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Quinidine Interactions With Human
Atrial Potassium Channels
Developmental Aspects

Neviana I. Nenov, William J. Crumb, Jr, John D. Pigott, Lynn H. Harrison, Jr, Craig W. Clarkson

Abstract—Clinical studies have suggested that quinidine is less effective when used for the treatment of atrial arrhythmias
in pediatric patients compared with its clinical effectiveness in the adult patient population. Age-related changes in the
cardiac actions of quinidine on action potential duration and interaction with potassium channels in several mammalian
species also have been reported. We investigated the effects of postnatal development on quinidine’s interaction with
major repolarizing currentd{, I lne @andly;) in human atrial myocytes, using the whole-cell configuration of the
voltage-clamp technique. Our results indicate that there are age-related changes in bathftheyihidine blockade
of I, as well as the mechanism of quinidine unblocking. In contrast, quinidine was found to inhibit both adult and
pediatricly, andly, in an age-independent manner, whereas the nonselective cation cygenthjch contributes to
the sustained outward current,), was insensitive to quinidine. The results from this study help to clarify the
electrophysiological mechanism by which quinidine elicits its antiarrhythmic effect in the pediatric and adult
human population(Circ Res. 1998;83:1224-1231.)
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uinidine is one of the most commonly used drugs for and I; has been shown to be significantly different in
treatment of both atrial and ventricular rhythm distur- neonatal versus adult myocytes, with cells from neonates
bances. Quinidine’s efficacy as an antiarrhythmic agent is being more sensitive to the action of quinidine than adults.
believed to result from its effects on conduction velocity and It seems likely that age-related differences in quinidine
repolarization of the cardiac action potentidlQuinidine’s interaction with cardiac ion channels may also exist in man.
ability to prolong the duration of the cardiac action potential Recent clinical studies have documented that quinidine and
has been attributed to its ability to inhibit several different flecainide exhibit a markedly reduced clinical efficacy
types of potassium ion channels expressed in mammalianagainst atrial tachyarrhythmias in pediatric pati¢htom-
cardiac tissue, including the transient outward K currggt ( pared with their relatively high clinical efficacy in aduls.
the inwardly rectifying K currentl(,), the rapidly activating Because changes in drug-channel interaction have been indi-
delayed rectifier (), and the ultrarapid delayed rectifier ~cated as a potential mechanism underlying postnatal changes
(I«).2 However, the mechanisms by which quinidine exerts in the actions of antiarrhythmic agents, we initiated a study to
its inhibitory effects on these potassium currents are not compare the effects of quinidine on major repolarization
understood fully. currents (b, li, lkarn @nd the nonselective cation currehy)
Previous studies in dog, rabbit, and rat cardiac tissue have€xpressed in pediatric and adult human atrial myocytes.
documented that the ability of quinidine and other antiar-
rhythmic agents to alter conduction and repolarization change Materials and Methods
significantly during postnatal development Quinidine has Human Atrial Specimens and Isolation of
been shown to prolong both the QT intefvahd repolariza-  Cardiac Myocytes
tion* of the Purkinje fiber action potential to a significantly  Human myocytes used in the experiments investigating the effects of
greater extent in young canines compared with adult animals. quinidine on human atrial potassium channels were isolated from

Recent evidence suggests that developmental changes in théﬁeﬁimens ?f rig:lt ‘I"‘”i"’“ appe(ndages Obtai”eff‘ duri)ng gurgerydfrom
. . . - the hearts of 23 adult patients (35 to 75 years of age) and 17 pediatric
effects of antiarrhythmic agents on cardiac tissue may be patients (4 days to 2 years of age) undergoing cardiopulmonary

attributed to age-related changes in drug-channel interac-pypass surgery. Atrial tissue obtained from a separate group of
tionsé-8For example, quinidine block of rabbit ventricular patients was used to study the effects of agémfensity (Figure 1).
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Figure 1. Effect of age on /,, density and sensitivity to quinidine. A,
Effect of age on /,, density. Patients were divided into 9 age groups
as shown. I;, was elicited by an 800-ms pulse to 60 mV from a
holding potential of —40 mV. /;, was corrected for the sustained
current. A significant increase in I, density occurred after the sec-
ond year of life. /,, underwent a significant maturational increase
(from 4.2+0.4 pA/pF in patients 1 to 2 years old to 6.97+0.5
pA/pF in patients 2 to 2.5 years old) during the second year of life.
At 11 years, human atrial /;, density (9.4=0.7 pA/pF) did not appear
to be different from the density of the current recorded from
patients >11 years old (9.01+0.5 pA/pF). B, Effect of age and
quinidine on /.. Currents were elicited by an 800-ms pulse to 60
mV from a holding potential of —70 mV. Inserts show typical
examples of the effect of 10 umol/L quinidine on the time course
and peak amplitude of /, in a pediatric and adult atrial myocyte.
Graph shows the relationship between quinidine concentration and
inhibition of peak /,. Values indicate mean=SE. Number of cells is
given by each mean value. Average data were fit by the equation:
1/(1+ (ICso/X)N). Estimated values for adult /,, were

1C50=21.8 umol/L, N=0.67. For pediatric /, the values were
IC5=112.2 umol/L, N=0.82. There was a significant developmen-
tal difference in the percentage of quinidine-induced inhibition by
10 and 100 umol/L of the drug, with pediatric /;, inhibited to a
smaller extent (adult: 37+4% at 10 umol/L, 75+1.7% at

100 umol/L; pediatric: 17+4% at 10 pmol/L, 47+9% at 100
umol/L). ICs, values for adult and pediatric populations were signif-
icantly different (P<<0.0001). *P<0.05 vs all groups <2 years old;
**P<0.05 vs all groups <6 years old.

Atrial tissue was obtained in accordance with Tulane University
School of Medicine institutional guidelines. Specimens of atrial
tissue were considered free from pathology if all of the following
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wave amplitudes>2.5 mm); and (3) there was no evidence for
significant right atrial pressure overload (right atrial pressure
>7 mm Hg). Human atrial myocytes were isolated enzymatically
from the obtained specimens. The isolation procedure was identical
to that previously described by Crumb e¥?and typically produced

an initial yield of 40% to 60% rod-shaped, calcium-tolerant cells.
Cells were used within 8 hours after isolation. Currents were
recorded from myocytes with characteristically normal morphology
(rod-shaped, clear striations, no surface blebs).

Solutions and Drugs

Recordings of potassium currents were made from myocytes bathed
in an “external” solution having the following chemical composition
(in mmol/L): NaCl 137, KCI 4, MgCJ 1, CaC} 1.8, glucose 11, and
HEPES 10 (adjusted to pH 7.4 with NaOH). All recordings were
made in the presence of 0.2 mmol/L Cd@ block the L-type
calcium currentl(,).*® In most of the experiments, cells were held at
—40 mV to inactivate the fast inward sodium curreiRg)( In some
cells,l, was elicited with depolarizing steps from a holding potential
of —80 mV. As demonstrated by Li and Keuigno sodium current
was elicited under these conditions, suggesting complete inactivation
of Na channels. Glass pipettes were filled with “internal” solution
containing (in mmol/L): K-aspartate 120, KCI 20, N&TP 4, EGTA

5, and HEPES 5 (adjusted to pH 7.2 with KOH). When the
nonselective cation current was recorded, a potassium-free internal
solution of the following composition was used (in mmol/L): CsClI
140, Na-ATP 4, MgCl 1, EGTA 5, and HEPES 5 (adjusted to pH
7.2 with CsOH). Quinidine hydrochloride was obtained from Sigma
Chemical Co and dissolved in ethanol to form stock solutions of 8-,
40-, and 125-mmol/L concentrations. Pilot experiments indicated
that the level of ethanol present in the quinidine stock solution was
without effect on ionic currents when added to the bath alone.
Steady-state drug effects were typically reached 8 to 10 minutes after
onset with quinidine-containing solution. All experiments were
performed at room temperature (22°C to 24°C).

Voltage-Clamp Technique and Data Acquisition

The whole-cell patch-clamp technique was used to record ionic
currents under voltage-clampAn Axopatch amplifier (Axon In-
struments) interfaced via a 333-kHz Digidata 1200 acquisition board
to a personal computer running pClamp (Version-6).Goftware

was used to voltage-clamp the isolated myocytes. Borosilicate glass
pipettes were made using a horizontal pipette puller, and pipette tips
were heat-polished. Pipette tip resistance wdsto 2.5 M) when

the electrodes were filled with the internal solution.

Capacitative transients were evoked by a 10-mV step (from
—40 to —50 mV) and well described by a single exponential
function. Before compensation, the meap of transient decay
was estimated to be 0.320.02 ms in adult (96) and 0.1%#0.01
ms in pediatric cells (#57). Cell capacitanceQ,) was obtained
by integration of the area under the capacitative transient. Mean
values ofC,, obtained by this method were 90.3:14 pF and
35.7+1.07 pF for adult and pediatric myocytes, respectively. The
series resistancdr() for the pathway between the pipette and cell
membrane was estimated from the equatRw7/C,. The un-
compensated®, was 3.53:0.12 M() for adult and 3.1#%.01 MQ
for pediatric cells. To minimize the duration of the capacitative
surge and voltage drop across the pipeRgewas compensated
electronically (typically by 30% to 60%). The amplitude kf
always was measured as the difference between the peak current
and the steady-state level of current remaining at the end of the
pulse (typically of 800-ms duration). To determine the effects of
quinidine on the inwardly rectifying potassium curreht,} and
the sustained currently), a p/4 post hoc leak subtraction
procedure was used.

Statistics and Data Analysis
Data are presented as meZ®EM. Data analysis and curve fitting

criteria were met: (1) the specimen appeared grossly normal on were performed using the software packages Clampfit (pClamp
removal; (2) there was no evidence of right atrial enlargement (eg, P software, Axon Instruments), Origin (Microcal Software), and
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GraphPad Prism (GraphPad Software, Inc). Differences between39.6+5.2 ms (&5), 18.5+1.4 ms (85 to 7), and 20.x2.4

group means were evaluated for statistical significan_cg using Stud_entms (n=5), respectively.

t test. An unpaired test was used to compare statistically best-fit - A" gryg-induced reduction in peak current amplitude could

values of the drug concentration producing 50% inhibition,d) Gf . .

adult and pediatri¢,, |, andl,, (GraphPad Prism). _resul_t frpm a drug-induced shift in voltage d_e_penden_ce of
inactivation, as well as open channel block. Equilibration in the

presence of 1@mol/L quinidine for 8 to 10 minutes resulted in

a hyperpolarizing shift in the midpoint fdg, inactivation by

Effect of Postnatal Development orl,, Amplitude 7.91.9 mV in pediatric cells (#6) and 921.9 mV in adult

In a previous study, it was reported that there is an age-relatedcells (n=11). However, the amplitude of the shift in the

difference in human atrill, density, with pediatric current ~ midpoint was not significantly different from the amplitude of

having half the density of the adul,.’2 Because the time the spontaneous shift observed for cells exposed to quinidine-

course over whicH, undergoes its developmental change free solutions for the same time interval (at 1 to 5 minutes,

was not well defined, we compared valueslgfamplitude Vinig=—22.9+1.3 mV; at 20 to 25 minutes/,=—32.7+1.7

obtained for 9 different age groups ranging in age between 0 mV). This suggests that quinidine itself does not produce a

to 1 month and 56 to 75 years. As demonstrated in Figure 1A, significant shift in the voltage dependence of inactivation and

Results

the amplitude of human atri&}, did not change significantly
during the first 2 years of life, after which it doubled in

that the change in the midpoint of the inactivation curve
measured during quinidine perfusion is due to perfusion (time)

amplitude between the ages of 2 and 11 years and then@lone. The slope of adult and pediatric voltage dependerige of

remained relatively constant until at least 75 years of age.

Affinity of Adult and Pediatric 1 for Quinidine

inactivation was not affected by quinidine either (aduk:&
control k=—5.2+0.2 mV, 10umol/L quinidinek=—6.1+0.3
mV; pediatric: r=6, controlk=—6.3=0.6, 10umol/L quinidine

To define the age-dependent change in quinidine’s effect on k=-7.8-1.5mV).

humanl,, cells from the 2 age groups were exposed to 5
different concentrations of quinidine (1, 3, 10, 100, and
1000 umol/L), and dose-response curves for quinidine’s
effect on the peak, were constructed (Figure 1B). Because
of the spontaneous time-induced shift lip voltage depen-

dence of inactivation, individual cells were exposed to a

single concentration of quinidine. For the same reason, peak
currents before and at the time of exposure to quinidine were

measured during a depolarizing step to 60 mV from a holding
potential of —80 mV. Mean values obtained at different
quinidine concentrations were fit with the equation
1/(1+(IC/[D])"), where [D] is the concentration of quini-
dine, 1G, is the quinidine concentration producing a 50%
inhibition of 1, and N is the Hill coefficient. The least
squares best-fit parameters for pediatric inhibition of peak
were 1G,=112.2 umol/L and N=0.82. For adult cells, the
values were 1G=21.8 umol/L and N=0.67. Comparison of
the 1G, values obtained for the 2 age groups usingtast
(GraphPad Prism) indicated that pediatfievas significantly
less sensitive to quinidine than were adult cefts<0.0001).

In addition to decreasing, density, quinidine also accel-
erated the rate off, decay in both adult and pediatric cells
(Figure 1B), a behavior suggesting that channel block devel-
ops after channel openirigln both the absence and presence
of quinidine, the decaying phase lgfwas well fit by a single
exponential function for the 2 age groups. The effect of
quinidine on current decay kinetics was concentration-
dependent but age-independent. At 60 mV,ihef |, decay
in adult cells was decreased from 725 ms (n=12 to 14)
under control conditions to 41:31.4 ms (5 to 7),
22.4+3.1 ms (12 to 14), and 1462 ms (n=5 to 8) in the
presence of 1, 3, and 1Amol/L quinidine, respectively.
Quinidine produced a similar reduction in thg. of I, decay
in pediatric cells. Under control conditions, the. for decay
at 60 mV was 64.5+5.4 ms (n=15 to 18), which decreased
during exposure to 1, 3, and 1l@mol/L quinidine to

Voltage Dependence of,, Recovery From

Quinidine Block

Recovery from quinidine block was defined using a paired-
pulse protocol (Figure 2A). Channel block was initially
produced using an 800-ms—long pulse, and the time course
for recovery from block then was defined using a second
pulse evoked after a variable recovery time, ranging from 3 to
8000 ms. Under drug-free conditions, the recovery of chan-
nels from inactivation at-40 mV could be well described by

a single exponential equation having 7. significantly
smaller in adult cells (29227 ms) compared with pediatric
cells (450+49 ms; Figure 2A through 2C). This difference in
Tec decreased progressively as the recovery potential was
made more hyperpolarized, with,. becoming nearly identi-

cal at—80 mV (adult, 625 ms; pediatric, 717 ms; Figure
2C). In the presence of quinidine, the recoverylgffrom
block was a double-exponential process (Figure 2A and 2B).
The fastr,. was similar to the recovery,. observed during
control conditions and was assumed to reflect the recovery of
drug-free channels from inactivation. Thg, for the slow
phase ofl,, recovery observed in quinidinery,) was as-
sumed to reflect the time course of quinidine unbinding from
channels. Pediatri¢,, was found to recover significantly
slower from quinidine block at-40 mV (ry;,=2938*=454
ms) compared with adult channels,(,=1628+187 ms;
P<0.007; Figure 2D). We also observed a marked develop-
mental difference in the voltage dependence of thefor
quinidine unblocking. In adult cells, the unblocking.
increased significantly with hyperpolarization from40 to
—80 mV, whereas in pediatric cells, the unblockingk.
underwent an apparent, although not statistically significant
decrease with hyperpolarization (Figure 2D). The marked
difference in voltage sensitivity suggests that the mechanisms
for quinidine unblocking are different in pediatric versus
adult myocytes. The voltage dependence for quinidine un-
blocking (Figure 2D) in both age groups was also signifi-
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. Figure 2. Comparison of the kinetics and
A Adult:-40 mv C Control (20) voltage dependence of I, recovery from
1.0 500- pediatric Quinidine block in pediatric and adult myo-
cytes. As illustrated in the inset of (A),
_e08 4001 steady-state level of block was produced
3 o by an 800-ms-long pulse to 60 mV. The
8 067 “é 3001 adutt  conditioning pulse was followed by a sin-
£ -40 mv % 800 msec = (15) gle test pulse to 60 mV after a variable
2 0.4 w5 2007 recovery time (At) at 4 different potentials
02 O control w0l © %—40, ~50, —60, and ~80 mV). A and B,
W 3 umoll Q (10) ecovery of adult (A) and pediatric (B) /i,
0.0—2 . ' . . 0 (10) . ' ' . from block at V,=—40 mV (n=7 and 12,
T 0 2000 4000 6000 8000 80 70 -60 50 40 respectively). Currents during the test
B o D . pulse have been normalized to the ampli-
Pediatric: -40 mV 35007 3 umol/lL Q ® tude of I, after a long rest. In the absence
1.0 Q& 6) of quinidine, recovery of pediatric and
5 3000 1 5) i/ pediatric adult I,, was a monoexponential process,
_=208 é an withlpediatrti;]: lo crjecl‘,to(ver(ijn_gta_llmost twice
B £ as slow as the adult (pediatric
% 0.6 3 2500 1 ?% Tieoc=449.9+48.5 ms; adult
£ P‘g Tec=291.8126.6 ms; P<<0.05). In the pres-
S 04 20004 © ©® i ence of 3 umol/L quinidine, recovery from
3 * block was a double-exponential process.
0.27 O control adult Significant age-dependent difference was
@ 3umollL Q 1500 1 i) observed in the 7y, at this potential, with
0.0-— y y y y . . . . . pediatric /;, recovering from block more
0 2000 4000 6000 8000 80 70 60 50 40 slowly than adult (adult: 7,=318.2+60.9
Time (msec) Membrane Voltage (mV) ms, Taun=1627.7=186.5 ms; pediatric:

Trast=274.4£69.3 ms, 74,n=2937.9£454.5
ms; P<0.05). C, Plot of 7. of recovery from inactivation of pediatric and adult /;, under control conditions. Data were fit using a mono-
exponential function. 7. changed e-fold for 10.6 mV change in membrane potential for pediatric /;, and e-fold for 12.7 mV for the adult
current. D, Significant developmental difference was observed in the voltage dependence of I, recovery from block. Recovery from
quinidine-induced block of I, got significantly faster when adult cells were depolarized (P<0.05). However, pediatric /;, showed flat volt-
age dependence. *P<0.05.

cantly different from that observed for recovery from channel perimental condition that rapidly eliminated other K-selective
inactivation under control conditions. In the absence of currents (egl, k., @ndly), allowing us to define selectively
quinidine, the recoveryr,. changed e-fold (=2.7) for a  quinidine’s effect onl,. As demonstrated in Figure 3@,
10.7-mV change in the membrane potential for pediatric cells was abolished within 3 minutes after rupturing the membrane
and e-fold for every 12.6 mV for adult, (Figure 2C). In when using a pipette filled with potassium-free solution. The
contrast,r,,, changed by<20% over a 40-mV voltage range  current left represented the nonselective cation cutfefs

in pediatric cells and displayed a voltage dependence oppo-shown in Figure 3C and 3D, 10@mol/L quinidine had no
site of control .. in adult cells. This suggests that the definable effect onl,. This supports the conclusion that

mechanism underlying the slow interpulse recovery,pin quinidine’s inhibitory effect on the total steady-state current
the presence of quinidine does not result from a simple (Figure 3B) is exclusively due to quinidine-induced block of
slowing of recovery from inactivation. I Whose density is known not to be age-independent.
Dose-response curves defining the inhibitory effect of quin-
Effects of Quinidine onlxq, lgs and | idine on the total sustained outward curreligte€ !y, 1,9 in

Previous work by Wang et #l reported that quinidine  pediatric and adult myocytes also were defined from mea-
significantly suppressed the sustained current left after inac- surements of quinidine’s effect on the sustained current at the
tivation of |, with an estimated I¢g of 5 umol/L. Initial end of an 800-ms pulse during a step to 60 mV. Thg IC
experiments suggested that this sustained current (designatedalues obtained after fitting the data to the Hill equation were
lk) resulted from the expression of the gene KvB5. not significantly different between the 2 age groups (adult
However, it was found later that the sustained outward IC;,=6.6 umol/L; pediatric 1G,=5.1 wmol/L; P>0.76).
current (.9 is carried by a combination of at least 2 currents  Similarly, the maximal level of inhibition of the steady-state
(=70%l,, and~30% by a nonselective curremt).*® Figure current by quinidine was-70% for both age groups, which is
3A and 3B shows the effect of 1Qomol/L quinidine on the consistent with previous observations that0% of the total
total steady-state current. The steady-state current measuredustained outward current is carried by, and that the

at the end of an 800-ms pulse to 60 mV was suppressed byamplitude ofl, is age-independe#$.

57+6% in the presence of 10@mol/L quinidine. The Previous work by Wu et @lin rabbit myocytes has shown
quinidine-sensitive (difference) current was an outwardly that age-related changes in the sensitivity,@fto quinidine
rectifying current (Figure 3B, inset), suggestive of a selective may also occur. Although no developmental change in the

blockade ofly,,. characteristics ofy, has been reported for human cardiac
To further test this hypothesis, we defined the effect of tissuel? it was difficult to rule out the possibility that
quinidine on the nonselective cation currenty)( using postnatal changes ik, sensitivity to quinidine sensitivity

potassium-free (cesium-containing) pipette solutions, an ex- may not also exist in human tissue. To define the effects of
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200pA L l L Figure 3. Effect of quinidine on sustained
A +60 mV ] control  100msec C +60 mv 2?%%’; sec and nonselective currents. Diagram of the
| —early voltage protocol is shown in the top left
-40 mv -40 mV _ corner of (A). Currents were produced by
800 msec 800 msec 3 min 800-ms-long pulses ranging between —40

and 60 mV from a holding potential of —40
100 pmoliL Q difference current control 100 pmolll Q mV. Arrow indicates current amplitude,
measured at the end of the pulse. Repre-
ﬁ ﬁ sentative currents recorded in the absence
and presence of 100 umol/L quinidine, as
well as quinidine-sensitive (difference) cur-
rent are also shown in (A). B, Mean data
D showing the effect of quinidine on the
current-voltage relationship for the sus-
O control é O control tained current (=6 to 9). Quinidine

31 m 100 pmolil Q E| m 100 ol Q l}% (100 uwmol/L) reduced the current by

N
L

57+6% at 60 mV. The drug-sensitive cur-

Difference (pA/pF)

rent is shown in the inset (B). C and D,
/_T Effect of 100 wmol/L quinidine on the non-

Y A . 1 selective cation current. C, In the presence
W (mV) 3 O {i of cesium-containing internal solution, the

pA/pF)
EH
.. (PA/PF)

transient outward current was abolished 3
& DHE[ minutes after rupturing the cell membrane
i/i/i/ 0 Eﬁi (top right corner). Currents before and
M HE after quinidine exposure were elicited by

o ! ! the voltage protocol shown in the top left

40 -20 o 20 40 60 100 -i? (mV()) %0 corner of (C). Cells were held at —40, and

v, (mV) ™ 800-ms pulses between —100 and 60 mV

were applied in 10-mV steps. Dotted lines represent zero current. D, Average current-voltage relationship showing the lack of effect of
100 wmol/L quinidine on the nonselective current.

quinidine only, in human atrial myocytes, currents were evoked Exposure to 10@mol/L quinidine inhibited, by 47+4%. The

by pulses ranging between100 and—20 mV from a holding dose-response curve for quinidine inhibitionlgf in pediatric
potential of—40 mV. Current amplitudes were measured at the and adult cells is shown in Figure 4C. As indicated by the low
end of an 800-ms pulse. Because the nonselective currentN value for current blockade (0.27 for pediatric cells, 0.25 for
exhibits a linear current-voltage relationship over this voltage adult cells),l«, displayed a shallow concentration dependence
range, a p/4 post hoc leak subtraction method was used to isolatdor blockade by quinidine. Although the {Cfor quinidine

I1 from other currents (ed,s).1° Figure 4A shows representative  blockade of Iy, was apparently lower for pediatric cells
current traces ofy, before and after exposure to 1@@nol/L (ICsp=4.1 umol/L) compared with adult cells (kg=42.5umol/
quinidine, as well as the drug-sensitive current. The current- L), these values were not significantly different, based on
voltage relationship fot,, before and after exposure to quini- comparison of the best fit parameters using an unpaitedt
dine, and the quinidine-sensitive current are shown in Figure 4B. (P>0.16).

Control After 100 uM Drug-sensitive Figure 4. Effect of quinidine on /. A, Currents
40 my 800 msec quinidine current were elicited by 800-ms-long pulses applied

‘ Er—— m to voltages between —100 and —20 mV from
RN a holding potential of —40 mV (top left). Exam-

ples of currents before and after exposure to
100 wmol/L quinidine, as well as digitally sub-
tracted drug-sensitive currents are shown. B,
Averaged current-voltage relationship for the
currents under control conditions and in the
B C Adult - Pediatric ... O presence of 100 umol/L quinidine (n=6 to 9).
O control IC,,=42.6 pmol/L IC,,=4.1 pmol/L Quinidine |nh|i_:>|ted the current at —100 mV by
® after Q N=0.25 N=0.27 47%4%. The inset shows the mean current-
/é‘ i 45 voltage relationship for the quinidine-sensitive
0.0 6;@" 8- (difference) current. C, Dose-response curves
1.07 _ for quinidine block of adult and pediatric / k4
measured at —100 mV. A linear leak subtrac-

-100 mv

0.6

b, (PA/PF)

0.4

Difference (pA/pF
Fraction of I, blocked

o
" ®) @
087 l/? 0.81 B tion that incorporated a p/4 pulse protocol
I N 0.00-—]—;*4—*#@% g was used. Current amplitudes were measured
104 / ossl T at the end of the 800-ms-long pulses. Mea-
T 0] | surements were made from cells superfused
o8l 7/ with a single dose of quinidine. The smooth
i .00 + 021 ’ curves indicate the best fit of the dose
o : ©) response curve to the data (solid curve indi-
70080 60 40 20 0 00l &7 " cates adult; dashed curve, pediatric). The ICs
2.0 e ® e values for quinidine block of x; were not sig-
_1'00 .éo .éo .4:0 .2|0 (I) 10° 102 10" 10° 10" 10> 10° 10 10° nificantly different between the 2 age groups
V_(mV) [Quinidine] (umol/L) (adult IC5p=42.6 umol/L; pediatric
" ICso=4.1 umol/L; P>0.2).

™
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Discussion overlapped (0.07 to 25 70@mol/L in adult versus 0.0003
to 65 850umol/L for pediatric cells). Consequently, the
estimated IG, values for quinidine block of; in pediatric
and adult cells were not significantly different.

Quinidine’s Interaction With Human |

Is Age-Dependent

We investigated the effects of age on the interactions of
quinidine with potassium channels expressed in human
atrial myocytes obtained from pediatric and adult patients.
Our results indicate that there are significant developmen-
tal changes in both quinidine’s affinity for human atrig|

Comparison of Results With Previous Studies

Our data on the effects of age dp sensitivity to quinidine
are opposite of those reported by the study on quinidine’s
as well as its mechanism of unblocking. Pediatfichad a effech on .rapbit pardia¢‘0,7 suggest?ng the gxistence of
~5-fold higher 1G, for inhibition by quinidine compared spemes.varlatlons in the effects of antla}rrhyth.mlc drugsolon
with adult cells P<0.0001; Figure 1B). In addition, adult 'Mterestingly, the postnatal changes in gating behavior of
and pediatric cells displayed a difference in their voltage rabbit |}° are "’,“SO oppogtg .to those opserved n .human.atnal
dependence of recovery from quinidine blockade, with the |y 21223 |.nd|cat|ng that significant species a.nd./or.tlssue differ-
voltage dependence of recovery from quinidine block ences in the pattern of postnatal changes in ionic currents also
being slowed with hyperpolarization in adult cells and exist. . o
relatively independent of voltage in pediatric cells (Figure There are CO”“'C“”Q rgports on the effect of qwmdme
2D). The voltage dependence of quinidine unblocking in O,n the |nwardly reghfymg po.tassmm Curreanl(). In
adult cells seems most consistent with an activation different animal species, including results suggesting both
trapping mechanisr#f-2t According to this mechanism, the inh?b_iti_on7~24 or lack of effect of quinidine onl,.2e-27
charged form of quinidine becomes trapped within the Quinidine’s effect only, also has been reported to be
channel lumen by a closed activation gate, and recovery age-depenfj_ent In _rab_bl_t_s, with the nepr_la_tal current being
from block then is determined by the rate of spontaneous MOre Sensitive to inhibition by the quinidine when com-
channel opening, which becomes progressively smaller pared with the adult curreritHowever, rabbit, has been
with increasing hyperpolarization. The lack of significant SNOWn to undergo significant developmental chariges,
voltage dependence of quinidine unblocking in pediatric Wheréas no such developmental changes have been dem-
cells (Figure 2D) suggests that either quinidine is not onstrated for human,.:2

trapped by the activation gate or it is trapped equally at all These results_indicate that species-related differences i_n
voltages between-40 and —80 mV in pediatric cells. channel expression and the pattern of postnatal changes exist
Additional experiments will be needed to distinguish for bothl, andly, in mammalian cardiac tissue. In support of
between these possibilities. Possible explanations for the thiS hypothesis, Dixon et #have suggested that the Kv4.3
age-dependent difference in inactivation recovery kinetics channel may underlie the bulk of thgin canine and human
and quinidine unblocking kinetics (Figure 2C and 2D) cardiac myocytes, whereas both Kv4.2 and K.v4..3 are likely
include age-related changes in the mixture of multimeric t© contribute tol,, in rat. A recent study also indicates that
proteins that constitute a functional channel (eg, due to significant regional diversity of K channel expression also
subunit switching during development, as has been re- May exist between cells present in different areas of the heart

ported to occur between Kv1.4 and Kv4.2/4.3 in develop- (eg, atrial versus ventricula?}.For this reason, extrapolation
ing rat ventricular myocytes) changes in post- of data on the pharmacology of ion channels from one species
translational modification of the channel, or changes in the t0 another, or from one region of the heart to another, should

expression of an accessory subunit (8ythat modulates ~ be done with Ca““‘?”- . . _
channel function. Further experiments will be required to A Study comparing human atrial action potentials from

distinguish between these possible mechanisms. pediatric and adult patients was the first to suggest the
existence of developmental difference in the contribution

Effects of Quinidine on Iy, I, and Iy, of 1, to action potential repolarizatiott. Later worki2.32

The lack of effect of quinidine on the nonselective com- demonstrated age-related differences in both the density

ponent () of the sustained currently() (Figure 3D) and inactivation recovery kinetics of human atfig a

indicates that quinidine’s effect on the total steady-state finding confirmed by this study, as well. In contrast to the
current in human atrial myocytes is a result of selective results from these 2 studies, work by Gross et al
inhibition of .. Quinidine’s effect or,, was found to be suggested that the amplitude ahglinactivation recovery
age-independent with an {gof 5 to 7 umol/L (P>0.76) in kinetics do not change as a function of age. The reason for
pediatric and adult atrial myocytes. Our study also showed the differences in the findings of these groups is unclear.
that quinidine inhibited the human atribl, at therapeuti- Although in the study by Mansourati and Le Graid,,
cally relevant concentrations. Although the estimateg IC was recorded from cells obtained only from dilated atria,
values for quinidine inhibition of pediatric and adult the specimens used in the study by Crumb egas well
differed by a factor of 10 (I=4.1 umol/L in pediatric as the tissue used in this study, came only from nondilated
versus 1G,=42.6 umol/L in adult), the concentration atria (see Materials and Methods). The lacklgfin some
dependence of quinidine blockade was extremely shallow pediatric cells, as well as its smaller magnitude, also could
(N=0.25 and 0.27; Figure 4C), and the 95% confidence contribute to the observed age-related difference in the
intervals for the estimated kgvalues for the 2 age groups  antiarrhythmic properties of quinidine in humans.
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Clinical Relevance
Clinical studies have suggested that there are age-related 1.
differences in the effectiveness of quinidine when used for 2
the treatment of atrial arrhythmias, with quinidine being
less effective in the pediatric population compared with the 3.
adult populatiorte-11|n theory, age-dependent differences
in the pharmacokinetics of quinidine, as well as differences
in the pharmacodynamic interaction of quinidine with 4
heart tissue, could contribute to the clinically observed
developmental differences in the antiarrhythmic effective-
ness of quinidine. Previous studies have shown that quin-
idine is cleared by both hepatic and renal mechanisms.
Approximately 60% to 85% of quinidine administered is 6
cleared by hepatic metabolism, with hepatic clearance in
pediatric patients being 2 to 3 times as rapid as the 7
clearance in adults.Renal clearance involves both glo-
merular filtration and active tubular secretion and accounts
for 15% to 40% of total clearanceWhen renal clearance
is taken into account, the total quinidine clearance is
independent of age. The plasma concentration of quinidine -
has been found to be significantly affected by the dose
administered and by the time at which the plasma sample 10.
is obtained, but not by the age of the patiettsThis
information suggests that the difference in the antiarrhyth-
mic effectiveness of quinidine in pediatric and adult
population cannot be accounted for by an age dependence
of the disposition kinetics of quinidine. 12.
To our knowledge, this work is the first to investigate the
effect of postnatal development on quinidine’s interactions 13.
with human cardiac potassium channels. Potassium currents
play an important role in regulating the shape of the cardiac
action potential and the duration of the electrical refractory 14,
period. Our results indicate that quinidine produces signifi-
cant age-related differences in its ability to inhibit the
transient outward current. Developmental changes in quini-
dine’s affinity for the transient outward current, as well as a 16.
developmental change ik, density, may contribute to the
reported difference in quinidine’s antiarrhythmic effective-
ness in pediatric and adult patients by making pediatric tissue
less sensitive to quinidine-induced changes in repolarization
and refractoriness. 1
Quinidine was observed to inhibit the sustained outward
current (k,) at relatively low concentrations (Lg&=5 to
7 umol/L) and in an age-independent manner, suggesting that1
inhibition of this current also may contribute to its antiar-
rhythmic activity in both age groups. Quinidine was also 20.
observed to reduce the amplitudelgf by ~20% to 30% at
therapeutic concentrations, an effect that could contribute to ,,
drug effects on diastolic excitability. These results help to
clarify the electrophysiological mechanisms by which quini-
dine elicits its antiarrhythmic effect in pediatric and adult
patients.
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