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Situ Ventricular Cardiomyocytes

Guixue Bu,t Heather Adams,* Edward J. Berbari," and Michael Rubart**

TDepartment of Biomedical Engineering, Purdue School of Engineering and Technology, Indianapolis, Indiana 46202; and *Riley Heart
Research Center, Herman B Wells Center for Pediatric Research, Department of Pharmacology and Toxicology, Indiana University School
of Medicine, Indianapolis, Indiana 46202

ABSTRACT Previous studies have speculated, based on indirect evidence, that the action potential at the transverse
(t)-tubules is longer than at the surface membrane in mammalian ventricular cardiomyocytes. To date, no technique has enabled
recording of electrical activity selectively at the t-tubules to directly examine this hypothesis. We used confocal line-scan imaging
in conjunction with the fast response voltage-sensitive dyes ANNINE-6 and ANNINE-6plus to resolve action potential-related
changes in fractional dye fluorescence (AF/F) at the t-tubule and surface membranes of in situ mouse ventricular cardiomyo-
cytes. Peak AF/F during action potential phase 0 depolarization averaged —21% for both dyes. The shape and time course
of optical action potentials measured with the water-soluble ANNINE-6plus were indistinguishable from those of action potentials
recorded with intracellular microelectrodes in the absence of the dye. In contrast, optical action potentials measured with the
water-insoluble ANNINE-6 were significantly prolonged compared to the electrical recordings obtained from dye-free hearts, sug-
gesting electrophysiological effects of ANNINE-6 and/or its solvents. With either dye, the kinetics of action potential-dependent
changes in AF/F during repolarization were found to be similar at the t-tubular and surface membranes. This study provides what
to our knowledge are the first direct measurements of t-tubule electrical activity in ventricular cardiomyocytes, which support the

concept that action potential duration is uniform throughout the sarcolemma of individual cells.

INTRODUCTION

Previous studies have hypothesized, based on indirect
evidence, that the electrical activity of the t-tubule is
distinctly different from that of the surface membrane in
mammalian ventricular cardiomyocytes (1-6). Experimental
confirmation of this hypothesis has been hampered by the
lack of a technique that allows direct assessment of the elec-
trical activity of t-tubular membranes. This study documents
a fluorescence-based approach to measuring transmembrane
voltage changes with high spatio temporal resolution.
Specifically, confocal laser scanning imaging in conjunction
with fast response voltage-sensitive dyes is used to obtain
high-fidelity action potential recordings on a subcellular
scale in the Langendorff-perfused mouse heart.
Nonuniform distribution of ion current densities
throughout the sarcolemmal membrane of cardiomyocytes
can give rise to subcellular heterogeneity in transmembrane
voltage. Tidball et al. (1) postulated that ion channels are
differentially distributed between the surface and the t-tubular
membranes. Using the whole-cell current-clamp technique,
Brette and coworkers (5) measured transmembrane action
potentials in control rat ventricular myocytes (i.e., from the
t-tubule and surface sarcolemma) and in experimentally detu-
bulated myocytes (i.e., from the surface sarcolemma only) to
obtain an indirect estimate of the electrical behavior at the
t-tubules. Detubulation resulted in marked action potential
shortening, but did not alter resting membrane potential and
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action potential phase 0 amplitude. The decrease in action
potential duration was ascribed to the loss of L-type Ca*"
current that predominately resides in the t-tubular membranes
(5), whereas the contribution of other unequally distributed
currents to membrane repolarization was deemed insignifi-
cant in these studies (6). Calculations based on these measure-
ments predicted that the t-tubule action potential duration
should be several times as long as that at the cell surface
(5), when electrical coupling of the two membranes is disrup-
ted. However, in a normal myocyte, the action potential dura-
tion was predicted to be uniform throughout the cell
membrane because of the tight electrical coupling between
the t-tubule and surface sarcolemmal membranes, i.e., the
whole cell action potential represents the average of the action
potentials generated by the electrically isolated membranes.

In addition to uneven distribution of current densities
between the t-tubular and surface membranes, ion concentra-
tion gradients within the t-tubular lumen could also modify
subcellular electrical activity. Previous studies (2-4) have
shown that the t-tubular lumen forms a restricted extracel-
lular space that allows ion depletion (e.g., Ca*") and accu-
mulation (e.g., K™), which can differentially alter the
t-tubule action potential. In intact muscle, diffusion is also
restricted in the intercellular clefts, and the extent to which
differences in ionic composition in the intercellular cleft
and the t-tubular lumen differentially regulate membrane
potentials on a subcellular level is not known (7).

The use of electrical measurements, such as current-clamp
recording, does not provide information on the spatial distri-
bution of membrane potential within an individual cell.
Many of the limits of spatial resolution can by overcome
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by optical imaging. For example, numerous studies have
used voltage-sensitive fluorescent dyes to monitor fast
membrane potential changes at a subcellular scale in isolated
neurons (8—10) or intact brain slices (11-14). In contrast, this
technology has only been used rarely to map transmembrane
potential distributions at a microscopic level in cardiac
myocytes (15-18). Importantly, however, none of those
studies attempted to systematically compare properties of
action potentials generated at the t-tubules with those of
action potentials generated at the outer sarcolemma.

In this study we describe the development and application
of a fluorescence measurement technique that allows
recording of transmembrane voltage changes with milli-
second temporal resolution and spatial resolution from the
multicellular to subcellular scale in the intact, Langendorff-
perfused heart. This assay takes advantage of the recent
synthesis of ANNINE-6 and ANNINE-6plus, which belong
to a new class of fast response voltage-sensitive dyes with
markedly improved voltage discrimination (19,20). Using
laser scanning confocal microscopy in line-scan mode, we
have recorded action potential-dependent changes in frac-
tional fluorescence intensity [AF/F] from surface and t-tubule
membranes of individual cardiomyocytes within isolated
perfused hearts loaded with either ANNINE dye. The accu-
racy of the fluorescence measurements to report changes in
transmembrane voltage was verified with direct electrical
recordings. Furthermore, we developed an off-line signal
filtering algorithm to improve signal/noise ratios in single-trial
optical recordings. We used an intact heart preparation instead
of isolated cells for several reasons. First, cell injury associ-
ated with the isolation procedure is avoided. Second, it
provides the ability to rapidly record data from a large number
of cells. Third, the physiological contribution of restricted
diffusion in the intercellular cleft to the subcellular voltage
response is maintained. The results in this study support the
notion that the shape and time course of transmembrane repo-
larization during the action potential are uniform throughout
the sarcolemmal membrane of normal in situ cardiomyocytes.

Preliminary reports of this work were published previ-
ously in abstract form (21,22).

MATERIALS AND METHODS
Heart preparation

Hearts from adult [C3Heb/FeJ x DBA/2J] F| mice were used for all studies.
After intraperitoneal injection of heparin (125 IU/kg body weight), the heart
was excised, the ascending aorta was cannulated with a no. 18 cannula
(length: 1 inch), and hearts were perfused in Langendorff mode. Perfusion
was carried out at a constant pressure of 60—70 cm H,O and at room temper-
ature (18-21°C) with oxygenated (100% O,) Tyrode’s solution containing
(in mmol/L) 134 NaCl, 4 KCI, 1.2 MgSO,, 1.2 NaH,PO,, 10 HEPES, 11
D-glucose, and 2 CaCl, (pH = 7.35 adjusted with 1 mol/l NaOH).

After dye loading (see below) the perfused heart was placed in a custom-
made holding apparatus on the stage of an upright microscope with the ante-
rior left ventricular epicardial surface up. To optimize the focal plane
a 170-um glass coverslip was pressed gently against the epicardial surface
by adjusting the vertical distance between the coverglass and the aortic
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cannula. The holding apparatus was instrumented with stimulation and
recording electrodes for electrical pacing and electrocardiographic moni-
toring, respectively. Hearts were stimulated with 2-ms square wave pulses
with 1.5x threshold current amplitude. The stimuli were delivered by
a computer-controlled constant-current isolator (Krannert Engineering,
Indianapolis, IN). To monitor the efficacy of electrical pacing, a volume con-
ducted electrocardiogram was continuously recorded. For a detailed descrip-
tion of the experimental set up see Fig. S1 in the Supporting Material.

To uncouple contraction from excitation during imaging, cytochalasin D
(50 uM; stock solution: 3.9 mM in dimethyl sulfoxide (DMSO); Sigma, St.
Louis, MO) in combination with ryanodine (1 uM; stock solution: 500 uM
in distilled water; Alomone Labs, Jerusalem, Israel) was added to the normal
Tyrode’s solution.

Dye loading

ANNINE-6 (Sensitive Farbstoffe, Munich, Germany) was dissolved in
a solution of 20% (W/V) Pluronic F-127 DMSO (Invitrogen, Carlsbad,
CA) at a concentration of 0.25 mg/mL and sonicated for 15 min at 9 W (Mi-
sonix Sonicator 3000, Misonix, Farmingdale, NY). The cannulated heart
was perfused with the staining solution (dye stock solution diluted 1:100
in oxygenated Tyrode’s solution containing 50 mM butanedione monoxime
[BDM])) at a pressure of 60 cm H,O and a temperature of 36°C. After a 10-
min loading period, perfusion was continued with dye-free Tyrode’s solu-
tion for additional 20 min before imaging was started.

ANNINE-6plus (Sensitive Farbstoffe, Munich, Germany), a water soluble
derivative of ANNINE-6 with identical spectral properties and voltage
responsitivity (20), was dissolved in deionized water at a concentration of
0.575 mg/mL. Aliquots of the stock solution were diluted 1:200 in oxygen-
ated, normal Tyrode’s solution supplemented with 50 mM BDM. Dye
loading was carried out as described for ANNINE-6, except that room
temperature was used.

Imaging

All experiments were carried out at room temperature. For imaging we used
a laser scanning upright microscope (Zeiss LSM510 Meta; Carl Zeiss Thorn-
wood, NY) with Ar-ion laser excitation (488 nm). The heart was imaged
through a Zeiss C-Apo 40x 1.2 NA water-immersion lens equipped with
an adjustable collar. The excitation light was directed onto the specimen
via the main dichroic beam splitter (HFT 488, a 488 nm reflector). The
power of the incident laser light ranged from 150 to 300 uW at 488 nm.
The emitted light was split by a dichroic mirror (NFT 545, a 545 nm long
pass filter). The reflected light passed through a band-pass filter (500—
550 nm), whereas the passing light was filtered by a long-pass filter
(>560 nm). Short- and long-wave fluorescence light was collected simulta-
neously by two independent photomultipliers. Under the imaging conditions
used, membrane depolarization caused a decrease in short- and long-wave
fluorescence of the two ANNINE dyes. The detection pinhole radius was
set to 957 nm (3.8 Airy units), providing an axial (z) resolution of
0.82 um and lateral (x-y) resolution of 0.25 um, as measured at full width
at half maximum of calculated point spread functions (Scientific Volume
Imaging, Hilversum, Netherlands).

To optically detect action potentials, the unidirectional line-scanning mode
of the scanning system was used. Line-scans were obtained from the surface
membrane or across multiple t-tubules of in situ cardiomyocytes (see Fig. 3).
Each scan line encompassed 128 pixels at a nominal pixel size of 0.05-0.3
pm, integrating for 3.20 or 2.56 us (the shortest integration time compatible
with a 128-pixel scan line) at each pixel, corresponding to line repetition rates
of 1,042 or 1,302 lines/s, or temporal resolutions of ~1 ms and ~0.8 ms,
respectively. During line-scan imaging we applied electrical stimuli to the
right ventricular epicardial surface at 3 Hz, giving rise to action potential-
related changes in dye fluorescence across the regions scanned. Line-scan
images typically consisted of 8,000 to 10,000 lines, depending on the line
repetition rate. Fluorescence intensities were recorded with 12-bit resolution.
All recordings were obtained from the anterior left ventricular epicardium.
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Image processing

To resolve the time course of action potential-related changes in dye fluores-
cence in the line-scan images, we applied the following off-line processing
steps (see also Fig. 2):

1. Calculation of the average signal intensity of each successive line in
a line-scan image to obtain the time course of the spatial averaged fluo-
rescence, F(f). Thus, each point in the F(f) trace represents the average
of 128 pixels sampled along an individual scan line at a particular time
point;

2. Estimation of the baseline trace [Fo(f)] using a low-pass filter and
a moving average filter;

3. Determination of the time course of normalized fractional fluorescence
changes [AF/Fy(t)], where AF is F(t) — F(1);

4. Alignment of the onset of phase 0 depolarizations of all optical action
potentials in a AF/Fy(t) trace and subsequent calculation of the ensemble
average; and

5. Filtering the AF/F(?) trace to increase the signal/noise ratio of single-trial
optical action potential recordings.

Image processing was carried out using software written in MATLAB
(The MathWorks, Natick, MA) and implemented on a Dell computer
(Dell Computers, Round Rock, TX). Detailed descriptions of the processing
algorithms are given in Appendix A.

Peak signal/noise ratio (SNR) was defined as SNR = Sp,p/Nyms, Where Sy, is
the peak-to-peak amplitude of the optical action potential (i.e., maximum
AF/Fo(t) during action potential upstroke minus resting AF/F(f)), and
Nims is the root mean-squared noise recorded during the 50-ms segment
preceding the upstroke of the optical action potential. Voltage resolution
was calculated from noise levels relative to the electrically measured action
potential phase 0 amplitude (APA), i.e., voltage resolution = APA/SNR mV.
Voltage sensitivity was defined as the relative change of the fluorescence
intensity in response to the voltage change during the action potential
upstroke, i.e., S, = (AF/F)/APA %/mV. Action potential durations (APD)
in electrical recordings were determined from measurements of the time
point of maximum upstroke velocity (dV/df)y,ax minus the time point at
which the downstroke recovered to 30%, 50%, and 70% back to baseline,
i.e., APD3o, APDsg, and APD;.

Intracellular microelectrode recordings
of transmembrane action potentials

Glass pipettes (10-20 MQ) filled with 3 M KCI solution were mounted on
a micromanipulator and used to impale cardiomyocytes in the anterior left
ventricular epicardium approximately midway between the apex and the
base of the Langendorff-perfused heart. The electrical signal recorded
with the glass microelectrode was amplified (Dagan Instruments, Minneap-
olis, MN), and the amplifier’s signal output was fed to a 16-bit DAQ device
(National Instruments, Austin, TX), sampled at 20 kHz and stored in
computer hard disk drive for off-line analysis.

Statistical analysis

Results in this study were expressed as mean £ 1 SD. Statistical compari-
sons were made using single-factor ANOVA or Student’s t-test. A value
for p < 0.05 was considered statistically significant.

RESULTS

Imaging action potential-related fluorescence
changes on a subcellular scale in Langendorff-
perfused mouse heart

An important prerequisite to using the ANNINE-6 dyes as
voltage-sensing fluorophores is to show that they specifically

Biophysical Journal 96(6) 25322546

Bu et al.

and stably anchor at the outer membrane compartments of
interest, which in the case of cardiomyocytes are the outer
sarcolemmal and t-tubular membranes. A representative
confocal section taken from a Langendorff-perfused mouse
heart 150 min after loading with ANNINE-6 is shown in
Fig. 1 A (left panel). The image was acquired during contin-
uous electrical pacing via point stimulation at the right
ventricular epicardium in the presence of cytochalasin D
and ryanodine. Thick lines of high fluorescence intensity
correspond to ANNINE-6 staining of surface membranes
in adjacent cardiomyocytes. High magnification views
(Fig. 1 A, middle and right panels) also show the presence
of thin, parallel lines of high fluorescence intensity, reflecting
dye accumulation in the t-tubular membranes. T-tubules are
invaginations of the outer membrane, which flank each
sarcomere at the level of I-bands, giving rise to the regular
spacing between consecutive lines (23). Further, fluores-
cence is not discernible in the myoplasm, the nucleoplasm,
or internal membrane compartments (i.e., intracellular organ-
elles, nuclear envelope), supporting the notion that
ANNINE-6 exclusively binds to the surface and t-tubular
membranes. In addition, the intensity and spatial profile of
ANNINE-6 fluorescence remained largely unaltered for up
to 3 h after dye loading (the longest time interval tested in
our experiments), thus showing that the dye is effectively
retained in the outer membrane compartments. Identical
observations were made after exposure of Langendorff-
perfused mouse hearts to ANNINE-6plus.

Magnified views of the boxed region (blue) in the left
panel of Fig. 1 A also showed the presence of periodic fluo-
rescence decreases occurring as sharp lines across the width
of the region scanned (Fig. 1 A, middle panel). Transient
membrane depolarizations have been shown previously to
be accompanied by decreases in ANNINE-6 fluorescence
intensity above 560 nm, supporting the idea that the intermit-
tent reductions in ANNINE-6 fluorescence reflect cardio-
myocyte membrane depolarizations during stimulated action
potentials. To further characterize the time course and
magnitude of action potential-dependent changes in dye
fluorescence, we recorded fluorescence signals in the line-
scan mode simultaneously with a volume conducted
electrocardiogram. The scan line was positioned along an
end-to-end membrane junction between two neighboring
cardiomyocytes (Fig. 1 A, green line). The stacked line-
scan image (Fig. 1 B, upper panel) shows periodic transient
decreases in fluorescence that coincide with the paced QRS
complexes (Fig. 1 B, lower panel), indicating that fluores-
cence changes arise in response to stimulated action poten-
tials. In the absence of cell membrane movement, the brief
negative fluorescence changes reflect changes in transmem-
brane voltage during the action potential. In addition to
action potential-associated, rapid transient decreases in the
fluorescence signal we also observed a gradual decline in
baseline fluorescence intensity that continued throughout
image acquisition and resulted from photobleaching of the
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fluorescent dye. The left panel of Fig. 1 C shows the
expanded fluorescence record during the course of an action
potential from the line-scan segment delimited by the rect-
angle in Fig. 1 B. Normalizing the intensity of each pixel
to its respective baseline value removed the marked spatial
heterogeneity in signal strength both at baseline and during
the action potential (right panel of Fig. 1 C), suggesting
that it resulted from differences in dye distribution rather
than from nonuniformities in transmembrane voltage
changes across the scan line. We also quantified the time
course of the change in normalized fluorescence intensity
across the scan line and plotted the intensity against time.
The result is shown in Fig. 1 D. The trace reflects the char-

1]

Nl

Normalized Fluorescence

2535

FIGURE 1 Confocal imaging of the
cardiomyocyte action potential in Lan-
gendorff-perfused mouse hearts in the
presence of 50 uM cytochalasin D and
1 uM ryanodine. (A) Full-frame mode
(XY) image obtained from a heart
loaded with ANNINE-6. The green bar
demarks the position of line-scan
mode data acquisition along the end-
to-end membrane junction between
two neighboring cardiomyocytes. The
heart was electrically paced at 3 Hz
via right epicardial point stimulation.
The image was acquired 150 min after
dye loading. The middle panel shows
a magnified view of the blue boxed
region in the full frame-mode image.
Sharp lines (black arrows in the middle
panel) correspond to action potential-
related decreases in ANNINE-6 fluores-
. cence. The right panel shows magnified

‘ views of ANNINE-6 fluorescence
|

10 um

1s

distribution  around cardiomyocyte
nuclei. (B) Line-scan (X-f) image of
the region in A demarked by the green
line. The image is composed of 9000
horizontally stacked line-scans. Each
scan line encompassed 128 pixels along
a 16.84-um line integrating for 3.2 us at
each pixel. Line-scan repetition rate was
1024 Hz. Lower trace shows the volume
conducted electrocardiogram that was
recorded during image acquisition.
Asterisks indicate electrical stimulation
artifacts. (C) Expanded record of
changes in ANNINE-6 fluorescence
during the cardiomyocyte action poten-
tial. The left panel shows the unpro-
cessed line-scan image of fluorescence
changes during the action potential
boxed in B. Normalization of the fluo-
rescence signal (F/Fy) removed the
nonuniformity in the signal (right
panel). Scale bar = 50 ms vertically,
5 um horizontally. (D) Time course of
spatial averaged ANNINE-6 fluores-
cence from the normalized line-scan
image in C.
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acteristic shape of the transmembrane action potential previ-
ously measured in left epicardial myocytes from mice (24),
supporting the notion that the optical signal reflects the
change in transmembrane voltage during a stimulated action
potential.

Normalized fluorescence signals

We used a multistep approach to derive action potentials
from the optical recordings, including correction for dye
bleaching, calculation of the relative fluorescence change
[AF/F(?)], and noise reduction (see Image processing in
the Materials and Methods). A scheme describing the various
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levels of signal processing is depicted in Fig. 2, using the
line-scan image of action potential-dependent changes in
ANNINE-6 fluorescence shown in Fig. 1 B as an example.
The line-scan image is composed of 9000 line-scans that
were obtained with 1 ms resolution along a junctional
membrane segment 16.84 um long, integrating for 3.2 us
at each scanning point (Fig. 2 A). By averaging all pixels
in each line of the line-scan image in the vertical direction,
the time course of the spatial averaged fluorescence [F ()]
was obtained (Fig. 2 B). To correct for the photobleaching-
induced baseline drift, the relative changes in fluorescence
intensity [AF(¢)] were normalized to the baseline fluores-
cence [Fo(f)] and subsequently plotted against time. The
resulting single-trial trace (Fig. 2 C) shows a train of 26
consecutive action potentials in response to electrical point
stimulation delivered at 3 Hz over 10 s. The ensemble
average of all 26 optical responses from the single-trial
data shown in Fig. 2 C exhibited the characteristic shape
of the mouse left ventricular epicardial action potential
(Fig. 2 E, red symbols) (24). It also exemplifies the large
magnitude of the peak AF/Fy(f) (~—25%) and the high
peak SNR (~60) that were typically achieved with this assay
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(Fig. 2 E, red symbols). Although ensemble averaging mark-
edly improved the SNR compared to single-trial data, this
approach is not suited to reduce signal noise in single-trial
traces under nonsteady state conditions (e.g., arrhythmia),
where detection of beat-to-beat variations is critical. Accord-
ingly, an optimal filtering algorithm was developed that was
capable of improving the SNR in single-trial traces without
noticeably distorting the time course and shape of optically
recorded changes in transmembrane voltage (see Appendix
A). A typical result is shown in Fig. 2 D. The filtered trace
(red line) faithfully tracks the raw data trace. Optimal
filtering increased peak SNR by ~5-fold compared to the
unfiltered raw data. The degree of noise reduction in
single-trial traces was similar to that of the ensemble
average, as superimposition of the respective traces shows
(Fig. 2 E). Application of the filtering algorithm to single-
trial traces exhibiting pronounced beat-to-beat variations in
the shape of the optical action potential similarly resulted
in significant noise reduction while retaining the signal char-
acteristics (see Fig. S2). Collectively, these results provided
a proof-of-principle for the ability of our assay to resolve
action potential-dependent changes in fluorescence intensity

10 um

FIGURE 2 Scheme for off-line signal processing.
Graphic representation of the off-line signal processing
steps that were used to correct for dye bleaching-induced
baseline drift, to calculate relative fluorescence changes
[AF/F] and to improve the signal/noise ratio. (A) Line-
scan image of action potential-related changes in
ANNINE-6 fluorescence that was obtained from an end-
to-end junctional membrane of two juxtaposed cardiomyo-
cytes in situ during pacing at 3 Hz. (B) By averaging 128
pixels in each line of the line-scan image in the vertical
direction, the time course of the spatial averaged fluores-
cence [F(t)] was determined. To obtain the time course of
normalized fractional changes in dye fluorescence [AF/
Fo(t)] the baseline [F((f)] was estimated (denoted by the
red solid line) using a combination of a 250-sample moving
averaging filter and a 4th-order Butterworth low-pass filter
with a cut-off frequency of 3 Hz. (C) Rendition of AF =
F(f) — Fy(t) normalized to Fy(¢). (D) To increase the SNR
of single-trial recordings, plots of AF/F(f) were processed
with a custom-designed optimal filtering algorithm. A
filtered 2-s segment from the trace in C is shown (red
line). See Appendix A for more detailed description of
the optimal filtering algorithm. (E) Recordings of normal-
ized changes in fractional fluorescence occurring during
each consecutive action potential in a line-scan image
were aligned using both cross-correlation analysis and
pacing cycle, and the ensemble average was calculated
(red symbols). A single action potential that was obtained
by processing the trace in C with the optimal filtering algo-
rithm was superimposed (blue symbols).
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from a few micron-long cardiomyocyte membrane patches in
the isolated perfused mouse heart.

Comparison of optical action potentials at the
t-tubule and surface sarcolemmal membranes

A previous study showed that the density of L-type calcium
current and inward Na*/Ca®" exchange current are markedly
higher in the t-tubule than in the surface membrane of
ventricular cardiomyocytes, whereas K* currents exhibit
a more even subcellular distribution (5,6). The uneven distri-
bution of inward currents between the t-tubule and surface
membranes has given rise to the hypothesis that the t-tubule
action potential duration is significantly longer than at the
cell surface. We sought to examine the ability of our imaging
approach to provide direct measurements of the t-tubule
action potential. Fig. 3 shows representative results that
were obtained from ANNINE-6- or ANNINE-6plus-loaded
hearts in the presence of the excitation-contraction uncou-
plers cytochalasin D and ryanodine. The scan line was posi-
tioned along side-to-side and end-to-end membrane junc-
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tions between juxtaposed cardiomyocytes, or across
multiple t-tubules within a single cell (Fig. 3 A). Line-scan
images were obtained sequentially from all three regions.
Single-trial traces of the optical action potentials (Fig. 3 B)
and their respective ensemble averages (Fig. 3 C) show
peak fractional fluorescence changes exceeding 20% at all
three recording sites with either dye. The kinetics of the
change in normalized fluorescence from the three regions
were superimposable, supporting the idea that action poten-
tials at the t-tubule and cell surface exhibit a very similar time
course under the experimental conditions studied. Quantita-
tive comparison of action potential duration measurements at
the surface membranes (end-to-end and side-to-side junc-
tions) and t-tubules in eight and four hearts stained with
ANNINE-6 and ANNINE-6plus, respectively, confirmed
that the time course of fluorescence recovery (that is indica-
tive of transmembrane repolarization) was indistinguishable
between the different recording sites for either dye (Fig. 3 D,
right panel). The mean peak AF/F, measured with either dye
at the end-to-end membrane junction was significantly larger
than that at the side-to-side junction or t-tubules (Fig. 3 D,

FIGURE 3 Confocal line-scan imaging of voltage
changes across the outer sarcolemma and t-tubule
membrane of in situ cardiomyocytes. (A) Frame-mode
and line-scan confocal images obtained from Langen-
dorff-perfused mouse hearts loaded with ANNINE-6
(left) or ANNINE-6plus (right). Images were acquired
during electrical point stimulation at 3 Hz in the presence
of 50 uM cytochalasin D and 1 uM ryanodine to dissociate
contraction from excitation. White lines denote positions of
the line-scan mode data acquisitions along end-to-end
(a and d) and side-to-side (b and e) junctions between
juxtaposed cardiomyocytes, and across multiple t-tubules
(c and f) within single cardiomyocytes. Line-scan images
(A, a—f) show 1-s segments of each of the 8.64-s long
line-scan image acquisitions. Small letters next to the
line-scan images refer to the scan regions delineated in
the frame-mode images. Green scale bars = 8 um. (B)
Superimposed time plots of normalized fractional changes
in dye fluorescence [AF/F(t)] for the three recording sites
per dye as indicated. Tracings were digitally filtered as out-
lined in the Appendix. (C) Superimposed tracings of the
02 ensemble average of all 25 action potential-induced fluo-
rescence transients per line-scan image for each of the three
recording sites. (D) Bar graphs comparing properties of
action potential-induced fluorescence changes in t-tubule
and surface membranes in the presence of 50 uM cytocha-
lasin D and 1 uM ryanodine. (Left panel) Peak AF/F,
during action potential phase O depolarization. (Right
panel) Action potential durations at various time points
of repolarization. Values are mean £ 1 SD from 84 and
45 line-scans obtained in eight ANNINE-6- and four
ANNINE-6plus-loaded mouse hearts, respectively. E,
end-to-end membrane junction; S, side-to-side membrane
junction; T, t-tubular membranes. * p < 0.025 versus
peak AF/F, at side-to-side membrane junctions and
t-tubular membranes of the same dye (paired #-test). fp <
0.05 versus ANNINE-6 (r-test). Peak AF/F, and action
potential durations were measured from the ensemble
average traces.
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left panel). We also found that the late repolarization in
optical action potentials (APD;o) was significantly pro-
longed in hearts stained with ANNINE-6 compared to
ANNINE-6plus-stained hearts (Fig. 3 D, right panel).

Line-scans that traversed multiple t-tubules also contained
pixels that were from inner (e.g., mitochondrial) membrane
compartments. Importantly, however, the kinetics of the
change in normalized fluorescence in line-scans that were
positioned along single t-tubules were indistinguishable
from those recorded at the surface membrane (Fig. 4,
A-C). Thus, action potential-dependent changes in ANNINE
fluorescence intensity seem to originate solely in the outer
membranes of cardiomyocytes.

Line-scan images as those shown in Fig. 4 B provide the
unique opportunity to obtain detailed information on the
distribution of voltage changes along single t-tubules during
the course of an action potential. Fig. 4 D shows a normal-
ized fluorescence record during a single stimulated action
potential. As can be seen, the fluorescence intensity
decreased rapidly and synchronously across the width of
the region scanned, implying that membrane voltage
changes during action potential phase 0 depolarization
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were spatially uniform within the individual tubule. Low-
pass filtering to give a spatial resolution of 0.2 um in
combination with contrast enhancement further accentuated
the spatial uniformity of depolarization during the action
potential upstroke (Fig. 4 D, right panel). Finally, to
examine whether the time course of the t-tubular fluores-
cence response changes with increasing distance from the
surface membrane, the intensity of the three regions
demarked by colored bars in Fig. 4 D was plotted against
time (Fig. 4 E). The fluorescence ratio of all three regions
exhibited a similar time course, indicating that membrane
voltage changes during an action potential are spatially
uniform within the t-tubular network, at least within the
resolution of our system.

Collectively, our findings show the capability of our assay
to resolve action potential-related changes in fluorescence
intensity from t-tubules of individual cardiomyocytes within
the isolated perfused mouse heart. Further, our results
support the notion that the shape and time course of the
action potential are spatially uniform within individual
in situ cardiomyocytes under the experimental conditions
studied and within the resolution of our imaging system.

FIGURE 4 Comparison of the optical action potential at
a single t-tubule and at the surface membrane. (A) Frame-
mode image taken from a heart loaded with ANNINE-
6plus. The blue and white line denote positions of the
line-scan mode data acquisitions at a side-to-side junction
and along a single t-tubule, respectively. Middle and right
panel show zoom-in views of the regions around the
labeled side-to-side and t-tubule membrane positions. The
thick red line in the middle panel represents ANNINE-
6plus fluorescence originating from outer sarcolemmal
membranes of two adjacent cardiomyocytes, whereas the
red lines perpendicular to the thick line are t-tubules of
either myocyte. (B) Line-scan images that were obtained
by repetitive scanning at a rate of 1,024 lines/s along the
white lines in A. (C) Overlay of filtered AF/F(t) traces
for the two scan positions demarked in A. (D) Expanded
record of changes in ANNINE-6plus fluorescence during
the action potential. The left panel shows the normalized
(F/Fy) line-scan image during the action potential boxed
in B. Image in the right panel was low-pass filtered to
give a spatial resolution of 0.2 wm, and the contrast
enhanced. Scale bars = 50 ms vertically, 2 um horizon-
tally. (F) Kinetic comparison of the normalized fluores-
cence signal from the three regions (colored bars) indicated
in C. Each region is 2 um wide. Note the similarity in the
time course of the action potential-related fluorescence
changes from the three regions.
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Correlation of electrical and optical action
potentials

We next sought to directly examine whether the configura-
tion of the action potential recorded optically is a true repre-
sentation of the electrical response of in situ cardiomyocytes
located in the left anterior epicardium. We chose ANNINE-
6plus for these studies, because its application does not
require the addition of organic solvents and/or surfactants,
which by themselves may exhibit confounding electrophys-
iological effects. Fig. 5 illustrates measurements of action
potentials using intracellular microelectrode impalement
(Fig. 5 A) and optical detection with ANNINE-6plus
(Fig. 5 B). The microelectrode signal was sampled at
20 kHz and filtered at 10 kHz, whereas the optical action
potential was recorded from an end-to-end junction at
1,042 Hz and filtered using the optimal filtering algorithm
(see Appendix A). The shape of the optical action potential
and the rate of fluorescence recovery suggested that the
dye closely follows the membrane voltage changes during
phases 1-4 of the cardiomyocyte action potential. Quantita-

A

Membrane Voltage
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tive comparisons confirmed that the mean action potential
durations measured at various time points during repolariza-
tion were not significantly different for the optical and micro-
electrode technique (Fig. 5 C). Optical and electrical signals
during phase 0 depolarization only partially overlapped
(Fig. 5 D). The low sampling rate of the optical recordings
in relation to that of the electrical recordings prevented
a detailed quantitative comparison. To further characterize
the bandwidth characteristics of our imaging approach, we
compared the frequency content of action potentials recorded
optically to that of action potentials recorded electrically.
Using a discrete Fourier transform, we obtained the power
spectral density distributions for the electrical and optical
signal shown in Fig. 5, A and B, respectively, over frequen-
cies ranging from O to the Nyquist frequency (= half the
sampling frequency) of either recording method. Log-log
plots of the resulting power spectral density curves are
shown in Fig. 5 E. As can be seen, the entire power spectrum
of the optical signal (spanning a frequency range from 0 to
521 Hz) overlaps with the corresponding portion of the
power spectral density distribution for the electrical signal.

FIGURE 5 Kinetic comparison of the optical and electri-
cal signals. (A) Transmembrane action potentials recorded
with an intracellular microelectrode from the anterior left

\ ventricular epicardium of a Langendorff-perfused mouse

) heart during electrical point stimulation at 3 Hz. Arrows
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indicate stimulation artifacts. The recording was obtained
in the presence of 50 uM cytochalasin D and 1 uM ryano-
dine. The signal was low-pass filtered at 10 kHz and
sampled at 20 kHz. (B) Plot of action potential-induced
fractional fluorescence changes [AF/F((f)]. The fluores-
cence signal was resolved from a confocal line-scan image
that was obtained by repeatedly scanning along an end-to-
end junction at a rate of 1042 Hz. The fluorescence signal
was processed as described in the Appendix A. (C)
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3 Comparison of action potential duration in optical and elec-
trical recordings. Intracellular microelectrode recordings
were carried out in hearts loaded with ANNINE-6plus.
Values are mean £ 1 SD from 45 optical and 124 electrical
measurements that were obtained in four and five hearts,
respectively, in the presence of 50 uM cytochalasin D
and 1 uM ryanodine. Optical recordings from all three
outer membrane compartments were included. No statisti-
cally significant differences were found (z-test; p > 0.05).
(D) Overlay of the initial portion of an optical and electrical
action potential at expanded timescale. (E) Power spectral
density distributions of the electrical and optical signal in
A and B, respectively. Spectra were generated over
frequencies ranging from O to the Nyquist frequency of
the respective recording method (521 Hz for the optical
and 10 kHz for the microelectrode technique). The spike
at 2015 Hz represents the phase 0 depolarization of the
transmembrane action potentials. Inset shows the power
spectrum over the frequency range from 2010 to 2020 Hz.
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Integration of the power spectral density distribution for the
electrical signal showed that 99.7% of the total energy (i.e.,
the energy across the frequency range from O to 10 kHz) is
contained between 0 and 200 Hz. Thus, the microelectrode
signal is essentially band-limited to 200 Hz and represents
an upper limit on the frequency content of the optical action
potential. According to the Nyquist criterion, sampling rates
used in the optical action potential recordings are sufficient
to track voltage changes typically occurring during the
cardiac action potential. The single peak at 2.015 kHz
reflects the phase 0 upstroke and was clearly outside the
recording bandwidth of the optical technique. These results
indicate that ANNINE-6plus tracks transmembrane voltage
changes throughout repolarization of the action potential
under the experimental conditions studied.

The voltage sensitivity of ANNINE-6plus was calculated
as the ratio of the average peak AF/F|, for all three recording
sites (—21.4 £ 2.3%) and the average phase 0 action poten-
tial amplitude measured with microelectrode technique in the
presence of ANNINE-6plus (86 + 7.9 mV), yielding an esti-
mate of —0.29 £ 0.01%/mV. The voltage resolution in
ensemble average recordings with 1 ms temporal resolution
was estimated to be 1.5 = 0.9 mV.

To verify that the ANNINE-6plus fluorescence signal
varies linearly with transmembrane voltage, we plotted the
fluorescence changes (expressed in —AF/F,) occurring
during action potential repolarization as a function of the
magnitude of the transmembrane voltage change relative to
the resting membrane potential. The result is shown in
Fig. 6 A. The linear regression fitted to the data shows
a strong correlation (R = 0.994; p < 0.0001) between the
fractional fluorescence change and voltage, indicating
a linear dye response over a range of transmembrane volt-
ages occurring under the experimental conditions studied.
Finally, we validated the ability of the potentiometric dye
to report dynamic changes in action potential shape and
time course. Fig. 6 B shows action potential-induced changes
in ANNINE-6plus fluorescence during spontaneous, irreg-
ular electrical activity of the heart. As can be seen, action
potentials with brief coupling intervals (e.g., the fourth and
fifth action potential) exhibited a significantly shorter dura-
tion at late repolarization than action potentials with long
coupling intervals (e.g., the second and ninth action poten-
tial). This behavior is in accordance with electrical restitution
properties of mouse left ventricular epicardial myocytes
in situ described previously (25) and shows the ability of
the dye to report dynamic changes in action potential shape
and duration.

A previous study by Kuhm et al. (19) showed that the use
of longer excitation wavelengths increases the voltage sensi-
tivity of ANNINE dyes. Accordingly, we examined whether
the voltage dependence of the fluorescence signal becomes
more sensitive with an increase in excitation wavelength in
hearts loaded with ANNINE-6, by imaging along the same
membrane patch using the long and short wavelength light
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FIGURE 6 Properties of ANNINE-6plus. (A) Voltage dependence of
ANNINE-6plus  fluorescence. ANNINE-6plus fluorescence changes
(expressed in [— AF/Fy]) were plotted as a function of the magnitude of
the transmembrane voltage change [AV] relative to the resting membrane
potential. Data points were derived from the ensemble averages of the trac-
ings shown in A and B of Fig. 5. Only data points during the action potential
repolarization were included in the analysis. The line is a linear regression of
the data (slope: 0.0217; y axis intercept: 0.0092; R = 0.994). (B) Effect of
changes in coupling interval on optical action potential duration. Plot of
action potential-induced fluorescence changes [F(¢)] that were recorded
during spontaneous, irregular electrical activity of a Langendorff-perfused
mouse heart loaded with ANNINE-6plus. The fluorescence signal was
resolved from a confocal line-scan image that was obtained by repeatedly
scanning along an end-to-end junction at a rate of 1042 Hz. The recording
was obtained in the presence of 50 uM cytochalasin D and 1 uM ryanodine.

alternately. The average peak fractional fluorescence change
during action potential phase O depolarization was similar at
either excitation wavelength (—16.8 + 3.0% and —18.3 £
5.3% at 488 nm and 514 nm, respectively; p > 0.05),
whereas the peak SNR in ensemble average traces obtained
with the longer excitation wavelength was significantly
smaller than that obtained with the short wavelength
(26.7 £ 6.0 vs. 42.2 4+ 12.5; p = 0.01; paired #-test; 15 paired
measurements in two hearts). In addition to examining the
effect of increasing excitation wavelength in single-photon
excitation mode, we also tested whether two-photon excita-
tion improved voltage sensitivity of ANNINE dyes, as had
been reported previously (19). Experiments at 960 nm (the
maximal obtainable wavelength in our system) did not yield
detectable fluorescence changes in response to action poten-
tials using low incident laser power, whereas higher light
intensities resulted in extensive structural damage of the illu-
minated tissue within a few seconds

One major concern with all voltage-sensitive dyes is their
possible pharmacological effect on the biological specimen
(26-28). Accordingly, we sought to examine whether
ANNINE-6plus itself (in the absence of laser illumination)
exerts electrophysiological effects at the level of individual



T-Tubule Membrane Potential

cardiomyocytes in intact hearts. Transmembrane action
potentials were recorded in Langendorff-perfused hearts in
the absence and presence, respectively, of ANNINE-6plus
(28 ug applied over 10 min), using the microelectrode tech-
nique. The perfusing Tyrode’s solution also contained
50 uM cytochalasin D and 1 uM ryanodine. Recordings
were repeated every 5 min over 2 h after completion of
dye loading. We found that the dye did not significantly alter
resting membrane potential or the time course of repolariza-
tion (Table 1). However, the average magnitude of the
maximal upstroke velocity and the depolarization during
phase O of the action potential was significantly larger in
ANNINE-6plus-loaded hearts compared to dye-free hearts.

Photostability of ANNINE-6 and ANNINE-6plus

Plots of the spatial average fluorescence against time [F(f)]
typically showed a decay of the action potential-related
signal amplitude and a concomitant decrease in baseline
fluorescence intensity. Fig. 7 A (upper panels; for another
example see also Fig. 2 B) shows examples for the case of
ANNINE-6 and ANNINE-6plus. Conversion of absolute to
relative fluorescence intensities for each time point in the
F(¢) traces readily eliminated the decay in signal amplitude
(Fig. 7 A, lower panels), suggesting that it was caused by
bleaching of the dye molecules rather than by an actual
decrease in action potential amplitude resulting from photo-
toxic effects. Quantitative comparisons of the average time
course of photobleaching (Fig. 7 B, upper panels) with
that of the average fractional changes in signal amplitude
(Fig. 7 B, lower panels) from 20 recordings for either dye
confirmed the absence of a significant decrease in relative
signal amplitude despite the decay in baseline fluorescence.
For the analyses we included line-scan images that were ob-
tained using magnitudes of incident laser power that were
representative for our experiments. The results indicate that
cumulative illumination energies typically encountered
during seconds long line-scan recordings did not noticeably

TABLE 1 Comparison of transmembrane action potential
properties of in situ ventricular cardiomyocytes in the presence
and absence of ANNINE-6plus

Without ANNINE-6plus

With ANNINE-6plus

APDs, ms 47 £ 14 44409
APDs, ms 8.0£22 80+ 13
APD, ms 143 +42 144 +£32
RMP, mV —775+26 —77.0 £ 22
APA, mV 80.6 + 9.2 86.0 + 7.9%
(dV/dD)maxs V/s 54+ 22 64 £ 21.9%

Values are mean = 1 SD from 110 (without dye) and 124 (with dye) record-
ings that were obtained in five hearts for each group in the presence of
50 uM cytochalasin D and 1 uM ryanodine. Stimulation rate was 3 Hz.
*Indicates significant difference (p < 0.001; r-test) versus Without
ANNINE-6plus. APD3o, APDsy, APD7(: action potential duration at 30%,
50%, and 70% repolarization; RMP, resting membrane potential; APA,
phase O action potential amplitude; (dV/df),.x, maximal phase O upstroke
velocity.
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alter the cardiomyocyte membrane response. This view is
further supported by the observation that the time course
of repolarization measured optically in ANNINE-6plus
loaded hearts matched the electrical signal recorded in the
presence of the unexcited dye.

DISCUSSION
Major findings

In this study, we have shown that laser confocal microscopy
in line-scan mode in combination with the fast response
voltage-sensitive dyes ANNINE-6 and ANNINE-6plus is
capable of monitoring transmembrane voltage changes on
a subcellular scale from in situ cardiomyocytes with ~1 ms
temporal resolution. The optical signal varies linearly with
voltage and closely reported changes in transmembrane
voltage during the repolarization phases. Fast changes during
the action potential upstroke escaped the bandwidth of the
imaging system. We were able to selectively record the elec-
trical activity of the t-tubule or surface membranes of indi-
vidual cardiomyocytes in intact, Langendorff-perfused
mouse hearts. Using either dye, the time course and shape
of the t-tubule action potential were found to be indistin-
guishable from those generated at the surface membrane.
The results presented in this study support the idea that trans-
membrane voltage changes during action potential repolari-
zation occur uniformly throughout the sarcolemmal
membrane of normal in situ ventricular cardiomyocytes.

Properties of ANNINE-6 and ANNINE-6plus
in isolated perfused mouse heart

The voltage sensitivity of ANNINE-6plus in heart (—0.29 £+
0.01%/mV) is in very good agreement with that measured
in Retzius cells of the leech at 488 nm excitation (20), and
also in excellent agreement with the voltage-sensitivity of
ANNINE-6 previously determined in Aplysia neurons (11)
and HEK293 cells using the same excitation wavelength
(19). Thus, our results extend the previous observation that
the cell-type does not influence the magnitude of the voltage
sensitivity of ANNINE dyes (19). We further found a linear
response of ANNINE-6plus fluorescence with changes in
transmembrane voltage over a range encountered in our
study, and validated the ability of this dye to report alter-
ations in action potential duration. Because we did not carry
out electrical measurements of transmembrane action poten-
tials in the presence of ANNINE-6, we are unable to quanti-
tatively compare its voltage sensitivity in heart with that in
other cell- or tissue-types.

One major concern with the use of voltage sensitive dyes is
their potential phototoxicity (26,28,29). Although illumina-
tion energies that were used during seconds-long line-scan
image acquisitions were typically associated with photo-
bleaching of the ANNINE dyes, our findings indicate that
these energy levels did not cause overt photodynamic
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FIGURE 7 Comparison between the
time course of dye bleaching and the
time course of the peak amplitude of
the fractional fluorescence change
[AF/F] during confocal line-scan
imaging. (A) Time course of total fluo-
rescence [F(r)] and fractional fluores-
cence change [AF/Fy(t)] for the first

and last three action potentials of 8.64-s
long line-scan recordings obtained with
ANNINE-6 (left panels) and ANNINE-
6plus (right panels). (B) Decay of F(t)
normalized to the zero time point
and decrease in peak AF/Fy(t) for
ANNINE-6 and  ANNINE-6plus.
- Values are mean £ 1 SD from 20 inde-
pendent line-scans for each dye. All
line-scan images were acquired in the
presence of 50 uM cytochalasin D and

1 uM ryanodine.
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damage. Thus, rapid photobleaching and the concomitant
decrease in SNR, rather than photodamage, limit the duration
of line-scan data acquisition under our imaging conditions.

We did not find evidence for transfer of ANNINE dyes
into the cytoplasm of in situ cardiomyocytes. Confocal
sections obtained from ANNINE-loaded hearts revealed
lack of fluorescence signals in the membranes of cardiomyo-
cyte nuclei or membranes of internal organelles up to three
hours after dye loading. Thus, nonspecific background stain-
ing is low, resulting in improved AF/F ratios.

Our results show that the fluorescence recovery kinetics of
ANNINE-6plus closely follow the voltage changes during
membrane repolarization measured with intracellular micro-
electrodes in the absence and presence of the dye. In contrast,
the late repolarization was slightly, yet significantly, delayed
in optical action potentials measured with ANNINE-6
compared to the electrical signal. The reason for this is
unclear, but may involve potential effects of the solvent
and/or surfactant in the dye loading solution, and/or result
from the different molecular structure of the water-insoluble
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probe. Surprisingly, we found that ANNINE-6plus itself in
the absence of light excitation slightly increased phase
0 action potential amplitude and maximal upstroke velocity
of in situ cardiomyocytes. Several mechanisms may underlie
these changes, including increases in ionic currents that flow
across the cardiomyocyte membrane and between adjacent
cells during the rising phase of the action potential, a decrease
in cytoplasmic and/or gap junctional resistance, reduction of
cardiomyocyte membrane capacitance, and removal of inac-
tivation of the fast, voltage-dependent sodium current (30).
In this context, the observation that the peak fractional fluo-
rescence change at the end-to-end junction was significantly
larger than that at the t-tubule and side membranes in hearts
loaded with either dye might reflect subcellular heteroge-
neity in the magnitude of the fast sodium current, which
dominates action potential upstroke. Such spatial subcellular
profiles have been described previously, using mathematical
models of discontinuous impulse propagation (30-32). It
remains to be determined, however, whether the subcellular
nonuniformity of the peak fractional change in fluorescence
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merely reflects pharmacological effects of the dye itself on
the action potential phase 0 depolarization, or whether it
represents a physiological phenomenon.

Collectively, the high voltage sensitivity of ANNINE-
6plus paired with its stable and selective binding to the
sarcolemmal membrane of cardiomyocytes facilitate its use
for mapping of transmembrane voltage changes on a subcel-
lular scale. Our results further suggest that the water insol-
uble ANNINE-6 (in combination with the additives Pluronic
F-127 and DMSO) prolongs action potential duration and
thus is less suitable for optical imaging of transmembrane
repolarization.

Uniformity in membrane repolarization
throughout the sarcolemmal membrane
of in situ cardiomyocytes

The results presented in this study show that action potential
repolarization is uniform throughout the cardiomyocyte
membrane. To the best of our knowledge, our study is the
first to systematically investigate transmembrane voltage
changes during the cardiomyocyte action potential on
a subcellular scale. Hiiser and coworkers (17) used laser-
scanning confocal microscopy in line-scan mode (2 ms
temporal resolution) in combination with the voltage-sensi-
tive dye di-8-ANEPPS to independently monitor changes
in transmembrane potential in voltage-clamped ventricular
cardiomyocytes. Windisch et al. (16) developed a multisite
imaging system to simultaneously monitor transmembrane
voltage changes with spatial and temporal resolution of
15 um and 20 us, respectively, in single guinea pig ventric-
ular myocytes loaded with di-4-ANEPPS, but their measure-
ments did not distinguish between t-tubular and cell surface
optical signals, and the analyses were restricted to the action
potential upstroke. Knisley et al. (15) and Sharma et al. (18)
used a similar approach to map the spatial dependence of
polarization of the cell membrane during electrical field stim-
ulation of isolated cardiomyocytes. None of these studies,
however, provided systematic analyses of spatial subcellular
profiles of transmembrane voltage changes throughout the
cardiomyocyte action potential.

Previous studies had demonstrated uneven distribution of
transmembrane currents on a subcellular scale in mammalian
ventricular myocytes. Using formamide-induced detubula-
tion (that seals off the t-tubules leaving them functionally
intact but physically disconnected from the surface sarco-
lemma (33)), it was shown that the densities of the L-type
calcium current (Ic,1), the Na/Ca exchange activity, and
the Na'/K"-ATPase activity (5,6,34) are preferentially
concentrated in the t-tubules of ventricular myocytes,
whereas K™ currents were found to be approximately evenly
distributed between the surface and t-tubule membranes (35).
Using the whole-cell current-clamp technique, Brette and
coworkers (5) were able to show that the transmembrane
action potentials recorded from detubulated myocytes (i.e.,
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surface membrane only) were markedly shorter than those
recorded from control myocytes (i.e., t-tubules and surface
membranes), but resting membrane and action potential
phase 0 amplitude were similar. The difference in the repo-
larization time course was largely ascribed to the greater
magnitude of net inward current mediated by I, in the
t-tubules. Modeling calculations based on these measure-
ments suggested that the t-tubule action potential should be
by a factor of ~5.5 longer than at the cell surface (6,36),
when the t-tubule and surface membranes are electrically iso-
lated. In a normal myocyte, however, the action potential
was predicted to be spatially uniform throughout the sarco-
lemmal membrane because of the tight electrical coupling
between the surface and t-tubule membranes. Indeed, the
results presented in this study directly confirm the latter
prediction and are compatible with the notion that the action
potential is the mean of that generated by the two sarco-
lemmal membranes. Also, the excellent agreement between
the optical signals typically recorded from a few microns
long membrane patches and the electrical signals, which
measure electrical activity at the whole cell level, is consis-
tent with tight electrical coupling throughout the sarco-
lemmal membrane of in situ cardiomyocytes. This behavior
is also expected from the large space constant of the t-tubular
system, which has been estimated previously to be 226 um
(36), with respect to the average length of t-tubular segments
(~7 wm; (37)), and the long sampling interval of our
recording system (~0.8 to ~1.0 ms) with respect to the short
membrane charging time constant that is on the order of
microseconds (38,39).

Because of the limited bandwidth of our imaging system,
we restricted the analyses to the repolarization phases of the
action potential. However, within the temporal resolution of
our technique, we found that the time course of changes in
normalized fluorescence intensity during the action potential
upstroke were spatially uniform within individual t-tubules.
This observation is consistent with the idea that tight electri-
cal coupling between the t-tubule and surface membranes
ensures synchronous membrane potential changes across
the entire cell membrane even during the fast and large
voltage changes typically encountered during the rising
phase of the transmembrane action potential. In support of
this notion, a high level of temporal synchronization during
the upstroke in the range of tens of microseconds (16) has
been reported previously for isolated guinea-pig ventricular
myocytes.

Although model calculations for rat ventricular myocytes
have predicted action potential uniformity on a subcellular
scale at frequencies <5 Hz (40), it is possible that spatial
discrepancies develop at higher heart rates typically encoun-
tered in mice. In this context it is of interest that a recent
study in isolated mammalian skeletal muscle fibers loaded
with di-8-ANEPPS the time course of the t-tubular optical
signal elicited by action potentials was almost indistinguish-
able from that of the electrically measured transmembrane
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potential during a single action potential (41). However,
trains of action potentials at tetanic frequencies unmasked
time-dependent discrepancies between the optical and elec-
trical signals, indicating spatial nonuniformity of action
potentials. Voltage-changes secondary to use-dependent
phenomena such as ion accumulation (depletion) in the
t-tubule lumen in combination with altered passive electrical
parameters have been implicated in this process (41).
Whether similar frequency-dependent microheterogeneities
can develop in mammalian heart remains to be determined.
Previous studies have shown that K™ and Ca®" ions
can accumulate or become depleted in distinct areas in the
t-tubule lumen, which might give rise to membrane potential
heterogeneities under certain circumstances (2—4,7).

The majority of studies examining spatial micro-heteroge-
neity of electrical properties have been conducted in single
ventricular cardiomyocytes from rat. However, it seems
unlikely that the observations presented here are species-
specific for several reasons. First, both the magnitude and
time course of whole-cell /-, similarly influence the shape
and duration of the ventricular action potential in either
species (42,43). Second, the fraction of t-tubular membrane
to the total sarcolemmal membrane is almost identical for
mouse and rat cardiomyocytes (5,6). Third, although direct
evidence for subcellular nonuniformity of Ic,; density
does not exist, most recent observations suggest that the
mouse t-tubular membrane exhibits functional specialization
that is similar to that seen in rats (44).

Our study is the first, to the best of our knowledge, to
describe an experimental approach that allows systematic
and direct evaluation of the electrical activity at the t-tubular
membrane or any other portion of the sarcolemma within
individual cardiomyocytes. Its use should therefore enable
future studies examining the modulation of transmembrane
voltage profiles at the subcellular level in response to rate
changes, and in response to functional and/or structural re-
modeling of the t-tubular system that has been previously
shown to occur in the diseased myocardium (45,46).

Limitations of the study

Despite the excellent agreement of our observations with
both experimental findings and theoretical predictions by
others, the possibility that the experimental conditions used
in this study might obscure subcellular heterogeneities in
the time course of transmembrane repolarization, warrants
further discussion. First, experiments were conducted in
the presence of cytochalasin D, which at concentrations
similar to those used in this study has been shown previously
to reduce peak fast sodium current (/) and also to slow its
inactivation (47). The latter effect may give rise to action
potential prolongation, which if occurring predominately at
the surface membrane, might nullify action potential differ-
ences between the surface and t-tubule membranes.
Although Iy, has been shown to be more concentrated at
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the surface membrane in ventricular myocytes (48), it seems
extremely unlikely that a slower decay of Iy, at the surface
membrane in the presence of cytochalasin D precisely offsets
the magnitude of the difference in net transtubular current
mediated by /¢, and Incx.

Second, cytochalasin D does not interrupt the spatially and
temporally synchronous Ca®" release throughout in situ
cardiomyocytes (49), indicating that a preferential decrease
in Ic, at the t-tubule membrane is unlikely to explain the
uniformity of the action potential under our experimental
conditions.

Third, because inactivation of /-, by SR Ca’" release is
more pronounced at the t-tubules than at the surface
membrane of ventricular myocytes (50), inhibiting SR
Ca®" release by ryanodine would be expected to relax I,
inactivation more at the t-tubules, resulting in a dispropor-
tionally larger increase in Ca®" entry via I, at the t-tubules
than at the surface membrane during a cardiac action poten-
tial. Because Ca*" entry via Ic, at the t-tubules has been
shown to significantly exceed that at the cell surface under
control conditions (5), ryanodine-induced attenuation of /¢,
inactivation is likely to accentuate preexisting differences
in the magnitude of Ca®" entry, and thus net cation influx,
between the two membrane compartments, resulting in an
increase, rather than decrease, in spatial nonuniformities of
action potential duration.

CONCLUSION

We have developed and validated what we believe is a novel
imaging approach that is capable of monitoring changes in
transmembrane voltage on a subcellular scale within the
intact mouse heart with ~1 ms resolution. The technique
can be readily implemented using standard laser scanning
microscopes and laser illumination sources in combination
with the water-soluble fast response dye ANNINE-6plus,
and filtering algorithms to optimize voltage discrimination.
Our data provide what to our knowledge are the first direct
measurements of voltage changes across the t-tubular
membranes of ventricular cardiomyocytes, or any cardio-
myocyte type in general. Further, our data support the
concept that despite previously documented differences in
net cation entry between the t-tubule and surface membranes
during the repolarization phases of the cardiac action poten-
tial, tight electrical coupling between these two membrane
compartments confers uniformity in action potential duration
throughout the sarcolemma in individual ventricular cardio-
myocytes.

APPENDIX A: OPTIMAL FILTERING ALGORITHM

Transmembrane action potentials of mouse ventricular cardiomyocytes typi-
cally contain high- (phase 0) and low-frequency (phases 1-4) components
(see Fig. 5 E). Traditional low-pass filtering approaches distort fast changes
in membrane potential as those typically occurring during the action
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potential phase O depolarization. The design objective for this filter algo-
rithm was to suppress noise while preserving the upstroke and also beat-
to-beat signal variations. This algorithm is similar to an algorithm based
on filtered residue method for cardiac biosignal filtering previously devel-
oped by Iravanian and Tung (51). Whereas Iravanian and Tung assumed
that the signal is stationary and periodic, here we assumed that only the
upstrokes are stationary and that they can be separated from other phases
in the frequency domain.

The filter design assumes that the raw data has N action potentials
contaminated by noise in a recording and each action potential is

X = 8 + n;, i = 1,...7N, (A])

where s; is the true signal and #; is the noise. Alignment of each action poten-
tial and subsequent signal averaging yields

w1
S = NZ(S, + ). (A2)

Jj=1

To calculate the appropriate filter, an estimate of the underlying noise, 6;,
is necessary. The estimate of the noise was found by subtracting the signal
average, S, from the raw data, x;:

~

1 N
6 =x—8 = (s + n) _NZ(‘Y] +n). (A3
j=1

The high frequency noise, d;,, was enhanced by removing the low
frequency components, d;, using a 51-point moving average filter:

6,'7[.1 = 6,‘ —5,'. (A4)

Subsequently, d;,; is removed from the raw data to obtain the resulting,
filtered action potentials:

1< ~
X =x—0iy = NZ(S/' + n/-) + 0i. (AS)
=

Assumptions were made in the above calculation and can be shown by
expanding and rearranging Eq. AS.

1 N
.)NCI' = NZ(Sj —+ nj) + (Sl‘ — SiH —+ n; — I’Z,',H)

=1

IR 1 &
_ﬁz(si—suﬁ'”f—"w) =sity > Sui—Nsin

=1 =1

1 N
+ n; — I”l,',H + Nan_H, (A6)

Jj=1

where s,,;; and n,,;; (x = i,j) are the high frequency component of signal and
noise, respectively. s,,5 is mainly from phase 0 and is assumed to be
stationary. If N is large enough, stationarity allows us to assume that two
of the terms in Eq. A6 are approximately zero:

1 N
N Zsij_st-,H =0 (A7)
=1
1 N
N > nn=0. (A8)

j=1

Hence the high frequency noise component is effectively suppressed. The
estimation of the signal is then written as

2545

.i,' =5 + n; —Niy. (A9)

The 51-point moving average filter has a low cut-off frequency of ~9 Hz
(sampling rate at 1042 Hz) and has minimal effect on the signal, whereas the
noise is markedly suppressed. It is noted that this algorithm is sensitive to the
type and the cut-off frequency of the low-pass filter that is used to reduce the
noise. Chebyshev and Butterworth filters with various cut-off frequencies,
and a moving average filter with various lengths were tested. We found
that a 51-point moving average filter yielded the largest noise suppression.
Examples of the application of the optical filter algorithm to the optical
signals are shown in Figs. 2 and 7, and in Fig. S2.

SUPPORTING MATERIAL

Two figures are available at
supplemental/S0006-3495(09)00313-0.

http://www.biophysj.org/biophysj/
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