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Lee, Moon-Hyoung, Shien-Fong Lin, Toshihiko
Ohara, Chikaya Omichi, Yuji Okuyama, Eugene Chu-
din, Alan Garfinkel, James N. Weiss, Hrayr S. Kara-
gueuzian, and Peng-Sheng Chen. Effects of diacetyl mon-
oxime and cytochalasin D on ventricular fibrillation in swine
right ventricles. Am J Physiol Heart Circ Physiol 280:
H2689–H2696, 2001.—Whether or not the excitation-con-
traction (E-C) uncoupler diacetyl monoxime (DAM) and cy-
tochalacin D (Cyto D) alter the ventricular fibrillation (VF)
activation patterns is unclear. We recorded single cell action
potentials and performed optical mapping in isolated per-
fused swine right ventricles (RV) at different concentrations
of DAM and Cyto D. Increasing the concentration of DAM
results in progressively shortened action potential duration
(APD) measured to 90% repolarization, reduced the slope of
the APD restitition curve, decreased Kolmogorov-Sinai en-
tropy, and reduced the number of VF wave fronts. In all RVs,
15–20 mmol/l DAM converted VF to ventricular tachycardia
(VT). The VF could be reinduced after the DAM was washed
out. In comparison, Cyto D (10–40 mmol/l) has no effects on
APD restitution curve or the dynamics of VF. The effects of
DAM on VF are associated with a reduced number of wave
fronts and dynamic complexities in VF. These results are
compatible with the restitution hypothesis of VF and suggest
that DAM may be unsuitable as an E-C uncoupler for optical
mapping studies of VF in the swine RVs.

action potentials; defibrillation; electrophysiology; reentry;
tachyarrhythmias

OPTICAL MAPPING TECHNIQUES are now commonly used in
the study of ventricular fibrillation (VF) and defibril-
lation. A benefit of these techniques is that they pro-
vide information on both the depolarization and the
repolarization of cardiac action potentials. This infor-
mation is crucial to the understanding of reentrant
wave fronts (spiral waves), wave breaks, and VF. How-
ever, a major technical difficulty in applying optical
mapping techniques to the study of cardiac activation
is the vigorous contraction of the myocardium that
distorts the optical signals by the introduction of mo-

tion artifacts. One way to overcome this technical dif-
ficulty is to use an excitation-contraction (E-C) uncou-
pler, such as diacetyl monoxime (DAM, or 2,3-
butanedione monoxime, BDM) (1, 9, 10, 14, 20, 28), to
immobilize the tissue. However, DAM also alters the
membrane ionic currents and action potential proper-
ties (3, 8, 26). Recently, Riccio et al. (30) showed that
DAM prevents the induction of VF and converts exist-
ing VF into a stable periodic rhythm by reducing the
slope of the action potential duration (APD) restitution
(APDR) curve. However, in that study, no mapping was
performed, leaving the effects of DAM on patterns of
activation undefined. The purpose of the present study
was to perform optical mapping studies in swine right
ventricles (RV) to determine the effects of DAM on the
patterns of activation during VF at concentrations rou-
tinely used to immobilize the tissue. We also sought to
determine whether or not these changes occur in par-
allel with changes in the slope of ADPR curve. A third
aim was to study whether or not cytochalasin D (Cyto
D), an E-C uncoupler without significant effects on
APD in canine heart (3, 38), alters the slope of the
APDR curve or the patterns of activation during VF.

METHODS

Tissue preparation and optical mapping. The details of
this swine model are similar to those reported elsewhere (19).
Briefly, the chest was opened, and the heart was quickly
removed. The right coronary artery was cannulated, and the
RV was isolated and continuously perfused with oxygenated
Tyrode solution (37 6 0.5°C, pH 7.4 6 0.5) for the study of
DAM (n 5 6) or Cyto D (n 5 6). The composition of the Tyrode
solution was as follows (in mM): 125.0 NaCl, 4.5 KCl, 0.5
MgCl2, 0.54 CaCl2, 1.2 NaH2PO4, 24.0 NaHCO3, and 5.5
glucose and included 50 mg/l albumin. The RV was paced at
400-ms cycle lengths. The RVs were stained for 20 min with
di-4-ANEPPS (20 min; 1 mmol/l) through coronary perfusion.
After the dye staining was completed, VF was induced by
rapid electrical stimulation, and the patterns of activation
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were mapped during VF. Simultaneous single cell transmem-
brane potential (TMP) recordings were performed using stan-
dard glass electrodes. The RV was then electrically defibril-
lated. TMP and pseudoelectrocardiograms were recorded
during dynamic pacing through a pair of bipolar electrodes
and during sustained VF. The dynamic pacing protocol was
as follows (35). We first paced the RV at a 400-ms pacing
interval using twice the diastolic threshold current for eight
beats, which was then followed immediately by eight beats of
pacing at 350-, 300-, 280-, 260-, 240-, 230-, 220-, 210-, 200-,
190-, 180-, 170-, and 150-ms cycle lengths (CL). TMP record-
ings obtained during the dynamic pacing protocol were used
to construct the APDR curve. Afterward, the perfusate was
changed to Tyrode solution containing increasing concentra-
tions of DAM (5, 10, 15, and 20 mmol/l) or Cyto D (10, 20, and
40 mmol/l). The experimental protocol was then repeated
after each concentration of the uncouplers and after washout.

The optical mapping system is similar to the ones de-
scribed previously (24, 25). A stabilized 250-W tungsten-
halogen lamp (model 66196, Oriel; Stratford, CT) filtered
with a bandpass filter (510 6 40 nm) or a 5-W solid-state
laser (Verdi, Coherent, Laser Group; Santa Clara, CA) at a
wavelength of 532 nm was used for a light source; the
induced fluorescence was collected through a 600-nm long-
pass glass filter (R60, Nikon; Tokyo, Japan) with a 12-bit
digital charge-coupled device camera (CA-D1–0256T or CA-
D1–0128T, Dalsa; Ontario, Canada). In the study using
DAM, the tungsten-halogen light source and the large format
camera (CA-D1–0256T, 2 3 2 binning) was used. The camera
acquired data at 3.75-ms intervals from 96 3 96 sites simul-
taneously over a 35 3 35-mm2 area, resulting in a spatial
resolution of 0.36 mm per pixel. The Cyto D studies were
performed after the laser light source and the faster, small-
format camera (CA-D1–0128T) were installed, which allowed
us to acquire data at 2-ms intervals from 128 3 128 sites
simultaneously over a 35 3 35-mm2 area, resulting in a
spatial resolution of 0.27 mm per pixel. The digital images
were transferred to a personal computer with a frame grab-
ber (IC-PCI-DIG16, Imaging Technology; Bedford, MA). Dur-
ing the experiment, the tissue was immobilized by pinning it
to the base of the tissue chamber.

Signal processing. The optical signals were temporally
filtered and spatially averaged to reduce noise. For temporal
filtering, we applied a five-point time median filter to each
pixel. We take the original first five data points (we call them
frames 1, 2, 3, 4, and 5) and then find the median value of
those points and use that as the new value for point 3 (i.e.,
frame 3). We then take the next original five points (i.e.,
frames 2, 3, 4, 5, and 6) and find the median value of those
and use that as the new value for point 4. We continue this
exercise until the end of the data. We then take the tracing,
invert the data, and bring the baseline down to zero, which is
defined by the average of the five lowest fluorescent values
recorded by that pixel. Afterward, we range normalized each
pixel. We find the five lowest and five highest points and take
the average of those numbers. We then adjust each fluores-
cent value of the pixel by the same amount so that the
highest pixel value will be 255 and the lowest will be 0. Next,
for each pixel on the frame, we average the fluorescent values
of the pixel and its eight surrounding pixels. We use this
average as the new value for the pixel. At completion of those
averaging procedures, we repeated the procedure for a sec-
ond time. At that time, we rezeroed the signal by bringing the
baseline down to zero, defined by the average of the five
lowest points of each pixel. We then range normalized the
signals again. Temporal resolution is unaffected by moving

median filters. Spatial resolution was reduced by the 3 3 3
moving spatial average filter, applied twice, by a factor 32.5
from 0.27 to 0.68 mm.

The fluorescence was converted to pseudocolor animation
for analysis. The maximal signal amplitude was coded yel-
low, representing a fully depolarized state. The minimum
signal amplitude was coded black, representing a fully repo-
larized state. Each depolarizing pixel was then assigned a
color of 128 colors among black, red, and yellow; a repolariz-
ing pixel was assigned a color of 128 colors among yellow,
green, and black. To quantify the effects of DAM or Cyto D on
the patterns of epicardial activation waves, we counted the
number of wavelets in every 100th frame and then averaged
the number of the wavelets. We defined the number of wave-
lets at a given instant of VF/VT (where VT is ventricular
tachycardia) as the number of activations that were indepen-
dently excited over at least two frames in different areas of
the mapped tissue that had different directions of propaga-
tion and were clearly separated from each other by recovered
but nonactivated tissue.

Transmembrane potential, degree of disorder, and dy-
namic restitution. We determined peaks of TMP, interactiva-
tion interval, APD at 90% repolarization (APD90), and dia-
stolic interval (DI) using methods published elsewhere (19).
The APDR curve was created by plotting APD90 against the
preceding DI. The restitution curve was generated by expo-
nential fit using ORIGIN 5.0 (Microcal Software, Northamp-
ton, MA). Poincaré plots were constructed by plotting each
successive interactivation interval against its previous value
(12).

VF is a highly irregular and disordered rhythm. However,
there might be different degrees of disorder among different
episodes of VF. If there is a dose-related effect of DAM or
Cyto D on VF, then the disorder should change according to
the concentration of drugs used. To quantify the degree of
disorder (21, 33), we calculated Kolmogorov-Sinai entropy
(KE) using two different methods (19). A typical time series
for analysis consisted of a 20-s record of membrane potential
digitized at 5 kHz. The state-space dimension, as determined
by the method of false nearest neighbors, was 5. Method A
follows Hilborn (17) and is similar to the method we used
previously (19). The second method of estimating KE, method
B, was by direct implementation of the concept “rate of
invasion of new boxes.” We kept track of which boxes were
invaded by the state-point trajectory for the first 90–95% of
each run and then calculated the percentage of all boxes
encountered in the last 5–10%, which were “new.” This
method proved robust to changes in the side length of the
box, as well as other parameters, such as the fraction of runs
considered new. The laboratory of Chen et al. (19) previously
reported that entropy is a useful method in measuring dis-
order in the swine RV preparation.

The APDR curve, Poincaré plots, and entropy analyses
were generated from action potential data as recorded by a
microelectrode, rather than from the optical recordings.

Statistical analysis. All data were presented as means 6
SD. Student’s t-tests were used to compare the means.
ANOVA with Newman-Keuls test was used when multiple
comparisons were performed. Pearson correlation was used
to compare the means of the maximum slope of APDR curve
and the KE. The generation of restitution curves and all
statistical analyses were performed with the use of ORIGIN
(Microcal Software). A P value ,0.05 was considered signif-
icant.
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RESULTS

Effects of DAM and Cyto D on APD90. DAM and Cyto
D had differential effects on transmembrane APD90.
Figure 1 shows an example of DAM causing a concen-
tration-dependent shortening of APD90, which was re-
versible upon washout. In contrast, Cyto D did not
significantly affect APD90 at concentrations that varied
from 10 to 40 mmol/l. Table 1 shows the results of all
RV studied. With concentrations of 5, 10, 15, and 20
mmol/l, DAM reduced APD90 by 37.7%, 38.3%, 45%,
and 48.3%, respectively (P , 0.001 for all compari-
sons). The effects were reversible upon washout. In
contrast, Cyto D had no significant effect on the APD90
at any of concentrations studied (Table 1).

Effects of DAM and Cyto D on slopes of APDR curves.
At baseline, the mean maximal slopes of the APDR
curves without DAM and Cyto D were 1.14 6 0.38 and
1.29 6 0.45, respectively (P 5 not significant, NS).
With increasing concentrations, DAM progressively
decreased the maximum slope of APDR, whereas Cyto
D showed no such effect (Fig. 2). DAM reduced the
maximal slopes of APDR curves in a concentration-
dependent manner (Table 1). In contrast, there was no
significant change in the slope of APDR curves in any
of concentrations of Cyto D studied (Table 1).

Effects of DAM and Cyto D on spatiotemporal com-
plexity of VF. Figure 3 summarizes the effects of DAM
and Cyto D on the spatiotemporal complexity of VF.
According to our previous studies (12, 19), Poincaré
plots have four patterns corresponding to four different
degrees of complexity in VF: formless, cloudlike ap-
pearance (highest in complexity, black); signet, ring-
like appearance (higher complexity, crosshatch); clus-
ter (lower complexity, parallel lines); and point (lowest
complexity, white) (Fig. 3C). The Poincaré plots had
either a formless, cloudlike appearance or signet ring-
like appearance at baseline. With increasing concen-
trations of DAM (Fig. 3A), there was a progression
from a higher complexity to lower complexity. At 20
mmol/l of DAM, the VF always converted to VT and

Poincaré plots showed point patterns (lowest complex-
ity). This pattern was reversible upon washout. On the
other hand, a higher complexity persisted for all con-
centrations of Cyto D (Fig. 3B). Figure 3, D and E,
shows typical pseudoelectrocardiograms and TMP re-
cordings with their associated Poincaré plots shown in
Fig. 3C. During baseline VF, pseudoelectrocardio-
grams and TMP recordings show highly variable am-
plitudes and interactivation intervals. These patterns
were converted to periodic rhythm with higher concen-
trations of DAM.

Kolmogorov entropy. The results of our KE calcula-
tions are shown in Table 1 by the two methods (17, 19).
In both methods, entropy decreased significantly with
increasing DAM and then sharply increased at wash-
out. We also applied two statistical tests. First, we
dropped the last (equals washout) point from each data
set and tested the remaining six points for correlation.
In every data set, by both methods, there was a statis-
tically significant (P , 0.001) negative correlation with
sequence position. In other words, the KE decreased
significantly with increasing DAM. Second, to test the
significance of the washout, for each of the two meth-
ods of calculation of KE, we considered the six KE
values for the washout point and compared them with
the six average values for the prewashout data by
using Student’s t-tests. In both methods, the prewash-
out KE values were significantly higher than the wash-
out KE values. There were also excellent correlations
between the maximum slope of the APDR curve and
the KE method A (r 5 0.93, P 5 0.007) and KE method
B (r 5 0.98, P 5 0.001). Whereas, in the Cyto D group,
KE values did not show statistically significant
changes from baseline to increasing Cyto D concentra-
tions to a 60-min period of superfusion with Cyto D-
free Tyrode solution (Table).

Effects of DAM and Cyto D on number of wavelets. All
RV in VF at baseline had multiple wavelets within the
mapped region (3.4 6 0.6 in DAM group and 3.4 6 0.5
in Cyto D group). With increasing concentrations of

Fig. 1. Transmembrane potentials re-
corded from the epicardium of swine
right ventricles (RV). Diacetyl mon-
oxime (DAM) causes concentration-de-
pendent, reversible action potential
duration measured to 90% repoloariza-
tion (APD90) shortening (A). Cytocha-
lasin D (Cyto D) has little effect on the
APD90 (B).
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DAM, the mean number of wavelets progressively de-
creased (Table 1). In contrast, Cyto D had no such
effect (Table 1). Figure 4A shows the number of wave-
lets at baseline, after 20 mmol/l of DAM perfusion, and
after washout in a typical experiment. Figure 4, B and
C, shows corresponding fluorescent signals and TMP
recordings, respectively. With 20 mmol/l of DAM, the
optical map usually showed a repetitive monomorphic
planar wave front propagating from outside of the
optical field to the other side of the field except in one
episode, which showed a stationary spiral wave (Fig. 5)
that persisted for .30 s.

DISCUSSION

In this study, we found that DAM results in concen-
tration-dependent reduction of APD90 and of the slope
of APDR curves in isolated swine RV. These changes
are associated with progressively reduced numbers of
VF wave fronts and lesser dynamic complexity of VF as
measured by KE. At high concentrations, DAM con-
verts VF to VT. In contrast, Cyto D has no effect on
APDR curves or the dynamics of VF. These results are
compatible with the restitution hypothesis of VF and
suggest that DAM may be unsuitable as an E-C uncou-
pler for optical mapping studies of VF.

Restitution hypothesis of VF. The restitution hypoth-
esis (36) states that APDR is a critical factor in the
generation and maintenance of VF and that targeting

cardiac restitution could lead to effective antifibrilla-
tory intervention. The argument that a steeply sloped
APDR curve creates instabilities during rapid pacing
was first made by Nolasco and Dahlen (27). Subse-
quently, many investigators demonstrated that APDR
is important in the generation of alternans, which lead
to the development of ventricular arrhythmias, includ-
ing VF [see a recent review by Weiss et al. (36)]. A
quantitative measure of APDR is through the construc-
tion of an APDR curve and the calculation of the
maximum slope of that curve. A slope $1 is needed to
create the dynamic instability that promotes the gen-
eration of wavebreak and VF. As a result, chemical
agents that flatten the APDR curve (such as verapamil,
DAM, or bretylium) decrease VF complexity (6, 30),
prevent the induction of VF, and convert existing VF
into a periodic rhythm (13, 30).

DAM and Cyto D. DAM is a commonly used chemical
agent to induce E-C uncoupling during optical map-
ping studies (1, 9, 10, 14, 20, 28). Liu et al. (26)
previously reported that DAM (5–20 mmol/l) decreased
APD90 and the refractory period in a concentration-
dependent manner. Riccio et al. (30) expanded these
observations and showed the DAM may convert VT to
VF at concentrations commonly used for optical map-
ping studies. Both DAM and Cyto D reduce contrac-
tion. Biermann et al. (3) found that, in isolated canine
right ventricular trabeculae, DAM at 10 mmol/l and

Table 1. Effects of DAM and Cyto D on dynamics of VF

Effects of DAM, mmol/l

Control 5 10 15 20 Washout

APD90 at 400 ms CL, ms 197.2627.4 122.8618.8* 121.7620.6* 108.5617.4* 102.0616.2* 174.9616.4
dV/dtmax at 400 ms CL, V/s 63.2641.7 84.6652.2 96.2614.0 82.7633.4 72.4641.0 121.1641.8
Resting membrane potential at

400 ms CL, mV 264.4614.1 268.8610.5 270.565.5 269.5612.2 260.2611.7 274.369.3
AP amplitude at 400 ms CL, mV 74.4610.0 77.3617.3 74.167.0 72.6610.4 65.7611.3 82.367.8
Shortest DI during dynamic

APDR curve determination, ms 31.9614.8 49.1621.4 48.5610.2 49.7615.7 64.7617.1† 28.8610.1
Max slope of APDR curve 1.1460.38 0.7160.25* 0.5060.22* 0.3360.24* 0.2160.14* 0.7760.22
Kolmogorov entropy (model A) 8.7260.49 8.3661.13* 6.7161.36* 5.7561.18* 4.9460.30* 8.3460.32
Kolmogorov entropy (model B) 0.3460.15 0.2260.20* 0.0760.09* 0.0660.08* 0.0160.01* 0.2560.16
Dominant frequency, Hz 11.261.8 9.163.3 9.363.7 9.262.3 9.661.9 9.660.8
No. of wavelets 3.460.6 2.760.8* 1.860.8* 1.460.7* 1.060.0* 2.860.8

Effects of Cyto D, mmol/l

Control 10 20 40 Washout

APD90 at 400 ms CL, ms 189.8627.4 175.6630.6 189.2634.2 184.2636.0 196.2644.0
dV/dtmax at 400 ms CL, V/s 63.9638.7 87.9646.1 76.5638.9 71.6611.4 85.8635.2
Resting membrane potential at

400 ms CL, mV 266.169.0 264.1613.5 265.4612.0 272.667.3 276.7613.4
AP amplitude at 400 ms CL, mV 72.6612.8 76.4614.7 75.2613.8 76.4466.1 77.2620.8
Shortest DI during dynamic

APDR curve determination, ms 41.268.8 38.6610.8 44.2615.3 52.5637.6 49.3638.9
Max slope of APDR curve 1.2960.45 1.2960.61 1.3460.54 1.1060.54 1.4760.84
Kolmogorov entropy (model A) 7.7360.35 7.8360.32 7.6960.45 7.3060.56 7.4860.34
Kolmogorov entropy (model B) 0.3260.13 0.3060.12 0.4160.22 0.3160.18 0.2960.19
Dominant frequency, Hz 11.062.7 9.961.8 9.362.3 9.062.7 8.661.6
No. of wavelets 3.460.5 3.260.6 3.260.6 3.260.6 3.260.5

Values are means 6 SD. APD90, action potential duration at 90% repolarization; CL, cycle length; dV/dtmax, maximal voltage change over
time; DI, diastolic interval; APDR, APD restitution. Max, indicates maximum. *P , 0.001 compared with control; †P , 0.01 compared with
control.
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Cyto D at 80 mmol/l were equally effective in reducing
peak isometric force to 10 6 3% and 8 6 1%, respec-
tively. Wu et al. (38) studied different concentrations of
Cyto D on contraction in a canine left ventricular
wedge preparation. The concentration used in that
study was 10, 15, 20, 25, 30, 35, and 40 mmol/l. They
showed that all the concentration of Cyto D could
reduce arterial pulses to 1/e of its initial value. The
authors suggested that Cyto D concentration between
20 and 30 mmol/l in the perfusate represented the
range of the most usage-efficient dose for effective
immobilization of ventricular muscle. Our study

showed that, whereas both Cyto D (10–40 mmol/l) and
DAM (5–20 mmol/l) reduce contraction, only DAM has
significant effects on APDR curve and APD.

The mechanisms of the action of DAM are complex.
DAM has been found to reduce L-type Ca21 current in
rabbit (26), rat (8), and guinea pig (16) ventricular
myocytes and to decrease delayed rectifier K1 current
in rabbit (26) and rat myocytes (8), leading to net
shortening of APD and refractory periods in cats (37),
sheep (26), guinea pigs (16, 26), and dogs (2, 3) but
action potential lengthening in rats (7). In comparison,
Cyto D, an F-actin disrupter, has no significant effect

Fig. 2. Effects of increasing concentra-
tions of DAM (A) and Cyto D (B) on the
dynamic APD restitution curves deter-
mined from a swine RV epicardium.
DI, diastolic interval.

Fig. 3. Effects of DAM (A) and Cyto D
(B) on spatiotemporal complexities of
ventricular fibrillation (VF). C: Poin-
caré plots of 4 patterns corresponding
to 4 different degrees of complexity in
VF. D and E: typical pseudoelectrocar-
diogram and transmembrane potential
(TMP) recordings, respectively. See
text for details.
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on action potential parameters in dogs (3) but length-
ens APD and hyperpolarizes the cardiac membrane in
mouse myocytes (18). In our study, DAM reversibly
shortened APD90 and depressed the slope of APDR
curve, similar to the experiment of Riccio et al. (30). We
also found that DAM decreased the degree of spatio-
temporal complexity and increased periodicity in a
concentration-dependent manner. At high concentra-
tions it converted VF to VT. All those effects were
reversible 30 min after washout with DAM-free Tyrode
solution. In contrast, Cyto D had no significant effect
on the slope of the APDR curve and did not change

either the patterns of activation or the KE. From these
results, we suggest that Cyto D may be used as an E-C
uncoupler for optical mapping studies of VF. DAM
should be avoided in those studies.

Alternative mechanisms for VF to VT transition. In
addition to the restitution hypothesis, two other hy-
potheses have been proposed to explain the mecha-
nisms of VF. One is the wavelength hypothesis (29),
which states that the length of excitation wave (the
product of refractory period and conduction velocity) is
an important determinant for reentry. Lengthening of
the wavelength is antiarrhythmic, while shortening

Fig. 4. Effects of DAM on wavelet number
and TMP recordings. A: snap shots of mem-
brane potential determined by optical map-
ping. We used color spectrum to represent
membrane potentials. Black colors represent
repolarized tissue just before the upstroke of
the action potential. The color turns red as
the membrane is depolarized. When the ac-
tion potential reaches its peak, the color turns
yellow. The color then gradually changes from
yellow to green, then blue, and eventually
back to black during repolarization. The
wavelets were considered to be different if
they had different directions of propagation
and were separated from each other by blue
or black areas. At 20 mmol/l of DAM, mono-
morphic tachycardia was induced in all prep-
arations. There were multiple wavelets dur-
ing VF at baseline (wavelet number 5 4) and
after washout (wavelet number 5 3). How-
ever, with 20 mmol/l of DAM, there was a
single large wave front that repetitively in-
vade the mapped region from left lower corner
of the mapped tissue. B and C: corresponding
fluorescent signals and single cell TMPs, re-
spectively, of the activation maps shown in A.
depol, Depolarization; repol, repolarization.

Fig. 5. Stationary spiral wave induced
after 20 mmol/l of DAM perfusion. A:
isochrone map of the activation se-
quences shown in B (time 5 0 to 135
ms). Red is the first activated site and
purple is the last.
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the wavelength is proarrhythmic. However, in the
present study we found that DAM shortens APD but
converts VF to VT. Samie et al. (32) showed that
verapamil, a calcium channel blocker that shortens
APD, is also effective in converting VF to VT. One
possible explanation of these findings is that calcium is
a major contributor to TMP at sites of slow propagation
(22), for example, near the core of reentry when the
wave front curvature is steep. Because of this action,
calcium channel blockade enlarges the core of reentry,
lengthens the cycle length, and converts VF to VT (32).
This mechanism could explain the effects of DAM on
VF observed in the present study.

Implications on VF mapping. The present study also
has significant implications on optical mapping of VF.
Chen and colleagues (5) reported that reentrant wave
fronts in VF are short-lived, lasting on average only a
few rotations before they terminate spontaneously or
by wave-wave interaction (4). Similarly, reentrant
wave fronts during Wiggers’ stage II VF are also short-
lived, with an average life span of 3.2 rotations in
canine ventricles (23). Rogers et al. (31) later reported
even an shorter life span (1.5 rotations) for the reen-
trant wave fronts on the epicardium of the swine ven-
tricles. Because of its very short life span and uncom-
mon occurrence, Rogers et al. (31) suggested that
sustained reentry is transmural or that mechanisms
governing sustained reentry are relatively unimpor-
tant to the dynamics of VF.

Using optical mapping studies in the presence of
DAM, Gray et al. (14, 15) studied VF in rabbit ventri-
cles and reported that the reentrant wave fronts (spiral
waves) might be sustained for a much longer period of
time than that reported by Rogers et al. (31). A single
sustained meandering spiral wave may result in vari-
ations of activation CL at various parts of the ventri-
cles through the Doppler effect (14, 15). The electrocar-
diogram at that time is indistinguishable from VF. The
authors conclude that a single rapidly meandering
spiral wave may cause cardiac fibrillation. A discrep-
ancy between the VF activation patterns mapped with
electrode mapping techniques and with optical map-
ping techniques therefore exists. The use of DAM in
optical mapping studies may partially explain some of
this difference.

Limitations of the study. Whereas Cyto D does not
alter APD or flatten the APDR curve, it does reduce
peak sodium currents in ventricular myocytes (34),
which may in turn reduce conduction velocity and
decrease the wavelength. Although Wu et al. (38) pre-
viously reported that Cyto D at a steady concentration
of 10 mmol/l did not alter transmural conduction veloc-
ity, it is unclear whether conduction velocity is reduced
when a higher concentration of Cyto D is used. It would
be interesting to study the effects of Cyto D on conduc-
tion velocity at the concentrations used in this study.
However, Frasier et al. (11) studied transmural activa-
tion patterns during epicardial and endocardial pacing.
They found that activation in both cases is primarily
endocardial to epicardial because of rapid endocardial
conduction. These data indicate that the impulse prop-

agation from one point to another on the epicardium
may be much longer than the distance between these
two points. Because optical mapping techniques cannot
be used to study three-dimensional transmural propa-
gation of activation, we were not able to accurately
determine the conduction velocity. This is a limitation
of the study.

A second limitation was that two different optical
mapping systems were used in the study. The system
used for mapping Cyto D had slightly better spatial
and temporal resolution than that used for mapping
VF during DAM infusion. However, both mapping sys-
tems have sufficient resolution to determine the num-
ber of wave fronts present in the tissue. Furthermore,
the effects of DAM and Cyto D on the dynamics of VF
were also evaluated with entropy, pseudoelectrocardio-
grams, and TMP recordings. All showed consistent
findings. Therefore, we do not think a difference of
mapping system resolution invalidated the conclusions
of the study.
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