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Abstract

Introduction—Angiotensin-converting enzyme (ACE) inhibitors and angiotensin ll-receptor
blockers (ARBSs) are prototypes of “upstream” therapy for the management of atrial fibrillation
(AF). Ectopic activity arising from the PV sleeves plays a prominent role in the development of
AF.

Methods—Transmembrane action potentials were recorded from canine superfused left superior
or inferior PV sleeves using standard microelectrode techniques. Acetylcholine (ACh, 1 uM),
isoproterenol (1 uM), high calcium ([Ca%*],=5.4mM) or a combination was used to induce early
or delayed afterdepolarizations (EADs or DADs) and triggered activity.

Results—The ARB losartan (1 pM, n=5) and the ACE inhibitor enalapril (10 uM, n=5)
produced no significant change in action potential duration, maximum rate of rise of action
potential upstroke (Vmax), action potential amplitude or take-off potential at basic cycle lengths of
200 to 2000 ms. Losartan (1 uM) and enalapril (10-20 uM) markedly attenuated or suppressed
EADs and DAD-induced triggered activity elicited by exposure of the PV sleeves to ACh,
isoproterenol or high calcium following rapid pacing in 6 of 6 (losartan) and 4 of 5 (enalapril) PV
sleeve preparations. Neither losartan or enalapril altered Ca2* or K+ channel currents in
enzymatically-dissociated atrial myocytes at these concentrations.

Conclusions—Our data suggest that in addition to their “upstream” effects to reduce atrial
structural remodeling, ACE inhibitors and ARBs exert a “direct” antiarrhythmic effect by
suppressing triggers responsible for the genesis of AF and other atrial arrhythmias.
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INTRODUCTION

Atrial fibrillation (AF) is the most common arrhythmia encountered in the clinic.1 In
addition to the traditional approaches for the treatment of AF involving ion channel
modulation are new strategies that target fibrosis, inflammation and oxidative injury.2=4
These approaches are termed “upstream therapy”. Angiotensin Il -receptor blockers (ARBS)
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and angiotensin-converting enzyme (ACE) inhibitors are prototypes of “upstream” therapy
for the management of AF, in addition to their use as anti-hypertensives. The renin-
angiotensin-aldosterone (RAS) system, including angiotensin-Il, has been shown to exert
proarrhythmic effects.5 In animal experimental models, ARBs as well as ACE inhibitors
have been shown to suppress or reduce apoptosis, fibrosis, and AF maintenance in dogs with
ventricular tachypacing—induced congestive heart failure.3 Thus, ACE inhibitors and ARBs
are able to reverse electrical remodeling induced by rapid activation of the atria as well as
modify the substrate for the maintenance of AF. In addition, a number of retrospective and
recent prospective clinical studies suggest a role for ACE inhibitors and ARBs in the
prevention of AF.2: 6 7

Ectopic activity arising from the pulmonary veins (PV) plays a prominent role in the
development of AF.8 Delayed afterdepolarizations (DADs) and late-phase 3 early
afterdepolarizations (EADs), originating from PV sleeves following parasympathetic and /or
sympathetic stimulation, have been proposed as potential triggers in initiation of AF.9715

The present study was designed to evaluate the electrophysiologic and possible
antiarrhythmic effects of the ARB losartan and the ACE-inhibitor enalapril in superfused PV
sleeve preparations isolated from canine hearts. Preliminary data have been presented in
abstract form.16

This investigation conforms to the Guide for Care and Use of Laboratory Animals published
by the National Institutes of Health (NIH publication No 85-23, Revised 1996) and was
approved by the ACUC of the Masonic Medical Research Laboratory.

Adult mongrel dogs weighing 20-35 kg were anticoagulated with heparin (180 1U/kg) and
anesthetized with sodium pentobarbital (35 mg/kg, IV). The chest was opened via a left-
thoracotomy and the heart excised and placed in a cold cardioplegic solution ([K*]o = 8
mmol/L, 4°C).

Superfused pulmonary vein sleeve preparation

PV sleeve preparations (approximately 2.0 x 1.5 cm) were isolated from left canine atria.
The thickness of the preparation was approximately 2 mm. Left superior pulmonary veins
were used preferentially in most experiments. The preparations were placed in a small tissue
bath and superfused with Tyrode's solution of the following composition (mM): 129 NaCl, 4
KCI, 0.9 NaH,POy4, 20 NaHCOg3, 1.8 CaCly, 0.5 MgSOy, 5.5 glucose, buffered with 95%
0,/5% CO> (35 + 0.5°C). PV preparations were stimulated at a basic cycle length (BCL) of
1000 ms during the equilibration period (1h) using electrical stimulation (1-3 ms duration,
2.5 times diastolic threshold intensity) delivered through silver bipolar electrodes insulated
except at the tips. Transmembrane potentials were recorded using glass microelectrodes
filled with 3 M KCI (10-20 MQ DC resistance) connected to a high input-impedance
amplification system (World Precision Instruments, model KS-700, New Haven, CT). The
following parameters were measured: take-off potential (TOP), action potential amplitude
(APA), action potential duration at 85% repolarization (APDgs) and maximum rate of rise of
action potential upstroke (Vmax)- Transmembrane action potentials were recorded at a
sampling rate of 41 kHz. Take-off potential measurement was used instead of resting
membrane potential because of the slow phase 3 of the action potential of the PV sleeve
preparation that fails to return to the resting potential at the fastest rates.
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Isolation of adult canine cardiomyocytes

Myocytes were prepared from canine atria as described previously. Briefly, the atrium were
dissected as described above and initially perfused via the osteum with nominally Ca2*-free
solution (mM): NaCl 129, KCI 5.4, MgSQO4 2.0, NaH,PO,4 0.9, glucose 5.5, NaHCO3 20,
bubbled with 95% O,/5% CO, containing 0.1% BSA for a period of about 5 minutes. The
preparation was then subjected to enzyme digestion with the nominally CaZ*-free solution
supplemented with 0.5 mg/ml collagenase (Type Il, Worthington Biochemical Corp.,
Lakewood, NJ), 0.1 mg/ml protease (Type X1V, Sigma-Aldrich Co., St. Louis, MO), 2,3-
butanedione monoxime 20, and 1 mg/ml BSA for 30 minutes. The pectinate muscle and
appendage were then placed in separate beakers, minced and incubated in fresh buffer
containing 0.5 mg/ml collagenase, 1 mg/ml BSA and agitated. The supernatant was filtered,
centrifuged at 200 rpm for 2 minutes and the myocyte containing pellet was stored in 0.5
mM Ca2* HEPES buffer at room temperature.

Voltage Clamp Recordings

Cells were placed in a temperature controlled chamber (PDMI-2, Medical Systems Corp.,
Greenvale, NY) mounted on the stage of an inverted microscope (Nikon TE300). Voltage-
clamp recordings were made using a MultiClamp 700A amplifier and MultiClamp
Commander (Axon Instruments Molecular Devices, Inc., Sunnyvale, CA). Patch pipettes
were fabricated from borosilicate glass capillaries (1.5 mm O.D., Fisher Scientific,
Pittsburgh, PA). The pipettes were pulled using a gravity puller (Model PP-830, Narishige,
Tokyo, Japan) and the pipette resistance ranged from 1-3 MQ when filled with the internal
solution (see below). After a whole cell patch was established, cell capacitance was
measured by applying —5 mV voltage steps. Electronic compensation of series resistance to
60-70% was applied to minimize voltage errors. All current signals were acquired at 10-50
kHz, filtered at 4-6 kHz, digitized with a Digidata 1322 converter (Axon Instruments
Molecular Devices, Inc., Sunnyvale, CA) and stored using pClamp9 software.

Cardiomyocytes were superfused with a HEPES buffer of the following composition (mM):
NaCl 126, KCI 5.4, MgCl, 1.0, CaCl, 2.0, HEPES 10, and glucose 11. pH adjusted to 7.4
with NaOH. For I, recordings, the patch pipette solution had the following composition
(mM): CsClI 120, MgCl, 1.0, EGTA 10, MgATP 5, HEPES 10, CaCl, 5, pH = 7.2 with
CsOH. For Iy and Ik recordings, the pipette solution had the following compaosition (mM):
K-aspartate 90, KCI 30, glucose 5.5, MgCl, 1.0, EGTA 5, MgATP 5, HEPES 10, NaCl 10.
pH = 7.2 with KOH17. In addition, 300 uM CdCl, was present to block L-type Ca2*
channels. All experiments were performed at 37° C.

Drugs—Losartan (Sigma-Aldrich Corp., St. Louis, Missouri) and enalapril (VWR, West
Chester, PA) were used at final concentrations of 1 uM and 10-20 puM, respectively.
Isoproterenol (Sigma-Aldrich Corp., St. Louis, MO) was dissolved in distilled water to form
a stock solution of 1 mM and used at final concentrations of 1 uM. Acetylcholine (ACh)
was dissolved in distilled water to form a stock solution of 10 mM and used at a
concentration of 1 pM.

Statistics—Statistical analysis was performed using one way repeated measures analysis

of variance (ANOVA) followed by Bonferroni’s test. Mean values were considered to be
different at p < 0.05.
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Effects of losartan on pulmonary vein (PV) sleeve preparations

Figure 1A illustrates a representative example of the effects of the ARB losartan on the
action potential of a PV sleeve preparation. Shown are control action potentials recorded at
basic cycle lengths (BCLs) of 2000, 1000, 500 and 300 ms. Losartan (1 puM) induced no
change in action potential duration (APD) at any basic cycle length (BCL) and a small
decrease in the plateau phase of the action potential. Similar findings were observed in five
experiments.

Composite data (n=5) of the rate-dependent effects of losartan ("1 pM) on Vax, APDgs,
APA and TOP are graphically illustrated in Figure 1B. Losartan induced no significant
change in any of these parameters at any cycle length.

Effects of losartan on DAD- and EAD-induced triggered activity

In another series of experiments, we determined the effects of losartan on delayed
afterdepolarizations, late-phase 3 early afterdepolarizations and triggered activity elicited by
exposure of PV sleeve preparations to acetylcholine (ACh), isoproterenol, or high calcium
and rapid pacing. “Time control” studies in PV sleeve preparations exposed to isoproterenol,
high calcium, ACh or their combination were performed over a 30—-60 minute period and
indicate no change in the development of EADs, DADs and triggered activity over this time
period. Figure 2A shows a representative experiment of the effects of losartan on
isoproterenol-induced DADs and triggered activity in a PV sleeve preparation. Each panel
shows a train of 10 beats at a BCL of 500, 300 and 150 ms followed by a pause.
Isoproterenol (Iso) induced prominent rate-dependent DADSs and triggered activity following
the pause. Addition of losartan (1 uM) suppressed the triggered beats and a small DAD
persisted at a BCL 150ms. Washout of losartan (isoproterenol alone) restored DAD activity
and triggered beats. Figure 2B shows an example of the effects of losartan on late-phase 3
EADs induced in PV sleeve preparations. Each panel shows the first three beats following a
train of 20 at BCLs of 300 and 200 ms. ACh and high calcium induced rate-dependent late
phase 3 EADs. Losartan eliminated EAD activity, which returned upon washout.

Losartan eliminated or reduced ACh, isoproterenol or high calcium-induced DADs, late
phase 3 EADs and triggered activity in 6 of 6 PV sleeve preparations. In addition, losartan
(1 uM) prevented the development of EADs, DADs and triggered activity in 4 of 4 PV
preparations (data not shown).

Effects of angiotensin Il on pulmonary vein sleeve preparations

In another series of experiments, we evaluated the effects of angiotensin-Il in PV sleeves
preparations. Angiotensin—Il (10-100 nM) did not induce EADs or DADs activity (n=4) in
any of the PV sleeve preparations studied indicating that the effect of losartan on EADs and
DADS was not mediated by angiotensin-Il blocking activity.

Effects of enalapril on pulmonary vein sleeve preparations

In another set of experiments, we evaluated the effects of the ACE inhibitor enalapril in PV
sleeve preparations. Composite data (n=5) of the rate-dependent effects of enalapril ("10
MM) on Vmax, APDgs, APA and TOP are graphically illustrated in Figure 3. Enalapril
produced no significant changes in any of the parameters evaluated at any cycle length.
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Effects of enalapril on EAD- and DAD- induced triggered activity in PV sleeve preparations

Figure 4 shows the effects of enalapril on ACh/high calcium-induced late-phase 3 EADs at
rapid pacing rates. At a BCL of 150 ms, ACh and high calcium induced late-phase 3 EADs
in alternate beats. Addition of enalapril (10 uM) suppressed all EAD activity. Figure 5
illustrates the effects of enalapril to eliminate DAD-induced triggered activity and reduce
DAD.

Enalapril (10-20 pM) eliminated or reduced late-phase 3 EADs and DADs in 4 of 5 PV
sleeve preparations. In addition, enalapril (10 uM) prevented the development of EADs,
DADs and triggered activity in 3 of 4 PV preparations (data not shown).

Both losartan and enalapril reduced DADs suggesting these drugs reduced intracellular Ca2*
overload. In addition, a small effect on the plateau of the PV action potential was observed
suggesting that Ic; may be affected. In another series of experiments we measured I, in
atrial myocytes in the absence and presence of the two compounds. Following a series of
five pre-pulse (not shown), Ic; was measured at voltages between —40 and +60 mV (Figure
6A). The current-voltage relations for Ic, were not significantly different in the presence of
either losartan or enalapril (Figure 6B). These results demonstrate that reduction of DADs
by either drug was not due to blockade of Ic;. We next evaluated whether either drug
affected K* currents. Representative total ionic currents elicited by step increments of 10
mV between —110 and +40 mV from a holding potential of —80 mV are illustrated in Figure
6C. In response to hyperpolarizing voltage the inward rectifier current (lx,) could be
observed. At positive potentials, a prominent transient outward current (l;,) and sustained
component (Ixyr) was observed. We compared the differences in K* currents in the absence
and presence of both drugs by measuring the current at the end of the 500 msec voltage
clamp pulse (Figure 6D). We found that K* channel current at the end of the 500msec pulse
(k1 and lkyr) was unaffected by application of either drug. We next examined the
magnitude of I, in the absence and presence of each drug. Following a brief pre-pulse to
—50 mV to discharge Na* channels, Iy, was elicited by step increments of 10 mV between
—30 and +40 mV (Figure 6E). Neither losartan nor enalapril affected Iy, at the concentration
tested (Figure 6F).

DISCUSSION

AF is the most common arrhythmia requiring medical attention. Ectopic activity arising
from the PV sleeves is thought to be an important source of triggers and in some cases
substrate for the development of AF.18720 The results of the present study indicate that
concentrations of losartan and enalapril within the therapeutic range induce little change in
action potential characteristics of canine pulmonary vein (PV) sleeve superfused
preparations. The dose of enalapril (10-20 uM) correlates with plasma concentrations of an
oral therapeutic dose of 10 mg21 and the dose of losartan (1 uM) with an oral therapeutic
dose of 50 mg. Both losartan and enalapril eliminated or reduced ACh, isoproterenol, and
high calcium-induced DADs, late phase 3 EADs and triggered activity in 6 of 6 (losartan)
and 4 of 5 (enalapril) PV preparations and prevented the development of EADs, DADs and
triggered activity in 4 of 4 (losartan) and 3 of 4 (enalapril) PV preparations.

These data suggest a “direct” antiarrhythmic effect of losartan and enalapril in PV sleeve
preparations, in addition to the previously described effects of ARBs and ACE-inhibitors to
diminish atrial electrical remodeling.3

Losartan and enalapril eliminate DADs and late-phase 3 EADs in PV sleeves

The present study shows that late phase 3 EADs and DADs can be easily induced in PV
sleeve preparations following the addition of isoproterenol, ACh, high calcium alone or in
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combination. Similar findings were previously reported by Chen and co-workers in canine
and rabbit isolated single PV myocytes,22: 23 by Patterson and co-workers, Sicouri and co-
workers in isolated canine pulmonary vein sleeve preparations,9: 10: 12: 13 24 and
Burashnikov and co-workers in coronary-perfused right atrial preparations.11: 25 In isolated
PV myocytes, isoproterenol was shown to increase automaticity and induce spontaneous
activity as well as EAD or DAD-induced triggered activity.22: 23 Late-phase 3 EADs11' 25
are due to abbreviated repolarization that permits normal sarcoplasmic reticulum calcium
release and associated sodium-calcium exchange inward current to induce a late-phase 3
EADs. Conditions permitting intracellular calcium loading facilitate the development of late
phase 3 EADs. Patterson et al. showed that autonomic stimulation could give rise to late
phase 3 EADs in canine PV sleeves, which may result in a run of triggered responses.12+ 13
Our data show that losartan and enalapril in concentrations within the therapeutic range are
capable of eliminating late-phase 3 EADs and DADs as well as EAD- and DAD-induced
triggered activity originating in PV sleeves by these two distinct mechanisms.

lonic mechanisms

Our data show that the action potential of PV sleeve preparations is little affected by either
losartan or enalapril. A small decrease in the voltage of the action potential plateau is
observed in PV action potentials exposed to losartan. Losartan has previously been shown to
increase the action potential notch and the transient outward current in canine myocytes
exposed to 1 uM losartan for 2 to 24 hrs26. This effect of losartan was not observed in the
present study or in canine wedge preparations exposed acutely to losartan (Sicouri and
Antzelevitch, unpublished observation), suggesting differences in ionic mechanism between
acute and chronic exposure to losartan. Previous studies have shown that angiotensin-11
increases the L-type calcium current as well as the sodium-calcium exchange current.5 Our
data show that losartan as well as enalapril do not affect calcium channel current (Ic,)
density (Figure 6). A lack of effect of losartan on I, has been reported in isolated rabbit PV
cells5 and guinea pig ventricular myocytes 27. Losartan has also been shown to decrease PV
spontaneous activity, contractile force, myocytes, transient inward current (l;) and sodium/
calcium exchange current.5 Suppression of DAD and late-phase 3 EAD activity by the ARB
losartan and the ACE-inhibitor enalapril maybe explained by their actions to reduce the
transient inward current (l;;) as well as to reduce intracellular calcium loading secondary to
their effects to block the sodium/calcium exchange current.5: 28 The effects of losartan on
EADs and DADs do not appear to depend on an effect to block angiotensin-11 receptors,
since angiotensin-II did not induce DAD or EAD activity in any of the PV sleeve
preparations studied. In a cellular model of simulated ischemia and reperfusion, losartan did
not affect APD or I, yet improved recovery of contraction and inhibited Iy; during
reperfusion, suggesting losartan reduces signs of intracellular Ca2* overload27 Consistent
with that study, we found no effect of losartan on either I, or I but a dramatic suppression
of DADs induced by high Ca?*.

Clinical implications: antiarrhythmic effects of losartan and enalapril

Angiotensin Il -receptor blockers (ARBs) and angiotensin-converting enzyme (ACE)
inhibitors are the most common anti-hypertensive drugs used in the clinics. In addition to
their use as anti-hypertensive agents, ACE inhibitors and ARBs have been shown to prevent
the development of AF in clinical trials (LIFE, CHARM, VALUE).2: 6: 7 However, in a
recent large clinical study involving the ARB valsartan (GISSI-AF),29 the authors
concluded that, at one year, valsartan was not associated with a reduction of incidence of
AF. Difference in patient selection, duration of the study and endpoints (primary prevention
or no) may account for differences encountered in the studies.

J Cardiovasc Electrophysiol. Author manuscript; available in PMC 2012 June 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Sicouri et al.

Page 7

The data presented in the paper suggest that ARB and ACE-inhibitor may play a role in the
treatment of AF, alone or associated with other agents, perhaps allowing for the use of lower
doses of antiarrhythmic agents.

Limitations of the study

Conclusion

Transient inward current (ltj), NCX or internal calcium were not measured in the PV sleeve
preparations. It should be noted that the concentration of isoproterenol and calcium used are
out of the physiological range. The whole perfused left atrium was used for cell isolation.
Pulmonary vein myocytes were not isolated in this study because the chunk method of
dissociation that would be required provides a relatively poor yield and condition of single
myocytes.

The data suggest that, in addition to their ““‘upstream’” antiarrhythmic action (effect on atrial
structural remodeling), ACE inhibitors and angiotensin Il -receptor blockers have a “direct”
antiarrhythmic effect by suppressing triggers responsible for the genesis of AF and other
atrial arrhythmias
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Figure 1.

Effect of losartan (1 uM) on pulmonary vein (PV) sleeve preparations. (A) Control action
potentials recorded at basic cycle lengths (BCLs) of 2000, 1000, 500 and 300ms. Effects of
losartan. (B). Composite data (n=5) of the rate-dependent effects of losartan (1 M) on
maximum rate of rise of action potential upstroke (Vmax), APD measured at 85%
repolarization (APDgs), action potential amplitude (APA) and take off potential (TOP) in
PV sleeve preparations. Losartan produced no significant changes in any of these
parameters. BCL: basic cycle length.
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Figure 2.

Effects of losartan on isoproterenol-induced DADs and triggered activity in a PV sleeve
preparation. (A) Each panel depicts a train of 10 beats at a basic cycle length (BCL) of 500,
300 and 150 ms followed by a pause. Isoproterenol (Iso, 1 uM) induces prominent rate-
dependent DADs and triggered activity during the pause. Addition of losartan (1 uM)
suppresses the triggered beats and a small DAD persists at BCL 150ms Washout of losartan
restores DADs and triggered beats. (B) Effects of losartan on acetylcholine (ACh)/high
calcium-induced late-phase 3 EADs in a PV sleeve preparation. Each panel shows the first 3
beats following a train of 20 beats at basic cycle length (BCL) of 300 and 200 ms. (ACh
(1pM) and high calcium (5.4mM) induce rate-dependent late-phase 3 EADs. Losartan
(LuM) eliminates EAD activity. Washout of losartan restores EADs.
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Composite data (n=5) of the rate-dependent effects of enalapril (10 uM) on Vax, APDgs,
APA and TOP in PV sleeve preparations. Enalapril produced no significant change in any of
these parameters. BCL: basic cycle length.
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Figure 4.
Effects of enalapril on acetylcholine (ACh)/high calcium induced early afterdepolarizations

(EAD:s) at fast pacing rates. (A) ACh (1 uM) and high calcium (5.4 mM) induce late-phase 3
EADs in alternating beats at a basic cycle length (BCL) of 150 ms. (B) Addition of enalapril
(10 pM) suppresses EAD activity.
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Figure 5.

Effects of enalapril on isoproterenol and high calcium-induced delayed afterdepolarizations
(DADSs) and triggered activity in a PV sleeve preparation. Each panel shows a train of 10
beats at basic cycle lengths (BCL) of 120, 100 and 70 ms followed by a pause. (A)
Isoproterenol (Iso, 1 uM) and high calcium (5.4 mM) induced prominent DADs and a DAD-
mediated triggered beat during the pause following pacing at 70 ms. (B) Addition of
enalapril (10 uM) suppresses the triggered beat and reduces the amplitude of the DADs.
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(A) Representative whole cell I, recordings from an atrial cell under control conditions and
after addition of 10 uM enalapril. Five pre-pulses were applied (not shown) and currents

were obtained at test potentials between —40 and +60 mV incremented in 10 mV steps from
a holding potential of —80 mV. (B) I-V relation for I, in the absence and presence of either
10 uM enalapril or 1 uM losartan. (C) Representative Ik recordings from an atrial cell in the

absence and presence of 1 UM losartan. K* currents were measured at the end of the

500msec pulse using the protocol shown in the inset. (D) I-V relation for Ik in the absence
and presence of either 10 uM enalapril or 1 uM losartan. (E) Representative Iy, recordings
from an atrial cell in the absence and presence of 1 uM losartan. Iy, was measured following
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a brief pre-pulse to =50 mV to discharge Na* current (see inset). (F) I-V relation for Iy, in
the absence and presence of either 10 uM enalapril or 1 pM losartan.
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