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Editorial on the Research Topic
Cardiovascular Mechanobiology

Biomechanical forces play a major role in organ development, shape, and function. When exceeding
the physiological range, however, they can become detrimental for organ structure and function.
This is probably best exemplified by the cardiovascular system, with both the heart and blood
vessels being continuously exposed to the biomechanical forces exerted by the pressure and flow of
blood, which produce not only acute changes in cardiovascular function but also result in structural
changes in the cardiovascular system.

The field of cardiovascular mechanobiology is a fascinating and clinically highly relevant
Research Topic, with many research groups contributing to the advancement of our understanding
of the acute and chronic adaptations and maladaptations produced by biomechanical forces. These
insights continue to generate novel targets for therapy of a variety of cardiovascular diseases. Several
aspects of cardiovascular mechanobiology are presented in this very timely Frontiers Research
Topic “Cardiovascular Mechanobiology,” containing a total of 10 articles, with a balanced mix of
5 review and 5 original articles.

In the first review article, Jackson discusses the mechanobiology of myogenic tone in peripheral
resistance arteries and arterioles, presenting the current understanding of the multiple mechanisms
that have been implicated in myogenic tone, including the roles played by G-protein coupled
receptors, ion channels, and protein kinases in vascular smooth muscle cells. The article highlights
the areas where our knowledge and understanding of myogenic tone has remained incomplete and
that warrant further research.

In the second review paper, Sporkova et al. review the mechanisms underlying the
mechanobiological cues mediating the inward remodelling of small arteries and arterioles in
response to chronic stretch produced by, for example, hypertension. Particular focus is on the
role that LIM domain containing proteins play in mechanosensing and transduction in vascular
smooth muscle and endothelial cells, translating extra- and intracellular mechanobiological cues
into changes in gene expression in these cells that drive vascular remodelling.

Brandt et al. review the mechanobiological aspects of microvascular function and structure in
health and disease with a particular focus on the coronary microcirculation. An in-depth review is
provided on the factors involved in coronary microvascular functional and structural alterations in
obstructive and non-obstructive coronary artery disease and the molecular mechanisms involved,
providing novel potential targets for the treatment of ischemic heart disease.

The mechanobiology of endothelial-to-mesenchymal transition and its role in cardiovascular
disease is reviewed by Islam et al. highlighting the emerging role of shear stress, cyclic strain,
matrix stiffness, and composition in endothelial-to-mesenchymal transition, which is a hot topic
particularly in maladaptive cardiac remodelling due to pressure overload but also in response to
myocardial infarction. The authors also identify areas requiring further investigation.
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Finally, Lityagina and Dobreva review novel insight into
the epigenetic aspects of cardiovascular mechanobiology.
Specifically, they describe how mechanical forces are transduced
to chromatin through the tensed actomyosin cytoskeleton, the
linker of nucleoskeleton and cytoskeleton (LINC) complex and
the nuclear lamina, and the importance of these mechanisms in
cardiovascular disease.

In the original research articles various aspects of the
mechanobiology of vascular smooth muscle cells, endothelial
cells, as well as cardiomyocytes were investigated. Using
inducible pluripotent stem cell (iPSC)-derived cardiomyocytes,
Korner et al. tested the hypothesis that the environmental
stiffness influences structural and functional properties of
iPSC-derived cardiomyocytes. The authors observed that soft
surfaces with stiffnesses in the physiological range improve the
expression pattern and interaction of cardiac proteins relevant
for excitation-contraction coupling. Moreover, soft substrates
influenced contractile properties and improved intercellular
coupling in iPSC-derived cardiomyocytes, indicating that
mechanical stiffness of the cell environment drives iPSC-
derived cardiomyocytes toward further maturation by inducing
adaptive responses.

In the next article, Akinbote et al. investigated vessel-stroma
crosstalk in normal conditions and in the presence of fibrosis,
using human iPSC-derived endothelial cells co-cultured in the
absence and presence of primary human cardiac and lung
fibroblasts in a microfluidic device to generate cardiac and
pulmonary-like microvasculature that can be perfused at near
physiological flow rates. Their study not only demonstrates the
strong impact of stromal-endothelial cell interactions on vessel
formation and extravascular matrix regulation, but their human
3D in vitro set-up could be very useful in future studies examining
anti-fibrotic therapies on patient-specific iPSCs.

Wall shear stress has been proposed to influence intracranial
aneurysmal growth and rupture. Consequently, Morel et al.
investigated the effects of low and supra-high aneurysmal
wall shear stress on porcine arterial endothelial cells. The
authors observed that differential regulation of gene expression
observed under various wall shear stress conditions translates
into a different organisation of the endothelial cell architecture,
suggesting that this adaptation of endothelial cells to different

aneurysmal wall shear stress conditions may affect vascular
remodelling in intracranial aneurysms.

Myocardin related transcription factors (MRTFs), including
myocardin itself, MRTF-A, and MRTF-B are co-factors of
serum response factor (SRF) that activate the smooth muscle
cell gene program and play a key role in smooth muscle
cell differentiation and mechanobiology. Liu, Bankell et al
investigated the role of alterations in MRTF signalling in
vascular inflammation, and observed a cell type specific (vascular
smooth muscle but not endothelial cells) suppression of
inflammatory mediators. In a second study, Liu, Rippe et al.
studied the regulation of muscarinic receptors by MRTFs and
observed that muscarinic receptor M3 expression was driven
by MRTFs in a cell specific manner, i.e., by MRTF-B/SRF in
endothelial cells and by myocardin/SRF in vascular smooth
muscle cells.

These highly diverse review and original research articles,
covering a wide range of studies, illustrate the broad biological
implications of mechanosensing and mechanotransduction in
the cardiovascular system. We wish you an interesting and
enjoyable journey through this Frontiers Research Topic!
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Fibrosis is associated with aging and many cardiac pathologies. It is characterized both
by myofibroblast differentiation and by excessive accumulation of extracellular matrix
proteins. Fibrosis-related tissue remodeling results in significant changes in tissue structure
and function, including passive mechanical properties. This research area has gained
significant momentum with the recent development of new tools and approaches to better
characterize and understand the ability of cells to sense and respond to their biophysical
environment. We use a novel hydrogel, termed CyPhyGel, to provide an advanced in vitro
model of remodeling-related changes in tissue stiffness. Based on light-controlled
dimerization of a Cyanobacterial Phytochrome, it enables contactless and reversible tuning
of hydrogel mechanical properties with high spatial and temporal resolution. Human
primary atrial fibroblasts were cultured on CyPhyGels. After 4 days of culturing on stiff
(~4.6 kPa) or soft (~2.7 kPa) CyPhyGels, we analyzed fibroblast cell area and stiffness.
Cells grown on the softer substrate were smaller and softer, compared to cells grown on
the stiffer substrate. This difference was absent when both soft and stiff growth substrates
were combined in a single CyPhyGel, with the resulting cell areas being similar to those
on homogeneously stiff gels and cell stiffnesses being similar to those on homogeneously
soft substrates. Using CyPhyGels to mimic tissue stiffness heterogeneities in vitro, our
results confirm the ability of cardiac fibroblasts to adapt to their mechanical environment,
and suggest the presence of a paracrine mechanism that tunes fibroblast structural and
functional properties associated with mechanically induced phenotype conversion toward
myofibroblasts. In the context of regionally increased tissue stiffness, such as upon scarring
or in diffuse fibrosis, such a mechanism could help to prevent abrupt changes in cell
properties at the border zone between normal and diseased tissue. The light-tunable
mechanical properties of CyPhyGels and their suitability for studying human primary
cardiac cells make them an attractive model system for cardiac mechanobiology research.
Further investigations will explore the interactions between biophysical and soluble factors
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Fibroblasts on Heterogeneous Substrates

in the response of cardiac fibroblasts to spatially and temporally heterogeneous

mechanical cues.

Keywords: fibrosis, mechanosensing, hydrogel, light-tunable, nanoindentation

INTRODUCTION

Cardiac tissue damage due to causes such as aging, mechanical
overload, or injury is associated with the development of fibrosis.
Fibrosis is characterized both by myofibroblast differentiation
and excessive accumulation of extracellular matrix (ECM) proteins
(Herum et al, 2017). This remodeling is driven mainly by
fibroblasts (Manabe et al., 2002; Travers et al., 2016), changes
in tissue structure, and mechanics with consequences ranging
from impaired cardiac output to increased arrhythmia vulnerability
(Nguyen and Qu, 2014). Ultimately, presence and extent of
fibrosis are a leading risk factor for sudden cardiac death
(Disertori et al., 2016). Thus far, there are no effective therapeutic
approaches toward reversing cardiac fibrosis mainly due to
insufficient knowledge about the underlying basic mechanisms.
Possible therapeutic approaches must consider changes in
tissue mechanics, which act both as a cause and a consequence
of remodeling. Fibroblast sensing of their mechanical
environment has been shown to play a role in fibrotic
remodeling (Hinz, 2013; van Putten et al., 2016). In recent
years, several in vitro models have been developed to study
fibroblast mechanosensing. A major class of these models
utilizes synthetic substrates that include hydrogels and silicones.
These allow investigators to prescribe the mechanical
environment of cultured cells (Rosales and Kristi, 2016; Li
et al., 2018). Alternatively, naturally occurring substrates like
decellularized tissue (Ott et al., 2008) or living cardiac tissue
slices (Perbellini et al., 2018) have been used to provide cells
with near-physiological growth substrates, but these are more
complex and less reproducible models. Substrates that more
closely mimic in vivo conditions are essential as, while the
overall stiffness of fibrotic tissue is raised when ECM production
overcomes degradation (Levental et al., 2010), the stiffness
distribution is highly heterogeneous. Areas with more or less
ECM constitute different mechanical microdomains. In diffuse
fibrosis, for example, in atrial fibrillation, islands of stiff ECM
are distributed within softer tissue (Tanaka et al., 2007). Given
that the mechanical effects on single cells are dominated by
their microenvironment, in vitro models should replicate these
stiffness heterogeneities, ideally in a controllable manner.
A model allowing the introduction of spatial gradients in
the mechanical properties has been used to show that the
stiffness-guided migration of fibroblasts, a process called durotaxis,
depends on the type of matrix proteins (Hartman et al., 2017).
Further, hydrogels with micropatterned stiff and soft areas were
used to show adaptation of cell spreading over a wide range
of stiffnesses (Sunyer et al, 2012) and to study the role of
matrix organization for mesenchymal stem cell differentiation
(Yang et al., 2016). However, these models do not allow one
to dynamically and reversibly modify passive mechanical
properties of the growth substrate in time or space. A novel

hydrogel system (which we termed here CyPhyGel), based on
the Cyanobacterial Phytochrome Cphl, may address this limitation
by allowing light-controlled, reversible changes in hydrogel
stiffness (Horner et al., 2019b). To do so, cell-compatible red
light is used to switch Cphl between its monomeric (740 nm)
or dimeric (660 nm) forms, thereby reducing or increasing the
number of crosslinks in the growth substrate in a contact-free
manner, respectively. The stiffness of CyPhyGels can be changed
between 1.5 and 5.5 kPa (Effective Young’s modulus). Changes
in stiffness occur within seconds of illumination, are gradable,
stable in the absence of light, and reversible (Horner et al,
2019b). In this study, we use CyPhyGels to investigate human
cardiac fibroblast adaptation to heterogeneities in the stiffness
of their mechanical environment beyond durotaxis.

MATERIALS AND METHODS

Production of Cph1-Based Hydrogels
(CyPhyGels)

CyPhyGels were produced as described previously (Horner
et al., 2019b) with the following modifications. In short, the
photoreceptor Cph1* [Cph1-Y263F (amino acids 1-514) fused
to a tandem arginine-glycine-aspartic acid motif, a hexahistidine
tag and C-terminal cysteine] was recombinantly produced by
high-cell-density fermentation in E. coli BL21 STAR (DE3)
and purified via immobilized metal ion affinity chromatography
(Horner et al., 2019a). Purified Cphl* was concentrated to
~200 mg/mL by ultrafiltration (PES membrane, 10 kDa molecular
weight cutoff). The elution buffer from purification was exchanged
with reaction buffer (phosphate buffered saline [PBS], containing,
in mM 137 NaCl, 2.7 KCl, 10 Na,HPO,, 1.8 KH,PO,, 2 mM
ethylenediaminetetraacetic acid, pH 8) using a desalting column
(5 kDa molecular weight cut-off). After concentrating the
protein as before to ~100 mg/mL, it was reduced with tris(2-
carboxyethyl)phosphine (TCEP) at a molar Cph1*:TCEP ratio
of 1:0.7 for 1 h at room temperature. Without removing the
reducing agent, the protein was covalently coupled to 8-arm
polyethylene-glycol vinyl-sulfone (PEG-VS, 40 kDa, NOF Europe
GmbH, Germany) in reaction buffer supplemented with 100 mM
triethanolamine at a final concentration of 70 mg/mL Cphl*
and a molar VS:Cphl* ratio of 2:1.

Immediately after addition of PEG-VS, 30 pL of the reaction
mix were spread on 22 mm X 22 mm square glass coverslips,
resulting in CyPhyGels with a thickness between 50 and 90 pm
(data not shown). The reaction mixes were incubated in a
humidified atmosphere to allow gelation at room temperature
for at least 16 h under continuous illumination with 660 nm
(1 mW/cm?). Afterward, CyPhyGels on coverslips were transferred
into PBS (pH 7.4) and stored in the dark at room temperature.
Their mechanical properties after different illumination protocols
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(see “Stiffness Tuning of CyPhyGels’) were tested by
nanoindentation (see “Nanoindentation of CyPhyGels and
Fibroblasts”). CyPhyGels were used no earlier than 1 week
after preparation, as their stiffness increased over several days
following gelation (Supplementary Figure S1).

Stiffness Tuning of CyPhyGels

Light emitting diodes (LED) with peak wavelengths of 660 nm
to stiffen CyPhyGels, and 740 nm to soften CyPhyGels (LZ4-
40R208 and LZ4-40R308, respectively; LED Engin, USA) were
coupled to bandpass filters restricting specimen illumination
to £ 6.5 nm around the target wavelength (FF01-660/13 and
FF01-740/13, respectively; Semrock, USA). CyPhyGels were
illuminated at 1 mW/cm? for a minimum of 5 min.

To obtain heterogeneous CyPhyGels, characterized by
containing one stiff and one soft half, we implemented a
sequential illumination protocol (Figure 1A). After initial
stiffening of the whole CyPhyGel by illumination with 660 nm,
a photomask (Figure 1A, bottom right) was carefully positioned
over half of the gel by means of a micromanipulator. Using
a telecentric lens, the exposed part of the CyPhyGel was then
illuminated at 740 nm to tune it to its softest state (Figure 1A).

Broad-bandwidth “white” light (e.g. room lighting or
microscope light) resulted in stiffening of CyPhyGels in less
than 10 min (Supplementary Figure S2). Therefore, CyPhyGels
tuned to the desired stiffness were kept in dark conditions or

handled under green light. For nanoindentation, the microscope
light was filtered with a 490 + 5 nm band pass filter (D490/10X,
Semrock, USA), which prevented gross changes in CyPhyGel
stiffness over a period of up to 1 h (Supplementary Figure S2).

Culture of Primary Human

Atrial Fibroblasts

Primary human fibroblasts were obtained from right atrial appendage
tissue of patients in sinus rhythm undergoing open heart surgery
at the University Heart Center Freiburg-Bad Krozingen. Patients
gave informed consent on the use of the tissue (with approval
by the Ethics Commission of the University of Freiburg, reference:
393/16: 214/18). Upon excision by the surgeon, the tissue was
placed in room temperature cardioplegic solution (containing, in
mM 120 NaCl, 25 KCl, 10 HEPES, 10 glucose, 1 MgCl,; pH 7.4,
300 mOsm) and immediately transported to the laboratory. After
removing the epicardial layer, the tissue was cut into pieces of
1-2 mm’. Tissue fragments were placed in culture plates (3.5 cm
diameter, 3—-4 pieces per well) with abraded surfaces, containing
2 mL Dulbecco’s Modified Eagle Medium supplemented with 10%
fetal bovine serum and 1% penicillin/streptomycin (all Sigma-
Aldrich, Germany). Medium was refreshed every 3-4 days. Due
to their proliferative and migratory potential, fibroblasts are the
major cell type growing out of the tissue chunk (Poulet et al,
2016). Immunocytochemical analysis could not detect the presence
of endothelial (tested by CD31) or smooth muscle cells (tested
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FIGURE 1 | Generation and mechanical testing of heterogeneous CyPhyGels. (A) llumination system for generation of mechanically heterogeneous CyPhyGels.
After initial stiffening of a whole CyPhyGel by exposure to 660 nm illumination (final intensity: 1 mW/cm?, 5 min), a telecentric lens is positioned in front of a second
LED, which is used for 740 nm illumination (final intensity: 1 mW/cm?, 5 min) of the partially covered CyPhyGel. (B) Representative load-indentation curve resulting
from nanoindentation (black) and the fitted Hertzian model for contact mechanics (red) used to calculate the Effective Young’s modulus, Egg.
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by desmin) in the outgrowth cultures (data not shown). The
original outgrowing fibroblasts were referred to as “Passage 0
Once 80-90% confluency was reached, cells were detached with
Trypsin-EDTA (Sigma-Aldrich, Germany) and re-cultured (Passage 1)
at a density of 6,500 cells/cm?. This procedure was repeated up
to six times (generating Passages 2-6).

For experiments shown in this manuscript, fibroblasts from
three patients at Passages 4 and 5 were seeded at low density
(2,000 cells/cm?) on previously tuned CyPhyGels. Cell culture
work was conducted using green light to limit changes in
CyPhyGel stiffness from environmental light exposure. After
seeding, culture dishes were covered by aluminum foil during
the whole culture period (4 days, no medium change).

Nanoindentation of CyPhyGels

and Fibroblasts

The Effective Young’s modulus, Epz was assessed using the
Chiaro nanoindenter system (Optics11, Amsterdam, Netherlands).
A spherical tip, attached to a calibrated cantilever, is used
to indent the sample while a laser beam is shone onto the
reflective cantilever surface. Reflected laser light is analyzed
interferometrically to measure phase shifts, which correlate with
cantilever bending. From this, the force required for sample
indentation is calculated. Egz was derived using the Hertzian
model for contact mechanics (Hertz, 1881; Chen, 2014) under
the assumption of a Poisson’s ratio of 0.5 for incompressible
materials, which is commonly used for mechanical testing of
cells and tissue (Figure 1B; Guz et al,, 2014). Throughout this
manuscript, Egg is referred to as stiffness. Sample indentations
of 2-4 pm were performed at a displacement speed of 5 pm/s.
Data analysis used the Opticsl1 DataViewer (V2.0.27).

For CyPhyGel characterization, cantilevers with spring constants
of 0.45-0.5 N/m and tips of 20-23 pm radii were used. For
cell assessment, cantilevers with spring constants of 0.01-0.02 N/m
and tips with 3-3.5 pm radii were used. The stiffness of single
cells was determined by performing surface-normal indentations
at two to three different positions that were not overlapping
with the nucleus. For every indentation, the Hertzian model
was used to fit the force-displacement curve from initial cell
surface contact up to 1 pm indentation, to avoid mechanical
interference from the underlying growth substrate. Cell stiffness
was assessed 4 days after seeding on CyPhyGels.

Cell Fixation, Staining, Confocal Imaging,
and Image Analysis

For confocal imaging, fibroblasts were cultured on CyPhyGels
of different stiffness for 4 days, fixed using 4% paraformaldehyde
(Roth, Germany) in PBS for 15 min. Glycoproteins at the cell
membrane were stained with AlexaFluor555-conjugated wheat
germ agglutinin (WGA, 1 pg/mL, Invitrogen, Germany) in 3%
bovine serum albumin in PBS for 1 h, followed by three 10-min
washing steps in PBS. Thereafter, cells were permeabilized using
0.5% Triton-X100 (Sigma-Aldrich, Germany) in PBS for 15 min
and blocked using 3% bovine serum albumin in PBS for 1 h.
Primary antibody against alpha smooth muscle actin (aSMA;
ab7817, Abcam, Germany) was applied 1:50 in 1% bovine serum

albumin in PBS overnight. After three washing steps in PBS,
AlexaFluor488-coupled secondary anti-mouse was applied
1:500 in PBS for 1 h. Nuclear counterstaining was performed
using Hoechst-33342 (20 pM, ThermoFisher, Germany) for
2-3 min in PBS. All staining was performed at room temperature.

Imaging was performed on a Leica TCS SP8 X confocal
microscope using a 20x multi-immersion objective (HC PL APO
20x/0.75 IMM) with water as immersion medium. For imaging,
the CyPhyGels were mounted upside-down in a PBS-filled
microscopy dish (p-Dish 35 mm, ibidi, Germany). Cell area was
determined using Image]J after manually tracing cell borders based
on WGA signal.

Statistics

If not stated otherwise, data are presented as single data points
and mean + SEM. Data points were considered outliers when
they differed by more than three standard deviations from
the mean. After removing outliers, statistical significance of
two groups with more than 20 data points was determined
by Student’s t-test for unpaired data with equal variances. Two
groups with less than 20 data points were compared using
the non-parametric Mann-Whitney test. More than two groups
were analyzed by Two-way ANOVA followed by post-hoc
comparison of the mean values using the Tukey test. All
statistical analyses were performed in OriginPro 2019.

RESULTS

Tuning Mechanical Properties of
CyPhyGels by Light

CyPhyGels, uniformly exposed to illumination at 660 nm had
an Egg of 4.59 + 0.11 kPa, while after illumination with 740 nm,
Epg was 2.72 + 0.06 kPa (Figures 2A,B). Similar maximal and
minimal Ezz were found for the two differentially tuned halves
of heterogeneous CyPhyGels. For spatial characterization of
the stiffness gradient, heterogeneous CyPhyGels were mapped,
in 50 pm steps, along a line perpendicular to the boundary
between their stiff and soft halves. Eg changed from 4.48 + 0.58
to 2.12 £ 0.30 kPa (Figure 2C). Using a higher resolution
step size (5 pm) near the boundary, we found that the transition
between stiff and soft areas occurs within a 100-150 pm wide
band (Figure 2D). The width of the border zone was constant
over at least 1 mm (Supplementary Figure S3).

To assess whether heterogeneity in CyPhyGel stiffness was
sustained over time, stiffness was measured 6 days after sequential
illumination, which corresponds to the duration of an experiment.
The two areas with different stiffness were still clearly distinguishable
(Figure 2E). The slight increase in stiffness in the soft area over
6 days is due to exposure to external light during CyPhyGel
handling and cell culture procedures (Supplementary Figure S2).

Cell Area Analysis

One adaptation of fibroblasts to matrix stiffness is the extent
of cell spreading, quantified by cell area (Herum et al, 2017).
We cultured human primary atrial fibroblasts on CyPhyGels
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FIGURE 2 | Mechanical properties of CyPhyGels. (A) Schematic representation of CyPhyGel configurations used in this experiment. (B) Eg of CyPhyGels, exposed to
homogeneous illumination with either 660 or 740 nm (n = 24) or sequentially illuminated and thus mechanically heterogeneous (n = 4), was determined by nanoindentation.
(C) Ex along an axis perpendicular to the border between stiff and soft halves of three representative heterogeneous CyPhyGels, illustrating the step-change in gel stiffness
(50 um distance between consecutive measurement points, n = 3). (D) Higher resolution assessment of the transition area in Gel 3 from panel C (5 pm distance between
measurement points). (E) Ec: of Gel 3 from panel C immediately after illumination (Day 0) and 6 days later, corresponding to the duration of an experiment.

that were tuned to homogeneously stiff, homogeneously soft,
or heterogeneous states. While fibroblasts on the stiff CyPhyGels
had an average cell area of 6,351 = 349 pm’ the area of
fibroblasts on the soft CyPhyGels was 4,398 + 293 pm?’ (Figure 3B).

There was no significant difference in cell area occupied by
fibroblasts grown on the stiff versus the soft half of heterogeneous
CyPhyGels (6,563 + 494 pm’® on the stiff half; 6,451 + 440 pm?
on the soft half, Figure 3B). Further, we cultured fibroblasts on
CyPhyGels of the same stiffness and area as the two halves of
heterogeneous CyPhyGels. These were illuminated homogeneously
and one stiff and one soft CyPhyGel were placed next to each
other with a separation of 1 mm (Figure 3A, hereafter referred
to as separated CyPhyGels). In this setting, the area of cells on
the stiff CyPhyGel was higher than those on a soft CyPhyGel
(6,306 + 446 pm?® compared to 4,149 + 251 pm? Figure 3B).
Representative images of plasma membrane-stained fibroblasts
in all conditions are shown in Figure 3C.

Cell Stiffness Analysis
Human primary atrial fibroblasts, cultured on stiff CyPhyGels,
were stiffer (1.09 + 0.15 kPa) than those grown on soft CyPhyGels

(0.50 + 0.06 kPa, Figure 4A). Fibroblasts, cultured on heterogeneous
CyPhyGels, showed no significant difference in cell stiffness
between stiff (0.49 + 0.05 kPa) and soft areas (0.46 + 0.05 kPa,
Figure 4A). When cultured on separated CyPhyGels, fibroblast
stiffness was not different from that on heterogeneous CyPhyGels
with 0.47 = 0.06 kPa on the stiff and 0.45 + 0.07 kPa on the
soft CyPhyGel (Figure 4A). The higher cell stiffness on
homogeneously stiff CyPhyGels was not a result of higher xSMA
expression levels (Supplementary Figure S4).

To assess any possible contribution of the mechanical
properties of the CyPhyGel on cell stiffness measurements,
we acutely reversed CyPhyGel stiffness. Switching CyPhyGels
from stiff to soft state and vice versa takes less than 1 min
(Supplementary Figure S5). Cells, grown on a homogeneously
stiff CyPhyGel, were assessed before and after switching the
CyPhyGel to its soft state, and vice versa. Cell stiffness before
and after switching did not differ significantly, neither for cells
initially cultured on stiff (0.99 + 0.30 kPa before versus
1.17 + 0.46 kPa after acute stiffness reversal) or soft CyPhyGels
(0.74 = 0.16 kPa before versus 0.73 + 0.18 kPa after stiffness
reversal, Figure 4B).
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DISCUSSION

Cardiac fibrosis is a multifactorial process accompanying most
cardiac malfunctions, and it increases with age. It is characterized
by extensive accumulation of ECM proteins, as well as
differentiation of fibroblasts into myofibroblasts, both adding
to changes in tissue mechanics. Many studies in the past have
addressed the questions of how cells sense and respond to

the mechanics of their environment. These studies are usually
based on model systems in which cells are cultured on substrates
with homogeneous mechanical properties.

In this study, we used a novel hydrogel system, which allows
one to dynamically change substrate stiffness by illumination
with either 660 nm or 740 nm light. We show that CyPhyGel
stiffness (Ezg) can be changed between ~4.6 and ~2.7 kPa, in
line with previous results by Horner et al. (2019b). We confirm
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the utility of CyPhyGels in experimental conditions involving
the cell culture of human primary atrial fibroblasts.

The light-induced stiffness difference is biologically relevant,
as we found human primary atrial fibroblasts adapt to the higher
substrate stiffness with increased cell area and stiffness. For healthy
cardiac tissue, elastic moduli from 5 to 20 kPa have been described,
while under pathologic conditions, the elastic modulus of the
tissue changes dynamically. During the inflammatory phase
following myocardial infarction, tissue stiffness in the infarct area
is decreased due to collagen degradation and death of
cardiomyocytes. This is followed by massive collagen deposition
over weeks leading to an increase in tissue stiffness to more
than 55 kPa, depending on species, form of fibrosis, and duration
of tissue remodeling (Holmes et al, 2005; Berry et al, 2006;
Gluck et al, 2017; Farré et al,, 2018). In contrast, the elastic
modulus of in vitro mouse fibroblast spheroids was determined
to be in the range of 0.5-3.5 kPa (Jorgenson et al., 2017). Thus,
there are significant differences between the relevant stiffness
ranges for in vivo and in vitro systems, and the here presented
CyPhyGels have a relevant dynamic range.

In this study, fibroblasts were also cultured on CyPhyGels
with heterogeneous stiffness. The stiffnesses of the two sides
of heterogeneous CyPhyGels were the same as for homogeneously
illuminated CyPhyGels. The boundary between stiff and soft
halves was well defined, confined to ~150 pm, ie., on a par
with the size of one or two cultured fibroblasts.

While fibroblasts on homogeneous CyPhyGels adapt to their
culture substrate with higher cell area and stiffness than those
on the stiff CyPhyGel, such adaptation was not present on
heterogeneous CyPhyGels. In terms of cell area, the fibroblasts
on heterogeneous CyPhyGels are as large as fibroblasts on
homogeneously stiff CyPhyGels, while cell stiffness resembles
that of fibroblasts on homogeneously soft CyPhyGels. To figure
out whether this effect was mediated by direct cell-cell contact
or via secreted mediators, we performed the same experiments
with a physical separation of 1 mm between the stiff and the

soft CyPhyGel. In this setting, fibroblasts were not able to
directly contact each other, while secretory mediators were
transmitted via the culture medium. Surprisingly, we found
an adaptation of cell area to matrix stiffness on separated
CyPhyGels, while cell stiffness was still the same as on
homogeneously soft CyPhyGels. Our results suggest that the
adaptation of cell spreading and cell stiffness in response to
matrix stiffness are regulated by distinct mechanisms, where
cell spreading can be modulated by cell-cell contact, while
cell stiffness can be modulated by paracrine mediators. Several
secreted factors, including transforming growth factor p,
angiotensin and interleukins, have been described to play a
role in cardiac fibrosis by upregulating collagen production or
driving myofibroblast differentiation (Wang et al., 2016; Zhang
et al,, 2016; Khalil et al., 2017; Schafer et al., 2017; Kuragano
et al.,, 2018). On the other hand, anti-fibrotic effects have been
described for conditioned medium from bone marrow-derived
stem cells and cardiac progenitor cells and may involve secreted
growth factors and/or microRNAs (Kishore et al., 2013; Fang
et al., 2016). Further experiments will be necessary to identify
the mechanisms responsible for the effects observed in this study.

The higher cell area and stiffness observed on stiffer
substrates can be interpreted as indicative of differentiation
toward a myofibroblastic phenotype. However, we did not
find a higher proportion of fibroblasts expressing the
myofibroblast indicator xSMA on stiff CyPhyGels. This might
be explained by a potential pre-activation of fibroblasts during
their culture time on plastic and the low range of stiffnesses
that is covered by CyPhyGels. Current literature on mechanical
control of fibroblast phenoconversion usually utilizes larger
stiffness differences (Sunyer et al., 2012; Herum et al., 2017),
which might trigger increased oaSMA expression more
efficiently. Also, there are some discrepancies regarding the
regulation of aSMA expression response to matrix stiffness.
While usually aSMA is thought to be upregulated with higher
matrix stiffness, the opposite was also shown for human
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valve interstitial fibroblasts (Mabry et al., 2015). This, in
line with our results, indicates that the regulation of fibrotic
events in response to matrix stiffness is highly complex and
involves many factors. Distinct phenotypic properties seem
to be regulated by different stimuli. Future work will assess,
for example, how culturing on plastic may affect
mechanosensing in fibroblasts. All in all, more studies will
be required to integrate the results described here with
previous knowledge on fibrotic mechanisms gathered from
mechanically invariable substrates.

CyPhyGels, by enabling spatial and temporal alterations
in the stiffness of the growth substrate, will aid the design
and implementation of improved experimental models for
studying the basic mechanisms underlying fibrosis. We show
that fibroblasts can be grown on CyPhyGels of different
stiffness, and that they sense and respond to the stiffness
changes that can be imparted by CyPhyGels. Further studies
will assess the speed at which cells respond to stiffness changes,
explore whether fibrosis can be reversed by altering substrate
stiffiness, and whether mechanical memory plays a role
in fibrosis.

CONCLUSION

We present a novel in vitro model suitable for the study of
dynamic biological responses to local and temporal changes
in matrix stiffness. This model will be used to shed light on
mechanisms of communication between cells in differing
mechanical microenvironments, for example to mimic fibrotic
or scarred myocardium. Our results indicate that cardiac
fibroblast adaptations to mechanical properties of the growth
matrix may be able to be tuned via paracrine factors as well
as direct cell-cell contact.
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SUPPLEMENTARY FIGURE S1 | After preparation, CyPhyGels were stored in
PBS at room temperature in darkness. Their stiffness in response to 660 or 740 nm
illumination was determined over 40 days after preparation. After 1 week, CyPhyGel
stiffness is reversibly tunable between ~3 and ~5 kPa for at least 40 days (n = 3).

SUPPLEMENTARY FIGURE S2 | E; of CyPhyGels exposed to different light
regimes. When exposed to green background light only, soft-tuned CyPhyGels
stayed soft for at least 1 h. Exposure to white light (e.g. microscope or room light,
>10 mW/cm?) resulted in complete stiffening of the CyPhyGel within 10 min.
Filtering the microscope light using a 490 + 5 nm band pass filter (final light
intensity ~0.05 m\W/cm?), minimized the stiffening for at least 1 h. All experiments
were performed under green background light.

SUPPLEMENTARY FIGURE S3 | 2D mapping of Eg; of a heterogeneous
CyPhyGel in a squared area of 1 mm x 1 mm, including the border zone,
measured with a step size of 50 pm. The left part of the mapped area is stiffer than
the right part. The border zone is well delineated and about 100-150 pm wide.

SUPPLEMENTARY FIGURE S4 | aSMA expression in human primary atrial
fibroblasts cultured on different CyPhyGels. (A) Fibroblasts were fixed in 4%
paraformaldehyde and immunostained for «SSMA after 4 days in culture on
CyPhyGels in different configurations. Red = aSMA. Blue = nuclear counterstain.
Scale bars = 150 pm. (B) aSMA-positive cells of two patients were determined as
percentage of total cells after applying the same intensity threshold to all images.

SUPPLEMENTARY FIGURE S5 | Kinetics of CyPhyGel stiffness switch in
response to changed ilumination. At 50 s, the illumination was switched from 660 to
740 nm or vice versa. As controls, CyPhyGels were constantly illuminated with either
of the two respective wavelengths. All iluminations were performed at 1 mW/cm?.
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Resistance arteries and downstream arterioles in the peripheral microcirculation contribute
substantially to peripheral vascular resistance, control of blood pressure, the distribution
of blood flow to and within tissues, capillary pressure, and microvascular fluid exchange.
A hall-mark feature of these vessels is myogenic tone. This pressure-induced, steady-state
level of vascular smooth muscle activity maintains arteriolar and resistance artery internal
diameter at 50-80% of their maximum passive diameter providing these vessels with the
ability to dilate, reducing vascular resistance, and increasing blood flow, or constrict to
produce the opposite effect. Despite the central importance of resistance artery and
arteriolar myogenic tone in cardiovascular physiology and pathophysiology, our
understanding of signaling pathways underlying this key microvascular property remains
incomplete. This brief review will present our current understanding of the multiple
mechanisms that appear to underlie myogenic tone, including the roles played by
G-protein-coupled receptors, a variety of ion channels, and several kinases that have
been linked to pressure-induced, steady-state activity of vascular smooth muscle cells
(VSMCs) in the wall of resistance arteries and arterioles. Emphasis will be placed on the
portions of the signaling pathways underlying myogenic tone for which there is lack of
consensus in the literature and areas where our understanding is clearly incomplete.

Keywords: myogenic tone, arterioles, resistance arteries, ion channels, G-proteins, mechanotransduction

INTRODUCTION

Myogenic tone is a hall-mark feature of resistance arteries and their downstream arterioles. This
pressure-induced contractile activity of vascular smooth muscle contributes substantially to all
functions of the resistance vasculature, including maintenance of peripheral vascular resistance,
control of blood pressure, distribution of blood flow to and within tissues, and regulation of
capillary pressure and microvascular fluid exchange. However, our understanding of the molecular
mechanisms responsible for myogenic tone remains incomplete. This review will outline the
multiple mechanisms that appear to underlie this key microvascular process, including important
roles for G-protein-coupled receptors, multiple ion channels, and several protein kinases emphasizing
the portions of the signaling pathways for which there is a lack of consensus.
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The Pressure Is Onl

SETTING THE STAGE

What Are Resistance Arteries and
Arterioles?

Resistance arteries are arterial vessels that feed blood flow to
the microcirculation and contribute to peripheral vascular
resistance (Zweifach and Lipowsky, 1984; Segal, 2000). These
small arteries have internal, maximal diameters ranging from
500 to 100 pm and have two or more layers of vascular smooth
muscle in their walls. Arterioles are downstream from resistance
arteries, usually have internal, maximal diameters less than
100 pm, and importantly, have only a single layer of vascular
smooth muscle wrapped circumferentially around the endothelial
cell tube that forms the lumen of these microvessels. Another
distinguishing characteristic of arterioles is that they are usually
embedded within the parenchyma to which they supply blood
flow. Arterioles form a branching network of vessels that
ultimately provide blood flow to the capillary bed, with 3-5
levels of branching, dependent on the tissue/organ being perfused.
The last arterial microvessels with vascular smooth muscle cells
(VSMCs) in their walls are termed terminal arterioles which
then branch into 1-20 capillaries. As with resistance arteries,
arterioles contribute substantially to determination and control
of vascular resistance and blood pressure (Renkin, 1984; Zweifach
and Lipowsky, 1984; Pries and Secomb, 2011).

In skeletal muscle, for example, resistance arteries contribute
about 30-40% of total skeletal muscle vascular resistance (Segal
and Duling, 1986; Segal, 2000), with downstream arterioles
contributing 50% and capillary and venules contributing the
remainder of the hydraulic resistance (Fronek and Zweifach,
1975). Thus, for example, during skeletal muscle contraction,
when blood flow can increase 100-fold (Saltin et al., 1998;
Mortensen and Saltin, 2014), coordinated vasodilation of
arterioles in the microcirculation and upstream resistance arteries
is essential for attainment of these massive increases in blood
flow (Segal and Duling, 1986; Segal, 2000).

What Are the Myogenic Response and
Myogenic Tone?

A step-wise increase in the blood pressure within a resistance
artery or arteriole leads to a rapid, pressure-induced increase
in vessel diameter as shown in Figure 1A. If the pressure is
maintained, the smooth muscle in the wall of the vessel will
respond, contracting and returning the internal diameter of
the vessel to or below its initial diameter (Figure 1A). This
is the classic myogenic response (Johnson, 1980; Davis and
Hill, 1999; Hill et al., 2001; Davis et al., 2011) that was originally
described by Bayliss over a century ago (Bayliss, 1902). The
steady-state level of contractile activity of the vascular smooth
muscle in a pressurized blood vessel is myogenic tone (Figure 1B).
It should be noted that myogenic tone not only encompasses
the steady-state activity of the smooth muscle contractile
machinery (actin-myosin cross bridge cycling), but also
remodeling of the actin cytoskeleton (Gunst and Zhang, 2008)
and alterations in interactions of smooth muscle cells with the
extracellular matrix that accompanies maintained vasoconstriction

(Martinez-Lemus et al., 2004) or vasodilation (Clifford et al., 2018).
An important point is that the time scale for these latter events
(remodeling of the actin cytoskeleton and interactions and
remodeling of the extracellular matrix) may occur on much
longer time scales than simple Ca’*-dependent cross-bridge
cycling during maintained levels of myogenic tone.

These two processes, the myogenic response and myogenic
tone (Figure 1), participate in the blood flow autoregulation
in organs, such as the brain (Tuma, 2011), heart (Laughlin
et al,, 1996; Zhang et al., 2011), kidney (Navar et al.,, 2011),
eye (Riva and Schmetterer, 2011), intestine (Granger et al,
2011), and skeletal muscle (Shepherd, 1983), buffering organ
blood flow and capillary pressure in the face of changes in
blood pressure (Johnson, 1980; Davis et al., 2011). The myogenic
response and myogenic tone also appear to contribute to blood
pressure regulation by amplifying vasoconstrictor-induced
vasoconstriction (Meininger and Trzeciakowski, 1988, 1990).
Myogenic tone offers a resting level of smooth muscle contractile
activity such that resistance arteries and arterioles can both
dilate and constrict around their resting diameters, maintaining
cardiovascular homeostasis (Renkin, 1984; Davis et al., 2011).

Steps Involved in the Myogenic Response
Leading to Myogenic Tone

Two questions need to be answered to understand the
mechanisms responsible for the myogenic response and myogenic
tone: (1) How are changes in luminal pressure sensed by
smooth muscle cells in the wall of resistance arteries and
arterioles? and (2) How are changes in luminal pressure
transduced into vascular smooth muscle contraction and
maintained tone in these vessels?

HOW IS PRESSURE SENSED IN
RESISTANCE ARTERIES AND
ARTERIOLES?

In a resistance artery or arteriole, increased luminal pressure
results in a radial force that increases tangential wall stress
(tension) as described by the Law of Laplace: tangential wall
stress = Pr/A, where P is the pressure in the lumen of the
vessel, r is the lumen radius, and A is the thickness of the
vessel wall. The increased wall stress passively dilates the vessel
and “stretches” (induces strain in) the smooth muscle cells in
the vessel wall. The passive dilation will continue until either,
the passive wall tension (due to collagen, elastin, cytoskeletal
elements, etc.) matches the pressure-induced tangential wall stress,
or the VSMCs actively contract and generate enough active wall
stress to overcome the pressure-driven tangential wall stress.
It has been argued that wall strain (change in length) is
unlikely to be the main variable sensed in the myogenic
response because, for example, arterioles, often constrict to
diameters below their starting point with step increases in
pressure (Johnson, 1980; Carlson and Secomb, 2005). However,
cytoskeletal remodeling appears to occur coincident and in
parallel with, smooth muscle contraction and relaxation such
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FIGURE 1 | The myogenic response and myogenic tone in arterioles. (A) Myogenic response in a cannulated hamster cremaster arteriole, ex vivo, prepared as
described (Westcott and Jackson, 2011). Shown in the upper panel is a digitized diameter record of the response of a second-order cremaster arteriole to a step-
increase in luminal pressure from 20 to 80 cm H,O as depicted in the lower panel. At the onset of the pressure step, arteriolar diameter increases due to passive
distention of the vessel. As the smooth muscle responds and begins to contract, diameter recovers to a new steady-state diameter that is slightly less than the
diameter at 20 cm H,O. This behavior is the myogenic response. (B) Myogenic tone in cannulated hamster cremaster arterioles. Top panel shows the steady-state
diameters of arterioles at different pressures in the absence of extracellular Ca* (passive) and presence of 2 mM Ca?* (active). Bottom panel shows the % myogenic
tone at the given pressures computed from the data in the top panel as myogenic tone = (passive diameter—-active diameter)/passive diameter x 100%. At pressures
greater than 20 cm H.0, arterioles develop significant myogenic tone (i.e., steady-state pressure-induced constriction). Data in (A) are replotted from Jackson
(2012), with permission. Data in (B) are replotted from Westcott and Jackson, (2011) and Jackson, (2012), with permission.

that cell “length” is not a constant (Gunst and Zhang, 2008).
Thus, whether it is stress or strain that is sensed in the vessel
wall remains to be clarified (Hill and Meininger, 1994; Davis
and Hill, 1999; Hill et al., 2001; Davis et al., 2011). Nonetheless,
several mechanisms have been proposed to act as sensors
during the myogenic response leading up to steady-state
myogenic tone including: several G-protein coupled receptors
(Brayden et al., 2013; Schleifenbaum et al., 2014; Storch et al,,
2015; Kauffenstein et al., 2016; Mederos et al,, 2016; Hong
et al., 2017; Pires et al., 2017; Chennupati et al., 2019), several
cation channels (Welsh et al., 2002; Jernigan and Drummond,
2005; Gannon et al., 2008; VanLandingham et al., 2009; Nemeth
et al, 2020), integrins (Davis et al, 2001; Martinez-Lemus
et al., 2005; Colinas et al., 2015), matrix metalloproteinases
(MMPs), and epidermal growth factor receptors (EGFR; Lucchesi
et al.,, 2004; Amin et al,, 2011); and membrane-bound tumor
necrosis factor @ (mTNFa), TNFa receptor (INFR), and
downstream sphingosine-1-phosphate (S1P) signaling (Kroetsch
etal., 2017; Figure 2). What remains unclear is what determines
which of these putative mechanosensitive elements are expressed

in a particular blood vessel and how this expression is controlled
under different physiological and pathological conditions. It
is also not clear whether the different potential mechanosensitive
elements represent independent “sensors” or whether some
are linked together. For example, while there is evidence that
TRPC6 channels are mechanosensitive and could serve as
independent sensors of pressure-induced stress/strain in vascular
smooth muscle (Spassova et al., 2006), it is also quite clear
that these channels lie downstream from mechanosensitive
G-protein coupled receptors, like the angiotensin II type 1
receptors (AT1R) that appear to mediate myogenic reactivity
in rodent cerebral resistance arteries (Gonzales et al., 2014).
Another example is the potential link between G-protein
coupled receptors, such as the AT1R and the EGFR. There
is considerable evidence for transactivation of the EGFR and
its downstream targets upon activation of AT1R by angiotensin
II (Forrester et al., 2016). Thus, it seems likely that mechanical
activation of ATIR would do the same and may reconcile
studies identifying EGFR as a key component of myogenic
signaling in coronary artery vascular smooth muscle
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FIGURE 2 | Signaling pathways for pressure-induced myogenic tone. Schematic diagram of reported signaling pathways involved in myogenic tone in resistance
arteries and arterioles. Green font color depicts putative mechanosensors in pressure-induced myogenic tone. Black arrows show stimulation, increases or
activation of signaling molecules, ion channels, or enzymes that participate in myogenic tone. Red capped lines indicate inhibition, decreases or deactivation of
signaling molecules, ion channels, or enzymes involved in myogenic tone. Also shown are pharmacological agents that we have used to interrogate the ion channels
and signaling pathways in arteriolar myogenic tone. MMP, matrix metalloproteinase; HB-EGF, heparin-bound epidermal growth factor; EGFR, epidermal growth
factor receptor; ERK1/2, extracellular-signal-related kinases 1 or 2; JAK, janus kinase; STAT3, signal transducer and activator of transcription 3; mTNFa, membrane-
bound tumor necrosis factor a; TNFR, TNFa Receptor; S1P, sphingosine-1-phosphate; S1PR, S1P receptor; asp-int, asf; integrin: FAK, focal adhesion kinase; SRK,
Src-related kinases; CaCC, Ca?*-activated CI- channel; TRPV2,4, transient receptor potential vanilloid-family 2 or 4 channels; ENaC, epithelial Na* channel; ASIC,
acid sensing ion channel; P,X;, P.X; purinergic receptor; VGCC, voltage-gated Ca®* channel; BKe,, large-conductance Ca?*-activated K* channel; K,, voltage-gated
K* channel; K, inwardly-rectifying K* channel; Kup, ATP-sensitive K* channel; msGPCR, mechanosensitive G-protein-coupled receptor; DAG, diacylglycerol; PKC,
protein kinase C; NFA, niflumic acid; DTZM, diltiazem; NIF, nifedipine; TEA, tetraethylammonium; IBTX, iberiotoxin; 4-AP, 4-aminopyridine; GLIB, glibenclamide; BIM
I, bisindolylmaleimide I; PLC, phospholipase C; PIP,, phosphatidylinositol bisphosphate; IP3, inositol, 1,4,5 trisphosphate; IP;R1, IP; receptor 1; RyR, ryanodine
receptor; CICR, Ca?*-induced-Ca** release; LARG, guanine nucleotide exchange factor LARG; RhoA, small G-protein Rho; 2-APB, 2-Aminoethoxydiphenyl borate;
RhoK. Rho kinase; LIMK, LIM kinase; CPl;,, C-kinase potentiated protein phosphatase-1 Inhibitor; MLCPPT, myosin light-chain phosphatase; MCL, myosin light-
chain; MLCK, myosin light-chain kinase; See text for more details and references.

(Lucchesi et al., 2004; Amin et al., 2011) with studies identifying
ATIR as the key mechanosensor in myogenic tone (Mederos
y Schnitzler et al., 2008; Yasuda et al, 2008; Storch et al.,
2012; Gonzales et al., 2014; Mederos et al., 2016; Hong et al,,
2017; Pires et al., 2017). However, it is not clear how signaling
downstream from the EGFR involving extracellular signal-
related kinases 1 and 2 (ERK1/2), janus kinase (JAK), and
signal transducer and activator of transcription 3 (STATS3;
Amin et al., 2011) fits into the overall scheme of myogenic
tone. Similarly, while a role for mTNFa, its receptor and
downstream S1P have been proposed to mediate myogenic
tone (Peter et al., 2008; Lidington et al., 2009; Yang et al,
2012; Hui et al, 2015; Yagi et al, 2015; Sauve et al.,, 2016;
Kroetsch et al.,, 2017), it is not clear how this mechanism
“fits” with the bulk of data supporting membrane depolarization
and activation of voltage-gated Ca** channels (VGCCs) as the
fundamental basis for myogenic tone. Certainly, activation of
PLCy is a potential downstream signal in the S1P-pathway
feeding into the same signaling pathway that has been proposed

for ATIR, for example Gonzales et al. (2014). In addition,
S1P signaling reportedly can lie downstream from the AT1R
(Wilson et al,, 2015). Unfortunately, few investigators have
tried to perform critical tests of alternative hypotheses for all
the proposed mechanisms underlying myogenic tone to try
and sort out which mechanisms are functional in a particular
blood vessel. In addition, most investigators tend to focus on
single or at most a few blood vessels such that the generality
of proposed mechanisms remains unclear and will require
additional research. Investigators are encouraged to explore
multiple mechanisms in arteries/arterioles from different vascular
beds so that patterns can be better assessed.

Finally, it is not yet known exactly how membrane proteins
are activated by increases in membrane stress or strain. Based
on studies in other systems, membrane-bound proteins may
be activated or altered by forces transmitted via connections
with the extracellular matrix and/or the cytoskeleton, by changes
in membrane curvature and/or by membrane thinning-induced
protein conformational changes (Leiphart et al., 2019).
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How Are Changes in Luminal Pressure
Transduced Into Myogenic Tone?

Regardless of the precipitating mechanisms, in vitro, pressure
myography studies have repeatedly shown that pressure-induced
myogenic tone involves vascular smooth muscle membrane
depolarization, activation of VGCCs, and an increase in
intracellular Ca*" (Harder, 1984; Knot and Nelson, 1998; Kotecha
and Hill, 2005; Figure 2). As will be discussed in a subsequent
section, there also may be activation of the small G-protein
RhoA and the Rho kinase pathway which induces Ca*
sensitization (Lagaud et al., 2002; Moreno-Dominguez et al.,
2013) and Rho-kinase (Moreno-Dominguez et al., 2013) or
protein kinase C (PKC)-dependent remodeling of the actin
cytoskeleton (Moreno-Dominguez et al., 2013; Hong et al,
2016) that also can contribute to myogenic tone (Figure 2).

Which lon Channels Contribute to
Pressure-Induced Membrane
Depolarization?

A number of ion channels have been proposed to contribute
to pressure-induced depolarization of VSMCs (Harder, 1984;
Knot and Nelson, 1998; Kotecha and Hill, 2005) including:
members of the transient receptor potential (TRP)-family of
cation channels, such as TRPC6 (Welsh et al., 2002; Gonzales
et al., 2014), TRPM4 (Earley et al., 2004; Gonzales et al., 2014),
TRPV2 (McGahon et al., 2016), and TRPV4 (Soni et al., 2017);
members of the degenerin family of channels including the
epithelial Na* channel (ENaC) family (Jernigan and Drummond,
2005, 2006; VanLandingham et al., 2009; Drummond and Stec,
2015), the acid-sensitive ion channel (ASIC) family of channels
(Gannon et al,, 2015), and purinergic P,X; Purinergic Receptor
(P,X;) channels (Kauffenstein et al., 2016; Figure 2). In addition,
Ca’*-activated Cl~ channels (CaCC; ANO1/TMEMI16A) may
be activated by Ca®" influx through TRPC6 channels (Bulley
et al,, 2012; Wang et al.,, 2016) and also contribute to pressure-
induced depolarization of VSMCs (Figure 2). Finally, the activity
of several K* channels may be inhibited by either the membrane
depolarization [inwardly-rectifying K* channel (Kjz) channels],
increases in intracellular Ca** [voltage-gated K* channel (Ky)
and ATP-sensitive K* channel (K,rp) channels], or increased
activity of kinases such as protein kinase C (Ky and Kyrp
channels) and Rho kinase (Ky channels) and indirectly contribute
to pressure-induced depolarization (Tykocki et al, 2017;
Figure 2). As for other aspects of myogenic tone, there appears
to be vascular bed- and, perhaps, species-dependent differences
in the ion channels that participate in pressure-induced
depolarization making generalizations difficult. Our understanding
of the mechanisms responsible for this heterogeneity is lacking.

What Activates the lon Channels
Responsible for Pressure-Induced
Depolarization?

The answer to this question remains incomplete. In cerebral
resistance arteries, TRPC6 and TRPM4 appear to be activated
indirectly (Gonzales et al., 2014), likely downstream from
pressure-induced activation of AT1R and phospholipase Cy

(PLCy; Gonzales et al., 2014) with diacylglycerol (DAG)
from hydrolysis of membrane phosphatidyl-inositol-bis-
phosphate (PIP,) activating TRPC6 and Ca’* from Ca®*- and
IP;-induced release of Ca®* through IP; receptor (IP;R)
activating TRPM4 (Gonzales et al., 2014; Figure 2). In
cerebral penetrating arterioles, Rho kinase may be involved
in the activation of TRPM4 by setting its Ca** sensitivity
(Li and Brayden, 2017; Figure 2). However, not all blood
vessels appear to require PLC for pressure-induced myogenic
tone. For example, we have shown that myogenic tone and
global Ca* levels in hamster cheek pouch arterioles are
unaffected by inhibition of PLC and IP;R, and yet are
inhibited by nanomolar concentrations of Gd** and micromolar
concentrations of GsMTX-4, established inhibitors of
mechanosensitive ion channels (Jackson and Boerman, 2017).
Thus, it is possible that, in cheek pouch arterioles, pressure-
induced mechanical activation of TRPC6, for example, directly
contributes to membrane depolarization and myogenic tone
(Figure 2).

Which lon Channels Contribute to the
Negative-Feedback Regulation of
Myogenic Tone?

Membrane depolarization in cells that express VGCCs is
inherently a positive feedback process that would lead to
depolarization approaching the Nernst equilibrium potential
for Ca®* (approximately +60 mV) and maximal vasoconstriction
if it were not for negative feedback mechanisms that limit
membrane depolarization and the activity of VGCCs. In VSMCs,
this negative feedback is provided by large-conductance Ca**-
activated K* (BK,) channels and several voltage-gated K* (Ky)
channel family members including Ky1.5, 2.1, and 7.X channels
(Tykocki et al., 2017; Figure 2). The membrane depolarization
induced by TRPC6, TRPM4, etc. activates both BK¢, and Ky
channels, limiting membrane depolarization (Tykocki et al.,
2017; Figure 2). The BKc, channels are also activated by
increased Ca®* (Tykocki et al, 2017). In resistance arteries,
the source of Ca** responsible for activation of BK, channels
is Ca* sparks released through ryanodine receptors (RyR;
Nelson et al., 1995; Westcott and Jackson, 2011; Westcott et al.,
2012), whereas in downstream arterioles, BK¢, channels appear
to be activated by Ca** entry through VGCCs and other
membrane channels (Guia et al., 1999; Westcott and Jackson, 2011;
Westcott et al., 2012; Suzuki et al., 2013; Figure 2).

Which lon Channels Contribute to
Pressure-Induced Increases in Global
Intracellular Ca**?

L-type VGCCs composed of CaV1.2 a-pore-forming subunits
contribute substantially to pressure-induced myogenic tone that
is observed in pressurized resistance arteries and arterioles
studied ex vivo (Tykocki et al., 2017; Figure 2). L-type CaV1.2
VGCCs appear essential for the initiation of the myogenic
response because block of these channels prevents the
development of myogenic tone (Knot and Nelson, 1998;
Kotecha and Hill, 2005). In rat middle cerebral arteries, the
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voltage dependence of intracellular Ca** and myogenic tone
is the same as that for currents through L-type VGCCs, and
both depolarization-induced increases in intracellular Ca** and
myogenic tone are prevented or completely reversed by L-type
VGCC blockers (Knot and Nelson, 1998). In first-order rat
cremaster muscle arterioles, the relationship between membrane
potential and tone is steeper than observed in cerebral arteries,
and a significant portion of pressure-induced tone remains
after block of L-type VGCCs (Kotecha and Hill, 2005). Block
of L-type VGCCs also only inhibits a portion of Ca**-dependent
myogenic tone in second-order hamster cremaster (86%) and
cheek pouch (54%) arterioles (Jackson and Boerman, 2017).
These data suggest that Ca** entry through additional ion
channels, such as T-type VGCCs (CaV3.X) or mechano-sensitive
cation channels such as TRPC6, for example, also contribute
to elevated [Ca*],, and activation of contraction, particularly
in the microcirculation (Tykocki et al, 2017). While it has
been shown that smooth muscle-specific knockout of CaV1.2
abolishes myogenic reactivity in murine tibialis arteries
(Moosmang et al., 2003), these data are difficult to interpret
because CaV1.2 appears essential for the initiation of the
myogenic response and hence, myogenic tone (Knot and Nelson,
1998; Kotecha and Hill, 2005).

The role played by SMC CaV1.2 channels in myogenic tone
in arterioles, in situ, is not as clear. While there are a number
of in situ studies supporting a role for CaV1.2 channels in
various vascular beds (see Tykocki et al., 2017 for refs.), several
intravital microscopy studies of arterioles in rat (Hill and
Meininger, 1994), hamster (Jackson, 2012) and mouse (Pemberton
et al,, 1996; Ngo et al., 2013) cremaster muscles, and hamster
cheek pouch (Boric et al., 1990; Welsh et al., 1998) have shown
that topical application of L-type channel blockers has little
effect on resting myogenic tone. Importantly, the efficacy the
Ca® channel blockers was verified because they abolished
vasomotion (Hill and Meininger, 1994; Welsh et al., 1998;
Jackson, 2012; Ngo et al, 2013) and prevented O,-induced
vasoconstriction (Welsh et al., 1998; Jackson, 2012). The resting
tone in these studies appeared to be voltage-dependent because
Kyrp channel agonists such as pinacidil (Jackson, 1993; Hill
and Meininger, 1994) and cromakalim (Jackson, 1993) cause
near maximal dilation of arterioles in these preparations. These
data suggest that some other voltage-dependent channel, such
as T-type CaV3.X channels for example, can determine resting
tone in these microvascular beds under the conditions studied,
that is simply not recapitulated in the ex vivo study of isolated
resistance arteries and arterioles where CaV1.2 channels
appear essential.

In some resistance arteries and arterioles, Ca’" influx through
VGCCs also appears to be amplified by Ca** release from
intracellular stores (Figure 2). In cremaster arterioles, for
example, Ca®* influx through L-type VGCCs activates Ca**
release through IP;Rs in the form of Ca** waves that contribute
to myogenic tone (Westcott and Jackson, 2011; Westcott et al.,
2012; Jackson and Boerman, 2018). In resistance arteries
upstream from cremaster arterioles, Ca** waves also contribute
to myogenic tone, but appear to involve both IP;R and RyR
(Westcott and Jackson, 2011; Westcott et al., 2012).

How Is the Pressure-Dependent Ca?
Signal Translated Into Tone?

The global increase in intracellular Ca** that results from activation
of membrane mechanoreceptive processes, depolarization,
activation of VGCCs, and amplification by Ca®* release from
intracellular stores is translated into smooth muscle contraction
mainly through binding of Ca** to the Ca®*-binding protein,
calmodulin (CaM), and Ca**-CaM-dependent activation of myosin
light-chain kinase (MLCK). This results in phosphorylation of
the 20 kD myosin light-chains which is the primary trigger
for contraction and force production in vascular smooth muscle
(Zou et al, 1995; Cole and Welsh, 2011; Figure 2). Myosin
light-chain phosphorylation then allows interaction of filamentous
actin with myosin, the formation of actin-myosin cross-bridges,
cross-bridge cycling, and smooth muscle contraction or force
generation (increased myogenic tone; Zou et al, 1995; Cole
and Welsh, 2011; Figure 2). This process continues while Ca*
remains elevated and cross-bridge cycling occurs. A reduction
in intracellular Ca** or dephosphorylation of the myosin light-
chains by myosin light-chain phosphatase (MLCPPT) turns off
this process and allows smooth muscle relaxation (decreased
myogenic tone; Zou et al, 1995; Cole and Welsh, 2011). The
ratio of activity of MLCK/MLCPPT determines the Ca*" sensitivity
of the system (Cole and Welsh, 2011). Guanine nucleotide
exchange factors (GEFs), such as LARG, couple G-proteins,
such as Gy,,; to activation of the small GTPase, RhoA which
subsequently activates Rho Kinase (Chennupati et al, 2019;
Figure 2). Active Rho Kinase has several targets that modulate
myogenic tone including: phosphorylation and inhibition of
MLCPPT and an increase in Ca** sensitivity (Cole and Welsh,
2011); activation of LIM kinase (LIMK) and subsequent inhibition
of cofilin and actin-cytoskeleton remodeling (Loirand et al,
2006; Moreno-Dominguez et al., 2013); inhibition of Ky channels
(Luykenaar et al., 2009); activation of TRPM4 channels (Li and
Brayden, 2017); and activation of VGCCs (Guan et al., 2019;
Figure 2). All of these Rho Kinase-related effects promote
increased myogenic tone. Myogenic tone can also be increased/
sustained through G-protein-dependent activation of PKC that
not only modulates ion channels, but also the Ca®* sensitivity
of the contractile machinery through phosphorylation of the
protein CPI,; which inhibits MLCPPT (Cole and Welsh, 2011).
As noted previously, PKC also can lead to actin cytoskeleton
remodeling that contributes to myogenic tone (Moreno-
Dominguez et al., 2013; Hong et al., 2016; Figure 2).

WHAT IS RESPONSIBLE FOR THE
APPARENT HETEROGENEITY IN
MECHANISMS UNDERLYING MYOGENIC
TONE?

As outlined in previous sections, there are likely multiple
mechanisms that resistance arteries and arterioles use to produce
and modulate myogenic tone depending on their location in
the body and the physiology/pathophysiology of the system.
What determines the primary mechanisms that are functional
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in a resistance artery or arteriole under a given set of physiological
or pathophysiological conditions remains to be established. In
experimental diabetes and subarachnoid hemorrhage, for example,
it has been shown that there is apparent upregulation of the
role played by mTNFa and S1P-signaling in myogenic tone
of skeletal muscle (Sauve et al., 2016) and cerebral (Yagi et al.,
2015) resistance arteries. However, the mechanisms responsible
for this upregulation remain to be established. Another example
is the differences that we have found in the mechanisms of
myogenic tone in hamster cremaster vs. cheek pouch second-
order arterioles (Jackson and Boerman, 2017). In cremaster
arterioles, PLC and IP;R substantially contribute to Ca** signals
(Ca** waves) and pressure-induced myogenic tone, whereas
cheek pouch arterioles generate a similar level of tone that is
independent of PLC and IP;R signaling (Jackson and Boerman,
2017). The mechanisms responsible for this regional heterogeneity
are not known. Nonetheless, these differences in mechanisms
likely mean that vascular smooth muscle in resistance arteries
and arterioles has a “toolbox” of mechanisms that are potentially
available to support the vital process of the myogenic response
and myogenic tone in health and disease. Regional heterogeneity
in mechanisms of myogenic tone may also provide new drug
targets to treat vascular disease in an organ or tissue specific
manner. For this to become a reality, much more research
will be required to: (1) identify all of the potential signaling
pathways that can contribute to myogenic tone in a selection
of resistance arteries and arterioles from different vascular beds
around the body using high density transcriptomic and proteomic
approaches, understanding that many ion channels and receptors
are normally expressed at very low levels in VSMCs, despite
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The heart continually senses and responds to mechanical stimuli that balance cardiac
structure and activity. Tensile forces, compressive forces, and shear stress are sensed
by the different cardiac cell types and converted into signals instructing proper heart
morphogenesis, postnatal growth, and function. Defects in mechanotransduction, the
ability of cells to convert mechanical stimuli into biochemical signals, are implicated in
cardiovascular disease development and progression. In this review, we summarize the
current knowledge on how mechanical forces are transduced to chromatin through the
tensed actomyosin cytoskeleton, the linker of nucleoskeleton and cytoskeleton (LINC)
complex and the nuclear lamina. We also discuss the functional significance of the LINC
complex in cardiovascular disease.

Keywords: LINC complex, nuclear lamins, mechanotransduction, epigenetics, cardiovascular disease,
cardiomyocyte, endothelial cell

INTRODUCTION

Mechanical forces play a key role in the development, maturation and function of the heart.
During heart formation, contractions of cardiomyocytes (CMs) cause blood to flow over the cardiac
endothelial lining, which leads to generation of mechanical cues such as shear stress and cyclic
strain that further aid and guide cardiac morphogenesis (Granados-Riveron and Brook, 2012). After
birth, these forces instruct and maintain the healthy heart functional state (Andrés-Delgado and
Mercader, 2016). The type and magnitude of mechanical forces, such as shear stress, cyclic stretch,
and alterations in the extracellular matrix (ECM) stiffness, have to be faithfully recognized from the
different cardiac cell types to allow their adaptation to the dynamic changes of their surrounding
by modifying gene expression. The inability of cells to correctly translate mechanical cues into
biochemical signals, caused by mutations or deregulation of proteins that disturb mechanosensing
and mechanotransduction, can contribute to the development and progression of cardiovascular
diseases (Jaalouk and Lammerding, 2009).

The role of cytosolic signaling pathways and mechanosensitive transcription factors in
mediating cellular responses to mechanical forces has been long recognized and extensively
studied. Mechanosensitive ion channels and transmembrane receptors, as well as cytoskeleton and
sarcomeric proteins have been shown to activate signaling cascades [e.g., through Rho GTPases,
MAPKSs, phospholipase C, calcium/calcineurin, focal adhesion kinase (FAK), Src, integrin-linked
kinase (ILK) etc.], which converge into the nucleus to induce transcriptional programming
that dictates cell behavior and function (Hahn and Schwartz, 2009; Jaalouk and Lammerding,
2009; Wang et al., 2009). For example, active Rho-GTPase signaling and actomyosin-mediated
contractility result in the translocation of mechanosensitive transcription factors MRTFA (MKL1)
and YAP/TAZ from the cytoplasm to the nucleus, where they initiate specific transcriptional
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programs (Dupont et al, 2011; Dorn et al., 2018). While
nucleocytoplasmic shuttling of transcriptional regulators to
mediate responses elicited by mechanical stimuli has been
extensively studied, more recent work has suggested a role
for the nucleus in direct propagation of mechanical stress via
the linker of nucleoskeleton and cytoskeleton (LINC) complex,
a process referred to as nuclear mechanotransduction (Wang
et al., 2009; Kirby and Lammerding, 2018). The LINC complex
consists of KASH-domain spectrin repeat proteins (Nesprins),
located in the outer nuclear membrane and SUN (Sadl and
UNCB84)-domain transmembrane proteins, located in the inner
nuclear membrane (Figure 1A). Nesprins bind to cytoskeletal
elements such as microtubuli, intermediate filaments and actin
in the cytoplasm and to the SUN proteins in the perinuclear
space (Isermann and Lammerding, 2013). In CMs, nesprins
can connect directly to the Z-disk or indirectly through other
proteins (Stroud et al., 2014; Figure 1B). Inside the nucleus, SUN
proteins bind to lamin A, which, in turn, anchors chromatin
to the nuclear lamina. The nuclear lamina consists of A-type
(lamin A and C) and B-type lamins (lamin Bl and B2), which
form distinct meshworks (Shimi et al., 2008). While lamins B1
and B2 are localized at the periphery and associate mainly with
transcriptionally silent chromatin (Reddy et al., 2008; Wen et al.,
2009), lamins A and C are found at the nuclear periphery as
well as in the nuclear interior and associate with both hetero-
and transcriptionally active euchromatin (Gesson et al., 2016).
However, three-dimensional structured illumination microscopy
analysis of lamin meshworks in HeLa cells showed that the loss
of A-type lamins results in alterations in B-type meshworks and
vice versa (Shimi et al., 2008), suggesting that their activity might
be interconnected and that mechanosensitive mechanisms could
affect both lamin A and lamin B lamina-associated chromatin
domains (LADs). A few other proteins, including Emerin, Luma
(TMEM43) and LAP2a have been shown to interact with the
LINC complex components (Stroud, 2018). In this review, we
summarize the current knowledge on the mechanisms of a direct
mechanical force propagation to chromatin through the tensed
actomyosin cytoskeleton, the LINC complex and the nuclear
lamina and their malfunction in cardiovascular diseases.

FORCE TRANSMISSION TO THE
NUCLEUS

The connection between the ECM and the cell cytoskeleton is
established through dynamic, integrin-containing multi-protein
complexes that simultaneously bind to ECM proteins and anchor
actin filaments, the focal adhesions (Figures 1, 2). In response
to tensile stress, as modeled by culturing mouse embryonic
fibroblasts (MEF) on large and elongated micropatterns, cells
establish strong connections to the substrate (mature focal
adhesions) at the two opposite poles along the long axis of the cell,
which leads to the formation of actin stress fibers along the cell’s
long axis in the apical plane (Alisafaei et al., 2019). Actin stress
fibers are contractile cytoskeletal structures, composed mainly
from actin and non-muscle myosin II (actomyosin). Stress fibers
then propagate tensile forces from the mature focal adhesions to

the nucleus (Alisafaei et al., 2019; Figures 1, 2). Local shear stress,
as modeled through the movement of a magnetic bead attached to
the cell membrane of Chinese hamster ovary (CHO) cells is also
propagated to the nucleus in an actomyosin-dependent fashion
via focal adhesions (Tajik et al., 2016). However, forces that are
applied on the cell membrane, but bypass the focal adhesions,
can also be transmitted via actin, albeit less effectively compared
to the force propagation from focal adhesions (Tajik et al., 2016).
Interestingly, prolonged stretching of MEFs induces thickening
of discrete actin stress fibers coupled to dense accumulation of
lamin A/C in the apical side of the nucleus and the formation
of lamin A/C dents along the individual actin fibers (Kim
et al,, 2017). These indentation sites are characterized by a local
enrichment of LINC complexes, which connect the stress fibers
to the nuclear lamina, as shown in endothelial cells (Versaevel
et al., 2015). Isolated nuclei alone are also able to respond to
tension force applied directly via Nesprin-1 (Guilluy et al., 2014),
demonstrating that the LINC complex is crucial for the force
transmission into the nucleus.

INFLUENCE OF MECHANICAL FORCES
ON NUCLEAR MORPHOLOGY,
CHROMATIN ORGANIZATION, AND
GENE TRANSCRIPTION

Recent studies using different models have greatly expanded our
understanding of the effects of mechanical forces on nuclear
morphology and chromatin organization and the role of the
actomyosin meshworks in force transmission (Figures 1, 2).
For example, tensile forces arising from culturing fibroblasts
on fibronectin-coated micropatterns to mimic the in vivo
microenvironment have been shown to trigger an actomyosin-
dependent alterations in nuclear morphology, lamin A/C levels
and shuttling of epigenetic factors (Alisafaei et al., 2019). In
a similar way, 1 h cyclic stretch (1 Hz, 8% uniaxial cyclic
stretch within the physiological range) alters the nucleus shape,
which becomes flattened (approx. 35% reduction in nuclear
height) and slightly elongated in the direction of stretch (Kim
etal,, 2017). Interestingly, tensile force-induced nuclear flattening
stretches the nuclear pores, which decreases the mechanical
restriction of nuclear pores-mediated molecular transport and
results in accumulation of the mechanosensitive transcription
factor YAP in the nucleus (Elosegui-Artola et al., 2017; Figure 2),
providing an interconnection between the cytosolic pathways-
mediated response of cells to mechanical forces and direct force
transmission to the nucleus through the actomyosin cytoskeleton
and the LINC complex. Further, stretch of the nuclear envelope
in response to tensile stress results in increased lamin A/C
levels (Swift et al., 2013; Alisafaei et al., 2019) and decreased
mobility through inhibition of lamin A/C Ser22 phosphorylation,
which regulates lamin A/C turnover and physical properties,
as shown in mesenchymal stem cells (Buxboim et al., 2014).
In addition, as a result of compressive forces on nuclei the
nuclear lamina acquires structurally polarized state, in which
epitopes at the N- and C-terminus of lamins A/C at the basal
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FIGURE 1 | The LINC complex and nuclear mechanotransduction. (A) Composition of the LINC complex and nuclear mechanotransduction. The LINC complex
consists of KASH-domain containing proteins (Nesprins) located in the outer nuclear membrane (ONM) and SUN-domain proteins located in the inner nuclear
membrane (INM). Nesprins bind to different cytoskeletal components in the cytoplasm and to the SUN-domain proteins in the perinuclear space (PNS). On the other
side, SUN proteins interact with the nuclear lamins and other inner nuclear membrane-associated proteins such as Emerin and Luma (TMEM43). The nuclear lamina,
in turn, anchors chromatin to the nuclear periphery. LINC complex composition varies in different cell types. Mechanical forces (increase in ECM matrix stiffness,
shear stress, and stretch) sensed by the mechanosensitive cell-surface receptors and transduced via the cytoskeleton and the LINC complex to the nuclear lamina
may directly influence chromatin architecture and gene expression. (B) The CM LINC complex. In CMs Nesprins-1/2 connect to the Z-disk (Z) — directly or indirectly
through other proteins indicated with a question mark, while Nesprin-3 binds to Desmin through Plectin. Figures were created with BioRender.com and are not to
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nuclear envelope become inaccessible (Thalainen et al.,, 2015).
Recent studies have demonstrated that lamins anchor LADs
at the nuclear periphery and are responsible for maintaining
proper interactions among topologically associated chromatin
domains (TADs), as well as for the maintaining of active and
inactive chromatin and transcriptional states (Zheng et al., 2018).
Importantly, loss of chromatin tethering to the nuclear lamina
following HDAC3 deletion causes release of CM-specific gene
regions from the nuclear periphery, leading to precocious CM
differentiation and heart disease pathogenesis (Poleshko et al.,

2017). Ablation of CTCE an architectural protein enriched
at LAD and TAD boundaries that binds DNA and facilitates
chromatin looping, in cardiomyocytes results in cardiomyopathy
(Rosa-Garrido et al., 2017). Thus, mechanical forces-induced
conformational changes in the nuclear lamina might have a
profound effect on chromatin organization, chromatin dynamics
and gene expression in cardiovascular cells.

Several studies suggested that both chromatin organization
and nuclear lamins have an impact on nuclear stiffening
and might work synergistically to maintain nuclear rigidity
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extracellular matrix to balance outside and inside forces.

in response to mechanical stress. Indeed, chromatin
decondensation decreases while lamin A overexpression
increases the anisotropic nuclear deformations caused by
constant force application on fibroblast nuclei using a pyramidal
atomic force microscope (AFM) tip (Haase et al., 2016).
A more recent study using isolated nuclei from HeLa cells
demonstrated that in nuclei stretched at a physiologically
relevant speed of 50 nm/s, lamin A/C levels modulate the nuclear
stiffness primarily in response to more than 3 pwm of stretch,
whereas euchromatin/heterochromatin levels mainly control
nuclear stiffening at less than 3 pm stretch (Stephens et al,
2017). Moreover, disruption of the LINC complex abrogates
the difference between heterochromatin and euchromatin
elasticities/stiffnesses at the peak nuclear deformation induced
by CM contraction (Ghosh et al, 2021), suggesting that
an intact LINC complex is also necessary for maintaining
chromatin stiffness. Chromatin decondensation further results
in an increased movement of chromatin, while inhibition of
myosin II and decoupling the nucleus from the cytoskeleton
decreases chromatin mobility in HUVEC cells (Spagnol and
Noel Dahl, 2014), further supporting the notion that the intact
actomyosin apparatus and the LINC complex are critical
factors for the mechanical signal transmission to chromatin.
Accordingly, an increase in euchromatin formation and/or
heterochromatin depletion leads to decreased nuclear rigidity

(softer nuclei) and formation of nuclear blebs in fibroblasts
(Furusawa et al., 2015; Stephens et al., 2018). In turn, nuclear
blebbing can be counteracted through extracellular multivalent
cation transduction, which simulates the transient calcium
(Ca?t) influx associated with activation of mechanosensitive
channels and increases heterochromatin formation (Stephens
et al,, 2019). Intriguingly, a recent study utilizing skin epidermis
stem/progenitor cells reported Ca’*-dependent rapid nuclear
response preventing DNA damage upon nuclear deformation
evoked by cyclic stretch, followed by a long-term adaptation
mechanisms modulating chromatin organization (Nava et al.,
2020). In the rapid cell response to mechanical stress, Ca’*
released from the endoplasmic reticulum (ER) reduces lamina-
associated heterochromatin, thereby diminishing nuclear
membrane tension and increasing chromatin fluidity to prevent
DNA breaks. Subsequently, nuclear strain is hampered by cell-
cell contacts-mediated cytoskeleton reorganization and cell and
nuclear reorientation along the long axis, allowing chromatin
adaptation for long-term mechanoprotection. On the other hand,
Ca’" release from the ER is dependent on lamin A levels and
nuclear stiffness (Nava et al., 2020), suggesting that cytosolic and
nuclear mechanotransduction pathways are tightly intertwined
through both positive and negative feedbacks. Consistently, acute
modulation of contractility and ECM elasticity of embryonic
hearts resulted in rapid and reversible changes in lamin A
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levels, DNA damage as well as cell cycle and loss of function
experiments revealed a key role of lamin A in safeguarding
against DNA-damage and cell cycle arrest of cardiomyocytes
subjected to mechanical stress (Cho et al., 2019).

As discussed above, myriad studies have demonstrated the
critical role of the LINC complex and lamin A in nuclear and
chromatin reorganization as well as preventing DNA damage
upon biophysical forces. On the other hand, chromatin structure
regulates gene transcription by determining the accessibility of
the transcriptional machinery to DNA, implying that changes
in chromatin organization in response to mechanical stimuli
could have a direct impact on gene transcription. Indeed, forces
applied on the CHO cell surface via integrin-bound Arg-Gly-
Asp-coated magnetic beads stretch chromatin and instantly
upregulate gene transcription (Tajik et al,, 2016). Specifically,
using GFP tagged bacterial-chromosome dihydrofolate reductase
(DHFR) transgene, Tajik et al. (2016) demonstrated that
mechanical forces propagated to chromatin via the actomyosin
and the LINC complex induce chromatin stretching coupled
to transcriptional upregulation of DHFR. Further study from
the same group revealed that the direction of force application
and the stress amplitude also influence the extent of chromatin
fluidity and gene expression (Wei et al, 2020). Although
these conclusions were based on the transcriptional changes of
the artificial DHFR transgene, a recent study suggested that
the endogenous genes EGRI and CAVI respond similarly to
directional mechanical stimulation (Sun et al., 2020). Moreover,
force-induced gene upregulation depends on the levels and the
spatial location of H3K9me3 histone mark, i.e., force-induced
demethylation of H3K9me3 in the nuclear interior, but not
near the nuclear periphery, leads to Pol II recruitment to
promoters of mechanoresponsive genes to rapidly upregulate
their transcription (Sun et al., 2020). Similarly, short-term stretch
(30 min) of epidermal progenitor cells resulted in decrease of
H3K9me3 (Nava et al., 2020), while long-term stretch resulted
in decrease in global transcription due to increased H3K27me3-
occupancy resulting in silencing of epidermal differentiation
genes (Le et al,, 2016; Nava et al., 2020), suggesting different
modes of epigenetic response to short- and long-term stretch.
In the heart, increased mechanical stress induced through TAC
surgery, also leads to chromatin reorganization and higher
transcriptional activity through increased recruitment of RNA
polymerase II in CMs in vivo, which is dependent on the
spatial location of genes in the nucleus (Karbassi et al., 2019).
While duration and magnitude of mechanical stress application
proportionally upregulates gene transcription (Tajik et al., 2016;
Wei et al, 2020) and could play an important role in cell
adaptation, too long lasting stress could induce non-reversible
adaptations, which, in turn, might lead to disease development
or contribute to disease progression.

THE LINC COMPLEX IN
CARDIOVASCULAR DISEASE

Consistent with the important biological functions of the
LINC complex in mechanical stress response, mutations

in different components of the LINC complex and its
interaction partners (Nesprin-1 and Nesprin-2, lamin A,
Emerin, and TMEM43) are associated with diseases of the
heart and striated muscles that experience high levels of
mechanical stress, including dilated cardiomyopathy (DCM),
arrhythmogenic cardiomyopathy (ACM), and Emery-Dreifuss
muscular dystrophy (EDMD) (Stroud et al., 2014). One of
the most frequently mutated genes associated with familial
DCM is Lamin A/C (LMNA) (Hershberger et al, 2013).
Cheedipudi et al. (2019) found redistribution of LADs in
hearts of DCM patients carrying pathogenic LMNA-mutations,
which correlated with CpG methylation and gene expression
changes. In addition, abnormal binding of lamin A or LAP2u-
lamin A/C complexes to euchromatin and dysregulation of
the WNT/B-catenin and TGFB-BMP pathways might also
contribute to the disease phenotype (Zhang et al., 2021). Further
evidence that LMNA mutations disrupt lamina-chromatin
interactions and influence gene expression comes from in vitro
experiments using human induced pluripotent stem cells
(hiPSCs)-derived CMs. HiPSCs-CMs harboring DCM-associated
T10I and R541C LMNA mutations exhibit specific alterations
in the peripheral chromatin, resulting in an increased and
aberrant expression of non-myocyte lineage genes (Shah
et al, 2021). Taken together, these studies support a key
role of lamin A/C in chromatin organization for proper
cardiac function.

Dilated cardiomyopathy development and progression
is often associated with altered Ca’* handling in cardiac
myocytes. Indeed, Lmna H222P mutation results in an abnormal
increase of sarcolipin, an inhibitor of the sarco/endoplasmic
reticulum (SR) Ca2t ATPase (SERCA) in mouse ventricular
CM:s, leading to altered calcium handling already in the early
stage of DCM, before changes in left ventricular function
have occurred (Morales Rodriguez et al, 2020). Further,
age-dependent biochemical remodeling of the ryanodine
receptor 2 (RYR2) in the heart that lead to “leaky” RYRs
and a subsequent increase of the SR Ca?*t leak has been
shown to play a role in cardiomyopathy caused by LMNA
H222P mutation (Dridi et al., 2021). A recent study showed
that iPSC-CMs harboring K117fs LMNA mutation, which
ultimately causes LMNA haploinsufficiency, display aberrant
calcium homeostasis that leads to arrhythmias (Lee et al,
2019). Mechanistically, Lee et al. (2019) demonstrated that
abnormal epigenetic activation of PDGFRB, caused by the
K117fs LMNA mutation, resulted in an increased CAMK2D
and RYR2 phosphorylation and arrhythmias. To what extend
changes in Ca?* levels resulting from RYR2 phosphorylation
induces further changes in chromatin structure in LMNA
mutant CMs still needs to be elucidated. Intriguingly,
epigenetic silencing of SCN5A caused by a different LMNA
mutation, K219T, leads to decreased expression of Na,1.5
channel, altered action potential, reduced peak sodium
current and diminished conduction velocity in iPSC-CMs
(Salvarani et al, 2019), further highlighting the role of
lamin A in epigenetic regulation of ion homeostasis in
CMs. However, more studies are required to elucidate
the common and distinct mechanisms caused by different
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pathogenic LMNA mutations on CM ion handling and
triggered arrhythmias.

Since CMs represent the main functional unit of the heart,
most studies investigating the development and progression of
cardiac diseases associated with LMNA mutations have been
focusing on this cell type. However, within the heart, CMs,
endothelial cells (ECs) and fibroblasts (FBs) all sense and respond
to mechanical stimuli and communicate, thereby affecting each
other’s behavior and functionality (Tirziu et al., 2010; Granados-
Riveron and Brook, 2012; Tian and Morrisey, 2012; Saucerman
et al, 2019). Up to now, only few studies examined the
EC contribution to cardiac laminopathies (Osmanagic-Myers
et al., 2018; Sayed et al., 2020). Sayed et al. (2020) showed
that LMNA K117fs mutation causes epigenetic silencing of
Kriippel-like factor 2 (KLF2) in hiPSCs-derived ECs, which in
turn leads to impaired KLF2-mediated EC response to shear
stress and EC dysfunction. Impaired shear stress response has
also been noted in endothelium-specific progeria mouse model
(Osmanagic-Myers et al., 2018). Endothelial specific progerin
expression affected the levels and structural organization of
actin as well as nuclear envelope proteins involved in shear
stress force transmission, namely SUN1/2 and Emerin. Although
cardiac FBs play an important role in ECM homeostasis,
the distribution of mechanical forces through the cardiac
tissue, but also in adverse cardiac remodeling after myocardial
infarction, the role of lamin A loss in fibroblasts in cardiac
disease development is not known. Thus, understanding the
fibroblast contribution and the heterocellular crosstalk in
cardiac laminopathies will be instrumental for the discovery
and design and novel therapeutic strategies for this life-
threatening disease.

Alterations in other members of the LINC complex also
play an instrumental role in cardiac disease pathogenesis.
For example, SUN2-null mice display cardiac hypertrophy
with concomitant increase in AKT/MAPK signaling, similar
to mice lacking A-type lamins, but do not develop fibrosis
or upregulate pathological hypertrophy markers, in contrast to
lamin A/C-null mice (Stewart et al., 2019). Haploinsufficiency
of TMEM43 gene specifically in CMs leads to a late-
onset cardiomyopathy accompanied by myocardial fibrosis
(Rouhi et al, 2020). Nesprins play an important role in
the protection of CMs against mechanical stress-induced
pathophysiological changes. Depletion of Nesprin-3 or its
binding partner desmin leads to a nucleus collapse, loss of
genome organization, DNA damage and broad transcriptional
changes that may contribute to the pathophysiological changes
observed in desmin-related cardiomyopathies (Heffler et al,
2020), highlighting an important role of the desmin cytoskeleton
in nuclear stability and genome organization. Dual ablation
of both Nesprin 1 and 2 in CMs results in early onset
cardiomyopathy with mutant CMs exhibiting altered nuclear
positioning and shape as well as chromatin architecture
(Banerjee et al., 2014). Moreover, several studies conducted in
Drosophila have suggested that the LINC complex members
are crucial for nuclear positioning-guided sarcomere formation
(Auld and Folker, 2016; Wang et al., 2018). Muscle specific
depletion of either the KASH domain-containing protein

Kklarsicht (klar) or the SUN domain-containing protein klaroid
(koi) blocked the recruitment of the Z-line protein ZASP to
the nucleus during the early stages of sarcomere assembly,
resulting in sarcomere formation defects (Auld and Folker,
2016). However, further investigations need to be conducted
to address whether nuclear positioning precedes sarcomere
formation in the mammalian heart. Nesprins might also be
important in regulating ECs function upon mechanical forces-
induced pathophysiological changes. In human umbilical vein
ECs, knockdown of either Nesprin-1 or Nesprin-2 leads to an
increase in EC spreading and stress fiber levels and decreases
EC migration (King et al., 2014). Moreover, knockdown of
Nesprin-3 attenuated the directional migration of human aortic
ECs in response to shear stress (Morgan et al., 2011). Thus,
understanding the role of the different components of the
LINC complex in cardiac endothelial cells will be critical
to understanding the mechanosensitive mechanisms in EC
controlling cardiac function.

Taken together, these data demonstrate the importance of
the LINC complex and its interaction partners for proper
cardiovascular function and highlights the role of the LINC
complex as a regulatory hub translating mechanical signals into
chromatin changes.

CONCLUDING REMARKS AND
PERSPECTIVES

The response of cells to mechanical cues is a complex
multilevel process that allows cells to adapt to the changes
in their microenvironment. Recent studies have brought
into the spotlight the direct mechanical force propagation
to chromatin and the molecular players involved in this
process, such as the actomyosin, the LINC complex and the
nuclear lamins. Tension-induced epigenetic and transcriptional
programming in the distinct cardiovascular cell types feeds
back to the cytoskeleton and the extracellular matrix to
balance the outside and inside forces. Thus, dissecting
the players at the interface of mechanical forces and
epigenetics and understanding the heterocellular crosstalk
in the heart evoked by biophysical stimuli will bring key
insights into the mechanosensitive mechanisms underlying
cardiovascular function and dysfunction, and pinpoint novel
therapeutic targets for cardiovascular diseases, the leading cause
of death globally.
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Novel treatment strategies for cardiac tissue regeneration are heading for the use of engineered
cardiac tissue made from induced pluripotent stem cell-derived cardiomyocytes (iPSC-CMs).
Despite the proven cardiogenic phenotype of these cells, a significant lack of structural and
functional properties of mature myocytes prevents safe integration into the diseased heart.
To date, maturation processes of cardiomyocytes remain largely unknown but may comprise
biophysical cues from the immediate cell environment. Mechanosensing is one critical ability
of cells to react to environmental changes. Accordingly, the surrounding substrate stiffness,
comprised of extracellular matrix (ECM), cells, and growth surface, critically influences the
myocyte’s physiology, as known from deleterious remodeling processes in fibrotic hearts.
Conversely, the mechanical properties during culture of iIPSC-CMs may impact on their
structural and functional maturation. Here, we tested the hypothesis that the environmental
stiffness influences structural and functional properties of iPSC-CMs and investigated the
effect of different substrate stiffnesses on cell contractility, excitation-contraction (EC) coupling,
and intercellular coupling. Culture surfaces with defined stiffnesses ranging from rigid glass
with 25GPa to PDMS of physiological softness were coated with ECM proteins and seeded
with murine iIPSC-CMs. Using confocal imaging, cardiac protein expression was assessed.
Ca?* handling and contractile properties were analyzed on different substrate stiffinesses.
Intercellular coupling via gap junctions was investigated by fluorescence recovery after
photobleaching (FRAP). Our data revealed greater organization of L-type Ca?* channels and
ryanodine receptors and increased EC-coupling gain, demonstrating structural and functional
maturation in cells grown on soft surfaces. In addition, increased shortening and altered
contraction dynamics revealed increased myofilament Ca?* sensitivity in phase-plane loops.
Moreover, connexin 43 expression was significantly increased in iPSC-CMs grown on soft
surfaces leading to improved intercellular coupling. Taken together, our results demonstrate
that soft surfaces with stiffnesses in the physiological range improve the expression pattern
and interaction of cardiac proteins relevant for EC-coupling. In parallel, soft substrates influence
contractile properties and improve intercellular coupling in iIPSC-CMs. We conclude that the
mechanical stiffness of the cell environment plays an important role in driving iPSC-CMs toward
further maturation by inducing adaptive responses.
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INTRODUCTION

Cardiovascular medicine is presently facing a new challenge
with rapidly rising numbers of patients suffering from heart
disease, the leading cause of death worldwide (Virani et al.,
2020). Because of the limited regenerative potential of the
adult heart, dying cardiomyocytes are replaced by non-contractile
connective tissue thereby inducing detrimental structural
remodeling (Jiang et al., 2018). More precisely, massive fibroblast
proliferation and collagen deposition lead to the formation of
a firm scar (Pfeffer and Braunwald, 1990). Remodeling of
extracellular matrix (ECM) finally results in fibrosis involving
increased stiffness of the cardiac environment (30-55kPa instead
of 10-15kPa of healthy cardiac tissue) and leading to impaired
contractility (Gaetani et al., 2020). Since therapeutic options
for heart failure patients are limited, research in cardiac
regenerative medicine is heading toward the generation of
engineered human myocardium (EHM) made of induced
pluripotent stem cell-derived cardiomyocytes (iPSC-CMs; Fujita
and Zimmermann, 2018). Over the last years, reliable
differentiation protocols have been established and successful
production of iPSC-CMs with an adequately high yield for
clinical applications has turned an initial research tool into a
realistic option for myocardial repair (Burridge et al, 2012).
The electrophysiological profile and contractile activity of
iPSC-CMs confirm true cardiogenic features and fuel hope
for the development of novel and promising treatment strategies
(Silbernagel et al., 2020). Indeed, remuscularization by iPSC-CMs
grafts and improvement of cardiac function after myocardial
infarction have already been demonstrated in various animal
models (Chong et al.,, 2014; Gao et al., 2018; Pecha et al.,, 2019).

Nevertheless, iPSC-CMs still present an immature and variable
phenotype with functional features similar to cardiomyocytes
of early developmental stages (Yang et al., 2014). In contrast
to the elongated anisotropic shape and precise microarchitecture
of adult cardiomyocytes, iPSC-CMs show an irregular and
unspecific geometry resulting in a diffuse intracellular distribution
of myofibrils with variable degrees of sarcomere organization
(Gherghiceanu et al.,, 2011; Silbernagel et al.,, 2020). Another
ultrastructural deficiency in iPSC-CMs is given by the lack of
transverse (t)-tubules (Yang et al, 2014). In the adult heart,
these highly specialized sarcolemmal structures come in close
vicinity to the end-cisterns of the sarcoplasmic reticulum (SR)
spaced by a 15 to 20nm wide dyadic cleft. This special
arrangement allows for close interaction of the sarcolemmal
L-type Ca** channels (LTCCs) and the ryanodine receptors
(RyR2s), the Ca’" release channels of the SR. Both channels
are fundamental to the mechanism of excitation-contraction
(EC) coupling and control cytosolic Ca** entry by Ca**-induced
Ca?* release (CICR), which links electrical excitation to contractile
activity and force production by the myocyte in a highly
spatiotemporally synchronized way (Bers, 2002; Kane et al,
2015). Although CICR has been demonstrated in iPSC-CMs

(Itzhaki et al., 2011), these cells show immature Ca®* handling
and desynchronized Ca** transients (Lieu et al., 2009). The
spontaneous contractile activity of iPSC-CMs is another hallmark
of immaturity, which is probably caused by spontaneous Ca**
release from the SR triggering depolarizing membrane current
via the sodium-calcium-exchanger (NCX; Zahanich et al., 2011;
Kane et al., 2015; Karbassi et al., 2020).

The consequence of missing t-tubules and thus poor coupling
of LTCCs and RyR2s is inefficient Ca** handling, which may
lead to enhanced activity of the so-called orphaned RyR2s
(Lee et al, 2011; Rao et al., 2013). Moreover, in addition to
inefficient EC-coupling, we have recently described weaknesses
in intercellular coupling between iPSC-CMs. As iPSC-CMs do
not develop a precise structural orientation, intercalated disks
are not well-defined with the consequence of a diffuse distribution
of gap junctions and their main subunit connexin-43 (Cx43).
Since the expression pattern of Cx43 is not localized at specific
end poles of the cell as known from adult cardiomyocytes,
electrical signal propagation is not directed but diffuse and
heterogeneous across the cell layer. In addition, reduced clustering
of Cx43 results in significantly slower conduction velocity
compared to native cardiomyocytes (Kucera et al., 2015; Marcu
et al., 2015; Jiang et al, 2018; Sottas et al., 2018; Karbassi
et al., 2020).

In light of future therapeutic applications, immature Ca*
handling and reduced intercellular coupling in iPSC-CMs present
high-risk factors for the development of arrhythmogenic
modifications after implantation (Shiba et al., 2012; Chong
et al., 2014). To improve the electrophysiological properties
of iPSC-CMs, different approaches have been tested to enhance
functional maturation in iPSC-CMs at the level of EC-coupling.
They include natural time-dependent maturation processes
during long-term culture, the addition of hormones, such as
triiodothyronine (Kamakura et al., 2013; Lundy et al, 2013;
Yang et al, 2014), or enhanced expression of Cx43 (Sottas
et al., 2018). Moreover, co-cultures with non-cardiomyocytes
were shown to promote maturity features (Kroll et al., 2017;
Yoshida et al., 2018), which may also explain the successful
transplantation experiments of iPSC-CMs into adult hearts
providing a more natural cell environment compared to culture
conditions (Kadota et al., 2017). Another important aspect of
the cardiac environment influencing maturation is the
composition of the ECM (Young et al., 2014). The combination
of iPSC-CM growth together with non-cardiomyocytes in a
specifically composed ECM led to the development of
3D-engineered human myocardium, which improved cardiac
properties after implantation in animal models (Tiburcy et al.,
2017; Weinberger et al., 2017; Ronaldson-Bouchard et al., 2018;
Yeung et al., 2019).

Furthermore, the stiffness of the surrounding material is
another critical parameter of the natural cardiac environment,
and its influence on the functional improvement and maturation
of EC-coupling in iPSC-CMs has not been elucidated yet.

Frontiers in Physiology | www.frontiersin.org

August 2021 | Volume 12 | Article 710619


https://www.frontiersin.org/journals/physiology
www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles

Koérner et al.

iPSC-Cardiomyocyte Maturation on Soft Material

Tissue stiffness changes significantly during cardiac development
from the fetal to the adult heart, and conversely, structural
remodeling in the diseased heart, such as inflammation and
fibrotic lesions, leads to further changes in cardiac tissue stiffness.
Altered protein expression, including the expression of different
isoforms of integrin receptors, may control the sensing and
interaction of the cell with its environment and trigger outside-in
signaling pathways, which induce long-term remodeling processes
influencing structural and functional properties of the
cardiomyocytes (Ward and Iskratsch, 2020). Extrapolated to
the development of iPSC-CMs, the stiffness of the growth
surface and immediate environment may have a strong impact
on further maturation processes in these young cardiomyocytes.

In this study, we tested the hypothesis that substrate stiffness
of the cell environment influences the structural and functional
maturation of iPSC-CMs. Cells were grown on different culture
surfaces with defined stiffnesses ranging from rigid glass (25 GPa)
to the silicone-based organic polymer polydimethylsiloxane
(PDMS) of different softness (28kPa, 15kPa, and 1.5kPa).
We focused on intracellular Ca** handling and analyzed
EC-coupling properties with a special focus on the expression
and function of the LTCC and RyR2. Moreover, we investigated
Cx43 expression in iPSC-CMs grown on soft surfaces and
evaluated intercellular communication in cell monolayers.
We demonstrate that iPSC-CMs grown on surfaces of
physiological stiffness exhibit more mature structural and
functional properties at the level of Ca** handling and intercellular
coupling compared to cells grown on rigid surfaces. Thus,
specific control of the environmental properties increases the
potential of iPSC-CMs to develop into mature cardiomyocytes
that can be used for cardiac engineering and cell replacement
therapies for diseased hearts.

MATERIALS AND METHODS
Cell Models

Murine iPSC-CMs were received from Ncardia (Cologne,
Germany) and kept in liquid nitrogen until use. Culture dishes
were coated with a mixture of laminin and fibronectin in PBS
(1:1:100) overnight at 37°C to enable attachment of iPSC-CMs.
After defrosting, cells were seeded in Cor.AT® medium (Ncardia,
Cologne, Germany) at a density of 2x10* cells per dish for
Ca’ measurements and on glass coverslips in 24-well plates
(Sarstedt, Niimbrecht, Germany) for immunostainings, and at
10* cells per dish onto glass-bottom dishes (35mm, MatTek,
Ashland, MA, United States) and PDMS-coated dishes (35mm,
Ibidi GmbH, Grifelfing, Germany) for electrophysiological
experiments and live-cell imaging analysis.

To avoid the growth of undifferentiated cells and
non-cardiomyocytes, the cardiomyocyte-specific a-myosin heavy
chain (a-MHC) promoter was chosen to control pac gene
expression for puromycin resistance. Puromycin (1 pg/ml) was
added for the selection of cardiac-specific cells for the first
48h in culture. Afterward, cells were kept in culture in
puromycin-free Cor.At® medium. Cells were maintained in
culture at 37°C and 5% CO, and used within 4 weeks.

Live-Cell Imaging and Cellular
Electrophysiology

For all live-cell imaging experiments, the standard bath solution
was cardiac Tyrode’s solution containing (in mm): NaCl 140,
KCl 5.4, CaCl, 1.8, MgCl, 1.1, HEPES 5, glucose 10, pH 7.4.

Measurement of Ca?* Transients and Myocyte
Contractility

Ca*" transients of iPSC-CMs were recorded using the ratiometric
Ca**-sensitive fluorescent indicator fura-2 AM (Thermo Fisher
Scientific, Dreieich, Germany). Cells were loaded with 1.5pm
fura-2 AM diluted in Tyrode’s solution and incubated for 20 min,
followed by 10 min of de-esterification. iPSC-CMs were constantly
perfused with prewarmed Tyrode’s solution containing Probenecid
(100 pm) to avoid sequestration or secretion of fura-2. Using
the IonOptix system (IonOptix, Dublin, Ireland), Ca®* transients
were recorded in parallel with edge detection to measure
contractions. Data were collected by using the IonWizard
software developed by IonOptix. Cells were exposed to light
emitted by a xenon lamp passing through rapidly switching
filters of 340nm and 360nm to determine the ratio of bound
and unbound Ca’* ions in the cells. Fluorescence emission
light was collected at 510nm. Data are presented as fura-2
ratio (Fsy/Faeo).

For functional evaluation of spontaneous activity, only
rhythmically beating iPSC-CMs were used. Five representative
Ca®* transients and contractions at steady state were analyzed
per cell using OriginPro® software (OriginLab Corporation,
Northampton, MA, United States). Assessed parameters
comprised peak Ca*" transients and shortening amplitudes,
time-to-peak (TTP), full duration at half maximum (FDHM),
decay, and frequency of spontaneous activity. Decay of
contractions was fitted with a Boltzmann function, whereas
decay of Ca*" transients was calculated by an exponential decay
function. Diastolic Ca** levels of paced iPSC-CMs were only
evaluated if cells responded to the frequency of electrical
stimulation at 1Hz and 2Hz (10V) by a field stimulator
(Myopacer, IonOptix, Dublin, Ireland).

Electrophysiology With Simultaneous Ca?* Imaging
For investigation of the EC-coupling mechanism, Ca** currents
(Ica) were measured in iPSC-CMs via the patch-clamp technique
with simultaneous recording of Ca** signals by confocal line-
scan imaging. Experiments were performed using a HEKA
EPC-10 patch-clamp amplifier (HEKA Elektronik GmbH,
Reutlingen, Germany) connected to an Olympus IX81 laser
scanning confocal microscope (Olympus Fluoview FV1000,
Olympus, Hamburg, Germany). For patch-clamp recordings,
borosilicate glass pipettes were pulled to obtain tip resistances
of 2-9 MQ and filled with an internal solution containing
8mm NaCl, 120mm CsAsp, 20mm TEA-Cl, 59mm MgCl,,
20mm HEPES, 5mmK,-ATP, and 50pum of the Ca*-sensitive
fluorescent indicator Ks-fluo-3 (Thermo Fisher Scientific,
Dreieich, Germany). For I.,, measurements, iPSC-CMs were
constantly perfused with warm Tyrode’s solution (37°C)
containing 5mm CsCL
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For analysis of the EC-coupling gain, a two-step protocol
was applied (adapted from Ullrich et al., 2012). After inactivation
of voltage-dependent Na* channels by a 500 ms ramp ranging
from the holding potential of —80mv to —40mv, the first test
step was set to —25mv for 400 ms, followed by a second 400 ms
test step from —40mv to +10mv to record maximal I, and
Ca® release amplitudes.

For line-scan imaging, the excitation wavelength was set at
473nm and fluorescence emission was collected between 490nm
and 545nm. Line-scan images were recorded at 2ps/pixel, 2ms/
line, and 4,000 lines/image. Image]/Fiji software was used for
image analysis. The fluorescence intensity of line-scan images
was plotted over time. The background was subtracted, and line
profiles were normalized to baseline. Data are displayed as F/F,.

For analysis of the EC-coupling gain, the ratio of the peak
Ca® transient amplitude at —25mv and corresponding peak
Ic,. amplitude was calculated. Cells with T-type Ca®* current
at —25mv (high amplitude and fast inactivation) and/or cells
with low fluo-3 loading (F/F,< 1.2) were excluded from analysis.
As a control, the ratio of the maximal Ca® transient and
current amplitudes at +10mv was calculated. I, at +10mv
was used for the measurement of maximal current amplitude
and inactivation kinetics. Fitting I, with a biexponential
function in OriginPro allowed the comparison of tau, (t,) as
an indicator of Ca’"-dependent inactivation.

For examination of fractional release and NCX activity in
iPSC-CMs, patched cells were stimulated to steady-state activity
at a frequency of 1Hz, followed by application of the RyR2
agonist caffeine (10mm in Tyrode’s solution, Sigma-Aldrich)
for total depletion of the SR. In parallel with the measurement
of SR Ca’* content, caffeine-elicited NCX currents were recorded.

Fluorescence Recovery After Photobleaching

For functional evaluation of gap junctions, fluorescence recovery
after photobleaching (FRAP) was measured using the gap
junction-permeant dye calcein (0.5um calcein-AM, Thermo
Fisher Scientific, Dreieich, Germany). Photobleaching and
imaging were done on the Olympus FluoView LSCM using a
60x water immersion objective (1.2 NA). iPSC-CMs were loaded
with 0.5pm calcein-AM in Tyrode’s solution for 20 min. After
10min of de-esterification in Tyrode’s solution, calcein-diffusion
dynamics between iPSC-CMs were assessed as an indicator of
functional Cx43 expression and gap junction formation. One
cell in a cluster was bleached with a laser power of 50% at
10 ps/pixel for 5s, and fluorescence recovery was recorded in
52 images taken every 10s with a laser power of 0.5-1.5% at
2 ps/pixel. Importantly, the target cell had to be fully surrounded
by neighboring cells (in 2D), thus representing one building
block in a conductive and connected cell layer. Further analysis
was done in Image] to plot the time course of fluorescence
recovery of the bleached cell. After subtraction of background
and bleaching point, the graph was normalized to the initial
value of fluorescence intensity (before bleaching). The final
traces were fitted in OriginPro software with a biexponential
function to investigate the fast time constant 1 (tl) as an
indicator of diffusion rate.

Immunocytochemistry and Image Analysis
For immunostainings, cells were washed with PBS, fixed with
4% paraformaldehyde (Thermo Fisher Scientific, Dreieich,
Germany) for 20min, and washed three times with PBS for
10min. Different time points were chosen to examine the
influence of growth duration on the expression pattern and
spatial organization of different Ca’* handling proteins. Cells
grown on PDMS-coated dishes were fixed at days 10, 20, and
25 after seeding, cells on glass coverslips after 9, 13, and 20 days.
To block unspecific binding sites, cells were incubated with
bovine serum albumin dissolved in PBS (10mg/ml, Sigma-
Aldrich, Germany) for 0.5h at room temperature. For
permeabilization of iPSC-CMs, the blocking solution contained
0.1% Triton X-100. Cells were incubated with primary antibodies

against Cx43 (mouse, monoclonal, 1:500, MAB3067,
MerckMillipore, Darmstadt, Germany), SERCA (mouse,
monoclonal, 1:200, ab2861, MerckMillipore, Darmstadt,

Germany), NCX1 (mouse, monoclonal, 1:200, MA3-926, Thermo
Fisher Scientific, Waltham, MA, United States) or RyR2 (mouse,
monoclonal, 1:200, ab2861, AbCam, Cambridge, MA,
United States), and Ca,1.2 (rabbit, polyclonal, 1:200, AB10515,
MerckMillipore, Darmstadt, Germany) at room temperature
for 90min. After three times washing with PBS for 10min,
cells were incubated with appropriate secondary antibodies
conjugated to Alexa Fluor dyes (1:500, Thermo Fisher Scientific)
with different excitation-emission spectra for 1h. After three
times washing with PBS for 10min, samples were incubated
for 1h in Phalloidin-TRITC (1:2000, P1951-1MG, Sigma-Aldrich,
Missouri, United States) for actin staining. After final washing
steps in PBS, cells were mounted with fluoroshield containing
DAPI for nuclei staining (Sigma-Aldrich, Germany).

Samples were imaged with a Leica TCS SP8 LSCM (Leica
Microsystems CMS GmbH, Mannheim, Germany) using the
acquisition software LAS-X (Vers. 3.5.0.18371, Leica Microsystems
CMS GmbH, Mannheim, Germany) for high-resolution images.
20x oil immersion objective was selected to record an overview
of Cx43 stainings, and 63x oil immersion objective was used
for detailed imaging of SERCA, NCXI1, RyR2, and Ca,l1.2
expression. Laser excitation at 405nm, 488nm, 552nm, and
638nm was used in sequential scans. Emission spectra were
chosen via tunable filters, and emission detection was achieved
by photomultiplier tubes (PMT) and hybrid detectors (HyD).
Image processing and Cx43 sarcolemmal expression analysis
were done using Image]/Fiji as described in (Sottas et al,
2018). Due to the strong light absorbance of PDMS-coated
surfaces, weak specific fluorescence signals were denoised using
the Image] plugin PureDenoise developed by Florian Luisier
(EPFL, Switzerland).

Data Analysis and Statistics

For statistical data analysis and graph design, OriginPro®
software  (OriginLab  Corporation, Northampton, MA,
United States) was used. Images were processed in Image].
Data are presented as mean + standard error of the mean (SEM)
with n equaling the number of individually analyzed cells.
Experiments were repeated in five rounds with iPSC-CMs
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defrosted from five individual vials at different time points
(5 vials a 1 Mio cells, acquired from Ncardia). Depending on
the data set, statistical significance was determined by Student’s
t-tests or one-way ANOVA followed by multiple comparison
tests, indicated by * for p<0.05.

RESULTS

Impact of Different Growth Surface
Stiffnesses on iPSC-CMs Contractility

For live-imaging and functional analysis, cells are usually seeded
on rigid glass surfaces, which present an unphysiologically high
stiffness of 25 GPa. In order to investigate the impact of different
physiological substrate stiffnesses on the maturation potential
of iPSC-CMs, cells were seeded at high density on glass and
for comparison on PDMS culture surfaces with stiffnesses of
28kPa, 15kPa, and 1.5kPa, respectively, corresponding to the
environment of neonatal and adult cardiomyocytes. All surfaces
were coated with laminin and fibronectin for cell adhesion.
Different growth materials did not have any impact on cell
adhesion or cell survival during the culture time of up to
4weeks (data not shown). But a simple examination of cell
contractile behavior revealed that compared to glass, the
contractile activity of iPSC-CMs appeared stronger and temporally
better ~ synchronized  across the cell  monolayer
(Supplementary Video S1-S4) indicating increased contractility
and intercellular connectivity. To quantify these observations,
we investigated EC-coupling and intercellular communication
in these cells.

Effects of Different Substrate Stiffnesses
on Ca* Handling and Contractility in
iPSC-CMs

To evaluate Ca?* handling and contractile activity in iPSC-
CMs, spontaneous Ca’* transients and contraction dynamics
were measured in cells seeded on PDMS-coated or glass-bottom
dishes. Cells were loaded with the fluorescent Ca®*-sensitive
dye fura-2AM (1.5pm) to record Ca* transients, and cell
shortening was optically measured via edge detection. Due to
their immaturity, iPSC-CMs showed high variability in their
spontaneous activity pattern. For evaluation of comparable cells,
we categorized iPSC-CMs into three different groups of rhythmic,
arrhythmic, and oscillating cells (Figure 1A). In order to avoid
high variability in the experiments, only rhythmically beating
cells were included for further analysis. Figure 1A demonstrates
that the ratio of rhythmically beating cells, as assessed from
Ca’* transients’ measurements, was higher on glass and on
1.5kPa-PDMS compared to 28kPa-PDMS and 15kPa-PDMS.
In contrast to iPSC-CMs seeded on glass, oscillating spontaneous
activity was only observed in cells grown on PDMS-coated
dishes. According to the distribution of spontaneous activity
patterns, rhythmic iPSC-CMs revealed higher spontaneous
beating frequencies when grown on glass or 1.5kPa-PDMS
compared to 28kPa-PDMS and 15kPa-PDMS (Figure 1B). In
Figure 1C, representative recordings of Ca** transients illustrate

the response to different pacing frequencies, as well as the
frequency-dependent changes of diastolic Ca** levels at 1 and
2Hz. As shown in Supplementary Table S1, the statistical
evaluation revealed similar diastolic Ca®* levels in iPSC-CMs
during spontaneous beating activity on all tested growth surfaces.
Pacing at 1 and 2Hz slightly enhanced cytosolic basal Ca*
levels on all tested growth surfaces, indicating immature Ca**
handling processes especially at higher stimulation frequencies.
Diastolic Ca** levels revealed no significant differences except
for iPSC-CMs on 28kPa-PDMS compared to glass during
pacing at 2Hz.

Characterization of CICR in iPSC-CMs
Grown on Substrates With Different
Stiffnesses

To investigate CICR in more detail, we measured membrane
Ca*" currents (Ic,.) using the whole-cell patch-clamp technique
and recorded simultaneously intracellular Ca** transients by
confocal imaging in the line-scan mode. As demonstrated in
Figure 2A, for electrical stimulation via patch-clamp, a two-step
protocol was applied to measure I, at negative potentials
and at maximal current activation. In parallel, changes in
cytosolic Ca* levels were recorded by confocal imaging of
fluo-3 included in the patch pipette solution. Starting first
from a holding potential of —80mv, a 500ms voltage-ramp to
—40mv was applied to activate and immediately inactivate the
fast voltage-dependent Na* current. After 800ms at —40mv,
the first test step was applied. E,, was set to —25mv to activate
I, and CICR at low amplitude. The second test step to +10mv
fully activated Ic,; and served as control measurement for I,
and CICR. Changes in fluorescence intensity were plotted over
time to generate line profiles from the line-scan image, as
depicted in Figure 2Aa. Analysis of peak I, and Ca** transients
at +10mv showed similar amplitudes in iPSC-CMs grown on
substrates with different stiffnesses (Figure 2B). Data are
summarized in Supplementary Table S2. The EC-coupling gain
was calculated from the ratio of the peak Ca?* transient amplitude
and peak I, at —25mv and at +10mv. The data showed an
increased EC-coupling gain on soft surfaces (Figure 2Ab),
which is also reflected by the increase in variability of the
individual gain values at —25 mv compared to +10 mv (coefficient
of variation C,,: 0.49 for glass, 0.61 for 28 kPa-PDMS, 0.9 for
15kPa-PDMS, and 1.12 for 1.5kPa-PDMS). The EC-coupling
gain at —25mv was significantly increased in comparison with
+10mv when stiffness was 15kPa (p=0.0445) or 1.5kPa
(p=0.0453; Supplementary Table S2).

In order to investigate SR Ca®* load, the SR Ca** content
was assessed by caffeine-mediated Ca** release (10mM) in
iPSC-CMs grown on surfaces with different stiffness. Figure 2Ca
illustrates the experimental protocol: After steady-state
stimulation at 1 Hz in patch-clamped cells, caffeine was applied.
NCX currents and Ca** transients were recorded simultaneously.
Peak amplitudes of steady-state Ca’ transients and caffeine-
induced Ca** transients are summarized in Figures 2Cb,2Cc,
respectively, and Supplementary Table S3 demonstrating a
similar SR Ca** load (Figure 2Cc) and fractional release
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FIGURE 1 | Ca* signaling in iPSC-CMs grown on substrates with different stiffnesses during spontaneous activity and electrical pacing. (A) Categorization of
different phenotypes of spontaneous activity ranging from rhythmic, arrhythmic to oscillating activity patterns in cells grown on surfaces with different stiffnesses
(n=42 on glass, n=47 on 28kPa-PDMS, n=44 on 15kPa-PDMS, and n=35 on 1.5kPa-PDMS). (B) Quantification of the spontaneous beating frequency of
rhythmic cells (glass: n=30; 28kPa-PDMS: n=21; 15kPa-PDMS: n=25; and 1.5kPa-PDMS: n=24). (C) Sample trace of Ca?* transients recorded during
spontaneous activity and during episodes of electrical pacing at 1 Hz or 2Hz. The red lines illustrate frequency-dependent changes of diastolic Ca?* levels.

(Figure 2D) at the different conditions. NCX currents were
measured during Ca’ release evoked by prolonged caffeine
application. By integration of inward currents, total charge
movement across the sarcolemma was measured indicative of
global NCX activity. Statistical analysis revealed similar NCX
activity in iPSC-CMs grown on substrates with different stiffnesses
(Figure 2E; Supplementary Table S3).

Structural Remodeling of Ca,1.2 and RyR2
Expression in iPSC-CMs Grown on Soft
Surfaces

We further investigated different Ca®* handling proteins on a
structural level. As recently published by our group, functional
maturation, such as improved cytosolic Ca** handling, during
EC-coupling can be triggered by structural remodeling in
iPSC-CMs (Silbernagel et al, 2020). Here, we considered
subcellular structural reorganization as a possible cause for
the apparent changes in the EC-coupling gain in iPSC-CMs
grown on soft surfaces. To examine the expression pattern of
proteins relevant for CICR, the LTCC a-subunit Ca,1.2, RyR2,
SERCA, and NCX were stained in immunocytochemical assays
in iPSC-CMs grown on substrates of different stiffnesses for
20days (Figure 3). In total, 12 dishes of 4 different stiffnesses
from 3 different time points were stained and imaged.
Interestingly, while the expression pattern of Ca,1.2 exhibited
a dotted pattern in cells grown on glass, a pronounced striation
pattern of Ca,1.2 expression formed on all soft growth surfaces
after 20days in culture (Figure 3A). Structural remodeling of
the investigated Ca** channels and Ca** handling proteins may

happen early during culture on soft PDMS-coated culture
surfaces, as already on day 10, cells showed the same expression
pattern of the investigated proteins as on day 20. Moreover,
the images demonstrate a high organization level of RyR2
expression, again in a striated manner, in cells grown on soft
surfaces indicating a well-developed SR network. On the contrary,
in iPSC-CMs grown on glass, RyR2 staining revealed only a
punctate expression pattern, pointing toward a rather immature
distribution of RyR2 and SR organization within these cells.
Overview images of Ca,1.2 and RyR2 expression are shown
in Supplementary Figure S1. Merging the expression pattern
of Ca,1.2 and RyR2 revealed an alternating parallel alignment
of both Ca** channels in iPSC-CMs grown on soft surfaces
suggesting close localization to each other. As shown in Figure 3A
on the right side, line profiles of LTCC and RyR2 expression
confirmed the high degree of parallel alignment as indicated
by the alternating intensity peaks of fluorescence derived from
the ion channels’ expression pattern. Notably, this structural
proximity is essential for efficient functional coupling of LTCC
and RyR2 during CICR, which may lead to improvement of
the EC-coupling mechanism - indicative of a beginning functional
maturation. Furthermore, the expression pattern of SERCA
was investigated in iPSC-CMs grown on substrates with different
stiffnesses for 20-25 days. Images are summarized in Figure 3B
and demonstrate a dense network (in green) reaching toward
the cell periphery lining the actin filaments of the myofibrils
as well as strong perinuclear expression. Detailed images are
shown in Supplementary Figure S2. This expression pattern
of SERCA demonstrates a well-organized su