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24 SUMMARY:
25 Theintracellular Na* concentration ([Na*]i) in cardiac myocytes is altered during cardiac diseases.
26  [Na']iis an important regulator of intracellular Ca%*. We introduce a novel approach to measure
27  [Na*]iin freshly isolated murine atrial myocytes using an electron multiplying charged coupled
28  device (EMCCD) camera and a rapid, controllable illuminator.
29
30 ABSTRACT:)
31 Intracellular sodium concentration ([Na*]i) is an important regulator of intracellular Ca?*. Its study
32 provides insight into the activation of the sarcolemmal Na*/Ca%* exchanger, the behavior of
33  voltage-gated Na* channels and the Na*,K*-ATPase. Intracellular Ca?* signaling is altered in atrial
34  diseases such as atrial fibrillation. While many of the mechanisms underlying altered intracellular
35 Ca’* homeostasis are characterized, the role of [Na*]; and its dysregulation in atrial pathologies is
36  poorly understood. [Na*]iin atrial myocytes increases in response to increasing stimulation rates.
37  Responsiveness to external field stimulation is therefore crucial for [Na*]i measurements in these
38 cells. In addition, the long preparation (dye-loading) and experiment duration (calibration)
39 require an isolation protocol that yields atrial myocytes of exceptional quality. Due to the small
40 size of mouse atria and the composition of the intercellular matrix, the isolation of high quality
41  adult murine atrial myocytes is difficult. Here, we describe an optimized Langendorff-perfusion
42  based isolation protocol that consistently delivers a high yield of high quality atrial murine
43  myocytes.
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Sodium-binding benzofuran isophthalate (SBFI) is the most commonly used fluorescent Na
indicator. SBFI can be loaded into the cardiac myocyte either in its salt form through a glass
pipette or as an acetoxymethyl (AM) ester that can penetrate the myocyte’s sarcolemmal
membrane. Intracellularly, SBFI-AM is de-esterified by cytosolic esterases. Due to variabilities in
membrane penetration and cytosolic de-esterification each cell has to be calibrated in situ.
Typically, measurements of [Na*]i using SBFI whole-cell epifluorescence are performed using a
photomultiplier tube (PMT). This experimental set-up allows for only one cell to be measured at
one time. Due to the length of myocyte dye loading and the calibration following each
experiment data yield is low. We therefore developed an EMCCD camera-based technique to
measure [Na*]i. This approach permits simultaneous [Na*]i measurements in multiple myocytes
thus significantly increasing experimental yield.

INTRODUCTION:

In atrial diseases (e.g., atrial fibrillation [AF]) intracellular Ca?* signaling is profoundly altered?.
While many of the underlying mechanisms of ‘remodeled’ intracellular Ca?* signaling in AF have
been well characterized? 3, the role an altered intracellular sodium concentration ([Na*]i) may
play is poorly understood. [Na*]; is an important regulator of intracellular Ca%*. The study of [Na*];
can provide insight into the activation of the sarcolemmal Na*/Ca?* exchanger (NCX), the
behavior of Na* channels and Na*,K*-ATPase (NKA)*. We have previously shown that high atrial
activation rates, as occur during AF, lead to a significant reduction in [Na*]i1. Previous work has
shown an increase in NCX current density (Incx) and protein expression levels in AF3. An increase
in the late component of the voltage-dependent Na* current (Ina, 1ate) in isolated atrial myocytes
from patients with AF was also reported”. Thus, there is evidence of profound changes in
intracellular Na* homeostasis in AF. Reliable and reproducible measurements of [Na*]; in isolated
atrial myocytes are therefore needed to further our understanding of AF pathology. Here, we
demonstrate how to reproducibly isolate high quality murine atrial myocytes that are suitable
for measurements of [Na*]i. We have focused our optimized atrial cell isolation protocol on
murine atrial myocytes because transgenic (TG) mouse models of atrial fibrillation have become
a vital part of AF research®. These mice are often only available in limited numbers and the atria
are often fibrotic leading to challenges for cell isolation.

In general, [Na*]i in viable cells can be measured with fluorescent indicators’ ‘8, or with different
types of microelectrodes®. Microelectrode-based techniques require penetration of the
sarcolemmal membrane. This technique is therefore limited to larger cells and is unsuitable for
small and narrow atrial myocytes whose cell integrity is easily compromised.

Sodium-binding benzofuran isophthalate (SBFI) is a fluorescent indicator, which undergoes a
large wavelength shift upon binding Na*”. SBFI is alternatingly excited at 340 nm and 380 nm and
emitted fluorescence is collected after passing through an emission filter (510 nm). Ratios of
signals at the two excitation wavelengths (Fsa0/3s0) can cancel out the local path length, dye
concentration, and wavelength-independent variations in illumination intensity and detection
efficiency. When an in situ calibration using solutions with known sodium concentration ([Na*])
is performed in each cell the F3s0/380 ratio obtained during the experiment yields precise and
sensitive measurements of [Na*];. As all Na* indicators, SBFI also displays some affinity for K*.
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Using the calibration method shown here allows to reliably ‘clamp’ [Na*]i and intracellular
potassium concentration ([K*];) during the calibration process so that [Na*]; can be reliably
calibrated even when it is <10% of [K*]; 1°.

We introduce a novel EMCCD camera based technique for ratiometric measurements of [Na*];
using SBFI. The EMCCD camera allows, for the first time, simultaneous [Na*]i measurements (and
calibration) in multiple cells. This is especially beneficial in an experimental setting where animal
numbers are limited (e.g., transgenic mouse models). Typically, [Na*]i measurements using SBFI
are performed using a photomultiplier tube (PMT) to collect whole cell epifluorescence®!!. While
PMTs offer very good temporal resolution of the fluorescence signal, the spatial resolution is very
low and experiments are limited to one cell at a time.

Our novel protocol facilitates highly reproducible and sensitive measurements of [Na*].. It is
optimized for the simultaneous acquisition of changes in [Na*]; in multiple murine atrial
myocytes, but is adaptable to many other cell types.

PROTOCOL:
All methods described here have been approved by the Institutional Animal Care and Use
Committee (IACUC) of the University of Maryland, Baltimore.

1. Isolation of atrial myocytes from adult murine hearts

1.1. Place each mouse in a precision vaporizer and induction chamber gassed with isoflurane in
100% oxygen.

1.2. Set the isoflurane flow to 1% until the animal is unresponsive before giving an intraperitoneal
(IP) heparin injection (1-1.25 U/g) 15 min before euthanasia.

1.3. Deeply anesthetize the mouse by increasing the isoflurane anesthesia to 5% and confirm the
deep plane of anesthesia by foot pinch.

1.4. Perform the euthanasia by performing a quick thoracotomy??; use standard pattern forceps
and surgical scissors to open the thorax. Passively mobilize heart and lung, isolate the aortic arch,
hold with forceps and cut the aorta to remove the heart.

1.5. Place the heart in ice-cold nominally Ca?*-free cell isolation buffer (CIB, Table 1).

1.6. Cannulate the aorta with a 22 G cannula and tie using a silk suture under a light microscope
with 3x magnification in CIB solution (Figure 1A,B).

1.7. Confirm that the cannula is well above the aortic sinuses by delivering CIB solution through
the cannula connected to a syringe and confirm coronary artery perfusion under the microscope.
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NOTE: This step is important to ensure proper perfusion of the atrial tissue because it has been
shown that the coronary artery anatomy is highly variable in mice®3.

1.8. Mount the heart on a gravity-based Langendorff set up and perfuse with the Ca%*-free CIB
solution for 5 min at 37 °C to wash out the remaining blood until the eluate is clear (Figure 1C).

1.9. Switch to enzymatic solution (Table 2) and perfuse for 3—5 min at 37 °C until the atrial tissue
is soft and flaccid.

1.10. Excise the right and left atrium using super-grip forceps and small spring scissors and
transfer to a small culture dish containing CIB enzymatic solution used in step 1.8 but with 0.15
mM CaCl; and place in an incubator at 37 °C for 5-8 min (Figure 1D).

1.11. Transfer the atria into a cell culture dish containing 4 mL prewarmed (37 °C) storage
solution (modified Tyrode’s solution (Table 3) containing 15 mM bovine serum albumin and 30
mM 2,3-butanedione monoxime).

1.12. Cut the atria into small tissue strips (10-20, depending on atrial size) using small spring
scissors and super-grip forceps.

1.13. For mechanical dissociation gently aspirate the tissue suspension using different fire-
polished glass Pasteur pipettes with openings between 2-5 mm. Begin with the largest pipette

tip and move to the smallest pipette tip, aspirating 5-10 times per pipette.

1.14. Strain the cell suspension through a 200 um filter and add CaCl; three times every 10 min
to achieve a final concentration of 0.3 mM.

2. Evaluation of cell quality

2.1. Place 200 puL of the cell suspension containing the freshly isolated atrial myocytes on a glass
coverslip.

2.2. Use a 10x objective to count all cells in the field of view and categorize them as rounded or
rod-shaped. Determine how many of the rod-shaped cells show clear cross striation (switch to
25x objective if this is difficult to determine, see Figure 2C).

2.3. Repeat steps 2.1-2.2.

2.4. Calculate the percentages of rounded, rod-shaped and rod-shaped with clear cross striation
cells.

2.5. Modify the cell isolation procedure until 80% of cells are rod-shaped with clear cross-
striation.



176
177
178
179
180
181
182
183
184
185
186
187
188
189
190
191
192
193
194
195
196
197
198
199
200
201
202
203
204
205
206
207
208
209
210
211
212
213
214
215
216
217
218
219

2.6. Place 500 pL of the atrial cell suspension on a laminin-coated glass coverslip and place the
cell chamber on the inverted microscope. Let the cells settle for 5 min. Perfuse with Tyrode’s
solution containing 1.8 mM Ca?*.

2.7. Use a cell stimulator system to start electrical field stimulation (2 ms bipolar pulse, 30 V) at
0.5 Hz and count the number of cells that contract in the field of view of a 10x objective.

2.8. Repeat with external field stimulation at 3 Hz.

2.9. Calculate the percentage of cells responding to 0.5 and 3 Hz stimulation rates (see Figure
2B). Refine cell isolation protocol until 50% of cells respond to 3 Hz field stimulation.

3. Na* indicator loading of freshly isolated murine atrial myocytes

3.1. Use the cell permeant acetoxymethyl (AM) ester of the fluorescent indicator sodium-binding
benzofuran isophthalate (SBFI-AM).

3.2. To facilitate dye dispersion and to achieve homogeneous cell loading dissolve SBFI in
dimethyl sulfoxide (DMSO) and suitable surfactant polyols (e.g., pluronic) to achieve a final
concentration of 10 uM SBFI in the cell suspension.

3.4. Load the cells with SBFI for 60 min protected from light on a rocker at room temperature.

3.5. Let the cells settle for 30 min, remove the supernatant and re-suspend the pellet in storage
solution (1-2 mL).

NOTE: Experiments should be performed within 4 h of cell isolation. BDM is washed-out by
perfusion with Tyrode’s solution prior to the start of experiments4,

4. Instrumentation, [Na*]i measurements and [Na*]; calibration

NOTE: Figure 3 depicts the light path schematic for the experimental instrumentation.

4.1. Prepare calibration solutions with increasing Na* concentrations as described in Tables 4—6.
4.2. Add the permeabilizing agent gramicidin D (10 uM; from a stock solution stored at -20 °C)
and the Na*, K* ATPase inhibitor strophanthidin (100 uM, from a stock solution stored at -20 °C)
to each calibration solution. Vortex well, or use a sonicator to ensure that gramicidin and
strophantidin are completely dissolved.

4.3. Fill a multi-barrel perfusion system with the calibration solutions containing the increasing

[Na*]o prepared in steps 4.1 and 4.2. Connect to a cell chamber using slow perfusion rates (~1
mL/min; perfusion rates can vary with volume of the cell chamber).
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4.4, Connect suction to the cell chamber and collect perfusate in an appropriate (glass) container
on the floor.

4.5. Stop perfusion and suction.

4.6. After allowing for 30 min of SBFI de-esterification, place 100 pL of the concentrated (step
3.5), dye-loaded cell suspension on a laminin-coated glass cover slip above the field of view of
the inverted microscope’s 40x objective.

4.7. Use a rapid switching illuminator with a 300 W xenon light source. Achieve wide field imaging
with two excitation wavelengths (340 nm and 380 nm) using fast switching scanning mirrors and
narrow bandwidth excitation filters (340 nm £ 10 nm; 380 nm + 10 nm).

4.8. Optimize the field of view of the EMCCD camera. A larger observation area requires longer
frame times. Longer frame times lead to more bleaching of the indicator. Thus, balance the field
of view size and frame time so that no noticeable bleaching of the probe occurs.

4.9. Determine that there is only minimal intrinsic fluorescence in a subset of atrial cells that are
not loaded with SBFI by ensuring that the cells’ intrinsic fluorescence is similar to background
fluorescence (as shown in Figure 4).

4.10. Determine the appropriate sampling rate depending on experimental design (sampling
rates can be low because changes in [Na*]; are relatively slow (e.g. one data point acquired every
10-205s).

4.11. Attenuate the excitation light by using appropriate neutral density (ND) filters and by
appropriately reducing the light source intensity (e.g., by altering intensity in the operating
software).

4.12. Collect the emission light at 510 £ 40 nm using appropriate filters with an EMCCD camera
connected to the inverted microscope.

4.13. Define a region of interest (ROI) for each cell and a background ROI (see Figure 4). Subtract
the background from the recorded Fza0 and Fsso signals (either online or during data analysis).

4.14. Start the data acquisition.

4.15. Restart perfusion and suction. Perfuse for 10—15 min with Tyrode’s solution containing 1.8
mM Ca?* and record a stable Fzs0/380 baseline before starting the experiment.

NOTE: Make sure to record a stable baseline for 10—15 min. If bleaching occurs (e.g., reduction
of the Fss0/380 baseline) aim to further attenuate illumination intensity either by increasing ND
filter density, decreasing excitation light signal intensity and/or acquisition frame time (see steps
4.10-4.11).
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4.16. Start [Na*]imeasurement according to research question.
5. [Na*]i Calibration

5.1. After the conclusion of the experiment (step 4.16) perform a calibration of the Fz4g/380 signal
in each cell in situ.

5.2. Calibrate the Fsag/330 signal by perfusing the SBFl-loaded myocytes with the calibration
solutions (prepared in steps 4.1-4.3).

5.3. Perfuse stepwise to elevate [Na*], from 0 to 20 mM. Wait for stable Fsao/380 signal before
moving to the next concentration (~5 min depending on flow rate; see Figure 3B and Figure 5A).

NOTE: The relation between the Fza0/330 signal and the [Na*] of the calibration solutions needs to
be linear for a valid calibration of the F340/350 signal (Figure 5 and Figure 6).

REPRESENTATIVE RESULTS:

Evaluation of Atrial Cell Quality

Freshly isolated atrial myocytes were evaluated based on cell morphology and responsiveness to
field stimulation as outlined in the protocol in six consecutive atrial cell isolations. Data shown in
Figure 2 show a very high percentage of rod-shaped atrial myocytes that retain clear cross
striation. Similarly, about 50% of atrial cells respond to high rates of external field stimulation up
to 3 Hz.

SBFI Calibration

We evaluated the upper limit of [Na*]; that can be measured with SBFI in atrial myocytes by
performing calibration experiments up to [Na*]o of 40 mM. We compared the linear regression
of the SBFI calibration in one group of myocytes calibrated up to [Na*]o = 25 mM with calibration
up to [Na*]o of 40 mM in a second group (n = 10 cells per experimental group). We found that
calibrating atrial myocytes up to 40 mM [Na*], significantly reduced the linearity of the
calibration curve compared to the data obtained with calibration up to 25 mM [Na*],. These data
show that SBFI calibration is highly linear at 25 mM Na* and that 40 mM Na* is clearly outside the
linear range of the indicator (Figure 6).

[Na*]i in Murine Atrial Myocytes

Murine atrial myocytes were freshly isolated and loaded with the Na* selective fluorophore SBFI.
The dye-loaded cells were seeded on a laminin coated glass cover slip and placed on an inverted
microscope. The illumination light path is depicted in Figure 3. Cells are perfused with normal
Tyrode. Figure 3B and Figure 5 depict typical experiments with subsequent calibration in situ.
Figure 5A shows the Fiso/3s0 ratio during the experiment (Tyrode perfusion) followed by
permeabilization of the cells with gramicidin and perfusion with solutions with 5 increasing
[Na*]o. After perfusion with the highest [Na*], cells are again perfused with 0 mM Na* solution.
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Figure 5B shows the linear calibration curve, which is derived from the experiment depicted in
Figure 5A. If the resulting calibration curve is non-linear, the experiment is not valid (as shown in
Figure 6). Figure 5C shows the increase in the Fzao/380 ratio in the cell shown in Figure 5A during
perfusion with increasing [Na*]o. Slow binding kinetics, variable degrees of dye
compartmentalization and of de-esterification affect the signal to noise ratio and thus the
sensitivity and precision of SBFI®*>® |t is therefore important to perform a calibration of the
F3a0/380 signal in situ for each cell in order to achieve reliable and precise measurements of [Na*];.

[Na*]i in Atrial versus Ventricular Myocytes

Although the objective of this protocol is to provide an optimization for the study of murine atrial
myocyte [Na*]i, we also determined [Na*]iin a small subset of murine ventricular myocytes
(Figure 7). Using this protocol we report [Na*]i in murine ventricular myocytes in line with
previous results (10.74 + 1.54 mM versus previously reported 11.1 + 1.8 mM?*” and 12 + 1 mM18),
Here we report the first quantitative measurements of [Na*]i in quiescent murine atrial myocytes
(Figure 7). Similar to our previous findings in rabbit atrial myocytes! [Na*]; in murine atrial
myocytes is significantly lower than in ventricular myocytes, with a value of 8.17 + 0.48 mM,
which is ~¥30 % lower than in murine ventricular myocytes. To test for significance between
groups the Student’s t-test was used. All data are shown as means + SEM.

FIGURE AND TABLE LEGENDS:

Figure 1: Isolation of murine atrial myocytes. (A) Retrograde cannulation of the mouse aorta.
(B) Schematic depicting the positioning of the cannula well above the aortic sinuses. (C) View of
the mouse heart during Langendorff perfusion and enzymatic digestion. (D) Isolated left and right
mouse atrium after Langendorff perfusion.

Figure 2: Atrial cell quality. (A) Percentage of rounded, rod-shaped and rod-shaped cells that
retain clear cross striation after enzymatic isolation determined over six consecutive atrial cell
isolations. (B) Percentage of atrial myocytes responding to different frequencies of external field
stimulation determined over six consecutive atrial cell isolations. (C) Representative transmitted
light image of atrial murine myocyte. Error bars denote SEM.

Figure 3: Light path schematic and recording of SBFI fluorescence. (A) The illuminator used
contains a full spectrum xenon lamp and fast switching mirrors that can direct the light to any of
the available five excitation filter positions (here we use two positions for 340 nm and 380 nm).
Emitted fluorescence (Fsa0 and Fssgo) is collected at 510 + 40 nm by an EMCCD camera connected
to an inverted microscope. (B) Recording of SBFI fluorescence and calibration in an atrial myocyte
showing a stable baseline recording over an extended time period.

Figure 4: Intrinsic fluorescence. (A) Example of typical white light images used for cell localization
and ROI definition prior to data acquisition. The left panel shows white light images during UV
illumination at 340 nm; the right panel at 380 nm in pseudocolor. (B) ROIs defined in (A) shown
during UV illumination. (C) As a result of very low illumination intensity atrial intrinsic
fluorescence is similar to background fluorescence. See text for further detail.
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Figure 5: Measurement of [Na*]i. (A) Representative experiment in an atrial myocyte during
perfusion with Tyrode’s solution and subsequent in situ calibration using various [Na*], solutions
in the presence of 10 uM gramicidin D and 100 uM strophanthidin. (B) Fit of the calibration
experiment depicted in (A) demonstrates high fidelity and a linear relationship between the
F340/380 signal recorded during superfusion of permeabilized cells with increasing [Na*], solutions.
(C) Atrial myocyte Fzao/380 signal intensity increases during exposure to the calibration solutions
of increasing [Na*], depicted in (A).

Figure 6: Linearity of SBFI calibration. (A) Example of an SBFI calibration up to 25 mM Na*. (B)
Example of SBFI calibration up to 40 mM Na*. (C) Linear regression analysis of SBFI calibration
with maximal [Na*]o of 25 mM versus 40 mM (10 cells per group).

Figure 7: [Na*]iin quiescent atrial and ventricular myocytes. (A) From left to right, pseudocolor
images from the simultaneous recording of emitted fluorescence at 340 nm excitation, 380 nm
excitation and the fluorescence ratio (Fsao/3s0) in atrial myocytes loaded with SBFI. (C) [Na*]i in
guiescent murine atrial and ventricular cardiac myocytes. *p < 0.05; error bars denote SEM; N =
number of animals used.

Table 1. Cell isolation buffer. Solution used for enzymatic isolation after initial perfusion of the
heart. *See text for specific concentrations at each step.

Table 2. Modified Tyrode’s Solution. This solution is used to perfuse the heart and for cell
storage. *See text for specific concentrations at each step.

Table 3. Enzyme Solution. This solution is used for the enzymatic digestion of the mouse atria.

Table 4. Na*solution. This is a Na* solution that is free of K*. It is used together with a K* solution
to achieve the different [Na*]o required for [Na*]; calibration.

Table 5. K* solution. This is a K* solution that is free of Na*. It is used together with the Na*
solution to achieve the different [Na*], required for [Na*]i calibration.

Table 6. Calibration solution. Schematic depicting the required volumes of the Na* and K*
solutions to obtain the specific [Na*] required in the calibration step. The combined
concentration of Na* and K* remains 145 mM at each [Na™].

DISCUSSION:

Here we introduce a novel EMCCD camera-based technique for the simultaneous quantitative
measurement of [Na*]i in multiple viable atrial myocytes using sodium-binding benzofuran
isophthalate (SBFI). The approach described here is the first to allow for the simultaneous
measurement of [Na*]i in multiple cells. The main advantages this new protocol presented are (i)
the significant increase in experimental yield and (ii) the reduction in illumination intensity and
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duration due to the high sensitivity of the EMCCD camera, which significantly reduces cell
damage.

Myocyte loading with the acetoxymethylester (AM) of SBFI takes significantly longer than cell
loading with the AM of fluorescein-based chromophores (e.g., Fluo-3, Fluo-4; 45-90 min vs. 20
min, respectively). Additionally, SBFI-based quantitative measurements of [Na*];, which require
in situ calibration in each cell, are generally lengthy (60-90 min). Taken together, the time
required for SBFI based quantitative [Na*]i measurements in single isolated cardiac myocytes
limits experimental yield to 1 or 2 measurements per experimental day (in freshly isolated cells)
before cell quality declines sharply. When using a traditional PMT-based method, only 1-2 cells
can be measured per experimental day. This low experimental yield is problematic when the
number of animals are limited (e.g., transgenic mice) or when differences in [Na*]i in the studied
groups are expected to be small. Our novel approach allows for three to six (atrial) myocytes to
be measured simultaneously, which significantly increases experimental yield.

Another important advantage our approach offers is the reduction of illumination intensity due
to the use of an EMCCD camera. The high sensitivity of the camera allows for the use of
significantly less illumination intensity. Additionally, the probe is only illuminated intermittently
and not continuously, which further reduces light exposure. In addition, intrinsic fluorescence,
which scales with the SBFI fluorescence is minimal as a result of the low illumination intensity
and can be disregarded in this protocol.

Critical steps in the protocol and troubleshooting

Dye-loading: Previous protocols using cell permeant AM forms of SBFI to load cardiac myocytes
were performed at 37 °CL. The fragile murine atrial myocytes were affected by high temperature
and atrial myocyte quality suffered significantly during 37 °C dye loading. In this protocol we
optimized SBFI dye loading at room temperature by using a combination of a specific mix of
surfactant polyols in addition to DMSO and mechanic agitation (cell rocker). The switch from 37
°C to room temperature during dye loading led to a significant increase in cell quality, which was
assessed as the percentage of cells responding to external field stimulation.

Acquisition parameters: Changes in [Na*]; are relatively slow (seconds) compared to changes in
[Ca?*]i and acquisition does not require high temporal resolution. Therefore, acquisition sampling
frequency can be relatively low.

Intrinsic fluorescence: Due to the very low illumination intensity used in our system
autofluorescence was similar to background fluorescence (Figure 4). This needs to be verified for
each illumination setup and after changes in illumination intensity are implemented. If intrinsic
fluorescence is significant it should be subtracted as previously described **-

Optimization of the illumination pathway: While SBFI is the only Na*-sensitive fluorophore that
allows for ratiometric Na* quantification due to a true spectral shift upon Na* binding, the
increase in fluorescence is low when compared to fluorescein-based indicators. It is therefore
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important to optimize the optical pathway to prevent bleaching. This is best achieved by testing
different neutral density filters. It is imperative to have a stable baseline of F3a0/380 over at least
10 min before starting the experiment. As changes in Fza0/380 are small and experiments are fairly
long, the lack of a stable baseline will result in significant errors in calibration.

Alternative methods for quantitative measurements of [Na*]; in living cells

Na* sensitive microelectrodes

There are other techniques to measure [Na*]i, most importantly by using Na*-sensitive
microelectrodes introduced by Hinke®® and modified by Thomas?. Na*-sensitive
microelectrodes are most suitable for [Na*]; measurements in large cells like snail neurons?,
ampbhibian pregastrular embryos?? and cardiac Purkinje fibers?3. Because this technique requires
the penetration of one or two glass electrode tips into the cytoplasm, cell integrity in smaller
cells, like atrial myocytes which are narrow, is easily compromised. Moreover, this technique can
lead to leakage of extracellular Na* or electrode solution into the cytoplasm. This effect is
aggravated in cells with small cytosolic volumes!!. Fluorescence indicators are, therefore,
preferable for measuring Na* in small and narrow cells like atrial myocytes or sino-atrial nodal
cells.

[Na*]i measurements using photomultiplier tubes

Photomultiplier tube (PMT)-based fluorescence measurements of [Na*]; represent the majority
of [Na*]i measurements in isolated cardiac myocytes. The biggest limitation of PMT-based
acquisition of [Na*]i is the restriction of measurements to one cell at a time. Due to the length of
guantitative measurements of [Na*]i using SBFI this results in only one or two cells measured per
experimental day. In fact, this restriction of PMT-based SBFI measurements motivated the
exploration of a camera based approach, which allows for the simultaneous acquisition of
multiple cells. In addition, while providing excellent temporal resolution, there is no spatial
resolution of the whole cell fluorescence signal recorded by the PMT. Compared with EMCCD
cameras, PMT sensitivity is less and thus requires a higher illumination intensity, which results in
a higher probability of significant bleaching and reactive oxygen species-induced alteration of cell

physiology.

[Na*]i measurements using two-photon excitation microscopy

Despa et al. measured [Na*]; in ventricular myocytes using two-photon microscopy?*. This
approach provides excellent spatial resolution which the authors used to demonstrate
intracellular [Na*]; gradients induced by local inhibition of the Na*/K*-ATPase. Using two-photon
microscopy for measurements of [Na*]i requires an in vivo determination of SBFI Ky as well as
prior determination of single-photon excitation spectra of SBFI with various [Na*]?*. Because of a
high degree of complexity required for two-photon microscopy this technique is best suited to
research questions that require a high degree of spatial resolution and quantitative
measurements of [Na*].. A slightly lesser degree of spatial resolution can be achieved with the
camera-based technique, which is less complex and allows for simultaneous acquisition in
multiple cells.
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Single-excitation fluorescent measurements of [Na*];

Kornyeyev et al. have used the single wavelength Na*indicator Asante NaTRIUM Green-2 (ANG)
to perform quantitative measurements of [Na']i in rabbit ventricular myocytes®. Single
wavelength indicators are generally favored for qualitative measurements due to their large
dynamic range. Indicator calibration is less straightforward than in dual wavelength indicators,
where the ratio of two fluorescence signals peaking at different wavelength is used to minimize
dye concentration and distribution and wavelength-independent variations in illumination
intensity and detection efficiency. ANG’s discrimination against K* is poor. In fact, in a cardiac
myocyte the majority of ANG fluorescence is due to its K* binding. Additionally, another study
determined ANG Kgq in cells as 56 mM Na*, which is well above the physiological [Na*]iin cardiac
myocytes. Sodium Green is a single wavelength Na* indicator with better discrimination against
K* than SBFI (41 fold) and might be a better candidate for quantitative measurements of [Na*];if
the use of a single wavelength indicator is desirable?®.

Variations in indicator loading, acquisition and calibration for use with camera based [Na*];
measurements

Pipette based loading of SBFI

The tetra-ammmonium salt of SBFI”, which is water soluble, can be delivered into the cytosol
directly through a patch pipette. The advantage of using an SBFI salt is a significant shortening
of the loading time. In addition, if the kq of the salt is experimentally determined, calibration
curves can be recorded in a few cells and then used in further experiments. This eliminates the
need for calibration in each cell. The disadvantage of this method is the loss of cell integrity and
intracellular milieu, which will be equilibrated with the contents of the pipette solution. Cellular
electrophysiology techniques (voltage clamp technique in whole cell configuration) are required
as compromised cell integrity necessitates an externally applied (‘clamped’) membrane
potential. Moreover, most pipette solutions require the addition of Ca?* chelators (e.g. ethylene
glycol-bis(B-aminoethyl ether)-N,N,N’,N’-tetraacetic acid [EGTA]), which can interfere with and
even suppress the intracellular Ca®* transient. Thus, when Na* measurements are performed in
conjunction with evaluation of intracellular Ca?* homeostasis maintaining cell integrity may be
desirable. In addition, simultaneous measurements in multiple cells cannot be performed using
pipette-based dye loading.

Null point calibration using SBFI-AM

Use of SBFI-AM, as we show here, has the advantage of being loaded into the cell without
compromising cell integrity. The acetoxymethylester is cell membrane permeable. Ester groups
are cleaved by cytosolic esterases leaving the indicator in the cytosol’®. A modification of the
calibration technique used in this protocol is the null-point approach, which was developed by
Despa and colleagues!!. After completion of [Na*]i measurements the cell is permeabilized and
perfused with solutions containing different [Na*]o in the range of the anticipated values for
[Na*]i. When the perfusion with a specific [Na*], results in no further change in the Fzao/350 ratio
[Na*]i=[Na*]o. This approach offers a faster calibration than described in this protocol. However,
it presents an important limitation for the atrial cell studies proposed here. The null point method
can only assess the [Na*]i directly before permeabilization has started. Any measurements of
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[Na*]i that lead to changes in [Na*]i during the experiment (e.g., a range of frequency dependent
changes in [Na*])) cannot be reliably calibrated.

[Na*]imeasurements with SBFI in dual emission mode

Baartscheer et al. showed that single excitation of SBFl-loaded rat ventricular cells at 340 nm
leads to an exclusively sodium-dependent fluorescence emission in the range 400-420 nm and
very little change in fluorescence above 530 nm upon replacement of sodium by potassium?®.
These spectral and quantum efficiency changes allow SBFI excited at 340 nm to be used in a dual
emission ratio mode (410 nm and 590 nm).

Comparison with previous work

Here, we determined [Na*]iin murine ventricular myocytes using a camera based approach and
found our results in line with previous studies'’'8, The atrial data acquired using this protocol
represent the first quantitative measurements of [Na*]iin viable murine atrial myocytes. In line
with our previous findings in rabbit atrial myocytes1 [Na*]iin murine atrial myocytes is lower than
in murine ventricular myocytes (Figure 5).

Future Outlook

Using a camera-based approach for the measurement of [Na*]ioffers the possibility of evaluating
different cellular compartments (e.g., nucleus, cytosol) because the camera offers the advantage
of higher spatial resolution compared with PMT or electrode based measurements without the
degree of complexity required for two-photon microscopy.

In summary, the method presented here allows for the first time to measure [Na']; reliably
simultaneously in multiple atrial myocytes. As demonstrated, the EMCCD camera has a higher
sensitivity than state of the art PMTs and requires only very low illumination intensity. This leads
to the elimination of significant cellular intrinsic florescence in our optical setup. This technique
can be used to study the effect of different stimulation rates and various drug effects on [Na*];,
and since multiple measurements can be performed simultaneously, the power to detect
differences is augmented significantly.
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Table1

CiB Concentration (mM)
NacCl 130

KCI 5.4
MgCl,+6H,0 0.5
NaH2PO4 0.33
Glucose 16

HEPES 25

Taurine 6

EGTA 0-0.4*

CaCl, 0-0.15*

See text*
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Table 2

Eglzgtrigi[ic Composition
CiB see Table 1
Collagenase I 0.8 mg/mL

Trypsin 0.06 mg/mL
Protease XXIV 0.06 mg/mL
CaCl, 0.1 mM
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Modified Tyrode's Concentration
Solution (mM)
NacCl 133
KCI 5
MgCl,+6H,0 2
KH,PO, 1.2
Taurine 6
Creatinine 6
Glucose 10
HEPES 10
2,3—Bu§aned|one 0 - 30*
monoxime (BDM)
Bovine Serum Albumin .
(BSA) 0-15
CaCl, 0-1.8*
see text*
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Na’ Solution Concentration (mM)
HEPES 10

Glucose 10

EGTA 7

NacCl 30

Na Gluconate 115

pH 7.2 with
Trisbase
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K* Soluti Concentration
olution (MM)
HEPES 10
Glucose 10
EGTA 2
KCI 30
K Gluconate 115
pH 7.2 with
Trisbase
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Table6
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Na" Solution

[Na] (mM) K™ (mM) (i) K" Solution (ml)
0 145 0 20
5 140 0.79 19.31
10 135 1.38 18.62
15 130 2.07 17.93
20 125 2.76 17.24
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Name of Material/ Equipment Company Catalog Comments/Description
Number
2,3-Butanedione monoxime (BDM) Sigma-Aldrich B0753
340 Excitation Filter Chroma ET40X 25 mm
380 Excitation Filter Chroma ET80X 25 mm
510 Emission Filter Chroma ET510/80m 25 mm
Bovine Serum Albumin (BSA) Sigma-Aldrich A7906
Bubble trap BD Medical 904477 Custom made from a 5 ml Luer
Technologies Lok Syringe, which is located in
the tubing path from the
perfusing solution to the cannula
CaCl2 solution Sigma-Aldrich 21115
Cannula BD Medical 305167 Custom made froma22Gx11/2
Technologies inch needle. Cut to 1 inch and
sand 1mm distal tip.
Cell Chamber Custom machined with an
opening that can securely hold a
25 mm glass cover slip and with a
cover that has an inlet and an
outlet port for perfusion.
Circulating Water Bath VWR
Collagenase |l Worthington LS004176 Specific activity 290 U/g
Creatinine Sigma-Aldrich C0780
DG5-plus illuminator Sutter Lambda DG-
Instrument 4/DG-5 Plus
DMSO Thermo Fischer |BP231
EGTA Sigma-Aldrich E4378
EMCCD camera Princeton ProEM-HS
Instruments
Fine Hemostats Fine Science 130-20
Tools
Fine Scissors Fine Science 14060-10
Tools
Forceps Supergrip Fine Science 00632-11
Tools
Glass Cover slips VWR 4838089 25 mm circle
Glucose Sigma-Aldrich G7528
Gramicidin D Sigma-Aldrich G5002
HEPES Sigma-Aldrich H3375
Inner silicon Tubing VWR VWRselect brand silicon tubing
Inverted microscope Nikon NikonTE 2000

Instruments

u
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Isolation Tools

K Gluconate Sigma-Aldrich P1847
KCl Sigma-Aldrich P5405
KH2PO4 Calbiochem 529568
Langendorff perfusion apparatus
MgCl2.6H20 * Sigma-Aldrich M0250
MyoPacer Cell Stimulator lonOptix
Na Gluconate Sigma-Aldrich S2054
NaCl Sigma-Aldrich $9888
NaH2PO4 Sigma-Aldrich S$9390
Natural Mouse Laminin Thermo Fischer 123017015 0.5-2.0 mg/ml
Outer tubing VWR
Petri dish 35X10 mm Falcon 351008
PowerlLoad Thermo Fischer |[P10020
Protease XXIV Sigma-Aldrich P8038
SBFI-AM Thermo Fischer |S1264
Silk suture Fine Science 18020-50 0.12 mm diameter
Tools
Small Spring scissors Fine Science 15000-03
Tools
Standard Pattern Forceps Fine Science 11000-12
Tools
Strophanthidin Sigma-Aldrich G5884
Surgical Scissors Tough Cut Fine Science 14054-13
Tools
Suture Tying Forceps Fine Science 00272-13
Tools
Taurine Sigma-Aldrich T0625
Trisbase Sigma-Aldrich TRIS-RO
Trypsin Sigma-Aldrich T0303
UVFS Reflective 0.1 ND Filter Thorlabs NDUV01B 25 mm
UVFS Reflective 0.2 ND Filter Thorlabs NDUVO02B 25 mm
UVFS Reflective 0.3 ND Filter Thorlabs NDUVO03B 25 mm
UVFS Reflective 0.5 ND Filter Thorlabs NDUVO5B 25 mm
UVFS Reflective 1 ND Filter Thorlabs NDUV010B 25 mm
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Libet Garber, Humberto C. Joca, Liron Boyman, W. Jonathan Lederer, Maura Greiser

ltem 1: The Author elects to have the Materials be made available (as described at

http://www.jove.com/publish) via:

QStandard Access

Item 2: Please select one of the following items:

D Open Access

QThe Author is NOT a United States government employee.

DThe Author is a United States government employee and the Materials were prepared in the
course of his or her duties as a United States government employee.

DThe Author is a United States government employee but the Materials were NOT prepared in the
course of his or her duties as a United States government employee.

ARTICLE AND VIDEO LICENSE AGREEMENT

1. Defined Terms. As used in this Article and Video
License Agreement, the following terms shall have the
following meanings: “Agreement” means this Article and
Video License Agreement; “Article” means the article
specified on the last page of this Agreement, including any
associated materials such as texts, figures, tables, artwork,
abstracts, or summaries contained therein; “Author”
means the author who is a signatory to this Agreement;
“Collective Work” means a work, such as a periodical issue,
anthology or encyclopedia, in which the Materials in their
entirety in unmodified form, along with a number of other
contributions, constituting separate and independent
works in themselves, are assembled into a collective whole;
“CRC License” means the Creative Commons Attribution-
Non Commercial-No Derivs 3.0 Unported Agreement, the
terms and conditions of which can be found at:
http://creativecommons.org/licenses/by-nc-

nd/3.0/legalcode; “Derivative Work” means a work based
upon the Materials or upon the Materials and other pre-
existing works, such as a translation, musical arrangement,
dramatization, fictionalization, motion picture version,
sound recording, art reproduction, abridgment,
condensation, or any other form in which the Materials may
be recast, transformed, or adapted; “Institution” means
the institution, listed on the last page of this Agreement, by
which the Author was employed at the time of the creation
of the Materials; “JoVE” means Mylove Corporation, a
Massachusetts corporation and the publisher of The Journal
of Visualized Experiments; “Materials” means the Article
and / or the Video; “Parties” means the Author and JoVE;
“Video” means any video(s) made by the Author, alone or
in conjunction with any other parties, or by JoVE or its
affiliates or agents, individually or in collaboration with the
Author or any other parties, incorporating all or any portion

of the Article, and in which the Author may or may not
appear.

2. Background. The Author, who is the author of the
Article, in order to ensure the dissemination and protection
of the Article, desires to have the JoVE publish the Article
and create and transmit videos based on the Article. In
furtherance of such goals, the Parties desire to memorialize
in this Agreement the respective rights of each Party in and
to the Article and the Video.

3. Grant of Rights in Article. In consideration of JoVE
agreeing to publish the Article, the Author hereby grants to
JoVE, subject to Sections 4 and 7 below, the exclusive,
royalty-free, perpetual (for the full term of copyright in the
Article, including any extensions thereto) license (a) to
publish, reproduce, distribute, display and store the Article
in all forms, formats and media whether now known or
hereafter developed (including without limitation in print,
digital and electronic form) throughout the world, (b) to
translate the Article into other languages, create
adaptations, summaries or extracts of the Article or other
Derivative Works (including, without limitation, the Video)
or Collective Works based on all or any portion of the Article
and exercise all of the rights set forth in (a) above in such
translations, adaptations, summaries, extracts, Derivative
Works or Collective Works and(c) to license others to do any
or all of the above. The foregoing rights may be exercised in
all media and formats, whether now known or hereafter
devised, and include the right to make such modifications
as are technically necessary to exercise the rights in other
media and formats. If the “Open Access” box has been
checked in Item 1 above, JoVE and the Author hereby grant
to the public all such rights in the Article as provided in, but
subject to all limitations and requirements set forth in, the
CRC License.
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4, Retention of Rights in Article. Notwithstanding
the exclusive license granted to JoVE in Section 3 above, the
Author shall, with respect to the Article, retain the non-
exclusive right to use all or part of the Article for the non-
commercial purpose of giving lectures, presentations or
teaching classes, and to post a copy of the Article on the
Institution’s website or the Author’s personal website, in
each case provided that a link to the Article on the JoVE
website is provided and notice of JoVE’s copyright in the
Article is included. All non-copyright intellectual property
rights in and to the Article, such as patent rights, shall
remain with the Author.

5. Grant of Rights in Video — Standard Access. This
Section 5 applies if the “Standard Access” box has been
checked in Item 1 above or if no box has been checked in
Item 1 above. In consideration of JoVE agreeing to produce,
display or otherwise assist with the Video, the Author
hereby acknowledges and agrees that, Subject to Section 7
below, JoVE is and shall be the sole and exclusive owner of
all rights of any nature, including, without limitation, all
copyrights, in and to the Video. To the extent that, by law,
the Author is deemed, now or at any time in the future, to
have any rights of any nature in or to the Video, the Author
hereby disclaims all such rights and transfers all such rights
to JoVE.

6. Grant of Rights in Video — Open Access. This
Section 6 applies only if the “Open Access” box has been
checked in Item 1 above. In consideration of JoVE agreeing
to produce, display or otherwise assist with the Video, the
Author hereby grants to JoVE, subject to Section 7 below,
the exclusive, royalty-free, perpetual (for the full term of
copyright in the Article, including any extensions thereto)
license (a) to publish, reproduce, distribute, display and
store the Video in all forms, formats and media whether
now known or hereafter developed (including without
limitation in print, digital and electronic form) throughout
the world, (b) to translate the Video into other languages,
create adaptations, summaries or extracts of the Video or
other Derivative Works or Collective Works based on all or
any portion of the Video and exercise all of the rights set
forth in (a) above in such translations, adaptations,
summaries, extracts, Derivative Works or Collective Works
and (c) to license others to do any or all of the above. The
foregoing rights may be exercised in all media and formats,
whether now known or hereafter devised, and include the
right to make such modifications as are technically
necessary to exercise the rights in other media and formats.
For any Video to which this Section 6 is applicable, JoVE and
the Author hereby grant to the public all such rights in the
Video as provided in, but subject to all limitations and
requirements set forth in, the CRC License.

7. Government Employees. If the Author is a United
States government employee and the Article was prepared
in the course of his or her duties as a United States
government employee, as indicated in Item 2 above, and
any of the licenses or grants granted by the Author
hereunder exceed the scope of the 17 U.S.C. 403, then the
rights granted hereunder shall be limited to the maximum

ARTICLE AND VIDEO LICENSE AGREEMENT

rights permitted under such statute. In such case, all
provisions contained herein that are not in conflict with
such statute shall remain in full force and effect, and all
provisions contained herein that do so conflict shall be
deemed to be amended so as to provide to JoVE the
maximum rights permissible within such statute.

8. Protection of the Work. The Author(s) authorize
JoVE to take steps in the Author(s) name and on their behalf
if JoOVE believes some third party could be infringing or
might infringe the copyright of either the Author’s Article
and/or Video.

9. Likeness, Privacy, Personality. The Author hereby
grants JoVE the right to use the Author’s name, voice,
likeness, picture, photograph, image, biography and
performance in any way, commercial or otherwise, in
connection with the Materials and the sale, promotion and
distribution thereof. The Author hereby waives any and all
rights he or she may have, relating to his or her appearance
in the Video or otherwise relating to the Materials, under
all applicable privacy, likeness, personality or similar laws.
10. Author Warranties. The Author represents and
warrants that the Article is original, that it has not been
published, that the copyright interest is owned by the
Author (or, if more than one author is listed at the beginning
of this Agreement, by such authors collectively) and has not
been assigned, licensed, or otherwise transferred to any
other party. The Author represents and warrants that the
author(s) listed at the top of this Agreement are the only
authors of the Materials. If more than one author is listed
at the top of this Agreement and if any such author has not
entered into a separate Article and Video License
Agreement with JoVE relating to the Materials, the Author
represents and warrants that the Author has been
authorized by each of the other such authors to execute this
Agreement on his or her behalf and to bind him or her with
respect to the terms of this Agreement as if each of them
had been a party hereto as an Author. The Author warrants
that the use, reproduction, distribution, public or private
performance or display, and/or modification of all or any
portion of the Materials does not and will not violate,
infringe and/or misappropriate the patent, trademark,
intellectual property or other rights of any third party. The
Author represents and warrants that it has and will
continue to comply with all government, institutional and
other regulations, including, without limitation all
institutional, laboratory, hospital, ethical, human and
animal treatment, privacy, and all other rules, regulations,
laws, procedures or guidelines, applicable to the Materials,
and that all research involving human and animal subjects
has been approved by the Author's relevant institutional
review board.

11. JoVE Discretion. If the Author requests the
assistance of JoVE in producing the Video in the Author’s
facility, the Author shall ensure that the presence of JoVE
employees, agents or independent contractors is in
accordance with the relevant regulations of the Author's
institution. If more than one author is listed at the
beginning of this Agreement, JOVE may, in its sole
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discretion, elect not take any action with respect to the
Article until such time as it has received complete, executed
Article and Video License Agreements from each such
author. JoVE reserves the right, in its absolute and sole
discretion and without giving any reason therefore, to
accept or decline any work submitted to JoVE. JoVE and its
employees, agents and independent contractors shall have
full, unfettered access to the facilities of the Author or of
the Author’s institution as necessary to make the Video,
whether actually published or not. JoVE has sole discretion
as to the method of making and publishing the Materials,
including, without limitation, to all decisions regarding
editing, lighting, filming, timing of publication, if any,
length, quality, content and the like.

12. Indemnification. The Author agrees to indemnify
JoVE and/or its successors and assigns from and against any
and all claims, costs, and expenses, including attorney’s
fees, arising out of any breach of any warranty or other
representations contained herein. The Author further
agrees to indemnify and hold harmless JoVE from and
against any and all claims, costs, and expenses, including
attorney’s fees, resulting from the breach by the Author of
any representation or warranty contained herein or from
allegations or instances of violation of intellectual property
rights, damage to the Author’s or the Author’s institution’s
facilities, fraud, libel, defamation, research, equipment,
experiments, property damage, personal injury, violations
of institutional, laboratory, hospital, ethical, human and
animal treatment, privacy or other rules, regulations, laws,
procedures or guidelines, liabilities and other losses or
damages related in any way to the submission of work to
JoVE, making of videos by JoVE, or publication in JoVE or
elsewhere by JoVE. The Author shall be responsible for, and
shall hold JoVE harmless from, damages caused by lack of
sterilization, lack of cleanliness or by contamination due to

ARTICLE AND VIDEO LICENSE AGREEMENT

the making of a video by JoVE its employees, agents or
independent contractors. All sterilization, cleanliness or
decontamination procedures shall be solely the
responsibility of the Author and shall be undertaken at the
Author’s expense. All indemnifications provided herein
shall include JoVE's attorney’s fees and costs related to said
losses or damages. Such indemnification and holding
harmless shall include such losses or damages incurred by,
or in connection with, acts or omissions of JoVE, its
employees, agents or independent contractors.

13. Fees. To cover the cost incurred for publication,
JoVE must receive payment before production and
publication of the Materials. Payment is due in 21 days of
invoice. Should the Materials not be published due to an
editorial or production decision, these funds will be
returned to the Author. Withdrawal by the Author of any
submitted Materials after final peer review approval will
result in a US$1,200 fee to cover pre-production expenses
incurred by JoVE. If payment is not received by the
completion of filming, production and publication of the
Materials will be suspended until payment is received.

14. Transfer, Governing Law. This Agreement may be
assigned by JoVE and shall inure to the benefits of any of
JoVE's successors and assignees. This Agreement shall be
governed and construed by the internal laws of the
Commonwealth of Massachusetts without giving effect to
any conflict of law provision thereunder. This Agreement
may be executed in counterparts, each of which shall be
deemed an original, but all of which together shall be
deemed to me one and the same agreement. A signed copy
of this Agreement delivered by facsimile, e-mail or other
means of electronic transmission shall be deemed to have
the same legal effect as delivery of an original signed copy
of this Agreement.

A signed copy of this document must be sent with all new submissions. Only one Agreement is required per submission.

CORRESPONDING AUTHOR
Name:
Maura Greiser
Department:
Center for Biomedical Engineering and Technology and Department of Physiology
Institution:
University of Maryland School of Medicine
Title:
Research Associate
Signature: — M Date: (12.21.2018

-

Please submit a signed and dated copy of this license by one of the following three methods:
1. Upload an electronic version on the JoVE submission site

2. Fax the document to +1.866.381.2236

3. Mail the document to JoVE / Attn: JoVE Editorial / 1 Alewife Center #200 / Cambridge, MA 02140
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Responses to Editorial Comments

We have responded fully to all editorial comments raised.

All changes in the manuscript are marked (red italics).

Please note that as a response to the editorial comments steps 4 and 5 of the protocols have
been partially merged and re-arranged as requested, see details below.

1. Comment Il 138 ff
Author response: We have added a new table (Table 2 in this revision) detailing

the composition of the enzymatic solution. The components were already listed in the
table of materials.

2. Commentl 141

Author response: We have added this information (supergrip forceps and small
spring scissors).

3. Comment Il 145 ff: How much modified tyrode’s solution does the storage solution
contain? The composition of the storage solution is currently a bit vague.

Author response: We have clarified this. The storage solution consists of modified
Tyrode’s solution with BSA and BDM.

4. Comment | 149: Cut up into small pieces? What size? Using scissors?

Author response: We have clarified this.

5. Comment | 152: Unclear why more that one pipette is needed

Author response: We have explained this (New step 1.13 in the revised version,
11152-154)

6. Comment 1173: Without striations?

Author response: We have clarified this.

7. Comment |177: What is the concentration of laminin?

Author response: We have added laminin to the table of materials (this includes the
concentration). As this is natural mouse laminin, the concentration ranges from 0.5-2.0
mg/ml.
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8. Comment | 180:Unclear how electric stimulation is applied. What is the field strength
(V/cm)?

Author response: We have explained this in more detail. We have added the cell
stimulator system to the table of materials and have added the most suitable
settings for external field stimulation. Note: there is no catalog number for the cell
stimulator.

9. Comment| 186

Author response: We have added the figure number.

10. Comments |l 193- 196: Please remove or replace the commercial name. Please remove or
replace the commercial name with a generic alternative

Author response: Since there are no generic alternatives to Pluronic we have rephrased
the sentence. Unfortunately, this leaves this particularly important step very vague.

11. Comment Il 212: Concentrate how? Do you use a centrifugal concentrator? Mention filter
size, centrifuge speed (in g) and approximate duration.

Author response: The concentration of the cell suspension is performed in step 3.5.
We have rephrased this sentence and refer back to step 3.5 11 212-214

12. Comment | 213: Concentration?

Author response: please see response to comment 7

13. Comment | 216: Please delete the product name

Author response: We have done this.

14. Comment | 226: Fig 6 is referenced before figures 4 and 5. Figure must be listed in the
order of reference.

Author response: We have corrected this (Figure 6 is Figure 4 in the revised version).

15. Comment | 250: Unclear what exactly is being done here. If this was described elsewhere
in the protocol please mention the step numbers.

Author response: This refers to the measurements of [Na*]i. Depending on what
the research question entails this is, of course, variable (e.g. [Na™]iin quiescent cells




16.

17.

18.

19.

20.

21.

22.

23.

24.

or cells undergoing external field stimulation, drug treatment etc.). We have
rephrased this and added step 4.9 (I 242) which indicates the start of the data
acquisition.

Comment | 264: define
Author response: [Na*], refers to the solutions prepared in step 5.1. We have added a
reference to step 5.1.

Comment | 270: unclear when the experiment was performed and what was done in it.

Author response: please see response to comment 15.

Comment 1270: Step does not exist.

Author response: This refers to step 4.10. We have corrected this.

Comment | 279: Why don’t we move 4.10 down after 5.4 in this case??

Author response: We have rearranged the protocol as suggested. Protocol steps 4 and 5
are now arranged chronologically.

Comments | 310 Fig 5C? 5A?

Author response: We have corrected this

Comment | 320 Reference?

Author response: There was a problem with the formatting of the two references used (#
17 & 18). We have reformatted the references. LI 320-321

Comment | 338: Define the error bars in panels A-C.

Author response: We have added this information. L 338

Comment | 356: Check the units here.

Author response: We have changed this to uM

Comment | 424: Remove commercial names.

Author response: We have done this. L 424. Please see response to comment 10.




25. Comment | 469: define

Author response: We have defined ROS as reactive oxygen species. L469

26. Comment | 510: define
Author response: We have amended this accordingly.

27. Comment Il 524-525: sentence is incomplete.

Author response: ‘=" reads as ‘equals’ thus completing the sentence.




