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BACKGROUND AND PURPOSE
The Ca2+ paradox is an important phenomenon associated with Ca2+ overload-mediated cellular injury in myocardium. The
present study was undertaken to elucidate molecular and cellular mechanisms for the development of the Ca2+ paradox.

EXPERIMENTAL APPROACH
Fluorescence imaging was performed on fluo-3 loaded quiescent mouse ventricular myocytes using confocal laser scanning
microscope.

KEY RESULTS
The Ca2+ paradox was readily evoked by restoration of the extracellular Ca2+ following 10–20 min of nominally Ca2+-free
superfusion. The Ca2+ paradox was significantly reduced by blockers of transient receptor potential canonical (TRPC) channels
(2-aminoethoxydiphenyl borate, Gd3+, La3+) and anti-TRPC1 antibody. The sarcoplasmic reticulum (SR) Ca2+ content, assessed
by caffeine application, gradually declined during Ca2+-free superfusion, which was further accelerated by metabolic inhibition.
Block of SR Ca2+ leak by tetracaine prevented Ca2+ paradox. The Na+/Ca2+ exchange (NCX) blocker KB-R7943 significantly
inhibited Ca2+ paradox when applied throughout superfusion period, but had little effect when added for a period of 3 min
before and during Ca2+ restoration. The SR Ca2+ content was better preserved during Ca2+ depletion by KB-R7943.
Immunocytochemistry confirmed the expression of TRPC1, in addition to TRPC3 and TRPC4, in mouse ventricular myocytes.

CONCLUSIONS AND IMPLICATIONS
These results provide evidence that (i) the Ca2+ paradox is primarily mediated by Ca2+ entry through TRPC (probably TRPC1)
channels that are presumably activated by SR Ca2+ depletion; and (ii) reverse mode NCX contributes little to the Ca2+

paradox, whereas inhibition of NCX during Ca2+ depletion improves SR Ca2+ loading, and is associated with reduced incidence
of Ca2+ paradox in mouse ventricular myocytes.

Abbreviations
2-APB, 2-aminoethoxydiphenyl borate; CAP, control antigen peptide; CIB, cell isolation buffer; DNP, 2,4-dinitrophenol;
ER/SR, endoplasmic/sarcoplasmic reticulum; IP3, inositol-1,4,5-trisphosphate; NCX, Na+/Ca2+ exchange; RyR2, cardiac
ryanodine receptor; SERCA, sarcoplasmic/endoplasmic reticulum Ca2+-ATPase; SOCE, store-operated Ca2+ entry; SR,
sarcoplasmic reticulum; STIM, stromal interaction molecule; t, time constant; TRPC, transient receptor potential
canonical

Introduction

The Ca2+ paradox (Zimmerman and Hülsmann,
1966), which rapidly develops upon restoration of

extracellular Ca2+ following Ca2+-free superfusion,
has many features in common with cellular damage
associated with reperfusion of ischaemic myocar-
dium, including the elevation of intracellular Ca2+,
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development of contracture, loss of mechanical and
electrical activity, depletion of high-energy phos-
phate stores, and release of intracellular enzymes
(Chapman and Tunstall, 1987; Piper, 2000). The
Ca2+ paradox has therefore been regarded as an
important experimental model for studying the
morphological, electrophysiological and biochemi-
cal basis of myocardial injury associated with Ca2+

overload. However, it has also been noted that there
are some differences in the mechanisms of cellular
injury due to Ca2+ paradox and those associated
with ischaemia-reperfusion (Piper, 2000). Several
structural and functional disorders have been sug-
gested to mediate the Ca2+ paradox, such as a weak-
ening of the cell membrane, incomplete mechanical
uncoupling between myocytes and intracellular Na+

accumulation leading to the reverse-mode activa-
tion of the Na+/Ca2+ exchange (NCX) (Chapman and
Tunstall, 1987; Chatamra and Chapman, 1996;
Piper, 2000). However, there is still considerable
controversy as to the precise ionic and cellular basis
for the development of Ca2+ overload during the
Ca2+ paradox (Busselen, 1987; Chapman and Tun-
stall, 1987; Chatamra and Chapman, 1996; Jansen
et al., 1998; Van Echteld et al., 1998; Piper, 2000).

The transient receptor potential canonical
(TRPC) channels are Ca2+-permeable non-selective
cation channels widely expressed in diverse cell
types (Nilius et al., 2007; Vassort and Alvarez, 2009).
TRPC channels comprise seven isoforms (TRPC1-7;
Alexander et al., 2009) and all isoforms except
TRPC2 have been found in mammalian heart at
mRNA and/or protein levels (Ju et al., 2007; Ohba
et al., 2007; Seth et al., 2009; Vassort and Alvarez,
2009). While some of the TRPC channels can be
activated by several stimuli, such as diacyl glycerol,
mechanical stretch and redox processes (Poteser
et al., 2006), TRPC channels are typically activated
following depletion of endoplasmic/sarcoplasmic
reticulum (ER/SR) Ca2+ stores caused by stimulation
of Ca2+ release or inhibition of Ca2+ uptake. TRPC
channels are therefore implicated in the Ca2+ entry
across the plasma membrane known as store-
operated Ca2+ entry (SOCE; Xu and Beech, 2001;
Rosado et al., 2002; Vazquez et al., 2004; Beech,
2005; Nilius et al., 2007; Vassort and Alvarez, 2009).
There is accumulating evidence that TRPC channels
mediate many physiological and pathological pro-
cesses, including the activation of transcription
factors, vascular contractility, platelet activation,
apoptosis and cardiac automaticity, hypertrophy,
and arrhythmias (Rosado et al., 2002; Beech, 2005;
Ju et al., 2007; Nilius et al., 2007; Ohba et al., 2007;
Seth et al., 2009; Vassort and Alvarez, 2009).

The present study was undertaken to elucidate
the molecular and cellular mechanisms underlying

the development of the Ca2+ paradox in mouse ven-
tricular myocytes. Our results show for the first time
that TRPC channels, presumably activated through
the SR Ca2+ depletion that occurs during Ca2+-free
superfusion, contribute to the development of the
Ca2+ paradox.

Methods

Preparation of mouse ventricular myocytes
The investigation conforms with the Guide for the
Care and Use of Laboratory Animals published by
the US National Institutes of Health (NIH Publica-
tion no. 85-23, revised 1996) and all protocols were
approved by the institution’s Animal Care and Use
Committee (2008-11-7). Ventricular myocytes were
isolated from hearts of adult C57BL/6J mice (Charles
River Japan) using an enzymatic dissociation proce-
dure, as described previously (Shioya, 2007). Briefly,
7- to 10-week-old mice (20–25 g body weight)
were killed by sodium pentobarbital overdose
(300 mg·kg-1, i.p.) with heparin (8000 U·kg-1, i.p.).
The hearts were rapidly excised, cannulated via the
ascending aorta and perfused in a retrograde
manner at 37°C, initially with normal Tyrode solu-
tion for 3 min and then with cell isolation buffer
(CIB) supplemented with 0.4 mmol·L-1 EGTA, for
2–3 min. This was followed by 8–10 min of perfu-
sion with enzyme I solution (CIB supplemented
with 1 mg·mL-1 collagenase, 0.06 mg·mL-1 trypsin,
0.06 mg·mL-1 protease and 0.3 mmol·L-1 CaCl2).
After perfusion, the ventricles were removed,
chopped into small pieces and further digested at
37°C for 10 min in enzyme II solution [CIB supple-
mented with 1 mg·mL-1 collagenase, 0.06 mg·mL-1

trypsin, 0.06 mg·mL-1 protease, 2 mg·mL-1 bovine
serum albumin (BSA) and 0.7 mmol·L-1 CaCl2]. The
supernatant was centrifuged (3 min at 14¥ g) and
the myocyte pellet was resuspended in 15 mL of
CIB supplemented with 2 mg·mL-1 BSA and
1.2 mmol·L-1 CaCl2. The myocytes were incubated
for 10 min, centrifuged (3 min at 14¥ g) and resus-
pended in normal Tyrode solution supplemented
with 2 mg·mL-1 BSA and antibiotics (penicillin/
streptomycin). Isolations were excluded if the frac-
tion of rod-shaped viable myocytes was below 50%.
Myocytes were used for experiments within 8 h after
dissociation. A previous study has confirmed that
mouse ventricular myocytes isolated in this way
have normal electrophysiological and contractile
properties (Shioya, 2007).

Solutions and chemicals
Normal Tyrode solution contained (in mmol·L-1)
140 NaCl, 5.4 KCl, 1.8 CaCl2, 0.5 MgCl2, 0.33
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NaH2PO4, 5.5 glucose and 5 HEPES (pH adjusted to
7.4 with NaOH). The nominally Ca2+-free Tyrode
solution was prepared by simply omitting CaCl2 (no
added EGTA) from the normal Tyrode solution. CIB
contained (in mmol·L-1) 130 NaCl, 5.4 KCl, 0.5
MgCl2, 0.33 NaH2PO4, 22 glucose, 25 HEPES (pH
adjusted to 7.4 with NaOH) and 50 U·mL-1 bovine
insulin. The extracellular solution used to measure
whole-cell TRPC currents was K+-free Tyrode solu-
tion supplemented with nisoldipine, which con-
tained (in mmol·L-1) 140 NaCl, 1.8 CaCl2, 0.5 MgCl2,
0.33 NaH2PO4, 5.5 glucose, 0.001 nisoldipine and 5
HEPES (pH adjusted to 7.4 with NaOH). The pipette
solution contained (in mmol·L-1) 90 Cs-aspartate, 30
CsCl, 20 tetraethylammonium chloride (TEA-Cl), 2
MgCl2, 5 Tris-ATP, 0.1 Li2-GTP, 5 EGTA, 2 CaCl2 and
5 HEPES (pH adjusted to 7.2 with CsOH). The con-
centration of free Ca2+ in the pipette solution was
calculated to be approximately 0.1 mmol·L-1 (Fabiato
and Fabiato, 1979; Tsien and Rink, 1980).

Collagenase (Type 2) was obtained from Wor-
thington Biochemical Corporation (Lakewood, NJ,
USA), and trypsin, protease, BSA and bovine insulin
were from Sigma (St. Louis, MO, USA). Fluo-3
acetoxymethyl ester (fluo-3 AM) was from Dojin
Chemicals (Kumamoto, Japan). Rabbit anti-TRPC1
antibody directed against an extracellular epitope of
human TRPC1 (ACC-010), rabbit anti-TRPC3 anti-
body directed against an intracellular C-terminal
epitope of mouse TRPC3 (ACC-016), rabbit anti-
TRPC4 antibody directed against an intracellular
C-terminal epitope of mouse TRPC4 (ACC-018),
rabbit anti-TRPC5 antibody directed against an
intracellular epitope of human TRPC5 (ACC-020)
were from Alomone Laboratories (Jerusalem, Israel),
and normal rabbit IgG was from Santa Cruz Biotech-
nology (Santa Cruz, CA, USA). AlexaFluor® 488-
conjugated anti-rabbit IgG was from Molecular
Probes (Eugene, OR, USA).

Various test compounds were added to normal
Tyrode and/or nominally Ca2+-free Tyrode solutions,
as indicated. These included: thapsigargin (Wako
Pure Chemical Industries, Osaka, Japan),
2-aminoethoxydiphenyl borate (2-APB; Tocris
Cookson Inc., Ellisville, MO, USA), GdCl3 (Sigma),
LaCl3 (Nacalai tesque, Kyoto, Japan), SKF-96365
(Sigma), verapamil (Sigma), KB-R7943 (Tocris), 2,4-
dinitrophenol (DNP, Wako Pure Chemical Indus-
tries), Na2-ATP (ATP, Sigma), uridine 5′-triphosphate
(trisodium salt, UTP, Sigma), caffeine (Sigma) and
tetracaine (Sigma). Concentrated stock solution was
made for thapsigargin (10 mmol·L-1), 2-APB
(20 mmol·L-1) and KB-R7943 (5 mmol·L-1) in dim-
ethyl sulphoxide, verapamil (20 mmol·L-1) in
ethanol, and GdCl3 (100 mmol·L-1), LaCl3

(100 mmol·L-1) and SKF-96365 (10 mmol·L-1) in dis-

tilled water. These chemicals were stored in aliquots
at -20°C. DNP, ATP, UTP, caffeine and tetracaine
were directly added to the bathing solutions.

Fluo-3 fluorescence imaging with laser
scanning confocal microscope
Fluo-3 fluorescence images were obtained from qui-
escent (not paced) mouse ventricular myocytes
because myocytes failed to respond to electrical
stimulation during superfusion with nominally
Ca2+-free Tyrode solution. Ventricular myocytes
were loaded with 5 mmol·L-1 fluo-3 AM for 20 min at
37°C and were washed to remove excess extracellu-
lar dye in normal Tyrode solution supplemented
with BSA. Fluo-3 loaded myocytes were then resus-
pended in normal Tyrode solution supplemented
with 2 mg·mL-1 BSA for an additional 30 min to
allow for the intracellular hydrolysis of fluo-3 AM
before experiments. An aliquot of fluo-3 loaded
myocytes was allowed to settle onto the glass
bottom of a recording chamber (0.5 mL in volume)
mounted on the stage of an Eclipse TE2000-E
inverted microscope (Nikon, Tokyo, Japan),
equipped with a C1si spectral imaging confocal laser
scanning system (Nikon). The chamber was con-
tinuously perfused with bath solution at a constant
rate of 2–3 mL·min-1 at room temperature (23–
25°C). The myocytes were excited with an argon
laser beam (wavelength 488 nm) at 0.4 or 30 s inter-
vals, and data were collected for emission intensity
at wavelength of 515 nm. Fluo-3 fluorescence
images were analysed frame by frame using a Nikon
EZ-C1 software to calculate average intensity in each
myocyte, which was used as an estimate of intrac-
ellular Ca2+ levels. Fluo-3 fluorescence intensity (F)
was expressed either as arbitrary units (a.u., Fig-
ures 1, 3, 4 and 6) or relative value (F/F0) compared
with initial value obtained just before application of
caffeine (F0, Figures 7 and 9). All intensity values
were calculated by subtracting the background fluo-
rescence. The ratio between the length and width
was also measured in each myocyte image, and a
decrease in length/width ratio of <2 was defined as
injured or dead.

Fluo-3 loaded ventricular myocytes were succes-
sively superfused, initially with normal Tyrode solu-
tion for 5 min, then with nominally Ca2+-free
Tyrode solution for 10–20 min, and again with
normal Tyrode solution. In most experiments,
10–20 rod-shaped viable myocytes were observed
within a single field of view during the initial super-
fusion with normal Tyrode solution. Ventricular
myocytes that generated spontaneous Ca2+ waves
during initial superfusion with normal Tyrode
and/or subsequent superfusion with nominally
Ca2+-free Tyrode solution were excluded from the
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analysis (less than approximately 2% of total viable
myocytes). The data (fluo-3 fluorescence and
length/width ratio) for initial superfusion with
normal Tyrode solution were shown for the latter
2.5 min, and those for ventricular myocytes that
developed the Ca2+ paradox were marked red in the
Figures. The periods of exposure to various reagents
and changes in extracellular Ca2+ concentrations
between 0 (nominally Ca2+-free Tyrode solution)
and 1.8 mmol·L-1 (normal Tyrode solution) are
denoted by horizontal bars or boxes in the Figures.
The concentration-response curve for inhibitory
action of 2-APB or tetracaine on the Ca2+ paradox
was drawn by a least-squares fit of a Hill equation:
percentage incidence of Ca2+ paradox = 1/(1 +
([D]/IC50)nH), where [D] is the drug concentration,
IC50 is the concentration of the drug causing a half-
maximal inhibition and nH is the Hill coefficient.

Immunocytochemistry
Cells were fixed with 4% paraformaldehyde in
phosphate buffered saline (PBS) for 30 min at room
temperature and were washed three times with PBS.
Fixed cells were treated with 0.2% Triton X-100 and
10% BSA in PBS for 1 h and then incubated with
primary antibodies for 15–17 h at 4°C. The cells
were then washed with PBS and incubated with
secondary antibodies for 3 h at room temperature.
The primary antibodies were: human anti-TRPC1
(1:50 dilution), mouse anti-TRPC3 (1:50 dilution)
and mouse anti-TRPC4 (1:50 dilution). Secondary
antibody was AlexaFluor® 488-conjugated anti-
rabbit IgG. Fluorescence images were acquired
using a Nikon C1si confocal laser scanning
system on an inverted microscope (TE2000-E,
Nikon).

Whole-cell patch-clamp recordings
Whole-cell membrane currents (Hamill et al., 1981)
were recorded from isolated mouse ventricular myo-
cytes using an EPC-8 patch-clamp amplifier (HEKA,
Lambrecht, Germany). Fire-polished pipettes pulled
from borosilicate glass capillaries (Narishige Scien-
tific Instrument Lab., Tokyo, Japan) had a resistance
of 2.0–3.5 MW when filled with the pipette solution.
An aliquot of cell (ventricular myocyte) suspension
was transferred to a recording chamber (0.5 mL in
volume) mounted on the stage of a Nikon TMD-300
inverted microscope and was allowed to adhere
lightly to the glass bottom for at least 1–2 min. The
chamber was continuously perfused at a constant
rate of 2 mL·min-1 with bath solutions at 34–36°C.
The voltage ramp protocol (dV·dt-1 = �0.25 V·s-1)
was repeated every 8 s and consisted of three phases:
an initial +90 mV depolarizing phase from a holding
potential of -40 mV, a second hyperpolarizing phase

of -160 mV and then a third phase returning to the
holding potential. The current-voltage (I-V) rela-
tionship was measured during the second hyperpo-
larizing phase. Voltage-clamp protocols and data
acquisition were controlled with PATCHMASTER
software (Version 1.03, HEKA), and current records
were filtered at 1 kHz, digitized at 5 kHz through an
LIH-1600 interface (HEKA), and stored on a Macin-
tosh computer. Cell membrane capacitance (Cm) was
calculated from the capacitive transients elicited by
20-ms voltage-clamp steps (�5 mV) from a holding
potential of -40 mV, using the following relation-
ship (Bénitah et al., 1993): Cm = tcI0/DVm (1 - I•/I0),
where tc is the time constant of the capacitive tran-
sient, I0 is the initial peak current amplitude, DVm is
the amplitude of voltage step (5 mV) and I• is the
steady-state current value. The sampling rate for
these measurements of Cm was 50 kHz with a
low-pass 10 kHz filter. The average Cm for mouse
ventricular myocytes used in the present study was
153.8 � 8.5 pF (n = 28, N = 10). To account for
differences in cell size, the current amplitude was
normalized to Cm in each cell and presented as
current density (in pA·pF-1).

Statistical analysis
Data values are expressed as mean � SEM, with the
number of animals (cell isolations) and experiments
indicated by N and n respectively. On the bar
graphs, the number of experiments is shown in
parentheses. Statistical comparisons between two
groups were evaluated by Mann–Whitney U-test and
comparisons among multiple groups were per-
formed by Kruskal–Wallis test followed by Mann–
Whitney U-test. A value of P < 0.05 was considered
statistically significant.

Results

Ca2+ paradox observed in mouse
ventricular myocytes
Figure 1 demonstrates a typical experiment showing
the effects of re-addition of extracellular Ca2+ on
ventricular myocytes, obtained by examining fluo-3
fluorescence images collected at 30 s intervals. Fluo-
3-loaded ventricular myocytes were initially stabi-
lized by superfusion with normal (Ca2+-containing)
Tyrode solution for 5 min, and then were succes-
sively superfused with nominally Ca2+-free Tyrode
solution for 20 min and subsequently with normal
Tyrode solution. Figure 1A illustrates fluo-3 fluores-
cence images of ventricular myocytes within the
same field of view, and 13 of the rod-shaped viable
myocytes were detected during the initial superfu-
sion with normal Tyrode solution (left panel). After
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the superfusate was switched to nominally Ca2+-free
Tyrode solution (middle panel), fluorescence inten-
sity of ventricular myocytes gradually declined to
73.2 � 3.1% of baseline level (in a.u.; Figure 1B),
while cell morphology as measured by the length/
width ratio was not appreciably affected (100.6 �
2.0% of baseline; Figure 1C), during the 20 min of
superfusion. These results indicate that intracellular
free Ca2+ levels decreased to some extent during the
Ca2+-free superfusion. However, on return to normal
Tyrode solution, the fluorescent intensity was

abruptly elevated in 7 out of 13 myocytes (53.8%),
accompanied by hypercontracture as determined by
a decrease in length/width ratio of <2 (Figure 1A,
right panel; Figure 1B,C). There was no recovery
from hypercontracture during a 10 min period of
Ca2+ restoration (data not shown). In the present
study, an irreversible hypercontracture due to
elevated cytosolic Ca2+ was defined as the Ca2+

paradox. The occurrence of the Ca2+ paradox upon
re-addition of extracellular Ca2+ was progressively
but insignificantly increased by prolonging the

Figure 1
Ca2+ paradox detected in mouse ventricular myocytes. (A) Ventricular myocytes loaded with fluo-3 were successively superfused, initially with
normal Tyrode solution for 5 min, then with nominally Ca2+-free Tyrode solution for 20 min, and again with normal Tyrode solution. Fluo-3
fluorescence images within the same field of view that were collected during the respective superfusion, as indicated. Time courses of changes
in fluo-3 fluorescence intensity (B) and cell morphology (C) plotted individually for each of the 13 rod-shaped viable myocytes, obtained from the
experiment shown in (A).
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duration of the Ca2+-free superfusion time from
10 to 20 min (48.3 � 6.6%, 55.4 � 6.1% and 64.3 �
5.9% at 10, 15 and 20 min, respectively, n = 11–18,
N = 11–18).

Functional expression of TRPC channels in
mouse ventricular myocytes
The possibility that Ca2+ entry through TRPC chan-
nels contributes to the Ca2+ paradox was examined
in the following experiments. The functional
expression of TRPC channels was initially tested
by whole-cell patch-clamp experiments. The
sarcoplasmic/endoplasmic reticulum Ca2+-ATPase
(SERCA) inhibitor thapsigargin has been shown to
activate TRPC channels by passively depleting the
SR Ca2+ stores in various cell types (Xu and Beech,
2001; Rosado et al., 2002; Vazquez et al., 2004;
Beech, 2005; Nilius et al., 2007; Vassort and Alvarez,
2009). As demonstrated in Figure 2A,B, bath appli-
cation of thapsigargin increased the membrane
current during the voltage-ramp protocol from +50
to -110 mV, which exhibited an almost linear I-V
relationship with a reversal potential of ~0 mV
(Figure 2C, b-a). This increase in membrane current
was completely abolished by subsequent addition of
the TRPC channel blocker 2-APB (Figure 2A–C;
Bootman et al., 2002; Flemming et al., 2003; Liu
et al., 2007; Zhou et al., 2007). Based on these elec-

trophysiological and pharmacological properties, it
seems reasonable to suggest that this thapsigargin-
activated current probably represents TRPC channel
currents.

Immunocytochemistry experiments using anti-
TRPC1, TRPC3 and TRPC4 antibodies detected
immunofluorescence signals predominantly in the
peripheral region of the myocytes (Figure 2D), thus
supporting the expression of TRPC1, TRPC3 and
TRPC4 channel proteins in mouse ventricular myo-
cytes, consistent with previous observations on
these cells (Fauconnier et al., 2007; Williams and
Allen, 2007; Seth et al., 2009).

Contribution of TRPC channels to the
Ca2+ paradox
To elucidate whether Ca2+ entry through TRPC
channels mediates the Ca2+ paradox, we examined
the effects of various TRPC channel blockers (2-APB,
Gd3+, La3+ and SKF-96365) on changes in fluo-3 fluo-
rescence images of ventricular myocytes during
re-addition of extracellular Ca2+. In each experi-
ment, 10–20 rod-shaped viable myocytes were typi-
cally observed within a single field of view during
the initial superfusion with normal Tyrode solution,
and intracellular Ca2+ levels (assessed by fluo-3 fluo-
rescence) and cell morphology (length/width ratio)
were examined in the absence and presence of each

Figure 2
Functional expression of transient receptor potential canonical (TRPC) channels in mouse ventricular myocytes. (A–C) Activation of TRPC current
by thapsigargin recorded under conditions where Na+, Ca2+ and K+ channel currents were minimized. (A) Time course of changes in membrane
current measured at +50 and -110 mV during the voltage-ramp protocol (from +50 to -110 mV), before and during exposure to thapsigargin
(Thap, 2 mmol·L-1), without and then with 2-APB (20 mmol·L-1). (B) I-V relationships measured at time points (a, b, c) indicated in (A).
(C) Difference currents obtained by digital subtraction as indicated (b-a: thapsigargin-activated current; b-c: 2-APB-sensitive current).
(D) Immunostaining of TRPC1, TRPC3 and TRPC4. Scale bar in all panels, 25 mm.
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of these compounds in the superfusion media
throughout the superfusion period.

Figure 3A,B shows the results of a representative
experiment examining the effect of 2-APB
(10 mmol·L-1) on the occurrence of the Ca2+ paradox.
In the presence of 2-APB, the fluorescence intensity
slightly declined during superfusion with nominally
Ca2+-free Tyrode solution (79.1 � 3.9% of baseline
levels, 51 myocytes from four experiments) to an
extent similar to control (72.1 � 4.3%; 40 myocytes
from four experiments, N.S.), indicating that there
was little, if any, effect of 2-APB on intracellular Ca2+

levels during Ca2+-free superfusion. However, 2-APB
markedly prevented the occurrence of the Ca2+

paradox upon restoration of extracellular Ca2+; only
1 out of 15 myocytes (6.7%) was judged to undergo
the Ca2+ paradox, by an abrupt elevation of intrac-
ellular Ca2+ levels (Figure 3A) accompanied by a
reduction of length/width ratio (Figure 3B).

The occurrence of Ca2+ paradox, measured in
each experiment as percentage of hypercontracted
myocytes compared with the total number of rod-
shaped viable myocytes during initial superfusion
with normal Tyrode solution, averaged 48.1 � 3.2%
(n = 38, N = 12) under control conditions
(Figure 3D). Figure 3C illustrates the inhibitory

action of 2-APB at concentrations between 1 and
10 mmol·L-1; the Ca2+ paradox was almost com-
pletely abolished by 10 mmol·L-1 2-APB (3.6 � 2.5%,
n = 9, N = 4). The data are well fitted by a Hill
equation with a half-maximal inhibitory concentra-
tion (IC50) of 3.6 mmol·L-1 and closely resemble pre-
vious results obtained for the inhibitory action of
2-APB on SOCE (IC50, 5 mmol·L-1; Zhou et al., 2007).
It should be noted that 2-APB also blocks the Ca2+

release from inositol-1,4,5-trisphosphate (IP3) recep-
tors; however, this effect is only seen at a much
higher concentration range with an IC50 of
42 mmol·L-1 (Zhou et al., 2007). The occurrence of
the Ca2+ paradox was also almost totally blocked by
Gd3+ and La3+ at 100 mmol·L-1 (5.5 � 2.2%, n = 14, N
= 6 and 3.4 � 1.4%, n = 7, N = 4, respectively) but
was only minimally affected by SKF-96365 (SKF) at
10 mmol·L-1 (39.6 � 6.1%, n = 11, N = 4; Figure 3D).
It should be added that both Gd3+ and La3+ at
10 mmol·L-1 significantly suppressed the Ca2+

paradox (11.4 � 2.0%, n = 6, N = 2, and 14.1 � 2.7%,
n = 6, N = 2, respectively; data not shown). The
L-type Ca2+ channel blocker verapamil (10 mmol·L-1)
had no effect (50.2 � 10.5%, n = 5, N = 2; Figure 3D).
We also confirmed that the Ca2+ paradox was
markedly prevented by the addition of La3+

Figure 3
Effects of transient receptor potential canonical (TRPC) channel blockers on the occurrence of Ca2+ paradox. Time course of changes in fluo-3
fluorescence intensity (A) and length/width ratio (B), calculated from fluorescence image obtained every 30 s for each of 15 myocytes, during the
presence of 2-APB (10 mmol·L-1) throughout the superfusion period. (C) Concentration-dependent inhibition of the Ca2+ paradox by 2-APB, fitted
with a Hill equation yielding an IC50 of 3.6 mmol·L-1 and nH of 2.6. (D) Effects of various blockers of TRPC channels and L-type Ca2+ channel on
the occurrence of Ca2+ paradox. **P < 0.01 compared with control. There were no significant differences between the effects of Gd3+ and La3+ at
10 or 100 mmol·L-1.
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(100 mmol·L-1) for a period of 3 min before and
during Ca2+ re-addition (data not shown, 7.1 �
2.6%, n = 8, N = 2), which is similar to the incidence
of the Ca2+ paradox during the presence of La3+

(100 mmol·L-1) throughout the superfusion (3.4 �
1.4%, n = 7, N = 4). These results are thus consistent

with the view that Ca2+ entry through TRPC chan-
nels during Ca2+ re-addition primarily contributes to
the Ca2+ paradox.

It has been shown that La3+ and Gd3+ at concen-
trations of 10–100 mmol·L-1 inhibit TRPC1 but
potentiate TRPC4 and TRPC5 (Schaefer et al., 2000;
Strübing et al., 2001; Flemming et al., 2003; Jung
et al., 2003). Furthermore, SKF-96365 blocks mul-
tiple TRPC isoforms including TRPC3 and TRPC6,
but has less of an inhibitory effect on TRPC1 (Halas-
zovich et al., 2000; Inoue et al., 2001; Flemming
et al., 2003). As judged from these pharmacological
profiles of TRPC isoforms, it seems likely that TRPC1
is predominantly involved in mediating the Ca2+

paradox in mouse ventricular myocytes.
Previous studies have demonstrated that the

ability of TRPC1 to mediate SOCE is selectively
blocked by external application of anti-TRPC1 anti-
body raised against the extracellular amino acid
sequence 557–571, which is predicted to lie in the
pore region of the channel. This antibody has there-
fore been used as a powerful tool to prove mamma-
lian TRPC1 function (Xu and Beech, 2001; Rosado
et al., 2002; Ahmmed et al., 2004; Beech, 2005). For
example, store-operated currents through TRPC1
channels heterologously expressed in human
microvessel endothelial cells are partially but signifi-
cantly suppressed by pretreatment with 15 mg·mL-1

anti-TRPC1 antibody for 15 min (Ahmmed et al.,
2004). The same pretreatment protocol was used in
the present experiments. Figure 4A,B illustrates the
effect of pretreatment with anti-TRPC1 antibody,
where only 20% (2 out of 10) of ventricular myo-
cytes exhibited the Ca2+ paradox upon re-addition of
extracellular Ca2+ following a 15 min of Ca2+-free
superfusion. As summarized in Figure 4C, the occur-
rence of the Ca2+ paradox was significantly sup-
pressed by pretreatment with anti-TRPC1 antibody,
which was completely reversed by pre-absorption
with the control antigen peptide (CAP). These
results further support the involvement of TRPC1 in
Ca2+ entry associated with the Ca2+ paradox.

We also examined the effect of pretreatment with
normal IgG as well as anti-TRPC4 and anti-TRPC5
antibodies raised against intracellular epitopes on
the occurrence of the Ca2+ paradox evoked upon
Ca2+ restoration following 15 min of Ca2+-free
superfusion, as negative control experiments. As
expected, there was no significant effect of IgG and
these antibodies (Figure S1). These data, however,
do not necessarily rule out the possible involvement
of TRPC4 and TRPC5 channels in the Ca2+ paradox,
because it seems unlikely that these anti-TRPC4 and
anti-TRPC5 antibodies cross the cell membranes,
react with their intracellular epitopes and block the
function of TRPC4 and TRPC5 channels.

Figure 4
Prevention of Ca2+ paradox by anti-TRPC1 antibody. Ventricular myo-
cytes were preincubated with anti-TRPC1 antibody (15 mg·mL-1)
without or with control antigen peptide (CAP) for 15 min. Time
courses of changes in fluo-3 fluorescence (A) and length/width ratio
(B) were recorded every 30 s from each of 10 anti-TRPC1-pretreated
myocytes within the same field of view during superfusion as indi-
cated. (C) Occurrence of Ca2+ paradox in ventricular myocytes in
control and after preincubation with anti-TRPC1 antibody without or
with CAP. *P < 0.05 and **P < 0.01 compared with anti-TRPC1-
pretreated myocytes without CAP.
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It is important to detect the presence of TRPC1
channel currents in mouse ventricular myocytes.
We therefore examined the effect of pretreatment
with anti-TRPC1 antibody on the thapsigargin
(2 mmol·L-1)-induced TRPC currents using the
whole-cell patch-clamp method. TRPC currents, as
determined by the thapsigargin-activated current,
were significantly reduced by pretreatment with
anti-TRPC1 antibody, which was largely reversed by
pre-absorption with CAP (Figure 5A,B). These obser-
vations indicate that the TRPC1 channel, which is
thought to mediate the Ca2+ paradox (Figure 4), is
actually functional in mouse ventricular myocytes.

Enhancement of the Ca2+ paradox by
metabolic inhibition or by the presence of
extracellular ATP and UTP
Next, we examined the effect of metabolic inhibi-
tion during Ca2+-free superfusion on the occurrence
of Ca2+ paradox. In the experiment of Figure 6A,
ventricular myocytes were exposed to DNP
(50 mmol·L-1)-containing, glucose-free solution
during Ca2+ depletion, which was followed by super-
fusion with DNP-free, glucose-containing solution
during Ca2+ restoration. In contrast to the control
experiments (Figure 1B), the intracellular Ca2+ level
was slightly but noticeably elevated during Ca2+-free
superfusion under metabolic inhibition (Figure 6A),
which may be ascribable to a reduction of Ca2+

extrusion via NCX associated with intracellular Na+

accumulation (Donoso et al., 1992) and a decreased

uptake of Ca2+ to SR via SERCA (Kaplan et al., 1992).
The re-addition of extracellular Ca2+ also evoked a
rapid onset of hypercontracture due to elevated
cytosolic Ca2+ levels (Figure 6A, c). As summarized in
Figure 6D, the occurrence of the Ca2+ paradox was
significantly potentiated by metabolic inhibition
during Ca2+ depletion.

A number of reports have shown that extracellu-
lar ATP and UTP stimulate Gq protein-coupled,
metabotropic P2Y receptors and thereby evoke Ca2+

release from SR through the formation of IP3, with a
subsequent activation of SOCE in various cell types,
including cardiac myocytes (Vassort and Alvarez,
2009). Furthermore, when cardiac myocytes are sub-
jected to hypoxic or chemically ischaemic condi-
tions, intracellular ATP and UTP have been
suggested to permeate the cell membrane and to act
on its plasma membrane receptors through
autocrine/paracrine mechanisms (Dutta et al., 2004;
Wihlborg et al., 2006; Alvarez et al., 2008). We have
therefore examined the Ca2+ paradox when ATP or
UTP was present during Ca2+ depletion (Figure 6B,C
respectively). As expected, the addition of ATP or
UTP (50 mmol·L-1) to nominally Ca2+-free Tyrode
solution caused a transient elevation of intracellular
Ca2+ levels (Figure 6B,C, inset), which may reflect
IP3-induced Ca2+ release from SR. The occurrence of
the Ca2+ paradox in the presence of ATP or UTP
during Ca2+ depletion was significantly higher than
the control (Figure 6D), thus showing that the Ca2+

paradox is enhanced by the presence of ATP or UTP

Figure 5
Inhibition of thapsigargin-induced transient receptor potential canonical (TRPC) current by anti-TRPC1 antibody. Ventricular myocytes were
preincubated with anti-TRPC1 antibody without or with control antigen peptide (CAP) in a way similar to that of Figure 4. Membrane currents
were measured using voltage ramps applied every 8 s before and during exposure to thapsigargin (2 mmol·L-1). (A) Superimposed I-V relationships
of thapsigargin-induced TRPC currents, obtained by digital subtraction of current traces before and during exposure to thapsigargin, in ventricular
myocytes in control and after preincubation with anti-TRPC1 antibody without or with CAP. (B) Current density of thapsigargin-induced TRPC
current measured at -110 mV in ventricular myocytes in control and after preincubation with anti-TRPC1 antibody without or with CAP. *P < 0.05
compared with anti-TRPC1-pretreated myocytes without CAP (-0.81 � 0.25 pA·pF-1; n = 11, N = 3). There was no significant difference between
myocytes in control (-2.70 � 0.55 pA·pF-1; n = 5, N = 3) and those pretreated with anti-TRPC1 antibody with CAP (-2.10 � 0.57 pA·pF-1;
n = 4, N = 3).
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during Ca2+ depletion. This enhancement of the
Ca2+ paradox induced by metabolic inhibition or
extracellular ATP/UTP was also almost totally abol-
ished in the presence of 10 mmol·L-1 2-APB
(Figure 6D), thus supporting the hypothesis that
TRPC channels primarily mediate the Ca2+ paradox
under these experimental conditions.

In addition to P2Y receptors, extracellular ATP
also acts at ionotropic P2X receptors comprising
ligand-gated cation channels (North and Barnard,
1997; Ralevic and Burnstock, 1998). However, extra-
cellular ATP enhanced the Ca2+ paradox to an extent
similar to extracellular UTP (Figure 6D) that does
not activate P2X receptors. This observation there-
fore suggests that the potentiation of the Ca2+

paradox by extracellular ATP (Figure 6B) is mediated
primarily through G protein-coupled P2Y receptors
rather than through ionotropic P2X receptors.

The involvement of SR Ca2+ depletion in the
development of the Ca2+ paradox
We next examined the possibility that the TRPC
channel activation associated with the Ca2+ paradox
arises from the depletion of SR Ca2+ content that
may occur during the Ca2+-free superfusion period.
To assess SR Ca2+ content, ventricular myocytes were
exposed to caffeine (10 mmol·L-1) after 5, 10, 15 and
20 min of superfusion with nominally Ca2+-free
Tyrode without or with DNP. As demonstrated in
Figure 7A,B, bath application of caffeine evoked a
transient elevation of intracellular Ca2+ levels; its
peak amplitude provides an estimate of the SR Ca2+

content, while the decaying time course reflects Ca2+

extrusion via NCX (Callewaert et al., 1989). The
peak amplitude of the Ca2+ transient was decreased
by the prolongation of the Ca2+-free superfusion
time, both in the absence (Figure 7A,C) and pres-
ence (Figure 7B,C) of DNP. In addition, peak Ca2+

amplitude was significantly reduced in the presence
of DNP compared with control for a test duration of
15 min (Figure 7C). The SR Ca2+ content was thus
found to decrease during Ca2+-free superfusion, con-
sistent with previous observations in rat ventricular
myocytes (Díaz et al., 1997), and this was further
enhanced by metabolic inhibition.

The decay of the caffeine-induced Ca2+ transient
was evaluated by fitting to a single exponential
function to obtain a time constant (t), and was
found to be significantly decelerated by the presence
of DNP at any of the test durations, compared with
control (Figure 7A,B, 20.6 � 2.2 vs. 9.3 � 0.7 s after
5 min of Ca2+-free superfusion, P < 0.05; 31.8 � 4.6
vs. 10.2 � 0.9 s after 15 min of Ca2+-free superfusion,
P < 0.05). A similar decelerated relaxation of the
caffeine-induced Ca2+ transient during metabolic
inhibition has been shown in guinea pig ventricular

Figure 6
Potentiation of Ca2+ paradox by metabolic inhibition or by the pres-
ence of extracellular ATP and UTP. (A) Effect of metabolic inhibition
during Ca2+ depletion on the Ca2+ paradox. DNP (50 mmol·L-1) was
added (and glucose was removed) during Ca2+ depletion, as indi-
cated. Inset shows fluorescence images at time points (a, b, c)
indicated in (A). (B) and (C) Effect of extracellular ATP (50 mmol·L-1,
B) and UTP (50 mmol·L-1, C) during Ca2+ depletion on the Ca2+

paradox. Inset shows fluorescence signals (acquired every 0.4 s) dis-
playing Ca2+ transient evoked by ATP (B) and UTP (C) on an
expanded time scale. Fluorescence intensity was measured every 30 s
in experiments shown in panels (A) (B) and (C). (D) Potentiation of
Ca2+ paradox by DNP (62.8 � 4.5%, n = 13, N = 4), ATP (64.8 �

5.5%, n = 13, N = 5) and UTP (62.4 � 5.2%, n = 8, N = 3), and its
inhibition by 2-APB (3.2 � 1.2%, n = 11, N = 2; 6.3 � 1.6%, n = 6,
N = 2; and 4.2 � 2.5%, n = 6, N = 3 respectively). *P < 0.05
compared with control (42.6 � 3.5%, n = 29, N = 9); ‡P < 0.01
compared with DNP without 2-APB; ¶P < 0.01 compared with ATP
without 2-APB; #P < 0.01 compared with UTP without 2-APB. There
was no significant difference between the ATP and UTP groups.
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myocytes (Seki and MacLeod, 1995) and may reflect
a compromised Ca2+ extrusion via NCX primarily
due to elevated intracellular Na+ concentrations
(Donoso et al., 1992). It should also be noted that,
when the Ca2+-free superfusion time was prolonged,
the decaying time course remained unchanged in
control (Figure 7A), but became slower in the pres-
ence of DNP (Figure 7B), suggesting that NCX oper-
ating in its forward mode to extrude Ca2+ was not
appreciably affected in control but was compro-
mised under metabolic inhibition presumably by a
progressive elevation of intracellular Na+ (Donoso
et al., 1992).

Evidence has been provided for the presence of
spontaneous diastolic Ca2+ leak from the SR through

the cardiac ryanodine receptor (RyR2), even in
intact ventricular myocytes (Györke et al., 1997;
Shannon et al., 2002). It is probable that SR Ca2+ leak
during Ca2+-free superfusion is responsible for SR
Ca2+ depletion, with a subsequent activation of
TRPC channels and development of the Ca2+

paradox. We therefore examined the effect of tetra-
caine, which potently blocks the Ca2+ leak through
RyR2 and thereby preserves SR Ca2+ content, at
concentrations of � approximately 0.2 mmol·L-1

(Györke et al., 1997). Figure 8 illustrates the occur-
rence of the Ca2+ paradox in the absence and pres-
ence of tetracaine at concentrations between 0.1
and 1.0 mmol·L-1. The relationship was best fitted
with a Hill equation with an IC50 of 0.29 mmol·L-1,
which was close to the previous observation for the
block of SR Ca2+ release channels by tetracaine (IC50

of 0.26 mmol·L-1; Györke et al., 1997); this suggests
that tetracaine prevented the Ca2+ paradox by block-
ing SR Ca2+ leakage. Overall, the results shown in
Figures 7 and 8 are all consistent with the view that
the occurrence of the Ca2+ paradox is closely linked
to the depletion of the SR Ca2+ content mediated by
spontaneous Ca2+ leak from SR via RyR2.

Functional linkage of NCX to the
development of the Ca2+ paradox
We next addressed the question as to whether and
how NCX is involved in the development of the
Ca2+ paradox by using its inhibitor KB-R7943
(Kimura et al., 1999). The occurrence of the Ca2+

paradox was examined upon Ca2+ restoration

Figure 7
Depletion of sarcoplasmic reticulum Ca2+ content during Ca2+-free
superfusion. Ca2+ transient evoked by bath application of caffeine
(10 mmol·L-1) after 5 (left panel) and 15 min (right) of Ca2+-free
superfusion without (A) and with (B) 50 mmol·L-1 DNP. Fluorescence
signals were continuously acquired every 0.4 s. The inset in each
panel shows single exponential fit (continuous line) to the decay of
caffeine-induced Ca2+ transient (dotted points), yielding t as indi-
cated. (C) Peak amplitude of caffeine-induced Ca2+ transient was
measured with reference to the baseline value prior to caffeine appli-
cation (F/F0) and plotted as a function of Ca2+-free superfusion time,
in control and in the presence of DNP. †P < 0.05 and ‡P < 0.01
compared with 5 min of superfusion in control. #P < 0.05 compared
with 5 min of superfusion with DNP. *P < 0.05 compared with
control (at 15 min).

Figure 8
Prevention of Ca2+ paradox by tetracaine. Ventricular myocytes were
exposed to tetracaine throughout the superfusion period. The inci-
dence of Ca2+ paradox was plotted as a function of tetracaine con-
centration and was fitted with a Hill equation, yielding IC50 of
0.29 mmol·L-1 and nH of 3.0. Each data point represents mean �

SEM of 3–8 experiments from 2–4 cell isolations.
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following a 15 min period of Ca2+-free superfusion.
When KB-R7943 (5 mmol·L-1) was added to the bath
throughout the superfusion period, there was a sig-
nificant decrease in the occurrence of the Ca2+

paradox (Control, 52.1 � 8.1% n = 7, N = 5;
Throughout, 21.1 � 6.4%, n = 7, N = 4; P < 0.05;
Figure 9A). To examine the possible contribution of
Ca2+ entry via reverse mode activation of NCX to the
Ca2+ paradox, KB-R7943 was added to the bath for a
period of 3 min before and during the restoration of
extracellular Ca2+. KB-R7943 applied in this way

(Post) did not protect ventricular myocytes from the
Ca2+ paradox (Post, 50.5 � 5.1%, n = 11, N = 5;
Figure 9A), which suggests that the Ca2+ paradox is
not directly mediated by Ca2+ influx via reverse
mode NCX activity.

To elucidate the mechanism for suppression of
the Ca2+ paradox by KB-R7943 applied throughout,
SR Ca2+ content was measured by caffeine applica-
tion following 5, 10, 15 and 20 min of Ca2+-free
superfusion with KB-R7943. Figure 9B illustrates a
typical example of the caffeine-induced Ca2+ tran-
sient following a 15 min period of Ca2+-free super-
fusion in the presence of KB-R7943, and its peak
amplitude and decaying time course were measured
to estimate the SR Ca2+ content and NCX activity,
respectively. As summarized in Figure 9C, SR Ca2+

content was better preserved by the presence of
KB-R7943, after 10, 15 and 20 min of Ca2+-free
superfusion, compared with control. It should also
be noted that the Ca2+ transient decayed more
slowly in the presence of KB-R7943, compared with
its absence (t, 28.9 � 7.5 vs. 10.2 � 0.9 s after
15 min of Ca2+-free superfusion, P < 0.05), which
reflects partial inhibition of the forward mode NCX
by KB-R7943. Thus, the inhibition of NCX during
the Ca2+-free superfusion period improves SR Ca2+

loading, which may contribute at least partly to
reduced incidence of the Ca2+ paradox observed
when KB-R7943 was present throughout.

Discussion

Contribution of TRPC channels to the
Ca2+ paradox
The present study examines the fluo-3 fluorescence
images of quiescent mouse ventricular myocytes
obtained using a confocal laser scanning microscope
system, and demonstrates that a rapid onset of
hypercontracture due to abrupt elevation of intrac-
ellular Ca2+ (Ca2+ paradox) can be readily evoked by
the re-addition of extracellular Ca2+ following
10–20 min of superfusion with nominally Ca2+-free
medium (Figure 1). The cellular events involved in
the development of the Ca2+ paradox, as revealed by
the present experiments, are illustrated in Figure 10
and are discussed individually. The Ca2+ paradox was
prevented by 2-APB in a concentration-dependent
manner with an IC50 of 3.6 mmol·L-1 (Figure 3C). As
judged from the difference in concentration range
at which 2-APB blocks TRPC channels and IP3 recep-
tors (IC50 of 5 and 42 mmol·L-1, respectively; Zhou
et al., 2007), it is reasonable to speculate that 2-APB
affects TRPC channels rather than IP3 receptors to
prevent the Ca2+ paradox. This notion is also

Figure 9
Functional linkage of NCX and Ca2+ paradox. (A) The Ca2+ paradox
evoked by Ca2+ restoration after 15 min of Ca2+-free superfusion, in
the absence and presence of KB-R7943 (5 mmol·L-1) applied through-
out the superfusion period (Throughout) or for a period of 3 min
before and during Ca2+ restoration (Post), as indicated. *P < 0.05,
compared with Throughout. (B) Caffeine-induced Ca2+ transient after
15 min of Ca2+-free superfusion with KB-R7943 (5 mmol·L-1). Inset
shows single exponential fit to the decay, yielding t of 22.2 s. (C)
Peak amplitude of Ca2+ transient with reference to the baseline value
(F/F0) plotted against Ca2+-free superfusion time, in control (the data
are the same as in Figure 7C) and in the presence of KB-R7943.
*P < 0.05 compared with control at each time.
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supported by the suppression of the Ca2+ paradox by
the other blockers of TRPC channels (Gd3+ and La3+;
Figures 3D and 10).

Furthermore, functional block of the TRPC1 with
anti-TRPC1 antibody resulted in a partial but signifi-
cant decrease in the Ca2+ paradox (Figure 4). Previ-
ous studies have demonstrated that due to its large
molecule size, this anti-TRPC1 antibody partially
(but not totally) blocks TRPC1 channel functions,
as judged from the changes in intracellular Ca2+

concentrations (Ca2+ fluorescence studies; Xu and
Beech, 2001; Rosado et al., 2002) or membrane cur-
rents (patch-clamp experiments; Ahmmed et al.,
2004). It should be noted, however, that this anti-
TRPC1 antibody displays a high degree of selectivity
(Xu and Beech, 2001; Rosado et al., 2002; Ahmmed
et al., 2004; Beech, 2005). The present data therefore
suggest that the TRPC channels, probably TRPC1,
predominantly mediate Ca2+ entry associated with
the Ca2+ paradox in mouse ventricular myocytes.
We also provide electrophysiological evidence to
suggest the presence of TRPC current by whole-
cell patch-clamp experiments with thapsigargin
and 2-APB (Figure 2A–C). Furthermore, this
thapsigargin-activated current was significantly (but
not totally) blocked by pretreatment with anti-
TRPC1 antibody, which was largely reversed by pre-
absorption of the antibody with CAP (Figure 5).
These findings support the presence and function of
TRPC1 channels in mouse ventricular myocytes,

consistent with a recent report (Seth et al., 2009).
However, the functional role of TRPC1 and also
other TRPC isoforms in the development of the Ca2+

paradox in cardiac myocytes should be fully exam-
ined by further work with genetic approaches, such
as the use of dominant-negative TRPC channel iso-
forms and/or RNA interference.

In the present study, the Ca2+ paradox was almost
totally abolished by the presence of the TRPC
channel blocker (2-APB, Gd3+ or La3+) under control
conditions (Figure 3C,D) and during metabolic inhi-
bition (Figure 6D), which suggests a minimal, if any,
contribution of non-specific membrane damage to
the development of the Ca2+ paradox in mouse
ventricular myocytes.

The present immunocytochemistry experiments
confirm the expression of TRPC1, in addition to
TRPC3 and TRPC4, in mouse ventricular myocytes
(Figure 2D), consistent with previous studies (Fau-
connier et al., 2007; Williams and Allen, 2007; Seth
et al., 2009). It has been demonstrated that in aortic-
banded animal models, TRPC1 is up-regulated and
mediates the development of cardiac hypertrophy
(Ohba et al., 2007; Seth et al., 2009). It is thus of
interest to examine whether or not the Ca2+ paradox
injury occurs more severely and/or more extensively
in pressure overload-induced hypertrophied myo-
cardium with TRPC1 overexpression.

It is generally accepted that TRPC channels are
typically activated following the depletion of Ca2+ in

Figure 10
Diagram illustrating the cellular events that lead to the Ca2+ paradox in mouse ventricular myocytes. Reduction of sarcoplasmic reticulum (SR) Ca2+

content during Ca2+-free superfusion (Ca2+ depletion) is facilitated by DNP but is prevented by KB-R7943 (via inhibition of forward mode NCX)
and by tetracaine (via RyR2 block). Reduction of SR Ca2+ content triggers Ca2+ influx through transient receptor potential canonical (TRPC)
channels upon Ca2+ repletion. Ca2+ paradox is evoked by Ca2+ influx via TRPC channels, which is blocked by TRPC channel blockers (2-APB, Gd3+

and La3+) and anti-TRPC1 antibody. The Ca2+ paradox can be prevented by preserving the SR Ca2+ content and/or by blocking TRPC channels.
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SR (Xu and Beech, 2001; Rosado et al., 2002; Nilius
et al., 2007; Vassort and Alvarez, 2009). The present
experiments, using caffeine application, revealed
that SR Ca2+ content was substantially decreased
during Ca2+-free superfusion (Figure 7). Several
studies have shown that there is a spontaneous Ca2+

leak from SR through RyR2 even in intact ventricu-
lar myocytes and that tetracaine blocks RyR2
in a concentration-dependent manner (IC50 of
0.26 mmol·L-1) with a subsequent increase of SR
Ca2+ content (Györke et al., 1997; Shannon et al.,
2002). We found that tetracaine was effective at
preventing the Ca2+ paradox in a similar concentra-
tion range (IC50 of 0.29 mmol·L-1, Figure 8). Taken
together, these results suggest that the reduction of
SR Ca2+ content (probably via the RyR2-mediated
Ca2+ leak) during Ca2+ depletion is critical in predis-
posing ventricular myocytes to the Ca2+ paradox
upon Ca2+ repletion (Figure 10).

The present study further examined the Ca2+

paradox in some pathological conditions where the
SR Ca2+ content is affected. Previous work has shown
that under metabolic inhibition with sodium
cyanide, SR Ca2+ loading is decreased in guinea pig
ventricular myocytes (Seki and MacLeod, 1995),
which appears to be largely due to an inhibition of
Ca2+ uptake via SERCA (Kaplan et al., 1992). We
found that the Ca2+ paradox was potentiated by
metabolic inhibition during Ca2+-free superfusion
(Figure 6D), which may be accounted for, at least
partly, by a further reduction of SR Ca2+ content
(Figures 7C and 10).

In recent years, evidence has been presented that
stromal interacting molecule 1 (STIM1) that resides
in ER/SR membranes senses internal Ca2+ store
depletion and transmits it to the plasma membrane
Orai1 (Liou et al., 2005; Roos et al., 2005; Feske et al.,
2006), which constitutes all or part of the Ca2+

release-activated Ca2+ channels (Parekh, 2006).
Although functional interaction of TRPC channels
with STIM1 and/or Orai1 is currently still unre-
solved (Huang et al., 2006a; López et al., 2006;
DeHaven et al., 2009), it will be interesting to
examine whether and how STIM1 and/or Orai 1
play some role in the development of the Ca2+

paradox in cardiac myocytes.

Functional linkage of NCX to Ca2+ paradox
Previous workers have shown that other Ca2+ entry
pathways, such as reverse mode NCX and L-type
Ca2+ channels, mediate the Ca2+ paradox in the heart
(Chapman and Tunstall, 1987; Chatamra and
Chapman, 1996). It is generally accepted that intra-
cellular Na+ accumulation during Ca2+ depletion is a
prerequisite for the activation of reverse mode NCX.
One of the main mechanisms for intracellular Na+

accumulation during Ca2+ depletion is a sustained
Na+ entry via the L-type Ca2+ channels, which is
pronounced when Ca2+ depletion is combined with
Mg2+ depletion with divalent cation-chelating agent
(Chapman and Tunstall, 1987; Van Echteld et al.,
1998). However, the Ca2+ paradox in mouse ven-
tricular myocytes appears to be independent of
reverse mode activation of NCX arising from intra-
cellular Na+ accumulation. Whereas verapamil
(10 mmol·L-1) almost completely blocks Na+ entry
through the L-type Ca2+ channels under Ca2+

depleted conditions in isolated ventricular myo-
cytes (Imoto et al., 1985), the Ca2+ paradox was unaf-
fected by this blocker at the same concentration
(Figure 3D). A previous NMR study demonstrated
that intracellular Na+ elevates only when Mg2+ as
well as Ca2+ is omitted from the perfusate (Van
Echteld et al., 1998), which is different from the
present Ca2+-free conditions where 0.5 mmol·L-1

Mg2+ was consistently present with no added EGTA.
We further confirmed that the Ca2+ paradox is

not prevented by KB-R7943 (5 mmol·L-1) added for a
period of 3 min before and during Ca2+ restoration
(Figure 9A), which is long enough for KB-R7943 to
produce a steady block of the reverse mode NCX
(Kimura et al., 1999). Previous workers have pre-
sented evidence that there is no clear relationship
between intracellular Na+ levels during Ca2+ deple-
tion and the subsequent occurrence of the Ca2+

paradox upon Ca2+ repletion (Busselen, 1987; Jansen
et al., 1998; Van Echteld et al., 1998). These obser-
vations appear to be consistent with our results that
suggest that the Ca2+ paradox takes place without
reverse mode activation of NCX. The present results,
however, do not necessarily rule out the possibility
that reverse mode NCX contributes to the cellular
Ca2+ overload during reperfusion following a period
of ischaemia where the intracellular Na+ level is sub-
stantially elevated (Donoso et al., 1992; Carmeliet,
1999). It will be interesting to examine the relative
contribution and functional role of these two Ca2+

entry pathways (TRPC channels and reverse mode
NCX) in mediating ischaemia/reperfusion-induced
Ca2+ overload.

Importance of SR Ca2+ loading for prevention
of Ca2+ paradox
Previous studies have demonstrated that partial
inhibition of the forward mode NCX leads to an
elevation of SR Ca2+ content in cardiac myocytes
from normal and failing hearts (Hobai et al., 2004;
Ozdemir et al., 2008). It is interesting to note that
the enhancement of SR Ca2+ loading during inhibi-
tion of forward mode NCX is found to be dependent
on SOCE activity in neonatal rabbit ventricular
myocytes (Huang et al., 2006b). Although KB-R7943
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has previously been shown to preferentially block
the reverse mode NCX, a subsequent study has con-
firmed that this compound exerts a much less or
even absent mode-dependent action with a virtually
identical IC50 of approximately 1 mmol·L-1 for
forward and reverse mode inhibition (Kimura et al.,
1999). Consistent with this view, the decay of
caffeine-induced Ca2+ transient, which reflects Ca2+

extrusion via forward mode NCX, was significantly
slowed down by the presence of KB-R7943
(Figure 9B). The addition of KB-R7943 (5 mmol·L-1)
during the Ca2+-free superfusion significantly
improved SR Ca2+ loading (Figure 9C), which may
account at least partly for reduced incidence of the
Ca2+ paradox in the presence of this compound
throughout the superfusion period. The present
study thus reveals an important functional linkage
between NCX activity and the development of the
Ca2+ paradox, mediated through SR Ca2+ loading in
cardiac myocytes (Figure 10).

Recently, an increase in diastolic SR Ca2+ leak and
resultant SR Ca2+ depletion have been implicated in
the initiation of triggered electrical activity and
depressed contractile function in cardiac disorders
including heart failure (Shannon and Lew, 2009).
The present findings further suggest that reduced SR
Ca2+ content could be a trigger for the development
of Ca2+ paradox-mediated cardiac injury. It is impor-
tant to address the question as to whether the Ca2+

entry mechanism through TRPC channels actually
mediates the Ca2+ overload in the myocardium
under pathophysiological conditions such as
ischaemia, where SR Ca2+ content is expected to be
reduced (Carmeliet, 1999).

In conclusion, the present experiments identify a
novel Ca2+ entry pathway (TRPC channels) for the
development of the Ca2+ paradox and reveal an
important functional linkage between NCX activity
and the development of the Ca2+ paradox, mediated
through SR Ca2+ loading in cardiac myocytes
(Figure 10).
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the online version of this article:

Figure S1 Effect of pretreatment with normal IgG,
anti-TRPC4 and anti-TRPC5 antibodies on the Ca2+

paradox. Ventricular myocytes were pretreated with
normal IgG, anti-TRPC4 and anti-TRPC5 antibodies
(1:200 dilution) for 15 min. There were no signifi-
cant differences in the effects of IgG and these anti-
bodies, compared with the control (N = 2–3 in each
group).
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