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Abstract

Left ventricular hypertrophy (LVH) potentiates reperfusion-
associated ventricular fibrillation. To study the mechanism re-
sponsible, patch-clamp techniques were used to evaluate trans-
membrane ionic currents during “reperfusion” after a CN ~-in-
duced metabolic surrogate for ischemia in isolated myocytes
from a feline model of experimental LVH. Reperfusion caused
the generation of early afterdepolarizations (EADs) from an
average take-off potential of —33 mV in LVH cells but not in
cells from normal hearts. 10 min after initiating reperfusion of
normal cells, action potential duration (APD) at 50% repolar-
ization (APDs,) lengthened from 198+41 to 233+57 ms
whereas in LVH cells APD,, lengthened from 262+84 to
349131 ms (P < 0.05). Among the LVH cells, APD,, length-
ening was significantly greater in the cells that had developed
EADs. During reperfusion, steady state outward current in the
voltage range of the action potential plateau (between —20 and
+20 mV) was reduced from the control values in LVH cells but
not in normal cells. Reperfusion-related reduction of steady
state outward current in LVH cells was abolished under experi-
mental conditions in which L-type CaZ* current was isolated
from other classes of currents whereas it was still observed
under the condition in which pure K* currents could be re-
corded. Thus, reduction of steady state outward current due to
the reduction of outward K* current over the action potential
plateau voltage range appears to be responsible for an exces-
sive prolongation of APD, leading to the development of EADs.
(J. Clin. Invest. 1993. 91:1521-1531.) Key words: pressure
overload ¢ aortic constriction « reperfusion « early afterdepolar-
ization ¢ calcium current » potassium current

Introduction

Cardiac hypertrophy is a common physiological response to
chronic pressure overload and is characterized by cellular en-
largement accompanied by biochemical ( 1), electrophysiologi-
cal (2, 3), and mechanical changes (4), as well as alterations in
the coronary circulation (5). Although left ventricular (LV)!
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hypertrophy is an adaptive process permitting maintenance of
physiological function in the face of increased work loads, it
may enhance some deleterious effects of ischemia. When acute
ischemia occurs in dogs with LV hypertrophy, the incidence of
lethal arrhythmias and sudden cardiac death increases mark-
edly (6). Several experimental studies demonstrated enhanced
susceptibility of the hypertrophied heart to ischemic arrhyth-
mias, and an enhanced propensity to reentrant arrhythmias
has been suggested (6-8). Kohya et al. (7) reported in multi-
cellular ventricular muscle preparations that tissues isolated
from hypertrophied LV showed a greater degree of shortening
of action potential duration (APD) during acute regional isch-
emia than did normal tissues. They suggested that this would
tend to enhance dispersion of refractoriness during ischemia,
between the shortened APD in the ischemic zone and the pro-
longed APD of the hypertrophied nonischemic zone, and
would enhance the propensity to reentrant arrhythmias during
ischemia. Martins et al. (8 ) suggested that hypertrophied hearts
had a higher inducibility of ventricular tachycardia. Such
hearts displayed greater endocardial-to-epicardial conduction
delay in ischemic zones and responses of induced ventricular
tachycardia to stimulation met two criteria for entrainment;
both findings were consistent with reentrant tachycardia.

Recently, however, Taylor et al. (9) reported in an in vivo
study that LV hypertrophy potentiated reperfusion-associated
ventricular fibrillation (VF). Potentiation of reperfusion-asso-
ciated VF, in addition to the enhanced susceptibility to isch-
emic arrhythmias in LV hypertrophy, may provide additional
explanations for greater susceptibility of patients with LV hy-
pertrophy to sudden cardiac death. The mechanisms for reper-
fusion arrhythmias have not been fully elucidated but, in con-
trast to ischemic arrhythmias, it has been suggested that
nonreentrant mechanisms, such as automaticity or afterdepo-
larization-induced triggered activity, may have a prominent
role (10, 11). Furthermore, Molina-Viamonte et al. (12) sug-
gest that a specific alpha-adrenergic pathway, which induces
phosphoinositide metabolism, is involved in the generation of
triggered activity during reperfusion.

Delayed repolarization with prolonged APDs occursin LV
hypertrophy, a pathphysiological feature favoring the genera-
tion of early afterdepolarizations (EADs) (11). Therefore, the
present study was designed to test the hypothesis that hypertro-
phied LV myocytes are more susceptible to development of
EADs during reperfusion after an ischemic surrogate than are
normal myocytes. Since EADs occur during reperfusion,
patch-clamp experiments were done to characterize the ionic
mechanisms responsible for reperfusion-associated EADs in
hypertrophied myocytes. A preliminary report of this work has
been presented (13).

Methods

This study was approved by the Institutional Review Board for Animal
Research of the University of Miami. Care of the animals conformed to
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guidelines by the National Institutes of Health and the Department of
Agriculture.

Preparations of animals and surgical procedure. Hypertension with
secondary cardiac hypertrophy was induced in adult mongrel cats by
chronic pressure overload produced by a modification of a subtotal
subdiaphragmatic aortic stenosis procedure described previously (14).
In 28 cats (wt 2.5-4.5 kg; mean 3.4+0.6 kg) of either sex, general
anesthesia was induced with 5% isoflurane and O, flowing at 1 liter/
min using an isoflurane-specific vaporizer (model Fluotec MK-III;
Ohio Medical Products). A warm saline-filled polyethylene catheter
was placed in the right brachial artery to monitor arterial blood pres-
sure via a transducer (model P23-D; Statham Co.) connected to a poly-
graph (model Data Scope 22001; Grass Instrument Co., Quincy, MA).
A lead II electrocardiogram was monitored throughout the surgery
with a polygraph (Grass Instrument Co.).

Using standard sterile techniques, the abdomen was entered
through a midline incision, the abdominal aorta was dissected, and a
nonabsorbable polytetrafluoroethylene-coated polyester tie (0 Ethi-
flex) was looped around the aorta just cranial to the renal arteries. A tie
was made to constrict the aorta to ~ 10% of the original surface diame-
ter; this usually increased systolic blood pressure in the right brachial
artery, monitored during general anesthesia, by 20-30 mmHg over the
control value. After surgery was completed, the animals recovered in a
veterinary intensive care unit for 24 h. During the early postoperative
period (5-7 d), body temperature was recorded daily and an antibiotic
(ampicillin, Rugby Laboratories, Rockville Centre, NY, 5-10 mg/kg,
i.m.) was administered. During the entire postoperative period, heart
sounds, respiratory sounds, and skin edema were monitored daily to
detect the development of congestive heart failure. 6 of the 28 cats
(21%) that underwent surgery died either just after surgery (three cats)
or during a later period of pressure overload (three cats). Surviving cats
were maintained for 8-13 wk (mean 10+1 wk) on their normal diets
and water ad libitum.

Preparation of single cardiac myocytes. Single myocytes from feline
LV were isolated by an enzymatic dissociation procedure (15) from 22
cats with aortic stenosis and 23 nonoperated cats. On the day of study,
the animals were weighed, anesthetized with sodium pentobarbital (30
mg/kg, i.p.), anticoagulated with heparin sodium (400 IU/kg, i.v.),
and ventilated through an endotracheal tube and a positive-pressure
pump (Harvard Apparatus, South Natick, MA ). Saline-filled polyethyl-
ene catheters were placed in the right carotid and left femoral arteries,
arterial blood pressure was measured, and the heart was then excised.
Operated animals were free of signs of congestive heart failure, such as
pulmonary or hepatic congestion or subcutaneous edema. The excised
heart was quickly weighed, mounted on a Langendorff perfusion appa-
ratus (60-cm height ), and was perfused retrogradely via the aorta for 5
min with nominally Ca?*-free Tyrode’s solution at a rate of 10-15
ml/min. Enzymatic digestion was achieved by recirculating the perfu-
sion apparatus with 300 IU /ml collagenase (type II; Worthington Bio-
chemical Corp., Freehold, NJ), 0.03% hyaluronidase (type I-S; Sigma
Chemical Co., St. Louis, MO), 0.02% trypsin inhibitor (type II-S;
Sigma Chemical Co.), and 0.1% BSA (Sigma Chemical Co.) dissolved
in Tyrode’s solution containing 50 uM Ca?*. Enzymatic perfusion was
continued until the solution flowed freely (12-15 min). The heart was
then removed from the Langendorff apparatus. The LV was separated
from the atria and the right ventricle, small pieces of the endocardial
surface of the LV free wall were dissected using a fine scissors, and
single cells were obtained by gentle agitation of tissue pieces in a beaker
containing nominally Ca?*-free Tyrode’s solution. Cells were filtered
through 300-um nylon mesh, washed with Tyrode’s solution contain-
ing increasingly higher concentrations of Ca®* (0-2 mM CaCl,), and
stored in Tyrode’s solution containing 2 mM CaCl,, at 4°C. Cells were
studied on the day of isolation.

Solutions. The composition of the Tyrode’s solution was as follows
(mM): 143 NaCl, 4 KCl, 2 CaCl,, 0.5 MgCl,, 0.33 NaHPO,, 5.5 glu-
cose, 5.5 Hepes (pH 7.4 with NaOH ). Na* -free solution contained the
following (mM): 140 tetraethylammonium (TEA)-Cl, 2 CaCl,, 0.5
MgCl,, 5.5 glucose, and 5.5 Hepes (pH 7.4 with TEA-OH). CdCl, and
NiCl, were added from aqueous 0.1 M stock solutions to the final con-
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centration of 0.1 mM in the bath solution. Tetrodotoxin (TTX; Sigma
Chemical Co.) and ouabain (Sigma Chemical Co.) were prepared on
the day of each experiment from stock solutions to the final concentra-
tion in the bath solution indicated in the text. The pipette solution for
recording transmembrane action potentials and nonisolated mem-
brane currents in single cells contained the following (mM): 140 KCl,
1 CaCl,, 0.9 MgCl,, 5 EGTA, and 10 Hepes (pH 7.3 with KOH). The
concentrations of free Ca?* and Mg?* were estimated as 3 X 107 M
and 0.7 mM from the apparent dissociation constants (16). The pi-
pette solution for recording K* currents contained the following
(mM): 140 KCl, 1.2 MgCl,, 10 EGTA, and 10 Hepes (pH 7.3 with
KOH). CaCl was omitted from the pipette solution to minimize the
possible contribution of Ca?*-activated currents and Na*-Ca?* ex-
change. Under this condition, the concentration of free Ca?* was esti-
mated as <2 X 107! M and that of Mg?* as 0.7 mM (16). K*-free
pipette solution for recording Ca2* current contained as follows (mM):
120 CsCl, 1 MgCl,, 10 EGTA, and 10 Hepes (pH 7.3 with CsOH ): the
concentration of free Ca2* in this solution was estimated as < 2 X 107'°
M and that of free Mg?* as 0.7 mM (16). All solutions were aerated
with 100% O,.

Electrophysiologic studies. Isolated single myocytes were placed in
a recording chamber (1 ml vol) mounted on the stage of an inverted
microscope (Olympus Corp., New Hyde Park, NY). The bath was
continuously superfused with filtered Tyrode’s solution (37°C) at a
rate of 3 ml/min. During superfusion with Tyrode’s solution contain-
ing 2 mM CaCl,, 30-40% of the cells were Ca?* tolerant and rod
shaped. Single rod-shaped cells having smooth surfaces with clearly
demarked striations were selected for the electrical measurements.
Transmembrane potentials and membrane currents were recorded by
the single-pipette whole-cell clamp technique ( 17). Pipettes were fabri-
cated from 1.50-mm outer diameter to 0.85-mm inner diameter boro-
silicate glass (Dagan Corp., Minneapolis, MN) using a five-stage hori-
zontal puller (model P-87; Sutter Instrument Co., Novato, CA) and
were coated with Sylgard (Dow Corning Corp., Midland, MI). After
heat polishing the tip and filling with internal solution, each pipette had
an internal tip diameter of 2.3 um and a resistance of 4-6 M. Electrical
connections to the pipette and to the bath were made through Ag-AgCl
half-cell electrodes. The electrode potential was adjusted to zero
current between the internal pipette solution and the external (bath)
solution immediately before each cell was approached. Single cells were
drawn onto the tip of the pipette by gently pressing the tip onto the cell
surface. After a seal resistance of 10-100 GQ was established by gentle
suction (10-30 cm water), the cell membrane under the electrode tip
was broken by further application of negative pressure. A resting mem-
brane potential (RMP) of —75 mM to =90 mV was recorded in > 90%
of the cells. Whole-cell current and membrane potential were recorded
through a patch-clamp amplifier (model 8900; Dagan Corp.). Action
potentials were elicited under current-clamp conditions by passing de-
polarizing current pulses of suprathreshold intensity (< 2 ms in dura-
tion) through the pipette at a rate of 0.5 or 1 Hz. The membrane
current was measured in the voltage-clamp mode and by applying
various protocols of pulses as indicated in the text. Electrode resistance
in series with the cell membrane was compensated by minimizing the
duration of the capacitive surge on the current trace. Capacitive
currents were measured during the application of 10-mV hyperpolariz-
ing pulses, and the area under the capacity transient (I ,,) was inte-
grated and used as a measure of whole cell membrane area (A4,,), assum-
ing a specific membrane capacity of 1 uF/cm? (18). To avoid the
confounding influence of difference in cell size between normal and
pressure-overloaded cells, the amplitude of membrane currents were
normalized to cell capacitance and expressed as pA/pF.

The stability of each preparation was verified before experimental
measurements. For the experiments in which action potentials were
recorded, verification was obtained by monitoring action potentials at
a drive rate of 1 Hz for a 20-min equilibration period. For the experi-
ments in which Ca?* currents were recorded, membrane currents were
recorded during 800-ms depolarizing pulses from a holding potential
(Vy) of —40 mV to a test potential (V,) of 0 mV at a drive rate of 0.5 Hz
for a 10-min equilibration period. For the experiments in which noni-
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solated currents or K* currents were recorded, membrane currents
were monitored during 800-ms depolarizing pulses from a ¥, of —80
mV to a V; of +30 mV, at a rate of 0.5 Hz for a 10-min equilibration
period. The preparations were considered stable if the APD at 0 mV
(APDy v ), the amplitude of the negative peak of Ic, , or the ampli-
tude of steady state outward currents in each case did not differ by
> 5% of their initial values in successive measurements. Once a stable
condition was established, the specific experiments were initiated, and
the preparations were maintained without significant deterioration or
electrical changes for 30-40 min. Therefore, all electrophysiological
studies were completed within 30 min.

To induce metabolic inhibition and simulate “ischemia,” cells were
exposed to CN ™ (19, 20). The bath was superfused with Tyrode’s solu-
tion containing | mM CN~, and action potentials or membrane
currents were monitored for up to 15 min. The bath was thereafter
reperfused with normal Tyrode’s solution and action potentials or
membrane currents were monitored for up to 10 min. CN-Tyrode’s
solution was prepared by omitting glucose and adding 1 mM NaCN to
the Tyrode’s solution, and pH was adjusted to 7.4 with HCl. Action
potentials were recorded continuously and membrane currents were
recorded every 5 min.

Data analysis. Membrane potentials were monitored on an oscillo-
scope and digitized on-line with a 14.4-bit resolution A/D converter
(model PCM-1; Medical Systems Corp., Greenvale, NY ) and stored on
a videocassette recorder (model SL-HF900; Sony, Tokyo, Japan).
Membrane currents were digitized on-line through a 12-bit resolution
Labmaster A /D converter (TecMar Scientific Solutions, Burlingame,
CA) under the control of an IBM-AT computer and were stored on a
floppy disc. Data were analyzed using the pClamp software program
(Axon Instruments, Inc., Burlingame, CA).

All data were expressed as mean+SEM. Student’s unpaired ¢ test
was used to evaluate the statistical significance of differences in charac-
teristics of experimental animals and those of action potentials in the
control state between normal and hypertrophy groups. Effects of meta-
bolic inhibition or reperfusion were analyzed with one-way analysis of
variance with repeated measures, followed by the Newman-Keuls test.
Statistical significance of binomial responses was evaluated with
Fisher’s exact test. Differences with P < 0.05 were considered signifi-
cant.

Results

Characteristics of experimental animals. Physiological and ana-
tomical characteristics of normal and pressure-overloaded ani-
mals are summarized in Table 1. Systolic blood pressure (ca-
rotid artery) and the systolic pressure gradient between the ca-
rotid and femoral arteries were significantly higher in
pressure-overloaded animals than in normal animals. Total
heart weight and the ratio of total heart weight to body weight

Table I. Characteristics of Animal Groups

Normal Hypertrophy

(n=23) (n=22) P
SBP (mmHg) 135+33 192+27 <0.01
Gradient of SBP (mmHg) 1+3 53+36 <0.01
BW (kg) 3.1+0.5 3.4+0.7 NS
WHW (g) 12.9+2.2 19.0+3.6 <0.01
WHW/BW ratio (g/kg) 4.14+0.39 5.74+1.04 <0.01
SMA (zm?) 1246+316 1654+362 <0.01

SBP, systolic blood pressure; BW, body weight; WHW, whole heart
weight; SMA, surface membrane area.
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were significantly greater in pressure-overloaded cats. Cell sur-
face membrane area was also significantly greater in myocytes
isolated from pressure-overloaded animals than those from
normal animals.

EAD development. Development of arrhythmias during re-
perfusion after metabolic inhibition was studied in 10 normal
and 11 hypertrophied myocytes at a driving rate of 1.0 Hz and
in 13 additional normal and 14 additional hypertrophied myo-
cytes at 0.5 Hz. During superfusion with Tyrode’s solution
containing | mM CN~ for 15 min, none of the cells isolated
from normal or those from hypertrophied hearts developed
“arrhythmias.” During reperfusion with normal Tyrode’s solu-
tion for 10 min, no cells isolated from normal hearts developed
arrhythmias ( Table II). In contrast, EADs were recorded dur-
ing reperfusion of 4 of the 14 hypertrophied cells (29%) at a
driving rate of 0.5 Hz and 2 of the 11 hypertrophied cells (18%)
stimulated at 1.0 Hz (Table II and Fig. 1). The mean time
interval between the initiation of reperfusion and the onset of
EADs was 3.4+2.6 min. Average take-off potential of EADs
(the mean values of the most negative plateau voltage reached
before the depolarization of EAD) was —33+4 mV. The mean
coupling interval between the action potential upstroke and the
peak voltage of the EADs was 592+90 ms (range 460-780 ms).

Effects of reperfusion on characteristics of action potentials.
We compared characteristics of action potentials during meta-
bolic inhibition and during reperfusion between normal and
hypertrophied cells. Because EADs were observed more fre-
quently at a driving rate of 0.5 Hz than at 1.0 Hz, the following
analyses were performed using data recorded at a drive rate of
0.5 Hz. Characteristics of action potentials before exposure to
CN~ (control) are summarized in Table III. APD was signifi-
cantly longer in cells isolated from hypertrophied hearts than
those from normal hearts whereas neither RMP nor action
potential amplitude (APA) was significantly different between
the two cell types.

Representative recordings of action potentials in a normal
cell and a hypertrophied cell before and during exposure to
CN~ and during reperfusion are shown in Fig. 2. In both nor-
mal and hypertrophied cells, APD was shortened during super-
fusion with CN "—Tyrode’s solution, and was prolonged during
reperfusion with normal Tyrode’s solution. In Fig. 3, APDy,,
RMP, and APA at 5, 10, and 15 min after initiating superfu-
sion with CN~-Tyrode’s solution and 5 and 10 min after ini-
tiating reperfusion with normal Tyrode’s solution are ex-
pressed as a fraction of the control values in normal (7 = 13)
and hypertrophied cells (n = 14). At 15 min after initiation of
superfusion with CN "-Tyrode’s solution, the magnitude of re-
ductions in APD,, and APD,, were significantly greater in hy-
pertrophied cells (upper left and right, Fig. 3 and Table IV).
Moreover, both 5 and 10 min after initiating reperfusion with
normal Tyrode’s solution, the lengthening of APDy, and
APD;, was significantly greater in hypertrophied cells (Fig. 3,
top, and Table I1V). Neither RMP nor APA changed signifi-
cantly during superfusion with CN ~-Tyrode’s solution or dur-
ing reperfusion with normal Tyrode’s solution (Fig. 3, bot-
tom). The observation that reperfusion induced greater pro-
pensity to EADs concomitant with greater APD prolongation
in hypertrophied cells is consistent with the suggestion that the
lengthening of APD within the plateau voltage range is critical
for the development of EAD. To further confirm this sugges-
tion, we carried out a subgroup analysis to compare the
changes in APD during superfusion with CN "-Tyrode’s solu-
tion and its washout between hypertrophied cells that had de-
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Table II. Probability of Developing EADs during Reperfusion

Driving rate Normal Hypertrophy P
Hz
1 0/10 (0%) 2/11 (18%) NS
0.5 0/13 (0%) 4/14 (29%) 0.5

veloped EADs and those that had not among Fig. 4. The short-
ening of APD during superfusion with CN ~-Tyrode’s solution
and APD prolongation during reperfusion with normal Ty-
rode’s solution were significantly greater in cells that had devel-
oped EADs (Fig. 4 and Table V).

We also studied the characteristics of action potentials be-
fore exposure to CN ~ (basal values), comparing hypertrophied
cells that had developed EADs during reperfusion to those that
had not. Under baseline conditions, the APDs of hypertro-
phied cells that had developed EADs during reperfusion had
longer durations whereas neither RMP nor APA was signifi-
cantly different between the two cell types. Control APD,, was
376+46 ms in hypertrophied cells with EADs (n = 4) versus
265+18 ms in those without EADs (n = 10) (P < 0.01); the
corresponding values for APD;, were 346+45 and 235+17 ms,
respectively (P < 0.01).

Effects of reperfusion on membrane currents. To elucidate
ionic mechanisms underlying greater APD prolongation and
higher incidence of EAD development in hypertrophied myo-
cytes during reperfusion, voltage-clamp studies were carried
out under several experimental conditions. Nonisolated mem-
brane currents were first elicited by 800-ms-long steps from a
V, of —80 mV to various test potentials (¥,) between —90 and
+60 mV in 10-mV steps. Fig. 5 4 displays representative trac-
ings at a ¥, of —10 mV for a normal cell (top) and a hypertro-
phied cell (bottom). In both cell types, superfusion with CN -
Tyrode’s solution shifted membrane current positively
(marked by closed squares) whereas reperfusion with normal
Tyrode’s solution shifted membrane current negatively (indi-
cated by open circles). During reperfusion with normal Ty-
rode’s solution, in normal cells, membrane current was slightly
more positive than the control level whereas in hypertrophied
cells reperfusion shifted membrane current more negative than
the control level. The current level 600 ms after the onset of the
voltage steps was measured because this was the approximate
timing of EAD development (the mean coupling interval be-
tween the action potential upstroke and the peak voltage of

somvl__

25 sec
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EADs was 592+90 ms). Fig. 5 B shows the averaged current-
to-voltage (I-V) relationships obtained using the current den-
sity (the amplitude normalized to cell membrane capacitance)
in the control state, 15 min after initiating superfusion with
CN~-Tyrode’s solution, and 10 min after initiating reperfu-
sion with normal Tyrode’s solution for normal cells (n = 18,
left) and for hypertrophied cells (n = 16, right). In both normal
and hypertrophied cells, during superfusion with CN™-Ty-
rode’s solution, inward current at a ¥, of —90 mV decreased
whereas outward current at ¥, more positive than —30 mV
increased; however, the magnitude of these changes in the
steady state I-V curve was not significantly different between
the two cell types. During reperfusion with normal Tyrode’s
solution, in both normal and hypertrophied cells, inward
current at a ¥, of —90 mV in the steady state I-V curve in-
creased and returned close to the control values. Outward
current at ¥, more positive than —30 mV decreased and re-
turned close to the control level in normal cells whereas in
hypertrophied cells outward current decreased to values less
than the control level at V, between —20 and +20 mV (marked
by asterisks in Fig. 5 B).

Effect of reperfusion on Ca** currents. Many classes of
currents, including L-type Ca?* current (Ig,y) and several K*
currents, contribute to the configuration of the action potential
plateau and might be responsible for negative shift of steady
state currents over the voltage range of the action potential
plateau during reperfusion of hypertrophied cells. We first
compared alterations in I, ; during reperfusion between nor-
mal and hypertrophied cells. To isolate Ic,,, we substituted
TEA™* for Na* and added 12.5 uM TTX to the bath solution to
block Na* current (Iy,). K* currents were eliminated with
internal CsCl, (130 mM) and external TEA-C1 (140 mM). The
pipette solution was free of CaCl, and was buffered with 10
mM EGTA to minimize the contribution of Ca2*-activated
currents and Na*-Ca?* exchange currents. 10 uM ouabain
was added to the bath solution to eliminate currents through
Na*-K* pump. To elicit I, , ¥, was set at —40 mV to inacti-
vate Iy, and T-type Ca?* currents (I, 1) (if present), and the
membrane potential was clamped for 800 ms to a V, between
—90 and +50 mV in 10-mV steps at intervals of 2 s. Fig. 6 4
displays representative tracings of the early portions of I, for
a normal cell (zop) and for a hypertrophied cell (bottom) to
assess changes in the negative peak current. In both cell types,
the amplitude of I, ; decreased during superfusion with CN~-
Tyrode’s solution whereas during reperfusion with normal
Tyrode’s solution the amplitude of I, increased from the
values during superfusion with CN ~-Tyrode’s solution but did

Figure 1. Reperfusion-in-
duced EADs. Representa-
tive tracing of transmem-
brane action potentials
recorded during washout
of CN~ in a hypertro-
phied cell. Frequent de-
velopment of EADs was
observed. Action poten-
tials were elicited at a rate
of 0.5 Hz.
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Table I11. Characteristics of Action Potential in the Control State

Normal Hypertrophy

(n=13) (n=14) : P
APDy, (ms) 234+45 293+86 <0.05
APDy, (ms) 198+41 262+84 <0.01
RMP (mV) —85+6 —82+5 NS
APA (mV) 123+8 122+13 NS

APDy,, APD at 90% repolarization; APDs,, APD at 50% repolariza-
tion; RMP, resting membrane potential; APA, action potential am-
plitude.

not completely recover to the control values. Fig. 6 B shows the
averaged I-V relationships of the negative peak of Ic,; in the
control state, 15 min after initiating superfusion with CN™-
Tyrode’s solution, and 10 min after initiating reperfusion with
normal Tyrode’s solution for normal (n = 19, left) and hyper-
trophied cells (n = 24, right). The decrease in the amplitude of
I, during superfusion with CN "~Tyrode’s solution was signif-
icantly greater in hypertrophied cells at ¥, between —10 and
+20 mV (P < 0.05). During reperfusion with normal Tyrode’s
solution, the recovery of the amplitude of I.,; was slightly
greater in normal cells. The differences in the recovery of peak
amplitude of I, between the two cell types were statistically
significant at a V, of 0 mV (P < 0.05). The difference in the
extent of recovery of I,; between normal and hypertrophied
cells, however, could not explain the greater APD prolongation
in hypertrophied cells during reperfusion. It is generally be-
lieved that I, declines in amplitude over time during whole-
cell clamp experiments and replacement of the intracellular
solution by an artificial salt solution (“‘run-down”) (21). To
determine whether the possible difference in the rate of run-
down of I,; between normal and hypertrophied cells affected
our analysis, we monitored /¢, up to 30 min without exposure
to CN~ in four normal cells and four hypertrophied cells. We
found no significant difference in the magnitude of run-down
in I, between normal and hypertrophied cells; at 30 min after

CONTROL 1 mM CN- 15 min

NORMAL

HYPERTROPHY

50 mVl

100 msec
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establishment of the whole-cell configuration, the peak ampli-
tude of I,; ata V; of 0 mV decreased to 76217% of the control
value in normal cells and 73+17% in hypertrophied cells (NS
for normal vs. hypertrophy).

We next determined whether the washout of CN ™ affected
the slowly inactivating component of I, differently between
normal and hypertrophied myocytes, another possible explana-
tion of the different extent of APD prolongation during reper-
fusion. I, ; was induced with the same voltage-step protocol as
used for the measurement of peak amplitude of I, , and the
current level was measured 600 ms after the onset of the voltage
step (Fig. 7 A). Fig. 7 B depicts the averaged I-V relationships
of I,; at 600 ms in the control state, 15 min after initiating
superfusion with CN ~-Tyrode’s solution, and 10 min after ini-
tiating reperfusion with normal Tyrode’s solution for normal
(n =19, left) and hypertrophied cells (n = 24, right). Neither
superfusion with CN ~-Tyrode’s solution nor reperfusion with
normal Tyrode’s solution significantly affected the I-V rela-
tionships of I, at 600 ms in normal or hypertrophied cells.

Effects of reperfusion on K* currents. We next determined
whether reperfusion altered K* currents differently between
normal and hypertrophied cells. To isolate K* currents, we
added 12.5 uM TTX to the bath solution to block Na* current
(Ina)- Ic,p Was eliminated by adding 0.1 mM CdCl, to the bath
solution, and I, 1 by 0.1 mM NiCl,. The pipette solution was
free of CaCl, and was buffered with 10 mM EGTA to minimize
the contribution of Ca?*-activated currents and Na*-Ca?* ex-
change currents. 10 uM ouabain was added to the bath solution
to eliminate currents through Na*-K* pump. K* currents
were elicited by 800-ms-long steps from a ¥V, of —80 mV to
various ¥V, between —90 and +60 mV in 10-mV steps. Repre-
sentative tracings at a V; of —10 mV are shown for a normal cell
(top) and a hypertrophied cell (bottom) in Fig. 8 A. In both cell
types, superfusion with CN™-Tyrode’s solution shifted K*
current positively (marked by closed squares) whereas reperfu-
sion with normal Tyrode’s solution shifted K* current nega-
tively (marked by open circles). During reperfusion with nor-
mal Tyrode’s solution, in a normal cell, membrane current was
still slightly more positive than the control level whereas in a
hypertrophied cell reperfusion shifted membrane current more

WO 10 min

Figure 2. Representative recordings
of the effects of CN ~ and its wash-
out on transmembrane action po-
tential. Recordings of action poten-
tials are shown in the control state,
15 min after initiating superfusion
with CN "-Tyrode’s solution, and
10 min after initiating reperfusion
with normal Tyrode’s solution for

a normal cell (fop) and for a hy-
pertrophied cell (bottom). Action
potentials were elicited at a rate of
0.5 Hz. Zero voltage levels are in-
dicated by the short solid lines on
the left of each panel. WO, washout.
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negative than the control level. Fig. 8 B shows the averaged I-V
relationships of the K+ current measured at 600 ms from the
onset of voltage clamps in the control state, 15 min after initiat-
ing superfusion with CN ~-Tyrode’s solution, and 10 min after
initiating reperfusion with normal Tyrode’s solution for nor-
mal (n = 12, left) and hypertrophied cells (n = 12, right). In
both cell types, during superfusion with CN™-Tyrode’s solu-
tion, inward current at a ¥, of —90 mV in the steady state I-V
curve for isolated K* current decreased whereas outward
current at ¥, more positive than —30 mV for normal cells and
at ¥, more positive than —40 mV for hypertrophied cells in-
creased; however, CN ~“-induced changes in the steady state K*
currents were not significantly different between the two cell
types. During reperfusion with normal Tyrode’s solution, in
both normal and hypertrophied cells, inward current at a V; of
—90 mV in the steady state I-V curve increased and returned
close to the control values. Outward current at ¥, more positive
than —30 mV decreased and recovered close to the control
level in normal cells whereas in hypertrophied cells outward
current decreased less than the control level at V, between —30
and +10 mV (marked by asterisks in Fig. 8 B).

@ Normal
(n=13)
O Hypertrophy  Figure 3. Effects of CN~ and its washout on char-
(n=14) acteristics of action potentials. APDy, (top left),
APDy, (top right), RMP (bottom left), and APA
(bottom right) expressed as a fraction of the con-
trol values at 5, 10, and 15 min after initiating su-
perfusion with CN~-Tyrode’s solution and at 5
and 10 min after initiating reperfusion with nor-
mal Tyrode’s solution in normal cells (closed cir-
cles, n = 13) and in hypertrophied cells (open cir-
cles, n = 14). *P < 0.05.
Discussion

The present study demonstrates that hypertrophied LV myo-
cytes may generate EADs and bursts of triggered impulses dur-
ing reperfusion after a metabolic inhibition surrogate for isch-
emia. EADs were not observed in normal cells under the same
condition. Reperfusion-induced EADs in hypertrophied cells
are associated with greater prolongation of action potential
plateau caused by the reduction in the steady state outward
current.

Before discussing the relevance of the data in the present
study, some characteristics of the study protocol must be con-
sidered. In in vivo experiments the incidence of reperfusion
arrhythmias is directly dependent on the duration of the isch-
emia period (11, 13). In the feline model of occlusion-reperfu-
sion, the incidence of reperfusion-associated VF was relatively
high (47-62%), with reperfusion established after 20 min of
coronary occlusion whereas it was significantly less after a 10-
min occlusion (13%) (23). In the current studies we used 15
min of metabolic inhibition before reperfusion. This period
was chosen because transmembrane action potentials and

Table IV. Changes in Action Potential Characteristics during and after Exposure to CN~

RMB APA

APDy, APDg,
N H N H N H N H
-mV myv ms ms
Control 85+5 83+5 124+6 123+12 198+41 262+84* 234445 293+86*
CN™ 15 min 8347 80+8 124+7 116+18 177+47 193+68 210+47 212+53
Washout 10 min 88+8 857 127+12 125+15 33+57 349+131* 267+69 441+123*

Data are expressed as mean+SD; N, normal myocytes; H, hypertrophied myocytes. n = 13 in normal and n = 14 in hypertrophy. RMP, Resting
membrane potential; APA, action potential amplitude APD;, and APDy,, action potential duration at 50 and 90% repolarization, respectively.

* P < 0.05 normal vs. hypertrophy.
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Figure 4. Changes in APD in hypertrophied cells with and without
development of EADs. APDy, (/eft) and APD, (right) expressed as

a fraction of the control values at 5, 10, and 15 min after initiating
superfusion with CN "—Tyrode’s solution and at 5 and 10 min after
initiating reperfusion with normal Tyrode’s solution in hypertrophied
cells that had not developed EADs (closed circles, n = 10) and in
hypertrophied cells that had developed EADs (open circles, n = 4).
#P <0.01.

membrane currents are relatively stable for only 30-40 min
after establishing the whole-cell clamp mode and replacing in-
tracellular solution with an artificial salt solution. This time
frame is in agreement with the report that the rate of run-down
of I, is relatively slow for up to 30 min after breaking the
membrane patch under the suction pipette tip (21).

The severity of metabolic inhibition may also influence the
incidence of reperfusion arrhythmias. In the present experi-
ments we used 1 mM CN~ to induce metabolic inhibition. In
previous experiments we had observed that exposure to rela-
tively high-concentration CN~ (5 mM) shortened APD exces-
sively and created a sharply spiked action potential configura-
tion, with elimination of the plateau phase, in both normal and
hypertrophied cells (24). In contrast, the shortening of APD
during exposure to 1 mM CN~ for up to 20 min was more
moderate, but the magnitude of decrease was significantly
greater in hypertrophied cells than normal cells. Thus, our data
may be relevant for reperfusion arrhythmias after a relatively
mild metabolic inhibition for a short time period, a condition
that may be similar to some clinical circumstances in which
coronary artery spasm induces arrhythmias as a result of either
ischemia, reperfusion, or both (25). In experiments with
longer or more severe degrees of metabolic inhibition, the devel-
opment of EADs might be more frequent and they may occur
even in normal cells.

Reperfusion of the ischemic myocardium is frequently as-
sociated with the development of malignant ventricular ar-
rhythmias (23). A recent in vivo experiment demonstrated
that LV hypertrophy enhanced the development of reperfu-
sion-associated VF (9). Taylor et al. (9) demonstrated that
reperfusion-associated VF occurred in 7 of 17 dogs (41%) with
LV hypertrophy versus 1 of 28 dogs (6% ) without hypertrophy.
Although the mechanisms for reperfusion arrhythmias have
not been fully elucidated, it has been suggested that nonreen-
trant mechanisms, including afterdepolarization-induced trig-
gered activity, may have a predominant role (10-12). The
characteristics of some forms of reperfusion arrhythmias ob-
served clinically support this concept (25), especially after rela-
tively brief periods of ischemia. The present study demon-

Reperfusion-induced Early Afterdepolarizations in Left Ventricular Hypertrophy

strates that single myocytes isolated from hypertrophied ventri-
cles are highly susceptible to development of EADs during
reperfusion after the metabolic inhibition surrogate for isch-
emia. In addition to the possibly greater propensity of hyper-
trophied hearts to ischemia-induced reentrant arrhythmias, the
enhanced propensity to generate reperfusion-induced EAD
may partially underlie the susceptibility of patients with LV
hypertrophy to sudden cardiac death, although our single-cell
study design precluded reentrant mechanisms.

One may question the discrepancy between the timing be-
tween the onset of EADs in the present study and the onset of
reperfusion arrhythmias in in vivo studies. In the clinical set-
ting or in vivo experiments, reperfusion arrhythmias start to
occur within several seconds after the coronary circulation is
reestablished (11). In the present study, however, the mean
time interval between the initiation of reperfusion and the on-
set of EADs development was 3.4 min (range 2.1-5.7 min).
This time discrepancy could be accounted by the differences in
conditions between the in vivo and the in vitro studies. Priori et
al. (23) observed in vivo that reperfusion-induced EADs
started to occur at the moment of reperfusion whereas Ferrier
et al. (26) reported in an in vitro study that reperfusion-in-
duced delayed afterdepolarizations were initiated 5.3+0.6 min
after reperfusion. The loss of autonomic nervous innervation
in vitro may influence the time frame of onset of reperfusion
arrhythmias, since alpha- (27) and beta-adrenergic (28 ) stimu-
lation enhances the amplitude and incidence of cesium-in-
duced EADs. As suggested previously, reperfusion arrhythmias
may be based on multiple underlying mechanisms, and earlier
onset of reperfusion arrhythmias could simply be reflecting
mechanisms different from the relatively delayed onset of
EADs observed in our study. In fact, abrupt reperfusion of
ischemic myocardium results in an initial shortening of refrac-
tory period within seconds, whereas with sustained reperfusion
of > 30 s, refractory periods and APD in the previously isch-
emic region lengthen beyond preischemic values (29). EADs
can be induced in isolated tissue by a variety of interventions
that lengthen APD, providing a condition that permits the cel-
lular membrane to carry the depolarizing charge through in-
ward current channels that have recovered from inactivation.

Table V. Changes in Action Potential Duration in Hypertrophied
Cells with and without Development of EADs

APD,, APDg,
EAD (-) EAD (+) EAD (-) EAD (+)
ms ms
Control 235+17  346+45* 265+18  376+46*
CN~ 15 min 203+19 11934 233+37 143+43
Washout 10 min ~ 296+30  636+116*  336+51  688+137*

Data are expressed as mean+SD. APD;, and APDy,, action potential
duration at 50 and 90% repolarization, respectively; EAD (+) and
EAD (-), cells with and without development of early after depolar-
izations, respectively.

* P <0.01: EAD (-) vs. EAD (+).
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Figure 5. Effects of CN~ and its
washout on nonisolated membrane
currents. (4) Representative trac-
ings of membrane currents in the
control state (closed triangles), at

15 min after initiating superfusion
with CN ~-Tyrode’s solution (closed
squares), and at 10 min after ini-
tiating reperfusion with normal Ty-
rode’s solution (open circles).
Membrane currents were elicited by
800-ms-long square pulses from a

V, of —80 mV to V| between —90
and +60 mV (only traces to a V; of
—10 mV are shown). An inset on
top of the panel shows a voltage-step
protocol. Upper traces show mem-
brane currents for a normal cell and

Hypertrophy (n=16)

PA/pF
6.0

a Control .
— . lower traces for a hypertrophied cell.
100pAl ® CN 15 min (B) The steady state I-V relation-
200 msec O WO 10 min

ships measured at 600 ms after the
onset of depolarizing steps in the

control state (closed triangles), 15 min after initiating superfusion with CN "-Tyrode’s solution ( closed squares), and 10 min after initiating re-
perfusion with normal Tyrode’s solution (open circles) in normal cells (/ef, n = 18) and in hypertrophied cells (right, n = 16). *Negative shift

of I-V curve during washout of CN~ in hypertrophied cells.

The data in the present study reinforce the importance of
lengthening of APD for the generation of EADs. In cells iso-
lated from normal hearts, APD was slightly prolonged during
reperfusion. This finding is in agreement with the data in mul-
ticellular ventricular muscle preparations or in vivo (23, 28);
refractory periods and APD:s in the previously ischemic region
lengthen beyond preischemic values with sustained reperfusion
of > 30s. It is clear that the lengthening of APD is much greater
in cells isolated from hypertrophied hearts; furthermore,
among the subgroup of hypertrophied cells, APD prolongation
was significantly greater in cells that had developed EADs than
those that had not.

(a) (B)

Normal (n=19)

0
= [ L
mV

Normal -50 0 50

A

Hypertrophy

a Control
s CN 15 min
o WO 10 min

4 500 pA

25 msec

The lengthening of APD should reflect the sum of the
currents that flow within voltage range of the action potential
plateau. These include Na* “window” current or slowly inacti-
vating Na* current (30, 31), Ca?* current (32, 33), K* current
(34-38), and possibly Na*-K* pump (39) and Na*-Ca?* ex-
change current (40). Alterations of one of more of these
currents may modulate the duration of action potential
plateau. In the present study steady state outward current
within the voltage range of the action potential plateau was
reduced during reperfusion in hypertrophied cells but not in
normal cells. Under experimental conditions in which I,; was
isolated from other classes of currents, this reduction in steady

Figure 6. Effects of CN™~ and its
washout on peak amplitude of I, .
(A4) Representative tracings of early

Hypertrophy (n=24)

mV portion of I, in the control state
-50 0 50

(closed triangles), 15 min after ini-
tiating superfusion with CN~-Ty-
rode’s solution ( closed squares), and
10 min after initiating reperfusion
with normal Tyrode’s solution (open
circles). I, was elicited by square
pulses from a ¥, of —40 mV to V,
between —90 and +60 mV for 800
ms (only traces to 0 mV are shown).
An inset on top of the panel shows

a voltage-step protocol. (Top)
Traces for a normal cell and lower
panel for a hypertrophied cell. (B)
The I-V relationships of negative
peak of I, in the control state
(closed triangles), 15 min after ini-
tiating superfusion with CN™-Ty-
rode’s solution ( closed squares), and

l-10
PA/pF

10 min after initiating reperfusion with normal Tyrode’s solution (open circles) in normal cells (left, n = 19) and in hypertrophied cells (right,

n=24).
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Figure 7. Effects of CN~ and its
washout on the steady state currents
of I, - (A) Representative tracings
of superimposition of I, in the
control state, 15 min after initiating
superfusion with CN~-Tyrode’s so-
lution, and 10 min after initiating
reperfusion with normal Tyrode’s
solution. I, was elicited by square
pulses from a ¥, of —40 mV to ¥,

Hypertrophy (n=24)

pA/pPF
0.25

Hypertrophy

-0.25+

between —90 and +60 mV for 800
ms (only traces to 0 mV are shown).
An inset on top of the panel shows

a voltage-step protocol. (Top)
Traces for a normal cell and lower
panel for a hypertrophied cell. Please
note that the current level of steady

-0.256+

a Control X .
e CN~ 15 min state I, in the control state, during
o WO 10 mi superfusion with CN~, and its

min washout are almost identical. (B)

100 pA |_

200 msec

The I-V relationships of steady state
I,y measured at 600 ms from the
onset of square pulses in the control

state (closed triangles), 15 min after initiating superfusion with CN "-Tyrode’s solution ( closed squares), and 10 min after initiating reperfusion
with normal Tyrode’s solution (open circles) in normal cells (/eft, n = 19) and in hypertrophied cells (right, n = 24).

state outward current was not observed, whereas under condi-
tions in which pure K* current could be recorded without con-
tamination of other classes of currents, reperfusion did result in
the reduction in steady state outward current. We used rigor-
ous methods to isolate I, ; or K* currents from other classes of
currents during the reperfusion studies. To isolate K* current,
for example, Na* current was eliminated by externally applied
TTX (12.5 uM). I,y and I, 1 were eliminated by the addition
of 0.1 mM CdCl, and 0.1 mM NiCl, to the bath solution,
respectively. Ca?*-activated currents and the electrogenic

B
) &) Normal (n=12)

PA/pPF

+3.0

mV mV
-100 0 -100
) 0
a
-1.5
0 o
a Control
100 pa s CN 15 min
o WO 10 min
200 msec

Hypertrophy (n=12)

Na*-Ca?* exchanger were blocked by omitting Ca2* from the
pipette solution and buffering Ca?* with 10 mM EGTA.
Current through the electrogenic Na*-K* pump was abol-
ished by the addition of ouabain to the external solution. Even
if Cd?* is not a specific I, blocker and exerts some blocking
effect on K* channels (41), the latter effect does not appear to
be quantitative and therefore the ability to observe the negative
shift of steady state outward current under such conditions
leads us to suggest a major contribution of K* currents in this

phenomenon.

Figure 8. Effects of CN~ and its
washout on the steady state K*
current. (4) Representative tracings
of K* currents in the control state
(closed triangles), at 15 min after ini-
tiating superfusion with CN -Ty-
rode’s solution (closed squares), and
at 10 min after initiating reperfusion
with normal Tyrode’s solution (open
circles). K* currents were elicited by
800-ms long square pulses from a V,
of —80 mV to V, between —90 and
+60 mV (only traces to a V, of —10
mV are shown). An inset on top of
the panel displays a voltage-step pro-
tocol. Upper traces show membrane
currents for a normal cell and lower
traces for a hypertrophied cell. (B)
The I-V relationships of steady state
K™ current measured at 600 ms after
the onset of depolarizing steps in the
control state (closed triangles), 15
min after initiating superfusion with

PA/pPF

+3.0

CN -Tyrode’s solution (closed squares), and 10 min after initiating reperfusion with normal Tyrode’s solution (open circles) in normal cells
(left, n = 12) and in hypertrophied cells (right, n = 12). *Negative shift of I-V curve during wash out of CN~ in hypertrophied cells.
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It has been postulated that altered K* currents may also be
responsible for the prolonged APD in hypertrophied myocytes
(42). Thus, it appears that in hypertrophied cells the altered
K* current characteristics in the basal state precondition the
cells to respond to reperfusion differently from channels in
normal cells. Recently, Kowey et al. (43 ) reported in an in vivo
study that susceptibility to VF induced by electrical stimula-
tion was markedly enhanced in cats with pressure overload
compared with the control group. Risotilide, an inhibitor of the
voltage-dependent K* channel, but not verapamil, reduced
ventricular vulnerability concomitant with narrowed disper-
sion of the effective refractory period and monophasic action
potential duration, suggesting reentry as a possible mechanism
underlying electrically induced VF in cat ventricular hyper-
trophy. Thus, although alterations in K* channels appear to be
a significant factor for the development of both electrically in-
duced VF and reperfusion-related EADs, the arrhythmogenic
mechanism involving K* channels in hypertrophied hearts
may be different between the two cases. It should be noted that,
even though our data suggest that /.,; may not be a primary
factor for APD prolongation during reperfusion in hypertro-
phied cells, the contributions of Na* current, I, r, Na*-Ca?*
exchanges, or Na*-K* pump current were not completely ex-
cluded and require further study. ‘

The negative shift of steady state outward K* current was
prominent at a V, range between —30 and +20 mV (see Fig. 8
B). Among the classes of K* currents occurring in ventricular
myocytes, the inward-rectifier K* current (1) contributes to
membrane currents at a more negative voltage range (44).
Transient outward K* current (/,,) activates and inactivates
rapidly, and neither component contributes significantly to
membrane current at 600 ms after the onset of depolarization
(45). Thus, the most plausible contributor to the reduction of
steady state outward current in this voltage range is the delayed
rectifier K* current (1, ). Recently, Sanguinetti and Jurkiewicz
(46) reported that I, consists of two components, I, and Iy,. [,
activates very rapidly relative to /,,, exhibits prominent inward
rectification, and is observed mainly at potential between —20
and +30 mV. The voltage range at which the reduction of
steady state outward K* current was observed in the present
study appears to correspond to the voltage range in which [,
activates. Thus, it may be of interest to study the effects of the
benzenesulfonamide antiarrhythmic agent, E-4031, a specific
blocker of I, to determine whether I, is involved in the reduc-
tion of steady state outward current during reperfusion in hy-
pertrophied cells. However, the existence of I, in cat myocytes
is questioned because of the observation that tail currents of I,
are completely suppressed in cat myocytes by this agent (47).

In summary, the data reported in this study are consistent
with an evolving body of information leading to a general prin-
ciple of the association between various factors that prolong
APDs and lead to generation of EADs. Triggered activity re-
sulting from EADs appears to lead to specific forms of clinical
arrhythmias, such as torsades de pointes, rapid polymorphic
VT, and possibly ventricular fibrillation. In such diverse clini-
cal circumstances as classical proarrhythmic responses to class
I-A and III antiarrhythmic drugs (48, 49), acute cocaine expo-
sure (50), and now reperfusion after ischemia in cells from
hypertrophied hearts, the conditioning event, APD prolonga-
tion, appears to be due primarily to abnormalities in repolariz-
ing K* currents (especially I,) whereas the EADs themselves
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are generated by Ca?* (or perhaps slowly inactivating Na*)
acting as the carrier current.
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