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Mitochondrial ability of shaping Ca?* signals has been demon-
strated in a large number of cell types, but it is still debated in
heart cells. Here, we take advantage of the molecular identifica-
tion of the mitochondrial Ca®* uniporter (MCU) and of unique
targeted Ca®* probes to directly address this issue. We demon-
strate that, during spontaneous Ca?* pacing, Ca®* peaks on the
outer mitochondrial membrane (OMM) are much greater than in
the cytoplasm because of a large number of Ca®* hot spots gen-
erated on the OMM surface. Cytoplasmic Ca?* peaks are reduced
or enhanced by MCU overexpression and siRNA silencing, respec-
tively; the opposite occurs within the mitochondrial matrix. Ac-
cordingly, the extent of contraction is reduced by overexpression
of MCU and augmented by its down-regulation. Modulation of
MCU levels does not affect the ATP content of the cardiomyocytes.
Thus, in neonatal cardiac myocytes, mitochondria significantly con-
tribute to buffering the amplitude of systolic Ca®* rises.
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Morphological evidence in adult cardiac myocytes demon-
strates that a fraction of mitochondria is strategically
closely apposed to sarcoplasmic reticulum (SR) terminal mster-
nae where gfanodlne receptors (RyR) are localized and Ca**
induced Ca“™ release is activated (1). Given the close prox-
imity of mitochondria to the SR cisternae, it has been suggested
that mltochondrla can tran51ent1y experience microdomains of
high Ca** concentration ([Ca®*]) during systole; the concen-
trations reached in these microdomains are well above the mean
values reached in the bulk cytoplasm and are sufﬁ01ent to over-
come the relatively low affinity of the uniporter for Ca** gsee ref.
1 for a review). However, the high speed of systolic Ca*" tran-
sients in heart cells may limit the capamty of mitochondria to take
up significant amounts of Ca?*, and the involvement of the
organelles on a beat-to-beat basis remains to be debated. The
situation is somewhat simpler in neonatal cardiomyocytes: Al-
though the organization of SR mitochondria is less ordinate than
in adult cells, convincing evidence has been provided in support of
the existence of beat-to-beat oscillations of intramitochondrial Ca**
(2). The average peak rises in mitochondrial [Ca®*] are however
quite small, approximately 50% smaller than in the cytoplasm (2).
Thus, also in neonatal cardiomyocytes, whether and to what extent
the capacity of the organelles to accumulate Ca®* in their matrix
depends on Ca®* hot spots generated on their surface, their
amplitudes, duration, andi most relevant from a physiological
point of view, whether Ca?* uptake by mitochondria can signifi-
cantly contribute to cytoplasmic Ca®* buffering is still unknown.

Here, we have addressed these problems by two unlque
approaches: (i) using a recently developed GFP-based Ca** in-
dicator targeted to the outer mitochondrial membrane (OMM)
and high-resolution image analy51s (3) we have monitored the
generation, during spontaneous Ca** oscillations in neonatal rat
cardiomyocytes, of Ca** hotspots selectively on the OMM; (i)
taking advantage of the recent 1dent1ﬁcat10n of the molecular
identity of the mitochondrial Ca** uniporter (MCU) (4, 5), we
have genetically manipulated the level of MCU in mitochondria
of cardiomyocytes.

The present data directly demonstrate the formation of Ca®*
hot spots on the OMM during systole. These hot spots can reach
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[Ca2+] values as high as 20-30 uM. Reducing MCU levels results
in a 51gn1ﬁcant increase in the amplitude of beat-to-beat cyto-
plasmic Ca** oscillations, whereas overexpression of MCU sig-
nificantly reduces them.

Results

To address and monitor Ca®* hot spots close to nntochondrla in
rat neonatal cardiac myocytes, we used two novel Ca®* probes
strategically localized on the cytoplasmic surface of the OMM
(N33-Dlcpv) or in the nucleus (H2B-Dlcpv) (3), hereafter
denominated (OMM)Dlcpv and (nu)Dlcpv. By this approach,
bulk cytoplasmic (by monitoring the rapidly equilibrating nu-
cleoplasm) and OMM Ca®* changes can be evaluated at the
same time, with no overlap between the two fluorescent signals.
The two probes were expressed by transient transfection of
neonatal rat ventricular cardiomyocytes and then imaged at the
confocal microscope after 48 h. Fig. 1 A-C shows the distribution
of (OMM)D1cpv and (nu)Dlcpv, cotransfected in the same cell
preparation (Fig. 14), in comparison with MitoTracker Red
(Fig. 1B); the latter probe localized in the mitochondrial matrix.
(nu)Dlcpv is clearly localized in the nucleus, as observed in
other cell types (3). Although the overall gross distribution of
(OMM)Dl1cpv and that of MitoTracker Red are similar (Fig.
1C), the different localization of the two probes is obvious in
some favorable planes. In particular in the round mitochondria
enlarged in Fig. 1C, Inset, it is clear that the (OMM)D1cpv signal
(green) distributes as a ring around a red core (MitoTracker
Red). For comparison, Fig. 1D shows the confocal image of
a typical cell transfected with 4mtD3cpv, which is localized in the
matrix, followed by staining with MitoTracker Red (Fig. 1E).
The overlapping distribution of the two probes, in this latter
case, is striking (Fig. 1F). Similar results were obtained when the
transfected cells were fixed and immunolabeled for a bona fide
matrix protein (hsp60).

Cytoplasmic, Nucleoplasmic, and OMM Ca** Osallatlons We next
investigated the amplitude and frequency of Ca®* oscillation in
the nucleus and cytoplasm. Neonatal rat cardiomyocytes were
cotransfected with an untargeted Dlcpv and with (nu)Dlcpv. A
typical Ca®* oscillations pattern is shown in Fig. 24. The signals
of nucleoplasm and cytoplasm (here expressed as AR/Ry) oscillate
in perfect synchrony for tens of seconds. Alternatively, we took
advantage of the fact that, in some cells, D1cpv is localized both
in cytoplasm and nucleoplasm (3), and the results were very
similar. The comparison of the AR/R peak values of the cytosolic
and nuclear signals occurring in the same cell (within the wide
range of AR/R, changes observed in different cells) highlighted
a difference between the two compartments. The correlation
between the AR/R, peak changes of the cytoplasmic and nuclear
signals in cells cotransfected with (nu)D1cpv and D1cpv (Fig. S14)
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gave a fitting line whose slope was 1.44. In cells expressing the
cytosolic probe mistargeted to the nucleoplasm, the ratio between
cytoplasm and nucleus was 1.27. No difference between the cy-
toplasmic and nucleoplasmic signals (using either approach) was,
however, observed upon high KCl (30 mM) depolarization.

We then compared the perimitochondrial and nuclear Ca**
oscillations in cells cotransfected with (nu)D1cpv and (OMM)
Dlcpv. Also in this case, the Ca*>* oscillations were synchronous
and the amplitudes of the average AR/R, change were clearly
different (Fig. 2B), those on the OMM being larger than those in
the nucleus, on average 160.5 + 14.2% of the nuclear ones (n =
31, P < 0.001, paired 7 test). Accordingly, the slope of the fitting
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Fig. 2. Correlation among cytoplasmic, nuclear, and OMM Ca®* signals
during spontaneous oscillations and caffeine treatment. (A and C) Cells
cotransfected with D1cpv and (nu)D1cpv. (B and D) Cells were cotrans-
fected with (OMM)D1cpv and (nu)D1cpv. The behavior of typical cells
during spontaneous beating (A and B) or caffeine treatment (C and D) is
presented. The values of AR/R, refer to the mean values of regions of in-
terest (ROI) on the cytoplasm, nucleus, or OMM. In C and D, cells were
perfused with extracellular solution (ES), without CaCl, and 500 pM EGTA,
instead. Sixty seconds after addition of EGTA, 20 mM caffeine was added
where indicated.
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Fig. 1. Subcellular distribution of (OMM)D1cpv,
(nu)D1cpv, and 4mtD3cpv in neonatal cardiac myo-
cytes. (A-C) Cells were cotransfected with (OMM)
D1cpv and (nu)D1cpv (A) and then stained with
MitoTracker Red (B) and analyzed by confocal mi-
croscopy (Materials and Methods). C shows the
merged image (yellow codes for colocalization). In C
Inset, an enlarged detail of the figure. (D-F) As
above, but cells were transfected with 4mtD3cpv. (D)
4mtD3cpv (green). (E) MitoTracker Red (red). (F) The
merged image. (Scale bar: 10 um.) In this and all
subsequent experiments, typical traces or images are
representative of at least 20 different cells in four or
more independent cultures.

line correlating the peak amplitude of the nucleoplasmic and
OMM peaks is 1.6 (Fig. SlB)

Finally, we triggered Ca*" mobilization from the SR with
caffeine (added in Ca®*-free medium), a signal that takes ap-
proximately 600 ms to reach its peak. In this case, the average
peak amplitude on the OMM was still larger than in the nucle-
oplasm (Fig. 2C) (170 + 15.11% of the nuclear one; n = 23, P <
0.001, paired ¢ test) and the slope correlating the nuclear and
OMM peaks was 1.43 (Fig. S1C). On the contrary, the difference
between the caffeine-induced peaks in nucleoplasm and cyto-
plasm (Fig. 2D) was not statistically significant (102 + 12%) and
the slope correlating the cytoplasmic and nucleoplasmic signals
was 1.04 (Fig. S1D).

The dlfference in amplitude between nucleoplasm and OMM
average Ca>" peaks is not due to a different affinity for Ca** of
the two probes for two reasons. First, we have shown that in
HeLa cells, targeting of Dlcpv to OMM or nucleus only mod-
estly affect the Ky for Ca®* of the two probes: if anythlng, the
OMM:-located probe has a slightly lower affinity for Ca** (and
a smaller dynamic range) than that in the nucleoplasm (3). We
confirmed this observation also in neonatal rat cardiomyocytes
(data not shown). Second, the difference between the two

compartments disappears 1f prolonged increases in Ca®* are
elicited, as upon KCl depolarlzatlon (data not shown).

The kinetics of the Ca”* increase in the two compartments
were then compared in cells cotransfected with the nuclear- and
OMM-targeted probes: on average (n = 18 cells), the two
compartments reached their peak in <150 ms in 50% of cells,
between 150 ms and 348 ms in 44.5% of cells and 584 ms in one
cell. Given the time resolution of these experiments, times to
peak shorter than 150 ms could not be resolved. To more pre-
cisely analyze the kinetics of nuclear and cytosolic Ca®" increa-
ses, fast time resolution confocal analysis (one image every 20
ms) was thus used. Cardiomyocytes were loaded with the Ca**
indicator Fluo-4 (that diffuses both in the cytosol and nucleus).
Fig. 3 shows that a short delay (Fig. 3, Inset) in the onset of the
nuclear signal increase (20 + 7 ms, n = 35 cells from three dif-
ferent preparations) is observed. Similarly, a short delay was
noticed between the peak reached in the nucleus compared with
that in the cytoplasm (47 + 19 ms, n = 35). The whole cycle of
spontaneous oscillations took on average ~600 ms in both
compartments (Fig. 3). The peak amplitudes, as measured in the
nucleus and cytoplasm (AF/Fy) were 22 + 12% (n = 35) larger in
the cytoplasm than in the nucleus, similar to what we observed
with the genetically encoded probes.
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Fig. 3. Correlation between cytoplasmic and nucleoplasmic spontaneous
Ca** oscillations measured with fluo-4. Cells were loaded with fluo-4 and
analyzed by confocal microscopy (Materials and Methods). Time resolution is
20 ms per image. Inset presents an enlargement of the signal change during
the single oscillation indicated by the rectangle. The values of AF/F, refer to
the mean values of ROIs on the cytoplasm or nucleus, respectively. AF is the
change of fluorescence intensity of each ROI at any time point, and Fy is the
fluorescence intensity at time 0. The decay in the AF/F, peaks with time is
due to bleaching of the fluo-4 signal.

Generation of Ca%* Hot Spots on the OMM. The differences between
the average Ca** signal on the OMM and nucleoplasm reflect an
incomplete equilibration between nucleoplasm and cytoplasm,
but they may also depend on the existence of a large number of
Ca** hot spots on the surface of mitochondria. To further con-
firm this conclusion and to obtain an estimate of the peak am-
plitude of the Ca** hot spots on the OMM, we carried out the
pixel-by-pixel analysis described (3). A slight modification of the
approach was necessary to take into account: (i) the high speed
of the Ca?* transients in these cells and (ii) the fact that the
nucleoplasm on average reaches smaller peaks than the cytosol
(Materials and Methods). Fig. 44 shows the 3D image of AR,/
R, on the OMM and nucleoplasm of a typical cell. A threshold
was established so that pixels with AR,,/Ro higher than 130% of
the mean value of the OMM (taken as 100%) were yellow-to-red
color-coded and superimposed to the mitochondrial YFP fluo-
rescence (black and white). The colored pixels refer to all of the
pixels exceeding the mean AR,.x/Ro value on the OMM at the
peak of a Ca®* oscillation. The surface of mitochondria presents
a large number of hot spots; as expected, almost no hot pixels
were found in the nucleus. Fig. 4B shows the distribution of the
pixel values (normalized to the mean OMM value of the same
cell) on the OMM and nucleoplasm (average of 10 different
cells). The percentage of pixels on the OMM exceeding 130% of
the mean peak (again normalized as 100%) during the Ca**
oscillations was 25.5 + 6.3%. In terms of absolute Ca>" values,
we calculated that the [Ca**] at the hot spots on the OMM can
reach values as high as 20-30 pM.

The same analysis was carried out in cells transfected with
Dilcpv. In this case, the colored pixels refer to all of the pixels
with AR, /R higher than 130% of the mean value of the cy-
toplasm at the peak of a Ca®* oscillation. The number of hot
pixels in the cytoplasm was clearly lower than on the OMM,; on
average (n = 10 cells) the cytoplasmic hot pixels were 8.7 +
3.5%. As to the hot pixel amplitude, the difference between the
cytosolic and the OMM hot spots is even bigger, because: (i) hot
pixels on the OMM refer to the mean peak value of the OMM,
that is 20-30% higher than the average peak of the cytosol; (ii)
a substantial number of OMM hot pixels (approximately 7%)
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had peak values 2 or 3 times higher than the average, whereas
the hot pixels observed in the cytoplasm with similar amplitudes
were <0.8% (compare Fig. 4C with Fig. 44). The small number
of hot spots in the nucleoplasm probably reflect hot spots in the
rim of cytoplasm above (or below) the nucleus.

Effect of MCU Level Manipulation on Cytoplasmic and Intramito-
chondrial Ca®* Oscillations. The question then arises as to the
functional consequences of the hot spots on the OMM, in par-
ticular whether mitochondria contribute significantly to cyto-
plasmic Ca’* buffering during each oscillation or whether
Ca®* uptake into the matrix is solely relevant for the control of
intramitochondrial functions (e.g., the activation of the dehy-
drogenases). To test this hypothesis, we took advantage of the
recent discovery of the molecular identity of MCU that allows to
selectively modify the Ca®* uptake capacity of mitochondria
without interfering with bioenergetic properties or organelle
structure (4, 5). Thus, MCU expression was either silenced with
specific siRNAs or overexpressed. Silencing or overexpression
efficiency was verified by Western blot (Figs. 5D and 6D). We
also investigated whether MCU modulation affected the ATP
level or the total content of Ca** mobilizable from the stores.
Fig. S2 shows that the cytosolic ATP level, as measured by
transfecting the cell with luciferase, was not modified by modu-
lation in the MCU level. Similarly, the amount of stored Ca®*
(measured by monitoring the cytoplasmic Ca?* increase caused
by addition, in Ca’*-free medium, of the Ca®* ionophore
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Fig. 4. Comparison of the Ca®* hot spot distribution on the OMM, nucle-
oplasm, and cytoplasm at the peak of a Ca®* oscillation. (A and B) Cells were
cotransfected with (OMM)D1cpv and (nu)D1cpv. In A, the 3D image of
ARmax/Ro on the OMM of a typical cell is presented. Pixels exceeding the
mean AR/R, peak amplitude of the OMM by 30% were color coded. On the
right side, the scale bar and the corresponding ARnax/Ro values are shown.
The hot pixel distribution refers to a single image taken at the peak of
the Ca* oscillation. Although the amplitude of the mean AR/R, peaks in the
same cell were rather similar, a significant variability was noticed in the
absolute mean peak values among different cells (Fig. 2). On the contrary,
the percentage of hot pixels (when referred to the mean value of each cell)
was quite reproducible. (B) The histograms represent the normalized ARy ax/
Ro pixel distribution (average from 10 different cells in three different
experiments) at the peak of a Ca®* oscillation. Pixel values were grouped in
20% intensity intervals. The mean AR/Ry on the OMM was taken as 100%.
(C and D) Conditions as above, but in this case the cells were transfected
with D1cpv localized both in the nucleus and cytoplasm. Similar results
were obtained in cells cotransfected with D1cpv and (nuD1cpv). The mean
AR/Ry in the cytoplasm was taken as 100%.
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ionomycin) was indistinguishable in controls and in cells whose
MCU was down-regulated or overexpressed (Fig. S3).

Matrix Ca?" increases was then assessed [measured by
cotransfecting 4mtD3cpv (3) and MCU or the siRNA]. The
spontaneous mitochondrial Ca®* oscillations were barely de-
tectable in siRNA transfected cells (data not shown), whereas in
MCU-overexpressing cardiomyocytes (Fig. 5B), they were ap-
proximately twice as large as those of controls (Fig. 54) (control,
0.055 + 0.035; MCU, 0.116 + 0.052; n = 35 cells from four
different preparations, P < 0.05). Fig. 5C shows the normalized
average values.

We then analyzed the cytoplasmic Ca®* oscillations in cells in
which MCU levels were genetically manipulated. If mitochon-
drial Ca®* uptake can significantly contribute to the buffering of
cytoplasmic Ca** during systole, it is predicted that the ampli-
tude of the cytoplasmic Ca** oscillations should be reduced in
cells overexpressing the MCU compared with untreated controls.
Fig. 6 A and B shows the representative traces of cytosolic Ca>*
oscillations of a control and a MCU-overexpressing cell, and in
Fig. 6E, the normalized average values. In MCU-overexpressing
cells, the cytoplasmic AR/R, peak was on average 69.48 + 3.88%
that of control cells (n = 80 cells from six different preparations;
P < 0.01). Fig. 6 C and F, on the contrary, show that in cells in
which MCU was silenced by siRNA, the peak amplitude of the
cytoplasmic Ca** oscillation (AR/R,) was increased to 158.7 +
7.3% (n = 80 cells, from six different preparations; P < 0.01,
unpaired ¢ test) compared with that of cells transfected with
scrambled siRNA. Moreover, experiments carried out in the

>
°
w
vy,
=)
w

o
[N
©
Y]

o
-

AR IR,
(mitochondria)
o°

AR IR,
(mitochondria)

o Vv o__
1s s >
C D s &
*% NN
X § O
S 250 G S
2g 200 50 KDa= s s - TUB
8 % 128 40 kDa- FI
= ~= Fla
EE 50 - 30 kDa= g
2 ol 50 kDa— s - TUB
S
$ 40 kDa=
§ & — W \iCU
S 30 kDa= ==

Fig. 5. Effects on intramitochondrial Ca?* oscillations of MCU over-
expression. (A and B) Cells were cotransfected with 4mtD3cpv together with
MCU encoding plasmid or the void vector. The typical kinetics of the intra-
mitochondrial signal of a control cell (4) and of a cell overexpressing MCU (B)
are presented. In C, the bars represent the average AR/R, peaks values
reached in the mitochondrial matrix of controls and MCU-overexpressing cells.
**P < 0.01, Student t test (n = 80 cells). In D, representative Western blots of
control and MCU-overexpressing cells are presented in comparison with the
housekeeping protein tubulin. MCU was revealed with both an anti-tag
(Upper) and a MCU-specific (Lower) antibody. The mean increase calculated
by densitometric analysis is 254 + 21.5% (from three different preparations).
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whole cell population by using the aequorin Ca?* probe con-
firmed the buffering effect of mitochondria on cytosolic Ca**
transients. Fig. S4 shows that overexpression of MCU, or its
down-regulation, similarly affected the peak amplitudes of cy-
tosolic Ca®* elicited by adding CaCl, to cells preincubated in
Ca®*-free medium. We ‘also investigated the behavior of hot spots
in cells where the MCU was down-regulated (by siRNA) or over-
expressed. The average number of hot spots was not appreciably
modified by modulation of MCU levels (26.1 + 3.5% in control,
24.7 + 6.3% in MCU-overexpressing and 27.7 + 5.7% in siRNA-
treated cells, n = 12 cells from three different preparations), as
shown in Fig. S5. The final question is whether mitochondrial
Ca** uptake contributes solely to buffering the maximal peak
Ca?* amplitude or also to modulate the decay rate toward basal,
or both. Fast-resolution confocal analysis was thus carried out, as
described above, by loading cardiomyocytes with Fluo-4. Fig. 6G
shows that down-regulation of MCU increased the peak ampli-
tude of the cytoplasmic signal by 63% (as observed with the
Dlcpv), whereas the decay rate tended to be slower, although
the difference was not statistically significant (control, 219 + 40
ms; sSiRNA-MCU, 258 + 49 ms; n = 40 cells from four different
preparations; P = 0.098). As predicted, the changes in the cy-
tosolic Ca>" peaks elicited by modulating the MCU level mod-
ified the amplitude of the cardiomyocyte contraction. As shown
in Fig. S6, MCU overexpression reduced, whereas down-regu-
lation increased, the amplitude of contraction. MCU level
modulation also affected the frequency of spontaneous cytosolic
Ca®* oscillations: MCU down-regulation caused a significant
reduction in the oscillation frequency (from 7.33 + 0.33 oscilla-
tions per 10 s in cells treated with the scramble siRNA to 4.56 +
0.43 in siRNA-MCU treated cells P < 0.05 (n = 38 cells from
five different preparations). Overexpression of MCU had a ten-
dency to increase the oscillation frequency, but the effect was
not statistically significant (control: 6.76 + 0.31/10 s, MCU-
overexpressing cells: 7.23 + 0.45 /10 s; P = 0.08).

Discussion

The importance of mitochondria in heart pathophysiology is
undisputed: these organelles are the major source of ATP, and
a block of oxygen supply results in a rapid stop of heart beating,
followed, if blood flow is not rapidly restored, by necrosis and/or
apoptosis of cardiac cells (6, 7). This chain of events can be easily
reproduced in vitro by using neonatal cardiomyocytes: Inhibition
of mitochondrial ATP synthesis results in a few seconds in the
complete block of spontaneous Ca®* oscillations and con-
tractions, followed within a few hours by cell death. Although the
role of oxidative phosphorylation in heart energy supply is undis-
puted, the function of the other key property of mitochondria,
e.g., their capacity to efficiently take up Ca®* from the cytoplasm
under physiological conditions, is still a matter of debate (8, 9). A
wide consensus has been reached in the scientific community
about the importance of intramitochondrial Ca** in the activa-
tion of the key dehydrogenases (10-14) that feed electrons into
the respiratory chain; however, whether Ca®* is taken up and
released by the organelles on a beat-to-beat basis, or whether
Ca** uptake occurs slowly, by temporally integrating cytosolic
Ca®* transients is still debated (2, 15-17). Even less clear is the
role of mitochondrial Ca** accumulation in buffering the am-
plitude of the systolic Ca®* peaks (8).

These important issues have been intensively investigated, but
with two major limitations: (i) the molecular nature of mito-
chondrial Ca** transporters have been an unresolved enigma for
50 years: The general properties were defined, but the identity of
the molecules involved remained elusive (13, 18); (i) no ade-
quate pharmacological tool was available to act on this process
without major side effects. Commonly used procedures, such as
the use of uncouplers or inhibitors of the respiratory chain, are
unsuited to address this issue, because they inhibit not only Ca>"
uptake, but also ATP synthesis; inhibitors of the Ca’" release
mechanism, in particular the mitochondrial Ca?*/Na™® ex-
changer, have important side effects on plasma membrane
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Fig. 6. Effects on cytoplasmic Ca®* oscillations of overexpressing or down-regulating MCU. (A and B) Cells were cotransfected with D1cpv together with MCU
encoding plasmid or the void vector. The typical cytoplasmic Ca®* oscillation in controls (A) or MCU-overexpressing cells (B) is presented. In E, the bars
represent the average AR/R, peaks reached in the cytoplasm of controls and MCU-overexpressing cells. **P < 0.001, Student t test (n = 80 cells). In C, D, and F,
the cells were cotransfected with D1cpv- and MCU-specific siRNA. The typical pattern of the cytoplasmic Ca®* oscillation in a cell expressing MCU-specific
siRNA is presented. The cytoplasmic Ca®* oscillations were not significantly affected by scrambled siRNA (data not shown and see F). The average AR/R, peak
amplitudes in cells transfected with MCU-specific or scrambled siRNA is presented in F. In D, the Western blot of control (siRNA-scrambled) and MCU-specific
siRNA transfected cells (revealed with an anti-MCU antibody) is presented in comparison with the housekeeping protein tubulin. The bars represent the
average decrease in MCU levels of three different experiments. The endogenous level of MCU was decreased by the siRNA in the whole cell population by
approximately 35%. Given that the level of transfection in this cell type is approximately 40%, the efficacy of silencing in the transfected population can be
calculated to be approximately 90%. In G, the cells were cotransfected with mitochondrial targeted RFP and with either scrambled or MCU-specific siRNA. The
cells were loaded with fluo-4 and analyzed as described in Fig. 3. The assumption was made that cells expressing RFP also received the siRNA. The kinetic
changes of AF/F, of two typical cells are presented.

channels and transporters; Ruthenium Red, or Ru360, the only ~ Ca®* uptake in heart cells? and (zv) does mitochondrial Ca?*
“specific” inhibitors of the MCU, have provided ambiguous uptake affect the cytoplasmic Ca** transients?
results (19). The latter drugs, in fact, not only can inhibit within The first, partially unexpected, information obtained by the
the cells the RyR and, thus, SR Ca2+ release, but their perme- use of the genetically encoded probes is that, unlike what is
ability through the plasma membrane (and accordingly their ef-  observed in many cultured cell types challenged with 1P3 gen-
fect in intact cells) have been strongly challenged (19). The erating agonists, in cardiomyocytes, durlng spontaneous Ca**
second ma]or 11m1tat1on has been the lack of suitable probes for ~ oscillations, the peak amplitude of the Ca®* rise is smaller in the
measuring [Ca? ] m the microdomains that promote or decode  nucleoplasm compared with the cytosol. This dlfference is pre-
mitochondrial Ca** gnals Indeed, it is widely accepted that  sumably due to the fact that the high speed of the Ca** transient
generation of high [Ca mlcrodomams in proximity of ER/SR-  in cardiomyocytes does not allow complete equilibration of the
mltochondrla contact snes is essential to permit the high rate of  two compartments. This conclusion is supported by the following
Ca®* uptake observed in many intact living cells (3, 20). The observations: (i) The difference between the Ca** levels in the
existence of such Ca®* hot spots in cardiac cells, however, has  two compartments does not depend on different Ca** affinity of
been challenged, and no consensus has yet been reached (1). the two probes because it disappeared when slower and more
Here, we addressed four fundamental issues (i) are micro- prolonged Ca** increases were followed, such as upon caffeine
domalns of high [Ca®*] generated at the SR/mitochondria con- challenge or KCl-induced depolarization; (if) such a difference
tacts in cardlomyocytes” (i) what is the amplitude of these Ca?*  was observed both in cells cotransfected with the nuclear and
hotspots? (iii) is the MCU repertoire limiting for mitochondrial ~ cytosolic probes and in cells where the cytosolic probe was
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mistargeted also to the nucleoplasm; (i) a difference in the peak
Ca®" amplitude between nucleus and cytoplasm was observed,
also by using a fluorescent dye such as Fluo-4. The data obtained
with the genetically encoded Ca’** indicators and the in-
tracellularly trappable fluorescent probes are complementary.
The GFP-based protein indicators, unlike the dyes, can be se-
lectively targeted and should more closely mimic the diffusion
rate within the cytoplasm of endogenous mobile Ca?* buffers;
however, their lower fluorescence intensity and relatively high
speed of bleaching partially limit the achievable time resolution.
Ca** dyes, on the contrary, allow a very good time resolution,
but accelerate substantially the speed of Ca®* diffusion within
the cells (21). Despite this latter limitation, most often neglec-
ted, the Ca?* indicators directly demonstrate that a significant
delay exists between the Ca®* peaks during spontaneous oscil-
lations in the two compartments and that the cytoplasmic peak
amplitude during spontaneous oscillations in the cardiomyocytes
is larger than in the nucleoplasm. Because of the acceleration
of the Ca®* diffusion caused by the dye, such differences are
probably underestimated.

As to Ca*>* hot spot generation, we show not only that the
average Ca®" peaks during systole (or caffeine treatment) mea-
sured on the OMM are significantly higher than those measured
in the nucleus and, to a lesser extent in the cytoplasm, but also
that a large part (~25%) of the OMM is covered by micro-
domains of high [Ca**] that can reach values as high as 30 pM.

Then, we used genetic manipulation of MCU to investigate
the contribution of mitochondrial Ca®* uptake in buffering cy-
toplasmic Ca>* during systole. We show that down-regulation of
the MCU and, thus, of mitochondrial Ca®* uptake capacity,
results in a substantial amplification of the cytoplasmic Ca**
peaks during spontaneous oscillations, whereas overexpression
of MCU drastically reduces the amplitude of such peaks. The
data unambiguously demonstrate that, at least in the neonatal
cells, a significant fraction of the Ca?* released during systole is
taken up by mitochondria and then released back into the cy-
toplasm during diastole, resulting in a significant buffering of the
Ca®* peaks. Thus, the first analysis of a physiologically relevant
cell type indicates that MCU is the key rate-limiting molecule of
organelle Ca** handling and that transcriptional control and/or
pathological alterations of its expression may have a direct im-
pact on key cell functions. It is clear that the data obtained in
neonatal cell need to be confirmed in adult cardiomyocytes,
however: (i) Most findings on Ca** handling initially obtained in
neonatal cells have been confirmed in adult cardiac myocytes;
(i) the SR-mitochondria interactions are far more ordinate and
tighter in adult cells and, accordingly, one may expect that Ca>*
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transfer between the two organelles should be, if anything, more
efficient in adult compared with neonatal cardiomyocytes.
Overall, the data demonstrate that, also in cardiomyocytes,
mitochondrial Ca?* loading strictly depends on the subcellular
architecture and that the tight and highly controlled Ca®* cou-
pling between SR and mitochondria allows the latter organelles
to act as significant buffers shaping the cytosolic Ca** transient
and, thus, the amplitude and timing of cell contraction. In this
situation, mitochondrial Ca®>* homeostasis emerges as an im-
portant regulatory mechanism of cardiac physiology that may be
affected in pathological conditions and be targeted by new drugs.

Materials and Methods

Cardiomyocyte Culture. Cultures of cardiomyocytes were prepared form
ventricles of neonatal Wistar rats (0-2 d after birth) as described (2).

Fluorescence Imaging. Cells expressing the different probes were analyzed
48 h after transfection in an inverted Leica DMI 600 CS microscope equipped
with a 63x/1.4 N.A. oil objective. Excitation from a Hg 100-W light source
was selected by a BP filter (436/20) and a 455 DCXR dichroic mirror. Emission
light was acquired through the beam splitter (OES srl; dichroic mirror 515
DCXR; emission filters ET 480/40M for CFP and ET 535/30M for YFP) by using
an IM 1.4C cooled camera (Jenoptik Optical Systems). Images were collected
with continuous illumination and an exposure time of 100 ms per image. The
temperature was maintained at 37 °C by using a temperature-controlled
chamber (OKOlab). Images were then analyzed with custom-made software
(3, 22). For Fluo-4 measurements, cells were loaded with 2 pM Fluo-4/AM for
30 min in standard medium and washed three times before analysis.

Pixel-by-Pixel Analysis. We used the same assumptions and algorithms de-
scribed (3). Two minor modifications were introduced, however: (i) We
considered the peak value (ARmax /Ro) of each pixel only at the peak of
a spontaneous oscillation; (i) because the mean amplitude of the AR/R,
changes was substantially larger in the cytoplasm (or on the OMM) than in
nucleoplasm, “hot” spots were defined as those pixels that were at
least 30% larger than the average of the OMM or cytoplasmic peak values.
This definition leads to a small underestimation of “hot” pixel number,
whereas assuming as hot pixels those that were 30% larger than the
average ARpmax /Ro of the nucleoplasm, as in ref. 3, would have led to a
substantial overestimation.
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