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Maack et al., “Elevated cytosolic Na* decreases
mitochondrial Ca*-uptake during excitation-
contraction coupling and impairs energetic
adaptation in cardiac myocytes”

Methods

Cell Isolation

Guinea-pig ventricular myocytes were isolated by
enzymatic dispersion as described previously' and stored
in Dulbecco’s Modification of Eagle’s Medium (DMEM,;
Mediatech, Herndon, VA) supplemented with 5% fetal
bovine serum (FBS, Invitrogen, San Diego, CA), 1%
penicillin-streptomycin (Invitrogen), and 15 mmol/L
HEPES (Life Technologies, Inc., Gaithersburg, MD), pH
7.4, in a5% CO, incubator at 37°C.

Whole-Cell Patch-Clamp and Determination of [Ca®'].
and [Ca*]n,
To determine [Ca®'],, myocytes were incubated with the
cell-permeable Ca’*-indicator rhod-2  acetoxy-
methoxyesther (rhod-2 AM, 3 umol/L; Molecular Probes;
dissolved in DMSO +10% pluronic acid) in DMEM for 1
h at 37°C, and then washed for 1 h in rhod-2-free DMEM
to allow deesterification. Due to its positive charge, rhod-
2 AM accumulates primarily in the mitochondrial
matrix®®, However, since cytosolic traces of the dye may
contaminate the mitochondrial signal, myocytes were
whole-cell patch-clamped and equilibrated with a rhod-2-
free pipette solution, containing (in mmol/L) K-glutamate
130, KCI 19, MgCl, 0.5, Na-HEPES 5, HEPES 10, Mg-
ATP 5, and the cell-impermeable indo-1 (penta-K* salt;
Molecular Probes) 0.075 for >10 minutes. Thus, [Ca®]m
was reported by rhod-2 and [Ca’*]. by indo-1. In
experiments with [Na']; =15 mmol/L, the pipette solution
contained 15 mmol/L Na-HEPES and no HEPES free
acid. Where indicated, the pipette solution contained
Ru360 (10 or 100 nmol/L), an inhibitor of the MCU**, or
CGP-37157 (1 umol/L), an inhibitor of the mNCE®.
Myocytes were placed on cover slips that were
mounted in a heated recording chamber (37°C) on the
stage of a fluorescence microscope (Nikon Eclipse
TE200) and superfused with a modified Tyrode’s
solution containing (in mmol/L): NaCl 130, KCI 5,
MgCl, 1, Na-HEPES 10, CaCl, 2, glucose 10, pyruvate 2,
ascorbic acid 0.3; pH 7.4. All myocytes were whole-cell
voltage-clamped. Membrane currents were recorded as
described previously’, in whole-cell voltage clamp mode
(Axopatch 200A amplifier, Digidata 1200B interface,
Axon Instruments) with 2-4 MQ pipettes, to give typical
total series resistances of <10 MQ. Electrophysiological
signals were acquired, stored and analyzed using custom-
written software.
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To measure [Ca®']., indo-1 was excited at Ae=360
nm, and emission was collected at A.n;=405 and
Aem2=495 nm as described previously7, with a custom-
built, three channel photomultiplier tube (PTI
Instruments) assembly. Cellular autofluorescence was
recorded before rupturing the cell-attached patch and
subtracted before determining R (ratio of emission at 405
over 495 nm). [Ca*"]; was calculated according to the
equation [Ca?"]:=KaxPx[(R—Rmin)/(Rmax—R)]?, using a K
of 844 nmol/L®, and experimentally determined Ry,;»=0.5,
Rmax=4.8, and $=1.83.

To determine [Ca?*],, rhod-2 was excited at Aey =540
nm (for 500 ms at 1 Hz or 200 ms at 3 Hz, respectively),
and fluorescence (F) was recorded at A¢,=605 nm. All
values were normalized to F before rupturing the cell
patch (F/Fo). [Ca*']. signals were corrected for rhod-2
bleaching during the protocol (~2% per minute), as
indicated in Figure I.
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Figure I: Rhod-2 fluorescence in cells that were neither
patched nor pulsed, but exposed to the same excitation
protocol as patched cells. The rundown of rhod-2 fluorescence,
which may be attributed to bleaching of the dye, amounted
~2% per minute.

In order to verify that by the patch-clamp method,
cytosolic contamination of rhod-2 was eliminated
sufficiently, we performed a number of control
experiments. Myocytes were loaded with rhod-2 AM as
described above (3 pmol/L, 60 min). In Figure lla,
recordings of 7 cells are illustrated. From time =0 on,
cells were superfused with saponin at a concentration that
permeabilizes the cell membrane, but not mitochondrial
membranes (50 pg/ml). After a lag of ~50 s (which is the
time it takes for the solution to fill the bath), rhod-2
fluorescence decreased with a sigmoidal shape, reaching
a new plateau at 90+2% of baseline fluorescence. The
average half-maximal decrease of fluorescence (Tsq) was
79+4s, indicating reproducible permeabilization kinetics.
Figure 11b shows the aggregate data of this experiment.
In a second set of experiments, cells were again loaded
with rhod-2 AM (3 umol/L) and then patched with a
pipette containing rhod-2-free solution. From time =0 on,
which was the time of pipette break-in, rhod-2
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Figure 1l: Myocytes were loaded with rhod-2 AM (3 pumol/L) and either
permeabilized with saponin (50 pg/ml; a and b) or patched with a pipette
containing solution without any rhod-2 (c and d). a and c, single
experiments, b and d, aggregate data.

fluorescence decreased following an exponential decay
function, reaching a plateau also at 90+2% of baseline
fluorescence with a time constant t of 50+10s (Figure
I1c). In non-patched control cells, fluorescence did not
decrease (Figure 11d). Taken together, these data suggest
that by rupturing the cell membrane with a patch pipette,
within 1-2 min, the cytosol is dialyzed to the same extent
as it is by permeabilizing the cell membrane with
saponin.

To analyze whether dialysis of the cell with pipette
solution is sufficient to eliminate enough dye to avoid the
contamination of the mitochondrial Ca®-transient
(A[Ca®']m) by cytosolic traces of rhod-2 while the
cell is stimulated, we performed a protocol in which
we dialyzed the cytosol with the cell-impermeable
tripotassium salt of rhod-2 (100 umol/L; Molecular
Probes) via the patch pipette (Figure 111). After
rupturing the cell membrane with the pipette
(time=0), single voltage steps from -80 to +10 mV
were performed every 60s. Overall rhod-2
fluorescence (expressed as AU, Figure Illa, c) or
F/F, values are displayed (Figure Illb, d, e).
Overall fluorescence increased continuously over
the 5 min of rhod-2 loading (Figure Ilic), while the
relative rhod-2 transient (expressed as F/F;) had
saturated after 2 min (Figure Il1d). This indicates
that even small amounts of cytosolic rhod-2 (after 2
min loading) are sufficient to produce the same F/F
transient as do larger amounts of rhod-2.

After 5 minutes, the patch pipette was excised
from the cell, and the whole-cell patch configuration
was re-established with a second pipette that did not
contain rhod-2. After cell rupture, single pulses to
+10 mV every 60-120 s were performed for 11 min.
Although during this time, overall fluorescence
decreased only slightly (by ~6%), the amplitude of
the rhod-2 transient decreased exponentially by
42%, with t= 88s. After 11 min, rapid pulsing to
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+10 mV (at 1 Hz) was performed, and the transient
decreased rapidly (t= 35s) to 17% of the maximum
amplitude (Figures Illb, €), while overall fluorescence
decreased by ~30% (Figure Illa). Similar results were
obtained in a total of 3 cells, with the average t= 39+8 s
during pulsing and the final plateau at 11+3% of maximal
rhod-2 transient amplitude.

The fact that overall fluorescence decreased by only
30% (Figure I1lla) while the transient amplitude
decreased by ~90% (Figure Illb) indicates that after
loading the myocyte with rhod-2 tripotassium salt, non-
specific fluorescence may occur that could relate to
binding of the dye to cellular compartments (e.g.,
lysosomes'®) or proteins where no changes of [Ca®"], or
[Ca®*]m occur. However, non-specific binding of rhod-2
would lead to under- rather than overestimation of
[Ca®*]. and A[Ca?*]p.

To rule out that the decrease of rhod-2 transient
amplitude in the double-patch experiment (Figure I11b
and e) was related to an inhibition of excitation-
contraction (EC) coupling, a similar experiment was
performed, in which we also loaded the cell with 100
pumol/L rhod-2 tripotassium salt via the patch pipette,
however, performed the pulsing at 1 Hz with the same
rhod-2-containing pipette solution (without performing
the “double patch™). Overall rhod-2 fluorescence further
increased during the pulsing protocol (Figure 1VVa), and
the relative transient amplitude (F/Fy) was held constant
and increased in response to isoproterenol (Figure 1Vb).
Thus, the time-dependent reduction of the amplitude of
rhod-2 transients (Figure Illb and e) is not related to
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Figure lll: Loading of a myocyte with rhod-2 tripotassium salt (100 uM) with
subsequent wash-out using the ,double-patch* method (details see text). Sys,

systolic;

dias, diastolic. Rhod-2 free, pipette solution contains no rhod-2.
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inhibition of EC coupling, but to the elimination of rhod-
2 from the cytosolic compartment.
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Figure 1V: Control experiment for the ,double patch” experiment in

Figure Ill. A myocyte was loaded with rhod-2 tripotassium salt (100

uM), and after a loading phase of 7 min, a pulsing protocol at 1 Hz

was performed with the same patch pipette containing rhod-2. Iso,
isoproterenol.

Taken together, the following observations suggest
that any cytosolic contamination with rhod-2 after AM-
loading and cell dialysis, as performed in the experiments
of the current study, had a negligible influence on the
results after ~1-2 min of pulsing, and indicate that rhod-2
and indo-1 report [Ca*"] from distinct compartments:

1.) After loading cells with rhod-2 AM, dialysis of the
cytosol with the patch pipette eliminated the same
amount of rhod-2 fluorescence (10%) as did
permeabilization with saponin (50 pg/ml; Figure I1).

2.) Within the first 1-2 min of pulsing, the cytosolic
rhod-2 transient was reduced by a total of 89+3% of
baseline values with t=39+8 s (Figure 111).

3.) The kinetics of [Ca?'], and [Ca®'], transients were
different, with the TTP of [Ca?']., preceding that of
[Ca®"]., and the decay of [Ca’']. being slower than
the [Ca®*]. decay (Figure 2).

4.) During the protocol shown in Figures 2 and 3,
diastolic [Ca*"],, increased, whereas diastolic [Ca®*].
decreased.

5.) Inhibiting the MCU (with 10 nmol/L Ru360; Figure
3) affected [Ca®*],, and [Ca®*]. in opposite directions.
Similarly, inhibition (with CGP-37157) or
acceleration of the mNCE (by increasing [Na'];)
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affected [Ca®], and [Ca*'],, in opposite directions
(Figures 4-6, Figure XI).

Measuring A%, and NADH

To monitor the mitochondrial membrane potential (AW¥y,),
myocytes were incubated with tetramethylrhodamine
methyl ester (TMRM, 50 nmol/L) for 20-30 min in
control solution at 25°C. TMRM was excited at Aq,.=540
nm, and fluorescence (F) was recorded at Ae,=605 nm.
To determine NADH, indo-1 was omitted from the
pipette solution, and myocytes were excited at e =360
nm. NADH autofluorescence was recorded at Aqn=450
nm. To calibrate the NADH/NAD" redox potential,
FCCP (5 umol/L) and cyanide (4 mmol/L) were washed
in at the end of every experiment to fully oxidize (0%
reduction) and reduce (100% reduction), respectively, the
NADH/NAD" pool (Figure V). Fluorescence recordings
were combined as follows: indo-1 (to detect [Ca?'],)
together with rhod-2 ([Ca*‘]m; Figures 2-6), indo-1 with
TMRM (A¥,; Figure 6D), or rhod-2 with NADH
(Figures 6C, 7).

Experimental Protocols

In protocol 1 (Figures 2, 3 and 5), cells were pulsed
from a holding potential (Ey) of —80 mV to +10 mV for
400 ms at 1 Hz. After 1 min of pulsing, cells were
superfused with increasing concentrations of the B-
adrenergic receptor agonist isoproterenol (1, 10 and 100
nmol/L; 2 min/concentration; Figure 2A). After the last
concentration of isoproterenol, the drug was washed out
with control solution for 2 min. After each pulse,
excitation filters (360 nm for indo-1, 540 nm for rhod-2)
were switched by a filter wheel (Oriel Instruments,
Stratford, CT, USA), so that [Ca’"]. and [Ca*"],, were
recorded on every other pulse, respectively. The mean
values immediately before (diastolic) or during the peak
(systolic) of the [Ca?'], and [Ca®'], transients were
determined (see brackets in Figure 2B). In Figures 2A
and 2C, data from every time point are displayed (every
2 s), while in Figures 3 and 5, values were averaged
over 3 consecutive data points (=6 s).

In protocol 2 (Figures 4 and 6, and online supplement
Figures XI and XII), cells were pulsed from —-80 mV to
+10 mV for 100 ms at 3 Hz. After 40 s of pulsing, cells
were superfused with isoproterenol (10 and 100 nmol/L;
2 min per concentration), and then switched back to
control solution again for 2 min. Excitation filters were
switched every 10 pulses, and the data from 9
consecutive pulses were averaged. To compare [Ca*]n,
accumulation at 1 Hz over the same experimental time
frame as the 3 Hz experiments (online supplement,
Figure 1Xa), the last 20 s of the initial isoproterenol-free
control superfusion, as well as the complete 120 s period
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Figure V: Representative experiment in a myocyte with [Na*];
=15 mmol/L. Cells were held at E,, = -80 mV and pulsed to
+10 mV for 100 ms at a frequency of 3 Hz. NADH was
excited at A, . =360 nm, emission collected at A, =450 nm
and averaged over ~150 ms per pulse. No beat-to-beat
transients of NADH were observed. Isoproterenol was
washed in at 10 and 100 nmol/L, then washed out again, and
after 400 s, FCCP (5 pmol/L) and cyanide (CN, 4 mmol/L)
were added to the superfusion. While FCCP and cyanide
were in the bath, cells were held at =80 mV and not pulsed
anymore. a, NADH fluorescence expressed as % of baseline
fluorescence at time =0. The red line indicates the mean of
n=11 experiments in which fluorescence was recorded with
an identical excitation protocol in myocytes that were neither
patched nor stimulated. In b, the NADH signal is corrected for
the rundown shown in a (red line) and expressed as change
of NADH from baseline. In ¢, maximal oxidation in the
presence of FCCP was considered 0%, and maximal
reduction in the presence of cyanide 100% of reduced NADH.
The data in Figure 6C of the manuscript are the average data
from all cells at 5 or 15 mmol/L [Na*], respectively, expressed
as in Figure Vc.

with 1 nmol/L isoproterenol superfusion, are not shown
for the 1 Hz data (notable as a slight step increase at 40 s
in Figure 1Xa in the 1 Hz group). This procedure results
in a slight overestimation of [Ca®'], accumulation at 1
Hz.

For the protocol displayed in Figure 7, resting
myocytes were held at a membrane potential (E4) of —-80
mV and superfused with control solution. After
collecting the first data point, isoproterenol (Iso; 100
nmol/L) was added to the superfusion. After 100 s at rest,
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myocytes were depolarized from -80 mV to +10 mV for
70 ms at a stimulation frequency of 4 Hz. The stimulation
lasted either 100 s (Figure 7A) or, in most experiments,
200 s (Figure 7B and C). After 100 s (or 200 s,
respectively), stimulation was stopped, and cells were
held at E4= —80 mV for another 100 s, before FCCP and
cyanide were applied.

Statistical Analysis

Values are given as means +SEM. Statistical analysis
was performed using Student’s t-test for either paired or
unpaired samples. For multiple comparisons, ANOVA
analysis was performed. Fitting of the decay of [Ca®']-
transients (to determine the time-constant, t) and
smoothing of [Ca’']-transients were performed with
GraphPad Prism software (v3.00; GraphPad Software,
San Diego, CA).

Results and Discussion

Intrinsic Dye Kinetics and Differential Buffering
Kinetics of Cytosol and Mitochondrial Matrix
Considering the rapid increase of [Ca?'], compared to
[Ca®"]. (Figure 2), at least 2 issues need to be considered.
First, the intrinsic dye kinetics, and second, buffering
capacity and kinetics of the mitochondrial matrix in
comparison to the cytosol.

To address the first issue, it has to be considered
whether i) association and dissociation kinetics of rhod-2
and indo-1 are comparable, and ii), whether the
ratiometric calculation of free [Ca’*]. from indo-1
fluorescence in comparison to a non-ratiometric
calculation of free [Ca?'],, from rhod-2 fluorescence may
affect the “true” [Ca?'], transient kinetics.

With respect to i), the dissociation constant (Kg) of
rhod-2 for Ca®" varies from 0.72 to 1.8 pmol/L™™*3, The
Ky for indo-1 is 0.25 umol/L in vitro® and 0.84 pmol/L in
vivo? and thus slightly lower compared to rhod-2. The
association rate constants are 0.07 uM™ ms™ for rhod-2'2
and 0.5-1 uM™ ms? for indo-1'*. Thus, since rhod-2
associates slower with Ca®* than indo-1, different
association Kinetics are unlikely to explain the faster rise
of the rhod-2 signal in Figure 2F and H. The dissociation
rates for both dyes are comparable in vitro (both 0.13 ms
! for rhod-2*? and indo-1%, respectively). Thus, different
decay kinetics of [Ca*"],, and [Ca*"], (Figure 2G and I)
are unlikely related to different dissociation rates of the
dyes.

With respect to ii), in the present study, [Ca®']. is
calculated from the indo-1 fluorescence ratio
(R=F410/F490) by using the equation
[Ca?"1=KgxBX[(R-Rmin)/(Rmax—R)I%, using a Ky of 844
nmol/L®, and experimentally determined Rp,=0.5,
Rmw=4.8, and PB=1.83. This calculation of [Ca®].
assumes that [Ca®*]. is at equilibrium with indo-1.
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Figure VI: Calculated and ,corrected* [Ca?'],
according to Spurgeon et al.'5, compared to [Ca?*],,..

Data are derived from Figure 2 of the MS.

However, since [Ca?"]. changes rapidly during the
transient, cytosolic Ca** and indo-1 may not be in
equilibrium especially during the rapid increase of
[Ca®*].. Thus, the kinetics of AR may underestimate the
true kinetics of A[Ca®']. since the formula does not
account for the association (and dissociation) Kinetics
between Ca®* and indo-1.

Thus, according to Spurgeon et al.’, we performed a
“Kinetic” correction of R by replacing it by Rc. This
allowed us to calculate the “true” (= Kkinetically
corrected) [Ca®']. from the measured [Ca**].. In Figure
VI, [Ca®*]. and [Ca®'],, are compared with the corrected
values for [Ca’"].. Especially at higher temporal
resolution (Figure 1V, lower panel) it can be observed
that after correction of [Ca®]., the TTP is slightly
abbreviated by ~10%, while the decay kinetics are not
affected at all (Figure 1Va). However, with the average
TTP of [Ca®], of 17+0.7 ms (Figure 2H), the
ratiometric calculation of [Ca?']. as performed in our
experiments cannot (or only to a minor extent) account
for ;he considerably shorter TTP of [Ca*"],, compared to
[Ca™]..

The second important issue is that the mitochondrial
matrix contains a high concentration of phosphates (PO,>
). Studies on isolated mitochondria®, but also on intact
motor nerve terminals'’ suggest that matrix free Ca®*
may be allowed to rise and fall below a certain
concentration (i.e., ~1-2 umol/L), above which it would

Elevated Na" impairs energetic adaptation

start to precipitate with phosphates'®*®, Below this

concentration, phosphates may serve as a weak linear
Ca?* buffer. Since rhod-2 monitors free matrix Ca®*, one
could speculate that the earlier (and wider) plateau of
[Ca®*]. compared to [Ca?']. (Figure 2E) was related to
precipitation of Ca®* with matrix phosphates that may
limit the rise of free Ca®* in the matrix prematurely while
precipitated Ca®* may still rise. This could potentially
induce a shorter TTP of the free [Ca®'],, transient. In
contrast, a linear Ca®*-buffering by phosphates at lower
free [Ca®], is not expected to affect the TTP of the
[Ca’*]w transient. Alternatively, earlier saturation of
rhod-2 compared to indo-1 could also simulate a shorter
TTP of [Ca**],, compared to [Ca®']., although this would
require free matrix Ca’" to be in the upper micromolar
range™Z.

To address these issues, we analyzed [Ca*']. and
[Ca®*]. transient kinetics at submaximal (10 nmol/L, at
240 s) or maximum isoproterenol stimulation (100
nmol/L, at 360 s; Figure VII). If Ca**-complexing by
phosphates or saturation of rhod-2 fluorescence limited
the rise in [Ca®']., at 360 s, one would expect that at
lower free [Ca®*]. (e.g., at 240 s; Figure VIId), [Ca®']n,
would rise for a longer period (increased TTP). However,
the TTP of [Ca®"], was unchanged at 240 s and 360 s,
respectively (Figure V1le). Thus, it is rather unlikely that
Ca’*-precipitation with matrix phosphates or early
saturation of rhod-2 fluorescence induce an earlier peak
of [Ca*"],, compared to [Ca?']..

Similarly, the 2.5-fold slower decay kinetics of [Ca®]
compared to [Ca?'], are unlikely related to precipitation
of Ca** with matrix phosphates, since they were
independent of maximal [Ca**],: While at 100 nmol/L
isoproterenol (360 s), the rate of [Ca*]. decay is
accelerated compared to 10 nmol/L isoproterenol (240 s;
Figure VIIc), the rate of [Ca®'],, decay does not change
at higher isoproterenol concentration and higher maximal
[Ca®*]. (Figure VIIf). If Ca®*-precipitation with matrix
phosphates and slow release thereof would affect the rate
of [Ca®*"],, decay, one would expect the decay of free
[Ca®*]. to be substantially slower when descending from
higher free [Ca*']» (i.e., 360 s vs 240 s).

However, it has to be taken into account that, although
helpful, these estimations cannot rule out completely that
different buffering capacities in the mitochondral matrix
and the cytosol may contribute to the kinetic differences
of [Ca®']. and [Ca®'].. Also, if rhod-2 accumulated
heterogeneously ~ within  single  mitochondria, the
relatively fast decay of [Ca®]. could be explained by
diffusion of Ca?" from one end of the matrix (where it
had been taken up, and where [rhod-2] was high) to the
other end of the matrix (where [rhod-2] may be lower).
However, with the techniques currently available, this
issue cannot be fully resolved.

Taken together, the rapid upstroke of [Ca*n
compared to [Ca*]. and the slower decay kinetics of
[Ca’*]m compared to [Ca®*]. are unlikely related to
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Figure VII: [Ca?'], (a-c) and [Ca?'],, (d-f) expressed in absolute (a, d) and normalized values (b, c, e, f).
Data are compared for submaximal (10 nmol/L; 240 s) and maximal (100 nmol/L; 360 s) isoproterenol
stimulation, respectively. Insets indicate the aggregate time-to-peak (TTP) and time-constant (t) of

decay of [Ca?*], and [Ca?*],, (n=10, respectively). *p<0.05 vs 240 s.

different intrinsic dye kinetics or differential Ca**
buffering capacities in the two compartments. However,
a limitation of the technique used to determine [Ca®],, is
that since rhod-2 signals were not calibrated, no exact
quantification of Ca* fluxes across the inner
mitochondrial membrane can be derived from these data.

Elevating [Ca?']. and [Ca*']m by Increasing
extracellular [Ca*]

In the experiments of the present study, [Ca*"]. was
elevated by B-adrenergic stimulation, which involves the
activation of protein kinase A (PKA). To test whether the
effects of elevating [Ca*"], on mitochondrial Ca?*-uptake
were related to PKA-mediated and [Ca’*].-independent
mechanisms, we performed experiments in which we
enhanced [Ca’']. transients by increasing extracellular
[Ca®*] ([Ca*'],) from 2 to 8 mmol/L (Figure VII1). The
increases of [Ca?'], and [Ca®*],, were directly compared
with the increases induced by isoproterenol (100 nmol/L)
in the same cell. It can be observed that elevation of
[Ca®*], from 2 to 8 mmol/L increased both A[Ca?'], and
A[Ca*]m, and also diastolic [Ca®*]m, in & similar way as
isoproterenol, albeit to a lesser extent (Figure VIlla and
b). When correlating the increase of A[Ca’'], to the
respective increase of A[Ca*"],, a similar slope as in the
experiments using isoproterenol to enhance [Ca®,
transients was observed (Figure VIlIc; compare Figure
3C). Similar results were obtained in a total of n=3 cells.
These results indicate that the increase of systolic and
diastolic [Ca®],, in response to isoproterenol in the
present study were mediated by the increase of [Ca*],
rather than solely PKA-mediated and [Ca*"].-independent
effects.
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Increasing Stimulation Frequency

To test the effect of elevating stimulation
frequency on diastolic accumulation of [Ca]y,
this parameter was compared at 1 and 3 Hz
protocols at 5 mmol/L [Na'];, respectively
(Figure IX).

Molecular Identity of the MCU

The molecular identity of the MCU is currently
unresolved, but it has been functionally defined
as a highly Ca?" selective pore. Beutner et
al.**® have proposed that mitochondrial RyR
(RyR1 subtype) channels may mediate Ca®* flux
across the inner mitochondrial membrane. The
binding of [*H]ryanodine to this mRyR1 has a
bell-shaped Ca**-dependence, with an optimum
between 10-30 pmol/L*®, which is comparable
to the reported K4 of the MCU for Ca®* (10-20
umol/L)??2. Currently, there is no specific
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Figure VIII: Representative experiment comparing the increase of
[Ca?*], (a) and [Ca?Y],, (b) in response to either an increase of
extracellular [Ca?*] ([Ca2'],) or the application of isoproterenol. The
cell was paced at 1 Hz for 9 minutes. After 30 s under control
conditions ([Ca?],= 2 mmol/L), the perfusion was switched to
Tyrode’s solution containing 8 mmol/L [Ca?],. After a total of 3
minutes, superfusion was switched back to [Ca?*], = 2 mmol/L for
another 2 minutes, before isoproterenol (100 nmol/L) was washed
into the bath for 2 minutes. Finally, isoproterenol was washed out for
another 2 minutes. ¢, [Ca?*],, was plotted against [Ca?*], during
exposure of cell to Ca?* = 8 mmol/L. The slope of the linear
correlation was very similar to the slope that was calculated from the
averages of the control experiments shown in figure 3 of the
manuscript (0.149 vs 0.147 (F/Fy)/ pmol/L). Similar results were
obtained in a total of 4 independent experiments.
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inhibitor that could differentiate between MCU and
mRyR1. Ruthenium red inhibits the MCU*, but also the
mRYR1¥ and the RyR2 subtype®. In contrast, Ru360
inhibits MCU, but not the RyR2 subtype®. However,
whether the mRyR1 is inhibited by Ru360 has not been
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Figure IX: Diastolic [Ca?"]  plotted as a function of the time of
the experiment (a) or systolic [Ca?'], (b) at 5 mmol/L [Na*]; and
1 (n=10) and 3 Hz stimulation (n=32), respectively. In the 3 Hz
protocol, isoproterenol (Iso) was applied at 10 and 100 nmol/L,
and the initial equilibration period (with control solution) was
just 40 s. To compare the shorter 3 Hz protocol with the 1 Hz
protocol (see Figures 2 and 4), the last 20 s of the equilibration
period and 120 s with 1 nmol/L isoproterenol of the 1 Hz
protocol were omitted in (a), as noted by the slight step in
[Ca?] after 40 s. *p<0.05 vs 1 Hz.

determined®. Thus, we cannot rule out that the mRyR1
may contribute to mitochondrial Ca®*-uptake, although
the possible energy dissipating effects of opening this
non-selective channel would need to be reconciled with
the requirement to maintain AW¥,. Additionally, a
contribution of the previously reported “rapid mode of
uptake” (RaM)Z is unlikely, since in heart mitochondria,
the RaM requires >30 s to become fully reactivated at
extramitochondrial [Ca**]<100 nmol/L**,

Effect of [Na']; on [Ca®*]. and [Ca?®']m

At elevated [Na®];, the decrease in forward-mode NCX
during diastole and the increase in reverse mode NCX
during the action potential favor an increase in SR Ca**
load and A[Ca®*].>>*". We determined to what extent an
elevation of [Na']; from 5 to 15 mmol/L affected A[Ca?*],
during our protocols at 1 and 3 Hz, respectively. We
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plotted the change of A[Ca?']. at 15 mmol/L [Na']; vs 5
mmol/L [Na']; against the time of the experiment, at 1
and 3 Hz, respectively (Figure X). It can be observed
that at both frequencies, A[Ca®"]. is elevated ~1.4-1.5-
fold at 15 vs 5 mmol/L [Na']; during control conditions
or low concentrations of isoproterenol (1 or 10 nmol/L).
At the highest isoproterenol concentration (100 nmol/L),
when the SR Ca®* load is near maximal, the relative
increase at 15 mmol/L [Na']; is substantially reduced in
either protocol.

In Figure XI, the effect of elevating [Na']; from 5 to
15 mmol/L at 3 Hz is illustrated. Similarly to the data
acquired at 1 Hz, the rate of decay of [Ca’']. was
decreased (Figure XIf, i), which was associated with a
decreased amplitude of [Ca®']. (Figure Xle, g) and a
prolongation of the TTP of [Ca®], (Figure XIf, h).
These processes resulted in a less pronounced diastolic
accumulation of [Ca®*], at 15 vs 5 mmol/L [Na'l.
(Figure Xlb, c). Further evidence for the crucial effect of
[Na']; on diastolic [Ca?*]. comes from results with CGP-
37157 at 15 mmol/L [Na']. In the presence of the
mNCE-inhibitor, mitochondrial accumulation of Ca?* is
potentiated, and A[Ca?*], decreased (Figure XI1).

The following considerations can be put forward to
explain the surprisingly large amount by which A[Ca*],
is reduced by an increase of [Na'];. First, it is possible
that MCU activity has some [Na']; dependence. High
[Na']; might shift the apparent K, of the MCU for
mitochondrial Ca?* uptake towards higher [Ca*"], which
is suggested by the rightward shift and the dynamic
behavior of the mitochondrial Ca?* uptake curve at 15 vs
5 mmol/L [Na']; (Figure 5D), and by the effects of Na*
on steady-state mitochondrial Ca®* uptake in isolated
mitochondria®®. Second, slight depolarization of A¥,,
perhaps due to enhanced mitochondrial Na*/H* exchange,
might be present at high [Na*];, which could diminish the
electrochemical driving force for Ca** entry. We used
TMRM to determine AW,, during changes of cellular
work (Figure 6D), but we could not assess whether
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Figure X: Upper traces: [Ca?*], at 5 and 15 mmol/L [Na*]; during the protocols at 1 (left) and 3
Hz (right), respectively. Lower traces: Ratio of [Ca?*], at 15 over 5 mmol/L [Na*],, indicating
the —fold increase induced by the elevation of [Na'],.
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Is Oxidative Phosphorylation Regulated by
Systolic or Diastolic [Ca*'],?

The observation that NADH was well
compensated at 5, but not 15 mmol/L [Na'];,
reveals the importance of [Ca®]., uptake in the
stimulation of NADH production during an
increase in work. This adaptive response occurs
more slowly than the stimulation of electron
transport by ADP, in agreement with studies of
isolated mitochondria. For example, Territo et
al®*® reported that ADP accelerated O,
consumption within 2 s, whereas application of
Ca®* increased NADH over a time-course of
more than 10 s (although the onset of stimulation
of NADH production was rapid). In that
experimental system, however, extra- and
intramitochondrial [Ca®"] remained high after
Ca®* application®, whereas during EC coupling,
[Ca®] is continuously oscillating in the cytosol
and the mitochondria. Thus, it is difficult to
differentiate from our results whether Ca®*-
induced activation of dehydrogenases and
replenishment of NADH were associated with
the increase of diastolic or systolic [Ca*"],, or
both. However, in the experiment in Figure 6C,

Figure XI: [Ca?*], and [Ca?*],, transients at 3 Hz stimulation frequency at 5 mmol/L [Na*]; ((Ca?*],, n=29;

[Ca?*],, n=32) and 15 mmol/L [Na*]; (n=38; n=45). a and b, After cells were paced for 40 s in control
Tyrode’s solution, isoproterenol (Iso, 10 and 100 nmol/L) was washed in for 2 min per concentration,
respectively. After 280 s, superfusion was switched back to control solution. ¢, Diastolic [Ca?*],, plotted
against systolic [Ca?*], at 5 and 15 mmol/L [Na*],. d through i, cumulative data for [Ca®*], (d, g through i)
and [Ca?*],, transient kinetics (e through i) at 5 mmol/L [Na*], (n=16) or 15 mmol/L [Na*], (n=14), at 100
nmol/L isoproterenol, respectively. [Ca?*]; transients were averaged and expressed in nmol/lL (d, g),
whereas averaged [Ca?*],, transients are expressed as % of transients at 5 mmol/L [Na*]; (e), normalized %
(f), or AF/F, (g), respectively. Amplitude (g), time to peak (TTP, h) and time-constant t for decay of [Ca?*],

and [Ca?"],,,, respectively. *p<0.05, **p<0.01, ***p<0.0001 vs 5 mmol/L [Na*], respectively.

resting AW, was different at 15 vs. 5 mmol/L [Na'];
because of the difficulty of calibrating this signal in terms
of absolute AW,,. Third, part of the mitochondrial Ca*'-
uptake could be through reverse-mode MNCE early
during the [Ca*"]. transient. During this phase of SR Ca**
release, the high [Ca’*] microdomain around the
mitochondria, and perhaps a transient depolarization of
A¥r,, might permit reversal of mNCE, which would be
favored at low [Na']; and suppressed by high [Na'];.

Is the Initial NADH Oxidation Mediated by Ca*- or
ADP-Induced Stimulation of Respiration?
Territo et al. observed that besides stimulation of TCA
cycle dehydrogenases, Ca®" can directly activate the
F.F,-ATPase® and increase O, consumption within ~250
ms*°. However, O, consumption was increased to a much
smaller extent by Ca?* than by ADP®. Our observation
that, at 15 mmol/L [Na'];, the initial NADH oxidation

was enhanced, despite reduced mitochondrial

Ca2+

uptake (Figure 7), supports the notion that factors other
than Ca®* (e.g., ADP or P;, by stimulating F;F,-ATPase™)
were likely responsible for the initial stimulation of

NADH oxidation at the onset of work.
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Figure XlI: [Ca?'], (a) and [Ca?']  (b) at 15 mmol/L
[Na*], in the absence (Control, n=15) and presence of
CGP-37157 (1 pymol/L, intracellular application; n=17),
respectively. Dotted lines, switch of solution as
indicated in Figure 4A or Figure 6D. *p<0.05, **p<0.01,
***p<0.001 vs Control, respectively.

at 5 mmol/L [Na'];, Ca**-induced activation of NADH
production appeared sufficiently fast to immediately
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counterbalance the oxidation of NADH elicited by the
increased demand, suggesting that maybe the fast
component of mitochondrial Ca*"-uptake may play an
important role for the immediate matching of energy
supply and demand.
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