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Abstract Objective: To perform the first optical mapping studies of equine atrium
to assess the spatiotemporal dynamics of atrial fibrillation (AF) and of its termina-
tion by quinidine.
Animals: Intact, perfused atrial preparations obtained from four horses with
normal cardiovascular examinations.
Materials and methods: AF was induced by a rapid pacing protocol with or without
acetylcholine perfusion, and optical mapping was used to determine spatial domi-
nant frequency distributions, electrical activity maps, and single-pixel optical
signals. Following induction of AF, quinidine gluconate was perfused into the prep-
aration and these parameters were monitored during quinidine-induced termina-
tion of AF.
Results: Equine AF develops in the context of spatial gradients in action potential
duration (APD) and diastolic interval (DI) that produce alternans, conduction block,
and Wenckebach conduction in different regions at fast pacing rates. Quinidine
terminates AF and prevents subsequent reinduction by reducing the maximal
frequency and increasing frequency homogeneity.
Conclusions: Heterogeneity of APD and DI promote alternans and conduction block
at fast pacing rates in the equine atrium, predisposing to the development of AF.
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Quinidine terminates AF by reducing maximum frequency and increasing frequency
homogeneity. Our results are consistent with the hypothesis that quinidine
increases effective refractory period, thereby decreasing frequency.
ª 2008 Elsevier B.V. All rights reserved.
Introduction

Atrial fibrillation (AF) is the most commonly diag-
nosed cardiac arrhythmia in horses, with preva-
lence ranging as high as 2.5% depending upon study
population.1e4 Although AF is commonly diagnosed
as an incidental finding in horses, it remains
a significant cause of poor performance in equine
athletes, and as such constitutes an important
disease entity in equine patients.5e7 Horses are
presumably predisposed to AF primarily due to
their high vagal tone and large atrial mass,4,8e11

which combine to promote the maintenance of
multiple reentrant circuits, or spiral waves, within
the atria of affected individuals. While the
spatiotemporal behavior of these spiral waves has
been the subject of considerable research and
debate, it is generally accepted that they are
responsible for the rapid, apparently irregular
atrial depolarizations that are characteristic of
AF.10e18

The ideal treatment of human patients with AF
is conversion to normal sinus rhythm (NSR), as
chronic AF is associated with increased risk of
thromboembolism, stroke, and cardiovascular
death in people.19e22 While these associations
have not been documented in equine patients, AF
is a well documented cause of poor performance in
the horse.22e24 For this reason, although long-
standing AF or significant structural heart disease
may preclude successful conversion, many equine
patients with AF of relatively short duration (i.e.,
less than four months) and no significant structural
cardiac pathology (termed lone AF) are converted
to NSR using either pharmacologic or electrical
modalities.23,24 The requirement for anesthesia,
specialized equipment, and expertise for elec-
trical cardioversion, however, combined with the
relatively high success rate of pharmacologic car-
dioversion, precludes electrical cardioversion in
most equine patients. Given these considerations,
the vast majority of equine AF patients are con-
verted pharmacologically using orally adminis-
tered drugs.

Quinidine is the most commonly used drug to
convert equine patients with AF to NSR.7,28 This
Class IA antiarrhythmic drug decreases the
maximum rate of rise of phase 0 depolarization via
sodium channel blockade and prolongs repolari-
zation via blockade of a number of potassium
channels (most notably Ikr) in myocardial tissue.29e37

The net effects of these actions are to decrease
conduction velocity and to prolong action potential
duration and effective refractory period in atrial,
ventricular, and Purkinje myocytes.37e42 These
actions are believed to form the basis for their
effectiveness in interrupting reentrant circuits
that underlie AF, and a number of studies have
shown that quinidine is efficacious at converting the
majority of equine fibrillation patients with lone
AF to NSR.7,28,43,44

In spite of its relatively high clinical efficacy at
converting horses in AF to NSR, the definitive
spatiotemporal mechanism by which quinidine
achieves this conversion in horses remains unclear.
Given the prevalence and clinical impact of equine
AF, the frequency at which quinidine is adminis-
tered to equine patients with AF, and the potential
role that horses may play as a viable animal model
of human AF, an understanding of the mechanism
by which quinidine terminates AF in horses is likely
to provide information that not only will be useful
to clinical veterinarians, but also will improve our
understanding of AF in other species, including
humans.

Optical mapping using voltage-sensitive dyes
has been used previously to investigate both
mechanisms of arrhythmogenesis and of pharma-
cologic and electrical termination of arrhyth-
mias.45e53 This technique has proven valuable in
the study of both atrial and ventricular arrhyth-
mias and has been applied to a wide variety of
species including human, dog, sheep, swine,
rabbit, guinea pig, mouse, and rat.46,54e64 Optical
mapping has not been applied to the study of atrial
fibrillation in horses, to our knowledge.

We designed a series of optical mapping exper-
iments using intact equine atrial preparations
perfused with the voltage-sensitive dye di-
4-ANEPPS16,65e69 to test the hypotheses that
quinidine terminates AF, and that this termination
is associated with a measurable change in AF
dominant frequency. To our knowledge, this is the
first application of optical mapping to study the
mechanism of an antiarrhythmic drug in isolated
equine cardiac preparations.
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Animals, materials and methods

Tissue harvesting and perfusion

All experiments were carried out in accordance
with IACUC guidelines in AAALAC-approved facili-
ties. Immediately following euthanasia of horses of
either gender for non-cardiac reasons ranging from
career-ending musculoskeletal abnormalities to
blindness, hearts were removed (Fig. 1A) and
placed in 22e25 �C Tyrode solution containing (in
mM): MgCl2 2, NaH2PO4 0.9, CaCl2 2, NaCl 137,
NaHCO3 24, KCl 4, Glucose 5.5.70 All Tyrode solution
was equilibrated with 95% oxygen/5% CO2. The atria
were then dissected from the heart (Fig. 1B) and the
coronary vasculature was cannulated with flexible
tubing (1/4 inch ID, 1/16 inch wall thickness; Fisher
Scientific Co, Pittsburgh, PA) that was sutured into
the coronary ostium immediately distal to the
aortic valve leaflets using silk suture material in
a simple continuous suture pattern (Ethicon Inc.,
Piscataway, NJ). Perfusion of the excised atrium via
the coronary vasculature with 37 �C Tyrode solution
was instituted at a rate of 40 ml/min. This flow rate
was extrapolated from rates established for canine
cardiac preparations, accounting for increased
tissue mass. Viability of the preparation was
assessed by visual inspection for normal contraction
at a rate of approximately 30 beats per minute (see
Supplemental movie). Leakage from the cut edges
of the preparation was prevented by suturing using
silk suture material in a simple continuous pattern.

Optical mapping

The preparations were placed in a plexiglas
chamber that kept the tissue submerged in Tyrode
Figure 1 Equine heart and optical mapping setup. (A)
Equine heart. (B) Equine left atrium. (C) Equine left
atrial preparation in optical mapping setup.
and at 37 �C, as shown in Fig. 1C. To stain the
tissue for optical mapping, the tissue was perfused
with a single administration of 2 mM di-4-ANEPPS
(Invitrogen Corporation, Carlsbad, CA) in 200 ml
Tyrode solution; if necessary, staining was
repeated halfway through the experiment. Prepa-
rations were perfused with Tyrode solution (with
or without ACh or quinidine as required) and no
perfusate was recirculated. Illumination was
provided by nine high-power LEDs (Luxeon III star,
LXHL-FM3C) at an excitation frequency of 530� 20
nanometers (nm). Fluorescence emission light was
collected by a Navitar lens (DO-2595, focal length
25 mm, F/# 0.95, distance 60 cm), passed through
a long-pass filter (<610 nm), and imaged by
a 128� 128 back-illuminated EMCDD array (elec-
tron-multiplied charge coupled device, Photo-
metrics Cascade 128þ). This camera provides high
quantum efficiency (peak QE> 90%). The signal
was digitized with a 16-bit A/D converter at frame
rates of 511 Hz (full frame, 128� 128 pixels). The
PCI interface provides high-bandwidth uninter-
rupted data transfer to the host computer. Optical
recordings were performed in episodes lasting 16e
20 s and were obtained continuously during quini-
dine administration.

To prevent contraction and resultant motion
artifact, 10e15 mM of blebbistatin, a myosin II
inhibitor (BIOMOL International, Plymouth
Meeting, PA), was added to Tyrode solution and
perfused into the preparation for approximately
60 min prior to data collection. This concentration
of blebbistatin has been used previously to prevent
contraction of cardiac preparations in our labora-
tory and in other studies and has been shown to
exert minimal effects on the electrophysiological
properties of cardiac tissue.71 Microelectrode
recordings (Fig. 2) show that blebbistatin has
minimal effects on equine ventricular action
potential amplitude, morphology, and duration
and for a broad range of CLs.

Microelectrode recordings

Microelectrode recordings were performed on thin
slices of ventricular tissue from the epicardium
mounted in a Plexiglas chamber and superfused
with normal Tyrode solution at a rate of 15 ml/
min. The tissue was then stimulated using rectan-
gular pulses of 2 ms duration and two to three
times the diastolic threshold (0.1e0.3 mA) deliv-
ered through Teflon-coated bipolar silver elec-
trodes using a computer-controlled stimulator.
Transmembrane action potentials were recorded
from the epicardium with machine-pulled glass
capillary electrodes filled with 3 M KCl. Recordings



Figure 2 Use of blebbistatin to suppress contraction. With the application of blebbistatin, contraction and the
resulting motion that can distort optical mapping signals can be avoided without affecting action potential and rate
adaptation properties. Top: action potentials obtained from microelectrode recordings in equine ventricular tissue
(epicardial) from three cycle lengths (240, 300, and 500 ms) before (black) and after (red) administration of 10e15 mM
blebbistatin are nearly indistinguishable. Bottom: Rate adaptation curves obtained over a range of cycle lengths
before (black) and after (red) blebbistatin administration in equine ventricular tissue (epicardial) show excellent
agreement. Action potential durations (APDs) are computed as 90 percent of repolarization.
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were obtained from sites located within 3e4 mm
of the bipolar stimulating electrode. Restitution
curves were obtained using protocols as described
by Cherry and Fenton.72

Initiation of fibrillation

The intact atrial preparation was paced at a cycle
length (CL) of 500 ms using a bipolar stimulating
electrode connected to an external pulse generator
(Isostim A320, WPI Inc, Sarasota, Fla) delivering
between 0.3 and 0.9 mA of current at a pulse
duration of 3 ms until consistent capture was veri-
fied. For all experiments, the pacing electrode was
placed on the epicardium of the free wall of the
atrium, anatomically distant from the junction with
the pulmonary veins, and the region mapped was
along a line with end points at the pacing electrode
and the opposite border of the atrium, defined as
the border farthest from the pacing site. Fibrilla-
tion was initiated by a rapid pacing protocol
beginning with a CL of 250 ms and decreasing by
increments of 50 ms until fibrillation was initiated,
as assessed by real-time monitoring of single pixels
(similar to atrial electrograms) for the onset of
rapid, irregular signals. If rapid pacing alone did not
initiate fibrillation, 1 mM acetylcholine (ACh)
(acetylcholine chloride, SigmaeAldrich, Milwau-
kee, WI) was added to the Tyrode perfusate and the
pacing protocol reinstituted until sustained fibril-
lation was initiated. If 1 mM ACh did not initiate
fibrillation, serial increases in ACh concentration
were carried out (in mM: 2, 4, 6, 8, 10, 20) until
fibrillation was initiated and sustained.

Non-inducible, non-sustained, and
sustained AF

Sustained AF was defined as fibrillation that lasted
longer than 3 min. Non-inducible AF was defined as
fibrillation that lasted three seconds or less. Atrial
fibrillation that lasted between 3 s and 3 min was
defined as non-sustained.

Quinidine use and AF termination or
prevention

Once fibrillation was initiated, the preparation was
perfused with quinidine gluconate (Eli Lilly and
Co., Indianapolis, IN) in Tyrode solution beginning
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with a concentration of 1.2 mM and progressing
through 6, 12, and 24 mM concentrations until
fibrillation was terminated or 10 min of perfusion
with a given quinidine concentration had elapsed.
These concentrations were chosen to determine
dose response based upon previously documented
serum quinidine levels in horses given intravenous
quinidine gluconate at clinically relevant doses
(2e5 mg/ml), correcting for 20% protein binding of
quinidine that has been established in horse
serum.28,73 A minimum of 4 rapid pacing protocols
was applied to a particular preparation at a given
quinidine concentration before characterizing that
concentration as preventive of AF. A trial was
defined as either the initial pacing protocol
applied to each preparation or to that applied
after a change in ACh or quinidine concentration.

Data analysis

The dominant frequency of single pixels was
calculated in real time during the experiments.
Offline, optical action potentials were determined
at every pixel by inverting the recorded fluores-
cence signal (as the fluorescence is inversely
proportional to the membrane potential). Signal
drift for each pixel was removed by subtracting the
line connecting successive resting membrane
potentials immediately preceding action potential
upstrokes unless minima were not easily detect-
able (during some episodes of AF), in which case
a low-pass filter was used instead. For each pixel,
action potentials were then normalized to the
signal maximum and minimum of the time series to
obtain a normalized voltage (NV) signal. Signals
were subsequently averaged in time with a near-
est-neighbor method and in space using a Gaussian
function with a 3-pixel radius to reduce noise.

Action potential durations (APD) were measured
to 90 percent repolarization. Isochrones were
calculated from the activation times computed at
each pixel by determining when an action poten-
tial upstroke reached 50 percent of the action
potential amplitude and by using a spatial filter
consisting of a weighted average of nearest
neighbors to smooth outlying points. Spatial
frequency maps were determined by computing
the power spectrum of each pixel within a 1e8 s
window and selecting the maximum frequency as
the dominant frequency. We verified that the
frequency maps did not change significantly by
choosing longer or shorter windows when the
arrhythmia was stable, and we chose shorter
window lengths to illustrate changes in arrhythmia
characteristics during termination.
Results

Conduction in normal atria

Six equine atrial preparations were studied, with
four achieving adequate perfusion and staining with
di-4-ANEPPS to provide sufficient signal-to-noise
ratio for data collection. Representative optical
action potentials obtained during pacing to steady
state at different cycle lengths (CLs) are shown in
Fig. 3. Action potential durations measured at 90
percent of repolarization were obtained at four
sites in a single preparation over a range of CLs and
are plotted in Fig. 3 as a function of CL (rate
adaptation curve) and of diastolic interval (DI)
(restitution curve). These curves show two impor-
tant properties. First, the restitution curve is steep,
with slope greater than one (slope> 1 for
DIs< 70 ms, maximum slope of 3.2), indicating
a large decrease in action potential duration with
small decreases in CL at rapid pacing rates. Despite
the steepness of the restitution curve, no alternans
were present close to the pacing site. Second, the
minimum CL or DI for which action potentials could
be obtained varied among the sites and constitute
spatial heterogeneity in the tissue. Because of this
variation, at short CLs part of the tissue with
a higher minimum DI cannot support 1:1 propaga-
tion, resulting in 2:1 conduction block in which only
every other beat propagates. This effect is further
demonstrated in Fig. 4, where isochrones are shown
for a long CL of 750 ms and for a short CL of 250 ms.
At the long CL (Fig. 4A), although regions of
conduction slowing can be observed, the entire
tissue responds to every paced beat in a 1:1 manner.
At the short CL, however, the pacing cannot capture
the entire tissue, and a region in the upper right can
conduct only every other beat (Fig. 4B). When the
tissue in this region cannot conduct, the isochrones
crowd together and form a line of block.

In between the 1:1 and 2:1 regions, electrotonic
effects (diffusive currents between cells) produce
a region of 2:2 conduction, or alternans. It is
important to note that this alternans does not arise
as a direct consequence of rapid pacing,64,74,75 but
strictly because of the interaction between the 1:1
and 2:1 regions. Fig. 5 shows optical action
potentials from a series of sites spanning the 1:1
region proximal to the pacing site and 2:1 regions
distal to the pacing site. Alternans of both APD and
action potential amplitude (APA) develops in the
transitional area between regions of 1:1 and 2:1
conduction. Action potential amplitude of alter-
nating beats decreases in this region until block of
alternating beats occurs.



Figure 3 Optical action potentials and rate adaptation in equine atrial tissue. Representative action potentials
obtained from one preparation using optical mapping are shown for a range of cycle lengths. Action potential
durations (APDs) are shown as a function of cycle length (CL, top) and diastolic interval (DI, bottom). The dotted line
in the APD vs. DI plot has slope one and indicates that the steepest portion of the restitution curve has slope greater
than one. Data from four sites are averaged for the longer cycle lengths (circles/solid line), while data for the second-
and third-smallest cycle lengths (squares/dashed line) were obtained from only three sites because of the occurrence
of 2:1 block in the fourth site at these CLs. For the smallest cycle length (triangles), only one site did not exhibit 2:1
block. Error bars indicate maximum difference between the average value and the individual values obtained. APDs
are computed as 90 percent of repolarization. Optical action potentials (red) are shown together with microelectrode
action potentials (black) obtained from a different equine atrial preparation; both show similar triangular
morphologies.
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Induction of AF

The intrinsic dispersion of APD and DI can produce
not only 2:1 conduction block, but also more
complex Wenckebach patterns as the CL is
decreased further. As the conduction patterns
become more complex, propagation can fail in
different directions at different times and initiate
fibrillation. Fig. 6 shows how the spatial distribu-
tion of dominant frequencies changes with CL.
Initially, only 1:1 propagation is present. Regions
of 2:1 conduction arise by a CL of 500 ms, regions
of 4:1 conduction occur by a CL of 250 ms, and
Wenckebach conduction appears between CLs of
220 and 170 ms. By the time a CL of 160 ms is
reached, AF has initiated in the region of Wenck-
ebach conduction. Because pacing is continued
distal to this region, fibrillation is limited spatially
and does not invade the rest of the tissue in this
case.

Spatiotemporal dynamics of AF

Following cessation of rapid pacing (CL< 160 ms),
fibrillation arises throughout the tissue. Fig. 7
shows two examples of AF initiated in different



Figure 4 Activation isochrones at two different cycle lengths shown every 5 ms. (A) At a cycle length of 750 ms, the
activation proceeds rapidly through the tissue from the pacing site (white area obscuring the tissue at lower left) but
with slowing and crowding of isochrones in the upper right corner. (B) At a cycle length of 250 ms, not all of the tissue
is activated on every beat, so two successive beats are shown, with gray indicating an area of block for the second
beat. Conduction is slower relative to the longer cycle length, and there is more pronounced crowding of isochrones in
the upper right corner. Activation times are measured at each site as the time at which depolarization has reached
half of the full action potential amplitude.
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preparations. Both examples show a wide variation
in frequencies present, although both have large
regions with lower frequencies together with
smaller, higher-frequency areas. The electrical
dynamics are complex with non-repeating patterns
(also see movies in online Supplement).

Although fibrillation could be induced by rapid
pacing, these arrhythmias were not sustained in all
cases (<3 min). To induce sustained AF, it was
necessary to add ACh (1e20 mM) to the perfusate.
Fig. 8 shows the spatiotemporal dynamics of AF
induced using 1 mM ACh in two preparations.
Higher concentrations of ACh resulted in higher
frequencies (up to 15 Hz with the highest ACh
concentrations), but the frequency distributions
and electrical activations remained similar.

Effects of quinidine on AF

Non-sustained AF was inducible with rapid pacing
in two of the preparations in the absence of ACh
(Group I). In each of these preparations, sustained
AF was inducible with 1 mM ACh. In one of these
preparations (horse 1), sustained AF was termi-
nated by 12 mM quinidine. Sustained AF could be
reinitiated in this preparation in the presence of
2 mM ACh, and this sustained AF was terminated by
perfusion with 12 mM quinidine. Following perfu-
sion with 12 mM quinidine in the presence of 2 mM
Ach, only non-sustained AF could be reinitiated in
this preparation. Sustained AF was terminated by
6 mM quinidine in the other Group I preparation
(horse 2), and sustained AF could not be re-initi-
ated in this preparation with either 1 or 2 mM ACh
and rapid pacing.

Preparations in Group II required ACh perfusion
to initiate AF. In one of these preparations (horse
3), 4 mM ACh induced non-sustained AF and 6 mM
ACh initiated sustained AF. This sustained AF was
terminated by perfusion with 1.2 mM quinidine,
and sustained AF could not be reinitiated. In the
other Group II preparation (horse 4), 8 mM ACh
initiated sustained AF, which was terminated by
perfusion with 6 mM quinidine. Non-sustained AF
could not be reinitiated in this preparation after
perfusion with either 8 mM or 10 mM ACh and 6 mM
quinidine. Following perfusion of this preparation
with 20 mM ACh, sustained AF was initiated by
rapid pacing. Perfusion with 6 mM quinidine
terminated AF and non-sustained AF could not be



Figure 5 Development of alternans between regions
of 1:1 and 2:1 conduction. Because some regions of the
tissue have a larger minimum diastolic interval, regions
that conduct every beat (1:1) may be present with
regions that conduct only every other beat (2:1) at some
cycle lengths. In between these regions, alternans (2:2)
can arise because of electrotonic effects. In this case,
successive action potentials vary in amplitude and
duration. Here odd beats (blue) propagate throughout
the tissue, but a marked reduction in action potential
amplitude can be observed on even beats (red) as
a wave propagates from a region of 1:1 conduction to
a region of 2:1 conduction where block occurs.
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reinitiated in this preparation under these condi-
tions. These findings are summarized in Table 1.

Quinidine administration at concentrations
between 1.2 and 12 mM terminated sustained AF in
all trials in which sustained AF was inducible. Fig. 9
shows three examples of termination of sustained
AF in different preparations with different quini-
dine dosages. In all trials in which quinidine
terminated sustained AF, two phenomena were
observed. The first was that the maximum domi-
nant frequency decreased from 12e14 Hz (at high
ACh concentrations) or 7e11 Hz (at low ACh
concentrations) gradually to 3e4 Hz immediately
prior to AF termination, and the second was that
the spatial distribution of frequencies became
more homogenous, with larger regions of the tissue
exhibiting the same dominant frequency.

Another important trend was that quinidine
administration made the reinduction of fibrillation
more difficult. Fig. 10 shows two examples of AF
induced in the presence of quinidine that termi-
nated within two seconds of induction. Note that
the same two phenomena observed with termina-
tion of sustained AF by quinidine (Fig. 9) can be
observed: Fig. 10A shows a reduction in the
dominant frequency over large parts of the domain
as the fibrillation begins to terminate, whereas
Fig. 10B shows increased spatial homogeneity of
the dominant frequency.
Discussion

Use of optical mapping to assess electrical
activity

We present here the first study of electrical
activity in equine cardiac preparations using
optical mapping. The use of voltage-sensitive dyes
to detect electrical activity in cardiac tissue is well
established.16,45e64 The ANEP (Amino-
NaphthylEthenylPyridium) group of dyes in partic-
ular has been used extensively to detect action
potentials in excitable tissue due to its favorable
signal-to-noise ratio and high fluorescence change
with cellular depolarization.69 The molecular
structure of these compounds allows them to
become anchored in the extracellular aspect of
the membrane via two hydrophobic carbon chains
of variable length, with the stability of this
anchoring process being proportional to hydro-
carbon chain length. Upon excitation of the dye by
the appropriate wavelength (excitation
frequency), the positive charge that rests in the
pyridinium nitrogen is passed via resonance to
the aniline nitrogen. This increases the dipole on
the molecule, and when the cation moves back
toward the anion sulphur moiety bound to the
pyridinium nitrogen during the return to ground
state, the absorbed energy is released as light
(emission frequency).76

Since the excitation frequency is higher than
the emission frequency in these compounds, filters
can be used to quantify relative changes in fluo-
rescence. The amplitude of this ‘‘shift’’ in fluo-
rescence upon excitation can be affected by the
electric field that is induced by the passage of an



Figure 6 Spatial frequency distributions obtained for a range of CLs. As the CL is decreased, an area of 2:1 block
develops distal to the pacing site (white area obscuring the tissue at lower left), in the upper right corner. The area of
block grows as the CL is further decreased and more complex patterns of block develop, such as the presence of both
2:1 and 4:1 regions of block at a CL of 250 ms. At the shortest CLs, the frequency pattern becomes more complex with
Wenckebach conduction. Dominant frequencies were determined during 6 s windows for each CL.
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action potential along the membrane. The result-
ing signal is inversely proportional to the
membrane potential and can be monitored with
CCD cameras, and the output of this change can be
used to track the propagation of electrical wave
fronts in excitable tissue.
Figure 7 Spatiotemporal dynamics of non-sustained atr
preparations. Spatial frequency distribution, normalized vol
during the arrhythmia, and the optical signal from a single
self-terminated after less than one minute. Dominant fre
windows. NV maps are shown at times (A) 1.5 and 1.8 s and (B
is tissue obscured by the pacing electrode.
Restitution and alternans in equine atrial
tissue

We have found that equine atrial preparations
have steeply sloped restitution curves (maximum
slope of 3.2). Although restitution curve slope
ial fibrillation without acetylcholine perfusion in two
tage (NV) maps showing complex and changing patterns
pixel are shown for each preparation. In both cases, AF
quencies were determined during (A) 4.4 s and (B) 4 s
) 6.4 and 8.4 s. White area within the tissue region in (A)



Figure 8 Spatiotemporal dynamics of sustained atrial fibrillation with acetylcholine perfusion in two preparations.
Spatial frequency distribution, normalized voltage (NV) maps showing complex and changing patterns during the
arrhythmia, and the optical signal from a single pixel are shown for each preparation. The concentration of ACh was
1 mM in both cases. Dominant frequencies were determined during 5 s windows. NV maps are shown at times (A) 1.8
and 3.2 s and (B) 15.4 and 15.5 s.
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greater than one has been suggested as a predictor
for alternans arising from rapid pacing,74,75 equine
atrial tissue, like porcine ventricular tissue63 and
bullfrog myocardium,75 shows no alternans at the
pacing site despite steeply sloped restitution
curves. Both electrotonic77 and memory77,78

effects may be responsible for the absence of
alternans.

In contrast, alternans was found to arise as
a mediator between regions of 1:1 conduction and
regions of 2:1 block. It is important to note that this
type of alternans differs from alternans induced by
Table 1 Concentrations of acetylcholine (ACh) and quin
sustained (NS) and sustained (S) arrhythmias in equine
fibrillation, concentrations of quinidine required to termin
quent reinduction of sustained fibrillation ([Quinidine]prev,S

Group Horse Trial [ACh] (mM) [Qui

I 1 1 0 (NS)
2 1 (S)

2 1 0 (NS)
2 1 (S)
3 2

II 3 1 1 (NS)
2 4 (S)
3 4 (S)
4 6 (S)

4 1 8 (S)
2 10 (S)
3 20 (S)
rapid pacing, where alternans originates at the
pacing site (producing a region of 2:2) and
conduction velocity can convert alternans from
spatially concordant to spatially discordant,79e81

thereby providing nodes (regions of 1:1). In this
scenario, large alternans amplitudes can lead to
conduction block80e82 distal to the pacing site in
a region beyond the first node. Here, alternans does
not arise at the pacing site as 1:1 conduction is
maintained. Block occurs distal to the pacing site,
and spatially concordant alternans develops
because of electrotonic effects. Each action
idine (Quin) during induction and termination of non-
atrial preparations. For preparations with sustained
ate fibrillation ([Quinidine]term) and to prevent subse-
) or any fibrillation ([Quinidine]prev) are indicated.

n]term (mM) [Quin]prev,S (mM) [Quin]prev (mM)

n/a n/a n/a
12 12
n/a n/a n/a
6 6

6
n/a n/a n/a
1.2
6 6
6 6 12
6 6

6
6 6



Figure 9 AF termination by quinidine. Spatial frequency distributions and the optical signal from a single pixel are
shown. Maximum dominant frequencies decreased from 5e7 Hz to 3e4 Hz before arrhythmia termination. (A)
Concentrations of ACh and quinidine were 2 and 12 mM, respectively. Dominant frequencies were determined during
consecutive 2 s windows. White area at lower left is tissue obscured by the pacing electrode. (B) Concentrations of
ACh and quinidine were 4 and 1.2 mM, respectively. Dominant frequencies were determined during 4 s windows, with
the last three windows beginning 20, 32, and 50 s after the first window. (C) Concentrations of ACh and quinidine were
6 mM and 6 mM, respectively. Dominant frequencies were determined during consecutive windows, with the first
window 3.4 s and the remaining two windows 4 s in duration.
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potential that propagates from the 1:1 region but
blocks in the 2:1 region undergoes a gradual
decrease in amplitude, from full amplitude to zero
amplitude within the region of block, thereby
producing a 2:2 region. Although this mechanism for
alternans development has been postulated theo-
retically to occur in the presence of ischemia,83e85

it has not been demonstrated previously in normal
tissue or in an experimental setting.

Mechanisms of equine atrial fibrillation

Atrial fibrillation is a significant cause of morbidity
and poor performance in horses, with an incidence
of between 1 and 2% of the equine population
evaluated by veterinarians annually.7,28,43 Most
commonly diagnosed as a lone abnormality
without associated gross cardiac structural
pathology, the mechanism of AF in horses previ-
ously has been the subject of research, both as an
important veterinary clinical entity and as a natu-
rally occurring model of human AF.86,88

We have shown that equine AF arising from
rapid pacing in vitro occurs in conjunction with the
development of regions of conduction block and
Wenckebach conduction. These patterns result
from intrinsic or dynamic spatial variability in APD
and DI. Variability in restitution curve properties,
including maximal slope values and minimum DIs,
has been shown to occur in human ventricles87 and
theoretical studies have indicated that such vari-
ability may give rise to reentry, independent of
restitution curve slope values.87,88

In this study, we have found that during AF
there is no single dominant frequency for the
entire preparation. Instead, multiple frequencies



Figure 10 Self-termination of induced AF in the presence of quinidine. Spatial frequency distributions and the
optical signal from a single pixel are shown. After initiation of AF, dominant frequency and spatial heterogeneity of
frequencies decreased. (A) Concentrations of ACh and quinidine were 2 and 12 mM, respectively. Dominant
frequencies were determined during consecutive 2 s windows. Because fibrillation terminates abruptly, the last
spatial frequency map still includes frequencies present during fibrillation. White area at lower right in (A) is tissue
obscured by the pacing electrode. (B) Concentrations of ACh and quinidine were 6 and 12 mM, respectively. Dominant
frequencies were determined during consecutive 4 s windows.
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are present simultaneously due to the presence of
regions of conduction block. These frequencies
ranged from 1 Hz to 8 Hz for AF induced by rapid
pacing without ACh. Although the spatial distri-
bution of frequencies may be interpreted as
support for a single reentrant source located in the
region with the highest dominant frequency, our
optical mapping data show that multiple waves are
present with non-repeating patterns. Reentrant
waves rarely lasted for a full rotation. In this case,
the presence of multiple frequencies arose
because different regions of the tissue could be
captured at different rates, and no single source
could be identified in the region with the highest
frequency, as shown in the movies in the
Supplement.

The range of maximal frequencies observed
from rapid pacing-induced AF was similar to the
dominant frequencies reported by Gelzer et al.
using surface ECGs and intraatrial electrograms in
conscious horses with naturally occurring AF
(5.76e8.51 Hz).86 Although AF was not sustained
when initiated without ACh, the range of
frequencies observed with sustained AF induced
with ACh was similar, although slightly higher than
that observed with non-sustained AF in the
absence of Ach, with frequencies as high as 15 Hz
observed with higher ACh concentrations. More-
over, the spatial pattern of frequency domains was
similar with and without ACh.

Quinidine as antiarrhythmic therapy for
equine AF

Oral quinidine has been the cornerstone of anti-
arrhythmic therapy for equine AF for decades and
is successful at converting horses with lone AF in
approximately 85% of cases.7,28 Although the side
effects of quinidine therapy in horses are not
trivial, the relatively high efficacy of quinidine, its
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availability, the lack of well characterized phar-
amacologic options, and cost and risk associated
with electrical cardioversion have combined to
establish quinidine as the standard of care for
equine atrial fibrillation. In spite of its broad use in
clinical veterinary medicine, the definitive mech-
anism of action of quinidine in the conversion of AF
to NSR in horses has not been established.

Although it is known that Class I antiarrhythmics
produce conduction slowing and refractory period
prolongation, the mechanism by which they
terminate AF has been the subject of debate for
some time. Viewed in light of the multiple wavelet
reentry hypothesis of Moe, AF is believed to be due
to multiple reentrant waves that travel through
the atrial myocardium.15 The size of each of these
wavelets is determined by their wavelength, which
can be defined as the product of the APD and
conduction velocity (CV). In normal atrial
myocardium, APD and CV promote a relatively long
wavelength, leading to the development of a small
number of relatively large, meandering reentrant
waves that can collide and eventually self-termi-
nate. Reduction of wavelength in diseased
myocardium can promote the development of
multiple smaller waves that all fit in the domain,
resulting in sustained AF. This forms the basis for
the hypothesis that an increase in wavelength
promotes the development of larger reentrant
waves that are more likely to terminate because
they cannot fit. However, this may not be the
mechanism by which quinidine terminates atrial
arrhythmias. Quinidine is a Naþ channel blocker
that decreases CV, but it has been shown to
slightly increase APD while preferentially pro-
longing the effective refractory period (ERP) at
short cycle lengths.37 Therefore, the wavelength
may remain relatively unaffected by quinidine
administration. This apparent contradiction may
be explained by the known increased ERP
produced by quinidine.37,42

Increased ERP may underlie the decrease in
heterogeneity observed with quinidine perfusion,
and suggests that the mechanism by which quini-
dine terminates equine AF may not involve alter-
ations of wavelength, but rather an increase in
minimum DI, allowing only lower frequencies
throughout the tissue, and subsequent abolition of
Wenckebach conduction. This hypothesis is sup-
ported by the finding that quinidine application
resulted in a decrease in maximal dominant
frequency. In our studies, the optical mapping
frequency domains in all preparations mapped
indicate that the termination of AF in the presence
of quinidine is accompanied by a decrease in the
maximal dominant frequency and by an increase in
the spatial homogeneity of the frequencies
present (see Fig. 9). In all trials, termination
occurred when the frequency reached 3e4 Hz.
Gelzer et al. reported a similar decrease in the
frequency upon quinidine administration, and
termination also occurred when the arrhythmia
frequency reached between 3 and 4 Hz in
conscious horses with naturally occurring AF, sug-
gesting that the source of the electrical impulses is
slowed by quinidine in the intact horse.86 One
major limitation, however, was that the non-
invasive nature of that study precluded determi-
nation of whether the dominant frequency in
equine AF was the result of a single pacemaker
focus, several synchronized spiral waves, or the
activity of one reentrant wave. In addition, serum
quinidine concentrations were not determined,
which prevented a correlation from being made
between drug concentration and electrophysio-
logic effects. Our studies suggest that equine AF
can result from multiple reentrant waves within
the atria of affected horses, and that the domi-
nant frequency of AF decreases to 3e4 Hz
immediately prior to AF termination at concen-
trations of quinidine that approximate those
achieved in horses given clinically relevant doses
of quinidine.

It is interesting to note that of the eight trials in
which sustained AF was induced, termination of AF
was achieved with concentrations of quinidine that
are markedly lower than those that correspond to
those that are considered therapeutic in the clin-
ical setting in six of them (6 mM in five trials, 1 mM
in one trial). Given this finding, it is tempting to
speculate that termination of equine AF may be
achieved in clinical cases with lower doses of
quinidine or to question why conversion of AF has
not been achieved with the administration of
lower quinidine doses. A number of parameters,
including the effects of the intact autonomic
nervous system, stretch-activated receptors in the
intact heart, and components of whole blood on
the electrophysiology of atrial tissue and binding
kinetics of quinidine may explain this discrepancy
between our findings and the management of
equine AF in clinical patients.
Limitations

One limitation of our study is that rate adaptation
and restitution data were obtained only before
administration of ACh and quinidine. For this
reason, it was not possible to obtain quantitative
information about the electrophysiological effects
of either agent. Thus, a detailed mechanistic
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explanation for the defibrillating effects of quini-
dine is beyond the scope of this work. Another
limitation is that our work was by necessity per-
formed in vitro and not in vivo. However, the
similarities between the frequencies obtained
here and those obtained in vivo by Gelzer et al.86

suggest that the systems behave similarly. Another
limitation of this study is that sharp electrode
experiments designed to determine the effects of
blebbistatin on action potential duration, ampli-
tude, and morphology were, by necessity, per-
formed on ventricular tissue. Given the scarcity of
equine cardiac tissue, atria from all hearts har-
vested were reserved for optical mapping experi-
ments. Previous studies, however, have shown that
blebbistatin has minimal effects on these param-
eters in intact rabbit atrial and ventricular prep-
arations and in cardiac myocytes isolated from rat
ventricle.71 Given these findings, we are confident
that blebbistatin is likely to have minimal effect on
the electrophysiologic properties of equine atrial
tissue. Finally, the number of preparations map-
ped was small, owing to the difficulty in procuring
equine cardiac tissue suitable for mapping. For
this reason, no detailed study of the effects of
time on the viability of the preparation was per-
formed. Nevertheless, optical signal quality and
morphology did not appear to vary substantially
over time.

Conclusions

Our study demonstrates, for the first time, that
rapid pacing-induced AF in intact equine atrial
preparations develops in conjunction with of
regions of conduction block and Wenckebach
conduction resulting from spatial variability in the
minimal DI for propagation. In addition, we found
that AF is associated with multiple frequencies
that are induced by regions of conduction block in
intact equine atrial preparations, and that these
frequencies correspond with those that have been
documented in conscious horses with naturally
occurring AF. We have also demonstrated for the
first time experimentally the occurrence of a novel
form of alternans that occurs as a result of elec-
trotonic currents between regions with 1:1 and 2:1
conduction.

Our results also show that the termination of AF
by quinidine in intact equine atrial preparations is
associated with a decrease in the maximal domi-
nant frequency and by an increase in spatial
homogeneity of frequencies present, and that
quinidine terminates AF in these preparations at
concentrations that correspond to those achieved
in horses given clinically relevant doses of
quinidine. In all cases in which quinidine termi-
nated AF, termination was preceded by a slowing
of dominant frequency. These findings are consis-
tent with the hypothesis that the quinidine-
induced increase in ERP results in an increase in
minimum DI with subsequent abolition of Wenck-
ebach conduction.
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