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Measurements of Electrophysiological Effects of Components of
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Optical Mapping of Components of Ischemia in Rat Heart. Introduction: This study was carried
out to evaluate optical mapping in the presence of cytochalasin-D as a method for measuring electrophysio-
logical responses in general, and in particular the responses to acute ischemia in the Langendorff-perfused
rat heart. Cytochalasin-D is commonly used to reduce contraction for the purpose of suppressing motion
artifacts in voltage-sensitive dye recordings of cardiac membrane potential.

Methods and Results: Observations using optical mapping were complemented by recordings of the surface
electrogram to provide information independent of the optical measurements. Perfusion of Langendorff-
perfused rat hearts with 3 μM cytochalasin-D resulted in a 24% prolongation of the QT interval of surface
electrograms indicating that cytochalasin-D prolongs the rat ventricular action potential. Individual com-
ponents of the electrophysiological response to acute ischemia were globally induced as follows: (1) opening
of KATP channels was induced by perfusion of 2 μM P-1075, (2) accumulation of extracellular K+ was
simulated by increasing perfusate [K+] to 12 mM, and (3) acidosis was simulated by reducing perfusate pH
to 6.5. The responses to these interventions could be reliably documented using optical recordings, as well
as from surface electrograms. Whole-cell patch clamp measurements on isolated rat ventricular myocytes
indicate that cytochalasin-D produces an approximately 2.5-fold increase in P-1075-induced IK,ATP.

Conclusion: These results provide the necessary background information for interpreting electrophysio-
logical measurements during acute ischemia in the presence of cytochalasin-D. (J Cardiovasc Electrophysiol,
Vol. 17, pp. S113-S123, Suppl. 1, May 2006)
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Introduction

Optical mapping techniques based on voltage-sensitive
dyes are frequently used to study the dynamics of cardiac
arrhythmias.1 These methods have many advantages, includ-
ing high spatial and temporal resolution, direct recording of
transmembrane (as opposed to extracellular) potential, and
the absence of artifacts caused by electrical stimulation.1 A
large number of studies of cardiac arrhythmias using op-
tical mapping have been published, including several that
specifically address arrhythmias arising in the context of is-
chemia.2-8 One of the most significant limitations of optical
mapping techniques to date is the presence of “motion ar-
tifacts” (artifactual signals caused by the contraction of the
heart muscle). Since these motion artifacts coincide with the
repolarization phase of the action potential, they must usually
be suppressed by using pharmacological agents that reduce
contraction amplitude. There are two such “motion block-
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ers” currently in frequent use: 2,3-butanedione monoxime
(BDM) and cytochalasin-D (cyto-D). Unfortunately, both of
these motion blockers may have significant side effects. BDM
is known to inhibit many ionic currents at concentrations re-
quired to reduce motion artifacts. As a result, BDM alters
the action potential duration (APD) in most species. The ex-
act effect on the APD varies depending on the roles of af-
fected ionic currents in the cardiac action potential in different
species. For example, BDM shortens the APD in sheep and
guinea pig,9 but prolongs the APD in the mouse.10 BDM has
also been shown to enhance shock-induced arrhythmias,11

and to provide a protective effect during reperfusion after
ischemia.12 As a result of these side effects, and in particu-
lar the effects directly related to ischemia, BDM may not be
suitable as a motion blocker for ischemia studies.

Cyto-D is a commonly used pharmacological tool to study
the actin cytoskeleton. The primary effect of cyto-D on con-
tractility of cardiac myocytes is most likely due to a decrease
in myofilament (sarcomeric actin) sensitivity to Ca2+ rather
than cyto-D effects on the actin cytoskeleton.13 However,
disruption of the cytoskeleton using cyto-D has been shown
to have a number of effects on ion channels and intracellu-
lar signaling pathways.13 Of particular note in the context
of ischemia is the effect on the ATP-sensitive K+ channel,
IK,ATP. Disruption of the actin cytoskeleton is known to en-
hance KATP channel rundown,14 enhance KATP channel open-
ing,15 and reduce inhibition of KATP channels by sulfonylurea
drugs.16,17 The use of cyto-D as a motion blocker can thus
potentially alter the function of KATP channel, as well as the
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baseline APD. Compared to BDM, cyto-D has been reported
to have either no or less pronounced effects on APD in ca-
nine, rabbit, and swine ventricles.18-21 However, in the mouse
ventricle cyto-D has been shown to significantly prolong the
APD.10,22 In isolated rat ventricular cells, Yang et al.23 re-
ported that cyto-D had no effect on transient outward cur-
rent or APD, except in hypertrophied myocytes. At present,
there are no results from whole rat hearts available in the
literature.

The isolated Langendorff-perfused rat heart has become
a commonly used model for studying arrhythmias, and in
particular ischemia-induced ventricular fibrillation (VF).24,25

Among the factors contributing to the use of this experimen-
tal model is the fact that the rat heart is known to lack ef-
fective coronary collaterals, which results in reproducible
ischemic zones in response to coronary ligation.24 In ad-
dition, rats are relatively inexpensive and readily available,
making them an attractive preparation for many applications
in cardiovascular electrophysiology. The availability of the
rat genome is likely to generate increased interest in the
rat as an experimental model.26 We have previously demon-
strated the feasibility of optical mapping in the Langendorff-
perfused rat heart.27 However, despite the popularity of the rat
heart as an experimental model in the context of ischemia,
there have been no reports of optical mapping studies per-
formed in the Langendorff-perfused rat heart in this con-
text. One obstacle to such studies is the presence of motion
artifacts as discussed above and thus the need to use mo-
tion blockers so that repolarization and APD can be reli-
able measured. This study was carried out to evaluate optical
mapping in the presence of cyto-D as a method for mea-
suring electrophysiological responses to acute ischemia in
the Langendorff-perfused rat heart. Three primary effects of
acute ischemia, namely, (1) opening of KATP channels, (2)
elevation of extracellular [K+], and (3) acidosis28 were in-
duced separately so that their individual electrophysiological
effects could be measured. Observations using optical map-
ping are complemented by recordings of the surface elec-
trogram to provide information independent of the optical
measurements.

Methods

Isolation of Single Rat Ventricular Myocytes

Adult male Sprague-Dawley rats were euthanized with
pentobarbital (150 mg/kg, i.p.) according to the University
of Calgary Animal Care Committee and the Canadian Coun-
cil on Animal Care (CCAC) Guidelines. The hearts were
then removed and ventricular myocytes were obtained by en-
zymatic dissociation using the standard protocols described
previously.29,30 After one hour, cells were placed on cover
slips for observation at 200× with an inverted microscope
and were allowed to adhere to the bottom of the recording
chamber for five minutes followed by superfusion with con-
trol solution containing (in mM) NaCl 140, KCl 5.4, HEPES
10, CaCl2 1.0, MgCl2 1.4, and glucose 10 (pH = 7.4).

Whole-Cell Patch Clamp Measurements

Two inwardly rectifying K+ currents, IK1 and IK,ATP, were
recorded in the whole-cell configuration of the patch clamp
technique at room temperature (22 ± 1◦C). Patch pipettes
were pulled using borosilicate glass (G85150T, Warner In-

strument Corp., Salt Lake City, UT, USA) to yield pipettes
with a resistance of 2–4 M� when filled with pipette solu-
tion. Recorded membrane potentials were corrected by −10
mV to compensate for junction potentials between bath and
pipette solutions. Pipettes were back-filled with a solution
containing the following (in mM): K-aspartate 120, KCl 20,
HEPES 10, NaCl 8, MgCl2 1.4, EGTA 10, CaCl2 1, K2ATP
2, glucose 10. The pH of the solution was adjusted to 7.2
with KOH. Once a G� seal was formed, access to the cell
was achieved by rupturing the membrane under the pipette
by applying gentle suction; a series resistance of <10 M�
was deemed acceptable. Pipette series resistance compensa-
tion was applied to reduce it by 80–90%. Membrane current
recordings were made using an Axopatch 200B patch clamp
amplifier controlled with Clampex 8.0 software (Axon In-
struments, Foster City, CA, USA) for data acquisition and
analysis. Data were sampled at 1 kHz, digitized (Digidata
1320A, Axon Instruments) and stored on computer. Cells
were voltage clamped to −80 mV, and then IK1 I-V relations
were determined by applying 300-msec long voltage ramps
from +40 mV to −120 mV. IK1 was the difference current
obtained by subtraction of current remaining after exposure
of the cell to 200 μM BaCl2 containing solution from the
recorded current in the corresponding control solution.31 A
solution containing 50 μM P-1075 was used to induce IK,ATP;
for the inhibition of IK,ATP, 10 μM HMR 1098 was added to
the solution. All measured whole-cell currents were normal-
ized to cell capacitance.

Langendorff-Perfused Rat Hearts

All experiments followed the guidelines of the University
of Calgary Animal Care Committee and the Canadian Coun-
cil for Animal Care. Rat hearts were isolated using a proce-
dure described previously.27 Briefly, male Sprague-Dawley
rats (250–300 grams) were injected with 300 U of heparin
(i.p.) 15 minutes before the heart was isolated. The animals
were anaesthetized with pentobarbital and sacrificed by cer-
vical dislocation, after which the heart was immediately ex-
cised and placed in ice-cold Krebs-Henseleit solution. The
aorta was cannulated and perfusion with Krebs-Henseleit so-
lution (37◦C) was started at a constant flow rate of approxi-
mately 13 mL/min. The Krebs-Henseleit buffer consisted of
(in mM) NaCl 118.0, KCl 4.7, KH2PO4 1.2, MgSO4 1.2,
CaCl2 2.0, NaHCO3 25.0, and glucose 11.1, bubbled with
95% O2/5% CO2 in a 37◦C water bath for a pH of 7.4. All
solutions were filtered using a 5-μm pore membrane filter
(Millipore, Bedford, MA, USA). Perfusion pressure and tem-
perature of the perfusate and the preparation were monitored
as described previously.27 After a 30-minute stabilization pe-
riod, the solution was switched to one containing 1 μM di-
4-ANEPPS (Molecular Probes, Portland, OR, USA) for a
period of five minutes. Di-4-ANEPPS was prepared as 10
mM stock solution in DMSO (stored frozen) and added to
the standard Krebs-Henseleit solution (0.01% DMSO in the
final solution). To reduce the influence of motion artifacts
on our recordings, the heart was positioned in the chamber
by adjustable supports and mechanically restrained for short
periods of time (≈10 seconds) during each recording as de-
scribed previously.27 Cyto-D (Sigma-Aldrich, Oakville, ON,
Canada) at a concentration of 3 μM,21 was used as a phar-
macological motion blocker where noted.
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Recording of Surface Electrograms

Electrodes consisting of loops of Ag wire coated with
AgCl were sutured onto the epicardial surface for recording
of surface electrograms. In all recordings used for interval
analysis, three electrodes were attached to the heart (at the
left ventricular apex, left ventricular base, and right ventric-
ular base), providing three differential signals (“leads”). Our
intent with this three-lead configuration was to provide an
approximation of the vectors recorded by the standard three-
lead electrocardiogram, although we acknowledge that these
near-field recordings cannot be directly compared to body
surface recordings. Electrograms were recorded with an AC-
coupled differential amplifier (Model 1700, A-M Systems,
Carlsborg, WA, USA) with a high pass cutoff of 0.1 Hz. Sig-
nals were low pass filtered at 500 Hz and acquired at the
same sampling rate as the optical mapping data (950 Hz).
Electrogram signals shown in this article are signal averaged
over 20 seconds of recordings. Averaged signals were ana-
lyzed manually to determine relevant intervals, using custom
software written in interactive data language (IDL) (Research
Systems, Boulder, CO, USA).

Imaging System

The imaging system has been described in detail else-
where.27 Briefly, illumination was provided by a 250 W
Quartz Tungsten Halogen (QTH) light source (Oriel Instru-
ments, Stratford, CT, USA), and filtered with a 500 ± 25 nm
interference bandpass filter (Omega Optical, Brattleboro, VT,
USA). The resulting light was directed onto the preparation
using a dichroic mirror (Omega Optical). The light emitted
from the preparation passed through the dichroic mirror and a
long pass (>590 nm) Schott glass filter (Melles Griot Canada,
Ottawa, ON, Canada) before reaching the camera. The cam-
era was a Dalsa CA-D1-0128T camera (Dalsa, Waterloo, ON,
Canada), used in a binning mode, resulting in 60 × 60 pixels
acquired with 12-bit resolution at 950 frames/sec. Equipped
with a 25 mm focal length lens (CF25L, Fujinon, Wayne, NJ,
USA) and a 3 mm spacer, it produced a 15 × 15 mm field
of view (250 × 250 μm/pixel). Electrocardiogram (ECG)
data, bath temperature, pressure, and the trigger signal for
the stimulator were all recorded using a National Instruments
PCI-7030/6030E real-time data acquisition board (National
Instruments, Austin, TX, USA). The ECG and stimulus data
acquisition were synchronized to the camera, and this allowed
these signals to be used as a reference for signal averaging.

Image Data Processing

Data were processed offline using software developed in
the IDL development environment (Research Systems), with
external routines written in C++ (Visual C++, Microsoft,
Redmond, WA, USA) for the most computationally demand-
ing tasks. The data recorded for each individual pixel were
processed as follows: (1) the background fluorescence level
was subtracted from the signal, (2) any linear trend in the data
was removed, and (3) the sign of the data was changed so that
a depolarization corresponded to a positive change in the sig-
nal. Areas of the field of view not covering the preparation
were manually masked and excluded from further analysis.
The activation time for each pixel was detected as the time of
maximum rate of rise of the fluorescence signal.32 Activation
maps were computed for individual cycles with activation

times referenced to the stimulus pulse (paced rhythms) or the
R (or S) wave of the ECG (sinus rhythm). Signal-averaged
activation maps were then computed by averaging the activa-
tion times for individual pixels over all cycles. The activation
maps used in this article are signal averaged over five seconds
of recording (20–25 cycles).

Repolarization times were detected as the time of cross-
ing a level corresponding to 80% repolarization. The detec-
tion was based on low pass filtered (11-point moving average
smoothing) and signal-averaged data, to avoid spurious detec-
tions due to remaining noise. Action potentials at individual
pixel locations affected by either remaining motion artifact or
unusually low signal-to-noise ratio were excluded based on
the following heuristic criteria, applied to the signal-averaged
but unfiltered signal: (1) the signal must remain below 15% of
maximum amplitude until 15 msec before the detected activa-
tion (max rate of rise) time (to exclude signals with unstable
baseline and/or large noise), (2) the signal must reach above
90% of maximum amplitude within 20 msec after the activa-
tion time (to exclude signals with very slow upstrokes), and
(3) the signal must return (and remain) below 15% of max-
imum amplitude by 100 msec after the activation time (to
exclude signals with unstable baseline, large noise, or unrea-
sonably long apparent APDs due to motion artifacts). APDs
were then computed as the intervals between the activation
time and the repolarization time detected for each pixel.

Statistical Analysis

Data are presented as mean ± SEM. Hypothesis testing
was carried out using unpaired or paired t-tests as appropri-
ate in cases with only two groups, and analysis of variance
(ANOVA) or repeated measures ANOVA followed by the
Holm t-test for three or more groups. A P value of less than
0.05 was considered statistically significant.

Results

Effect of Cyto-D on IK1 and IK,ATP

The K+ channel opener P-107533 and the sulfonylurea
HMR 109834,35 were used in this study to activate and block
the ATP-sensitive K+ current, IK,ATP. Whole-cell patch clamp
studies on isolated rat ventricular myocytes were used to as-
sess the effect of 3 μM cyto-D on the efficacy of these agents.
Whole-cell current at a fixed membrane potential (0 mV)
was used as a measure of the current activated by P-1075.
Figure 1A shows the amplitude of this current before and af-
ter the application of 2 μM P-1075, under control conditions
(no cyto-D present) and in the presence of 3 μM cyto-D.
On average, the P-1075-induced current was approximately
2.5 times larger in the presence of 3 μM P-1075, suggest-
ing that cyto-D can facilitate activation of IK,ATP by P-1075.
There was no significant difference (control vs 3 μM cyto-
D) in the size of the current recorded at 0 mV prior to the
application of P-1075. The possible effects of cyto-D on the
efficacy of HMR 1098 as a KATP channel blocker were also
assessed. After the P-1075-induced current had been mea-
sured, 10 μM HMR 1098 was added to the superfusate (in
the continued presence of 2 μM P-1075) and the current at
0 mV was measured again. Figure 1B shows a summary of
these observations, expressed as the percentage of the current
activated by 2 μM P-1075 that was subsequently blocked
by the application of 10 μM HMR 1098. No significant
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Figure 1. Effect of the motion blocker cyto-D
on the properties of IK,ATP and IK1 currents.
A: Current (IK,ATP) at 0 mV membrane poten-
tial induced by 50 μM P-1075 in the absence
(control) and presence of 3 μM cyto-D. B:

Percentage block of P-1075-induced current
at 0 mV membrane potential by 10 μM HMR
1098. C: Current-voltage relationship for the
inwardly rectifying current IK1 in the absence
(control) and presence of 3 μM cyto-D. IK1

current was measured as the Ba2+-sensitive
component of whole-cell current (see text).

effect of 3 μM cyto-D on the efficacy of HMR 1098 was
observed.

The possibility that 3 μM cyto-D affects the inwardly rec-
tifying K+ current, IK1, was also evaluated using whole-cell
patch clamp measurements. IK1 was measured as the differ-
ence in whole-cell current before and after the application of
200 μM Ba2+. As shown in Figure 1C, this current was not
affected by the application of cyto-D.

Optical Mapping of Action Potential Durations

Figure 2A shows optical action potentials from a subset of
the pixels across the left ventricle of a Langendorff-perfused
rat heart. These data were recorded in the presence of 3 μM
cyto-D to reduce motion artifacts. Except in areas close to the
edge of the preparation, the signal was of very good quality.
There are no appreciable signs of remaining motion artifact.
These data were processed automatically in the manner de-
scribed in ‘Materials and Methods’ section to yield maps of
APD80 across the entire preparation as shown in Figure 2B. A
gradient of APD80 such that APDs were longer at the base and
shorter near the apex was generally observed, in agreement
with previous results in mouse36 and guinea pig.37

Figure 2. Optical mapping of ventricular ac-
tion potential durations in a Langendorff-
perfused rat heart. A: Optical action poten-
tials from individual pixels (every sixth pixel
shown) across the preparation. B: Color map
showing the distribution of APD80 across the
preparation.

Effects of Di-4-ANEPPS and Cyto-D

Figure 3 shows the effects of the dye di-4-ANEPPS (1
μM) and the motion blocker cyto-D (3 μM) on the elec-
trogram of the Langendorff-perfused rat heart. As we have
reported previously,27 di-4-ANEPPS prolonged the PQ in-
terval significantly, but did not significantly affect QRS or
QT100 interval. Cyto-D had no significant effect on PQ or
QRS interval, but caused a significant prolongation (24%) of
the QT100 interval.

APD Shortening due to IK,ATP Activation

Action potential shortening in response to the application
of the KATP channel opener P-1075 (2 μM) was monitored us-
ing optical mapping in eight Langendorff-perfused rat hearts.
Figure 4 shows the results of these measurements. Average
APD80 shortened from 63.4 ± 2.5 msec under control con-
ditions to 35.0 ± 1.5 msec in the presence of 2 μM P-1075.
Subsequent application of the sulfonylurea (KATP channel
blocker) HMR 1098 (10 μM) caused the action potential to
lengthen again to an average of 59.2 ± 1.8 msec, demonstrat-
ing that the observed action potential shortening was due to
the opening of KATP channels. Conduction velocity, assessed
by measuring the time elapsed from activation of 10–90% of
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Figure 3. Effects of di-4-ANEPPS and cyto-
D (cyto-D) on the electrogram of the
Langendorff-perfused rat heart. A: Elec-
trograms (lead II) recorded during con-
trol conditions (top), after staining with
1 μM di-4-ANEPPS (middle), and after
adding 3 μM cyto-D (bottom). B: Av-
erage PQ intervals (n = 9) lengthened
significantly in response to staining with
di-4-ANEPPS. C: Average QRS intervals
(n = 9) did not change significantly in re-
sponse to either di-4-ANEPPS or cyto-D. D:

Average QT100 interval (n = 8) lengthened
significantly in response to 3 μM cyto-D.

the field of view, was not significantly affected by P-1075 or
HMR 1098 as shown in Figure 4C.

Three-lead surface electrograms were recorded from four
of the hearts above for comparison to the optical results.
Figure 5 shows a summary of the results from these mea-
surements. Activation of IK,ATP current using 2 μM P-1075
had no significant effect on either the PQ or the QRS in-

Figure 4. Optical recording of the effects of
IK,ATP activation in response to 2 μM P-1075.
A: Typical optical action potential records
from one pixel. The APD shortened in re-
sponse to P-1075, and this effect was almost
completely reversed by the application of the
KATP channel blocker HMR 1098 (10 μM). B:

Summary data for action potential duration
(n = 8 hearts). C: Summary data for ventric-
ular activation time (10–90%, n = 8 hearts),
indicating that conduction velocity was not
significantly affected following IK,ATP activa-
tion.

terval, consistent with the observation that P-1075 had no
effect on conduction velocity in the optical recordings. How-
ever, in agreement with the observation that 2 μM P-1075
shortens APD80 in the optical recordings, the QT100 interval
shortened in response to P-1075 application from 89.8 ± 2.2
msec to 68.9 ± 3.3 msec. After application of 10 μM HMR
1098, the QT100 interval lengthened again to 95.0 ± 2.4 msec,
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Figure 5. Effects of IK,ATP activation (2
μM P-1075) on the electrogram of the
Langendorff-perfused rat heart. A: Typi-
cal electrograms (lead II) recorded un-
der control conditions (top) and after
the application of P-1075 (bottom), show-
ing shortening of the QT interval in re-
sponse to P-1075. B: Average PQ interval
(n = 4 hearts) was not affected by P-1075.
C: Average QRS interval (n = 4 hearts) was
not significantly affected by P-1075. D: Aver-
age QT100 interval shortened significantly in
response to P-1075. This effect was reversed
by the application of 10 μM HMR 1098.

demonstrating that the QT100 shortening was due to the open-
ing of KATP channels.

Electrophysiological Changes Due to Elevated [K+]o

The electrophysiological effects of elevated extracellular
[K+] ([K+]o = 12 mM) were evaluated using optical map-
ping in seven Langendorff-perfused rat hearts. Figure 6 shows
a summary of these results. Elevated [K+]o did not have a

Figure 6. Optical recording of the effects of
elevated K+ concentration (12 mM) in the
perfusate. A: Typical optical action poten-
tials from one pixel, showing delayed acti-
vation, reduced rate of rise, and increased
rate of repolarization. B: Summary data for
APD80. Average APD80 remained constant
after increasing the [K+] in the perfusate. C:

Summary data for ventricular activation time
(10–90%), indicating that ventricular con-
duction velocity slowed significantly. D: Sum-
mary data for average time to repolarize from
the 30% to the 80% level of repolarization.
Note that the rate of repolarization of the ac-
tion potential was significantly more rapid in
12 mM [K+].

significant effect on APD80. However, as expected, 12 mM
[K+]o caused a substantial slowing of conduction velocity,
increasing the time for activation of 10–90% of the field of
view from 16.0 ± 0.8 msec to 28.4 ± 2.4 msec. The in-
creased [K+]o also caused a significant increase in the rate
of final repolarization, presumably due to the effects on the
inwardly rectifying K+ current, IK1. The average time for
repolarization of the action potential from the 30% level
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Figure 7. Effects of elevated K+ concen-
tration (12 mM) in the perfusate on the
electrogram of the Langendorff-perfused
rat hearts.A: Typical electrograms (lead
II) recorded under control conditions
([K+] = 5.9mM, top) and in elevated
[K+] (12 mM, bottom). The PQ and QRS
intervals both lengthen as a result of
conduction slowing in the higher [K+].
B: Average PQ interval (n = 5 hearts)
increased significantly in elevated [K+]. C:

Average QRS interval (n = 5 hearts)
lengthened significantly in elevated [K+].
D: Average QT100 interval (n = 5 hearts)
did not change significantly in response to
elevated [K+].

to the 80% level of repolarization was reduced from 39.9
± 1.0 msec under control conditions (5.9 mM [K+]o) to
30.0 ± 0.6 msec in 12 mM [K+]o. Thus, the fact that the
APD80 remained unchanged (Fig. 6B) is the result of two op-
posite effects: (1) the reduced rate of rise tends to prolong the
action potential, and (2) the increased rate of repolarization
tends to shorten the action potential.

Three-lead surface electrograms were also recorded from
five of the hearts above to study the effects of elevated [K+]o

on the electrogram, and to compare to the observations from
the optical recordings. The results of these recordings are
summarized in Figure 7. Elevated [K+]o resulted in a sub-
stantial broadening of the QRS complex, consistent with
the conduction slowing observed in the optical recordings
(Fig. 7A). Raising [K+]o from 5.9 mM to 12 mM lengthened
the PQ interval from 41.9 ± 1.2 msec to 63.9 ± 3.7 msec, and
the QRS interval from 15.2 ± 1.1 msec to 32.1 ± 3.9 msec.
In agreement with the observation that APD80 is unaffected
by elevated [K+]o in the optical measurements, the QT100

interval of the electrogram was also unaffected. However, as
in the case of the optical recordings, the depolarization phase
(QRS interval) is lengthened whereas the repolarization phase
(T wave) is shortened.

Electrophysiological Changes Due to Acidosis

The effects of acidosis (pH 6.5 in the perfusate) on the
electrophysiological properties of the Langendorff-perfused
rat heart were evaluated in four preparations. Figure 8 shows a
summary of these results. Acidosis caused a statistically sig-
nificant (P = 0.02, Student’s t-test) prolongation of APD80

from 57.2 ± 1.5 msec at normal pH (7.4) to 67.8 ± 1.3 msec.
The time from activation of 10–90% of the field of view in-
creased somewhat from an average of 16.6 ± 0.8 msec under
control conditions to 18.9 ± 1.4 msec in acidotic conditions.
However, this result failed to reach statistical significance at
the 0.05 level (P = 0.06, Student’s t-test).

Three-lead surface electrograms were recorded from the
same four Langendorff-perfused rat hearts mentioned in the
previous paragraph and PQ, QRS, and QT100 intervals were
measured. Figure 9 is a summary of these observations. Aci-
dosis (pH 6.5) caused a significant lengthening of the PQ
interval from 39.4 ± 1.0 msec at pH 7.4 to 47.1 ± 2.6 ms at
pH 6.5, as well as a significant lengthening of the QRS inter-
val from 14.2 ± 0.9 ms to 17.4 ± 0.5 msec. Consistent with
the observation that APD80 in the optical recordings length-
ened due to acidosis, the QT100 interval also lengthened from
97.4 ± 5.0 msec to 121.7 ± 8.7 msec.

Discussion

Cyto-D Effects on Key K+ Currents

Cyto-D is a commonly used pharmacological tool for
investigating the role of the cytoskeleton in the function
of ion channels and signaling pathways.13 Cyto-D prevents
polymerization of actin filaments, and may also sever actin
filaments by binding to interior sites. A recent review by
Calaghan et al.13 suggests that the negative inotropic effect
of cyto-D is due to interaction with sarcomeric actin, rather
than any effects on the cytoskeleton. However, since cyto-D
also affects the cytoskeletal actin filaments, it is reasonable
to expect side effects on ion channels.

Effects on IK,ATP

Given the importance of activation of IK,ATP in the con-
text of ischemia, we studied the effects of cyto-D on cur-
rents carried by the KATP channel in rat ventricular myocytes
using the whole-cell configuration of the patch clamp tech-
nique. Our results show that the application of 3 μM cyto-D
to isolated rat ventricular myocytes produces a significant
increase in the amplitude of the IK,ATP current activated by
2 μM P-1075. This effect is likely due to the actions of cyto-
D on the cytoskeleton. Previous studies have demonstrated
that disruption of the cytoskeleton by cyto-D can interfere
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Figure 8. Optical recording of the effects of
acidosis (pH = 6.5 in the perfusate) on the rat
ventricular action potential. A: Optical action
potentials from one pixel. B: Summary data
for APD80. APD80 increased significantly in
response to acidosis. C: Summary data for
ventricular activation time (10–90%). There
is a possible trend for conduction slowing in
response to acidosis. However, this result did
not reach statistical significance.

with the function of the sarcolemmal KATP channel.14-17 Dis-
ruption of the cytoskeleton has been shown to enhance KATP

channel activity15 in excised patches from guinea pig ven-
tricular myocytes, and to impair sulfonylurea inhibition of
KATP channel16,17 activity. Both the inhibitory sulfonylurea
drugs and KATP channel openers (such as P-1075) target the
sulfonylurea receptor (SUR) subunit of the KATP channel.38

It is therefore reasonable to expect that cyto-D will affect the
efficacy of KATP channel openers as well as the sulfonylurea
inhibitors. Our data support this supposition. Our data do
not show the previously reported reduction in the efficacy of
the KATP blocker.16,17 However, the difference in recording
methods (whole cell vs excised patch), means of activation of

Figure 9. Effects of acidosis (pH = 6.5) on
the electrogram recorded from Langendorff-
perfused rat hearts. A: Typical electrograms
(lead II) recorded under control conditions
(pH = 7.4, top) and in response to acido-
sis (pH = 6.5, bottom). Lengthening of the
PQ, QRS, and QT intervals is evident under
acidotic conditions. B: Average PQ interval
(n = 4 hearts) increased significantly in re-
sponse to acidosis. C: Average QRS interval
(n = 4 hearts) lengthened significantly in re-
sponse to acidosis, indicating that ventricu-
lar conduction velocity slowed under these
conditions. D: Average QT100 interval (n =
4 hearts) lengthened significantly in response
to acidosis.

the KATP current (P-1075 vs exposure to low [ATP]), and the
choice of KATP blocker (HMR 1098 vs glyburide or tolbu-
tamide) may all have contributed to this discrepancy. Never-
theless, our observations are consistent with the hypothesis
that disruption of the cytoskeleton can alter regulation of the
KATP channel by the SUR subunit. Our results also demon-
strate that the concentration of cyto-D required for suppres-
sion of motion artifacts in rat ventricle (3 μM21) is sufficient
for these effects to occur.

Effects on IK1

The inwardly rectifying K+ current, IK1, is important in
determining the resting potential and subthreshold electrical
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properties of the myocyte, and thus in determining conduc-
tion velocity of the myocardium.39 Data in the literature sug-
gest that the cytoskeleton may play an important role in con-
trolling the rectification of the K+ channels underlying IK1.13

We therefore evaluated the effects of cyto-D on the IK1 cur-
rent under our recording conditions in isolated rat ventricular
myocytes. Our results show that this current was unaffected
by 3 μM cyto-D. Alterations of the subthreshold electrical
properties of ventricular myocytes, therefore, do not appear
to be a concern under our recording conditions.

Cyto-D Effects on the Action Potential

Cyto-D prolongs the QT100 interval of the surface electro-
gram recorded from Langendorff-perfused rat hearts by 24%.
We therefore assume that cyto-D prolongs the rat ventricular
APD to a comparable extent. This effect on APD is consis-
tent with previous observations in mouse ventricle,10 which
showed a substantial prolongation of the action potential in
response to the application of cyto-D. A likely reason for
this is that cyto-D suppresses one or more of the repolarizing
K+ currents in the rat (and mouse) ventricle. The transient
outward current Ito is the primary repolarizing current in the
rat ventricle,40 and hence this K+ current is the most likely
candidate. However, effects on other ionic currents cannot
be ruled out. We have not measured cyto-D effects on cur-
rents other than IK,ATP and IK1 in the whole-cell patch clamp
configuration. However, our observations are not consistent
with previous observations in isolated myocytes,23 in which
cyto-D effects on Ito and the APD were only observed in
hypertrophied myocytes.

Effects of Di-4-ANEPPS

Consistent with our previous observations,27 perfusion of
di-4-ANEPPS prolonged the PQ interval of the surface elec-
trogram of Langendorff-perfused rat hearts. These recordings
were carried out in 2 mM [Ca2+], an experimental condition
that we have previously reported attenuates the prolongation
of the PQ interval compared to recordings in lower [Ca2+].
No significant effects of di-4-ANEPPS on the QRS duration
or QT100 interval were observed. These findings suggest that
the effects of di-4-ANEPPS are limited to a slight slowing of
AV conduction.

Measurement of Components of the Acute Ischemic

Response

Opening of KATP Channels

Opening of KATP channels has been shown to occur
early in acute ischemia in response to inhibition of cell
metabolism.41 As shown by the mathematical modeling stud-
ies of Shaw and Rudy,42,43 this is expected to result in a signif-
icant shortening of the action potential without appreciably
affecting conduction velocity. Shortening of APD in response
to ischemia has also been demonstrated in several studies us-
ing optical mapping in species other than the rat.2-4,7 Most
of these studies used either BDM as a motion blocker, or no
motion blocker,3 although the recent study of Liu et al. used
cyto-D in rabbit hearts. Because of the possibility that cyto-D
might interfere with the regulation of IK,ATP, it was impor-
tant to determine whether IK,ATP functions normally under
our recording conditions. To focus on the effects of KATP

channel opening, and to allow the possibility of reversing

the effect using a KATP channel blocker, we chose to activate
IK,ATP using a well-characterized channel opener (P-1075)
rather than by creating ischemic conditions.

APD was assessed both from the optical recordings and
indirectly from the QT100 interval of the surface electrogram.
Our results show that activation of IK,ATP results in the ex-
pected shortening of the APD and QT100 and that this ef-
fect can be reversed using HMR 1098 to block IK,ATP. Rat
ventricular KATP channels therefore appear to be regulated
normally under our experimental conditions. This result is
important for future studies using this method and these
recording conditions, as there is some controversy in the
literature regarding whether IK,ATP is activated in acute is-
chemia in the Langendorff-perfused rat heart.44 However,
our data from single isolated myocytes described above sug-
gest that the amount of IK,ATP activated in response to acute
ischemia under our recording conditions may be enhanced
by the presence of cyto-D. We must therefore acknowledge
the possibility that the regulation of KATP channels under our
experimental conditions may be quantitatively altered.

Conduction velocity was assessed both in terms of the 10–
90% activation time of the optical recordings, and in terms of
QRS duration and PQ interval of the surface electrogram. All
measures of conduction velocity were unaffected by the acti-
vation of IK,ATP under our recording conditions, as predicted
by modeling studies.42

Accumulation of Extracellular K+

It is well known that a sustained rise in extracellular
[K+] is a prominent component of the response to acute is-
chemia.45-47 Modeling studies,39,42 as well as experimental
measurements,47 show that elevated extracellular [K+] re-
sults in slowing of conduction velocity. We have previously
demonstrated this classical response in Langendorff-perfused
rat hearts in the absence of cyto-D.27 Due to the possibility
that disruption of the cytoskeleton by cyto-D might alter the
properties of the inwardly rectifying K+ current, IK1, it was
deemed necessary to verify this response under the current
recording conditions (in the presence of cyto-D).

Conduction velocity was again assessed both in terms of
the 10–90% activation time of the optical recording and in
terms of the QRS (and PQ) interval of the surface elec-
trogram. Our results show that increasing the [K+] in the
perfusate to 12 mM causes a substantial slowing of con-
duction velocity as assessed by each of these methods. As
expected, there was little change in APD in response to el-
evated perfusate [K+]. However, the repolarization time of
the action potential (measured from 30% to 80% repolariza-
tion) shortened significantly. This illustrates the complexity
when using APD as a measure to assess increases in repo-
larizing currents in ischemia (be they due to activation of
IK,ATP or increased outward IK1): The increase in action po-
tential rise time in response to depolarization of the resting
potential may (partially) offset the decrease in repolariza-
tion time caused by an increase in IK,ATP and/or IK1. In the
context of ischemia, where opening of KATP channels and ac-
cumulation of extracellular K+ occur simultaneously, it may
therefore be more accurate to use the repolarization time as a
measure of the contributions of increases in repolarizing cur-
rents. A similar ambiguity may apply to the QT100 interval in
our surface electrogram recordings, which remained approx-
imately the same before and after increasing perfusate [K+].



S122 Journal of Cardiovascular Electrophysiology Vol. 17, No. 5, Supplement, May 2006

Farkas et al. provide a more detailed discussion of this phe-
nomenon in the context of the Langendorff-perfused rat heart
electrogram.48

Acidosis

Experimental observations by Kagiyama et al.,47 as well
as computational studies by Shaw and Rudy,42 show that aci-
dosis in the perfusate can slow conduction velocity. This is
primarily due to a reduction in the amplitude of the Na+ cur-
rent, INa. However, for the moderate reductions in pH in this
study, this effect is smaller than the effect of accumulation of
extracellular [K+]. We created acidosis by reducing perfusate
pH to 6.547 and measured APD and conduction velocity. This
level of acidosis produced a small, but statistically significant
increase in APD. This illustrates another potential difficulty
in assessing the effects of acute ischemia from action po-
tential and/or surface electrogram measurements: Different
components of the ischemic response may produce oppo-
site effects on the repolarization of the action potential (cf.
the observations of Verkerk et al. in rabbit and human ven-
tricular myocytes41). Conduction velocity, assessed in terms
and QRS and PQ intervals, slowed by a small but statisti-
cally significant amount, in agreement with the observations
of Kagiyama et al.47 The corresponding increase in 10–90%
activation time in the optical recordings failed to reach sta-
tistical significance.

Conclusion

We have studied the electrophysiological responses to
known components of acute ischemia in Langendorff-
perfused rat hearts using optical mapping and surface elec-
trograms. In addition, we have evaluated the effects of the
motion blocker cyto-D in this preparation. Our results demon-
strate the significant effects of the known primary compo-
nents of the electrophysiological response to acute ischemia
under these recording conditions, and also show that optical
and electrical measurements are in agreement. In principle,
therefore, the method outlined can be considered feasible for
studies in which ischemia is induced, for example, by ligating
a coronary artery.

However, our results raise two concerns regarding the use
of cyto-D as a motion blocker. First, disruption of the cy-
toskeleton caused by cyto-D may lead to enhanced activity
of KATP channels. We can therefore not rule out the possibil-
ity that the amount of IK,ATP current activated in response
to ischemia under these conditions may be larger than it
would be in the absence of cyto-D. Shortening of the APD
in response to ischemia may therefore be enhanced in this
experimental preparation. Second, it is clear from our sur-
face electrogram measurements (QT100 interval) that addi-
tion of cyto-D to the perfusate produces a substantial APD
prolongation. The baseline electrophysiology, even prior to
ischemia, is therefore altered under these recording condi-
tions. The dynamics of any arrhythmias that occur as a result
of ischemia may therefore be altered as well.49,50 In sum-
mary, our results not only provide essential baseline infor-
mation for interpreting recordings in the presence of cyto-
D in the Langendorff-perfused rat heart, but also highlight
the need for nonpharmacological approaches to suppression
of motion artifact in voltage-sensitive dye recordings in the
heart.51,52
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