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ABSTRACT Quantification of subcellularly resolved Ca2þ signals in cardiomyocytes is essential for understanding Ca2þ fluxes
in excitation-contraction and excitation-transcription coupling. The properties of fluorescent indicators in intracellular compart-
ments may differ, thus affecting the translation of Ca2þ-dependent fluorescence changes into [Ca2þ] changes. Therefore, we
determined the in situ characteristics of a frequently used Ca2þ indicator, Fluo-4, and a ratiometric Ca2þ indicator, Asante
Calcium Red, and evaluated their use for reporting and quantifying cytoplasmic and nucleoplasmic Ca2þ signals in isolated
cardiomyocytes. Ca2þ calibration curves revealed significant differences in the apparent Ca2þ dissociation constants of
Fluo-4 and Asante Calcium Red between cytoplasm and nucleoplasm. These parameters were used for transformation of fluo-
rescence into nucleoplasmic and cytoplasmic [Ca2þ]. Resting and diastolic [Ca2þ] were always higher in the nucleoplasm.
Systolic [Ca2þ] was usually higher in the cytoplasm, but some cells (15%) exhibited higher systolic [Ca2þ] in the nucleoplasm.
Ca2þ store depletion or blockade of Ca2þ leak pathways eliminated the resting [Ca2þ] gradient between nucleoplasm and cyto-
plasm, whereas inhibition of inositol 1,4,5-trisphosphate receptors by 2-APB reversed it. The results suggest the presence of
significant nucleoplasmic-to-cytoplasmic [Ca2þ] gradients in resting myocytes and during the cardiac cycle. Nucleoplasmic
[Ca2þ] in cardiomyocytes may be regulated via two mechanisms: diffusion from the cytoplasm and active Ca2þ release via
inositol 1,4,5-trisphosphate receptors from perinuclear Ca2þ stores.
INTRODUCTION
Quantification of subcellular Ca2þ concentration and fluxes
is of crucial importance for understanding physiological
and pathological processes in the heart (1,2). Nuclear Ca2þ

regulates key cellular processes, including gene expression,
apoptosis, assembly of the nuclear envelope, and nucleo-
cytoplasmic transport (3–7). In cardiac myocytes, a transient
rise in the cytoplasmic free Ca2þ concentration, [Ca2þ]cyto,
occurs during each heart beat. Each cytoplasmic [Ca2þ] tran-
sient (CaT) also elicits a nucleoplasmic CaT (8,9). However,
it is not fully understood whether cytoplasmic CaTs transmit
passively to the nucleus by Ca2þ diffusion through nuclear
pore complexes, or whether nucleoplasmic [Ca2þ]
([Ca2þ]nuc) can also be regulated actively, and, if so, bywhich
mechanisms.

The notion that [Ca2þ]nuc does not just passively follow
the [Ca2þ]cyto changes, but may instead be regulated
actively and independently, is supported by evidence that
the nuclear envelope expresses Ca2þ-regulating proteins,
including the sarcoplasmic/endoplasmic reticulum Ca2þ-
ATPase (SERCA), Ca2þ release channels, and Ca2þ-buff-
ering proteins (10–13). Furthermore, it was previously
shown that endothelin-1, via inositol 1,4,5-trisphosphate
receptor (IP3R)-mediated Ca2þ release from the nuclear
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envelope, may increase [Ca2þ]nuc independently from
[Ca2þ]cyto (8). This process plays a key role in cardiac exci-
tation-transcription coupling (14). It has also been implicated
in the development of cardiac hypertrophy and the progres-
sion of heart failure (15–17), thus underlining the importance
of elucidating the relationship between [Ca2þ]nuc and
[Ca2þ]cyto, and howCa2þ-dependent signaling in the nucleus
is regulated. However, this requires accurate measurements
of [Ca2þ] in both the nucleoplasmic and cytoplasmic
compartments.

The fluorescent indicators Fluo-3 and Fluo-4 are widely
used to monitor [Ca2þ] in the cytoplasm and nucleoplasm
of various cell types. Efforts to determine [Ca2þ]nuc versus
[Ca2þ]cyto using these indicators, however, have been
hindered by several technical difficulties and provided
quite variable results. Some reports indicated that resting
[Ca2þ]nuc is higher than [Ca2þ]cyto (18), but also the oppo-
site was observed (19). In other cases, no difference between
[Ca2þ]nuc and [Ca

2þ]cyto was found (20), or it was attributed
to artifacts (21). This discrepancy is in part caused by the
fact that estimates of [Ca2þ]nuc changes are usually based
on the assumption that Ca2þ indicators behave identically
in different cellular compartments. This assumption,
however, is not valid if the fluorescence properties of the
dyes are altered differentially by the cytoplasmic and nucle-
oplasmic environment, as observed for Fluo-3 fluorescence
in Xenopus oocyte nucleoplasmic and cytoplasmic homoge-
nates (22). In situ studies with three different mouse cell
lines loaded with either Fluo-3 or Fluo-4 yielded similar
doi: 10.1016/j.bpj.2011.03.060
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results (23). A comparison of fluorescent Ca2þ indicator
properties in HeLa cells further confirmed distinct charac-
teristics of Fluo-3 and Fluo-4 in the cytoplasmic versus
nucleoplasmic compartment (20). Further problems can
arise from the sequestration of Ca2þ indicators into intracel-
lular organelles (21,24). Indicators have also been reported
to leak from the cytoplasm to the extracellular medium
facilitated by sarcolemmal anion transporters (25,26).

Altogether, these observations indicate that without
proper independent determination of the indicator properties
in the nucleoplasm versus the cytoplasm, any quantitative
analysis of [Ca2þ]nuc versus [Ca2þ]cyto is not reliable.
Thus, to address the quantitative changes of [Ca2þ]nuc and
[Ca2þ]cyto, it will be necessary to transform raw fluores-
cence signals into calibrated [Ca2þ], taking into account
the effects of the different subcellular environments on the
characteristics of the indicator. In cardiac myocytes,
however, the Ca2þ binding affinities and fluorescent proper-
ties of Fluo indicators in different intracellular compart-
ments have not yet been determined. In this study, first we
determined the Ca2þ-dependent fluorescent properties of
the frequently used Ca2þ indicator, Fluo-4, and of a new ra-
tiometric Ca2þ indicator, Asante Calcium Red (ACaR), in
the cytoplasm versus the nucleoplasm of cardiac myocytes
by means of in situ calibration. Second, we used the results
of the in situ calibration to quantify [Ca2þ]cyto and [Ca

2þ]nuc
signals under different physiological conditions in isolated
cardiac myocytes. The results revealed that Fluo-4 and
ACaR exhibit distinctively different fluorescent and Ca2þ

binding properties between the cytoplasm and nucleoplasm
of cardiomyocytes, and that there are significant nucleo-
plasmic-to-cytoplasmic [Ca2þ] gradients in resting cardio-
myocytes, that are dependent on intact 2-APB-sensitive
Ca2þ stores.
MATERIALS AND METHODS

An expanded Materials andMethods section can be found in the Supporting

Material.
Cell preparation and confocal Ca2D imaging

The experimental procedures used to isolate cardiomyocytes from rat

and mouse hearts were approved by the local Animal Care and Use

Committees according to criteria outlined in the Guide for the Care and

Use of Laboratory Animals prepared by the U.S. National Academy of

Sciences (National Institutes of Health publication No. 85-23, revised

1996). Isolated cardiomyocytes were loaded with Fluo-4 (Molecular

Probes, Eugene, OR) by 30-min incubation in normal Tyrode’s solution

(NT) containing 8 mM of the acetoxymethylester (AM) of the dye (in

20% (w/v) Pluronic-127/dimethyl sulfoxide (DMSO); Molecular Probes).

A further 30 min were allowed for deesterification. When ACaR was

used, the myocytes were incubated with 10 mMACaR AM (TEFLabs, Aus-

tin, TX) for 90 min, and 45 min were allowed for deesterification. All exper-

iments were conducted at room temperature (22–24�C).
Fast, two-dimensional (2D) confocal [Ca2þ] imaging was performed as

described previously (27) with the use of a confocal imaging setup (Visi-

Tech International, Sunderland, UK) based on a Nipkow disc. Alternatively,
a Zeiss LSM 510 Meta confocal microscope (Carl Zeiss, Jena, Germany)

was used. For Fluo-4, the excitation and emission wavelengths were

488 nm and >515 nm, respectively. For ACaR, excitation occurred at

488 nm and emission was collected at >650 nm (F1) and at 475–525 nm

(F2). The z-axis resolution of the confocal images was ~0.9–1.4 mm. The

height of the nuclei amounted to 5–7 mm. For recording of [Ca2þ]nuc, the
confocal plane was set to the middle (z axis) of the nuclei to ensure that

only fluorescence originating from the nucleoplasm would be collected.
In situ calibration of Fluo-4 and ACaR
fluorescence

Calibration solutions were made according to the procedure described by

Bers (28) and McGuigan et al. (29). In brief, we calculated the total

[Ca2þ] required to obtain the desired free [Ca2þ] in the presence of 1mM

EGTA using the MaxChelator program (30) (http://www.stanford.edu/

~cpatton/maxc.html). Two solutions (EGTA and CaEGTA) were prepared.

The EGTA solution contained (mM) 130 NaCl, 5.4 KCl, 0.5 MgCl2,

1 EGTA, 15 BDM (2,3 butanedione monoxime), 25 Hepes, 0.01 A23187,

1.8 2-deoxy-D-glucose, 0.01 rotenone, 0.005 CPA, pH 7.4. The CaEGTA

solution was the same as the EGTA solution except that it also contained

2 mM CaCl2. Known quantities of EGTA and CaEGTA solutions were

mixed to obtain calibration solutions with free [Ca2þ] of 0 nM, 50 nM,

250 nM, 750 nM, 1500 nM, 3000 nM, and 1 mM. The free [Ca2þ] was
confirmed with a Ca2þ-sensitive electrode (Orion 97-20 ionplus; Thermo

Electron, Beverly, MA). Calibration solutions also contained the Ca2þ iono-

phore A23187, metabolic inhibitors (2-deoxy-D-glucose, 1.8 mM; rote-

none, 10 mM) and cyclopiazonic acid (CPA, 5 mM), a SERCA inhibitor,

to block active Ca2þ transport systems and allow equilibration of [Ca2þ]
between the extracellular medium and the cell interior (20). Finally, the

calibration solutions contained butanedione monoxime (BDM) to prevent

contracture of the myocytes at high [Ca2þ]. Cells were equilibrated in

each calibration solution for 8 min. During this period, fluorescence was

averaged over 1-s intervals every 2 min. Minimal Fluo-4 or ACaR fluores-

cence (Fmin) was measured during exposure to Ca2þ-free calibration solu-

tion and maximal Fluo-4 or ACaR fluorescence (Fmax) during exposure to

a calibration solution containing a saturating free [Ca2þ] of 1 mM.
Drugs and solutions

We obtained 2-APB, A23187, CPA, and rotenone from Calbiochem (Darm-

stadt, Germany). All other chemicals were purchased from Sigma-Aldrich

Chemie GmbH (Steinheim, Germany). The drugs were dissolved in DMSO

as concentrated stock solutions and diluted at least 1000-fold into the

medium. This yielded a final DMSO concentration of %0.1%, which on

its own showed no effect on myocyte morphology and contractile function.
Statistics

The data are presented as the mean 5 standard error (SE). Differences

between data sets were evaluated by Student’s t-test or analysis of variance,

and were considered significant when p < 0.05.
RESULTS

In situ calibration of Fluo-4 fluorescence
in cardiac myocytes

Mouse ventricular myocytes and rat atrial and ventricular
myocytes were loaded with the fluorescent Ca2þ indicator
Fluo-4 by incubation with the acetoxymethyl ester form
of the dye. Because Fluo-4 fluorescence changes do not
Biophysical Journal 100(10) 2356–2366
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directly report changes in the free [Ca2þ], the fluorescence
signals had to be transformed into calibrated [Ca2þ]. The
most commonly used approach to transform Fluo-4 fluores-
cence into free [Ca2þ] is to apply the equation first formu-
lated by Grynkiewicz and colleagues (31). For
nonratiometric dyes, the formula is as follows:

�
Ca2þ

� ¼ Kd ðF - FminÞ=ðFmax - FÞ (1)

where Kd is the apparent Ca2þ dissociation constant of the
indicator; Fmin and Fmax are the fluorescence intensities at
zero and saturating [Ca2þ], respectively; and F is the fluo-
rescence intensity at any given time. Obviously, the deriva-
tion of [Ca2þ] depends on two parameters, Fmin and Fmax,
which have to be determined independently for each cell
measured. As we sought to define the equation in a way
that includes only the indicator’s properties that can be pre-
determined, we transformed the original formula using the
equation for the resting [Ca2þ], [Ca2þ]rest:

�
Ca2þ

�
rest

¼ Kd ðFrest - FminÞ=ðFmax - FrestÞ (2)

and the dynamic range of the indicator, Rf:

Rf ¼ Fmax=Fmin (3)
FIGURE 1 In situ calibration of fluorescent Ca2þ indicator Fluo-4 in the nucle

images of Fluo-4 fluorescence of a mouse ventricular myocyte at various [Ca2þ

with seven different [Ca2þ] values, illustrating the in situ Ca2þ-dependent fluore
ventricular, rat atrial, and rat ventricular myocytes. (C) Apparent dissociation c

rescence in the nucleus (red) versus the cytoplasm (black). Data in B–Dwere obta

ular myocytes. Asterisks indicate p < 0.05 versus cytoplasm.
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We eliminated the parameters Fmin and Fmax from Eq. 1 by
substituting them with Eqs. 2 and 3, and thus obtained the
final formula for transforming the fluorescence signals
into absolute [Ca2þ]:

�
Ca2þ

� ¼ Kd

�
R
�
Kd þ Rf

�
Ca2þ

�
rest

�

-
�
Kd þ

�
Ca2þ

�
rest

����
Rf

�
Kd þ

�
Ca2þ

�
rest

�

- R
�
Kd þ Rf

�
Ca2þ

�
rest

��
(4)

where R is the normalized fluorescence signal, F/Frest.
The key parameters in Eq. 4 are Kd, [Ca

2þ]rest, and Rf.
Therefore, fluorescent signals from nucleoplasmic and cyto-
plasmic compartments with seven different [Ca2þ] values
ranging from 0 nM to 1 mM were obtained from mouse
ventricular (n ¼ 15) and rat atrial (n ¼ 8) and ventricular
(n ¼ 15) cardiac myocytes (Fig. 1). The calibration solu-
tions contained a Ca2þ ionophore, metabolic inhibitors, an
inhibitor of SERCA, and BDM. This allowed rapid and
complete equilibration of [Ca2þ] between the extracellular
solution and the cell interior, and prevented any active
Ca2þ transport as well as movement and contracture of
the cells at higher [Ca2þ]. Fig. 1 A shows original images
of a mouse cardiac myocyte obtained with selected [Ca2þ]
us versus the cytoplasm of mouse and rat cardiac myocytes. (A) Original 2D

] values during the calibration protocol. (B) Concentration response curves

scence of Fluo-4 in the nucleus (red) versus the cytoplasm (black) of mouse

onstants for Ca2þ binding (Kd(app)) and (D) dynamic range of Fluo-4 fluo-

ined from a total of 15 mouse ventricular, eight rat atrial, and 15 rat ventric-
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solutions during the calibration protocol. The Fluo-4 fluo-
rescence from the nucleus was higher than that from the
surrounding cytoplasm at each [Ca2þ] used, and this was
true for all cell types studied. We plotted the nucleoplasmic
and cytoplasmic Fluo-4 fluorescence versus [Ca2þ] (Fig. 1
B) and then fitted the concentration-response curves using
the Hill equation:

F ¼ �ðFmax - FminÞ=
�
1þ �

Kd=
�
Ca2þ

��n��þ Fmin (5)

This allowed us to determine the in situ Ca2þ dissociation
constant (Kd) and the Hill coefficient (n). We also assessed
photobleaching of the Ca2þ indicator Fluo-4 over the course
of the protocol and found it to be negligible (not shown).
The obtained calibration curves were used to calculate the
apparent Kd and the dynamic range, Rf. Fluo-4 showed
significantly different Ca2þ binding affinities between the
nucleoplasmic and cytoplasmic compartments in all cell
types studied (Fig. 1 C). Higher apparent Kd-values were
found in the nucleoplasm of mouse and rat ventricular
myocytes, but not in rat atrial myocytes, where the apparent
Kd in the nucleoplasm was lower than in the cytoplasm.
Furthermore, significantly higher values for Rf were found
in nucleoplasmic as compared with the cytoplasmic
compartments of all three cell types studied (Fig. 1 D).
Within a given cell type, the results were uniform and inde-
pendent of dye loading and gain settings. Once they were
determined, the average values for Kd,app, [Ca

2þ]rest, and
Rf were used in Eq. 4 for further transformation of the fluo-
rescence signals. For cells in which all calibration parame-
ters had been measured, we compared the [Ca2þ] values
calculated by Eqs. 1 and 4. We observed no significant
difference for electrically stimulated CaTs calculated by
these two methods. This confirms that the use of Kd,app,
Rf, and [Ca2þ]rest (as determined with the calibration
protocol) in combination with Eq. 4 is well suited for calcu-
lating [Ca2þ]cyto and [Ca2þ]nuc in the same type of myo-
cytes, isolated under the same experimental conditions, in
which no calibration has been conducted.

Cardiomyocytes loaded with Fluo-4 generally displayed
uniform cellular fluorescence patterns without obvious
accumulation in subcellular organelles (except for the
nuclei). The nuclei of cells loaded with Fluo-4 possessed
a higher fluorescence than that of the surrounding cyto-
plasm. Experiments in which the compartmentalization of
Fluo-4 was evaluated revealed that >90% of the dye was
distributed in the cytoplasm and nucleoplasm (Fig. S2).
In situ calibration of ACaR fluorescence
in cardiac myocytes

To validate the results obtained with the nonratiometric
Ca2þ indicator Fluo-4, we also conducted in situ calibration
experiments using the ratiometric Ca2þ indicator ACaR.
Fig. 2 A illustrates original images of a ventricular myocyte
obtained before (diastole) and during the calibration proce-
dure at various [Ca2þ] values. Fluorescence emissions
at >650 nm (F1, left) and 475–525 nm (F2, middle), as
well as the ratio F1/F2 (right), are shown. With increasing
[Ca2þ], F1 increased, whereas F2 decreased, as expected
from the emission spectra of ACaR. Consequently, the ratio
F1/F2 also increased with increasing [Ca2þ]. In similarity to
Fluo-4, ACaR exhibited higher fluorescence in the nucleo-
plasm than in the cytoplasm.

We plotted the ratio F1/F2 as a function of [Ca2þ] (Fig. 2
B) and used the Hill equation to fit and obtain the Kd,app for
Ca2þ binding. In a total of 15 ventricular myocytes, Kd,app

amounted to 2183 5 55 nM in the nucleoplasm, and
1336 5 38 nM in the cytoplasm (Fig. 2 C). Thus, similarly
to Fluo-4, ACaR displayed different Kd,app-values for Ca

2þ

binding in the nucleoplasm versus cytoplasm.
Having obtained the in situ Kd,app for Ca

2þ binding, we
used the Grynkiewicz formula for ratiometric dyes to calcu-
late [Ca2þ]cyto and [Ca2þ]nuc:

�
Ca2þ

� ¼ Kd b ðR - RminÞ=ðRmax - RÞ (6)

where R ¼ F1/F2, Rmin ¼ F1/F2 in the absence of Ca2þ,
Rmax ¼ F1/F2 in the presence of saturating [Ca2þ], and b ¼
the proportionality factor determined by the ratio of the F2
intensities of free and Ca2þ-bound dye, respectively (31).
Quantification and characterization
of cytoplasmic and nucleoplasmic CaTs
in electrically stimulated cardiac myocytes

The established in situ calibration curves were used to trans-
form the raw fluorescence signal during an electrically stim-
ulated CaT into [Ca2þ]nuc and [Ca2þ]cyto. Fig. 3 A shows
original traces from the nucleus and cytoplasm of two
mouse cardiac myocytes. The traces on the left show
a typical example of the CaTs observed in most of the cells
studied (85%): diastolic [Ca2þ]nuc was higher (in all cells
studied), whereas systolic [Ca2þ]nuc was lower than in the
cytoplasm. Of interest, however, some of the cells (15%)
showed higher systolic [Ca2þ] in the nucleus than in the
cytoplasm (traces on the right). On average, there was
a significant difference in diastolic and systolic [Ca2þ]
between the cytoplasmic and nucleoplasmic compartments
in all three types of cardiac myocytes: diastolic [Ca2þ]
was higher, whereas systolic [Ca2þ] was lower in the
nucleus (Fig. 3 B). The kinetics of the CaTs were signifi-
cantly slower in the nucleoplasm than in the cytoplasm,
and this was true for all myocytes studied (n ¼ 70; Fig. 3
C). There was a weak but significant correlation between
nucleoplasmic and cytoplasmic diastolic [Ca2þ], and
a much higher correlation between nucleoplasmic and cyto-
plasmic systolic [Ca2þ] (Fig. S2).

Measurements with the ratiometric indicator ACaR (n ¼
15) yielded almost identical results (Fig. 3, A–C, right). Two
Biophysical Journal 100(10) 2356–2366



FIGURE 2 In situ calibration of the ratiometric

Ca2þ indicator ACaR in the nucleus versus cyto-

plasm of rat ventricular myocytes. (A) Original

2D images of ACaR fluorescence at >650 nm

(F1, left) and 475–525 nm (F2, middle), as well

as the ratio F1/F2 (right), of a rat ventricular myo-

cyte at various [Ca2þ] during the calibration

protocol. (B) Concentration response curves of

the ratio F1/F2 as a function of [Ca2þ] in the

nucleus (blue) versus the cytoplasm (black) of rat

ventricular myocytes. (C) Kd(app) for Ca
2þ binding

in the nucleus (blue) versus the cytoplasm (black).

Data from 15 rat ventricular myocytes. Asterisk

indicates p < 0.05 versus cytoplasm.
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out of 15 cells (13%) showed higher systolic [Ca2þ] in the
nucleoplasm versus cytoplasm and all cells showed higher
diastolic [Ca2þ] in the nucleoplasm.

Taken together, these data imply the following: 1), dia-
stolic and systolic [Ca2þ] levels in the nucleus depend to
some extent on [Ca2þ] levels in the cytoplasm; 2), diastolic
[Ca2þ] in the nucleus is always higher than diastolic [Ca2þ]
in the cytoplasm, suggesting active release of Ca2þ into and/
or slowed removal of Ca2þ from the nucleus; and 3), there
may be both a passive and an active component of Ca2þ

increase during the spread of the cytoplasmic CaT into the
nucleus.
Resting [Ca2D]cyto and [Ca2D]nuc before and after
depletion of intracellular Ca2D stores

To elucidate the reason for the higher diastolic [Ca2þ] in the
nucleus, we investigated in more detail the resting [Ca2þ]
values in the two compartments. Fig. 4 A shows that even
in resting myocytes, the gradient between nucleus and cyto-
plasm persisted, i.e., [Ca2þ]nuc was still significantly higher
than [Ca2þ]cyto in all cell types studied, irrespective of the
Ca2þ indicator used (Fluo-4 or ACaR). This indicates that
Biophysical Journal 100(10) 2356–2366
the difference in diastolic [Ca2þ] between the two compart-
ments during electrical stimulation (Fig. 3) cannot be ex-
plained entirely by differences in the kinetics of the CaTs
(see also below). We hypothesized that the difference in
resting [Ca2þ] was caused by a Ca2þ release from the peri-
nuclear calcium stores into the nucleoplasm. If this nucleo-
plasmic Ca2þ leak was higher than the cytoplasmic Ca2þ

leak, i.e., Ca2þ released from the sarcoplasmic reticulum
(SR) into the cytoplasm, this could explain the diastolic
[Ca2þ] gradient between the nucleus and the cytoplasm.
To test this hypothesis, we depleted the intracellular Ca2þ

stores using CPA and Ca2þ-free solution. Fig. 4 B illustrates
an original recording from a mouse ventricular myocyte. In
the resting cell in the presence of NT, [Ca2þ]nuc was higher
than [Ca2þ]cyto. Shortly after the addition of CPA in Ca2þ-
free solution, [Ca2þ] rose in both the nucleus and the cyto-
plasm, presumably because of an imbalance between uptake
and release from the internal stores, with uptake being
blocked by CPA. [Ca2þ]nuc still exceeded [Ca2þ]cyto during
this phase. The Ca2þ elevation was transient, though,
because plasma membrane Ca2þ transport systems were still
functioning and capable of extruding the ions out of the cell.
Finally, [Ca2þ]nuc and [Ca2þ]cyto returned close to the



FIGURE 3 Quantification and characterization of cytoplasmic and nucle-

oplasmic CaTs in electrically stimulated cardiac myocytes. (A) Original

recordings of electrically stimulated CaTs in the nucleus versus cytoplasm

(black) of three ventricular myocytes. Traces on the left and right show

typical examples for most of the cells studied (85%): diastolic nucleo-

plasmic [Ca2þ] was higher, whereas systolic nucleoplasmic [Ca2þ] was

lower than in the cytoplasm. A minority of cells (15%) showed higher

systolic [Ca2þ] in the nucleus as compared with the cytoplasm (middle

traces). (B) Diastolic and systolic [Ca2þ] and (C) kinetic parameters

(time to peak (left) and RT50 (right)) of the CaTs. Data in B and C were

obtained from a total of 15 mouse ventricular, eight rat atrial, and 15 rat

ventricular myocytes for Fluo-4, and 15 rat ventricular myocytes for

ACaR. Asterisks indicate p < 0.05 versus cytoplasm.
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resting values. Of importance, however, the gradient
between the nucleus and the cytoplasm had vanished.
Fig. 4 C shows that after the Ca2þ store was depleted,
[Ca2þ]nuc and [Ca

2þ]cyto were essentially identical (n ¼ 12).
This indicates that the nucleoplasmic-to-cytoplasmic [Ca2þ]
gradient in resting myocytes depends on intact intracellular
Ca2þ stores.
Effects of 2-APB and tetracaine on the
nucleoplasmic-to-cytoplasmic [Ca2D] gradient

We hypothesized that a tonic Ca2þ leak from perinuclear
Ca2þ stores caused the nucleoplasmic-to-cytoplasmic [Ca2þ]
gradient observed in resting myocytes. To identify the Ca2þ

release channel(s) involved, we conducted experiments
with 2-APB (3 mM), a blocker of IP3Rs, and tetracaine
(1 mM), a blocker of ryanodine receptors (RyR2). Fig. 5 A
shows an original recording from a ventricular myocyte.
Average results are presented in Fig. 5 C. In NT, [Ca2þ]nuc
was higher than [Ca2þ]cyto. Exposure of the cell to 2-APB
decreased [Ca2þ]nuc, whereas [Ca2þ]cyto remained almost
unchanged. Thus, the nucleoplasmic-to-cytoplasmic [Ca2þ]
gradient was completely reversed. Additional application of
tetracaine reduced predominantly [Ca2þ]cyto. In the presence
of both 2-APBand tetracaine, therewas no nucleoplasmic-to-
cytoplasmic [Ca2þ] gradient. When tetracaine was applied
first (Fig. 5, B and D), there was a decrease in both nucleo-
and cytoplasmic [Ca2þ]. Of importance, however, [Ca2þ]nuc
remained higher than [Ca2þ]cyto. Additional application of
2-APB caused a selective decrease in [Ca2þ]nuc. Again, in
the presence of both inhibitors, there was no nucleo-
plasmic-to-cytoplasmic [Ca2þ] gradient. These results show
that the nucleoplasmic-to-cytoplasmic [Ca2þ] gradient
depends on a Ca2þ leak from intracellular Ca2þ stores. The
fact that 2-APB caused selective decreases of [Ca2þ]nuc and
could even reverse the gradient suggests that there is a tonic
IP3R-mediated Ca2þ leak from perinuclear Ca2þ stores that
is responsible for the higher [Ca2þ]nuc in resting myocytes.

When electrically stimulated ventricular myocytes were
exposed to 2-APB (3 mM), we observed a selective decrease
of diastolic nucleoplasmic [Ca2þ] (Fig. 5, E and F). Systolic
nucleoplasmic [Ca2þ] and cytoplasmic [Ca2þ] in both dias-
tole and systole remained unaffected. Thus, consistent with
the results obtained in resting myocytes, an IP3R-mediated
Ca2þ leak/release from perinuclear Ca2þ stores appeared
to contribute to nucleoplasmic Ca2þ regulation, particularly
in diastole, whereas systolic [Ca2þ] in the nucleoplasm
seemed to be governed predominantly by the cytoplasmic
[Ca2þ] increase and diffusion of Ca2þ through nuclear pores
into the nucleoplasm (see also Fig. S3).
Stimulation frequency-dependent changes
in [Ca2D]nuc versus [Ca2D]cyto

Heart rate is an important determinant of cardiac function.
In cardiac myocytes, increases in stimulation frequency
cause increases in diastolic and systolic [Ca2þ]. Because
of the markedly slower kinetics of nucleoplasmic CaTs as
compared with cytoplasmic CaTs (Fig. 3), we hypothesized
that an increase in stimulation frequency would affect
[Ca2þ]nuc and [Ca2þ]cyto, and in particular the diastolic
[Ca2þ], differentially. Fig. 6 A shows an original recording
from a mouse ventricular myocyte. The stimulation
frequency was gradually increased from 0.5 Hz to 4 Hz.
Both diastolic and systolic [Ca2þ] values in the nucleus
and cytoplasm rose with the increase in frequency. However,
the increase was most pronounced for diastolic [Ca2þ] in
the nucleus. Fig. 6 B shows average data obtained from
Biophysical Journal 100(10) 2356–2366



FIGURE 4 Resting cytoplasmic and nucleo-

plasmic [Ca2þ] before and after depletion of intra-

cellular Ca2þ stores. (A) Calibrated resting [Ca2þ]
in mouse ventricular (n ¼ 15), rat atrial (n ¼ 8),

and rat ventricular (n ¼ 15 for both Fluo-4 and

ACaR) myocytes show significantly higher values

in the nucleus than in the cytoplasm. Asterisks

indicate p < 0.05 versus cytoplasm. (B) Original

recording of nucleoplasmic and cytoplasmic

(black) [Ca2þ] of a mouse ventricular myocyte

before (NT) and during the depletion of intracel-

lular Ca2þ stores by means of CPA and zero

Ca2þ solution. Note that the difference between

nucleoplasmic and cytoplasmic [Ca2þ] evident in
NT vanishes during depletion of the Ca2þ stores.

(C) Resting [Ca2þ] in a total of 12 mouse ventricular myocytes after depletion of intracellular Ca2þ stores. Resting [Ca2þ]nuc and [Ca
2þ]cyto were essentially

identical under these conditions, indicating that the nucleoplasmic-to-cytoplasmic [Ca2þ] gradient observed in NT depended on the intracellular Ca2þ store

content.
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20 myocytes, which confirm this observation. Systolic
[Ca2þ] in the cytoplasm and nucleoplasm increased in
parallel, whereas the diastolic [Ca2þ] increase in the nucleus
by far exceeded that in the cytoplasm. These results show
FIGURE 5 Effects of 2-APB and tetracaine on the nucleoplasmic-to-cytopla

versus [Ca2þ]cyto (black) of two rat ventricular myocytes before (NT) and after

[Ca2þ]nuc versus [Ca
2þ]cyto (black) and of the nucleoplasmic-to-cytoplasmic [C

of 2-APB and tetracaine. Data were obtained from a total of 10 rat ventricular m

Original recordings of [Ca2þ]nuc versus [Ca
2þ]cyto (black) transients in an elec

2-APB. (F) Average values of diastolic and systolic [Ca2þ]nuc versus [Ca
2þ]cyto

before and after application of 2-APB. Asterisk indicates p < 0.05 versus [Ca2

Biophysical Journal 100(10) 2356–2366
that because of the slower CaT kinetics in the nucleus, an
increase in stimulation frequency is sufficient for differen-
tial regulation of diastolic [Ca2þ] in the nucleus versus the
cytoplasm.
smic [Ca2þ] gradient. (A and B) Original recordings of resting [Ca2þ]nuc
application of 2-APB and tetracaine. (C and D) Average values of resting

a2þ] gradient of rat ventricular myocytes before (NT) and after application

yocytes for each series. Asterisks indicate p < 0.05 versus cytoplasm. (E)

trically stimulated rat ventricular myocyte before and after application of

(black) from a total of 15 electrically stimulated rat ventricular myocytes
þ]nuc under control conditions.



FIGURE 6 Frequency-dependent increases in diastolic and systolic

[Ca2þ] in the nucleus versus the cytoplasm. (A) Original recording of elec-

trically stimulated CaTs in the nucleus versus the cytoplasm (black) of

a mouse ventricular myocyte during gradual increases of stimulation

frequency from 0.5 Hz to 4 Hz. Average values of diastolic and systolic

[Ca2þ] from a total of 20 mouse ventricular myocytes are shown in B

and C, respectively. The frequency-dependent increase in diastolic [Ca2þ]
in the nucleus was significantly larger (p < 0.05) than in the cytoplasm.
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DISCUSSION

In situ calibration of Fluo-4 and ACaR
fluorescence

The in situ calibration procedure described here provides
a new (to our knowledge) means of quantifying [Ca2þ]nuc
versus [Ca2þ]cyto changes in cardiomyocytes for both
Fluo-4 and ACaR.

Previous studies showed that the fluorescent properties of
the Ca2þ indicator Fluo-4 are altered by the nuclear environ-
ment of various cell types (20,23). Therefore, we evaluated
two sets of Fluo-4 parameters, cytosolic and nucleoplasmic,
in mouse and rat cardiac myocytes. Our results for the mouse
and rat ventricular cardiac myocytes are in good agreement
with previous findings in HeLa cells, where the Kd,app

amounted to ~1000 nM in the cytoplasm (versus ~1100 nM
in our study) and to ~1260 nM in the nucleoplasm (versus
~1200–1300 nM in our study) (20). However, the opposite
was observed in rat atrial myocytes, where the Kd,app was
higher in the cytoplasm (~1400 nM) than in the nucleoplasm
(~1100 nM). The reason for this difference between atrial
and ventricular myocytes is unknown at present, but it is
probably related to the fact that the Kd,app for Ca

2þ binding
of the fluorescent probe can be drastically affected by
environmental conditions. This implies that there may be
substantial differences between atrial and ventricular myo-
cytes in terms of the nuclear environment, at least with
respect to the physicochemical properties of Fluo-4.

Our calibration method also relies on estimates of the
dynamic range, Rf, and [Ca2þ]rest. The dynamic range was
previously described as a property of the indicator that
does not need to be determined for every experiment (32).
However, previously obtained values for the dynamic range
of Fluo-4 varied. Thomas and colleagues (20) found it to be
6 and 15 for the cytoplasm and nucleoplasm of HeLa cells,
respectively, whereas values of 85–100 have also been
observed (32). In the context of this study—more important
than the exact value of Rf, which can vary depending on the
cell type and experimental conditions—it is to note that the
results were uniform within a given cell type, and were inde-
pendent of dye loading and gain settings. This justifies the
use of the dynamic range as a parameter for transforming
fluorescence into calibrated [Ca2þ]. The dynamic range in
the nucleoplasm was consistently higher than in the cyto-
plasm, and this was true for all types of cardiac myocytes
studied. This is in perfect agreement with previous studies
on noncardiac myocytes (20,23). Cellular resting [Ca2þ]
may also vary (20–200 nM) depending on the state and
type of the cell (33). In cardiac myocytes, it is usually
assumed to be in the range of %100 nM. Here, we found
that [Ca2þ]rest-values varied only in a narrow range in
each cell type studied, as well as between cell types. The
[Ca2þ]rest-values amounted to ~80 nM in the cytoplasm
and ~100 nM in the nucleoplasm. This suggests that their
mean is a valid parameter for calibration.

We further compared [Ca2þ] values obtainedusingdifferent
forms of the Grynkiewicz equation. No significant difference
was observed with either Eq. 1 or Eq. 4. Conversely, results
calculated from [Ca2þ]rest, assuming that Frest z 0 (34):

�
Ca2þ

� ¼ Kd R=
�
Kd=

�
Ca2þ

�
rest

- Rþ 1
�

(7)

yielded significantly lower values. This important difference
reflects the fact that cellular [Ca2þ]rest levels are not negli-
gible for indicators with very bright fluorescence, like
Fluo-4, which typically makes Frest considerably larger
than Fmin.

The advantage of this method is that all parameters that
are necessary for the transformation of Fluo-4 fluorescence
signals into calibrated [Ca2þ] can be predetermined, which
makes this process very convenient for practical use with
mouse and rat cardiac myocytes.

We also determined for the first time in cardiomyocytes
(to our knowledge) the in situ properties of the ratiometric
Ca2þ dye ACaR. In similarity to Fluo-4, ACaR exhibited
different fluorescent properties in the nucleoplasm versus
the cytoplasm, with larger Ca2þ-dependent fluorescence
changes and a higher Kd,app in the nucleoplasm. Also, simi-
larly to most fluorescent Ca2þ dyes tested so far, the in situ
determination of Kd,app revealed considerably higher values
(~2200 nM in the nucleoplasm and ~1340 nM in the cyto-
plasm) than in vitro (according to the manufacturer’s infor-
mation: Kd ~300–400 nM). Ca2þ-dependent fluorescence
changes, as well as electrically stimulated [Ca2þ] transients,
could be easily detected at both wavelengths during calibra-
tion. Thus, ACaR represents a new Ca2þ indicator that has
Biophysical Journal 100(10) 2356–2366
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all the advantages of a ratiometric dye and is well suited for
quantifying [Ca2þ] in the cytoplasm and nucleoplasm of
cardiac myocytes. The use of ratiometric imaging with
ACaR yielded results almost identical to those obtained
with the nonratiometric dye Fluo-4 (cf. Figs. 3 and 4),
thus complementing and validating the calibration approach
and the results obtained with Fluo-4.
The nuclear CaT consists of two components

Two important findings of this study are that the nuclear CaT
exhibits distinct kinetics, and the nucleoplasmic systolic
[Ca2þ] peak consists of two components (one passive and
one active). The passive component is most probably medi-
ated by cytoplasmic Ca2þ diffusion through nuclear pore
complexes to increase [Ca2þ]nuc. Several lines of evidence
support this notion. First, nuclear pore complexes are readily
permeable to Ca2þ ions (7). Second, the nuclear CaT lags
behind the cytoplasmic CaT (8). This delay is most likely
caused by the time needed for diffusion of cytoplasmic
Ca2þ through the nuclear pore complexes. In addition, the
effective diffusion of Ca2þwithin the nucleus is significantly
slower than in the cytoplasm (35). Third, the amplitude of the
nuclear CaT is proportional to the amplitude of the cyto-
plasmic CaT, providing further evidence for the passive
nature of nuclear CaT (Fig. S2). On the other hand, some cells
exhibited prominently higher nucleoplasmic diastolic [Ca2þ]
and higher nucleoplasmic systolic [Ca2þ] peak. This implies
that there is an additional source of Ca2þ in the nucleus. This
observation is in linewith previous findings that endothelin-1
can induce an independent increase in [Ca2þ]nuc, without
changing [Ca2þ]cyto, and that this Ca2þ release originates
from perinuclear stores (8). The exact mechanism by which
cardiac myocytes can regulate their [Ca2þ]nuc independently
from [Ca2þ]cyto, and why some cells show prominently
higher nucleoplasmic diastolic [Ca2þ] than others remain
to be determined. However, it is clear that the nucleus is
a cellular compartment with its own perinuclear Ca2þ stores
that is capable of actively storing and releasing Ca2þ (10).
This supports the idea that nuclear envelope Ca2þ release
plays an active role in nuclear Ca2þ signaling. It is believed
that nuclear envelope Ca2þ release varies depending on the
different physiological and pathophysiological processes
taking place in the nucleus.
Perinuclear Ca2D store content and Ca2D leak
determine the resting nucleoplasmic-to-
cytoplasmic [Ca2D] gradient

Although investigations into the regulation of nuclear Ca2þ

have been pursued for well over two decades by many labo-
ratories using different technical approaches, there is still no
consensus on the existence of resting [Ca2þ] gradients
between the nucleus and the cytoplasm. We consistently
observed, after careful calibration with both Fluo-4 and
Biophysical Journal 100(10) 2356–2366
ACaR accounting for all the major technical problems
with fluorescent indicators, a nucleoplasmic-to-cytoplasmic
[Ca2þ] gradient in all types of cardiac myocytes studied, and
further sought to address the origin of the higher [Ca2þ]nuc
during rest.

Both the nuclear envelope and the SR act as Ca2þ stores
in cardiac myocytes (36). Furthermore, many lines of
evidence suggest a direct connection of the nuclear envelope
to the SR Ca2þ store. Because of the high mobility of Ca2þ

inside this Ca2þ store (14), the luminal continuity of the
entire nuclear envelope-SR store complex (14), and the exis-
tence of Ca2þ release channels in the nuclear envelope
(37,38), Ca2þ can (in principle) be effectively mobilized
from the nuclear envelope into the nucleoplasm. To test
whether the nucleoplasmic-to-cytoplasmic [Ca2þ] gradient
is related to the Ca2þ load of the perinuclear Ca2þ stores,
we applied CPA to deplete these stores. Depletion of Ca2þ

led to a complete loss of the nucleoplasmic-to-cytoplasmic
[Ca2þ] gradient. This finding indicates that the Ca2þ load
of the perinuclear stores is responsible for the nucleo-
plasmic-to-cytoplasmic [Ca2þ] gradient, and suggests that
a Ca2þ leak through nuclear envelope Ca2þ release channels
facing the nucleoplasm causes the higher [Ca2þ] in the
nucleoplasm. A mismatch of SR Ca2þ pumps, which may
be located primarily at the outer face of the nuclear enve-
lope, could contribute to or even increase the nucleo-
plasmic-to-cytoplasmic [Ca2þ] gradient (10).

Experiments with 2-APB and tetracaine clearly identified
a 2-APB-sensitive Ca2þ leak pathway as the cause of the
nucleoplasmic-to-cytoplasmic [Ca2þ] gradient, suggesting
that tonic Ca2þ release through perinuclear IP3Rs is respon-
sible for it. Furthermore, in electrically stimulated myo-
cytes, 2-APB caused a selective decrease of nucleoplasmic
[Ca2þ] in diastole. These findings are in line with previous
observations that perinuclear IP3Rs are involved in regula-
tion of [Ca2þ]nuc and excitation-transcription coupling
(8,14,36,38). The results also provide further evidence for
a segregation of Ca2þ release channels, suggesting that
IP3Rs are predominantly involved in nuclear Ca2þ regula-
tion, whereas RyR2s are predominantly involved in cyto-
plasmic Ca2þ regulation in cardiomyocytes (37).
Stimulation frequency affects [Ca2D]nuc
and [Ca2D]cyto differentially

Heart rate is an important determinant of cardiac function.
In cardiac myocytes, stimulation frequency increases intra-
cellular CaTs (39). This effect is largely caused by an
increase in Ca2þ influx per unit time followed by an in-
creased uptake of Ca2þ into the SR and subsequently an
elevated SR Ca2þ load, which in turn increases the CaT.
Because of the mostly passive nature of the nucleoplasmic
CaT, which is governed largely by Ca2þ diffusion from
the cytoplasm, one might assume that a similar frequency-
dependent increase occurs in the nucleoplasmic CaT.
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Indeed, systolic [Ca2þ]nuc increased in parallel with systolic
[Ca2þ]cyto after an increase in stimulation frequency.
Diastolic [Ca2þ]nuc, on the other hand, increased with
frequency to a much larger extent than diastolic [Ca2þ]cyto.
There was an ~8-fold increase in nucleoplasmic but only
a ~4-fold increase in cytoplasmic diastolic [Ca2þ] after an
increase in stimulation frequency from 0.5 to 4 Hz. At
4 Hz stimulation, diastolic [Ca2þ] reached ~800 nM in the
nucleus but only ~400 nM in the cytoplasm. This large
increase in diastolic [Ca2þ] in the nucleus is due to the
slow decay of the nucleoplasmic CaT, which is considerably
slower than the cytoplasmic decay and thus leads to a much
higher buildup of [Ca2þ]nuc when diastole is shortened. The
results highlight the fact that a rather simple physiological
maneuver, i.e., an increase in stimulation frequency, may
lead to profound differences in the regulation of [Ca2þ]nuc
versus [Ca2þ]cyto, with important implications for fre-
quency-dependent excitation-transcription coupling.
CONCLUSIONS

The approach presented here enables determination of
[Ca2þ]nuc and quantification of Ca2þ fluxes between the
cytoplasm and nucleus in cardiac myocytes, which is
a prerequisite for elucidating the subcellular mechanisms
involved in [Ca2þ]nuc regulation. In cardiac myocytes,
[Ca2þ]nuc is a key determinant of excitation-transcription
coupling (14,37). Our results show that 1), the nucleo-
plasmic CaT is composed of two components (one passive
and one active); and 2), there is a substantial nucleo-
plasmic-to-cytoplasmic [Ca2þ] gradient, particularly under
resting conditions and in diastole. This gradient is depen-
dent on intact intracellular Ca2þ stores, is mediated in part
by Ca2þ leak/release through perinuclear IP3Rs, and can
be increased by increased stimulation frequencies. Altered
[Ca2þ]nuc regulation, i.e., altered excitation-transcription
coupling, may explain, at least in part, the altered expression
of proteins in pacing-induced cardiomyopathies.
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