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Abstract

Background: Concomitant apamin-sensitive small conductance, calcium activated potassium
current (/kag) activation and /5 inhibition induce J-wave syndrome (JWS) in rabbit hearts.
Sudden death in JWS occurs predominantly in men at night, when parasympathetic tone is strong.

Objective: To test the hypotheses that acetylcholine (ACh), the parasympathetic transmitter,
activates /kas and causes JWS in the presence of ajmaline.

Methods: We performed optical mapping in Langendorff-perfused rabbit hearts and whole-cell
voltage clamp to determine /kas in isolated ventricular cardiomyocytes.

Results: ACh (1 uM) + ajmaline (2 uM) induced J-point elevations in all (6 male and 6 female)
hearts from 0.01+ 0.01 to 0.31 = 0.05 mV (p<0.001), which were reduced by apamin (specific
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Ikas inhibitor, 100 nM) to 0.14 £ 0.02 mV (p<0.001). More J-point elevation was noted in males
than females (p=0.037). Patch clamp studies showed that ACh significantly (p<0.001) activated
Ikas in isolated male but not female ventricular myocytes (n=8). Optical mapping studies showed
that ACh induced action potential duration (APD) heterogeneity, which was more significant in
right than left ventricles. Apamin in the presence of ACh prolonged both APDy5 (p<0.001) and
APDgg (p<0.001), and attenuated APD heterogeneity. Ajmaline further increased APD
heterogeneity induced by ACh. Ventricular arrhythmias were induced in 6/6 male and 1/6 female
hearts (p= 0.015) in the presence of ACh and ajmaline, which was significantly suppressed by
apamin in the former.

Conclusion: ACh activates ventricular /kas. ACh and ajmaline induce J-wave syndrome and
facilitate the induction of ventricular arrhythmias more in male than female ventricles.

Subject codes:

Brugada syndrome; Early repolarization syndrome; lon Channels; Optical mapping; Ventricular
arrhythmias; Sudden cardiac Death

Keywords

J-wave syndrome; ventricular arrhythmia; sex difference; Brugada syndrome; early repolarization
syndrome

J-wave syndrome (JWS) which includes both the Brugada syndrome and the early
repolarization syndrome is characterized by accentuated J-waves on electrocardiogram
(ECG) and the vulnerability to life-threatening ventricular arrhythmias.! Most patients with
JWS are males and the arrhythmias more often occur at night than during the day.2 In
patients with Brugada syndrome, the ventricular tachycardia (\VT) / ventricular fibrillation
(VF) are mainly initiated from the right ventricle (RV). Epicardial substrate ablation may
prevent further arrhythmia episodes in those patients.2 The development of JWS is attributed
to the loss of function of the depolarizing currents (such as /; 0r /5 ,) and the concomitant
gain of function of the repolarizing currents (such as /), leading to heterogeneous
repolarization.! Ajmaline, an /y, blocker, may unmask Brugada syndrome and induce
ventricular arrhythmias.* The apamin-sensitive small conductance calcium-activated
potassium (SK) current (/as) is an important repolarization current in the heart.5: 6
Concomitant /as activation and /y, inhibition by cyclohexyl-[2-(3,5-dimethyl-pyrazol-1-
yl)-6-methyl-pyrimidin-4-yl]-amine (CyPPA) cause J-point elevation, heterogeneous action
potential duration (APD) distribution and spontaneous VT / VF in normal rabbit ventricles.’
The J-point elevation induced by CyPPA is more prominent in male than in female rabbit
ventricles while isoproterenol activates /xas more significantly in female than in male
ventricles.® Acetylcholine (ACh) is the parasympathetic neurotransmitter. Concomitant
administration of ACh and flecainide caused loss of the canine epicardial action potential
(AP) dome with little effect on the endocardial AP, thus giving rise to ST-segment elevation
in electrocardiogram (ECG).? However, the authors did not report a sex difference in ACh
responses or determine whether ACh can activate /as.? ACh is known to activate /kas in
neurons.19 11 We hypothesize that ACh may activate /kas in the ventricular myocytes and
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contribute to the J-point elevation and arrhythmia induction in rabbit ventricles and that
these effects are stronger in males than in females.

Methods

Expanded methods can be found in an online supplement.

Optical mapping
Rabbits were euthanized by sodium pentobarbitone overdose (160 mg/kg, i.v.). Hearts were
quickly removed and Langendorff perfused with Tyrode’s solution (in mmol/L: 128.3 NaCl,
4.7 KCl, 20.2 NaHCOg3, 0.4 NaH,POy, 1.2 MgS0Oy, 11.1 glucose, 1.8 CaCl,) that was kept at
38.3 °C and bubbled with 95% O, / 5% CO, to maintain a pH of 7.40. PseudoECG was
simultaneously recorded by two electrodes placed in the bath close to the right atrium and
left ventricular (LV) apex. The signals were bandpass filtered between 1 Hz and 500 Hz. The
J point amplitude was the voltage difference between the J point on ECG and the isoelectric
segment between the end of P and the onset of R wave (Figure 1). The QRS duration was
measured from the onset of the Q wave to the end of S wave or to the peak of the J-wave
when J-point was elevated.12 Optical mapping was performed according to previously
reported methods.” The hearts remained at sinus rhythm except when RVs were paced for
recording of APDs at different pacing cycle lengths (PCLs) and for programmed electrical
stimulation to test the inducibility of arrhythmias. APDs at the level of 25% (APDys) and
80% (APDgg) repolarization of the action potential were measured. Standard deviation (SD)
and range (maximum-minimum) of APD were calculated from the region of interest in the
optical maps.

Protocol I: Baseline- ACh- apamin. After baseline measurement, ACh (1 uM) was added to
the perfusate. Optical mapping was performed after ACh administration. Cumulatively,
apamin (100 nM) was added to the perfusate in the presence of ACh recirculation. Optical
maps were performed in the presence of both ACh and apamin.

Protocol II: Baseline- ACh- ajmaline- apamin. After baseline measurement, ACh (1 uM)
was added to the perfusate and optical mapping was performed. Cumulatively, ajmaline (2
uUM) was added to the perfusate in the presence of ACh. Two programmed electrical
stimulation protocols was applied to test the inducibility of ventricular arrhythmias. The first
protocol consisted 8 S1 at 600 and 500 ms, followed by S2 and S3 until reaching ventricular
effective refractory period or when arrhythmia was induced. The second protocol consisted
of trains of paced beats starting from 600 ms with 10-ms decrements. When 1:1 capture was
lost, additional train at a cycle length of 5 ms above the last cycle length was used to induce
VT or VF. Hearts were electrically defibrillated if VF or VT continued for more than 180
seconds. Finally, apamin (100 nM) was added to the perfusate in the presence of ACh and
ajmaline recirculation, and another set of data was collected.

Protocol llI: Baseline- ACh- ajmaline- isoproterenol. After baseline measurement, ACh (1
uM) and ajmaline (2 uM) were added to the perfusate. Optical mapping was performed.
Isoproterenol (100 nM) was added to the perfusate in the presence of ACh and ajmaline
recirculation, and another set of data was collected.

Heart Rhythm. Author manuscript; available in PMC 2022 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Fei et al.

Page 4

Patch clamp studies

Statistics

Results

Ventricular cardiomyocytes were isolated as previously described.1® An Axopatch 200B
amplifier and pCLAMP 10 software (Molecular Devices, San Jose, CA) were used to record
patch clamp results.

Data were shown as mean = SEM unless otherwise noted. Student’s unpaired t tests were
used to compare variables between two groups, and paired t test was used to compare
between RV and LV of the same heart. Variables of three or more groups were compared by
one-way ANOVA with the Bonferroni post hoc analysis. Two-way ANOVA with the
Bonferroni post hoc analysis was used to compare variables at different time points. A two-
sided P value <0.05 was considered statistically significant.

Ikas inhibition attenuated J-point elevation induced by ACh and ajmaline

Ajmaline is a common short-acting sodium channel inhibitor to unmask JWS.1 ACh elevated
J-point in the presence of ajmaline in all of the 12 hearts studied (6 males and 6 females),
and specific /kas inhibition by apamin significantly attenuated J-point elevation (p<0.001,
Figure 1A). The J-point amplitudes were elevated to 0.31 £ 0.05 mV after ACh and ajmaline
from baseline (0.01 £ 0.01 mV), and reduced to 0.14 + 0.02 mV after adding apamin
(p<0.001, Figure 1B). J-points were elevated more significantly in males than females (at
baseline: 0.01 + 0.01 vs 0.01 + 0.01mV; after ACh and ajmaline: 0.41 £ 0.08 vs 0.22 £ 0.03
mV, p=0.037). The AJ-point amplitudes induced by ACh and ajmaline were also larger in
males than females (0.39 £ 0.07 vs 0.21 + 0.02 mV, p=0.019). After adding apamin, there
was no difference between the J-point amplitudes of males and females (0.16 + 0.03 vs 0.12
+0.02 mV, p=0.316). We also performed a time control study with Tyrode perfusion only.
After 40 min of perfusion, J point amplitude remained unchanged (from 0.01 £ 0.05 to 0.01
+ 0.05 mV, p=0.748, Supplemental Figure 1).

The PR intervals were significantly prolonged (ANOVA p<0.001). The PR interval was
70.31 + 1.68 ms at baseline, 90.22 + 2.63 ms after ACh (p=0.131 vs baseline), 122.75 + 5.95
ms after ajmaline (p=0.002 vs ACh), and 141.26 + 12.10 ms after apamin (p=0.193 vs ACh
+ajmaline). The QRS durations were also significantly prolonged (ANOVA p<0.001). The
QRS duration was 58.61 + 2.45 ms at baseline, 60.49 + 2.59 ms after ACh (p=1.000 vs
baseline), 109.59 + 7.53 ms after ajmaline (p<0.001 vs ACh), and 115.68 + 7.63 ms after
apamin (p=1.000 vs ACh-+ajmaline).

ACh activated Igas in isolated ventricular myocytes

As las inhibition attenuated J-point elevation, we investigated whether /g activation by
ACh was the underlying mechanism. /xas was recorded in isolated ventricular myocytes by
patch clamping at baseline (Figures 2A & 2B) and in the presence of ACh (Figures 2C &
2D). Males have lower baseline /kas than females.8 ACh significantly activated

Ik as(ANOVA p<0.001 at +20mv, +30mV and +40mV, n=8 in each group, Figure 2E). /kas
increased significantly in male ventricular myocytes in the presence of ACh vs baseline (at
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+40mV: 1.508 + 0.203 vs 0.375 * 0.054 pA/pF, p<0.001; at +30mV: 1.181 + 0.123 vs 0.388
+ 0.093 pA/pF, p<0.001; at +20mV: 0.670 + 0.078 vs 0.268 + 0.052 pA/pF, p<0.001). The
same was not true for female ventricular myocytes (at +40mV: 1.349 £ 0.177 vs 0.823 £
0.155 pA/pF, p=0.154; at +30mV: 0.932 + 0.145 vs 0.585 + 0.056 pA/pF, p=0.196; at
+20mV: 0.524 + 0.074 vs 0.313 + 0.032 pA/pF, p=0.139). After ACh, /kas Was not
significantly different between male and female ventricular myocytes (p=1.000 at +40mV;
p=0.706 at +30mV; p=0.643 at +20mV).

ACh activated Ix55 in rabbit ventricles

Optical mapping (protocol 1) was performed to demonstrate the activation of /kag by ACh at
different PCLs in the whole heart. Figure 3A shows representative overlapped Vp, traces,
APDy5 and APDgg maps. The average APD,5 and APDgq were not significantly changed by
ACh. However, APDys distribution showed that the shortening was heterogeneous in the RV
(Figures 3A & 4A). After adding apamin, significant prolongation was observed in both
APDys5 (p<0.001 vs ACh at all PCLs) and APDgq (p<0.001 vs ACh at all PCLs, Figure 3B).

APD heterogeneity was more significant in RV than LV

Figure 4A shows AAPD map of APD,s and APDgq before and after ACh and before and
after apamin. There was significant heterogeneity of AAPDys. The ranges of APDgg were
summarized in Figure 4B. SD was larger in RV than LV (at PCL 350 ms, 7.9£1.5 vs 4.3+0.9
ms, p<0.001; at PCL 300 ms, 7.1+£1.2 vs 4.0+£1.0 ms, p<0.001; at PCL 280 ms, 6.3+1.3 vs
3.9+1.0 ms, p=0.001; at PCL 250 ms, 6.3+1.0 vs 4.1+0.9 ms, p=0.032). Range of APDgj
was also larger in RV than LV (at PCL 350 ms, 42.2+8.1 vs 25.2+5.9 ms, p=0.018; at PCL
300 ms, 41.2+7.9 vs 20.4+3.7 ms, p=0.003; at PCL 280 ms, 37.2+7.2 vs 19.8+3.8 ms,
p=0.009; at PCL 250 ms, 33.2+4.5 vs 19.84+3.2 ms, p=0.011). There were no significant
differences for /kas in the presence of ACh between male RV and LV cardiomyocytes (at
+40 mV, 1.631+0.331 vs 1.459+0.243 pA/pF, p=0.687; at +30 mV, 1.098+0.243 vs
1.107+0.118 pA/pF, p=0.974; at +20 mV, 0.571+0.152 vs 0.605+0.088 pA/pF, p=0.852,
Figure 4C). The SD of /kas in the presence of ACh was larger in RV than LV
cardiomyocytes (at +40 mV, 0.741 vs 0.543 pA/pF; at +30 mV, 0.543 vs 0.263 pA/pF; at +20
mV, 0.341 vs 0.197 pA/pF).

Ikas inhibition attenuated JWS induced by ACh and ajmaline

We performed optical mapping (protocol I1) to further test the effects of /kag on JWS.
Representative overlapped Vm traces and APDgy maps are shown in Figure 5A. While there
was no obvious APD heterogeneity at baseline, significant heterogeneity was observed after
Ach administration. The APDg at different PCLs are shown in Figure 5B. In spite of
increased heterogeneity on the APDgy maps in Figure 5A, ACh did not change the overall
APDgj significantly (p=0.389 at PCL 350ms, p=0.516 at PCL 300ms, p=1.000 at PCL
280ms, p=1.000 at PCL 250ms). Consistent with prior studies,1* ajmaline prolonged APDg
(p<0.001 vs ACh at all PCLs). Apamin further prolonged APDgq (p<0.001 vs ACh+ajmaline
at PCL 350ms, p<0.001 at PCL 300ms, p<0.001 at PCL 280ms, p=0.011 at PCL 250ms),
and reduced heterogeneity of APD distribution.
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No spontaneous ventricular arrhythmia was observed in our study. Programmed electrical
stimulation was performed to test the inducibility of ventricular arrhythmias at baseline,
after ACh and ajmaline, and after adding apamin. Figure 6A shows a representative
pseudoECG trace of pacing-induced VT in the presence of ACh and ajmaline. VT/VF was
inducible after ACh and ajmaline in 6/6 males and 1/6 females (p=0.015). Of the 7 inducible
hearts, 3 of them showed a Torsades de Pointes pattern, and 4 of them showed monomorphic
VT. After adding apamin, J-point elevation was suppressed and programmed electrical
stimulation failed to induce VT/VF (Figure 6B). VT/VF was inducible in 1/6 males and 0/6
females after adding apamin (Figures 6C), indicating that apamin reduced the inducibility.
The V, traces of beats 1, 2 and 3 of Figure 6A are shown in Figure 6D. Significant
differences of APD are present in the RV. The phase maps of beat 3 confirmed the formation
of reentry in RV (Figure 6E).

APD heterogeneity was further demonstrated by AAPD map, the SD and the range of
APDg. Figure 7A showed significant APDgg heterogeneity, especially in the RV. SD was
significantly increased by ACh and ajmaline compared with baseline (p<0.001 at all PCLs),
which was significantly attenuated by adding apamin (p<0.001 vs ACh+ajmaline at PCL
350ms, p=0.004 at PCL 300ms, p=0.003 at PCL 280ms, p=0.004 at PCL 250ms, Figure 7B).
Range of APDgg was also significantly increased by ACh and ajmaline (p<0.001 vs baseline
at all PCLs). Apamin effectively decreased the range of APDgp (p=0.006 vs ACh+ajmaline
at PCL 350ms, p=0.105 at PCL 300ms, p=0.079 at PCL 280ms, p=0.019 at PCL 250ms,
Figure 7C).

As isoproterenol can be used for treatment of Brugada syndrome, we tested the effects of
isoproterenol on JWS induced by ACh and ajmaline in two male hearts (Protocol 111, Figure
8). Isoproterenol (100 nM) suppressed J-point elevation induced by ACh and ajmaline in
both hearts (from 0.2478 mV to 0.1431 mV and from 0.1956 mV to 0.0650 mV, Figure 8A).
APDgg maps during sinus rhythm are shown in Figure 8B, the AP traces of the 3 locations in
Figure 8B are shown in Figure 8C, and AAPD maps are shown in Figure 8D. ACh and
ajmaline induced significant APD heterogeneity. Adding isoproterenol accelerated the heart
rate, shortened APD and attenuated APD heterogeneity.

Discussion

Sex differences and nocturnal sudden death

The JWS is characterized both by a sex difference (male dominance) and nocturnal
occurrence of ventricular arrhythmias. The present study and the study by Chen et al® point
to the possibility that circadian variations of autonomic tone are in part responsible for JWS.
The density of /kag in rabbits is higher on the epicardium than the endocardium.1® The
rabbit ventricular myocytes show spike and dome morphology at slow rates.18 s
activation may promote the loss of AP dome on the epicardium but not endocardium,
leading to transmural AP heterogeneity to cause J-point elevation.}” High sympathetic tone
activates /kags in females during day time but also simultaneously activates /¢, to
counterbalance its effects on AP dome. Therefore, females are protected against JWS during
sympathetic activation. Males are less liable to JWS during daytime because of absence of
Ik as activation by the high sympathetic tone. In contrast, high parasympathetic tone
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activates /kags specifically in males at night, but not other inward currents to counterbalance
its effects on the AP dome. The absence of /kag activation by ACh in females protects them
against the ventricular arrhythmias at night. Therefore, males are more likely than females to
develop nocturnal ventricular arrhythmias and sudden cardiac death.

ACh activates ventricular Ixas

In our study, we used patch clamping and optical mapping to demonstrate that ACh activated
ventricular /kas. Patch clamping results provided direct evidence of /kas activation by ACh
in isolated ventricular cardiomyocytes. In optical mapping experiments, apamin significantly
prolonged both APD,s5 and APDgjg in the presence of ACh. Because apamin could not
significantly prolong APD at baseline in normal rabbit ventricles,8: 15 these results further
support the conclusion that /kas is activated by ACh in rabbit ventricles. These findings
were also consistent with studies showing Ach activated SK current in neurons by promoting
extracellular calcium entry.11 ACh shortens atrial APD by activating acetylcholine-activated
potassium current (/k-acn).18 But in ventricles, the effect of ACh varies from shortening
APD!9. 20 tg prolonging APD.2! Moreover, /k-ach inhibition could not significantly prolong
ventricular APD20 even in the presence of ACh.22 These findings are consistent with the low
level of /k_ach in the ventricles. Therefore, it is unlikely that /c_ach activation is responsible
for the results in our study.

Our results showed that both PR intervals and QRS durations were significantly prolonged
by ajmaline but not affected by ACh or apamin. ACh is known to slow the atrioventricular
conduction and prolong the PR interval.23 We observed a trend of PR interval prolongation
induced by ACh, but the changes were statistically insignificant. Ajmaline interacts with
multiple ion channels.14 The final effect was to prolong both the PR interval and QRS
duration.2% 25 Our results are consistent with those studies.

Heterogeneous epicardial Ixas activation

Mantravadi et al28 showed increased dispersion of repolarization in rabbit ventricles during
acetylcholine infusion and during vagal nerve stimulation. The authors proposed that the
heterogeneous parasympathetic nerve distribution (base > apex) might play a role in these
changes.2” We did not perform vagal nerve stimulation in the present study. The ACh
induced APD heterogeneity in the present study is probably in part related to the
heterogeneous upregulation of /as. There is a transmural heterogeneity of /kag distribution
in patch clamp studies.1® Similar to Ach, isoproterenol® also causes heterogeneous activation
of /kas on the epicardium. The heterogeneity of APD is greater in RV than in LV. Similar
findings were observed in CyPPA-induced JWS.” In some regions, the excessive activation
of /kas counterbalances the APD-prolonging effects of Ca2* influx, resulting in short APDs.
While in other regions, /kas activation drives the membrane voltage into the window with
delayed /¢, inactivation, leading to prolonged APDs. Previous studies showed that the
density of 4, is markedly higher in RV than LV, which may contribute to the higher risk of
formation of re-entries and arrhythmias.28: 29 That important finding has led to the clinical
use of quinidine, an 4, blocker, in managing patients with JWS.1 Because very little 4, is
present in rabbit ventricles at the physiological heart rate, /as plays an important role in
phase 1 repolarization in rabbit ventricles. In humans and dogs, 4, activation during phase 1
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of AP increases the driving force of Ca2* entry through /z5,. Which is a major mechanism of
Ik s activation.30 It is possible that /«ag activation can amplify the 4, and play an important
role in phase 1 repolarization in humans and dogs. These data also suggest that /xas blocker,
such as ondansetron,3! may be clinically useful in managing JWS when quinidine is not
available or not tolerated.

Limitations of the study

The electrophysiological properties and ion channel expressions were different between
species. Rabbit hearts are suitable for investigating cardiac electrophysiology and
mechanisms of ventricular arrhythmias,32 but further translational researches are needed to
determine the roles of /kas in human JWS. A second limitation is that no spontaneous
ventricular arrhythmia was observed in our study. It is likely that additional factors are
needed to trigger nocturnal sudden cardiac death in JWS.

Conclusions

We conclude that the parasympathetic transmitter ACh activates /kas. ACh and ajmaline
induce J-point elevation and facilitate the induction of ventricular arrhythmias more in male
than female ventricles. These findings may in part explain the nocturnal occurrences of
ventricular arrhythmias and JWS in males and point to the possible clinical benefit of /as
blockade in managing patients with JWS.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Ikas inhibition attenuated J-point elevation induced by ACh and ajmaline. (A). PseudoECG
during sinus rhythm at baseline, after cumulative addition of ACh, ajmaline and apamin. Red
arrows indicate J-point elevation. (B). Summary of J point amplitudes and A J point
amplitudes in males and females. * p<0.05 between male and female.
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Figure 2.
Ikas Was increased in the presence of ACh in isolated ventricular cardiomyocytes. (A-B).

Representative current curves (left panel) and I-V curve of /s at baseline in female (A)
and male (B). (C-D). Representative current curves (left panel) and I-V curve of /as in the
presence of ACh in female (C) and male (D). (E). Summary of I-V curves. * p<0.05 between
male baseline and male ACh.
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Effects of ACh and apamin on APD25 and APDgj in rabbit ventricles. (A). Overlapped Vm
traces and representative APD,5 and APDgg maps in a male ventricle at different PCLs at
baseline and after cumulative addition of ACh and apamin. (B). Summary of APD,5 and
APDg at different PCLs (n=12, 6 females and 6 males). * p<0.05 before and after apamin.
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Heterogeneities of APD and /kas were larger in RV than LV. (A). Representative AAPD g
and AAPDgy maps showing APD heterogeneity. (B). Summary of SD and range (maximum -
minimum) of APDgg in the presence of ACh (n=12, 6 females and 6 males). (C). Summary
of I-V curves of /as in male LV and RV cardiomyocytes (left panel) and mean+SEM of
Ikas from +10mV to +40 mV (right panel) (n=5 in each group).
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Figure 5.
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representative APDgy maps at different PCLs at baseline and after cumulative addition of

ACh, ajmaline and apamin. (B). Summary of APDg at different PCLs (n=12, 6 females and

6 males). * p<0.05 between baseline and ACh+ajmaline. # p<0.05 between ACh+ajmaline

and ACh+ajmaline+apamin.
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Figure 6.

Ventricular arrhythmias and re-entries were induced by programmed electrical stimulation
after ACh and ajmaline, and suppressed by /kas inhibition. (A). Representative ECG of J-
point elevation and pacing-induced arrhythmias in the presence of ACh and ajmaline. (B).
Representative ECG after adding apamin showed J-wave suppression and failure to induce
VT/VF. (C). Summary of ventricular arrhythmia inducibility. (D). Corresponding Vm traces
of beat 1 to beat 3 in (A). (E). Corresponding phase maps of beat 3 in (A). TdP: torsades de
pointes.
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Ik as inhibition attenuated APD heterogeneity induced by ACh and ajmaline. (A).
Representative AAPDgg maps indicated APD heterogeneity. (B). Summary of SD and range
(maximum - minimum) of APDgg (n=12, 6 females and 6 males). * p<0.05 between baseline
and ACh+ajmaline. # p<0.05 between ACh+ajmaline and ACh+ajmaline+apamin.
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Isoproterenol attenuated J-point elevation and APD heterogeneity induced by ACh and
ajmaline. (A). PseudoECG during sinus rhythm at baseline, after cumulative addition of
ACh and ajmaline and isoproterenol. (B). Representative APDgg maps at sinus rhythm at
baseline, after cumulative addition of ACh and ajmaline and isoproterenol. (C).
Corresponding overlapped Vm traces of locations 1 (red), 2 (black) and 3 (green) in (B).
(D). AAPDgy maps before and after ACh+ajmaline and before and after isoproterenol.
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