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Microdomain [Ca?*] near ryanodine receptors as reported
by L-type Ca?* and Na*/Ca?* exchange currents
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Non-technical summary The strength of the heart beat is regulated by a short-lived increase of
calcium in the cardiac muscle cells. This calcium concentration is assumed to rise particularly high
in microdomains where it modulates calcium-dependent processes and controls calcium release
from the intracellular store. However, direct measurement of microdomain calcium remains a
technical challenge. We have used as reporters the ionic currents from L-type Ca*" channels and
from the Na*/Ca®t exchanger, proteins that are located in these microdomains and sensitive to
local calcium. Microdomain calcium has a much sharper rise and fall than the global calcium
signal and its amplitude is 20-30 times higher. Surprisingly, for different global signals, the
microdomain signal remained equally high. These findings show the feasibility of reporting on
microdomain calcium and demonstrate the divergence between microdomain and global calcium
signals.

Abstract During Ca?" release from the sarcoplasmic reticulum triggered by Ca** influx through
L-type Ca** channels (LTCCs), [Ca®*] near release sites ([Ca’"],) temporarily exceeds global
cytosolic [Ca*"]. [Ca®* ], can at present not be measured directly but the Na*t/Ca?* exchanger
(NCX) near release sites and LTCCs also experience [Ca’"],. We have tested the hypothesis
that I, and Incx could be calibrated to report [Ca*™], and would report different time
course and values for local [Ca®"]. Experiments were performed in pig ventricular myocytes
(whole-cell voltage-clamp, Fluo-3 to monitor global cytosolic [Ca?*], 37°C). [Ca®* ] ,;,-dependent
inactivation of I, during a step to +10 mV peaked around 10 ms. For Iycx we computationally
isolated a current fraction activated by [Ca®* ] ,,,; values were maximal at 10 ms into depolarization.
The recovery of [Ca®* ] ;s was comparable with both reporters (>90% within 50 ms). Calibration
yielded maximal values for [Ca?*], between 10 and 15 umoll~! with both methods. When
applied to a step to less positive potentials (—30 to —20 mV), the time course of [Ca®* ], was
slower but peak values were not very different. In conclusion, both Ic,; inactivation and Iycx
activation, using a subcomponent analysis, can be used to report dynamic changes of [Ca?"] ..
Absolute values obtained by these different methods are within the same range, suggesting that
they are reporting on a similar functional compartment near ryanodine receptors. Comparable
[Ca®* ], at +10 mV and —20 mV suggests that, although the number of activated release sites
differs at these potentials, local gradients at release sites can reach similar values.
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Introduction

Ca’" release from the sarcoplasmic reticulum (SR)
through the ryanodine receptor (RyR) is a central event
in the excitation—contraction coupling of cardiac myo-
cytes with opening of RyRs triggered by Ca’*" influx,
predominantly across the sarcolemma through L-type
Ca?* channels (LTCCs) (Bers, 2002). This functional
schemeis supported by a dedicated structural organization
in dyads where LTCCs in sarcolemma face clusters of
RyRs in the SR, separated by a narrow cleft. In ventricular
myocytes, these dyads are mostly found in the T-tubules
(Franzini-Armstrong et al. 1999). In the dyadic cleft
the local Ca’t concentration during Ca** influx and
triggered SR Ca?* release is expected to differ substantially
from the bulk cytosolic Ca?* concentration (Soeller &
Cannell, 1997). This local [Ca®>"] provides a tight control
on the release mechanism allowing for a graded overall
release process. Other Ca’* transport systems, such as the
Nat/Ca** exchanger (NCX) and Na* transporters such
as Na' channels and the Na™/K*-ATPase, can modulate
the dyadic [Ca®*] and the release process. Co-localization
studies using immunofluorescence labelling indicate a
more tight interplay between RyRs and LTCCs compared
to other transporters, and with different subpopulations
for NCX(Scriven et al. 2000).

The evidence for the existence of a defined [Ca?*] near
release sites and a gradient with cytosolic [Ca**] is quite
compelling. The observation of Ca®* release triggered by
Na™ current at voltages below activation of LTCCs led
to the concept of a fuzzy space with restricted diffusion
for Nat and Ca’* (Leblanc & Hume, 1990; Lederer et al.
1990). The interpretation of these data has been debated
(e.g. Sipido et al. 1995b) and theoretical modelling by
Langer & Peskoff (1996) failed to obtain a rise in Ca**
through NCX of sufficient speed and amplitude to activate
RyRs. However, even if NCX may not be very efficient in
itself in triggering SR Ca’" release, it is likely that Ca®*
influx through NCX has a modulatory role in the release
process and acts synergistically with LTCCs (Sobie et al.
2008; Larbig et al. 2010).

Some of the most direct data in favour of the existence
of a gradient of [Ca’"] from release sites to cytosol
are the discrepancy between the Ca*"-activated NCX
current, Incx, observed during the release process and
the expected Incx based on the observed cytosolic [Ca**]
(e.g. Trafford et al. 1995). During a caffeine-induced SR
Ca”" release, hysteresis is seen on the curve relating Incx
to Ca*". It is assumed that late during the decline of
the caffeine-induced Ca’* transient the [Ca®"] gradients
between cytosol and release sites in the dyad have
dissipated. Hence, using the [Ca*"]-Iycx relation during
this late phase, or the [Ca?*]-Incx relation obtained
during steady state experiments, local [Ca’*] during SR
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Ca’* release has been extrapolated to be up to 10-fold
higher than the cytosolic values (Weber et al. 2002).

Additional experimental support for local gradients
comes from studying the LTCC current, Ic,.
Ca?*-dependent inactivation of I, during SR Ca’t
release exceeds what can be expected from bulk [Ca®"]
(Sipido et al. 1995a; Adachi Akahane ef al. 1996). This
effect was independent of the membrane potential and was
postulated to result from direct binding of Ca®* outside the
pore of the channel (Sipido et al. 1995a). The Ca** sensor
mediating Ca*"-dependent inactivation was indeed found
to be located in the C-terminal tail of the a-subunit (de
Leon et al. 1995; Peterson et al. 2000). The Ca**-dependent
modulation of Ic, has been used to extract data on
the release process (Shannon et al. 2000; Zahradnikova
et al. 2004) and the extent of inactivation and recovery of
Ica. was recently also used to demonstrate differences in
[Ca®*] near release sites in a model of cardiac hypertrophy
(Antoons et al. 2007).

Theoretical modelling of dyadic cleft [Ca®*] is based
on structure of the dyadic cleft, arrangements of the
different transporters and functional properties of single
channels and transporters. In different computational
models dyadic cleft [Ca’"] varies between tens and
hundreds of micromolar (Langer & Peskoff, 1996; Soeller
& Cannell, 1997; Shannon et al. 2004; Sobie & Ramay,
2009).

The relevance of this local [Ca?*] is not limited
to excitation—contraction coupling but also affects
current thinking about Ca’*-dependent signalling, as e.g.
CaMKinase (Couchonnal & Anderson, 2008). Yet directly
measuring this local [Ca?*] remains a challenge. Current
fluorescent Ca*" indicators predominantly report the
cytosolic [Ca®t], though simultaneous buffering of the
cytosolic Ca®* reveals spiky signals that may reflect SR
Ca’* release (Song et al. 1998).

In the current study we have compared different
methods using Ic, and Incx to examine local [Ca®t]
during SR Ca’* release evoked be a simple depolarizing
step, testing the hypothesis that with different localization
these reporters would yield different time course
and values for local [Ca’"]. Because we are using
reporters that are near release sites, without making
direct information on the structural location, we
refer to this [Ca’"] as [Ca*"],, rather than dyadic
cleft Ca*™ as used in computational models. We
examine the time course and extent of activation
of Incx and of Ca?'-dependent inactivation of Ic,
and recovery of this process. We subsequently derive
more quantitative estimates on [Ca®'],, from these
measurements and compare the results obtained with
the two reporters. The experimental data stimulated
computational modelling which provided validation of
this experimental approach (Livshitz et al. submitted).
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In the present paper we further examined in situ
calibration methods and compared [Ca?* ], at different
potentials.

Methods
Animals and myocyte isolation

Ventricular myocytes were isolated from the
mid-myocardial layer of the posterior wall of healthy
pigs. Animals (n = 12, weight 35-45 kg) were housed and
treated according to the Guide for the Care and Use of
Laboratory Animals (National Institutes of Health, USA);
experimental protocols were approved by the in-house
ethical committee (KULeuven Ethical Committee for
Animal Experiments). The current study conforms with
the ethical standards set by The Journal of Physiology
(Drummond, 2009).

The isolation procedure was as described before
(Heinzel et al. 2002). Killing of the pigs was done
under full anaesthesia (premedication with tiletamine
and zolazepam, 4 mgkg™' 1.M. and xylazine 0.25 mg kg™
.M., maintenance anaesthesia with propofol Lv.,
7mgkg ' h™'); pigs were intubated and ventilated with
a 1:1 oxygen—air mixture. After an additional bolus of
pentobarbital (100 mgkg™' 1v.), hearts were excised
quickly and placed in oxygenated Tyrode solution. The
circumflex coronary artery was cannulated and the myo-
cardium was perfused with Ca** -free Tyrode solution and
subsequently enzyme solution. Isolated cells were stored
at room temperature and used within 12 h.

Solutions

Chemicals were purchased from Sigma, fluorescent probes
from Invitrogen, Belgium. Tyrode solution for cell storage
contained (in mmol1™"): NaCl 130, KCl 5.4, Hepes 11.8,
MgCl, 0.5, CaCl, 1.8, and glucose 10, pH 7.40 with NaOH.
For recording I, and Incx, the extracellular solution
contained (in mmoll™'): NaCl 130, CsCl 10, Hepes
11.8, MgCl, 0.5, CaCl, 1.8, glucose 10; pH 7.4 adjusted
with NaOH. To block the fast Na™ current 200 yumol I
lidocaine was included in the external solution. In order
to increase the amplitude of the I, and facilitate study of
Ca’*-dependent inactivation and recovery by increasing
SR Ca?" content, 5 umol1™! forskolin was added to the
external solution. The pipette solution contained (in
mmoll™!): caesium aspartate 120, TEACI 10, NaCl 5,
Hepes 10, MgCl, 0.5, MgATP 5, pH 7.2 adjusted with
CsOH, with 50 umol1~! KsFluo-3 added as a fluorescent
Ca** indicator for measurement of the global cytosolic
Ca®t concentration. In the experiments carried out in
Na*-free conditions the external solution contained (in
mmol I™!): N-methyl-p-glucamine 120, TEACI 20, Hepes
11, MgCl, 0.5, CaCl, 1.8, glucose 10; pH 7.4 with HCl;
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for these experiments NaCl was omitted from the pipette
solution.

Cardiac myocytes were placed in a perfusion chamber
on an inverted microscope (Nikon Diaphot). The
set-up for epifluorescence recording, calibration of
the [Ca’"];-dependent fluorescence and measurement
of membrane currents were as described previously
(Antoons et al. 2002). Fluorescence signals were recorded
from the entire cell and calibrated to [Ca**] after obtaining
Finax at the end of the experiments. All experiments were
performed at 36°C.

The voltage protocols are described in the Results and
illustrated in the figures.

Results

Ca?*-dependent inactivation and recovery of Ic,. with
SR Ca?t release

In a first experimental approach we recorded I,
with various amplitudes of SR Ca?* release, without
contamination from other ionic currents (Fig. 1A). To this
end, after depletion of the SR with a brief application
of caffeine, cells were repeatedly stimulated in Na*-free
conditions. This led to increasing SR Ca** load as Ca**
efflux on Na™/Ca®* exchange was inhibited. The example
shows superimposed I¢,; traces and Ca*" transients of the
first four pulses. During the first depolarizing step the rise
in cytosolic Ca*" is due to Ca’* influx through LTCC
only. With successive pulses the increasing amplitude
of the transients reflected increasing SR Ca’" release
with gradual filling of the SR Ca*" store. This caused
concomitant changes in the Ca?* current: peak Ic,
decreased and the rate of inactivation was faster. For
direct identification of the release-dependent modulation
of Ic,1, we subtracted the current of the fourth pulse
with a large amount of release from the current during
the first step without release (Fig. 1A right panel). This
difference current then represents the fraction of the
channels inactivated by the release process (the first
current recording, I, is taken as reference, and current
difference is shown as 1—1I/Iy, Fig. 1B). The peak of the
difference current is the time at which release-dependent
inactivation is maximal, and the decline then reflects
recovery from this process. In Fig. 1B, we superimposed
this difference current and the upstroke of the global Ca®*
transient of the fourth pulse with high SR Ca*" release.
As expected, the time course of the difference current
was faster than the changes of global Ca*" reported by
fluo-3. From the global Ca’* transient we calculated the
net Ca** flux through the SR as previously described
(Sipido & Wier, 1991). Figure 1C shows a plot of the
calculated SR Ca** flux with superimposed I¢,; difference
current as a measure of Ca’"-dependent inactivation.
There was a much closer relation than with the global Ca**
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transient, suggesting that Ca’*-dependent regulation of
Ica was driven by local Ca”* release, rather than by global
changes throughout the cytosol.

We next examined the modulation of I,y at a lower
membrane potential where fewer Ca’™ channels are
opening with increased latency. Concurrently, release
events are more scattered and temporally inhomogeneous,
as illustrated in Fig. 2A. At this potential, though global
SR Ca’t release across the cell is less than at +10 mV,
locally the gain of the release process is high (Wier et al.

K. Acsai and others

J Physiol 589.10

1994; Cannell et al. 1995; Altamirano & Bers, 2007b).
Figure 2B shows an example of recordings at —20 mV and
in the right panel the difference current illustrates the
time course of SR release-dependent modulation which
appears slower in onset and decay than at +10mV.
The different time course at these two potentials is
further illustrated in Fig. 2C, showing the averaged traces
of difference currents obtained in a series of cells at
+10mV and at —20mV. Figure2D gives mean data
of the individual recordings confirming that indeed the
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Figure 1. Extent and time course of inactivation of Ic,, related to SR Ca?* release

A, protocol and typical example of /ca and Ca?* transients with increasing SR Ca* load. After depletion of SR
Ca”t with caffeine, cells were reloaded by applying repetitive depolarizing pulses to +10 mV in 0 Nat conditions
to prevent Ca2* removal on NCX. The arrow on /¢, indicates the increasing rate of inactivation of /ca.. Current
traces (right) corresponding to a low (filled circle) or large (open circle) amount of SR CaZt release are shown after
normalization to /g, the first /c,.. B, difference current between normalized traces from A, together with the Ca?*
transient of the fourth pulse. C, difference current superimposed on the SR release flux calculated from the CaZ+

transient of the fourth pulse (see text for details).
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time of onset of release-dependent inactivation is later at ~ amplitude of global Ca’* transients (337 &= 103 nmol 1!
—20 mV. However, this analysis also shows that the extent ~ at —20 mV vs. 809 & 244 nmol ™! at +10 mV, n=6-11)
of inactivation is not different and tends to be even larger ~ and total SR Ca®* content (33 & 6 umol 1™ at —20 mV vs.
at —20 mV than at +10mV. This occurs despite lower 121 £19 umol 17! at +10 mV, P < 0.05).
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Figure 2. Ic,. and release-dependent modulation at different levels of depolarization
A, examples of Ca2* transients in confocal line scan recordings with corresponding /41 during a step to 410 and
—30mV. B, traces of Ica, Ca®* transients and release-dependent inactivation at —20 mV (as in Fig. 1). C, time
course of release-dependent inactivation of /5. at different voltages; averaged traces of difference currents from
n=11 cells at +10 mV and n = 6 cells at —20 mV. D, comparison of maximal inactivation and time to peak of
the difference currents recorded at +10 (n = 11) and —20 mV (n = 6).
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Inactivation and recovery of Ic, in the presence of
Na*/Ca?* exchange

In the previous approach, Ca®"-dependent Ic,
inactivation was measured in Na™-free conditions, which
ensures recording of ‘pure’ Ig,, but the absence of
functional Na*/Ca’* exchange may affect local Ca®t
dynamics. We therefore examined Ic, in a different
protocol that allowed us to probe more directly the level
of inactivation during the time course of SR Ca’" release
(Fig. 3A). First, we applied a step to +10 mV to induce
maximal activation of LTCCs, and the peak amplitude of
Ica was taken as reference for maximal availability of Ca**
channels (zero level of inactivation; first trace, thick black,

A +10 mV
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in Fig.3A). Next, during a depolarization to —30 mV
which activates only a fraction of LTCCs, we interrupted
the depolarization at incremental time intervals with a test
step to +10 mV (series of traces in Fig. 34, blue trace at
50 ms, red trace at 110 ms). Comparing the amplitude of
Ica evoked by each test step to the reference step from
the holding potential reflects the degree of inactivation,
and [Ca*"],, present at that time point. This degree of
inactivation is calculated as 1—1I/I,, with in this case I,
being the amplitude of the reference current during the
step to +10 mV from the holding potential.

In Fig. 3B, the mean data for inactivation and recovery
of I¢,; observed with this interruption protocol are shown
in the left hand panel. The limitation of this protocol is
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Figure 3. SR Ca?t release-dependent inactivation and recovery of Ic,. in the presence of Nat/Ca?t

exchange

A, voltage clamp protocol, current recordings and corresponding Ca%* transients. A step to +10 mV from the
holding potential is given to set a reference for maximal availability of LTCCs (peak /caL is /o, marked by arrow, no
inactivation). Subsequently a series of depolarizing steps to —30 mV are applied. Each step is interrupted with a
test step to +10 mV at increasing time intervals after the initial depolarization, starting at 10 ms, with increments
of 10 ms. With these test steps we measure availability of Ca?* channels (peak of /ca, /) and thus the inactivation
of LTCCs incurred during the step to —30 mV, compared to the reference, lp; the degree of inactivation is expressed
as 1—1/ly. A test step at 50 ms is marked in blue (1 -/l is 0.21), a step at 100 ms is marked in red (1 —//lp is
0.11). B, left panel, mean data obtained with the protocol of panel A for degree of inactivation of LTCCs during a
step to —30 mV (n = 8). The right panel repeats the data from Fig. 2C for a step to —20 mV for comparison.
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that we can study Ic,, modulation only at this negative
potential, because we need a low level of activation against
our test step to +10 mV, but we can compare these results
to our earlier analysis at —20 mV. These are shown for
comparison in the right-hand panel of Fig. 3B (data from
Fig. 2). While the difference current at —20 mV has a
sharper peak, the further time course is very comparable.

Deriving more quantitative values on [Ca?*],s
from Ica

To extract local [Ca®*],, from Ig, inactivation, a
calibration curve is needed. Hofer et al. (1997) measured
steady state inactivation of Ca’" channels in excised
patchesand reporta K4 value of 4 umol1~'. Based on these
data we calculated [Ca®* ], from the difference currents
(Fig. 2C) and obtained values between 10 and 15 wmol 1!
(Fig. 4A). Since the data of Hofer ef al. were not obtained in
physiological conditions, we also established a calibration
curve in intact cells. We measured the availability of
Ica at +10mV for various levels of cytosolic Ca?*, in
conditions where we assume equilibrium between Ca®*
in the cytosol, measured with fluorescent dyes, and Ca’*
near release sites. After eliciting Ca** release with a caffeine
application, there is a slow decline of Ca®t where this
condition is assumed to be met and rather high levels
of Ca?* can be achieved. The protocol is illustrated in
Fig. 4B. First, a step to +10 mV provides the reference
maximal Ic,p (Ip). After 3 s caffeine is applied to induce
SR Ca*" release with a test step to activate I, during
the Ca’* removal phase. The reduced peak of I, at the
second step reflects inactivation by elevated Ca’* levels.
The protocol was repeated with different timing between
the caffeine and test pulse and inactivation of I,  was
calculated as a fraction of total current for different values
of [Ca?T]. We could thus construct a calibration curve
with individual data plotted against [Ca*"] and described
by a Michaelis—Menten model. (Fig.4C). The Ky value
of this fit was 0.78 4= 0.067 pumol I~ [Ca®*]; and maximal
inactivation was 0.61 & 0.025 of total current (mean data
from 10 cells with multiple tests per cell). We next used
this calibration to estimate [Ca?*],,s from the difference
currents of Fig. 2C. This approach yielded mean maximal
[Ca’*],s values of 2-3 umol 17! during release triggered
by a depolarizing step to —20 mV (Fig. 4D).

The calibration procedure, through the non-linear
nature of the curve, reveals better the time course of
[Ca’"] s reported by Ic,, with the fast recovery, and
accentuates the differences between the two depolarization
levels. Issues relating to the absolute values of [Ca®* ], are
addressed in the Discussion.

NCX tail currents as sensor for [Ca%*],s levels

The NCX current has different properties as Ca’* probe
compared to Ca?* channels. NCX current immediately
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increases in response to Ca®" due to the shift in the reversal
potential, but also is regulated through Ca**-dependent
activation and a slower allosteric modulation. With a
resting [Ca®*] of around 120 nmol 17}, the first is probably
the main process responsible for changes in NCX current
during a single step. Therefore activation of NCX during
the time course of SR Ca”* release is another method to
derive time course and values of [Ca?*],s.

To measure activation of NCX related to [Ca>* ]
during SR Ca’" release, we used a variant of the
protocol described above in Fig. 3. In this protocol,
we now repolarized to —70 mV at incremental time
intervals during a depolarizing step (Fig.5A). On this
repolarization, Iycx is measured as tail current, as
described before, e.g. during the action potential (Egan
et al. 1989); examples of these tail currents are shown in
Fig. 5A. The peak value of Incx reflects the [Ca*"] near
NCX at this time point. We then used two approaches to
derive [Ca®* ], from these values.

First, a straightforward approach was to calibrate this
peak value of the NCX tail current for [Ca*"] near the
membrane. This approach has been used before (e.g.
Weber et al. 2002) and is introduced here as a reference for
subsequent alternative approaches. We first established a
calibration curve based on measurement of NCX during
a caffeine-induced release of Ca’>" from the SR. In this
experiment, the NCX current typically shows hysteresis
when plotted against the values for cytosolic [Ca*"]
reported by a fluorescent dye (Fig. 5B, right-hand graph).
The larger NCX current values are seen during the release
phase and reflect that [Ca’"] near NCX is higher than
apparent from the fluorescence measurements, implying
a local source of high Ca’* and gradients (Trafford er al.
1995). However, during the descending phase of the
caffeine-induced Ca?* transient, it can be assumed that
gradients have dissipated and that the relation between
Incx and [Ca?*] can be used as calibration to derive [Ca?*]
values from current measurements. We thus fitted this
descending phase and based on this calibration (red trace
in the graph), we calculated maximal values for [Ca*"]
around 1.5 umol 17! during a step to —30 mV and up to
2 pmoll™! for a step to +10 mV (Fig. 5C). These values
are lower than what we derived from Ic,; for similar
depolarizations and also much slower in time course.
This indicates that the global NCX current, even when
recalculated for average subsarcolemmal [Ca®"], is not
reporting on a similar [Ca*"] transient to that reported by
ICaL-

Identification of a NCX component reporting
on [Caz+]nrs

Indeed, the second distinguishing feature of Incx versus
Ica as a probe for [Ca®'], is that the association of
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NCX with RyRs is much less tight than for LTCCs (Scriven ~ components: a component near release sites and a global
et al. 2000), with only a small fraction of NCX close to  component that is driven by cytosolic Ca**. The measured
release sites. We thus set out to extract the NCX current Incx thus is the sum of Incx—nrs and NCX activated by the
component that is driven by [Ca*"],. In this analysis  global cytosolic rise in Ca’*. To extract the two current
we assume two functional compartments and current  components, we used the analysis illustrated in Fig. 6A.
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Figure 4. Estimation of [Ca?*],s from release-dependent inactivation of Ica

A, [Ca®t]ys estimated using the calibration curve for steps to +10 and —20 mV (data from Fig. 2C and
using calibration of Hofer et al. (1997)). B, protocol for establishing an intracellular calibration curve. After
the first pulse evoking a reference /ca (lp, no inactivation), 10 mm caffeine was applied to the cell to induce
SR Ca’t release. During the declining phase of the [Ca?t]; transient a test depolarizing pulse was given to
record Ica. (/) and estimate Ca2t-dependent inactivation. This was applied with different delays to obtain /
at different [Ca?*]. C, Ca®-dependent inactivation of /c,. plotted against [Ca?*]. Maximal inactivation (M)
and CaZt causing half-maximal inactivation (K4) were estimated for individual cells by fitting the equation
1-1llp =M x Cal(Ca + Ky) to the data points. A calibration curve to relate release-dependent inactivation and
Ca?t was constructed using the mean values of M and Ky (0.61 + 0.025 and 780 & 67 nm, respectively, n = 10
cells). D, [Ca®*] s estimated using the calibration curve for steps to 410 and —20 mV (data from Fig. 2C).
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Figure 5. Translating NCX current into [Ca?t]s using the global NCX current

A, voltage protocol illustrating how a step to +10 mV is interrupted by repolarization to —70 mV at increasing
time intervals, to record the tail NCX currents on repolarization. The letters a, d, and h denote the corresponding
repolarization time and currents. The current traces during the depolarization have been omitted for clarity.
B, calibration for converting NCX current amplitude to [Ca?t]. Typical recordings of Ca2* transient and the
concomitant inward Incx after application of 10 mm caffeine. A linear relationship (right) between Iycx amplitude
and Ca?* was obtained by fitting a line to the declining phase of the caffeine induced Ca%* transient (intercept
106.5 & 14.1 nm, slope —0.00194 4 0.000129 pA pF~" nm~', n=25). C, global Ca’* transient (filled circles)
during SR Ca%t release and subsarcolemmal Ca2* (open circles) estimated by using the linear relationship in B for
a step to +10 mV (left panel, n = 4), and to —30 mV (right panel, n = 8).
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The example shows the Ca’>" transient and Iycx tail
measured on repolarization at two different time points.
We first calculated the NCX current for the cytosolic
transient based on the equation of Weber et al. (2003). This
equation describes the steady-state dependence of Incx on
[Ca?*]; and takes into account the allosteric activation of
NCX by Ca’*. We then compared this calculated NCX

K. Acsai and others
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current to the recorded NCX current. As expected, during
the upstroke of the global Ca** transient, we found a
large discrepancy between the actually measured NCX
current (black trace in the lower panel) and the calculated
Incx derived from the cytosolic [Ca*"] measurements
(green trace in the lower panel). Subtraction
of the calculated current from the recorded current yields
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Figure 6. NCX tail current analysis with two compartments to extract [Ca?t],s

A, two recordings at 10 ms and at 30 ms into the depolarizing step are shown with the global [Ca?*]; transient
and the recorded NCX tail current on repolarization (black current trace). Predicted values for NCX activated by
the cytosolic Ca®* transient are calculated using the NCX model equation of (Weber et al. 2001) (green trace).
The difference current between the recorded (black trace) and calculated (green trace) then reflects NCX activated
by Ca®* near release sites and not reported by the cytosolic dye. This measurement is repeated every 10 ms. B,
[Ca2t ], for during the example depolarizing step to 4+10 mV as calculated from the values of local NCX current

at the corresponding time points.

© 2011 The Authors. Journal compilation © 2011 The Physiological Society



J Physiol 589.10

an ‘extra’ NCX current (red trace), reflecting activation
of NCX by Ca’' near release sites, not visible to the
cytosolic Ca’* dye reporter. We assumed that [Ca*" ],
could thus be predicted from this ‘extra’ current. To
infer the [Ca®'],, underlying this extra Iycx, first a
simple computer algorithm was applied to minimize the
difference (error <0.01 pA pF~') between the measured
and calculated total NCX current. For back calculation
of [Ca’"],; from this extra Ixcx, the equation has two
independent variables, V., and Ca**. Thus, to solve for
Ca?*, we need an a priori estimation for the V., of NCX
that reports [Ca*" ] ,rs (Vinax.nrs)- As an estimate, we used
the highest value of the extra Iycx, taken at the onset of the
first repolarization step. This is a constraint for the lower
limit of V ax nrs» because the extra Incx cannot exceed the
maximum capacity of NCX. Because V,x and Ca’" are
inversely related when Iycx is constant (see Weber et al.
2002), with this assumption of V. nrs, We estimate the
higher limit of [Ca®"] sensed by the NCX near release sites.
When we applied this type of analysis to tail currents at
different time intervals, we could estimate [Ca*" ] ;s during
atriggered release event. For the particular example in Fig.
6, these values are shown in Fig. 6 C. Fig. 7 summarizes the
results from NCX tail current analysis for a depolarizing
step to —10mV and —30mV. The amplitudes of the
measured NCX tail currents (Fig. 74, filled circles) were
smaller at —30 mV as expected from the lower cyto-
solic Ca’* transients (Fig. 7B, lower panels, filled circles).
However, differences were less pronounced for the extra
NCX current component of near release sites, particularly
during early release, and there was no delay in timing at
the more negative potential (Fig. 7A, open circles). Derived
[Ca®* ], therefore was not different at the two potentials
(Fig. 7B, upper panels). The earliest measurement that can
be obtained in this protocol is at 10 ms, with in addition
some further delay of a few ms because of the interference
of the capacitance transient (not corrected in the graphs).
This first time point gives the maximal values of [Ca*"]
with fast decline. This rate of decline is quite comparable to
the time course extracted from I, (compare to Fig. 4D).

Discussion

IcaL as probe for[Ca?*]ps

The feedback of SR Ca®' release on Ca?" channels
is well recognized as a major factor accounting for
Ca’*-dependentinactivation (reviewed in Bito etal. 2008).
We have previously highlighted the recovery process from
this inactivation, which may be disturbed in heart failure
(Sipido et al. 1995a,1998). In contrast, in a model of
compensated hypertrophy we found a well preserved
recovery and postulated a role for this process in generating
early afterdepolarizations, EADs (Antoons et al. 2007).
We and others have highlighted how this process reflects
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the local [Ca*"] (Sipido et al. 1995a; Adachi Akahane
et al. 1996; Altamirano & Bers, 2007a). We have now
taken these studies further to examine whether we could
use the process of Ca’"-dependent modulation to get to
more quantitative data on [Ca?*],, in pig ventricular
myocytes. The interest in this species is twofold, their use
as pre-clinical models for complex diseases, and, from
a more mechanistic point of view, their organization of
calcium release units (CRUs) with fewer T-tubules and a
relatively high fraction of RyRs outside couplings (Heinzel
et al. 2002, 2008).

In the present study we first calculated the Ca®"
release-dependent inactivation as a difference current
between I, traces recorded with and without SR Ca**
release (Fig. 1). This difference current has a nadir around
10 ms, which reflects a mean or integrated values of the
time of maximal SR Ca®*' release across all CRUs. This
value is comparable to guinea-pig and rabbit (Shannon
et al. 2000). Given that even at +10mV not all sites
are activated perfectly in synchrony, we can assume that
the true local SR release flux and consequently [Ca*" ],
in individual dyads can peak even earlier. Indeed, spike
measurements in rat myocytes suggest a time to peak
release of a CRU to be rather around 5 ms (Song et al.
1998). At a more negative potential of —20 mV the latency
of activation of LTCCs enhances the level of dyssychrony
and hence indeed we saw an average time to maximal
inactivation that was significantly longer. Again, at the
level of individual dyads this is likely to be equally early
after RyR opening as at +10 mV. Using an interruption
protocol in our second approach, we found on average a
slightly later time of maximal inactivation. This most likely
reflects the discontinuous nature of the measurement, and
possibly also the somewhat more negative potential we
have to use in this protocol. Nevertheless, both protocols
correlate quite well on the level of inactivation around
20 ms and on the time course of recovery, which is rather
slow at —30 mV. In contrast, at +10 mV, recovery is quite
fast. The removal processes, predominantly SERCA and to
some extent NCX, are unlikely to be different, suggesting
that the slower recovery at negative potentials is the result
of the dyssynchrony and late release events.

Deriving true Ca*" values near release sites from the
difference current relies on a calibration curve relating
the fraction of open Ca®* channels to local [Ca**]. Using
the calibration curve of Hofer et al. (1997) the values
correspond well to predicted values from computational
approaches. When we established our own calibration
curve, however, different values were obtained. In contrast
to experiments on single channels in excised patches, we
only rarely observed a degree of inactivation exceeding
50% of available channels in our experiments. Thus direct
calibration of our data would imply that [Ca?*], stays
below a few umol 1™, A possible explanation is that the
‘on’ rate of Ca** binding is limiting and in the absence
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of a steady state, the calibration curve is not valid. This
has been argued against based on the time constant of
inactivation, which is quite fast (Shannon et al. 2004).
Another possibility is that the number of channels exposed
to [Ca®* ], is only a fraction of the total current and thus
we should correct for this when we use the fractional
inactivation to derive local Ca®". At present there are
few data that address this question. In rat, LTCC outside
couplons are assumed to be rare (Scriven et al. 2000),
but this may be species dependent. Lastly, our calibration
procedure did not achieve very high Ca** values, and thus
carries a degree of uncertainty in the maximal values.
Experimentally, this is, however, the best that can be
achieved in an intact cell system with normal Ca*" fluxes.
As the data could be well fitted with Michaelis—Menten

A
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kinetics, this suggests saturation was reached (this is also
supported by the data in Fig. 1 where the increase in
inactivation between pulse 3 and 4 is much less than
between 1 and 2). Yet, the hypothesis that the lower values
reflect true values can be rejected since we get much higher
values based on NCX as reporter. This suggests that maybe
indeed a significant number of Ca’* channels are not
facing [Ca*"],s. This may be a particular feature of pig
ventricular myocytes.

NCX as a probe for [Ca?t ],

NCX current as a reporter for near-membrane Ca’* is
much more established than I, (Trafford et al. 1995;
Weber et al. 2002). As a comparison to earlier data we
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Figure 7. Time course of [Ca?t],s as estimated from the NCX tail currents
A, measured total (filled circles) NCX currents and calculated extra NCX (open circles) at +10 (n = 4) and —30 mV
(n = 8). B, calculated [Ca®*],s (open circles) and measured global [Ca?*] (filled circles) during steps to +10 (n = 4)

and —30 mV (n = 8).
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first recalculated cytosolic Ca** levels by calibration of
the global NCX current. When we compare these data
to the data obtained in the rabbit (Weber et al. 2002),
Ca* values in the pig are substantially lower and also
slower in rate of rise. This approach, however, doesn’t
take into account subcompartments of NCX, near to or
more remote from release sites. In modelling approaches
two, three or four compartments have been implemented
(Faber & Rudy, 2000; Shannon et al. 2004; Sher et al. 2007).
In the experimental approach described here, we consider
only two compartments, one that is in equilibrium with
the global cytosolic Ca** concentration and one that is
not in equilibrium with the cytosol during fast changes
in Ca?*, and is thus the fraction that is near the release
sites. Our approach to derive the fraction of NCX in
non-equilibrium is thus a variable, functional parameter,
which becomes 0 near the end of the Ca’* transient when
there is no gradient any more. During the early phase of
the transient, it may be close to the physical fraction of
NCX that is within and close to the dyad. These values
varied between 10 and 15% of the total during the early
phase of a pulse to +10 mV and are in general agreement
with preliminary estimates from co-localization studies in
pig myocytes (Moore et al. unpublished).

The values for [Ca’'],, obtained from NCX are
comparable to what is obtained from the LTCC
difference current with the higher assumed Ky. As with
the calibration of LTCCs, several caveats exist. In this
case we can underestimate the true V., of NCX and
consequently as well the V,,, of the fraction near release
sites. Small increases in V .y nrs lead to drastic changes
in [Ca’*],, because of the non-linear nature of the
calibration curve in this range. A second consideration
is that we have a discontinuous measurement. Our first
measurement is at 10 ms within the depolarizing step, and
we can only measure the declining phase. It is possible
that this is the first point, as it corresponds to the time
point of maximal LTCC inactivation, but this is currently
unproven. If NCX has a faster response time, and we
can sample faster, we could measure earlier and higher
[Ca®"] s, as can be explored in computational approaches
(Livshitz et al. submitted). In contrast to uncertainty
regarding timing of the maximal value of [Ca’*"],, the
experimentally derived time course of the declining phase
of [Ca*" ], is clear and is actually quite comparable to the
time course of LTCC-derived values.

New insights into microdomain Ca?* signals

We have shown that both I, inactivation, using
two different methods, and Iycx activation can be
used to report dynamic changes of [Ca’"],,. Within
the limitations of current calibrations, absolute values
obtained by these different methods are within the same
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range, suggesting that they are reporting on a similar
functional compartment near ryanodine receptors. Of
note, this is valid in the approach where only a fractional
component of NCX current was used, in line with
colocalization experiments that place only a fraction of
NCX molecules near ryanodine receptors.

Both measurements indicate the early and fast rise of
[Ca**],s as well as fast dissipation of the gradient. Using
Ica as reporter, maximal [Ca®'],, that is apparently
achieved at 410 mV is not higher than what is achieved at
—20 mV. Given that the fractional inactivation of I, is
similar, this is independent of calibration. It is known that
at —20 mV a lower number of Ca** channels are opening,
but these channels are activating RyRs with a gain that
is at least as high as at +10 mV. A straightforward inter-
pretation of our results is then that within the population
of open channels a similar fraction (if a lower absolute
number) is facing RyRs and indeed [Ca®*],, is equally
high.

This is also seen with NCX as reporter. A striking
observations is that, as for LTCC as reporter, we obtained
values for [Ca®* ], during a step to +10 mV that are quite
comparable to what is obtained at the lower potential. This
further supports the idea that we are looking at [Ca*" ],
near active release sites, and the only difference between
the two potentials is the number of locations within the
cells where the high [Ca®* ], exists. It also supports the
concept that both NCX, when analysed to its component
near release sites, and LTCC are reporting the same events.

In conclusion, both LTCCs and NCX can be used as
reporters, each with strengths and limitations, together
providing a robust view of the short-lived [Ca*" ], signal.
Maximal values of [Ca*" ], were quite similar at different
potentials suggesting that even when the number of release
sites is different, local gradients at release sites can reach
similar values.
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