Circulation Journal

ORIGINAL ARTICLE
Arrhythmia/Electrophysiology

Official Journal of the Japanese Circulation Society

http: //www.j-circ.or.jp

Acceleration of Ca2* Waves in Monocrotaline-Induced
Right Ventricular Hypertrophy in the Rat

Masahito Miura, MD, PhD; Masanori Hirose, MD, PhD; Hideaki Endoh, MD, PhD;
Yuji Wakayama, MD, PhD; Yoshinao Sugai, MD, PhD; Makoto Nakano, MD, PhD;
Koji Fukuda, MD, PhD; Chiyohiko Shindoh, MD, PhD;

Kunio Shirato, MD, PhD; Hiroaki Shimokawa, MD, PhD

Background: Triggered arrhythmias arise from delayed afterdepolarizations (DADs), with Ca?* waves playing
an important role in their formation. In ventricular hypertrophy, however, it remains unclear how Ca?* waves
change their propagation features and affect arrhythmogenesis. We addressed this important issue in a rat model
of hypertrophy.

Methods and Results: Rats were given a subcutaneous injection of 60mg/kg monocrotaline (MCT-rats) or
solvent (Ctr-rats). After 4 weeks, MCT-rats showed high right ventricular (RV) pressure and RV hypertrophy. Tra-
beculae were dissected from 36 right ventricles. The force was measured using a silicon strain gauge and regional
intracellular Ca?+ ([Ca2+]) was determined using microinjected fura-2. Reproducible Ca2+ waves were induced by
stimulus trains (2Hz, 7.5s). MCT-rats showed a higher diastolic [Ca?]i and faster and larger Ca?+ waves (P<0.01).
The velocity and amplitude of Ca2* waves were correlated with the diastolic [Ca?*]i both in the Ctr- and MCT-rats.
The velocity of Ca?* waves in the MCT-rats was larger at the given amplitude of Ca2* waves than that in the Ctr-rats
(P<0.01). The amplitude of DADs was correlated with the velocity and amplitude of Ca?+ waves in the Ctr- and
MCT-rats.

Conclusions: The results suggest that an increase in diastolic [Ca?*]i and an increase in Ca?* sensitivity of the
sarcoplasmic reticulum Ca?* release channel accelerate Ca?* waves in ventricular hypertrophy, thereby causing
arrhythmogenesis. (Circ J 2011; 75: 1343—-1349)
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and delayed afterdepolarizations (DADs) play an

important role* in their occurrence, associated with
catecholamine excess,’ heart failure, and mutations of the
ryanodine receptor or calsequestrin.” Such diseased hearts
not only exhibit an increase in diastolic intracellular Ca?*
([Ca?*1i),® which causes spontaneous Ca?* release from the
sarcoplasmic reticulum (SR),*1 but also exhibit nonuniform
muscle contraction,!'12 which causes Ca?* dissociation from
the myofilaments within the border zone between contracting
and stretched regions during the relaxation phase.!*-1314 Both
the Ca?* released from the SR and that dissociated from the
myofilaments can induce Ca** waves, which propagate along
the myocardium by the mechanism of Ca?*-induced Ca?*
release from the SR.!5 Since the velocity and amplitude of

!- rrhythmias are likely to occur in diseased hearts,!-

Ca?* waves determine the formation of DADs¢ (ie, arrhyth-
mogenesis principally through the activation of the Na*—Ca?*
exchange (NCX) current'®17), it is still important to investi-
gate the propagation features of the Ca?* waves.

It has been reported that in ventricular hypertrophy, 6 clear
changes occur with maladaptive remodeling of the myocar-
dium: (1) reduction of SR Ca?* ATPase (SERCA2a),'8 (2)
increase in level of NCX," (3) prolonged action potentials,
(4) altered transverse tubules, (5) development of dyssyn-
chronous Ca?* release, and (6) increased SR Ca?* leakage.?!
Of these 6, reports about SR Ca?* leakage have been incon-
sistent as to the amplitude and frequency of Ca** sparks in
ventricular hypertrophy.?>>* Additionally, it has even been
reported that Ca>* waves caused by Ca?* sparks propagate
more slowly in ventricular hypertrophy.?? Furthermore, it
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Table 1. General and Cardiac Characteristics of Ctr and

MCT-Exposed Rats

HR, beats/min
mRAP, mmHg
sRVP, mmHg
Body weight, g
Heart weight, g
RV weight, g

RV weight/body weight, mg/g

RV/(LV+IVS) weight

Lung weight, g
Liver weight, g

Ctr-rats
(n=9-18)
356+10
2.65+0.23
20.5+1.1
350+6
0.93+0.01
0.20+0.01
0.57+0.03
0.27+0.01
1.39+0.03
13.9+0.4

MCT-rats
(n=9-18)

340+13
4.39+0.34**
47.3+7.8*

3319
1.08+0.03**
0.36+0.02**
1.10+0.04**
0.51+0.02**
2.03+0.06™*
13.1+0.5

Results are mean +SEM. **P<0.01 vs. Ctr-rats.
Ctr, control; MCT, monocrotaline; HR, heart rate; mRAP, mean
right atrial pressure; sRVP, systolic right ventricular pressure; RV,
right ventricle; LV, left ventricle; IVS, interventricular septum.

remains unclear how the propagation features of Ca** waves,
especially those induced by Ca?* dissociated from the myo-
filaments, are changed and affect arrhythmogenesis in ven-
tricular hypertrophy.

Thus, in the present study, we observed the propagation
features of Ca* waves, principally those induced by Ca?* dis-
sociated from the myofilaments, in the trabeculae obtained
from a rat model of monocrotaline (MCT)-induced pulmo-
nary hypertension and right-sided ventricular hypertrophy.

Methods

Animal Model

All animal procedures were performed according to the Guide
for the Care and Use of Laboratory Animals published by the
US National Institutes of Health (NIH Publication No. 85—
23, revised 1996) and were approved by the Ethics Review
Board of Tohoku University (approval reference no.21-98).
Sprague-Dawley rats weighing 200 g received a single subcu-
taneous injection of 60mg/kg MCT (MCT-rats) or an equal
volume of solvent (Ctr-rats), as previously described.?* Four
weeks after the injection, 25.4% of the MCT-rats died from
right-sided heart failure but none of the Ctr-rats died. The
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Figure 1. Characteristics of monocrotaline (MCT)-induced right ventricular hypertrophy. (A) Representative section along
the short axis of a heart from control (Ctr) and MCT-exposed rats (28 days). Note that the right ventricle (RV) is thickened and
elongated and that its cavity is enlarged in the MCT-rat. (B, C) RV-to-(LV+IVS) weight ratio (B) and diastolic intracellular Ca2+
(C) of Ctr- and MCT-rats. They were significantly larger in the MCT-rats. LV, left ventricle; IVS, intraventricular septum. *P<0.01
vs. Ctr-rats. (D) Representative recordings of action potential (Top), developed force (Middle) and Ca?* transient (Bottom) in
the Ctr- (red lines, 21.8°C, experiment no.030114) and MCT-rats (blue lines, 22.0°C, experiment no.021224) at 2Hz stimulation
([Ca2*]o=2.0mmol/L). Arrows with S indicate the moments of electrical stimulation.
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survivors were anesthetized, the right atrial and ventricular
pressures were measured, and then the heart was excised for
sample preparation and heart weight measurement.

Measurements of Force, [Ca%]i, and Membrane Potential
Trabeculae were obtained as previously described (see online
Supplemental File).!3-1¢ Briefly, trabeculae (n=36; length:
2.240.1 mm, width: 284£79 ym, thickness: 99+5 ym in slack
condition) were dissected from the right ventricle (RV) of
rats and mounted between a force transducer and a microma-
nipulator in a bath perfused by HEPES solution on an inverted
microscope. Membrane potential was measured using ultra-
compliant glass microelectrodes and sarcomere length (SL)
was measured using laser diffraction techniques, as previ-
ously described.'?

[Ca?*]i was measured as previously described.!>!5 Briefly,
fura-2 pentapotassium salt was microinjected electropho-
retically into each trabecula. Excitation light of 340, 360, or
380nm was used and fluorescence was collected using an
image-intensified CCD camera at 30 frames/s to assess local
[Ca?]i. We calculated [Ca**]i in a region of interest along the
trabeculae from the calibrated ratio of F3eo/F3s0'3-!5 and con-
structed the 3-dimensional image. The velocity of the Ca%

Table 2. Membrane Potential, Developed Force, and Ca?*
Transient at 2Hz Electrical Stimulation in Ctr and
MCT-Exposed Rats

Ctr-rats MCT-rats

(n=5-7) (n=7-9)
APDso, ms 205+11 320+20**
Force, mN/mm2 29.4+2.7 21.5+1.8*
Peak [Ca?*]i, nmol/L 1,027+33 819+30™*
Diastolic [Ca?*]i, nmol/L 110+8 177+20**
A[Ca?]r, nmol/L 896+33 606+37**
[Caz+]i decline, ms 10615 167+18*

Results are mean+SEM. Ctr-rats, 21.9+0.1°C; MCT-rats, 22.0+
0.1°C; [Ca?*Jo=2.0mmol/L. *P<0.05, **P<0.01 vs. Ctr-rats.

APDgo, action potential duration at 90% repolarization; [Ca2*]i, intra-
cellular Ca2* concentration; A[Ca2*]r, amplitude of Ca2* transient
induced by electrical stimulation. Other abbreviations see in Table 1.

wave was calculated from the slope of the fitted line to the
plot between the time and the position of the peak point of
the Ca?* transient during the Ca?* wave at each pixel along
the trabecula (see online Supplemental Data S1).
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Figure 2. Regional changes in intracellular Ca2+ ([Ca?*]i), force, and membrane potential in a control (Ctr)-rat and a monocro-
taline (MCT)-exposed rat. (Top) Regional [Ca2*]i calculated from the CCD camera images during the last electrically stimulated
twitch of a train and the following aftercontraction. In these 3-D representations, the abscissa is time, the ordinate is [Ca2*],, and
the Z axis is the position along the long axis of the trabecula. After the end of the clearly uniform Ca?+ transient by the last stimulus
of a train (arrow with ST), a small Ca?+ transient appeared to move like a wave from the one end (dotted arrow). Corresponding
changes in force and membrane potential (Middle and Bottom). After the last electrically stimulated twitch of a train, aftercon-
tractions (open arrows in middle panels) and delayed afterdepolarizations (closed arrows in bottom panels) occurred sponta-
neously ([Ca2+]o=3.0mmol/L). (A) In a Ctr-rat, the calculated velocity of the Ca2+ wave was 5.5mm/s and the amplitude of the
aftercontraction was 4.3mN/mm2 (22.1°C, experiment no.021021). (B) In a MCT-exposed rat, the calculated velocity of the
Ca?+ wave was 7.3mm/s and the amplitude of the aftercontraction was 6.7 mN/mm2 (22.0°C, experiment no.021114).
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Figure 3. Changes in the velocity (Verop) and amplitude (A[Ca2+]cw) of Ca2+ waves depending on the diastolic [Ca2*]i ([Ca2*]p)
and the amplitude of Ca?+ transients by electrical stimulation (A[Ca2+]r) in control rats (Ctr-rats, n=21, red bar or circles) and in
monocrotaline-exposed rats (MCT-rats, n=21, blue bar or circles). Temperature was 22.1+0.3°C. (A) The Vprop and A[Ca?+]cw of
Ca?+ waves are significantly larger in the MCT-rats, regardless of the [Ca?*]o being lower in MCT-rats (Ctr-rats, [Ca?*]o=3.8+
0.3mmol/L; MCT-rats, [Ca2*]o=3.2+0.3mmol/L). *P<0.01 vs. Ctr-rats. (B) Relationships of the Vprop and A[Ca?+]cw of Ca2+ waves
against the [Ca?*]o. In the upper panel, the Vprop linearly correlates with the [Ca2+]p in the Ctr- (r=0.80) and MCT-rats (r=0.65). In
the lower panel, the A[Ca2?*]cw linearly correlates with the [Ca2+]o in the Ctr- (r=0.76) and MCT-rats (r=0.71). In both panels,
ANOCOVA analysis shows that the plots in Ctr- and MCT-rats are parallel and not significantly different. (C) Relationships of
the Verop and A[Ca?+]cw of Ca2+ waves against the A[Ca2+]r. In the upper panel, the Vprop linearly correlates with the A[Ca2*] in
the Ctr- (r=0.75) and MCT-rats (r=0.87). ANOCOVA analysis shows that the plots in Ctr- and MCT-rats are parallel and that
the plots in MCT-rats are shifted upward. In the lower panel, the A[Ca2*]cw linearly correlates with the A[Ca2+]r in the Ctr- (r=0.66)
and MCT-rats (r=0.66). ANOCOVA analysis shows that the plots in Ctr- and MCT-rats are parallel and that the plots in MCT-rats

are shifted upward. *P<0.01 vs. Ctr-rats.

Experimental Protocol

We first measured action potentials, developed force, and Ca?*
transients at 2.0 Hz electrical stimulation in trabeculae from 7
Ctr-rats and 7 MCT-rats ([Ca?*]o=2.0 mmol/L, temperature =
21.940.1°C). To induce Ca* waves, trains of electrical stimuli
at 2Hz were then applied for 7.5 s ([Ca**]o=2mmol/L). After
the measurement of the force and Ca?* waves, [Ca?]o was
increased in steps of 0.5 mmol/L to remeasure the force and
Ca waves by raising Ca?* levels within the muscle. In the
present study, we analyzed the Ca** waves arising from the
end regions of the trabeculae since it has been reported that
Ca?* dissociated from the myofilaments plays an important
role in their initiation.!*-13-15 Eventually, 21 Ca* waves in tra-
beculae from 7 Ctr-rats ([Ca%*]o=3.84+0.3mmol/L) and 21
Ca?* waves in trabeculae from 6 MCT-rats ([Ca2*]o=3.2+
0.3 mmol/L) were analyzed (temperature =22.11£0.3°C). The
membrane potential during 13 Ca* waves in trabeculae from

6 Ctr-rats and 7 Ca?* waves in trabeculae from 3 MCT-rats
was also measured ([Ca?*]o=3.0+£0.3 mmol/L). All measure-
ments were performed at the SL of 2.1 m.

Statistical Analysis

All measurements are expressed as mean+SEM. Statistical
analysis was performed with an unpaired Student’s t-test for
2-group comparisons and analysis of covariance (ANOCOVA)
for the other comparisons. Values of P<0.05 were considered
significant.

Results

In the MCT-rats, RV systolic pressure was higher and the
wet tissue weight of the RV free wall was heavier than those
in the Ctr-rats (Table 1, Figures 1A,B), suggesting that RV
hypertrophy in the present study was induced by pulmonary

Circulation Journal Vol.75, June 2011
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Figure 4. Effect of the velocity (Verop) and ampltude (A[Ca?+]cw) of Ca2+ waves on the amplitude of delayed afterdepolarization
(ADAD) in control rats (Ctr-rats, red circles) and in monocrotaline-exposed rats (MCT-rats, blue circles). (A) Relationships be-
tween the Vprop of Ca2+ waves and the A[Ca?+]cw of those in the Ctr- (r=0.81, n=21) and MCT-rats (r=0.73, n=21). ANOCOVA
analysis shows that the plots in Ctr- and MCT-rats are parallel and that the plots in MCT-rats are shifted upward (*P<0.01 vs.
Ctr-rats). (B) Relationships of the ADAD against the Vprop and A[Ca?+]cw of Ca2+ waves in the Ctr- (n=13, [Ca?+]o=2.940.4) and
MCT-rats (n=7, [Ca?*]o=3.0+0.4). The ADAD linearly correlates with the Vprop in the Ctr- (r=0.66) and MCT-rats (r=0.91) and
linearly correlates with A[Ca2?*]cw in the Ctr- (r=0.78) and MCT-rats (r=0.86). ANOCOVA analysis shows that the plots in Ctr-
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hypertension in the MCT-rats. The contractile properties of
the Ctr- and MCT-rats at 2Hz electrical stimulation are shown
in Table 2 and Figures 1C,D. In the MCT-rats, the time to
90% repolarization of the action potential was longer, the
amplitude of the developed force was lower, and the Ca**
transients declined more slowly after reaching the lower peak
values. The diastolic [CaZ*]i was higher in MCT-rats.
Figure 2 shows representative changes in the regional
[Ca?*]i, force development, and membrane potential dur-
ing the last electrically stimulated twitch of a train and the
changes after the cessation of the train. The electrical stimu-
lation induced a Ca* wave arising from one end of each
trabecula both in the Ctr- and MCT-rats. Importantly, the Ca?*
wave induced in the MCT-rat was faster than that in the Ctr-
rat, although each wave was induced under the same condi-
tions. The summary data in Figure 3A show that the velocity
and amplitude of Ca** waves in the MCT-rats were signifi-
cantly larger than those in the Ctr-rats, regardless of [Ca’*]o
at the measurements being lower in MCT-rats. Besides, in
both the Ctr- and MCT-rats, the velocity and amplitude of
Ca waves linearly correlated with the diastolic [Ca?*]i

(Figure 3B). Note that the relationships of the velocity and
amplitude of Ca?* waves against the diastolic [Ca?*]i in the
MCT-rats were not discriminated from those in Ctr-rats, sug-
gesting that the increases in both the velocity and the ampli-
tude of Ca?* waves in MCT-rats, shown in Figure 3A, were
merely caused by the increase in diastolic [Ca?*]i.

To investigate the effect of releasable Ca’* in the SR on
the propagation features of Ca?* waves, we plotted the veloc-
ity and amplitude of Ca* waves against the amplitude of
Ca?* transients by electrical stimulation in both the Ctr- and
MCT-rats (Figure 3C). In both groups of rats, the velocity
and amplitude of Ca** waves linearly correlated with the
amplitude of Ca?* transients by electrical stimulation. Impor-
tantly, their relationships in MCT-rats significantly shifted
upward compared with those in Ctr-rats, showing that Ca**
waves become faster and larger in MCT-rats despite contain-
ing the identical amount of releasable Ca?* within the SR.

It is well known that Ca* waves propagate along the myo-
cardium by the mechanism of Ca**-induced Ca?* release from
the SR.1® This means that when more Ca?* is released from
the SR during Ca?* wave propagation, the propagation veloc-
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ity becomes faster, because in this case the [Ca**]i level more
rapidly reaches the threshold of Ca?* release in the neighbor-
ing SR. Actually, the propagation velocity of Ca* waves
linearly correlated with the amplitude of Ca** waves in both
the MCT-rats and Ctr-rats, as shown in Figure 4A. Inter-
estingly, their relationship in MCT-rats significantly shifted
upward compared with that in Ctr-rats, showing that Ca?*
can induce Ca? release from neighboring SR with a lower
threshold in MCT-rats. Furthermore, the amplitude of DADs
correlated with the velocity and amplitude of Ca** waves
(Figure 4B), suggesting that acceleration of Ca’>* waves can
enhance arrhythmogenesis in both Ctr- and MCT-rats.

Discussion

In the present study, the propagation features of Ca>* waves
in ventricular hypertrophy were characterized by directly
measuring the spatial and temporal changes in [Ca?*]i using
multicellular ventricular muscle obtained from a rat model
of MCT-induced pulmonary hypertension and RV hypertro-
phy. To the best of our knowledge, the present study shows
for the first time that an increase in diastolic [Ca%*]i and an
increase in the Ca?* sensitivity of the SR Ca?* release chan-
nel accelerate Ca?* waves in ventricular hypertrophy, thereby
causing arrhythmogenesis, as discussed next.

MCT-Induced RV Hypertrophy

As in our previous studies,? we used MCT-rats as an experi-
mental model of pulmonary hypertension-induced RV hyper-
trophy. MCT is a pyrrolizidine alkaloid, and its bioactive
metabolite selectively injures the vascular endothelium of lung
vessels. Progressive pulmonary vasculitis leads to increas-
ing vascular resistance and a gradual rise in arterial pressure
starting ~14 days after a single dose of MCT.?¢ The increase
in RV afterload induces hypertrophy, which progresses to dila-
tion and failure.?® Also in the present study, the MCT-rats
showed higher systolic RV pressure, RV hypertrophy, and an
increase in diastolic [Ca2*]i (Tables 1,2, Figure 1). In addi-
tion, our previous report showed that MCT-rats exhibit a
lower expression of SERCA?2 protein and a relatively higher
expression of NCX protein.?® These properties of MCT-rats
are consistent with past reports for the same experimental
model?”-? and for other animal models of ventricular hyper-
trophy.?? Thus, we are convinced that MCT-rats can serve as
a model of ventricular hypertrophy to examine the propaga-
tion features of Ca?* waves.

Acceleration of Ca* Waves
Since both the ends of the trabeculae are fixed in this experi-
mental setup,'®-' the end regions are stretched during muscle
contraction and are shortened during muscle relaxation. By
the shortening of the muscle during relaxation, Ca?* is disso-
ciated from the myofilaments within the end regions'* due to
the altered affinity of the myofilaments for Ca*.3 We con-
sider that this Ca?* dissociated from the myofilaments within
the end regions induces the Ca?* waves arising from the end
regions of trabeculae, as observed in the present study.'* The
observation that these waves disappear at low afterload by
reducing muscle length3! supports this idea. For this reason,
it is not appropriate to compare the Ca> waves in the present
study with those observed under conditions of slack length
in isolated myocytes.??

The increase in diastolic [Ca?*]i in the MCT-rats (Table 2,
Figures 1C,D) may be caused by the lower expression of
SERCA protein®® because it has been reported that dia-

stolic [Ca?*]i inversely correlates with SERCA activity.?? This
increase in diastolic [Ca*]i can increase Ca?* release from
the SR due to activation of the SR Ca?* release channel’? and
facilitate the diffusion of Ca?* ions,'s thereby causing the
acceleration of Ca* waves in the MCT-rats (Figures 2,3A,
B).

The upward shift in the relationships in the MCT-rats
shown in Figure 3C means that, in the MCT-rats, the [Ca?*]i
level more rapidly reaches the threshold of Ca?* release from
neighboring SR and releases more Ca** despite containing
the identical amount of releasable Ca’* within the SR dur-
ing Ca> wave propagation, suggesting that Ca?* sensitivity
of the SR Ca?* release channel is increased in MCT-rats.*
Besides, the upward shift in the relationship between the
velocity of Ca* waves and the amplitude of those in the
MCT-rats, shown in Figure 4A, means that in the MCT-rat,
the [Ca?*]i level more rapidly reaches the threshold of Ca?*
release from neighboring SR when the identical amount of
Ca? is released from the SR during Ca?* wave propaga-
tion, again suggesting that the Ca?* sensitivity of the SR Ca?*
release channel is increased in MCT-rats. This upward shift
in their relationship has also been observed after the addition
of 0.1 or 0.3 mmol/L caffeine.!s Since low concentrations of
caffeine have been reported to accelerate Ca?* waves!s by
increasing Ca”* sensitivity of the SR Ca?* release channel®
or by directly increasing the probability of its opening, it
is probable that in ventricular hypertrophy, Ca* waves are
accelerated by the same mechanism as for caffeine. Actually,
it has been reported that in failing hearts, the SR Ca?* release
channel is phosphorylated?” and exhibits a higher Ca** sensi-
tivity,* suggesting that in ventricular hypertrophy, this higher
Ca?* sensitivity of the SR Ca?* release channel may also be
involved in the acceleration of Ca?* waves.

The amplitude of DADs linearly correlated with the veloc-
ity and amplitude of Ca* waves, probably through the NCX
current (Figure 4),1617 suggesting that, in the present study,
acceleration of Ca?* waves enhanced arrhythmogenesis in
both the Ctr- and MCT-rats. The steeper slope of the relation-
ship in the MCT-rats may be due to the increased expression
of the NCX.1925

In conclusion, the results of the present study suggest that
an increase in diastolic [Ca?*]i and an increase in the Ca2* sen-
sitivity of the SR Ca?* release channel accelerate Ca?* waves
in ventricular hypertrophy, thereby causing arrhythmogenesis.

Study Limitations

We did not measure [Ca?]i changes at the subcellular level
because muscle contractions are essential for the induction
of Ca?* waves arising from the end regions of the trabeculae?!
and the movement of trabeculae during muscle contractions
makes measurement using confocal microscopy difficult. For
this reason, we did not observe whether Ca?* ions really dis-
sociate from the myofilaments* and initiate Ca>* waves within
the end regions of the trabeculae.'* Confocal microscopy has
been used to detect intracellular Ca?>* mainly under resting
conditions in isolated myocytes®® or trabeculae and after the
cardiac arrest in whole hearts.*’
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