. In 32 out of 42 cells that were studied using
simultancous measurenient - of  Jfawea anc  Indo-l-
fluorescence and in 74 out of 92 cells which were in-
vestigated by current measurements only, two com-
ponents could be identified. In none of those myocytes
any evidence for more than two components was
found. In case of focal inhomogencities of Ca®*-
release, with some statistical probability more than two
components should be detected. Spatial gradients with
some similarity to those described in the present study
for cardiac myocytes are likely to be involved also in
other types of excitable and non-excitable cells, that use
Ca?* -signalling controlled by both Ca®*-entry and
Ca?" -release for regulating physiological processes (see
e.g. [25] for review).
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