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Stage-dependent changes in membrane currents in rats
with monocrotaline-induced right ventricular hypertrophy
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Lee, Jong-Kook, Itsuo Kodama, Haruo Honjo, Taka-
fumi Anno, Kaichiro Kamiya, and Junji Toyama. Stage-
dependent changes in membrane currents in rats with mono-
crotaline-induced right ventricular hypertrophy. Am. J.
Physiol. 272 (Heart Circ. Physiol. 41): H2833-H2842, 1997.—
Sequential changes in action potential configuration, 4-amino-
pyridine-sensitive transient outward current (I,), and L-type
calcium current (Ic,) in association with hypertrophy were

investigated in ventricular myocytes from rats with monocro-
“taline (MCT)-induced pulmonary hypertension. The tissue
.~weight ratio of right ventricle (RV) to left ventricle plus
septum 14 and 28 days after a subcutaneous injection of MCT
increased by 29.7 and 77.2%, respectively. Action potential
duration (APD) of RV cells from MCT rats increased progres-
sively, prolonged by 73.2 and 92.2% on days 14 and 28,
respectively. The current density of I, in RV cells from MCT
rats on day 14 (32.5 + 4.5 pA/pF, n = 13) was significantly
larger than in controls (26.8 = 4.5 pA/pF, n = 8; P < 0.05). On
day 28, however, I, density in MCT rats (15.3 = 4.6 pA/pF,
n = 9) was significantly less than in controls (27.3 *= 4.2
pA/pF, n = 10; P < 0.05). There were no differences in the
voltage dependence of steady-state activation and inactiva-
tion of I, between MCT and control rats. I, density in MCT
rats on day 14 (15.7 = 2.6 pA/pF, n = 10) was significantly
larger than in controls (10.0 = 2.3 pA/pF, n = 10; P < 0.05),
but there was no significant difference in I, density between
MCT rats (8.3 = 3.7 pA/pF, n = 10) and controls (11.6 * 3.0
PA/PF, n = 10) on day 28. These findings suggest that
hypertrophy of mammalian hearts may cause stage-depen-
dent changes in I, and I, density of ventricular myocytes.
The APD prolongation in the early stage of hypertrophy may

. be caused mainly by an increase in Ic, density, whereas the

"APD prolongation in the late stage may be ascribed to a

“““reduction in I +o density.

action potential; transient outward current; calcium current
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CARDIAC HYPERTROPHY is an adaptive response of the
heart to pressure and volume overloads. The most
consistent electrical abnormality in association with
hypertrophy of ventricular myocytes is prolongation of
action potential duration (APD) (2, 12). As to the exact
ionic mechanisms responsible for the APD prolonga-
tion, however, much remains to be clarified. Many
investigators have examined the 4-aminopyridine (4-
AP)-sensitive and intracellular calcium-independent
component of transient outward current (I,) and L-
type calcium current (I¢,) in hypertrophied cardiac
cells, because the currents play an important role in
repolarization of action potential in most animal spe-
cies, including rats (3, 5, 6, 13, 15, 26, 28, 29), guinea
pigs (17, 25), cats (7, 14, 27), dogs (16), and humans (4,
20).
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It was shown in experiments on rat hearts with
hypertrophy secondary to pressure (28) or volume
overload or to hormonal intervention (29) or with
genetically determined hypertension (6) that the cur-
rent density of I, is reduced compared with controls.
Opposite findings indicating an increase of I, density,
however, have been presented by other investigators in
hypertrophied ventricular myocytes from cats (27) and
rats (15). Data on I, in experimentally induced hyper-
trophy are also diverse; I¢, density was shown to be
increased (13, 25), decreased (17), or unchanged (5, 7,
14) in rats, cats, or guinea pigs. Different pathological
processes in different hypertrophy models might result
in these discrepancies. In these previous reports, data
were obtained only at a certain stage of hypertrophy in
each model. At the present time, however, little informa-
tion is available about the chronological changes of
membrane currents with the development of hypertro-
phy. We hypothesized that such a variation of hypertro-
phy-induced changes in I, and I, density may reflect
stage-dependent changes in the currents.

In rats, a parenteral dose of monocrotaline (MCT), a
pyrrolizidine alkaloid found in the leaves and seeds of
the plant Crotalaria spectabilis, is known to cause
pulmonary vascular damage and pulmonary hyperten-
sion within a few weeks (10, 18, 19). The damage
includes swelling of capillary endothelial cells, lesions
of the arterial media, and accumulation of platelet
thrombi in blood vessels. The hemodynamic loading, in
turn, results in a marked right ventricular hypertro-
phy, leading to right-sided congestive heart failure in
several weeks. Because progressive right ventricular
hypertrophy can be produced in such a short period
with minimal pathological changes in the left ventricle,
this noninvasive and nongenetic model is suitable for
chronological investigation of action potentials and
ionic currents over the entire time course of hypertro-
phy.

In the present study, we examined the sequential
changes in action potential configuration, I;,, and I, in
rat myocytes with the use of the whole cell patch-clamp
technique at various stages of MCT-induced right ven-
tricular hypertrophy. The results revealed that myocar-
dial hypertrophy secondary to pressure overload causes
complex stage-dependent changes in ionic currents of
ventricular cells.

MATERIALS AND METHODS

Animals. Five-week-old male Wistar rats weighing 170-
190 g were treated with MCT (Sigma, St. Louis, MO) to
produce pulmonary hypertension as described previously (10,
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18, 19). A single dose of 60 mg/kg MCT was injected subcuta-
neously into the interscapular region. MCT was dissolved in 1
N HCI neutralized with 0.5 N NaOH and diluted with sterile
distilled water to obtain a 2% solution. In control rats of
corresponding age and weight, saline was injected instead of
MCT. The rats were allowed to eat freely from a supply of
standard rat chow and were weighed daily during the subse-
quent 4 wk. The animals were killed under ether anesthesia
on the day of MCT or saline injection (day 0) or 7, 14, 21, or 28
days after the injection. The hearts were removed quickly and
were used for estimation of right ventricular (RV) hypertro-
phy and for cell isolation. RV hypertrophy was estimated by
determining the tissue weight ratio of the RV free wall to the
left ventricular free wall plus septum (LV + S).

Cell isolation. Single myocytes were isolated enzymatically
from the RV and the LV. In brief, the excised hearts were
perfused on Langendorff apparatus with the following solu-
tions in sequence: I) normal Tyrode solution gassed with
100% O, at 37°C for 2 min to wash the blood from the heart, 2)
nominally Ca?*-free Tyrode solution for 5 min, 3) enzyme
solution containing collagenase (80-100 IU/ml; Yakult) for
4-5 min, and 4) modified Kraftbriihe (KB) solution for 3 min.
The RV and LV free walls were then harvested separately
from the heart and were minced in the modified KB solution
to disperse single myocytes. The cells were kept in the storage
solution at 4°C and were studied within 6 h after isolation.

Solutions. The composition of the normal Tyrode solution
was (in mM) 143 NaCl, 5.4 KCl, 1.8 CaCl,, 0.25 MgCl,, 0.25
NaHoPO4, 5 N-2-hydroxyethylpiperazine-N'-2-ethanesul-
fonic acid (HEPES), and 5 glucose (pH 7.4 with NaOH). The
nominally Ca2?*-free Tyrode solution was prepared by omit-
ting CaCl; from the normal Tyrode solution. The composition
of KB solution was (in mM) 70 KOH, 40 KCl, 50 L-glutamic
acid, 20 taurine, 10 KH,PO,, 0.5 MgCl,, 11 glucose, 0.5
ethylene glycol-bis(B-aminoethyl ether)-N,N,N' N'-tetraace-
tic acid (EGTA), and 10 HEPES (pH 7.4 with KOH). For the
recording of action potentials, cells were perfused with the
normal Tyrode solution. The pipette solution was composed of
(in mM) 80 KC1, 60 KOH, 40 aspartate, 5 HEPES, 10 EGTA, 5
MgATP, 5 sodium creatine phosphate, and 0.65 CaCl, (pH 7.3
with KOH). For the measurements of whole cell [, (Ca?*-
insensitive component of I;), 0.3 mM CdCl; and 10 uM
tetrodotoxin (TTX) were added to the external solution to
block calcium current and fast sodium current. For the
recording of Ig,, potassium in the external and pipette
solutions was replaced by cesium, and 10 uM TTX was added
to the external solution to avoid contamination by potassium
and sodium currents.

Electrophysiological measurements. Membrane potential
and currents of single ventricular cells were recorded with
the use of the gigachm seal, patch-clamp technique in the
whole cell configuration with an Axopatch-1D amplifier (Axon
Instruments, Burlingame, CA) (8). The temperature of the
bath solution was maintained at 35°C throughout the experi-
ments. The resistance of patch pipettes ranged from 2 to 3 M)
when filled with the normal internal solution. The cell
membrane capacitance (C,,) was determined by applying a
10-mV hyperpolarizing voltage-clamp step from a holding
potential (V},) at ~50 mV and integrating the area under the
capacity transient. The series resistance was compensated by
minimizing the duration of the capacitive surge on the
current tracings. The junctional potential between the pi-
pette and the bath solution was —4 mV, and it was not
corrected.

I, was measured in the voltage-clamp mode by applying
300-ms depolarizing pulses to a test potential ranging from
=50 to +50 mV in 10-mV steps from a V;, of —80 mV at an
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interval of 10 s (0.1 Hz). The depolarization to a level more
positive than —30 mV elicited an outward current of rapid
activation followed by slower inactivation. This time-depen-
dent current was eliminated nearly completely after applica-
tion of 2 mM 4-AP, indicating that this outward current is a
4-AP-sensitive I ,. The amplitude of I, was measured as the
difference between the peak of the outward current and the
minimum current level during the depolarizing pulse after
the peak. The voltage dependence of I, activation was
estimated by calculating the chord conductance (G) from I,
amplitude at various voltages, assuming a reversal potential
(View) of =75 mV (1). The maximum chord conductance (Gp.,)
was determined with Boltzmann fit according to the following
equation

G = Gope /|1 + exp [(Vy 5 — VVE]

where Vy5 is the potential at which the conductance is
half-maximally activated and % is the slope factor describing
the steepness of the activation curve. In experiments to
examine the voltage dependence of steady-state inactivation
a test depolarization to +30 mV was preceded by a 1-¢

conditioning pulse to various voltage levels ranging froms"

~100to 0 mV in 10-mV steps.

I, was recorded by applying 300-ms depolarizing pulses to
a test potential ranging from ~60 to +60 mV in 10-mV steps
from a V}, of —80 mV at an interval of 10 s (0.1 Hz). The
amplitude of I, was measured as the difference between the
peak inward current and the steady-state current during the
depolarizing voltage-clamp pulses. The current amplitude of
I, decreases during the course of whole cell clamp experi-
ments. We found that this decline of I, averaged 18% over 15
min. All the recordings of Ic, were, therefore, performed
exactly at 3-5 min after the establishment of a gigachm seal.

The current signal was filtered by a Bessel-type, low pass
filter with a cutoff frequency of 10 kHz (~3 dB). During an
experiment, membrane potential and current were monitored
on a storage oscilloscope (Tektronix 5000 series). Data were
sampled directly into a computer with pClamp or Axotape
software (Axon Instruments).

Statistics. Data are expressed as means = SE unless
otherwise specified. The numbers of observations for action
potentials and ionic currents were all single measurements in
single cells. Statistical analysis was performed with the use of
one-way analysis of variance with multiple comparisons
Differences were considered significant at P < 0.05.

RESULTS

Characteristics of experimental animals. Figure 1A
shows the weight ratio of RV to LV + S. The ratio in
control rats (n = 8-13) was maintained at an almost
constant level throughout the entire observation pe-
riod. In contrast, the ratio in MCT-treated rats (n =
8-13) increased progressively from the second to the
fourth week after injection.

Figure 1B illustrates sequential changes in body
weight. In 10 control rats, the value increased gradu-
ally for 4 wk after injection, reflecting normal growth of
the animals. In 12 MCT-treated rats, an increase in
body weight similar to that in controls was observed
during the initial 3 wk after injection. From the fourth
week, however, the body weight of MCT-treated rats
decreased. In the fifth week, 11 out of the 12 MCT-
treated rats showed physical signs of right-side heart
failure, including tachypnea, ascites, pleural effusion,
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edematous extremities, and piloerection. These facts
indicate that the MCT-treated rats were in compen-

,~sated condition during the initial 3 wk after injection
“.~but were decompensated from the fourth week.

Figure 1C shows heart-to-body weight ratios. In
control rats, the ratio was constant during the 4 wk of
observation. In MCT-treated rats, the ratio increased
progressively. The average increase in the ratio com-
pared with controls on days 14 and 28 after injection
was 14.4 and 38.1%, respectively.

C,, and action potential. C,, which reflects cell size,
was measured in single RV or LV cells isolated from
control and MCT-treated rats on days 0, 7, 14, 21, and
28 after injection. In control rats, Cp, in both RV and LV
cells was constant within a range from 89.6 to 93.3 pF
throughout the observation period (Table 1). In MCT-
treated rats, C,, of RV cells increased progressively
from the second week and reached 145.7 pF on day 28,
whereas C,, of LV cells was virtually unaffected (Table 1).

Transmembrane action potentials of these cells were
recorded under constant stimulation at 1.0 Hz. Repre-
sentative recordings are shown in Fig. 2. Action poten-
tials of the RV cells from MCT-treated rats on days 14
and 28 after injection were appreciably longer than

Days after injection

Fig. 1. Characteristics of experimental animals. A:
tissue weight ratio of right ventricle (RV) to left
ventricle plus interventricular septum (LV + 8); B:
body weight; C: heart-to-body weight ratio. Values
are means *= SE (n = 8-13) from control (O) and
monocrotaline (MCT)-treated (®) rats. *Signifi-
cantly different from control at P < 0.05.

those from control rats on the corresponding days. In
contrast, the action potential of an LV cell from a
MCT-treated rat on day 28 had similar duration to that
from a control rat. Table 2 summarizes action potential
parameters of RV and LV cells from control and MCT-
treated rats on day 28 after injection. In RV cells, APD
at 25, 50, and 90% repolarization (APDy5, APDs, and
APDy,, respectively) of MCT-treated groups were all
significantly longer than those of controls. In LV cells,
there was no significant difference in these APD param-
eters between control and MCT-treated groups. The

Table 1. Cell capacitance of right and left
ventricular myocytes

RV v
Day n Control Monocrotaline n Control Monocrotaline
0 8 896x59 98.5£4.0 7 97.2+6.8 97.9+82
7 8 90.7x72 100.1%52 7 983x5.0 99.6x6.3
14 9 922+95 1283+158*% 9 99.8+12.3 101.3%15.8
21 16 93.2%+11.7 1385x16.7* 9 102.3x8.9 102.6+12.3
28 10 93.3x15.8 1457%x21.2* 11 99.1x10.2 100.1%6.5

Values are means = SE; n, no. of cells. RV, right ventricle; LV, left
ventricle. * Significantly different from control at P < 0.05.
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Fig. 2. Action potentials of ventricular myocytes.
Recordings obtained in representative single ven-
tricular cells isolated from control (O) and MCT-
treated rats (@) are superimposed. A: RV cells at
day 14 after injection. B: RV cells at day 28 after
injection. C: LV cells at day 28 after injection.
Cells were stimulated at 1.0 Hz.
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resting membrane potential (RMP) and the amplitude
of action potential (AMP) were unaffected by MCT
treatment in either RV or LV cells.

Figure 3 illustrates sequential changes in APDg, in
all control and MCT-treated rats tested (n = 8-16 for
each group on the respective day). In control rats, the
APDy, of RV cells on day 0 was significantly shorter
than that of LV cells and did not change throughout the
observation period. In MCT-treated rats, the APDg, of
RV cells was prolonged significantly on day 14, and the
prolongation was progressively enhanced during the
subsequent period. On day 28, the APDgy, of RV cells
increased to 192% of control. The APDg, of LV cells from
MCT-treated rats remained constant throughout the
observation period, similar to control rats.

I, in normal and hypertrophied myocytes. Figure 4A
shows representative current tracings of I, in RV
myocytes from control and MCT-treated rats on day 14
after injection. C,, was 82.6 pF in the control cell and
85.2 pF in the MCT-treated cell. I, was elicited at test
potentials above —30 mV in cells from both control and
MCT-treated rats, and the current amplitude increased
almost linearly at more positive potentials. The aver-
aged current-voltage relationships of I, density in 8
control and 13 MCT-treated (hypertrophied) RV cells

50 mV

O 20 ms

are shown in Fig. 4B. On day 14, the I,, density
(amplitude normalized to C,,) of RV cells from MCT-
treated rats was significantly larger than that of cells
from normal rats. The threshold potential for the
activation and the linear current-voltage relationship
of I, were, however, unaffected by MCT treatment.
Figure 4C shows the steady-state activation curves of
I,,. There was no significant difference in the voltage
dependence of these curves between control and MCT-
treated rats on day 14. The steady-state inactivation

Table 2. Action potential parameters in ventricular
cells from control and monocrotaline-treated rats
on day 28

n AMP,mV RMP,mV APDy, ms APDg,ms APDgy, ms
RV cells
Control 14 101+4.9 -75+£4.2 1.6+0.2 6.7*x1.2 28.3x0.2
MCT 10 103%4.8 ~73+2.9 8.4%x3.1% 20.5+5.1% 49.1+8.4*
LV cells
Control 9 102+3.0 —77=5.0 3.5x0.7 15.0+87 37.7x34
MCT 10 100x5.0 -75+7.0 3.9+2.2 16.2+83 40.8*+8.2

Values are means + SE; n, no. of cells. MCT, monocrotaline; AMP,
amplitude; RMP, resting membrane potential; APDgs_gy, action poten-
tial duration at 25, 50, and 90% of repolarization, respectively.
*Significantly different from control at P < 0.05.
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Fig. 3. Sequential changes in action potential duration at 90% of
_repolarization (APDgg) of RV (4, circles) and LV cells (B, triangles)

during 4 wk of observation. Values are means = SE (n = 8-16)

obtained from control (open symbols) and MCT-treated (solid sym-
bols) rats. * Significantly different from control at P < 0.05.

was also examined with the use of a double-pulse
protocol: a conditioning 1-s pulse to various voltage
levels (from —100 to 0 mV in 10-mV steps) was followed
by a test depolarization to +30 mV. There was no
significant difference in the voltage dependence of
inactivation between control and MCT-treated rats on
day 14 (Fig. 4C).

Figure 5 shows the results obtained from the rats on
day 28 after injection. Representative recordings of I,
were obtained from control and MCT rats with C,, of
90.7 and 101.3 pF, respectively (Fig. 5A). At this stage,
the I, density of RV cells from MCT-treated rats was
significantly lower than that from normal rats (Fig.
5B), but the threshold potential for activation and the
linear current-voltage relationship were unaffected.

H2837

The steady-state activation and inactivation curves of
I, in control and MCT-treated rats on day 28 are shown
in Fig. 5C. There was no significant difference in these
curves between the two groups.

Sequential changes of I, density in RV cells from
normal and hypertrophied rat hearts are summarized in
Fig. 6. In normal rats, the I, density of RV cells was
constant throughout the observation period. In MCT-
treated rats, the I, density showed biphasic changes: it
increased moderately during the initial 2 wk but de-
creased significantly during the subsequent period. By
day 28, the average I, density of RV cells from the
MCT-treated rats had decreased to 56% of that in the
control rats.

I, in normal and hypertrophied myocytes. Figure TA
shows representative recordings of I, in RV myocytes
from control and MCT-treated rats on day 14 after
injection. C, was 88.9 pF in the control cell and 93.8 pF
in the MCT-treated cell. I, was elicited at test poten-
tials above —40 mV, and the current amplitude reached
the maximal level at 0 mV depolarization in both
control and MCT-treated cells. The average current-
voltage relationships of I, density in normal and
MCT-treated RV cells are summarized in Fig. 7B. The
I, density of RV cells from MCT-treated rats on day 14
was significantly larger than that of cells from control
rats throughout the range of I, activation. The average
I¢, density at 0 mV in MCT-treated rats (15.7 + 2.6
pA/pE, n = 10) increased by 55.4% from the value in
control rats (10.1 = 2.3 pA/pF, n = 10). The membrane
potentials of the threshold and peak current activation
in both groups were essentially the same.

Figure 8A shows representative recordings of I, in
RV myocytes from control and MCT-treated rats on day
28 after injection. C,,, was 86.3 pF in the control cell and
100.2 pF in the MCT-treated cell. The average current-
voltage relationships of I, density in 10 normal and 10
MCT-treated RV cells are summarized in Fig. 8B. There
was no significant difference in the I, density of RV
cells from control (11.6 = 3.0 pA/pF, n = 10) and
MCT-treated rats (8.3 = 3.7 pA/pF, n = 10) on day 28.

The current decay of Ic, was fitted to a double
exponential function in each experiment. The time
constants of the fast component (1;) and the slow
component (v,) for I, inactivation at 0 mV in RV cells
from MCT-treated rats on day 14 after injection (1y =
50+ 0.9 ms, 7. = 15.9 + 3.1 ms, n = 9) were almost
identical to those from control rats (7, = 5.1 = 1.2 ms,
T, = 16.8 = 2.3 ms, n = 12). On day 28, the time
constants for MCT-treated rats (1= 5.8 = 0.9 ms, 7, =
20.3 + 4.6 ms, n = 10) were slightly larger than for
controls (1= 5.3 = 0.9 ms, 1, = 16.9 + 2.1 ms, n = 10),
but the difference did not reach statistical significance.

Figure 9 summarizes the data on I, density at 0 mV
depolarization on days 0, 7, 14,21, and 28 after injection. In
normal rats, the I, density of RV cells was constant
throughout the observation period. In MCT-{reated rats,
the I, density gradually increased from day 7 and reached
a peak on day 14. During the subsequent period, however,
the I, density decreased and there was no significant
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Fig. 4. Transient outward current (I;,) recorded
from RV myocytes on day 14 after injection. A:
voltage-clamp protocol and representative cur-
rent tracings during depolarization steps from a
holding potential (V},) of —80 mV to test poten-
tials ranging between —50 and +50 mV (10-mV
steps, 300-ms duration) in control (left) and MCT-
treated hypertrophied (right) cells. Cell capaci-

82.6 pF
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tance (Cp,) of control and hypertrophied cells
were 82.6 and 85.2 pF, respectively. B: average
peak current density-voltage relationship for I,
in control (O, n = 8) and hypertrophied (@, n =
13) myocytes. I;, amplitude was divided by Cy, in
each experiment to obtain I, density (pA/pF).
Values are means * SE. *Significantly different
from control at P < 0.05. C: voltage dependence of
steady-state activation and inactivation of I, in
control and MCT-treated rat cells. Chord conduc-
tance (G) was calculated from Iy, amplitude and
plotted against test potential. Mean values ob-
tained from 8 control (a) and 13 MCT-treated rat B
cells (A) are shown. Curves are drawn according
to Boltzmann equation: G/Gpay = 1/[1 + exp
[(Vos — V)R], where Vy; is potential at which
conductance is half-maximally activated and % is
a slope factor describing steepness of activation
curve. Vp5 and k& were —4.3 mV and 13.9 in
control and —5.7 mV and 13.6 in MCT-treated
cells. Steady-state inactivation was examined
with a double-pulse protocol: a conditioning 1-s
pulse to various voltage levels (from —100 to 0
mV in 10-mV steps) was followed by a test
depolarizing pulse to +30 mV. Normalized I,
amplitude was plotted against conditioning poten-
tial. Mean values obtained from 10 control (O)
and 9 MCT-treated rat cells (®) are shown.
Curves are drawn according to Boltzmann equa-
tion: IMmax = 1|1 + expl(V — Vy3)/k]), where Vo

PA/PE

0.6+

0.4

I/1 max OF G/ Gax

0.2

T T T T T 0 T

and k& are —39.6 mV and 12.3 in control and
—39.8 mV and 14.1 in MCT-treated cells.

difference from the control on days 21 and 28. The
current-voltage relationships of I, density on days 21
and 28 were also unchanged by the MCT treatment.

Direct effects of MCT on ventricular myocytes. Direct
effects of MCT on action potential configuration were
examined in vitro in each of four RV and LV cells
isolated from control rats. Bath application of MCT at
concentrations ranging from 1 to 60 mg/l caused no
significant changes in RMP, AMP, APDy;, APD;,, or
APDy, of the myocytes stimulated at 1.0 Hz. Direct
effects of MCT on I, and I, were tested in each of five
RV cells from control rats. Bath application of MCT
(1-60 mg/L) resulted in no significant changes in
amplitude and current-voltage relationship of these
ionic currents (data not shown).

DISCUSSION

In the present study, we investigated time courses of
changes in action potential configuration and the den-
sity of I,, and I¢, in ventricular myocytes isolated from
rat hearts with RV hypertrophy secondary to MCT-
induced pulmonary hypertension. After MCT treat-
ment, all the rats injected with this compound showed a
macroscopic hypertrophy of RV from the second week
without any morphological changes in the LV. At the

T
-60 -40 -20
Test potential (mV)

T i 1
0 20 40 60 -100 -80 -60 -40 -20 O 20 40 60

Potential (mV)

end of the fourth week, most of the MCT-treated rats
showed obvious signs of right-side heart failure and
inhibition of normal growth, and most of them died in
the fifth to sixth weeks. In association with the develop-
ment of hypertrophy, cell membrane capacitance and
APD of RV cells increased progressively, whereas other
parameters of the action potential (resting membrane
potential and action potential amplitude) were unaf-
fected. The APDgyy of the MCT-treated RV cells was
prolonged to 162.7 and 192.1% of control on days 14 and
28, respectively. These changes in cell membrane capaci-
tance and action potential configuration are qualita-
tively similar to previous reports on other models of rat
ventricular hypertrophy.

MCT causes pulmonary hypertension in rats through
endothelial cell damage, medial thickening of the mus-
cular pulmonary arteries, and neomuscularization of
nonmuscular distal arteries. Recent experimental stud-
ies have indicated that an increase of endogenous
endothelin-1 (ET-1), a potent endothelium-derived vaso-
constrictor peptide, is involved in the pathogenesis of
MCT-induced pulmonary hypertension (19, 22). Endog-
enous ET-1 is also present in the heart, and the peptide
was shown to induce myocardial cell hypertrophy and
to have positive inotropic and chronotropic effects (11,
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Fig. 5. I, recorded from RV myocytes on day
28 after injection. A: voltage-clamp protocol
and representative current tracings with same
protocol used on day 14. Cy, of control (left)
and hypertrophied (right) cells were 90.7 and
101.3 pF, respectively. B: average peak cur-
rent density-voltage relation for I, in control
(O, n = 10) and hypertrophied (®, n = 9)
myocytes with same protocol used on day 14.
Values are means =+ SE. *Significantly differ-
ent from control at P < 0.05. C: steady-state
activation (triangles) and inactivation (circles)
of Ii, in control (open symbols) and MCT-
treated (solid symbols) rat cells. Mean values
from 7-10 rats were shown. Vo5 and % for
steady-state activation were —12.3 mV and
10.5 in control and 14.2 mV and —5.2 in
MCT-treated rats. Vo5 and % for steady-state
inactivation were —39.3 mV and 12.0 in con-
trol and —40.8 mV and 14.9 in MCT-treated
rats.
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23). Accordingly, the MCT-induced ventricular hypertro-
phy could be mediated in part by a direct action of ET-1
on ventricular myocytes. In the present model of hyper-

_..trophy, however, this possibility is unlikely, because C,,
. and the APD of LV cells were unaffected by MCT
“treatment throughout the entire period of observation.

Bath application of MCT had no direct effects on the
action potential configuration and on the ionic currents
(It or Ig,). All the electrophysiological changes in the
hypertrophied ventricular myocytes presented in this
paper, therefore, may have been induced primarily by
RV pressure overload.

The present results have revealed complex, stage-
dependent changes in I, and Ig, in hypertrophied
ventricular cells, which may explain the discrepancies
among previous reports. In rat myocytes in which
hypertrophy was secondary to increased growth hor-
mone secretion (29), sustained pressure overload pro-
duced by aortic constriction (3, 28), deoxycorticosterone
acetate salt-induced hypertension, or genetically deter-
mined hypertension (6), I, density was shown to de-
crease compared with respective controls. However, a
significant increase in I, density was reported by Ten
Eick et al. (27) for hypertrophied RV myocytes from
cats with pulmonary artery banding and by Li and
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1 i 1
20 40 60
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Fig. 6. Sequential changes in Ii, density of RV cells during 4-wk
observation period. Values are means * SE (n = 8-16) obtained from
control (O) and MCT-treated rats (®). *Significantly different from
control at P < 0.05.
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Fig. 7. L-type calcium current (I¢,) recorded from RV
myocytes on day 14 after injection. A: voltage-clamp
protocol and representative current tracings during
depolarization steps from a Vj, of —80 mV to test
potentials ranging between —60 and +60 mV (10-mV
steps, 300-ms duration) in control (left) and MCT-
treated hypertrophied (right) cells. Cy, of control and B
hypertrophied cells were 88.9 and 93.8 pF, respectively.
B: average peak current density-voltage relationship for
I¢q in control (O, n = 10) and hypertrophied (@, n = 10)
cells. I, amplitude was divided by Cp, in each experiment
to obtain I¢, density (pA/pF). Values are means = SE.
* Significantly different from control at P < 0.05.

Keung (15) for LV hypertrophied myocytes from rats
with renovascular hypertension. It was shown in cats
with RV or LV hypertrophy produced by aortic constric-
tion that peak I, of hypertrophied myocytes was not
different from control groups, but its inactivation kinet-
ics were delayed (7, 14). Similar findings have been
reported in myocytes from rats with aortic stenosis
(26). In Goldblatt hypertrophied rat myocytes (13) and
in slightly hypertrophied guinea pig mpyoctes (25),
however, the peak I, was shown to increase. In RV
myocytes from cats with severe RV hypertrophy (21)
and in LV myocytes from hypertrophied failing guinea
pig hearts (17), Ic, density was shown to be reduced.
Such different responses cannot be attributed solely to
species differences or to different stimuli to induce
hypertrophy, because different results have been found
in hypertrophied RV myocytes from cats with pulmo-
nary artery banding (14, 21) and in LV myocytes from
guinea pigs with aortic constriction (17, 25).

In a recent comprehensive review of cellular electro-
physiology in cardiac hypertrophy and failure, Hart (9)
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analyzed 16 different studies on I, density of hypertro
phied ventricular cells in terms of the possible relation-
ship between the direction of the change and severity of
hypertrophy. He graded the hypertrophy into three
groups: mild, moderate, and severe. Hypertrophy of
either ventricle with an increase in heart-to-body weight
ratio <15% was defined as mild, and a ratio >20% was
defined as moderate. Cases with the presence of conges-
tion proximal to the affected chambers associated with
any degree of cardiac hypertrophy were defined as
severe. On the basis of this definition, two studies in
which mean I, density was 30% higher than control
involved mild hypertrophy of the RV or the LV (12, 15).
Three studies in which mean I, density was reduced
were characterized by severe chamber hypertrophy and
heart failure (17, 21, 24), and most of the remaining
studies showing no significant changes in /¢, density
were characterized by moderate hypertrophy. There-
fore, the following conclusion was proposed. In mild
hypertrophy, I, density may be increased; in moderate
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A

Fig. 8. I¢, recorded from RV myocytes on day 28 after
injection. A: voltage-clamp protocol and representative
carrent tracings with same protocol used on day 14. Cp, B

.. of control (left) and hypertrophied (right) cells were 86.3

and 100.2 pF, respectively. B: average peak current

i’*»,,,»~~density~voltage relationships for Ig, of control (O, n =

10) and hypertrophied (®, n = 10) cells. Values are
means * SE.
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Fig. 9. Sequential changes in I¢, density of RV cells during 4-wk
observation period. Values are means * SE (n = 8-10) obtained from
control (O) and MCT-treated rats (®). *Significantly different from
control at P < 0.05.

H2841

100.2 pF

100 ms

Test potential (mV)

-20 0 20 40 60
!

-60 -40
! !

-20-
PA/pF

degrees of hypertrophy, Ic, density is usually un-
changed; and in severe hypertrophy with failure, I¢,
density is usually reduced.

The present results on ionic currents are essentially
concordant with the proposal by Hart (9) in terms of the
stage dependence. The APD prolongation in the early
compensated stage of hypertrophy may be caused
mainly by an increase in Is, density. In the late
decompensated stage of hypertrophy, however, a de-
crease in [y, density may account for the further APD
prolongation. A computer simulation of action poten-
tials with a model of ionic currents would be helpful to
substantiate this idea.

The stage-dependent changes in the macroscopic I,
and I, observed in the present study may be the result
of a change in structure and function of normally
expressed channels, a change in the number of func-
tional channels, or a combination of both. Further
experimental studies of the single channel properties
and the gene expression of channel proteins are re-
quired to clarify this issue.
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