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Abstract
Background—Ventricular repolarization and contractile function are frequently abnormal in
ventricular myocytes from human failing hearts as well as canine hearts with experimentally induced
heart failure (HF). These abnormalities have been attributed to dysfunction involving various steps
of the excitation-contraction coupling process, leading to impaired intracellular sodium and calcium
homeostasis. We previously reported that the slow inactivating component of the Na+ current (late
INa) is augmented in myocytes from failing hearts, and this appears to play a significant role in
abnormal ventricular myocytes repolarization and function. We tested the effect of ranolazine, a
novel drug being developed to treat angina, on 1) action potential duration (APD), 2) peak transient
and late INa (INaT and INaL respectively), 3) early afterdepolarizations (EADs), and 4) twitch
contraction (TC) including aftercontractions and contracture.

Methods:  Myocytes were isolated from the left ventricle of normal dogs and of dogs with chronic
HF caused by multiple sequential intracoronary microembolizations. INaT and INaL were recorded
using conventional whole-cell patch-clamp techniques. APs were recorded using the β-escin
perforated patch-clamp configuration at frequencies of 0.25 and 0.5 Hz. TCs were recorded using an
edge movement detector at stimulation frequencies ranging from 0.5 to 2.0 Hz.

Results—Ranolazine significantly (p < 0.05) and reversibly shortened the APD of myocytes
stimulated at either 0.5 or 0.25 Hz in a concentration-dependent manner. At a stimulation frequency
of 0.5 Hz, 5, 10 and 20 μM ranolazine shortened the APD90 (APD measured at 90% repolarization)
from 516 ± 51 to 304 ± 22, 212 ± 34 and 160 ± 11 ms, respectively, and markedly decreased beat-
to-beat variability of APD90, EADs and dispersion of APDs. Ranolazine preferentially blocked
INaL relative to INaT in a state-dependent manner; with a ~ 38-fold greater potency against INaL to
produce tonic block (IC50 = 6.5 μ M) than INaT (IC50 =294 μM). When we evaluated inactivated
state blockade of INaL from the steady-state inactivation mid-potential shift using a theoretical model,
ranolazine was found to bind more tightly to the inactivated state than the resting state of the sodium
channel underlying INaL, with apparent dissociation constants Kdr=7.47μ M and Kdi=1.71μ M,
respectively. TCs of myocytes stimulated at 0.5 Hz were characterized by an initial spike followed
by a dome-like aftercontraction, which was observed in75% of myocytes from failing hearts and
coincided with the long AP plateau and EADs. Ranolazine at 5, and 10 μM reversibly shortened
duration of TCs and abolished the aftercontraction. When the rate of myocyte stimulation was
increased from 1.0 to 2.0 Hz, there was a progressive increase in diastolic “tension”, i.e., contracture.
Ranolazine at 5, and 10 μM reversibly prevented this frequency-dependent contracture.
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INTRODUCTION
Ventricular arrhythmias are a frequent cause of sudden death in patients with heart failure (HF)
(see review1). Despite the efforts of numerous investigators (see review 2), the underlying
electrophysiological mechanisms responsible for these arrhythmias remain unclear. Increased
dispersion of ventricular repolarization and early afterpolarizations (EADs) are major
mechanisms involved in polymorphic ventricular tachycardia. 3, 4 Studies using different
animal models of HF as well as heart tissue from HF patients revealed prolonged action
potentials (APs), EADs, and increased spatial and temporal heterogeneity of ventricular
repolarization. 5–8

A delicate balance between inward and outward currents maintains the cardiac AP plateau.
Accordingly, AP prolongation in HF can be explained by either a decrease in repolarizing
outward currents 5, 6 and/or an increase in depolarizing inward currents. We have shown that
an increase in the slow-inactivating component of the sodium current (i.e., late INa, INaL)
contributes to abnormal repolarization of ventricular myocytes from human and canine failing
hearts. 7, 8 Recently Valdivia et al 9 found that INaL is significantly increased in ventricular
myocytes from explanted failing human hearts as well as a canine pacing model of heart failure,
confirming our observation.7, 8, 10 Thus, increased INaL may contribute to abnormal
ventricular repolarization (AP prolongation and EADs)7, 8 and contractility 11 in HF, while
inhibition of INaL should reverse these abnormalities. Therefore, INaL is a plausible target for
drugs intended to reduce both arrhythmogenesis and mechanical dysfunction of failing
ventricular myocytes. Indeed, one such antiarrhythmic agent, amiodarone, has been shown to
selectively block INaL relative to the peak transient sodium current (INaT) in failing human
myocardium. 12

Ranolazine, a novel drug being developed to treat angina 13, 14 has also been shown to have
a number of cardiac electrophysiological effects, including inhibition of sea anemone toxin
(ATX-II)-induced INaL and suppression of resulting ventricular arrhythmias in guinea pig and
canine hearts. 15, 16 Thus, we determined the effects of ranolazine on INaT and INaL, AP
duration, and twitch contractions of left ventricular myocytes isolated from dogs with HF to
test the hypothesis that ranolazine reverses the HF-related abnormal repolarization and
contractions by inhibiting augmented INaL.

METHODS
Canine HF Model and Myocyte Isolation

We developed a reproducible canine model of chronic HF that manifests marked and sustained
depression of ventricular function, frequent ventricular ectopy and sudden death in ~13% of
animals.17, 18 In the present study, healthy mongrel dogs weighing 24–31 kg underwent
sequential coronary embolization to produce HF. This protocol was approved by the
Institutional Animal Care and Use Committee of Henry Ford Hospital and conformed to the
guiding principles of the Declaration of Helsinki.

Left ventricular mid-myocardial myocytes were enzymatically isolated from 26 dogs with HF
(ejection fraction = 24 ± 1 %) and 5 normal dogs as described previously. 7 The yield of viable
rod-shaped, Ca2+-tolerant myocytes varied from 50 to 80%.
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Action Potential and Twitch Contraction Recordings
APs were recorded in current-clamp mode using a β-escin perforated patch- clamp
configuration 11 with an Axopatch 200A patch-clamp amplifier (Axon Instruments, Foster
City, CA), while pClamp 8.0 software (Axon) in conjunction with a PC computer was used to
operate the current-clamp stimulation protocol. Myocytes were stimulated with current pulses
lasting 0.2 ms duration. Contraction and relaxation were recorded using an edge detection
system. Myocyte contraction was elicited using electrical field stimulation by applying pulses
of 16 ms in duration, and a voltage 1.5- to 2–fold greater than the threshold 11. APs and twitch
contractions were recorded at 35°C. Solutions used for AP and contraction recordings are
summarized in Table 1.

Sodium Current Recordings
INa was recorded using the conventional whole-cell patch-clamp technique (pClamp9,
Axopatch 200A patch-clamp amplifier, Axon). The resistance of the borosilicate glass patch
pipettes was 600–800 KΩ. The currents were low-pass filtered at 5 kHz, digitized at a sampling
rate of 10 kHz and recorded at room temperature (22–24ºC). Voltage-clamp quality of the in
each cell was controlled as described previously. 7, 8

INaL was elicited using 2- s membrane depolarizations from a holding potential of −140 mV
applied at a pacing frequency of 0.1 Hz. “Zero”current was determined either after TTX (25
μM) application or by completely inactivating INaL using a 2-s depolarizing pre-pulse to –
40mV, and was subtracted from the current traces. 7

The amplitude of INaL was determined from the average current measured 200–220 ms after
the onset of a 2-s depolarization to −30 mV. This time was chosen to avoid contamination of
late INa with INaT, which is completely inactivated within 200 ms of the beginning of the
depolarizing pulse. 19 INaT was measured at a symmetrical Na+ concentration of 5 mM (Table
1). Inhibition of INaL and INaT was measured 2–6 minutes after adding ranolazine to the bath.
Different cells were used to determine the effects of various concentrations of ranolazine.
Holding potential was always –140 mV in order to ensure maximal availability of sodium
channels.

Data Analysis
The ranolazine concentration-response curve for tonic block, describing the portion of blocked
INaL or INaT (B) was determined by a conventional one-to-one binding model:

B % = 100 %
1 + IC50/ RAN (1)

Tonic block was assessed after a 10-s resting period of at negative potential (Vh =
−140mV).Steady-state inactivation (SSI) of INaL was measured using a double-pulse protocol.
An 8-s prepulse of was followed by a 2-s or 40-ms testing pulse to −30 mV for INaL and
INaT, respectively. Relative INaL or INaT was plotted against the pre-pulse voltage (Vp) and
fitted to a Boltzmann function (SSI):

SSI(Vp) = 1 / (1 + e(Vp−V½)/k
) (2)

where V½ and k are the mid-point potential and slope factor, respectively. Interaction of the
drug with the open and inactivated states of the channel was evaluated as suggested by Bean
et al 20 by fitting experimental points of the drug-induced steady-state inactivation mid-point
potential shifts to the equation:
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ΔV1/2 = k ln (
1 + RAN / Kdr
1 + RAN / Kdri

) (3)

where ΔV½ is the drug-induced shift of the mid-point potential of the SSI-voltage relation
(Equation 2), k is the SSI slope factor, and Kdr and Kdi are apparent dissociation constants for
the resting and inactivated states, respectively. The time course of INaL decay was fit to a single
exponential model starting 200 ms after the onset of membrane depolarization:

INaL(t) = Io ⋅ e
−t/τ + Is (4)

where τ is the time constant, and Io and Is are the amplitude and steady-state component,
respectively. INaL was fitted within the time interval from 0.2 s to 2 s after the onset of
membrane depolarization. Chemicals

Enzymes: collagenase type II (291 U/mg) was purchased from Worthington (Freehold, NJ)
and all other chemicals were purchased from Sigma (St. Louis, MO). Ranolazine was supplied
by CV Therapeutics (Palo Alto, CA).

Statistical Analysis
Multiple comparisons were made using one way analysis of variance (ANOVA) followed by
Bonferroni’s post-hoc test; taking p < 0.05 as significant. Deviations from the mean are reported
in terms of the standard error, except where noted as standard deviation.

The quality of the models representing one-to-one binding (Figs. 4,5) and shifts in steady-state
inactivation (SSI) caused by ranolazine (Fig. 6) were evaluated by F-test (StatMost 2.5
Software, DataMost Corp., Salt Lake City, UT) testing the null hypothesis that variability of
the experimental data and values predicted by the model are the same. The F-value was
determined as the ratio of the larger over the smaller variance and compared with tabulated F-
values for the respective degrees of freedom and a confidence level of 0.95.

RESULTS
Effects of Ranolazine on Action Potentials of Ventricular Myocytes from Failing Hearts

The effects of 5, 10 and 20 μM ranolazine on AP duration, beat-to-beat variability of APD and
EADs are described below and summarized in Figure 1.

APDs were significantly longer in ventricular myocytes from failing hearts (hereafter referred
to as failing myocytes) than fnon-failing hearts (Fig. 1). At a pacing rate of 0.5 Hz (30 beats/
min) ranolazine at 10 μM reversibly shortened APD of failing myocytes (Fig. 1A). While at
5, 10 and 20 μM it shortened APD90 (Fig. 1B) in a reversible and concentration-dependent
manner.

The effect of ranolazine on beat-to-beat variability of APD and heterogeneity (dispersion) of
APDs of failing myocytes was determined at 0.25 Hz (15 beats/min). Abnormally long APs,
beat-to-beat APD variability and EADs were often observed in failing myocytes (Fig. 2A).
Ranolazine at10 μM effectively shortened APD, abolished beat-to-beat variability, and
suppressed EADs (Fig. 2B) and these effects were reversible upon ranolazine washout (Fig.
2C). As shown in Figure 3, ranolazine also markedly and reversibly reduced APD heterogeneity
of myocytes stimulated at the rate of 0.25 Hz. Histograms of the distribution of 282 APDs from
5 myocytes isolated from 3 canine hearts (Fig. 3A) revealed that APDs of failing myocytes
varied widely from as short as 208 ms to as long as 3.9 s. Ranolazine at5 μM markedly reduced
this heterogeneity (Fig. 3B), and this effect was partially reversed upon ranolazine washout
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(Fig. 3C). It also significantly and reversibly reduced the variability consecutive APDs (Fig.
3D).

Effects of Ranolazine on Peak and Late Na+ Current
We determined the potency of ranolazine to cause 50% inhibition (IC50) of INaT and INaL during
low-frequency stimulation (0.1 Hz, tonic block). Ranolazine weakly reduced the magnitude of
INaT from either normal (Fig. 4A,C) or failing myocytes (Fig. 4B,D) with a potency of 294 and
244 μM, respectively. In comparison, the potency of ranolazine to inhibit INaL was much greater
(6.46 μM) (Fig. 5). Therefore, ranolazine was approximately 38-fold more potent in inhibiting
late INa than peak INa (Fig. 5C). Compared to lidocaine (potency ratio 2.7; Maltsev and
Undrovinas, unpublished) and amiodarone (potency ratio 12.9) 12, ranolazine appears to be a
more selective INaL inhibitor (Fig. 5C). For example, 10 μM ranolazine inhibited INaL by ~
55% but had no or minimal (5%) inhibition of INaT (compare Fig. 4B,C with Fig.5A).
Ranolazine at5 and 10 μM slightly accelerated the time-course of INaL decay as evaluated by
a single exponential fit to equation 4 (see τ values in Fig. 5A).

We also determined the effects of ranolazine on peak transient and late INa at various membrane
holding voltages and a low simulation frequency (0.1 Hz), i.e., SSI curve. At a rather high
concentration (20 μM), ranolazine did not cause a significant shift in INaT SSI (Fig. 6A). In
contrast, besides a strong resting state block (tonic block at very negative voltages, i.e., −140
mV) and low stimulation rate (Fig. 5), ranolazine also caused a marked voltage-dependent
block of the INaL (Fig. 6B,C). Ranolazine caused a significant concentration-dependent
leftward shift of the voltage-dependence of INaL SSI (Fig. 6C). The average shift of the
midpoint potential V½ for at least 4 different concentrations of ranolazine ranged from 1 to 20
mV as determined by fitting the data points to a Boltzmann function (Equation 2, solid lines
Fig. 6B) before and 6–10 min after adding ranolazine, respectively.

Based on the theoretical approach suggested by Bean et al 20 and the voltage shifts of the SSI
curve (Fig 6C), the interaction of ranolazine with both the resting (R) and inactivated states (I)
of the Na+ channel was evaluated, and is illustrated in the following diagram:

During the SSI assessment protocol, the sodium channel moves from the resting to the
inactivated state. Ranolazine (D) binds to the resting state (RD), producing tonic block. SSI
shift occurs when ranolazine binds to the inactivated state (RI). The data points were fit to
Equation 3 (solid line in Fig. 6C), and the dissociation constants for the resting and inactivated
states (Kdr and Kdi, respectively) were calculated (Fig. 6C). The resting-state block determined
by fitting of the concentration-response curve (IC50 = 6.46 μM) (Fig. 5B) compared rather well
with Bean’s model (Kdr = 7.42 μ M). These data validate both the experimental and theoretical
approaches used to assess drug affinity for the different sodium channel states associated with
late INa. Ranolazine appears to be ~ 6 times more potent in blocking the inactivating than the
resting state (Kdi = 1.17 μ M vs. Kdr = 7.42 μM). According to equation 3 the maximal predicted
SSI shift of INaL induced by ranolazine can be evaluated as (ΔV½)[RAN]=∞=kln(Kdi/Kdr)=
−14mV. The shift produced by 20-μM ranolazine was −12 ± 0.9 mV (see Fig. 6C), close to
the maximal predicted effect for INaL. At the same time, there was no indication of drug binding
to the INaT inactivated state (Fig 6A) at this concentration.
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Effects of Ranolazine on Contractility
Twitch contractions (cell shortening) of a single canine failing ventricular myocyte is often
characterized by a phasic-tonic contraction (i.e., spike-and-dome-like shape) and/or early
aftercontractions. 8 In comparison to the phasic contraction observed in normal myocytes, this
abnormal shape has also been observed in multicellular preparations isolated from failing
human hearts.21, 22 We determined the effects of ranolazine on abnormal relaxation of failing
canine LV myocytes and found that at 10 μM it significantly suppressed the tonic (i.e., dome-
like) component of the twitch contraction, thereby restoring normal relaxation, and this effect
was reversed upon ranolazine washout (Fig. 7).

Because exacerbated rate-dependent increases in resting tension (i.e., contracture) are a
common feature of HF, the effect of ranolazine on the magnitude of the contracture measured
at the end of a 1 min stimulation at different rates (1.0, 1.5 and 2.0 Hz) was also determined.
As expected, contracture, , increased in a rate-dependent manner; ranolazine at 5 and 10 μM
not only reduced the magnitude of the contracture at the basal stimulation rate of 1.0 Hz, but
also blunted the increase in resting tension as the stimulation frequency increased to 1.5 and
2.0 Hz, and this effect was reversible upon ranolazine washout (Fig. 8).

DISCUSSION
The two major findings of this study are: 1) ranolazine is approximately 38-fold more potent
in inhibiting late (sustained) than peak (transient) INa; and 2) ranolazine at concentrations ≤10
μM (i.e., within the clinically relevant therapeutic range) reverses abnormalities of
repolarization (prolonged APD, beat-to-beat variability and dispersion of APD and EADs),
and contractile dysfunction (early aftercontractions, and contracture) of ventricular myocytes
from failing canine hearts.

Inhibition of INaL by ranolazine is state-dependent. Ranolazine causes tonic (resting state)
block of INaL in failing canine myocytes with an estimated potency of 6.46 μM, in keeping
with similar findings in normal guinea pig ventricular myocytes treated with the Na+ channel
modifier sea anemone toxin ATX-II 15, 23, as well as normal canine LV mid-myocardial cells
16. Ranolazine inhibits sodium channels responsible for INaL in the inactivated state with a
potency of 1.17 μ M, greater than the resting state. This can be important at depolarized
membrane potentials such as resting potential of about –80 mV, and AP plateau (−20 to 0 mV)
where the probability of sodium channels inactivation is significantly greater, and the drug
potency to block INaL may be closer to 1 μ M. Because INaT and INaL were measured at a
different external Na+ (5 and 140 mM, respectively), one should expect some reduction of
ranolazine-induced INaT block for, because increases in extracellular [Na+]o could attenuate
the blocking action of class I drugs 24; thus, INaT would be even less susceptible to ranolazine
at physiological Na+ concentrations. The lack of inactivated state of the sodium channels in
the ATX-II-treated myocytes used as an LQT-3 model 15, 23 does not allow the evaluation of
the ranolazine binding to the inactivated state of the sodium channel.

Can the electrophysiological and contractile effects of ranolazine reported in the present study
be explained solely by the inhibition of INaL? It has been shown that ranolazine inhibits rapid
inward rectifying current, IKr, with a potency of 11.2 μ M, and weakly interacted with ICaL or
with the current generated by Na+/Ca2+ exchanger with potencies of 296 and 91 μ M,
respectively 16. Thus, it is very likely that INaL is the major target for ranolazine to prevent
repolarization and contraction abnormalities in ventricular myocytes from failing hearts.

The present study is the first to show that ranolazine weakly (IC50 = 244 to 294 μM) reduces
INaT in both normal and failing myocytes. These two sodium currents, INaT and INaL, have
different physiological importance, contributing to separate phases of the action potential, and
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their targeting is expected to have distinct consequences. INaT is responsible for AP upstroke,
excitation and impulse propagation, and has been found to be down regulated in failing hearts.
9, 25, 26 Accordingly, further blockade of INaT, which is characteristic of class I anti-
arrhythmic drugs, may greatly increase risk in HF patients. On the other hand, augmented
INaL plays a significant role in repolarization and electromechanical coupling abnormalities in
HF 1, and its blockade can be beneficial to suppress ventricular arrhythmias related to abnormal
repolarization and contraction. Based on this, differential blockade of INaL relative to INaT may
be an attractive feature for new anti-arrhythmic agents that may also reduce mechanical
dysfunction. This differential potency of ranolazine to inhibit peak and late INa in the failing
heart is greater than either amiodarone 12 or lidocaine (Fig. 5C). Thus, ranolazine appears to
be a selective inhibitor of INaL, and single-channel studies are necessary to further evaluate the
mechanism(s) of state- and mode-dependent 27 ranolazine block of the sodium channel
responsible for INaL in failing myocytes.

Inhibition of late INa by ranolazine can explain its ability to reverse both the electrical and
mechanical abnormalities of LV myocytes from failing canine hearts. In failing myocytes
INaL is increased 8, 9 and ranolazine, by inhibiting INaL, should suppress EADs. Indeed,
reduction of beat-to-beat variability of APDs and dispersion of APDs from failing ventricular
myocytes by ranolazine are similar to the findings that STX and TTX abolished the APD
variability observed in failing human and dog myocytes 7,8. Both the electrophysiological and
mechanical abnormalities of failing myocytes were attenuated by ranolazine. Consistent with
the observation that ranolazine suppresses EADs, it blocks dome-like early aftercontractions.
The shortening of APDs and suppression of EADs explains how ranolazine can abolish early
aftercontractions and improve myocyte relaxation. The fact that resting tension increases in
together with the rate of stimulation is a common feature of failing myocytes from both animal
28 and human hearts. 29, 30 The mechanism proposed to explain this frequency-dependent
rise in diastolic tension is an increase in intracellular [Na+]i leading to the [Ca++]i overload
associated with rapid depolarization. 30, 31 By inhibiting late INa ranolazine should curtail the
rise in [Na+]i and thereby reduce intracellular Ca++ overload.

In summary, in ventricular myocytes of dogs with chronic heart failure, ranolazine
preferentially blocked INaL relative to INaT in a state-dependent manner, being ~ 38-fold more
potent at producing tonic block of INaL than INaT. Furthermore, ranolazine bound more tightly
to the inactivated than the resting state of the sodium channel responsible for INaL, with the
apparent dissociation constants of Kdr =7.47 μ M and Kdi =1.71 μ M, respectively, yet without
interacting with INaT. Thus, ranolazine is expected to be a more potent INaL blocker following
membrane depolarization. Ranolazine can also reduce dispersion of APDs and improve
contractile function. These findings raise the possibility that in the failing heart, ranolazine
may suppress ventricular arrhythmias associated with repolarization abnormalities, and
improve LV contractility. The data also provide additional evidence for participation of the
late sodium current in repolarization and contractile abnormalities of the failing heart. Future
studies are needed to establish the validity of inhibiting late INa as a target for treatment of
heart failure.
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Figure 1.
Ranolazine (RAN) reversibly shortens action potential (AP) duration (APD) of ventricular
myocytes isolated from canine failing hearts (HF).
Panel A: Representative APs of single left ventricular cardiomyocytes. Superimposed APs
were recorded at a pacing rate of 0.5 Hz in the absence of drug (control), in the presence of
ranolazine (10 μM) and after drug washout.
Panel B: Effect of ranolazine on APD at 90% repolarization (APD90) of ventricular myocytes
stimulated at a rate of 0.5 Hz. Ranolazine at concentrations of 5, 10 and 20 μM significantly
and reversibly shortened APD90. Data were pooled from 3 non-failing and 6 failing hearts.
All APs longer than 2 s were excluded.
n= number of myocytes; * p < 0.05 vs. HF (ANOVA followed by Bonferroni’s post-hoc test
against HF).
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Figure 2.
Ranolazine (RAN) reduces APD variability in left ventricular myocytes isolated from canine
failing hearts. Twelve consecutive APs recorded at a pacing rate of 0.25 Hz are superimposed.
Panel A: APs in the absence of drugs (control). Panel B: APs recorded in the presence of 10
μM of ranolazine. Panel C: APs recorded 3–4 minutes after drug washout. Panel D: Summary
of the data shown in panels A-C. Each data point represents the APD50 from a series of APs
recorded consecutively at a pacing rate of 0.25 Hz. The numbers next to the AP tracings in
panels A and C are consecutive APs recorded during a period of ~ 45 seconds.
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Figure 3.
Ranolazine (RAN) reversibly reduces APD dispersion in left ventricular myocytes isolated
from canine failing hearts. Histograms of APD distribution measured at 90% repolarization
(APD90).APs were recorded in the absence of drugs (control) (A), in the presence of 5 μM
ranolazine (B), and after drug washout (C). Bin size = 0.05 s for all histograms. D. APD
variability measured as the coefficient of variability, CV = (SD/mean APD90) x 100%.
Ranolazine (5 μM) reversibly reduced ADP90 variability in failing myocytes. Data were
obtained in 5 ventricular myocytes from 3 failing dog hearts. P < 0.05 control vs. RAN and
RAN vs. washout (ANOVA).
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Figure 4.
Ranolazine (RAN) weakly inhibits peak transient sodium current.
Effect of ranolazine on peak INa recorded from left ventricular myocytes isolated from normal
(A, C) and failing canine hearts (B,D). Panel A: Superimposed current traces recorded in a non
failing myocyte in the absence of drugs (1), and in the presence of 10 (2), 20 (3) and 500 μM
ranolazine (4) and after drug washout (5). Panel B: Superimposed current traces recorded
without (control) and with 10 μM ranolazine recorded in failing myocytes. Panels C and D:
Concentration-response relationships for inhibition of peak INa by ranolazine in normal (C)
and failing hearts (D). Points and error bars represent mean and standard error of peak sodium
currents obtained in 13 myocytes from 2 normal (non-failing) hearts (C) and 14 myocytes from
4 failing hearts (D). Data points are fitted to a one-to-one binding model (solid line; Equation
1, Methods). The IC50 value is the concentration of ranolazine that caused 50% inhibition of
peak INa.
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Figure 5.
Inhibition by ranolazine (RAN) of the late INa of left ventricular myocytes isolated from canine
failing hearts.
Panel A: Traces of late INa recorded without (control), and with 10 μM ranolazine. The peak
transient inward sodium current is truncated. The decay time constant for late INa (τ values,
single exponential fit; Equation 4, Methods) is given next to the current traces. Panel B:
Concentration-response relationship for the inhibition of late INa by ranolazine. Points
represent from 6 myocytes from 2 hearts. Data points are fit to a one-to-one binding model
(Equation 1, Methods). The amplitude of late INaL was determined as the average current within
200–220 ms after the onset of a 2-s depolarization. Data are mean ± SEM. Panel C: Potencies
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of lidocaine, amiodarone 12 and ranolazine to inhibit peak and late INa representing the drug
concentrations necessary to cause 50% block of peak and late INa.
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Figure 6.
Concentration-dependent effect of ranolazine (RAN) on steady-state inactivation (SSI) of peak
transient INa (INaT) and late INa (INaL) recorded in left ventricular myocytes isolated from
canine failing hearts. Panel A: SSI-voltage relationship for peak INa in controls (•), and in the
presence of 20 μM of ranolazine (▴), which failed to shift the SSI curve. Solid lines in Panels
A and B represent data point fit to the Boltzmann function (Equation 2, Methods). All data
were obtained in the same cell. Panel B: SSI-voltage relationship for late INa in controls (•)
and in the presence of 5 (▪), and 10 μM ranolazine (▴), showing the leftward shift of the SSI
mid-potential caused by ranolazine. All data were obtained in the same cell. Panel C: SSI mid
potential shift (ΔV½) caused by ranolazine in 11 ventricular myocytes from 5 failing hearts.
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Solid line represents a data fit to equation 3 (Methods) to obtain dissociation constants of
ranolazine for the resting (Kdr) and inactivated (Kdi) states of INaL as shown in the graph. The
slope factor k in equation 3 was taken as 7.6mV, the evaluated mean for the cells presented in
the panel C. Data are means ± SEM.
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Figure 7.
Ranolazine inhibition of abnormal relaxation of twitch contractions representing single
ventricular myocytes from failing dog hearts. Panel A: Individual twitch shortenings recorded
in control conditions (no drug, top), in the presence of ranolazine (10 μM, middle), and after
drug washout (bottom). Panel B: Data from myocytes of 6 dogs with HF. Twitch contraction
of a failing myocyte is characterized by a spike-dome shape. Ranolazine normalized the shape
of the twitch contraction by abolishing the dome (tonic) component. *p < 0.001, **p < 0.02
vs. control (ANOVA).
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Figure 8.
Ranolazine inhibition of frequency-dependent contracture (i.e., increase in diastolic tension)
in failing myocytes. Panel A: Twitch contractions recorded at a pacing rate of 1.5 Hz under
control conditions (top), in the presence of 10 μM ranolazine (middle), and after drug washout
(bottom). Panel B: Data from myocytes of 7 dogs with HF at stimulation rates of 1.0, 1.5 and
2.0 Hz. Ranolazine at concentrations of 5 (▪) and 10 μM (▴) reversibly reduced the frequency-
dependent contracture. p < 0.05 vs. control (•) and washout (♦) (ANOVA).
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Table 1
Extracellular (Bath) and intracellular (Pipette) solutions used in the study

Pipette solutions mM Bath solutions mM
INaT, INaL AP Recordings,

Perforated Patch
INAT INAL AP

β-escin 50μ M
NaCl 5 10 5 140 140
KCl 143 5.4 5.4
CsCl 133 133 5.4
Glucose 5 5
CaCl2 1.8 1.8 1.8
MgCl2 2 2 2 2
MgATP 2
TEA 20
Nifedipine 0.002 0.002
EGTA 10
HEPES 5 5 5 5 5
pH 7.3 7.3 7.3 7.3 7.3

CsOH KOH CsOH NaOH NaOH
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