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Abstract
The effects of TCDD (2,3,7,8-Tetrachlorodibenzo-p-dioxin) on action potential and
afterdepolarizations were studied in rat ventricular myocytes using nystatin-perforated whole-cell
patch-clamp technique. TCDD treatment, in the concentration range of 1 to 100 nM, significantly
prolonged action potential duration measured at 90% of repolarization (APD90). The triggered
delayed-afterdepolarizations (DADs) was observed in 6 out of 8 cells after exposure of TCDD (10
nM). In the presence of isoproterenol (ISO, 10 nM) or Bay K 8644 (1 μM), TCDD (10 nM) markedly
augmented the amplitude and frequency of the arrhythmogenic DADs and triggered sustained
spontaneous firings in ventricular myocytes. Voltage-clamp data indicated that TCDD (10 nM)
exposure significantly enhanced the transient inward current (Iti). The triggered early-
afterdepolarizations (EADs) were evoked only in cells simultaneously exposed to TCDD (10 nM)
and ISO (or Bay K 8644). Further study indicated that TCDD treatment increased L-type Ca2+

current. These results indicate that activation of TCDD signaling pathway can prolong action
potential duration and cause abnormal triggered afterdepolarizations. These effects may lead to
clinically relevant ventricular arrhythmia especially when susceptible individuals are under elevated
sympathetic stress or suffering from other myocardiopathies coincided with Ca2+-overload.
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Introduction
Dioxin TCDD (2,3,7,8-Tetrachlorodibenzo-p-dioxin) and its related halogenated aromatic
hydrocarbons (HAHs) continue to be of concern to the public because of their persistence and
bioaccumulation in the environment and because low-level exposure is associated with subtle
but significant cardiovascular, behavioral, and neurological deficits [1–5]. As the prototype
toxin for the diverse HAH chemicals, TCDD was classified as a human carcinogen [4] and has
the potential to disrupt multiple signaling pathways [6–10]. Humans are generally exposed to
such compounds via consuming polluted food, water, and air [5,10]. The major toxic responses
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to TCDD are believed to be mediated by activating aryl hydrocarbon receptor (AhR) that
dimerizes with AhR nuclear translocator (ARNT) [10]. The complex binds to downstream
dioxin-responsive element (DRE, a specific DNA sequence, 5′-GCGTG-3′) and induces the
target gene (CYP1A1 or CYP1A2 or CYP1B1) expression [11,12]. However, the lack of a
direct correlation between the induction of cytochrome P450 enzymes and the diverse toxic
responses of TCDD in various animal species suggests that additional signaling mechanisms
may be involved in TCDD-associated toxicities [9,13]. Previous reports indeed demonstrated
that TCDD by activating AhR, independent of the induction of gene expression, rapidly
modulates PKC, PKA, and protein tyrosine kinases in vitro as well as in vivo [8–9,13–15].

The heart, like the liver and thymus, has the AhR-ARNT-DRE system [2,16] and been
considered as one of the target organs of TCDD toxicity [11–12,17–22]. Although it was
claimed that TCDD or related aryl hydrocarbons did not increase the incidence of
cardiovascular diseases [23,24], studies did reveal a strong dose-dependent relation between
mortality due to heart diseases and exposure to dioxin even at very low doses in both human
beings and experimental animals [1,25–26]. Many cardiac histological and pathological
changes associated with TCDD exposure have been defined in animal models, including
ventricular dilatation and edema [27], myocardial degeneration [28] and defects [29], slowed
heart rate [30], altered cardiac contractility [16,31], decreased sensitivity of myocardium to β–
adrenergic agonist stimulation and disrupted intracellular calcium homeostasis [18], altered
responses in chicken embryo hearts to antiarrhythmic agent flecainide [19], as well as increased
incidence of ischemic heart disease [26] and cardiomyopathy [21].

In this study we examined TCDD-caused abnormal afterdepolariztions, i.e., early
afterdepolarizations (EADs) and delayed afterdepolariztions (DADs) in freshly isolated rat
ventricular myocytes. EAD usually arises at the plateau phase of action potential and appears
to relate to time- and voltage-dependent reactivation of L-type Ca2+ currents [32]. DAD,
defined as the "oscillations” in membrane potential after completion of the action potential
[33], is believed to be due to intracellular Ca2+ overload and oscillation of Ca2+ release from
the sarcoplasmic reticulum (SR) [32,34]. Both EADs and DADs play important roles in
triggering deteriorative or life-threaten cardiac arrhythmias [34,35]. We found that TCDD
prolonged action potential duration, induced abnormal triggered-afterdepolarizations and
spontaneous action potentials, especially when the cells are challenged with either β–
adrenergic agonist isoproterenol (ISO) or L-type Ca2+ channel opener BAY K8644. This
finding may help to define the TCDD vulnerable populations like children, elderly people or
patients with predisposed pro-arrhythmic cardiac conditions.

Methods
Materials

The stock solution of TCDD (100 μM in DMSO) was prepared at the Environmental
Toxicology Program of National Institute of Environmental Health Sciences. All other
chemicals were purchased from Sigma Chemical Corp. (St. Louis, MO) except type II
collagenase (Worthington Chemical Corp. Lakewood NJ). Isoproterenol (1 mM) was dissolved
in aqueous solution containing 3 mM ascorbic acid to prevent its oxidation. BAY K 8644 and
nystatin was dissolved in dimethylsulfoxide (DMSO).

Ventricular myocyte isolation
Single ventricular cells were isolated by enzymatic digestion of female Sprague-Dawley rat
hearts. In brief, the rats were anesthetized with pentobarbital sodium (50 mg/kg) by
intraperitoneal injection. The heart was excised and perfused through the aorta with oxygenated
Tyrode solution containing (in mM): 140 NaCl, 5.4 KCl, 1.5 MgCl2, 1.8 CaCl2, 0.33
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NaH2PO4, 5.5 D-(+)-Glucose, 5.5 HEPES (pH=7.4 with NaOH). After a 5–10 min nominally
Ca2+-free Tyrode solution perfusion, the heart was digested by type II collagenase (0.4 mg/ml,
~300 units/mg) with 1.6 mg/ml bovine serum albumin (BSA, V). Then, ventricles were minced,
incubated, and shaken at 36.5ºC for 5–20 min in the enzyme solution. Individual cells were
collected, washed, and stored at room temperature (22 ± 0.5 ºC) in a recovery Tyrode solution
containing 0.1 mM Ca2+ for later use. Animal use was in accordance with the protocols
approved by the Institutional Animal Care and Use Committee.

Electophysiology
Action potential and transmembrane current were recorded under nystatin-perforated whole-
cell configuration of patch-clamp technique. Bath solution was a modified Tyrode’s solution
containing same components as specified above except reducing MgCl2 to 0.53 mM. Patch
pipettes were filled with a solution containing (in mM): 140 KCl, 1 MgCl2, 0.5 CaCl2, 10
Glucose, 10 Hepes (pH adjusted to 7.2 with KOH) and had a resistance range of 4 to 7 MΩ.
Nystatin (~8.5 nM) was added to the pipette solution freshly before experiments. Records were
low-pass filtered with a cutoff frequency of 2.9 kHz, digitized at 2 kHz and acquired with an
EPC9 amplifier/Pusle software system (HEKA Instrutech Corp. Lambrecht, Germany). Action
potentials were elicited by current pulses delivered through the patch pipette with strength of
1.2–1.5 fold of the threshold level and a duration of 10 ms at a frequency of 0.25~2 Hz. DADs
were evoked by 2 Hz pacing or by combination of pacing with pharmacological stimulation.
To facilitate the development of Iti, repeated trains of 20 voltage-clamp conditioning steps
(from −80 to +40 mV and in a duration of 300 msec) were applied at a frequency of 2 Hz
[36]. All data were acquired at 35 ± 1 ºC. The action potential duration was measured at 90%
of repolarization (APD90). The amplitude of DADs or Iti was measured as the difference
between the peak of the "oscillation" and the basal membrane potential or current. In case of
multiple oscillations, the largest one was taken for analysis.

TCDD exposure
Two types of exposure schemes were carried out. In the first scheme, TCDD was applied to
the cells after patch-clamp recordings had been established, which allowed us to assess the
baseline electrophysiological parameters of the cells and their immediate (within 30 sec)
responses to TCDD exposure. In the second scheme, to measure the effects of relatively
prolonged TCDD exposure (from 30 min to 4 hrs), the cells were pre-incubated with various
concentrations of TCDD before starting the electrophysiological recording. The TCDD-
induced responses occurred in 5~30 min following exposure and lasted for more than 2 hrs in
cells pre-incubated with TCDD. TCDD exposure did not elicit rapid responses (<1 min) and
there was no significant difference between the two exposure schemes when the response
reached the steady-state. Thus, the data collected from the two exposure schemes were pooled
together for analysis.

Data analysis
All values were expressed as mean ± SE. Differences between group-means and non-treatment
versus treatment interventions were considered statistically significant at p<0.05. For
multinomial experiments in which the data is classified with respect to two factors, the data
were analyzed with the Chi-Square Test (Analysis of Contingency Tables). Two-population
(independent) t-test or one-way analysis of variance (ANOVA) was used to analyze the
quantitative data followed by Student-Newman-Keul’s post hoc test for multigroup
comparison if applicable.
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Results
This study characterized the effects of acute exposure to TCDD on action potential parameters,
triggered after-depolarization activity, and the transient inward current in freshly isolated rat
ventricular myocytes.

TCDD prolonged action potential duration (APD)
To avoid disrupting the intracellular milieu, all the action potentials were recorded under
nystatin-perforated configuration, which greatly prolonged the stead-state recording time and
minimized the inconsistency in the shape of action potentials between cells. After exposed to
TCDD through bath perfusion or pre-incubation, APD90 was significantly prolonged (figure
1A), mainly by lengthening the plateau phase. The prolongation effect was concentration-
dependent and measurable when the cells were exposed to 1 nM TCDD (figure 1). TCDD
exposure did not alter the resting membrane potential, the rate of phase 0 depolarization, and
the amplitude of action potentials. On average, TCDD at 10 nM concentration prolonged
APD90 by 43.3% (p<0.05). Figure 1B summarizes the concentration-dependent effect of
TCDD on APD90.

TCDD treatment increased delayed-afterdepolarizations (DADs)
When the cells were driven for 15 sec by 2 Hz pacing pulses, DADs were elicited only in one
of eighth control ventricular cells. However, in the presence of TCDD (10 nM), 75% of cells
(6/8) responded with multiple DADs immediately following the termination of driving pulses
(figure 2). The average amplitude of DADs recorded in TCDD-treated cells was 2.1±0.7 mV
(figure 2B). This magnitude of after-depolarization could contribute to trigger conductible
arrhythmogenic action potentials as shown in figure 3B and 4B.

TCDD enhanced β-adrenergic agonist-triggered DADs
β-adrenergic stimulation facilitates afterdepolarizations in cardiomyocytes by increasing L-
type Ca2+ current. It is possible that TCDD may alter the triggered responses of myocytes to
sympathetic stimulation. By titrating the concentrations of isoproterenol (ISO, a β-adrenergic
agonist), we found that application of ISO (10 nM) alone facilitated DADs in all the ventricular
cells over-driven by 2 Hz current pulses (figure 3A) and few cells (less than one-thirds)
developed conductible spontaneous action potentials (no shown). In comparison, when TCDD
(10 nM) was added on the top of ISO challenge, not only was the amplitude of the DADs
augmented, but nine of ten cells (90%) transpired bursting spontaneous action potentials (figure
3B). When the cells were driven by a slow pacing rate (0.25 Hz), the average amplitudes of
DADs from the cells treated with TCDD (10 nM) plus ISO (10 nM) was significantly greater
than that from the cells treated with ISO alone (figure 3C).

TCDD enhanced Bay K 8644-triggered DADs
Dihydropyridine analogue, Bay K 8644 directly stimulates L-type Ca2+-channels and increases
Ca2+ influx and facilitates the triggered afterdepolarizations in myocytes. We expected that
TCDD exposure would also enhance Bay K-caused Ca2+ overload, therefore augment Bay K
8644-triggered DADs. Bay K (1 μM) increased DAD activities in most ventricular cells (figure
4A). In spite of that, only 1 out of 8 cells (12.5%) developed conductible spontaneous action
potentials. When TCDD (10 nM) was applied on top of Bay K (1 μM), the amplitude of the
DADs was augmented and 7 out of 8 cells (87.5%) developed DAD-triggered spontaneous
action potentials (figure 4B). When the cells were paced at a slow rate (0.25 Hz), the average
amplitude of DADs in cells exposed to TCDD (10 nM) and Bay K (1 μM) was significantly
augmented (figure 4C).
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TCDD increased transient inward current (Iti)
It is known that the occurrence of DADs is due to instigation of a transient inward
transmembrane current (Iti). We predicted that TCDD-caused DADs should also be correlated
with an increase in Iti. As shown in figure 5, TCDD (10 nM) treatment did induce Iti at the end
of conditioning voltage clamp pulses. The average magnitude of TCDD-induced Iti was 36.8
±4.8 pA (n=7) in the cells paced at a frequency of 2 Hz for 15 sec.

TCDD augmented ISO- and Bay K 8644-stimulated Iti
When ventricular cells were pre-stimulated to induce Iti by either β-adrengergic agonist ISO
or Ca2+ channel opener Bay K 8644, bath application of TCDD (10 nM) further increased the
amplitude and the multiplicity of Iti activities (figure 6.). On average, the magnitude of Iti was
increased from 37.6±5.2 pA in ISO (or 38.4±2.4 in Bay K) alone to 60.1±10.4 pA in ISO (or
60.8±8.5 in Bay K) plus TCDD. The TCDD-induced net increase was sufficient to depolarize
the membrane potential to its excitation threshold and trigger conductible spontaneous action
potentials (as shown in figure 3B and 4B), which might form the material basis for arising into
ectopic ventricular foci.

TCDD induced EADs in cells pretreated with BAY K 8644 or ISO
The early afterdepolarizations (EADs) occuring during the action potential [33] are thought to
be associated with life-threatening ventricular arrhythmias, such as long-QT syndrome and
polymorphic ventricular tachycardia (Torsade de Pointes) [37,38]. The occurrence of early-
afterdepolarizations (EADs) is also related to cellular Ca2+ overload [39]. In our study,
although EADs were occasionally observed in cells treated with either TCDD, or ISO, or Bay
K 8644 alone, application of TCDD (10 nM) in combination with BAY K (1μM) greatly
increased the likelihood of triggering EADs in cells paced at slow frequency (0.25 Hz, figure
7A). More often, polymorphic EADs and DADs were concurrently elicited in these cells when
challenged with Bay K plus TCDD (figure 7B).

Effect of TCDD on L-type Ca2+ current
To directly evaluate the role of Ca2+ influx through L-type Ca2+ channels in TCDD-caused
intracellular Ca2+ overload, we used voltage-clamp mode to study the alteration of L-type
Ca2+ current (ICa,L). The peak inward current elicited by voltage step from −40 mV to 0 mV
was significantly increased by TCDD exposure (figure 8A). The stimulated current was
sensitive to dihydropyridine Ca2+ channel blocker nifedipine (figure 8A inset). TCDD did
neither alter the holding current (at −80 mV or −40 mV) nor the outward potassium currents
measured at the end of the 300 msec depolarizing pulses. On average, 10 nM TCDD increased
the peak ICa.L by 24.7%, i.e., from 8.1 ± 0.4 of control to 10.1 ± 0.6 pA/pF. (p<0.05, n=8).

Discussion
The results of this study demonstrate that TCDD concentration-dependently prolongs action
potential duration (APD), induces afterdepolarizations and increases the transient inward
current. Those effects of TCDD are more pronounced in cells challenged with pro-
arrhythmogenic stimulations such as high frequency pacing, activation of β-adrenergic
receptors, or augmentation of Ca2+ influx directly by Ca2+ channel opener. Although in theory
a prolongation of APD will lead to an increase in the effective refractory period, which is anti-
arrhythmic, the prolongation of ventricular APD is also found to be pro-arrhythmic, especially
when triggered activity was developed from early afterdepolarizations (EADs) or delayed
afterdepolarizations (DADs). For example, prolongation of APD can increase the switch speed
of the time- and voltage-dependent L-type Ca2+ channels from inactivated to closed states so
that facilitate the reopening of these channels and cause EADs arising near the plateau phase
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of action potentials [32]. Considering that afterdepolarizations play a pivotal role in the
initiation of ventricular tachycardia, ventricular fibrillation, and Torsade de pointes [38,40–
42], the current findings suggest that TCDD exposure may result in clinically significant
cardiac arrhythmia, especially in those patients with conditions such as pre-deposited
myocardial Ca2+ overload.

Usually, arrhythmogenic DADs occurs at high heart rates or are provoked by overdriven pacing
pulses under experimental condition [43,44]. Under our perforated-recording conditions, we
found that using a pacing frequency greater than 2 Hz could induce DADs in many cells,
whereas when the pacing rate was ≤ 2 Hz, the chance of triggering DADs was greatly reduced.
Therefore, to minimize basal DAD activities, we chose to use 2 Hz pacing rate to study the
impact of TCDD on the triggered activities. The provoking DADs by a relatively slow pacing
rate (from 0.25 to 2 Hz) in our experiments may be explained by two factors. First, our
recordings were carried out under nystatin-perforated configuration that markedly reduced the
variability of APD between cells. Indeed, we observed that the APD90 from perforated
recordings was significantly longer than that from conventional recordings. Second, we
lowered the external Mg2+ concentration (0.53 mM) to facilitate the occurrence of DADs and
EADs [45].

The extra Ca2+ influx through L-type Ca2+ channels at the prolonged plateau phase can induce
more Ca2+ releasing from SR stores [46,47] and lead to intracellular Ca2+ overload, a condition
known to enhance the triggering of DADs [34,43]. The transient inward current (Iti) forms the
ionic basis for generation of DADs [48]. Iti is a heterogeneous transmembrane current
associated with 1) spontaneous Ca2+-release from the sarcoplasmic reticulum (SR) [43], 2)
ions flowing through nonselective cation channels [49], 3) Na+/Ca2+-exchange current [50,
51], or 4) a Ca2+-activated Cl− current [52]. Canga et. al. reported that TCDD-treatment
produced an intracellular Ca2+-overload in ventricular myocytes [17]. By demonstrating that
TCDD triggers arrhythmogenic DADs and enhances Iti, we document a novel cardiac toxicity
of the environmental pollutant, i.e., acute TCDD exposure may trigger ventricular arrhythmia.
The ionic mechanism for TCDD-caused increase of Iti needs to be studied. The magnitude of
TCDD-induced Iti could be critical of triggering arrhythmic activity in ventricular myocytes.
The size of the Iti associated with TCDD exposure is sufficient to cause approximately 3–5
mV depolarization on the membrane potential, for the passive membrane resistance in
ventricular myocytes was measured approximately 80~120 MΩ under the perforated recording
conditions. The depolarizing fluctuation in the membrane potential may produce an ectopic
excitation focus in the ventricular myocardium and cause ventricular premature contraction or
more severe arrhythmic symptoms in susceptible individuals.

By activation of G-protein coupled β–adrenergic receptors, ISO can stimulate adenylyl cyclase
activity and increase the level of the second messenger cAMP that activates protein kinase A.
One major outcome of this well-defined signaling pathway in ventricular myocytes is to
increase Ca2+ influx through phosphorylation-activated L-type Ca2+ channels [53]. The
combination of pacing with ISO-stimulation is an established experimental protocol used to
produce Ca2+ overload and trigger DADs, which mimics disruption of Ca2+ homeostasis under
pathological conditions such as tachycardia or heart failure [36,42]. Assessing the action of
TCDD on DADs and Iti in the presence of ISO-stimulation enables us to evaluate the potential
influence of the environmental toxin on the stressed myocytes. The additive effects of TCDD
and ISO on DADs and Iti result in augmented "oscillations" of membrane potential, therefore
facilitated the development of conductible arrhythmic pulses (figure 5B), which provides direct
evidence that TCDD is a pro-arrhythmogenic environmental pollutant.

Activation of β–adrenergic receptor and PKA pathway is also associated with other cellular
mechanisms such as cAMP-gated ion channel activity that may shorten action potential
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duration of ventricular myocytes, therefore, conceal the possibility of TCDD-induced EADs
[54,55]. In order to assess the role of activation of L-type Ca2+ channel alone in triggering
afterdepolarizations and Iti, we used dihydropyridine analogue Bay K 8644 to keep the L-type
Ca2+ channels under an activated state [56], and evaluated the effects of TCDD on DADs and
Iti as well as EADs in the absence of cAMP-induced other ion currents. The results shown in
figures 5 and 6 demonstrate that TCDD enhances Bay K-induced DADs and Iti. More
interestingly, addition of TCDD promotes Bay K-induced prolongation of APD into EADs
(figure 7) that may result in a dispersion of repolarization (a condition that provides a substrate
to initiate a life-threatening polymorphic ventricular tachycardia known as Torsade de Pointes).
This finding may have important implication to individuals who suffer from heart failure or
someone who is under therapy with drugs such as phenothiazine antipsychotics that prolong
QT-interval. As we know, in heart failure patients, Ca2+ overload and prolongation of APD
are the characteristic alteration of ventricular cells [57,58], which may increase the
susceptibility of those patients to dioxin exposure in terms of triggering EADs and Torsade de
Pointes.

Although it was reported that reported that dioxin could stimulates Ca2+ uptake in rat
hippocampal neurons within 40 sec of exposure [59], we did not observe such rapid response
in ventricular myocytes. In addition, the increase of ICa,L itself directly contributes to
intracellular Ca2+ overload (figure 8), however, at this point, we do not know the significance
of the mildly stimulated ICa,L by TCDD in its pro-arrhythmogenic impact on cardiomyocytes.
We expect to have a clear picture on this issue after defining the action of TCDD on Ca2+-
release from sarcoplasmic reticulum (SR) and on Na+/Ca2+-exchange current.

Finally, animal models contribute much to our understanding of the cardiac toxicity of TCDD.
The patch-clamp technique is a highly sensitive and state-of-the-art in studying the potential
impacts of environmental pollutant to the heart. The experimental conditions used in this study,
however, may not reflect the actual human responses to dioxin exposure. Nevertheless, the
findings of this study provide strong evidence that acute exposure to TCDD dioxin may induce
arrhythmic cardiotoxicity.
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Figure 1.
Effect of TCDD exposure on action potentials. Action potentials were recorded from freshly
isolated rat ventricular myocytes under nystatin-perforated configuration. The injected current
(10 msec duration) was adjusted to 1.2~1.5 fold of the threshold current needed to excite a cell
without producing artifact overshoots. A. A typical alteration in action potential shape by
different concentrations of TCDD (0.1, 1, 10, 100 nM). The dashed line is the action potential
recorded before TCDD exposure (DMSO control). B. The average change in APD90 for
experiments shown in panel A. * indicates statistic significance at p<0.05 level.
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Figure 2.
TCDD induced delayed-afterdepolarizations (DADs). A train of action potentials (30 in total)
was elicited by a 15 sec overdriving stimulation at a frequency of 2 Hz. Only last 10 action
potential traces were shown. Recordings were carried out after either DMSO or TCDD (10
nM) application. A. A typical response of a ventricular mycyte treated with DMSO at 2 Hz
pacing. Note that there was no after-depolarization activity when the pacing was terminated.
B. In another myocyte treated with TCDD (10 nM), DADs (as indicated by arrows) were
generated by the same stimulation protocol. Calibration marks apply to both panel A and B.
Note, if there were multiple DADs in a single recording, the largest DAD was chosen to
measure the amplitude of the DADs for the given cell.
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Figure 3.
TCDD promoted ISO-induced DADs into spontaneous action potentials. Recordings were
carried out after treating the cells with ISO (10 nM) alone or TCDD (10 nM) plus ISO (10 nM).
A. A typical response of a ventricular mycyte treated with ISO (10 nM) to 2 Hz pacing. Note
that there were after-depolarization activities when the pacing was terminated. B. In another
myocyte treated with TCDD (10 nM) plus ISO (10 nM), DADs (as indicated by arrows) were
developed into conductible spontaneous action potentials by the same stimulation protocol.
Calibration marks apply to both A and B. C. The average amplitudes of DADs induced by ISO
alone and ISO plus TCDD at two pacing frequencies (0.25 and 2 Hz). * indicates statistic
significance at p<0.05 level.
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Figure 4.
TCDD promoted Bay K 8644-induced DADs into spontaneous action potentials. Recordings
were carried out after treating the cells with Bay K (1 μM) alone or TCDD (10 nM) plus Bay
K (1 μM). A. A typical response of a ventricular mycyte treated with Bay K (1 μM) to 2 Hz
pacing. B. In another myocyte treated with TCDD (10 nM) plus Bay K (1 μM) DADs were
developed into conductible spontaneous action potentials following the same stimulation
protocol. Calibration marks apply to both A and B. C. The average amplitudes of DADs
induced by Bay K alone and Bay K plus TCDD at two pacing frequencies (0.25 and 2 Hz). *
indicates statistic significance at p<0.05 level.
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Figure 5.
TCDD induced a transient inward current (Iti). The transient inward current (Iti) was recorded
at −80 mV holding potential following a 10 sec train of 300 msec depolarizing pulses (from
−80 to +40 mV at 2 Hz) in a control (A) and a TCDD-treated (B) cell, respectively. The traces
show partial of the step pulses and a 3 sec length of membrane current after ending the
conditioning depolarization. Iti was indicated by arrow. Calibration marks apply to both panel
A and B.
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Figure 6.
TCDD enhanced ISO and Bay K 8644-induced Iti. Iti was recorded under the same condition
as in Figure 5. A. ISO-induced Iti. B. Addition of TCDD further increased the incidence and
amplitude of Iti. C. Bay K-induced Iti. D. Effect of TCDD plus Bay K. E. Average amplitude
of Iti measured at control and indicated treatments. * indicates statistic significance at p<0.05
level.
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Figure 7.
EADs triggered by TCDD in combination with Bay K 8644. A. TCDD triggered EADs in a
cell paced by 0.25 Hz current pulses in the presence of 1 μM Bay K 8644. Similar response
was observed in a separate experiment. B. Concurrent occurrence of EADs and DADs in a cell
treated as in panel A but paced at 2 Hz. The same results were obtained from 3 other cells.
TCDD facilitated the firing of EADs as indicated by the arrows.
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Figure 8.
TCDD increase L-type Ca2+ currents (ICa,L). Transmembrane currents recorded before and 20
min after TCDD (10 nM) treatment. Macroscopic currents were elicited by 300-ms
depolarizing pulses from −40 (holding potential) to 0 mV. The first 120 msec data were
depicted.
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