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Regulation of sodium flux across the cell membrane plays a vital
role in the generation of action potentials and regulation of
membrane excitability in cells such as cardiomyocytes and neurons.
Alteration of sodium channel function has been implicated in
diseases such as epilepsy, long QT syndrome, and heart failure.
However, single cell imaging of sodium dynamics has been limited
due to the narrow selection of fluorescent sodium indicators
available to researchers. Here we report, the detection of spatially
defined sodium activity during action potentials. Fluorescent
nanosensors that measure sodium in real-time, are reversible and
are completely selective over other cations such as potassium that
were used to image sodium. The use of the nanosensors in vitro
was validated by determining drug-induced activation in heterol-
ogous cells transfected with the voltage-gated sodium channel
NaV1.7. Spatial information of sodium concentrations during action
potentials will provide insight at the cellular level on the role of
sodium and how slight changes in sodium channel function can
affect the entirety of an action potential.

cellular imaging � ion channels � sodium sparks

Voltage-gated sodium channels (VGSC) are transmembrane
proteins that tightly regulate Na� f luxes across the mem-

brane of excitable cells. The large Na� concentration gradient
across the membrane requires only transient channel openings
for sufficient Na� f lux to rapidly depolarize the membrane. The
membrane depolarization then leads to an orchestrated opening
of other voltage-gated ion channels that comprises the action
potential. Entry of Ca2� during the action potential serves as a
second messenger for further calcium release, excitation-
contraction coupling, or neurotransmitter release. Hence, even
minor alterations in VGSC function and kinetics can have drastic
effects on cellular functions. Accordingly, mutations in the
cardiac-specific VGSC have been shown to underlie diseases
such as atrial fibrillation, long QT syndrome, cardiomyopathies,
and Brugada syndrome (1), while mutations in the neuronal
isoforms have been linked to epilepsy and pain disorders (2–4).

VGSC function and Na� f luxes have been studied by methods
such as patch clamp (5) and voltage-sensitive dye staining (6, 7).
These studies have provided information about steady-state ion
channel functions and increased our knowledge of channel
structure-function correlations in heterologous expression sys-
tems but provide no spatial information. Molecular fluorescent
indicators for sodium designed for intracellular sodium mea-
surements (8) have failed to provide the extraordinary results
associated with similar fluorescent indicators for calcium, such
as the detection of sparks in both resting and electrically
stimulated cardiomyocytes (9–11). To achieve sodium concen-
tration spatial resolution in cardiomyocytes, sensors need to have
minimal response time and high sodium selectivity. Hence,
development of methods of investigating real-time sodium fluxes
in cytoarchitectural complex cells, such as cardiomyocytes, will
significantly advance our understanding of the role of Na� f luxes
in cellular function.

Optode-based sensors for intracellular ion measurements
have been previously explored (12). We have previously devel-
oped fluorescent nanosensors for sodium that have properties
designed for intracellular measurements (13). Brief ly, the
nanosensors have ideal response characteristics for the measure-
ment of intracellular sodium and are exquisitely selective for Na�

over K�. Selectivity for Na� over K� is critical when performing
intracellular measurements, because the background K� con-
centration is an order of magnitude higher than that of sodium.
They are roughly 120 nm in diameter and have poly(ethylene)
glycol coating to impart solution stability and biocompatibility.
The properties of these probes have been studied in a cell-free
solution, but their performance in vitro had not been explored
until this report.

Results and Discussion
Patch Clamp Validation of NaV1.7 Activity and Determination of
Nanosensor Interference. Patch clamp current-voltage experiments
were performed on human embryonic kidney cells that stably
express the sodium channel NaV1.7 (HEK PN1) to verify channel
activity. Because NaV1.7 is the dominant voltage-dependent chan-
nel expressed in these cells, the current-voltage curve should be
dictated by the channel activity. The peak sodium current was at
�20 mv (Fig. 1A, black squares) which correlates to NaV1.7 activity
determined in other studies (14, 15). Current-voltage experiments
were also performed with sodium nanosensors loaded through the
patch pipet. These experiments determined if the presence of
sodium sensors would alter NaV1.7 activity (Fig. 1A, red circles)
either by buffering the intracellular sodium concentration or di-
rectly acting on channel function. Membrane properties and chan-
nel activities have been shown to be affected by the presence of
nanoparticles intracellularly (16). However, after correcting for the
difference in liquid junction potential due to the negative zeta
potential of the nanosensors (13), the peak sodium current was
unchanged by the presence of the nanosensors (Fig. 1A). The
presence of nanosensors does not alter the activity of the NaV1.7
sodium channel or buffer sodium dynamics.

Loading and Calibrating Nanosensors in HEK PN1 Cells. Nanosensors
were loaded into HEK PN1 cells using pressure controlled
microinjection (Fig. 1B). This technique has been previously
used to deliver small molecules to the cytoplasm of cells (17).
Each injection was �100 pL of total volume, which correlates to
104 nanosensors per cell (Fig. S1). This amount provided good
signal intensity but was a small enough volume to prevent
damage to the cells. The nanosensors dispersed throughout the
cytosol and did not aggregate near the nucleus, as seen with
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endocytotic loading. Additionally, we did not see any sensor
leakage or compartmentalization throughout the course of
experiments.

To determine if the nanosensors responded to intracellular
sodium changes in vitro similarly to responses in cell-free
solutions, we calibrated the sensors once they were loaded into
the HEK PN1 cells. In vitro calibrations were performed by
superfusing loaded cells with varying concentrations of sodium
in the presence of 5 �M gramicidin, which allows equilibration
of intracellular sodium to extracellular concentrations, while
maintaining solution ionic balance with potassium. This tech-
nique has been used to calibrate sodium fluorescent molecular
indicators in neurons (18). Potassium was chosen, as it is the
most prominent intracellular cation and has been shown to shift
molecular indicator responses to sodium. The sodium concen-
tration was increased stepwise from zero to 150 mM and back to
zero, to ensure stability of the sensors throughout the experi-
ment (Fig. S2). The plateau values for each sodium concentra-
tion were found, and the average was plotted against the sodium
concentration (Fig. 1C). A sigmoidal curve was fit using the Hill
equation, and the Kd of the nanosensors in vitro was determined
to be 12 mM. Concurrently, in separate experiments, we cali-
brated the nanosensors in 96-well plates using a plate reader at
the same wavelengths as the in vitro microscope calibrations.
The same calibration solutions were used but did not include
gramicidin. The average response was plotted similarly to the in
vitro data, and the Kd in cell-free solution was found to be 10 mM
(Fig. 1C). This indicates that nanosensors have the same re-
sponse properties in vitro as they do in cell-free solution.
Therefore, sodium nanosensors will be able to accurately mea-
sure sodium concentrations in vitro in the presence of potassium
with response properties that can be determined in cell-free
solution.

Measurement of Sodium Concentration Change in Response to Sodium
Flux Through Voltage-Gated Channels. The HEK PN1 cells used
here stably express NaV1.7, which is activated by veratridine
and is inhibited by multiple compounds in a dose-dependent
manner (19). This provides an ideal way to control sodium
channel activity in a known system to determine the efficacy
of using sodium nanosensors to measure in vitro sodium
dynamics. Nanosensor-loaded cells were superfused with ve-
ratridine at different concentrations to build a dose-response
curve. The change in f luorescent intensity of the nanosensors
in response to veratridine NaV1.7 channel activation was
monitored. A dose-dependent response was seen both in the
rate of initial response to veratridine addition and the total,
steady state response (Fig. 2A).

We chose to analyze the initial rate of response since the
time-course of veratridine activation is rapid and transient (20),
and it most emulates the channel activity during action potentials
in cardiomyocytes. Therefore, we analyzed the response over the
first 30 s and fit a linear curve, the best fit, to each concentration
dose (Fig. 2B). A sigmoidal curve was fit to the initial response
using the Hill equation, and the IC50 for veratridine response was
determined to be 50 �M (Fig. 2C). Previous studies using HEK
PN1 cells have reported an IC50 for veratridine of 7.7 �M using
voltage sensitive dyes (19). In another cell line, the direct
measurement of 22Na� influx through NaV1.7 resulted in an IC50
for veratridine of 83 �M (21). The IC50 was larger when
measuring sodium directly than using voltage-sensitive dyes,
which may be due to other ions affecting voltage measurements.
Therefore, because we were measuring sodium, the IC50 was
expected to be higher than that obtained with voltage sensitive
dyes in the same cell line. We compared our results to the
response of the molecular dye CoroNa green to veratridine
induced sodium concentration changes (Fig. S3). We were
unable, however, to generate a dose-response curve using
CoroNa green, which may be due to dye leakage from the cell
as has been previously shown with molecular dyes (22).

Additionally, inhibition of veratridine-induced sodium con-
centrations by a channel inhibitor was monitored. Sodium
concentration changes induced by 100 �M veratridine were
measured in the presence of tetrodotoxin (TTX) at different
concentrations. TTX is a specific inhibitor of NaV1.7 and other
sodium channels, with an IC50 in the nanomolar range (23). The
response was normalized, and the linear slope of the initial 30 s
was determined as above. These data were normalized and
plotted against the concentration of TTX (Fig. 2D). The IC50 of
TTX inhibition was found to be 26 nM using the Hill equation.
Previous experiments using these cells found IC50 values of 45
and 20 nM using voltage sensitive dyes and patch clamp,
respectively (19). These results validate the use of sodium
nanosensors to measure intracellular sodium changes during
VGSC activity.

Sodium Measurements in Isolated Cardiomyocytes. Cardiomyocytes
in culture can be depolarized to initiate an action potential, and
thereby generate sodium flux using field electrical stimulation.
We injected isolated neonatal rat cardiomyoctyes with nanosen-
sors as done with HEK PN1 cells. The nanosensors had a fairly
even distribution throughout the cytosol with no nuclear loading.
The cardiomyocytes were more sensitive to the injection of
solution than the HEK PN1, which may be due to the cytoar-
chitecture of the myocytes. Some cells responded to injection by
immediate blebbing (�20%), however these cells were omitted
from studies. The cells were imaged in a chamber that had
parallel electrodes for whole field voltage stimulation. Applying
a voltage gradient across the chamber activated the sodium
channels and caused an action potential, which in turn stimulated
excitation-contraction in the isolated cardiomyocytes. This has
been a well-studied method of cardiomyocyte action potential
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Fig. 1. Intracellular sodium measurements. (A) IV response curve of whole-
cell patched HEK PN1 cells. Normalized sodium current using control internal
filling solution (black squares) and internal filling solution containing sodium
nanosensors (red circles). Data represent five experiments plus standard de-
viation. (B) HEK PN1 cell loaded with sodium nanosensors using microinjec-
tion. Confocal image showing fluorescence (633/680 nm), bright field and
overlay. Single wavelength imaging was performed to achieve the fast acqui-
sition rates required for spark detection in subsequent cardiomyocyte studies.
(C) Concentration calibration of nanosensors in vitro (black squares) and in
cell-free solution (red circles). Data represent an average of three separate
experiments plus standard deviation. The theoretical curve, as described in
reference 12, is plotted as well (dashed line).
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initiation (24–26). We applied this voltage gradient at different
frequencies during experiments to pace the cells at the desired
frequency. To record fluorescent images, the beating of the
cardiomyocytes was inhibited. To decouple excitation and con-
traction, 2,3-butanedione monoxime (BDM) was applied to the
cells, ensuring that motion artifacts were not contributing to
signal. We found that BDM took 15 to 20 min to arrest
contraction completely. To limit the depth of fluorescent de-
tection and allow for images that measured sodium only at the
membrane, the Airy unit of the pinhole was set to less than one,
and the plane of focus was set at the top of the cardiomyocyte.

The channel open time of voltage-gated sodium channels
during action potentials is on the order of single milliseconds.
The acquisition time of the fluorescent signal must therefore be
reduced so that multiple images can be acquired within the
channel opening event to visualize the transient sodium con-
centration change. To accomplish this, two-dimensional images
were acquired to find a section of the cytosol with uniform
nanosensor distribution. A line was then fit across this region,
and a line scan was acquired with a scanning frequency of
300–350 Hertz. A line scan allows for three acquisitions per
second without losing the integrity of the spatial information by
binning the image. Acquisitions were carried out over 5 to 7 s,
while the cardiomyocytes will simultaneously electrically paced
to produce action potentials using voltage gradients at the
desired frequency.

We recorded the signal intensity of the nanosensors in the line
scan and plotted it against time, an example plot is shown in Fig.
3A. Sodium concentration changes are brief and transient,
indicating that we are measuring the voltage-gated sodium
channels that open at the onset of action potentials instead of
slow sodium channels or sodium concentration changes caused
by the sodium-calcium exchanger. The data demonstrate spa-
tially-dependent sodium concentration changes throughout the
cell as some regions in the plot show no signal change, while
others have an easily detectable sodium concentration change.
Previous studies have shown that sodium channel distribution

and density are not uniform in neurons (27, 28), and channel
clustering occurs in cardiomyocytes (29). The occurrence of
spatially-dependent sodium concentration changes is likely due
to the clustering of voltage-gated sodium channels at the mem-
brane of the cardiomyocytes.

Each point in the line scan was plotted to determine if
changes in sodium concentration were measured. Some points
in the line scan showed no variation in signal intensity over
time, while others showed sharp spikes of increased sodium
concentration, as shown in Fig. 3B (decreases in f luorescent
signal correlate to increases in sodium concentration). We
took the fast Fourier transform of the data that show sodium
concentration changes and found the dominant frequency in
the signal to be 1.6 Hz. The dominant frequency is the beating
frequency of the cells and was faster than the pacing frequency
of this experiment (1.5 Hz). To determine why a difference in
pacing frequency and beating frequency was seen, cardiomy-
ocytes were paced at frequencies from 0.5 to 2.5 Hz. Fig. 3C
shows that the beating frequency of the cardiomyocytes re-
mains between 1.5 and 1.7 Hz until the pacing frequency
greater than or equal to 2 Hz is applied. The beating frequency
of 1.5 to 1.7 Hz is likely the intrinsic beating frequency of the
cardiomyocytes, which is noted in the absence of the paralyzing
drug. When the pacing frequency is below the intrinsic fre-
quency, the cardiomyocytes will beat at the intrinsic frequency,
however at higher pacing frequencies, the cardiomyocytes are
overdriven and beat at the pacing frequency. Two linear curves
were fit in Fig. 3C: A f lat fit is seen when field stimulation of
the cardiomyocytes is below the intrinsic frequency; and a
correlated linear dependence to the pacing frequency fits when
the pacing frequency is above the intrinsic frequency. This
result explains the slight disparity between pacing frequency
and beating frequency shown in Fig. 3 A and B.

Conclusion
Akin to the calcium sparks that have been shown to occur in
isolated cardiac myocytes (9, 30), we show the possible occur-
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Fig. 2. Channel activation and inhibition. (A) Re-
sponse of sodium nanosensor loaded HEK PN1 cells to
veratridine. Normalized intensity of region of interest
measured over time. Data represent three experi-
ments, error not shown for clarity. (B) Initial linear
response of veratridine addition taken from part (A).
Dose-dependent response of nanosensor intensity and
linear curve fits. Data represent three experiments
with standard deviation. Veratridine concentrations
are color-coded to the legend in (A). (C) Sigmoidal
curve fit of linear slope response to veratridine. Data
are taken from part (B), n � 3 plus standard deviation.
(D) TTX inhibition of veratridine response. Shown are
the normalized values on linear slope change depen-
dent on TTX concentration, n � 3 plus standard devi-
ation.
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rences of sodium sparks in the cytoplasm of cardiac myocytes.
Mathematical models have been created to determine the con-
tributions of sodium channels to the generation of an action
potential in cardiac myocytes (31, 32). However, these models
are unable to predict spatial distribution of sodium within the
cell. Differences in location of high sodium concentrations may
contribute to irregular action potentials that lead to arrhythmias
in cardiomyocytes. The use of sodium selective nanosensors,
described previously (13) and applied to biological measure-
ments here, enabled spatially defined sodium concentration
measurements to be performed. Additionally, the nanosensors
showed efficacy in determining drug-induced activation of so-
dium channels. Future work will focus on the structure-function
relationship of isolated cardiomyocytes and changes in sodium
flux in cardiomyocytes with sodium channel mutations that are
known to lead to arrhythmias.

Materials and Methods
Materials. Human embryonic kidney cells stably expressing the sodium chan-
nel hNaV1.7 (HEK PN1) were obtained from Merck. Veratridine was brought

up in DMSO to 50 or 20 mM and stored at �20 °C for less than 3 months. A stock
solution of TTX was made in distilled water to 1 mM or 10 �M and stored at
�20 °C. Gramicidin was brought up in DMSO to 5 mM and stored at 4 °C.
CoroNa green was obtained from Invitrogen, and a stock solution was made
into 1-mM aliquots in DMSO and stored at �20 °C before use. All chemicals
were purchased from Sigma unless otherwise noted.

Myocyte Isolation. Cardiac myocytes were prepared as previously discussed
(33). Briefly, ventricular tissue harvested from postnatal day 1 rat pups was
minced and subjected to enzymatic digestion with 0.4 mg/mL collagenase/0.6
mg/mL pancreatin in ADS buffer, followed by cell isolation on a Percoll
gradient. Pure isolated cardiac myocytes were counted and plated at a density
of 1 � 105 cells/mL on laminin-coated 25-mm glass coverslips (VWR).

Nanosensor Fabrication. The fabrication of sodium nanosensors has been
previously described in detail. Briefly, a mixture consisting of the following
components was brought up in tetrahydrofuran: 120 mg/mL bis(2-ethylhexyl)
sebacate, 60 mg/mL high molecular weight poly(vinyl) chloride, 6 mg/mL
sodium ionophore X, 2 mg/mL sodium tetrakis[3,5-bis(trifluoromethyl)phe-
nyl]borate, and 1 mg/mL Chromoionophore III. This mixture was diluted 1:1
with dichloromethane and added to aqueous solution under probe tip soni-
cation (Branson). The aqueous solution contained 5% (wt/vol) glucose for
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injection studies or intracellular patch solution for patch clamp studies, see
below, as well as 150 �g/mL 1,2-distearoyl-sn-glycero-3-phosphoethanol-
amine-N-[methoxy(polyethylene glycol)-550] (ammonium salt; Avanti Polar
Lipids). After the nanosensors hardened in solution, they were filtered
through a 0.2-�m syringe filter to remove larger particles. The nanosensors
were used within 8 h of fabrication.

Concentration of Sensors. The concentration of the nanosensors in solution after
fabrication was determined using dynamic light scattering (Zetasizer ZS90;
Malvern). A standard curve was built using serial dilutions of fluospheres with a
diameter of 100 nm and similar optical properties (580 nm/605 nm) in distilled
water (Invitrogen). The count rate was determined for each concentration, and
an average of three runs was compiled, and a curve was fit (Excel; Microsoft).
Concentrations were selected to fall within the range of the count rate seen for
the nanosensors. The nanosensors were then diluted in distilled water to 50%,
25%, and 10%. The count rate was determined for each dilution, and a concen-
tration was calculated using the curve from the standard. The concentration for
each dilution was then corrected for the dilution, and an average was taken. This
was repeated three times using different batches of nanosensors.

Patch Clamp. Patch clamp experiments were carried out on HEK PN1 cells.
Whole-cell patch clamp was performed by achieving gigaohm seals using
Axopatch 200B and Digidata 1440A (Axon Instruments). Borosilicate glass
pipets (Sutter Instruments) were pulled using a pipet puller (model p-97;
Sutter) and flame polished (polisher; Narashigi) to a resistance of 2–4 MOhm
in solution. Experiments were carried out 5 min after a whole-cell GOhm seal
was achieved. Standard IV curve experiments were performed stepping the
holding voltage from �100 to 40 mV in 10-mV increments. The data were
processed using pclamp10 and an average response was generated. The
external solution contained the following: 30 mM sodium chloride, 110 mM
cesium chloride, 1.8 mM calcium chloride, 2 mM cadmium chloride, 1 mM
magnesium chloride, 10 mM HEPES, 10 mM glucose, 1 mM 4-AP. The internal
solution contained: 10 mM sodium chloride, 130 mM cesium chloride, 5 mM
EGTA, 10 mM HEPES, 10 mM glucose. For nanosensor studies, they were made
in the internal filling solution. The liquid junction potential of the internal
filling solution with and without nanosensors was determined, and the dif-
ference was used to correct the response in the IV curves.

Imaging. Images were recorded on a Zeiss 510 meta confocal microscope.
Nanosensors were imaged using a 633 nm He/Ne laser with emission at 680 � 10
nm. Although a major advantage of using chromoionophore-based nanosensors
for intracellular measurements is the ability to perform ratiometric measure-
ments, a single wavelength was used to allow for faster acquisition rates than
could be achieved using ratiometric emission recordings on our instrument.
CoroNa green was excited with a 485-nm argon laser with emission near 515 nm.

Microinjection and Cell Loading. HEK cells were loaded with nanosensors using
microinjection. Borosilicate glass (Sutter Instruments) was pulled using a micropi-
petpuller (modelp-97; Sutter Instruments) toan internaldiameterof0.5–0.7 �m.
Nanosensors were back loaded into the pipet, which was mounted into a holder
controlled by a micromanipulator (Burleigh). Injection pressure was controlled
using a microinjector (PLI-100; Warner). The injected volume was calculated
according to the manufacturer (Warner). The pressure was set to allow minimal
volumeinjectionafterpenetratingthemembraneusingatapmethod.Cellswere
injected on the microscope stage in extracellular solution containing: 10 mM
HEPES, 10 mM glucose, 135 mM sodium chloride, 3 mM potassium chloride, and
1 mM calcium chloride, pH to 7.4 with NaOH/HCl. This was performed at room
temperatureandthecellsallowedtorecover forat least10min.Theeffectiveness
of injection was determined by monitoring nuclear loading, cell blebbing, and
cell size. If there was any nuclear loading, cellular blebbing, or the cell was
significantly larger in size before injection, a new cell was selected. HEK PN1 cells
werealso loadedwithCoroNagreenAM.Thecellswere loadedfor25minat37 °C
with 5 �M dye in the extracellular solution described above. The cells were then
washedtwiceandallowedtorecoverat37 °Cfor10min. Inseparateexperiments,
CoroNa green was also picoinjected into the cells for a direct comparison to
nanosensor delivery. The cells were then transferred to the microscope for
imaging.

Drug Induced Activation. HEK PN1 cells were plated in glass bottom dishes
(Mattek) and used at least 48 h after plating. Experiments were carried out in
the extracellular solution described above. After injection, a time course
experiment was run for 10 to 20 min acquiring every 10 s. Veratridine was
added to the cells by an equal volume addition of twice the desired concen-
tration. In TTX experiments, TTX was added to the extracellular solution
before injection and was added to the veratridine solution at the same
concentration. Regions of interest were defined (LSM510 Meta; Zeiss), and the
average intensities were plotted against time. The data were normalized to
generate the dose-dependent curves from which the IC50s were found. The
response slope of a given concentration was normalized according to: N �
(Slopemax - Slope[drug])(Slopemax - Slopemin).

Nanosensor Calibration. In vitro calibration was performed using a gravity per-
fusion system. Solutions were made from stock solutions containing: 10 mM
HEPES, 10 mM glucose, 1 mM calcium chloride, and either 150 mM sodium
chloride or potassium chloride. The solutions were adjusted to a pH of 7.4 using
Trizmabase.Thesolutionswerecombinedatdifferentratios tocreatethedesired
sodium concentration while maintaining ionic balance. Gramicidin was added to
a final concentration of 5 �M. Calibration in cell-free solution was performed by
diluting the nanosensors 1:10 in the sodium calibration solutions used for the in
vitro calibrations. The sensors were loaded into an optical bottom 96-well plate
in triplicate per concentration. The concentration of the solution was slightly
lower in the calibration in cell-free solution because of dilution factors. The
fluorescence was read in a plate reader exciting the sensors at 633 nm and
collecting emission at 680 nm (Spectramax M2; Molecular Devices). The intensity
of a given concentration was normalized according to: � � (Imax - I[Na

�
])(Imax - Imin),

where Imax is the intensity of the nanosensors at zero sodium, Imin is the intensity
at 150 mM sodium, and I[Na

�
] is the intensity at the concentration of interest. The

response data, �, were plotted against the log of the sodium concentration, in
mM, with the log of zero sodium set to �2 for curve fit analysis. Sigmoidal curves
were fit (OriginLab) to the data, and the Kd was calculated using the software.

Myocyte Pacing. Cells were not used until at least 48 h after harvesting. The
coverslips were mounted into a perfusion chamber that contained parallel elec-
trodes running down each side (Warner Instruments). The cells were bathed in a
Tyrode’s solution containing the following: 130 mM sodium chloride, 5 mM
potassium chloride, 10 mM glucose, 10 mM HEPES, 1 mM magnesium chloride,
and 2 mM calcium chloride, pH to 7.4 using NaOH/HCl. Additionally, 20 mM
2,3-Butanedione monoxime was added. The chamber was mounted on the
microscope and attached to a voltage generator (ECM 830; Harvard Apparatus).
Microinjection of the sensors was performed as described previously. The cells
were then paced using a 30-V gradient for 5 ms at 1 Hz. If beating was seen, the
injected cell was determined to be viable. The cells were then allowed to sit for
10 min to allow the decoupling of the excitation and contraction to occur due to
the presence of 2,3-Butanedione monoxime. An image was then acquired, and a
line scan was performed on a region containing nearly uniform sensor distribu-
tion. Line scan images were then acquired at greater than or equal to 300 Hz,
depending on the line scan length, while pacing the cells. Data were assessed as
a two-dimensional plot, time versus distance in the x direction, and analyzed for
beat patterns at each distance point. Data were plotted as a matrix of intensity
valueswith timeanddirectionas theaxes. Individual spot scanswereplotted,and
a Fourier 10-Hz low pass filter was applied to smooth the response (OriginLab). A
fast Fourier transform was applied to determine the dominant frequency (Orig-
inLab). The average dominant frequency for each pacing frequency was deter-
mined and plotted.
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