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Opto-SICM framework combines optogenetics
with scanning ion conductance microscopy for
probing cell-to-cell contacts
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We present a novel framework, Opto-SICM, for studies of cellular interactions in live cells

with high spatiotemporal resolution. The approach combines scanning ion conductance

microscopy, SICM, and cell-type-specific optogenetic interrogation. Light-excitable cardiac

fibroblasts (FB) and myofibroblasts (myoFB) were plated together with non-modified car-

diomyocytes (CM) and then paced with periodic illumination. Opto-SICM reveals the extent

of FB/myoFB-CM cell-cell contacts and the dynamic changes over time not visible by optical

microscopy. FB-CM pairs have lower gap junctional expression of connexin-43 and higher

contact dynamism compared to myoFB-CM pairs. The responsiveness of CM to pacing via

FB/myoFB depends on the dynamics of the contact but not on the area. The non-responding

pairs have higher net cell-cell movement at the contact. These findings are relevant to cardiac

disease states, where adverse remodeling leads to abnormal electrical excitation of CM. The

Opto-SICM framework can be deployed to offer new insights on cellular and subcellular

interactions in various cell types, in real-time.
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H igh-resolution live cell imaging and manipulation within
multicellular context in a contactless and non-interfering
manner is the holy grail of understanding biological pro-

cesses. Optical methods have developed very rapidly to provide
ever improving space-time resolution, often beating the diffraction
limit. However, to date very few imaging modalities have the
potential to map nanoscale details in live, moving cells–details on
par with the information provided by electron microscopy on fixed
cells. One such technique, proposed by Hansma in 1989 is the
Scanning Ion Conductance Microscopy, SICM1. This contactless
method measures the ion current at the tip of an electrolyte-filled
nanopipette as the pipette approaches the cell surface. Within the
proximity of the cell, ion flow decreases due to steric constraints
and therefore, the ion current reflects z-position. With a real-time
feedback control to maintain a constant distance from the surface
while scanning, a nanoscale topographic image is obtained in
SICM. While similar in output to Atomic Force Microscopy
(AFM), SICM is more physiologically compatible as it applies
much smaller forces compared to AFM2,3. The utility of SICM
for imaging live cells has been illustrated in series of studies and
important technical developments, starting in 19974. It has been
combined with confocal microscopy and fluorescence imaging5,
including Foster Resonance Energy Transfer (FRET-SICM) for
location-specific readouts of the responses of secondary mes-
sengers by FRET6. A key development allowing improved
resolution (down to 20 nm) and robustness in imaging sharply
varying in height cell surfaces is the hopping-mode SICM7 that
allows tracking of surface movement at reasonable speed; this
version of SICM is used in the current study. New biological
insights have been obtained with the technology over the last
decade, including a wide range of applications, e.g., hybrid
imaging of cell topography and ion channel activity8–10, eluci-
dating the cell-surface specific compartmentalization and
responses of beta-adrenergic signaling6,11, quantifying changes
in the intricate T-tubule structures in myocytes and their
important remodeling in disease12,13, providing highly localized
mechanical actuation through the pipette14 or using SICM to
characterize mechanical properties of live cells3,15–17. Further-
more, SICM has been used for delivery of biomolecules18–20

and to study the interaction of nanoparticles with cells21,22.
Specifically, with respect to cardiac utility, SICM can be inte-
grated with several other methods to elucidate the highly
dynamic nature of cardiac cells, their physiology and pathologic
responses at several spatial scales23. The technique is particu-
larly valuable at linking structure and function.

In a parallel development over the last 20 years, a versatile
optical manipulation method emerged - optogenetics - which
uses genetic expression of light-sensitive ion channels to control
biological processes by light with millisecond precision24–26.
Since its early adoption in cardiac research27–29, optogenetics has
been applied to a variety of problems related to the function of
the heart over the last decade30. One of the main advantages of
optogenetics compared to other perturbation methods (phar-
macological, electrical or mechanical actuation or photo unca-
ging) is the cell-specific or organelle-specific targeting. It has
been demonstrated that optical stimulation can be applied to
non-transformed cells of interest through light-sensitized cells as
long as the two cell types are electrically coupled–“a tandem-cell-
unit” operation29. This concept has been leveraged to probe the
extent of electrical coupling between cardiomyocytes and opto-
genetically transformed non-myocytes by light. For example,
optical triggering of cardiomyocyte responses via sympathetic
neurons31–34 or parasympathetic neurons35,36 revealed the
kinetics of autonomic responses and the effects on cardiac wave
dynamics. Optogenetics was also used to uncover the importance
of macrophage–myocyte electrical coupling in the transmission

of signals through the atrioventricular node37. Electrical cou-
pling between the most abundant38 non-myocyte cell type
(fibroblasts) and cardiomyocytes has been a subject of discussion
and controversy for a long time39–41. It is believed that under
stress conditions, such as in the altered mechanical milieu after
myocardial infarction, fibroblasts (FBs) undergo a transition to a
more contractile phenotype (myofibroblasts, myoFBs)42 that is
likely to have increased gap junctional expression and increased
electrical interactions41,43,44 or mechanical interactions45 with
cardiomyocytes. Strong coupling between these two cell types
would have major electrotonic effects on normal cardiac exci-
tation and may present as an arrhythmogenic substrate46–48.
Considering the importance of these interactions, fibroblast-
myocyte coupling has been of great interest, including in opto-
genetics enabled studies49–54.

An integrated optogenetic and SICM system (Opto-SICM), can
be a powerful tool in dissecting heterocellular coupling as seen
between fibroblasts and cardiomyocytes, under cell-specific
optical stimulation and with nanoscale resolution of mapping
the contact zone. In a previous study, SICM was used to track the
dynamism of fibroblast-myocyte contact under several pharma-
cological manipulations55, with resolution not available using
optical microscopy. Here we demonstrate the implementation of
Opto-SICM and provide an example application to understand
how the extent of physical contact and the dynamics of the
contact zone may influence the transmission of light-triggered
excitation between fibroblasts or myofibroblasts and cardiomyo-
cytes. Experiments were performed using primary neonatal
rat cardiomyocytes and fibroblasts, with optogenetic transfor-
mation of the fibroblasts using channelrhodopsin-2 (ChR2). A
specific TGF-β receptor I kinase inhibitor, SD20848,56,57, was used
to prevent the spontaneously emerging myofibroblast phenotype
in cell culture on a rigid substrate in order to create fibroblast-
cardiomyocyte (FB-CM) and myofibroblast-cardiomyocyte
(myoFB-CM) pairs for experiments using Opto-SICM under
optogenetic pacing. Using Opto-SICM, we analyze the factors
influencing the transmission of excitatory signals in these het-
erotypical cell pairs.

Results
Opto-SICM measurements. The integrated Opto-SICM system is
shown in Fig. 1; it combines a hopping-mode SICM with a
nanopipette positioned above the sample and an inverted fluor-
escence microscope with controllable pulsed blue light source for
optogenetic triggering. FB-CM co-culture was first observed
under a 20x objective with blue light illumination (470 nm, lowest
power) to identify the ChR2-positive FBs (ChR2-FB) as seen in
Fig. 2, Step1. The nanopipette was carefully positioned above the
isolated FB-CM contact region to generate a topography map in
hopping mode. For each pair, three topographical images (45 μm
x 45 μm, 512 × 512 pixels) were generated prior to the first optical
stimulation to evaluate the extent of communication at the con-
tact region. Based on the topographic image, the nanopipette was
placed at the highest point of CM. The nanopipette vertical dis-
placement was recorded during CM optical stimulation and in
this way the contraction was measured, as the height of the CM
changes when it contracts. If the pacing was successful at 0.5 Hz
for 60 s, three more topographic images were obtained (Fig. 2,
Step 4) and optical stimulation at higher frequency (1 and 1.5 Hz)
was performed, followed by three more topographic images
(Fig. 2, Step 5/6).

First, we established that direct light stimulation of ChR2-FBs
can successfully induce CMs depolarization and contraction.
Moreover, the ChR2-FB-CM pairs could be entrained by the light
pulses across multiple pacing frequencies (Fig. 2). For a live cell
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imaging and pacing system, temperature and pH control were
confirmed to be important environmental factors influencing the
experimental success. Without using a pH balanced buffer or
maintaining the proper temperature through the perfusion
system with an external heater and on-site thermal probe, the
optical pacing success can by 16.6% lower for identical plating

conditions (n= 23/29, Supplementary Fig. 1a). Upon optical
pacing, the detected contraction amplitude of the CMs varied
across cell pairs with no specific correlation to the area of contact.
However, in all cases, higher pacing rate (1 Hz vs. 0.5 Hz) showed
lower contraction amplitude (paired t-test, n= 11 cell pairs,
p= 0.0049, Supplementary Fig. 1b).

Fig. 1 Integrated Opto-SICM system to study heterocellular connections. Cardiac fibroblasts were modified to express ChR2-eYFP by adenoviral vector; the
ChR2-FB were sparsely co-cultured with non-transformed CMs. An inverted epifluorescence microscope (bottom) was modified to include a controllable light
source for optogenetic stimulation (of ChR2-FBs). The microscope was also used to identify ChR2-FBs in pair with CMs for SICMmapping. The SICM system
(top), operating in hoping mode, consists of a nanopipette and a control circuit with a current amplifier and real-time feedback to adjust the z-position of the
pipette based on measured current. It outputs nano-topographic images to map the ChR2-FB-CM connections and when recording the vertical displacement of
the nanopipette it captures CM contractions in response to the optogenetic stimulation. Biorender was used to create parts of this figure.

Fig. 2 Opto-SICM data acquisition protocol. After localizing a ChR2-FB-CM pair using the epifluorescence microscope (Step 1) and a pre-testing
optical stimulation sequence, the pairs were sequentially stimulated at 0.5 Hz (Step 3) and 1 Hz (Step 5). Three sets of topographic images were
obtained – baseline scan (Step 2), a scan after 0.5 Hz pacing (Step 4) and a scan after 1 Hz pacing (Step 6) to evaluate the dynamism of cell contacts
in response to optogenetic stimulation. Traces below the schematic represent recording the vertical displacement of the nanopipette which
corresponds to the CM contraction.
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Effects of optical pacing on cell-cell contact dynamism in
ChR2-myoFB-CM pairs. To image cell-cell contacts during opti-
cal engagement of heterocellular pairs, bright field images did not
provide sufficient resolution and SICM imaging was needed for
more detailed view of the contact area. For example, in Fig. 3a,
three pairs of FB-CM are shown and all of them have similar
contact area in bright field images; however, after scanning with the
SICM system, the high-resolution topographic images revealed that
the true contact length could vary from zero to longer than 22.5
μm. A series of images acquired from the same heterocellular pairs
over time (images were taken every 4 min) using SICM revealed the
dynamic nature of cellular contacts (Fig. 3b, Fig. 4).

Over time in culture FBs transdifferentiated into myoFBs,
which can be revealed by immunostaining for α-smooth muscle
actin; we used myoFB as well in our experiments. Both FBs and
myoFBs formed dynamic contacts with CMs. Using custom
software CellTrack55,58, we tracked the contact movement across
the series of recorded SICM images at baseline, after 0.5 Hz, 1 Hz
and 1.5 Hz pacing (Fig. 4). The histogram of initial contact length
is shown in Fig. 4a for a study of 20 cell pairs subjected to the full
optical pacing protocol, binned in terms of the proportion of the
contact length to the total membrane length in a frame. Cells were
grouped in three groups: low baseline contact length (<25%),
medium (25–50%) and high (>50%). Interestingly, with progres-
sive optical pacing, the cell pairs displayed different contact
dynamism depending on their pre-stimulation contact area
(Fig. 4b–d and Supplementary Fig. 2). Specifically, optical pacing

appeared to bring cells closer together (average rate of change in
contact area was positive), while higher-contact cell pairs either
maintained the area or experienced a small decrease in contact
area (Fig. 4c, d).

Control of FB/myoFB state using SD208. In this study of het-
erocellular coupling via optogenetic probing, we were interested
in potential differences between FB-CM and myoFB-CM cell
pairs and designed such co-culture experiments (Supplementary
Fig. 3). The spontaneous transition of FBs to myoFBs in cell
culture was tracked by the expression of α-SMA. Immunocy-
tochemistry revealed that neonatal FBs started to express α-SMA
as early as day 3 post-plating and this expression increased with
time (Fig. 5a). To create an α-SMA negative FB model, 600 nM
SD208, a TGF-β receptor kinase antagonist, was added to the
culture media to suppress the conversion of FBs into myoFBs (as
seen by the α-SMA synthesis). Indeed, this treatment restricted
the fraction of emerging myoFBs to <20% even at day 5, when
>80% of the nontreated cultures were myoFBs, Fig. 5b. Western
blot results corroborated that SD208 treatment effectively sup-
pressed α-SMA expression in both the native cultures and in
ChR2 transfected cultures, (Fig. 5c, d). It is unclear why cells
expressing ChR2-eYFP showed a decreased α-SMA expression
(Fig. 5d), and it is worth investigating further. In this study, we
focused on the effect of SD208 within each group. Interestingly,
on day 11, even the SD208 treated group had high α-SMA

Fig. 3 Assessment of cell-cell contact and dynamism of contact for FB-CM pairs. a Examples of different status of FB-CM contact reported by the SICM
system. All cell pairs appeared to be in-contact through a light microscope, however SICM-based nanotopographic examination revealed various degrees
of contact. b Contact dynamism resulting from cellular movement during an optogenetic experiment. Images 1 to 4 illustrate the dynamic change in
membrane contact between a CM and a FB due to cellular movement. Images were taken every 4 min. Biorender was used for the cell schematics.
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expression, similar to the no treatment control in Western blot
(Supplementary Fig. 4). Therefore, all FB-CM experiments were
performed within 5 days in culture.

As demonstrated by Schultz et al.55, myoFB/FB-CM contact
dynamism is modulated by the gap junctional protein connexin43
(Cx43). We quantified Cx43 in the FB-CM and myoFB-CM
hybrid cell cultures as described in Methods. Vimentin was used
to identify the FB/myoFBs and α-actinin to identify the CMs
(Fig. 6a, b). In the untreated condition, myoFB-CM cell-cell
contact areas were analyzed for pairs formed by a vimentin-
positive cell and an α-actinin-positive cell. In untreated cultures,
these predominantly represented myoFB-CM pairs, whereas in
SD208-treated cultures the pairs were mostly formed by FB and
CMs. In FB-CM pairs (following SD208 treatment), Cx43 at
contact areas showed significantly lower particle number,
junctional Cx43 density and junctional Cx43 area, compared to
the untreated pairs formed predominantly by myoFBs and CMs
(Fig. 6c–e), as analyzed by particle tracking using ImageJ. Overall,
our immunofluorescence analysis showed that myoFBs have
higher gap junctional contact with CMs as compared to FBs-CM
pairs, in line with previous studies44,48,59,60.

Effects of cellular factors on pacing success. Using the hetero-
cellular models ChR2-FB-CM and ChR2-myoFB-CM, we exam-
ined the cellular factors related to contact area and contact
dynamism that affect the success of optical pacing, i.e., the trans-
mission of electrical signals from the optogenetically-responsive
FBs/myoFBs to the unmodified CMs, Fig. 7. Our initial observation
was that CM pacing success was directly related to contact status.

Light stimulation failed on all pairs without direct physical contact
between the CMs and FBs/myoFBs, as identified using SICM
(Fig. 7a). For cell pairs with contact, the overall pacing success rate
was 67.4%, with the FB pairs having slightly higher success rate
than myoFB pairs (Fig. 7b). As the pacing rate was still less than
100%, other experimental and cellular factors might have influ-
enced the pacing success. We compared the cell contact movement
(dynamism) for all studied cell pairs: CM-CM, ChR2-FB-CM and
ChR2-myoFB-CM, segregating them based on their responsiveness
to optical pacing (P vs. NP). The optogenetically-modified het-
erocellular cell pairs had higher contact dynamism compared to
CM-CM pairs; also, the FB-CM pairs exhibited faster relative
movement compared to the myoFB-CM pairs (Fig. 7c). In both
heterocellular conditions FB-CM and myoFB-CM, the cell pairs
that were responsive to optical pacing had more stable contacts
(less movement of the contact) compared to the higher contact
dynamics in non-pacing pairs (Fig. 7c, d). In fact, the heterocellular
cell pairs that were responsive to optical pacing had similarly stable
contacts to homocellular CM-CM pairs. A summary illustration of
the contact dynamics conditions and the success of transmitting
electrical signals from the FBs/myoFBs to the CMs is shown in
Fig. 7d. Maintenance of sufficient physical contact and low net
movement were found to be critical for responsiveness to optical
stimulation via the non-myocytes.

Discussion
There is clinical interest in assessing pathological electrical cou-
pling between CMs and non-excitable cells in the heart, myoFBs,
which often precipitates cardiac arrhythmias. Furthermore, in cell

Fig. 4 Effects of optical pacing on the contact dynamics in ChR2-myoFB-CM cell pairs (without special treatment, after day 5, FB transitioned to
myoFB in these experiments done on glass substrate). a Histogram of the percentage of the myoFB-CM contact area in the 20 cell pairs at baseline for low,
medium and high area of contact. b Select topographic images for the cell pairs at baseline, after 0.5 Hz pacing and after 1 Hz pacing. The indicated are areas of
contact at baseline for the three examples shown. c Rate of change in contact area with progressive optical pacing (see raw data in Suppl. Fig. 2). Predominantly
positive slopes (increase of contact area with pacing frequency) were seen in the low-contact pairs, while the medium and high contact groups saw a slight
decrease in contact area with pacing. d Schematic illustration of the observed trends in the myoFB-CM cell pairs with pacing, as quantified in panel c. Red lines
indicate the moving direction of CM, the green lines represent the moving direction of FB. Biorender was used for the cell schematics.
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therapy for cardiac regeneration, proper coupling of the delivered
cells to the native tissue is a prime predictor of safety and success
of the therapy. Therefore, electrical coupling between cardio-
myocytes and heterocellular coupling of cardiomyocytes to other
cell types is of great interest. In this study we demonstrate a new
direct method (OptoSICM, Fig. 1) for measuring different aspects
of functionally coupled CM and FB/myoFB cell pairs. Cell-
specific optogenetic triggering via ChR2-FBs and ChR2-myoFBs
allowed monitoring of the contractile responses in CMs with
simultaneous capture of inter-cellular contact dynamics.

The “gold standard” approach to quantify cell-cell electrical
coupling is the dual whole-cell patch clamp61. By introducing
microelectrodes into adjacent cells, it measures the electrical cur-
rent across gap junctions. Some limitations of the technique include
its restriction to isolated cell pairs with relative high gap junctional
resistance and its relatively invasive nature as well as inability to
monitor live cell-to-cell contacts. Optogenetic methods have been
deployed as contactless cell-specific alternative to assess the func-
tional responses of cardiac tissue via fibroblast actuation using both
depolarizing (ChR2) and hyperpolarizing opsins (ArchT or
Halorhodopsin)49,51–54. For example, OptoGap62 was proposed as
an all-optical method for assessing coupling in heterocellular car-
diac systems based on the light irradiance used to excite. Com-
prehensive analysis of the effects of optogenetically-induced
depolarizing current via ChR2-CFs/myoCFs quantified the func-
tional responses of cardiomyocyte syncytia in terms of spontaneous
beating, action potential duration, and conduction velocity using
experimental and computational approaches54. Using optogenetic
tools, it was demonstrated that slowing of cardiac conduction
velocity by increased coupling of non-excitable cells to cardio-
myocytes is primarily due to capacitive loading53. In addition to

optogenetic actuators, optogenetic sensors have also been used to
probe cardiac heterocellular coupling. VSP2.3 targeted to non-
myocytes, revealed transmission of electrical excitation from car-
diomyocytes to non-myocytes in the border zone of scar tissue in a
Langendorff isolated heart50.

While an optogenetic approach provides a valuable cell-specific
noncontact tool for interrogating cell-cell coupling, the studies
discussed above did not explicitly monitor the physical dynamic
changes in the contact zone during pacing and transmission of
excitation in these heterocellular systems. The geometry of contact
and the dynamic changes in it at the nano- and microscale have
dramatic effect on the operation of ion channels and for electro-
mechanical coupling in cardiac tissue, as documented by many
previous studies55,63–68. The nanoscale investigation of the contact
zone is done primarily in fixed cells and tissue using electron
microscopy or super-resolution optical imaging. SICM represents
an exception, allowing for high-resolution view of dynamic changes
in the contact area in live cells55,65,69–72, (Figs. 2, 3). When com-
bined with optogenetic actuation, OptoSICM provides a fully
contact-less high-resolution interrogation technique that is
unmatched for real-time tracking of cellular coupling in live cells
and tissue. Opto-SICM preserves cell integrity and can study
structure-function aspects over time, as demonstrated in this paper.
It also has the potential to be incorporated with other techniques
such as patch-clamp to non-invasively record cell coupling within a
specific region.

Cardiac stress or injury can trigger the production of new FBs
from bone-marrow derived cells known as fibrocytes73. During
the wound healing process, multiple chemokines, cytokines and
morphogens such as transforming growth factor beta (TGF-β),
together with mechanical stress act upon FBs facilitating their

Fig. 5 Control of fibroblast phenotype (FB vs. myoFB) with SD208 treatment. a Immunocytochemistry images of FB-CM co-cultures with and without
SD-208 treatment, labeled for vimentin (red), alpha-SMA (green) and nuclei by DAPI (blue). b Quantification of alpha-SMA positive FBs based on
fluorescence with time in culture. The SD208 treatment group showed significantly less α-SMA expression compared to untreated, with the difference
increasing over time, *p < 0.01; **p < 0.001. c, d Western blot and quantification of the level of α-SMA protein, normalized by GAPDH. SD208 treatment
significantly reduced the level of α-SMA in fibroblasts (switch of myoFB to FB); ChR2-transformation further reduced α-SMA levels, *p < 0.1; **p < 0.05.
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rapid differentiation into myoFBs42,74. MyoFBs are the primary
phenotype at the site of the injury due to their higher respon-
siveness and the conditions at the injury site favoring such
transformation. Even after healing, a high number of myoFBs can
be found in the scar border zone after myocardial infarction.
Compared to regular FBs, myoFBs have been shown to exhibit
increased levels of gap junctional protein Cx43 and some studies
suggest that they may have increased electrical coupling to CMs
in the injured heart44,48,59, with important impacts on electro-
tonic loading and arrhythmia occurrence.

In this study, we employed a well-established neonatal FB-CM
co-culture, and as shown by others, observed that the rigid sub-
strate in vitro leads to spontaneous transformation of the FBs into
myoFBs to 43% at day 3 and to over 85% by day 5 of culture. To
control/limit this transition and create FB-CM pairs to compare
to the myoFB-CM pairs, we targeted TGF-β signaling. Inhibition
of TGF-β has been shown to suppress the synthesis of α-SMA, in
TGF-β deficient embryonic FBs75. We selected SD208, a highly
specific TGF-β receptor I kinase inhibitor, to create a control FB
model23. By adding SD208, after 96 h incubation, there were 60%
less α-SMA positive FBs (Fig. 5). We also confirmed that myoFBs
had higher Cx43 expression compared to FBs (Fig. 6).

We leveraged the ability of the Opto-SICM system to generate
high resolution images of FB/myoFB-CM contact areas and
obtained multiple images from each heterocellular pair over
45 min under varying conditions of optogenetic pacing (Figs. 2,
3). In co-cultures, both CMs and FBs were not stationary, as
shown in our previous study55. In this study, we found that
regardless of FB/myoFB phenotype, on average, the heterocellular
pairs that were responsive to optogenetic pacing had significantly

more stable contacts and approximately two-fold slower move-
ment compared to non-pacing pairs (Fig. 7). In all studied cases,
non-zero area of contact was required for transmission of exci-
tation via optical pacing; as low as 3% contact along the border
was seen to yield responsiveness to pacing. We did not observe a
significant difference in the ability to pace between FBs and
myoFBs as partners to CMs. This is in contrast to expected easier
transmission of excitation between myoFB to CMs compared to
FB-CM pairs based on Cx43 levels (Fig. 6) and their higher sta-
bility of contact area (Fig. 7). Multiple factors can affect actual
electrical coupling in addition to the factors listed here; for
example, it is difficult to obtain exactly the same population of
contact areas for heterocellular pairs involving FBs and myoFBs.
Differences in pacing success can be influenced by the specific
population of heterocellular pairs studied. Future studies can be
designed to control the extent of contact.

In our experiments, FBs and CM were plated sparsely, leaving
free space for them to migrate. Speed is a vector variable; for each
cell, the net movement is not only determined by absolute distance
of movement, but also by the direction of movement. Different
movement patterns affect the ability to pace, Fig. 7. Only for low
net movement between the two cells, a stable connection was
established and pacing - maintained. In future studies, plating FBs
and CMs on patterned surfaces could be employed to restrict and/
or modulate their net movement and pacing success.

The initial area of contact in the studied heterocellular pairs did
not affect the contraction amplitude of the CMs during pacing.
However, in all heterocellular pairs higher optical pacing fre-
quencies yielded lower contraction amplitudes in the CMs, con-
sistent with negative frequency-contraction relationship for these

Fig. 6 Quantification of gap junction protein Cx43 expression in myoFB-CM and FB-CM pairs by immunocytochemistry. a, b MyoFB-CM and FB-CM
pairs (FB treated with 600 nM SD208 in B) labeled for alpha-actinin (red), Cx43 (green), vimentin (pink) and nuclei by DAPI (blue). Red arrows point to
the contact areas, as an example of what has been selected for quantification; c–e Compared to myoFB, FB showed significantly lower number, lower
density and smaller area of C x 43, p < 0.01.
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immature rat cells, as seen also with electrical pacing76. Inter-
esting dynamics were observed at the contact zone after optical
pacing at progressively higher frequency, depending on the extent
of the initial contact, Fig. 4. Low-contact samples were brought
closer together by the progressive electrical engagement via
optical pacing. Higher-contact samples experienced net cell
movement that either preserved or reduced the area of contact
during higher frequency pacing. These complex responses may
influence the remodeling of excitation pathways during persistent
arrhythmias in the heart, such as tachycardias.

The success rate of pacing in the examined heterocellular pairs
likely could be improved further. In some cases, this could be due
to immaturity of the neonatal rat cardiomyocytes used in this
study. We examined some of the non-pacing pairs with electrical
stimulation, during which they also failed to respond. This sup-
ported the validity of optogenetic interrogation. Our Western blot
results showed possible upregulation of Cx43 expression in both
FB and myoFBs upon ChRh2 transduction, as also seen in
HEK293 cells and in human induced pluripotent stem-cell-
derived cardiomyocytes29,77. This is an interesting observation
deserving further investigation. Increased electrical coupling
between FBs/myoFBs and CMs can influence pacing incidence in
both cell types. While it will be important to conduct similar
studies using adult cardiomyocytes, it has remained challenging
to maintain viable adult CMs in cell culture and have them make
connections to FBs. Nevertheless, with optimized cell plating
conditions, Opto-SICM could be successfully employed to
examine structure-function relationship of both control adult FB-
CM and adult myoFB-CM pairs from diseased hearts.

Opto-SICM can be expanded by adding capabilities for all-optical
electrophysiology78, for comprehensive analysis of voltage and
calcium responses. This technique is also valuable for application

in cultures consisting of human induced pluripotent stem cells,
alongside ChR2-transduced FB, or adding cardiomyocytes from
diseased hearts, after myocardial infarction or with known genetic
mutations that may affect coupling. Additionally, Opto-SICM can
potentially be used for studying other excitable cells, such as neu-
rons and smooth muscle cells, alongside either homo-cellular or
hetero-cellular cell coupling, as other optogenetics-based studies
have suggested32–34.

In conclusion, we have successfully established neonatal rat FB/
CM and myoFB/CM models and a standard workflow for the
Opto-SICM system. Our data demonstrate that Opto-SICM can
generate real-time high-resolution images of interacting living
cells while optogenetic actuation is applied in a cell-specific
manner. Therefore, the system is ideal for studying cell to cell
contact dynamics and how such dynamism influences the
transmission of electrical signals between cell types.

Methods
Neonatal rat fibroblast and cardiomyocytes isolation. Neonatal
rat ventricular CMs and FBs were isolated from 1 or 2-day old
Sprague-Dawley rat pups using the MACS neonatal heart dis-
sociation kit as previously described79. The procedure was in
accordance with the guidelines of the Home Office Animal (Sci-
entific Procedures) Act from 1986 of the United Kingdom. CMs
and FBs were isolated and cultured separately for 48 h in M199
media with 10% Newborn calf serum 1% L-Glutamax (100x), 0.5%
Vitamin B12 stock (0.4 mg/ml) and 0.5% Antibiotic/antimycotic
solution. Monocultures of CMs were seeded at a density of 50 000
cells onto 35mm MatTek dishes (MatTek, Ashland, MA, USA).
Some FBs were cultured in the medium containing 600 nM SD208
(TOCRIS, UK) to prevent myofibroblast transition. After 48 h,

Fig. 7 Success of optogenetic pacing in ChR2-myoFB-CM and ChR2-FB-CM cell pairs based on baseline area of contact and dynamics of contact.
a Physical contact between ChR2-FB/myoFB and CM pairs is necessary for optical pacing. b The pacing success rate between myoFB-CM pairs and FB-CM
pairs is not significantly different. c Relative cell-cell movement is higher in FB-CM pairs compared to myoFB-CM pairs. Cell pairs responsive to optogenetic
pacing have lower relative cell-cell movement compared to non-responding cell pairs. *p < 0.05; **p < 0.005. d Summary of the effects of contact dynamics
on the success of optogenetic pacing for cell pairs with contact. The specific direction of net movement matters; only when low net movement is present,
the stable connection can be established. Red arrows indicate the moving direction of CM, the green arrows represent the moving direction of FB. Biorender
was used for the cell schematics.
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myofibroblasts and SD208 treated fibroblasts were dissociated from
the flasks with trypsin-EDTA and added to sparse CM cultures for
further 48 h prior to being used in Opto-SICM measurements. FBs
and CMs were kept in SD208-containing medium during co-
culturing.

Channelrodopsin2-YFP fibroblast transformation. Neonatal rat
FBs were optogenetically transformed right after isolation using
custom-made Adenovirus-ChR2(H134R)-eYFP (developed based
on Addgene plasmid 20940, courtesy of K. Deisseroth80) at MOI
250 in OPTI-MEM Reduced Serum Medium (Gibco, USA) using
infection in suspension for two hours, as described previously51,81.
Transformed fibroblasts were re-suspend and plated in M199
media with 10% Newborn Calf Serum (Sigma, UK), 1% L- Gluta-
max (100x), 0.5% Vitamin B12 stock (0.4 mg/ml) and 0.5% Anti-
biotic/ antimycotic solution+/– 600 nM SD208 for two days before
co-culturing.

Immunocytochemistry and confocal microscopy. Immuno-
fluorescence microscopy of alpha smooth muscle actin, αSMA,
(anti- mouse MA511547, 1:500; Thermo Fisher Scientific, USA),
Cx43 (anti-rabbit C6219, 1:1000; MilliporeSigma, USA), and DAPI
(33342, 1:1000; Thermo Fisher Scientific) were used to assess
myofibroblast transformation during culturing and to examine
Cx43 expression at hetero-cellular cell contacts.

Protein extraction and Western blotting. Fibroblasts were plated
in 35-mm dishes (0.5 million cells per dish) and cultured for 96 h
with or without SD208 treatment. Cells were subsequently washed
with cold PBS and the protein was extracted using RIPA lysis buffer
containing protease inhibitors. Collected lysates were sonicated for
2 min at 0 °C and centrifuged for 10mins at 14,800 rpm. Protein
concentrations were determined using a BCA Protein Assay
according to the manufacturer’s protocol (Pierce, Rockford, IL,
USA). Proteins were loaded into 10% gel and were then transferred
to PVDF membranes (Bio-Rad, USA) using the Trans-Blot Turbo
System (Bio-Rad, USA). Post transfer, membranes were blocked
with 5% skimmed milk (MilliporeSigma, USA) in TBS-T (20mM
Tris, 150mM NaCl, containing 0.05% Tween-20, pH= 7.4), for
one hour and incubated with primary antibody–α-SMA (1:1000,
mouse monoclonal, Dako, Denmark) and GAPDH (1:200, poly-
clonal antibody, Invitrogen, USA), overnight. On day two, after
washing with TBS-T the membrane was incubated with the
secondary antibody (Donkey anti-rabbit-HRP, Cell Signaling
Technology, USA; donkey anti-mouse HRP, Cell Signaling
Technology, USA or AlexaFluor donkey anti-mouse 488,
A21202, Invitrogen and AlexaFluor donkey anti-rabbit 546,
A10040, Invitrogen) diluted 1:1000 in 5% skimmed milk in TBS-
T for 1 hour at RT. Membranes were washed again and exposed
to clarity enhanced chemiluminescence (ECL) reagent (Bio-Rad,
USA) for 5 mins at RT and visualized. Fluorescent blots were
imaged using a Bio-Rad ChemiDoc MP at the appropriate
wavelength. Quantification of protein band intensities was con-
ducted using ImageJ. The α-SMA protein bands were normalized
to GAPDH bands.

Integrated Opto-SICM system. As shown in Fig. 1, the inte-
grated Opto-SICM system combines a hopping-mode SICM with
a nanopipette from the top and an inverted fluorescence micro-
scope with controllable pulsed blue light source for optogenetic
triggering.

The dish containing a FB-CM co-culture was mounted on the
microscope stage and the cells were first observed under a 20X
objective with blue light (470 nm, lowest power) illumination to
identify the ChR2-positive FBs (ChR2-FB) as seen in Fig. 2,

Step1. Only pairs of a ChR2-FB and a CM not connected to
other cells were selected to study. Preliminary testing with
pulsed blue light was done prior to scanning the contact area
between the two cells. The nanopipette (~100 nm inner
diameter, ID, 100 MΩ resistance) was filled with Tyrode
solution containing NaCl 135 mM, MgCl21 mM, glucose 5 mM,
HEPES 5 mM, KCL 5.4 mM, CaCl2 1.5 mM, NaH2PO4

0.33 mM; pH 7.4, all agents by Sigma, USA. The nanopipette
was carefully positioned above the cell pair contact region to
generate a topography map in hopping mode7 (2200 nm vertical
displacement). For each pair, three topographical images (45
μm× 45 μm, 512 × 512 pixels) were generated prior to the first
optical stimulation to evaluate the extent of communication at the
contact region. Following scanning, the nanopipette was re-
positioned above the highest point of CM according to the
topographic image. Upon CM contraction, the nanopipette
resistance at the tip would rise, initiating displacement of the
pipette, which was used for recording of cardiomyocyte contrac-
tion. Optical stimulation was achieved using 10ms pulses of blue
light (470 nm), at approximately 0.2 mW/mm2, delivered through
the objective of the epifluorescence set-up (Fig. 2 Step3). First
optical pacing of the ChR2-FB-CM pair was applied at 0.5 Hz for
60 sec, after which three more topographic images were obtained
(Fig. 2, Step 4). If selected CM contracted in response to light-
activated ChR2-FB at 0.5 Hz, then additional higher frequency light
stimulation (1 Hz, 60 s, Fig. 2, Step 5) with the same light
conditions was performed, followed by three topographic image
scan (Fig. 2, Step 6). For some cell pairs this procedure was repeated
also for 1.5 Hz pacing.

Tracking changes in contact area. Depending on the contractile
status of cardiomyocytes, a series of six (for non-pacing) or nine
(for pacing) images per cell pair were imported into a custom-
made cellular movement quantification software, CellTrack58.
Upon manual selection of the contact region, the software
automatically labels intracellular features and tracks those fea-
tures across the series of images. The movement data were
converted into µm/min based on image scales (45 µm x 45 µm,
512 × 512 pixels).

Quantitative analysis of Cx43 at hetero-cellular junctions.
Following immunocytochemical labelling of Cx43, particle
analysis was carried out using Particle Analysis plugin in Fiji
(ImageJ). Hetero-cellular pairs were first identified as a neonatal
cardiomyocyte (CM) being attached to either a myoFB or a FB.
myoFBs were selectively identified as both vimentin and α-
SMA-positive cells in control, untreated condition. Conversely,
in SD208 treated cultures, selective identification of FBs was
achieved by targeting vimentin-only positive FB. Images were
initially converted to grayscale and then a threshold was applied
to binarize the images (black = 0, white = 255 gray scale level).
A manual drawing tool was used to outline a region of interest
(ROI) of CM-FB junctional area with Cx43 immuno-
fluorescence particles. In this junctional section, the following
parameters were measured: Cx43 particle count, Cx43 inte-
grated density, average Cx43 particle size and% area immune-
positive for Cx43.

Statistics and reproducibility. All experiment data was plotted
and analyzed in GraphPad Prism 9 software (GraphPad Software
Inc., USA). Data was analyzed for normality (Shapiro–Wilk nor-
mality test) and statistical significance (t-test: unpaired, parametric)
and was presented as mean ± standard error of the mean. Statisti-
cally significant difference was expressed as: *p < 0.05; **p < 0.01;
***p < 0.001.
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Reporting summary. Further information on research design is
available in the Nature Portfolio Reporting Summary linked to
this article.

Data availability
The source data for graphs and charts in available as Supplementary Data and any
remaining information can be obtained from the corresponding author upon reasonable
request.

Received: 23 November 2022; Accepted: 26 October 2023;

References
1. Hansma, P. K., Drake, B., Marti, O., Gould, S. A. C. & Prater, C. B. The

scanning ion-conductance microscope. Science 243, 641–643 (1989).
2. Happel, P., Thatenhorst, D. & Dietzel, I. D. Scanning ion conductance

microscopy for studying biological samples. Sensors 2012 12, 14983–15008
(2012). Vol. 12, Pages 14983-15008.

3. Kolmogorov, V. S. et al. Mapping mechanical properties of living cells at
nanoscale using intrinsic nanopipette–sample force interactions. Nanoscale 13,
6558–6568 (2021).

4. Korchev, Y. E., Bashford, C. L., Milovanovic, M., Vodyanoy, I. & Lab, M. J.
Scanning ion conductance microscopy of living cells. Biophys. J. 73, 653–658
(1997).

5. Gorelik, J. et al. Scanning surface confocal microscopy for simultaneous
topographical and fluorescence imaging: Application to single virus-like
particle entry into a cell. Proc Natl Acad Sci USA 99, 16018–23 (2002).

6. Nikolaev, V. O. et al. β2-adrenergic receptor redistribution in heart failure
changes cAMP compartmentation. Science 327, 1653–7 (2010).

7. Novak, P. et al. Nanoscale live-cell imaging using hopping probe ion
conductance microscopy. Nat. Methods 6, 279–281 (2009).

8. Korchev, Y. E., Negulyaev, Y. A., Edwards, C. R. W., Vodyanoy, I. & Lab, M. J.
Functional localization of single active ion channels on the surface of a living
cell. Nat. Cell Biol. 2000 2:9 2, 616–619 (2000).

9. Korchev, Y. E. et al. Hybrid scanning ion conductance and scanning near-field
optical microscopy for the study of living cells. Biophys. J 78, 2675–2679
(2000).

10. Shi, W. et al. Characterization of membrane patch-ion channel probes for
scanning ion conductance microscopy. Small 14, 1702945 (2018).

11. Wright, P. T. et al. Caveolin-3 regulates compartmentation of cardiomyocyte
beta2-adrenergic receptor-mediated cAMP signaling. J. Mol. Cell Cardiol. 67,
38–48 (2014).

12. Gorelik, J. et al. A novel Z-groove index characterizing myocardial surface
structure. Cardiovasc. Res. 72, 422–9 (2006).

13. Ibrahim, M., Gorelik, J., Yacoub, M. H. & Terracciano, C. M. The structure
and function of cardiac t-tubules in health and disease. Proc. Royal Soc. B: Biol.
Sci. 278, 2714–23 (2011).

14. Sánchez, D. et al. Localized and non-contact mechanical stimulation of dorsal
root ganglion sensory neurons using scanning ion conductance microscopy.
J. Neurosci. Methods 159, 26–34 (2007).

15. Sánchez, D. et al. Noncontact measurement of the local mechanical properties
of living cells using pressure applied via a pipette. Biophys. J. 95, 3017–27
(2008).

16. Rheinlaender, J. & Schäffer, T. E. Lateral resolution and image formation in
scanning ion conductance microscopy. Anal. Chem. https://doi.org/10.1021/
acs.analchem.5b00900 (2015).

17. Rheinlaender, J. & Schäffer, T. E. Mapping the mechanical stiffness of live cells
with the scanning ion conductance microscope. Soft Matter 9, 3230–3236
(2013).

18. Schobesberger, S. et al. Nanoscale, voltage-driven application of bioactive
substances onto cells with organized topography. Biophys. J. 110, 141–146
(2016).

19. Chen, B., Perry, D., Page, A., Kang, M. & Unwin, P. R. Scanning ion
conductance microscopy: quantitative nanopipette delivery-substrate
electrode collection measurements and mapping. Anal. Chem. 91, 2516–2524
(2019).

20. Ying, L. et al. The scanned nanopipette: A new tool for high resolution
bioimaging and controlled deposition of biomolecules. Phys. Chem. Chem.
Phys. 7, 2859–66 (2005).

21. Miragoli, M. et al. Functional interaction between charged nanoparticles and
cardiac tissue: A new paradigm for cardiac arrhythmia? Nanomedicine 8,
725–37 (2013).

22. Kenry et al. In situ visualization of dynamic cellular effects of phospholipid
nanoparticles via high-speed scanning ion conductance microscopy. Small 18,
2203285 (2022).

23. Miragoli, M. et al. Scanning ion conductance microscopy: A convergent high-
resolution technology for multi-parametric analysis of living cardiovascular
cells. J. R. Soc. Interface 8, 913–25 (2011).

24. Nagel, G. et al. Channelrhodopsin-2, a directly light-gated cation-selective
membrane channel. Proc. Natl Acad. Sci. USA 100, 13940–13945 (2003).

25. Yizhar, O., Fenno, L. E., Davidson, T. J., Mogri, M. & Deisseroth, K.
Optogenetics in neural systems. Neuron 71, 9–34 (2011).

26. Emiliani, V. et al. Optogenetics for light control of biological systems. Nat.
Rev. Methods Prim. 2, 1–25 (2022).

27. Arrenberg, A. B., Stainier, D. Y. R., Baier, H. & Huisken, J. Optogenetic
control of cardiac function. Science 330, 971–974 (2010).

28. Bruegmann, T. et al. Optogenetic control of heart muscle in vitro and in vivo.
Nat. Methods 7, 897–900 (2010).

29. Jia, Z. et al. Stimulating cardiac muscle by light: cardiac optogenetics by cell
delivery. Circ. Arrhythm. Electrophysiol. 4, 753–760 (2011).

30. Entcheva, E. & Kay, M. W. Cardiac optogenetics: a decade of enlightenment.
Nat. Rev. Cardiol. 18, 349–367 (2021).

31. Wengrowski, A. M. et al. Optogenetic release of norepinephrine from cardiac
sympathetic neurons alters mechanical and electrical function. Cardiovasc Res
105, 143–150 (2015).

32. Oh, Y. et al. Functional coupling with cardiac muscle promotes maturation of
hPSC-derived sympathetic neurons. Cell Stem Cell 19, 95–106 (2016).

33. Prando, V. et al. Dynamics of neuroeffector coupling at cardiac sympathetic
synapses. Authors J. Physiol. C. 596, 2055–2075 (2018).

34. Burton, R. A. B. et al. Optical interrogation of sympathetic neuronal effects
on macroscopic cardiomyocyte network dynamics. iScience 23, 101334
(2020).

35. Rajendran, P. S. et al. Identification of peripheral neural circuits that regulate
heart rate using optogenetic and viral vector strategies. Nat. Commun 10, 1944
(2019).

36. Moreno, A., Kowalik, G., Mendelowitz, D. & Kay, M. W. Optogenetic control
of cardiac autonomic neurons in transgenic mice. Methods Mol. Biol. 2191,
309–321 (2021).

37. Hulsmans, M. et al. Macrophages facilitate electrical conduction in the heart.
Cell 169, 510–522.e20 (2017).

38. Bergmann, O. et al. Dynamics of cell generation and turnover in the human
heart. Cell 161, 1566–1575 (2015).

39. Camelliti, P., Green, C. R. & Kohl, P. Structural and functional coupling of
cardiac myocytes and fibroblasts. Adv. Cardiol. 42, 132–149 (2006).

40. Kohl, P. & Gourdie, R. G. Fibroblast-myocyte electrotonic coupling: does it
occur in native cardiac tissue? J. Mol. Cell Cardiol. 70, 37–46 (2014).

41. Hall, C., Gehmlich, K., Denning, C. & Pavlovic, D. Complex relationship
between cardiac fibroblasts and cardiomyocytes in health and disease. J. Am.
Heart Assoc. 10, 1–15 (2021).

42. Tomasek, J. J., Gabbiani, G., Hinz, B., Chaponnier, C. & Brown, R. A.
Myofibroblasts and mechano-regulation of connective tissue remodelling. Nat.
Rev. Mol. Cell Biol. 3, 349–363 (2002).

43. Vasquez, C. et al. Connexin43 expression in bone marrow derived cells
contributes to the electrophysiological properties of cardiac scar tissue. Sci.
Rep. 10, 1–14 (2020).

44. Mahoney, V. M. et al. Connexin43 contributes to electrotonic conduction
across scar tissue in the intact heart. Sci. Rep. 6, 26744 (2016).

45. Thompson, S. A., Copeland, C. R., Reich, D. H. & Tung, L. Mechanical
coupling between myofibroblasts and cardiomyocytes slows electric
conduction in fibrotic cell monolayers. Circulation 123, 2083–2093 (2011).

46. Thompson, S. A. et al. Acute slowing of cardiac conduction in response to
myofibroblast coupling to cardiomyocytes through N-cadherin. J. Mol. Cell
Cardiol. 68, 29–37 (2014).

47. Peters, N. S. & Wit, A. L. Myocardial architecture and ventricular
Arrhythmogenesis. Circulation 97, 1746–1754 (1998).

48. Nagaraju, C. K. et al. Myofibroblast modulation of cardiac myocyte structure
and function. Sci. Rep. 9, 1–11 (2019).

49. Nussinovitch, U., Shinnawi, R. & Gepstein, L. Modulation of cardiac tissue
electrophysiological properties with light-sensitive proteins. Cardiovasc Res
102, 176–187 (2014).

50. Quinn, T. A. et al. Electrotonic coupling of excitable and nonexcitable cells in
the heart revealed by optogenetics. Proc. Natl Acad. Sci. USA 113,
14852–14857 (2016).

51. Yu, J. & Entcheva, E. Inscribing Optical Excitability to Non-Excitable Cardiac
Cells: Viral Delivery of Optogenetic Tools in Primary Cardiac Fibroblasts.
Methods Mol. Biol. 1408, 303 (2016).

52. Funken, M., Bruegmann, T. & Sasse, P. Selective optogenetic stimulation of
fibroblasts enables quantification of hetero-cellular coupling to
cardiomyocytes in a three-dimensional model of heart tissue. EP Europace 22,
1590–1599 (2020).

ARTICLE COMMUNICATIONS BIOLOGY | https://doi.org/10.1038/s42003-023-05509-3

10 COMMUNICATIONS BIOLOGY |          (2023) 6:1131 | https://doi.org/10.1038/s42003-023-05509-3 | www.nature.com/commsbio

https://doi.org/10.1021/acs.analchem.5b00900
https://doi.org/10.1021/acs.analchem.5b00900
www.nature.com/commsbio


53. Simone et al. The role of membrane capacitance in cardiac impulse
conduction: an optogenetic study with non-excitable cells coupled to
cardiomyocytes. Front Physiol. 11, 194 (2020).

54. Kostecki, G. M. et al. Optogenetic current in myofibroblasts acutely alters
electrophysiology and conduction of co-cultured cardiomyocytes. Sci. Rep. 11,
4430 (2021).

55. Schultz, F. et al. Cardiomyocyte–myofibroblast contact dynamism is
modulated by connexin-43. FASEB J. 33, 10453–68 (2019).

56. Uhl, M. et al. SD-208, a novel transforming growth factor beta receptor I
kinase inhibitor, inhibits growth and invasiveness and enhances
immunogenicity of murine and human glioma cells in vitro and in vivo.
Cancer Res. 64, 7954–7961 (2004).

57. Driesen, R. B. et al. Reversible and irreversible differentiation of cardiac
fibroblasts. Cardiovasc. Res. 101, 411–422 (2014).

58. Sacan, A., Ferhatosmanoglu, H. & Coskun, H. CellTrack: an open-source
software for cell tracking and motility analysis. Bioinformatics 24, 1647–1649
(2008).

59. Camelliti, P., Devlin, G. P., Matthews, K. G., Kohl, P. & Green, C. R. Spatially
and temporally distinct expression of fibroblast connexins after sheep
ventricular infarction. Cardiovasc. Res. 62, 415–425 (2004).

60. Salvarani, N. et al. TGF-β1 (Transforming Growth Factor-β1) Plays a Pivotal
Role in Cardiac Myofibroblast Arrhythmogenicity. Circ. Arrhythm.
Electrophysiol. 10, e004567 (2017).

61. Abbaci, M., Barberi-Heyob, M., Blondel, W., Guillemin, F. & Didelon, J.
Advantages and limitations of commonly used methods to assay the molecular
permeability of gap junctional intercellular communication. Biotechniques 45,
33–62 (2008).

62. Boyle, P. M. et al. OptoGap is an optogenetics-enabled assay for
quantification of cell–cell coupling in multicellular cardiac tissue. Sci. Rep.
11, 1–15 (2021).

63. Hall, J. E. & Gourdie, R. G. Spatial organization of cardiac gap junctions can
affect access resistance. Microsc Res Tech. 31, 446–451 (1995).

64. Rhett, J. M. & Gourdie, R. G. The Perinexus: A New Feature of Cx43 Gap
Junction Organization. Heart Rhythm 9, 619 (2012).

65. Bhargava, A. et al. Super-resolution scanning patch clamp reveals clustering of
functional ion channels in adult ventricular myocyte. Circ. Res. 112,
1112–1120 (2013).

66. Veeraraghavan, R., Poelzing, S. & Gourdie, R. G. Intercellular electrical
communication in the heart: A new, active role for the intercalated disk. Cell
Commun. Adhes. 21, 161–167 (2014).

67. Moise, N., Struckman, H. L., Dagher, C., Veeraraghavan, R. & Weinberg, S. H.
Intercalated disk nanoscale structure regulates cardiac conduction. J. Gen.
Physiol. 153, e202112897 (2021).

68. van Opbergen, C. J. M. et al. Orphan” Connexin43 in Plakophilin-2 deficient
hearts revealed by volume Electron Microscopy. Front. Cell Dev. Biol. 10, 506
(2022).

69. Lab, M. J., Bhargava, A., Wright, P. T. & Gorelik, J. The scanning ion
conductance microscope for cellular physiology. Am. J. Physiol. Heart Circ.
Physiol. 304, (2013).

70. Leo-Macias, A. et al. Nanoscale visualization of functional adhesion/
excitability nodes at the intercalated disc. Nat. Commun. 7, 10342 (2016).

71. Veeraraghavan, R. et al. The adhesion function of the sodium channel beta
subunit (β1) contributes to cardiac action potential propagation. Elife 7,
e37610 (2018).

72. Yang, H. Q. et al. Ankyrin-G mediates targeting of both Na+ and KATP
channels to the rat cardiac intercalated disc. Elife 9, (2020).

73. Baum, J. & Duffy, H. S. Fibroblasts and myofibroblasts: what are we talking
about? J. Cardiovasc. Pharm. 57, 376–379 (2011).

74. Santiago, J. J. et al. Cardiac fibroblast to myofibroblast differentiation
in vivo and in vitro: Expression of focal adhesion components in
neonatal and adult rat ventricular myofibroblasts. Dev. Dyn. 239,
1573–1584 (2010).

75. Xu, S. W. et al. CCN2 is necessary for adhesive responses to transforming
growth Factor-β1 in embryonic fibroblasts. J. Biol. Chem. 281, 10715–10726
(2006).

76. Yin, L., Bien, H. & Entcheva, E. Scaffold topography alters intracellular
calcium dynamics in cultured cardiomyocyte networks. Am. J. Physiol. Heart
Circ. Physiol. 287, (2004).

77. Li, W., Han, J. L. & Entcheva, E. Protein and mRNA quantification in small
samples of human-induced pluripotent stem cell-derived cardiomyocytes in
96-well microplates. Methods Mol. Biol. 2485, 15–37 (2022).

78. Klimas, A., Ortiz, G., Boggess, S. C., Miller, E. W. & Entcheva, E. Multimodal
on-axis platform for all-optical electrophysiology with near-infrared probes in
human stem-cell-derived cardiomyocytes. Prog. Biophys. Mol. Biol. 154, 62–70
(2020).

79. Ibrahim, E. et al. Bile acids and their respective conjugates elicit different
responses in neonatal cardiomyocytes: role of Gi protein, muscarinic receptors
and TGR5. Sci. Rep. 8, 7110 (2018).

80. Zhang, F. et al. Multimodal fast optical interrogation of neural circuitry.
Nature 446, 633–639 (2007).

81. Ambrosi, C. M. & Entcheva, E. Optogenetic control of cardiomyocytes via
viral delivery. Methods Mol. Biol. 1181, 215 (2014).

Acknowledgements
This work was supported in part by grants British Heart Foundation RG/F/22/110081 for
JG and the National Institutes of Health, R01HL144157, to EE. This work was carried out
as part of the Imperial College London multi-faculty Centre of Excellence for Cellular
Mechanosensing and Functional Microscopy (CMFM).

Author contributions
E.E. and J.G. designed the study. A.A.L. and S.E.S. performed the initial experiments to
characterize optogenetic pacing and to map contacts with SICM; Q.S. optimized the
system and performed additional experiments, including those with control of FB state.
QS, BRO and AAL performed Western blot quantifications. Q.S., A.A.L., S.E.S., E.E. and
J.G. analyzed and plotted the data. J.G. and E.E. supervised the project and provided
reagents. Q.S., E.E. and J.G. wrote the manuscript, with input from all authors.

Competing interests
The authors declare no competing interest.

Additional information
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s42003-023-05509-3.

Correspondence and requests for materials should be addressed to Emilia Entcheva or
Julia Gorelik.

Reprints and permission information is available at http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons licence, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/
licenses/by/4.0/.

© Crown 2023

COMMUNICATIONS BIOLOGY | https://doi.org/10.1038/s42003-023-05509-3 ARTICLE

COMMUNICATIONS BIOLOGY |          (2023) 6:1131 | https://doi.org/10.1038/s42003-023-05509-3 | www.nature.com/commsbio 11

https://doi.org/10.1038/s42003-023-05509-3
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/commsbio
www.nature.com/commsbio

	Opto-SICM framework combines optogenetics with scanning ion conductance microscopy for probing cell-to-cell contacts
	Results
	Opto-SICM measurements
	Effects of optical pacing on cell-cell contact dynamism in ChR2-myoFB-CM�pairs
	Control of FB/myoFB state using�SD208
	Effects of cellular factors on pacing success

	Discussion
	Methods
	Neonatal rat fibroblast and cardiomyocytes isolation
	Channelrodopsin2-YFP fibroblast transformation
	Immunocytochemistry and confocal microscopy
	Protein extraction and Western blotting
	Integrated Opto-SICM�system
	Tracking changes in contact�area
	Quantitative analysis of Cx43 at hetero-cellular junctions
	Statistics and reproducibility
	Reporting summary

	Data availability
	References
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




