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Small antisense RNAs like miRNA and siRNA play an important role in cellular
physiology, pathology and, moreover, can be used as therapeutic agents in the
treatment of several diseases. The development of new innovative strategies for
miRNA/siRNA therapy is based on an extensive knowledge of the underlying
mechanisms. Recent data suggested that small RNAs are exchanged between cells in
a gap junction dependent manner, thereby inducing gene regulatory effects in the
recipient cell. Molecular biological techniques or flow cytometric analysis are commonly
used to study the intercellular exchange of miRNA. However, these methods do not
provide high temporal resolution, necessary when studying the gap junctional flux of
molecules. Therefore, to investigate the impact of miRNA/siRNA as intercellular
signaling molecules, novel suitable tools are needed that will allow the analysis of
these small RNAs at the cellular level.

The present protocol describes the application of three-dimensional fluorescence
recovery after photobleaching (3D-FRAP) microscopy to elucidate the gap junction
dependent exchange of mMiIRNA molecules between cardiac cells. Importantly, this
straightforward and non-invasive live cell imaging approach allows visualization and
quantification of the gap junctional shuttling of fluorescent labelled small RNAs in real
time with high spatio-temporal resolution. The data obtained by 3D-FRAP confirm a
novel pathway of intercellular gene regulation where small RNAs act as signaling
molecules within the intercellular network.
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SHORT ABSTRACT:

Here, we describe the application of three-dimensional fluorescence recovery after
photobleaching (3D-FRAP) for the analysis of the gap junction-dependent shuttling of miRNA. In
contrast to commonly applied methods, 3D-FRAP allows for the quantification of the
intercellular transfer of small RNAs in real time, with high spatio-temporal resolution.

LONG ABSTRACT:

Small antisense RNAs, like miRNA and siRNA, play an important role in cellular physiology and
pathology and, moreover, can be used as therapeutic agents in the treatment of several
diseases. The development of new, innovative strategies for miRNA/siRNA therapy is based on
an extensive knowledge of the underlying mechanisms. Recent data suggest that small RNAs
are exchanged between cells in a gap junction-dependent manner, thereby inducing gene
regulatory effects in the recipient cell. Molecular biological techniques and flow cytometric
analysis are commonly used to study the intercellular exchange of miRNA. However, these
methods do not provide high temporal resolution, which is necessary when studying the gap
junctional flux of molecules. Therefore, to investigate the impact of miRNA/siRNA as
intercellular signaling molecules, novel tools are needed that will allow for the analysis of these
small RNAs at the cellular level. The present protocol describes the application of three-
dimensional fluorescence recovery after photobleaching (3D-FRAP) microscopy to elucidating

*


mailto:heiko.lemcke@uni-rostock.de
mailto:voronina.natalia12@gmail.com
mailto:gustav.steinhoff@med.uni-rostock.de
mailto:davidrob@med.uni-rostock.de
mailto:heiko.lemcke@uni-rostock.de
mailto:davidrob@med.uni-rostock.de
http://www.editorialmanager.com/jove/download.aspx?id=613982&guid=12ade098-9d72-4257-832a-43a30f3bd3c4&scheme=1
http://www.editorialmanager.com/jove/download.aspx?id=613982&guid=12ade098-9d72-4257-832a-43a30f3bd3c4&scheme=1

the gap junction-dependent exchange of miRNA molecules between cardiac cells. Importantly,
this straightforward and non-invasive live-cell imaging approach allows for the visualization and
guantification of the gap junctional shuttling of fluorescently labeled small RNAs in real time,
with high spatio-temporal resolution. The data obtained by 3D-FRAP confirm a novel pathway
of intercellular gene regulation, where small RNAs act as signaling molecules within the
intercellular network.

INTRODUCTION:

Small noncoding RNAs are important players in cellular gene regulation. These molecules are
composed of 20-25 nucleotides that bind to a specific target mRNA, leading to the blockage of
translation or to mRNA degradation®2. The gene regulatory process undertaken by small RNAs,
such as miRNA and siRNA, is a highly conserved mechanism that has been found in many
different species3. In particular, miRNA molecules are of crucial importance to a variety of
physiological processes, including proliferation, differentiation, and regeneration*>. In addition,
the dysregulation of miRNA expression is attributed to many pathological disorders.
Correspondingly, miRNAs have been demonstrated to be suitable as biomarkers for diagnosis
and as therapeutic agents for gene therapy®’.

Gap junctions (GJs) are specialized protein structures in the plasma membrane of two adjacent
cells that allow the diffusional exchange of molecules with a molecular weight of up to 1 kD.
They have been shown to be important to tissue development, differentiation, cell death, and
pathological disorders such as cancer or cardiovascular disease®1°. Several molecules have
been described as being capable of crossing GJ channels, including ions, metabolites, and
nucleotides. Interestingly, GJs were also found to provide a pathway for the intercellular
movement of small RNAs!12, Thus, miRNAs can act not only within the cell in which they are
produced, but also within recipient cells. This highlights the role of miRNAs in the intercellular
signal transduction system. At the same time, the data demonstrate that gap junctional
intercellular communication is closely linked to miRNA function. Because of the significant
impact of miRNA and GJs on tissue homeostasis, pathology, and diagnosis, a comprehensive
understanding of the function of GJs and the related intercellular dynamics of miRNA will help
to clarify the mechanisms of miRNA-based diseases and to develop new strategies for miRNA
therapies.

Depending on the extent of gap junctional coupling, the transfer of miRNA molecules between
cells can be a very rapid process. Therefore, a methodology that allows the visualization and
guantification of the fast intercellular movement of these regulatory signaling molecules is
required. Commonly, flow cytometry and molecular biological techniques have been applied to
demonstrate the shuttling of small RNAs!™4, However, as opposed to FRAP microscopy, these
approaches lack high temporal resolution, which is mandatory when analyzing the exchange of
miRNA via GJs. Moreover, FRAP microscopy is less invasive and therefore represents a powerful
and novel live-cell imaging technique to evaluate the GJ-dependent exchange of molecules in
several cell types®1/,



Here, we present a detailed protocol describing the application of 3D-FRAP to assess miRNA
shuttling between cardiomyocytes. For this purpose, cardiomyocytes were transfected with
fluorescently labeled miRNA. A cell marked with this miRNA was photobleached, and the gap
junctional miRNA re-influx from adjacent cells was recorded in a time-dependent manner. The
high temporal resolution of FRAP experiments offers the possibility to perform kinetic studies
for the precise evaluation of the intercellular transfer of miRNA and siRNA between living cells.
Moreover, as small RNAs can be exchanged via different mechanisms with highly different
kinetics, FRAP microscopy can help to clarify the extent to which GJs are involved in the
respective shuttling processes'®. In addition, 3D-FRAP can be used to investigate physiological
and pathological alterations in GJ permeability and its impact on small RNA transfer>19,

PROTOCOL:
All steps in this protocol involving neonatal mice were performed per the ethical guidelines for
animal care of the Rostock University Medical Centre.

1. Preparation of Cell Culture Dishes and the Medium for Cardiomyocyte Culture

1.1. Coat a cell culture plate with 0.1% gelatin in PBS and incubate at 37 °C for 4 h or at 4 °C
overnight. Remove the gelatin and allow it to dry under sterile laminar air flow.

1.2. Prepare cell culture medium composed of 50 mL of DMEM supplemented with 10% fetal
bovine serum (FBS) and 1% penicillin/streptomycin (P/S). Pre-warm it to 37 °C.

2. Isolation of Neonatal Cardiomyocytes

2.1. Sacrifice neonatal mice (1-2 days old) by decapitation with sterile scissors and open the
chest along the sternum. Remove the heart using forceps while slightly pressing the thorax
together and transfer the heart into a 24-well plate containing ice-cold HBSS (without Ca%* and
Mg2*).

2.2. Remove non-cardiac tissue and larger vessels using sterile forceps. Transfer cleaned hearts
into a 1.5-mL tube containing ice-cold HBSS. Use a maximum of 5 hearts per tube for enzymatic
digestion.

2.3. Mince the hearts with small scissors into < 0.5- to 1-mm? pieces.

2.4. Wash the minced hearts with HBSS two times by aspiration/addition of HBSS using a 1-mL
microliter pipette. Remove the HBSS completely before adding the enzymes.

2.5. For the enzymatic digestion of neonatal hearts, use a commercially available kit and follow
the manufacturer’s protocol (see the Table of Materials). Shake the tube containing the minced
hearts every 5 min while incubating with enzymes at 37 °C for 35 min.



2.6. Seed suspended cells on non-coated cell culture dishes containing cell culture medium for
1.5-2 h to allow the adherence of the non-cardiomyocyte fraction. Repeat this step if a high
purity of cardiomyocytes is needed. If desired, further culture the non-cardiomyocyte fraction.

Note: For a cell suspension of 15 hearts, the pre-plating step can be performed on 75-cm? cell
culture flasks. Usually, ~5 x 10° cells are obtained from one neonatal heart.

2.7. Collect the supernatant in a 15-mL conical tube and centrifuge for 10 min at 300 x g.
Resuspend the cells in 1 mL of cell culture medium.

2.8. Count the cells with a Neubauer chamber hemocytometer, or use an equivalent method.

2.9. Plate isolated cardiomyocytes on 6-well plates with a density of 3 x 10° cells/cm?. Incubate
the cells overnight at 37 °C and 5% CO..

Note: Optionally, cells can also be transfected at this point. However, increased viability was
observed when the cells were cultured for one day before being subjected to electroporation.

3. Transfection with Fluorescently Labeled miRNA

3.1. Pre-warm cell culture medium (see step 1.2) to 37 °C in a water bath or an equivalent
device.

3.2. Prepare a 20-uM stock solution of fluorescent miRNA in RNase-free sterile water.
3.3. Prepare electroporation buffer containing 90 mM Na;HPO4, 90 mM NaH;P04, 5 mM KCl, 10
mM MgCl;, and 10 mM sodium succinate and adjust the pH to 7.2; electroporation buffer can

be stored at -20 °C for several months.

3.4. Detach the cells from the culture dish using 0.05% trypsin for 5 min. Inactivate the trypsin
by adding cell culture medium.

3.5. Count the cells with a Neubauer chamber hemocytometer, or use an equivalent method.
Centrifuge the cells at 300 x g for 10 min.

3.6. Resuspend the cells in electroporation buffer to obtain a concentration of 4 x 10° cells per
100 pL.

3.7. Mix 100 pL of cell suspension with fluorescent miRNA (final concentration: 0.25 uM) in a
tube and load the mixture into an electroporation cuvette.

3.7.1. Empirically determine the appropriate amount of miRNA, depending upon cell type.



3.8. Perform electroporation using an electroporation device (see the Table of Materials), using
the “G-009” program.

3.9. Add 500 pL of pre-warmed cell culture medium and transfer the whole cell suspension
(4 x 10° cells) into a well of a 4-well glass-bottom chamber slide. Culture the cells for 1 day at 37
°Cin a 5% CO2 atmosphere.

Note: For FRAP analysis, a cell density of ~80% is optimal. The transfection of labeled miRNA
should exclusively be performed using electroporation. Since the homogenous distribution of
labeled miRNA molecules is beneficial for FRAP measurement, reagent-based transfection is not
recommended.

4. Applying 3D-FRAP Microscopy (Day 3)

4.1. Warm up the microscope incubator to 37 °C and switch on the confocal microscope system
at least 2 h before FRAP measurement to establish a thermal equilibrium and to decrease the
possibility of drift. If possible, maintain a 5% CO; atmosphere.

4.2. Insert the chamber slide into the stage sample holder.

4.3. Find a cluster of transfected cardiomyocytes using a 1.4 N.A. oil objective (400X
magnification) and 561-nm laser excitation light at low laser power, with a detection range of
570-680 nm.

Note: The definition of FRAP settings, the image acquisition, and the analysis were done using
microscope-specific software (see the Table of Materials).

4.4. Activate the “z-Stack,” “Time Series,” “Bleaching,” and “Regions” buttons in the “Setup
Manager.”

4.5. Define the FRAP parameters.

4.5.1. Define the image acquisition settings in the “Acquisition Mode” menu by setting the
“frame size” to 512 x 512, the “line step” to 1, and the “scan time” to< 1s.

4.5.2. In the “Channels” menu, adjust the laser power, offset, and gain settings to obtain
maximal fluorescence from minimal laser excitation (e.g., laser power: 1-5%); adjust to avoid
intensity saturation. Set the “pinhole size” to 2 um.

4.5.3. Next, in the “Regions” menu, select the “ROI drawing tool” and use the cursor to mark
the target cell, the reference cell, and the background area. If required, select several target
cells for photobleaching.



4.5.4. Adjust the photobleaching settings in the “Bleaching” menu (e.g., iterations: 9-14, laser
power for photobleaching: 100%, interval of image acquisition: 60 s, cycles: 15). Define the start
of bleaching after 3 initial scans.

4.5.5. In the “z-Stack” menu, define the limits for z-stack acquisition, depending on the
thickness of the cells. Adjust the “number of z-layers” to 12-15.

4.5.6. Start the FRAP experiment and record the fluorescence recovery.

Note: Since the settings of a FRAP experiment depend upon the cell type, the fluorescent dye,
and the microscope system, it is best to perform pilot experiments to determine the optimal
parameters for FRAP. Bleaching should be sufficient to reduce the initial fluorescence intensity
by at least 50%. Typically, fluorescence recovery should be recorded every 30-60 s until the
plateau phase is reached.

5. Data Analysis

5.1. Create maximum projections of the acquired z-stacks and obtain fluorescence intensity
values of the bleached target cells, the reference cell, and the background. Using microscope-
specific software, click “Processing” = “Maximum intensity projection” > select file -

IlAppIy.H
5.1.1. Alternatively, use an equivalent image analyzing tool (e.g., Imagel).

5.2. Copy the fluorescence intensity data at all time points from the target cell, the background,
and the reference cell into a spreadsheet.

5.2.1. Subtract the background intensity and the intensity of the reference cell from the
intensity values of the target cell to correct for photobleaching caused during the acquisition
process. Perform background and reference cell corrections for each time point.

5.2.2. Normalize the corrected FRAP data to the initial fluorescence intensity before bleaching
by dividing each value by the initial fluorescence.

5.2.3. To obtain FRAP curves, set the baseline to the fluorescence intensity immediately after
the bleach by subtracting from the intensity values of each time point.

REPRESENTATIVE RESULTS:

Here, we present 3D-FRAP microscopy as a non-invasive technique to study the gap junctional
shuttling of fluorescent miRNA within neonatal cardiomyocytes. The isolated cardiomyocytes
revealed the typical striated a-actinin pattern and contained large plaques of Cx43 along the
cell-cell borders (Figure 1A, white arrowheads), which allowed for the high intercellular flux of
molecules. The purity of isolated cardiomyocytes was assessed by the microscopic
guantification of a-actinin-positive cells. Although some non-cardiomyocytes (a-actinin-



negative cells) were present in the culture, neonatal cardiomyocytes represented the major cell
type after isolation (79.62 + 3.68%; Figure 1B).

To investigate the gap junctional exchange of miRNA, cells were transfected with fluorescently
labeled miRNA. Electroporation is the method of choice to deliver miRNA molecules to cells, as
it ensures a high transfection efficiency and the homogenous distribution of transfected
compounds, which is mandatory for FRAP analysis. In our experimental setup, we achieved a
transfection efficiency of ~45%, as determined by flow cytometry (Figure 2A). The preparation
of cardiomyocytes for FRAP includes detachment from the culture plate, electroporation, and
re-attachment onto chamber slides. A flow cytometric live/dead assay revealed that the
majority of cells demonstrated high viability, which is important when analyzing gap junctional
communication (Figure 2B). Moreover, cell density is a crucial parameter that affects FRAP
results. For optimal FRAP measurements, cells should be seeded with a density of ~80% to
allow for the formation of cell clusters and the establishment of functional gap junctions
between cells (Figure 2C).

For FRAP analysis, target cells are selected within a cell cluster and are photobleached with
100% laser power, leading to reduced miRNA fluorescence in the selected cells (Figure 3A,
bleach). Subsequently, fluorescence recovery is recorded to visualize the transfer of miRNA
from adjacent cells into the bleached area. Since the plateau phase of the fluorescence
recovery was reached after 13 min, this time span was used for image acquisition in the FRAP
experiments. Quantitative analysis and normalization of the acquired data showed an average
recovery of 20%. The data also demonstrated that FRAP microscopy allows for the rapid
recording of miRNA shuttling with high temporal resolution. Depending on the dye properties,
acquisition parameters can be changed to further increase temporal resolution.

The use of 3D-FRAP enables the comparison of GJ permeability to miRNA under different
conditions. To demonstrate this, we induced an siRNA-mediated knockdown of Cx43, leading to
reduced protein expression (Figure 3C) and the inhibition of gap junctional communication. As
a result, fluorescence recovery was reduced by more than 50%, indicating that the efficiency of
miRNA transfer is strongly dependent upon the extent of gap junctional coupling between cells
(Figure 3B, Cx43 knockdown). To confirm that the fluorescence recovery reflects the passage of
the fluorescently labeled miRNA, rather than the detached Dy547-tag, we also acquired FRAP
data for calcein dye (Figure 3D). Calcein has a molecular weight comparable to that of Dy547
and thus possess similar transfer dynamics. In contrast to the fluorescence recovery of Dy547-
labeled miRNA, calcein demonstrated increased gap junctional exchange, indicating that the
Dy547 tag is not detached from the miRNA molecule (Figure 3D).

Stable focus conditions are mandatory throughout a FRAP experiment, especially when long-
term measurements are performed. Compared to 2D applications, 3D-FRAP can compensate
for potential focus drift. As shown in Figure 4, even slight focus changes affect the proper
detection of the fluorescence signal of miRNA when just a single 2D layer is used for the FRAP
experiment (Figure 4B). In contrast, for 3D-FRAP, a whole z-stack of the target cell is recorded,
and maximum projections are subjected to data analysis (Figure 4A). The impact of focus drift



on a normalized fluorescence-intensity curves is depicted in Figure 4C. While fluorescence
recovery steadily increases over time in 3D-FRAP, 2D-FRAP acquisition results in a decline of the
fluorescence signal.

Beside the compensation of focus changes, 3D-FRAP also provides spatial data of the gap
junctional exchange of miRNA. Figure 5 shows a 3D surface rendering of a FRAP experiment.
Compared to maximum projections, the acquisition of z-stacks can be used to create 3D
reconstructions to investigate the localization and mobility of miRNA within cells (Figure 5). Co-
labeling with organelles will allow for investigation into the involvement of other cellular
components in miRNA transfer.

FIGURE LEGENDS:

Figure 1: Representative microscopic images of isolated neonatal cardiomyocytes. (A)
Structured illumination microscopy shows the high expression of Cx43, which accumulates in
large plaques at cell-cell borders (arrowheads). The pronounced formation of GJs with adjacent
cells enables an extensive exchange of small molecules, including miRNA. Scale bar = 20 um (B)
Purity of isolated cardiomyocytes. Labeling of a-actinin demonstrates that cardiomyocytes
represent the major cell type after isolation. Scale bar = 50 um. Cells were stained with anti-
Cx43 (green) and anti-a-actinin antibodies (red). Nuclei were visualized using DAPI (blue). A
description of structured illumination microscopy and immunological labeling is provided in a
previous publications?°.

Figure 2: Transfection efficiency, viability, and cell density of neonatal cardiomyocyte culture.
(A) Flow cytometry revealed that miR547 electroporation resulted in a transfection efficiency of
~45%. (B) Cell viability of cardiomyocytes used for FRAP. After isolation, electroporation, and
reattachment, cardiomyocytes were subjected to live and dead cell staining and demonstrated
high cell viability. (C) Microscopic image of mir547-transfected cardiomyocytes prepared for
FRAP microscopy. A cell density of 80-90% ensures the pronounced formation of gap junctional
cell-cell contacts. Scale bar = 50 um. A method for the flow cytometric analysis of transfection
efficiency and viability staining is mentioned in previous publications?%2%,

Figure 3: GJ-dependent exchange of miRNA in neonatal cardiomyocytes. (A) Representative
images of a FRAP experiment. After transfection with labeled miRNA, target cells within a cell
cluster are photobleached by a strong laser pulse (pre-bleach versus bleach). Depending upon
the extent of gap junctional coupling, the gap junctional influx of miRNA from adjacent cells
results in increased fluorescence intensity in the bleached target cells (post-bleach t = 3, 6, 9,
and 13 min). Scale bar = 20 um (B) Quantitative analysis of acquired FRAP data shows a
fluorescence recovery of 20% after 13 min. To confirm the involvement GJs in the intercellular
transfer of miRNA, a cx43 knockdown was performed, leading to a strong decrease of
fluorescence recovery (50%). (C) Immunostaining with anti-Cx43 antibody and subsequent
confocal microscopy demonstrate the efficiency of the Cx43 knockdown at the protein level.
Scale bar = 50 um (D) Comparison of the FRAP data of miR547 and calcein dye show the
different transfer dynamics. The smaller molecular weight of calcein resulted in an increased



fluorescence recovery compared to dy547-tagged miRNA molecules. FRAP curves summarize
the data of n > 56 cells, shown as the mean + SEM. Statistical analysis was performed using two-
way ANOVA followed by Bonferroni’s post-hoc test (*P < 0.05, **P < 0.01, ***P < 0.001).

Figure 4: Compensation of focus drift using 3D-FRAP microscopy. (A and B) Representative
images of a photobleached cell (red line) demonstrate the impact of focus drift on the
fluorescence intensity during 3D- and 2D-FRAP experiments. (A) In 3D-FRAP, z-stacks are
recorded for each time-point, and maximum projections are used for data analysis, which
corrects for focus drift. Scale bar = 20 um. (B) In contrast, for 2D-FRAP, just a single 2D-layer is
subjected to data analysis. Thus, the overall fluorescence intensity is profoundly reduced by
changes in the focus. Scale bar = 20 um. (C) Representative normalized fluorescence-intensity
curves of 3D- and 2D-FRAP experiments indicate the strong effect of focus drift on fluorescence
recovery and show the benefits of 3D acquisition when studying intercellular miRNA shuttling.

Figure 5: 3D surface rendering of a 3D-FRAP experiment. (Left) Maximum projections of a
FRAP measurement. The photobleached cell (red frame) demonstrates an increase in
fluorescence intensity due to miRNA transfer from adjacent cells. (Right) Acquired z-stacks of
the same photobleached cell (red) were subjected to 3D surface rendering to visualize the
spatial distribution of the miRNA. Scale bar = 20 um.

DISCUSSION:

miRNAs are key players in cellular physiology and were shown to act as signaling molecules by
using—among others—GJs as a pathway for intercellular exchange!'222, The current protocol
presents an in vitro live-cell imaging technique to characterize this GJ-dependent shuttling using
fluorescent miRNAs within cell clusters.

The protocol was developed on cardiomyocytes as a cell model system. However, this approach
can be applied to several cell types if electroporation is a suitable method for miRNA
transfection. In addition to cell-to-cell exchange, the presented technique is also suitable to
investigate the intracellular mobility of miRNA molecules (e.g., for the identification of possible
transport mechanisms within the cell)?324,

The investigation of miRNA transfer by FRAP microscopy requires fluorescently tagged miRNA
molecules (Figure 2). As the labeling of specific cellular miRNAs is not feasible, only exogenous,
introduced labeled miRNA can be used for 3D-FRAP to analyze its intercellular mobility. In our
experiments, cells were transfected with 250-nM miRNA. This concentration was much higher
compared to physiological conditions, where the miRNA level ranges from 10 to 50,000
molecules per cell?””?8, Such low concentrations cannot be used in FRAP experiments, as a
certain level of fluorescent miRNA molecules is required to obtain a sufficient fluorescence
signal and to ensure the proper discrimination between background fluorescence and
fluorescently labeled miRNA. However, depending upon the confocal imaging system and the
dye properties, the use of miRNA concentrations at low-nM range should be feasible for FRAP
assays.



Different techniques are commonly applied to study intercellular miRNA transfer, including flow
cytometry, PCR, and luciferase reporter assays!?!3, These methods detect miRNA shuttling with
low temporal resolution (i.e., hours to days). In contrast, 3D-FRAP microscopy allows for the
visualization and quantification of miRNA transfer and mobility in real time. In addition to gap
junctional cell-cell contacts, the intercellular shuttling of miRNA is also mediated by other
mechanisms, such as exosomes'®??30  Only 3D-FRAP provides sufficiently high temporal
resolution to discriminate between exosomal and gap junctional transfer. Thus, it allows for
specific investigation into the direct effect of GJ permeability on miRNA signaling under
different pathological or physiological conditions (Figure 2).

We recommend the use of 3D-FRAP, which is superior to conventional 2D-FRAP, as it provides
more accurate data on GJ-dependent miRNA transfer. 3D-FRAP measurements include the
entire cell volume, which is important when using large-bulk cell types. In addition, it can
compensate focus changes or cell movements, which were shown to significantly impair
fluorescence recovery in 2D-FRAP (Figure 3). Finally, the recording of z-stacks in 3D-FRAP
experiments provides the possibility to obtain spatial information, which is not feasible when
just a single 2D layer is used for the analysis of fluorescence intensities (Figure 3B).

Since fluorescence recovery is dependent upon the influx of miRNA from adjacent cells, the
number of cells connected to the bleached cell is critical and must be similar across different
measurements to obtain reliable data. Therefore, a high cell density is required to ensure the
formation of cellular clusters most suitable for FRAP analysis. Furthermore, preliminary
experiments must be performed to select mild bleaching conditions (i.e., laser power, bleaching
time, and scan settings) to avoid phototoxic effects caused by a high laser intensity?>2. This will
also help to reduce the photobleaching that occurs during the acquisition process.

Despite the limitations, our data show that 3D-FRAP is a powerful tool to evaluate the role of
miRNAs as signaling molecules within a cellular network. The impact of connexin composition
on miRNA shuttling or the selective permeability of GJs for specific miRNAs can be addressed
with the direct quantification of transport efficiency. 3D-FRAP can provide important
information to improve the development of new therapies featuring miRNA and siRNA, such as
by defining proper conditions that facilitate the distribution of small RNAs via the GJ
network3%32,
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employed at the time of the creation of the Materials; “JoVE”
means MylJove 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.
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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 rights permitted under such
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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. 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.

9. 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 wuse, 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.

10. 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 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
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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.

11. 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 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
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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.

12. Fees. To cover the cost incurred for publication, JoVE
must receive payment before production and publication 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.

13. 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 required per submission.
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Editor comments

¢ Please take this opportunity to thoroughly proofread the manuscript to ensure that there are no
spelling or grammatical errors. done

¢ After the Discussion, please add an “Acknowledgments” section. Please list acknowledgments and
all funding sources for your work in this section. done

* Protocol Language: Please ensure that all text in the protocol section is written in the imperative
tense as if you are telling someone how to do the technique (i.e. “Do this”, “Measure that” etc.) Any
text that cannot be written in the imperative tense may be added as a “Note”, however, notes
should be used sparingly and actions should be described in the imperative tense wherever possible.
done

¢ Protocol Detail: Please note that your protocol will be used to generate the script for the video,
and must contain everything that you would like shown in the video. Please add more details to the
following protocol steps. There should be enough detail in each step to supplement the actions seen
in the video so that viewers can easily replicate the protocol. Please ensure that all additional details
in the protocol section are written in the imperative tense, as if you are telling someone how to do
the technique (i.e. “Do this”, “Measure that” etc.).

1) Please include an ethics statement before your numbered protocol steps indicating that the
protocol follows the animal care guidelines of your institution. done

2) 2.1: How is the heart removed? Is it simply pulled? How is it handled? Using forceps?” done

We obtained approximately 5x105 cells per heart.” should likely appear later after cell dissociation.
We changed the sentence from 2.1 to the technical comment 2.6

3) 2.4: How? Is any centrifugation involved? Please mention centrifugation settings (in x g), duration
and temperature requirements. done

4) 2.7: Should this be “conical” tube?done

What medium are cells resuspended in following centrifugation?done.

We described the preparation of medium in 1.2 and termed it “cell culture medium”. For clarity this
term is now used throughout the whole protocol.

5) 3.1: What is the composition of the cell culture medium? done. Please see point 4)

6) 3.4: Please mention trypsin concentration and duration. Is the trypsin neutralized later? done

7) 3.5: The cells are first resuspended, counted, and then buffer is used to adjust the cell
concentration, correct? Please revise this for clarity. done

The cell number is determined before centrifugation. This allows to adjust the appropriate cell
concentration for transfection right after centrifugation using the electroporation buffer.

8) 3.6 What volume do you load? done

9) 3.7: How? When is the cuvette loaded? done

What is the voltage/electric field strength used? What is the duration of electroporation?

To perform electroporation, we have used the Amaxa nucleofector Il device using the pre-installed
program G-009. Since we did not adjust the electroporation parameters by our own, we cannot
provide detailed information about voltage and/or duration of the electroporation.

We have mentioned the transfection device and the used program in the materials list/protocol.
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10) 3.8: How many cells are seeded? Is this then incubated? If so, please mention incubation
environmental conditions? done

11) 4.3: Please mention magnification and NA. Used objective is not mentioned in 4.4

12) 4.3, 4.4, 4.5: Please expand significantly and provide detailed instructions for each step. For
software steps, please mention what button is clicked on in the software or which menu items need
to be selected to do each action. All steps were performed using Zeiss Zen2011 software. We have
included detailed information for each step, including the menu items required to adjust FRAP
settings.

13) 5.1: please mention what button is clicked on in the software or which menu items need to be
selected to do each action. done

14) 5.2: please mention what button is clicked on in the software or which menu items need to be
selected to do each action. done

15) 5.3: please mention what button is clicked on in the software or which menu items need to be
selected to do each action. Background and reference cell-based corrections (5.2) as well as
normalization (5.3) were done using Microsoft Excel. We have now mentioned that FRAP data
acquired with Zeiss Zen Software is imported into one Excel file for calculation and described the
calculation process in more detail.

¢ Protocol Numbering: Please adjust the numbering of your protocol section to follow JoVE's
instructions for authors, 1. should be followed by 1.1. and then 1.1.1. if necessary and all steps
should be lined up at the left margin with no indentations. There must also be a one-line space
between each protocol step. done

* Protocol Highlight: After you have made all of the recommended changes to your protocol (listed
above), please re-evaluate the length of your protocol section. There is a 10-page limit for the
protocol text, and a 3- page limit for filmable content. If your protocol is longer than 3 pages, please
highlight 2.75 pages or less of text (which includes headings and spaces) in yellow, to identify which
steps should be visualized to tell the most cohesive story of your protocol steps that match the title
and abstract. Please see JoVE’s instructions for authors for more clarification. Remember that the
non-highlighted protocol steps will remain in the manuscript and therefore will still be available to
the reader.

1) The highlighting must include all relevant details that are required to perform the step. For
example, if step 2.5 is highlighted for filming and the details of how to perform the step are given in
steps 2.5.1 and 2.5.2, then the sub-steps where the details are provided must be included in the
highlighting.

2) Please ensure that the highlighted part of the step includes at least one action that is written in
imperative tense.

3) Some of your shorter protocol steps can be combined so that individual steps contain 2-3 actions
and maximum of 4 sentences per step.

4) The highlighted steps should form a cohesive narrative, that is, there must be a logical flow from
one highlighted step to the next.

5) Please highlight complete sentences (not parts of sentences). Include sub-headings and spaces
when calculating the final highlighted length (2.75 pages or less). Please see JoVE's instructions for
authors for more information.

6) Notes cannot be filmed and should be excluded from highlighting.

7) Please bear in mind that software steps without a graphical user interface cannot be filmed. done



 Discussion: JoVE articles are focused on the methods and the protocol, thus the discussion should
be similarly focused. Please ensure that the discussion covers the following in detail and in paragraph
form: 1) modifications and troubleshooting, 2) limitations of the technique, 3) significance with
respect to existing methods, 4) future applications and 5) critical steps within the protocol. The
discussion part was rearranged and information about modifications of the protocol has been added.

* Figure/Table Legends::
1) Figure 2: Please define the scale bar. done
2) Figure 3: Please define the scale bar. done

¢ References:Please make sure that your references comply with JoVE instructions for authors.
Citation formatting should appear as follows: (For 6 authors or less list all authors. For more than 6
authors, list only the first author then et al.): [Lastname, F.l., LastName, F.l., LastName, F.l. Article
Title. Source. Volume (Issue), FirstPage — LastPage, doi:DOI (YEAR).]

1) Please abbreviate all journal titles. done

2) Please include volume, issue numbers, and DOlIs for all references. done

e Commercial Language:JoVE is unable to publish manuscripts containing commercial sounding
language, including trademark or registered trademark symbols (TM/R) and the mention of company
brand names before an instrument or reagent. Examples of commercial sounding language in your
manuscript are Eppendorf, Zeiss Elyra PS1, Zen2011 software,etc.

1) Please use MS Word’s find function (Ctrl+F), to locate and replace all commercial sounding
language in your manuscript with generic names that are not company-specific. All commercial
products should be sufficiently referenced in the table of materials/reagents. You may use the
generic term followed by “(see table of materials)” to draw the readers’ attention to specific
commercial names. done

2) Please remove the registered trademark symbols TM/R from the table of reagents/materials. done

¢ Table of Materials:Please revise the table of the essential supplies, reagents, and equipment. The
table should include the name, company, and catalog number of all relevant materials/software in
separate columns in an xls/xIsx file. Please include items such as microscopes, equipment, animal
strains, etc. done. Changes are marked in red color.

¢ Please use standard abbreviations and symbols for SI Units such as pL, mL, L, etc., and
abbreviations for non-SI units such as h, min, s for time units. Please use a single space between the
numerical value and unit. done

¢ Please minimize use of the pronouns “we” and “our” throughout the manuscript. done

e If your figures and tables are original and not published previously or you have already obtained
figure permissions, please ignore this comment. If you are re-using figures from a previous
publication, you must obtain explicit permission to re-use the figure from the previous publisher (this
can be in the form of a letter from an editor or a link to the editorial policies that allows you to re-
publish the figure). Please upload the text of the re-print permission (may be copied and pasted from
an email/website) as a Word document to the Editorial Manager site in the "Supplemental files (as



requested by JoVE)" section. Please also cite the figure appropriately in the figure legend, i.e. "This
figure has been modified from [citation]."

Reviewer comments

Reviewer#l:

1. In the Protocol section 2.5, total incubation time should also be mentioned.

We agree with the reviewer that the time of enzyme digestion is important for the isolation process.
Information about incubation time for enzyme digestion has been added (page, 4, protocol step 2.5,
line 138).

2. In Fig 2. In Connexin 43 knockdown experiments along with 3D- FRAP analysis, additional
data showing RNA or Protein levels of connexin 43 would complement the study.

We thank the reviewer for his advice. According to the reviewers suggestion we provide new data
about the effect of Cx43 knockdown on the protein level, which is depicted in Figure 3, new subfigure
C. Both knockdown and scrambled transfected cells were subjected to immunostaining with anti-
Cx43 antibody. Confocal microscopy clearly demonstrated the efficient reduction of protein
expression upon Cx43 knockdown compared to control cells treated with scrambled siRNA.

Reviewer#2:

1. There is a possibility, even it may be rare, that fluorescent-tag was lost from miRNA. So, the
measured FRAP actually reflects the passage of fluorescent-tag rather than miRNAs. It may
be necessary to carry out one control experiment to measure FRAP with the same
fluorescence dye without miRNAs. They may have different dynamics because there are
different sizes between fluorescent-tag and fluorescent labeled miRNAs.

We agree with the reviewer that there is a small possibility that the fluorescent-tag detaches from
the miRNA. Therefore, we performed FRAP experiments with calcein, a commonly used dye to
analyze intercellular communication (Maeda et al., 2015; Karpinich et al, 2015; Kim et al., 2014).
Once inside the cell, calcein can only diffuse via gap junctions. The molecular weight of calcein is
similar to the molecular weight of Dy547 (calcein: ~780g/mol; Dy547: ~640g/mol) and thus will give
comparable results in terms of diffusion dynamics.

Since calcein has a smaller size than labelled miRNA molecules, the latter one should demonstrate a
slower gap junctional transfer. Indeed, we found that the intercellular exchange of calcein is
significantly increased compared to labelled miRNA (Figure 3, new subfigure D). The data indicate
that the FRAP data acquired for labelled miRNA actually reflects the intercellular exchange of miRNA
molecules.



2. Although the manuscript was well-wrote, some important references are missing, for
example: Zong L, Zhu Y, Liang R, Zhao HB. (2016) Gap junction mediated miRNA intercellular
transfer and gene regulation: A novel mechanism for intercellular genetic communication. Sci
Rep. 6:19884. Please add such references in the appropriate places, e.qg., page 2, line 73-74,
line 85-86, and page 7, line 271-272.

We thank the reviewer for his suggestion and included the reference in the manuscript (page 3,
Introduction, line 94)
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Reviewer#3:

1. Overall, the experimental descriptions are adequate and straight-forward; however, the
purity of the cultures should be described because there will be contaminating fibroblasts -
even with the pre-plating steps.

We agree with the reviewer that purity of isolated CMs is an important aspect in this protocol. To
address this question we performed labeling of isolated cardiomycoytes with an anti-a-actinin,
following microscopic quantification. We found that the isolated cell fraction contains 20.38+2.75 %
non-cardiomyocytes (a-actinin negative cells), while ~79.62 % demonstrated the expression of a-
actinin (n=320 cells; Figure 1, new subfigure B).

Furthermore, we have previously shown that the non-cardiomyocyte fraction demonstrates no
coupling activity (Lemcke et al.,2016, Figure 6). Calcein based FRAP analysis showed no fluorescence
recovery in non-cardiomyocytes (fluorescence recovery at t=13 min: 3.3 %). Moreover, non-
cardiomyocytes lack the expression of Cx43 protein (Lemcke et al,2016, Figure 6), indicating that
contaminating fibroblasts do not interfere with the FRAP data for cardiomyocytes.

2. At the same time, the authors should include some information regarding the survival of the
cells following detachment from culture plates, electroporation, and re-attachment for FRAP.

We thank the reviewer for his suggestion. To acquire data about the viability cells were prepared
according to the FRAP protocol (cardiomyocyte isolation, electroporation and re-attachment) and



subjected to Live/Dead analysis using flow cytometry. A representative flow cytometry plot is
presented in a new Figure 2 (Figure 2B), showing that the amount of dead cells is about 3.12 % on
the day of FRAP experiment.

3. There should also be some more information regarding the technical aspects of these
procedures (e.g. what kind of culture chambers are used for re-attachment, what are is the
density of cardiomyocytes, what is the transfection efficiency).

We appreciate this advice of the reviewer and we have included additional information about used
chamber slides in the manuscript (page 5, protocol step 3.9, table of materials). Moreover, we
provide new flow cytometry data, showing the transfection efficiency for miR547 (44.72 %, Figure 2,
A). These results are comparable to our previously published data, were electroporation of neonatal
mice cardiomyocytes with labelled siRNA led to a similar transfection efficiency (Lemcke et al, 2016;
Figure 2D, 40.08+1.67 %).

To clarify used cell density for FRAP experiments, we included a new microscopic image and provided
information about the density of cardiomyocytes in the manuscript (Figure 2C, page 5, protocol step
3.9).

4. In addition, because the investigators used a super-resolution microscope for these studies
that is capable of making optical sections of 84 nm and illuminating the samples with 5
structured illumination grid patterns, they need to more fully describe the acquisition and
image reconstruction parameters. The authors should also be more transparent about the
time required to process these images. This technique is definitely useful; however, it does not
provide 'real-time' information and the processing parameters need to be carefully controlled
to avoid false positives.

We thank the reviewer for his remark and we agree that structured illumination microscopy is not
suitable to investigate fast cellular processes in live cells. In our case, structured illumination was only
used to acquire high resolution images of isolated cardiomyocytes (Figure 1, A) and not for FRAP
microscopy. Therefore, we believe that a very detailed description of super resolution imaging is not
required to apply the FRAP protocol described in our manuscript. However, we have referred to our
previous publication, which summarized the application of structured illumination, including used
processing parameters (Figure 1, Figure legend).
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