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A B S T R A C T

Calcium (Ca2+), an important second messenger, regulates many cellular activities and varies spatiotemporally
within the cell. Conventional methods to monitor Ca2+ changes, such as synthetic Ca2+ indicators, are not
targetable, while genetically encoded Ca2+ indicators (GECI) can be precisely directed to cellular compartments.
GECIs are chimeric proteins composed of calmodulin (or other proteins that change conformation on Ca2+

binding) coupled with two fluorescent proteins that come closer together after an increase in [Ca2+], and en-
hance Förster resonance energy transfer (FRET) that allows for ratiometric [Ca2+] assessment. Here, adult rat
ventricular myocytes were transfected with specifically targeted calmodulin-based GECIs and Ca2+ responses to
a physiological stimulus, norepinephrine (NE, 10 μM), were observed in a) sarcoplasmic reticulum (SR), b)
mitochondria, c) the space between the mitochondria and SR, termed the Mitochondria Associated Membrane
space (MAM) and d) cytosol for 10min after stimulation. In SR and mitochondria, NE increased the [Ca2+] ratio
by 17% and by 8%, respectively. In the MAM the [Ca2+] ratio decreased by 16%, while in cytosol [Ca2+]
remained unchanged. In conclusion, adrenergic stimulation causes distinct responses in the cardiomyocyte SR,
mitochondria and MAM. Additionally, our work provides a toolkit-update for targeted [Ca2+] measurements in
multiple cellular compartments.

1. Introduction

In contractile tissues such as skeletal muscle or myocardium, large
amplitude cytosolic Ca2+ cycling, responsible for the regulation of
contraction and relaxation, have been well described using a variety of
indicators (Paredes et al., 2008). However, assessment of calcium dy-
namics between different subcellular compartments is crucial for un-
derstanding the role of Ca2+ in normal and pathological cell signaling
and function (Balaban, 2009; Boyman et al., 2015; Brookes et al., 2004;
Chami et al., 2008; Csordás and Hajnóczky, 2009; Liu and O’Rourke,
2009; Luptak et al., 2018, 2005; Raffaello et al., 2016; Santulli et al.,
2015). Assessment of these low amplitude, low frequency Ca2+ tran-
sients on the background of large oscillation of cytosolic free [Ca2+]
has been particularly challenging (Berridge et al., 2003; Bers, 2008).

Ca2+ indicators fall into two major categories: a) synthetic Ca2+

indicators (such as fura-2, indo1, fluo-3, calcium green) and b)

genetically-encoded Ca2+ indicators (GECI) (Palmer and Tsien, 2006).
The synthetic indicators are suitable for assessment of cytosolic [Ca2+]
due to their large dynamic ranges, but they cannot be targeted to
specific cellular compartments and lack sensitivity in measuring low
nanomolar concentrations of calcium (Paredes et al., 2008). In contrast,
GECIs can be directed to specific cellular compartments, and be used to
assess nanomolar [Ca2+] ranges (Horikawa et al., 2010). Of the GECIs,
the Cameleons, that utilize calmodulin and Förster resonance-energy
transfer (FRET) (Miyawaki et al., 1997; Palmer et al., 2006; Palmer and
Tsien, 2006), collectively have the largest detection range of Ca2+

encompassing low nanomolar (Kd 15 nM) to micromolar concentrations
(Kd 64 μM). Cameleons are chimeric proteins that change conformation
to Ca2+ binding and increase FRET between two fluorescent proteins.
This allows for convenient ratiometric Ca2+ fluorescent assessment
(Miyawaki et al., 1997; Palmer et al., 2006; Palmer and Tsien, 2006).

To evaluate the role of calcium in cardiomyocyte compartments, we
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designed Cameleon probes to allow calcium imaging in: a) sarcoplasmic
reticulum (SR), b) mitochondria, c) the space between the mitochondria
and SR, termed the Mitochondria Associated Membrane space (MAM),
and d) cytosol. For each compartment, the response to caffeine-induced
SR Ca2+ release was used to determine the appropriate sensitivity for
Ca2+ detection.

In cardiomyocytes, norepinephrine (NE), a well-established phy-
siological stimulus, induces robust inotropic and lusitropic effects as-
sociated with Ca2+ channels, phospholamban and troponin I phos-
phorylation (Bers, 2002; Mayourian et al., 2018). As these effects of
norepinephrine are driven by alpha- and beta-adrenoceptor activation,
we used alpha- and beta-adrenoceptor antagonists (prazosin and pro-
pranolol, respectively) to reveal the contribution of NE’s effect on
subcellular [Ca2+] responses. To date, a complex evaluation of sig-
naling Ca2+ responses to a single stimulus (e.g. NE) in multiple sub-
cellular compartments has not been achieved in cardiomyocytes.

In summary, we characterized Ca2+ changes in subcellular com-
partments in response to NE in primary cultures of adult rat ventricular
myocytes (ARVM) (Ellingsen et al., 1993; Kuster et al., 2005). Fur-
thermore, by using an updated toolkit for targeted [Ca2+] measure-
ments in various compartments, we show that this approach allows
Ca2+ measurements in multiple cells simultaneously.

2. Methods

2.1. Cell culture

ARVMs were isolated from the hearts of adult (200 to 220 g) male
Sprague-Dawley rats as described previously (Kuster et al., 2005).

2.2. Cell treatments

L-Norepinephrine (10 μmol/L; Sigma) was added immediately be-
fore measurements. In some experiments, DL-Propranolol (2 μmol/L;
Sigma) or Prazosin (100 nmol/L; Sigma) were added 60min before L-
norepinephrine. Ascorbic acid (100 μmol/L; Sigma) was added to pre-
vent oxidation of L-norepinephrine. Thapsigargin (5 μmol/L; Sigma)
was added 10min prior to experiments.

2.3. Adenoviral constructs

The plasmid encoding mitochondrial calcium uniporter (MCU) was
obtained from Addgene clone 31,726 (Baughman et al., 2011). The 3-
threonine amino acid was changed to an alanine to match the reference
sequence and a stop codon was added. Using site directed mutagenesis,
amino acids D261 and E264 were both changed to glutamine, which
leads to a dominant negative mitochondrial calcium uniporter
(DNMCU) (Rasmussen et al., 2015). A primer of tgaagtatgttactggctg-
catgatctgcc-aggaatattcccacca and its reverse complement were used for
the mutagenesis reaction. The clone was confirmed by sequencing
(Genewiz). An adenovirus was created using the AdEasy system and β-
galactosidase was used as control as previously described (Pimentel
et al., 2006). All calcium biosensor adenoviral constructs were created
using the AdEasy system as well.

2.4. Cloning of Cameleon-based Ca2+ biosensors targeted to various
cellular compartments

Cameleon clones with Kd of 1 uM (D1) (Palmer and Tsien, 2006),
˜600 nM (D3) (Palmer and Tsien, 2006), 64 μM (D4 Addgene clone
37,473) (Palmer et al., 2006), 140 nM (Addgene clone 51966- yellow
Cameleon-Nano 140) (Horikawa et al., 2010), and 15 nM (Addgene
clone 51961- yellow Cameleon-Nano 15) (Horikawa et al., 2010) were
used as the reporter constructs. Together, we will refer to these as
Cameleon clones. To target particular compartments, we cloned or sub-
cloned the following sequences: (1) The MAM targeting sequence was

cloned from total C57BL/6 J mouse cardiac mRNA and consisted of the
first 67 AA of the DGAT2 sequence (Stone et al., 2009). The forward
sequencing primer was “gtgacgtgcattggcttcag” and reverse “cctagcac-
caggaaggatagg” (2). The mitochondrial targeting sequence with four
copies of the subunit VIII of human cytochrome C oxidase (Palmer and
Tsien, 2006) was sub-cloned from the mitoD3CPV (kind gift from
R.Y.Tsien) (3). The SR targeting sequence was sub-cloned from the
D1ER clone (kind gift from R.Y.Tsien) (Palmer and Tsien, 2006) and
sub-cloned onto D3CPV and 140Kd clones with a C-terminal KDEL se-
quence attached on each using PCR. All cloning and sequencing primers
were supplied by Fisher. All clones were sequenced to ensure the ap-
propriate sequences were obtained.

2.5. Cell imaging

ARVMs were transfected for 48 h and then imaged at 37 °C using an
inverted Olympus Spinning Disk confocal microscope in wide field
mode. The light source was Prior Lumen Pro 220. All optical filters were
obtained from Chroma: excitation 436/20 nm, dichroic 455 L P, emis-
sion YFP 535/30 nm, emission CFP 480/40 nm. The cardiac myocytes
were localized with light microscopy and subsequently visualized for
fluorescence excited at 426–446 nm while data from CFP and YFP
emission were collected using a rapid emission filter changer (Prior).
All images were taken with a plan-apochromatic 20x/0.4NA
(Olympus). Data were analyzed using NIS Elements software (Nikon).
Ratiometric images were calculated using background-subtracted YFP
emission divided by background-subtracted CFP emission. Cells were
observed over a period of 20 s with image acquisition every second after
caffeine (20mM) administration. Cells were observed over a period of
10min with image acquisition every 20–30 s after NE (10 μM) in the
presence and absence of propranolol (2 μM) and/or prazosin (100 nM).
Only rod-shaped cardiomyocytes were included in the analysis.

To prove the correct localization of the probes 100 nM of ER-
Tracker Red (Invitrogen) and Mito-Tracker Red FM (Invitrogen) were
added for 15min and washed immediately prior to imaging. Red lo-
calization dyes were needed as the FRET probes’ emission wavelengths
overlap with green fluorescent imaging. For the localization of the SR
and MAM probes, structured illumination microscope (SIM) images
were acquired using the Nikon N-SIM super resolution system and a SR
Apo TIRF 100× 1.49NA objective (Nikon Instruments, Melville, NY).
SIM image processing was performed using the previously published 3D
reconstruction methodology (Gustafsson et al., 2008) and NIS-Elements
software. For the localization of the mitochondrial probe confocal
imaging was performed using a LSM710 system (Zeiss, Thornwood,
NY). All images were taken with a Plan-Apochromat 100×/1.4NA oil
objective (Zeiss). The 488 nm argon laser line was used for imaging
YFP. Emitted fluorescence was collected in the range of 507–549 nm.
Excitation of Mito-Tracker was performed using the 543 nm laser.
Emission was collected in the range of 561–735 nm. For further con-
firmation of localization of the endoplasmic reticulum probe confocal
imaging was performed using Leica SP5 Confocal Microscope (Leica,
Buffalo Grove, IL). All images were taken with a Plan-Apochromat 63
×/1.4NA oil objective (Leica). The 405 nm argon laser line was used
for imaging YFP. Emitted fluorescence was collected in the range of
464–600 nm. Excitation of ER-tracker Red was performed using the
594 nm laser. Emission was collected in the range of 603–700 nm. The
cytosolic probe was localized using an Olympus microscope with a
Plan-Apochromatic 60×/0.85NA objective (Olympus) and emission
YFP 535/30 nm.

2.6. Determination of the correct Cameleon Ca2+ affinity for the individual
cellular compartments

The correct Kd for each subcellular compartment was determined
with caffeine-induced SR Ca2+ release. Caffeine rapidly depletes the SR
of Ca2+ leading to a dramatically increased cytosolic (Bers, 2008) and
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mitochondrial Ca2+ levels (Pan et al., 2013). The probes were tested for
caffeine responsiveness at varying Kd levels based on prior literature
reports (Horikawa et al., 2010; Palmer et al., 2006; Palmer and Tsien,
2006). Caffeine (20mM) was rapidly administered and the cells were
imaged every second for a total of 20 s. For probes directed to cellular
compartments where caffeine increases [Ca2+] (mitochondria and
MAM), the lowest Kd clone that was still responsive to caffeine was used
for the experiments. Conversely, for the SR probe, caffeine is expected
to decrease SR [Ca2+], and the reciprocal approach was taken: the
highest Kd probe that still reacted to caffeine was selected for further
use. (Fig. 2A).

2.7. Calibration of the cameleon probes

For calibration, cardiomyocytes were incubated in a potassium
phosphate Hepes solution (in mM): Hepes (20), KCl (140), MgCl2
(1.51), KH2PO4 (0.5), BAPTA (5) and BAPTA-AM (0.01) set at pH=7.4
with KOH for cytosolic probe and pH=8 for the mitochondrial probe
to mimic the pH in mitochondrial matrix. The Rmin was determined
after membrane permeabilization. The Rmax was reached by adding
small volumes of CaCl2 (10 or 50mM stock) in stepwise manner to
generate the calibration curve (Wüst et al., 2017). After conversion of
the x-axis to logarithmic scale, the dose-response curve was fitted using
GraphPad Prism software and 50% effective [Ca2+] (EC50) was cal-
culated for each probe. Fitted curves were shown with± 95% con-
fidence interval boundaries (Fig. 4).

2.8. Statistical analysis

Results are presented as mean ± SEM. Comparisons between
groups were performed using unpaired t-tests, Mann-Whitney non-
parametric tests or 2-way or repeated measures ANOVA, as appropriate.
All statistical analyses were performed using GraphPad Prism software.
P-value<0.05 was considered significant.

3. Results

3.1. Localization of the cameleon probes

For SR localization, we used the calsequestrin targeting sequence
from D1ER (Palmer and Tsien, 2006) in conjunction with a C-terminal
KDEL retention sequence. Confocal microscopy showed overlap (Fig.1
panel A3) between the D3 ER probe (Fig.1 panel A1) and ER-tracker
(Fig.1 panel A2). In addition, high resolution SIM imaging confirmed
the placement of the ER-Tracker that binds to the sulfonylurea re-
ceptors on the outside of the SR membrane. In the image shown
(Fig. 1B), the Cameleon probe in the SR lumen is surrounded by the ER-
Tracker on the outside of the SR membrane proving appropriate loca-
lization of the Ca2+ sensing probe. Caffeine was administered and di-
minution of the ratio was measured. We found that the D3 probe re-
sponded appropriately to caffeine and had a dual measured Kd =
793 nM and 1.85mM (Fig. 4A).

For mitochondrial localization, we assessed the use of single to
multiple copies (Filippin et al., 2005) of the targeting sequence from
subunit VIII of human cytochrome C oxidase and found that a 4x leader
sequence was required for successful localization of the probe to the
mitochondria (Fig. 1C). Similar strategies to promote mitochondrial
targeting have been used previously (Wüst et al., 2017). To search for
the correct Ca2+ affinity of the mitochondrial probe, a similar iterative
process to the ER probe was necessary. Despite the correct localization
confirmed by SIM imaging (Fig. 1C), higher Kd Cameleon probes were
minimally responsive to caffeine but the Cameleon probe with an in
vitro-reported Kd=15 nM still maintained responsivity to caffeine
(Fig. 2B). Our calibration showed that the Kd of the probe when loca-
lized to the mitochondrial matrix of our cell type is about 6-fold higher,
(EC50 91 ± 6 nM) (Fig.4B), and this value is similar to previously

reported mitochondrial matrix Ca2+ levels using a different probe
(Wüst et al., 2017).

Since the interplay between SR and mitochondria is important in the
regulation of mitochondrial [Ca2+] (Raffaello et al., 2016), we also
targeted a Cameleon probe to the SR-mitochondrial space, termed the
Mitochondrial Associated Membrane (MAM) space. Using the DAGT2
leader sequence, the probe was targeted to and localized in the MAM
space (Stone et al., 2009) as confirmed by SIM imaging (Fig1, D and E).
The Cameleon probe with a Kd=15 nM was reactive to caffeine in this
region. The actual Kd for this probe when calibrated in our cells was
found to be more than 6-fold higher (EC50 132.2 ± 6.9 nM) (Fig.4C).

Lastly, no targeting sequence was needed for cytosolic localization.
Similar to the mitochondrial and MAM probes, we found that the probe
with Kd 15 nM was reactive to caffeine. Our calibration for the cytosolic
probe revealed an estimated Kd ∼60–80 nM which is consistent with
previously reported values for cytosolic calcium concentrations
(Boyman et al., 2013) (Fig. 4D).

3.2. NE increases free Ca2+ in the SR

After stimulation with NE for 10min, the calcium fluorescence ratio
in the SR increased by 16.5 ± 2.7% vs. baseline (Fig. 3A). Propranolol
inhibited the NE-stimulated increase in Ca2+ ratio by 73%, whereas the
alpha-adrenergic inhibitor, prazosin, caused a small, non-significant
decrease. The use of both inhibitors almost completely (∼ 90%) pre-
vented the Ca2+ uptake by SR after stimulation with NE.

3.3. NE increases free Ca2+ in the mitochondria

As visualized with the mitochondria-directed probe, NE increased
mitochondrial calcium ratio by 7.8 ± 1.0%. The increase was evident
already at 60 s after NE application, and preceded the increase we ob-
served in SR which occurred over 10min. Propranolol inhibited the NE-
induced increase in mitochondrial Ca2+ by 86%. There was a small
non-significant inhibition by prazosin, and the combination of propra-
nolol and prazosin almost completely inhibited the increase (Fig. 3B).
This suggests mostly direct activation of calcium entry to mitochondria
unrelated to SERCA activation by NE.

3.4. NE decreases free Ca2+ in the mitochondrial associated membrane
(MAM) space

In contrast to the NE-stimulated increases observed in the SR and
mitochondria, the calcium ratio in the MAM space decreased by
15.8 ± 1.4% (Fig. 3D). Similar to the NE-stimulated increases in the
SR this effect was most evident after 10min since NE application and
was decreased by propranolol (73%), with only a non-significant de-
crease with prazosin and almost complete inhibition by the combina-
tion of propranolol and prazosin. To elucidate the contribution of both
SERCA uptake and mitochondrial Ca2+ uptake to the decrease of Ca2+

in MAM space, we inhibited these with either thapsigargin or mi-
tochondrial calcium uniporter (MCU) dominant negative viral construct
(DNMCU), respectively (Fig. 3E). NE decreased the calcium ratio by
16.0 ± 0.9%. Inhibition with thapsigargin attenuated the Ca2+ de-
crease by 55% (to 9.1 ± 0.6%, p < 0.0001). DNMCU expression at-
tenuated the Ca2+ decrease by 25% (to 12 ± 0.6%, p < 0.01). In-
hibition of both reduced the Ca2+ uptake from MAM further, by 62%
(to 6.1 ± 0.4%, p < 0.0001) (Fig. 3E). Thus, both Ca2+ uptake by
SERCA and mitochondrial uptake via MCU seem to be important me-
chanisms mediating the decrease in MAM [Ca2+] after adrenergic sti-
mulation.

3.5. NE does not alter Ca2+ in the cytosol

Overexpression of the probe with no leader sequence resulted in
diffuse distribution in the cytosol. NE caused no change in cytosolic
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Fig. 1. Localization of the Cameleon probes
to subcellular compartments in cardio-
myocytes. (A and B): For SR localization, we
utilized an N-Terminal calreticulin leader se-
quence coupled with a KDEL C-terminal se-
quence to place the probe in the ER lumen. In
(A) overlap with ER-tracker Red is shown by
confocal microscopy, in (B) co-localization
with ER tracker, which binds to receptors on
the outside of the ER, is shown by SIM ima-
ging. (C): For mitochondrial localization, we
found that a 4x leader sequence of cytochrome
C oxidase was required to target the probe to a
mitochondria. Co-localization with Mitotracker
Red is shown. (D) and (E): For mitochondrial
associated membrane (MAM) space, the leader
sequence for DGAT2, a protein that has been
reported to be present in the mitochondrial
membrane space (MAM) was used. In (D) co-
localization with ER-tracker Red is shown, in (E)
co-localization with Mitotracker is shown.
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Fig. 2. Responses of the Cameleons to caffeine-induced SR calcium release in different cellular sub-compartments. Only rod-shaped cardiomyocytes were
included in the analysis. Green color represents the lowest ratio (lowest [Ca2+]), red color represents the highest ratio (highest [Ca2+]). (A) endo-/sarcoplasmic
reticulum (ER), decrease in [Ca2+]; (B)mitochondria, increase in [Ca2+] within 3 s; and (C)MAM, increase in [Ca2+] within 3 s. (D) cytosol, increase in [Ca2+] within
4 s. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article).
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Ca2+ ratio over 10min (Fig. 3C).

4. Discussion

The Ca2+ transients responsible for excitation-contraction coupling
have been well described using small molecule Ca2+ indicators in the
cytosol (Bers, 2008). However, in addition to these large cytosolic Ca2+

transients, there are smaller Ca2+ movements within the localized re-
gions of the cell (Berridge, 2006). Given their low amplitude relative to
the much larger cytosolic contractile Ca2+ these transients have been
difficult to characterize (Berridge, 2006; Berridge et al., 2003). Here we
show signaling Ca2+ changes in different cellular compartments of
cultured, non-beating adult rat ventricular myocyte (ARVM) stimulated
by NE. ARVMs are commonly used to study cardiac growth, apoptosis,
and SR stress (Ellingsen et al., 1993), representing a useful model
system to test methods for Ca2+ measurements.

The development of the genetically encoded calcium indicators
(GECI) can be affected by two major pitfalls: First, the subcellular

targeting of the probe can be challenging and second, the response
range of the probe may not match the reported in vitro values (Filippin
et al., 2005; O’Malley et al., 1999). In our experiments, the targeting
was particularly difficult in the case of the mitochondrial probe, where
a single targeting sequence proved to be insufficient for the correct
probe localization. In fact, quadrupling of the subunit VIII COX tar-
geting sequence was necessary to ensure any mitochondrial localiza-
tion. A similar approach to mitochondrial targeting of a different probe
was described previously (Filippin et al., 2005; Wüst et al., 2017).

In all four subcellular localizations, the measured intracellular Kd

was different from the in vitro reported Kd value (Fig. 4). This difference
likely results from the different molecularly dense microenvironments
(O’Malley et al., 1999) and could not be accurately predicted prior to
the experiments. Thus, extensive iterative trials were required to arrive
at appropriate in vitro [Ca2+] sensitivities. Nevertheless, our measured
Kd values are consistent with the prior literature for each cellular sub-
compartment. The calibration of both cytosolic (measured EC50
73 ± 3.5 nM) and mitochondrial (measured EC50 91 ± 6 nM) probes

Fig. 3. Changes in free [Ca2+] to 10 μM
norepinephrine (NE): (A) SR [Ca2+] in-
creases. Cameleon Ca2+ ratio in SR increased
by 16.5 ± 2.7% compared to baseline after
the stimulus. Inhibition with propranolol (Pro)
reduced the signal by 89% while the reduction
of the NE response by an alpha-adrenergic in-
hibitor, prazosin (Praz) was not statistically
significant. The use of both inhibitors
(Praz+Pro) completely prevents the uptake of
calcium by SR after stimulation with NE. (B)
Mitochondrial [Ca2+] increases. NE in-
creased mitochondrial free [Ca2+] by 8%. Dual
adrenergic receptor inhibition (Praz+Pro)
completely prevented the uptake and beta-
adrenergic inhibitor propranolol (Pro) almost
completely prevented the increase. (C)
Cytosolic [Ca2+] remains unchanged after
norepinephrine (NE). The Ca2+ratio of the
Cameleon Kd probe overexpressed in the cy-
tosol did not change within 10min after the
stimulus with 10 μM concentration of NE. (D)
MAM [Ca2+] decreases. NE decreased
Cameleon Ca2+ ratio in the mitochondrial as-
sociated membrane (MAM) space by 8%. The
NE Ca2+ signal in MAM was almost completely
(by 90%) prevented by dual inhibition of the
beta- and alpha-receptors (Praz+Pro): a)
Beta-adrenergic blockade (Pro) prevents the
Ca2+ decrease by 73% while b) prazosin (Praz)
alone has no significant effect. (E) MAM
[Ca2+] decrease is attenuated by inhibition
of SERCA and mitochondrial Ca2+ uptake.
NE decreased the calcium ratio in MAM by
16%. Inhibition with thapsigargin 5 μM
(Thapsi) attenuated the Ca2+ decrease by 55%.
DNMCU expression attenuated the Ca2+ de-
crease by 25%. Inhibition of both reduced the
Ca2+ uptake from MAM by 62%. (n=5–7,
***p < 0.001, ** p < 0.01 vs control;
#p< 0.05 vs. groups as outlined).
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proved that each of Kd values are within the expected range of pre-
viously reported [Ca2+] for the respective compartment (Raffaello
et al., 2016; Wüst et al., 2017). Similarly, the Kd of the SR probe, with
its double dissociation constant as detected by our calibration (with
higher EC50 at 1.85mM) falls into the previously reported range as well
(Greotti et al., 2016; Raffaello et al., 2016). The MAMs probe calibra-
tion revealed a cellular Kd higher than the cytosolic probe (EC50
132.2 ± 6.9 nM). This likely reflects a more molecularly dense en-
vironment in MAMs compared to the cytosol and also makes the probe
suitable to assess higher [Ca2+] in proximity of “Ca2+ hot spots”
(Giacomello et al., 2010).

In the sarcoplasmic reticulum, NE increased [Ca2+], as expected.
This effect was mostly due to beta-adrenergic stimulation, although
there may have been a small contribution from alpha-adrenergic sti-
mulation as there was complete attenuation when both beta- and alpha-
receptors were blocked. The beta-adrenergic rise in SR calcium was
likely due to activation of influx via SERCA. A small alpha-receptor
mediated effect may reflect influx via store operated channels (Bartoli
and Sabourin, 2017).

In mitochondria, calcium concentrations as high as 600 nM have
been estimated in contracting cardiac myocytes during systole (Wüst
et al., 2017; Zaglia et al., 2017). Since our cells were not contracting,
systolic flux of calcium from the cytosol was absent, thus resulting in
the lower measured [Ca2+]. Additionally, since Cameleon probes re-
spond to free Ca2+, and much of the mitochondrial Ca2+ is buffered
(Coll et al., 1982; Wei et al., 2012), our results fall on the lower end of
the previously published [Ca2+] range. The calibration of the mi-
tochondrial probe (measured EC50 91 ± 6 nM) suggests that
[Ca2+]mito in our model ranges between 60–150 nM, which is con-
sistent with previously published data (Wüst et al., 2017). NE stimu-
lated an increase in mitochondrial [Ca2+]. Similar to the SR, in mi-
tochondria, the effect of NE was largely blocked by propranolol, with
some further inhibition with the addition of prazosin, suggesting that
the increase was mediated primarily by the beta-adrenergic signaling.
Unlike the SR, the increase in mitochondrial Ca2+ was faster and oc-
curred as early as 60 s after NE stimulation. This suggests a direct effect
of NE on mitochondrial Ca2+ uptake, possibly through stimulation of

the mitochondrial calcium uniporter (MCU) (Finkel et al., 2015; Pan
et al., 2013; Wu et al., 2015).

In the MAM space, in contrast to mitochondria, NE decreased the
[Ca2+]. As in the SR, this effect of NE was primarily mediated by beta-
receptors, although a small alpha-adrenergic component may have
contributed. The MAM represents space where the SR and mitochondria
are in close proximity that facilitates Ca2+ transfer (Csordás and
Hajnóczky, 2009; Raffaello et al., 2016; Stone et al., 2009; Wang et al.,
2018). The NE-stimulated increase in mitochondrial Ca2+ occurred
rapidly over about 60 s, whereas the NE-stimulated decrease in the
MAM was slower, evolving over about 10min, a time course similar to
that for the NE-stimulated increase in the SR. We found that inhibition
of either SR or mitochondrial uptake attenuated the NE-induced de-
crease in MAM calcium. This data suggests that both the SR and mi-
tochondria participate in regulation of MAM [Ca2+]. These observa-
tions coupled with the differential temporal relationship suggests that
the decrease in MAM [Ca2+] is related to interplay between SR and
mitochondrial uptake. Our findings are consistent with the reports
suggesting that MAM contains SERCA and represents a place of SR/
mitochondrial cross-talk (Chami et al., 2008; Raffaello et al., 2016;
Rizzuto et al., 1998).

5. Conclusion

In quiescent primary culture ARVM, we used genetically-targeted
Cameleon probes to monitor Ca2+ in subcellular locations. Under
conditions that had no effect on [Ca2+] in the cytosol, adrenergic sti-
mulation caused directionally and temporally distinct responses in the
SR, mitochondria and MAM. This targeted approach provides better
understanding of the role Ca2+ plays in signaling, in and between these
compartments in cardiac myocytes, and could be easily applicable to
other primary cell culture systems as well.
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