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Abstract. Voltage-sensitive fluorescent dyes have become a major tool in cardiac and neuro-electrophysiology.
Achieving high signal-to-noise ratios requires increased illumination intensities, which may cause photobleaching
and phototoxicity. The optimal range of illumination intensities varies for different dyes and must be evaluated
individually. We evaluate two dyes: di-4-ANBDQBS (excitation 660 nm) and di-4-ANEPPS (excitation 532 nm)
in the guinea pig heart. The light intensity varies from 0.1 to 5 mW∕mm2, with the upper limit at 5 to 10 times
above values reported in the literature. The duration of illumination was 60 s, which in guinea pigs corresponds to
300 beats at a normal heart rate. Within the identified duration and intensity range, neither dye shows significant
photobleaching or detectable phototoxic effects. However, light absorption at higher intensities causes noticeable
tissue heating, which affects the electrophysiological parameters. The most pronounced effect is a shortening of the
action potential duration, which, in the case of 532-nm excitation, can reach ∼30%. At 660-nm excitation, the
effect is ∼10%. These findings may have important implications for the design of optical mapping protocols in
biomedical applications. © 2012 Society of Photo-Optical Instrumentation Engineers (SPIE). [DOI: 10.1117/1.JBO.17.9.096007]
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1 Introduction
Voltage-sensitive dyes, characterized by fast and linear response
to membrane potential, are widely used to assess membrane
potentials and to determine spatial distribution of the membrane
potential within single cells and multicellular preparations.1,2 In
cardiac research, this method, known as optical mapping, has
been especially valuable for the investigation of cardiac arrhyth-
mias. Most voltage-sensitive fluorescent dyes are excited in a
blue-green spectral range and emit in the orange-red part of the
spectrum. The emergence of new applications of optical map-
ping involving three-dimensional tomographic imaging inside
myocardial tissue,3,4 as well as potential clinical applications
involving epicardial and endocardial (endoscopic) mapping in
intact, blood-perfused hearts,5,6 motivated the development of
novel near-infrared (NIR) voltage-sensitive probes.7–9 Such
probes can be excited in the red range of the spectrum, in which
light scattering and absorption of natural tissue chromophores
and hemoglobin are significantly reduced, thereby giving the
NIR probes a significant advantage over conventional probes
with blue-green excitation.8,10

One of the important factors complicating the use of voltage-
sensitive dyes is low fractional change in fluorescence in
response to voltage changes (ΔF∕F ∼ 10%), which makes it
difficult to achieve high signal-to-noise ratios. This issue
becomes particularly important with regard to optical mapping
in blood-perfused hearts, when a significant portion of excita-
tion light is absorbed by hemoglobin.

The improvement in the signal-to-noise ratio of the voltage
dependent signal is usually achieved by increasing the intensity

of illumination light. However, such an improvement may come
at a price, causing photobleaching and phototoxicity.11–13 The
sensitivity of different dyes to increased light varies and should
be determined for each dye individually.

In this study, we focus on two dyes: di-4-ANBDQBS, one of
the recently introduced and most promising NIR dyes,8,9 and di-
4-ANEPPS, a widely used cardiac electrophysiology dye with
blue-green excitation, whose tolerance to high light intensities
has yet to be quantified. We demonstrate that, at the highest illu-
mination intensities tested (5 mW∕mm2), neither dye produces
any toxic or phototoxic effects. However, such intensities are
large enough to produce noticeable tissue heating, which affects
electrophysiological parameters of the myocardium and must be
taken into account.

The most pronounced effect is a shortening of the action
potential duration (APD), which, in the case of 532-nm excita-
tion (di-4-ANEPPS), can reach ∼30%. At 660-nm excitation
(di-4-ANBDQBS), the effect is smaller (∼10%) but not insignif-
icant enough to be ignored. The information provided in this
report will help the development of more efficient optical map-
ping protocols and the minimization of dye concentration, which
is particularly important for potential clinical applications.

2 Methods

2.1 Cardiac Tissue Preparation, Perfusion, Staining,
and Pacing

Experiments were performed in isolated right ventricular wall
preparations harvested from adult guinea pigs (20 animals,
weight 200 to 300 g). All experimental protocols and procedures
conformed to the European Community guiding principles and
were approved by the State Food and Veterinary Service of theAddress all correspondence to: Jonas Jurevičius, Lithuanian University of Health
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Republic of Lithuania and the Ethics Committee of Lithuanian
University of Health Sciences. Before sacrificing, animals were
sedated by intraperitoneal injection of sodium pentobarbital
(300 mg∕kg) and 500 IU heparin to prevent blood clotting.
The heart was quickly excised and rinsed with oxygenated
(100% O2) Tyrode solution at room temperature. Then the
aorta was cannulated, and the heart was connected to a Langen-
dorff perfusion system. After 10 min of equilibration, the heart
was stained with a 10-ml bolus of a voltage-sensitive dye
dissolved in the Tyrode solution and slowly injected into the
aorta. After staining, the heart was disconnected from the
Langendorff system, and the right ventricular wall was excised
and secured to a rubber frame on the bottom of a specially
designed 2-ml flow cuvette. Unless otherwise stated, the tem-
perature of superfusate (oxygenated Tyrode’s solution) and
the rate of superfusion were maintained at 36.5°C and 10 ml∕
min, respectively. The temperature of the superfusate was con-
trolled within �0.5°C using a thermostat (170051A Thermo
Fisher Scientific, USA).

Preparations were continuously paced at 1 Hz via a custom
made bipolar stimulus electrode. We used 2-ms square pulses
with the amplitude twice the diastolic threshold. The stimuli
were generated by a programmable DS8000 stimulator (World
Precision Instruments, USA) and delivered through a linear
stimulus isolator (A395R, World Precision Instruments, USA).

2.2 Solutions

For Langendorff perfusion of the whole heart and for super-
fusion of isolated right ventricular preparations, we used a
standard Tyrode solution composed of (in mM): 135 NaCl,
5.4 KCl, 1.8 CaCl2, 0.9 MgCl2, 0.33 NaH2PO4, 10 glucose,
10 HEPES (pH 7.4 adjusted with NaOH). The bolus dye injec-
tions were prepared from stock solutions containing 25 mM di-
4-ANBDQBS in ethanol, or 10 mM di-4-ANEPPS in DMSO.
The dyes were further dissolved in Tyrode to final concentra-
tions of 50 μM and 25 μM for di-4-ANBDQBS and di-
4-ANEPPS, respectively. To facilitate dye loading, 0.01%
Pluronic F-127 was added. To eliminate motion artifact, we
used 20 μM blebbistatin. The dye di-4-ANBDQBS was pro-
vided by Dr. L. Loew (University of Connecticut, USA); di-
4-ANEPPS came from Invitrogen, USA; blebbistatin came from
Calbiochem, UK; and all other chemicals were from Sigma-
Aldrich.

2.3 Illumination Protocols

For excitation of di-4-ANBDQBS, we used a continuous-wave,
660-nm, 600-mW diode laser (SDL-660-600T, Shanghai Dream
Lasers Technology). To achieve broad field illumination, a 5-
mm beam was expanded with a 5-deg holographic diffuser filter
(R217582-11165, Edmund Optics, USA). In experiments with
di-4-ANEPPS, we used a 532-nm, 1000-mW laser with a 3-mm-
wide beam (SDL-532-1000T, Shanghai Dream Lasers Technol-
ogy). The beam was further expanded with a 20-deg holographic
diffuser filter (R176395-10033, Edmund Optics, USA).

Illumination intensity was varied using a set of nonreflective
neutral density filters (Edmund Optics) and a linear glass
polarizing filter (R215402-11139, Edmund Optics, USA). Illu-
mination was calibrated using a power meter (PM100, Thorlabs,
USA) and continuously monitored by a custom-made light
sensor.

Unless stated otherwise, the experimental protocol consisted
of consecutive cycles of 60-s illumination followed by 120-s
dark periods. The light intensity increased in a stepwise manner
from 0.1 to 5 mW∕mm2 of illumination in each sequential
cycle. To assess thermal effects of high-intensity illumination,
we used a custom-made thermosensor (diameter: 0.65 mm)
pressed to the surface of the preparation inside the illuminated
area. The TTL pulses from the stimulator were used to synchro-
nize acquisition of the microelectrode recordings, EMCCD
camera, and thermosensor.

2.4 Recording of Optical Action Potentials

Optical action potentials (AP) were recorded with a cooled fast
14-bit EMCCD camera (iXonEMþ DU-860, Andor Technology,
Ireland) equipped with a lens (Helios 44, focal length 50 mm,
F 2.0, Russia) using imaging software (Andor SOLIS x-3467,
UK). Images were acquired at a resolution of 128 × 128 pixels
with frame rates of 500 Hz. The camera was located about 30 cm
from the sample. The recordings were taken from the epicardial
surface of the right ventricle. The mapping field was 7.1 ×
7.1 mm. In experiments with di-4-ANBDQBS, fluorescence
was collected using a 715-nm long-pass filter (NT46-066,
Edmund Optics, USA). In experiments with di-4-ANEPPS,
we utilized a 650-nm bandpass filter (HQ650∕40 m, Chroma
Technology, USA). The EM gain of camera, varying from 4 to
100, was used to keep background fluorescence constant and
close to saturation level.

Acquired images were analyzed using computer software
(ImageJ 1.45S and custom Scroll 1.16 software based on PV-
Wave). Unless stated otherwise, recordings were subjected to
time and space filtering with three-point triangular and 5 × 5
pyramidal kernels, respectively. Optical APD was measured at
a 50% depolarization level. APD difference maps were gener-
ated using Origin 8.6 software.

2.5 Microelectrode Recordings

To study the effect of increased illumination intensity on
unstained tissue, as well to investigate the recovery of electro-
physiological parameters during dark periods, we used micro-
electrode recordings. Glass microelectrodes were filled with
2.5 M KCl and inserted into the tissue ∼3 to 4 mm away from
the pacing electrode. Action potentials were amplified using a
MEZ -7101 amplifier (Nihon Kohden, Japan) and digitized by
an 816 A∕D converter board (Advantech, CA, US) at a fre-
quency of 10 kHz. The data were stored on a personal computer
and processed using custom designed software. The following
parameters of microelectrode recorded AP were analyzed:
amplitude of AP, maximum upstroke velocity ( _Vmax), conduc-
tion velocity, and APD. Conduction velocity was calculated by
dividing distance between pacing electrode and microelectrode
by conduction time. Conduction time was measured as the
time from pacing stimulus to the maximum of upstroke velocity.
AP duration was estimated as time from the maximum of the
first derivative of upstroke _Vmax to 90% repolarization level
(APD90).

2.6 Statistics

Data are presented as mean� SEM. The ANOVA test was used
for the statistical comparison between experimental data, and
differences were considered statistically significant when
P < 0.05. Experimental curves were analyzed and fitted using
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SigmaPlot 2000 (Systat Software Inc., USA) and Origin 8.6
software (OriginLab, USA).

3 Results
The increase of illumination intensity from 0.1 to 5.0 mW∕mm2

has no significant effect on the fractional change in fluorescence
(ΔF∕F) but noticeably improves the signal-to-noise ratio.
Figure 1(a) demonstrates normalized optical APs recorded at
progressively increasing illumination intensities in a preparation
stained with di-4-ANBDQBS. One can see that, at all levels of
intensities, ΔF∕F remains around 10%. The observed increase
in the signal-to-noise ratio is the result of the increasing signal
amplitude, which is proportional to the light intensity, at rela-
tively constant readout noise levels. On average for all intensi-
ties, the ΔF∕F ratio was 8.52%� 1.02% for di-4-ANBDQBS
(n ¼ 6) and 5.01%� 1.06% for di-4-ANEPPS (n ¼ 5).

To evaluate the effect of increased light intensity on electro-
physiological characteristics of the heart tissue during and after
light exposure, the optical recordings were carried out concur-
rently with microelectrode recordings. The use of microelec-
trode recordings not only provided the necessary negative
controls in the absence of the dye and/or illumination, but it
also enabled us to assess any changes in AP amplitude and the
maximum upstroke velocity, which are important electro-

physiological parameters that cannot be readily quantified
using optical methods.

Figure 1(b) shows a superposition of normalized APs
recorded optically using di-4-ANBDQBS and with a microelec-
trode. The shape and the duration of the APs are very similar in
both types of recordings. However, the upstroke of the electri-
cally recorded AP is steeper than that of optical AP [see
Fig. 1(c)]. The longer upstroke of the optical AP is the result of
depth averaging effect14 and thus is not uniquely defined by the
electrophysiological characteristics of cardiac tissue. Therefore,
to estimate the effects of light intensity on maximal upstroke
velocity, we used exclusively microelectrode recordings.

To assess photobleaching, we measured the change in the
background fluorescence at the beginning and end of a 60-s illu-
mination interval. At the maximum illumination intensity of
5 mW∕mm2, the background fluorescence intensity, on average,
decreased by 2.26%� 0.50% (n ¼ 5) and 3.16%� 1.05%

(n ¼ 4) for di-4-ANBDQBS and di-4-ANEPPS, respectively.
The most pronounced effect the illumination intensity had

was on the APD. Figure 2 shows changes in illumination pat-
tern [panels (a) to (c)] and respective optical AP recordings
[panel (d)] in one of the preparations. The optical AP recording
site is indicated by an asterisk in panels (a) to (c). Initially, when
this site is brightly illuminated (intensity in that location
∼5 mW∕mm2), the action potential is short [see panel (d),
trace a]. After the light is moved [panel (b)] and the illumination
intensity in this location is decreased to ∼1 mW∕mm2, the opti-
cal APD50 increases by as much as 22 ms (trace b). Restoring
the illumination intensity to its original value fully restores the
APD (trace c).

The correlation between the APD and the intensity of illu-
mination was consistent throughout the entire preparation: the
higher the light intensity, the shorter the APD. Figure 3 shows
maps of changes in optical APD50 (optical ΔAPD map) follow-
ing the change in the illumination pattern as in Fig. 2. In
Fig. 2 panels (a) and (c), the upper part of the field of view
is much brighter than the bottom part. Accordingly in both
cases, optical ΔAPD reaches 12 to 15 ms in the top part and
close to zero in the bottom. Increasing the intensity of illumina-
tion near the bottom of the field of view [Fig. 2(b)] results in a
more significant shortening of APD at the bottom compared to
the less illuminated top [Fig. 3(b)].

The change in APD in response to change in light intensity
does not occur instantaneously. It develops gradually with a time
constant τ of ∼7 s that does not depend on light intensity.
Figure 4(a) shows the kinetics of APD90 after turning the laser
on and off at different illumination intensities derived from
microelectrode recordings. Both “on” and “off” kinetics can
be fitted sufficiently well with a single exponential. At 2 mW∕
mm2 and 5 mW∕mm2, the rise time constant values are 6.76�
0.83 s and 6.98� 0.83 s (n ¼ 6), respectively (half times
5.49� 0.98 s and 5.41� 0.71 s). After the laser is turned
off, the APD90 returns to its original level with the τ of 9.73�
1.15 s and 9.18� 1.5 s at 2 mW∕mm2 and 5 mW∕mm2,
respectively (half times 6.74� 0.80 s and 7.20� 1.10 s). We
did not observe any changes in the steady-state APD levels
after several on and off cycles.

The APD shortening is proportional to the illumination inten-
sity. Figure 4(b) shows the APD at the end of a 60-s illumination
cycle as a function of illumination intensity in three different
series of experiments: 1. unstained tissues, 660-nm illumination
(n ¼ 4); 2. di-4-ANBDQBS stained tissue, 660-nm illumination

Fig. 1 (a) Optical action potentials in the guinea pig right ventricle
stained with di-4-ANBDQBS at different illumination intensities.
Note progressive improvement of the signal-to-noise ratio as the inten-
sity increases from 0.1 to 5 mW∕mm2.(b) Superposition of the simulta-
neous optical (grey line) and microelectrode (black line) recordings at
1 mW∕mm2 of illumination. The optical signal was recorded from a 5 ×
5 pixel area. Both recordings are normalized to the action potential
amplitude. (c) The view of the optical and microelectrode derived
action potential upstroke at increased time resolution.
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(n ¼ 6), and 3. di-4-ANEPPS stained tissue, 532-nm illumina-
tion (n ¼ 5). In all three cases, the degree of APD shortening is
proportional to the intensity of illumination. The shortening was
most pronounced at 532-nm illumination with the maximal
shortening of 30.6%� 3.8% compared to the APD in the
absence of illumination. It is interesting that the changes in
stained and unstained tissues at the same illumination wave-
lengths (compare dashed and solid lines) are very similar
(10.8%� 2.5% and 15.1%� 3.3%, respectively), which
implies that they are not dye-related but are caused by the direct
effect of light on tissue.

To determine if the illumination-induced APD shortening
is caused by phototoxicity-related myocardial damage, we
assessed the effect of increased light intensity on three other
major electrophysiological parameters: the AP amplitude, the
maximal upstroke velocity, and conduction velocity. These para-
meters are known to be sensitive indicators of the electro-

physiological condition of the myocardial tissue. (Myocardial
damage is usually characterized by reduction of AP amplitude,
upstroke velocity, and the speed of AP propagation). Figure 5
shows the results of these measurements. If high light intensities
had induced myocardial damage, our data would show a decline
in all three parameters with the intensity increase. However, this

Fig. 3 The APD shortening maps constructed for the illumination pat-
terns illustrated in Fig. 2. The color maps show optical APD50 differ-
ence in milliseconds at the beginning and end of the illumination cycle
in each case. Each color corresponds to one of five intervals of a 3-ms
duration. Note the striking correlation of the illumination intensity with
the degree of APD shortening (compare respective panels in Figs. 2
and 3).

Fig. 4 (a) The kinetics of the APD during and after a 60-s interval of
constant illumination. Different traces correspond to different light
intensities (indicated in the figure legend). In this example, microelec-
trode recordings were derived from di-4-ANBDQBS stained prepara-
tions at 660-nm illumination. (b) Normalized APD in unstained
(n ¼ 4; 660-nm illumination; empty circles), di-4-ANBDQBS (n ¼ 6;
660-nm excitation; black circles) and di-4-ANEPPS (n ¼ 5, 532-nm
excitation; empty triangles) stained preparations at the end of a 60-s
illumination interval at different illumination intensities.

Fig. 2 The effect of the changing illumination pattern on the optical APD. (a) Gradient in background fluorescence produced by nonuniform illumina-
tion. The brightest area is located near the top of the field of view. (b) The brightest area is shifted to the bottom. (c) Restoration of the initial illumination
pattern. The black region masks the area of the temperature sensor. (d) Optical action potential (OAP) recordings from a pixel indicated by an asterisk
(traces a to c). The recordings were taken after 60-s equilibration following the change in illumination pattern. The APD is significantly shorter when
the light intensity is higher [traces a, b, and c correspond to panels (a), (b), and (c)].
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is not the case. Only the AP amplitude declines at increased
power intensity [Fig. 5(a)]. The maximal upstroke velocity
[Fig. 5(b)] and conduction velocity [Fig. 5(c)] both manifest
a small but statistically significant increase. The effect is
most apparent at 532 nm and is fully reversible. These findings
exclude phototoxicity-related tissue damage as the possible cause
of light-induced changes of electrophysiological parameters.

Further experiments provide strong evidence that the
observed effects are temperature-related and are caused by
heating of the tissue due to absorption of high-intensity light.
To demonstrate that this is the case, we performed experiments
(n ¼ 11) where the temperature of the preparation was varied
with a thermostat (no illumination) in the range between 36°C
and 41°C. The AP parameters were recorded via microelectrode
and normalized to the values at normal bath temperature
(36.5°C).

The results of these experiments are illustrated in Fig. 6. Grey
squares mark data points from the thermostat experiments. All
other labels represent the experimental data from the laser-illu-
mination experiments shown in Fig. 5. To show the data from
different types of experiments on the same plot, we recalibrated
the light intensity in laser experiments into temperature using
APD as the indicator of tissue temperature. For this purpose,
we used the thermostat-derived APD versus temperature data
[grey squares, Fig. 6(a)].

One can see that, even though the experiments presented in
Fig. 6 were carried out in different conditions, the dependence of
each electrophysiological parameter on temperature follows the
same trend, specific for a given parameter (thick solid line). Note
that even the data for 532 nm, which showed a very different
dependence on the illumination intensity [see Fig. 5(a)], now
fall in line. The fact that data points derived from all laser illu-
mination experiments coincide, within the experimental error,
with the thermostat measurements provides strong evidence
that light-induced changes are indeed temperature-related.
This also justifies the use of APD in these experiments as an
indicator of tissue temperature.

One-to-one correspondence between the APD and tissue
temperature allows the assessment of temperature increase as
a function of illumination intensity at 532 and 660 nm. Figure 7
shows that, at the same intensities, the green laser increases tis-
sue temperature significantly more than the red laser. At 532 nm
and 5 mW∕mm2, temperature increases by as much as
4.28°C� 0.54°C, whereas the temperature increase at 660 nm
at the same light intensity is only 1.07°C� 0.17°C. The stronger
heating effect at 532 nm is the result of higher absorption and
lower attenuation length of the green light (see Sec. 4 for more
detail).

4 Discussion
We investigated the effects of increased illumination intensity on
myocardial tissue and on the performance of a recently intro-
duced NIR voltage-sensitive dye, di-4-ANBDQBS, and di-
4-ANEPPS, a widely used cardiac electrophysiology dye
with blue-green excitation, with regard to their potential photo-
toxicity and photobleaching. The upper limit of light intensity
was chosen at 5 to 10 times above values reported in the litera-
ture. We demonstrate that, within the given duration of illumi-
nation and intensity range, neither dye has toxic or phototoxic
effects on myocardial tissue. Photobleaching was barely detect-
able (for both dyes) and was observed only at the highest illu-
mination intensity (5 mW∕mm2). However, we found that light
absorption by the tissue at higher intensity levels can result in
noticeable tissue heating, affecting electrophysiological charac-
teristics of the myocardium, in particular APD, which in certain
conditions can change by more than 30%. The notion of light-
induced tissue heating is new in the context of optical mapping
literature. In the presence of vigorous perfusion and superfusion
with the thermostat-controlled solutions, the effect of radiational
heating of the tissue is usually small and has never been quan-
tified. Increasing illumination intensity and the use of powerful
laser light sources for optical mapping15–17 brings this issue to
the forefront, making our study the first quantitative report on
the thermal effects of excitation light in optical mapping studies.

Illumination-induced phototoxicity of voltage-sensitive dyes
is common for optical mapping experiments in isolated myo-
cytes.11,13,18,19 However, it is usually less pronounced in multi-
cellular aggregates12,20 or tissue preparations.2,8,21

Fig. 5 The dependence of the (a) AP amplitude, (b) _Vmax, and (c) con-
duction velocity on illumination intensity. The data is normalized to
respective zero-intensity values. All measurements were taken at the
end of a 60-s illumination interval.
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Apparently, di-4-ANBDQBS follows the same trend. It was
demonstrated that di-4-ANBDQBS photodamage in isolated
myocytes results in significant prolongation in APD (up to
200%).19 Yet our experiments show that, in tissue preparations
stained with di-4-ANBDQBS, even relatively high intensities of

illumination do not produce any APD prolongation or other
phototoxic effects.

In single cells, photodamage is mainly caused by production
of reactive oxygen species (ROS).11,19 Incubation of the cells
with antioxidizing agents significantly reduces the manifesta-
tions of phototoxicity.19 The differences in photo sensitivity
between single cells and intact tissue can be explained by a
lack in isolated cells of an efficient ROS scavenging system,
which was damaged during the cell isolation.19 Apparently,
in intact tissue preparations, the ROS scavenging system has
much higher capacity to neutralize ROS.

The most pronounced electrophysiological effect of
increased light intensity in our experiments was shortening of
the APD. This effect was purely thermal and could be fully
reproduced by heating of unstained tissue. APD shortening dur-
ing the rise of temperature in myocardial tissue was previously
reported.22–27 It is attributed to changes in activity and kinetics of
potassium and calcium ion channels. Kiyosue et al. (1993)27

demonstrated that a decrease in temperature decreases amplitude
and changes activation of IK . Increases in temperature are also
known to increase the amplitude and to significantly shorten the
inactivation time of L-type calcium channels, causing shorten-
ing of APD.25,28

Fig. 6 Dependence of the electrophysiological parameters on temperature. Grey squares indicate data points derived from the experiments in which
tissue temperature was controlled by heating/cooling of the superfusing fluid using a thermostat (no dye, no illumination). The data from thermostat
experiments are superimposed on to the data from laser illumination experiments. The labeling of data points from laser experiments is the same as in
Fig. 5. The solid black line represents the trend of temperature-dependent change for a given electrophysiological parameter. Measurements of (a) APD,
(b) AP amplitude, (c) upstroke velocity _Vmax, and (d) conduction velocity were taken at the end of a 60-s illumination interval.

Fig. 7 The change in tissue temperature as a function of illumination
intensity. Measurements were taken at the end of a 60-s illumination
interval. Black triangles correspond to 532-nm illumination (n ¼ 5).
Empty circles correspond to 660-nm illumination (n ¼ 6).
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The changes of other electrophysiological parameters in
response to increased illumination intensity also point at a
thermal effect rather than phototoxic damage. An observed AP
amplitude reduction trend (0.4 mV∕ deg, statistically not sig-
nificant) is consistent with previously reported temperature-
dependent decreases in AP amplitude by 0.4 mV∕ deg in guinea
pig papillary muscle24 and rabbit ventricular myocytes.25 The
increase in conduction velocity is also characteristic for the
thermal mechanism.29,30

Our measurements show that, at the highest power intensity
(5 mW∕mm2), the temperature did not increase above 40.5°C
from the normal 36.5°C. Such changes are well within the phy-
siological range and should not cause any cell damage. Accord-
ing to the literature, the temperature should be as high as 50°C
to induce cell death within two to 3 min.31 While there is a report
that a temperature of 43°C can damage tissue, it takes several
hours at this temperature to induce cell necrosis.32 In our experi-
ments, the longest exposure was only 1 min, which is far too
short to produce any detectable damage.

It is interesting that the green laser at the same intensity pro-
duces more heating than the red laser. At 532 nm and a light
intensity of 5 mW∕mm2, the temperature increases from
36.5°C to ∼40.5°C. At 660 nm and the same light intensity,
the temperature increases only to ∼37.5°C. This difference is
not coincidental. The absorption of green light by tissue is sig-
nificantly stronger than that of red light.33,34 In thin preparations,
like the guinea pig ventricular wall (∼3 mm), the green light is
fully absorbed (attenuation length ∼1 mm), whereas a signifi-
cant amount of the red light escapes from the tissue (attenuation
length ∼3 mm) without being absorbed.

The fact that illumination can produce noticeable heating
of the tissue despite vigorous superfusion with thermostated
solution is somewhat unexpected.

It should be noted that illumination-induced heating is not
only a function of illumination intensity and the wavelength,
but largely depends on the geometric factors such as surface
shape and wall thickness, as well as the rates of perfusion and
superfusion. In our experiments, the temperature at both sur-
faces of the ventricular wall was maintained at the same level
by the flow of superfusate, which provided necessary “cooling”
and prevented significant temperature increases. However, there
are experimental situations when such two-sided cooling is dif-
ficult to achieve. Particularly, one should exercise extreme cau-
tion in optical mapping studies of no-flow regional or global
ischemia in large hearts. In such experiments, the light energy
is fully absorbed inside the myocardial wall and is converted to
heat. The heat exchange occurring through the epicardial surface
is limited and may not be sufficient to prevent more pronounced
temperature increases. If not designed properly, such studies
could be artifact-prone, with heat-induced APD shortening
masking the ischemia-related effects.

Increasing illumination intensity is a powerful tool that can
lead to significant improvement of the signal-to-noise ratio of
voltage-sensitive fluorescent signals and to a reduction of the
concentration of voltage-sensitive dyes. Our finding that even
high illumination intensities produce a purely thermal and fully
reversible effect has important practical implications. Unlike
phototoxicity, the thermal effects can be more readily mitigated
by appropriate design of the experimental protocols: optimizing
the duration of illumination cycle as well as perfusion and super-
fusion rates, thus paving the way for more efficient use of
increased illumination intensities in optical mapping studies.
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