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papaverine; HERG; cardiac action potential  Aim: To characterize the effects of papaverine on HERG channels expressed in

Xenopus oocytes aswel|l as cardiac action potential in rabbit ventricular myocytes.
Methods: Conventional microel ectrodes were used to record action potential in
rabbit ventricular myocytes. HERG currentswere recorded by 2-electrode voltage
clamp technique in Xenopus oocytes injected with HERG cRNA. Results: Papa-
verineincreased the cardiac action potential duration in rabbit ventricular myocytes.
It blocked heterol ogoudy-expressed HERG currentsin a concentration-depen-
dent manner (1Cy, 71.03+4.75 umol/L, NH 0.80, n=6), whereas another phosphodi-
ederaseinhibitor, theophylline (500 pmol/L), did not. Theblockade of papaverine
on HERG currents was not voltage-dependent. The slope conductance measured
as a dope of the fully activated HERG current-voltage curves decreased from
78.03+4.25 uSof thecontrol t056.84+5.33, 36.06+6.53, and 27.09+5.50 uS (n=4) by
30, 100, and 300 pumol/L of papaverine, respectively. Papaverine (100 pmol/L)
caused a 9 mV hyperpolarizing shift in the voltage-dependence of steady-state
inactivation, but there were no changes in the voltage-dependence of HERG cur-
rent activation. Papaverine blocked HERG channelsin the closed, open, and
inactivated states. Conclusion: These results showed that papaverine blocked
HERG channels in avoltage- and state-independent manner, which may most
likely be the major mechanism of papaverine-induced cardiac arrhythmiareported
in humans.
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ing ventricular arrhythmia, torsades de points® ™.

Introduction One means by which drugs can prolong QT intervalsis

Papaverine(6,7-dimethoxy-1-veratrylisoquinoline), asub-
stituted alkal oid from Papaver somniferum, has been known
toredax many kinds of smooth muscles. Because of itsrelax-
ant effects on smooth muscle, papaverine has been used as
avasodilator agent™ and atherapeutic agent for renal colic®
and penile impotence®. It was also proposed as an “ideal
coronary vasodilator”'¥l, Additionally, intra-arterial papa-
verine infusion has been used for the prevention and treat-
ment of vasospasm following subarachnoid hemorrhage®™.
However, under certain clinical settings, such as cases of
overdose, papaverine induced cardiac arrhythmiasinclud-
ing prolonged QT intervalsthat can lead to thelife-threaten-

©2007 CPS and SIMM

through the inhihbition of one or more repolarizing K* chan-
nel currentsin the myocardium***, In humans, the most
common channel linked to drug-induced QT interval prolon-
gation is the rapid component of the delayed rectifier K*
channel (1,,)™. The human ether-a-go-go-related gene,
HERG, encodes the pore-forming subunit of I,,1*>,
Naturally, many drugs associated with QT interval prolon-
gation have been found to block HERG channels™" 2. It
can be assumed therefore that papaverine may cause LQT
by inhibiting HERG/I,. To examinethispossibility, wein-
vestigated the effect of papaverine on HERG currents ex-
pressed in Xenopus oocytes. We found that papaverine

503



Kim CS et al

Acta Pharmacologica Sinica ISSN 1671-4083

effectively inhibited HERG currentsin a state-independent
manner in Xenopus 00Cytes.

Materials and methods

Recor ding of the action potential in rabbit cardiac
myocytes Rabhits(Male, New Zealand white rabbits, weigh-
ing 1.8-2.0 kg each) were anesthetized by injections of thio-
pental sodium (10 mg/kg) into a marginal ear vein. Their
hearts were rapidly excised and transferred to Tyrode' s so-
[ution (137 mmol/L NaCl,5.4mmol/L KCl, 1.05mmal/L MgCl,,
1.8mmoal/L CaCl,, 5mmal/L glucose, and 10 mmol/L HEPES
at pH 7.4), and the hearts were oxygenated with 100% O, at
room temperature. The ventricular muscles (1.5-2 mmin
width and 2—4 mm in length) were carefully dissected from
theleft ventricular wall. All tissueswerelessthan 1 mmin
depth.

Each specimen of the di ssected ti ssue was mounted hori-
zontally in a recording chamber, and continuously super-
fused with oxygenated Tyrode's solution at a rate of 5
mL/min. Oneend of each tissuewasfixed by aninsect pinto
the bottom of the chamber coated with Sylgard. Thetissue
next to the insect pin was pressed against the chamber floor
by stimulation €l ectrodes, which were used to dicit the ac-
tion potentials. The cardiac tissues were stimulated with
square pulses (2 Hz, 1 ms duration, 20%—30% above the
threshold voltage) using a stimulator with a stimulusisola-
tion unit (WPI, Sarasota, FL, USA). After allowing 2 h for
stabiliza-tion, the action potential s were recorded with a
3mal/L KCl-filled conventional microe ectrode (20-30 MQ)
that was connected to an amplifier (KS-700, WPI, USA), and
these action potentials were displayed on an oscilloscope
(Dua beam storage 5113, Tektronix, Beaverton, OR, USA).
After 1 h of stahilization of recording, thedrugswere applied.

Oocyte preparation Oocyteswere prepared as described
previously®. Briefly, ovarian lobes excised from the anes-
thetized Xenopuslaevis (Xenopus|, USA) were treated with
0.2% collagenase (type 1, SigmaCo, St Louis, MO, USA) for
1-2hin Ca®-free Barth’ssolution. The composition of Ca?'-
free Barth’s solution is as follows: 88.7 mmol/L NaCl, 1.0
mmol/L KCl, 2.4 mmal/L NaHCO,, 0.8 mmol/L MgSO, 7H,0,
and 5 mmol/L HEPES (pH=7.5). cRNA (50nL, 0.3-1.0ng/nL)
of HERG synthesized from thelinearized cDNA usinginvitro
transcription kit (Ambion Inc, Austin, TX, USA) wasinjected
in stage V or VI oocytes with glass capillaries connected
with amicrodispensor (VWR Scientific Co, Grove, IL, USA).
After theinjection, oocytes were cultured at 18 °Cin Barth's
solution containing 88.0 mmol/L NaCl, 1.0 mmol/L KCl, 2.4
mmol/L NaHCO,, 0.8 mmal/L MgSO, 7H,0, 0.3 mmoal/L Ca
(NO,), 4H,0, 0.4 mmol/L CaCl,, and 5 mmoal/L HEPES (pH=
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7.5), supplemented with 2 mmol/L pyruvate and 50 g/mL
gentamicin sulfate. The culture medium was changed daily.
Currentswere recorded from 2 to 7 d after injection.

Wholecdll current recordingin Xenopusoocytes HERG
currents were recorded using a 2-electrode voltage-clamp
amplifier (OC-725C, Warner Insgruments, Hamden, CT, USA)
from the oocytes placed in the recording chamber (2.0 mL)
superfused with Oocyte-Ringer solution containing 96.0
mmol/L NaCl,2.0mmoal/L KCl, 1.0mmol/L MgCl,, 1.8 mmol/L
CaCl,2H,0, and 5.0 mmol/L HEPES (pH=7.5). Stimulation
and data acquisition were controlled with Digidata 1200
(Axon Instruments) and pClamp 6.04 (Axon Instruments,
USA). Electrodeswerefabricated from glass capillaries con-
taininganinner filament (OD 1.5mm, ID 1.12mm; WPI, USA).
Electrodesfilled with 3mal/L KCl had aresistance of 1-2 for
current-passing €l ectrodes and 2—4 for voltage-recording
el ectrodes.

Dataanalysis Thevoltage dependence of HERG current
activation was determined for each oocyte by fitting peak
values of thetail current () versustest potential (V,) toa
Boltzmann function:

}7 max

_ fail
I, =

(V.-
1+ expL _k

Wherel ;™ isthemaximum tail current, V,,, isthe volt-
age at which 50% of the channelsare activated, and kisthe
dope factor. To examine steady-state inactivation, condi-
tioning pul sesbetween -130 and +20 mV in 10mV increments
for 60 ms were applied after adepolarizing pulseto +20 mV
for 900 ms, foll owed by acommon test pulseto +20mV. The
peak current amplitudes during the test pul ses were plotted
as a function of the previous conditioning pulses. Normal-
ized steady-state inactivation as a function of prepulse of
test potential was also fitted to a Boltzmann function. The
data were expressed asthe mean+SEM. Paired Student’st-
test was used to compare the drug effect on HERG currents.
ANOVA repeated measures, followed by Tukey' s post-hoc
tests were used to study concentration-dependent drug
effects.

Drugs All drugswere purchased from SigmaCo (St Louis,
USA). Papaverinewas dissolved in 10-3 mol/L stock solu-
tion and stored at 4 “C until dilution within the perfusion
solution immediately before use.

Results

To identify the general electrophysiological effect of
papaverine on cardiac action potential, we examined the
effects of papaverine on cardiac action potential in isolated
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rabbit ventricular myocytes stimulated at a frequency of
2Hz (Figurel). After 20min of exposure, theaction potential
duration at 90% repolarization (APDg,) in the ventricular
myocytesincreased from 219+5 msto 267+6 msand 355+18
ms (n=4) by 10 and 30 pumal/L papaverine, respectively. Rest-
ing membrane potential was depolarized from -81+3 mV to
-77+4 mV (n=3) by 30 umol/L papavering but nat by 10 umoal/L
papaverine (-81+5mV, n=4).

The effect of papaverine on HERG currents was studied
in Xenopus oocytesinjected with HERG mRNA. Figure 2A
shows voltage-clamp data obtained 10 min after application
of 100 umal/L of papaverine. Familiesof current tracesfrom
1 cell are shown for control conditions and after exposure to
papaverine with the voltage protocol shown in Figure 2A.
Cedlswereclamped at a holding potential of -80 mV. Depo-
larizing steps were applied for 4 s to voltages between -70
and +40 mV in 10 mV increments. Papaverine (100 umol/L)
suppressed both the outward and tail currents (Figure 2A),

B 4004
OmV -
300 -

which was only partially (72%+8% of the control, n=4)
recovered in the 30 min drug wash-out. Current-voltage plots
of outward currents present at the end of the depalarizing
step and peak tail current aredepicted in Figure 2B and 2C,
respectively. Current amplitudes were normalized to peak
values obtained from each cell. For control conditions, the
threshold for activating HERG currentswas closeto-40 mV,
and full activation was obtained at a voltage closeto +10
mV. Inthe presence of 100 umol/L of papaverine, outward
currents at the depolarizing step and tail current amplitude
were reduced, compared with control condition, to ~40% at
all tested potentials.

Papaverineblocked HERG currentsin aconcentration-
dependent manner Steady-state block was obtained by
applying depolarizing steps from -80 to 0 mV for the 10 s
period every 30 s, and peak tail current was measured after
the repolarizing steps to -40 mV for 6 s at different drug
concentrations. Analysis of the data with the Hill equation

Figure 1. Effects of papaver-
ine on the APD, of rabbit ven-
tricular myocytes. (A) Repre-
sentative traces show papaver-
ine prolonged the APD of rab-

30 pmol/L papaverine

200 -

APDyy/ms

10 pmol/L papaverine

100 -
Control

bit ventricular myocytes. (B)
Averaged values of APDg, in the
presence of 10 pumol/L and 30
umol/L of papaverine, respec-
tively, were compared with the
control values. Each column

B
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with a vertical bar represents
mean SEM (n=4). °P<0.01.
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Figure 2. Effect of papaverine on
HERG current expressed in Xenopus
oocytes. (A) Traces of HERG cur-
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rents were recorded before and after
exposure to 100 umol/L of papaver-
ine for 10 min using voltage proto-
col shown as inset. Current-voltage
plots of steady-state (B) and peak
tail currents (C) in the absence or
presence of 100 umol/L of papaverine.
Currents were normalized to the
maximum steady-state (B) or peak
tail currents (C) In the absence of
papaverine in each oocyte. Each

-80 mV

Control . . . . .
o

500000

. @ Papaverine
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Membrane potential/mV

point with vertical bar denotes the

40 0 40
mean SEM (n=6).
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gave a half-maximal inhibitory concentration (1Cs,) value of
71.0 umol/L and Hill coefficient of 0.81 (Figure3).

Papaverine is known as a phosphodiesterase inhibitor.
To determine whether the effect of papaverine on HERG was
related to phosphodiesterase inhibition, the effects of
theophylline, another phosphodiesteraseinhibitor, on HERG
currentswas investigated. Theophylline (500 umol/L) did
not affect HERG currents(Figure4A), which were completely
blocked by dofetilide (Figure 4B), known to be asdlective |,
bl ocker, suggesting that the papaverine block on HERG is
independent from the phosphodiesterase inhibition.

Drugs that block ion channels often alter the voltage
dependence of channel kinetics. Therefore, we also ana-
lyzed the voltage dependence of the activation of the peak
amplitude of the decaying tail currentsin the absence or
presence of papaverine (100 wmol/L). The voltage depen-

A / Control B
1 wmol/L

3 pmol/L / 10 pmol/L

30 pmol/L
100 pmol/L \I.\s.‘//

=
in

t
: th
=
-
L L

’\‘T_‘ﬁ“{

;: 300 pmol/L
-

dence of the HERG activation was determined using 4 stest
pulsesto potentialsranging from -70to +40 mV. Peak ampli-
tudes of tail currentswere measured at -40 mV, plotted asa
function of test potential, and were fitted with a Boltzmann
function (Figure 2C). In the control experiment, the activa-
tion curve had amidpoint of -16.4+1.1 mV and ad opefactor
of 6.8+0.4 mV (n=6). Therewas no significant changein
voltage dependence of the activation curve (V,, -16.5+2.4
mV and adopefactor of 5.8+1.5mV, n=6, P>0.05 vsthe con-
trol in both) by papaverine.

We also investigated the effects of papaverine at a con-
centration of 100 umal/L on theinactivation of HERG currents.
Steady-state inactivation currents were studied before and
after the application of papaverine using adual-pul se proto-
col as described in Materials and methods. The steady-
state inactivation curve was shifted to a negative potentia

Figure 3. Concentration dependence
of papaverine block on HERG current.
(A) representative current traces from
an oocyte depolarized to 0 from a
holding potential of -80 mV, in the
presence of various concentrations of
papaverine. Tail currents were re-
corded at -40 mV. (B) amplitudes of
peak tail currents were normalized to
the maximum current obtained in the
control, and plotted against papaver-
ine concentrations. Data were fitted
with a Hill equation. Each point with

O mV 1

| -80 mv

B Control

Dofetilide 3 pmol/L

vertical bars represents mean+SEM
(n=6). All error bars are in the range
of symbols.

10 100 1000

Papaverine/umol- L'

Theophylline 500 pmol/L

S~

Figure 4. Effect of theophylline and
dofetilide on HERG current expressed
in Xenopus oocytes. Representative
traces of HERG currents were re-
corded before and after exposure to

500 umol/L theophylline (A) and 3
wumol/L dofetilide (B). Voltage pro-
tocols were the same as those de-

scribed in Figure 1. Similar results

-40 mV

were observed from 4 oocytes for each

1 -80 mV
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(Vy, -68.7£3.2 mV in the control and -77.4+1.6 mV after
papaverine, P<0.05, n=5; Figure 5). The slope factor of
steady-state inactivation decreased dightly from 24.3£2.9
mV in the control to 17.2-1.3 mV in the presence of
papaverine.

To directly test the effect of papaverine on HERG
inactivation, we examined thetime course of inactivation in
the absence and presence of papaverine. The inactivation
time course of expressed currents was analyzed by applying
brief hyperpolarizing pulsesto allow the HERG channel to
recover from inactivation after an initial long depolarizing
pulse. Depolarizing test pulseswere then applied to record
inactivating currents (Figure 5C). Thetime course of fast,
inactivating currents could befitted by a single-exponential
function. In the presence of papaverine, the time constants
for inactivation significantly decreased at all tested poten-
tials(Figure5D). Recovery from inactivation was al o mea-
sured using the same pulse protocol shown in Figure 4. Tail
currents could be fitted by a double-exponential function,

. Control

A

+20 mV

-130 mV

Control
+40 my _

00mvU_; A0mV

Hh_“_’*;_’: 1pA

20 ms

Papaverine 100 pmol/L.

and the fast component was defined as the time constant of
recovery from inactivation. In the presence of papaverine,
thetime constants for inactivation and recovery from inacti-
vation significantly decreased at all potentials (Figure 5D).

To further delineate the underlying mechanism for pa-
paverineinhibition of HERG currents, we examined the fully
activated |-V relationships by applying various test poten-
tials after adepolarizing conditioning pulse (Figure6). The
slope conductance measured as a slope of the current-volt-
age reationship curve between -130 and -110 mV decreased
from 78.03+4.25 pS of the control to 56.84+5.33, 36.06+6.53,
and 27.09+5.50 uS (n=6) in the presence of 30, 100, and 300
pumol/L papaverine, respectively (P<0.05 vs the control at
each concentration).

On the basis of single-channel studies, a 5-state model
has been suggested for HERG channels summarizing 1 open,
1linactivated, and 3 closed states®!. Therefore, we investi-
gated whether papaverine block is state dependent (Figure 7).
After the control currents were measured, the membrane
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Figure 5. Effect of papaverine on HERG inactivation. (A) representative current traces for steady-state inactivation using a double-pulse
protocol with conditioning pulses between -130 mV and +20 mV (upper inset). (B) mean normalized steady-state inactivation curves for the
control and after 100 umol/L papaverine were fitted with a Boltzmann function. Each point with a vertical bar denotes the mean+SEM (n=6).
(C) Representative current traces for HERG current onset of inactivation by using the protocol shown upper inset. Region of interest is
magnified only at -40 mV, -20, and 0 mV for clarity. (D) time constants for onset of inactivation are plotted against the membrane potential
(between -40 mV and +40 mV). With the same voltage protocol in Figure 4, recovery from inactivation was measured by fitting a double
exponential function to the rising phase of tail current trace at each potential (between -70 mV and -50 mV). Data are expressed as mean+SEM

(n=6, °P<0.05, control vs 100 umol/L papaverine).
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B
14 r;—i—-l ,
{‘l T . _.-. - : T !- . -!.-‘h‘ 1
1 Ox'/. -80 -40 0 40
y FimV
: 1 yXe |
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24 ,.'-'-_.-"__ —@— Papaverine 30 pmol/L
E! A— Papaverine 100 pmol/L
3 - W Papaverine 300 pmol/L

Figure 6. Effect of papaverine on HERG conductance. (A) repre-
sentative current traces with a conditioning pulse to +40 mV for 750
ms from a holding potential of -80 mV, followed by test pulse to
various potentials between -130 mV and +20 mV in 10 mV incre-
ments (inset). (B) current-voltage plots of maximum currents in the
absence or presence of papaverine (30-300 umol/L). Each point
with a vertical bar denotes the mean+SEM (n=6).

potential washed at -80 mV to keep the channel in the closed
conformation during wash-in of 100 pmol/L of papaverine.
Thefirst depolarizationtoOmV after 10 minat -80mV yidded
most of the blocking effect. Theinitial current inhibition
(61.0%+4.6%, n=4) reflectsthat papaverinebound HERG with-
out channel opening and/or activation, whereas the addi-
tional time-dependent i nhibition (4.8%+2.2%, n=4) observed
after channel activation may represent additional papaver-
ineinhibition on HERG channels during the open state.

Discussion

In the present study, we show that a clinical vasodilator,
papaverine, increases cardiac action potential duration and
inhibits cardiac K* channel HERG expressed in Xenopus
oocytes. Papaverine has been shown to prolong QT inter-
vals and cause ventricular arrhythmia™. Many commonly
used drugs, including antiarrhythmic, antihistamine,
antipsychotic, and antibiotic agents are associated with
drug-induced LQTS. Most of thesedrugseither block HERG-
dependent K current (l,) in ventricular myocytes or inhibit
liver enzymes that are important for metabolic degradation
of other drugs that block I,. Itiswell known that heterolo-
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Figure 7. State dependence of HERG block by papaverine. (A)
HERG currents were activated by a 20 s depolarizing voltage step to
0 mV from a holding potential of -80 mV. After the control
measurement, the oocyte was held at -80 mV for 15 min during
perfusion with 100 pmol/L papaverine. The control recording and
the first pulse measured immediately after the incubation period are
displayed. (B) Relative current representing the residual current ratio
compared to the control in the presence of 100 umol/L of papaver-
ine for the first 2 s. The relative current was not estimated to start
at 0 with the activation of the channel. Note the additional relative
current decrease from 40% to 33% in 300 ms after channel activation.

gously-expressed HERG currents share pharmacological and
biophysical properties with 1,,>*9. The characteristics of
the currents recorded in the present study correspond to
HERG currents: dow current activation at negative potential's,
large long-lasting tail currents on repolarization, strong in-
ward rectification, and sensitivity toclass |11 antiarrhythmic
methanesul fonanilide such asdofetilide (Figure4). Consid-
ering al of these, papaverine may cause LQT through the
inhibition of HERG/I, in cardiac myocytes. The present
study isthefirst to characterize the interaction between pa-
paverine and HERG showing an ionic mechanism underly-
ing papaverine-induced ventricular arrhythmia.

Themajor finding of the present study isthat papaverine
blocks HERG channelsin a concentration-dependent, but
voltage- and state-independent manner in Xenopus oocytes.
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Taken into account that in vitro data isinfluenced by sev-
eral artificial factors such as expression system properties,
temperature, and lack of subunits, the degree of HERG
bl ocked by papaverine seems appropriate. The affinity of
ion channe blockersis reduced in Xenopus oocytes due to
follicular tissuesand the yolk?®¥. Consistent with this, papav-
erineinhibited HERG currents with an 1C, of ~70 pmal/L in
Xenopus oocytes (Figure 3), and significantly increased ac-
tion potential duration in rabbit myocytes at 10 pmol/L of
papaverine (Figure 1). This suggeststhe different pharma-
cokinetics of papaverinein the 2 different cells. However,
we cannot exclude the possibility that papaverine may affect
other ionic currents®® in addition to the blockage of 1,
for it depolarized resting membrane potential in ventricular
myocytes. Further evaluation of | Cg, of papaverineon Iy, in
ventricular myocyteswill be helpful to addressit.

The state-dependence of HERG channel block has been
described for numerous substances, such as bertosami |7,
fluvoxaming®!, and K CB-328"" with the majority of those
binding to the channd in the open state. Choe et al’® pro-
vide evidence for open channel blockade by papaverine in
their studies of Kv1.5 stably expressed in Ltk- cells by dem-
onstrating the accelerated decline of the current during
depolarization, as well as steeper blockade in the voltage
range of the channd opening. TheKv1.5 currentisarapidly
activating and relatively dow inactivating delayed rectifier
current, and thisdifferssignificantly from the HERG channel.
In the present study, papaverine did not modify the time
course of channel activation. If present, atail current
“crossover”, dueto transient channel unblocking during re-
pol arization®?, provides evidence for open channel block.
Thiswas not seen in the present study. Depolarization of
membrane potential did not increase HERG current inhibi-
tion by papaverine at which most channelswould bein the
inactivated state. Consistent with the tonic block achieved
without channel opening or activation (Figure 7), these re-
sults suggest that papaverine mainly bind closed HERG
channels.

Variousdrugsinhibit HERG currentsbinding to theinac-
tivated HERG channel®3. Sitesin the outer poreregion such
as G628, G631, S620, A614, and V630 have been known to
involve HERG channd inactivation, which also postul ated
as abinding site(s) of the drug acting with the inactivated
HERG channd™, H587 of the S5-Ploop™¥ and M651 of the
S6 sites™ alsoinvolved HERG inactivation kinetics. Papav-
erine markedly accelerated inactivation at most potentials,
consistent with the observed 9 mV hyperpolarizing shiftin
thevoltage-dependence of HERG channel inactivation, which
impliesadecreasein channel availability™. Papaverinealso

markedly increased the rate of recovery from inactivation
(Figure5D). Thesedataimply that the drug acts on inacti-
vated HERG. Therefore, we may specul ate that these sites
involved in HERG inactivation at least partly contribute to
HERG inhihition by papaverine.

There is no consensus about confirming the threshold
for the predication of clinically important HERG channel
blockade based on an in vitro model. One hypothesesis
that drugswill be free of liability for theventricular arrhyth-
miatorsades de pointesif they fail to produce a 20% bl ock-
ade at the highest achievable free plasma concentration*.
Another hypothesis is that drugs for which the IC, is at
least 30-fold greater than the highest achievable freeor total
plasma concentration will befree of liahility for torsades de
pointes’®*. Although limited data are avail ablewith regard
to expected maximum plasma concentrations after adminis-
tration of papaverine, it reached to 49.4-56.6 pmol/L with
various carriersin rabbits®. The values aresimilar to pa-
paverine IC5, on HERG block even in Xenopus oocytes. Al-
though maximum C,,, valueswould be useful in estimating a
worst-caseclinical relevance of HERG channd blockade, it is
notable that papaverine did cause arrhythmiain humans®*.

In summary, thisreport isthefirst to detail the effects of
papaverineon HERG, explaining cdlular mechanismfor QT
prolongation. We found that papaverine blocked HERG cur-
rents via binding closed, open, and inactivated channels.
These blocking properties may contribute tothe arrhythmo-
genic properties of papaverine.
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