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Abstract: 1 

Hollow organs (e.g. heart) experience pressure-induced mechanical wall stress 2 

sensed by molecular mechano-biosensors, including mechanosensitive ion channels, 3 

to translate into intracellular signaling. For direct mechanistic studies, stretch devices 4 

to apply defined extensions to cells adhered to elastomeric membranes have 5 

stimulated mechanotransduction research. However, most engineered systems only 6 

exploit unilateral cellular stretch. In addition, it is often taken for granted that stretch 7 

applied by hardware translates 1:1 to the cell membrane. However, the latter crucially 8 

depends on the tightness of the cell-substrate junction by focal adhesion complexes 9 

and is often not calibrated for. In the heart, (increased) hemodynamic 10 

volume/pressure load is associated with (increased) multiaxial wall tension, stretching 11 

individual cardiomyocytes in multiple directions. To adequately study cellular models 12 

of chronic organ distension on a cellular level, biomedical engineering faces 13 

challenges to implement multiaxial cell stretch systems that allow observing cell 14 

reactions to stretch during live-cell imaging, and to calibrate for hardware-to-cell 15 

membrane stretch translation. Here, we review mechanotransduction, cell stretch 16 

technologies from uni- to multiaxial designs in cardio-vascular research, and the 17 

importance of the stretch substrate-cell membrane junction. We also present new 18 

results using our IsoStretcher to demonstrate mechanosensitivity of Piezo1 in 19 

HEK293 cells and stretch-induced Ca2+ entry in 3D-hydrogel-embedded 20 

cardiomyocytes.  21 
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1. Introduction 22 

Mechanosensation and mechanotransduction enable tissues and cells to interact 23 

with their environment and to respond to mechanical stimuli. Mechanosensing also 24 

plays an important role in body homeostasis when the filling volume and pressure of 25 

hollow organs need to be monitored and regulated. In the cardiovascular system, 26 

blood pressure in vessels is sensed to control cardiac output. Research in the field of 27 

prokaryotic mechanosensation has taught us much about the mechanisms at the 28 

interface of the protein-lipid bilayer junction. In the cardiovascular system in 29 

mammals and humans, the ion channels building up the molecular biosensors are 30 

different to prokaryotic ones (Lau et al. 2016, Friedrich et al. 2012), and their 31 

expression profiles may correlate with disease states (Randhawa et al. 2015, Song et 32 

al. 2014, Mohl et al. 2011), changing stress profiles during development (Heckel et al. 33 

2015) and modulation of electrical coupling in the heart (Thompson et al. 2011, 34 

Nishimura et al. 2008). In many case, the molecular identity of stretch-activated ion 35 

channels is not yet known, in particular in the domain of mechano-electrical feedback 36 

(MEF) in the heart. In other cases, it is still a matter of debate whether ion channel 37 

candidates that correlated with pathological stress responses were primarily 38 

mechanosensitive or secondarily activated by G-protein coupled receptor (GPCR) 39 

mechanosensing units (Hill-Eubanks et al. 2014, Wilson & Dryer 2014, Gottlieb et al. 40 

2008). 41 

Cardiovascular mechanosensing mechanisms have attracted growing interest lately; 42 

that includes identification of the respective biosensors as well as their induced 43 

signaling cascades. In order to move from correlative studies of ion channel 44 

expression under conditions of heart disease to single cell models that allow direct 45 

investigation of stretch-induced signals, it is important to reconcile the state of 46 

technologies available. Most of our understanding on mechanosensitive channel 47 

function and biosensor-actuator loops in cellular systems has either emerged from 48 

patch clamp analyses of ionic currents evoked by applying defined negative pressure 49 

levels or osmotic stress to the native membrane (Seth et al. 2009), after heterologous 50 

expression or reconstitution of ion channels in artificial lipid bilayers or vesicles 51 

(Ridone et al. 2015, Shen et al. 2015, Kamaraju et al. 2010, Maroto et al. 2005), or 52 

using linear stretch to cells by actuating attached carbon tube rods and performing 53 

live-cell imaging (Prosser et al. 2013, 2011). 54 
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In this paper, we (i) review evidence from in vivo and in vitro studies linking 55 

physiological and pathological mechanical stress conditions to involvement of 56 

mechanosensitive ion channels, their putative molecular identity and 57 

mechanosensitivity, and (ii) provide an overview of the state-of-the-art and recent 58 

developments in biomedical engineering to provide technologies for improved studies 59 

of mechano-signaling in the cardiovascular system. Using a recently introduced 60 

IsoStretcher technology from our lab, we (iii) also provide new evidence for isotropic-61 

stretch-induced signaling in 3D-embedded cardiomyocytes and additional evidence 62 

for mechanosensitivity of Piezo1 channels that might be important to explain 63 

endothelial-cardiomyocyte mechano-coupling in the heart. 64 

 65 

2. Mechanosensitive channels (MSC) in the cardiovas cular system 66 

as mechanical biosensors 67 

In heart and vasculature, mechanical stress to tissue walls occurs through contractile 68 

activity of smooth muscle or cardiac muscle cells, during passive filling of atria or 69 

ventricles, pressure pulse wave propagation, as well as shear stress during blood 70 

flow sensed by endothelium (reviewed in Hill-Eubanks et al. 2014, Friedrich et al. 71 

2012). 72 

2.1. MSC families and their general biophysical pro perties 73 

Since their detection in cardiac and vascular tissue, members of the transient 74 

receptor potential (TRP) channels family and very recently Piezo1 channels, have 75 

become of major interest in cardiovascular mechanotransduction research. Most of 76 

the TRP channels involved in fine-tuning of cardiovascular mechano-response have 77 

been centered around the subfamilies of the canonical TRPC, melastatin TRPM and 78 

vanilloid TRPV non-selective cationic channels (for reviews refer to Yue et al. 2015, 79 

Hill-Eulenbanks et al. 2014, Beech 2013, Dietrich & Gudermann 2011, Yin & Kuebler 80 

2010, Watanabe et al. 2008). Those channels are highly expressed in the plasma 81 

membrane of cardiomyocytes (CM), endothelial cells (EC) and vascular smooth 82 

muscle cells (VSMC). They are activated by a multitude of stimuli, either mechanical 83 

(e.g. pressure, wall tension, and shear stress), chemical (e.g. reactive oxygen 84 

species, oxidative stress, phospholipids, arachidonic acid, etc.) or temperature. 85 
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Generally, TRP channels form cationic channels with a preferential selectivity for 86 

Ca2+ ions. For instance, TRPV5/6 are highly Ca2+ selective (PCa/PNa > 100), TRPM4/5 87 

merely Ca2+ selective (PCa/PNa < 0.05), while for the remainder, PCa/PNa is usually <10 88 

(Yue et al. 2015, Harteneck 2005, Hofmann et al. 2003). Some of the TRP channel 89 

subfamilies form homo- or heteromeric tetramer channels, e.g. TRPC1 with TRPC4/5 90 

(Strubing et al. 2001) or TRPC3/6/7 with each other (Hofmann et al. 2002), to name a 91 

few combinations (Yue et al. 2015). Several TRP members respond to mechanical 92 

stretch. Among canonical TRPC, TRPC1 and TRPC6 were first identified as 93 

responding to hydrostatic or osmotic pressure-induced membrane stretch (Spassova 94 

et al. 2006, Maroto et al. 2005), although overexpression of TRPC1/6 in heterologous 95 

expression systems could not detect any significant increase in mechanosensitive 96 

currents, puzzling the translation from single channel data towards ensemble data 97 

(Gottlieb et al. 2008). TRPC3 was for a long time not recognized as 98 

mechanosensitive on its own, as it usually forms heterotetramers with TRPC6 thus, 99 

strongly influencing TRPC6 mechanosensitivity (Quick et al. 2012). As in TRPC6 100 

activation, TRPC3 is likewise activated by GPCR Gq protein 101 

kinase C/phospholipase C signaling through the intermediate diacylglycerol (DAG) 102 

(Hofmann et al. 1999). However, TRPC3 mechanoactivation (heterologously 103 

expressed in CHO-K1 cells exposed to hypoosmotic shock) was shown to induce a 104 

clear whole-cell current response that was not influenced by co-expression of a 105 

mechanosensitivity-abrogated TRPC6-N143S mutant (Wilson & Dryer 2014). TRPC5 106 

was activated by osmotic challenge and membrane suction, and single channel 107 

currents were recorded upon mechanical activation (Shen et al. 2015, Gomis et al. 108 

2008). Several lines of evidence have been presented for TRPC6 mechanosensitivity 109 

in heterologous expression systems (Wilson & Dryer 2014, Inoue et al. 2009, 110 

Spassova et al. 2006), or in native cells (Anderson et al. 2013, Quick et al. 2012). In 111 

mouse CM, immediate activation of non-selective ion currents was noted when the 112 

cell membrane was impinged with a glass rod (Dyachenko et al. 2009). The 113 

mechanosensitive current component was blocked by GsMTx-4, a hitherto well 114 

established highly specific blocker of MSCs (Bowman et al. 2007). GsMTx-4, a 4 kDa 115 

peptide isolated from tarantula stomata and recombinant available by now, 116 

specifically acts on MSC subtypes which may also include members of the TRP 117 

family (Gottlieb et al. 2007). Linking cardiomyocyte MSC data to TRPC6 was more 118 
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evidently established by use of a pore-blocking TRPC6-antibody able to block both 119 

the mechano-activated and the OAG-activated (a DAG analogue) currents in mouse 120 

CM, establishing the in situ mechanosensitivity of TRP6 (Dyachenko et al. 2009). In 121 

HEK and CHO cells heterologously expressing TRPC6, mechanical activation of 122 

TRPC6 secondary to GPCR stimulation persisted in the presence of GsMTx4 (Inoue 123 

et al. 2009, Spassova et al. 2006), indicating that mechanical and chemical lipid 124 

signaling share a common molecular mechanism involving lateral lipid-tension 125 

(Spassova et al. 2006). However, similar experiments involving pore-blocking anti-126 

TRPC6 are still missing. Interestingly, in addition to stretch-activation, TRPC6 also 127 

seems to contribute to receptor-operated Ca2+ mobilizations that are likely to be 128 

involved in vasoconstrictor and myogenic responses and pulmonary arterial 129 

proliferation (Inoue et al. 2006). Also, TRPC6 seems to play an important regulatory 130 

function through receptor-operated Ca2+ entry, e.g. involving ß-adrenergic signaling 131 

in CM involving snapin (Mohl et al. 2011) (Fig. 1) , or hypoxia-induced signaling in 132 

pulmonary smooth muscle cells (Tang et al. 2010). Of the TRPV family, TRPV2/4/5/6 133 

have been documented as mechanosensitive, e.g. TRPV2 in murine aorta myocytes 134 

(Muraki et al. 2003); TRPV4 in heart valves during development (Heckel et al. 2015), 135 

in rat endocardium contributing to atrial volume sensing (Shenton & Pyner 2014), in 136 

ventricular CM (Hu et al. 2009) or in cardiac fibroblasts (Adapala et al. 2013); 137 

TRPV5/6 in transfected HEK cells (Cha et al. 2013). Of the TRPM family, TRPM3/4/7 138 

seem mechanosensitive (e.g. Li et al. 2014, Numata et al. 2007, Earley et al. 2004). 139 

The multi-transmembrane domain protein channel Piezo1, has recently been 140 

identified as inherently mechanosensitive (Syeda et al. 2016). It acts as a membrane 141 

biosensor for frictional force in the cardiovascular system (Li et al. 2014a). Piezo1 142 

responds to lateral membrane tension (Cox et al. 2016, Lewis & Grandl 2015, Coste 143 

et al. 2012) and is modulated, e.g., by phosphoinositide (Borbiro et a. 2015) and 144 

cytoskeletal components (Retailleau et al. 2015, Gottlieb et al. 2012). Using their 145 

approach of Piezo1 incorporated into droplet lipid bilayers, Syeda et al. (2016) 146 

showed that Piezo1 mechanosensitivity followed the ‘force-from-lipids’ paradigm of a 147 

pure lipid-embedded force biosensor responding to mechanical forces within the 148 

bilayer without the need for any other cellular components (Teng et al. 2015, 149 

Martinac et al. 1990). 150 
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2.2. Mechano-signaling in the vasculature 151 

2.2.1. Vascular involvement of TRP channels 152 

A variety of TRP channel members act as NO sensors in the endothelium of the 153 

vasculature, being activated by GPCRSs with DAG production and subsequent Ca2+ 154 

influx. The latter then drives NO production via NO synthases (Yoshida et al. 2006) 155 

(Fig. 1) . NO diffusing into adjacent smooth muscle cells drives cGMP (cyclic 156 

guanosine monophosphate) formation to stimulate myosin light chain phosphatase. 157 

This results in relaxation and vasodilation (Nakamura et al. 2007). This mode of 158 

vasodilation more or less applies to TRPC1/3/4/5/6 and TRPV1/3/4 through Ca2+ 159 

entry (Zhang & Guttermann 2012). In VSMC, TRP channels are mainly involved in 160 

direct regulation of myogenic tone, either by GPCRs or as part of the autoregulation 161 

(Fig. 1) . MSC-induced vasoconstriction has been demonstrated for instance for 162 

TRPC6 through α1-adrenoceptor-induced, TRPC6-mediated Ca2+ entry (Inoue et al. 163 

2001) (Fig. 1) . Although the myogenic response (i.e. the increase in smooth muscle 164 

tone in response to increased intraluminal pressure to increase vascular resistance 165 

and limit flow) primarily depends on L-type Ca2+ channel activation, TRP channels 166 

modulate this response, e.g. TRPC1/5/6, TRPV1/2/4, TRPM7/8, and maybe more 167 

(Yue et al. 2015). In particular, TRPM4 seems to be crucial for cerebral flow 168 

autoregulation (Reading & Brayden 2007). In rat posterior cerebral artery smooth 169 

muscle cells devoid of endothelium, TRPM4 potentiates the activity of 170 

mechanosensitive ENaC (epithelial Na+ channels) through a putative direct 171 

interaction, which probably complements stretch-induced depolarization through 172 

ENaC by TRPM4-induced Ca2+ entry (Kim et al. 2013) (Fig. 1) . This mode did not 173 

apply to TRPC6 (Kim et al. 2013), for which direct and GPCR, second messenger-174 

induced activation modes probably apply more exclusively (Inoue et al. 2009). 175 

TRPC5 has recently been found to play an essential role as key pressure transducer 176 

in systemic blood pressure regulation within the aortic baroreceptors, because 177 

TRPC5-/- mice displayed severe daily pressure fluctuations (Lau et al. 2016). For 178 

TRPV4, an additional mechanism of activation was shown to result in Ca2+ sparklets, 179 

subsequently activating BKCa channels for hyperpolarization and direct muscle 180 

relaxation (Sullivan & Earley 2013) (Fig. 1) . Interestingly, a VSMC hyperpolarization 181 

was also seen when TRPV4 channels were activated in the adjacent EC. This is 182 

because of direct electrical coupling through gap junctions in the myoendothelial 183 
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complex (Sonkusare et al. 2012) (Fig. 1) . Apart from immediate signaling resulting in 184 

myogenic control, vascular TRP channels also regulate VSMC proliferation and 185 

vascular permeability (Hill-Eubanks et al. 2014). Regarding the most common 186 

vascular pathology, hypertension, TRPC3/6 channels are involved in essential 187 

hypertension models and rearrange their assembly proportions towards a higher 188 

TRPC3 contribution, thus favoring VSMC depolarization (Alvarez-Miguel et al. 2017). 189 

Besides regulating flow-induced arteriogenesis, TRPV1/4 channels are also 190 

implicated in pulmonary hypertension and hypoxic preconditioning (Parpaite et al. 191 

2016, Randhawa & Jaggi 2015). Ablation of TRPV4 was able to delay and markedly 192 

attenuate pulmonary hypertension using siRNA silencing in rats (Yang et al. 2012). 193 

2.2.2. Vascular involvement of Piezo channels 194 

The mechano-biosensor Piezo1 is also expressed in vascular EC and VSMC 195 

(Retailleau et al. 2015, Ranade et al. 2014). In fact, Piezo1 was found to be essential 196 

for vascular development, as mice deficient for Piezo1 die at mid-gestation with 197 

defects in vascular remodeling, possibly due to abrogated flow-induced mechano-198 

signaling (Ranade et al. 2014). The endothelial Piezo1 component of shear-stress-199 

evoked Ca2+ influx was assessed as a pivotal vascular mechano-integrator (Li et al. 200 

2014a) that was required for flow-induced endothelial ATP release and subsequent 201 

Gq/G11-coupled purinergic P2Y2 receptor stimulation. This in turn results in AKT 202 

(protein kinase B) phosphorylation and NOS production with subsequent vasodilation 203 

(Wang et al. 2016a) (Fig. 1) . In VSMC, the role of Piezo1 has not been extensively 204 

reported yet. However, it seems important in hypertension-dependent structural 205 

remodeling of small arteries, with a trophic effect in resistance vessels where a 206 

Piezo1-induced increase in cytosolic Ca2+ stimulated transglutaminases to facilitate 207 

protein crosslinking during the remodeling phase in hypertension (Retailleau et al. 208 

2015). 209 

2.3. Mechano-signaling in the heart 210 

2.3.1. Cardiac involvement of TRP channels 211 

In early studies, a non-selective Ca2+-activated cation channel sharing similarities 212 

with TRPM4 and TRPM5 was described in human atrial CM to be involved in after-213 

depolarizations and arrhythmias during cardiac Ca2+ overload (Guinamard et al. 214 

2004). Later, TRPC1 was found to be upregulated in mouse hearts with a congenital 215 
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cardiac hypertrophy phenotype related to a dominant-negative form of the 216 

transcription repressor neuron-restrictive silencer factor (NRSF). In this model, 217 

TRPC1 transfection into primary CM increased NFAT (nuclear factor of activated T-218 

cells) activity, thus stimulating cardiac hypertrophy genes (Ohba et al. 2007, 2006) 219 

(Fig. 1) . 220 

Canonical TRP channels have been robustly described to be crucially involved in 221 

development of cardiac hypertrophy under pathophysiological conditions (Seth et al. 222 

2009, Kuwahara et al. 2006, Nakayama et al. 2006, Onohara et al. 2006). TRPC1-/- 223 

mice are functionally protected from cardiac hypertrophy in pressure-overload models 224 

and preserve cardiac function when subjected to hemodynamic and neuro-hormonal 225 

stress (Seth et al. 2009). TRPC1/3/6 were upregulated in pressure-overload and 226 

calcineurin-mediated cardiomyopathy (Kuwahara et al. 2006, Nakayama et al. 2006). 227 

In vivo studies in transgenic TRPC3-overexpressing mice document increased 228 

hypertrophy when challenged with angiotensin-II or phenylephrine through TRPC3-229 

mediated, Ca2+-dependent calcineurin/NFAT activation (Nakayama et al. 2006). In 230 

TRPC6 overexpressing models, hypertrophy signaling is already activated without 231 

neuro-hormonal stimuli (Kuwahara et al. 2006). More specifically, heteromeric 232 

complexes of TRPC1/4/5 and TRPC3/6/7 have been suggested to mediate the 233 

pathological hypertrophy responses (Eder & Molkentin 2011, Wu et al. 2010). The 234 

reason why some TRPC isoforms may be more severely involved in calcineurin 235 

signaling over others (e.g. TRPC6 over TRPC3) even without GPCR involvement 236 

may be their differential intrinsic mechanosensitivity. As a consequence of aberrant 237 

calcineurin/NFAT signaling, TRPC1/3/6 genes containing conserved NFAT 238 

consensus sites become upregulated. This sustains a vicious remodeling cycle. 239 

Generally, calcineurin signaling is thought to be exclusively associated with 240 

pathological cardiac hypertrophy signaling (Heineke & Ritter 2012). In fact, it was 241 

found unaltered during physiological cardiac hypertrophy in swim-trained rats (Yeves 242 

et al. 2014). Thus, a role of TRPC channels to a hitherto regulating function in normal 243 

growth signaling in CM is still elusive. In this regard, it is interesting to note that on a 244 

beat-to-beat basis in isolated murine CM subjected to external field stimulation, we 245 

could detect a mechanosensitive component to systolic intracellular Ca2+ that 246 

accounted for ~5 % of systolic Ca2+ amplitude and was blocked by GsMTx-4 247 
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(Friedrich et al. 2012). Although the identity of the underlying MSC has not yet been 248 

elucidated, this may point towards an interesting direct involvement of TRP channels 249 

to regulating intracellular Ca2+ and contractility during normal beating. Store-operated 250 

Ca2+ entry has been associated with TRPC channels in rat neonatal ventricular CM to 251 

be activated by a G-protein coupled Ca2+ sensing receptor (CaR) to enhance 252 

apoptosis (Sun et al. 2010). This was subsequently extended towards adult rat CM 253 

showing that also TRPC3 but not TRPC1 was upregulated by CaR-induced TRPC-254 

activated Ca2+ entry (Feng et al. 2011). TRPC3 overexpression in turn increases CM 255 

sensitivity to Ca2+ overload, driving affected CM into apoptosis instead of necrosis 256 

(Shan et al. 2008). Apart from being involved mostly in pathophysiological cardiac 257 

processes (hypertrophy, arrhythmia, Bode et al. 2001), we have found TRPC6 being 258 

also involved in receptor-operated Ca2+ entry, where it modulates cardiac contractility 259 

via α1A-mediated signaling in an enhanced cardiac α1A-receptor (α1A-R) expressing 260 

mouse model but also, to a lesser extent, in wt-littermates. This α1A-R effect of 261 

TRPC6 channel Ca2+ entry was abrogated by TRPC6 pore-blocking antibody and 262 

thus, shows the importance of TRPC6 for cardiac contractility already under 263 

physiological α1A-R signaling (Mohl et al. 2011). Apart from this, not much information 264 

on the physiological role of TRPC in CM is available. 265 

For TRPM, TRPM4 is functionally expressed in sino-atrial cells and a key player for 266 

heart rhythm generation and maintenance (Demion et al. 2007), as well as for 267 

conduction along the Purkinje fibres (Hof et al. 2016). TRPM4 also seems to 268 

negatively regulate on angiotensin II-induced, TRPC-mediated cardiac hypertrophy 269 

(Kecskes et al. 2015); TRPM7 is essential for correct cardiac embryonic development 270 

(Sah et al. 2013) and regulates HCN4 expression to modulate diastolic membrane 271 

depolarization and automaticity in the sino-atrial node (Sah et al. 2013a). TRPM2 272 

was shown to act as a double-edged sword. In some studies, it seemed essential to 273 

maintain CM bioenergetics (i.e. TRPM2-mediated Ca2+ influx maintains mitochondrial 274 

function following hypoxia-reoxygenation by reducing mitochondrial oxidants, 275 

Hoffman et al. 2015), while in other studies, its activation resulted in mitochondrial 276 

membrane disruption, cytochrome c release, caspase-3-dependent chromatin 277 

fragmentation and myocyte death (i.e. following ischemia-reperfusion injury, Yang et 278 

al. 2006) (Fig. 1) . 279 
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TRPV functionality in CM is very scarcely documented in the literature. In a very 280 

interesting study, TRPV2 has been recently shown to mediate mechanical forces 281 

necessary to maintain coupling between neighboring CM at the level of intercalated 282 

discs. Within four days of eliminating TRPV2 from hearts of adult mice, cardiac 283 

function declined severely, with vast structural disorganization of intercalated disc 284 

areas (Katanosaka et al. 2014). A few days later, CM biomechanics and Ca2+ 285 

handling were markedly impaired, and anabolic IGF-1/PI3K/AKT signaling was 286 

downregulated (Katanosaka et al. 2014). This may provide a first link between a 287 

member of the TRP family and protein synthesis pathways that might be involved in 288 

physiological cardiac growth and hypertrophy rather than the link to pathological 289 

hypertrophy through calcineurin/NFAT signaling by TRPC members (Fig. 1) . TRPV4 290 

also forms a mechanosensitive Ca2+ channel in rat ventricular CM (Hu et al. 2009). 291 

TRPV4 channels have been more detailed investigated in cardiac fibroblasts where 292 

they are important in TGF-ß1 (transforming growth factor)-induced differentiation to 293 

myofibroblasts (Adapala et al. 2013, Thodeti et al. 2013). Very novel data from our 294 

own research indicates that TRP channels, i.e. TRPC6, are also important to deliver 295 

mechanically-induced soluble crosstalk between different cardiac cell types. 296 

Specifically, atrial EC that were cyclically subjected to uniaxial elastomer stretch 297 

(methodologies see 3.7.) released soluble factors that induced Ca2+ entry into 298 

induced pluripotent stem (iPS) cell-derived CM through a TRPC6-dependent 299 

mechanism (Nikolova-Krstevski et al. 2017), thus opening new venues for mechano-300 

signaling across cell-type borders in the heart. 301 

2.3.2. Cardiac involvement of Piezo channels 302 

For Piezo1, there is no published study yet available tackling its mechanistic role to 303 

intrinsic cardiac function or involvement in cardiac pathology. A recent study 304 

correlated increased mechanosensitive micro-RNA 103a expression in acute 305 

myocardial infarction patients with inhibited Piezo1 channel expression however, the 306 

mechanistic implications are still elusive (Huang et al. 2016). 307 

Fig. 1  envisions the role of mechanosensitive channels and their respective 308 

molecular identity to cardiac and vascular function.  309 
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3. Technologies to apply cell- and membrane stretch  and to assess 310 

mechanotransduction pathways 311 

Life science research dedicated to study mechanotransduction in cellular systems 312 

requires technologies that transduce external forces (e.g. indentation, shear-forces or 313 

pressure) to the membrane of cells. Such methodologies have developed from using 314 

the same devices to assess channel readouts, i.e. microelectrode-based 315 

electrophysiology techniques, to sophisticated elastomer-based actuators. In most 316 

latter cases, optical readouts have been implemented, in particular fluorescence 317 

microscopy. The following sections will provide details of the different methodologies 318 

developed over the last two decades, their strengths and weaknesses and potential 319 

fields of applications to study mechanotransduction. A focus will be on recent 320 

developments of elastomer-based systems to apply 2D (and even 3D) uniaxial or 321 

multiaxial and isotropic stretch systems and their distinct differences to point-to-point 322 

stretch systems, in particular when applied to cells of the cardiovascular system. A 323 

particular emphasis is on the requirement to calibrate ‘hardware stretch’ of elastomer 324 

substrates to ‘membrane stretch’ of the cell membrane which strongly depends on 325 

coating protocols involved, the tightness of the elastomer-cell junction and the type of 326 

cells involved. In principle, this has to be assessed for each cell type and technology 327 

applied. In the following sections, the different approaches to local and global cellular 328 

stretch alongside with clarification of directionality nomenclature are presented. 329 

3.1 Pipette-suction electrophysiology to study mech ano-signaling (Fig. 2A) 330 

A very classical setting to investigate mechanosensitive membrane channels derives 331 

from the patch clamp technique (Hamill et al. 1981, Neher & Sakman 1976). A tip of a 332 

small pipette pulled from glass capillaries heated with platinum filaments and filled 333 

with saline is approached towards a cell membrane to establish an electrical ‘seal’ 334 

upon close contact with the membrane. A patch of membrane containing single or 335 

ensembles of ion channels becomes accessible to voltage pulses and ion current 336 

recordings (Neher et al. 1978). The trick in establishing giga-ohm seals as a 337 

requirement to record pA-currents through individual channels is the application of 338 

negative pressure pulses to the membrane in order to tighten the glass-membrane 339 

junction and to obtain a cell-attached patch of small diameter (~1-3 µm). In early 340 

studies on isolated inside-out patches from neonatal rat CM membranes, application 341 
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of -10 mmHg pressure to the membrane evoked robust inward cationic single 342 

channel currents (single channel conductance ~40 pS) that were blocked by 1 µM 343 

Gd3+, an unspecific blocker of MSC (Sadoshima et al. 1992, Fig.2A ). In another 344 

study in rat aorta EC, positive pressure applied to the membrane reversibly increased 345 

open probability of MSC (slope conductance for inward currents ~6 pS, ionic 346 

permeability PCa:PNa:PK of 3.5 : 1 : 1.4) (Marchenko & Sage 1997). 100 µM of Gd3+ or 347 

La3+ blocked these currents. Although suction and positive-pressure applications via 348 

patch pipettes represent an elegant measure to combine mechanical membrane 349 

actuation with direct recordings from membrane ion channel biosensors, limitations 350 

are given by the fact that electro-neutral ion movements through MSC may go 351 

completely undetected. More severely, pressure-induced cationic currents in patch 352 

clamp usually are only restricted to acute stimulus-biosensor recordings restricted to 353 

the membrane level, i.e. they cannot capture intracellular signaling events. Also, this 354 

technique only captures local mechanical stress to the membrane and local sub-355 

membrane cytoskeletal elements. Applying suction to the membrane modifies the 356 

stress distribution in response to force application, which is in particular important if 357 

recordings are performed in the excised patch configuration given that there is a 358 

significant difference between the stress developed in the outer and in the monolayer 359 

of the membrane bilayer (Bavi et al. 2014). Finally, throughput of pipette-based 360 

mechanotransduction studies in patch-clamp configuration is rather limited, and no 361 

robust high-throughput solutions exist. 362 

3.2. Hypoosmotic cell swelling to study mechano-sig naling (Fig. 2B) 363 

Mechanotransduction response to osmotic challenge, in particular hypoosmotic 364 

stress, is a rather archaic reaction of cells to changes in environmental osmolarity 365 

(Kloda & Martinac 2002). Upon decrease in extracellular osmolarity, water moves 366 

from extra- to intracellular in order to balance the osmotic gradient. The conduit for 367 

these water movements is through membrane aquaporin channels which are also 368 

expressed in CM (Rutkowskiy et al. 2013a), cardiac and vascular EC and fibroblasts 369 

(Rutkowskiy et al. 2013, 2013a). The resulting cell swelling activates mostly Cl--370 

channels in order to reduce the cell’s salt content to counteract swelling. The most 371 

common readouts to monitor changes during hypotonicity-induced swelling are 372 

electrophysiology or fluorescence microscopy techniques. In canine CM subjected to 373 
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hypoosmotic swelling, whole-cell recordings from perforated patches revealed strong 374 

activation of inward-rectifying, swelling-activated currents that reversed near -60 mV, 375 

and were inhibited by 10 µM Gd3+, which also reduced cell swelling (Clemo et al. 376 

1998) (Fig. 2B) . This swelling-activated inward current remained persistently 377 

activated in CM from dogs with congestive heart failure (Clemo et al. 1998). Swelling-378 

activated Cl--currents (ICl,swell) are more frequent in atrial over ventricular CM 379 

(Vandenburg et al. 1994), and have been associated with arrhythmogenesis, 380 

myocardial injury, preconditioning, apoptosis and mechano-electrical feedback 381 

(Baumgarten & Clemo 2003). 382 

While hypoosmotic swelling can be regarded as a useful tool to study global 383 

mechanotransduction in cells in general, it has to be considered with caution when 384 

applied to cardiac cells, in particular CM. While in small and more rounded cells 385 

osmotic swelling can be considered as an isotropic stretch, it may not so in CM, 386 

where the highly organized cytoskeleton apparatus and the presence of both surface 387 

and tubular membrane systems result in unequal lateral and axial stiffness (for 388 

skeletal muscle, see Higuchi 1987). For example, hypoosmotic stress has been 389 

shown to cause sealing of t-tubules, impeding cardiac ec-coupling (Moench et al. 390 

2013), or to recruit caveolae as membrane reserves to the sarcolemma to limit 391 

mechanosensitive ICl,swell activation in CM (Kozera et al. 2009). Moreover, osmotic 392 

swelling in CM induces loss of glutathione and increases the sensitivity towards 393 

oxidative stress (Lee et al. 2009). This sustains a vicious cycle to drive CM 394 

dysfunction as a consequence of osmotic swelling in pathological conditions of cell 395 

hypoxia with consequent ATP depletion and Na+ overload through Na+/K+-ATPase 396 

failure (Takeuchi et al. 2006), e.g. during ischemia/reperfusion. Thus, hypoosmotic 397 

swelling may reflect a global membrane stretch model mimicking pathophysiological 398 

hypoxia-associated cellular CM edema and dysfunction rather than a physiological 399 

stimulus to study mechanotransduction. It is interesting to note that a very recent 400 

study was able to demonstrate a cardio-protective effect for the tarantula peptide 401 

GsMTx-4 in ameliorating ischemia and reperfusion-induced CM swelling and 402 

dysfunction (Wang et al. 2016). 403 

3.3. Shear-flow to study mechanotransduction (Fig. 2C) 404 
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Blood flow in the cardiovascular system induces shear-stress that predominantly 405 

affects mechanotransduction in the contact cell layers, i.e. the endothelium. The 406 

effects of shear stress on endothelial function, in particular on the NOS, are well 407 

presented in Balligand et al. (2009). That review also nicely provides an integrated 408 

view of endothelial-cardiomyocyte cross-talk by physical forces. The influence of 409 

flow-induced shear stress on endothelial ROS production, epigenetics, autophagy, 410 

inflammation, focal adhesion complex homeostasis and endothelial-smooth muscle 411 

cell cross-talk is well presented in a recent review by Christiakov et al. (2017). 412 

Early designs of systems to apply laminar flow to cell cultures go back to the early 413 

80s (Krueger et al. 1971) and since then, a multitude of fluidics, micro-fluidics, lab-on-414 

a-chip systems and bioreactor-based systems have been employed, both 415 

commercially and on a research-lab scale (Davis et al. 2015). For details on 416 

advances in biomedical engineering of flow- and combined physical forces 417 

technologies in the cardiovascular system, the interested reader is referred to the 418 

very elegant review by Davis et al. (2015). Here, only a few very recent 419 

developments shall be mentioned. 420 

An important reaction of EC towards shear-stress in flow-cell environments is their 421 

repatterning and polarization towards the flow direction (Morgan et al. 2012, 422 

Levesque & Nerem 1985). In order to provide a miniaturized system to study EC 423 

mechanotransduction using high-resolution fluorescence microscopy, a recently 424 

introduced microfluidics system allowed to monitor Ca2+ reactions to variations in 425 

global and local shear stresses using advanced UV protein micro-patterning through 426 

chromium synthetic quartz photomask for control of EC elongation and orientation 427 

(Lafaurie-Janvore et al. 2016). The flow field in this system was controlled by 428 

coupling the micro-patterned substrate to the microfluidics chamber to fit on a 429 

microscope stage. Using this system, (i) lamellipodia formation could be resolved 430 

online in the downstream portion, and retraction in the upstream portion of EC, and 431 

(ii) intracellular Ca2+ waves with propagation direction determined by cell polarization 432 

rather than flow direction were demonstrated. Varying the adhesive micro-patterning 433 

grating distance, EC shape could be controlled at both the monolayer and the single 434 

cell level (Lafaurie-Janvore et al. 2016). 435 
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Older microfluidics systems containing one laminar flow channel usually lacked the 436 

throughput aspect in a sense that ‘shear-stress level – response’ studies had to be 437 

conducted in different experimental assays exposing cells to either high- or low shear 438 

stress regimes. Multi-shear design has been introduced as a solution where a series 439 

of parallel channels with varying diameters, respective different flow resistances, 440 

were connected to a single inlet-outlet (Gutierrez et al. 2008). A major downside to 441 

such systems can be seen in the separate handling of the no-flow control group 442 

requiring a separate device as well as in the lack of interaction from EC residing at 443 

different shear-stress areas, which would map more closely the situation in vivo with 444 

highly non-linear temporal and spatial flow profiles. To overcome these constraints, a 445 

diamond-shaped microfluidics shear device was engineered hosting high- and low-446 

shear zones within the same chamber under identical culture conditions (Zhang et al. 447 

2014). Parallel arrangement of compartments allowed generation of shear stresses of 448 

varied magnitudes to which cells were simultaneously exposed (Zhang et al. 2014). A 449 

cheap and biocompatible microfluidics device was built and introduced by another 450 

group using fluidics circuits engraved in polydimethyl-siloxane (PDMS) elastomers 451 

and sealed to a glass surface onto which cells are grown (Fede et al. 2014). By 452 

modulating the time of atomic oxygen and ozone atmosphere exposure required to 453 

generate silanol groups by oxidation of the methyl groups to increase hydrophilicity of 454 

the elastomer, a tight microfluidics device that withstands high pressure flows, yet 455 

providing a reversible seal between two surfaces, was produced. With this system, 456 

human umbilical vein endothelial cells (HUVEC) were successfully cultured under 457 

various flow conditions, and maximum detachment flows (50 µl/min) were assessed 458 

(Fede et al. 2014). In order to approach ways to increase throughput in microfluidics 459 

circulation devices, Satoh et al. (2016) developed a system containing three 460 

independent circulation culture units in which HUVEC cells could be cultured under 461 

physiological shear stresses using a pneumatic pressure system. Even further on the 462 

path to increasing throughput was presented by a novel, low-cost multi-functional 463 

fluid flow device that can be scaled up to be used to provide flow-induced shear 464 

stress to cells cultured in 96 well plate format (Lyons et al. 2016). 465 

3.4. Physical membrane indentation to study mechano transduction (Fig. 2D) 466 
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Indentation of cell membrane uses point or plane impression by gently pushing blunt 467 

processes or styluses towards the cell membrane under micromanipulator guidance. 468 

Early approaches elegantly used a reverse operation of atomic force microscope 469 

levers arms to act as a micro-indenter (Charras & Horton 2002). However, only few 470 

studies exist applying this to cells of the cardiovascular system to study mechano-471 

signaling, e.g. in cardiac fibroblasts (Codan et al. 2014). More commonly, mechanical 472 

point indentation is performed using fire-polished large diameter (~2-4 µm tip) glass 473 

pipettes to locally indent the membrane to different depths while, for instance, 474 

recording whole cell currents in the same session with an opposed patch pipette 475 

(Huang et al. 2013), or using two-electrode voltage clamp (Saitou et al. 2000). In 476 

isolated cardiac fibroblasts mechanically deformed by patch pipettes that allowed 477 

both indentation as well as local stretch, compression resulted in membrane 478 

depolarization through a mechanosensitive non-selective cation conductance while 479 

stretch hyperpolarized the fibroblast (Kamkin et al. 2003). Subsequently, a model 480 

was put forward to explain mechanical coupling between cardiac fibroblasts and CM 481 

where the former can function as mechano-electrical transducers possibly involved in 482 

mechano-electrical feedback (Kamkin et al. 2005).  483 

In a study using a cell-attached glass stylus to shear the upper cell part versus the 484 

substrate-attached bottom of mouse ventricular CM, deformation activated a nearly 485 

voltage-independent GsMTx-4 sensitive non-selective cation conductance that was 486 

inhibited by anti-TRPC6 antibody (Dyachenko et al. 2009). Another study used a 487 

heavily fire-polished glass capillary as a mechanical probe, sinusoidally driven either 488 

in the plane of the membrane or normal to the membrane of isolated rat ventricular 489 

myocytes in conjunction with voltage-clamp to record mechanosensitive currents that 490 

had two components: a brief large inward spike, followed by a more sustained 491 

smaller cationic inward current (Bett & Sachs 2000) that was comparable in 492 

amplitude to that from cells undergoing axial strain (see below, Zeng et al. 2000). It 493 

was speculated that the initial sharp inward current reflects a collapse or relaxation of 494 

cytoplasmic elements exposing mechanosensitive sensors to stress (Bett & Sachs 495 

2000). 496 
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As with micro-indentation, indenters are individually actuated towards a single cell at 497 

a time, experimental throughput is rather limited and high-throughput systems are not 498 

available. 499 

3.5. Magnetic tweezer local membrane pinch to study  membrane complex 500 

biomechanics (Fig. 2E) 501 

Magnetic tweezers or magnetic bead micro-rheometers were originally designed to 502 

allow generation of forces up to 10 nN transmitted between cell membranes and 503 

paramagnetic beads using a magnetic coil-induced field (Bausch et al. 1998, 504 

Ziemann et al. 1994). Magnetic beads of ~5 µm size are attached to the plasma 505 

membrane after coating with extracellular matrix proteins, e.g. fibronectin, to target 506 

binding to integrin receptors for focal adhesion complex (FAC) anchorage. Following 507 

attachment, a magnetic field is established via the magnetic coils, and the 508 

membrane-bead complex is pinched towards the coil. Using this approach, local 509 

visco-elastic moduli of the cell envelope and the adjacent cytoplasm components can 510 

be assessed (Bausch et al. 1998). This technique can only detect local lateral visco-511 

elasticity of a complex containing membrane, focal adhesions and cytoskeletal 512 

elements to unknown extents. In addition, results strongly depend on the tightness of 513 

the bead-fibronectin-integrin interaction. Thus, the magnetic tweezer-derived 514 

biomechanics parameters do not represent a single element but the summed 515 

contribution of those elements directed perpendicular to the cell membrane. 516 

Therefore, the strength of this technique is to assess lateral stiffness of the pan-517 

membrane complex, for instance in cellular model systems deficient of focal adhesion 518 

molecules (Alenghat et al. 2000). Magnetic tweezer technologies have mostly been 519 

applied to fibroblasts (Alenghat et al. 2000) and cancer cells (Swaminathan et al. 520 

2011). In EC, cyclic local forces applied to FAC were found to recruit actin filaments 521 

towards the FAC area (Ueki et al. 2010). When co-cultured with invasive tumor cells, 522 

magnetic tweezer approaches revealed tumor cells to alter the mechanical properties 523 

of ECs by reducing their lateral stiffness (Mierke 2011). Due to the local nature of the 524 

technology to only assess lateral membrane-FAC visco-elasticity and not axial 525 

biomechanics, magnetic tweezers cannot be used to axially stretch CM (referring to 526 

their longitudinal axis). There seems to be no study available where CM have been 527 

subjected to magnetic tweezer experiments. 528 
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Due to coil geometries and the induced magnetic fields, miniaturization and 529 

parallelization of multiple tweezers to increase the throughput of such experiments 530 

has not been documented in the literature yet. 531 

3.6. Axial global cellular stretch via traction rod s to study 532 

mechanotransduction (Fig. 3) 533 

The rod-shaped geometry of CM assigns two major axes, a longitudinal axial and a 534 

short lateral axis. Both define differing axial and lateral visco-elastic elements due 535 

cytoskeletal arrangement (Higuchi 1987). Unlike axial stretch in skeletal muscle 536 

fibres, which is easily implemented in force transducer and actuation systems due to 537 

their long lengths, manually attaching CM (~100-150 µm length) to mechanical 538 

actuation systems is not straightforward. One of the first studies to apply axial stretch 539 

to single isolated CM employed impalement of myocytes with glass microelectrodes 540 

near both ends and applying small stretches before chemical Ca2+ activation (Fabiato 541 

& Fabiato 1975). In the setting of this section 3.6., ‘axial stretch’ refers to the long 542 

axis of the mechanically clamped CM and involves a uniaxial stretch (to be in line 543 

with the nomenclature with 3.7., see below). 544 

Moving towards intact and electrically excitable preparations, single-barreled pipettes 545 

with vacuum suction were introduced to mechanically attach rat CM, and to record 546 

forces during electrical stimulation (Brady et al. 1979). In an elaborate approach to 547 

combine whole-cell electrophysiology with axial pipette-stretch to single CM, Sasaki 548 

et al. (1992) fabricated heat-polished glass pipettes with a ball-shaped plunger 549 

lowered to the CM membrane to restrain it against a 1 % agar substrate while 550 

applying axial stretch through a suction pipette on one end and recording whole-cell 551 

currents from a patch pipette placed at the other end. This study was one of the first 552 

to record whole-cell currents from single CM that were activated by a ~20 % stretch. 553 

The reversal potential of ~ -15 mV was consistent with a more or less non-selective 554 

cationic current (Sasaki et al. 1992). From there, a double-barreled glass pipette 555 

suction system was developed from pulling and fire-polishing two capillary tubes of 556 

one small internal (3-5 µm) and a larger outer diameter (10-15 µm) and sliding one 557 

over the other. Attaching this system to a force transducer and coating it with a 558 

biocompatible adhesive (Cell-Tak, based on barnacle adhesive proteins) at the tip 559 

facilitated CM adhesion (Palmer et al. 1996). This system allowed to suck in the 560 
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terminal about eight sarcomere length portion into two such pipettes at both ends, 561 

thus allowing to assess passive resting length-tension curves between sarcomere 562 

lengths of 1.9 µm and 3.2 µm in skinned CM (Palmer et al. 1996). Zeng et al. (2000) 563 

further optimized this double-barrel technique by focusing on a large variety of 564 

adhesive coatings, ranging from epoxy raisins, cyanoacrylate glues, silicones, and 565 

silanes, with the best choice represented by a combination of silane layer application, 566 

followed by amino dendrimer and methyl alcohol treatment after curing. With this 567 

approach, non-inactivating inward cation currents that increased action potential 568 

duration and were Gd3+-sensitive were recorded during axial stretch, demonstrating a 569 

hallmark of mechano-electrical feedback (Zeng et al. 2000) (Fig. 3A) . Interestingly, in 570 

a study using frog ventricular CM attached to glass pipettes, axial stretch failed to 571 

produce robust lengthening of action potential duration in most cells, arguing against 572 

a strong MEF, at least in amphibians (Riemer & Tung 2003, see also Tung & Zou 573 

1995). 574 

The fabrication of glass capillaries as described above represents a major technical 575 

constraint to many mechanobiology labs. It also involves extensive expertise and 576 

training, also limiting experimental throughput. Thus, a parallel development involved 577 

carbon-fibre technology to circumvent the need for sophisticated glass and adhesive 578 

processing (Fig. 3B) . Le Guennec et al. (1990) were among the first to use thin 579 

12 µm diameter carbon fibres that were produced by high temperature treatment of 580 

polyacrilonitryl and oxidized to produce free carboxyl groups. Those render carbon 581 

tubes sticky to cell membranes, probably by interactions with surface membrane 582 

amino groups. This approach allowed spontaneous attachment of carbon fibres of 583 

known stiffness to either end of the CM (one compliant fibre for force sensing, e.g. 584 

0.25 N/m, and one stiff fibre for myocyte stretching, e.g. 0.0125 N/m) perpendicularly 585 

to the CM long axis upon touching the CM membrane. This allowed to obtain resting 586 

length-tension curves and active tension recordings in about 80 % of CM, 587 

withstanding active forces of up to ~0.25 mN/mm² at resting length L0 and 588 

~0.35 mN/mm² at 105 % L0 stretch (Le Guennec et al. 1990). 589 

In order to obtain even tighter attachment, graphite-reinforced carbon (GRC) fibres of 590 

higher stiffness were processed by carbonization of rod-shaped graphite granules 591 

and resin oligomer mixtures (Yasuda et al. 2001). A higher stiffness is desirable in 592 
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force transducing systems to allow recording of higher forces at a small 593 

displacements, and to increase the sensing range, according to Hooke’s law 594 

(Neuman et al. 2007). Using this enhanced overall stiffness of GRC fibres (>1 N/m), 595 

peak isometric forces of ~40 mN/mm² in single rat ventricular myocytes could be 596 

successfully recorded (Nishimura et al. 2004). Attaching the GRC fibres provides a 597 

high success rate with minimal damage to the cell membrane. No additional adhesive 598 

was required, and the technique was successfully implemented in conjunction with 599 

electrophysiology and fluorescence microscopy in stretched CMs (reviewed in 600 

Nishimura et al. 2008). While the older technique with carbon fibres allowed stretch of 601 

single CM up to ~2.1 µm sarcomere length (SL) before rupture (Gannier et al. 1994), 602 

the graphite-reinforced carbon fibres allowed going to SL of at least 2.4 µm 603 

(Nishimura et al. 2006). While the former study demonstrated that 6 % axial stretch 604 

already resulted in a large increase in indo-1 [Ca2+] fluorescence in guinea pig 605 

ventricular myocytes (Gannier et al. 1994), the latter is worth mentioning for 606 

demonstrating stretch-induced membrane depolarization in quiescent rat ventricular 607 

CM, prolonging the late phase of the action potential in beating CMs using ratiometric 608 

optical recording of membrane potential with the fast voltage sensitive dye di8-609 

ANEPPS (Nishimura et al. 2006). This can be regarded as another direct 610 

demonstration of MEF in CM. Another study in guinea pig ventricular CM attached to 611 

carbon fibres and stretched by approx. 9 % confirmed streptomycin-sensitive 612 

prolongation of action potential duration and a cationic inward current. The prolonged 613 

action potential was carried by MSC-mediated Ca2+ influx, as it was abolished by 614 

strongly buffering [Ca2+]i with BAPTA-AM (Belus & White 2003) (Fig. 3A) .  615 

To further substantiate the role of axial stretch in modulating ventricular CM 616 

intracellular Ca2+ homeostasis, varying diastolic pre-loads were applied to single CM 617 

via carbon fibre attachment and rest-decay dynamics of sarcoplasmic reticulum 618 

[Ca2+] calculated. This was done by comparing cytosolic fura-2 fluorescence in cells 619 

exposed or not exposed to diastolic stretch for different durations. In addition, SR 620 

Ca2+ reloading during different stretches following initial caffeine-induced SR Ca2+ 621 

depletion was also assessed (Iribe & Kohl 2008). The authors found diastolic axial 622 

stretch to both enhance SR Ca2+ leak and sarcolemmal Ca2+ influx in order to match 623 

required Ca2+ levels and force production to increased diastolic pre-load in ventricular 624 

CM on a beat-to-beat basis. This was subsequently confirmed by assessing diastolic 625 
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Ca2+ spark rate in carbon fibre axially-stretched ventricular CM. ~8 % stretch caused 626 

an acute ~33 % increase in spark rate within 5 s, followed by a return to baseline at 627 

sustained distension within 1 min (Iribe et al. 2009). Very interestingly, neither block 628 

of mechanosensitive ion channels with GsMTx-4, nor removal of extracellular Na+ or 629 

Ca2+, nor NO synthase inhibition abolished the stretch-induced increase in spark rate, 630 

but interfering with cytoskeletal integrity using colchicine did. This suggests that the 631 

stretch biosensor, at least for modulating ryanodine receptor (RyR) functions, lies 632 

within the cytoskeleton (Iribe et al. 2009). The mechanism of this ‘mechano-chemical’ 633 

coupling in the working heart was subsequently elucidated to be due to axial stretch 634 

activating NADP oxidase 2 (NOX2) to generate reactive oxygen species (ROS) in the 635 

sarcolemmal and tubular membrane thus, sensitizing nearby RyRs to become leaky 636 

(Prosser et al. 2011). This microtubule-dependent sensor-actuator axis, subsequently 637 

termed ‘X-ROS signaling’ was used to explain diastolic arrhythmogenic Ca2+ wave 638 

initiation in mechanically load-challenged CM (Prosser et al. 2013, 2011). Using 639 

cyclic stretch of CMs attached to glass micro-rods coated with the hitherto biological 640 

adhesive MyoTakTM (World Precision Instruments, Sarasota, FL, USA), Prosser et al. 641 

finally documented that the mechanosensor machinery in ventricular CM was able to 642 

differentiate static sustained stretch from more physiologically occurring cyclic stretch 643 

regimes. The former confirmed the previously described transient induction of ROS, 644 

while the latter induced a steady-state elevation of ROS (Prosser et al. 2013a). Since 645 

Prosser et al. used glass micro-rods rather than GRC fibres, their stretch was usually 646 

restricted to ~10 % in CM. 647 

Another way to increase stretch range in isolated CM using conventional carbon 648 

fibres was introduced by a new carbon fibre ‘gripping’ technique where both ends of 649 

a CM are tightly squeezed between a pair of carbon fibres approaching the cell ends 650 

from above and below (Iribe et al. 2014). Using this system, single CM could be 651 

stretched to about 2.2 µm (~15 % stretch) without detachment (Iribe et al. 2014).  652 

Similar to the considerations from the previous sections, the carbon fibre techniques 653 

reviewed here also suffer from a very limited throughput since only one cell at a time 654 

can be handled. 655 

3.7. Elastomer membrane based stretch systems to ap ply planar stretch to 656 

cells (Fig. 4) 657 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

 

- 23 - 
 

The axial end-to-end traction approach presented in section 3.6.  has some profound 658 

limitations: (i) for cells even smaller than CM and not elongated, for instance EC, 659 

point attachment is not readily feasible (we are not aware of any study that has 660 

successfully implemented dual carbon fibre stretch in EC), (ii) throughput is limited to 661 

one cell per attachment and thus, data collection is time consuming, and more 662 

severely limiting, (iii) the preparation still does not reflect the situation of multiaxial 663 

stretch distributing within tissues. In particular with regard to (iii), simultaneous axial 664 

and lateral stretch (with respect to the long and short axis of CM, respectively) 665 

distributes along all membrane and cytoskeletal components anchored to the 666 

extracellular matrix (ECM) via FAC. One has to reconcile that, in particular in the 667 

scenario of isolated CM subjected to exclusive axial rod-rod stretch (see above), cells 668 

have been isolated and kept submerged in physiological saline solutions without 669 

being able to establish FAC-ECM contacts. Thus, although such approaches 670 

represent elaborate and elegant ways to stretch single CM, it is more so in an acute 671 

setting of stretch-induced ion channel or fast signaling studies rather than including a 672 

natural membrane-mediated anchorage to external surfaces to the conditioning. Also, 673 

axial stretch (along the longitudinal CM axis) may not represent the wall tension 674 

profiles experienced in hollow organs where filling pressures induce more multiaxial 675 

anisotropic or isotropic strain to the cell membrane (Friedrich et al. 2012, Gopalan et 676 

al. 2003). Mainly for reasons (i) and (ii), alternative approaches were already 677 

developed almost 40 years ago by employing flexible elastomer-polymer substrates 678 

on which cells grown could be stretched (Vandenburgh & Kaufman 1979). 679 

3.7.1. Stretch mode definitions with flexible membr ane substrates 680 

For the following sections, it is important to reconcile that stretch conferred via planar 681 

substrates rather than point-to-point stretch in carbon fibre or glass rod settings (see 682 

above) defines different stretch modes. Clamping a flexible rectangular elastomer 683 

membrane on opposite sides and applying stretch is referred to as uniaxial stretch. It 684 

does not necessarily coincide with the main axis of elongated cells (e.g. CM, muscle 685 

fibres) adhered to the elastomer surface via FAC-connections, since cells may be 686 

oriented randomly if no patterned surfaces were involved. Thus, uniaxial stretch 687 

involving elastomer substrates is different from ‘axial stretch’ applied in the 688 

techniques discussed before (i.e. section 3.6. ). Preservation of volume of a flexible 689 

membrane during stretch predicts a shortening of the other two Euclidian degrees of 690 
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freedom, i.e. a reduction in thickness and width of the membrane. When also the 691 

other two rims of the rectangular membrane are clamped by an independent actuator 692 

and stretched, this defines a second stretch axis at 90 ° to the other one. This setting 693 

is referred to as biaxial. Stretch profiles can be equi-biaxial with exact same 694 

amplitudes in both planar degrees of freedom or involve different stretch amplitudes. 695 

The former results in a more isotropic displacement of the membrane while the latter 696 

represents a non-isotropic stretch with complex patterns, depending on the relative 697 

amplitudes. Isotropic membrane stretch is most accurately represented by equi-698 

multiaxial or radial displacement of circular elastomer membranes, technologies 699 

which will be described below. In any case, in biaxial (rectangular membranes) or 700 

multiaxial (circular membranes) stretch, the substrate membrane will become thinner 701 

with stretch, as this is the only remaining degree of freedom to keep volume constant, 702 

which may hamper microscopy due to z-focus shifts during stretch. 703 

3.7.2. Silicon-based elastomer substrate developmen ts and cell-substrate 704 

junction  705 

Among the first flexible substrates were silicon rubber sealants that polymerized at air 706 

when squeezed from a tube into pre-formed polyethylene casts and subsequently cut 707 

into shape, attached to steel clips and stretched via nylon threads through a culture 708 

flask by a stepper motor (Buck 1980). That study was also one of the first to 709 

demonstrate reorientation of fibroblasts with their long axis perpendicular to the strain 710 

axis following repeated uniaxial stretch in order to minimize their strain exposure 711 

(Buck 1980). In the following years, silicone became the material of choice to the 712 

young ‘cell stretch community’ using the same silane materials as in medicinal 713 

applications, e.g. examination gloves. Dow Corning was already a leading company 714 

in this area at that time and has expanded its position by a vast number of elastomer 715 

materials on the market, the most important being polydimethyl-siloxane (PDMS), 716 

widely used in medical research, tissue engineering and mechanobiology today. In 717 

the early days, stretch chamber were assembled from custom-cut substrate 718 

geometries of ‘silastic membranes’ (Dow Corning Corp., Medical Products, Midland, 719 

MI, USA) and glued or clamped to Perspex holders or metal clamps attached to 720 

actuators for extension. These were also the times in the 90s when researchers 721 

started to play with different coatings for stronger attachment of cells to substrates.  722 
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About the same time, the processing of silanic membranes to increase hydrophilicity 723 

and promote cell adherence was advanced through gas plasma technologies, where 724 

oxidation of the hydrophobic membrane using cold gas plasma was shown to 725 

functionally increase wettability of silanes for up to 72 h. Although this technique is 726 

still used today, it is restricted to few labs holding gas plasma equipment. 727 

Consequently, chemical etching surface treatments employing e.g. peroxide, have 728 

been developed (Zhou et al. 2012). Another advantage of custom-made PDMS 729 

elastomers nowadays is given by the fact that their resulting stiffness can be 730 

modulated by varying base compound – catalyzer ratios (Shi et al. 2013). Substrate 731 

stiffness is a crucial parameter for cells to tightly adhere to and establish focal 732 

adhesion connections with the substrate, as previously shown for CM where a 733 

substrate stiffness of ~25 kPa was found optimal for vinculin and α-actin expression 734 

in CM grown on static substrates (Galie et al. 2013). On those intermediate stiffness 735 

substrates, ß1-integrins were distributed homogeneously across CM but did not 736 

colocalize to the z-disk, while in stiff (255 KPa) and compliant (7 KPa) environments, 737 

they span the entire z-disk region (Galie et al. 2013). This supports the notion that 738 

cells ‘sense’ their mechanical environment and react accordingly with the formation of 739 

FACs. On the contrary, it also means that the elastomer stretch can only be 740 

transduced to the cell membrane, if the connection between adhered cells and 741 

elastomer substrate was tight, i.e. depending on the establishment of FACs with the 742 

elastomer substrate. Since FACs ‘reach out’ to ECM components, elastomer 743 

substrates have been successively coated with ECM proteins to promote adhesion, 744 

e.g. using laminin, fibronectin, or RGD-(Arg-Gly-Asp)-peptide sequences. As detailed 745 

later in this section, the tightness of this cell-ECM junction requires calibration for 746 

each cell type and coating, which has been often ignored in the literature. 747 

Elastomer membrane systems, although not all designed for high-throughput, are per 748 

definition suited for high-content analyses, since many cells adhered to the elastomer 749 

membrane and subjected to stretch, can be simultaneously read-out. 750 

3.8. Pneumatic actuation systems and optimizations for throughput and 751 

microscopy 752 

An approach to membrane actuation was conceptualized and implemented by Albert 753 

Banes who developed pneumatic-systems for elastomer membrane stretch 754 
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applications that ultimately resulted in the foundation of FlexCell Int. Corp. 755 

(Burlington, NC, USA) which is still the market leader in providing pneumatic stretch 756 

systems for mechanobiology. In a narrative review from 2013, Albert Banes very 757 

nicely summarizes the past of pneumatic cell stretch systems and translation from 758 

basic research to entrepreneurship, and a read-through is highly recommended 759 

(Banes 2013). Between 1980 and 1985, he developed the idea of growing cells on 760 

flexible elastomer substrates and stretching them by bending the membrane from 761 

below through pneumatic suction (Fig. 4A) which became the first biomedically 762 

engineered design of the Flex I® and BioFlex® flexible bottom culture plates (Banes 763 

2013). According to the nomenclature of stretch modus of 3.7.1., pneumatic 764 

membrane inflation-deflation actuation represents an isotropic stretch regime, if no 765 

further guidance geometries, e.g. pillars are involved (see below). 766 

The original design of radial extension of the elastomer substrate through suction 767 

precludes its application to live-cell imaging due to marked z-plane shifts during 768 

stretch protocols. This is why almost exclusively all such approaches employed post-769 

stretch optical assessment on either fixed cells or on the non-stretched membrane for 770 

focussing (Dhein et al. 2014, Wang et al. 2013, Tan et al. 2008, Garvin et al. 2003) 771 

rather than live-cell imaging (De Jonge et al. 2013).  772 

The FlexCell TissueTrain® Culture Plate was a further development trying to minimize 773 

membrane z-shifts by applying pneumatic suction to suck in the membrane between 774 

the walls of a central Teflon loading post and an outer wall. While the membrane was 775 

uniaxially stretched over the surface of the loading post, it remained in the same 776 

horizontal plane (Dhein et al. 2014, Banes 2013, Garvin et al. 2003). Still, most 777 

imaging research using this system has been conducted on post-stretch cells, either 778 

fixed or native, but not during stretch. For instance, Dick et al. (2013) used that 779 

system to stretch pulmonary artery smooth muscle cells on collagen-coated PDMS 780 

membranes applying 10 % or 20 % cyclic (0.5 Hz duty cycle) uniaxial stretch for 24 h 781 

and found supra-physiological (20 %) stretch to increase peroxynitrite formation 782 

(visualized by dihydroethidium fluorescence) and immunoreactive nitrotyrosine 783 

detection. Of note, the TissueTrain® Culture Plate system also increases throughput 784 

by employing parallel culture wells subjected to pneumatic suction. 785 
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In addition, in the above-mentioned design, the thick loading post material from 786 

below largely prevents inverted microscopy through water immersion, apart from 787 

lubricants between loading post and elastomer membrane introducing refractive 788 

index mismatch (Kreutzer et al. 2014). To optimize these constraints, Kreutzer et al. 789 

(2014) introduced an improved pneumatic circular equi-axial or isotropic actuating 790 

system consisting of a thin PDMS membrane, an outer and inner PDMS shell and a 791 

rigid glass plate (Fig. 4A) . Applying negative pressure in the space between the 792 

shells, the PDMS membrane was deformed and the inner shell symmetrically buckled 793 

in radial directions. Since this design did not involve any solid loading post 794 

underneath the PDMS membrane from below, inverted microscopy was accessible 795 

(Kreutzer et al. 2014). Still, calibration of in-plane strain by pressure and z-796 

displacement of the elastomer membrane yielded a large focus shift of 300 µm at 797 

10 % strain which requires time-consuming focus readjustments upon applying 798 

stretch (Fig. 4A, right panel) . Applying this system to human pluripotent stem cells 799 

(hPSC) grown on gelatin-coated PDMS substrates and following differentiation into 800 

CM, cyclic long-term equi-axial (or isotropic) stretch increased expression of Myh7 801 

and Trop I, as assessed by qPCR after 21 d of stretch. That study did not employ any 802 

imaging attempts of hPSC-derived CM, probably because of optical constraints 803 

(Kreutzer et al. 2014). The system as described is not suitable for high-throughput 804 

screening, as only one stretch-well was involved. 805 

In another pneumatically-actuated approach, Wang et al. (2010) designed a vacuum 806 

chamber within a thick PDMS layer of vertical support walls connected to a thin 807 

PDMS membrane of 50 µm thickness bulging down over a cover-slip to which 808 

adhesive connection was established by introducing a silicone oil layer. Suction was 809 

established from the side through the PDMS wall, sucking the buckling PDMS 810 

membrane portion to the wall and stretching the portion adhered to the cover slip in 811 

either uni- or equi-axial (isotropic) fashion. This way, focal membrane shifts could be 812 

minimised for high NA immersion microscopy on an inverted microscope. Although 813 

quantification of the focal shifts were not given, the authors were able to provide 814 

high-resolution confocal images of EGFP-expressing fibroblasts adhered to the 815 

PDMS to visualise actin stress fibre dynamics in single cells during a whole stretch-816 

relaxation cycle (Wang et al. 2010). The system, as described, is not suitable for 817 

high-throughput screening but may, in principle, be parallelized in the future. 818 
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3.9. Mechanically actuated elastomer systems and op timizations for high-819 

throughput and microscopy  820 

Alternative to pneumatically-operated stretch systems, the majority of past and recent 821 

developments has originated from biomedical engineering of mechanical actuator 822 

systems. The most commonly used approach is to use rectangular PDMS cast 823 

chambers of thick support walls with holes to connect to prongs or clamps situated on 824 

side-base plates and a thin (~50 µm) bottom (Fig. 4B) . Such chambers can be cast 825 

with appropriate molds, seeded with cells on the ECM-protein coated bottom and 826 

attached to clamps that are then driven by linear stepper motor or piezo-driven 827 

actuators. 828 

In 1988, Herman Vandenburgh presented a computerized mechanical cell stimulator 829 

for tissue culture that also already went into the high-throughput direction by 830 

employing 24-well cell growth chambers of sandwich-design. This consisted of a 24-831 

holes steel base plate onto which prongs of defined heights could be inserted. Over 832 

those prongs a corresponding Teflon chamber was placed to which a silastic 833 

membrane was glued on the bottom. Inserting silicone gaskets into these small 24 834 

well chambers and coating with rat tail collagen solution, cells could be seeded in 835 

each well and assembled with the underlying prong metal plate to a stepper motor. 836 

Each prong acted as a piston that was impressed onto the silastic membrane, thus 837 

stretching the membrane and the attached cells. The design of modular attachment 838 

of prongs also allowed to include control wells that had no prong underneath and 839 

were thus, not stretched by the actuation (Vandenburgh 1988). Using this system 840 

with primary avian skeletal muscle myoblasts, continuous stretch-relaxation cycles 841 

promoted faster fusion and reorientation of myotubes with their long axis 842 

perpendicular to the strain direction (Vandenburgh & Karlisch 1989, Vandenburgh 843 

1988). This elastomer-membrane indentation-induced stretch acted as a role model 844 

for many subsequent developments. Of note, this system subsequently was used to 845 

study the adhesion and orientation behavior of adult rat ventricular CM on laminin-846 

coated silastic membrane before, during or after continuous cyclic uniaxial stretch. 847 

The authors described continuous uniaxial stretch during the cell seeding period to 848 

be optimal for attachment and orientation of CM parallel to the stretch direction, 849 

which seems to be a fundamentally different behavior to fibroblasts and myotubes 850 

(Samuel & Vandenburgh 1990). Moreover, CM maintained their new orientation and 851 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

 

- 29 - 
 

rod shape over several days, making stretch-induced long-term culture of CM an 852 

interesting model to inhibit or prolong the effect of dedifferentiation of mammalian CM 853 

otherwise seen in static long-term cultures (Zhang et al. 2010).  854 

3.9.1. Uniaxially-actuated elastomer membrane stret ch systems 855 

Uniaxial stretch systems, such as successively developed, e.g. by Matsumoto et al. 856 

(1996) (Fig. 4B)  or Yost et al. (2000), not only served as stimulations for ongoing 857 

improvements, but were also subsequently commercialized by Biotech companies, 858 

e.g. Strex Inc. in Osaka (www.strexcell.com), who also vastly contribute to 859 

parallelization of multiple chambers within the same stretch actuation cycle to 860 

increase throughput. In the early design given by Yost et al. (2000), the stretch unit 861 

was designed as a dual stretch-actuator for two culture dishes simultaneously. 862 

Silicone rubber membranes of 250 µm thickness clamped into poly-ether-etherketone 863 

(PEEK) rods by polytetrafluorethylene (PTFE) snap-on clamps were displaced by a 864 

stepper motor. Stretching neonatal cardiac fibroblasts on collagen-coated 865 

membranes (0 – 12 % stretch, 0 – 10 cyc/min), ß1-integrin formation, as analyzed by 866 

blot analysis post-stretch, increased for 3 % stretches but decreased for larger 867 

stretches (Yost et al. 2000).  868 

Using a similar design, uniaxial cyclic strain was found to regulate cell alignment and 869 

motility in EC. In particular, adhered HUVEC cells oriented perpendicular to the major 870 

strain axis in monolayers, and in 3D cultures, strain regulated the directionality of 871 

sprouting (Matsumoto et al. 2007). However, due to the elastomer membrane over a 872 

non-transparent base-plate (Fig. 4B) , imaging was performed post-stretch in fixed 873 

cells. Connections between uniaxial stretch on HUVEC cells and Ca2+ entry were 874 

studied using a commercially stretch apparatus by Strex Inc. that does not involve 875 

base plates underneath the PDMS chamber, but allows the free-hanging part of the 876 

chamber to be accessed with objective lenses from below (Ito et al. 2010). HUVEC 877 

adhered to fibronectin-coated elastomers were uniaxially stretched by stretching the 878 

polymer membrane 10% - 30%. During short (3 s) stretches, global fura-2 Ca2+ 879 

fluorescence increased and then slowly decayed upon relaxation. This decay was 880 

dependent on stretch amplitude, external Ca2+ and was blocked by Gd3+ and 881 

ruthenium red, a TRPV channel blocker (Ito et al. 2010). Disruption of actin 882 

cytoskeleton with cytochalasin D inhibited stretch-induced Ca2+ entry. This argued in 883 
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favor of a modulation of external Ca2+ entry through TRPV channels by the 884 

cytoskeleton, a mechanism that is different from store-operated Ca2+ entry in HUVEC 885 

cells (Ito et al. 2010). 886 

Another recent study employed the same system to subject human embryonic stem 887 

cell (ESC)-derived CM on matrigel-coated silicone chamber to cyclic uniaxial stretch 888 

(10 – 30 % elongation at 1 Hz) (Qi et al. 2015). The authors observed a longitudinal 889 

stretch-induced rise in [Ca2+]i that was inhibited by the TRPV4 antagonist 4α-phorbol-890 

12,13-didecanoate. In addition, uniaxial stretch for 2 h induced realignment of hESC-891 

CMs transverse to the stretch direction which also was abolished by the antagonist. 892 

That study indicated an important function of cardiac TRPV4 as a biomechanosensor 893 

to mediate reorientation patterning against external mechanical stress (Qi et al. 894 

2015).  895 

3.9.2. Multiaxially-actuated elastomer membrane str etch systems 896 

As mentioned before, in hollow organs, filling pressure concentrically acts on organ 897 

walls thus, ideally translating an isotropic stretch profile to the wall elements. 898 

Depending on local wall geometries, such strain profiles may also be anisotropic. In 899 

particular, the anisotropicity of the stress-strain relationship in two axes, i.e. 900 

longitudinal versus lateral, when considering elongated cell such as muscle or CM, 901 

depends on the compliance values of the material and the cells rather than the strain 902 

translation method. Even if strain was applied totally isotropically to a substrate 903 

membrane, the membrane of cells would not be expected to be stretched to the 904 

same extents in different directions. This is in particular the case for CM or muscle 905 

cells with their dedicated longitudinal and lateral arrangement of different cytoskeletal 906 

and anchorage proteins exerting their respective mechanical compliances. For CM, 907 

uniaxial stretch may not be the most physiological stimulus. Stretch on their distinct, 908 

almost perpendicularly arranged membranes systems, i.e. sarcolemma and tubules, 909 

may be translated differently under multiaxial stretch regimes. While under uniaxial 910 

stretch, sarcolemmal mechanosensitive elements become stretched, in the tubules, 911 

they are expected to become slack from considerations of cell volume remaining 912 

constant during acute stretch (Fig. 5A) . Under isotropic stretch (or anisotropic 913 

multiaxial stretch, in case of non-equiaxial stretch), we hypothesize a stretch to both 914 

membrane systems, initiating a more vigorous and maybe different 915 
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mechanotransduction cascade in order to adapt FAC anchorage. In particular, the 916 

latter must be embedded in cellular feedback signaling cascades which should 917 

involve MSC (i.e. TRPC channels) and nuclear FAC gene activation cascades 918 

triggered by the MSC-induced Ca2+ influx, as visualized by a proposed work 919 

hypothesis of ours (Fig. 5B) .  920 

To implement mechanically-actuated multiaxial stretch, early designs included motor-921 

driven indentation of Teflon-made plates underneath a culture dish, the bottom of 922 

which was sealed with a silastic membrane, and displaced sinusoidally by a speed-923 

controlled motor-driven cam (Cheng et al. 1998). Through this translation, a 924 

homogeneous and uniform equi-biaxial stretch could be applied to adhered human 925 

VSMC and release of fibroblast growth factor-2 from VSMC was stretch-dependently 926 

detected (Cheng et al. 1998). In a related study, the same authors also attached 927 

neonatal rat CM to this system and found equi-biaxial or isotropic stretch to suppress 928 

inducible NO synthase expression (Yamamoto et al. 1998). Although their system 929 

provided isotropic stretch, the mechanical actuator sub-construction prevented image 930 

acquisition so that all data given were from post-stretch protein biochemistry. 931 

A subsequent design by Rana et al. (2008) aimed to increase equi-biaxial stretch 932 

throughput by arranging several PVC discs on a Perspex bottom plate onto which 933 

another top-plate containing wells with a Bioflex Collagen Plate I (Flexcell®) 934 

elastomer bottom were lowered for indentation. Stretching neonatal rat atrial CM 935 

showed stretch-dependent upregulation of e.g., calcineurin, calcineurin-interacting 936 

protein 1, voltage-gated Kv4.2 however, again, not involving direct optical readout 937 

technologies (Rana et al. 2008). 938 

Huang et al. (2010) designed a vertically actuated system pushing an indenter ring 939 

against a horizontal PDMS membrane (Fig. 6A) . The modular indenter design 940 

allowed switching between equiaxial (‘equi-biaxial’ in their nomenclature, but in fact 941 

equi-multiaxial or isotropic since a circular indenter ring was used) and uniaxial strain 942 

profiles (Huang et al. 2010), as verified by fluorescent bead displacements (Fig. 6A) . 943 

Using EGFP-vimentin labelled bovine aortic EC on fibronectin-coated elastic 944 

membrane, 15 min of cyclic isotropic stretch resulted in a much larger number of FAC 945 

to the substrate as compared to uniaxial stretch, where FAC were retracted (Huang 946 

et al. 2010). Although not explicitly given in that paper, the authors indicated that 947 
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‘continuous observation of cells cultured on the elastic membrane is possible since 948 

the focal distance remains effectively constant during the stretch process’ (Huang et 949 

al. 2010). 950 

Before the aforementioned study, biomedical engineers had also combined 951 

photolithographic and microfluidics techniques to micro-pattern extracellular matrices 952 

in parallel lines on deformable silicone elastomers to produce aligned confluent 953 

myocytes derived from neonatal ventricular CM. An elliptical stretcher applying 2:1 954 

axis ratio anisotropic biaxial stretch (but not equi-biaxial) was applied through an 955 

indenter on an elastomer membrane to produce main strain either parallel or 956 

perpendicular to the myocyte long axis (Gopalan et al. 2003). Sarcomere 957 

organization, hypertrophy and cell-to-cell junctions were more markedly remodelled 958 

by transverse over longitudinal anisotropic stretch (Gopalan et al. 2003). This argues 959 

in favour of the hypothesis that sarcolemma and perpendicular t-tubular membranes 960 

are differentially involved in mechanosensing and –regulation. 961 

In order to be able to produce fast isotropic cell stretch to cells with a minimum z-shift 962 

suitable for live-cell imaging, Rapalo et al. (2015) and ourselves (Schürmann et al. 963 

2016), almost at the same time, developed novel isotropic cell stretch devices. 964 

Rapalo et al. (2015) presented an in-plane mechanical stretch device utilizing six 965 

evenly spaced clamps attached to a flexible large culture dish-cast membrane 966 

allowing a maximum linear strain of 20 %. Isotropic membrane strain (in this case, 967 

equi-triaxial stretch) was linearly translated to human bronchial epithelial cells 968 

adhered on collagen-I coated PDMS dishes, as judged from linear distance 969 

measurements of DAPI stained nuclei under a confocal microscope pre- and post-970 

stretch (Rapalo et al. 2015). However, the actual increase in cell membrane area by 971 

applying defined isotropic stretch was not assessed. However, this is important since 972 

the confirmation of 1:1 cell membrane area increase to PDMS membrane area 973 

increase is crucial to verify transmission efficiency of PDMS membrane stretch to the 974 

cell membrane. This is strongly dependent on the tightness of mechanical linkage 975 

between the two membrane boundaries. 976 

In order to provide a tool for studying the link in the biosensor-bioactuator cycle of 977 

mechanosensing and FAC-remodelling in future studies (Fig. 5B) , we sought to (i) 978 

build a compact isotropic stretch system fitting on all commercial microscope stages, 979 
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and to (ii) calibrate stretch-strain relationships at the level of the cell membrane using 980 

cell membrane border detection rather than at the level of the PDMS membrane 981 

using fluorescent beads within the substrate. Our so-called IsoStretcher (Fig. 6B)  982 

uses a rotational-to-radial translation of a V-belt driven outer ring connected to six 983 

evenly spaced hooks in a radial guidance groove connected via an intermediate 984 

translation ring. The mechanism of translating rotation to radial displacement is 985 

implemented via oblique grooves in the intermediate transmission ring thus, allowing 986 

actuation via a fine-tuned swivel motor (Schürmann et al. 2016). Besides 987 

confirmation of isotropicity (here: equi-triaxial stretch, Fig. 6Bii ), we applied the 988 

system to several cell lines so far, including HEK293, HeLa cells and murine cardiac 989 

immortalised HL-1 cells, to name a few. The system proved adequate to monitor 990 

stretch-dependent Ca2+-entry in HL-1 cells. 991 

Although suitable for high-content screening through live-cell imaging (i.e. many cells 992 

per stretched elastomer), all systems described in this section have not yet been 993 

improved in their design to implement high-throughput screening (i.e. parallelization 994 

of assays). However, since most those newly engineered systems are recent 995 

inventions, ongoing engineering might address this need in the future. 996 

One important calibration that needs to be assessed for every cell line and coating on 997 

PDMS membranes is actually the reliability of the hardware strain transmission to the 998 

cell membrane (see above). If only few FAC were established with the PDMS 999 

membrane, mechanical linkage to the substrate would be loose and not transferred to 1000 

the cell membrane. Consider a cell floating on the substrate with no FAC established. 1001 

Without confirmation of actual cell membrane distension with applied stretch, one 1002 

would simply stretch the substrate underneath the cells, wrongly assuming the lack of 1003 

cell reaction to stretch being a lack of mechano-signaling, while in fact, stretch to the 1004 

cell membrane did not occur at all. Therefore, we now provide a method to verify cell 1005 

membrane stretch with PDMS membrane stretch such as given for HEK cells 1006 

(Schürmann et al. 2016) (Fig. 6B iii) . For HEK cells, we can assume cells to follow 1007 

hardware stretch up to ~17 %, from which they fall behind and eventually detach. We 1008 

have used this approach here in Piezo1-transfected HEK293 cells (see Methods) to 1009 

demonstrate the mechanosensitivity of Piezo1 and subsequent Ca2+ entry (Fig. 7A) . 1010 

HEK293 cells stably expressing a Piezo1-mCherry construct were subjected to 1011 
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isotropic stretch on a fibronectin-coated custom-cast PDMS membrane, 1012 

demonstrating an instantaneous almost four-fold increase in Fluo-4 Ca2+-1013 

fluorescence that slowly declined again during maintained stretch, and rapidly 1014 

returned to baseline fluorescence upon de-stretching (Fig. 7A) . In conjunction with a 1015 

recent study on the direct mechanosensitivity of Piezo1 (Syeda et al. 2016), our novel 1016 

results here also demonstrate direct mechanosensitivity in a heterologous expression 1017 

system responding to isotropic planar stretch. 1018 

3.10. Adding dimension: more physiological stretch conditions in adult CM can 1019 

be modelled through 3D hydrogel culture ( ‘cell-in-a-gel’ approach) 1020 

Planar stretch of adult CM coated on flexible membranes is very poorly covered in 1021 

the literature. Since the early work by Vandenburgh & Karlisch (1989), we are not 1022 

aware of any study that has successfully stretched adult ventricular CM on flexible 1023 

substrates (i) to such and exceeding extents as given by the stretch approaches 1024 

using glass pipettes or carbon fibre rods (see above) and, (ii) actually confirming the 1025 

applied substrate stretch translation to cell membrane area distension. We know of 1026 

several strenuous unsuccessful attempts within the community (personal 1027 

communications), including by our own group, to optimize several coatings, including 1028 

use of fibronectin, laminin, gelatin, collagen or matrigel, and their combination, with 1029 

limited success. 1030 

Although adhering to coated PDMS substrates, adult CM do not seem to establish 1031 

sufficient FAC anchorage with the planar substrate to prevent their detachment 1032 

already upon 3 – 5 % stretch (unpublished observations). As visualized in Fig. 5A , 1033 

we think there is a fundamental difference in anchorage efficiency between 2D for 1034 

CM coated on planar substrates and CM embedded in tissue where FAC-ECM 1035 

anchorage takes place in 3D. Searching for appropriate hydrogel embedding 1036 

procedures, we came across a recent approach introduced as ‘cell-in-a-gel’ by Jian 1037 

et al. (2014) who embedded single adult ventricular CM in polyvinyl-alcohol (PVA) 1038 

based hydrogels that can also be doped with RGD-peptide sequences for advanced 1039 

anchorage to FAC. Those peptide sequences act as a binding substrate for integrins 1040 

(Bacakova et al. 2007). This way, the embedded CM finds a binding substrate to 1041 

establish FAC in all directions. Using this approach, an intact ec-coupling was 1042 

demonstrated. Furthermore, increased gel stiffness caused afterload to increase, 1043 
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which was answered by increased systolic Ca2+ transients within the gel to 1044 

counteract on mechanical load (Jian et al. 2014). 1045 

Since the aforementioned study did not include any stretch, we adopted PVA-1046 

hydrogel embedding in conjunction with our IsoStretcher and embedded adult mouse 1047 

ventricular CM in mechanically weak (compliant, Young modulus E~1 kPa), medium 1048 

(E~4-9 kPa) and strong (stiff, E>10 kPa) gels (details see Methods), depending on 1049 

the total amount of thiol groups in the hydrogel (Fig. 7B) . Fig. 7B (i) shows images 1050 

from a stretch-sequence following a single CM during isotropic stretch from 0 to 15 % 1051 

alongside with cell border detection (right panel) confirming an increase in cell 1052 

membrane area in both axes. This increase was larger in longitudinal versus lateral 1053 

direction in terms of absolute displacement (~12 µm vs. ~2 µm, respectively) in the 1054 

shown CM. Fig. 7B (ii)  shows the results from several gels of different stiffness, 1055 

demonstrating that CM in weak gels did not follow substrate stretch at all while they 1056 

followed an almost 1:1 transmission in strong gels and fell somewhat behind in 1057 

intermediate gels. This is a very novel finding and important since it demonstrates 1058 

that the stiffness of the hydrogel must be larger than the stiffness of the cell to 1059 

stretch. From a biophysical standpoint, this makes perfect sense: in a connection of 1060 

elastic elements in series, the element with higher compliance will always give in to 1061 

the applied strain over the less compliant element. In our case, stretching a weak gel, 1062 

the CMs with a higher stiffness will not be stretched, indicating that the more 1063 

compliant hydrogel will simply extend to lessen the strain. More importantly, the 1064 

larger absolute membrane displacement in longitudinal over lateral direction, as seen 1065 

in the example CM in (i), was not paralleled by the relative displacements in several 1066 

CM in the gels, which were 13.1 ± 7.1 % lateral over 5.5 ± 5.1 % longitudinal in the 1067 

medium gels and 9.5 ± 7.2 % lateral over 5.3 ± 5.2 % longitudinal in the strong gels 1068 

(n between 6 and 7 CM for the gels shown, mean ± SD). This counter-intuitive finding 1069 

suggests a larger longitudinal passive stiffness over lateral passive stiffness and 1070 

requires more thorough investigation in future studies. We are not aware of any study 1071 

that has given lateral versus longitudinal stiffness measurements in isolated adult 1072 

CM. 1073 

Using the strong gels, we started initial experiments embedding single CM and 1074 

staining the gel with Fluo-4. In Ca2+ containing external solution, stretching the gel to 1075 
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15 % induced a slow increase in Ca2+-fluorescence developing over 10 min and 1076 

saturating at a level 5 % over baseline as shown in Fig. 7B (iii) . This level of stretch-1077 

induced Ca2+ entry fits very nicely with our previous observation in single rat 1078 

ventricular CM freely contracting against no afterload on cover slips and stimulated 1079 

with external field pulses, where we observed a roughly 5 % contribution to Ca2+ 1080 

transients attributable to MSC by comparing transients in the absence and presence 1081 

of GsMTx-4 (Friedrich et al. 2012). This contribution during unloaded contraction 1082 

should be attributable to activation of MSC in the tubular membrane upon shortening 1083 

(Friedrich et al. 2012) while the present results in 3D stretching adult CMs should 1084 

reflect activation of MSC activation in both sarcolemma and tubules (see Fig. 5A) . 1085 

This approach represents a useful tool to address the cellular actuation loop involving 1086 

membrane stretch sensors to FAC remodelling under static or cyclic isotropic stretch 1087 

profiles in future studies, in particular deciphering the underlying signalling 1088 

mechanisms downstream to Ca2+ influx (Fig. 5B) . 1089 

 1090 

4. Concluding remarks 1091 

In this paper, we present an overview on the involvement of mechanosensitive ion 1092 

channels and mechano-biosensors in the regulation and homeostasis of both cardiac 1093 

and vascular cells. In mammals, TRP channels have been extensively investigated, 1094 

and it is sometimes difficult to stay on top of new findings while for Piezo channels, 1095 

evidence of their role in the cardiovascular system is just emerging. Nevertheless, it 1096 

is crucial to reconcile the biomedically engineered technologies available for 1097 

mechanobiology and highlight their strengths but also their limitations. In general, a 1098 

more robust nomenclature regarding the type of stretch applied to the cells is 1099 

needed. We have summarized the distinct differences between uniaxial and 1100 

multiaxial stretch. In the latter, while actuation of axes is equal (equi-biaxial, -triaxial, 1101 

etc.), resulting in isotropic membrane displacements, non-equal actuation of stretch 1102 

axes can be used to study anisotropic multiaxial stretch profiles. 1103 

Although we have gained fundamental mechanistic insights into mechano-signalling 1104 

from 2D approaches, the literature, and also our own observations, point towards the 1105 

direction that adult cardiomyocytes are particularly cumbersome to be forced into a 1106 

sufficient 2D adhesion environment. It also makes sense from biophysical 1107 
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considerations that uniaxial stretch will have different effects in particular to elongated 1108 

cells (cardiomyocytes, fibroblasts, etc.) than multiaxial stretch approaches, whether 1109 

they are isotropic or anisotropic. 1110 

‘Seeing is believing’, and in order to elucidate spatial and temporal reactions of cells 1111 

to mechanical stress, new technologies are required from biomedical engineering, for 1112 

instance to accommodate cell-stretch systems with high-resolution microscopy 1113 

devices. We here present novel data using our IsoStretcher technology in order to 1114 

verify mechanosensitivity of Piezo1 expressed in heterologous HEK293 cells in 2D 1115 

and Ca2+ entry into adult normal mouse ventricular CM embedded into hydrogels in 1116 

3D by microscopy. These results build the proof-of-concept for future studies taking a 1117 

deeper look into the differential effects of 2D versus 3D mechanotransduction and 1118 

also to close the biosensor-bioactuator loop of cellular anchorage within ECM matrix, 1119 

as suggested in Fig. 5B . On a side note, the novel stretch technologies presented 1120 

may not only provide a wealth of applications for the mechanotransduction 1121 

community, but also a useful tool for the stem cell community to induce and promote 1122 

stem cell differentiation by stretch (e.g. Paul et al. 2017, Qi et al. 2015). 1123 
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Methods 1615 

IsoStretcher  experiments involving 3D hydrogel-embedded adult 1616 

cardiomyocytes (Fig. 5B) 1617 

Chamber preparation. The stretcher chambers, as described by Schürmann et al. 1618 

(2016), are stored in 70 % ethanol while not in use. Before use, the chambers are 1619 

additionally sterilized by exposure to UV-Light for at least 20 min, then filled with 1620 

laminin solution (20 µg/µl, Gibco) to cover the bottom (in our case ~100 µl) and 1621 

incubated overnight. Before embedding cells on the chambers, the laminin solution is 1622 

removed and the chamber is dried to avoid diluting the embedding gel. 1623 

Embedding of Cardiomyoctes.  Ventricular mouse CM were obtained by a standard 1624 

Langendorff isolation according to Mohl et al. (2011) with a sedimentation separation 1625 

follow-up step. The cardiomyocytes are kept in ADS buffer until embedding (max. 1626 

1 h). To form the embedding hydrogel, the PVA-PEG Hydrogel SG Kit from 1627 

Cellendes was used (Cellendes GmbH, Reutlingen, Germany). Additionally, 3D Life 1628 

RGD Peptide (Cellendes) was incorporated into the gel to facilitate cell adhesion to 1629 

the hydrogel. A precursor solution is formed by mixing the RGD peptide solution with 1630 

the main gel components, except for the cells and the gel cross-linking component 1631 

(see Table 1). The precursor is incubated for 20 min at RT to anneal RGD peptides to 1632 

PVA molecules. After incubation, the cells and PEG-linker are added and swiftly 1633 

mixed. Fluo-4 AM (10 µM, Molecular Probes) was added at the same time as the 1634 

cells and cross-linker. Depending on the desired gel strength (see Table 1), the 1635 

mixture had to be plated onto the chambers quickly. Gel mixtures composed after the 1636 

‘strong’ recipe can no longer be handled by pipette about 3 min after adding the 1637 

PEG-Link, the time window becomes increasingly larger when using recipes for less 1638 

concentrated gel mixtures. Either 30 µl or 15 µl of gel mixture were plated on each 1639 

chamber. The resulting cardiomyocyte count per chamber was about 10,000. After 1640 

plating, the gel mixture was incubated until a firm gel was formed (‘weak’ ~70 min, 1641 

‘medium’ ~25 min, ‘strong’ ~10 min). The stiffness of the gels was experimentally 1642 

determined using a commercial nanoindenter system (Piuma Nanoindenter, Optics 1643 

11, Amsterdam, Netherlands), indenting the gel with a stiff cantilever at given force 1644 

and measuring the indentation by displacement of the cantilever using laser 1645 

interferometry. We obtained values of ~1 kPa for the weak gel, 4-9 kPa for the 1646 
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medium gel and >10 kPa for the strong gel as Young modulus. Before experiments, 1647 

the gel was covered with Tyrode solution additionally containing 20 mM HEPES and 1648 

with a reduced calcium content of 0.4 µM (~150 µl). Culture medium was exchanged 1649 

after 1 h to remove remnants of gel monomers and buffer. 1650 

Live-cell confocal imaging.  Cells were imaged though the bottom of the PDMS 1651 

chambers mounted in the Isostretcher on a confocal fluorescence microscope (Zeiss 1652 

LSM 750, Zeiss, Melbourne, Australia). The chambers were mounted in a relaxed 1653 

position and stretched in hardware stretch steps of 5 % while adjusting for eventual 1654 

focus shifts recording images after each stretch step. The applied stretching speed 1655 

was 20 % s-1 rendering each 5 % step completed at roughly 0.25 s. Stretching 1656 

experiments were done within 4 h after the embedding, as culturing the cells 1657 

overnight has not shown to improve cell-gel adhesion but did increase cell mortality. 1658 

Image analysis was performed with ImageJ software package. The fluorescence 1659 

image of a cell was normalized and a threshold of 15 % maximum intensity was 1660 

applied to eliminate background noise. To estimate the cell boundaries, the Analyze 1661 

Particles plugin was used. The plugin returns a boundary line as well as well as the 1662 

calculated cross section area size in µm². The actual cell stretch is determined by 1663 

observing the increase of cross section area. 1664 

IsoStretcher  experiments involving HEK293 cells (Fig. 7A) 1665 

About 15,000 HEK293 cells were seeded directly to the central reservoir of the 1666 

PDMS chamber (final volume ~100 µl. Adhesion of cells was allowed overnight. The 1667 

mCherry Piezo1 construct has been previously characterized and the channel 1668 

behavior is similar to wild type Piezo1 (Cox et al. 2016). Before transfecting HEK293 1669 

cells with Piezo1 construct using Lipofectamine 3000 Transfection Reagent (Thermo 1670 

Fisher Scientific), they were washed once with warm PBS. The next day, cells were 1671 

washed and stained in Ca2+ free solution with Fluo-4 AM (10 µM, Molecular Probes) 1672 

for 15 min at 37 °C. Before the experiments, cells were washed with warm PBS three 1673 

times. The IsoStretcher was operated at a speed of 20 % s-1. The initial stretch was 1674 

applied to the sample 1 % at a time up to 20 % while controlling focus. Following the 1675 

peak of stretch-induced intracellular Ca2+ fluorescence intensity, the sample was 1676 

relaxed back to 0 % and re-stretched again to 20 % hardware stretch without 1677 
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intermittent steps at a speed of 20 % s-1. After another 20 s of recording, the 1678 

substrate was relaxed back to 0 % hardware stretch.  1679 
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Tables 1680 

 1681 

Table 1:  Hydrogel recipes for low, medium and high concentration of thiol groups in 1682 

gels, resulting in ‘weak’, ‘medium’ and ‘strong’ gels. The thiol group concentrations in 1683 

each of the gels are: 2 mM, 5 mM and 9 mM, respectively, resulting in an elastic 1684 

modulus of ~1 kPa, 4-9 kPa and >10 KPa. Components of the precursor solution are 1685 

highlighted in grey. The components not highlighted were added after the precursor 1686 

mix was incubated for 20 min at RT. The gel starts forming after addition of the PEG-1687 

Link cross-linker and is solid enough to be covered in culture medium after 70, 25 1688 

and 10 minutes for low, medium and high concentration gels. The recipes were 1689 

derived from the original recipes provided alongside the Hydrogel Kit by Cellendes. 1690 

Component for 31.1  µl 
gel 

Low  
(‘weak’) 

Medium 
(‘medium’) 

High  
(‘strong’) 

Volume 
unit 

water 17.5 10 0  
 
 

µl 

1ßx CB buffer 2.5 2.5 2.5 
SG-PVA 2 5 9 
RGD Peptide 0.8 0.8 0.8 
Fluo-4 AM 0.3 0.3 0.3 
Cell suspension 5 5 5 
PEG-linker 3 7.5 13.5 
 1691 

  1692 
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Figure Legends 1693 

 1694 

Figure 1: Integrated overview of the involvement of  mechanosensitive 1695 

channels, in particular the TRP and Piezo-family in  the cardiovascular system.  1696 

Both in heart and vasculature, the principal lining of interacting cell types is given by 1697 

muscle cells (cardiomyocytes, CM, vascular smooth muscle cells, VSMC), fibroblasts 1698 

and endothelial cell (EC). Although not all TRP channel family members have been 1699 

determined as ‘mechanosensitive’; they all conduct cations, i.e. Ca2+ and Na+ at 1700 

varying relative selectivity. In EC, mechanosensitive channels are mostly employed in 1701 

conveying vasodilative effects, i.e. through NO production and membrane 1702 

hyperpolarization directly conducted to adjacent VSMC via myoendothelial coupling 1703 

(gap junctions). In VSMC, effects from neighboring EC mostly activate myosin-light 1704 

chain phosphatase (MLCP), favoring muscle relaxation. Direct VSMC mechanical 1705 

stimulation activates intrinsic TRPC members to induce Ca2+ influx, membrane 1706 

depolarization and subsequent myosin-light chain kinase activation and thus, 1707 

vasoconstriction. In CM, receptor-operated TRP activation is a predominant 1708 

mechanism over direct mechanical stimulation for most TRP family members and 1709 

may be additive to those who are inherently mechanosensitive. TRP channels in 1710 

fibroblasts are mostly associated with hypertrophy and fibrosis responses. For 1711 

details, see text. ENaC: epithelial Na+ channel. eNOS: epithelial NO-synthase. 1712 

VGCC: voltage-gated Ca2+ channel. cGMP: cyclic guanosyl-monophosphate. BKCa: 1713 

Ca2+-regulated K+-channel of large conductance. (p)AKT: (phosphorylated) AKT. 1714 

PI3K: phosphatidyl-inositol-3-kinase. PA: pulmonary artery. CV: central vein. LV/RV: 1715 

left/right ventricle. AT-II: angiotensin-II. ET-1: endothelin-1. NFAT: nuclear factor of 1716 

activated transcription. ROS: reactive oxygen species. Cyt C: cytochrome C. DAG: 1717 

diacylglycerol. PIP2: Phosphatidyl-inositol-diphosphate. IP3: inositol-3-phosphate. 1718 

RYR2: ryanodine receptor 2. GPCR: G-protein coupled receptor 1719 

 1720 

Figure 2: Local mechanical membrane stimulation and  osmotic manipulations 1721 

of membrane strain. A,  pipette-suction-induced membrane stretch to study MSC 1722 

activity in patch clamp settings using cell-attached single channel, inside-out or 1723 

outside-out patch clamp configurations. Suction can be applied to mechanically bend 1724 

the membrane and to activate MSC within the patch areal (data shown from 1725 
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Sadoshima et al. 1992). B, hypoosmotic shock in cells is usually employed by 1726 

lowering osmolarity of the bathing solution. Due to osmotic gradients, water influx into 1727 

the cells occurs. Activation of MSC can be monitored by simultaneous 1728 

electrophysiology. For details, see text (data shown from Clemo et al. 1998). C, 1729 

shear-flow-induced lateral mechanical stress to cell membranes by microfluidics 1730 

systems (pipette-based jet-injection of microfluidic chambers involving pump 1731 

systems). For details see text. D, local manual indentation of membrane by stamp-1732 

press devices and micromanipulator actuation systems. For details, see text. E, 1733 

magnetic tweezer technology to apply localized tethered membrane pinch to ECM-1734 

protein coated micro-beads and applying an external magnetic field. For details, see 1735 

text. 1736 

 1737 

Figure 3: Axial stretch technologies for elongated cells (i.e. cardiomyocytes) 1738 

using mechanical fixation to stiff supports. A,  carbon rods, either bare or coated 1739 

with bio-adhesive polymers, point-attach CM near both ends by touching the CM 1740 

membrane perpendicularly to the main axis. Upon contact, CM firmly attach to the 1741 

carbon fibre rods and even support submaximal isometric contractions. With 1742 

micromanipulators attached to the rods, defined stretches can be applied. 1743 

Electrophysiology can additionally be established by positioning a microelectrode 1744 

distally to the stationary carbon rod, while the opposite rod is used to stretch the cell 1745 

(photograph and data from Belus & White 2003). B, glass-pipette approach using 1746 

coarse fire-polished glass pipettes with larger diameter compared to patch pipettes to 1747 

approach elongated cells (i.e. CM) from both ends and either sucking in the distal 1748 

portion of the membrane or applying adhesives. Several designs from single- or 1749 

double-barreled pipettes have been developed. Usually, one pipette remains 1750 

stationary while the opposite is retracted by micro-actuators. Electrophysiology 1751 

pipettes can additionally be employed in between. For details see text (photographs 1752 

and data from Zeng et al. 1996). 1753 

 1754 

Figure 4: Elastomer substrate-based stretch technol ogies with pneumatic or 1755 

mechanical (uniaxial) actuation. A,  pneumatically actuated membrane systems as 1756 

developed and distributed e.g. by FlexCell® Int. using either spherical bulging of an 1757 

elastomer membrane or directed uniaxial stretch by introducing loading posts 1758 
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underneath the elastomer. In either case, optical visualization is hampered by 1759 

marked z-shifts during membrane bulging or blocking loading posts. Another design 1760 

by Kreutzer et al. (2014) (right panel) employs pneumatic suction introduced between 1761 

PDMS cast walls to buckle the thin elastomer membrane bottom to which cells are 1762 

adhered. Again, z-focus drifts are in the range of 350 µm for 10 % stretch. B, 1763 

mechanical uniaxial stretch systems using stepper motor actuation to stretch silastic 1764 

membrane patches clamped to a static post and the motor arm. Uniaxial stretch 1765 

experiments can employ cyclic or static stretch protocols. Designs involving 1766 

supporting base plates usually prevent inverted microscopy of cells and only allow 1767 

post-stretch visualization in then fixed cells. Dynamic stretch is very potent in 1768 

repatterning adhered cells. Mostly, endothelia, epithelial or neonatal CM are used in 1769 

the literature as these cells stick readily and strongly to ECM-coated elastomer 1770 

membranes (photographs from Matsumoto et al. 2007). For details see text.  1771 

 1772 

Figure 5: Model of uniaxial versus isotropic stretc h employing isolated cells or 1773 

cells within tissue and suggested loop of mechanica l biosensor-bioactuator 1774 

signaling in cells. A,  in the literature, stretch of cells adhered in 2D elastomeric 1775 

substrates is usually performed. In particular in elongated CMs with two 1776 

perpendicular membrane systems (sarcolemma and tubules), uniaxial stretch is 1777 

supposed to stretch the sarcolemma and slacken the tubules. Multiaxial stretch 1778 

represents a more physiological stretch regime where organ wall tension is 1779 

transduced onto both membrane systems. Cell-in-a-gel isotropic stretch with 1780 

embedded RGD peptide sequences is preferable over 2D coatings and probably the 1781 

only feasible stretch solution for adult CM which require FAC-anchorage to ECM 1782 

proteins. In EC, uniaxial versus isotropic stretch results in different stretch-induced 1783 

responses with reorientation of cells under uniaxial stretch. B, suggested stretch-1784 

sensing and cellular actuation loop involving membrane stretch sensors, such as 1785 

mechanosensitive TRP channels that answer membrane stretch by Ca2+ influx. The 1786 

latter is supposed to trigger multiple, yet poorly identified, signaling pathways that 1787 

lead to upregulation of focal adhesion complex proteins, thus repatterning ECM 1788 

anchorage. We hypothesize that stronger mechanical stretch is answered by tighter 1789 

embedding and repatterning of cells within the extracellular matrix. 1790 

 1791 
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Figure 6: Mechanically actuated elastomer substrate -based stretch 1792 

technologies for multiaxial/isotropic cell stretch.  A, mechanically actuated 1793 

system involving vertical displacement of a membrane holder ring over a bottom-fixed 1794 

indenter ring of variable shape to apply uniaxial or isotropic stretch to the elastomer 1795 

substrate, as verified by fluorescent bead tracking. Using that system on HUVEC 1796 

cells, a larger number and extension of FAC points was verified for isotropic stretch 1797 

over uniaxial stretch (data from Huang et al. 2010). B, recently engineered 1798 

IsoStretcher system employing a rotational-to-radial translation of pins moving within 1799 

a radial guidance groove via a translation ring with oblique trenches. The system is 1800 

suitable for live-cell fluorescence microscopy (i). Isotropicity was verified with 1801 

fluorescent beads (ii) . (iii)  Stretch transmission from the substrate membrane to cell 1802 

membrane area was explicitly verified to validate stretch amplitudes up to which cell 1803 

membrane stretch can be linearly followed (data from Schürmann et al. 2016). 1804 

 1805 

Figure 7: Isotropic stretch of HEK293 cells and 3D embedded cell-in-a-gel  adult 1806 

ventricular cardiomyocytes using the IsoStretcher  system. A,  Piezo1-expressing 1807 

HEK293 cells stained with Fluo-4 were statically stretched to 20 % and intracellular 1808 

Ca2+ fluorescence monitored. Stretch was answered by a fast increase in [Ca2+]i that 1809 

slowly inactivated during maintained stretch and declined faster upon unstretching, 1810 

demonstrating mechanosensitivity of Piezo1 over control HEK cells (not shown). B, 1811 

(i) adult ventricular mouse CM imaged along the trajectory of isotropic stretch from 1812 

0 % to 15 % 3D-embedded in a PVA hydrogel with 9 mM thiol concentration (‘strong 1813 

Gel’). Cell surface increases in both lateral and longitudinal direction. (ii)  group 1814 

analysis from several gels shows that weak gels are too compliant to translate 1815 

substrate elastomer stretch to the cell membrane. The stiffer the gel, the better the 1816 

translation of mechanical stretch to cells. (iii)  first results on single CM embedded in 1817 

a PVA-hydrogel stretching to 19 % and stained with Fluo-4. A prominent increase in 1818 

Ca2+-fluorescence can be detected with an amplitude of approx. 5 % over baseline in 1819 

a normal wt cardiomyocyte. 1820 

  1821 
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 1822 

 1823 

 1824 

 1825 

 1826 

Figure 1 (Friedrich et al. 2017) 1827 

 1828 

  1829 
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 1830 

 1831 

 1832 

Figure 2 (Friedrich et al. 2017) 1833 
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 1837 

Figure 3 (Friedrich et al. 2017) 1838 

 1839 

  1840 
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 1843 

 1844 

 1845 

Figure 4 (Friedrich et al. 2017) 1846 
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 1857 

 1858 

Figure 5 (Friedrich et al. 2017) 1859 

  1860 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

 

- 61 - 
 

 1861 

 1862 

 1863 

 1864 

 1865 

 1866 

 1867 

 1868 

 1869 

Figure 6 (Friedrich et al. 2017) 1870 
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Figure 7 (Friedrich et al. 2017) 1883 
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