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Abstract

The transformation of electrical signals into mechanical action of the heart underlying blood
circulation results in mechanical stimuli during active contraction or passive filling disten-
tion, which conversely modulate electrical signals. This feedback mechanism is known as
cardiac mechano-electric coupling (MEC). The cardiac MEC involves complex activation
of mechanical biosensors initiating short-term and long-term effects through Ca2+ signals
in cardiomyocytes in acute and chronic pressure overload scenarios (e.g. cardiac hypertro-
phy). Although it is largely still unknown how mechanical forces alter cardiac function at
the molecular level, mechanosensitive channels, including the recently discovered family of
Piezo channels, have been thought to play a major role in the cardiac MEC and are also sus-
pected to contribute to development of cardiac hypertrophy and heart failure. The earliest
reports of mechanosensitive channel activity recognized that their gating could be controlled
by membrane stretch. In this article, we provide an overview of the stretch devices, which
have been employed for studies of the effects of mechanical stimuli on muscle and heart cells.
We also describe novel experiments examining the activity of Piezo1 channels under multi-
axial stretch applied using polydimethylsiloxane (PDMS) stretch chambers and IsoStrecher
technology to achieve isotropic stretching stimulation to cultured HL-1 cardiac muscle cells,
which express large amount of Piezo1.
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1. Introduction

Mechanosensory transduction is an
ancient sensing mechanism involving
mechanosensitive (MS) ion channels. These
highly efficient biological force-sensing
macromolecules are tightly coupled to
the mechanics of biological cell mem-
branes. Together with the cytoskeleton,
integrins, G-protein-coupled receptors and
membrane-bound enzymes, they represent
major molecular mechanosensors tasked
with transducing mechanical stimuli,
exerted on the cell membrane, into elec-
trochemical intracellular signals (Hamill
and Martinac, 2001; Ingber, 2006). By
operating on a millisecond time scale these
channels play a central role in the physiol-
ogy of touch, hearing and blood pressure
regulation, for example (Martinac, 2004).
Force-induced changes in these channels
result in electrical signal transduction
mediated via ion fluxes defined by channel
conductive properties (conductance, ion
selectivity) and electrochemical ion gradi-
ents. Studies of MS ion channels have been
conducted for more than 30 years, including
the first report of MS channels in bacteria
(Martinac et al., 1987), which have greatly
contributed to our understanding of the
basic biophysical principles underlying the
physiology of mechanosensory transduction
in higher eukaryotes, including animals
and humans (Cox et al., 2019; Martinac
and Cox, 2017). However, a complete un-
derstanding of the molecular force-sensing
mechanisms at play remains elusive.

The recent exciting discovery of the Piezo
mechanically gated ion channel family in eu-
karyotes (Kim et al., 2012) has opened the
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possibility of closing the gap in our knowl-
edge of the physiology and pathology of
mechanotransduction processes. However,
as we will point out, biological assessment
of such MS entities requires availability
of novel, organ-mimicking stretch technolo-
gies, which we will review alongside with
our recently bioengineered IsoStretcher sys-
tems technology that was here applied to
study Piezo1 channel properties in murine
atrial HL-1 cells.

2. Mechanosensitivity of Piezo1 chan-
nels

The Piezo channel family includes two
isoforms: Piezo1 and Piezo2. Acting as
Ca2+-permeable non-selective cation chan-
nels, they were initially indicated in 2010 to
play important roles in mechanotransduc-
tion processes in various species including
animal, plant and other eukaryotic species,
throughout most tissues and cells (Coste
et al., 2010). The two isoforms of Piezo
encoded as PIEZO1 and PIEZO2 genes
are sharing approximate 50 % gene iden-
tity with each other and were considered
to have some functional similarity (Coste
et al., 2010). Although Piezo1 and Piezo2
may have cooperative effects in some organs
and tissues (Lee et al., 2014; Zeng et al.,
2018), basically they have nevertheless dis-
tinct expression and mechanisms of activa-
tion in different organs and tissues.

To date, Piezo1 has been identified in
a broad range of tissues and cells in hu-
mans and animals where its malfunction
contributes to various (patho)physiological
processes. In contrast to the widespread
presence of Piezo1, Piezo2 is mainly ex-
pressed in sensory tissues in the body,
such as sensory neurons and Merkel cells
(Woo et al., 2014). It is involved in gen-
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tle touch sensation (Chesler et al., 2016;
Ranade et al., 2014b; Woo et al., 2014), tac-
tile pain (Murthy et al., 2018; Szczot et al.,
2018; Zhang et al., 2019), and propriocep-
tion (Chesler et al., 2016; Woo et al., 2015).
Also, Piezo2 has been reported to act as a
stretch sensor in airways and lungs (Nono-
mura et al., 2017), as well as a baroreceptor
in the vasculature (Zeng et al., 2018).

The focus of this article is on the
Piezo1 channels because several recent stud-
ies (Liang et al., 2017; Blythe et al.,
2019), including ours (Yu et al., 2019) in-
dicate their presence in ventricular car-
diomyocytes. They may play a role in
Ca2+ homeostasis in cardiomyocytes (Liang
et al., 2017) and their upregulation may
contribute to development of left ventricu-
lar hypertrophy (LVH) (Yu et al., 2019).

2.1. Structure and mechanical activation of
Piezo1

Piezo1 is a multi-transmembrane domain
protein. It has an ion pore in the central
cap and three flexible blades around the
pore, forming a propeller shape located in
a curved transmembrane region (Saotome
et al., 2018). The channel gating is con-
trolled allosterically by the three blades of
the propeller. The resolution of the Piezo1
structure provides a basis to further reveal
the activation mechanism of this channel in
response to mechanical force. Although the
gating mechanism is yet to be completely re-
solved and understood, a recent study sug-
gested that Piezo1 can distort the mem-
brane to form a local membrane curvature
which may be related to the channel open-
ing (Guo and MacKinnon, 2017).

Up to the present, many transient re-
ceptor potential (TRP) cation channels
have been reported sensitive to membrane
stretching, including TRPA (Kwan et al.,

2006), TRPC (Anderson et al., 2013; Dy-
achenko et al., 2009; Spassova et al., 2006;
Yamaguchi et al., 2017), TPRV (Loukin
et al., 2010), and TRPM (Morita et al.,
2007) members. Other studies, however
disagree with these reports (Constantine
et al., 2016; Gottlieb et al., 2008; Servin-
Vences et al., 2017), suggesting that there
are differences between mechanosensitivity
of TRP-type channels compared to the
channels such as the large conductance
mechanosensitive ion channel (MscL) and
Piezo1 (Nikolaev et al., 2019). In con-
trast to the TRP family members, the
Piezo1 channel can be activated by mem-
brane stretch in cell as well as liposome
membranes (Coste et al., 2010; Cox et al.,
2016; Lewis and Grandl, 2015; Syeda et al.,
2016).

2.2. Chemical activation and inhibition of
Piezo1 channels

2.2.1. Piezo1 channel activator

In addition to being mechanically acti-
vated, the Piezo1 channel can respond to
certain chemical compounds and agents. A
small molecule named Yoda1 (Syeda et al.,
2015) has been discovered as a specific ac-
tivator for Piezo1. As Yoda1 can chemi-
cally activate the Piezo1 channel, as well as
increase the mechanosensitivity of Piezo1,
it provides an experimentally practical ago-
nist in Piezo1 regulation and function stud-
ies.

2.2.2. Piezo1 channel inhibitors

The GsMTx-4 peptide (Suchyna et al.,
2004b) extracted from the venom of Gram-
mostola spatulata spider, has been known
to block multiple MS channels including
Piezo1 (Bae et al., 2011; Gnanasamban-
dam et al., 2017). Although it has been
widely used in mechanobiological studies,
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GsMTx-4 was thought to suppress mechan-
ical activation rather than chemical ac-
tivation due to its inhibiting mechanism
of action (Gnanasambandam et al., 2017).
This suggests that GsMTx-4 may not com-
pletely block the Piezo1 activation induced
by Yoda1. Furthermore, other MS in-
hibitors such as lanthanides Gd3+ and La3+

(Suchyna et al., 2004a), as well as some
aminoglycoside antibiotics, e.g. strepto-
mycin (Hamill and McBride Jr, 1996), can
also be considered as Piezo1 inhibitors.
However, none of the above-mentioned com-
pounds has been proven to be specific for
the Piezo1 channel.

2.3. Piezo1 as a stretch sensor

So far, many in vitro studies examined
Piezo1’s response to mechanical stretch.
These studies have helped to reveal the role
of Piezo1 channels as stretch sensors, which
can induce further downstream cellular ac-
tivities in contractile organs and tissues, in-
cluding the heart.

Techniques such as the patch clamp
(Hamill et al., 1981), nanoindentation
(Broitman, 2016), and cell stretching
(Friedrich et al., 2019b) were developed
and widely used along with Ca2+ imag-
ing to examine activities of various MS
channels. As an effective experimen-
tal method to activate mechanically gated
ion channels stretching cell membranes by
the patch clamp has been generally em-
ployed in Piezo1 studies. Firstly, Piezo1
was identified as a mechanically activated
(MA) cation channel in 2010 by confirm-
ing stretch-activated currents in Neuro2A
(N2A) mouse neuroblastoma cells and hu-
man embryonic kidney 293T (HEK293T)
cells in patch clamp experiments (Coste
et al., 2010). The following studies demon-
strated efficient application of patch clamp

technology for stimulation to Piezo1 chan-
nels by mechanical stretch in biological re-
search. Peyronnet et al. (2013) showed sig-
nificantly decreased stretch-activated cur-
rents upon inhibition of Piezo1 activity in
renal tubular epithelial cells. This study
verified that renal mechanical force sens-
ing depended on Piezo1 (Peyronnet et al.,
2013). From the comparison of mechan-
ically activated inward currents by patch
clamp in several mutations of human Piezo1
in HEK293T cells, another study suggested
that Piezo1’s ”gain-of-function” mutants
differed in cation permeability in red blood
cell (RBC) (patho)physiology (Albuisson
et al., 2013). Yet another study using patch
clamp stimulation also showed that Piezo1
and its mutants exhibited variant channel
inactivation, different responses to osmotic
stress and membrane protein trafficking in
hereditary xerocytosis (Glogowska et al.,
2017). Similarly, the patch clamp technique
was used to examine ”gain-of-function”
Piezo1 mutants expressed in RBCs and T
Cells and revealed the relationship between
RBC dehydration and prevention of plas-
modium infection (Ma et al., 2018). Piezo1
activation by membrane stretching using
the patch clamp in human neural stem cells
was also shown to affect cell differentia-
tion by influencing neuronal or astrocytic
lineage through its Ca2+ influx regulation
(Pathak et al., 2014). Furthermore, the
patch clamp-induced mechanical response
of Piezo1 could be affected by the lipid
content and dietary fatty acids metabolism
changes in mouse N2A cells (Romero et al.,
2019). Along with the addition of Yoda1,
patch clamp was used to demonstrate the
presence of Piezo1 in pulmonary endothelial
cells (ECs), and to reveal the contribution
of Piezo1 to intrapulmonary vascular relax-
ation by controlling Ca2+ influx and produc-
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tion of nitric oxide (Lhomme et al., 2019).

Meanwhile, mechanical stretch induced
by stretch devices appeared as another ap-
proach to examine Piezo1 mechanosensitiv-
ity. Compared to patch clamp acting on
certain locations within cells, stretch de-
vices can apply direct mechanical stretch to
all membrane sections. Some of these de-
vices are also able to apply cyclic stretch to
cells for observation of long-term stretch ef-
fects. According to a study by Miyamoto
et al. (2014), changes in Ca2+ influx and
ATP release level both responded to cyclic
mechanical stretch stimulation in mouse
primary cultured urothelial cells. Con-
firmed by small interfering RNA (siRNA)-
mediated Piezo1 knockdown and addition
of chemical inhibitor GsMTx4, these re-
sponses were proven to be linked to Piezo1
function (Miyamoto et al., 2014). Also,
verified by clustered regularly interspaced
short palindromic repeats (CRISPR)-based
Piezo1 knockdown and Piezo1 inhibition
by Gd3+, mechanical stretch applied to
MadinDarby canine kidney (MDCK) ep-
ithelial cells activated Piezo1 channels and
triggered further downstream response to
promote cell division (Gudipaty et al.,
2017). Furthermore, compared to wild
type control group, cultured nucleus pul-
posus cells transfected with Piezo1 gene
lentivirus interference short hairpin RNA
(shRNA)Piezo1 vector showed less increase
in intracellular Ca2+ levels and lesser mi-
tochondrial membrane potential changes in
response to 24-hour cyclic stretch (Yang
et al., 2019). In cardiac cells, cultured AC16
human ventricular myocytes were observed
to respond to varying cyclic stretch levels
in cell population and Piezo1 localization
(Wong et al., 2018). However, a study also
reported that the Piezo1 expression level
in the neonatal rat ventricular myocytes

(NRVM) did not increase significantly after
cyclic stretching (Liang et al., 2017).

3. The role of Piezo1 in the cardiovas-
cular system

Piezo1 is a critical component of mechan-
otransduction involving ionic current and
Ca2+ influx (Albarran-Juarez et al., 2018; Li
et al., 2014; Morley et al., 2018; Rode et al.,
2017). It has been shown to be involved
in cardiovascular development and function
through its regulation of calcium homeosta-
sis. Acting as a membrane mechanosensor,
Piezo1 can be activated by vascular shear
stress resulting from the blood flow and/or
mechanical force of the heart contraction.
This means that Piezo1 can respond to both
long-term and acute stimuli in the cardio-
vascular system.

Piezo1 is highly expressed in ECs as
well as RBCs. Several studies have sug-
gested that Piezo1 is required for embry-
onic mouse vascular development (Li et al.,
2014; Ranade et al., 2014a). Also, blood
pressure-related studies showed that Piezo1
has regulatory effects on relaxation of blood
vessels in mice (Evans et al., 2018) and rats
(John et al., 2018). Although some parts
of the shear stress activation mechanism re-
main unclear, the Piezo1 channel is consid-
ered necessary for the release of vasodilatory
factor nitric oxide, required for the regula-
tion of vascular tone, as well as for blood
pressure control in mouse (Lhomme et al.,
2019; Rode et al., 2017; Wang et al., 2016;
Zeng et al., 2018). It has also been indicated
that Piezo1 functions as a baroreceptor of
blood pressure sensing along with Piezo2
(Zeng et al., 2018). Because of its role as a
baroreceptor, inhibition of Piezo1 could be
effective for reducing capillary stress failure
responding to acute increased vascular pres-
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sure (Friedrich et al., 2019a). Furthermore,
from the perspective of vascular remod-
elling and recovery, Piezo1 in mouse vascu-
lar smooth muscle cells was also considered
necessary in hypertension-dependent adult
arterial structural remodelling (Retailleau
et al., 2015). Activation of mouse endothe-
lial Piezo1 may promote sprouting angio-
genesis resulting in blood flow recovery af-
ter hindlimb ischemia and wound closure
(Kang et al., 2019). In addition, some stud-
ies showed that Piezo1 was also playing an
essential role in erythrocyte volume regula-
tion. Its effect resulted from Piezo1-driven
Ca2+ influx and subsequent dehydration of
RBCs, involving KCa3.1 Gardos channel ac-
tivation (Cahalan et al., 2015; Faucherre
et al., 2014).

In contrast to Piezo1 in ECs, there are
only limited reports on the presence and ac-
tivities of Piezo1 in cardiac myocytes and
fibroblasts. Compared to other contractile
tissue or organs, such as vessels and lungs, a
lower or undefined level of Piezo1 expression
in cardiac myocytes is assumed. In 2017,
a study reported up-regulation of Piezo1
mRNA and protein expression in rat ven-
tricular tissue from a myocardial infarction-
induced heart failure model (Liang et al.,
2017). In the same study, increase in Piezo1
mRNA and protein expression levels was
observed in isolated neonatal rat cardiomy-
ocytes under angiotensin II treatment com-
pared to interleukin-6 or hydrogen perox-
ide treatment or application of 10 % cyclic
cell stretching. These Piezo1 responses were
considered to relate to the angiotensin II
receptor type 1 (AT1) receptor- and ex-
tracellular signal-regulated kinase (ERK)
1/2 signalling pathways (Liang et al.,
2017). (Note: experimental reproducibil-
ity with the anti-Piezo1 antibody [Protein-
tech, USA] used may be a problem.) An-

other study showed that in cultured ven-
tricular myocytes from AC16 human car-
diomyocyte cell line, cell realignment and
Piezo1 redistribution both responded to 5 %
and 25 % uniaxial 24-hour cyclic stretch
stimulation. Combining stretch stimula-
tion with or without a Piezo1 channel in-
hibitor, the findings from this study suggest
that Piezo1 may be involved in mechani-
cal force sensing and activation of low den-
sity lipoprotein (LDL) receptor-related pro-
tein 6 (LRP6)/β-catenin signalling as well
as the c-Jun N-terminal kinase (JNK) sig-
nalling pathways as a mechanical stretch
sensor (Wong et al., 2018). Apart from
cardiomyocytes, recent study using cultured
mouse and human cardiac fibroblasts con-
firmed that mechanical stimulation by pres-
sure clamp activated Piezo1 channels in car-
diac fibroblasts (Blythe et al., 2019). This
Piezo1 response may lead to interleukin-6
expression and secretion which is involved in
hypertrophic remodelling after cardiac in-
jury (Blythe et al., 2019).

As described above, ECs have been
widely used as a cell model in the Piezo1
studies. There is, however, still a lack of
studies using cardiac myocytes, which ex-
hibit spontaneous contractions. Therefore,
as shown later in this article, we have con-
sidered and used the HL-1 atrial myocyte-
like cell line (Claycomb et al., 1998; White
et al., 2004) as a suitable cell model for
the study of cardiac mechanotransduction
in addition to existing studies.

4. Previous cell stretching technology

As the questions around mechanosensi-
tive ion channels, such as Piezo1, have be-
come increasingly important, many devices
have been built to exert mechanical strain
on cells. Various approaches emerged, a
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few of which are presented and discussed
here before introducing the IsoStretcher, an
isotropic cell stretching device.

4.1. Live cell imaging during uni-axial
stretch using an electromagnet

Harshad et al. (2016) created a device to
apply strain to cells using an electromagnet,
while taking live images of the stretched
cells. The system is shown in Fig. 1 A.
In these experiments the cells are cultured
on the membrane of a polydimethylsilox-
ane (PDMS) device. One wall of the de-
vice is constrained to the mounting plat-
form, whereas a permanent disc magnet is
embedded in the other wall. By switching
on the electromagnet, the permanent mag-
net pulls the wall of the PDMS device to-
wards the electromagnet and at the same
time away from the constrained wall. Thus,
the membrane between these walls becomes
stretched and consequently, also the cells
adhered to it.

As the regions of the membrane close
to the deformable wall experience a much
higher strain than the regions closer to the
constrained wall, the effect the strain takes
on the cells is highly dependent on their lo-
cation on the membrane. The exposure of
different parts of the membrane to stretch
has been characterised, showing that the
cells’ reaction to the stretch in different lo-
cations seems to coincide with that charac-
terisation (Harshad et al., 2016).

Olfactory ensheathing cells were cultured
on the membrane and the effect of cyclic
stretch lasting for 8 h (after an adherence
time of 3 h) was observed. It was found that
the cells’ length decreases linearly with an
increase in stretch, but it was not clarified if
this happened due to loss of focal adhesions
or because of morphology changes (Harshad
et al., 2016).

The non-uniform stretch properties of
this device make it hard to run homoge-
neous stretch tests on a sample and also
complicate the evaluation of experiments.

Regarding the focus shift of the mem-
brane during stretching experiments, only
small curvature effects were reported which
did not seem to interfere with the imaging
process.

4.2. Uni-axial strain in a 3D matrix

By creating a porous polyurethane
sponge, Tomei et al. (2009) were able to
seed cells in a three-dimensional matrix. In
order to compress the sponge (and there-
fore, the cells in it), it was mounted on two
stainless steel rods (keeping a distance of
10 mm between them). Next, a collagen-cell
solution was poured into the sponge (sat-
urating the macropores) and polymerised.
The device is shown in Fig. 1 B. Step 5 illus-
trates the two rods inserted into the sponge,
one fixed and one connected to a linear mo-
tor.

Human fetal lung fibroblasts in a colla-
gen solution were seeded into the sponge
and subjected to a dynamic compression
regimen (30 % compression for 5 s, relax-
ation for 5 s) for 12 h inside an incuba-
tor (5 % CO2, 37 ◦C). After the samples
were fixed, antibody staining revealed the
effects of the compression on the F-actin
cytoskeletal structure, the alignment of fi-
broblast cells and myofibroblast differenti-
ation. Compared to static conditions, the
fibroblasts turned out to spread more under
dynamic conditions, and they also changed
their morphology to a spindle shape. Align-
ment of the cells with the imposed strain
direction was observed close to the edges
of the matrix. Furthermore, there seemed
to be an increased differentiation to myofi-
broblasts under cyclic compression (Tomei
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et al., 2009).
Even though this device only applies uni-

axial stretch, embedding cells in a three-
dimensional matrix provides a more phys-
iological environment, and consequently,
strain conditions, than uni-axial stretch of
a 2D cell culture. Unfortunately, this set-
up does not provide the possibility of live
imaging during the experiment, although
it is possible to take images with a con-
focal microscope to compare the alignment
and morphology of the cells before and after
they were subjected to mechanical strain.

4.3. Live cell imaging during uni-axial
strain and compression

The device built by Gerstmair et al.
(2009) provides a way to apply uni-axial
stretch as well as compression to samples
on an elastic membrane (see Fig. 1 C).
The membrane is attached to two sliding
blocks which transfer compression or stretch
by moving towards or away from each other.
To guarantee uniform movement of the two
blocks during stretch, they are attached to
the same linear motor. Compression is im-
plemented through the force of a spring con-
necting the two blocks to each other.

Furthermore, the system was set up in a
way that allows mounting onto an inverted
microscope. As the sample will move dur-
ing stretch or compression, and the field of
view will therefore change, the entire system
sits on a carrier plate which is connected to
a second linear motor. This second motor
shifts the carrier plate in order to compen-
sate for lateral movement of the sample dur-
ing the experiment. In this way, the sample
is automatically being kept within the field
of view. However, the focus nevertheless has
to be adjusted after stretch or compression.

Experiments on adherent alveolar type II
cells showed that the compensation motor

indeed kept the cells within the field of view
quite well. Moreover, staining with Fura-2
(a ratiometric Ca2+ sensitive dye) revealed a
response of the cells to the strain, although
the magnitude of the reaction was rather
variable in the individual cells (Gerstmair
et al., 2009).

In dynamic stretching experiments, due
to lateral movements of the membrane hold-
ing the sample, live imaging always im-
poses a problem in terms of keeping the
cells of interest within the field of view. In
this set-up the problem was solved smartly
by adding a compensation motor. Due
to physical constraints of elastic materi-
als (volume conservation upon mechanical
strain), the membrane will ultimately be-
come thinner upon stretch thus, z-shifts are
unavoidable but can only be minimized by
smart elastomer substrate geometry design
(Schürmann et al., 2016; Friedrich et al.,
2019b).

4.4. Stretching while imaging from two
sides

Another approach by Hecht et al. (2012)
consists of the combination of a stretch-
ing device with an atomic force microscope
(AFM), while still keeping the sample ac-
cessible for a fluorescence/brightfield micro-
scope (FM/BM), as can be seen in Fig. 1
D. The stretch unit was designed to fit into
the sample holder of the AFM and is there-
fore, rather small in size (∅ 8.8 cm, height
1.4 cm). A PDMS membrane (which holds
the cell sample) is mounted between two
brackets that can be moved away from each
other by a stepper motor. A window was
implemented below the membrane, so the
sample is accessible by FM at the same time
(with an inverted microscope set-up). For
the AFM to work, the window is covered
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with a glass slide, which supports the mem-
brane holding the sample.

Cells of a squamous cell carcinoma were
used to demonstrate the stretching and ex-
amination of the cells via AFM and FM,
as well as BM. The amount of stretch was
calculated from the deformation of the cells
(parallel to the stretch axis) after the ex-
periment. In the FM images, the cells
(cytoskeleton stained with cytokeratin 18
linked to a yellow fluorescence protein)
seemed to show a less detailed structure af-
ter stretching (16 %, 30 %, 50 %). The re-
sults of the AFM measurements back these
findings up, by showing a decrease in the
elastic modulus of the cytoskeleton network
after 20 % stretch (Hecht et al., 2012).

There does not seem to be a problem with
the sample shifting out of focus during the
stretch (presumably due to the connection
of the membrane with the glass slide), but
the cells always had to be re-centred pre-
cisely after applying strain, as the AFM
measurements were only conducted in an
area of 30µm2 x 30 µm2.

4.5. Bi-axial stretch using pressure changes

A bi-axial stretching device was micro-
fabricated using PDMS by Tremblay et al.
(2014). The device consists of three layers
(see cross-section in Fig. 1 E). The top and
bottom layer contain the low-pressure and
fluidics channels and are separated by the
third layer, a 10 µm membrane. The mem-
brane forms a seal between the top (pur-
ple) and bottom (blue) fluidics channels and
provides a surface for the cells to grow on.
The bottom fluidics channel’s purpose is to
compensate the pressure created by seeding
cells through the top fluidics channel. In the
red chambers, application of low pressure
is possible, which deforms the vertical walls
surrounding the cells and therefore, pulls on

the membrane. Four low-pressure channels
create the bi-axial strain. As they are inde-
pendent from each other, it is also possible
to apply uni-axial stretch in either direction.
For imaging, the device can be set up on an
inverted microscope.

Applying the stretch in both directions
was found to lead to a non-uniform strain
profile across the membrane surface, with
noticeable deformation gradients.

Human foreskin fibroblasts were used
for experiments. The cells were stretched
through 20 % in horizontal and vertical di-
rection and their morphology was observed
to change immediately with stretch. Fur-
ther experiments were conducted where uni-
axial stretch was imposed onto randomly
orientated cells, which resulted in the align-
ment of the cells perpendicular to the di-
rection of the strain (after 8 h). Once the
direction was changed, the same cells pro-
ceeded to re-align accordingly (after 16 h).

While stretching the membrane along
only one axis, the low-pressure channels on
the other axis can be used to prevent com-
pression of the membrane in direction per-
pendicular to the uni-axial stretch (Trem-
blay et al., 2014).

No problems were reported in terms of fo-
cus shift during the stretching. Supposedly
the focus plane does not move too much in
this device, as the membrane is stabilised
by the fluid pressure on both sides.

5. The IsoStretcher system and ex-
periments on HL-1 cells

Finally, a multi-axial stretching device is
described, which was created at the Insti-
tute of Medical Biotechnology of Friedrich-
Alexander-University Erlangen-Nürnberg.
Experiments on HL-1 cells were performed
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and some new results are briefly discussed
here.

5.1. The IsoStretcher technology and its ap-
plication

The IsoStretcher (as described previously
(Schürmann et al., 2016; Friedrich et al.,
2019b)) is a stretching device which applies
radial mechanical strain onto cells cultured
in a PDMS chamber. The device is shown
in Fig. 2 A with an enlarged image of the
unstretched chamber (Fig. 2 B) and the
stretched chamber (Fig. 2 C). Every com-
ponent of the IsoStretcher can be seen in the
exploded view (Fig. 2 D). There are six slid-
ers which sit in individual, linear ducts and
apply stretch to the chamber while they are
actuated radially. They have two pins each,
one in front and one in the back. The cham-
ber is mounted on the front pins, whereas
the back pins are inserted into the oblique
grooves of the translation disc. The trans-
lation disc is connected to the stepper mo-
tor via a belt wheel and the correspond-
ing V-belt. Rotating the translation disc
leads to radial movement of the pins and
thereby, stretching/relaxing of the PDMS
chamber occurs. The device can be set up
on the stage of any inverted microscope,
allowing live imaging of the experiments.
Furthermore, experiments on non-adherent
cells can also be run by embedding them
into a hydrogel (e.g. PVA) and curing the
gel on the PDMS chamber (Friedrich et al.,
2017, 2019b). It will stick to the material
and be stretched with the chamber, thus
also stretching the embedded cells.

Compared to previously described
stretching devices, the IsoStretcher is
one of very few systems applying equi-
biaxial (or radial isotropic stretch) to
cells (Friedrich et al., 2017, 2019b). The
uniform, radial stretch of the chamber as

well as the comparatively small focus shift
of the sample plane has been shown in
Schürmann et al. (2016). The chamber
design has changed in the meantime, but
the behaviour is still very similar.

In comparison, the non-uniform stretch
profile of the device introduced by Harshad
et al. (2016) seems rather inconvenient, as
the strain on the cells in different locations
on the same membrane is not equivalent.

As the chamber in the IsoStretcher is
stretched radially, the lateral displacement
of the chamber is smaller than in set-ups
with uni-axial stretch at the same amount
of strain. Therefore, the sample is less likely
to move out of the field of view during ex-
periments, which reduces the need for com-
pensation mechanisms (as seen in the de-
vice by Gerstmair et al. (2009). Neverthe-
less, in both systems, the image needs to
be somewhat refocused after application of
strain. Gerstmair et al. (2009) reported a
combined stretch/compression and focusing
time of 5.6 s (1 s for stretch/compression).
In the IsoStretcher system, stretch/release
through 15 % was run at 200 motor steps/s,
which corresponds to 0.68 s. However, the
manual refocusing already starts during the
application of stretch/release. From eight
different experiments, the average time for
refocusing and stretching/releasing was cal-
culated to be only 2.55 s and 2.38 s, respec-
tively.

Unlike the other set-ups, the system cre-
ated by Tomei et al. (2009) does not offer
any way of imaging during the experiment,
only before and after. Hence, reactions of
the sample happening at the moment of
strain are missed.

The system of Hecht et al. (2012) provides
an extra way of analysing the sample, AFM,
which is especially useful when results ob-
tained by FM or BM can be independently
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confirmed or made more precise with this
method. This is currently not possible with
the IsoStretcher system, but the sample can
be collected from the chamber for tests like
Western Blots or RNA transcriptomics.

Tremblay et al. (2014) provide a system
where the cells are contained in a closed en-
vironment instead of being immediately ex-
posed to the surrounding environment. So
far, the chambers used with the IsoStretcher
are open and do not enclose the sample. But
another version has already been designed,
which is completely sealed, apart from two
tube connectors to add or remove medium
or other substances (to be presented else-
where).

5.2. Stretching HL-1 cells

HL-1 cells were examined for the Piezo1
channel activity in different experiments.
The results of the experiments involving the
use of Yoda-1 are shown in a graph in Fig. 3
A, presenting the relative intensity changes
of one cell during the four phases (1 min
each) of the experiment (for more details,
see sec. 7.4). During the first phase (black),
the cells were not treated in any way and
already showed spontaneous Ca2+ transient
activity (peaks). In the next phase (blue),
Yoda-1 was added, which led to an increase
in peak frequency (PF) as well as a slightly
lower peak amplitude (PA). Stretching the
cells to 15 % (green), resulted in a much
higher baseline intensity (BI) but fewer and
shorter peaks. Finally, releasing the cham-
ber back to 0 % (red) lowered the BI as well
as the PF, while PA remained increased.

Fig. 3 B - D present the evaluation of the
cell reaction to the different phases. First
looking at the BI (Fig. 3 B), next the PA
(Fig. 3 C) and last the PF (Fig. 3 D).
Detailed information about calculations etc.
can be found in sec. 7.4.

Fig. 3 B shows that the BI hardly
changes following addition of Yoda-1, but
in many experiments increased noticeably
after stretch. Release seems to lower the BI
slightly.

The changes in PA are much smaller (see
Fig. 3 C). Again, the pre-treatment phase
and the Yoda-1 phase seem to to be fairly
similar, with the exception that there are
no data points at 0 (corresponding to no
peaks) after addition of Yoda-1. Stretching
the cells elevated the amplitudes in a few
cases but decreased or did not change it in
most. Releasing the stretch does not show
the same maximum value, but generally the
values seem to be a bit higher than during
stretch.

The last graph shows the changes in PF
throughout the four phases (see Fig. 3 D).
Adding Yoda-1, as well as applying stretch,
led to a small increase in PF. Releasing the
stretch caused a decrease in PF.

6. Conclusion

MS channel Piezo1 is involved in a broad
range of physiological and pathological pro-
cesses in the body. In the cardiovascular
system, the activities of Piezo1 have been
mainly examined in ECs or RBCs. Impor-
tantly, Piezo1 is also thought to be able to
respond to mechanical forces such as stretch
due to cardiac contraction and to act as a
primary force sensor in the heart, although
the exact role of Piezo1 in cardiomyocytes
still needs to be unravelled through further
studies using different approaches.

To date, the IsoStretcher is a very ver-
satile, and one of the few systems that can
apply radial stretch to whole cell membrane
sectors. Our findings show that Piezo1
channels in cultured HL-1 atrial myocytes
could be activated by cell stretching stimu-
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lation applied by the IsoStretcher technol-
ogy. This suggests that Piezo1 is a strong
candidate ion channel contributing to car-
diac mechano-electric feedback through its
Ca2+ transient regulation during cardiac
cell stretching. In future studies, we aim
to further reveal the role of Piezo1 as a pri-
mary force sensor in the heart, as well as
the activities of its corresponding molecular
signalling pathways.

7. Materials and Methods

7.1. PDMS chambers

The cells were seeded in custom made
PDMS chambers which were prepared from
Sylgardr 184 (Dow Corning), in a ratio of
1:14 (curing agent:base). Before use, the
chambers were first rinsed with Isopropanol
(70 %) and afterwards with ultrapure water.
Subsequently, the chambers underwent UV
sterilization for 20 min. After the cleaning
process, a coating of fibronectin/gelatine
was applied on the PDMS surface. The
coating was left in the chambers for 1 h in
the incubator at 37 ◦C, or in the fridge at
4 ◦C over night.

7.2. HL-1 cell culture

HL-1 cells were kept in culture us-
ing Claycomb Medium (87 % Claycomb
Medium (Sigma-Aldrich), 10 % Fetal
Bovine Serum (FBS, Sigma-Aldrich),
1 % Penicillin-Streptomycin (104 U /ml
P an 104

µg ml=1 S, Sigma-Aldrich), 1 %
Norepinephrine (Stock: 10 mM, Sigma-
Aldrich), 1 % L-Glutamine (Stock: 200 mM,
Sigma-Aldrich)).

Trypsin-EDTA (Sigma-Aldrich) was used
to split the cells (after they reached at least
90 % confluence). The best number of cells

per IsoStretcher PDMS chamber was deter-
mined to be 120 000, the stretching exper-
iments were carried out approximately 4 h
after seeding.

7.3. Calcium staining

During the stretching experiments, the
calcium signal of the HL-1 cells was ob-
served and the cells were bathed in phy-
siological salt solution (PSS), which was
supplemented with CaCl2 (1 mM). For
this, a staining solution was prepared, from
PSS+CaCl2 and Fluo-4 AM (end concentra-
tion 2 µM). The cells were immersed in this
solution and incubated at 37 ◦C for about
20 min. Afterwards, the staining solution
was discarded and replaced by PSS+CaCl2.

7.4. Cell stretching

The procedure of the experiment shown
in Fig. 3 is explained as follows: every expe-
riment consists of four phases, each of which
takes one minute. First, the baseline activ-
ity of the cells is recorded (without addition
of any substances or stretch). Subsequently,
Yoda-1 is added (100µl, end concentration
5 µM, Biomol GmbH, Germany) and the
cells’ response is recorded. The chamber
is stretched to 15 % (radial increase) and
stretch maintained, before it is released to
0 % again. The images were taken with a
frame interval of 200 ms and analysed us-
ing Fiji image processing by measuring the
intensity of single cells as well as the back-
ground (BG) intensity at three different po-
sitions. The relative intensity change was
calculated using equation 1. In the equa-
tion, It represents the intensity at time t and
I0 for the average intensity during the first
5 s of the experiment (25 images). In case
of the background, all values are an average
of the three background measurements.
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I =

(
It − I0
I0

)
Cell

−
(
It − I0
I0

)
BG

(1)

To evaluate the reaction of the cells to
each of the four phases, Python’s function
scipy.signal.find peaks was used. It finds
the peaks in data sets, and based on the
evaluated data, BI, PA and PF could be de-
rived for every cell that was analysed from
these experiments.

To determine the BI, the minimum peak
amplitude was set very low (prominence =
0.01), so even the peaks in the data’s noise
were recognised and the baseline value for
each one of these peaks was calculated. The
values of these peaks were averaged, so there
would be one data point for each phase of
each cell.

To calculate the PA and the PF, the
prominence was set to 5, in order to only
look at peaks which were correlated to cell
activity, but not noise.

The amplitudes of all peaks in one phase
were calculated and averaged, which again
resulted in one data point per cell per phase.

For the PF, the number of peaks in each
phase was simply counted. Each phase had
a duration of 1 min, therefore peaks per
minute were returned.
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Freiburg Bad Krozingen.

Zeng, W.Z., Marshall, K.L., Min, S., Daou,
I., Chapleau, M.W., Abboud, F.M., Liber-
les, S.D., Patapoutian, A., 2018. Piezos
mediate neuronal sensing of blood pressure
and the baroreceptor reflex. Science 362,
464–467. URL: https://www.ncbi.nlm.nih.

gov/pubmed/30361375, doi:10.1126/science.
aau6324.

Zhang, M., Wang, Y., Geng, J., Zhou, S., Xiao,
B., 2019. Mechanically activated piezo chan-
nels mediate touch and suppress acute me-
chanical pain response in mice. Cell Rep
26, 1419–1431 e4. URL: https://www.ncbi.

nlm.nih.gov/pubmed/30726728, doi:10.1016/
j.celrep.2019.01.056.

19

https://www.ncbi.nlm.nih.gov/pubmed/26001275
https://www.ncbi.nlm.nih.gov/pubmed/26001275
http://dx.doi.org/10.7554/eLife.07369
http://dx.doi.org/10.7554/eLife.07369
https://www.ncbi.nlm.nih.gov/pubmed/30305456
https://www.ncbi.nlm.nih.gov/pubmed/30305456
http://dx.doi.org/10.1126/scitranslmed.aat9892
http://dx.doi.org/10.1126/scitranslmed.aat9892
https://onlinelibrary.wiley.com/doi/abs/10.1002/bit.22236
https://onlinelibrary.wiley.com/doi/abs/10.1002/bit.22236
http://dx.doi.org/10.1002/bit.22236
https://link.springer.com/article/10.1007%2Fs10529-013-1381-5
https://link.springer.com/article/10.1007%2Fs10529-013-1381-5
http://dx.doi.org/10.1007/s10529-013-1381-5
http://dx.doi.org/10.1007/s10529-013-1381-5
https://www.ncbi.nlm.nih.gov/pubmed/27797339
https://www.ncbi.nlm.nih.gov/pubmed/27797339
http://dx.doi.org/10.1172/JCI87343
http://dx.doi.org/10.1172/JCI87343
https://www.ncbi.nlm.nih.gov/pubmed/14766671
https://www.ncbi.nlm.nih.gov/pubmed/14766671
http://dx.doi.org/10.1152/ajpheart.00986.2003
http://dx.doi.org/10.1152/ajpheart.00986.2003
https://www.ncbi.nlm.nih.gov/pubmed/30400259
https://www.ncbi.nlm.nih.gov/pubmed/30400259
http://dx.doi.org/10.3390/jcm7110410
http://dx.doi.org/10.3390/jcm7110410
<Go to ISI>://WOS:000365458600013
<Go to ISI>://WOS:000365458600013
http://dx.doi.org/10.1038/nn.4162
https://www.ncbi.nlm.nih.gov/pubmed/24717433
https://www.ncbi.nlm.nih.gov/pubmed/24717433
http://dx.doi.org/10.1038/nature13251
https://www.ncbi.nlm.nih.gov/pubmed/28645743
https://www.ncbi.nlm.nih.gov/pubmed/28645743
http://dx.doi.org/10.1016/j.pbiomolbio.2017.06.010
http://dx.doi.org/10.1016/j.pbiomolbio.2017.06.010
https://www.ncbi.nlm.nih.gov/pubmed/30260030
https://www.ncbi.nlm.nih.gov/pubmed/30260030
http://dx.doi.org/10.1002/jcb.27683
http://dx.doi.org/10.1002/jcb.27683
https://www.ncbi.nlm.nih.gov/pubmed/30361375
https://www.ncbi.nlm.nih.gov/pubmed/30361375
http://dx.doi.org/10.1126/science.aau6324
http://dx.doi.org/10.1126/science.aau6324
https://www.ncbi.nlm.nih.gov/pubmed/30726728
https://www.ncbi.nlm.nih.gov/pubmed/30726728
http://dx.doi.org/10.1016/j.celrep.2019.01.056
http://dx.doi.org/10.1016/j.celrep.2019.01.056


Figure 1: Previously described stretching devices. (A) In the device built by Harshad et al. (2016),
cells are seeded on a PDMS membrane and stretched in one direction using a permanent magnet and
an electromagnet. Live imaging during the experiment is possible. (B) Tomei et al. (2009) created
an approach to uni-axial stretch of cells in a three dimensional matrix. The matrix is mounted at
both ends on rods. One of them is fixed, the other one is connected to a linear motor, which moves
and thus, stretches the matrix. As long as it is mounted, imaging of the matrix is not possible. (C)
Another device for application of linear stretch was described by Gerstmair et al. (2009). The cells are
seeded on a PDMS membrane which is stretched or compressed by two sliding blocks (connected to a
linear motor) and a spring. In order to facilitate live imaging, the lateral movement of the membrane
is compensated for with the help of a second linear motor, moving the whole structure. (D) Hecht
et al. (2012) combined an uni-axial stretching device with an AFM, while keeping the possibility of
FM and BM. The cells are seeded on a PDMS membrane that is connected to two brackets. Those
can be moved by a linear motor. (E) Tremblay et al. (2014) created a three-part bi-axial stretching
device (made entirely from PDMS). The top and bottom part contain fluidics channels and low pressure
channels. In between these two parts, a 10 µm thick membrane is placed. The cells are seeded through
one of the fluidics channels and low pressure is applied through two or four low pressure channels, to
apply uni-axial or bi-axial strain to the membrane.
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Figure 2: The IsoStretcher cell stretching device. (A) Image of the IsoStretcher, (B) Close-up of the
unstretched chamber, (C) Close-up of the stretched chamber, (D) exploded drawing of the IsoStretcher.
The stepper motor moves a belt wheel which is attached to a translation disc with oblique grooves.
The chamber is mounted on six sliders which sit in linear ducts and have two pins each; one in front
to hold the chamber and one in the back, inserted in one of the translation disc’s grooves. According
to the movement of the translation disc, the sliders are pulled outward or pushed inward and thereby,
stretch or relax the chamber. (E) The IsoStretcher can be placed on top of a microscope stage, for
live imaging during experiments.
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Figure 3: Results of stretching experiments under the influence of Yoda-1. (A) Exemplary result of
the measurements in one cell. There was already activity in the baseline measurement (black) which
increased (regarding PF and PA) after addition of Yoda-1 (blue). A higher BI, but shorter and fewer
peaks were observed after stretch to 15 % (green). Through release of the chamber to 0 %, BI as well
as PF decreased. (B)-(D) present the collected data from all 48 cells. (B) Addition of Yoda-1 hardly
changed the BI, but it increased through stretch and decreased again after release. (C) The effects seen
in PA were smaller. There is almost no difference between the pre-treatment and the Yoda-1 phase,
and stretching only has a very small impact. The data after release seem to show an increase compared
to stretch. (D) The PF increased a little bit through the addition of Yoda-1 and a bit more through
stretch. Release resulted in a decrease.
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