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Mohri, Satoshi, Juichiro Shimizu, Yuval Mika, Itzhak
Shemer, Jie Wang, Shlomo Ben-Haim, and Daniel Burk-
hoff. Electric currents applied during refractory period en-
hance contractility and systolic calcium in the ferret heart.
Am J Physiol Heart Circ Physiol 284: H1119–H1123, 2003.
First published November 21, 2002; 10.1152/ajpheart.00378.
2002.—We investigated the mechanism of positive inotro-
pism of electric currents applied during the absolute refrac-
tory period. Ten Langendorff-perfused ferret hearts were
instrumented to measure isovolumic left ventricular pres-
sure (LVP) and the aequorin luminescence. Biphasic square-
wave electric currents (�20 mA, total duration 30 ms) were
delivered between pairs of electrodes. Six hearts were per-
fused at different extracellular Ca2� concentrations ([Ca2�]o;
1, 2, 4, and 8 mM). These signals increased LVP from 50.0 �
9.4 to 70.1 � 14.7, from 67.5 � 11.0 to 79.0 � 15.6, from
79.3 � 21.0 to 87.1 � 22.8, and from 84.6 � 24.0 to 91.8 �
28.5 mmHg at the respective [Ca2�]o (P � 0.05). Peak free
intracellular [Ca2�] ([Ca2�]i) increased from 0.52 � 0.13 to
1.37 � 0.23, from 0.76 � 0.23 to 1.73 � 0.14, from 1.10 � 0.24
to 2.05 � 0.33, and from 1.41 � 0.36 to 2.24 � 0.36 �M/ml,
respectively (P � 0.001). With the use of 1 mg/l propranolol
with 1 mM [Ca2�]o, LVP and [Ca2�]i were increased signifi-
cantly from 48.7 � 8.18 to 56.3 � 6.11 mmHg and from
0.61 � 0.11 to 1.17 � 0.20 �M, respectively (P � 0.05). In
conclusion, positive inotropism of such electrical currents
was due to increased peak [Ca2�]i and Ca2� responsiveness
of the myofilaments did not change significantly.

calcium responsiveness; aequorin; �-blocker

STUDIES USING CURRENT CLAMP techniques have shown
that increases in either the duration or amplitude of
the action potential enhance cardiac contractility by
increasing transarcolemmal Ca2� entry (1, 15). This
results in sarcoplasmic reticular Ca2� loading and
an increase in the peak of the intracellular Ca2�

transient (15). It has recently been reported (5) that
extracellularly applied electric fields can prolong ac-
tion potential duration, influence action potential
amplitude and similarly enhance myocardial con-
tractility in isolated papillary muscles. When ap-
plied locally to intact canine hearts, such electric

impulses enhance myocardial contractility in the re-
gion of signal application, an effect that results in
enhanced global contractility (10). These signals also
appear effective in enhancing contractility in ani-
mals and humans with heart failure (11–13). How-
ever, the mechanism of regional myocardial contrac-
tility enhancement with extracellular electrical
impulses has not been clarified.

The purpose of the present study was to test the
hypothesis that the primary inotropic mechanism of
cardiac contractility modulating (CCM) electrical im-
pulses, analogous to voltage-clamp techniques, is by
enhancing peak intracellular Ca2�. The effects of CCM
signals on myofilament Ca2� sensitivity were tested by
measuring CCM effects at different extracellular Ca2�

concentration ([Ca2�]o). The contribution of �-adrener-
gic stimulation to inotropic effects of CCM signals were
investigated through studies performed in the pres-
ence of high-dose �-blockers.

METHODS

The animals involved in this study received humane care
in compliance with the National Institutes of Health Guide
for the Care and Use of Laboratory Animals (NIH Publication
No. 85-23, Revised 1985). This study was approved by the
Institutional Animal Care and Use Committee of Columbia
University.

Surgical preparation. In each of 10 experiments, an 8- to
14-wk-old ferret (1.2–1.4 kg body wt) was heparinized (3,000
U ip), anesthetized with pentobarbital sodium (50 mg/kg ip),
and studied during Langendorff perfusion, as detailed previ-
ously (2, 14). In brief, a bilateral sternotomy was performed
and the heart was rapidly excised and submerged in oxygen-
ated, warmed, modified Tyrode solution (36°C; composition
provided below). The severed end of the aorta was fed over a
16-gauge needle that was connected to a modified Langen-
dorff perfusion system, and perfusate flow was adjusted to
provide a perfusion pressure of �70–80 mmHg. Complete
heart block was achieved by formalin injection (10%, 0.1–0.3
ml) into the atrioventricular nodal region. The left atrium
was opened and a latex balloon attached to the end of a stiff
polyethylene tube was inserted into the left ventricle (LV)
and held in place by a 2-0 silk purse-string suture placed
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around the mitral annuls. The balloon and tubing were filled
with water and connected to a Statham pressure transducer
for measurement of isovolumic LV pressure (LVP). Balloon
volume was then adjusted with the use of a calibrated 2-ml
syringe. Two subepicardial pacing electrodes were inserted
into the apex of the right ventricular free wall. A pair of
platinum wire electrodes (each 5 mm in length, �5 mm
apart) was inserted into the LV free wall for delivering CCM
signals.

The perfusion system consisted of a warmed storage vat for
perfusate solutions, an adjustable-speed rotary pump (Mas-
terflex; Vernon, IL), and a Pyrex condenser. The vat and
condenser were warmed by a constant temperature circula-
tor set to heat the solutions to 36°C. Perfusate was composed
of (in mM) 15 glucose, 140 NaCl, 5 KCl, 0.9 MgCl2, 1.0 CaCl2,
and 6 HEPES. The pH was adjusted to 7.40, and the solution
was equilibrated with 100% O2. Perfusate was not recircu-
lated. After the heart was attached to the perfusion system,
LV volume was adjusted to provide an end-diastolic pressure
of �10 mmHg, and the heart was allowed to stabilize for at
least 20 min. The end of the stabilization period was defined
as the time when peak LVP and coronary perfusion pressure
attained a stable level.

Measurement of Ca2� transients. Techniques for measur-
ing Ca2� transients from the epicardial surface of crystalloid-
perfused hearts were similar to those described previously (2,
8, 14). An aequorin solution composed of (in mM) 154 NaCl,
5.4 KCl, 1 MgCl2, 12 HEPES, 11 glucose, and 0.1 EDTA, and
1 mg/ml aequorin (adjusted to pH 7.40) was prepared. After
the isolated heart was stabilized, 3–5 �l of this solution were
injected just below the epimysium in the inferoapical region
with the use of a low-resistance glass micropipette with an
inner diameter of �30 �m. This was accomplished by per-
forming six separate injections (0.5–1.0 �l each) into an �3
mm2 area. It has been shown that a fraction of this aequorin
is “loaded” into myocytes by an unknown mechanism with
minimal damage to the cells near the injection site (8).

To record the aequorin luminescence, the heart and a
portion of the perfusion apparatus were placed inside a
light-tight box that is identical in design to that originally
used for aequorin experiments on papillary muscle (4) and
describe in detail previously (2, 8, 14). The heart was posi-
tioned within a specially designed glass organ bath with a
concavity at its base; the infero-apical region of the heart (the
aequorin-injected site) was placed in contact with this base so
that the aequorin luminescence was emitted through the
bottom of the bath, which in turn was positioned at the focal
point of an ellipsoidal light collector that directed the light to
the surface of a photomultiplier tube (model 9235QA, Thorn
EMI; Fairfield, NJ). The photomultiplier was energized by a
power supply (model 9PM28R, Thorn EMI) with the voltage
adjusted to provide an optimal signal-to-noise ratio (900 V).

Fig. 1. Simultaneously measured isovolumic left ventricular pres-
sure (LVP) and aequorin light emission tracings from an isolated
ferret heart before and during application of a cardiac contractility
modulating (CCM) electrical signal in the antero-apical region of the
heart. Arrows indicate the onset of CCM signal delivery. Signal-
averaged (SA) signals (from within the specified bracketed regions)
show the significant increase in aequorin light emission indicative of
a rise in peak intracellular Ca2� during CCM signal application,
which parallels the increase in peak isovolumic pressure. Biphasic
CCM signal was recorded on the ECG (bottom).

Fig. 2. LVP and signal-averaged intra-
cellular Ca2� concentration ([Ca2�]i)
transients from a single experiment
measured at different perfusate extra-
cellular Ca2� concentrations ([Ca2�]o)
between 1 and 8 mM. As [Ca2�]o is
increased, baseline peak pressure and
peak [Ca2�]i increase. At each [Ca2�]o,
CCM signals increase peak [Ca2�]i, but
the effects on peak LVP are most pro-
nounced at low [Ca2�]o.
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The aequorin light signal was recorded as anodal current
with zero set as the mean dark current. Filtering was per-
formed online with the use of an analog filter with a corner
frequency of 100 Hz.

The method of calibrating the light signal into absolute
intracellular Ca2� concentration ([Ca2�]i) was the same as
that used previously in papillary muscle studies and has
been described previously (2, 8, 14). At the end of the exper-
iment, the heart was perfused with a 50 mM 95% Ca2�-5%
Triton X-100 solution, which lysed the cells and exposed the
remaining aequorin to high amounts of Ca2� (3). Lumines-
cence signals to be converted to Ca2� signals, L, were nor-
malized by the total light emission, Lmax, which was esti-
mated as the integral of the aequorin signal collected during
the lysis procedure multiplied by the rate constant for ae-
quorin consumption (2.11/s) (3). The instantaneous L/Lmax

was then concerted to time-varying [Ca2�]i according to the
equation

L/Lmax � ��1 � Kr[Ca2�]i)/(1 � Ktr � Kr[Ca2�]i)}
3

where the transient rate constant (Ktr) and rate constant (Kr;
4.5 	 106/mol and 130, respectively) have been determined
previously (8).

Experimental protocol and data analysis. All hearts were
paced at a rate of 120 beats/min. After stabilization, baseline
LVP and aequorin luminescence signals were recorded for 3
min. CCM signals were biphasic (15 ms per phase) square-
wave current pulses with amplitude �20 mA that were
delivered 40 ms after delivering the right ventricular pacing
spike. After a stable contractile state was reached (�30–60
s), data were recorded for 3 min. In six of the animals, the
same procedure was repeated while the heart was perfused
with Tyrode solutions having four different [Ca2�]o concen-
trations (1, 2, 4, and 8 mM). In four experiments, CCM
signals were delivered after the addition of propranolol (1
mg/l) to Tyrode solution with 1 mM [Ca2�]o. This concentra-
tion of propranolol was shown in preliminary experiments to
completely block the inotropic response of isoproterenol. All
data were recorded on a digital computer at a sampling rate
of 500 Hz for offline analysis.

Contractile strength was quantified by isovolumic devel-
oped pressure determined by subtracting end-diastolic from
peak ventricular pressures. Ca2� transients and peak [Ca2�]i
were determined as described above. The rate of relaxation
was quantified by determining the logistic time constant of
fall of LVP after the time of peak rate of pressure decline (13).

Statistics. Data are expressed as means � SD. Student’s
t-test was applied to compare paired mean values between
control and CCM. The relationship between LVP and [Ca2�]i
was compared by analysis of covariance.

RESULTS

Figure 1 shows original LVP and aequorin light
emission tracings under baseline conditions and dur-
ing the application of CCM signals (with [Ca2�]o of 2
mM). On initiation of CCM signals, there was a rise in
peak pressure and aequorin light emission, which
reached plateau levels after �10–15 s.

Effects of CCM signals on LVP and signal-averaged
[Ca2�]i transients at different [Ca2�]o are shown in the
examples of Fig. 2. Baseline peak LVP and [Ca2�]i both
increased as [Ca2�]o was increased. The degree of in-
crease in LVP in response to CCM signals decreased as
[Ca2�]o was increased. For example, CCM signals on
average induced a 20.1 � 10.3 mmHg (41 � 20%, P 


0.0051) increase in LVP at a [Ca2�]o of 1 mM, but at 8
mM [Ca2�]o CCM increased LVP by only 7.2 � 5.4
mmHg (8.1 � 3.6%, P 
 0.0220). This observation is
further summarized for all [Ca2�]o values in Fig. 3A.

In contrast, the effects of CCM signals on the abso-
lute change in peak [Ca2�]i were independent of
[Ca2�]o despite the rise in baseline [Ca2�]i. For exam-
ple, at a [Ca2�]o of 1 mM, peak [Ca2�]i increased by
0.84 � 0.25 �M (P 
 0.0004), whereas at a [Ca2�]o of 8
mM, the increase was 0.82 � 0.22 �M (P 
 0.0003).
These findings are further summarized in Fig. 3B.

Fig. 3. A: average results from 6 experiments showing the relation-
ships between [Ca2�]o and LVP showing that the inotropic effects of
CCM signals are most effective at normal and subphysiological
[Ca2�]o. B: relationship between [Ca2�]o and peak intracellular Ca2�

([Ca2�]i) showing that CCM signals are equally effective at all
[Ca2�]o. C: relationship between [Ca2�]i and LVP showing a nonlin-
ear relationship that plateaus at higher Ca2� levels, which explains
why LVP responses to CCM signals are smaller at higher baseline
contractilities. See text for further details.
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The relationship between LVP and [Ca2�]i (Fig. 3C)
shifted slightly toward higher [Ca2�], but this differ-
ence was not statistically significant (analysis of co-
variance) between baseline and CCM conditions indi-
cating that there was no significant effect of CCM
signals on myofilament Ca2� affinity. The nonlinearity
of this relationship, however, explains the blunted ino-
tropic effects at high [Ca2�]o; the higher the baseline
Ca2�, the smaller the inotropic effect of a given in-
crease in [Ca2�]i.

In terms of the dynamics of contraction (Table 1),
CCM signals decreased the time to peak pressure
slightly but significantly by an amount that depended
on the extracellular [Ca2�]. There was no effect on the
time constant of relaxation.

CCM signals may stimulate release of endogenous
norepinephrine from nerve terminals which could con-
tribute to their inotropic effects. To explore this possi-
bility, CCM signals were applied to ferret hearts dur-
ing exposure to high-dose propranolol. The results,
summarized in Fig. 4, show that the changes in [Ca2�]i

were indistinguishable from those observed in the orig-
inal set of experiments (an increase in [Ca2�]i of 0.56 �
0.16 �M compared with a 0.86 � 0.10 �M increase
without �-blockers) and that there was a slight de-
crease in the change in pressure development in re-
sponse to CCM signals (an increase in LVP of 8.6 � 5.2
mmHg compared with a 20.0 � 10.3 mmHg increase
without �-blockers).

DISCUSSION

It has long been recognized that cardiac contractility
can be modulated by actively controlling the duration and
profile of the transmembrane potential, which in turn
influences Ca2� entry, sarcoplasmic reticular Ca2� load-
ing and ultimately Ca2� release to the myofilaments (1,
15). Extracellular electric currents have recently been
demonstrated to have similar inotropic effects in isolated
papillary muscles (5), intact normal (10) and failing
hearts (13), and in patients with heart failure (11, 12),
though the mechanism of inotropic action has not been
elucidated. The results of the present study indicate that
application of extracellular electrical fields during the
refractory period result in increased peak Ca2� delivery
to the myofilaments, which increases myocardial contrac-
tility in isolated ferret hearts with little effect on myofil-
ament Ca2� sensitivity.

The electric currents used in the present study, CCM
signals, are applied to a region of the heart and affect
contractility in the region of application (10). There-
fore, relatively large changes in local contractility re-
sult in smaller, though substantial changes at the
global level.

The effect of CCM signals on the locally measured
intracellular Ca2� transients were similar at all
[Ca2�]o tested, but the effect on global contractility was
blunted when [Ca2�]o concentrations higher than
physiological levels (4 and 8 mM) were studied. This is
compatible with the nonlinear relationship between
peak intracellular Ca2� and myocardial force of con-
traction observed in isolated myocardium (16) and in-
tact hearts (2). As [Ca2�]i increases, myofilament force
production plateaus both in isolated muscles and intact
ferret hearts. Thus, when starting at a state in which
peak intracellular Ca2� is already high, an interven-
tion, which further increases Ca2�, will not signifi-
cantly augment pressure generation. On the other
hand, heart failure is a state in which a reduced peak
of the intracellular Ca2� transient is believed to con-
tribute to contractile dysfunction (7). In this setting,
CCM signals would be applied under favorable condi-
tions for achieving an inotropic effect.

Myocardial tissue is richly innervated with nerve
fibers, and inotropic effects of CCM signals could be
mediated by release of norepinephrine. However, high-
dose �-blockers did not influence the ability of CCM

Table 1. Effect of CCM signals on time to peak
pressure and time constant of relaxation as
function of [Ca2�]o

[Ca2�]o,
mM

Time to Peak Pressure, ms
Time Constant of

Relaxation, ms

Control CCM � Control CCM

1 216�26 174�25* 42�17 31�9 30�3
2 201�37 172�26* 29�15 30�8 33�5
4 191�37 169�25† 22�15 33�8 34�7
8 183�31 169�26* 15�9 31�7 34�7

Values are means � SD; n, 6 hearts. [Ca2�]o, extracellular Ca2�

concentration; CCM, cardiac contractility modulating signals; �,
change in pressure. *P � 0.001; †P � 0.05, statistically different
from respective control condition by paired t-test.

Fig. 4. Effects of CCM signals on LVP (A) and [Ca2�]i

(B) in isolated ferret hearts exposed to a high concen-
tration of propranolol to block potential effects of endo-
genously released norepinephrine with perfusate
[Ca2�] of 1 mM. The observed effects are similar to
those observed without propranolol. *P � 0.01.
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signals to augment peak intracellular Ca2�, and there
was only a relatively small reduction on the overall
inotropic effect. This suggests that release of endoge-
nous catecholamines is not the mechanism of positive
inotropism in this setting.

Prior studies (1, 5) of extracellular CCM signals
applied to isolated papillary muscle in vitro have sug-
gested that one mechanism for increased Ca2� cycling
is an effect of the signals on action potential duration
and/or amplitude, which in turn, influences entry of
Ca2� during contraction. This in turn leads to Ca2�

loading of the sarcoplasmic reticulum so that in the
steady state, the amount of Ca2� released to the myo-
filaments is increased compared with baseline condi-
tions. One limitation of the present study is that the
effects of CCM signals on transmembrane potentials
have not been investigated and therefore the mecha-
nism by which Ca2� cycling is influenced in the intact
heart is not yet defined. However, Fast et al. (6) re-
cently showed that electric shocks (10 ms duration and
2–50 V/cm) applied through bipolar electrodes during
the action potential plateau prolonged action potential
duration and increased amplitude. In the porcine iso-
lated anterior wall segment used in that study, me-
chanical activity was abolished by perfusion with 2,3-
butanedione monoxime so the effects on contraction
were not directly studied. Compared with the signals
used by Fast et al. (6), CCM signals used in the present
study are of similar amplitude but applied earlier dur-
ing the action potential. Nevertheless, these data show
that electric signals can influence the action potential
amplitude and duration in support of the proposed
mechanism.

In summary, the primary mechanism by which CCM
signals enhance contractility is to increase in systolic
intracellular Ca2�. Myofilament Ca2� affinity (indexed
by the relationship between peak intracellular Ca2�

and peak developed pressure) is not significantly influ-
enced. The inotropic effects of CCM signals are most
pronounced at physiological and reduced levels of ex-
tracellular Ca2�, though their ability to augment peak
intracellular Ca2� is preserved at all concentrations.
These findings suggest that further study of CCM
signals as a potential therapy for heart failure are
warranted.
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33–57, 1969.

2. Baran D, Ogino K, Stennett RA, Schnellbacher M, Zwas D,
Morgan JP, and Burkhoff D. Interrelating time course of
ventricular pressure generation and intracellular calcium tran-
sient in intact hearts. Am J Physiol Heart Circ Physiol 273:
H1509–H1522, 1997.

3. Bentivegna LA, Ablin LW, Kihara Y, and Morgan JP. Al-
tered calcium handling in left ventricular pressure-overload hy-
pertrophy as detected with aequorin in the isolated, perfused
ferret hearts. Circ Res 69: 1538–1545, 1991.

4. Blinks JR. The use of photoproteins as calcium indicators in
cellular physiology. Part III. In: Techniques in Cellular Physiol-
ogy, edited by Baker PF. Shannon, Ireland: Elsevier/North-Hol-
land, 1982, p. 1–38.

5. Burkhoff D, Shemer I, Felzen B, Shimizu J, Mika Y, Dick-
stein M, Prutchi D, Darvish N, and Ben-Haim SA. Electric
currents applied during the refractory period can modulate car-
diac contractility in vitro and in vivo. Heart Fail Rev 6: 27–34,
2001.

6. Fast VG, Sharifov OF, Cheek ER, Newton JC, and Ideker
RE. Intramural virtual electrodes during defibrillation shocks in
left ventricular wall assessed by optical mapping of membrane
potential. Circulation 106: 1007–1014, 2002.

7. Gomez AM, Valdivia HH, Cheng H, Lederer MR, Santana
LF, Cannell MB, McCune SA, Altschuld RA, and Lederer
WJ. Defective excitation-contraction coupling in experimental
heart failure. Science 276: 800–806, 1997.

8. Kihara Y, Grossman W, and Morgan JP. Direct measure-
ment of changes in intracellular calcium transients during hyp-
oxia, ischemia, and reperfusion of the intact mammalian heart.
Circ Res 65: 1029–1044, 1989.

9. Matsubara H, Takaki M, Yasuhara S, Araki J, and Suga H.
Logistic time constant of isovolumic relaxation pressure-time
curve in the canine left ventricle. Better alternative to exponen-
tial time constant. Circulation 92: 2318–2326, 1995.

10. Mohri S, He KL, Dickstein M, Mika Y, Shimizu J, Shemer
I, Yi GH, Wang J, Ben-Haim SA, and Burkhoff D. Cardiac
contractility modulation by electric currents applied during the
refractory period. Am J Physiol Heart Circ Physiol 282: H1642–
H1647, 2002.

11. Pappone C, Vicedomini G, Loricchio ML, Meloni C, Sal-
vati A, Kimchy Y, Hadad W, Aviv R, Mika Y, Darvish N,
Kronzon I, and Ben-Haim SA. First clinical experience dem-
onstrating improvement of hemodynamic parameters in heart
failure patients through the application of non-excitatory elec-
trical signals (Abstract). J Am Coll Cardiol 35, Suppl: A-229,
2000.

12. Pappone C, Vicedomini G, Salvati A, Meloni C, Haddad W,
Aviv R, Mika Y, Darvish N, Kimchy Y, Snir Y, Pruchi D,
Ben-Haim SA, and Kronzon I. Electrical modulation of car-
diac contractiltiy: Clinical aspects in congestive heart failure.
Heart Fail Rev 6: 55–60, 2001.

13. Sabbah HN, Haddad W, Mika Y, Nass O, Aviv R, Sharov
VG, Maltsev V, Felzen B, Undrovinas AI, Goldstein S,
Darvish N, and Ben-Haim SA. Cardiac contractilty modula-
tion with the impulse dynamics signal: studies in dogs with
chronic heart failure. Heart Fail Rev 6: 45–53, 2001.

14. Stennett RA, Ogino K, Morgan JP, and Burkhoff D.
Length-dependent activation in intact ferret hearts: study of
steady-state Ca2�-stress-strain interrelations. Am J Physiol
Heart Circ Physiol 270: H1940–H1950, 1996.

15. Wood EH, Heppner RL, and Weidmann S. Inotropic effects of
electric currents. I. Positive and negative effects of constant
electric currents or current pulses applied during cardiac action
potentials. II. Hypotheses: calcium movements, excitation-con-
traction coupling and inotropic effects. Circ Res 24: 409–445,
1969.

16. Yue DT, Marban E, and Wier WG. Relationship between force
and intracellular [Ca2�] in tetanized mammalian heart muscle.
J Gen Physiol 87: 223–242, 1986.

H1123CONTRACTILITY MODULATION BY ELECTRIC CURRENTS

AJP-Heart Circ Physiol • VOL 284 • APRIL 2003 • www.ajpheart.org

 on N
ovem

ber 21, 2010 
ajpheart.physiology.org

D
ow

nloaded from
 

http://ajpheart.physiology.org

