(BHww) "7d

(BHww) Y¥g
9 ¥ z 0 0c S 0z S 0L g 0
) L 4 ¥ O ¥ L) L) ] ¥ L) O
4 og ) <4 0§
Q Q
S S
oot 5 4001 T
3 3
= =
-4 05L > 051 =
3 -~
Q Q
4 00z do0z
J sz = 08¢
d v

¢ ainbi4



(Bywu} ¥y
9 14

2 oo™

-

O

05

0ol

¢1=]3

002

0s2

(,-B3-.uwjw) 9o

ot

(BHww) ¥g
74 0c gl 0

l

0o o Q.a%

-
""ll-l‘

eft?

0§

00t

oSt

ooe

0se

(,-B>- Uty 0o

v

¥ ainbi4



Figure 5

100 150 200 250
Measured CO (mi-min-'-kg-')

50

(153 -t qua)
Keay Wb jo OO pajewns3

150 200 250
Measured CO {ml-min-'-kg™')

100

&0

(-6 .Uy )
HeaH ¥e1 Jo 0D pajewsy



| 1 1 1 1 o
o -] o - o~ o
—

30

L /] 1 1 1 1 o
8 w =] 1) o w =

™ o~ — —
o (BHWW) Y1y payarpary

1 L t )
100 150 200 250

Measured CO (ml-min'-kg)

50

L
o
o 2 o

250 F
200 |-
150 -

< (-6, uuju) 00 patoipesy

Figure 6

Measured Pra (mmHg)

Measured P4 (mmHg)



Journal of the American College of Cardiology
© 2005 by the American College of Cardiology Foundation

Published by Elsevier Inc.

Cellular and Ionic Mechanism for Drug-Induced
Long QT Syndrome and Effectiveness of Verapamil

Takeshi Aiba, MD, PuD,* Wataru Shimizu, MD, PHD,} Masashi Inagaki, MD,*
Takashi Noda, MD, PHD,* Shunichiro Miyoshi, MD, PHD, Wei-Guang Ding, MD, PHD,§

Dimitar P. Zankov, MD,§

| Futoshi Toyoda, PHD,§ Hiroshi Matsuura, MD, PHD,§

Minoru Horie, MD, PuD,| Kenji Sunagawa, MD, PHD*
Osaka, Tokyo, and Shiga, Japan

OBJECTIVES
BACKGROUND
METHODS

RESULTS

CONCLUSIONS

‘We examined the cellular and ionic mechanism for QT prolongation and subsequent Torsade
de Pointes (TdP) and the effect of verapamil under conditions mimicking KCNQ! (I, gene)
defect linked to acquired long QT syndrome (LQTS).

Agents with an Iy -blocking effect often induce marked QT prolongation in patients with
acquired LQTS. Previous reports demonstrated a relationship between subelinical mutations
in cardiac K* channel genes and a risk of drug-induced TdP.

Transmembrane action potentials from epicardial (EPI), midmyocardial (M), and endocardial
(ENDQ) cells were simultaneously recorded, together with a transmural electrocardiogram, at a
basic cycle length of 2,000 ms in arterially perfused feline left ventricular preparations.

The 1, block (E-4031: 1 pmol/l) under control conditions (n = 5) prolonged the QT interval
but neither increased transmural dispersion of repolarization {TDR) nor induced arrhythmias.
However, the I, blocker under conditions with I, suppression by chromanel 293B 10 pmol/]
mimicking the KCNQ! defeet (n = 10) preferentially prolonged action potental duration (APD)
in EPI rather than M or ENDQO, thereby dramatically increasing the QT interval and TDR.
Spontaneous or epinephrine-induced early afterdepolanizations (EADs) were observed in EPI,
and subsequent TdP occurred only under both I, and Iy, suppression. Verapamil (0.1 to 5.0
pmol/l) dose-dependently abbreviated APD in EPI more than in M and ENDOQ, thercby
significantly decreasing the QT interval, TDR, and suppressing EADs and TdP.

Subclinical Iy, dysfunction could be a risk of drug-induced TdP. Verapamil is effective in
decreasing the QT interval and TDR and in suppressing EADs, thus preventing TdP in the
model of acquired LQTS. (J Am Coll Cardiol 2005;45:300-7) © 2005 by the American
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The long QT syndrome (LQTS} is characterized by a
prolongation of ventricular repolarization and recurrent
episodes of atypical polymorphic ventricular tachycardia
known as Torsade de Pointes (TdP) leading to sudden
cardiac death (1-3). The molecular basis of congenital
LQTS is attributed to defects in several ion channel genes
encoding delayed rectifier K* or Na® currents. On the
other hand, agents that block rapidly activating delayed
rectifier potassium current (Iy,) often induce marked QT
prolongation with an inverted T wave in patients with
acquired LQTS. Recent studies indicate that some cases of
drug-induced LQTS can be associated with silent muta-
tions and common polymorphism in genes responsible for
the congenital LQTS (4), such as KCNQI encoding slowly
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activating delayed rectifier potassium currents (Ig,) (5-7).
However, it remains unclear why subclinical Iy, dysfunction
is a risk of drug-induced LQTS.

Both early afterdepolarization (EAD)-induced triggered
activity and increased dispersion of repolarization have been
suggested as important in the genesis of ventricular archyth-
mias in congenital and acquired LQTS. Moreover, vera-
pamil, an L-type Ca** channel blocker, suppressed EADs
and TdP in patients with LQTS (8,9). In the present study,
we hypothesized that: 1) addition of Iy, block to Iy,
dysfunction markedly prolongs action potential duration
(APD) and induces TdP by producing EADs and/or
increases transmural dispersion of repolarization (TDR});
and 2) verapamil suppresses TdP by preventing EADs and
decreasing TDR. In arterially perfused feline left ventricular
wedge preparations, we demonstrated that subclinical Iy,
dysfunction, mimicking KCNQ1 defect, could be a risk of
drug-induced TdP, and verapamil successfully suppressed
TdP in the model of acquired LQTS.

METHODS

Arterially perfused wedge preparations and electrophysi-
ologic recordings. All animal care procedures were in
accordance with the position of the American Heart Asso-
ciation research animal use (November 11, 1984). The
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Abbreviations and Acronyms
APD,, = action potential duration measured at 90%
repolarization

BCL. = basic cycle length

EAD = early afterdepolarization

Ik = delayed rectifier potassium current

I = rapidly activating delayed rectifier potassium
current

I = stowly activating delayed rectifier potassium
current

LQTS = long QT syndrome
TdP = Torsade de Pointes
TDR = transmural dispersion of repolarization

methods used for isolation, perfusion, and recording of
transmembrane activity from the arterially perfused feline
left ventricle have been detailed in a previous study (10) and
are similar to methods reported using canine or rabbit
wedge preparations (11-15). Briefly, a transmural wedge
was dissected from the anterior wall of the left ventricle,
cannulated via the left descending coronary artery (or the
first branch of the left circumflex), and placed in 2 small
tissue bath arterially perfused with Tyrode’s solution. The
temperature was maintained at 37 = 1°C and perfusion
pressure maintained between 40 and 60 mm Hg. Ventric-
ular wedges were stimulated with bipolar electrodes applied
to the endocardial surface. We recorded a transmural
electrocardiogram (ECG) (epicardial, positive pole) using
Ag-AgCl electrodes, and transmembrane action potentials
(APs) simultaneously from the epicardium, midmyocardium
(M), and endomyocardium using three separate intracellular
floating microelectrodes. The epicardial and endocardial
APs were recorded from the epicardial and ‘endocardial
surfaces, respectively, at positions approximating the trans-
mural axis of the ECG. The M-cell's AP was recorded from
the transmural surface, mainly at the subendocardium, along
the same axis.

An I, blocker, E-4031 1 pmol/l, was used in control
condition (n = 5} or under condition with Iy, suppression
by chromanol 293B 10 umol/l, mimicking KCNQ1 defect
(n = 10). The effects of an L-type Ca®" channel blocker,
verapamil, were evaluated at 0.1, 1, 2.5, and 5 smol/l under
the I, and Iy, suppression (acquired LQTS condition).
Epinephrine 0.5 pmol/l was used to mimic increased
sympathetic activity in the absence and presence of vera-
pamil under the acquired LQTS condition. The spontane-
ous or epinephrine-induced EADs and subsequent TdP
were evaluated under each set of conditions.

Data using E-4031, 293B, 293B + E-4031, and addi-
tional verapamil on top of 293B + E-4031 were collected
for a period of 30 min starting 30 min after applying the
above compounds to the perfusion. The APD was measured
at 90% repolarization (APDy,). The TDR was defined as
the difference between the longest and shortest repolariza-
tion times (activation time + APDg,) of the APs recorded
across the wall. The QT interval was defined as the time
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interval between the QRS onset and the point at which the
line of maximal downslope of the positive T wave and the
line of the maximal upslope of the negative T wave crossed
the baseline.

Whole-cell patch-clamp experiments. Epicardial, M, and

- endocardial cells 1solated from the feline left ventricle were

voltage-clamped using whole-cell configuration of the
patch-clamp technique (16). Patch electrodes were pulled
from borosilicate glass capillaries, heat-polished, and had a
tip resistance of 2.0 to 3.0 M{} when filled with standard
pipette solution containing {mmol/l): 70 potassium aspar-
tate, 50 KCl, 10 KH,PO,, 1 MgSO,, 3 Na,-ATP, 0.1
Li,-GTP, 5 EGTA, and 5 HEPES (pH adjusted to 7.2
with KOH). Membrane currents were recorded from the
epicardial, M, and endocardial cells superfused at 34 to 36°C
with normal Tyrode’s solution containing (mmol/i): 140
NaCl, 5.4 KC], 1.8 CaCl,, 0.5 MgCl,, 0.33 NaH,PO,, 5.5
glucose, and 5.0 HEPES (pH adjusted to 7.4 with NaOH).
In all current measurements, nisoldipine (0.4 pmol/l) was
added to normal Tyrode’s solution to abolish I, 1. The cell
membrane capacitance (C,) was calculated for each cell by
fitting the single exponential function to the decay of the
capacitive transient elicited by a 5-mV step hyperpolariza-
tion applied from a holding potential of —50 mV (17).
Simulation study. Isolated epicardial, M, and endocardial
cells were simulated using a2 Luo-Rudy dynamic cell model
modified by varying the maximum conductance (density) of
Ik, and Iy, (Gg, and Gyg,) as described previously (18), in
which the Gy, /Gy, in the epicardial, M, and endocardial
cells were 23, 17, and 19, respectively. The transient
outward potassium current (I} was incorporated into the
model using the formulation of Dumaine et al. (19), in
which the maximum conductance of I, {G,,) was set to 0.5,
0.25, and 0.05 mS/pF in the epicardial, M, and endocardial
cells, respectively.

Statistics. Statistical analysis of the data was performed
with a Student # test for paired data or analysis of variance
coupled with Bonferroni’s test, as appropriate. Data are
expressed as mean values £ SD except for those shown in
the figures, which are expressed as mean = SEM. Signifi-
cance was defined as 2 value of p < 0.05.

RESULTS

The QT interval, APD, and TDR under an acquired
LQTS condition with or without epinephrine. Figure 1
shows transmembrane activity recorded simultaneously
from the epicardium, M, and endocardium together with a
transmural ECG at a basic cycle length (BCL) of 2,000 ms.
E-4031 (1 pmol/l) alone significantly, but homogenously,
prolonged APD of the three regions, causing no major
change in TDR (Fig. 1B). Chromano] 293B (10 pumol/l)
alone did not significantly increase the QT interval, APD of
the three regions, and TDR (Fig. 1C). The additional
E-4031 to 293B, mimicking acquired LQTYS, preferentially
prolonged epicardial APD, thus dramatically increased QT
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Figure 1, Transmembrane action potentials simultaneously recorded from the
epicardial {Epi), midmyocardial (M), and endocardial (Endo) regions and a
transmaral efectrocardiogram (ECG) at basic cycle length of 2,000 ms under
each study condition. (A) Control. (B) E-4031 (1pmol/l). (C) Chromanol
293B (10umol/). {D) 293B + E-4031 (acquired long QT syndrome [LQTS)
condition). {E) Epinephrine infusion (Epine: 0.5umol/N) under acquired
LQTS condition. (F) Addition of verapamil (Verap) 2.5 pmol/l under
acquired LTS condition. (G} Further addition of Epine in the continued
presence of Verap under acquired LTS condition. Numbers at bottom of
each ECG denote transmural dispersion of repolarization (ms).

interval and TDR (Fig. 1D). Epinephrine infusion (0.5
umol/1} further prolonged epicardial APD associated with
induction of EADs, but did not prolong M or endocardial

JACC Vol. 45, No. 2, 2005
January 18, 2005:300-7

19 178 356

Figure 2. Spontaneous early afterdepolarization and subsequent Torsade
de Pointes under the acquired long QT syndrome condition (293B 10
pmol/l + E-4031 1 pmol/l). Basic cycle length = 3,000 ms. Recordings
and abbreviations as in Figure 1, .

APD, resulting in further QT prolongation and increasing
TDR (Fig. 1E).

The composite data of the QT interval, APDg; of the
epicardium, M, and endocardium, and TDR at a BCL of
2,000 ms are shown in Table 1. E-4031 under control
significantly, but homogeneously, prolonged APDy,, resulting
in neither change of TDR nor induction of arrhythmia.
Chromanol 293B under control did not significantly increase
APDq, of the three regions, resulting in no major change in
QT interval and TDR. Whereas additional E-4031 to 293B
markedly prolonged QT interval as evidenced by preferential
prolongation of the epicardial APDy, compared with M and
endocardial APDy, thus dramatically increased TDR. Epi-
nephrine further prolonged the epicardial APDy, but short-
ened the M region APDy,, resulting in further prolongation of
the QT interval and increasing TDR.

Neither E-4031 alone nor 293B alone produced any
EADs or TdP. However, additional E-4031 to 293B
(acquired LQTS condition) induced spontaneous EADs
from the epicardium in 5 of 10 preparations, including two
preparations with spontaneous TdP (Fig. 2), but not from
the M or endocardium. Further epinephrine infusion (n =
8) induced EADs from the epicardium in all preparations,
including four preparations with subsequent TdP, but EADs
from the M region were seen in only one preparation.

Effect of verapamil on the QT interval, APD, TDR, and
induction of arrhythmias under an acquired LQTS con-
dition. Under the acquired LQTS condition, verapamil
dose-dependently (0.1 to 5 pmol/l} abbreviated APD of

Table 1. Effect of Iy, Block With or Without Pretreated I, Block on the QT Interval, APDy;, and Transmural Dispersion of

Repolarization
APD,,

QT Epi M Endo TDR
Control {n = 5) 283+ 15 27+ 16 2598 246 = 13 31>10
E-4031 (1 pM) (n = 5} 446 * 42* 373 = 30* 408 = 28* 374 x 25 34+ 4
Control {n = 10) 279+ 12 230+ 16 253 %14 237 £ 19 24+ 5
293B (10 uM)} (n = 10) 298 = 34 252+ 26 275+ 33 253+ 16 24+9
293B (10 pM) + E-4031 (1 uM) (n = 10} 793 + 183* 723 * 164" 596 = 131* 545 = 78 175 + 68*
293B + E-4031 + Epine (0.5 uM) {n = 8) 866 * 251 801 = 217 506 £ 123 525+ 118 191+ 75
2938 + E-4031 4 Verap (2.5 pM) (n = 7)° 557 = 178+ 503 = 171¢ 483 = 135% 516 > 154 35+ 37%
293B + E-4031 + Verap + Epine (n = 6} 445 + 1134 403 + 1174 399 + 933 411 = 98¢ 30+ 124

*p < 0,001 vs, control, tp < 0.05 vs. 293B + E-403%; $p < 0.01 vs, 203B + E-4031 by analysis of variance with Bonferroni's test.
APDy, = action potential duration at 90% repolarization; Endo = endocardiurm; Epi = epicardiurn; Epine = epinephrine; I, = siowly activating delayed rectifier potzssium current;

1. = rapidly activating delayed rectifier potassium current; M = mid-m

jum; QT = QT interval; TDR = transtnurdl dispersion of tepolarization; Verap = verapamil.
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Figure 3. Dose-dependent effect of Verap {0.1 to 5 umol/l) on transmembrane and ECG activity under acquired LQT'S condition (2938 10 umoll +
E-4031 1 pmol/]). (A) Superimposed action potentials recorded simultaneously from the epicardial and M regions together with a transmural ECG. (B)
Composite data of the effect of Verap on QT interval (solid squares), action potential duration measured at 90% repolarization (APDy,) of Epi (open
triangles) and M {open circles) regions and transmural dispersion of repolarization {TDR) (solid diamonds). Basic cycle length = 2,000 ms. *p < 0.05
vs. 293B + E-4031; 1p < 0.01 vs. 293B + E-4031; Tp < 0.05 vs. M region by analysis of variance with Bonferroni's test. Abbreviations as in Figure 1.

the epicardial and M regions as well as the QT interval
(Fig. 3A). Figure 3B shows composite data of the
dose-dependent effect of verapamil on the QT interval,
APDy, of the epicardial and M regions, and TDR under
the acquired LQTS condition (n = 6). A 5-pmol/l dose
of verapamil under the acquired LQTS condition pref-
erentially abbreviated the epicardial APDy, (761 + 99 ms
to 469 * 95 ms; p < 0.001) compared with the M region
APDg, (615 £ 83 ms to 512 * 146 ms; p = NS),
resulting in a significant decrease in TDR (146 * 46 ms
to 26 * 28 ms; p < 0.01). The change in QT interval
paratleled the decrease in the epicardial APDg,.

As shown in Figure 1F, 2.5-pmol/l verapamil preferen-
tially abbreviated the epicardial APD,, rather than the M or
endocardium, thus significantly abbreviated QT interval and
TDR. Moreover, verapamil completely prevented the influ-
ence of epinephrine in inducing EADs and TdP as well as
increasing the epicardial APDg,, QT interval, and TDR
(Fig. 1G). The composite data of the effect of verapamil on
the QT interval, APD, and TDR with or without epineph-
rine are shown in Table 1. Thus, verapamil totally sup-
pressed EADs and TdP under the acquired LQTS condi-
tion with or without epinephrine.

Measurement of Iy, and Iy, in epicardial, M, and
endocardial cells. Figure 4A represents the dose-
dependent inhibition of Iy, by 293B in an epicardial cell,
Figure 4B illustrates the concentration-response relation-

ships for the inhibition of I, tail current. The data points
were reasonably well described by a Hill equation with the
following parameters: ICsq = 6.39 * 1.17 umol/l, ny =
1.23 + 0.05 (epicardial cells: n = 5); ICyp = 5.71 + 1.32
pmol/], ngy = 125 + 0,12 (M cells: n = 5, IC;; = 5.73 +
0.94 pmol/l, nyy = 1.07 * 0.19 (endocardial cells: n = 5).
There are no significant differences in ICy, and nyy values
among the epicardial, M, and endocardial cells (analysis of
variance with Bonferroni’s test), thus indicating that I, in
these three cell types represents a similar sensitivity to
inhibition by chromanol 293RB. ;

Figure 5 represents the sensitivity of Iy to blockers of I,
and Iy, (E-4031 and 293B, respectively). After the I
reached a practically steady level (control, trace 1), applica-
tion of E-4031 (3 umol/I) markedly reduced the amplitude
of Iy tail current (trace 2), and further addition of 293B (30
pmol/l) almost completely abolished the Iy tail current
(trace 3). Table 2 summarizes densities of I, and Iy, in the
epicardial, M, and endocardial cells, determined as E-4031-
and 293B-sensitive tail currents normalized with reference
to C,. In each cell type, the density of I, was significantly
smaller than that of Iy,. The density of I, was almost
equivalent among the three cell types, whercas Iy, density
was significantly smaller in M cells compared with that in
the epicardial and endocardial cells.

Computer simulations. To understand why EAD devel-
oped from the epicardium under the acquired LQTS
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Figure 4. Sensitivity of Iy, in the epicardial (Epi), tnidmyocardial {M), and endocardial {Endo) cells to inhibition by chromanol 293B. (A)
Representative superimposed current traces elicited by 3-s depolarizing voltage-clamp steps applied from a holding potential of =50 mV to +50 mV
in an epicardial cell, before {control} and during exposure to 293B at a concentration of 0.1, 1, 5, 10, and 30 pmol/l. The I, inhibitor E-4031 (3
umol/t) was present throughout. Tail currents were demonstrated on an expanded scale, {B) The percent block of Iy, in the Epi (open circles), M
(open squares), and Endo (open triangles) cells. The degree of 1, inhibition was measured as the fraction of the tail current reduced by cach
concentration of 2938 with reference to the control amplitude of the tail current. Smooth curves through the dara points represent a least-squares
fit of a Hill equation: percent block = 100/(1 + (IC;/[293B])"), yielding the concentration required for the half-maximal block {(ICg,) and the
Hill coefficient (ny). pA = pico (X 107'%) Ampere.

condition, we simulated APs of the three cell types usinga ~ EAD (arrow) from the epicardial cell but not from M or
Luo-Rudy model at 2 BCL of 2,000 ms. As shown in Figure endocardial cells. Moreover, Figure 6B shows that the
6A, the epicardial APD was shorter than the M cells under  reactivation of Ca?* current through the L-type channel
the control condition (dotted line). However, suppression of ~ {Ic,1) was responsible for the development of epicardial
both Iy, and Iy, (70% and 80%, respectively) (solid line), ~EAD under the acquired LQTS condition. Furthermore, a
simulating the condition of acquired LQTS, developed decrease in 1, density changed by G,, from 0.5 to 0.05

+30 mV 1: control
2 E-4031 (3uM)}
-50 _J l_.__ 3+ E-4031 + chromanol 293B (30pM)
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Figure 5. Detection of I, and I, in the epicardial (Epi), midmyoeardial (M), and endocardial {Endo} cells. Depolarizing test pulses (to +30 mV for 300
ms) were repetitively applied (every 2 s) from a holding potential of —50 mV to activate Iy, and membrane currents were recorded from the Epi, M, and
Endo cells, befors (trace 1}, and ~2 min after exposure to 3 pmol/l E-4031 {trace 2}, and ~2 min after further addition of 30 pmol/1 293B in conjunction
with 3 umol/l E~4031 (trace 3). pA = pico (X 107'%) Ampere.
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Tahle 2. Transmural Heterogeneity of I, and I, in Feline Left
Ventricle

Epi (n = 10) Min=19 Endo (n = 7)
L, 0.35 £ 0.26* 0.13 + 0.09%t 0.30 * 0.09*
1, . 1.34 £ 0.51 1.10 £ 0.38 1.17 £ 0.30

'p < 005 ws. Iy tp < 0.05 vs, Epi and Endo by analysis of variance with
Bonferroni's test. Mean = 8D, (pA/pF). Current densities of I, and 1, measured as
E-4031- and chromanol 293B-sensitive tail currents at —50 mV.

Abbreviations as in Table 1.

mS/puF decreased the net charge entry carried by the I, |
during the AP, resulted in suppressing EAD as well as
abbreviating APD.

DISCUSSION

Genetic and ionic substrates of acquired LQTS. Ac-
quired QT prolongation and TdP arrhythmias usually
require multiple risk factors, such as bradycardia, hypoka-
lemia, fenale gender, and mostly agents with an Iy,-
blocking effect. Recent genetic studies suggest some forms
of acquired LQTS can be associated with silent mutations
in the. LQTS-related genes (4), such as KCNQI encoding
Iy, (so-called forme fruste type of congenital LQTS) (5-7).
Roden (20) hypothesized “reduced repolarization reserve” as
a potential mechanism underlying susceptibility o drug-
induced LQTS. According to his hypothesis, Iy, dysfunc-
tion could be potentially compensated by other K* currents,
mainly I, thereby the repolarization defect is tolerated,
and agents with Iy block could induce acquired QT
prolongation and TdP.

Vos et al. (21-23) suggested a high incidence of EADs
and TdP by d-sotalol in dogs with chronic complete
atrioventricular block as a result of a significant down-
regulation of Iy, and Iy,. Moreover, other experimental
studies using canine and rabbit wedge showed combined Iy,
and Iy, block caused a high incidence of EADs most Likely
arising from the epicardium (14,15). Burashnikov and
Antzelevitch (24) suggested that the abundant Iy, in the
epicardium and endocardium compared with the M region
under normal conditions contributed to the increase in
TDR but protected against development of EADs in the
epicardium and endocardium in dogs. Thus, Iy, is critically
important for the repolarization reserve in the epicardium
and endocardium.

Although Iy, in the feline heart is far smaller than that in
other species (25,26}, our result from a whole-cell patch-
clamp study suggested that a 10-pmol/l 293B used in the
wedge preparation reduced about 70% of Iy, in the three cell
types, which is consistent with degree of Iy, blockade caused
by a silent mutation or common polymorphism in human
KCNQ1 gene (6,7). We also showed that Iy, block with
E-4031 in control conditions prolonged the QT interval but
did not increase TDR and developed neither EADs nor
TdP. However, combined Iy, block with 293B further
prolonged the QT interval and inverted T wave, which, in
turn, increased TDR and induced EADs and TdP. There-
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Figure 6. Effect of both Iy, and Iy, suppression on the simulated action
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condition of both 1, and Iy, suppression. Basic cycle length = 2,000 ms,
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fore, the feline heart is appropriate for a model of forme
fruste LQTS. Our data also suggested that subclinical I,
dysfunction may become a genetic substrate, and additional
Ik, suppression may unmask marked QT prolongation and
TdP in acquired form of LQTS.

Role of I, ; in increasing TDR and inducing EADs and
TdP in acquired LQTS. Several clinical and experimental
studies have suggested that EADs and triggered activity
were important in the genesis of QT prolongation and TdP
in LQTS (8,9,11-15,22-24). Induction of EADs generally
requires an initiation or conditioning phase controlled by
the sum of membrane currents present at the plateau AP
(inward depolarization current and outward repolarization
current). January and Riddle (27) suggested that the time-
and voltage dependent I, ; within its “window” was im-
portant in the induction and block of EADs. Luo and Rudy
(28) suggested that EADs resuited from a secondary acti-
vation of the I, ; during the plateau of AP. However, the
mechanism responsible for a high incidence of EADs
(especially from the epicardium) and subsequent TdP under
conditions of severely eliminated outward K* current,
mimicking acquired LQTS, has not been mechanistically
defined.

Our data indicate that accentuation of I, 1 during the
AP plateau preferentially prolonged APD and triggered
EADs in the epicardium. This was based on the effect of
verapamil on the epicardium. However, it is still unclear
whether a larger I, 1 in the epicardial cell compared with
the M or endocardial cells contributed to the development
of EADs. Recently, Binyisz et al. (29) reported in their AP
voltage clamp experiments that the epicardial cell had a pool
of Ca** channels sufficient for a second activation, whereas
the endocardial cells did not, Cordeiro et al. (30} also noted
that the presence of spike-and-dome AP waveform in the
epicardial cells resulted in a greater magnitude of I, ;.
Moreover, several simulation studies demonstrated a strong
coupling between I, and I, (31,32). Our simulation
study also suggested that larger 1., in the epicardial cell
caused larger I, 1, developing EADs under the acquired
LQTS condition. In the feline left ventricle, it has been
reported that I, is larger in the epicardium compared with
the endocardium (33). Therefore, larger I, | secondary to
I ,~-mediated spike-and-dome AP configuration in the epi-
cardial cell might be responsible for the high incidence of
EADs from the epicardium. This does not necessarily
exclude the possible mechanisms of other ionic currents
such as Iy,¢, and Ca** release from sarcoplasmic reticulum,
which may contribute to the prolonged AP as well as to the
development of EADs under calcium-loading conditions
(34).

Effects of catecholamines and verapamil in acquired
LQTS. Treatment of drug-induced TdP begins with im-
mediate withdrawal of any potential drugs and risk factors.
Sanguinetti et al. (35) suggested that an increase of heart
rate by isoproterenol was an effective therapeutic strategy in
patients with zcquired LQTS, because beta-adrenergic
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stimulation with isoproterenol abbreviates repolarization
not only by increasing heart rate, but also by directly
increasing the magnitude of Iy, However, our experimental
data shows that epinephrine further prolonged APD in the
epicardium and induced EADs and TdP probably due to
augmentation of I,y in the acquired LQTS condition.
Thus, beta-adrenergic stimulation could be arrhythmogenic
even in conditions of acquired LQTS when subclinical Iy,
dysfunction is present and heart rate is not fully increased.

Cosio et al. (8) used intravenous verapamil to treat three

patients with TdP during an atrioventricular block. Shimizu
et al. (9) reported that verapamil suppressed spontaneous or
epinephrine-induced EADs and TdP in patients with
congenital LQTS. Experimentally, Kimura et al. (36) re-
ported that verapamil (2 pmol/l) suppressed cocaine-
induced EADs in the myocytes isolated from feline left
ventricle. Taken together with the data in the present study,
Ic. 1. block with verapamil may be a therapeutic choice for
'TdP in patients with acquired LQT'S as well as congenital
LQTS.
Study Limitations. We assumed the activity recorded from
the cut surface of the perfused wedge preparation repre-
sented cells within the respective layers of the wall through-
out the wedge. Such validation was provided in previous
studies that used the wedge preparation (10-15).

Pharmacologic block of Iy, with 293B is not a complete
surrogate for KCNQI defect. However, our feline model
closely mimicked the degree of Iy, inhibition and pharma-
cologic features of acquired LQTS. Therefore, we believe
these qualitative similarities validate 293B as a surrogate for
forme fruste LQTS.

We simulated APs of the three cell types using a
Luo-Rudy meodel, but it does not completely represent
feline ventricular APs. However, the phenomenon that
EAD frequently developed from the epicardium under the
acquired LQTS condition was observed not only in cats but
also in dogs and rabbits (14,15); thus, this simulation may
support our speculation about the mechanism of this phe-
nomenon.

Finally, the concentration of verapamil mainly used in
this study (2.5 pmol/l = 1,250 ng/ml) was considerably
higher than a typical clinical dose. However, verapamil was
effective in suppressing EADs and decreasing TDR even at
the lowest dose used in this study (0.1 pmol/l = 50 ng/ml),
which is close to plasma concentration of verapamil after a
5-mg bolus injection (below 200 ng/ml).
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Tahara, Nobuhiro, Hireshi Takaki, Atsushi Taguchi, Kazuhiro
Suyama, Takashi Kurita, Wataru Shimizu, Shunichi Miyazaki,
Tore Kawada, and Kenji Sunagawa. Pronounced HR variability
after exercise in inferior ischemia: evidence that the cardioinhibitory
vagal reflex is invoked by exercise-induced inferior ischemia. Am J
Physiol Heart Circ Physiol 288: H1179-H1185, 2005. First published
QOctober 21, 2004; doi:10.1152/ajpheart.00045.2004 —Potent car-
dioinhibitory vagal reflex resulting in bradycardia and hypotension
has been observed under particular conditions of transmural inferior
ischemia and its reperfusion, such as those observed with acute
infarction. However, whether exercise-induced ischemia with ST
depressions that is subendocardial and that might be recurrently
experienced in daily activities can evoke this reflex remains unknown,
In patients with exercise-induced ST depressions due to either inferior
{right coronary artery stenosis (RCA), n = 52] or anterior ischemia
{left anterior descending artery stenosis (LAD), n = 51], we evaluated
postexercise vagal activity (from 0 to 6 min) by the time constant of
heart rate (HR) decay and HR variability by 30-s averages of the
absolute values of successive RR interval differences (ARR). Exercise
parameters were similar between groups. The time constant was
slightly but significantly shorter in RCA than LAD patients (79 * 24
vs. 93 = 295, P < (.01). More significantly, ARR early after exercise
(0.5-2.5 min) was approximately twofold greater in RCA than LAD
patients (from +76 to +118%, P < 0.001), indicating prorounced
vagal activity stimulated by inferior ischemia. Revascularization pro-
longed the time constant (P << 0.05) and attenuated recovery ARR in
RCA patients (P < 0.05, » = 10) but did not change both parameters
in LAD patients (# = 12). As well as acute inferior infarction,
exercise-induced inferior subendocardial ischemia, which might re-
currently occur in daily activities, activates the cardioinhibitory reflex.
These new findings must be taken into account in interpreting vagal
activity in patients with coronary artery disease,

heart rate variability; vagus nerve; coronary artery disease

EXPERIMENTAL $TUDIES in animals have demonstrated that exci-
tation of vagal sensory nerve endings from myocardial ische-
mia involving the inferoposterior wall of the left ventricle
activates potent cardioinhibitory reflex resulting in bradycardia
and hypotension (7, 24). In humans, similar observations have
been made under particular conditions of severe transmural
inferior ischemia and its reperfusion, such as those that occur
with myocardial infarction, vasospastic angina, or angioplasty
of the right coronary artery (12, 15, 21, 22, 28). For example,
in the first hour of the onset of acute myocardial infarction,
patients with inferior infarction often (~75%) show sinus
bradycardia and/or hypotension, which generally responds to
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intravenous administration of atropine. This observation con-
trasts with that in patients with anterior infarction, about 50%
of whom show sinus tachycardia and/or hypertension (15).
Despite these well-recognized clinical observations, little
attention has been paid to the question as to whether this refiex
could be evoked by exercise-induced ischemia that is usually
subendocardial with the manifestation of ST depressions and
that might be recurrently experienced during daily activities. If
it does occur in this condition, this hitherto-unrecognized
possibility must be taken into account in the clinical interpre-
tation of vagal activity in patients with coronary artery disease
{CAD). It is widely accepted that the higher the estimated
measure of vagal activity, the better the patient status and the
prognosis according to various reports examining the clinical
significance of estimating vagal activity with the use of heart
rate (HR) variability (HRV) analysis from 24-h Holter record-
ing (1, 11, 13, 23a) or HR recovery afier exercise testing (5, 18,
26). It is possible that vagal activity may be adversely aug-
mented under a certain pathological condition, i.e., in the
presence of inducible inferior ischemia, and that vagal estima-
tion may be erroncously interpreted in patients with inducible
inferior ischemia, In view of the diagnostic utility of exercise
testing, the identification of the pronounced vagal activity
induced by exercise may serve as an additive measure for
detecting and localizing the presence of inferior ischemia.
On the basis of these considerations, the present study was
designed to test the hypothesis that inferior ischemia, even that
evoked by physiological stress such as exercise, may invoke
the cardioinhibitory reflex, which would in turn influence
postexercise HR decay and HRV through a reflex enhancement
of vagal activity. The postexercise condition may more readily
unmask this phenomenon than during exercise, because vagal
activity is physiologically depressed during exercise but mark-
edly reactivated after exercise (2, 20), although this reflex
should be activated both during exercise-induced ischemia and
after postexercise reperfusion. Thus we compared HR decay
and HRV after exercise in patients with exercise-induced
inferior ischemia and those with anterior ischemia and then
evaluated the effects of revascularization on these parameters.

METHODS

Study population. From consecutive patients who underwent both
coronary angiography and conventional treadmill exercise ECG test-
ing within 3 wk for the evaluation of CAD, a total of 103 patients who
were documented to have either inducible inferior ischemia due to
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.Table 1. Patient characteristics

RCA LAD
n 52 51
Age, yr 60=10 63+8
Men/women, n 45/7 (87/13) 45/6 (88/12)
Previous Ml n 25 (48) 26 (51)
LVEF, % 5311 52+9
- Hypertension, » 30(58) 28 (35)
Diabetes mellitus, n 16 (31) 18 (35)
Medication
$-Blockers, n 21 (40) 23 (45)
Ca antagonists, # an{58)y . 33 (65)
Nitrates, n 34 {65) - 30 (59)

Values are means = SD; n. no. of subjects. Values in parentheses are
percentages. RCA, right coronary artery stenosis; LAD, left anterior descend-
ing coronary artery stenosis; M1, myocardial tnfarction; LVEF, left ventricular
ejection fraction by contrast left ventriculography.

right coronary artery (RCA) stenosis (n = 52, RCA group) or anterior
ischemia due to left anterior descending artery {LAD) stenosis (n =
51, LAD group) were enrolled in the study in a prospective fashion
(Table 1). Significant coronary stenosis was defined as >50% luminal
narrowing. All had significant exercise-induced ST segment depres-
sions on treadmill ECG. Fifty-one (50%) patients had previous myo-
cardial infarction. The majority (75%) had a single-vessel disease of
either RCA stenosis (69%) or LAD stenosis (84%). In 24 patients with
multiple vessel disease, exercise single-photon emission computed
tomographic thallium-201 scintigraphy was performed to confirm that
exercise-inducible ischemia was exclusively localized to either the
inferior or anterior wall of the left ventricle. Exclusion criteda
included the presence of atrial fibrillation, frequent premature beats
(>5 beats/min) during the exercise test, and exercise-induced ST
segment elevations (=1.0 mm). .

Clinical characteristics, including age, sex, prevalence of prior
infarction, left ventricular ejection fraction (by contrast left ventricu-
lography), and drug regimens, were quite simnilar between the two
groups (Table 1). B-Blockers, caicium antagonists, and nitrates were
taken in 44 (43%), 63 (61%), and 64 (62%) patients, respectively. No
patient was taking digitalis at the time of the swudy. Drug regimens
were neither aftered nor’ stopped for the exercise test. The study
protocol was approved by the ethics committee of our instimtion. All
patients gave informed consent to participate in the study.

Exercise test. Conventional symptom-limited or submaximal (up to
90% age-predicted maximum HR) graded treadmill exercise testing
was performed using a commercially available treadmill system
(Formula; Esaote, Italy) equipped with 2n analog-to-digital converter
and hard disk according to our protocol (23), being similar to the
modified Bruce protocel. ECGs in lead V2, aVi, and Vs were
continuously monitored from rest through the recovery period. Arte-
rial blood pressure was measured at rest, at the end of each stage, peak
exercise, and at 1, 2, 4, and 6 min after exercise by a sphygmoma-
nemeter. Throughout the test, eight leads of the ECG, including fead
I, H, and V_g, were continuously digitized at 500 Hz (12 bit) and
stored on a computer hard disk for subsequent analysis. The standard
12-lead ECGs were hardcopied at rest, at the end of each stage, at
peak exercise, immediately after exercise, and at every minute of the
recovery period. A significant ST segment depression was defined by
the following criteria: 1) a horizontal or downsloping ST segment
displacement at J point = 0.1 mV and 2) an upsloping ST segment
displacement at 80 ms after J point = 0.15 mV in at least three
consecutive beats at peak exercise.

Assessment of revascularization effects. In 22 patients who subse-
quently received successful revascularization, we repeated the exer-
cise test within 1 mo after the procedure. Eighteen patients received
successful percutanecus transluminal coronary angioplasty either on

PRONOQUNCED HR VARIABILITY IN INFERIOR ISCHEMIA

the RCA {n = 8) or LAD (n = 10). Coronary artery bypass graft surgery .
was undertaken in the other four patients {(RCA n = 2, LAD n = 2).

On the basis of consideration that a higher attainment of peak HR
resulting from increased exercise capacity after the intervention (i.e.,
different exercise time) and its possible influences on vagal activity
would make it difficult to estimate the true effect of revascularization
on postexercise HR analysis, the exercise test after revascularization
was terminated at the same exercise duration as that before the
revascularization. Drug regimens were also kept constant,

Data analysis. Off-line analysis was performed on a personal
computer using our custom-made software. We first determined the
beat-by-beat RR intervals throughout the test from rest to recovery
period by detecting the peak of R wave deflections. In patients with
premature beats, we corrected RR intervals by linear interpolation
with the previows and following beats.

Using the time series of RR intervals during recovery periods of 6
min, we computed the time constant of HR decay, We fitted the HR
data to a monoexponential curve (HR = A + Be™"", where A and B
are constants, ¢ is the elapsed time after peak exercise, and 7 is the time
constant of recovery) by nonlinear least-squares regression analysis.
We then estimated the time course of HRV by time-domain and
frequency-domain analysis as follows. Instead of parameters such as
the standard deviation of the average interval between normal beats,
which is substantially influenced by dynamic changes in overall trend,
serial changes in HRV were assessed by 30-s averages of the absolute
values of successive beat-to-beat differences in the RR interval
(ARR). Serial changes in HRV were also evaluated by 30-s averages
of the beat-to-beat percent changes [absolute successive differences
relative to instantaneous RR interval {%ARR)] to eliminate the effect
of the individual variation in HR.

Power spectral analysis of RR interval changes was also performed
by fast Fourier transformation. We serially computed the spectrum of
RR interval data of 1-min duration with 50% overlapping of each
segment (0-1 min, 0.5~-1.5 min, ...., 4.5-5.5 min, 5-6 min; 11
segments in all). The linear trend in the data was subtracted from the
data set in each segment. A Blackman-Harris window was applied to
reduce spectral leakage.

Statistical analysis. Data are presented as means * SD. Serial
changes in variables were evaluated by repeated-measures ANOVA

" followed by Scheff2's test for intergroup and intragroup comparisons,

Student’s unpaired and paired r-tests, linear regression analysis, mul-
tiple linear regression analysis, and y*-analysis were used when
applicable. A P value of <0.05 was considered statistically significant.

RESULTS

All exercise tests were completed without any unfavorable
events or serious complications. Exercise test parameters in-
cluding exercise duration, resting and peak HR, resting and
peak systolic blood pressure, the maximum magnitude of ST
segment depression, and the occurrence of exercise-induced
angina were consistently similar between the RCA and LAD
groups {Table 2). Only peak HR tended to be lower in the RCA

Table 2. Exercise test results

RCA LAD

Exercise time, s 507+159 497133
HR, beats/min

Resting 6512 6511

Peak 12622 135x2)
SBP, mmHg

Resting 12913 13018

Peak 158+24 16020
ST depression, mm —2.0x08 -1,7x1.5
Angina, n 22130 2526

Values are means = SD. HR, heart rate; SBP, systolic blood pressure; n, no.
of subjects.
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{mmHg)
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Systolic Blood Pressure

Peak 1 2 4" (min)
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Peak H 2 4 (min)
Exerclse Recovery

Fig. 1. Time course of systolic blood pressure (1op) and heart rate [HR, in
beats/min (bpm); bottom] in right coronary artery (RCA) stenosis (closed
circles) and left anterior descending artery {LLAD) stenosis {(open circles)
petients. No differences were observed in either parameter. Values are ex-
pressed as means * SD.

group {126 *+ 22 beats/min) than in the LAD group (135 = 21
beats/min), but this difference did not reach statistical signifi-
cance.

Postexercise systolic blood pressure and HR. There was no
significant difference between the groups with respect to post-
exercise systolic blood pressure and HR at 1, 2, and 4 min of
recovery (Fig. ).

Postexercise HR decay and HRV. Shown in Fig. 2 are
representative examples of the time series of beat-by-beat HR
and absolute value of the successive RR interval changes
throughout the exercise test. A patient with RCA stenosis (Fig.
2, left) showed a transient increase in RR variability scon after
the termination of exercise, whereas such findings were not
observed in a patient with LAD stenosis (Fig. 2, right). The
time constant was shorter in the former (92 s) than in the [atter
(112 35).

When pooled data were compared between the two groups,
the time constant of postexercise HR decay was slightly but

Hi181
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Fig. 3. Comparisons of the HRV time course expressed by ARR (A) and
absolute successive differences relative to instantaneous RR interval (%ARR,;
8. Closed circles depict the RCA stenosis group, and open circles depict the
LAD stenosis group. Values are expressed as means = SD. * < 0.01, RCA
stenosis patients vs. LAD stenosis patients.

significantly shorter in RCA than LAD patients (79 = 24 vs,
93 = 29 5, P < 0.01). More significantly, postexercise HRV
expressed by ARR (average over every 30 s) early after
exercise was markedly greater in RCA than LAD patients for
a period of 1.0-2.5 min (P < 0.001 for all; Fig. 34). %ARR
was similarly greater in RCA patients than in LAD patients in
the same period of 1.0-2.5 min after exercise (P < 0.001 for
1.0-2.0 min and P < 0.01 for 2.5 min; Fig. 3B).

Figure 4, top, shows serial changes in the power spectrum of
RR intervals in the recovery period analyzed in the same two
patients shown in Fig. 2. As can be seen, unlike the patient with
LAD stenosis (Fig. 4, right), the patient with RCA stenosis
(Fig. 4, left) showed substantizl amounts of power spectra in
the frequency range between ~0.30 and 0.60 Hz. When these
data were pooled (Fig. 4, bottom), total power within the
frequency range between 0.25 and 0.60 Hz (corresponding to
the respiratory rates afler exercise) was significantly higher in
the RCA group than in the LAD group in the four time window
segments early after exercise, i.e., 0.5-1.5 min, 1.0-2.0 min,

‘E 200 Y 200 T
a H ! ;
& i Start
P Start T l
é‘ 100 -J_ Stop 100 Stop
) I
E
5 b . T . T 0 r . Fig. 2. Representative trends of beat-by-beat HR (fop} and
absolute values of successive beat-to-beat differences in the RR
200 200 interval (ARR; bortom) from rest to recovery in a patient with
- RCA stenosis (fefr) and in a patient with LAD stenosis (right).
§ i A transient increase in HR variability (HRV) can be seen soon
E Exercise Recovery Exercise Recovery after exercise in the patient with RCA stenosis.
- 100 — 00 — ]
< L
0 [
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Time (min) Time {min)
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Fig. 4. Top: representative data of power spectrum analysis of 4-Smia L
HRYV cbtained in the same 2 patients shown in Fig, 2 {lefi, RCA Shmin et .
stenosis patient; right, LAD stenosis patient). Horizontal lines ‘
depict the frequency (in Hz). The data series of power spectrum 02 0s 18 0 P
for 1 min are shown serially from the top (0~1 min) downward
with time of recovery (overlapping 30 s). The spectral compo-
nent of RR intervals for each segment is shown as the square  Thme Post Exercise RCA LAD
root of the power (ie., amplitude). Bottom: pooled data of -imis
power spectrum analysis in the RCA stenosis group (fefr; n = b
52) and LLAD stenosis group {right; n = 51). J-2min
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1.5-2.5 min, and 2.0-3.0 min (P < 0.005 for the first 3
segments and P < 0.02 for 2.0- to 3.0-min segment).

Figure 5 shows scatterplots of ARR at 1.5 min (60-90 s)
versus the time constant for all patients. There was a relatively
close relationship (r = —0.50, P < 0.001) between these
parameters. When ARR at 1.5 min (60-90 s) for each patient
was plotted separately in RCA and LAD patients (Fig. 6), the
prevalence of pronounced HRV (exceeding 12 ms) was much
more frequently found in RCA patients (58%) than in LAD
patients (16%, P < 0.001). Subgroup analysis of RCA patients
showed that those with enhanced HRV were significantly
younger (58 * It vs. 64 = 8 yr, P < 0.01) and had a
significantly lower HR at rest (61 + 10 vs. 70 * 12 beats/min,

There was no significant difference with respect to sex, left
ventricular ejection fraction, the use of cardiovascular drugs
{B-blockers, calcium antagonists, or nitrates), prevalence of
previous myocardial infarction, history of diabetes mellitus,
exercise time, magnitude of ST depression, occurrence of
exercise-induced angina, or resting ARR level. When multiple
linear regression analysis that included clinical, angiographic,
and exercise variables was used in the overall population, age
(P = 0.02), resting HR (P = 0.04), and peak exercise HR (P =
0.02) together with the location of ischemia (P < 0.0001) were
independently associated with ARR (60-90 s).

P < 0.0]) and peak HR (117 = 19 vs. 139 *= |8 beats/min, (msec)
P < 0.01) compared with those without this phenomenon. 80
{msec) .
80
&
[ ]
ol r=-9.50 § .« ®
$ p<0.001 § .
& * . ¢ f 40 - .
Sl . :
: 4
g:: . .‘ .... ... * ©
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Fig. 5. Graph showing the relationship between ARR (6090 s} and the time
constant. Closed circles, RCA stenosis patient; open circles, LAD stenosis
patient.

Fig. 6. Scatterplots of ARR at 60-90 s plotted separately for each patient in
the RCA (lefr} and LAD (right) stenosis groups. Pronounced HRV (defined as
ARR >12 ms; dotted line) was observed in 58% of RCA stenosis patients,
whereas it was found in 16% of LAD stenosis patients (P < 0.001).
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Effects of revascularization on postexercise HR decay and
HRV. In either the RCA or LAD patient group, HR at both rest
and the end of exercise were not significantly different before
and after revascularization (note that the second test was
terminated at the same duration as was achieved at the first
test). In RCA patients, HR at 1 and 2 min of recovery were
significantly higher (both P < 0.05) after than before revascu-
larization, whereas no such significant differences were ob-
served in LAD patients.

After revascularization, in RCA patients, ARR early after
exercise was significantly attenuated (from 22 += 14109 = 5
ms for 60-90 5, from 25 = 12to 11 * 5 ms for 90-120 s, and
from 27 = 13 t0 13 = 5 ms for 120150 s, all P < 0.05; Fig.
7). The time constant was concordantly prolonged (from 73 *+
21 t0 96 = 30 s, P << 0.03). Both parameters in RCA patients
changed toward the same level as those in LAD patients, in
whom both parameters remained unchanged after the revascu-
larization procedure. There was no significant difference in

systolic blood pressure at any time point in both RCA and LAD

- patient groups.
DISCUSSION

Although potent cardioinhibitory vagal reflex stimulated by
inferior ischemia (the so-called Bezold-Jarisch reflex) has been
recognized under particular conditions of transmural ischemia
in animal and human studies (7, 12, 15, 21, 22, 24, 28),
whether exercise-induced transient subendocardial ischemia
could evoke this reflex has received little attention and has not
been previously examined. The present study indicated that
exercise-induced inferior ischemia with ST depressions reflect-
ing subendocardial ischemia, which might be recurrently ex-
perienced in daily activities, activates the cardioinhibitory
reflex as evidenced by a faster postexercise HR decay and more
pronounced ‘HRV in RCA patients compared with LAD pa-
tients. In addition, removal of inferior ischemia by revascular-
ization prolonged the time constant and reduced pronounced
HRYV in the early recovery in RCA patients, whereas revascu-
larization did not significantly change these parameters in LAD
patients. These findings, indicative of the direct role of “local-
ized inferior ischemia” on the appearance of this phenomenon,

'support the validity of our hypothesis that transmural severe
ischemia is not a prerequisite for the manifestation of this
reflex. '

Estimation of vagal activity. Numerous previous studies
have indicated the clinical importance of estimating the vagal
activity regulating the cardiovascular system in patients with

H1183

heart disease by noninvasive methods such as HRV analysis (1,
I1, 13, 23a) and baroreflex sensitivity measurements with
phenylephrine injection (3, 13, 14). After a report of Imaj et al.
(10) demonstrating that the rate of HR decay after exercise is
a function of the reactivation of vagal activity, recent studies
have shown the postexercise HR fall is a useful marker for
predicting mortality in subjects with suspected CAD (5, 18,
26). In the present study, to assess the dynamic changes in
vagal activity, serial HRV analysis during recovery was con-
ducted by calculating ARR and %ARR every 30 s along with
the evalnation of the HR decay (time constant). As a result,
both HRV parameters in RCA patients markedly increased
from 0.5 to 1 min of recovery, remained rather constant up to
2.5 min, and thereafter decreased nearly to the level of those in
LAD patients. The group difference was more striking com-
pared with that of the time constant, The characteristic over-
shooting of the HRV parameters suggests a transiently en-
hanced vagal activity as a “reperfusion reflex” after the reso-
lution of exercise-induced ischémia. In agreement with its
observed time course, frequency analysis also revealed a tran-
sient augmentation of power spectrum of RR intervals in
high-frequency ranges early after exercise, supporting the va-
lidity of reperfusion-stimulated vagal overactivation.

It should be of importance that, in the present study, the
exercise duration after revascularization was matched to that
before the procedure. This is because a higher level of exercise
intensity, as a consequence of the removal of critical stenosis,
would alter the postexercise autonomic activity, possibly mak-
ing it difficult to estimate the direct effects of revascularization.

Cardioinhibitory reflex activated by exercise-induced ische-
mia. To the best of our knowledge, no previous study has been
systematically conducted to evaluate the possible role of exer-
cise-induced ischemia with ST depressions on this reflex phe-
nomenon. Miller et al. (16) reported on seven patients who
developed sinus deceleration during exercise testing, all of
whom had angiographically documented RCA lesions. The
authors speculated the role of Bezold-Jarisch reflex in this
mechanism and stated that the prevalence of deceleration
during exercise appears to be very low, which is in agreement
with our experiences in the exercise laboratory. Sinus deceler-
ation during exercise may be an extreme example caused by an
ischemia-mediated reflex (4, 6).

Thus this reflex phenomenon is presumably operative during
exercise-induced ischemia as well as during postexercise reper-
fusion; however, we focused on postexercise HR dynamics for
the following reasons. Because vagal activity is physiologi-

Fig. 7. Changes in the HRV (ARR) time
course after revascularization in the RCA

stenosis groups. Open circles depict the val-
ues before the procedure, and closed circles
depict the values after the procedure. Values
are expressed as means *= SD, *P < (.05,
before vs. after revascularization.
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cally attenuated in proportion to the increase in exercise inten-
sity, this reflex might be masked during exercise. In contrast,
potent reactivation of vagal nerve activity after exercise may
accelerate the appearance of this reflex under a higher vagal
condition after exercise. In practice, several cases among RCA
patients showed a pronounced HRV and marked impairment of
HR increase even during exercise indicative of the operation of
this reflex during exercise; however, we also found a markedly
rapid HR decay and more profound increase in HRV during
recovery almost without exception.

The physiological implication of this reflex, namely, what
role this reflex may play, is unknown. The possibility that the
reflex cardioprotectively works thorough the reduction in myo-
cardial oxygen demand or that the resultant high vagal tone
prevents the development of serious ventricular arrhythmias is
of interest (9, 19); however, there are few available data to
support this so far,

Pronounced HRV after exercise (defined as ARR > 12 ms)
was observed in 58% of RCA patients but in only 16% of LAD
patients. These prevalences are very similar to those during the
observation of the “bradycardia-hypotension™ pattern observed
in patients early after acute inferior and antetior myocardial
infarction, respectively (27). The difference probably indicates
that the vagal nerves involving this reflex are preferentialiy
distributed in the inferior area but some mounts of fibers are
distributed in the anterior area of the left ventricle,

In RCA patients, none of the clinical, angiographic, and
exercise parameters differed between patients with and without
this phenomenon except it regard to age, resting HR, and peak
HR. All of these three parameters were independently associ-
ated with HRV early after exercise in our multiple regression
analysis. Vagal activity is known to be strongly associated with
age and resting HR. Thus it is suggested that the presence or
absence of this phenomenon would depend on the basal level
of vagal activity rather than other parameters such as severity
of ischemia or the presence of previous myocardial infarction.

Clinical implications. The findings demonstrated in the
present study should provide a new insight into the interpreta-
tion of estimated vagal activity in patients with CAD. Tt is
widely accepted that autonomic imbalance, ie., vagal with-
drawal and coexisting sympathetic activation, is associated

"with poor prognesis and pathophysiology in various types of

heart disease (25). In other words, we believe that the higher
the vagal activity, the better the patient prognosis and status.
However, present data suggest that this is not necessarily the
case in some patients under certain conditions. For example,
studies using Holter recordings showed that a considerable
number of patients with documented CAD frequently experi-
ence episodes of transient myocardial ischemia in their daily
life (17). In such patients, transient enhancement of HRV
provoked by inferior ischemia may often occur, leading to an
erroneous interpretation of HRV. In addition, there are several
studies (5, 18, 26) that related a poor prognosis to attenuated
HR recovery after exercise testing on the assumption that a fall
in HR recovery immediately after exercise is a function of
vagal reactivation. These findings might be true in the overall
population; however, it should be noted that a rapid HR
decrease after exercise may occur under a pathological condi-
tion through an ischemia-mediated cardioinhibitory reflex.
HRV measures might be affected not by the patient status but
by the presence of inferior ischemia.

PRONOUNCED HR VARIABILITY IN INFERIOR ISCHEMIA

We did not analyze postexercise parameters in subjects
without CAD. This is because they should be capable of
exercising far longer than our patients with exercise-induced
ischemia, which may considerably influence the postexercise
vagal activity. At present, we can consider that the vagal
overactivation after exercise may be useful in predicting the
presence of inferior ischemia when significant exercise-in-
duced ST depressions are observed. It may also be uséful in
patients after angioplasty of RCA disease to predict restenosis
or to confirm the therapeutic effects.

Study limitations. It is generally considered that anterior
ischemia is more deleterious than inferior ischemnia in terms of
hemodynamics, leading to a more severe autonomic impair-
ment, i.e., a more depressed-vagal activity in LAD patients.
Thus the observed differences in vaga! activity between the
groups ight be caused not only by the cardioinhibitory reflex
evoked by inferior ischemia but also by the differences in
hemodynamic impairment. For this reason, we evaluated the
changes in vagal parameters (lime constant and ARR) after
revascularization and found that these parameters were signif-
icantly altered in RCA patients but not in LAD patients. This
strongly supports the notion that the differences in estimated
vagal activity between the groups are determined primarily by
the presence or absence of inferior located ischemia. Never-
theless, we cannot completely exclude the possible contribu-
tion of the different sympathetic tone between the groups,

because anterior located ischemia, although rare, can stimulate

this reflex.

In conclusion, as well as transmural myocardial ischemia
with ST elevations such as that occurring with acute inferior
myocardial infarction, exercise-induced transient inferior sub-
endocardial ischemia with ST depressions, which might be
recurrently experienced in daily activities, activates cardioin-
hibitory reflex by stimulating vagal nerve endings in humans,
This hitherto-unknown findings must be taken into account in
the estimation of vagal function conducted in various clinical
settings, especially when evaluating patients with CAD.,
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Bezold-Jarisch Reflex Blunts Arterial Barorefiex via the
Shift of Neural Arc toward Lower Sympathetic Nerve
Activity
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Abstract:  Although the Bezold-Jarisch {BJ)
reflex is potentially evoked during acute myocar-
dial ischemia or infarction, its effects on the stat-
ic characteristics of the arterial baroreflex remain
to be analyzed in terms of an equilibrium dia-
gram between the neural and peripheral arcs.
The neural arc represents the static input-out-
put relationship between baroreceptor pressure
input and efferent sympathetic nerve activity
(SNA), whereas the peripheral arc represents
that between SNA and arterial pressure (AP). In
8 anesthetized rabbits, we increased carotid
sinus pressure stepwise from 40 to 160 mmHg
in increments of 20 mmHg at one-minute inter-
vals while measuring renal SNA and AP under
control conditions and during the activation of
the BJ reflex by intravenous administration of

phenylbiguanide (PBG, 100 pg-kg™'-min~"). The
neural arc approximated a sigmoid curve where-
as the peripheral arc approximated a straight line.
PBG decreased AP at the operating point from
91.3 + 2.4 to 71.7 = 3.1 mmHg (P < 0.01), and
attenuated the total loop gain at the operating
point from —1.31 £ 0.44 t0-0.51 £+ 0.14 (P < 0.05).
The equilibrium diagram indicated that PBG
caused a parallel shift of the neural arc toward
lower SNA such that the maximum SNA was
reduced to approximately 60% of control. PBG
decreased neural and peripheral arc gains at the
operating point to approximately 43% and 77%,
respectively. In conclusion, the BJ refiex blunts
arterial baroreflex via the shift of the neural arc
toward lower SNA. [The Japanese Journal of
Physiology 54: 395-404, 2004]

Key words: renal sympathetic nerve activity, carotid sinus baroreflex, equilibrium diagram analysis,

phenylbiguanide, rabbits.

Intravenous injection of veratrum alkaloids in exper-
imenta} animals induces inhibitory cardiorespiratory
responses known as the Bezold-Jarisch reflex [1, 21.
The Bezold-Jarisch reflex is mediated by several
types of cardiopulmonary receptors including sero-
tonin 5-HT}; receptors on the cardiopulmonary vagal
afferent fibers {3-6]. Activations of the cardiopul-
monary chemosensitive vagal afferent fibers reduces
arterial pressure (AP), heart rate (HR), and cardiac
output [7-9]. Therefore, the Bezold-Jarisch reflex
could have a significant influence on circulatory reg-

ulation during acute myocardial ischemia or infarc-
tion where cardiac chemoreceptors are potentially
activated [10, 11]. Although the physiological sig-
nificance of this reflex remains debatable {12, 13],
elucidating the effects of the Bezold-Jarisch reflex
on circulatory regulation should contribute to the
understanding of the pathophysiology underlying
ischemic heart diseases. Because the arterial barore-
flex system is a major negative feedback system that
stabilizes AP against acute pressure disturbances, we
aimed to clarify the effects of the Bezold-Jarisch
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