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a b s t r a c t

Application of fluid pressure (FP) using pressurized fluid flow suppresses the L-type Ca2+ current through
both enhancement of Ca2+ release and intracellular acidosis in ventricular myocytes. As FP-induced intra-
cellular acidosis is more severe during the inhibition of Na+–H+ exchange (NHE), we examined the pos-
sible role of NHE in the regulation of ICa during FP exposure using HOE642 (cariporide), a specific NHE
inhibitor. A flow of pressurized (�16 dyn/cm2) fluid was applied onto single rat ventricular myocytes,
and the ICa was monitored using a whole-cell patch-clamp under HEPES-buffered conditions. In cells
pre-exposed to FP, additional treatment with HOE642 dose-dependently suppressed the ICa

(IC50 = 0.97 ± 0.12 lM) without altering current–voltage relationships and inactivation time constants.
In contrast, the ICa in control cells was not altered by HOE642. The HOE642 induced a left shift in the
steady-state inactivation curve. The suppressive effect of HOE642 on the ICa under FP was not altered
by intracellular high Ca2+ buffering. Replacement of external Cl� with aspartate to inhibit the Cl�-depen-
dent acid loader eliminated the inhibitory effect of HOE642 on ICa. These results suggest that NHE may
attenuate FP-induced ICa suppression by preventing intracellular H+ accumulation in rat ventricular myo-
cytes and that NHE activity may not be involved in the Ca2+-dependent inhibition of the ICa during FP
exposure.

� 2013 Elsevier Inc. All rights reserved.
1. Introduction

Activation of cardiac L-type Ca2+ channels during cardiac action
potential leads to Ca2+-induced Ca2+ release from the sarcoplasmic
reticulum (SR) [1–3]. These channels are subsequently inactivated
by the elevation of the cytosolic Ca2+ concentration and by mem-
brane depolarization [4,5]. Intracellular low pH is known to block
the L-type Ca2+ channel and decrease the availability of the chan-
nels [6,7]. The property of L-type Ca2+ channel is important in reg-
ulation of the intracellular Ca2+ concentration and the action
potential duration of cardiac myocytes.

Pathological conditions, such as valve disease, hypertension, or
heart failure, may lead to hemodynamic or mechanical dysfunction
of the heart, causing arrhythmia [8–12]. In these diseased hearts,
myocytes are subjected to variable fluid pressure (FP) during con-
traction resulting from regurgitation, valve stenosis, and volume
overload. Interestingly, in both whole heart preparations and
in situ hearts, an increase in ventricular pressure shortens the
duration of the action potential and the effective refractory period
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[8–11]. In addition, clinical evidence exists for a predisposition to
fibrillation caused by regurgitant jets of blood in patients with
valve incompetence [12], as well as for the occurrence of ectopic
tachycardia in a patient with a catheter in the heart chamber
[13]. In isolated rat ventricular myocytes, pressurized fluid flow
(�16 dyn/cm2), applied by micro-perfusion, suppresses the L-type
Ca2+ current (ICa) [14,15]. The inhibition of the ICa by the FP, ob-
served in single ventricular myocytes, could be one of the possible
mechanisms that explain the shortenings of action potential and
the effective refractory period during increases in ventricular
pressure [8–11].

The main inhibitory mechanism in Ca2+ channels during FP in
rat ventricular myocytes is an increase in intracellular Ca2+ tran-
sients [14]. Another inhibitory mechanism for the Ca2+ channel un-
der FP involves intracellular acidosis resulting from activation of
Cl�–OH� exchange [15]. It has been previously demonstrated that
FP-induced intracellular acidosis is enhanced when myocytes are
pretreated with a selective Na+–H+ exchange (NHE) inhibitor,
HOE642 (cariporide: ((4-isopropyl-3-methylsulfonyl-benzoyl)-
guanidine methane sulfonate) [16]. This suggests possible role for
the activity of NHE in removing H+ during FP stimulus. In the pres-
ent study, we examined whether NHE plays a role in the regulation
of the ICa during FP stimulus using the NHE inhibitor, HOE642, in
rat ventricular myocytes under HEPES-buffered conditions. The
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same micro-jet method previously described by Lee et al. [14] was
used together with a whole-cell patch clamp technique. The pres-
ent data indicate that NHE may reduce the suppressive effect of FP
on the ICa by attenuating intracellular acidosis.
2. Materials and methods

2.1. Single cell isolation

Rat ventricular myocytes were enzymatically isolated from
male Sprague–Dawley rats (200–300 g) using retrograde perfusion
of the heart through the aorta (7 ml/min, at 36.5 �C) as described
previously [14]. Rats were deeply anesthetized with sodium pento-
barbital (150 mg/kg, i.p.), the chest cavity was opened and hearts
were excised. This surgical procedure was carried out in accor-
dance with university ethical guidelines.

2.2. Application of fluid pressure

Myocytes were continuously superfused with the Tyrode solu-
tion (in mM: 137 NaCl, 5.4 KCl, 10 HEPES, 1 MgCl2, 10 glucose, 2
CaCl2, pH 7.4). Pressurized flows of solutions were applied onto
the single myocytes through a microbarrel (internal diame-
ter = �250 lm) as previously described [14,17]. The tip of micro-
barrel was placed at �150 lm from the cell and was connected
to a fluid reservoir with 400-mm height. This height produced FP
of about 16 dyn/cm2 [14]. Electronic solenoid valve was installed
in the middle of tubing connecting the fluid reservoir and the
microbarrel, the tip of which, touching the chamber bottom, was
tilted to one side with an angle of 45�. The positioning of the micro-
barrel was performed under microscope (TS2000, Nikon) using a
micromanipulator (Prior England 48260).

The experimental cells were attached to the bottom of the
chamber without a coating material. Using a microscope and video
monitor, it was confirmed that no movement of the cell occurred
during the fluid puffing before the start of the patch clamp exper-
iments. The cells used for the recordings did not float or move at a
FP of approximately 16 dyn/cm2.

2.3. Current measurements and analysis

ICa was recorded using the whole-cell patch-clamp technique
[18] using an EPC7 amplifier (HEKA, Germany). The patch pipettes
were made of glass capillaries (Kimble Glass Inc.) to have resis-
tance of 2–3 MX when filled with the internal solution containing
(in mM) 110 CsCl, 20 TEA-Cl, 10 HEPES, 5 MgATP, and 2 EGTA, with
the pH adjusted to 7.2 with CsOH; in some experiments 10 mM
BAPTA was also included in the pipette solution (see Fig. 3). Out-
ward K+ currents were suppressed by replacing internal K+ with
Cs+ and TEA+, and inward rectifier K+ current was suppressed by
replacing external K+ with Cs+. Na+ current was inactivated by
holding the membrane potential at �40 mV. Trains of test pulses
were to 0 mV for 120 ms with 0.1 Hz. The ICa was fully sensitive
to 20 lM of nifedipine (data not shown) and to 200 lM Cd2+

[14]. Measurement of ICa was carried out 5–6 min after rupture
of the membrane with the patch pipette, when the rundown of
Ca2+ channels were slowed and stabilized. Generation of voltage
protocols and acquisition of data were carried out using pCLAMP
(9.0, Axon Instruments, CA, USA) combined with an A/D converter
(Digidata 1322, Axon Instruments). The series resistance was 1.5–3
times the pipette resistance and was electronically compensated
through the amplifier. The current signals were digitized at
10 kHz and low-pass filtered at 1 kHz.

We usually monitored raw currents as well as currents leak-
subtracted by the P/N method (N = 5). Data in the figures are
shown without leak subtraction to demonstrate that the cells
had low, stable leak current. The % suppression of ICa by various
interventions was evaluated after a gradual decrease in ICa by sub-
tracting the rundown from the raw current [19]. Briefly, the time
course of changes in peak ICa measured in the control conditions
was fitted using double exponential curve fitting; the fitted curve
was then considered to be a rundown component. The difference
between the original time course and the fitted curve resulted in
pure changes in ICa, which were used to measure percentage
changes during the interventions.

Peak detection was performed with Clampfit (9.0, Axon Instru-
ments), and the time constant (s) of inactivation of ICa was ob-
tained with single exponential curve fitting using the equation:

y ¼ ðAi � AfÞ � expð�t=sÞ þ Af

where Ai and Af are, respectively, the intitial (t = 0) and final
(t = infinity) values of the parameter, and s is a time constant of
exponential decay.

HOE642 was dissolved in the external Tyrode solution and ap-
plied using the puffing apparatus or whole-chamber superfusion
system depending on the experimental purposes. All the experi-
ments were performed at room temperature (22–25 �C).

2.4. Statistics

Numerical results are presented as mean ± standard error of the
mean (S.E.M.) (n = number of cells). A paired Student’s t test was
used to evaluate the statistical significance of differences between
means. Differences at P < 0.05 were considered to be significant.
3. Results

3.1. Inhibition of Na+–H+ exchange suppresses ICa under fluid pressure

To examine whether NHE activity plays a role in the regulation
of the ICa during FP stimulus, we used a specific NHE inhibitor,
HOE642, in combination with FP exposure. In the whole-cell patch
clamp mode, the application of FP of �16 dyn/cm2 suppressed the
ICa by about 25% (compare ‘1’ and ‘2’ in Fig 1A; Fig 1B, n = 7,
P < 0.01), which is consistent with a previous report on the effect
of FP on the ICa [14]. When the inhibitory effect of FP on the ICa

was stabilized, 10 lM HOE642 was applied in the continued pres-
ence of FP. Interestingly, HOE642 further suppressed the ICa (by
about 40%, compared with the ICa recorded in the presence of FP
only; compare ‘2’ and ‘3’ in Fig. 1A; n = 7, P < 0.01, Fig. 1B). The
inhibitory effects of HOE642 under FP reached a maximum at
92.9 ± 6.44-s after the exposures (n = 7). Fig. 1C and D show that
the inhibitory effect of HOE642 on the ICa under FP stimulus is
dose-dependent. When the concentrations of HOE642 were gradu-
ally increased in the cells pre-exposed to FP (Fig. 1C), or in some
cases single concentrations were used, the peak ICa was decreased
by HOE642 in a dose-dependent manner (Fig. 1C, see representa-
tive currents, ‘3–5’), resulting in an IC50 of 0.97 ± 0.12 lM
(Fig. 1D). Maximal inhibition by HOE642 was achieved at
100 lM, but there was only slight difference in the suppressive ef-
fects between 10 lM and 100 lM HOE642 (Fig. 1C and D). Fig. 1E
and F compare current–voltage (I–V) relationships of the ICa re-
corded in the absence and presence of FP, and after the exposure
to HOE642 (10 lM) in the presence of FP. The representative
currents recorded at different test potentials show no voltage-
dependence in the effects of HOE642 and FP on ICa, and no shift
in the I–V curve in the presence of FP and HOE642 (Fig. 1F).

We next examined whether HOE642 shows a similar inhibitory
effect on the ICa in the control myocytes (without FP). As shown in
the Fig. 1G and H, application of HOE642 (10 lM) did not alter the



Fig. 1. Suppression of L-type Ca2+ current (ICa) by HOE642 in the myocytes pre-exposed to fluid pressure (FP). (A) Time course of the effects of FP (16 dyn/cm2) and HOE642
(10 lM) on peak ICa. Inset, superimposed currents recorded at the numbered points. (B) Mean peak ICa (pA/pF) measured before and after the treatment of FP, and in HOE642
and FP. ⁄⁄P < 0.01, ⁄⁄⁄P < 0.001 vs. Control. ##P < 0.01 vs. FP (n = 7). (C) Time courses of the changes in peak ICa by FP and different concentrations of HOE642. Inset shows
superimposed ICa recorded at the times marked by the numbers. (D) Concentration-dependent inhibition of ICa by HOE642 in the myocytes pre-exposed to FP (�16.3 dyn/
cm2). (E) Superimposed ICa recorded at different testing potentials ranging from �40 to +50 mV (Vh = �40 mV) in the control conditions (control), and after exposures to FP
(�16.3 dyn/cm2) and HOE642 (HOE, 10 lM). (F) Comparison of the mean current–voltage relationships of ICa measured under control condition, FP (�16.3 dyn/cm2), and FP
and HOE642 (HOE; 10 lM) (n = 7). (G) Time course of ICa change by HOE642 in control cells. (H) Mean peak ICa measured in the absence and presence of HOE642 (10 lM), and
after the removal of HOE642 (n = 7).
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ICa under control conditions (in pA/pF: control, 6.73 ± 0.75 vs.
HOE642, 6.55 ± 0.74, n = 7, P > 0.05). We observed only a rundown
of the peak ICa.

3.2. HOE642 causes a hyperpolarizing shift of steady-state inactivation
of Ca2+ channels under FP

To examine whether the HOE642 exposure modulates the inac-
tivation property of the Ca2+ channel, we evaluated the inactivation
time constant (s) of the ICa (see Section 2) in the absence of FP, and
in the presence of FP with or without 10 lM HOE642. Fig. 2A
shows the peak normalized, superimposed ICa traces recorded in
each condition, indicating more rapid inactivation of the ICa under
FP exposure, but no change in the inactivation time constant by
HOE642. The decrease in the inactivation time constant by FP
has been previously reported by Lee et al. [14]. Acceleration in
the inactivation of the current is thought to be caused by enhanced
Ca2+ release from the SR during depolarization [14]. In seven cells
tested, the mean s of ICa inactivation was 17.8 ± 2.01 ms in the con-
trol conditions, 14.2 ± 1.11 ms under FP exposure (P < 0.01 vs. con-
trol), and 13.9 ± 0.70 ms under HOE642 and FP exposures (P > 0.05
vs. FP), suggesting no effect of HOE642 on the inactivation kinetics
of the ICa (Fig. 2B).

Fig. 2C illustrates the effect of HOE642 on the voltage-depen-
dence of the availability of Ca2+ channels under FP exposure. Con-
sistent with a previous report [14], the FP caused an approximately
4-mV left shift in the V0.5 of the steady-state inactivation curve (see
Section 2) without changing the slope factor. Additional treatment
of 10 lM HOE642 in the presence of FP further shifted the steady-
state inactivation curve in a hyperpolarizing direction (DV0.5: 6–
7 mV) (‘FP’, �28.6 ± 1.2 mV vs. ‘FP + HOE’, �34.1 ± 0.9 mV, n = 6,
P < 0.001).

3.3. Intracellular Ca2+ buffering does not alter the inhibitory effect of
HOE642 under FP

FP has been reported to enhance Ca2+ transients evoked by
depolarization in rat ventricular myocytes [14]. In addition, both
�80% of FP-induced ICa suppression and the acceleration of ICa inac-
tivation in the presence of FP were found to be eliminated by intra-
cellular high Ca2+ buffering [14]. We tested whether Ca2+ change
during FP exposure plays a role in the suppressive effect of
HOE642 on the ICa by introducing 10 mM BAPTA into the myocytes
via a patch pipette. The effect of the FP on the ICa was greatly re-
duced in highly Ca2+-buffered myocytes, but it still induced a small
reduction in the ICa (about 4.5 ± 0.8% decrease, n = 12, P < 0.05 vs.
control; Fig. 3A and B), which is consistent with the previous report
[14]. However, the inhibitory effect of HOE642 (10 lM) on the ICa

in the cells pre-exposed to FP was not significantly altered (by
42 ± 4.6% decrease, n = 12, P < 0.001 vs. FP; Fig. 3A and B; compare
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with Fig. 1B). As expected, high Ca2+ buffering removed the effect
of FP on the inactivation of the ICa (see ‘C’ and ‘FP’ in Fig. 3C;
Fig. 3D). Additional treatment with HOE642 yielded no further
change in the inactivation kinetics (see ‘FP’ and ‘FP + HOE’ in
Fig. 3C and D). This result indicates that the inhibition of ICa by
HOE642 in the presence of FP may be independent of the increase
in intracellular Ca2+.

3.4. Blockade of HOE642-induced ICa suppression by removal of
extracellular Cl–

It has also been shown that intracellular acidosis inhibits ICa

[6,7]. Application of FP not only enhanced Ca2+-induced Ca2+ re-
lease during depolarization [14], but also induced intracellular aci-
dosis [16]. A decrease in intracellular pH has been reported to be
responsible for about 20% of the inhibition of ICa during FP expo-
sure [15]. In addition, H+-mediated ICa inhibition during FP stimu-
lus was not affected by DIDS, a blocker of the Na+–HCO3

�

exchange, but it was blocked by the removal of extracellular Cl�

[15]. These previous reports indicate that the Cl�-dependent acid
loader may be responsible for the FP-induced ICa suppression via
acidosis. We examined whether the suppressive effect of HOE642
on the ICa under FP is caused by an accumulation of H+ by blocking
the Cl�-dependent acid-loading mechanism. To block the Cl�-
dependent acid loader, extracellular Cl�was replaced by equimolar
aspartate (final external [Cl�] = 0 mM). When the Cl� was replaced
with the aspartate, the ICa was gradually decreased (data not
shown). This effect was stabilized within 2–3 min after the treat-
ment, consistent with previous reports [15,20]. Under these condi-
tions, FP exposure inhibited the ICa by about 20% (n = 6, P < 0.01,
‘low Cl�o’ vs. ‘low Cl�o + FP’; Fig. 4A and B). Interestingly, however,
further application of HOE642 failed to have any effect on the ICa

(n = 6, P > 0.05, ‘low Cl�o + FP’ vs. ‘low Cl�o + FP + HOE642’;
Fig. 4A and B). This result suggests that the inhibition of ICa by
HOE642 in the presence of FP may be caused by H+, accumulated
by the Cl�-dependent acid loader (Cl�–OH� exchange in the cur-
rent HEPES-buffered conditions [15,21]).
4. Discussion

In the present study, we showed that inhibition of NHE using
HOE642 significantly reduces the ICa in rat ventricular myocytes
under fluid pressure. In the cells exposed to FP, HOE642 induced
a hyperpolarizing shift in the voltage-dependence of the steady-
state inactivation curve without altering the inactivation kinetics
of ICa. The effect of HOE642 on peak ICa was not affected by intra-
cellular high Ca2+ buffering. However, it was completely inhibited
by inhibition of the Cl�-dependent acid loading mechanism, which
is known to be activated by FP, using zero extracellular Cl� solu-
tions. These results suggest that NHE may play an important role
in balancing the H+ concentration when ventricular myocytes are
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exposed to FP, thereby attenuating the inhibitory effect of H+ on
L-type Ca2+ channels.

Inhibition of the suppressive effect of HOE642 on the ICa during
FP exposure by the removal of external Cl� suggests that NHE may
be activated by intracellular acidosis caused by the Cl�-dependent
acid loader during FP stimulus. The enhanced NHE activity due to
the acidosis during the FP stimulus may result in increases in both
the intracellular Na+ concentration and the cell volume [22]. Possi-
ble volume increases through the activation of the regulatory vol-
ume increase process [23] may help cells recover from a shrinkage
induced by FP (data not shown; [15]). In addition, the Na+ accumu-
lation may reduce the driving force of Na+–Ca2+ exchange for
removing Ca2+, thereby increasing the intracellular Ca2+ concentra-
tion [24,25]. Most of the inhibitory effect of FP on ICa has been
attributed to an increased intracellular Ca2+ concentration in rat
ventricular myocytes [14]. When the inhibitory effect of FP on
the ICa was stable, additional application of HOE642 decreased
the ICa to a great extent (Fig. 1 A–C). This observation provides evi-
dence that the inhibition of the ICa by FP via an increase in Ca2+ is
not due to the Ca2+ loading via the NHE/Na+–Ca2+ exchange-signal-
ing hypothesis. In addition, intracellular high Ca2+ buffering largely
inhibited the suppressive effect of FP on the ICa, but it did not alter
the HOE642-induced reduction in the ICa. This finding also supports
the idea that the inhibition of the ICa by HOE642 under FP exposure
may not be related to a change in the intracellular Ca2+.
The ICa underlies the action potential plateau and the refractory
period of the action potential, and it triggers Ca2+ release from the
SR [1–3]. The FP significantly decreases the ICa in ventricular myo-
cytes. This reduces the duration of the action potential and the
refractory period, thereby potentiating arrhythmias. Ventricular
myocytes may be exposed to such FP and volume overload during
valve diseases (e.g., aortic or pulmonary valve stenosis) and other
hemodynamic disturbances. Under these conditions, the activity
of NHE may prevent severe acidosis and thus attenuate the short-
ening of the action potential and ectopic beating by compromising
H+-induced ICa inhibition caused by fluid pressure. Due to the activ-
ity of NHE, the effect of the pH change on ICa during the FP expo-
sure could be relatively small.

Paradoxically, the inhibitor of NHE, HOE642, has been sug-
gested to be useful in preventing reperfusion damage of ischemic
myocardium, which involves intracellular Ca2+ overload [26].
Blockade of cardiac type 1 NHE with HOE642 has been shown to
protect cardiomyocytes against oxidant-induced cell death by pre-
serving intracellular ion homeostasis and mitochondrial integrity
[26]. During reperfusion of fluid after occlusion-induced ischemia,
ventricular myocytes that are localized in the vicinity of the coro-
nary artery may be exposed to instant high hydrostatic pressure.
Under this condition, the ICa may be inhibited by the FP, and
HOE642 treatment may also further decrease the ICa. This may help
cells prevent Ca2+ overloading and Ca2+-overload-induced arrhyth-
mias. Our data may provide a possible mechanism for the cardio-
protective effect of HOE642 in ischemia–reperfusion damage of
ventricular myocytes.
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