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Abstract
BACKGROUND—Both atrial stretch and combined adreno-cholinergic stimulation (ACS) have
been shown to favor initiation and maintenance of atrial fibrillation (AF). Their respective
contribution to the electrophysiological mechanism remains, however, incompletely understood.

OBJECTIVE—We endeavored to determine the mechanism of maintenance of stretch-related AF
(SRAF) in the presence and absence of ACS, and to assess how focal discharges interact with
rotors to modify the level of complexity in the activation patterns to perpetuate AF.

METHODS—Video imaging of AF dynamics was carried out using a SRAF model in isolated
sheep hearts (n=24). Pharmacological approaches were used to (i) mimic ACS with acetylcholine
(1 μM) plus isoproterenol (0.03 μM); and (ii) abolish triggered activity, in response to
sarcoplasmic reticulum calcium release, with caffeine (5 mM, CA) or ryanodine (10-40 μM,
RYA).

RESULTS—In the absence of ACS, upon perfusion of CA or RYA, focal discharges were
abolished and SRAF terminated in most of the cases (10/13 experiments). In the presence of ACS,
multiple drifting rotors as well as a large number of focal discharges were identified and only 1/11
AF episodes terminated.

CONCLUSIONS—In the absence of ACS, SRAF is maintained by high-frequency focal
discharges that generate fibrillatory conduction and wavebreaks. In the presence of ACS, SRAF
dynamics is characterized by multiple high frequency rotors that are rendered unstable by spatially
distributed focal discharges.
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Introduction
Atrial dilatation and stretch have been widely recognized as major pathophysiological
factors in the initiation and maintenance of atrial fibrillation (AF).1,2 Previously, we
demonstrated that atrial stretch, induced by increasing levels of intra-atrial pressure during
AF, increases the frequency and spatio-temporal organization of electrical waves emanating
from the pulmonary veins area.3 It has also been known for many years that extrinsic
cardiac autonomic input to the heart is important in AF initiation and maintenance.4,5 Many
studies in patients and in animals have demonstrated that both vagal and sympathetic input
have the propensity to initiate AF.4,6 For instance, it was shown that AF could be
successfully terminated after radio-frequency delivery to atrial areas containing cardiac
ganglionated plexi, which have been suggested to function as modulators of autonomic input
to the heart.7 Further, recent studies have suggested that through its well-known actions of
opening acetylcholine activated potassium (K,ACh) channels and increasing intracellular
calcium, combined adrenergic and cholinergic stimulation (ACS) leads to both action
potential duration (APD) shortening and late phase-3 early after-depolarizations (EADs)8 or
delayed after-depolarizations (DADs);5 the resulting focal discharges (FDs), were expected
to promote AF initiation.

The above studies not withstanding, the precise mechanisms of AF maintenance in the
presence of atrial stretch with or without autonomic stimulation remain incompletely
explored. Here, we utilized a stretch-related AF (SRAF) model in isolated sheep hearts,
optical mapping techniques and a pharmacological approach to investigate AF dynamics
associated with atrial stretch alone, or in the continuous presence of ACS, before and after
FDs were abolished pharmacologically. Specifically we examined the respective roles of
reentry and FDs in the setting of stretch and ACS. We hypothesized that the mechanisms
whereby AF is maintained in the continuous presence of stretch and ACS depends on the
interplay between local FDs and reentrant spiral waves.

Methods
Langendorff-perfused Sheep Heart and Stretch-induced AF model

All animal experiments were carried out according to National Institutes of Health
guidelines. Twenty-four young sheep (25-30 kg) were anesthetized with sodium
pentobarbital (35 mg/kg, IP) then heparinized (200U/kg, IP) with warm oxygenated
Tyrode’s solution (pH 7.4; 95% O2, 5% CO2, 36 to 38 °C). We implemented a model of
isolated sheep heart enabling to modify intra-atrial pressure as described previously.3,9 After
perforation of the intra-atrial septum, we sealed all venous orifices except the inferior vena
cava which was connected to a cannula controlling the level of intra-atrial pressure. Intra-
atrial pressure was raised to 12 cm H2O and AF was induced by burst pacing at a cycle
length of 10 Hz (10 seconds, 5-ms pulse duration, twice threshold). As previously reported,3
sustained AF episodes (>1 hour) were inducible in all experiments.

Optical Mapping Technique
This technique has been detailed elsewhere,10 and is presented in the online supplement.
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Experimental Protocols
The effects of ACS on SRAF dynamics were examined in detail using various
pharmacological protocols in 4 experimental groups (see Table I). Specifically, in groups 1
and 2 ACS was mimicked by simultaneous perfusion of acetylcholine 1μM plus
isoproterenol 0.03 μM. To abolish intracellular calcium overload-related triggered activity,
we administered ryanodine (RYA) at a concentration of 10-40 μM11 (Group 1, n=7) or
caffeine (CA) 5 mM12 (Group 2, n=4). In Groups 3 and 4, we assessed the individual effect
of RYA or CA respectively, without mimicked ACS. In all groups, optical mapping movies
were obtained every 5 minutes after induction of SRAF (see above) and at 15 minutes of AF
stabilization. Only those movies obtained between 15 and 30 minutes after drug perfusion
were considered for analysis.

Activation Patterns and Dynamics
AF wave patterns were classified into 3 types: (1) rotor, defined as the organizing center of a
spiral wave lasting more than one rotation; (2) breakthrough, defined as a wave appearing at
the left atrial appendage (LAA) and propagating centrifugally toward the periphery of the
field of view; and (3) spatio-temporally organized periodic waves, defined as a minimum of
4 sequential spatio-temporally organized and periodic waves emerging from one edge of the
field of view, with similar direction and inter-wave interval.10 In groups 1 and 2, a
representative 1 second movie sample for each animal was analyzed to quantify the number
and lifespan of individual rotors, the percentage of time with a visible rotor and the number
of breakthroughs.

Numerical Simulations
Numerical simulations were carried out using a 2-dimensional (2D) model to examine how
simulated focal discharges impinge on rotor core meandering dynamics. The description of
the computer model and of the numerical protocol employed can be found in the online
supplement.

Statistical Analysis
Group data were expressed as mean±SEM. Frequency data (Figure 1) were compared with a
repeated measures, two-way analysis of variance test: 3 (condition; SRAF, ACS and ACS
+RYA) ×3 (location; left atrial roof, left and right atrial appendage). Statistical comparisons
of AF dynamics: i) number of breakthroughs ii) number of rotors iii) number of rotations/
rotor iv) percentage of time with visible rotor was also performed by two-way ANOVA with
Tukey’s test. Differences were considered significant when p <0.05.

Results
AF termination

In Table I, we present the overall summary of our 4 experimental groups. In all experiments
we obtained sustained episodes of SRAF. ACS was mimicked by the simultaneous perfusion
of acetylcholine (1 μM) and isoproterenol (0.03 μM). During ACS, only 1/11 SRAF
episodes terminated in the presence of RYA (group 1) or CA (group 2). In sharp contrast,
77% (10/13) of SRAF without ACS terminated during perfusion with either RYA 10-40 μM
(group 3) or CA 5 mM (group 4).

Dominant frequencies (DFs) distribution
Figure 1 presents the optical and electrical data on DFs distribution at the LAA and other
atrial regions during SRAF, after ACS and ACS+RYA (Group 1). Figure 1A shows a
representative DF map (left panel) with corresponding single-pixel recordings (left and
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middle tracings) and bipolar electrograms (rightmost tracing) during SRAF in the absence of
drugs. The activation frequency at the left atrial (LA) roof (point a; orange) was higher than
the LAA (point b; yellow) and the right atrial appendage (RAA). During ACS (Figure 1B),
AF frequency increased at all sites, but in this case DF at the LAA was higher than the LA
roof and the RAA. Also, in the setting of ACS+RYA (Figure 1C), the LAA DF tended to be
larger than at the LA roof and RAA. The highest frequency corresponded to the red domain,
where the LAA single-pixel recording at point f exhibited high periodicity and
monomorphic morphology (Figure 1C, middle panel).

Panel D summarizes the comparative DF data in all experiments. During SRAF the
frequency of activation at the LA roof (7.6±0.7 Hz; white) was significantly higher (p<0.05)
than both LAA (6.0±0.3 Hz; black) and RAA (4.3±0.5 Hz; gray). During ACS, DFs
significantly increased at all locations compared with SRAF (15.5±0.9 versus 7.6±0.7 Hz at
LA roof; 15.7±1.4 versus 6.0±0.3 Hz at LAA; 14.7±2.1 versus 4.3±0.5 Hz at RAA; *:
p<0.05). In the presence of ACS, RYA caused significant decreases in DF at both LA roof
and RAA without significantly affecting the LAA (10.5±1.5 versus 15.5±0.9 Hz at LA roof:
7.7±1.3 versus 14.7±2.1 Hz at RAA, *: p<0.05; 13.7±1.3 versus 15.7±1.4 Hz at LAA, p =
N.S).

Activation patterns during SRAF
As described previously,3 AF wave propagation during SRAF may be manifest as impulses
that are highly periodic both spatially and temporally. As expected, we also observed
spatiotemporally periodic waves during SRAF (data not shown). Altogether in 5 animals,
AF activation patterns during SRAF were driven by spatiotemporally periodic waves or
breakthroughs emerging at varying locations within the LAA; short-lived reentrant
wavefronts (1 or 2 rotations) represented 16.6±5.0% of all the waves analyzed (n=5).

ACS associated breakthroughs induce wavebreak, rotor drifting and termination
Figure 2 is a representative example of the 2 types of AF dynamics observed in the presence
of ACS. Under these conditions we observed many breakthroughs throughout the LAA
which profoundly affected rotor dynamics and lifespan depending on their mutual spatio-
temporal relations. In fact, the increased occurrence of breakthroughs during ACS strongly
affected the SRAF dynamics in complex ways. First, as shown in Figure 2A, breakthroughs
occurring in partially refractory tissue resulted in wavebreak and rotor formation. In this
example, at 4188 ms the breakthrough that emerged on the upper LAA underwent
wavebreak leading to the formation of a counter-clockwise rotor whose cycle length (72 ms)
was equal to the inverse of the maximum DF (1/DFmax) in this episode. Second, while
several rotors could be observed during a given AF episode, most were forced to drift and
eventually terminate after 3 to 4 rotations by their interaction with the repetitively emerging
breakthroughs. In Figure 2B and supplemental movie, the breakthrough that appeared near
the center of the optical field at frame 956 ms (location 1) forced the nearby rotor 1 to drift
over a long distance toward the LA roof (location 2). Collision of the rotor with a second
rotor (2) at that location led to its annihilation (see also supplement movie 1).

Breakthroughs force rotors to drift: experimental and numerical study
During ACS, rotors underwent substantial drift. To evaluate rigorously the cause of the drift,
we followed the trajectory of the phase singularity (PS) at the rotor tip and quantified the
spatio-temporal relationship between PS and breakthrough site as follows: first, as depicted
on the left of Figure 2C, the PS-to-center of breakthrough distance at the onset of the
breakthrough was noted as distance a; i.e., from the asterisk to the white circle in the top
frame of Figure 2C. Distance a was then plotted against the PS-to-center of breakthrough
distance after the rotor had undergone a half rotation; the latter was noted as distance b and
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measured between the white circles in the top and bottom frames of Figure 2C. As plotted in
the rightmost panel (n=4), there was a nonlinear inverse relationship between rotor drifting
and PS-breakthrough distance. Breakthroughs caused the most drifting when they occurred
in the immediate vicinity of the PS, and the drifting effect tended to fade as the PS-
breakthrough distance increased above 0.6 cm.

To provide additional quantitative insight into the cause of drift during ACS, we conducted
2D simulations as depicted in Figure 3. On the left side of panel A, a stationary rotor was
established in the 2D sheet and external focal stimuli were applied at 3 different locations
from the rotor tip to simulate breakthroughs occurring at varying distances from the rotor’s
PS as seen in the experiments. As shown on the right side of panel A and in Panel B, the
shift in the location of the rotor inversely correlated with the distance between the stimulus
and the rotor tip.

AF dynamics changes after abolition of triggered activity
Figure 4A and supplement movie 2 show a representative example of phase movie and the
corresponding rotor PS trajectory in the setting of ACS in the presence of RYA (group 1). A
long-lasting and stable rotor with a stationary PS trajectory was visualized (Figure 4A upper
panels). Notably, a decrease in the number of breakthroughs was also noted. This reentry
exhibited the fastest atrial frequency of activation (12.2 Hz). In all animals in Group 1, the
rotors were consistently located at the LAA. Similar long-lasting rotors were also observed
in all animals during ACS and CA perfusion (Group 2). Figure 4B and supplement movie 3
depict a representative example of a stable dominant rotor located at the anterior LAA and
of its corresponding phase and DF maps in the presence of CA.

Figures 5 and 6 summarize the changes in AF dynamics observed in ACS and ACS+RYA or
CA. In Figure 5A, ACS increased significantly the number of breakthroughs from 18.8±2.4/
sec in control SRAF to 39.6±4.8/sec under ACS; in the presence of ACS, RYA significantly
decreased the number of breakthroughs to 12.2±2.8/sec. Furthermore, the number of rotors/
sec was dramatically increased under conditions of ACS (Figure 5B). Also the number of
rotations/rotor (Figure 6A) was significantly increased from 1.1±0.1/sec/field-of-view and
1.7±0.3/sec/field-of-view during SRAF to 2.5±0.4/sec/field-of-view and 3.0±0.8/sec/field-
of-view after ACS, respectively. Importantly, the number of rotations/rotor after RYA
perfusion increased significantly to 6.2±0.9/sec/field-of-view. Also the percentage of the
movie-time with a visible rotor (Figure 6B) progressively increased after ACS and ACS
+RYA (61.4±10.7% and 93.2±4.3%, respectively vs. 16.6±5.0% during SRAF). Similar
changes in AF dynamics were observed when caffeine was used instead of ryanodine
(Figure 5 and 6 right panels).

Discussion
Major Findings

We have employed an experimental model, optical mapping and a pharmacologic approach
to investigate the mechanisms of stretch-related AF in the absence and the presence of
combined adrenergic and cholinergic input. Our most important results are as follows: 1. In
the absence of ACS, the most frequent activation pattern during SRAF was multiple focal
discharges manifested as centrifugal breakthroughs. Perfusion of either RYA or CA to
abolish calcium release from the SR, and thus prevent focal discharges, resulted in SRAF
termination. However perfusion of the same drugs in the presence of ACS did not terminate
SRAF. 2. In the presence of ACS, the most common activation pattern during SRAF
consisted of multiple short-lived rotors destabilized by a large number of centrifugal
breakthrough wavefronts. Breakthroughs consistently impinged on rotor dynamics by
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increasing the rate of wavebreak and rotor formation and the amount of rotor drift leading to
termination. 3. In sharp contrast, stable and long-lasting reentrant patterns were consistently
observed in all ACS experiments after FDs were abolished by RYA or CA.

Mechanism of AF maintenance in the presence of stretch
Our results demonstrate that out of 13 AF episodes associated with atrial stretch in the
absence of autonomic input, 10 terminated upon perfusion of RYA or CA. This strongly
suggests that in the presence of stretch alone, AF is maintained by spontaneous FDs.
Previously we showed that intra-atrial pressures greater than 10 cm H2O increased the AF
frequency. The highest frequencies and greatest spatio-temporal organization were found at
the junction between the left superior PV and the left atrium.3 In some cases, short-lived
rotors were observed.3 However, at the time we were unable to adequately map optically the
PV-posterior left atrial junction of the sheep heart due to the presence of a high density of
epicardial fat in that region. This prevented us from being able to definitely establish
whether SRAF was maintained by stable rotors or focal discharges or both. The fact that
10/13 SRAF episodes were terminated by RYA or CA perfusion in this new study is,
however, indicative that during stretch the arrhythmia is the result of focal discharges
emerging from the PV-posterior left atrial junction. Our findings are indeed consistent with
studies in the atria of rabbits and monkeys that demonstrated increased rates of spontaneous
activity upon mechanical stretch.13,14 In turn, the waves generated by such focal discharges
have a high propensity for wavebreak early after their onset because of the highly
heterogeneous architecture of the posterior wall region. It should be noted, however, that
SRAF was maintained in 3 animals despite RYA perfusion suggesting that in some animals
both breakthroughs and short-lived reentrant activities were maintaining the fibrillatory
activity.

Mechanisms of AF maintenance in the presence of ACS
Multiple studies have investigated the role of the autonomic nervous system in AF
generation and maintenance.4,6,15 Some such studies5 have focused on the manner in which
cholinergically mediated APD shortening secondary to KACh channel activation, together
with adrenergically induced increase in intracellular calcium release from the sarcoplasmic
reticulum, leads to DADs and/or late phase-3 EADs, through a mechanism which most
likely involves an increase in the forward mode activity of the sodium-calcium exchanger.11

However, until now, the mechanisms of AF maintenance in the presence of combined ACS
remained poorly explored. The above publications suggested that focal discharges may be
sufficient to maintain AF but previous work strongly argued in favour of the idea that
vagally-induced reentrant sources in the left atrium maintain the fibrillatory activity.15-17

To the best of our knowledge, this is the first attempt to examine the mechanisms of AF
maintenance in the presence of stretch and ACS and to evaluate the respective roles of focal
discharges and reentry in those mechanisms. We demonstrate that in the absence of
autonomic input, focal discharges emerging from the PV-posterior left atrial junction prevail
as the mechanism that maintains SRAF. On the other hand, in the presence of ACS, SRAF is
maintained by the dynamic interaction between waves generated by stretch-induced,
adrenergically enhanced focal discharges and waves that emanate repeatedly from relatively
unstable rotors. Hence, we propose that FDs play a dual role in AF dynamics: they enhance
the likelihood of wavebreak and new rotor formation but at the same time they destabilize
existing rotors forcing them to drift and eventually terminate.

Mechanism of increased of rotor destabilization by FDs
Our experiments and numerical simulations establish a strong relationship between the FDs
emerging as breakthroughs in the vicinity of a rotor and the increased propensity of the rotor
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to drift. The data provide a solid explanation as to how two apparently mutually exclusive
mechanisms, reentry and focal activity interact to maintain SRAF in the presence of ACS. It
should be mentioned, however, that the paradigm of rotors destabilization by paced waves
has been presented in previous works. For instance, Gottwald et al, suggested that rotors
could be forced to drift by the application of external stimuli of the appropriate
characteristics.18 Subsequently, Davidenko et al. experimentally demonstrated that
externally induced waves may collide with a self-sustaining spiral and result in rotor
annihilation, multiplication or in a shift of the spiral core.19 As shown in Figure 2 and 3, our
results bring such phenomena into the context of AF for the first time. They provide both
qualitative and quantitative demonstration that the increased number of FDs observed during
ACS contributes to reentrant SRAF maintenance by inducing substantial rotor drifts, and
leading to either wavebreak formation or rotor termination, or both. Notably, experiments
and numerical simulations show strikingly similar results that emphasize how determinant
the location of the focal discharge is for rotor drift. As also suggested recently by the studies
of Huffaker et al.20 and Agladze et al.21 FDs that appear in the vicinity of the rotor core
cause large drifts and may lead to spiral termination, while FDs occurring at large distances
from the core had virtually no effect on the rotor dynamics (see Figures 2B and 3). In our
experiments, 0.6 cm was found to be an approximate limit above which virtually no rotor
drift was observed. Furthermore, the data on AF termination presented in Table 1 suggest
that both FDs and reentrant mechanisms co-exist and interplay to maintain AF in the
presence of ACS. Indeed, virtually none of the ACS-maintained AF episodes terminated
after FDs were abolished.

Mechanism of FDs
While the breakthroughs observed as centrifugal AF waves could be caused by either a
reentrant or a focal discharge mechanism, our experimental results are strongly indicative of
an afterdepolarization-induced focal discharge mechanism. In the online supplement figure
1, the post-pacing interval of spontaneous centrifugal breakthroughs after a 5-second rapid
pacing burst at various cycle lengths was measured. As shown in panel A of that figure, the
post-pacing interval correlated with the basic cycle length of stimulation, which is strongly
suggestive of an after-depolarization mechanism while a negative correlation would have
been expected for a reentrant mechanism. These results, together with the sharp decrease in
the incidence of breakthroughs upon RYA or CA perfusion (Figure 5), are indicative of a
causal link between afterdepolarization induced focal discharges and the breakthrough
waves patterns visualized during AF initiation and maintenance.

Limitations
The pharmacological approach to abolish FDs could have been optimized by the perfusion
of thapsigargine and ryanodine as described by Chou et al.22 Besides, neurally-mediated
ACS is a rather complex phenomenon involving the interaction of the exogenous autonomic
nervous system modulated by neural activity at atrial ganglionated plexi.23 Thus the present
findings will need to be extended to whole animal models with intact autonomic cardiac
innervation. In addition, a thorough evaluation of AF termination mechanisms would have
to include AF dynamics analysis at the time of termination. Finally, various types of paced
wave-spiral wave interactions such as direct spiral annihilation or spiral multiplication have
been previously described19 and are likely to have also been played a role in AF dynamics in
the presence of ACS.

Conclusions
We demonstrate that abolishing FDs was not sufficient to terminate AF in the presence of
ACS. However, FD suppression dramatically changed ACS-related AF dynamics and
terminated SRAF in the absence of ACS. In the clinical realm, radiofrequency delivery in
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the area of the left atrium containing ganglionated plexi is the basis of some of the AF
ablation strategies currently used in AF patients.7 It is commonly considered that localized
left atrial ganglionated plexi have the propensity to elicit local FDs and to initiate or
maintain AF. However, the mechanisms of AF maintenance and the exact mechanistic
benefit of abolishing ganglionated plexi discharges by RF are unknown. Potentially, our
findings could provide the basis for future investigations on the failure of some cases of AF
ablation strategies that specifically target AF triggers elimination.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

ACS adreno-cholinergic stimulation

AF atrial fibrillation

APD action potential duration

CA caffeine

DAD delayed after-depolarizations

DF dominant frequency

EAD early after-depolarizations

FD focal discharge

K, ACh acetylcholine activated potassium

LAA left atrial appendage

LA roof left atrial roof

PS phase singularity

RAA right atrial appendage

RYA ryanodine

SACs stretch activated channels

SRAF stretch-related AF

2D 2-dimensional
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Figure 1.
DFs changes during SRAF in the presence of ACS and RYA. A-C, Representative LAA DF
maps together with single-pixel recordings at locations a-f as well as corresponding RAA
electrograms during:
A: SRAF
B: ACS
C: ACS+RYA.
D, DFs at the LA roof, LAA and RAA during SRAF, ACS and ACS+RYA. LA roof DFmax
during SRAF was significantly higher than DFs at both LAA and RAA (* and #: p<0.05).
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Figure 2.
Interaction between rotors and spontaneous breakthroughs in the setting of ACS. A,
Representative phase maps during ACS; repeated breakthroughs gave rise to rotor formation
after wavebreak. B, Left, a breakthrough induced substantial rotor drift. Right, the
corresponding PS trajectory is shown for rotor 1, which was forced to drift inferiorly and
terminate after collision with counter-rotating rotor 2; both rotors mutually annihilated. C,
Quantification of breakthrough-induced-rotor drift. Left, example of measurements between
PS and breakthrough center (distance a: asterisk to open circle) and breakthrough induced-
rotor drifting (distance b: between open circles) in the presence of ACS. Right, relationship
between (a) and (b) (heart 1: same experiment as in Figure 1). We added a trendline to a fit a
line according to a power function y=xn. A black shaded area depicts the excitable gap for
the rotors presented.
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Figure 3.
Numerical simulation: Focal stimulus induces rotor shift. A, Snapshots of reentrant activity
showing distance between stimulus location and core center (left), and amount of induced
core shift (right). B, Plot of shift as a function of stimulus distance from rotor center shows
inverse relation similar to that demonstrated in the experiment (Figure 2).
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Figure 4.
Long-lasting rotors in the setting of SRAF during ACS+RYA 10 μM (A) or ACS+CA, 5
mM (B). A, Upper left panel, long-lasting rotor (left) with a very stationary PS trajectory
(right) that showed minimal meandering. B, Three snapshots of a representative phase
movie and of the corresponding DF map during an SRAF episode in the presence of ACS
+CA are shown. PSs are indicated by circles (black for clockwise rotation, white for
counter-clockwise rotation).
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Figure 5.
Effects of ACS, ACS+RYA (Group 1) and ACS+CA (Group 2) on the number of
breakthrough (A) and rotors/sec (B) during stretch-related AF. (*: p<0.05 vs SRAF.)
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Figure 6.
Effects of ACS, ACS+RYA (Group 1) and ACS+CA (Group 2) on the number of rotations
(A) and percentage of time with visible rotor (B) during stretch-related AF. (*: p<0.05 vs
SRAF.)
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