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Abstract

Intercellular communication plays a pivotal role in multicellular organisms. Studying the electrical
and mechanical coupling among multiple cells has been a difficult task due to the lack of suitable
techniques. In this study, we developed a label-free imaging method for monitoring the electrical-
induced communications between connected cells. The method was based on monitoring the
subtle mechanical motion of the cell under the electrical modulation of the membrane potential.
We observed that connected cells responded to electrical modulation of neighboring cells with
mechanical deformation of the membrane. We further investigated the mechanism of the coupling
and confirmed that this mechanical response was induced by electrical signal communicated
through the gap junction. Blocking the gap junction can temporally cease the mechanical signal
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and this inhibition can be rescued after removing the inhibitor. This study sheds light on the
mechanism of electrical coupling between neurons and provides a new method for study
intercellular communications.
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Intercellular communication plays a pivotal role in multicellular organisms.t Much progress
has been achieved on the basis of biomolecules, such as neurotransmitters, cytokines, DNA/
RNA.23 The distribution, transmission and transform of biomolecules through cellular
networks regulate cell function, induce their differentiation and finally determine their
destiny.* However, diverse studies have revealed the limitation of existing matter
communication models, encouraging a non-specific, biophysically-oriented mechanism to
add new ideas to complete the field.>¢ Indeed, some biophysical properties of cells have
been studied intensely such as membrane potential, which has become one of the pillars of
the modern neuroscience.”-® Recently the bioelectrical spatial pattern is considered to be
relevant to the positional information processes during embryogenesis.® To date, studying
the electrical coupling among multiple cells has been difficult due to the lack of suitable
techniques. Although multi-patch clamp setup may be used for these studies, they are
operationally challenging. Fluorescence techniques, such as membrane potential or calcium
imaging, can provide important information, but the introduction of dye might lead to
incognizant interference, or even toxicity to the cells.19-11 Therefore, there is an urgent
demand for developing a label-free imaging method to study the intercellular bioelectrical
communication.

In this work, we reported a label-free optical imaging method for monitoring the electrical
coupling between cells. This method is based on the fact that the bioelectrical signal can
trigger cellular mechanical vibration and we can detect this subtle mechanical motion with
optical imaging.12-14 We have studied the coupling pattern for multiple cells through
monitoring their mechanical motions under electrical stimulus. This study also revealed that
the intercellular coupling is through gap junction electrically, rather than a direct mechanical
coupling.
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To illustrate the method, two connected human embryonic Kidney 293T (HEK293T) cells
(defined as cell 1 and cell 2 respectively) were studied as the simplest model. We clamped
the membrane potential of cell 1 at its resting voltage (-60 mV) in whole-cell configuration.
Then, its membrane potential was modulated with sinusoidal electrical stimulus with an
amplitude of 150 mV and frequency of 23 Hz. During these processes, the optical response
of the two connected cells were recorded with bright field microscopy, from which the
accompanying mechanical motions of both cells can be resolved with a differential detection
algorithm (Figure 1 and supporting information section S3). As reported previously,1-17
this algorithm reduces the common noise of optical imaging, and can detect sub-nanometer
membrane displacement, which is sensitive enough to track the mechanical motion triggered
by action potential. This method is fast and allows us to monitor multiple cells
simultaneously.

For example, Figure 2A shows a raw image of two connected HEK293T cells. The
intensities of two crosslines on the edge of both cells were profiled at =60 mV and 90 mV
respectively (Figure 2B). In both cases, the depolarization induced the troughs to move
inside the cell. In addition, the difference images of each region of interest (ROI) were
obtained by subtracting the images at —60 mV from those at 90 mV. A clear contrast can be
observed on the edge of both cells, while the region without cell exhibited no contrast. The
above results suggested a subtle lateral displacement of the membrane occurred on both
cells, implying the intercellular coupling. However, due to the background noise from the
physical and biological source, it is hard to portray the coupled motion on both cells by
difference images directly. To solve this problem, Fast Fourier transform was used to isolate
the noise from frequency domain. The FFT of the time lapse images revealed that we can
only observe the intensity fluctuation at the modulation frequency (23 Hz) but not the nearby
frequencies (Figure 2D), which validated that these signals were induced by the electrical
modulation rather than cellular intrinsic activity from metabolism.12 And these transformed
images showed that the membrane motions were not confined to the directly stimulated cell
1 but can also be observed on cell 2, confirming the signal coupling between cells. Next, the
membrane displacements were quantified through the differential algorithm. As a result, the
mean displacement of cell 1 along the edge of the cell membrane was about 0.9 nm; and that
of cell 2 was about 1.1 nm. In comparison, the background of the membrane motion in the
absence of electrical stimulation is around 0.4 = 0.1 nm. Similar phenomena can also be
seen on other cell lines such as A549 cells (figure S2). In addition, different stimulated
frequencies (23 Hz and 29 Hz) were implemented on the same cell pair and the frequency
specific displacements on the cell 2 were observed (figure S3), which suggested that our
method can be used to track the potential-induced intercellular coupling through membrane
motions. For multiple connected cells, we detected significant membrane displacements on
every cell connected (Figure S4), showing that our method is capable of label-free mapping
of cellular networking activity. Moreover, we can plot the local membrane motions along the
cell edge of each cell, showing significant variability of membrane displacement ranging in
0-2 nm (Figure 2D and Figure S4C), which may be attributed to the heterogeneity of the cell
membrane.
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From the statistics of the mean edge displacements of every cell pairs, the displacements on
cell 1is 0.5-1.3 nm and those on cell 2 is 0.7 — 1.4 nm. We found the membrane motions
on cell 2 were probably larger than those on cell 1 (figure 3A, p < 0.05)). However, the
displacements on different cells were dispersed broadly and the background is diverse in
different cell pairs, making it difficult to compare the displacements between different cell
pairs. To address this issue, we used the normalized displacement (ND) to remove the
background fluctuation for quantitative study of the membrane motions (Supporting
Information section S4). As shown in Figure 3B, the ND distributed much narrowly for both
cell 1 (from 2.1 to 4.4) and cell 2 (from 9.6 to 16.6), and the tendency that cell 2 represented
more mechanical response than cell 1 was more obvious (p < 0.001). Moreover, positive
correlation curves of the modulation voltage and the ND can be obtained in both cells, but
the slope of cell 2 are sharper than that of cell 1 (figure 3C). Considering the noise of the ND
in the absence of modulation, the minimum detectable modulation voltage for our method
was 90 mV (ND >2). The more intense displacement on the indirect modulated cell was
unanticipated. This unexpected phenomenon implied the coupled motions of the cell pairs
were unlikely through the direct mechanical connections, which should have shown spatial-
dependent decay. Alternatively, electrical coupling might play major role for the coupled
motions. The more intense motion on the indirect cell may be ascribe to the fact that the
patched cell was slightly pressed by the tip of the pipette, which might confine the mobility
and motion of the cell membrane. This result suggests that the mechanical effect of the patch
clamp method should not be neglected when studying the electrical-mechanical coupling of
biological system.

To study the mechanism of cell-to-cell signal coupling, the spatial pattern of the electrical
and mechanical modulation in multiple cells was compared (figure S5). When electrical
modulation was used, the mechanical responses spread among all of the connected cells, and
the indirect modulated cells showed more intense motions. However, when we added only
subtle mechanical vibration to the tip of the pipette, to mechanically stimulate cell 1, cell 2
(the cell connected to cell 1) showed smaller mechanical motion than cell 1, and other cells
showed negligible motions. The ND distribution of mechanically stimulated cells fits to a
spatial-dependent decay in damping model, confirming that the electrically stimulated
membrane motions were not transmitted through direct mechanical coupling.

A reasonable explanation is that the electrical signal can transmitted between connected cells
and the changing membrane potential induce mechanical motion of the local cell. To
confirm this hypothesis, we measured intercellular couple of membrane potential with
potential sensitive dye, di-8-ANEPPS,17 which showed that the membrane potential of the
indirect modulated cell 2 responded to the change of clamped voltage of cell 1
instantaneously (Figure S6).

It has been reported that cells can be electrically coupled through gap junction.19:20
Meclofenamic acid (MFA) is a gap junction blocker that can be used to block neuronal type
of intercellular electrical coupling.2! We measured the response of the connected cell pair in
the presence and absent of MFA with our method. Firstly, the intact cell pair exhibited
typical electrical-induced intercellular coupling; in other word, both cells were triggered by
the electrical modulation while cell 2 represented mechanical response more intense than
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cell 1 as envisioned (figure 4). With the addition of MFA, the coupled motion on cell 2 was
remarkably inhibited, while that on cell 1 was increased dramatically. Then, after MFA was
washed out, the initial coupling of the cell pair restored obviously. These results suggest that
gap junction function is essential for the intercellular signal coupling.

In addition, a gap junction protein deficient cell line, PC12A cell, was investigated as a
negative control,22 which showed that the cell 1 represented obvious mechanical motion, but
the cell 2 displayed no responses (figure S7). These data suggested that the motion on the
cell 2 came from the intercellular electrical coupling rather than the direct mechanical
connection and the coupled electrical signals generated the mechanical motion locally in
both cells (figure 4C).

Conclusion

In this study, we have developed an optical method for visualizing the electrical-induced
communications between connected cells. The method is based on monitoring the subtle
mechanical motion of the cell under the electrical modulation of the membrane potential. We
find an electrical-originated and coupled mechanical response between connected cells. We
further investigate the mechanism of the coupling and confirm that this intercellular
communication is mediated through electrical coupling by the gap junction. Blocking gap
junction with MFA will temporally cease the mechanical signal and this inhibition can be
rescued after removing the inhibitor. Therefore, we confirm the gap junction mediated
electrical coupling underlying the mechanism of the spreading of mechanical motions
among connected cells.

Electrical and mechanical signals play key roles in cell communications. But these two
components are typically coupled in neuron or cardiomyocytes communications. This is the
first study to investigate the interplay between these two components. We find that the gap
junction-mediated the electrical connection is the key to the cell-to-cell communication.
Multiple studies show that gap junction works as a node in a network to regulate the
electrical signal and orchestrate the activity of the cell network. Though few is known about
the regulation of mechanical coupling in cell network, these gap junctions may also play a
key role in regulating mechanical signal shape and amplitude for connected cells. This study
shows new clue on the mechanism of electrical coupling between neurons and provides a
new method for study intercellular communications.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Schematic illustration of intercellular couple through imaging mechanical motion. The

membrane potential of cell 1 is modulated in whole-cell patch clamp configuration. Bright
field microscopy is used to image each cell. The electrical-induced mechanical motion of
cell membrane on each cell can be resolved with a differential detection algorithm.
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Figure 2.

Electrical modulation can induce mechanical motion in both connected cells. (A) Bright
field image of two connected cells. (B) The intensity of crossline on the cell edge is profiled
at —60 mV (solid line) and 90 mV (dash line). The rightward arrow indicates the inside of
the cells. (C) Difference images of the ROl in panel (A). (D) Difference images at 23 Hz and
nearby frequencies. (E) The mean edge displacements of the cell 1 (red) and cell 2 (blue).
The black curves indicate the background of the membrane motion in the absence of
stimulation. (F) Edge displacement map obtained from the differential algorithm. Scale bars,
15 pm.

ACS Sens. Author manuscript; available in PMC 2022 February 26.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Shietal. Page 10

15 * ol o Cell2
« Cell 1
15 0
=10
E o 10 [ {
a z 54 {
0.5 5 { { ]
== oi 11
0.0 : v 0 ' ' 0 30 60 90 120 150
Cell 1 Cell 2 Cell 1 Cell 2
AV (mV)
Figure 3.

Quantitative analysis of the mean edge displacements in different cell pairs. (A) Statistics of
the mean edge displacements of connected cell pairs. Cell pair, n = 31. (B) Statistics of the
normalized displacements of the connected cell pairs. Cell pair, n = 31. (C) Normalized
displacements of the connected cell pairs versus the modulation voltage. The dash line
indicates ND=2. Cell pair, n=4. *p < 0.05, ***p < 0.001, two-sided Student’s #test.
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Figure 4.
Gap junction participates in the intercellular couple of HEK293T cells. (A) Bright field and

difference image of the cells at 23 Hz of the cells before, after addition of and after washout
of MFA. Scale bar, 15 um. (B) The normalized displacements of cells before, after addition
of and after washout of MFA. Cell pair, n = 4. (C) Schematic illustration of the possible
pathway of intercellular couple.
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