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Abstract

There is potential in the use of HiPSC-CMs (human induced pluripotent stem cell derived
cardiomyocytes) in drug testing, genetic studies, and cell replacement therapy. However,
current methods of differentiation produce cells that structurally and physiologically differ
from adult human cardiomyocytes. Adult cardiomyocytes regulate the signalling molecules
cAMP and cGMP that control contraction and relaxation into strict nano-domains through
structural elements such as caveolae, t-tubules, and the SR, then further regulate them
through a hydrolysing protein family of phosphodiesterases (PDEs). Of these signalling
molecules, cGMP is relatively lacking in descriptive studies. In our study we first produce
tools and methods needed for experiments studying cGMP signalling in HiPSC-CM. Then,
using our novel tools and methods as well as existing ones, we examine the maturation of
cGMP signalling between D30 and D90 HiPSC-CM by characterising pathways that produce
cGMP, the PDEs that can hydrolyse cGMP pools produced through each of these pathways,
and the effect of structural compartmentation through caveolae on these pools.

MultiFRET is a novel and highly flexible high-throughput real-time FRET measurement and
analysis tool, which was developed in Java for use with the Icy Bioimaging suite. With
MultiFRET we increase the number of cells measured in an experiment 50 times what was
possible before under the same circumstances. Though it is technically possible to obtain
even more cells, provided the computer has enough RAM and the dish contains enough
cells, this was not tested in our experiments. MultiFRET further exhibits functionality for
enhanced real-time and post-experiment analysis, as well as for the simultaneous
measurement of multiple FRET sensors.

We test several cGMP-detecting FRET sensors for appropriate sensitivity and find that ScGi
performs the best for our needs. We then lay the groundwork for the generation of a
transgenic HiPSC-CM line that expresses ScGi and one that expresses a cAMP sensor with
compatible fluorophores for multiplexed FRET measurements with ScGi.

Experiments using the ScGi FRET sensor to measure the effects of stimulating three different
cGMP producing pathways; the NO-pathway (nitric oxide), the NP-pathway (natriuretic
peptide), and the Bs-pathway. After this stimulation, we inhibit one of the following PDEs
relevant to cGMP: PDE1, PDE3, PDE5, or PDE9. Our results show that the NO-pathway
produces less cGMP in D90 versus D30, that PDE3 regulation of NO-cGMP decreases with
this maturation, that NP-cGMP regulation by PDE3 and PDES decrease after maturation, and
that PDE2 and PDE3 regulation of B3-cGMP decreases in D90.

We then examine the effects of lipid depletion to remove caveolae on our previous
experimental conditions and find that removal of caveolae results in a decrease in NO-cGMP
response in D30 and D90 and an increased regulation by PDE2 and PDE9 in D30, that
caveolae removal increases NP-cGMP production in both D30 and D90, and that caveolae
removal enhances B3-cGMP production in D90.

Supporting our FRET studies, we examine the change in expression of relevant genes and
proteins and find increases in PDES5A and ADRB3 as well as a decrease in PDE9SA gene
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expression from D30 to D90. Protein expression however only showed a decrease in PDE1C
and PDE2A as well as an increase in PDE4B. Finally, we compare contraction and calcium
handling dynamics between the experimental conditions of some of our FRET experiments
using a new CytoCypher device, but surprisingly find no significant effect of our drugs.

In conclusion we provide a comprehensive characterisation of the regulation of cGMP and
its change between D30 and D90 HiPSC-CM, as well as the tools and methods to dive
deeper.
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Chapter 1: General Introduction
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1.1. Human Stem Cell Derived Cardiomyocytes

Study of human cardiomyocyte development and disease requires a suitable and easily
ethically obtainable model. Near the end of the last millennium researchers made progress
differentiating mouse fetal tissue through transplantation into infarcted tissue where the
fetal-derived cardiomyocytes would survive and possibly improve cardiac performance
(Soonpaa et al. 1994; Leor et al. 1996). Since human fetal tissue cannot ethically be obtained
in adequate quantities for most purposes, clinical or scientific, researchers looked to ESCs as
a sustainable model. ESCs are continuously growing pluripotent cells that are isolated from
the inner cell mass of blastocysts and cultured on an embryonic fibroblast feeder layer.
When isolated ESCs grow in absence of an embryonic fibroblast feeder layer, they
spontaneously differentiate into cystic embryoid bodies (Evans & Kaufman, 1981; Martin,
1981; Robertson et al. 1983). These embryoid bodies, found to be polarized into two parts
and appeared to be similar to the egg-cylinder stage of the 5-day embryo, can under the
right conditions differentiate into beating muscle cells resembling those of the heart
(Doetschman, Eistetter, and Katz 1985). They quickly develop responses to the effectors of
the sympathetic and parasympathetic nervous system. ESC derived cardiomyocytes display
structural and functional similarity to early-staged cardiomyocytes, with B-agonist ISO,
FORSK and the phosphodiesterase inhibitor IBMX invoking positive chronotropic responses
and the muscarinic agonist carbamylcholine invoking negative chronotropic responses

(Kehat et al. 2001).

Despite successes in ESC driven research, the use of hESC has yet remained ethically
controversial as well as logistically challenging to supply. Fortunately, in 2007 a landmark

discovery showed that HiPSC could be derived from human somatic cells (Yu et al. 2007) and
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human fibroblasts (Takahashi et al. 2007), and that these cells show remarkable similarity to
hESC in terms of morphology and physiology (Narsinh, Plews, and Wu 2011). Soon
thereafter an optimised protocol was developed for the differentiation of HiPSC into

cardiomyocytes using modulation Wnt/B-catenin signalling pathways (Lian et al. 2013).

1.1.1. HiPSC-CM Maturity

In this work | investigate a new method of assessing cardiomyocyte maturity through live
cGMP measurements and set the groundwork for improving HiPSC-CM. Improving the
creation of HiPSC-CM can open up a constant source of cardiac cells and their availability
could drive a wide variety of drug testing, disease modelling, cell therapy and tissue
transplantation methods. To this purpose | discuss here characteristics and existing methods
of assessing maturation such as measurements of changes in gene expression, protein
isoform switching, cardiomyocyte morphology, sarcomere development, changes in cell-
membrane structural elements called t-tubules and caveolae, changes in calcium handling

dynamics, mitochondrial development, and changes in electrophysiology.

1.1.1.1. Gene Expression Changes During Cardiomyocyte Maturation

Gene expression is often measured through RNA and protein assays, these studies have
shown that HiPSC-CM compared to adult cardiomyocytes have a lower expression of
calcium handling, ion transport and sarcomere associated genes (Lopaschuk and Jaswal
2010; Schaper, Meiser, and Stammler 1985). Systematic analysis of expression levels of
cardiac proteins important for generation of action potentials and muscle contraction
showed great differences between HiPSC-CM and the cardiomyocytes from the adult heart,
with HiPSC-CM resembling immature stem-like cells more than mature cardiomyocytes

(Kodama et al. 2019). RNA-seq studies provide that the cAMP pathway shows genetic
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enrichment during maturation of HiPSC-CM with upregulation of ADRB1, ADRB2, the
cardiomyocyte-specific adenylyl cyclase isoform ACDY5. Furthermore, the sGC isoform
GUCY1A3 was also found to be upregulated. Primary endothelial cells express NOS3, an
endothelial cell specific nitric oxide synthase. Nitric oxide is known to be of importance to
HiPSC-CM maturation and can activate the cGMP pathway through activation of the sGC
(Giacomelli et al. 2020). Data regarding expression of the cGMP pathways between different
stages of HiPSC-CM maturation are unfortunately lacking, in chapter 6 we perform gPCR and
Western Blot on D30 and D90 HiPSC-CM to investigate these pathways as well as their

compartmentation by PDEs in more detail.

Recently, a key regulator of cardiomyocyte regulation has been identified in serum response
factor (SRF), depletion of which disrupts transcriptional regulation of sarcomere expansion,
mitochondria biogenesis, T-Tubule formation, hypertrophy, lipid metabolism, and oxidative
respiration. Furthermore, switches of key electrophysiological and Ca?* handling genes to
mature regulatory states were reversed, this includes the upregulation of Hcn4 and the
downregulation of Kcnj2, Serca2a, and Ryr2 (Guo et al. 2018). Similarly, disruption of
another gene important for sarcomere assembly, ACTN2, showed very similar maturational
deficiencies and transcriptional changes (Guo et al. 2021). These findings allude to a
conclusion on the hierarchy of the importance of aspects of cardiomyocyte maturation,
wherein proper sarcomere maturation is required above most other aspects. SRF is
regulated by three myocardin-family transcriptional regulators: MYOCD, MRTFA, and MRTFB
(Posern and Treisman 2006). It has been suggested that a synergistic role of these three
regulators is involved in SRF activation and subsequent cardiomyocyte maturation (Huang et
al. 2009). Through this signalling axis, it has been suggested that physical stimuli such as

mechanical stretch and ECM stiffness may be translated into stimulation of maturation
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(Mendez and Janmey 2012). Another SRF-binding transcription factor, HOPX, is a newly
found activator of cardiomyocyte maturation with strong roles in myofibrillar isoform
switching and hypertrophy (Friedman et al. 2018). Knock-out of this gene is lethal for a
portion of the transgenic mice, with survivors showing normal contractile function (Shin et
al. 2002; Chen et al. 2002). One study found that overexpression of HOPX results in severe
cardiac hypertrophy, fibrosis, and death. It was reported that an impairment of hypertrophic
signalling caused by monolayer-based cardiac differentiation prevented HOPX expression,
thereby preventing the activation of down-stream genes governing cardiomyocyte
maturation (Friedman et al. 2018). This provides an interesting dilemma for established
differentiation protocols and shows that work is required in the investigation of HOPX as a

possible target for the maturation of HiPSC-CM.

1.1.1.2. Protein Isoforms Switching During Cardiomyocyte Maturation

It is further shown that during development several proteins important to the maintenance
and function of the sarcomere change isoforms. For instance, Titin which is involved in
integrity and elasticity of sarcomeres shifts from N2BA to a shorter and stiffer N2B isoform.
In the post-natal left ventricle, N2B is the dominant isoform (Warren et al. 2004). Troponin-
I, another myofibrillar protein family important in cardiac and skeletal muscle, binds to actin
in thin myofilaments, preventing a myosin-actin connection from forming in relaxed muscle.
Troponin-I has been shown to switch from predominantly being in the slow skeletal isoform
(ssTnl) to cardiac Troponin-l (cTnl) in development from embryonic adult cardiomyocytes
(Saggin et al. 1989). cTnl contains an extra pair of serine residues in its extended N-terminal
sequence which are phosphorylated in response to adrenergic stimulation, mediated by
cAMP-dependent PKA, and this results in altered contractile properties of the myocardium

(Bhavsar et al. 1991). The troponin complexes with cTnl have been shown to be less
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Ca?* sensitive for tension production compared to ssTnl containing complexes, revealing a
functional relevance to the transition during maturation (Siedner et al. 2003). MHC-a and
MHC-B are proteins that are predominantly expressed in human cardiac atria, with minor
expression in cardiac ventricles, and in the motor protein of muscle thick filaments (Wells,
Edwards, and Bernstein 1996). MHC proteins are another example of proteins that switch
from a MHC-B to an MHC-a from rodent fetal to adult hearts, paired with a post-natal
increase in heart rate (Mahdavi et al. 1984). In human hearts however, there is more MHC-3
than MHC-a throughout development but an overall larger amount of MHC- a in fetal hearts

than in adults, correlating with a post-natal increase in heart rate (Xiu et al. 2009).

1.1.1.3. Changes in Cardiomyocyte Morphology During Cardiomyocyte Maturation

While HiPSC-CM are routinely obtainable, there are many discrepancies of characteristics
important to cardiomyocyte function between those of adult and HiPSC-derived. One of the
most widely studied characteristics of cardiomyocytes is the cell morphology. The volume,
length and cross-sectional area measurements of healthy human adult cardiomyocytes were
first reported in 1992 and compared to ischemic cardiomyocytes. This study found that left
ventricular human cardiomyocytes have a length/width ratio of 7:1 (Gerdes et al. 1992), a
ratio that is observed in rats, hamsters, guinea pigs, cats and ferrets (Campbell, Gerdes, and
Smith 1987; Kozlovskis et al. 1991; Smith and Bishop 1985). They also found that in the adult
hypertrophic ischemic patient derived cardiomyocytes show a 49% higher length/width

ratio.

The size of cardiomyocytes is also of importance to their function, as the cell capacitance
that drives the action potential behind the contraction of a cardiomyocyte increases with its

size from 17.5 £ 7.6 pF in hESC-CM (Zhu et al. 2010) to roughly 150 pF in healthy adult
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ventricular cardiomyocytes (Drouin et al. 1995). Indeed the morphology of cardiomyocytes
strongly influences maximal rate of action potential depolarisation, but also impulse
propagation and total contractile force (Spach et al. 2004). While adult and even neonatal
cardiomyocytes retain their rod shaped morphology (Louch, Sheehan, and Wolska 2011),
truly immature cells such as those derived from stem cells flatten and spread in all

directions, and thus have irregular shapes (Mummery et al. 2003; Mummery et al. 2012).

1.1.1.4. Sarcomere Characteristics and Changes During Cardiomyocyte Maturation

An important element of a cardiomyocyte’s internal structures is the sarcomere, the
fundamental unit for contraction of cardiomyocytes in striated muscle, it provides an angle
for the assessment of functional maturity. The contractile apparatus of the sarcomere lies in
the longitudinally repeated cytoskeletal structures called myofibrils (Henderson et al. 2017;
Gautel and Djinovi¢-Carugo 2016). In mature sarcomere the myofibrils are comprised of thin
filaments, thick filaments, titin filaments, Z-lines composed of actinin and M-lines composed
of myomesin. When activated through ATP hydrolysis, M-lines enable thin filaments to pull
thick filaments towards the Z-lines, resulting in a contraction (Agarkova and Perriard 2005).
Sarcomere assembly begins after cardiomyocyte differentiation and markers include a-
actinin, cardiac troponin-T, cardiac troponin-lI, and MHC (Bird et al. 2003). Although the
presence of sarcomeres and expression level of sarcomeric proteins such as alpha-actinin,
beta-myosin heavy chain, cardiac troponin T and cardiac troponin | can be used as a basic
assessment of specialisation of HiPSC-CM, these proteins can be found quite early on and
should not be used as the only measurement of HiPSC-CM maturity (Zhang et al. 2009).
Electron microscopy (Gherghiceanu et al. 2011) as well as alpha-actinin staining (Yang,
Pabon, and Murry 2014) show that the sarcomere is disorganised in HiPSC-CM, but aligned

along the length of the cell in adult cardiomyocytes. The sarcomere organisation and length
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of approximately 2.2 um in a relaxed adult cardiomyocyte facilitates force-generation and
supports the cardiomyocyte structure (Bird et al. 2003). In HiPSC-CM the sarcomere is only
around 1.65 + 0.02 um in length at 30 days past the start of differentiation, but has been
shown to grow towards the adult phenotype in both a length of 1.81 + 0.01 and
organisation that follows the larger and more rod-shaped day 100 HiPSC-CM (Figure 2).
Furthermore, the day 100 HiPSC-CM show other characteristics similar to adult
cardiomyocytes such as a greater myofibril density, Z-disks, multinucleation, A- and I- bands

as well as H-zones in the sarcomere but no clear M-zone (Lundy et al. 2013).

Early Stage hESC-CM Late Stage hESC-CM Late Stage hiPSC-CM
(Day ~30) (Day ~100) (Day ~100)

Brightfield

Phase Contrast

Fluorescence
a-Actinin
Phalloidin

Hoescht

Figure 2 Brightfield and fluorescence imaging of D30 early stage hESC-CM (A, B), D100 late

stage hESC-CM (C, D), and D100 late stage HiPSC-CM (E,F) modified from (Lundy et al. 2013).

1.1.1.5. Transverse Tubule and Caveolae Structure Changes During Cardiomyocyte
Maturation

Proper contractility stems from the T-tubules, which form as ion channel rich membrane
invaginations along the Z-line regions and allow the cardiomyocyte to develop rapid electric
excitation and synchronous triggering of the SR calcium release. The T-tubules are spaced
regularly at 2 microns along the longitudinal axis of adult mammalian ventricular

cardiomyocytes as a hallmark of cardiomyocyte development, and key representative of
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excitation-contraction coupling (Ziman et al. 2010; Robertson, Tran, and George 2013).
Responsible for the excitation-contraction coupling are LTCCs, which are long lasting voltage
activated calcium channels passing inward Ca?* current which then triggers calcium release
from the SR by activating the RyRs for what is known as calcium-induced-calcium-release.
LTCCs can further increase contractility of cardiomyocytes after phosphorylation induces
enhanced permeability (Yamakage and Namiki 2002). It was recently shown that failing
cardiomyocytes incur a relocalisation of LTCC to the crest, an enhanced LTCC open-
probability, and an enhancement of CaMKII activity. It was theorised that disruption of T-
tubules in HF leads to LTCC redistribution to the crest where they are susceptible to
phosphorylation by CaMKII, dramatically increasing their open-probability resulting in
development of arrhythmogenic early afterdepolarisations. A CaMKII inhibitor experiment
had shown that LTCC in control cells or localised to T-tubules were not affected by the
inhibitor, indicating that the increase in CaMKII activity only had an effect on the LTCC in the
failing myocyte crest (Sanchez-Alonso et al. 2016). Importantly, redistributed LTCCs are no

longer co-localised with RyRs and stop contributing to ECC.

T-tubule-like structures first appear in neonatal rat cardiomyocytes 6 to 9 days after birth, at
12 to 14 days these cardiomyocytes will contain T-tubules extending to the cell interior and
one month after birth the T-tubule system will resemble adult cardiomyocyte patterning. In
hESC-CMs however, very few to no t-tubules are found 40 days post initial beating and
these cardiomyocytes display unsynchronised Ca?* transients as well as non-uniform calcium
dynamics (Satin et al. 2008; Lieu et al. 2009). Another form of membrane invaginations is
the caveola, relatively small 50-80 nm cup-shaped invagination of the plasma membrane,
which resembles the t-tubule in its variety of surface receptors. Both T-tubules and

cavaeolae are thought to be regulated by various caveolin scaffolding proteins, most
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notable of which is CAV3 thought to regulate plasma membrane invagination (Parton et al.
1997). However, T-tubules still form in Cav3-knockout mice (Bryant et al. 2018). It is
theorised that Cav3 works in conjunction with other proteins notably Cavl, which can
generate caveolae when expressed without other accessory proteins, and Cavinl which is
deemed essential for caveolae formation (Parton, McMahon, and Wu 2020). Additionally, T-
tubules and caveolae in healthy adult cardiomyocytes contain B-adrenoceptors which upon
stimulation increase contractility through a cAMP second messenger cascade. In heart
failure, these B:-ARs redistribute to the inter-groove or membrane crest, resulting in a
delocalised cAMP signal (Nikolaev et al. 2010; Lyon et al. 2012). T-tubules and caveolae have
been found to be absent from both stem cells and neonatal cardiomyocytes, though
maturation can induce the formation of these structures (lbrahim et al. 2011). CAV3 has
been shown to have a crucial role in controlling cAMP signalling nano-domains in ventricular
cardiomyocytes (Loucks, O’Hara, and Trayanova 2018). The effect of caveolae on cAMP
compartmentation in HiPSC-CMs of different ages was investigated as part of a study
investigating the use of cAMP pathways for assessment of HiPSC-CM maturity. It was found
that aging of HiPSC-CMs from D30 to D90 specifically increases the caveolae content, and
the removal of caveolae in D90 had a positive effect on the detectable cytosolic cAMP
produced through B2-AR but not B1-AR stimulation (Hasan et al. 2020). This illustrates the
advanced structural compartmentation of cAMP in D90 HiPSC-CMs in comparison to D30
HiPSC-CMs, and reveals that B2-AR are only redistributed to these structural elements after
aging. In chapter 5 we investigate the role of caveolae in the compartmentation of cGMP by

applying the same experimental methods.
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1.1.1.6. Calcium Handling Dynamics Change During Cardiomyocyte Maturation

Calcium handling is one of the most important and widely characterised functional
parameters in assessing maturity of both natural and HiPSC-CMs. It has been shown that
HiPSC-CMs express proteins important in Ca?* handling as well as showing Ca?* transients
(Liu et al. 2007; Satin et al. 2008; Germanguz et al. 2011; ltzhaki et al. 2011; Zhu, Santana,
and Laflamme 2009). Another study however, using ESC derived cardiomyocytes, indicated
that the transients and contraction were insensitive to drugs that modulate Ca?* release and
re-uptake by the SR (Dolnikov et al. 2006). A protein expression analysis in the same study
had further shown that calsequestrin and phospholamban, key SR regulatory proteins, could
not be detected in either HiPSC-CMs nor hESC-CMs, suggesting that the rise in
Ca?* transients comes mainly from trans-sarcolemmal entry and not so much from the
internal Ca?* stores. However, there are studies that support the notion that HiPSC-CMs
have functional SR Ca?* stores and that in an early stage of HiPSC-CM maturation a tightly
localised control of excitation-contraction coupling is established (Satin et al. 2008; Zhu,
Santana, and Laflamme 2009). More recent studies show support that HiPSC-CMs have
functional SR-dependent handling of Ca?* by identifying expression of key regulatory

proteins such as calsequestrin (Germanguz et al. 2011; Itzhaki et al. 2011).

1.1.1.7. Mitochondrial Activity Changes During Maturation

The mitochondrial presence undergoes a significant transformation from immature to
mature cardiomyocytes. In early stages mitochondria are distributed in the cytoplasm as a
reticular network that accounts for a fraction of the cell volume. Early stage mitochondria
have an inner membrane without well-formed cristae (Shepard, Muffley, and Smith 1998),
have a low oxidative capacity and use glycolysis as their main source of energy (Lopaschuk

and Jaswal 2010). As the cardiomyocytes mature the permeability transition pore, which
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leads to cell death in adults but lies open in embryonic mice cardiomyocytes (Crompton,
Ellinger, and Costi 1988), closes and leads to increased mitochondrial length, membrane
potential and decreased reactive oxygen species production (Hom et al. 2011). Thereafter
development proceeds with the formation of mature and regularly distributed lamellar
cristae, increase in mitochondrial volume to match 20-40% of the adult cardiomyocyte,
distribution of mitochondria throughout the cell in a crystal-like lattice pattern, and a switch
to fatty acid B-oxidation as the energy source (Lopaschuk and Jaswal 2010; Schaper, Meiser,
and Stammler 1985). Conversely, HiPSC-CMs have long, slender, glycolysis dependent
mitochondria that are clustered next to the nucleus or cell periphery (Lopaschuk and Jaswal
2010; Schaper, Meiser, and Stammler 1985). The development of mitochondria throughout
aging-dependent maturation of HiPSC-CMs has been characterised in terms of increased
mitochondrial relative abundance, enhanced membrane potential, and increased activity of
several mitochondrial respiratory complexes. Comparisons of day 25 and day 40 with day
100 HiPSC-CMs revealed that mitochondria improve maturity along-side other cellular
components. However, 100 days of aging did not allow mitochondria to reach the same

characteristics as those from fetal heart cells (Dai et al. 2017).

1.1.1.8. Electrophysiological Changes During Cardiomyocyte Maturation

Two fundamental measurements to determine cardiomyocyte maturity are the
electrophysiology and ion channel function. The action potential that is the direct cause for
contraction in cardiomyocytes is generated out of the orchestrated activity of several types
of ionic channels on the cell surface. These functions change over development, while the
resting membrane potential sits around -90 mV in adult cardiomyocytes, immature cells
show a membrane potential of 60 mV as well as lower levels of sodium channel Nav1.5 and

the LTCC leading to slower upstroke velocity and shorter plateau phase respectively (Drouin
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et al. 1995; Kléber and Rudy 2004; Blazeski et al. 2012). Sarcomere contraction and
membrane depolarisation are linked through T-tubules transferring the signal to the SR,
which results in Ca®* release. This Ca®* binds to troponin and changes its conformation,
removing the blocking action of tropomyosin, and allowing myosin and actin to interact with
eachother, resulting in sarcomere contraction. During diastole, Ca?* is removed from the SR
via SERCA2, and from the cell via an Na*-Ca** exchanger. Action potentials of single
cardiomyocytes derived from HiPSC have been recorded and found to fit three phenotypes:
nodal-, atrial-, or ventricular-like (Table 1). Action potentials in immature HiPSC-CMs which
have ventricular-like action potentials have a maximum diastolic potential values close to -
60 mV (Haase et al. 2009; Fujiwara et al. 2011), though blasticidin-enriched cardiomyocytes
go down to -75 mV (Ma et al. 2011), which is closer to the resting potential of adult
ventricular cardiomyocytes at -87 mV (Drouin et al. 1995). This resting potential is
maintained by the inward rectifying current Ik1 (Guo and Pu 2020). Action potential
amplitude in HiPSC-CM ranges from 85 to 105 mV (-90 mV in adult), maximum upstroke
velocity (dV/dtmax) in HiPSC-CM ranges from 10 to 40 V/s (120 to 160 V/s in adult), and
HiPSC-CM action potential duration at 90% repolarisation ranges from 300 to 400 ms (400
ms in adult)(Zhang et al. 2009; Spach et al. 2004; Karbassi et al. 2020). The slower upstroke
velocity measured in HiPSC-CMs is a result of lower expression of SCN5A and other sodium
channels (Haufe et al. 2005; Yu et al. 2011), while the longer action potential is partly due to
higher expression of cavl.2 (Qu and Boutjdir 2001). Overall, as cardiomyocytes grow out of
early developmental stages there is a shift from a cellular physiology in which there are high
proliferation rates and a characteristically immature action potential (Figure 3). Structurally,
in immature cardiomyocytes where the sarcomeres are closely located to the plasma

membrane, the Ca?+ released there is enough to trigger sarcomere contraction. As

Page 25 of 236



cardiomyocytes mature, the distance increases along with their size and the development of
t-tubules is required to trigger contraction in the now more distant sarcomeres (Robertson,

Tran, and George 2013).

Table 1. HiPSC-CM electrophysiological phenotypes. These percentages are similar to those
in hESC-CMs, and to optical mapping measurements from our labs that found predominantly

ventricular-like potentials for both hESC-CMs and HiPSC-CM (Burridge et al., 2011).

Table 1

Froportion of principal cellular electrophysiological phenotypes in PSC-Chd cultures

N Cell Line(s) %o % % Quantitative Reference
(all from Nodal-  Atrial-  Vent-  criteria®
fibroblasts) like like lile
23 fetal INIRO0 C4 13 13 74 Mo (Zhang et al.,
2009
20 newhorn foreskin C1 20 10 T Mo [fhang et al |
2009
29 fetal IME90 and adult dermal K51 45 17 38 Mo (Leeetal 2011
59 reprogramened human fibroblast 22 24 54 Tes (Ila et al, 20115
line
Mates:

*Quantitative criteria are those using numerical walues of AF parameters to distingnish different phenotypes.
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Figure 3 Proliferation rate, ANP expression, and action potential compared between early

HiPSC-CM, late HiPSC-CM, and adult human CM. Image modified from Robertson, Tran, and

George 2013.

1.1.2. HiPSC-CM Maturation Techniques

There have been a wide variety of studies targeting the many inadequacies of HiPSC-CMs
and though no single or combination of techniques has yet yielded HiPSC-CM that match the
structure and function of mature cardiomyocytes, there are many recent and promising
advancements in the field which will be discussed in this section. The most commonly used
method is the long-term culture, which we also apply in our aging experiments. We further
discuss the use of co-culture with non-cardiomyocyte cells, in-vivo maturation, plating
HiPSC-CM on altered substrates, patterning, tissue engineering, mechanical loading,

biochemical stimulation, metabolic maturation, and electrical stimulation.

1.1.2.1. Long-Term Culture of HiPSC-CM

The generation of beating cardiomyocytes from HiPSC takes less than 15 days (Laflamme
and Murry 2011), a fraction of the 6 to 10 years human neonatal cardiomyocytes take to
reach adult phenotype in vivo (Peters et al. 1994). Over time in serum-free medium the cells

undergo processes of ultrastructural maturation, cell-cycle and withdrawal, which results in
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autonomous hypertrophy over a 35 day culture period (Snir et al. 2003; Foldes et al. 2011).
Phenotypical changes over a 120-day incubation include cell size, sarcomere length,
anisotropy, and frequency of multinucleation. Paired with these developments came
functional changes such as an increased shortening magnitude of a slower contraction, and
increased calcium uptake and release (Lundy et al. 2013). Changes in electrophysiological
characteristics found during incubation up to 90 days include developmental maturation of
the transient outward and inward rectifier potassium currents, the calcium current, the
pace-making current (Sartiani et al. 2007), hyperpolarized maximum diastolic potentials,
increased action potential amplitudes, and faster upstroke velocities (Lundy et al. 2013).
Over this incubation period spontaneous beating rate has either increased or decreased
depending on culture conditions (Hazeltine et al. 2012; Foldes et al. 2011), conduction
velocity was significantly upregulated (Kadota et al. 2013), but there was no increase in
generation of contraction stress (Kita-Matsuo et al. 2009). Finally, the M-band, an important
characteristic of structurally maturing sarcomeres, was seen after 1 year of incubation
(Kamakura et al. 2013). These changes brought on by long-term culture imply the existence
of time-dependent developmental mechanisms. While maturity is improved on a functional
level, the prolonged experimental time is an issue that has led scientists to study other

solutions.

1.1.2.2. Co-Culture with Non-Cardiomyocyte Cells Enhances HiPSC-CM Maturity

While cardiomyocytes take up over 70% of the volume of cardiac tissue, numerically they
are at most 30% of the cells (Bergmann et al. 2015; Pinto et al. 2016; Zhou and Pu 2016). Non-
cardiomyocytes in cardiac tissue consists of 64% endothelial cells, 27% cardiac fibroblasts,
and 9% leukocytes (Bergmann et al. 2015). Development of cells in vivo is guided by many

factors, including interactions with the surrounding cells. The use of co-culture has been
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studied for the differentiation into and maturation of cardiomyocytes as well, using
endothelial and stromal cells to increase the proliferation and development of
cardiomyocytes and vascular structures (Tulloch et al. 2011; Kim et al. 2010). The effects of
non-cardiomyocytes on cardiomyocyte maturation are caused by paracrine stimulation,
physical adhesion, fibroblast construction of coronary vasculature, and the secretion of
extra-cellular matrix (Yoshida et al. 2018; D. S. Lee et al. 2015; Kim et al. 2010). One study
found that hESC-CMs co-cultured with non-contractile slices of neonatal rat ventricle resulted
in spontaneously beating clusters that respond to extracellular Ca%* with increased beating
rates (Pillekamp et al. 2012). Similarly, another study adding human fibroblasts and
mesenchymal stem cells to hESC-CM at a rate of 3% of total cell number found increased
twitch force, sarcomeric alignment, regularly dispersed N-Cadherin and Cx43, and an

upregulation of maturation-associated genes (Zhang et al. 2017).

1.1.2.3. In-Vivo Maturation by grafting HiPSC-CM into living tissues

We have already discussed the importance of co-culture with non-cardiomyocyte cells in
maturation, alluding to the environment of developing cardiomyocytes in vivo. Halbach et
al. 2007 grafted GFP-transgenic murine fetal cardiomyocytes (D12.5 — D15.5) into healthy
and cryoinjured areas of adult murine hearts, then used glass micro-electrodes to measure
electrophysiological properties at stimulation frequencies up to 10 Hz. Cells transplanted
into cryo-injured areas showed spontaneous electrical and contractile activity,
asynchronous to host tissue. Meanwhile 82% of fetal cardiomyocytes transplanted into
healthy regions were electrically integrated, showing electrical and contractile activity

synchronous to that of the host tissue (Halbach et al. 2007).
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More recently, a similar study was performed with transplantation HiPSC-CM into neonatal
and adult rat hearts for 3 months, hypothesising that the developing neonatal heart would
grow the HiPSC-CM as it develops into an adult heart (Kadota et al. 2017). Partially matured
myofibrils, increased cell size and sarcomere length were found in the neonatally grafted
cells. An infarction of adult heart only further increased cardiomyocyte hypertrophy and
cardiac troponin | expression. Interestingly, at the end of the 3 months, transplanted
neonatal rat cardiomyocytes had reached an adult size and structure, while the HiPSC-CM
were still significantly smaller and underdeveloped (Figure 4). This indicates an
environmental mismatch brought on by disparities between the species and may hint
towards more successful results if the HiPSC-CM were matured within a human heart,
though a more likely solution will lie in the perfection of biomimetic environments. A further
consideration is that HiPSC-CM matured in rat hearts exhibit more binucleation (80% vs 25-
57% in humans) than adult human cardiomyocytes (Ruan et al. 2015; Olivetti et al. 1996),
raising the question of whether the matured cells are becoming more rat-like (Cho et al.

2017).
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Figure 4 Transplantation of HiPSC-CM into neonatal rat hearts and subsequent extraction 3

months later results in partially matured HiPSC-CM. Image modified from Kadota et al. 2017.

1.1.2.4. Altering Substrate Stiffness and Composition to Enhance HiPSC-CM Maturity

An important factor which is partly regulated by non-cardiomyocyte cells in vivo is the
environment of the cardiomyocyte, namely the ECM. The stiffness of myocardial ECM
increases starting from the embryonic development stage and until several weeks after
birth, with accumulation of collagen and other changes inducing a 3-fold increase in
elasticity modulus in neonatal mice ECM (Jacot, Martin, and Hunt 2010) and 2-fold in

neonatal rat ECM (Prakash et al. 1999). The stiffening of the myocardium coincides with
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increases in blood pressure and pumping capability. Studies investigating the use of artificial
ECM in the maturation of cardiomyocytes plate cells on various surfaces. Studies using
NRVMs or hESC-CMs on a collagen-coated polyacrylamide gel with varying elastic moduli
found significantly enhanced maturation reflected by increased sarcomere alignment,
mechanical force, calcium transients, and calcium-ATPase 2a found in the sarco- or
endoplasmic reticulum (Jacot et al. 2010; Jacot, McCulloch, and Omens 2008). The increased
contractile force was attributed to activation of the RhoA/RhoA-kinase (ROCK) pathway
(Jacot, McCulloch, and Omens 2008). Rodriguez et al. developed a method growing NRVMs
on flexible posts of varying stiffness, and measuring the contractile force of these cells
through high-speed line scanning (Rodriguez et al. 2011). With this method it was found
that NRVMs had an up to 6-fold greater twitch force paired with a slower twitch velocity
when cultured on stiffer substrates, this was reflected by more mature myofibril structures
boasting greater sarcomere length and Z-band width. Furthermore, cells performing a
twitch on stiffer substrates showed higher intracellular calcium levels compared to those on
softer substrates. While a positive correlation between post stiffness and contractile force
was found, there was also a negative correlation between the post stiffness and degree of
alignment. The effects of substrate stiffness were corroborated by studies tracking
fluorescent beads embedded in two-dimensional polyacrylamide hydrogels of 4.4 to 99.7
kPa stiffness. NRVMs (Bhana et al. 2010) as well as HiPSC-CMs (Hazeltine et al. 2012)
cultured on these gels generated greater force with greater stiffness. For unclear reasons
however, contrastingly one study by Hazeltine et al. found mature myofibril structures at all
levels of stiffness. A more recent study used fetal chicken cardiomyocytes on a time-
dependent thiolated hyaluronic acid hydrogel, which crosslinked with poly ethylene glycol

diacrylate became stiffer from 1.9 to 8.2 kPa (Young and Engler 2011). Compared to static
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polyacrylamide gels, cells grown on the hyaluronic acid gels which stiffen over time showed
a downregulation of early cardiac marker NKX2.5. Additionally, these cells showed a 3-fold

increase in troponin-T, a late cardiac marker.

1.1.2.5. Patterning of HiPSC-CM in Culture to Enhance Maturity

In vivo cardiomyocytes grow in an environment of physical stimuli including topographical
cues such as striated tissue containing myofibrils, Z-bands and sarcomeres. These surface
structures keep the cardiomyocytes elongated and rod-shaped. A study by Bray et al. 2008
has used polydimethylsiloxane (PDMS) polymer stamps designed for microcontact printing
to create patterned and un-patterned ECM islands (Bray, Sheehy, and Parker 2008). Cells
seeded on these ECM islands would take on shapes corresponding to the pattern of the
stamp. NRVMs cultured on rectangular patterned ECM islands with 7:1 aspect ratio would
take to a rod shape, their sarcomeres similarly were directed into a longitudinal pattern
more similar to those of in vivo cardiomyocytes, their myofibril filaments aligned parallel to
the longitudinal axis of the cell, with increasing density of filaments closer to the edges of
the gel, and Z lines perpendicular to the longitudinal axis. It has been shown that cells
grown on patterned substrates have significantly enhanced cell alignment (Heidi Au et al.
2009; Wang et al. 2011). It has been found that NRVMs seeded to microprinted lanes exhibit a
bipolar localisation of N-cadherin and Cx43 resembling intercalated disk (McDevitt et al.
2002). Several studies have used an anisotropically nanofabricated substratum with
polyethylene, the polyethylene layer was glycol-patterned with ridges and grooves
simulating the structure of myocardial ECM (Heidi Au et al. 2009). While a single plated
cardiomyocyte would cover at least 10 of these nano-ridges, the cells still aligned in the
same orientation as these structures. Aligned cells would exhibit conduction velocities, Cx43

expression and cell geometry closer to that of the adult heart. Additionally, a study testing
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varying depths and widths used 8-100 um in width and 5-1000 nm in depth of the grooves.
It was found with increasing depth (8-30 um wide and 850-1000 nm deep) HiPSC-CMs would
increase in alignment, elongation, and contractile function, with a maturation indicative
average sarcomere length of 1.8 um (Huethorst et al. 2016). Studying these effects further it
was found that grooves with a width of 600-900 nm produce the greatest maturation of
HiPSC-CMs, reflected by increased cell size, elongation, and anisotropic structure (Carson et
al. 2016). Combining the topographical orientation of NRVMs with varying substrate
stiffness showed that while orientation was mainly influenced by nano-grooved gels,
contraction was regulated by both surface topography and a softer substrate (Wang et al.
2011). More recent studies have compared gels stamped with anisotropic, isotropic and line
surface topographies (Feinberg et al. 2007, 2012). Isotropic patterning leads to unaligned
sarcomeres with lower peak sarcomere generated stress, slower Ca%+ cycling, and a
shortening of conduction velocities. Contrastingly, gels with line and anisotropic surface
topography show a more mature phenotype with aligned sarcomeres, uniaxial myofibrillar
alignment, contractile cytosolic stresses over 10kPa, faster Ca?+ cycling, and larger
transients. Other recent approaches investigated the effect of cardiomyocyte shape on
contractility and sarcomere alignment. One study used polyacrylamide gels with aspect
ratios ranging from1:1 to 11:1, finding that contractility is optimised at the 7:1 ratio found in
vivo and decreases with cell morphologies associated with failing hearts (Kuo et al. 2012).
Interestingly, higher ratios were found to affect calcium metabolism, prolonging calcium
transient durations in a similar manner to diastole prolongation in rodent models of
congestive heart failure. These findings show a link between the maturation of morphology
and physiology of cardiomyocytes, in that cardiomyocyte shape alters both myofibrillar

structure and calcium handling. Another approach employs use of a micro-electrode array
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coated with fibronectin and gelatin (Pijnappels et al. 2008). This coating is then micro-
abraded parallel or perpendicular to the flow of the current. NVRMs showed the highest
conduction velocity in the perpendicularly scraped dish, while the dish with parallel

striations showed a high Cx43 expression.

1.1.2.6. Tissue Engineering Using 3-D Culture Methods to Enhance HiPSC-CM Maturity

The myocardium is composed of a 3-dimensional (3-D) arrangement of rod-shaped
cardiomyocytes as myofibers, which are influenced by surrounding interstitial fibroblasts,
blood vessels, and ECM. Researchers have devised methods to combine physio-mimetic
cues through the creation of 3-D polycaprolactone fibrous scaffolds with anisotropic
patterning. Similar to cardiomyocytes grown on 2-D patterned surfaces, those grown in the
3-D aligned microenvironments exhibit morphology, alighment, gene expression and
calcium handling more akin to mature cardiomyocyte tissue (Han et al. 2016). One major
aspect of in vivo myocardial tissues that was yet missing was the mechanical load brought
on by the constant cyclic strain of rhythmic heart beating. An experiment by Zimmerman et
al. seeded NRVMs into 3-D matrixes of collagen | hydrogels plus basement membrane
proteins (Zimmermann et al. 2002). These hydrogels were then subject to rhythmic
mechanical stretch, and after 14 days the effects of this repeated stress on cardiomyocyte
maturation were assessed. They found that the engineered NRVMs were interconnected
into longitudinally oriented cardiac muscle bundles resembling adult heart tissue, had well-
developed t-tubule networks, and dyad formation with the sarcoplasmic reticulum (SR). The
tissue embedded within this matrix exhibited a high twitch to resting tension ratio, a strong
B-adrenergic response, as well as action potentials with more mature characteristics: faster
upstroke, prominent plateau phase, lower resting membrane potential. This method has

been touted to grow NRVMs closest to adult cardiomyocytes in morphology and

Page 35 of 236



electrophysiology (Yang, Pabon, and Murry 2014). Building on this methodology, Liau et al.
added elliptic pores to tissue patches on which mouse ESC-CMs were seeded (Liau et al.
2011). These pores enhanced oxygen and nutrient diffusion, and aligned the tissue into a
functional 3-D syncytium when supplied with non-myocytes, purified cardiovascular
progenitors differentiated into cardiomyocytes, smooth muscle cells, and endothelial cells.
Cardiomyocytes in the syncytium were dense, uniformly aligned, electromechanically
coupled, with contractile force up to 2mN, and have conduction velocities between 22 and
25 cm/s. Comparably, neonatal mouse cardiomyocytes have conduction velocities of
approximately 29 cm/s (Vaidya et al. 2001), while adult mice hearts have 62 cm/s (Gutstein

et al. 2001).

Eventually the hydro-gel based 3-D tissue engineering methods were applied to HiPSC-CMs,
to generate engineered human tissues (Tulloch et al. 2011). The HiPSC-CMs were cast in a 3-
D collagen matrix including 11% mouse basement membrane extract and 57% human
embryoid body medium, which was then subjected to uniaxial mechanical stress. This
mechanical loading significantly increased proliferation rate (21%), alignment and size (2.2-
fold) of cardiomyocytes. Furthermore, addition of endothelial cells enhanced proliferation
by 14% to 19%, and addition of stromal supporting cells enhanced formation of vessel-like
structures by approximately 10-fold. They found that their constructs generate Frank-
Starling curves, which describe a ratio of myocardial fibre length to contractile force where
this force is maximal at a certain length (Delicce and Makaryus 2018). Transplantation of
these tissues into athymic rats resulted in the formation of grafts closely apposed to host
myocardium, with human micro-vessels that are perfused by host coronary circulation. A
2013 study developed a biowire system, a platform that combines architectural and

electrical cues into a micro-environment that matures cardiomyocytes derived from 3-D
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tissues (Nunes et al. 2013). HiPSC-CMs and supporting cells from directed differentiation
methods were seeded into a PDMS channel around a sterile surgical suture in type | collagen
gels. In one week, cells remodel and contract the collagen matrix until 40% compaction is
achieved and the biowire may then be removed from the PDMS template. Biowires
subjected to electrical field stimulation showed an increase in myofibril ultrastructural
organisation, enhanced conduction velocity, and altered electrophysiological and Ca’+

handling compared to controls.

Another variation on the 3-D tissue engineering approaches came in 2014 when Bian et al.
cultured NRVMs on a 3-D hydrogel using elastomeric moulds with hexagonal posts
orientated along directions derived from diffusion tensor magnetic resonance imagining
maps of human ventricle (Bian et al. 2014). After 3 weeks of culture on 2.5cm? cardiac tissue
patches with cardiomyocyte alignment that follows human epicardial fibre orientation, the
tissues were compared to age-matched 2-D monolayers. The 3-D tissues showed presence
of dense and aligned electromechanically coupled cardiomyocytes, quiescent fibroblasts,
interspersed capillary-like structures, action potential propagation with conduction velocity
close to that of adult tissue, directional dependence on local cardiomyocyte orientation,
robust T-tubules aligned with Z-disks, co-localisation of L-type Ca%+ channels with ryanodine
receptors and faster Ca2+ kinetics. Then a different study used a similarly structured tissue
patch, but used a fibrin-based cardiac patch and seeded with hESC-CMs at a cardiomyocyte
purity of 48% to 65% (Zhang et al. 2013). The high purity ensured longer sarcomeres, higher
conduction velocities, and a higher expression of genes associated with contraction. In 2016
a technology reminiscent of the biowires was developed, cylindrically shaped engineered
cardiac tissues dubbed “cardiobundles” were anchored within flexible porous frames

(Jackman, Carlson, and Bursac 2016). These cardiobundles support both chronic auxotonic
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loading and free-floating culture of NRVM or HiPSC-CM tissues. Cardiobundle cultured
NRVM had significantly increased expression of sarcomeric proteins, 2.1-fold increase in
size, 3.5-fold increase in contractile force and a 1.4-fold increase in conduction velocity.
Their contractile characteristics matched or approached those of adult rat myocardium.
Cardiobundles cultured without mechanical loading showed inferior function, but this could
be rescued with a transfer to dynamic conditions. Finally, one study took an in-depth
analysis of maturing effects of ECM combined with 3-D environments on HiPSC-CMs. Seeded
into a 3-D cardiac ECM scaffold and compared with a 2-D culture, the HiPSC-CMs showed
increased expression of calcium handling genes, Junctin, CaV1.2, NCX1, HCN4, SERCAZaq,
Triadin, and CASQ2. Unsurprisingly they found that calcium transient amplitudes as well as
maximum up- and downstroke were also increased compared to cells cultured in 2-D

conditions.

1.1.2.7. Mechanical Loading to Enhance HiPSC-CM Maturity

As previously discussed, mechanical stimuli are an important physical cue for cardiomyocyte
development and maturation. Mature myofibrils are generated by constant forces taxing
the tissue during systole and passive stretch, but in addition to structural maturation we
also find changes in gene expression (Tulloch et al. 2011). Genes upregulated due to
mechanical loading include cell junction proteins such as Cx43 (Salameh et al. 2010) and N-
Cadherin (Matsuda et al. 2004), which have been the focus of many studies. Cardiomyocytes
exposed to cyclic uni-axial stretch 3 hours after seeding were found to be aligned in the
direction of the applied force and had N-Cadherin proteins localised at the poles of
cardiomyocytes. This contrasts with the even distribution found in cells not subject to
mechanical stretch (Matsuda et al. 2004). Meanwhile, Cx43 was predominantly found at the

cell-cell border after a 24-hour session of mechanical stretch to 110% cell length (Salameh

Page 38 of 236



et al. 2010). In addition to Cx43 up-regulation, this protocol resulted in increased pERK 1
and 2 , glycogen synthesis kinase-33, AKT, and growth factors such as myostatin, atrial
natriuretic peptide, and TGF-B1 (Shyu et al. 2005; Ruwhof et al. 2000). The protocol of a 24-
72 hour stretch at a 1 Hz 10-20% elongation quickly became a standard used in many
studies (Dhein et al. 2014; Matsuda et al. 2004; Salameh et al. 2010). Contrastingly, a more
recent study found that exposure of embryonic mouse cardiomyocytes to cyclic stretch
induced a decrease in TGF-B1, and showed an increased maturation reflected by size,
genetic profile, myofibril protein assessment, and proliferation rate (Banerjee et al. 2015). A
very recent study showed that the forces of the contracting heart can regulate localisation
and activation of vinculin, a cytoskeletal protein (Fukuda et al. 2019). Vinculin (VCL) is
reported to be essential for myofilament maturation, as indicated by the co-
immunoprecipitation derived interactome in contracting versus non-contracting
cardiomyocytes. Identified was the slingshot protein phosphatase (SSH1), an activator of the
actin depolymerising factor (CFL), which regulates F-actin rearrangement and promotes
myofilament maturation. The reported VCL-SSH1-CFL axis provides a link between
mechanical forces and myofilament maturation. Effects of higher stretch frequency were
investigated in hESC-CMs, showing that at 3 Hz this significantly increased cardiomyocyte
specific structures, and expression of cardiomyocyte specific markers (Shimko and Claycomb
2008). Indeed, the effects of cyclic stretch on cardiomyocyte and ECM alignment,
hypertrophy, proliferation, myofibril generation, and sarcomere banding were also seen in
HiPSC-CMs (Tulloch et al. 2011) and when combined with electric stimulation further

increased contractility, as well as RYR2 and SERCA2 expression levels (Ruan et al. 2016).
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1.1.2.8. Biochemical Stimulation to Enhance Cardiomyocyte Maturity

1.1.2.8.1. Thyroid Hormone

Various biochemical agents have been used in the maturation of cardiomyocytes.
Triiodothyronine is a thyroid hormone that enters cardiomyocytes through membrane
transporters or produced by conversion of thyroxine (Takasu 2006). In the nucleus,
trilodothyronine binds to receptors in regulatory regions of target genes, positively
regulated genes include MYH6 and SR/ER calcium ATPase 2. Negatively regulated genes
include MYH7 and SERCAZ2 inhibitor phospholamban. SERCA2 promotes the reuptake and
release of calcium from the SR during diastole, leading to improved ventricular relaxation
(Hoit et al. 1997). Furthermore, triiodothyronine has a direct inotropic effect on the heart
through upregulation of Pi-AR expression (Fazio et al. 2004). It is known that
triiodothyronine suppresses proliferation of ovine cardiomyocytes in vitro, possibly
indicating a role in maturation (Chattergoon et al. 2012). Chattergoon et al. studied the in
vivo maturation of cardiomyocytes by triiodothyronine in 3 groups of sheep foetuses,
finding increases in cell width, binucleation percentage, SR/ER calcium ATPase2a expression,
and ryanodine receptor 2 expression, while a reduction in proliferation was found
(Chattergoon et al. 2012). An RT-PCR, cellular electrophysiology, and confocal calcium
imaging based study on differentiation of murine ESC-CMs showed that triiodothyronine
supplementation increased the number of ESC-CMs while also heightening expression of
cardiac markers: Nkx2.5, myosin light chain-2V, o- and B-MHC (Lee et al. 2010).
Electrophysiology showed a more negative resting membrane potential, closer to adult-like
values, but no difference in AP duration. Finally, calcium-handling showed more mature
properties as well: larger calcium transients, faster rate of rise and decay of calcium

transients, and a larger internal store of calcium.
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1.1.2.8.2. Insulin-Like Growth Factor-1

Another biochemical cue important in cardiomyocyte maturation is IGF-1. IGF-1 signalling is
essential for regulation of contractility, metabolism, hypertrophy, autophagy, senescence,
and apoptosis in the heart (Troncoso et al. 2014). IGF-1 works through the receptor tyrosine
kinases IGF-1 receptor and the insulin receptor, which activate the PI3K-AKT and RAF-MEK-
ERK pathways. NRVM treatment with IGF-1 increases myosin light chain-2 and troponin-I
expression, doubling of cell size, and an increase in protein synthesis as assessed by leucine
incorporation. Further studies show that IGF-1 enhances metabolic maturation through
increased expression of fatty acid oxidation enzymes medium chain acyl-CoA
dehydrogenase and the muscle-type carnitine palmitoyl-transferase |, and enhanced effect
of nuclear receptor/transcription factor peroxisome proliferator-activated receptor a
(Montessuit et al. 2006). In hESC-CMs, IGF-1 has been shown to initiate mitosis (McDevitt,
Laflamme, and Murry 2005), and is linked to the Wnt, Hippo and PI3K pathways for
coordination of cardiac chamber morphogenesis and embryonic heart size. Cardiac over-
expression of IGF-1 stimulates cardiac proliferation, while constitutive overexpression has
been shown to prevent cell death after myocardial infarction (Hashmi and Ahmad 2019).
Recently, it has been shown that a combination of the biochemical factors; thyroid
hormone, dexamethasone, and IGF-1 have a maturating effect on HiPSC-CM in 3D cardiac
micro-tissues. Measurement of gene expression profiles and structural, ultrastructural, and
electrophysiological characteristics, as well as mechanical and pharmacological properties of
these cardiomyocytes showed enhanced SR function, contractile properties consistent with
the positive results of other maturation methods, and an overall higher fidelity adult cardiac

phenotype (Huang et al. 2020).
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MiRs have also been identified as possible modulators of cardiomyocyte maturation. MiRs
have pivotal roles in heart tissue development (Zhao et al. 2007; Mishima, Stahlhut, and
Giraldez 2007), and MiR-1 is known to play an important role in heart disease (Zorio et al.

2009; Silvestri et al. 2009; Cai, Pan, and Lu 2010).

Analysis of expression profiles in hESCs, hESC-CMs, fetal human and adult ventricular
cardiomyocytes showed that overexpression of MiR-1, -133, and -499 displayed the largest
fold differences in gene clusters associated with cardiac differentiation (Fu et al. 2011).
Furthermore, it was found that MiR-499 promotes the differentiation of hESC to ventricular
cardiomyocytes, while MiR-1 facilitates electrophysiological maturation as indicated by
augmented Ca?+ transient amplitude and kinetics, decreased AP duration, and
hyperpolarised resting membrane and maximum diastolic potential. Other studies
investigated MiR-208, a family of MiRs that are potential candidates for modulators of
maturation that is involved in thyroid hormone responsiveness and switching of the myosin
isoform. MiR-208a is encoded within an intron of alpha-cardiac muscle MYH6, while MiR-
208b is encoded within a MYH?7 intron (Callis et al. 2009). Overexpression of MiR-208a in the
heart induces hypertrophic growth and arrhythmias in mice, and results in thyroid hormone-
associated protein 1, myostatin inhibition. Inhibition of these proteins results in
upregulation of muscle growth and consequently hypertrophy. However, MiR-208
knockouts show that it is required for proper cardiac conduction, expression of cardiac
transcription factors including key cardiac development factor GATA4, cardiac growth
modulator homeodomain-only protein, and gap junction protein Cx40 (Van Rooij et al.

2007).
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1.1.2.8.3. Circulating Fatty Acids

Fatty acid circulation at birth may contribute to cardiomyocyte maturation, palmitate is one
of the primarily studied fatty acids in the culture of engineered cardiac tissues. Palmitate is a
long-chain free fatty acid and can be followed using tracer compounds, which in neonatal
human cells show already similarities with the adult free fatty chain transport (Bougneres et
al. 1982). Findings show that a switch to fatty acid metabolism is a central driver of cardiac
maturation, with cells grown on a palmitate substrate exhibiting enhanced cardiac function,
reduced proliferation due to repression of B-catenin and Yes-associated protein 1, and
increased expression of myosin light chain 2 (Mills et al. 2017). Further study of this
substrate showed additional effects of maturation in increased mitochondrial respiratory
capacity, changes in calcium dynamics and fatty acid oxidative capacity (Yang et al. 2019),
though it should be noted that oxygen levels may also affect maturation of HiPSC-CMs. In
vitro, hypoxia can impair differentiation and maturation through a hypoxia-inducible factor
la (Medley et al. 2013), while high oxygen tension will inhibit this factor and promote a
metabolic switch to oxidative phosphorylation (Menendez-Montes et al. 2016). The
inhibition of hypoxia-inducible factor la results in an enhanced metabolism, mature
cardiomyocyte associated gene expression, sarcomere organisation, and contractility (Hu et

al. 2018).

Adrenergic receptor activation as a method of maturing cardiomyocytes has been
extensively studied in rodents, showing pathological hypertrophy. a- and B-ARs are
activated by norepinephrine and are part of cyclic nucleotide signalling pathways, with
protein kinases as the main effectors, that end in positive and negative inotropic and
chronotropic effects in cardiomyocytes. These pathways will be discussed in detail in

chapter 1.2. In efforts to increase NRVM and mouse myocyte maturation, norepinephrine’s
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effect on B-ARs has been found to significantly increase protein content, in addition to
inducing hypertrophy in mouse myocytes only (Deng, Rokosh, and Simpson 2000). In hESC-
CMs, a-AR stimulation through the agonist phenylephrine has also been shown to increase
protein synthesis (Foldes et al. 2011). In addition, phenylephrine enhances sarcomere
structure organisation, and increases cell area 1.8-fold and cell number 3.8-fold. Taken
together these findings reveal an important role for protein kinase signalling in growth and

hypertrophy of early and stem-cell derived cardiomyocytes.

1.1.2.9. Metabolic Maturation of HiPSC-CM

The heart has a high energy consumption driven by myosin ATPases required for sarcomere
contraction and SERCA required for Ca?+ clearance and sarcomere relaxation (Lopaschuk
and Jaswal 2010). The underdeveloped heart mainly relies on glycolysis for ATP production,
while the adult human heart produces ATP primarily through oxidative phosphorylation
using lipid substrates such as fatty acid beta-oxidation. ATP is produced in mitochondria,
which occupy up to 40% of the cell volume in adults (Schaper, Meiser, and Stammler 1985).
During maturation, mitochondria become associated with sarcomeres and have been
suggested to have a functional link between their morphologies. Cristae, densely organised
inner membrane foldings, are found in mature mitochondria and are a marker of
cardiomyocyte maturation. Unsurprisingly, HiPSC-CMs rely on glycolysis for energy
production (Kim et al. 2013). Recently, a group developed an arrhythmogenic right
ventricular dysplasia/cardiomyopathy model from patients with mutant plakophilin-2 gene
(Kim et al. 2013). HiPSC-CMs derived from these patients’ cells show abnormal plakoglobin
nuclear translocation and decreased R-catenin activity, but otherwise showed no signs of
pathology until induced from a glycolysis dependent metabolism to a lipid oxidation based

one, resulting in exaggerated lipogenesis and apoptosis. A study on HiPSC-CMs
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differentiated in chemically defined conditions found that high glucose inhibits maturation
at genetic, structural, metabolic, electrophysiological, and biomechanical levels. This
impairment is achieved through promotion of nucleotide biosynthesis through the pentose
phosphate pathway. This was reflected in models of diabetic pregnancy in mice, with
cardiomyocytes showing increased mitotic activity and decreased maturity (Nakano et al.
2017). Surprisingly little work has been done in the study of metabolism in maturation of
HiPSC-CMs, considering the large demand in proteins and energy production for the

development of sarcomere, SR, membrane and mitochondrial structures.

1.1.2.10. Electric Stimulation to Enhance HiPSC-CM Maturity

Internal electrical signals constantly spur cardiomyocytes to contract, and electric signalling
networks activate surrounding myocytes to join in a synchronous pulsation of contraction
and relaxation. It has been hypothesised that excitation-contraction coupling through
intercellular electrical signalling is a main contributor to in vivo maturation of
cardiomyocytes, and that this effect may be replicated through electrical stimulation in
HiPSC-CMs. In 2004 a study applied electrical field stimulation to NVRMs seeded in ultra-
foam collagen sponges over 8 days and found improved cardiomyocyte alignment, increased
amplitude of synchronous construct contraction 7-fold, and enhanced ultrastructural
organisation (Radisic et al. 2004). These structural and electrophysiological changes are
attributed to gap junction enabled connections forming between cells, allowing for
propagation of electrical signal. Furthermore, increased expression of sarcomere and gap-
junction related proteins a-MHC, B-MHC, CK-MM, Cx43, and Tnl was found. Other studies in
NRVMs have found increased presence of sodium-calcium exchanger, longer action
potentials, enhanced conduction velocity (Sathaye et al. 2006), increased mitochondrial

content and activity (Xia et al. 1997). Similarly, hESC-CMs grown under conditions of
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electrical stimulation showed longer action potentials, as well as a higher calcium-flux and
increased inward-rectifier potassium ion channel Kir2.1 expression (Deng, Rokosh, and
Simpson 2000; Martherus et al. 2010). In a combination of electrical stimulation with
previously discussed topographical cues, NRVMs plated on a micro-grooved polystyrene
chip for 7 days were elongated, aligned along the micro-grooves, formed a well-developed
sarcomere structure, and had gap junctions dotted over the entire surface of the cells.
Contrastingly, when bi-phasic electrical pulses were applied to the chip, gap junctions were
found to be isolated to cell-cell end junctions. Furthermore, as a result of electrical
stimulation elongation was improved parallel to the vector of the electrical field (Heidi Au et

al. 2009).

1.2. Cyclic Nucleotide in Cardiomyocytes

Two well-studied cyclic nucleotides, cAMP and cGMP, are important regulators of cardiac
function(Ogawa and Imura 1982). Stimulation by catecholamines of G-protein coupled
receptors anchored to various locations on the inside of a cell activates adenylyl cyclase to
synthesise cAMP out of ATP (Ghigo and Mika 2019). Similarly, cGMP is synthesised out of
GTP by either membrane bound pGCs activated by natriuretic peptides (NPs)(Moltzau et al.
2017), or by sGCs activated by NO (Hammond and Balligand 2017). The main downstream
effectors of cAMP and cGMP are PKA and PKG respectively (Lin, Kass, and Lee 2017), which
have opposing influences on cardiac contraction and relaxation. cAMP and cGMP have a
complex crosstalk by virtue of PDEs (Hammond and Balligand 2017, Zaccolo and Movsesian
2007). These PDEs come in many varieties differing in subcellular localisation, affinity and

specificity and can bind to either cAMP, cGMP or both, and have a cAMP degrading
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enzymatic function which is regulated by cGMP (Conti 2000). Through this crosstalk, the

concentration of cGMP can effectively regulate that of cCAMP.

Correct secondary messenger signalling is only possible in well-structured and healthy
cardiomyocytes (Lyon et al. 2009). GPCRs are specialised transmembrane proteins
consisting of an extracellular amino terminus, seven transmembrane alpha-helices, and an
intracellular carboxyl terminus. These receptors influence extracellular signal transduction
from neurotransmitters, chemical stimuli, hormones, and other agents. Ligand-binding leads
to a conformational change and subsequent coupling of the GPCR with a heterotrimeric G-
protein, followed by the exchange of a G-protein-bound GDP for GTP. The G-proteins can be
divided into a variety of sub-families with various down-stream effects, for example the
activation or inhibition of cyclases. These cyclases in turn can generate signalling molecules
such as cAMP or cGMP with down-stream PKA and PKG mediated pathways (Hammond and
Balligand 2012). Generation of the ubiquitous second messenger cAMP from ATP follows
the activation of AC co-localised at the membrane with the B1- or B2-AR. The generation of
cGMP from GTP can follow several pathways which will be thoroughly dissected in chapter

1.2.2.

Belonging to this family of transmembrane proteins are the B-ARs, which can be divided into
the sub-types Bi-, B2-, and B3-AR, with B1 being the highest expressed in cardiomyocytes and
Bs the lowest (Bylund et al. 1994). B-ARs and their second messengers such as cAMP, cGMP,
and Ca?+ are known for signalling pathways that are highly organised and tightly regulated
inside of “nano-domains” (Evans et al. 2010). Interestingly, in contrast with Bi- and B2-AR,
the Bs-AR is resistant to agonist-induced desensitization, (Liggett et al., 1993; Nantel et al.,

1993) and shows an enhanced expression in heart failure, sepsis, and diabetic
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cardiomyopathy (Amour et al.,, 2007, Moniotte et al., 2007; Moniotte et al., 2001). On
stimulation, Bi1- and B2-ARs induce positive chronotropic and inotropic effects via Gs-
coupling. Bs-ARs differ quite a bit in that they lack PKA phosphorylation sites. B3-ARs have
been shown to be involved in the production of cGMP through activation of eNOS (Dessy
and Balligand 2010), eventually resulting in PKG-mediated down-stream effects such as
negative inotropy and positive lusitropy (Mongillo et al. 2006; Gauthier et al. 1998). It was
suggested early on that the increased cardiac contraction resulting from Bi1- and B2-AR
stimulation could be rescued through the Bs-AR mediated pathway, thereby ameliorating
the cardiotoxic effects of prolonged Bi- and B2-AR stimulation, protecting against
pathological hypertrophy, and cardiac remodelling (Gauthier, Langin, and Balligand 2000).
Recently, a study evidenced this effect by showing that Bs-AR over-expression in transgenic
mice leads to protection against hypertrophy and cardiac remodelling induced through

catecholaminergic stimulation (Belge et al. 2014).

The nano-domains that the effectors of B-adrenergic stimulation function in are small
pockets of intracellular space restricted either physically or through protein-interactions.
Nano-domains of cAMP were first found through stimulation of subcellular fractions isolated
through separation with ultracentrifugation, where prostaglandin E stimulation showed
differential cAMP accumulation in particulate versus soluble fractions (Buxton and Brunton
1983). Compartmentation of cAMP was further investigated in adult rats and mice using a
combination of FRET and SICM microscopy techniques showing that cAMP responses to
stimulated Bi-ARs were distributed across the whole cell surface, while signals in response
to B2-ARs were primarily localised to T-tubules and caveolae. Remarkably, in rats with

chronic heart failure the B.-ARs redistribute to the cell crest, leading to diffuse cAMP
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signalling (Nikolaev et al. 2010). Bs-ARs, like B2-ARs, are localised together with eNOS in

caveolae-enriched membrane fractions (Belge et al. 2014).

Further evidence to the existence of nano-domains was provided using a FRET-based sensor
CUTie, which was generated as a localised cAMP sensor through fusion with AKAP79
resulting in localisation at membrane-bound AC; with AKAP188 resulting in localisation at
SR-bound PLB; or with Tnl resulting in localisation at MyBPC (Surdo et al. 2017). It was
shown that acute cAMP elevation after B-adrenergic stimulation is mostly present at
plasmalemma targeted by AKAP79-CUTie, slightly limited at the SR, and barely present at

the Tnl sites.

1.2.1. cAMP in Cardiomyocytes

The ubiquitous second messenger cAMP is extensively studied for the wide variety of
biological functions it regulates, including cardiac contractility (Zagotta et al. 2003). cAMP is
generated after stimulation of GPCRs, which signal via cAMP through activation of adenylyl
cyclases that catalyse the conversion of ATP to cAMP. Stimulation of GPCRs such as B-ARs
with isoprenaline (ISO) or prostaglandin receptors with prostacyclin results in cAMP release
through the G-stimulatory pathway. Interestingly however, only cAMP generated through B-
AR stimulation enhances cardiomyocyte contraction. The discovery of EPAC instigated the
creation of a FRET sensor using the EPAC binding domain flanked by fluorophores. With this
Epacl-camps sensor it was possible to find, through real-time FRET studies, that both B-ARs
and prostaglandin receptors generate spatially distinct pools of cAMP with different
downstream effects through the activation of different subsets of PKA enzymes (Snir et al.

2003).
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1.2.2. cGMP in Cardiomyocytes

There are three triggers for the production of cGMP in cardiomyocytes—the NO-pathway:
diffusion of NO into the cell with subsequent activation of sGC, the Bs3-AR pathway:
activation of NOS through Bs3-AR stimulation with subsequent activation of sGC (Chinkers
1989), or the NP-pathway: stimulation of NPRs by natriuretic peptides resulting in
subsequent activation of pGC (Takimoto 2005). Concentrations of cGMP can be also
modulated by stimulation with ACh (Bork and Nikolaev 2018), however this pathway is
outside of the scope of this thesis. In chapter 5. we gather the first major body of data on

cGMP and its compartmentation in HiPSC-CMs aged to D30 or D90.

1.2.2.1. 83-AR and NO-Diffusion Pathways
Stimulation of sGC by free radicals, nitrovasodilators, and similar molecules was first

reported in 1977, suggesting a subsequent increase in intracellular cGMP as a result of free
radical diffusion across the cell membrane (Arnold et al. 1977). The first isolation of sGC
from bovine lungs revealed that this regulation is mediated by heme as a prosthetic group
(Gerzer et al. 1981). It was subsequently found that endothelium-derived nitric oxide (NO) is
the major sGC ligand. It was further shown that interaction mediates cGMP release in
vascular smooth muscle and facilitates vasodilation (Friebe and Koesling 2003). In
cardiomyocytes, NO donors have been shown to modulate B-adrenergic inotropic responses
in many models, reducing this response at lower doses while increasing it at higher doses
(Massion et al. 2003). NO donors are converted into NO through eNQOS, which has been
found in close proximity to B3-AR in cardiomyocyte caveolae and t-tubules. A more recently
discovered source of NO in cardiomyocytes is the nNOS, which differs from eNOS in its
localisation as well as physiological and pathological functions in the cardiovascular system

(zhang et al. 2014). nNOS is localised primarily in the vicinity of RyR at the SR and a-
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syntrophin at the crest (Zhang et al. 2014). Recent consensus indicates that nNOS is a key
protein in cardiac protection under pathology-induced cardiac stress (Zhang 2017). Recent
clinical studies show that the effect of an NO-donor infusion in human adults reduces LV

peak and end-systolic pressure through positive lusitropic effect (Paulus 2020).

In chapter 6.2.3. we investigate a possible differential physiological effect of cGMP

produced as a result of NO diffusion and cGMP produced through stimulation of B3-AR.

1.2.2.2. NP-Pathway
Synthesis of cGMP from GTP through the NP-pathways can be triggered through one of

three natriuretic peptide receptors: NPR-A, NPR-B, and NPR-C, of which the first two can
also be referred to as pGC-A and pGC-B respectively. While there is a total of seven pGCs
(pGC-A through pGC-G), only these three have had ligands identified for them (Kuhn 2003).
In this study we turn our gaze to GC-A and GC-B, stimulation of which has been shown to
have a positive effect on cGMP levels in cardiomyocytes (Schulz et al. 1989; Lowe et al.
1989; Chinkers et al. 1989), but focus our experiments on GC-B. The natriuretic factors
presence in atria was first discovered by De Bold et al. in 1981, who thereby revealed an
endocrine signalling axis between the heart and the kidney (de Bold et al. 1981).
Mammalian cardiac-expressed NP members are ANP, BNP, and CNP, furthermore it has
been suggested that musclin and osteocrin may have a role here as well (Potter, Abbey-
Hosch, and Dickey 2006). The amino acid sequence of ANP was derived in 1983 by purifying
the natriuretic peptide from rat (Flynn, de Bold, and de Bold 1983), pig (Del Ry et al. 2007),
and human atria (Kangawa and Matsuo 1984), and follow-up studies identified two novel
peptides with similar amino acid sequences: BNP (Sudoh et al. 1988) and CNP (Sudoh et al.
1990). These peptides were found to be essential in maintaining physiological homeostasis

as vasodilators, with disfunction contributing to cardiovascular, and renal remodelling and
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dysfunction (Von Lueder et al. 2013). Mice with a knockout of ANP or GC-A exhibit
hypervolemic arterial hypertension and cardiac hypertrophy (Chan et al. 2005), while those
with an overexpression show hypotension (Steinhelper, Cochrane, and Field 1990). BNP-

deficiency results in blood pressure independent cardiac fibrosis (Tamura et al. 2000).

The third natriuretic peptide discovered, CNP, binds to the GC-B membrane receptor at an
affinity 50- or 500-fold higher than ANP or BNP respectively (Koller et al. 1991). CNP is
sourced from vascular endothelium and functions as an antagonist of the renin-angiotensin
system, causing a suppression of the vasoconstrictive effects of angiotensin | (Davidson,
Barr, and Struthers 1996). The first clinical study measuring CNP plasma levels in heart
failure, through immunohistochemistry and radioimmunoassay, reported an elevated atrial
but not systemic concentration in heart failure patients compared to control patients (Wei
et al. 1993). The cardiovascular actions of CNP depend on its interaction with GC-B and the
subsequent release of cGMP. The function of GC-B can be studied both in vivo and in vitro
by using rats transgenic for a dominant GC-B knockout gene (Langenickel et al. 2006).
Sequence identification in sus scrofa (mini-pig) led to several studies investigating the GC-B
expression in normal and failing minipig hearts which showed that CNP generation in early
left ventricular disfunction depends on endocrine signalling in the myocardium (Del Ry et al.
2009). In this model, CNP protein and gene expression were shown to be inversely affected

by down-regulation of GC-B in heart failure (Del Ry et al. 2008).

1.2.3. Phosphodiesterases and Compartmentation
As discussed previously, signalling proteins are subject to compartmentation through both
localisation of receptors and synthases to membrane structures, as well as the physical

barriers these structures form. A more specialised form of compartmentation takes place in
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the cytosol through cGMP and cAMP hydrolysing enzymes called PDEs, which turn these
signalling molecules into inactive GMP and AMP respectively to control their cellular levels.
21 genes encoding PDE have been described, which can be subdivided into 11 numbered
PDE families. 7 of these have been investigated in the heart: PDE1, PDE2, PDE3, PDE4, PDE5,
PDES, and PDE9 (Figure 5). PDE1, PDE2, PDE3, PDE10, and PDE11 are dual-substrate specific,
having the ability to hydrolyse both cAMP and cGMP, thus facilitating cross-talk between
these two pathways. While PDE3 has a 4-10 times higher affinity for cAMP over cGMP, it can
be competitively inhibited by binding cGMP resulting in a positive cross-talk. Allosteric
activation of PDE2 can result in enhanced degradation of cAMP pools, causing a negative
cross-talk. PDE4, PDE7, and PDES8 are specific for cAMP. PDE5, PDE6, and PDE9 are specific
for cGMP (Bork and Nikolaev 2018). The differential localisation of PDEs infers varying forms

of compartmentation on the different cAMP and cGMP pathways (Figure 6).
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PDE1 - 1 CAMP/cGMP 1-1001M/1-5uM
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pE2 - —= - CAMP/cGMP 304M/10uM
Targeting  GAF GAF
PKB PKA
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Figure 5. PDE families 1 to 9, showing structure, selectivity, and affinity. Image modified

from (Zaccolo and Movsesian 2007).
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Figure 6. Schematic overview of PDE localised functions, image modified from (Bobin et al.

2016)

1.2.4.1. PDE1

PDE1, canonically known as the calmodulin-activated PDE, has two sites for either
calmodulin or Ca?* at the N-terminal, which can enhance its activity 10-fold (Kokkonen and
Kass 2017). The three isoforms PDE1A, PDE1B, and PDE1C are all found expressed in the
heart, but PDE1A and PDE1C are predominant there, with PDE1A being the most prevalent
in mice and PDE1C in humans. At Ser120 in the N-terminal there is a phosphorylation site
that can be modified by PKA in PDE1A and by CamKIll in PDE1B. Binding to this site decreases
the affinity of the PDE to calmodulin and Ca?*, reducing overall activity. In human and mice,
both isolated and hypertrophied cardiomyocytes exhibit heightened PDE1 expression. It has
been shown using various loss-of-function strategies in NRVMs and ARVMs that PDE1A

regulates hypertrophy in cardiomyocytes, a control which is dependent on cGMP/PKG
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signalling (Miller et al. 2009). It was further shown that PDE1 inhibitors can reduce myocyte
hypertrophy induced in mice by ISO treatment. Another study shows that PDE1 inhibitors
can counter-act upregulation of PDE1A following myocardial infarction in activated
myofibroblasts, thus preventing down-stream expression of fibrotic genes (Miller et al.
2011). In this interaction a known cAMP pathway for anti-fibrosis dependent on cAMP-
Epacl-Rapl was activated, as well as an anti-fibrotic sGC-cGMP signalling pathway through
inhibition of non-canonical TGFB signalling (Beyer et al. 2015; Lu et al. 2013). Activity of
cAMP-PKA can also suppress fibrosis, although sustained activation is profibrotic (lwase et
al. 1996). The NP-pathway also has an anti-fibrotic effect with ANP-induced PKG activation
blocking pPSMAD3 nuclear translocation, which in turn interferes with TGFB-driven fibrosis
(P. Li et al. 2008). Recently, a clinical study has shown inotropic effects after inhibition of
PDE1 by ITI-214 at a single oral dose of 30 or 90 mg in adult HFrEF patients (Gilotra et al.
2021). We see through these studies that inhibition of PDE1 in various nanodomains can

activate various cooperative pathways.

1.2.4.2. PDE2

As with PDE1, PDE2 is dual-substrate with three isoforms: PDE2A1, PDE2A2, and PDE2AS3,
which all differ in their N-terminus and localisation. PDE2A3 is the only membrane localised
PDE2, which may be due to differences in amino termini hydrophobicity between the
different PDEs (Rosman et al. 1997). Other than the membrane and cytosol, PDE2 can be
found in the nuclear envelope, the Golgi body, and the SR (Lugnier et al. 1999).
Furthermore, it finds itself in the same compartments as cAMP produced as a result of pi-
and B2-AR activation. This regulation is coupled to cGMP produced by the Bs3-AR-pathway
(Mongillo et al. 2006; Geoffroy et al. 1999). The function of PDE2 as a mediator of cross-talk

stems from the binding of cGMP to the GAF-B domain in the N-terminus resulting in a
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conformational change increasing the affinity of PDE2 for cAMP by 10-fold (Zaccolo and

Movsesian 2007; Martinez et al. 2002).

PDE2A is up-regulated with heart failure (Mehel et al. 2013), which results in more rigid
tissue due to activation of myofibroblasts despite a lack of profibrotic factors (Vettel et al.
2014). It is hypothesised that this profibrotic effect manifests through the effect PDE2 has
on cAMP and cGMP, which have been known to be anti-fibrotic (Sassi et al. 2014; Lu et al.
2013). Suppression of PDE2A increases a cAMP pool that activates PKA, phosphorylating
nuclear factor of activated T-cells, preventing their nuclear import, thus blocking
hypertrophic gene programs, and finally blunting maladaptive hypertrophy (Zoccarato et al.
2015). Suppression of PDE2A has further been shown to reduce pulmonary hypertension
through the NP-pathway, specifically by regulating cGMP generated by the NPR-A. Though it
must be noted that PDE2A predominately regulates cAMP levels rather than cGMP (Castro
et al. 2006). With its effect on the symptoms of various cardiovascular diseases, PDE2 is a
good target for study. While overexpression models are in use, unfortunately PDE2A~~ mice

do not survive the embryonic stage (Maurice et al. 2014).

1.2.4.3. PDE3

The double esterase containing PDE3 has two isoforms, PDE3A and PDE3B, with PDE3A
having three splice variants PDEA3A1, PDEA3A2, and PDEA3A3. PDE3A is more sensitive to
cGMP than PDE3B. Opposite to PDE2, PDE3 has its cAMP hydrolysis activity competitively
inhibited by cGMP (Mehats et al. 2002). The splice forms of PDE3A vary in N-terminus
sequence and localisation: PDE3A1 localises to the membrane and is found solely in
microsomal fractions, while PDE3A2 and PDE3AS3 localise to the cytosol and can be found in

both the microsomal as well as cytosolic fractions (Vandeput et al. 2013). PDE3A and PDE3B
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are both expressed in the heart, with PDE3A being predominantly present (Liu and Maurice
1998; Shakur et al. 2000). PDE3 inhibition displays inotropic qualities which are absent in
PDE3A knockout mice, while wild-type and PDE3B knockout mice show similar responses to
inhibitors. This indicates that PDE3A is the main target of current PDE3 inhibitors (Beca et al.
2013). PDE3A is downregulated in human and animal models of heart failure, with PDE3
inhibition exacerbating symptoms including hypertrophy, arrhythmia, and myocyte
apoptosis (Packer et al. 1991; Smith et al. 1997; Ding et al. 2005). After phosphorylation by
PKA at Ser292/293 PDE3A1 regulates basal contractility and SR Ca?* by forming complexes
with SERCA2a, PLB, AKAP18, PKA, and protein phosphatase-2A, controlling PLB
phosphorylation and SERCA activity (Beca et al. 2013). PKA phosphorylation also enhances

hydrolytic activity on cAMP (Ahmad et al. 2015).

1.2.4.4. PDE4

PDE4 and all of its 20 isoforms are cAMP specific, with PDE4A, 4B, and 4D being expressed in
various nano-domains of the heart (Richter et al. 2011), including co-localisation with Bi-
and B2-ARs, The LTCC, RyR2, PLB, SERCA2a, and Tnl (Kokkonen and Kass 2017). PDE4 is the
main regulator of basal contractility, a control which is achieved through regulation of cAMP
modulation of SERCA2a and LTCC. PDE4D in particular only regulates cAMP in the SERCA2a
nano-domain (Beca et al. 2011). Decline of PDE4D in heart failure is associated with
arrhythmias, risk for ischemic stroke, and atrial fibrillation (Jgrgensen et al. 2015). Increased
PDE4D results in a switch from B-AR Gsa subunit to the Gja subunit, which reduces cAMP

production (Baillie et al. 2003).
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1.2.4.5. PDE5

PDES is cGMP specific and has three isoforms expressed in humans: PDE5A1-3 (Lin et al.
2000). These isoforms have no known difference in function or localisation and co-localise
with a-actinin in the Z-disc of cardiomyocyte sarcomeres (Lee et al. 2015). This localisation
shifts to a diffuse pattern upon disruption of eNOS, in late-stage hypertrophy and dilation,
and in failing hearts (Senzaki et al. 2001; Zhang et al. 2008; Takimoto, Champion, Belardi, et
al. 2005). This shift can be undone through sGC stimulation, indicating that localisation is
dependent on cGMP produced through sGC (Zhang et al. 2012). PDE5A contains GAF
regulatory domains which are activated by PKG phosphorylation (Kass 2012; Thomas,
Francis, and Corbin 1990) and this activity selectively regulated cGMP produced through the
NO-pathway (Takimoto, Champion, Belardi, et al. 2005; Takimoto et al. 2007). PDE5A has
value as a therapeutic target, as it has been shown that its inhibition blocks multiple pro-
hypertrophic and pro-fibrotic signalling pathways (Kass, Champion, and Beavo 2007),
thereby counteracting maladaptive structural and functional remodelling in both ischemic
(Salloum et al. 2008) and hypertrophic heart disease (Takimoto, Champion, Li, Belardi, et al.
2005). Furthermore, infarct size and apoptosis induced by ischemia-reperfusion can be
ameliorated by PDE5A inhibitors by allowing mitochondrial Kate channels to open (Das et al.

2006; Ockaili et al. 2002).

While PDES5 inhibitors like sildenafil, tadafil, and vardenafil are sold as commercial drugs to
treat erectile dysfunction and pulmonary hypertension (Bender and Beavo 2006), clinical
studies have found that inhibitors can ameliorate various heart diseases (Guazzi et al. 2011;
Guazzi, Vicenzi, and Arena 2012). Contrasting evidence shows no such effect (Redfield et al.
2013), which may be due to selectivity of PDE5 for NO-pathway produced cGMP since this

pathway is suppressed in heart failure with reduced NO synthesis (Takimoto, Champion, Li,
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Ren, et al. 2005; Moens et al. 2008), sGC activity (Neo, Kandhi, and Wolin 2011), and
subsequent cGMP production (Carnicer et al. 2013; Karbach et al. 2014). In female mice and
in oestrogen treated ovariectomised mice, PDES5 inhibition can rescue heart disease caused
by mechanical overload or excessive Gqa stimulation (Sasaki et al. 2014). This may indicate a

use for PDE5 blockers in post-menopausal women, though clinical studies are lacking.

1.2.4.6. PDE8

PDE8 is another cAMP-specific PDE, with isoforms PDE8A and PDE8B (S. H. Soderling,
Bayuga, and Beavo 1998), though studies focus on PDE8A. PDE8A knockout mice
cardiomyocytes show altered excitation-contraction coupling, having higher levels of Ca%*
transients, greater basal Ca?* spark frequency, and increased LTCC current upon ISO
stimulation, suggesting a role in RYR2 activity (Patrucco et al. 2010). PDE8 appears to be
active within a specific compartment, as global PKA activity is not increased in PDE8SA
knockout cardiomyocytes. It has been found that a rs4704397 SNP in PDE8B is associated
with increased thyroid stimulating hormone levels and increased risk of myocardial

infarction (Jorde et al. 2014). Isoform specific inhibitors are currently not available.

1.2.4.7. PDE9

PDES9 is a cGMP-specific PDE and of all the PDE families, it has the highest affinity for cGMP.
It is expressed at both mRNA and protein level in mammalian hearts, including those of
humans (Soderling, Bayuga, and Beavo 1998; Lee et al. 2015). Pathway specificity was tested
using a PDE9 inhibitor in adult and neonatal rat cardiomyocytes transfected with the FRET
sensor FlincG (Lee et al. 2015). These cells were stimulated with the NOS inhibitor L-NAME,
the NO donor DEANO, or the GC-A/B stimulator ANP and it was found that PDE9 specifically

targets cGMP produced through the GC-A/B pathway. The same study found that the intra-
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cellular localisation of PDE9 is in the T-tubules and SR, based on a SERCA2a
immunohistochemistry study. This study also showed that murine pre-existing heart disease
can be reversed independent of NOS activity through the use of PDE9SA inhibitors, while the
effects of PDE5SA inhibitors depend on the NOS pathway. Interestingly, this shows that the
two cGMP-specific PDEs, PDE5 and PDE9, are localised in different compartments, which
may be part of why PDE5 acts upon the NO-pathway while PDE9 acts upon the NP-pathway
(Redfield et al. 2013). Heart failure increases PDE9 levels, particularly in HfpEF in which
PDES5 inhibitors have failed to yield positive outcomes (Hoendermis et al. 2015). Cardiac
hypertrophy in mice caused by transaortic constriction has its symptoms of fibrosis,
increased size, and maladaptive signalling ameliorated by deletion of the PDE9A gene or

inhibition of its expression (sLee et al. 2015).

1.2.4. FRET Investigations of the cGMP Pathways

FRET-based studies investigating the cGMP pathways are few and far apart. Various studies
have investigated the effects of the NP-, Bs- and NO-pathways on CM contractility, taking
into account parameters of compartmentation both structural and cytosolic such as in the

case of PDEs.

In 2014 cGMP was studied in adult mouse ventricular cardiomyocytes using a red cGES-DE5
sensor. They found very low cytosolic levels of cGMP at approximately 10 nmol/L, which
could be measured to increase upon a 10-minute stimulation with 100 nmol/L ANP, 100
nmol/L CNP, or 100 umol/L SNAP in the presence of 100 umol/L IBMX. PDE1 inhibitor alone
had no effect on basal cGMP levels, while PDE2 and PDES5 inhibitors showed only negligible
effects. However, the PDE3 inhibitor cilostamide at 10 uM/L was found to increase cGMP

levels as strongly as IBMX alone, indicating a basal cGMP production. The same model but
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with trans-aortic constriction applied showed no difference in cGMP response to CNP, but
an increased effect of the PDES5 inhibitor. To ascertain the source of this basal cGMP
production they inhibited either the sGC or the pGC using 50 umol/L ODQ or 50 umol/L
A71915 respectively. Inhibition of the sGC reduced the measured FRET ratio by ~4%, while
also abolishing the effect of IBMX. Inhibition of the pGC however had no effect. Finally,
cAMP-cGMP crosstalk was studied by sequential stimulation with ISO, ANP, cilostamide, and
then IBMX in cardiomyocytes transgenic for the cAMP sensor Epacl-camps. It was shown
that CNP did not lead to any significant response, but the PDE3 inhibitor cilostamide
increased cAMP. This effect was not reciprocated by the PDE2 inhibitor. FRET responses of
ANP and CNP after ISO were abolished in cells that were incubated with cilostamide prior to
the experiment, indicating a central role for PDE3 in the cAMP-cGMP cross-talk. The PDE5
inhibitor did not have this effect, rather it strongly changes the response to SNAP, indicating
that PDES5 has a role in the NO-pathway rather than the NP-pathway (G6tz et al. 2014). This
study was the first to extensively monitor changes in cGMP in live and intact cardiomyocytes

and set an example for future studies.

The effects of cAMP and cGMP cross-talk on cell function in early cardiac disease were
studied in 2015 through the use of a trans-aortic constriction mouse model, discovering
positive inotropic and chronotropic effects of ANP after B-AR stimulation. This was found by
using mice transgenic for either Epacl-camps or plasma membrane targeted cAMP sensor
called pmEpacl. The differences in measurable FRET responses to PDE2, 3, and 4 after
either Pi1-AR specific antagonist CGP20712A or B:-specific antagonist 1CI1118,551
demonstrated a functional redistribution of PDE2 and PDE3 between Bi- and B;-AR nano-
domains in heart failure (Perera et al. 2015). This may represent a compensatory

mechanism, responding to enhanced cardiac demand due to pressure overload. However,
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the study did not investigate the possibility of redistribution of the B-ARs themselves. It was
published a month later, through SICM combined with FRET, that indeed B.-ARs redistribute
from t-tubules to the crest in failing cardiomyocytes (Balycheva et al. 2015). A more recent
study investigated the redistribution of B3-AR due to heart failure. It is well known that Bs-
ARs are mostly confined to the T-tubules in healthy rat cardiomyocytes and this study found
that myocardial infarction can cause a decrease of the cGMP generated by these receptors.
While no significant differences were found in FRET responses to PDE1, PDE2, PDE3, or PDE5
between healthy and failing cardiomyocytes, the PDE2-mediated cross-talk after Bs-AR
stimulation was found to be impaired. Furthermore, it was found that PDE2 and PDE5
predominantly regulate the Bs3-AR pathway in healthy and failing adult cardiomyocytes

(Schobesberger et al. 2020).

1.3. Tools and Techniques Used in cGMP Studies

Several techniques have been developed and applied to study cAMP and cGMP in living cells
and tissues. Traditional histochemistry-based methods are quite sensitive but lack the
possibility for use in live cells as well as sufficient spatial resolution. Sensitivity is often also
an issue, such that these methods often employ PDE-inhibitors to increase cGMP to
measurable levels, reducing physiological relevance of data acquired. A now widely used
method for the real-time measurement of cAMP and cGMP is the use of FRET. FRET sensors
are designed to have a change in their conformation upon the binding of target molecules
(Jares-Erijman and Jovin 2003). The binding domain is flanked by two fluorophores which
are engaged in the transfer of energy from a higher energy donor fluorophore to a low
energy acceptor. This transfer is highly dependent on the distance between the

fluorophores.
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1.3.1. Non-FRET Methods

Prior to the advent of FRET as the preferred method of measuring signalling nucleotide
changes in cardiomyocytes, various other methods had been used. For instance,
fractionation followed by immuno-assays allows the comparison of cAMP or cGMP
measurements in cytosolic versus membrane fractions (Méry et al. 1993). Another method
of measuring ex vivo cAMP or cGMP is to use scintillation proximity assays, a method that
involves radiolabelling of the signalling molecules followed by their binding with reactive
beads that emit light upon this binding (Johnson et al. 2012). Finally, ELISA kits exist for the
detection of cGMP through the use of specific antibodies (KEILBACH, RUTH, and HOFMANN

1992).

1.3.2. FRET Tools and Methods

FRET techniques and tools have been developed and improved on for quite some time. Prior
to these FRET techniques, cAMP (Rich et al. 2000) and cGMP (Baylor, Lamb, and Yau 1979)
were measured using modified cyclic nucleotide-gated channels as sensors. The first cyclic
nucleotide signalling FRET study created and used the sensor F1ICRhR, which was generated
by labelling recombinant catalytic and regulatory subunits of PKA with fluorescein
isothiocyanate and tetramethyl-rhodamine isothiocyanate fluorophores respectively. The
labelling was done in presence of ATP to preserve PKA activity. The cAMP concentration-
response curve of this sensor matched curves describing PKA activation and the sensor was
shown to be responsive to various cAMP modulators. 100 nm ISO, 50 uM Forskolin, and 250
uM dibutyryl cAMP increased the FRET ratio of 500-530/570 nm, while 100 nm propanolol

decreased it (Adams et al. 1991).
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Soon thereafter numerous FRET sensors for both cAMP and cGMP would be developed. In
2004 several sensors were constructed based on the Epac binding domain, a Rap guanine
nucleotide exchange factor activated directly by cAMP. These sensors were made by PCR
amplification of human Epacl, murine Epac2, or murine PKA regulatory type IIf subunit to
create DNA constructs. These constructs are then cloned into pcDNA3 vector along with
amplification constructs from pEYFP and pECFP, in order to generate the cDNA for an Epac
binding domain flanked by YFP at the C-terminus and CFP at the N-terminus. Out of the
resulting sensors Epacl-camps and Epac2-camps were widely used in studies of cAMP
(Nikolaev et al. 2004). Testing of this sensor followed previously established methods
wherein cells were grown on coverslips and maintained in a FRET buffer were placed on an
inverted microscope with a 63x oil immersion objective. Samples were excited at 436 + 10
nm (within the CFP excitation range), while emissions were measured at 535 + 15 nm and
480 + 20 nm using a beam splitter. However, cells were not visualised, rather avalanche
photodiodes were used to detect signals which were digitalised using an AD converter and
stored using Clampex 8.1 software (Vilardaga et al. 2003). Clampex is a software suite
typically used for patch-clamp data acquisition and analysis, it is not suited to FRET studies
as it only reads electrical signals and has no options for common imaging corrections. The
scientists that generated the Epacl-camps moved away from this by using MetaMorph 5.0
instead. MetaMorph is far more suited to real-time FRET measurements and its only
downsides seem to be that it is a proprietary software tool and that it cannot be modified as

source-code is unavailable.

cGMP sensors suffer to a strong requirement for specificity, due to the low concentration of
cardiomyocyte intracellular cGMP at 0.01 uM (G6tz et al. 2014) compared to cAMP at 1 uM

(Borner et al. 2011). Studies using early cGMP sensors showed ambiguous effects that could
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be ascribed to either cAMP or cGMP due to the lack of selectivity. Two reports had
described attempts to develop sensors with high selectivity based on the partially truncated
GKI domain fused between ECFP and YFP. These sensors were called CGY and Cygnets but
their use was deemed limited due to a lack of selectivity or temporal resolution (Honda et
al. 2001; Sato et al. 2000). In 2006 the first cGMP sensor with adequate sensitivity and
selectivity for cGMP over cAMP was generated using human PDE5A1 cGMP binding domain
with YFP fused to Glul54 and CFP fused to Ala308. Through comparing ECso for the cyclic
nucleotide proteins, this sensor was found to be 420 times more selective towards cGMP
than to cAMP. While this selectivity is far greater than most cGMP sensors and deemed
adequate for monitoring of intracellular cGMP, it is below that of Cygnet 2.1 at >600
cGMP/cAMP. However, the dynamics of Cygnet’s response in response to cGMP were called

rather slow in comparison to those of CGES-DES5 (Nikolaev, Gambaryan, and Lohse 2006).

Another line of cGMP sensors was created in 2007 from the binding domain of PKG fused to
ECFP and EYFP. The resulting cGi500, cGi3000, and cGi6000 sensors displayed ECsos of 500
nM, 3 uM and 6 uM respectively. cGi500 proceeded to outperform the other two sensors in
both an in vitro dose-response curve as well as in transfected HEK293 cells stimulated with
200 uM DEANO and 20 uM sGC activator YC-1. This sensor was found to be 100-fold more
selective for cGMP over cAMP, theoretically straddling the line for adequate selectivity

(Russwurm et al. 2007).

In an interesting study in 2009, a red CGES-DE5 was created by swapping out the CFP and
YFP with Sapphire and RFP fluorophores. The excitation/emission ranges of this sensor
made it possible for it to be co-transfected along with Epacl-camps for simultaneous

measurements of cAMP and cGMP in Hela cells. A Quad-View beam splitter was used to
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split the image into four channels allowing different wavelength bands to pass, though
bringing the side-effect of geometrical distortion caused by misalignment of mirrors.
Unfortunately, the emissions overlapped too much causing bleed-through of signal between
the different channels. It was attempted to digitally unmix these signals through linear
unmixing corrections. In pre-processing, a projective transformation was applied to the
images to reduce geometric distortions. Unfortunately, uneven distribution of fluorescence
intensity in each channel still remained. This was countered by normalising the distribution
to pre-recorded reference images of a dye mixture solution. Finally, linear unmixing was
applied as described by a previous study. The linear unmixing involves multiplying the
inverse of the contribution ratio of each fluorophore contributing to a pixel in the channel in
qguestion, as determined using reference images, with the contribution of the intended
channel FP signal. This can be represented for each pixel with the unknown contribution of
each fluorescent protein X, the mixed fluorescence signal acquired in each channel Y, and a

spectral matrix S composed with references of individual FPs as:

S S ' S S 1
CFP/C.ch. Sapphlre/c ch YFP/C.Ch. RFP/C.ch.
o Xcrp Y,
SCFP/ SSapphire SYFP/ SRFP/ X C.ch.
G.ch. /GCh G.ch. G.ch. Sapphlre _ YGCh
Scrp Ssapphi SyFp SRFP X K
/v .ch. appmire/ . /v ch. /v ch. XYF P YY'Ch'
S S . S S RFP R.ch.
L CFP/R.ch. Sapphlre/R'Ch' YFP/R.ch. RFP/R.ch._

In addition to these corrections, 3x3 binning was used to reduce noise and background was
subtracted before image processing. All these corrections were applied through programs
written in ANSI C. The result showed no cAMP response when stimulating cGMP and vice
versa. However, signal-to-noise ratio was quite high, particularly for the cGMP response
(Niino, Hotta, and Oka 2009). While quite promising, this toolset may affect measurements

through its unmixing correction and thorough applications are yet to be seen. The authors
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published a second paper after construction of a blue cGMP sensor named Cygnus using the
PDES binding domain fused to a dark YFP sREACh as a quenching acceptor and mTagBFP as a
blue fluorescent donor. Using a confocal laser microscope, it was possible to perform triple-
parameter imaging, wherein Cygnus, a Ca?* dye Fura Red, and Epacl-camps were measured
simultaneously, allowing Ca?"" cAMP and cGMP dynamics to be monitored. It appeared that
with this microscopy technique there was no spectral bleed-through unless one biosensor

was present in a substantially higher concentration (Niino, Hotta, and Oka 2010).

The established real-time FRET protocol was documented in full detail in 2011, starting from
the transfection of cells plated in glass-bottom dishes, to the use of the microscope and the
MetaMorph software to acquire data, to finally the “offline” analysis of saved FRET data in
MetaMorph. Described are simple ratio-metric calculations wherein uncorrected Donor-
FP/Acceptor-FP ratios are calculated on a pixel-by-pixel basis, as well fully corrected
calculations wherein background corrections, subtraction of photobleaching, corrections for

channel cross-talk, and corrections for cross-excitation are applied (Bérner et al. 2011).

While MetaMorph has been the norm for quite some time, in 2012 a protocol paper
described the use of Imagel with live ratio-metric FRET macros for use as a free-ware
alternative, using Micro-Manager to control the hardware. This paper describes in detail the
steps needed to set up Imagel-MicroManager and the hardware, which includes an Arduino
I/O board to facilitate communications between the computer and the light source. The
data acquisition macro involves a simple selection of a region of interest on an on-going
Micro-Manager MDA image, in which it will average all the pixels per channel per time
interval, ratio the channels, and display the FRET signal on a graph versus number of

captured frames (Sprenger et al. 2012). However, corrections are limited to background
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corrections, the macros need to be modified per system, and the static nature of these
modifications makes it unfit for use with a QuadView beam-splitter which suffers from
geometric distortions that may change with each use. Furthermore, due to the nature of
macros and their limited control the macros work on the Imagel application thread, making
it impossible to interact with Imagel) while the macros run. As with MetaMorph, the
acquired data requires further “Offline” analysis, which is performed by running the data
files through a second macro involving re-selection of the regions of interest, as well as a
background region to be subtracted from the images. Note that the live acquisition or

“Online” macro does not display any background corrected data.

In chapter 3. we discuss our microscope system incorporating a motorized sample stage and
our new software plug-in for Micro-Manager named MultiFRET, which allows for higher
throughput real-time ratio-metric FRET experiments. While the MultiFRET software can be
used for other types of luminescent measurements, our focus in this thesis is on FRET using

biosensors designed for FRET.

1.3.3. Other relevant tools and techniques

When whole cell physiological data is required, one often uses a patch-clamp: a method
involves the penetration of the cell membrane using a micropipette filled with an electrolyte
solution, allowing measurement of action potential through a recording electrode within the
pipette (Sakmann and Neher 1984). For cell morphology, a non-invasive method called
SICM is employed. SICM is a non-contact scanning technique which employs a nanopipette
filled with electrolytes which change in electrical properties when the nanopipette
approaches the cell surface. This change can be measured and converted into a map of the

cell surface (Lab et al. 2013). This can be combined with a microscope geared for FRET
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studies as described before. Through the use of SICM in combination with FRET sensors, one
can locally measure cyclic nucleotides at cell surface structures such as T-tubules, Z-grooves,
and the crest. SICM not only allows detection of cell and tissue structures, but also to record
ion channel currents and to apply local nanopipette stimulation. These possibilities
combined make it an interesting tool to investigate compartmentation of cyclic nucleotides

(Nikolaev et al. 2010).

1.4. Hypotheses and Aims

In summation there are many methods available to mature HiPSC-CMs and to assess said
maturation. However, studies involving the cGMP pathways in HiPSC-CMs are completely

lacking despite its significant role in regulating mature cardiomyocyte contractility.

In this work we hypothesise that cGMP signalling, including the compartmentalising
effects of PDEs and structural elements on it, change during the aging of HiPSC-CMs,

which could provide a means of assessing different stages of maturation.

To prove this, we first aimed to fill the gap in availability of high-throughput FRET tools. We
thus develop a high-throughput FRET system, which allowed us to gather sufficient data for
a large number of experimental conditions. In chapter 3. we discuss the creation and
experimental validation of MultiFRET. We then aimed to select a suitable cGMP sensor
which would be effective at measuring changes in cGMP throughout the aging process of
HiPSC-CMs. In chapter 4. we compare several sensors to fill the knowledge-gap left by a lack
of sufficient FRET studies on cGMP in HiPSC-CMs. We compare two sensors primarily used in
rat and mouse models, cGi500 and CGES-DE5, as well as a novel ScGi sensor. We chose ScGi
for follow-up experiments and additionally found some interesting preliminary age-related

differences between D30 HiPSC-CMs and NRVMs. In the same chapter, we aim to enhance
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the efficiency of these experiments and to enhance the ability to perform multiplexed FRET
sensor studies of cross-talk between cAMP and cGMP, as we found current methods lacking.
To do this we lay the groundwork for the generation of a transgenic IMR-90 HiPSC line

expressing the cAMP sensor Epacl-camps.

We then aimed to test various concentrations of cGMP-relevant PDE-inhibitors for use in

D30 and D90 HiPSC-CMs, as these have not been used in HiPSC-CMs prior to our work.

In chapter 5. we aim to follow studies on cAMP which had tested the effects of various PDE
inhibitor concentrations in cardiomyocytes, applying the same concept to cGMP. We set up
a dose-response curve and find that PDE2, 3, 5, and 9 can best be used at 10 uM to
maximise response. We further take together the tools and findings of our first three aims
and proceed to generate a large data set of cGMP data under various conditions of
maturation, PDE inhibition, different cGMP pathway stimulants, and modulators of
structural compartmentation. We additionally examine expression of PDEs, NP-pathway
receptors and proteins, and B-ARs through qPCR and western blot. Finally, in chapter 6. we
aim to tie our findings to physiological measurements using a CytoCypher device to acquire
contraction and calcium data under several conditions of ¢cGMP stimulation and PDE

inhibition.

» Aim 1: Development of a High-throughput FRET software.

» Aim 2: Selection of suitable cGMP sensor and creation of transgenic IMR-90 lines
expressing this sensor.

» Aim 3: Finding suitable PDEi concentrations in D30 and D90 HiPSC-CMs.

> Aim 4: Measurement of cGMP under different conditions of maturation, PDE

inhibition and cyclic nucleotide stimulation.
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» Aim 5: CytoCypher measurement of contraction and calcium under these conditions

in HiPSC-CMs.
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Chapter 2: General Methods

Page 72 of 236



2.1. Adult Mouse Cardiomyocytes isolation

All procedures were carried out under the Animals (Scientific Procedures) Act 1986
Amendment Regulations 2012, and EU directive 2010/63/EU. A previously described
protocol was used to isolate adult mouse cardiomyocytes (Wright 2013). Adult mice were
sacrificed through cervical dislocation after brief isoflurane anaesthesia. The heart was
removed and placed into cold HEPES buffer (113 mM NaCl, 4.7 mM KCl, 0.6 mM KH;PQOg4, 0.6
mM Naz;HPO4, 1.2 mM MgS04, 12 mM NaHCOs, 10 mM KHCOs3, 10 mM HEPES and 30 mM
taurine). The aorta was cannulated, and the heart perfused with HEPES buffer at 37°C.
trypsin/liberase solution (HEPES plus 13uM CacClz, 0.05 mg/ml liberase, 0.3 mg/ml trypsin)
was added to perfusate after exiting fluid became clear. After 10 minutes the heart was
diced, shaken, and triturated with a needleless 1 mL syringe until all material had broken
down. The suspension was centrifuged, the pellet was resuspended in blocking buffer
(HEPES buffer plus 1%BSA and 50uM CaCly) to inhibit enzymatic breakdown by the
trypsin/liberase solution, and the cells were then washed and maintained in myocyte
culture medium (MEM no L-glutamine, 0.1%, 1% BSA penicillin/streptomycin, 2 mM L-

glutamine, 10mM BDM and 1x ITS-Supplement).

2.2. Neonatal Mouse and Rat Cardiomyocyte isolation

Neonatal ventricular mouse cardiomyocytes were isolated from one to two-day old pups
according to the protocol provided by the manufacturer of our Neonatal Cardiomyocyte
Isolation Kit (Miltenyi Biotech, Germany) (www.miltenyibiotec.com/protocols). The pups
were sacrificed by cervical dislocation followed by decapitation. The hearts were excised
using sterilised scissors and forceps and were washed in Hank’s Buffered Salt Solution

(HBSS) to remove blood. The ventricles were minced into 1Imm cubes and harvested tissue
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transferred into a gentleMACS C tube containing 2.5 ml enzyme mix before being incubated
at 37 °C for 15 minutes. The tissue fragments were subjected to mechanical dissociation
process using gentleMACS dissociator (Miltenyi Biotech, Germany). This step (enzymatic
digestion and tissue dissociation) was repeated three times. After the third time, 7.5 ml of
culture medium 199 (M199), supplemented with 10% (v/v) FCS, 1% (v/v) VitB12, 1% (v/v) L-
glutamine, 200 pug/ml streptomycin and 200 U/ml penicillin, was added into the tube before
passing the sample through a 70 um gauge mesh filter insert to remove large particles. The
filtrate was centrifuged at 1000 xg for 5 min, and the supernatant was removed. The pellet
was suspended in fresh supplemented M199 and incubated for one hour at 37 °C at 1% CO;
to allow for a separation between the cardiac fibroblasts and cardiomyocytes; fibroblasts
adhere faster to the surface of the flask compared to the cardiomyocytes. After one hour
the medium with cardiomyocytes was collected in a tube and centrifuged at 1000 xg before
being counted and plated onto Fibronectin-coated glass-bottomed MatTek dishes with RB+
with 10% FBS and 10 uM RI. The medium is replaced with RB+ on the next day and ready for

experimental use.

2.3. Generating HiPSC-derived Cardiomyocytes

The human IMR-90 stem cell line (Wicell, Madison, WI, USA) was differentiated using a
protocol based on what was described by Xiaojun Lian et al. 2012, which was a culmination
of previous studies all aimed at increasing the efficiency of the differentiation (Lian et al.
2013). With this approach we pre-treat DO-1 HiPSCs maintained in E8 medium
(ThermoFisher, US) on Matrigel (Corning, US)-coated Falcon 6-well plates (Corning, US) with
6uM of the Glycogen synthase kinase-3B (GSK3B) inhibitor CHIR99021 (Tocris, UK). This

leads to B-catenin accumulation within the nuclear membrane through the canonical Wnt
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signalling pathway and promotes cardiac differentiation. Starting D2 we switch medium to
RPMI medium (Sigma-Aldrich, MO, USA) with insulin-negative B27 supplement (RB-)
(Thermo Fisher, MA, USA), which has been found to increase cardiomyocyte yield compared
to previously used serum-based EB differentiation methods (Laflamme et al. 2007,
Melkoumian et al. 2010). Come D3-4 we further inhibit the Wnt pathway with 2.5 uM Wnt-
C59 (Tocris, UK). During D5-10 the cells are left to complete their growth into
cardiomyocytes and on D11-14 we apply a metabolic selection using RPMI-1640 without
glucose. During this selection step the undifferentiated cells which have a higher glucose
dependence die off leaving only the cardiomyocytes. On D15 we rescue the cardiomyocytes
from starvation with RPMI with insulin positive B27 supplement (RB+), after which they are
dissociated using EDTA with trypsin and replated in RB+ with 10% FBS and 10 uM RI (Tocris,
UK) to Fibronectin (Sigma Aldrich, UK)-coated 12-well plates at 600,000 cells per well. The
medium is replaced with RB+ on the next day and the cells are then maintained on 1.5mL of
RB+, which is refreshed every 2 days, until they are at the desired age. On D30, D60 or D90
the cardiomyocytes are dissociated using CDS (Cell dissociation solution: 20 mL RPMI, 20 mL
cell dissociation buffer, 10 mL Trypsin) and replated onto Fibronectin-coated glass-
bottomed MatTek dishes with RB+ with 10% FBS and 10 uM RI. The medium is replaced with

RB+ on the next day and ready for experimental use.

2.4. Sensors used

Refer to table 2 for an overview of all sensors used during this project.

2.4.1. Sensors used: Validation experiments
For the validation experiments five different sensors were used (Table 2). The Epacl-camps

sensor contains a truncated EPAC1 protein with only the cAMP binding domain, flanked by
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Figure 7 Protocol for the differentiation of IMR-90 HiPSCs to cardiomyocytes, and replating

for FRET experiments.

the ECFP (ex. 434 nm, em. 477 nm) and Venus (ex. 515 nm, em. 528 nm) fluorophores (see
Table 2). The cAMP sensor Epacl-camps is well-documented within our lab and shows a
high sensitivity to changes evoked by isoproterenol, PDE inhibitors, and AC stimulation. We
additionally used the Epac-S"7# sensor (Klarenbeek et al. 2011) which contains a mutated
full-length EPAC1 protein as a sensor, flanked by mTurquoise (ex. 434 nm, em. 474 nm) as
donor fluorophore and a Venus dimer as acceptor. Furthermore, we used two localised
versions of the Epacl-camps sensor expressed in transgenic mice. One of these is named
pmEpacl (Perera et al. 2015) (gift from Professor V Nikolaev, Hamburg University, Germany)
and is targeted to the plasma membrane, while the other is named Epacl-PLN and is
localised at the SR. We also used a localised AKAP79-targetted CUTie sensor (Surdo et al.
2017) (kind gift from Manuela Zaccolo, Oxford university, UK), which has cAMP-binding
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domain of protein kinase A regulatory subunit type Il beta and uses ECFP as the donor and
EYFP (ex. 513 nm, em. 527 nm) as the acceptor. Importantly, upon binding of cAMP the
AKAP79-CUTie sensor shows an increase in FRET, while the other two sensors show a

decrease in FRET.

2.4.2. Sensors used: cGMP studies

cGMP has been studied for a while now and several sensors had been made starting with
parallel development of CGY-Dell and Cygnet both based on cGMP-dependent protein
kinase isozyme a (cGKla), which is more sensitive to cGMP than the beta variant(Newman,
Fosbrink, and Zhang 2011; Sprenger and Nikolaev 2013). As with cAMP sensors, these
consist of a binding domain flanked on both sides by CFP and YFP fluorophores. However
sensitivity of the sensors was found to be lacking so two more were developed, cGi-500
(EC50 = 0.5 puM) which was based on Cygnet truncated at the C-terminal, deleting the
catalytic domain in the process(Russwurm et al. 2007). The resulting shorter sensor was
much more sensitive and faster. When ¢Gi-500 binds to cGMP, the fluorophores part,
resulting in a decrease in measured FRET. In tandem a sensor based on the PDE5 cGMP
binding GAF domain was developed and named CGES-DE5 (EC50 = 1.5 uM) (Bork and
Nikolaev 2018; Jalink 2006; Nikolaev, Gambaryan, and Lohse 2006). The cGi-500, and CGES-
DES5 sensors have since been modified with the enhanced eCFP and cpVenus fluorophores,
and a yet unpublished ScGi sensor (gift from K. W. Andressen) has been made as an
improvement on cGi-500 by implementing a C173R mutation in the A domain of PKG-I. The
cGi-500 and CGES-DE5 sensors have been documented in several model organisms and
tissues, these models however do not appropriately describe the function of these sensors
as per our own goals. cGi-500 has been used in adult mouse smooth muscle cells and has

been shown yield a decreased YFP/CFP ratio under stimulation with the NO donor DEANO
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and natriuretic peptide CNP (G6tz et al. 2014). CGES-DE5 has shown similar FRET dynamics
in adult rat cardiomyocytes stimulated with natriuretic peptide CNP and PDE blocker IBMX

(Subramanian et al. 2018).

445 nm

| B 3 COG% R ‘a}‘“_». e '() i
. |1 oLt/ gy | "-{\'ig‘f\v, e
pScGi-500 . 27 AN —_ H{@@"
7623 bp ! 2 P
/| g L GEP.

Figure 8 A. ScGi plasmid with highlighted in orange the transcribed sensor. The Cysteine to
Argenine mutation of the PKG-I domain is indicated. B. Schematic representation of the

effect of cGMP binding to the FRET sensor.

We compared three cGMP sensors: cGi-500 (EC50 = 0.5 uM), CGES-DE5 (EC50 = 1.5 uM) and
ScGi (EC50 0.2 uM). The first two sensors use the fluorophores ECFP (ex. 434 nm, em. 477
nm) and EYFP (ex. 513 nm, em. 527 nm), while ScGi features a Venus fluorophore (ex. 515

nm, em. 528 nm) rather than EYFP.

2.5. Transfection

HiPSC-CMs and NRVMs were transfected with a plasmid containing a desired FRET sensor
using Lipofectamine3000 (Thermo Fisher) in Opti-MEM (Thermo Fisher) as per the

manufacturer’s guidelines and incubated for 2 days before use.
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Table 2 FRET sensors used in this project.
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For human adult cardiomyocytes we used a viral vector to deliver the ScGi sensor. This virus
was used at an MOI of 500, with an original PFU of 1.4¥10710 / mL. We used 11 pL of the

viral solution to transfect ~300,000 cells.
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2.6. FRET Experimental protocol

Coverslips or MatTek dishes containing transfected cells were washed with a physiological
buffer at pH 7.4 for FRET (purified Milli-Q water containing 144 mM NaCl, 5 mM KCl, 10 mM
HEPES and 1 mM MgCl2) and then imaged in 500 uL of this buffer. For each coverslip or dish
a single fluorescent cell was chosen and the continuous measurements were started. FRET
signals were recorded every 6th second using 20 ms of exposure and 4x4 binning, meaning
that each set of 16 pixels in a square are averaged into a square of 4 pixels in order to
reduce noise. We measured the YFP/CFP FRET ratio to obtain a starting plateau. A dose of
cGMP production stimulating drug was added in-between two frames of recording. In our
experiments we use CNP (100 nM), GSNO (100 uM), ISO (30 nM) after a 10-minute CGP (100
nM) + ICI (50 nM) incubation, or BAY58-2667 (100 uM). Once the effect of CNP on the FRET
ratio reaches a plateau, we may add a PDE inhibitor and monitor the response until it
reaches another plateau. Finally, we add IBMX (100 uM) as a saturator and measurements
continue until the final plateau had been reached. In later experiments an additional step of
adding GSNO and awaiting a plateau was added between the initial plateau and the addition

of CNP. All experiments were performed at room temperature (~22 °C).
2.7. FRET calculations

Upon acquisition of each frame, the mean intensity of signal (F) in each ROl is calculated
following formula (1), where n is the number of pixels in ROl and x is the intensity of a single
pixel i. These fluorescence signals are then used to calculate the FRET ratio in formula (2) by
first subtracting background signal and then dividing the background-corrected donor signal

by the background-corrected acceptor signal.
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When data acquisition is completed, the data is sent to an Excel file containing formulae for
the calculation of FRET response per stimulant. We first calculate a baseline plateau (Popase),
with plateau in the sense of a stable intensity over a period of time resulting in a flat line on
our graphs, by calculating the mean of the FRET ratios of the last 10 acquisitions before
adding the first stimulant. Then, for each stimulant we first calculate a plateau (Psim) by
calculating the mean of the FRET ratios of the last 10 acquisitions before adding a new
stimulant. These means are used to calculate a change (C) from the baseline caused by each
stimulant (3), this shift is then normalised to the change of the final plateau from base (Smax)

caused by addition of a signal maximiser and a % FRET shift is calculated (4).

C = Pbase - Pstim (3)
Pbase
100C,,;
% FRET shift =-—E—im (4)
max

2.8. FRET statistical analysis

Data is normalised to IBMX, setting the IBMX plateau to 100% FRET response. Statistical
analysis is performed using GraphPad Prism 8. For our sensor comparison (chapter 4) and
dose response (chapter 5) analyses we used one-way anova in order to compare multiple
groups under the existence of an independent variable: sensor in the sensor comparisons
tests or dosage in the dose response tests. Tukey post-hoc test was used in these analyses

to compare the experimental conditions in a pair-wise fashion, allowing us to see if there is
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a significant change between two sensors or two dosages. For comparisons of our data from
the cardiomyocyte aging experiments in chapter 5 we chose the Welch’s t-test, an
adaptation of the Student’s t-test that is more reliable when two samples have unequal
variances and/or unequal sample sizes. P values less than 0.05 were considered statistically

significant.
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Chapter 3: MultiFRET Development
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3.1. Introduction

At the start of this project the main method for the real-time FRET analysis consisted of the
use of a set of Image) macros named FRET-online and FRET-offline as described by (Sprenger
et al. 2012). The FRET-online macro would run a series of ImageJ functions cropping out the
channels generated by the beam-splitter and prompting the user to draw an ROI for the cell
of interest and a background selection. It would then draw a pair of graphs, one set for our
YFP/CFP ratio and one set for the RFP/OFP ratio. Once the experiment was completed,
image stacks were saved and analysed using the FRET-offline macro, which would analyse
the data in a similar fashion and print out a data table that could be copied into Excel.
Unfortunately, there were some glaring faults with this procedure. A major issue stems from
the fixed coordinates used to crop out the beam-splitter channels. These coordinates were
obtained with a time-consuming manual method of recording pixel counts from a capture,
but more importantly they were often faulty due to beam-splitter being prone to minute
changes in mirror orientation over use. This would result in mispositioned ROIs leading to
the FRET ratio being calculated from different parts of the same cell, or even from the area
around the cells. To minimise inaccurate data the macro would have to be modified with
almost every use of the system, a technical feat that not all users of the system could
achieve. A second flaw with this macro-based approach was that the macro occupied
Imagel)’s main worker thread, rather than running on a separate thread. This not only makes
functions of Imagel) and by extension Micro-Manager unusable during the FRET-online
macro’s run, but even makes it so the windows that show up such as the graphs cannot be
moved if one wants to look at the MDA captures underneath them. Attempts to move these
graphs while the macro was working would result in a crash and loss of data. Finally, a

problem that underlines the obtuseness of these macros is the separation between online
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and offline. Essentially, this almost doubles the work-load by requiring researchers to
capture (FRET-online), analyse (FRET-offline) and then reanalyse (Excel, SPSS, Graphpad
Prism, etc.) their data separately. This type of offline/online split work-flow was also seen in
older methods using Clampex (Vilardaga et al. 2003) or Metamorph software (Borner et al.

2011).

Initially, | was to modify the ImageJ) macro in order to be able to run two sensors by reading
4 channels simultaneously. However, | set out to correct all the flaws by generating an
entirely new software plugin coded in Java. Java is the high-level object-based programming
language that Imagel and all of its off-shoots were created with, so a Java plugin would
easily interface with existing image capture and analysis tools. At the time | found the
existence of Icy, a modern bioimaging suite and Imagel off-shoot with a few exceptional
features that made it stand out from older tools. What is immediately striking is the Ul, a
JDesktopPane-based interface which allows for internalised windows. This would
immediately reduce the window clutter that comes from using traditional Imagel tools
where every window was its own separate entity in the windows explorer. Secondly, lcy
comes with an integrated Micro-Manager plugin which draws from an existing MM
installation to run it inside of Icy. Since MM generates a great number of windows during its
MDA, being able to have all of these internalised provides a great improvement in overall Ul
visibility. However, the greatest advantage of an integrated MM stems from the
development tools Icy provides through its APIl. The Icy APl comes with a great number of
classes that reduce the work required from developers, much of this comes in the form of
the EzPlug SDK. EzPlug can automatically generate elegant interfaces for users to set-up and
run their plugin through, and also takes care of threading issues that may be tedious to

most. While EzPlug was initially used in the development of MultiFRET, the need for
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increased flexibility in later interfaces made me rework the plugin without the use of EzPlug.
MultiFRET does however make use of other features of the application programming
interface (API), most prominently of which the classes that capture the MM acquisition
engine. This engine allows us to control MM, as it is run through the Icy MM plugin, through
MultiFRET. This feature is used to read the positions list, listen to MDA captures, stop the
Acquisition when the experiment has concluded, and is used in an automatic cell-finding

feature that is still in an early development phase as of now.

The first iteration of MultiFRET had the functionality to use a set of special ROIs contouring
the channels shown in the camera output to extract all contoured channels. The full
potential of this function is brought to bear by a plugin made by Dr. Alexandre Dufour,
Pierre & Marie Curie university, named “Active Contours”, which uses edge-detection to
draw tightly fitting contour ROIs (Figure 9). Active Contours is developed for use in cell-
detection, but with the right settings can be used to automatically and precisely find our
channels (Dufour 2021). While these contours can be used to crop out the channels as
images by way of the built-in visualisation toolkit (VTK)-based methods that Icy provides,
MultiFRET could at most correct for location, skewing, and size. While most of the time, this
proved to be sufficient for accurate channel alignment provided, the channels could at times
show a disruptive amount of rotation that could not be compensated. | then added an
advanced alignment correction function to MultiFRET, which would apply an affine
transformation to each of the channels in order to correct for any rotation. An affine
transformation is a form of projective transformation that requires 3 known points of an
image to scale, rotate, skew, and distort that image (Weisstein 2011). The way the affine
transformation would eventually be used was to take the corners of each channel and

relocate them to each respective corner of an image viewport. With this method, each
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channel would end up with the same size, and their rotation and skewing would be undone
by setting the points back into a level rectangular shape. However, to make all of this work
there was one major conundrum to be settled: programmatically finding the corners of
these contours. Contours made by Active Contours would be generated as polygons
consisting of hundreds of individual points, while their shapes would be rectangular due to
fitting to the rectangular channels, they have no point that serves specifically as a corner.
Thus, a corner point needed to be extrapolated from these polygons. | set up a procedural
algorithm that would read the points of the polygon in sets of 10, generate a line formula
based on these, and then using a distance-to-line calculation evaluate whether the following
points are part of this line. As soon as a point would stray more than a certain threshold,
this difference would be taken as proof of a corner. In this way, polygons would be scanned
in their entirety until 4 corners were found, and these were then used as parameters for the
affine transformation. The affine transformation itself would conveniently come as a
method in the popular image processing library OpenCV (Bradski and Kaehler 2000), which |
used within a Java wrapper. While the procedural algorithm may take approximately 10
seconds to run, it only needs to be run once in order to obtain the coordinates of the
corners. Afterwards any affine transformation can be performed within a timespan of

micro-seconds.

With aligned channels, measurements could now be made accurately. MultiFRET analyses
FRET ratios from images in real-time and yields a graph showing background-corrected data.
These graphs are generated using JFreeChart, a Java library dedicated to producing any kind
of graph. At the end of an experiment data is exported to Excel using the Apache POI Java
AP| for Microsoft documents. The export follows a set template; however a separate

template can be set up that will be appended to the export following the writing of data. In
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this way, formulae can be set to automatically be copied into every sheet in the Excel

workbook containing the exported data (Figure 10).

Our group then came upon funding to purchase new hardware and, upon my suggestion,
this was used to obtain a mechanical stage for software-controlled movement in the X- and
Y-axes, a Z-motor for software-controlled movement in the Z-axis, and a joystick to
indirectly control these features. These additions would allow us to make full use of the
features of Micro-Manager’s Multi-Dimensional Acquisition, which allows selection of any
number of positions of interest within a given sample. In our experiments this translates to
the ability to select multiple cells to visualise and record FRET ratios simultaneously, a
feature not found previously in non-proprietary software tools. It should be noted that
other high-throughput FRET screening assays exist, however these do not visually record the
cells and only take measurements of whole-well fluorescence by using 96-well plates with a
compatible fluorescent plate reader (Zhu, Fu, and Luo 2012). MDA generates a new
sequence for each position and updates these sequences every time a frame is captured,
temporally spaced with a user-set time. MultiFRET would quickly be adapted in order to
apply the beam-splitter corrections and generate a separate graph for each sequence,
increasing the number of cells that can be measured within one experiment from a single to
any number supported by the computer’s graphical memory capacity (Figure 11A). The
taxation on the computers graphical memory could be circumvented in the future by closing
the images as they are captured by MM, after converting these images to data bytes. The
plethora of windows generated increased in proportion to the dramatic increase in the
number of concurrent cell measurements, initially using approximately 15-25 cells per
experiment but later increasing beyond this amount as both MultiFRET and our transfection

method were optimised. These windows were cumbersome even in the Icy desktop pane
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designed to reduce clutter (Figure 11B). My answer to this problem was to create the
Workspace feature within MultiFRET, a separate tab in the MultiFRET main window which
would house all of the alignment-corrected sequences and all graphs within a JScrollPane
nested within a JTabbedPane (Figure 11C). This would allow the user to set tab-limit, a
number of sequences with corresponding graphs, to be neatly organised by a
BoxLayoutManager within a pane that does not expand, rather creating a scroll bar when its
contents exceed its size. When the user-set limit is reached, a new tab is created to house
the next set of sequences and graphs in the same manner. Splitting the sequences and
graphs between multiple tabs reduces taxation on the computer’s graphical processing
capability by only loading and updating the tab-limit number at any time, while also
enhancing the user experience through the splitting of what would be one large set of

sequences into multiple sets.

In future development, it will be vital to expand the compatibility of MultiFRET with
hardware such as a spinning disc shutter, which will enable MultiFRET to be used on more
machines and thus in more laboratories. Furthermore, plans are in place for the addition of
a dish-scanning cell detection method powered by the same ActiveContours. This would
drastically reduce amount of human participation running an experiment requires and
freeing time. However, due to the inability of ActiveContours to distinguish unwanted
luminescence from target luminescence, this will require a final human selection from a list
of potential-target positions. Eventually, it may be possible to apply a machine learning
protocol, which may be trained upon any type of luminescent target and eventually find
suitable cells automatically. Such Al platforms already exist, but would need some

modification to work within our system (Wang et al. 2020).
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Figure 9. Active Contours used with default settings save for the Export ROl and Type of ROI.

Settings window on the left, image with input ROl (green squares) and contours (coloured

borders around the white channels) on the right.
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Figure 10. Default automated Excel output shows on the right-hand side the number of each
frame, the time at which it was recorded, the mean FRET ratio intensity as calculated by
(Numerator — Numerator Background) / (Divisor — Divisor Background). On the left-hand side

a list of milestones set by the user are listed, showing the average of the 10 time-points
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before it. Furthermore, a graph is generated based on the columns for Time and Mean

Intensity.

Page 91 of 236



Draw atleast one ROl and a background ROL
o0 ¥

] -
ne &0

Workspace @ Pos:
Corrections

v
Detection |‘\ |
Pos) 1
Posl
Pos2

Pos3
Posd

3
20 -||0) O

M\Iejoneﬂ
P o

Ratio

Time

== R0I8: YFPICFP

B X 14243 Y 34404 Value 1749
@ Poss -0 %

of (20 -] |0} [T i Q0%
1

Ratio

Time

== ROM1:YFPICFP

Milestone Name MileStone®4 | Milestone | Max. iterations 10000 Detect Stop Start

BIMX at: 47(468s)
End at: 67(6675)

I]M\Iestﬂne'*l at: 24(237s)

Figure 11. A. Old method of single cell analysis vs new software. Using the new
software we can use a mechanised stage to capture and analyse as many cells as
wanted in real-time. At each time-interval of user-set length, the stage will cycle
through all designated cells and a frame will be captured and analysed for each one.
This repeats after every interval. B. Channel image stacks of HiPSC-CMs with Regions
of Interest being simultaneously measured. C. Workspace running FRET analysis on

multiple cells.
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3.2. Methods

3.2.1. Multiplexed FRET System Design

We select four fluorophores and design a system of light filters and dichroic mirrors to
separate their signal. Our available cGMP sensors use eCFP and cpVenus with excitation
peaks at 433 nm and 500 nm respectively, and emission peaks at 475 and 520 nm
respectively. Compatible fluorophores selected were LSSmOrange and MKate2 with
excitation peaks at 437 nm and 588 nm respectively, and emission peaks at 572 nm and 633
nm respectively. We chose these fluorophores in order to separate the signals as much as
possible, additionally the large stokes shift of LSSmOrange allows simultaneous excitation of
the donor fluorophores of both the new cAMP sensor and the cGMP sensors at a bandwidth

around 435 nm.

3.2.2. Software development

The new MultiFretlcy plugin was developed using the Java Integrated Development
Environment (IDE) provided by the Eclipse tools platform. The plugin was developed for the
Icy bioimaging suite and it makes use of the following libraries in addition to the ones

required for Icy to function:

e OpenCV 3.3.0 is a software library dedicated to virtual imaging and machine
learning. We use this library for its Affine transformation method, to correct for
QuadView-induced misalignment.

e Apache-POI 4.0.1 is a Java API for Microsoft Documents developed by the Apache
POl team in 2018 and allows software to easily hook into and run functions on

existing Microsoft Office applications. We use this library to output data into Excel.
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e mXparser v.4.3.0 is a rich and highly flexible math expression parser library

developed by MariusZ Gromada in 2019. It has an easy-to-use API for Java, Android

and C#. We use this library for a custom corrections module.

XY Mechamsed
Stage

A

CCD Camera Quadview

e Beam Splltter

Stage Controller

). z Mechanlsed 7 # .
Z Focus L ¥

Figure 12. Cells are visualised using an inverted Nikon TE2000 microscope with as a light

source a 30WDia lamp using a 436/20nm excitation filter and a DM455 dichroic mirror. A
QuadView beam-splitter precedes the ORCA-ER CCD camera (Hamamatsu Photonics,

Welwyn Garden City, UK).

MicroManager 1.4 is a freeware that allows control of hardware elements such as a camera,
mechanical stage, shutters, etc. We use this library to hook into the MicroManager plugin

built into Icy in order to control acquisition and obtain images.

3.2.3. QuadView-Based Microscopy System
Our microscopy system is based on the same principles as shown by J. U. Sprenger et al.

2012, but with the addition of a mechanised sample stage and focus drive (Marzhauser
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Wetzlar, Wetzlar, Germany) that allow higher throughput acquisition of multiple fields of
view in one experiment. The software for the recordings was MicroManager 1.4 (Vale Lab,

University of California, San Francisco), integrated into the Icy imaging suite.

Luminescent cells are visualised using our inverted Nikon TE2000 microscope a 30WDia lamp
using a 436/20nm excitation filter and a DM455 dichroic mirror. Recordings were made
using an ORCA-ER CCD camera (Hamamatsu Photonics, Welwyn Garden City, UK), we use a

QuadView (Optical Insights) to split the light into four channels before it reaches the camera.

We have selected this splitter to enable measurements of four different wavebands
simultaneously, allowing measurement of two different sensors. The beam splitter has a
filter cube consisting of Semrock FF01-433/24, FF01-530/11, FF01-572/15 and Omega 700LP
filters for acquisition of fluorophores that emit cyan, yellow, orange and red light
respectively (Figure 13). A major problem arises from the use of a beam-splitter, namely the
mis-alignment of channels due to imperfections in the orientations of the various mirrors
inside the beam-splitter. These orientations may be subject to change when the machine is
used, the resulting variation in mis-alignment is unpredictable and requires automated

correction.

Page 95 of 236



0.0 = - ot - = :
350 400 450 500 550 600 650 TOO 750
" Wavelength (nm) .
+mTurg ex cpVenus ex +LSSmOrange ex +mKate2 ex Capture Filter
4 mTurg em cpVenus em LLSSmOrange em  JmKate2 em

Figure 13. A system of fluorophores, mirrors and filters that will work in conjunction while
minimizing overlap between signals. We’ve selected a previously used ECFP-ScGi-Venus

sensor and designed an LSSmOrange-Epacl-mKate2 sensor to function in parallel.

3.2.5. Corrections and Analyses

We modified the MultiFRET software to allow analysis of multiple channels simultaneously,
and to correct for beam-splitter misalignment and bleed-through by employing three levels
of corrections: Transformative correction of the images, live data corrections and a post-

acquisition Excel analysis.

The image transformations and live corrections are performed after each individual image
acquisition and are set-up by the user to fit their experiment. For the image transformations
we use ActiveContours by A. Dufour 2011 to create tightly fitting polygons around the
channels as they appear on the CCD camera chip. The number of channels are determined
by this initial step, which can also be performed manually, thus enabling the user to indicate
four channels for multiplexed FRET experiments. Points from these polygons are used to
calculate a projective transformation of each channel’s size and shape to be identical, thus
correcting for mis-alignment by QuadView mirrors (Figure 14). Each cell is then designated
using a Region Of Interest (ROI), similarly a background ROI is indicated. By default a

background correction is available and will, for each channel seperately, deduct the
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background intensity for that channel from the cell intensity for that channel. The resulting
corrected intensities are then divided as selected by the user to obtain the FRET ratio.
Additionally, custom corrections may be given to the software as a separate text file, the
plugin makes use of a freely available mXparser library to convert simple mathematical
notation into live corrections to be used during acquisition, allowing use of bleed-through

correcting formulae and other calculations.
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Figure 14. A. We use a QuadView beam-splitter to split our image into four channels. B.
Due to the nature of this device, images arrive at the camera chip distorted and mis-
aligned. The cell shown is an adult mouse CM transgenic for the epacl-camps sensor C.
Through the use of the open-source ActiveContours plugin by A. Dufour, we automatically
draw channel fitting polygons, which are made up of many 2-dimensional points. This step
can also be performed manually. Using a distance-to-line approach we procedurally
calculate average lines between sets of points and obtain corner points at the line
intersections. D. These corners are then used for a projective transformation, using the VTK
toolkit, of each channel into a standard shape and size. E. The end-result consists of all four
channels having been molded into the same shape and size, eliminating all distortions.

These corrected images are then concatenated into one image with a channel slider.
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3.2.6. Software Validation Through FRET

Adult mouse cardiomyocytes transgenic for either epacl-camps, Epacl-PLN or pmEpacl are
isolated and cultured as described in chapter 2.1. These cardiomyocytes are then prepared
for FRET as described in chapter 2.6., stimulating with 30 nM [;-AR agonist isoproterenol
hydrochloride (ISO), followed by 100 uM PDE inhibitor IBMX. We replicated this experiment
using both our new plugin and the old macro and compare results. This experiment was
repeated with neonatal mouse cardiomyocytes isolated using the method described in
chapter 2.2. D30 HiPSC-CM cultured using the method described in chapter 2.3. The NRVM
and HiPSC-CM were transfected with AKAP79-CUTie and Epac1-S"7# respectively using the
transfection method described in chapter 2.5. Data analysis is performed as described in

chapter 2.8.

3.3. Results

3.3.1. MultiFRET Protocol

This chapter contains an excerpt of a detailed protocol and troubleshooting segment from
my methods paper “MultiFRET: A Detailed Protocol for High-Throughput Multiplexed
Ratiometric FRET” that is in press for publication in the Springer journal’s “Methods in
Molecular Biology”. This protocol will detail the necessary steps to set up the software, the
protocol for running an experiment, variations on the protocol, and lists references to the
notes for potential trouble-shooting steps in chapter 3.3.1.8. After describing the software
set up, several optional steps are detailed that may be taken to customise your experiment
and data output. We then detail the sample preparation, using NRVMs transfected with

Epac-S"74 as an example. Finally, we run through every step of running the MultiFRET plugin.
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While we demonstrate the protocol using two spectral channels of our four-channel system.

MultiFRET is, as previously mentioned, compatible with any number of spectral channels.

3.3.1.1. Icy Setup

1)

2)

3)

4)

5)

Download the Icy Bioimaging suite at http://icy.bioimageanalysis.org/download/.

The same page contains a download link for Java, if your device does not have Java 7 or
higher installed make sure to download and install the proper version of Java 7 or
higher for your OS architecture. This is important as Icy does not come in separate
32/64 bit versions, but rather runs in either mode depending on the Java installation it
finds. If you are not sure if Java is installed, confirm installation through the methods

listed below. Note that Java version is noted as “1.X.0 ###”, with X being the nhumber

referred to when Java 7 or 8 is mentioned, and ### being an indicator of the current

build of said version.

i) In Windows: WIN+R -> Type “cmd” and hit ENTER -> Type “java -version” and hit

ENTER.

ii) Ona Mac: Command key -> hit the SPACEBAR -> Type “terminal” and hit ENTER ->

Type “java -version” and hit ENTER.

iii) On Linux: Open a Terminal (method depending on your distribution) -> Type “java -

version” and hit ENTER.

The MultiFRET plugin comes as a MultiFRET.jar file and should be copied into the
Plugins folder under your Icy installation. MultiFRET is available on request from

m.ramuzl7@imperial.ac.uk (alternatively masoud.ramuz@gmail.com) . (see Note 1).

Install Micro-Manager 1.4, obtained from https://micro-manager.org.

Start Icy by running Icy.exe or any shortcuts generated by the installer. (see Note 2).
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6) Using either the top-side search bar or the button under the top-

tab, confirm that your installation of Icy came with

side
and

installed. (see Note 3).

7) When attempting to start the Micro-Manager plugin for the first time, you are
prompted to indicate the location of your Micro-Manager installation. This links the
plugin to the actual installation. (see Note 4).

8) The Micro-Manager plugin works almost identically to the stand-alone installation, as
such it will start with a prompt to select a configuration file. This is the file that can be
set-up through the Micro-Manager configurations wizard and contains all the
information needed for Micro-Manager to control your hardware. Within Icy, this
wizard can be opened through the menu that follows when clicking on the top-left of
the Micro-Manager main window. Set-up of the configurations file is performed
through the self-explanatory wizard, and a list of compatible devices can be found here:

https://micro-manager.org/wiki/Device Support (see Note 5).

3.3.1.2. Initial Set-up of MultiFRET

At this point it is assumed that you have a microscope configured with an automated stage,
shutter-controlled excitation light, camera and the appropriate lenses/splitters needed for
the experiment. If not, refer to Sprenger et al. 2012 for basic instruction and to the Methods
section of this chapter for our modifications. In this section we show how to either manually
select a set of regions of interest (ROI) or use the Active-Contours plugin to generate a
contour-file, used to correct for beam-splitter channel misalignment. We further set up our

MDA settings, and optionally prepare an Excel output template and custom calculations file.
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3.3.1.3. Active Contours

1)

2)

3)

4)

5)

With no dish on the microscope, turn on the brightfield illumination source, open Icy,
then open the Micro-Manager plugin, make sure you have selected the correct binning
for your camera (we use 4x4 binning) and activate capture.

Increase brightfield illumination source until the corners of your channels are clear and
sharp in the viewport, but make sure that the light does not “spill over” into the camera
chip around the channels, see Figure 15. (see Note 6).

On the Micro-Manager main window, click to capture a still frame.

In the Icy top-side pane tab, find the buttons for Rectangle,
Circle, Free-hand, etc. ROl drawing tools. Draw an ROl around each of your channels.
Rectangle is recommended but any of them will work. (see Note 7).

Use the search bar to find and run the plugin by A. Dufour et al.
2011, this will open a plugin window with many adjustable settings and a Run (»)
button at the bottom, see 16. is by default set to the ,
meaning the last image you have had as the active window, either make sure that the
capture from step 3 with ROIs from step 4 is the active window or select it from the
Input drop-down selection box. The only settings that need to be changed are:

i) to or

i) to

(see Note 8).

Hit the » button to run Active Contours, which will draw out contours starting from
each of your drawn ROl and, using an edge-detection algorithm, tightly fit these
contours to each channel. The contours are a polygon-ROl with many procedurally

generated points. These and all other ROI are listed on the right-side pane of the Icy
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6)

main window under the tab. If the right-side pane is not visible, there will be a very
small .« arrow on the right border of the Icy main window which expands this pane. (see
Note 9).
In the right-side pane under the tab, find and rename all the ROI to appropriate
channel names. In traditional fashion, the F2 key may be used to start renaming a
selected entry. Thus, using the F2, ENTER, and the arrow keys allows for a faster
conclusion over mainly using the mouse. Make sure there are no duplicate names, and
then select all of the contours and save them to an accessible location using the
button in the tab of the lcy main window top-side
pane. Selection follows typical modern computer selection methods such as
SHIFT+leftclick to select all entries between the currently selected and the one clicked
on, and CTRL+leftclick to select one additional entry. If you have chosen in
step 5, make sure you are not selecting the initial ROl drawn in step 4. ROl may be
deleted by selecting them and hitting the DEL key. Note that it is recommended that
contour files are saved with a date, so that they can be used to re-analyse any saved

image-stacks from that period.
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Figure 15. Uniformly lit channels can be generated by increasing the intensity of
bright-light or by tweaking the image settings (dragging the blue and red lines in the
Histogram pane to encompass only parts of the tonal distribution representing the
bright channel). Top left: Before histogram modification. Bottom left: After
modification. Right: Histogram pane showing histogram corresponding to the image

after modification shown in top/bottom left.
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Figure 16. An example of Active Contours pane with typical settings to extrapolate freely

drawn ROIs (green rectangles) into tight POLYGON contours (coloured rectangular shapes).

3.3.1.4. Excel Output Template (Optional)

Upon completion of data acquisition, MultiFRET prompts Excel to write to a user-designated
workbook. In this workbook every run of MultiFRET will create a header sheet named
“Experiment#<x>" where x is an incremental integer counting the number of experiments in
the workbook. This header sheet will contain a screen capture of the final state of
MultiFRET, including all graphs and sequence viewers. After each header sheet, data sheets
will appear named “<Day-Month> <Target name>" with the target name being a user-
designated label for each position in the sample marked for data acquisition, defaulting to
“Pos<n>" with n ranging from 0 to the number of positions acquired minus one. Each of
these sheets contains data following the template shown in Figure 17, with columns for

milestones, frame number, frame capture time in seconds, mean intensity, and raw data.
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Furthermore, a graph based on the mean intensity and time columns is generated. In this
template, the column showing the mean intensity of signal (F) for the target ROI is
calculated using Equation 1 with the number of pixels in the ROl n and the intensity x of
each single pixel i. If enabled, there will be a further background correction applied to the
mean intensity column using Equation 2. The milestones shown in this template are user-
marked events in time that occur during the experiment such as the addition of a drug. For
convenience, each milestone comes with a formula next to it which calculates the average
over the last 10 frames captured up to and including the milestone. Using the FRET ratio
plateau averages provided by milestones, responses can easily be normalised to an
experimental condition chosen to saturate the response of the biosensor, allowing a % FRET
change to be calculated (Equation 3.). In this section, we detail the steps needed to set up a

custom template on top of the one described above.

_ 1%
F = £<Z xl-> (Equation 1.)

Fdonor - Fdonor background

FRET = —=

Facceptor - Facceptor background

(Equation 2.)

Fstimulant_plateau

FRET % Change = 100 * ——— (Equation 3.)

saturator_plateau

1. Open either the Excel workbook you intend to use or create and open a new one.

2. Create a new sheet at the start of the workbook, that is the left-most sheet, and name
it “template”.

3. In this sheet, fill in any formulae and indicators you require while avoiding use of cells

that are already in use by the default template.

Page 106 of 236



4. After a completed run of MultiFRET that uses this workbook as its output workbook,
any new datasheets will have the contents of your template sheet automatically copied
into them before MultiFRET fills these sheets with data and the original template.

5. Depending on your version of Excel, it may be required to force Excel to re-calculate any
formulae added to your datasheets in this manner. This may be done using the hotkey

CTRL+ALT+F9 to force re-calculation on all open worksheets or with

C J F Q R 5

Milestones ROI Frame Time Mean Intensity Nureratc Murm eratc Divisor Ra Divisor Background Raw
il 1ilestone 577 1.483483 ROI43: YFP/CFP 1 0 1.449272 2538.081 1613.423 225965 1621.618
N 1ileStone 97'0.892553 2 10 1.459623 2546.948 1615418 2263.4326 1625.229
L End 103' 0.76367 3 20 1.452371 2551.206 1614712 2268.03% 1623.239
4 30 1.457118 2553.731 1616.082 2268.342 1625.447
0502 POsl 5 40 1.470023 2558.663 1612.994 2267.346 1624.047
3 - 3 50 1.47278% 2561.48 1613.412 2267.484 1623.753
7 60 1467373 2556.594 1614282 2263.961 1621.3
cll 15 8 70 1469573 2558.038 1614141 2266.314 1624.024
I W 3 80 1.469068 2560,453 16153  2266.84 1623.471
10 90 l.as7es 2556612 1615382 2267.027 1621.412
2 11 100 1.460147 554,498 1615.394 2266.083 1622.353
a . | 12 110 1.474501 2554172 1612.294 2263.483 1624.706
4 0 200 400 500 200 1000 1200 13 120 1.471454 2555.58 1614153 2363.711 1623.918
14 130 1.474612 2559,23% 1615147 2263.663 1623.435

o

r all sh

a o 52 osd |
CTRL+ALT+SHIFT+F9 to do so fo eets.
Figure 17. Example of an Excel output workbook with a typical data sheet showing
Milestones listed on the left with the C-column containing the average of the last 10 frames
before milestone mark. On the ROl name, frame number, recording time (s), mean intensity,

and raw data can be found in order. The sheet further contains an automatically generated

graph with mean intensity on the Y axis and time on the X axis.

3.3.1.5. Custom Calculations (Optional)

MultiFRET is able to parse mathematical formulae through the use of the mXparser by M.
Gromada 2010. MultiFRET implements this parser by scanning a user-designed formula for
variables that can be linked to the data obtained from specified ROI. Such a formula can be

created in any text editor such as Notepad and stored as a text file (*.txt) with the header
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for each formula denoted by a “>” at line start, the variable names comma-separated and
denoted by a “>>" at line start, and the formula itself denoted by a “>>>" at line start. For
example, the bleed-through correction formula in Equation 4, with example bleed-through
co-efficients 1.468 for the CFP channel to YFP channel and 9.610 for the YFP channel to CFP
channel, can be written as in Equation 5. When saved as a *.txt file, using for example
Notepad.exe in Windows, it can be selected in MultiFRET, which gives the option to
designate values obtained from a specified ROl as those to be used for e.g.
CellMeasurement or BackgroundMeasurement. The text in square brackets is used to
indicate the named spectral channel of this ROI that should be used. Thus, this example lets
us measure both the fluorescence signal (e.g. YFP) from a cell (CellMeasurement[YFP]) and
the signal from a selected background region in both the YFP channel
(BackgroundMeasurement[YFP]) and in the CFP channel (BackgroundMeasurement[CFP]),
then perform the custom calculation. For simple expressions, it is enough to write them as
one would on a graphical calculator, with the exception that any word followed by square
brackets will be detected by MultiFRET as a variable, and needs to be designated in the “>>"
denoted line. For more complex functions, comprehensive documentation can be found

here: https://mathparser.org/mxparser-tutorial/

(Fcrp — Ferp back a)
(Fyrp — Fyrp background) - 1.468ac groun

Feorrected ratio = F. F (Equation 4.)
( YFP — TYFP background)

(Ferp — Ferp backgrouna) — 9.610

hleedthrough
rrCellMeasurement, BackgroundMessurement

3 rrrx((CellMeasurement [TFP] - BackgroundMessurewent[YFP]) -
[CellMeasurewment [CFP] -BackgroundMeasurement [CFF] ) /1.468) /
[[CellMeasurewent [CFP] - BackgroundMessurement [CFP]) -
(CellMeasurewment [CFP] -BackgroundMeasurement [CFF] ) /9.610)

(Equation 5.)
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3.3.1.6. Sample Preparation (Example)

Neonatal ventricular mouse cardiomyocytes (NRVMs) were isolated from one to two-day

old pups according to the protocol provided by the manufacturer of the dissociation kit

(Miltenyi Biotech, Germany) (www.miltenyibiotec.com/protocols). Myocytes were plated on

glass-bottomed Mattek dishes (13mm culture well diameter, 35mm dish diameter) in

culture medium (90ml M199 medium, 10ml neonate serum, 0.5ml antimicotic/antibiotic

solution (100x), 1ml L-Glutamax (100x), 0.5 ml Vitamin B12 stock (0.4mg/ml)) and cultured

in an incubator with 1% CO; supply.

While MultiFRET works with any luminescent material, we provide here an example

procedure for transfection of the cultured NRVMs with a plasmid encoding the Epac-S"74

sensor.

1.

In a sterile hood, prepare two Eppendorf tubes containing 25 uL of Opti-mem medium
per dish to be transfected.

In the first tube add 1 pg of plasmid DNA per dish to be transfected

To the same tube, add 1 uL of P3000 reagent per dish to be transfected.

Incubate this tube at room temperature for one minute while preparing the second
tube.

In the second tube, add 1L of Lipofectamine3000 reagent per dish to be transfected.
Slowly pipette the contents of the second tube into the first, slowly moving the pipette
tip throughout the length of the tube while releasing the mixture. Do not mix.

Incubate the combined mixture for 20 minutes at room temperature. (see Note 10).
Directly pipette 50uL of the transfection mixture onto the glass-bottom well of a Mattek

dish. (see Note 11).
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9. Incubate at 37°Cin 5% CO2 for 48 hours.

3.3.1.7. Running MultiFRET

At this point in the protocol, it is assumed you have previously completed the Initial Setup
section of this chapter and have an up-to-date contour-file that represents the current
position of your channels on the camera chip. Position the dish onto the microscope stage;

immersion oil is required for the 60x lens.

1. Start Icy and open the Micro-Manager plugin, selecting the appropriate configuration
file for your system.

2. Set the appropriate binning (4x4 is appropriate in our system)) and exposure time for
your camera and experiment. Note that higher levels of binning reduce the impact of
readout noise in exchange for a reduction in spatial resolution. The binning you select
must be the same as used when setting up the contour file.

3. Click on the button on the Micro-Manager window to open the MDA
window, see Figure 18.

4. Make sure that the only checkboxes enabled are

, and . Depending on your hardware, may
also be used.

5. Under , set the of time points to an arbitrarily high integer that
will not be reached during your experiment, but is low enough not to require more
memory than is available. An estimation of the memory cost and experiment duration
are given in the box. (see Note 12).

6. Under , set the to a duration appropriate to your experiment,

but that will give your stage enough time to loop through all selected cells. The duration
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selected here is the minimum total time any single cycle of measurements will take.
That is, if your cells have all been recorded throughout a current cycle, MDA will wait
until the interval duration elapses before starting the next cycle. However, you need to
make sure the time it takes for the stage to scan through all the selected cells does not
exceed the time interval you have set between your consecutive measurements of the
same cell. In our hands, with the time-lapse intervals of 6-10 seconds, the number of
cells you can measure is 15-25, depending on how close the cells are located in a dish.
Under , set a suitable Directory root for your image-stacks to be saved
under as well as a suitable Name prefix for the image-stack files. Image-stacks will be
saved in a sub-folder named

as

Under , click on to bring up
the window. Here at the bottom of the window, un-check the
use of the Z stage if your machine lacks the capability of digitally tracking vertical
movement of the stage. All marked targets after this un-checking will only have their XY
coordinates recorded. (see Note 13).
You are now ready to start selecting cells. Click on on the

main window. A sequence viewer window with a live camera feed will open. You
are now ready to locate and select cells using either the camera or the microscope
optics. Note that depending on your microscope you may need to switch between

camera and optics output using a switch, valve, or lever on the microscope itself.
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10.
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Figure 18. Example MDA set-up.

Using only a 3D joystick, move the stage until a target of interest is centred in your
channels output. If available, use a mechanised vertical stage that uses either an
encoder to inform Micro-Manager of vertical changes and record Z-coordinates in
addition to X and Y, or an auto-focussing mechanism. You may use the manual focus
knob on the microscope but beware that bringing a later target into focus may result in
loss of focus for previous targets. With the lack of an encoder or auto-focus, you must

find targets that are roughly within the same focal plane and you may use either the 3D
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Joystick to focus or the manual focus knob on the microscope but beware that bringing

a later target into focus may result in loss of focus for previous targets.

11. To select the target of interest, click on the
window. Note that the number of targets MultiFRET can support relies solely on your

PC’s hardware. Once an adequate number of targets have been selected, you may close

the

i. To correct a mistakenly selected target, click on the entry within the

and then click the on the same window.

ii. Targets listed in the may be renamed by double clicking
on the entry’s label, or by selecting them and hitting the F2 key. Type in a unique
label and hit the ENTER key to confirm.

iii. To check a previously marked target, select it in the and
then click on the P button.

iv. Note that the positions list may be saved once selections are complete by clicking
on the Save As... button in the window. This will prompt
you to save your currently marked targets and allows them to be loaded if you wish
to restart Icy due to any mistakes. Loading a positions list is done by clicking on the
Load button on the same window.

12. Start the MDA by clicking the button on the
window. This will open a sequence containing an image-stack for each
position marked in the previous step. Every interval the stage will move to and capture
a frame at each position, updating the sequences in the process. Each sequence viewer

has a slider at the bottom which allows you to scroll through the image-stack. Note that
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13.

14.

15.

even when the sequence viewers are closed, Micro-Manager is still collecting frames for
them in the background as the sequences themselves are still open.
Now start MultiFRET, either from the plugins tab on the top pane of the Icy main
window or through the search bar. The first run of this plugin will show a terms of
service window, if you wish to continue you must agree to the terms. Agreement will be
saved in . Note that this is a local home
directory, not a network one.

A changelog message will pop-up in the lower right corner of Icy, showing the current

version, date of the current version, as well as any fixes and new features that have

been added in the current version. This message dismisses itself in 30 seconds, or when
clicked on.

A Settings window will open containing several rows of options that may be enabled or

disabled.

i : Enables the use of an algorithm to increase accuracy of channel
alignment. Rotationally distorted channels in particular will benefit from this
option. For this algorithm to function contour edges need to contain minimal
deformities, as the algorithm uses the straight lines to detect channel corners. Note
that there will be a few seconds of lag upon clicking the button on this settings
window, while the plugin runs its calculations. The run itself is further unaffected. It
is recommended to keep this option on unless an error pops up after clicking the

button. The protocol will run with adequate accuracy regardless of this option if
the channels are not rotated excessively.

ii. : Enable this option if you are loading image-stacks into Icy for ‘offline’

analysis. ‘Offline” analysis implies running through the rest of this protocol on not a
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Vi.

Vii.

viii.

live captured image-stack, but on a previously saved one. A microscope and Micro-
Manager are not required for an offline run, but you must use a contour created for
the state of the beam-splitter at the time of the capture. Alternatively, you may use
the image-stack to create a new contour file for it. The following steps are the same
for either an online or an offline run, but the plugin will run much faster in the
offline mode, as it will not need to wait for captures.

: Enables the use of a custom calculations file as set up in the
Custom calculations section of this chapter.

: Enables a convenient ‘workspace’ tab in the window that opens
during the run. This tab will place all sequence viewers and graphs conveniently
inside a scrollable section of the window, making them easier to manage.
Recommended to be on for most purposes unless it is of utmost importance to be
able to view all graphs or sequences, or both, simultaneously.

Prompts you to select your contour-file. This is
mandatory for the run.
: Prompts you to select your custom calculations file, as
set up in the Custom calculations section of this chapter. The
checkbox on the previous row must be enabled.
This will save all options on this window to
. These will be automatically loaded
on the next start-up of MultiFRET.
: This button opens a prompt for you to choose an output Excel
workbook or a folder. Alternatively, you may manually enter a file or folder location

in the adjacent text-box. If a folder is selected, a Datasheet.xlsx file will
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automatically be generated. If an existing used Excel workbook is chosen, data will
be amended to the end of this workbook in the form of new sheets. It is
recommended to frequently change the used workbook, as interruptions of the run
may result in corruption of the file.

ix. Between the settings and the confirmation buttons you will find a real-time log of
the settings loaded and changed in this window.

X. Under the log you will find the ¢/ button which is used to confirm the settings, and
the button which is used to close MultiFRET.

16. When the settings are as desired, click on the button. If was enabled,
the next window may take a few seconds to load. All MDA acquisition windows are
automatically minimised at this point. The window appears and contains a
set of tabs on the left, one of which is (if it is enabled, which is
recommended) and contains the sequence viewers. Otherwise, along with the

window, a window for each of your marked positions will appear. Whether
the sequence viewer is shown in the or as a separate window, these
viewers contain a slider on the left allowing you to switch through channels in
alphabetical order (as named during contour generation). Note that while the

window is active, any frames captured by the MDA will automatically be
stored for analysis by MultiFRET. This means that your data collection includes the time
it takes for you to set up the ROIs in the following steps in your experiment (see section
21).

17. The mean intensity of fluorescence is calculated using Equation 1. wherein the mean
intensity of signal (F) in each ROl is calculated from the number of pixels n in the ROI

and the intensity x of each single pixel i. Under the tab, enable any
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18.

19.

20.

further live corrections required. By default, this tab will contain the option to enable
live background correction on a per-channel basis using Equation 2.
If enabled, custom calculation will also appear here. Save the enabled calculations for
future runs by clicking the

button at the bottom of this tab.
To proceed, you must draw an ROI for each region of interest in your sequences, and a
single background ROI for each position (each sequence). Note that a sequence may

have multiple ROI that will all be corrected against the same background ROI. These ROI

can be drawn manually using the ROI tools in the tab in the Icy
main window top pane. It is recommended to use ROIs for your targets, and
to save time use either or ROIs for the background ROIls. ROIs can be

selected on the image or in the right-pane ROI tab, be moved through dragging or
editing the position values in the right-side pane, be deleted using the DEL key, and
modified in every way including colour and label. As always, if you change the labels
make sure they are unique.

The tab-list on the left side of the MultiFRET window also contains a tab for each of
your marked positions. Every ROl drawn on your images will appear in the appropriate
tab as a series of settings. The first drop-down list chooses the numerator for the
fluorescence ratio calculation, while the second drop-down list chooses the divisor.
Finally, there will be a checkbox to designate the ROI as a background ROI. Doing so will
ignore and grey out the numerator/divisor settings. If enabled, custom calculations
checkboxes will appear after the background checkbox. Each ROl may be designated to
be used as one of the variables in your custom calculation equation. Importantly,

selection of any of the basic settings here will be committed to memory and
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21.

22.

automatically applied to any ROl drawn hereafter. This makes it efficient to first draw a
single target ROI, adjust the settings, and then draw the rest of them. Similarly, it is
most efficient to draw one background ROI, designate it as such, and then draw the rest
of them. The memory of the last chosen ROl settings may be saved to
, using the
at the bottom of the corrections tab.
As an alternative method and time-saver compared to manually drawing the ROIs for
your targets, you may use the button at the bottom of the window
to use the automatic detection function to draw a single ROl per sequence
automatically. Under the tab, you may choose the method for an
automatic ROl drawing functionality built on the Active Contours plugin by A. Dufour et
al. 2011.

i : This method will find the highest intensity pixel in your image and use
it as a starting point to draw your ROI. This method is recommended unless your
sample features bright artifacts.

ii. : This method will use the borders of your channel as the starting
point to draw your ROI.

At the bottom of the window, find the text-box and its

button. controls the amount of time afforded for the automatic
ROI drawing function. It is at 10000 by default, which is normally sufficient. This may be
raised if ROIs are drawn unfinished but doing so will increase the duration of the

automatic detection procedure.
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23.

24.

25.

26.

Note that the automatic detection of ROl is not always perfect, so make sure to double-
check all ROI. Note that the button will first clear any currently drawn ROls and
will not draw background ROls. (see Note 14).
If using multiplexed biosensors with the adequate number of channels to measure each
separately, you may duplicate your target ROl as many times as required and assign
different numerator and divisor channels to each.
Finally, one of the last few buttons at the bottom of the window is the
button. This will create a mnemonic marker allowing you to designate when
you have applied experimental events such as the addition of a drug. This button’s
effects are only visible once the Start button has been clicked and the graphs are
generated but it may be used during the ROI set-up phase, allowing experimental
events to be registered even while setting up the MultiFRET live calculations.
Click on the button at the bottom of the window when all sequence
viewers contain at least one target ROI designated with the correct numerator/divisor,
and exactly one background ROI designated as such, see Figure 7. All frames captured
by the MDA between the appearance of the window and now will
automatically be processed, generating a graph with all live corrections for each
sequence. These graphs will either show as separate windows or inside the
tab if it is enabled. All further captured frames will automatically be processed and
shown in the same way after every capture interval. Every Milestone will appear both
as a list at the bottom of the window as well as a marker on the graphs.
Graphs may be zoomed in and out on, and a right-click brings up options to set

automatic axis constraints.
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27. When your experiment has concluded, first, make sure the designated output Excel

workbook is not open, then click on the button; this will bring up a prompt
window allowing you to select whether the MDA should also be stopped, and whether
its sequences should be closed. When stopped, MultiFRET will close and instruct Excel
to write the data into a workbook and open it. Excel may take a few seconds to
complete this procedure, and it is important to keep Icy open until the Excel workbook

appears. Premature closure may corrupt the workbook. (see Note 15).

28. To proceed to the next experiment, you have to clear the positions list using the

© button in the MDA window; make sure all

sequences have been closed and repeat this protocol from step 7.

3.3.1.8. MultiFRET Protocol Notes

1)

2)

a) As the provided email address refers to a university account, it may be closed in the

future. As such feel free to CC the personal account at masoud.ramuz@gmail.com,

or if privacy is a concern contact the account at masoud.ramuz@tutanota.com.

a) In Windows: When starting lcy, if an error message is encountered saying that the
JAVA_HOME environmental variable is not set, first locate your Java installation
directory (example: ), then hit WIN+R
and enter and click on Environment Variables in
the subsequent window, next add a new system variable with the name

and the path to your java installation directory, and finally adjust the

system Path variable by adding as a new entry.
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b) On Mac: If your security settings deny access to Icy, you will need to use

Draw atleast one ROl and a background ROL
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Figure 19. An example of MultiFRET workspace showing 2 viewports of different position
captures and their corresponding live charts. NRVMs were transfected with Epac-
SH74cAMP sensor and the YFP/CFP ratio was displayed upon stimulation with 100 nM
isoproterenol, designated as the automatically generated “Milestone#1”. After a plateau
was established, cells were saturated for cAMP by use of phosphodiesterase inhibitor
IBMX, designated by the user-generated “IBMX” marker. Finally, the End of the
experiment was also marked by the user. Note that the top chart has been zoomed out
for demonstration purposes.

control+click and choose , to bypass them.
¢) On Linux: Make sure to start Icy from its folder to ensure proper loading of VTK

libraries. If your distribution shows incompatibilities, you may need to install or
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3)

4)

a)

a)

b)

compile the dedicated VTK package with java wrapper and move the library ( )

files to the icy folder.

Icy has a built-in Plugin installer which can be accessed from the plugins tab, or
through the search-bar. Additionally, any uninstalled plugins searched for through
this same bar can be installed by clicking on the search result. Currently, MultiFRET
is not included in the automated plugin installer, however the ActiveContours
plugin needed for this protocol is. Icy should come with a Micro-Manager plugin
installed, if not this can also be acquired in the same way. Do note that this plugin is
not an actual Micro-Manager installation, Micro-Manager 1.4 or later should be

installed separately from https://micro-manager.org. A link to this download is also

provided if the plugin is launched without a Micro-Manager installation.

Note that after this initial setup, the Micro-Manager plugin may not work initially
and yield an error when launched. This can be resolved by restarting lcy. If a further
error is encountered this may indicate a conflict between the OS architecture the
downloaded micro-manager installation is built for and that of the Java version
installed. To clarify, if 64-bit Java 8 is installed Icy will launch in 64-bit and be unable
to launch a 32-bit Micro-Manager installation through its plugin, and vice versa.

When launching Micro-Manager within Icy you may be prompted to register, unless
you have already done so or already clicked “Never” within the standalone Micro-
Manager application. You may notice that the registration window within Icy lacks
the “Ok”, “Later”, and “Never” buttons, this is a result of the way Icy internalises

windows. The buttons are still present, but the layout will not show them.
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5)

6)

7)

8)

a)

b)

b)

However, one may still navigate to and use the hidden “Never” button by activating
the lowest text input field and using three presses of the Tab key followed by Enter

or Spacebar.

If your hardware is not yet supported by Micro-Manager, either search online for a

compatible driver built by someone or to build your own driver refer to this guide:

https://micro-manager.org/wiki/Building Micro-Manager Device Adapters

If your brightfield illumination source does not have sufficient power to clearly
illuminate the channels, you may use the brightness and contrast controls after
capturing a frame in step 3 to achieve the same effect.

If a channel is not lit up evenly, i.e. there is a gradient, you may have to adjust the

positions of your mirrors if you are using a beam-splitter.

As the next step uses an edge-detection tool designed for cells, you may be quite
rough and inaccurate with the ROl drawings.

If for any reason you prefer to contour your channels manually and skip the next
step, it is recommended to use the polygon ROI tool to do so. Using the mouse-
wheel allows you to zoom in and out on the capture, for enhanced accuracy. Note
that for comprehensive realignment algorithms to work, you require the plethora

of only points provided by the next step.
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a) If for any reason Active Contours did not come installed, install in either the same
way as launching it through the search bar, through the Online Plugin installer, or

from this URL: http://icy.bioimageanalysis.org/plugin/active-contours/

9)

a) If the contour encompasses dead space around the channel, this may be resolved
by increasing contrast between channel space and the unused camera chip space
around it in the following ways:

i) Increase bright-light output and further close diaphragm.

ii) Use the settings on the right-side pane under
the tab to enhance contrast by dragging the lines in the histogram
to bound only relevant intensities (typically a peak) and drag a point upwards
in the colormap to further increase the brightness.

b) If too many contours are shown in the ROI list, this may be due to accidental
duplication of initial ROIs, or by running again while the
contours are already present. Since contours are ROl themselves, they may be used
as new starting-off points for subsequent contours.

10)
a) If at any point you see a precipitate forming in the first tube, this could be the result of

either too much DNA or adding your reagents before adding the DNA. Make sure to add
DNA to the Opti-mem before any lipofectamine reagents.
11)
a) For enhanced transfection efficiency, there are two alternative methods you may use:

i)  Mix the transfection mixture with the cell suspension just before plating.
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12)

13)

14)

ii)

Aspirate the medium from the Mattek dish, add the transfection mixture onto the glass-
bottom well containing the cells and then incubate for 3 hours before adding fresh

medium on top.

a) Memory here refers to storage memory, you can increase the amount available to

your computer by upgrading your HDD, SSD, or connecting an external drive of

either type.

a) Note that the window is not an Icy internalised window. This

may be resolved in a future update to Icy, but currently brings with it several issues:

i)

The window may be hidden behind the Icy main
window. Hold down the ALT key and hit the TAB key multiple times to cycle
through open desktop windows, find it and release ALT bring it back to the front.
Experience has prompted the theory that resizing or perhaps even moving the
window may result in a crash while running the MDA

later. It is best to leave the dimensions and position of this window alone once it
is open, and close it when you are finished using it. If a crash occurs, it is
important to terminate any lingering lcy process. Do to so use CTRL+SHIFT+ESC
to open the task manager, click on More Details on the bottom left if needed
(depending on your version of Windows and previous task manager usage), then
find and end every instance of the , or
. On any other operating system, use the appropriate process

manager to do the same.

Page 125 of 236



15)

a)

b)

b)

Using the automatic detection function will save much time in this process, but it is
not a one-button solution. ROIs may be drawn in the wrong position or may
incorrectly include background space. Importantly, ROIls automatically drawn may
also encompass the area outside of the bounds of your image (Figure 20). This
makes it important to quickly zoom out on each image, using the mouse-wheel, to
see if the ROl is put where it should be. Should there be one or more erroneous
ROIs, it is important to replace these: select them either through the right-hand
pane tab or by simply clicking on the ROl in the viewport, then hit the DELETE
key, and finally replace the ROI using the tool under the top-side
tab.

For increased efficiency, copy and paste the same background ROI quickly into each
sequence and drag them to a suitable location. This saves the time of having to

click on the ROl drawing tool over and over.

If your experiment concludes prematurely for any reason and your Excel workbook
output has not been completed, it is still possible to retrieve your data. All data
acquired automatically has a back-up amended to a text-file in real-time. This text-
file may be found in , along with a log file containing run-
time information useful for debugging.
If you end your experiment but MultiFRET cannot find your designated Excel
workbook or the workbook is opened or busy for any other reason, you will get a
prompt when hitting the button. This prompt contains a and a
button. allows you to close the Excel

workbook or place it in the designated location and have MultiFRET attempt to
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write to it again. opens a file chooser, allowing
you to select a folder where a Datasheet.xlsx file will be generated or an existing
Xlsx file. Alternatively, you may type in the name of a non-existing .xlsx file and it

will be generated for you.
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Figure 20. The Posl viewport shows a possible error in cell-detection when using the
automatic cell contouring function. Note that the viewport has been zoomed out to fully

display the nature of this error.
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3.3.2. Software validation

We validated our software by measuring FRET in various cardiomyocyte models transgenic
for cAMP sensors with both the new MultiFRET plugin and the old low-throughput macro
that has been used for FRET experiments in many previous studies. Comparing the software

in adult epacl-camps transgenic mice stimulated with 30nM B- AR agonist Isoproterenol
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Figure 21. Comparison of MultiFRET to the previously standard macro in various models
for cAMP detection shows no significant difference between the software. ns with P>0.05

Welch's unequal variances t-test

and normalising against 3-isobutyl-1-methylxanthine (IBMX) we find no significant
difference between the macro and MultiFRET (Figure 21). This is similar to experiments by

A. Hasan (unpublished) in D30 HiPSC-CMs, which following the same experimental protocol
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showed no significant difference between the macro and MultiFRET. Another dataset
acquired by L. Gruscheska (unpublished) shows the same non-significance in neonatal mice

transgenic for the AKAP79-targetting CUTIE sensor.

3.4. Discussion

We have developed a new high-throughput software plugin that will allow researchers
unprecedented efficiency, increasing the number of cells that can be obtained from a single
dish of cultured cells and experimental protocol by over 50-fold, a number that is only
currently limited by the power of our own computer’s hardware. Our new software boasts
high flexibility, ease of use and is usable with any model that expresses bioluminescence.
We show evidence that the new software yields data per cell that is not significantly
different from the methods discussed in the introduction of this chapter that have been
used for almost a decade in any way other than the rate of data output and ease of
acquisition. The software is made to be future-proof, and as such is open-source and allows
easy addition of new features that may be required by future experiments. The MultiFRET
software is already under extensive use within our own research group, which has yielded
user-feedback driven improvements. While the software had existed for less than a year at
the time, an early version of MultiFRET was successfully used in a study of cAMP in maturing
HiPSC-CM (Hasan et al. 2020). Our validation data along with the MultiFRET tool have been
published [Cells — IF 4.829] Special Issue "New Advances in Cyclic AMP Signalling” (Ramuz et
al. 2019). We additionally have a paper under preparation, focused more on the protocol
and technical aspects of using the MultiFRET software, to be published in the Springer

journal special edition “Methods in Molecular Biology”.
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3.5. Limitations and Future Work

Our primary limitations ensue from the lack of hardware. While this is to be expected as
MultiFRET is designed to work on limited hardware, for the sake of flexibility it would
beneficial to have access to different types of FRET microscopes. One major example of this
is a spinning disc microscope. While our systems use beam-splitters to visualise multiple
channels of light, spinning disc microscopes quickly switch between different filtration
mirrors through a rotary mechanism. While MultiFRET should in theory function on such a

device, there had been no possibility to test whether it does.

MultiFRET was initially designed to support viewing more than two channels simultaneously
and while it has been found capable of doing so in-silico by using demo camera feeds, we

lacked the compatible sources of luminescence to test this under our microscope.

Finally, since MultiFRET values efficiency above all else, it was my idea that a dish-scanning
functionality would aid in completely freeing up the user during the now most time-
consuming part of the protocol: finding appropriate targets in the sample. Initial work has
been done towards this goal, with a dish scanner moving between two user-designated X/Y
boundary coordinates in increments calculated through a calibration step to be the visual
window. This feature of MultiFRET records a still image after each increment of movement,
finally giving the user a list to choose from upon completion of the scan. After selecting
images from this list, the coordinates associated with each image are then fed into Micro-
Manager’s MDA, allowing the rest of the protocol to be followed as described previously.
However, since the calibration steps are not user-friendly and hardware control could risk
damage to the device, | decided not to release this feature until further optimisation and

testing had been completed. Finally, once all of this has been completed the next and final
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step for MultiFRET would be in the use of supervised machine learning to automatically
select images from the list obtained by scanning a sample. While such approaches require
calibration per cell-type and microscopy set-up, and may yet not be without false positives,

there would still be a rise in efficiency and these issues could be solved with user-guidance.
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Chapter 4: Sensor Selection and
Transgenic Line Development
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4.1. Introduction

Here we compare available cGMP sensors to find a suitable one for further study of the
cGMP pathway in aging HiPSC-CMs and multiplexed FRET together with a cAMP sensor to
examine cross-talk in HiPSC-CMs. We also perform work towards generation of a transgenic
line expressing a cAMP biosensor to remove the need for transfection. The three sensors
examined in this chapter have not previously been compared in aging HiPSC-CMs. As
discussed in chapter 1.2. both cAMP and cGMP are essential for the regulation of
contraction in aging cardiomyocytes, yet there is a lack of developmental knowledge of the
cGMP pathways as only recently have sensors been made available that are sensitive
enough to measure the low cytosolic cGMP levels (G6tz and Nikolaev 2013). In particular,
we want to select the optimal sensor for multiplexed FRET with an extensively used TEV

sensor for cAMP, allowing us to examine cross-talk between the cAMP and cGMP pathways.

The sensors were studied under conditions of stimulated cGMP production in order to
choose a suitable sensor for follow-up experiments. The three sensors compared here all
have suitable selectivity towards cGMP over cAMP to overcome the 100-fold difference in
cytosolic concentration (Borner et al. 2011; Gotz et al. 2014) and were compared based on
reproducibility of results as well as function within the cytosol. Secondary to this first aim
we wanted to create transgenic HiPSC lines bearing cAMP and cGMP FRET sensors, which
would eliminate the need of transient transfection of subsequently produced HiPSC-CMs.
For this we first aimed to generate CRISPR/Cas9 gene editing plasmids to create a transgenic
cAMP line, with the intention to reiterate this with our cGMP sensor once chosen. A
transgenic HiPSC line expressing a biosensor would drastically increase yield of cells viable

for experimentation as well as reduce costs in transfection reagents.
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4.1.2. Measuring cyclic nucleotides with FRET

Since its discovery more than 50 years ago (Ashman et al. 1963), cGMP has been studied
extensively and several sensors have been made starting with parallel development of CGY-
Dell and Cygnet, both based on cGKla, which is more sensitive to cGMP than the beta
variant (Newman, Fosbrink, and Zhang 2011; Sprenger and Nikolaev 2013). As with cAMP
sensors, these consist of a binding domain flanked on both sides by CFP and YFP
fluorophores (Figure 22). However sensitivity of the sensors was found to be lacking so two
more were developed, first, cGi-500 which was based on Cygnet truncated at the C-
terminal, deleting the catalytic domain in the process (Russwurm et al. 2007). The resulting
shorter sensor was much more sensitive and faster. When cGi-500 binds to cGMP the
fluorophores part, resulting in a decrease in measured FRET. Second, a sensor based on the
PDE5 cGMP binding GAF domain was developed and named CGES-DE5 (Bork and Nikolaev
2018; Jalink 2006; Nikolaev, Gambaryan, and Lohse 2006). In contrast to the cGi-500 sensor,
the CGES-DES5 sensor closes the distance between their fluorophores when binding cGMP,
resulting in an increase in measured FRET. The cGi-500, and CGES-DE5 sensors have since
been modified with the enhanced eCFP and cpVenus fluorophores, and a novel yet
unpublished ScGi sensor has been made as an improvement on cGi-500 (Table 3). ScGi was
kindly donated to us by the group of Dr. Kjetil W. Andressen and is made through a single
amino acid mutation (C173R), unpublished data shared with us through personal
communication from Dr. Andressen shows that it has a high EC50 of 0.2 uM and is 500 times
more selective for cGMP over cAMP. These numbers dwarf both the high affinity of the cGi-
500 sensor with an EC50 of 0.5uM (Russwurm et al. 2007), as well as the selectivity of the
CGES-DE5 sensor which is 420 times more selective for cGMP over cAMP (Nikolaev,

Gambaryan, and Lohse 2006). The cGi-500 and CGES-DE5 sensor function has been tested in
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several model organisms and tissues which do not appropriately describe their function as
per our own goals. cGi-500 has been used in adult mouse smooth muscle cells and has been
shown to yield a decreased YFP/CFP ratio under stimulation with the NO donor DEANO and
natriuretic peptide CNP (Go6tz et al. 2014). CGES-DE5 has shown similar FRET dynamics in
adult rat cardiomyocytes stimulated with natriuretic peptide CNP and PDE blocker IBMX
(Subramanian et al. 2018). In this chapter we show experiments that for the first time test
these sensors in HiPSC-CMs aged to day 30, then we compare these results to data we
obtain from identical experiments in NRVMs used as a more mature cardiomyocyte model.
We use an early version of the MultiFRET software, development of which was described in
chapter 3., which lacks the high-throughput capability and uses a rudimentary but
functional, albeit less accurate, computational method for the correction of channel
misalignment described in chapter 3.1. This means that only a single cell was measured per
dish and that it was necessary to take great caution in regard to calibration of the beam-
splitter and selection of ROIs. We use an experimental protocol similar to Gotz et al. 2014 by
stimulating with CNP, which they have shown to yield the highest cGMP response out of the
three main natriuretic peptides ANP, BNP, and CNP, and by normalising to an IBMX

saturation plataeau.
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Figure 22. Schematic representation of sensors used in this project, drawn from N to

C terminus. A) Epacl-based sensor flanked by mTurquoise and cpVenus. B) cGKla-

based sensor flanked bv CFP and YFP. C) PDE5-based sensor flanked bv CFP and YFP.
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Table 3. cGMP sensors compared in this chapter.

Binding Selectivity
Sensor EC50 Source Sequence schematic | FRET direction
Domain cAMP/cGMP
V.0. Nikolaev,
E154 A308
CGES-DE5 | PDE5S 1.5uM | 420 Gambaryan, and Lohse ETE T
2006, Nature Methods
Russwurm et al. 2007,
cGi-500 | PKG 0.5uM | 100 The Biochemical Q79 Y336 i
-
Journal
Kjetil W. Andressen et
ScGi PKG 0.2uM | 500 -Q79|\1M—|p£365vw |
al., unpublished Sl i
C173R

4.1.3. Transgenic Line Development

For the generation of our transgenic line we decided on the use of CRISPR/Cas9, for which

there are several methods available: conventional homology-directed repair (HDR) based

insertion, nickase HDR-based insertion, piggyBac transposon-based insertion and HDR using

targeting by single-stranded oligo DNA nucleotides (ssODN). Conventional CRISPR/Cas9

insertion involves the use of two plasmids, the first of which has a guide RNA (gRNA)

sequence which is complementary to the target region and the Cas9 coding gene which will

introduce a double-stranded break (DSB) in the target region (Mali, Yang, et al. 2013). The

target region needs to be directly adjacent to a Protospacer Adjacent Motif (PAM) sequence

which serves as a binding signal for the Cas9 protein, with the exact PAM sequence

depending on the Cas9 protein used. After the DSB, DNA can be repaired through either
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non-homologous end-joining (NHEJ) which causes indels, or HDR which uses the DNA we
provide in a second plasmid as a template. This second plasmid contains the gene of interest
flanked by arms homologous to the target region (Figure 23A). The nickase method (Figure
23B) uses a modified Cas9 that generates a nick rather than a DSB. For this method two
gRNAs are required to target opposite DNA strands in order to create a double nick which
can be repaired via NHEJ or HDR (Mali, Aach, et al. 2013). The advantage of the nickase
method lies in the need for two distinct gRNAs, increasing the specificity of the insertion
(Shen et al. 2014). The more recently developed piggyBac transposon-based method (Figure
23C) relies on a combination of a transposon and a transposase originally discovered in
moths in 1983. With this method the transposase inserts the gene of interest into a random
TTAA site throughout the genome. Three major advantages of this method are a
significantly enhanced insertion efficiency, a one-step insertion and the possibility to
remove the inserted DNA seamlessly (S. Li et al. 2017). Gene editing using ssODN-mediated
CRISPR/Cas9 is a method similar to conventional CRISPR/Cas9 except in the use of a single-
stranded DNA (ssDNA) donor rather than a double-stranded one (dsDNA). dsDNA donors are
more likely to be incorporated in the genome through NHEJ, which results in duplicate
homology arms or partial incorporation of the template. The tendency to be used in NHEJ
also increases the likelihood of insertions into off-target or naturally occurring DSBs. ssDNA
donors show greater efficiencies and allow shorter homology arms, but their major
downside is that only small edits can be made in this way, as larger ssODN bring severely
increased cytotoxicity (Okamoto et al. 2019). ssODN are generally between 60-200nt in size,
with most of these nucleotides being the homologous arms flanking the mutation (Yang et
al. 2013; Yang, Wang, and Jaenisch 2014). For our gene editing purposes we made use of the

conventional CRISPR/Cas9 method, as there were ready-to-use and well-documented
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plasmids available. We used the pAAVS1-Nst-CAG-DEST plasmid which contains a CAG
promotor and homologous arms for the AAVS1 locus, a locus that has been shown to not
yield any noticeable physiological changes when modified. This plasmid has been shown to
yield successful results when used with the pXAT2 plasmid containing a compatible gRNA
and a Cas9 sequence (Oceguera-Yanez et al. 2016). For the selection procedure we use a
combination of the protocol detailed by Hendriks et al. 2015 and an in-house protocol which

has previously been found successful.

4.1.4. Aims
++ To select a suitable FRET sensor out of three available sensors with high cGMP
selectivity.
+ To create two transgenic IMR-90 lines expressing cAMP and cGMP sensors

respectively.
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Figure 23. A. Schematic representation of the conventional CRISPR/Cas9 method as
well as the use of ssODN instead of dsDNA. The gRNA guides Cas9 to the target
sequence at a PAM site, Cas9 then creates a DSB which can be repaired through NHEJ
or HDR. During HDR donor DNA can be inserted into the host genome. B. Similarly a
schematic representation of CRISPR/Nickase using two gRNAs making single-stranded
breaks at two locations. C. Schematic representation of the PiggyBac™ transposon
system using Transposase to cut a cassette containing Cargo DNA flanked by two

Inverted Terminal Repeats (ITR), and paste this in any TTAA site in the host genome.
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4.2. Methods

4.2.1. FRET Microscopy Preparation

NRVMs and HiPSC-CMs were obtained as described in chapters 2.2. and 2.3. respectively.
Cells were plated in MatTek dishes, as described in chapter 2.3. and transfected as
described in chapter 2.5. with one of three of the sensors described in chapter 2.4. as well
as in Table 3.: CGES-DE5, cGi-500, or ScGi. The medium in a MatTek dish containing
transfected cardiomyocytes is aspirated and replaced with 500 pL of pH 7.4 FRET buffer
(purified Milli-Q water containing 144mM NacCl, 5mM KCI, 10mM HEPES and 1mM MgCl2)
before being firmly affixed onto the stage of our QuadView microscopy system and lowered
onto a 60x Nikon oil immersion lens with a droplet of oil on top. The MultiFRET protocol
detailed in 3.3.1. is followed but adjusted to an older version of the software, which lacked
workspace, high-throughput, and enhanced transformation options. Micro-Manager MDA is
set to measure each selected cell every 10 s and save to an image-stack for back-up.
Background correction is used for both the CFP and YFP channels and MultiFRET is set to
yield YFP/CFP ratio-metric data. During the experiment, drugs are added diluted in volumes

of 500 uL of FRET buffer to ensure rapid circulation into the dish’s buffer.

4.2.2. cGMP FRET sensor comparison

The FRET sensors CGES-DE5, cGi-500, and ScGi (for details see section 2.4.) were compared
using either 100 nM CNP, 100 uM GSNO, or 100 uM GSNO followed by 100 nM CNP as a
stimulant of cGMP release. After the cGMP response plateaued the cells were saturated
with 100 uM of IBMX, to which the ratio-metric YFP/CFP FRET response obtained from the

cGMP stimulant was normalised.
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4.2.3. Primer Design

PCR primers for the generation of aavsCAGdest-scgi were designed in the multi-purpose
suite Benchling and were ordered from Sigma-Aldrich in a desalted dry format. Primers were
diluted to 10 uM before use. Sequencing primers were designed user Primer3Plus, only
forward primers were used in this case. See Table 4.

Table 4. Primers used in this work. Cyan highlighting indicates complementary sequence,
while greyed out bases are overhangs. Lower-case bases indicate restriction enzyme sites,
with the restriction enzyme indicated in the primer name. Number ranges in the primer

names indicate the sequence range covered for sanger sequencing.

PRIMER NAME PRIMER SEQUENCE
SCGIF-SBFI-6BP ACTAGAGAACCCACTGCTTACT
SCGIR-PACI-6BP TGGAACAAGAGTCCACTATTAA
AAVSCAGDEST-SCGI CATTGCCTTTTATGGTAATC
5535-5554

AAVSCAGDEST-SCGI GGTAAGGTTGAAGTTACAAAAG
6935-6956

AAVSCAGDEST-SCGI TGACCCTGAAGCTAATCTG
7662-7680

AAVSCAGDEST-SCGI TAGTTGCCAGCCATCTGT
8338-8355

AAVSCAGDEST-SCGI ATCTCTCTCCTTGCCAGA
9063-9080

AAVSCAGDEST-TEV AGATGATTTTGGACAGCTG
7008-7026

AAVSCAGDEST-TEV AGTCCGGAAGCTGTACTC
8424-8441

AAVSCAGDEST-TEV GACCCTGAAGCTGATCTG
9789-9806

AAVSCAGDEST-TEV GTCTCCTGATATTGGGTCTAAC
10486-10507

4.2.4. Restriction Enzyme Digest
Restriction enzymes purchased from NEB were incubated with purified DNA in the
appropriate NEB buffer at 37 °C for 1 hour, after which an enzyme deactivation step was

used depending on the enzyme.
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4.2.5. Ligation
For our ligation we followed manufacturer protocol, using 1 pL T4 ligase in 20 uL 1 X T4 DNA
Ligase Buffer with a Vector:Insert ratio of 1:4. The ligation mix was incubated at 37 °C for 10

min after which the mixture was used to transfect competent cells.

4.2.6. Gel electrophoresis and Purification

Agarose gel is made by dissolving agarose powder in 1 X TAE buffer (diluted from 50 X TAE:
2 M Tris, 50 mM EDTA disodium salt, 1 M acetic acid in 1 L deionised water) at 1% to
separate bands under 8 kb and 0.5% for larger bands. The agarose mixture is microwaved
until the powder dissolves and when it cools down to ~<40 °C 2.5 uL of ethidium per 50 pL
of agarose mix is added. The mixture is poured into a tray with a comb to create slots for the
DNA. After the gel cools down and solidified 1 X loading buffer is added to the DNA which is
loaded into the slots on the gel. The gel electrophoresis is run for 2-3 hours at 80V to
separate the DNA bands. These bands are then imaged and cut out under UV light after

which purification was performed using a Qiagen gel purification kit.

4.2.7. Bacterial Culture

NEB 5-alpha Competent E. coli cells were thawed on ice from -80 °C, 100 ng of plasmid DNA
was added to the cells and the tube was flicked 4-5 times to mix. The mixture was placed on
ice for 30 min before a heat shock is applied at 42 °C for 45 seconds. Afterwards the mixture
was placed on ice for 5 min, then 950 uL of room temperature SOC medium (nutrient-rich
culture medium: 2% tryptone, 0.5% yeast extract, 10 mM NaCl, 2.5 mM KCI, 10 mM MgCl,,
10 mM MgS04.7H,0, 20 mM glucose) was added, the mixture was kept at 37 °C for 1 hour,
vigorously shaken and then plated on warm selection plates containing LB medium with
antibiotics specific to the plasmid used. After an overnight incubation, a single colony was
selected and grown out overnight in a 15mL tube containing 4 mL of LB medium with
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antibiotics. Plasmids were then purified from this mixture according to a Qiagen midiprep kit

protocol.

4.2.8. CRISPR/Cas9 Transfection

A transfection mixture was made using 1.5 ug of both the AAVS1-sensor plasmid and the
pXAT2 plasmid were mixed with 5 pL of P3000 per well in 100 pL of Optimem medium. To
this P3000 mixture, 3.75 pl of Lipofectamine3000 was added and the mixture was left to
incubate in room temperature for 5 min. IMR-90 stem cells (0.6 million) were dissociated
using CDS as in 2.3. and spun down for 4 min at 300 x g. The liquid was aspirated leaving a
pellet which was resuspended in the transfection mixture and left to incubate for 15 min at
room temperature. 1 mL of E8 with 10 uM Rl is added to the cell suspension, which is then
plated in a 6-well plate well coated with fibronectin for a minimum of one hour. The plate is
shaken to ensure equal distribution of cells along the surface of the well. Medium must be

replaced after 48 hours after which selection may begin.

4.2.9. Transgenic Line Selection

Antibiotic G418 is added at recommended concentration for mammalian cells of 200-500
uL. Cells are imaged over 3 days to find the persistent fluorescence indicative of successful
gene insertion. 2.5*10% of surviving cells are replated to a 10 cm plate to split into single
cells, fed with 7 mL of E8 + RI. Medium is replaced with E8 lacking Rl after cells appear in
groups of 2 or more. Colonies are manually collected into 24-well plate wells coated with
Matrigel and fed with E8 + Rl until confluent. Confluent wells may be harvested for

sequencing and restriction enzyme-based confirmation of intended gene insertion.
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4.3. Results

4.3.1. cGMP Sensor Comparison

GSNO stimulation showed significantly higher response than cumulative CNP in HiPSC-CM
with ScGi (P=0.0005, Figure 24A), cGi-500 (P=0.0008, Figure 24B), and CGES-DE5 (P=0.0007,
Figure 24C) and a lower response in NRVM with ScGi (P=0.0289, Figure 25A). We find no
statistical significance in differences between our stimulant responses in NRVM transfected
with cGi-500 (Figure 25B) or CGES-DE5 (Figure 25C). These data reflect what we see in the
representative curves (Figure 24G-I and Figure 25G-1) and shows a stark contrast between
the GSNO response in HiPSC-CM and NRVM. These data reflect what we see in the
representative curves (Figure 25D-F). Furthermore, CNP-only showed a significantly higher
response than cumulative CNP in HiPSC-CM with ScGi (P=0.0008, Figure 24A) and CGES-DE5
(P=0.0018, Figure 24C), providing evidence supporting a shared pool of resources for cGMP

generation after stimulation with GSNO and CNP.

Comparison of cGMP FRET sensors (Figure 26) in HiPSC-CM using GSNO showed a FRET
response of 71.99 + 12.88% of the value of the IBMX response with the ScGi sensor, 73.26 +
13.09% with cGi-500, and 90.63 + 14.84% with CGES-DES5, showing no significant difference
between the sensors using a one-way ANOVA with Tukey’s post-hoc test (P=0.5581, Figure
26A). Contrastingly, in NRVM the same experiment showed a 4.71 + 4.76% response using
the ScGi sensor, similarly 8.99 + 6.93% with its offshoot, the ScGi sensor, and a striking 49.77
+ 13.83% response with the CGES-DE5. While the CGES-DE5 response was significantly
different from the other sensors (P=0.0083, Figure 26B), it should be noted that CGES-DE5
had a much wider spread than either of the other two sensors. Addition of CNP after GSNO

showed none to a small further increase in FRET response in HiPSC-CM (ScGi: 5.96 + 3.63%;
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cGi-500: 9.63 + 7.37%; CGES-DE5: 16.05 + 11.56%) with no significant difference between
the sensors (P=0.7049, Figure 26C), while the response much more pronounced in NRVMs
(ScGi: 39.39 + 12.78%; cGi-500: 17.24 + 6.15%; CGES-DE5: 41.64 + 11.46%) with no
significant difference between the sensors (P=0.2155, Figure 26D). CNP alone in HiPSC-CM
and NRVMs (Figure 26E) showed a similar response with ScGi (41.24 + 7.27%) and cGi-500
(21.34 + 10.15%), but CGES-DES5 (76.23 + 5.79%) showed a significantly higher response than
both ScGi (P=0.0304) and cGi-500 (P=0.0263). We see an interesting difference here
between the responses of HiPSC-CM and NRVMs with GSNO showing a high response in
HiPSC-CM and next to none in NRVM, while this situation is reversed using CNP. This may
indicate a difference in mechanisms of cGMP production between the cells of different
levels of developmental maturity. Finally, experiments in NRVM using only CNP followed by
and normalised to IBMX (ScGi: 33.37 = 7.67%; cGi-500: 33.21 + 13.91%; CGES-DE5: 49.21 +

14.76%) showed no significant difference between the sensors (P=0.5547, Figure 26F).
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Figure 24. A-C. Comparisons of FRET responses to cGMP production stimulants in HiPSC-CM.
D-I. Representative curves for each experiment are shown. Production of cGMP in HiPSC-CM
was stimulated with either 100 uM GSNO followed by 100 nM CNP and finally 100 uM IBMX
(cumCNP, A: n = 10/3; B: n = 10/3; C: n = 12/3), or with 100 nM CNP followed by 100 uM
IBMX (CNP-only, A: n = 10/3; B: n = 2/2; C: n = 5/3). Curves have been smoothened,
averaging every 8 neighbours to the 0 order of the smoothing polynomial. Significance
tested using one-way ANOVA using cells for the n-values with Tukey’s post-hoc test (*P =

0.05, **P = 0.005). Data are presented as mean * SEM. n = cells/batches.
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Figure 25. A-C. Comparisons of FRET responses to cGMP production stimulants in NRVM. D-I.
Representative curves for each experiment are shown. Production of cGMP in isolated NRVM
was stimulated with either 100 uM GSNO followed by 100 nM CNP and finally 100 uM IBMX
(cumCNP, A: n=9/3; B: n=11/3; C: n = 14/3), or with 100 nM CNP followed by 100 uM IBMX
(CNP-only, A:n=7/3; B:n=4/2; C: n =5/2). Curves have been smoothened, averaging every
8 neighbours to the 0™ order of the smoothing polynomial. Significance tested using one-way
ANOVA using cells for the n-values with Tukey’s post-hoc test (*P = 0.05, **P = 0.005). Data

are presented as mean + SEM. n = cells/batches.
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Figure 26. Comparison between ScGi (A,C: n=10/3; B,D: n=9/3; E:n=10/3; F: n =
7/3), cGi500 (A,C: n = 10/3; B,D: n=11/3; E: n = 2/2; F: n =4/2) and CGES-DE5 (A,C: n
=12/3; B,D: n=14/3; E: n =5/3; F: n = 5/2) sensors for cGMP. Production of cGMP in
hiPSC-CM or isolated NRVM was stimulated with either 100 uM GSNO followed by
100 nM CNP and finally 100 uM IBMX, or with 100 nM CNP followed by 100 uM IBMX.
Significance tested using one-way ANOVA with Tukey’s post-hoc test (*P = 0.05, **P =

0.005). n = cells/batches.
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4.3.2. Transgenic line development

We generated a plasmid containing the DNA coding for our cAMP sensor flanked by AAVS1
homologous arms (HA-L and HA-R) through the design of primers targeting the sensor DNA
and inserting a pair of additional restriction enzyme binding sites for SBF-l and PAC-I, which
allowed us to take a restriction/ligation approach to generate the 12 kb aavsCAGdest-TEV

plasmid (Error! Reference source not found.). An aavsCAGdest-scgi plasmid was generated

using an identical process
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Figure 27. CRISPR-ready aavsCAGdest-TEV plasmid containing in blue square: our TEV
sensor for cAMP, in red squares: homologous arms HA-L and HA-R for integration into

the AAVS1 safe locus, in orange squares: Xho-I cutting sites used to test correct plasmid

construction, and the CAG promotor.
with a different set of primers and the plasmid containing the ScGi sensor coding region.
These plasmids were then amplified through inoculation of chemically competent E. coli
bacteria. Plasmid DNA for TEV was isolated and tested to be valid through restriction
enzyme cuts with Xho-I (Figure 28). Co-transfection of IMR-90 cells with one AAVS-sensor
plasmid and the CRISPR/Cas9 coding region containing pXAT2 plasmid resulted in a transient

expression of the fluorescent sensors (Figure 29) but the selection process left no live cells,
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future work may use an altered selection protocol to obtain a transgenic line using the

plasmid generated here.

Figure 28 Test-cuts of aavsCAGdest-TEV using Xho-I, yielding expected 9.5kb and 1.9kb

bands in 9 plasmid isolations A1 — A9 from different bacterial colonies.

Figure 29. IMR-90 cell 2-days post transfection with aavsCAGtev and pXAT2 shows

fluorescence at 480 nm and 535 nm. Scale is shown in red.

4 4. Discussion

In the experiments described above two cellular models were used; human stem cell

derived CMs and rat neonatal CMs. The differences we have found between these models
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are interesting ones showing a striking contrast between the HiPSC-CM which have a very
primitive and underdeveloped biology, and the NRVM which while far from mature show
many more hall-mark characteristics of adult cardiomyocytes. The contrasting response
when using GSNO shows that quite early in development, cardiomyocytes switch away from
a nitric oxide-based system for cGMP production, and into a more specialised natriuretic
peptide-based system. Indeed, it has been shown decades ago that NO has a prominent role
as a signalling molecule during early development of cardiomyocytes, with eNOS expression
decreasing with development while iNOS expression in particular mostly stops at E15.5 in
rat cardiomyocytes (Bloch et al. 2001). At the same time the effects of CNP in rat
cardiomyocytes can still be found in adult cells (Brusq et al. 1999). More recent evidence
shows an absence of GC-A and NO-GC in adult rat cardiomyocytes compared to neonatal rat
cardiomyocytes (Feil et al. 2021), to which the contrast we show might be an early indicator.
We additionally show that while CNP after GSNO shows no further effect in HiPSC-CM, CNP
alone shows a clear response, albeit lower than with GSNO. This indicates that GSNO-
stimulated cGMP production can either saturate the available biosensors or fully deplete or
occupy pools of GTP required for cGMP production, which it shares with the natriuretic

peptide pathway during this stage.

The comparisons between sensors show a consistent similarity between ScGi and cGi-500,
which can be expected as ScGi is an offshoot of cGi-500. Meanwhile, CGES-DE5 which is
based on a PDE5 binding domain shows increased activity in GSNO stimulated NRVMs
compared to the almost completely absent response in the other two sensors. This may be
caused by the difference in cyclic nucleotide binding domains between CGES-DE5 and the

PKG-based sensors (Russwurm et al. 2007; Niino, Hotta, and Oka 2009). Though it has been
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shown that PDES5 is localised in nano-domains (Castro et al. 2006; Lee et al. 2015), the PDE5

sensor lacks any localisation signal and is entirely cytosolic (Jalink 2006).

We find an easily noticeable change in FRET response upon stimulation with CNP, which is
found to be lower in adult rats (Gotz et al. 2014). While NPR1 moves to the t-tubules in
adults, NPR2 which is the primary receptor for CNP, remains expressed on the entire cell
surface (Subramanian et al. 2018). Indeed, CNP response can still be measured in adult
mouse cardiomyocytes and CGES-DES is sufficiently sensitive for this purpose, whereas cGi-
500 was deemed lacking (Gotz et al. 2014). The change in NPR1 localisation raises the
guestion of whether ANP or BNP, which have a much higher affinity for this receptor
(Lumsden, Khambata, and Hobbs 2011), would be more interesting to study in the context
of aging cardiomyocytes. However, NPR1 and NPR2 are functionally redundant in the case
of ANP or BNP stimulation even in neonatal rat cardiomyocytes (Becker et al. 2014) and in

this work we do not study the NP-pathway beyond the neonatal stage.

We were reluctant to use the CGES-DE5 sensor for our future PDE studies as our results
show it to be deviant from the other two sensors, but also due to its consistently wide
deviation between experiments. For these reasons as well as unpublished data on ScGi’s
affinity and selectivity, we decided to move forward and exclusively use this sensor for our
future cGMP measurements. We have tested these sensors in HiPSC-CM for the first time,
showing they function even in these underdeveloped cells, and selected an optimal sensor

for future studies.

4.5. Limitations and future work

Generation of cAMP and cGMP sensor expressing IMR-90 lines would have greatly

accelerated future experiments, however due to time constraints we were not able to
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obtain a transgenic line for cAMP, nor a validated aavsCAGdest-scgi plasmid. Death of cells
under antibiotic is most likely the effect of insufficient co-transfection of aavsCAGdest-TEV
with pXAT2. It could also be theorised that death of cells neighbouring those that may have
undergone a successful gene editing could diminish the chances of survival through release
of apoptotic factors and toxins, or reduction of pH despite the recommended daily change
of medium (Hendriks et al. 2015). Cell survival may already be affected by such factors
during the transfection phase, but could possibly be ameliorated, , as one protocol suggests
(Ran et al. 2013), by slowly adding warm incubation medium 24 hours after transfection
rather than changing the medium after 48 hours. A major limitation of our tools when
selecting for transgenic, fluorescent cells is caused by the lack of a microscope that can hold
and image our 6-well plates. Cells are known to have reduced viability when grown on glass,
however this is a necessity to measure fluorescence in our system. Thus, before cell
selection through antibiotics can be evaluated, they must be transferred to glass-bottom
MatTek dishes. This process results in a loss of around 40% of the cells, reducing chances of
finding a transgenic cell. While we found fluorescence 2 days after transfection, this was
most likely due to the transient transfection with the aavsCAGdest-TEV plasmid and did not

indicate cells with persistent resistance to the G418 selection antibiotic.

Future work should use the generated plasmids and apply several variations on the protocol
described in this work, as well as employing troubleshooting steps described in the papers
cited here. When successful, the TEV-transgenic line may be used together with MultiFRET
for efficient study of the cAMP pathway, or transfected with a cGMP sensor for study of
cross-talk. When a successful method has been established, this may be used to generate an

ScGi line as well and potentially a line transgenic for both TEV and ScGi.
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Chapter 5: Age-Dependent
Compartmentation of cGMP signalling
in HIPSC-CMs -role of PDEs
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5.1. Introduction

After selecting a suitable cGMP sensor we then moved to test dosages of inhibitors of
relevant PDEs on D30, D60 and D90 hiPSC-CMs after stimulation with either GSNO or CNP.
The different PDEs examined in these experiments each have a different localisation and/or
affinity to cAMP and cGMP. Seven PDE families have been identified and investigated in the
heart: PDE1, PDE2, PDE3, PDE4, PDES5, PDES8, and PDE9 (Fischmeister et al. 2006; Bork and
Nikolaev 2018). We chose PDEs shown to have a capacity to modulate the presence of
cGMP or facilitate cross-talk between cAMP and cGMP in the heart. Of these, PDE2 and
PDE3 are dual-substrate specific for both cAMP and cGMP and may effect cross-talk
between pools of these cyclic nucleotide proteins. PDE2 is involved in a negative form of
cross-talk whereby the PDE is allosterically activated by cGMP to hydrolyse cAMP (M. Zhang
and Kass 2011). The PDE2-inhibitor EHNA at 10 uM was shown to significantly increase
cGMP-gated current generated through the sGC pathway under the influence of the nitric
oxide donor SNAP (Castro et al. 2006). PDE3 in particular is well investigated and known as
the cGMP-inhibited PDE and main effector of positive cAMP-to-cGMP cross-talk. While it
specifically hydrolyses cAMP at a maximum velocity ratio of 4-10 cAMP/cGMP, it can be
competitively inhibited by cGMP (Beavo 1995). Using Cilostamide as a PDE3-inhibitor at 10
UM in adult mice cardiomyocytes transfected with the FRET sensor CGES-DES5, an increase in
CcGMP levels similar to that with 100 uM of the universal PDE inhibitor IBMX was observed
(Gotz et al. 2014). PDE5SA is a cGMP specific PDE expressed in cardiomyocytes, primarily
localised to the Z-discs (SENZAKI et al. 2001). Increased cGMP levels and subsequent PKG
activity stimulate PDE5A to reduce cGMP, forming a negative feedback loop on the NO-sGC
pathway. Contrastingly, it has also been found that cGMP generated by the NP-pGC

pathways is positively regulated by PKG (Castro, Schittl, and Fischmeister 2010). The first
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major PDE5-inhibitor used in cardiovascular research was Sildenafil at 1 mM, which was
demonstrated to counteract an ISO-driven increase in contraction rate. When blocking both
B1- and B2-ARs, contraction rate is unaffected by either ISO or PDE5. Furthermore, a cGMP-
dependant activation of PDE2 was shown to attenuate cAMP levels generated by ISO
stimulation, as well as produce a negative chronotropic effect (Isidori et al. 2015). PDE9 is
the most recently discovered cGMP-selective PDE and has the highest affinity and was only
described in brain or systemic studies during our experiments. In a study, PDE9 inhibitor
PF044 at 5 uM was found to further increase FRET response by ~5% when added to
neonatal mouse ventricular myocytes pre-treated with SNAP (Brescia et al. 2020). PDE9
regulates cGMP signalling independent of the NO-pathway, having a role in regulating cGMP
generated by the NP-pathway instead (Lee et al. 2015). Similarly PDE2 was also found to
specifically control the NP-pathway, while the NO-pathway is predominantly controlled by

PDE3 and PDES5 (Go6tz et al. 2014; Castro et al. 2006).

We have performed a set of experiments testing how our HiPSC-CMs at D30 or D90 are
affected by PDEis for PDE2, 3, 5, and 9 at 1 uM, 5 uM, and 10 uM after treatment with 5 uM

of either GSNO or CNP.

In 2016 a study by Jung et al. examined the expressional differences between HiPSC, D30
HiPSC-CMs, D60 HiPSC-CMs, and D90 HiPSC-CMs for the following genes: ADRB1 (B1-AR),
ADRB2 (B2-AR), ADRB3 (Bs3-AR), ADCY5, ADCY6, CASQ2, Cav3, CaMKIl5, and MURC. Gene
expression was normalised to GAPDH or actin. Notably, for Cav3 and MURC which are both
important in the function of caveolae, as well as for ADRB1, ADRB2, CASQ2, ADCY5, and
ADCY6 relative gene expression normalised to iPSC was significantly upregulated in D90

HiPSC-CM compared to any of the younger groups. Protein expression of Cav3 was found to

Page 158 of 236



already be significantly upregulated in D60 and immunostaining showed clusters of Cav3 at
the cell membrane in D60 HiPSC-CM and older. CaMKII6 showed no protein expression in
iPSC in contrast to showing a clear band in D30 and was significantly reduced going from

D30 to D60 to D90 (Jung et al. 2016).

These data was supported using our own differentiation protocol and IMR-90 HiPSC cell line,
showing again a significant increase in relative gene expression for Cav3 and [2-AR in D90
compared to D30 HiPSC-CM. It was additionally shown that the ratio of B.-AR/Bi-AR
significantly increases towards D90. This study also investigated the compartmentalising
role of PDE2, PDE3, and PDE4 on the B1-AR-cAMP and B1-AR-cAMP pathways by stimulating
with isoprenaline (30 uM) in the presence of either the Bi-AR blocker CGP (100 nM) or the
B2-AR blocker ICI (50 nM). These experiments were performed in D30 and D90 HiPSC-CM,
with cCAMP responses being measured through the use of the Epac-S"74 FRET sensor and the
MultiFRET software. Finally, the effect of cholesterol depletion through MBCD (cyclodextrin)
was used to investigate the association of the B-AR-cAMP pathways and their
compartmentalisation by PDEs with caveolae. Caveolae were found to be significantly
reduced in both D30 and D90 HiPSC-CM after MBCD treatment. Though the initial number
of caveolae was much higher in D90 at 0.6 caveolae / pm compared to 0.2 / um in D30, after

treatment both were found at around 0.1 / um. (Hasan et al. 2020).

In this chapter we follow the example of the previously performed experiments by A. Hasan
et al. 2020 in the cAMP pathways, but study the cGMP pathways using PDEi that affect
cGMP at concentrations we determine through PDEi dose-response curves. We thus
thoroughly examine difference in the effects of PDEi for PDE2, 3, 5, and 9 after 5 uM GSNO

or 500 nM CNP between HiPSC-CMs of 30- or 90-days post initiation of differentiation. We
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additionally test the generation of cGMP through the B3-AR in 30- or 90-days old HiPSC-CMs
by blocking the Bi- and B2-AR with a 10-minute pre-treatment using 100 nM CGP and 50 nM

ICI respectively, before adding 100 nM of the B-AR activator ISO.

5.1. Aims
+» To determine effective concentrations of PDEis vinpocetine, EHNA, cilostamide,
sildenafil, and PF in D30 and D90 IMR90 HiPSC-CM.
+ To study the roles of PDEs and caveolae on compartmentation of cGMP

produced through the NO-, NP-, and Bs-pathways.

5.2. Methods

5.2.1. cGMP FRET PDEi dose-response curve

We tested various concentrations of PDE inhibitors on iPSC-CMs 30- and 90-days post
initiation of differentiation, which were transfected with the ScGi sensor two days prior. A
concentration of 1 uM, 5 uM, or 10 uM PDE inhibitor (PDEi) for PDE2 (EHNA), PDE3 (CILO),
PDES (SILD) or PDE9 (PF) was applied after a 100 nM CNP or 100 uM GSNO FRET response
plateau. The PDEi plateau was then followed by 100 uM IBMX as a saturator to which all

data was normalised.

5.2.2. D30 vs D90 FRET experiments

We tested various PDE inhibitors on iPSC-CMs 30- and 90-days post initiation of
differentiation, which were transfected with the ScGi sensor two days prior. For
experiments on the NO- or NP-pathway, cells were stimulated to produce cGMP using 5 UM
GSNO or 500 nM CNP respectively. For our Bs-pathway experiments, cells were pre-treated

with 100 nM of the Bi-blocker CGP and 50 nM of the B;-blocker ICI for 20 minutes before
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cGMP stimulation with 100 nM ISO. After a plateau of the response, the one of the following
PDE inhibitors was added at 10 uM: Vinpocetine (PDE1 inhibitor), EHNA (PDE2 inhibitor),
Cilostamide (PDE3 inhibitor), Sildenafil (PDE5 inhibitor), PF-449076 (PF, PDE9 inhibitor). The
PDEi plateau was then followed by 100 uM IBMX as a saturator to which all data was

normalised.

5.2.3. D90 Cyclodextrin Pre-Treatment

ScGi transfected HiPSC-CM of 90-days post initiation of differentiation were subjected to
caveolae removal by 1-hour incubation with 1 mL RPMI medium containing 1.3 g/L
cyclodextrin. Afterwards, cells are washed with FRET buffer, and the medium is replaced

with 1 mL FRET buffer.

5.3. Results

5.3.1. PDEi dose-response results

PDEi’s for PDE2 (EHNA), PDE3 (CILO), PDE5 (SILD) and PDE9 (PF) were tested on a dose-
response curve on ScGi-transfected D30 and D90 HiPSC-CMs, using 1 uM, 5 uM or 10 uM of
PDEi after stimulation with 5 puM of CNP (Figure 30) or GSNO (Figure 31). Values are
calculated as a % FRET change from baseline to IBMX response, with significance testing
through one-way ANOVA with Tukey’s post-hoc test. D60 HiPSC-CMs were initially included
but this experimental condition was scrapped in order to increase the number of replicates

for D90 HiPSC-CMs, which showed a higher rate of experimental failure due to cell-death.

We found no significant change in FRET response with all doses of EHNA after CNP
treatment in D30 HiPSC-CMs (Figure 30A), and only a minor significant change D90 HiPSC-
CMS from CNP to 10 uM EHNA (21.02 + 4.63 to 39.91 + 5.04) (Figure 30B). The same drug

after GSNO treatment resulted in a strong significant increase in FRET response from 1 uM
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to 5 uM in D30 (12.73 + 2.94 to 57.37 + 7.10) (Figure 31A), and from 5 uM to 10 uM in D90
(29.74 £ 7.33 t0 99.56 + 7.31) (Figure 31B). CILO showed a gradual increase in FRET response
after CNP in D30, with a significant increase between 5 uM CNP and 5 uM CILO (46.83 + 8.54
t0 82.40 £ 4.63),and 5 UM CNP and 10 uM CILO (9.99 + 4.56 to 17.83 + 4.35) (Figure 30C). In
D90 HiPSC-CMs after CNP treatment, CILO shows no change with 1 uM CILO, but a large
increase with 5 puM (29.55 = 5.53 to 81.15 + 4.15) and no further change on further
increasing the concentration to 10 uM (Figure 30D). Minimal change is seen with CILO in
both D30 and D90 HiPSC-CMs after GSNO, showing only a significant change when
increasing from 5 uM to 10 uM (D30: 60.58 + 6.55 to 95.87 to 1.25, D90: 29.55 £ 5.53 to
77.82 + 8.09) (Figure 31C-D). In D30, CNP-SILD shows no significant change at any SILD
concentration (Figure 30E), but in D90 there is a small significant increase after 5 uM (23.16
+4.68 t0 40.80 £ 5.07) and a much larger increase after 10 uM (40.80 + 5.07 to 74.37 + 4.80)
(Figure 30F). SILD after GSNO shows only a significant increase after 10 uM in D90 (23.32 +
9.59 to 84.58 + 2.04) (Figure 31F), however it must be noted that our pool of D30 data
consists only of n=9 cells (Figure 31E), the lowest in all of these experiments, partly due to
cell death mid-experiment. The PDE9 inhibitor PF shows the most consistent changes
between the different concentrations in D30s after CNP (Figure 30G), with a significant
increase at every concentration (CNP to 1 uM: 10.42 + 3.42 to 45.54 + 4.94, 5 uM: 82.27 +
3.26, 10 uM 104.7 £ 2.31). In D90s this is less pronounced with a significant increase only
between CNP and 5 uM (20.12 + 9.49 to 82.45 + 10.50) and a lesser significant increase
between 1 pM and 10 puM (41.26 + 11.28 to 89.14 + 11.02), however the number of
replicates is much lower than with our D30s (Figure 30H). D30 GSNO-PF shows significant
increases between 1 uM (20.55 + 4.71), 5 uM (59.35 + 4.53) and 10 uM (83.97 + 5.83)

(Figure 31G), while in D90s we found a significant increase between all conditions, with 1
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UM giving the largest response (GSNO to 1 uM: 4.419 + 3.73 to 48.57 + 7.48, 5 uM: 69.74 +
5.75, 10 uM: 93.71 + 4.38) (Figure 31H). We conclude that for maximised response, the

simplest strategy is to use inhibitors for PDE2, 3, 5, and 9 at 10 uM each.
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Figure 30. Dose-response of FRET-sensor transfected HiPSC-CM cells after stimulation with 5

uM CNP followed by 1 uM, 5 uM, or 10 uM of PDE inhibitor for PDE2 (EHNA), PDE3 (CILO),

PDE5 (SILD), or PDE9 (PF). FRET change was normalised to the response after a saturating

dose of 100 uM IBMX. Significance tested using one-way ANOVA with Tukey’s post-hoc test

(*P = 0.05, **P = 0.005, and ***P < 0.001). Data are presented as mean * SEM. n =

cells/batches with A: n=15/4, B: n=34/4, C: n=22/4, D: n=29/4, E: n=32/3, F: n=50/4, G:

n=39/4, H: n=21/4. Total: n=242/20.
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Figure 31. Dose-response of FREI-sensor transjected HIPSC-CM cells after stimulation with 5
UM GSNO followed by 1 uM, 5 uM, or 10 uM of PDE inhibitor for PDE2 (EHNA), PDE3 (CILO),
PDE5 (SILD), or PDES (PF). FRET change was normalised to the response after a saturating
dose of 100 uM IBMX. Significance tested using one-way ANOVA with Tukey’s post-hoc test
(*P = 0.05, **P = 0.005, and ***P < 0.001). Data are presented as mean * SEM. n =
cells/batches with A: n=41/4, B: n=45/4, C: n=38/4, D: n=42/4, E: n=9/4, F: n=28/4, G:
n=39/4, H: n=40/4. Total: n=282/20.
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5.3.2. FRET PDEi D30 vs D90 in IMR-90 HiPSC-CM

In our experiments comparing the NP-pathway between D30 vs D90 IMR-90 HiPSC-CM, we
apply PDEil, 2, 3, 5, or 9 after CNP and normalise the response to IBMX. The response to
CNP alone showed no significant difference between D30 and D90 (P = 0.1224) (Figure 32A).
The representative curves show the drug-response dynamics found in most of our
experiments for the shown conditions, with a small response to CNP, a varying PDEi
response depending on the drug, and a consistently high response to IBMX (Figure 32B-F).
We find significant differences in the PDEi response between D30 and D90 when using
cilostamide (P = <0.0001), sildenafil (P = 0.0012) and PF (P = <0.0001), but not vinpocetine (P
= 0.7344) nor EHNA (P = 0.1410) (Figure 32G). Using cilostamide, the D30 mean response
(7.729%) was lower than in D90 (2.223%). Using sildenafil, the D30 mean response (3.897%)
was lower than in D90 (1.935%). Using PF, the D30 mean response (3.297%) was lower than
in D90 (1.580%). The responses of IBMX after all our experiments taken together for D30

and D90 showed no significant difference between these ages (P = 0.0528) (Figure 32H).

In our experiments comparing the NO-pathway between D30 vs D90 IMR-90 HiPSC-CM, we
apply PDEi1l, 2, 3, 5, or 9 after GSNO and normalise the response to IBMX. The response to
GSNO alone showed a significant difference between D30 and D90 (P = <0.0001), with D30
showing a higher mean response (8.723%) than D90 (4.385%) (Figure 33A). Here,
representative curves showcase the difference in GSNO response between D30 and D90.
Notably, sildenafil shows a slow response dynamic here (Figure 33E) as it did in the previous
set of curves (Figure 3E), while D30 PF shows a much faster response (Figure 33F). We find
significant differences in the PDEi response between D30 and D90 when using vinpocetine
(P = 0.0053), cilostamide (P = <0.0001), and sildenafil (P = <0.0001), but not EHNA (P =

0.0273) nor PF (P = 0.3817) (Figure 33G). Using vinpocetine, the D30 mean response
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(4.278%) was lower than in D90 (9.066%). Using cilostamide, the D30 mean response
(5.831%) was higher than in D90 (1.840%). Using sildenafil, the D30 mean response (3.344%)
was lower than in D90 (9.363%). The responses of IBMX after all our experiments taken

together for D30 and D90 showed no significant difference between these ages (P = 0.0180).

In our experiments comparing the Bs-pathway between D30 vs D90 IMR-90 HiPSC-CM. we
apply PDEi1, 2, 3, 5, or 9 after ISO on cells pre-treated with B1- and B2-blockers ICl and CGP,
then normalise the response to IBMX. The response of pre-treatment and I1SO alone showed
no significant difference between D30 and D90 (P = 0.2908) (Figure 34A). The low signal
from our experiments on this pathway are reflected in the erratic course of some of our
representative curves, as lesser responses enhance visibility of noise (Figure 34B-F). We find
significant differences in the PDEi response between D30 and D90 when using vinpocetine
(P = <0.0001), EHNA (P = <0.0001), cilostamide (P = <0.0001), and sildenafil (P = <0.0001),
but not PF (P = 0.0848) (Figure 34G). Using vinpocetine, the D30 mean response (2.069%)
was higher than in D90 (0.7314%). Using EHNA the D30 mean response (1.477%) was higher
than in D90 (-0.8284%). Using cilostamide, the D30 mean response (1.820%) was higher
than in D90 (-0.3763%). Using sildenafil, the D30 mean response (0.8098%) was higher than
in D90 (-0.2755%). The responses of IBMX after all our experiments taken together for D30
and D90 showed a significant difference between these ages (P = 0.0002), with the D30 data

showing a lower mean response (6.629%) than the D90 data (5.252%).

5.3.3. FRET PDEi Untreated vs Caveolae Disruption through Cyclodextrin in IMR-90 HiPSC-CM
In our experiments comparing untreated and cyclodextrin treated cells by applying PDEi1l, 2,
3, 5, or 9 after CNP and normalising the response to IBMX, we find significant differences in

the PDEi response between untreated and cyclodextrin when using sildenafil (P = 0.0042),
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but not when using vinpocetine (P = 0.1078), EHNA (P = 0.4202), cilostamide (P = 0.3624),
nor PF (P = 0.4405). Using sildenafil, the untreated mean response (3.264%) was lower than
in cyclodextrin treated cells (8.253%). The responses of IBMX after all our experiments taken
together showed a significant difference between these groups (P = <0.0001), with
untreated (15.17%) giving a higher response than cyclodextrin (10.02%). The response to
CNP alone showed no significant difference between untreated cells and cyclodextrin

treated cells (P = 0.1183) (Figure 35).

In our experiments comparing untreated and cyclodextrin treated cells by applying PDEi1, 2,
3, 5, or 9 after GSNO and normalising the response to IBMX, we find significant differences
in the PDEi response between untreated and cyclodextrin when using vinpocetine (P =
<0.0001), EHNA (P = <0.0001), sildenafil (P = <0.0001), and PF (P = 0.0172), but not when
using cilostamide (P = 0.2385). Using vinpocetine, the untreated mean response (18.21%)
was higher than in cyclodextrin treated cells (3.623%). Using EHNA, the untreated mean
response (10.34%) was higher than in cyclodextrin treated cells (-0.3126%). Using sildenafil,
the untreated mean response (10.18%) was higher than in cyclodextrin treated cells
(1.629%). Using PF, the untreated mean response (8.088%) was higher than in cyclodextrin
treated cells (5.030%). The responses of IBMX after all our experiments taken together
showed a significant difference between these groups (P = <0.0001), with untreated
(14.97%) giving a higher response than cyclodextrin (9.873%). The response to GSNO alone
showed a significant difference between untreated and cyclodextrin (P = 0.0007), with
untreated cells (4.492%) showing a higher response than in cyclodextrin treated cells

(2.261%) (Figure 36).
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In our experiments comparing untreated and cyclodextrin treated cells by applying PDEi1, 2,
3, 5, or 9 after ISO in the presence of CGP and ICI before normalising the response to IBMX,
we find significant differences in the PDEi response between untreated and cyclodextrin
when using EHNA (P = <0.0001) and PF (P = <0.0001), but not when using vinpocetine (P =
0.0262), cilostamide (P = 0.0697) nor sildenafil (P = 0.1331). Using EHNA, the untreated
mean response (-0.03211%) was lower than in cyclodextrin treated cells (2.543%). Using PF,
the untreated mean response (2.423%) was lower than in cyclodextrin treated cells
(6.742%). The responses of IBMX after all our experiments taken together showed no
significant difference between these groups (P = 0.6017). The response to pre-treatment
and ISO alone showed a significant difference between untreated and cyclodextrin (P =
<0.0001), with untreated cells (1.744%) showing a lower response than in cyclodextrin

treated cells (3.149%) (Figure 37).
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cGMP Production upon NP Stimulation
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Figure 32. D30 vs D90 in FRET-sensor transfected IMR90 HiPSC-CM after stimulation with

500 nM CNP followed 10 uM of PDE inhibitor for PDE1 (VINPO), PDE2 (EHNA), PDE3 (CILO),

PDE5 (SILD), or PDE9 (PF). FRET change was normalised to the response after a saturating

dose of 100 uM IBMX. A. cGMP stimulant alone. B-F. representative curves. G. PDEi

comparison. Significance tested using unpaired T-tests with Holm-Siddk post-hoc test (*P =

0.05, **P = 0.001). Data are presented as mean + SEM. n = cells/batches with A: D30 n =

170/15 D90 n = 148/15, G: VINPO D30 n = 28/3 D90 n = 54/3, EHNA D30 n = 37/3 D90 n =

34/3, CILO D30 n = 34/3 D90 = 30/3, SILD D30 n = 18/3 D90 n = 23/3, PF D30 n = 35/3 D90 n

=46/3, IBMX D30 n = 169/15 D90 = 218/15.

Page 170 of 236



cGMP Production upon NO Stimulation
EE L2
A. 107

GSNO

—— 3 Day 30 ©ogae | EEe
—_ INPO
X 84 =1 Day 90 E 1 VINPO
@ = 1.0 IBMX
2 6+ )
S —— S 0.0 IBMX
O 44 a . J
| ™
w Q
x5 o 087
=
0 T T 0.7 T T
Day 30 Day 90 0 1000 2000
C GSNO D csno Time (s)
405550 EHNA " 444 6sNo|  clo IBMX
& l EHNA 3 l ciLo
E 1.00- £ 1.0
= 1BMX 1BMX =
) G
2 0.95] } 2 0.9 1B
& ! [
o 0904 Q- 0.8 l
e .
& &
o i o
0.85 0.7+
3 g
0.80 T T 1 0.6 T T
0 1000 2000 3000 0 1000 2000
E GSNO Time (s) F GsNO Time (s)
' 44 |GSNO * 41 GSNO
w 1 x l pE  IBMX
< SILD E l
E 1.04 B = 1.0 PF
° SILD | Bmx ° IBMX
= 0.9+ T
S : 0.9
2 0.8+ &
E & 0.8
0.7+ w
E =
0.6 T T T 1 0.7 T T T
0 1000 2000 3000 4000 0 1000 2000 3000
Time (s) Time (s)
G PDEi effects after GSNO stimulation
30+ * k% *k
2
o 204
S 20
c
5]
= 1 e
o . . .
— . '
M . :
o . at : . .
o |{-| B . : =
S o I;-I 1 e
S I"ﬁﬂ B - IEI [zl
r "2 T = T L3 H

VINPO EHNA

CILO

SILD

PF

Figure 33. D30 vs D90 in FRET-sensor transfected IMR90 HiPSC-CM after stimulation with

5 uM GSNO followed 10 uM of PDE inhibitor for PDE1 (VINPO), PDE2 (EHNA), PDE3

(CILO), PDE5 (SILD), or PDE9 (PF). FRET change was normalised to the response after a

saturating dose of 100 uM IBMX. A. cGMP stimulant alone. B-F. representative curves. G.

PDEi comparison. Significance tested using unpaired T-tests with Holm-Siddk post-hoc

test (*P = 0.05, **P = 0.001). Data are presented as mean = SEM. n = cells/batches with

A: D30 n = 186/15 D90 n = 110/15, G: VINPO D30 n = 34/3 D90 n = 22/3, EHNA D30 n =

27/3 D90 n = 21/3, CILO D30 n = 33/3 D90 = 34/3, SILD D30 n = 38/3 D90 n = 22/3, PF

D30 n=23/3D90n =37/3, IBMXD30n =178/15 D90 = 162/15.
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Figure 34. D30 vs D90 in FRET-sensor transfected IMR90 HiPSC-CM after stimulation

with 100 nM ISO after a 10-minute CGP (100 nM) + ICI (50 nM) incubation, followed by

10 uM of PDE inhibitor for PDE1 (VINPO), PDE2 (EHNA), PDE3 (CILO), PDE5 (SILD), or

PDE9 (PF). FRET change was normalised to the response after a saturating dose of 100

uM IBMX. A. cGMP stimulant alone. B-F. representative curves. G. PDEi comparison.

Significance tested using unpaired T-tests with Holm-Siddk post-hoc test (*P = 0.05, **P

= 0.001). Data are presented as mean + SEM. n = cells/batches with A: D30 n = 136/15

D90 n = 105/15, G: VINPO D30 n = 20/3 D90 n = 33/3, EHNA D30 n = 30/3 D90 n = 33/3,

CILO D30 n =12/3 D90 = 25/3, SILD D30 n = 25/3 D90 n = 40/3, PF D30 n = 16/3 D90 n =

51/3, IBMX D30 n = 150/15 D90 = 200/15.
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Figure 35. D90 untreated vs D90 cyclodextrin in FRET-sensor transfected IMR90 HiPSC-CM

after stimulation with 500 nM CNP followed 10 uM of PDE inhibitor for PDE1 (VINPO), PDE2

(EHNA), PDE3 (CILO), PDE5 (SILD), or PDES (PF). FRET change was normalised to the

response after a saturating dose of 100 uM IBMX. A. cGMP stimulant alone. B-F.

representative curves. G.

PDEi comparison. Significance tested using unpaired T-tests with

Holm-Siddk post-hoc test (*P = 0.05, **P = 0.001). Data are presented as mean * SEM. n =

cells/batches with A: D30 n = 242/15 D90 n = 130/15, G: VINPO D30 n = 18/3 D90 n = 28/3,
EHNA D30 n = 54/3 D90 n = 16/3, CILO D30 n = 23/3 D90 = 13/3, SILD D30 n =32/3 D90 n =
22/3, PF D30 n =53/3 D90 n = 28/3, IBMX D30 n = 248/15 D90 = 130/15.
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Figure 36. D90 untreated vs D90 cyclodextrin in FRET-sensor transfected IMR90 HiPSC-CM
after stimulation with 5 uM GSNO followed 10 uM of PDE inhibitor for PDE1 (VINPO), PDE2
(EHNA), PDE3 (CILO), PDES5 (SILD), or PDES (PF). FRET change was normalised to the response
after a saturating dose of 100 uM IBMX. A. cGMP stimulant alone. B-F. representative curves.
G. PDEi comparison. Significance tested using unpaired T-tests with Holm-Siddk post-hoc test
(*P = 0.05, **P = 0.001). Data are presented as mean + SEM. n = cells/batches with A: D30 n =
187/15 D90 n = 125/15, G: VINPO D30 n = 35/3 D90 n = 51/3, EHNA D30 n = 23/3 D90 n =
13/3, CILO D30 n = 7/3 D90 = 25/3, SILD D30 n =21/3 D90 n = 15/3, PF D30 n = 29/3 D90 n =
21/3, IBMX D30 n = 164/15 D90 = 125/15.
Page 174 of 236



A. ISO Cavaolae Removal B.
*kkk

VINPO

4 1.05 o
1 — 059 1s0 VINPO
3 Untreated x l I1SO
—_ . @
= =3 Cyclodextrin E 1B
< 34 ~ 1.004
°
c =
o vl
c 24 X 0.95-9
Q o
[ [
w Q
11 a 0.90-
£ &
z
v T T 0.85 T T
Untreated  Cyclodextrin 0 500 1000
C D Time(s)
ISO  EHNA
105 IS0 ciLo
S0 IBMX IBMX 1.05-
EHNA l l' l 1BVX
1.004 1.00

0.954

(YFP/CFP Ratio) / max
e
3
1
(YFP/CFP Ratio) / max
s o
o« o
L) =]
1 1
-—
—

T 1 I 1
0 500 1000 1500 2000 0 500 1000 1500 2000
E. Time (s) F Time (s)

IBIMX
1057 s01s0

1059 isosib
% IS0 l SILD 1BV E pF. PF-
E 1 l < 1.004 IBMX IBMX
— 1.00 —
& 095 & 0951
a o
S o
S 0.90- & 090
a O a
[T
= =

0.85 T T 1 0.85 T T T T 1

0 1000 2000 3000 0 500 1000 1500 2000 2500
Time (s) Time (s)
G.
B3-Pathway Caveolae Removal in D90
30 %k o s

g
% 20

c

] b e
-: 3 : :'.
(8] “ k- ;
| o - (]
o 10 . ;
14 - =
(19 = : e . kS :‘ g

0- Bk O 5| [ wrrra B GRS I'H_-E_I_é_ I-;'ii'll oy =

Figure 37. D90 untreated vs D90 cyclodextrin in FRET-sensor transfected IMR90 HiPSC-CM stimulated with
100 nM ISO after a 10-minute CGP (100 nM) + ICI (50 nM) followed by 10 uM of PDE inhibitor for PDE1
(VINPO), PDE2 (EHNA), PDE3 (CILO), PDE5 (SILD), or PDE9 (PF). FRET change was normalised to the
response dfter a saturating dose of 100 uM IBMX. A. cGMP stimulation alone. B-F. representative curves.
G. PDEi comparison. Significance tested using unpaired T-tests with Holm-Siddk post-hoc test (*P = 0.05,
**p = 0.001). Data are presented as mean + SEM. n = cells/batches with A: D30 n = 251/15 D90 n = 177/15,
G: VINPO D30 n = 65/3 D90 n = 71/3, EHNA D30 n = 36/3 D90 n = 39/3, CILO D30 n = 22/3 D90 = 24/3, SILD
D30n=19/3D90n =11/3, PFD30n =49/3 D90 n =32/3, IBMX D30 n =252/15 D90 = 188/15.
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5.4. Discussion

The lacklustre response with EHNA after CNP compared to the remarkable response after
GSNO indicates that PDE2 may be mainly compartmentalising cGMP produced through the
sGC-NO pathway. This is in line with previous, albeit conflicting, data on the localisation of
PDE2 in cardiac cells. In healthy adult human cardiomyocytes, PDE2A was only found in the
cytosolic fraction, which supports its primary role in compartmentalising cGMP from the
cytosolic sGC-NO pathway (Sugioka et al. 1994). However, guinea pig cardiac ventricles
PDE2A activity was found in both cytosolic and membrane preparations (Muller, Stoclet, and
Lugnier 1992). To further complicate matters, immunohistochemistry data in rat ventricular
myocytes show that PDE2A is localised to the plasma membrane, cell-to-cell junctions, and
sarcomeric Z-lines. Additionally, PDE2A activity in rat ventricular myocytes was only found in
membrane fractions (Mongillo et al. 2006). Whether this conflicting data is as it seems,
simply due to the difference between human and animal models, or has a deeper meaning
is yet difficult to say with certainty. While it is difficult to compare HiPSC-CM to that from
adult human cardiomyocytes, the nano-domain switch in adult human cardiomyocytes
previously discussed shows that our cells may shift from a ‘healthy’ configuration where
PDE2 is localised to the plasma membrane together with the Bi-AR as well as cGMP
produced through Bs-AR activation, to the ‘early disease’ configuration where PDE2 is
localised to the B2-AR where it has been found to be interact mostly with cGMP from the
NP-pathway (Perera et al. 2015). It should be noted however, that the study which found
this nano-domain switch investigated adult human cardiomyocytes. These hold T-tubules to
which B-AR localise even in early disease, while our D90 HiPSC-CM would lack or have a
very rudimentary version of such a structure. Additionally, HiPSC-CM FRET data investigating

the compartmentalising effects of PDE2 on cAMP do not show a significant aging-dependant
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change between D30 and D90, but find that PDE2 within this age range predominantly

affects cCAMP pools produced through 2-AR stimulation (Hasan et al. 2020).

In D30 HiPSC-CM with CILO we find the opposite: much more noticeable increase in FRET
response after CNP compared to GSNO. Furthermore, we find a small change to the
graduality of the dose-responsiveness between D30 and D90 after CNP, with D90s jumping
up in response on 5 uM while D30s increased more gradually with a small increase at 1 uM.
However, the response in D90 HiPSC-CM with GSNO-CILO is varied but overall low
compared to D30 or CNP experiments. PDE3 has been shown to mainly affect pools of cAMP
produced by B2-AR in HiPSC-CM of D30 to D90 (Hasan et al. 2020). Combined with our data
showing a much lesser effect of PDE3 on the NO-pathway in D90 HiPSC-CM, we find a

possible switch of PDE3 from favouring the NO-pathway to favouring the NP-pathway.

The contrast between D30 and D90 response to SILD indicates a developmental change
whereby PDE5 starts to take a role in ¢cGMP down-regulation only after a time in
development. This follows expression profiling data of PDESA that shows a rise in its
expression as HiPSC-CM age (Wu et al. 2015). PF has the most consistent gradual increase
with dosage, a trait which we find in every experimental condition that uses PF, indicating a
strong role of PDE9S-based cGMP control. Unfortunately, there is no aging-based difference
in response, making PDE9 a poor indicator of development between D30 and D90 HiPSC-
CM. Studies in adult and neonatal rat cardiomyocytes show that PDE9 predominantly affects
the NP-pathway (Redfield et al. 2013), however such studies have not been performed in
HiPSC-CM. Additionally, we tally the number of successful cells, i.e. experiments where a
given cell shows a response to any stimuli and is not subject to any optical or mechanical

interference, versus cells which fail these conditions. We find that in D90s the failure rate is
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almost tripled (33 vs 86), which may be an indicator of decreased cell viability as the HiPSC-

CM are cultured for a prolonged time (Figure 38).
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Figure 38. Successful and failed experiments for each age of HiPSC-CM. Failure criteria are

the lack of response to any stimuli, any optical interference, or any mechanical interference.

In our single dose D30 vs D90 studies, we find that PDE3 is the predominant cGMP regulator
in D30 for both the NP- and NO-pathways. This role is significantly diminished in all three
pathways in D90. This is in opposition to data we gathered in during the dose-response
experiments, where we found that PDE3 would switch from favouring the NO-pathway in
D30 to favouring the NP-pathway in D90. The large changes we find in D30 vs D90 for PDE3
are in accord with recent FRET data showing that maturation of IMR90 HiPSC-CM drastically

changes the activities of PDE3 (Hasan et al. 2020).

The NO-pathway shows that the dominance of PDE3 in D30 is shifted onto PDE1 and PDE5 in
D90. It's been shown that PDE1 is available in much higher levels than PDE5 in adult human
myocardium (Movsesian and Kukreja 2011). The similar response we find when blocking

PDE1 and PDE5 may be caused by a reduction in PDE1’s effect on cGMP due to its dual-
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substrate nature, or due to PDE5 being localised closer to sites of NO-cGMP production. It
should be noted that a study in mouse cardiomyocytes found PDE1 primarily expressed in
non-myocyte cells (Bode, Kanter, and Brunton 1991), which could mean that as our HiPSC-
CMs mature or as HiPSC-CM differentiation tools become more accurate, we would start to

see a decline in the role of PDE1.

In the NP-pathway, there is a significant reduction in the effects of PDE3, PDE5, and PDE9
but no concurrent increases. At the same time, FRET response to CNP stimulation increases
while response to GSNO stimulation decreases. Taken together these results show that
while the NP-pathway has a larger presence in D90 HiPSC-CM, their compartmentalisation

depends less on PDEs and perhaps shifts to structural elements.

The ISO-pathway shows a low effect of all tested PDEis, which is reduced to almost no
detectable effect in D90. Recent data from healthy and failing rat adult cardiomyocytes had
shown an increase in the effect of PDE2i on cGMP generated through cGMP stimulation,
suggesting disruption of compartmentalising structures (Schobesberger et al. 2020). Our
findings corroborate this, indicating that D30 is more akin to failing than healthy
cardiomyocytes. However, comparing our cells to adult rat cardiomyocytes is difficult and
no data using closer models currently exists. Notably, no difference is seen in PDE1, PDE3,

nor PDES5 in healthy vs failing adult rat cardiomyocytes.

PDE9 which has only recently been found expressed in mammalian hearts is known to
primarily regulate the NP-pathway over the NO-pathway (Lee et al. 2015), with no PBs-
pathway data available until now. While there is a tendency towards a reduced role in D90

vs D30, we find no significant change in the Bs-pathway FRET response after blocking PDE9.
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We find an overall increase in cGMP generated through the Bs-pathway after disruption of
caveolae structures. We also find a reduction in the role of PDE1 in its regulation, as well as
a large increase in the role of PDE9 in regulating this cGMP. Surprisingly, we find no
difference in PDE2 which was shown to have an enhanced effect on B1-pathway but not B.-
pathway cAMP after cyclodextrin treatment (Hasan et al. 2020). This shows that, as one may
expect from two similarly localised receptors, the B> and Bs-pathways are similarly affected

by removal of caveolae.

In the NO-pathway, caveolae removal results in a significant reduction of cGMP production
after GSNO stimulation as well as a reduced effect of all tested PDEis with the exception of
PDES3i. This is in opposition to literature which shows that PDE3 (Gotz et al. 2013) and PDE5S
(Nagayama et al. 2008) are the main regulators of NO-cGMP, though it should be noted that

this data was obtained from adult rats and mice respectively.

Caveolae removal seems to have no significant effect on the cGMP production through the
NP-pathway. We only find PDE5 to be significantly affected by caveolae removal, having a
greater effect on produced cGMP after cyclodextrin treatment. This can be ascribed to the
release of PDE5 from caveolar compartments where it has a role in regulating Bs-pathway
cGMP (Bork and Nikolaev 2018). Notably, we find a significant decrease in response to IBMX

after cyclodextrin treatment, possibly implying the involvement of an un-tested PDE.

5.5. Limitations and future work

We did not set-up a dose-response curve for PDE1 inhibitor, as we had not decided to use it
in our follow-up experiments before being some ways through our D30 vs D90 experiments.

We instead used PDE1 inhibitor concentrations found in literature studying cAMP in HiPSC-
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CMs. It would be beneficial to increase the number of the D30-GSNO-SILD dose-response
experiments, as these had many failed experiments reducing their number. If there was
more time, an interesting point to pursue is the relation between shape and other
characteristics of HiPSC-CMs and the failure rate and deviation of FRET response from the
median. Furthermore, to get a better picture of the limits of the cardiomyocytes we could
lower or increase the concentration further in experiments where the response has not
shown a plateau. However, we find that this dose-response is sufficient for further
investigations into cGMP compartmentalisation of aging cardiomyocytes.

Future work on the comparisons between ages would benefit from increased time-points
selections, such as D60 and comparisons to adult human cardiomyocytes. An attempt was
made to include adult human cardiomyocytes in this thesis, however viral transfections did
not take. It was deemed that our supply of FRET sensor inducing virus had degraded.
Similarly, our caveolae studies would benefit from more time-points, but also from
additional and more selective methods of caveolae removal. While cyclodextrin treatment
significantly diminishes the presence of caveolae, the lipid depletion may have unwanted

side-effects.
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Chapter 6: Analysis of Gene and Protein
expression, Contractility, and Calcium
Dynamics in D30 and D90 HiPSC-CM in
relation to cGMP Pathways
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6.1. Introduction

In this chapter we compare our findings from chapter 5. to data on gene expression, protein
expression, calcium handling, and contraction. We check our previous conclusions by using
RT-qPCR, with the first dataset on PDE gene expressions for PDE1A, PDE1B, PDE1C, PDE2A,
PDE3A, PDE3B, PDE5A, and PDE9A in HiPSC-CMs. We also measure expression of relevant
receptors NPR1, NPR2, and ADRB3. And finally, we measure expression of NP precursors
NPPA, NPPB, and NPPC. We show western blot data for the protein expression of PDEIC,
PDE2A, PDE3A, and PDE5A in IMR-90- and CDI-derived HiPSC-CMs. CDI follow a different
differentiation protocol and are compared between D20 and D40. We expand the data
available on cGMP-related gene expression in HiPSC-CMs by comparing the previously

mentioned genes in D30 vs D90 in IMR-90 derived cardiomyocytes.

Finally, we couple our findings to physiological data through calcium and contraction
measurements obtained using CytoCypher. The CytoCypher is a brand-new microscopy
device whose true innovation lies in the use of pixel correlation (PC) algorithm to measure
the movement of cardiomyocyte contraction in many cells both simultaneously and in a
sequenced fashion, resulting in massive data yield (Cao, Manders, and Helmes 2021). The
down-side to this PC method is that measurements are delivered in arbitrary units, allowing
normalised comparisons but giving no means to compare to older studies wherein
contraction may be given in nanometre measurements. Based on our results from chapter
5., we chose to use the CytoCypher to measure changes in contraction and calcium-handling
when stimulating the NP- and Bsz-pathways under conditions of PDE3i using Cilostamide and
lipid depletion using MBCD. Additionally, we now use Cinaciguat as a direct and more

powerful sGC stimulant. We chose these experiments to see our FRET results reflected in
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other aspects of the cell’s physiology. In particular, we wanted to study whether
contractility and calcium dynamics provide similar conclusions to our FRET studies which
have showed that PDE3 is the main regulator of NPR-2 mediated cGMP response in D30, the
significance of PDE3 in all pathways is significantly reduced in D90, the lack of effect from
NO-stimulation in D90, the lack of effect of PDE3 inhibition in the NO-pathway of D30 HiPSC-
CM pre-treated with cyclodextrin, and finally the minimal effect of B3-AR stimulation on

cGMP.

6.1.1. Aims
e To perform gPCR of genes relevant to the NP-, NO-, and Bs-pathways in D30 and D90
HiPSC-CMs
o PDEs: PDE1A, PDE1B, PDE1C, PDE2A, PDE3A, PDE3B, PDE5A, and PDESA
o NP precursors: NPPA, NPPB, and NPPC
o Receptors: NPR1, NPR2, and ADRB3
e To look into the expression of genes for expression of relevant PDEs to protein,
normalised to GAPDH protein expression, in D30 and D90 HiPSC-CMs
o PDEIC, PDE2A, PDE3A, and PDE5A
e To relate our findings to physiology by examining the contraction and calcium-
handling of D30 and D90 HiPSC-CMs under conditions similar to our FRET
experiments
o D30vs D90 | CNP, PDE3i, IBMX
o D30vs D90 | sGC-agonist BAY58-2667 (Cinaciguat) at 100 uM, IBMX
o D30vs D90 | cyclodextrin, Cinaciguat, IBMX
o D30vs D90 | B1- and B2-AR blockers, 1SO, IBMX
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6.2. Methods

6.2.1. RT-QPCR

Primer name Primer sequence

ADRB3_FWD GACCAACGTGTTCGTGACTTC
ADRB3 REV GCACAGGGTTTCGATGCTG
hGAPDH_FWD AATCCCATCACCATCTTCCA
hGAPDH REV TGGACTCCACGACGTACTCA
PDE1A_FWD TTGGCTTCTACCTTTACACGGA
PDE1A REV AGGGCAAATACATCGAAAGACC
PDE1B_FWD ATGAGACACGGCAAATCTTGG
PDE1B REV TGCACAATGCTTCGGAACTTG
PDE1C_FWD GATGTGGACAAGTGGTCCTTTG
PDE1C REV GGGGATCTTGAAACGGCTGA
PDE2A_FWD CCTCCTGTGACCTCTCTGACC
PDE2A REV TGAACTTGTGGGACACCTTGG
PDE3A_FWD TCACAGGGCCTTAACTTTACAC
PDE3A REV GGAGCAAGAATTGGTTTGTCC
PDE3B_FWD CCTCAGGCAGTTTATACAATG
PDE3B REV TGCTTCTTCATCTCCCTGCTC
PDE5A_FWD GCAGAGTCCTCGTGCAGATAA
PDE5A REV GTCTAAGAGGCCGGTCAAATTC
PDE9A FWD GACTCCTCGACGCGATGTTC
PDE9A REV TTTCTGTAGTTGTCGTGGACG
NPR1_FWD CTTCGGTGTCAAGGACGAGTA
NPR1 REV GGTAGGCGTAGAGCATGAGC
NPR2_FWD TGACCCCGACCTGCTGTTA
NPR2 REV CGAACCAGGGTACGATAATGG
NPR3_FWD AGCTAAGCAAGCATACTCGTCC
NPR3 REV GCTTCAAAGTCGTGTTTGTCTCC
NPPB_FWD TGGAAACGTCCGGGTTACAG
NPPB REV CTGATCCGGTCCATCTTCCT
NPPC_FWD GCAAATACAAAGGAGCCAACAAG
NPPC REV CATGGAGCCGATTCGGTCC
NPPA_FWD CAACGCAGACCTGATGGATTT
NPPA REV AGCCCCCGCTTCTTCATTC

Table 5. RT-qPCR primers.

RNA was extracted using the RNeasy Mini Kit (Qiagen, Manchester, United Kingdom)
according to manufacturer’s guidelines. Concentrations were measured using a NanoDrop

UV-Vis Spectrophotometer (Thermo-Fisher Scientific, Loughborough, United Kingdom). An
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iTag SYBR Green gPCR kit (Bio-Rad, the Netherlands) was used to perform RT-QPCR with the

primers listed in Table 5.

6.2.2. Western Blot

Wells of D30 and D90 HiPSC-CMs were washed with room-temperature PBS, detached using
0.5 mL of CDS (Cell dissociation solution: 20 mL RPMI, 20 mL cell dissociation buffer, 10 mL
Trypsin). Cell suspensions were spun down at 300 RPM for 4 minutes, the supernatant was
aspirated, and the pellet was washed with PBS before being transferred to 1.5 mL
Eppendorf tubes. The cells were pelleted again using the same settings and subsequently
frozen in -80°C. Tubes containing our frozen samples were shipped to the N. Vaicheslav
laboratory where the rest of the protocol was performed. Cells were resuspended in
homogenisation buffer (1 mM EGTA, 10 mM HEPES, 150 mM NacCl, 300 mM sucrose, 1%
triton, phosphatase and protease inhibitors (Roche). Cells were homogenised for three
times 20 seconds with an Ultra Turrax (T-10 basic, IKA). Lysates were centrifuged at 13000
RPM, 4°C for 10 minutes and supernatant was used with a Pierce BCA protein assay kit
(Thermo Scientific) to determine protein concentrations. Lysates were mixed with 3 x SDS
Stop for a 10-minute denaturation at 70°C and then stored at -20°C. 10-30 ug of protein
samples were loaded on 8-15% SDS polyacrylamide gels for size-separation through
electrophoresis. Protein size standards Protein marker V (Peglab) or Precision Plus Protein
Dual Color (Biorad) were used as size standards. Using a tank-blot method, proteins were
transferred to a nitrocellulose or PVDF membrane (Amersham and Biorad). Here,
immunodetection was carried out using antibodies for GAPDH (1:160000 dilution, Bio Trend
#5G4), PDE1C (1:1000 dilution, generous gift from C. Yan), PDE2A (1:500 dilution, Fabgennix
#PD2A-101AP), PDE3A (1:1000 dilution, generous gift from C. Yan), PDE4B (1:2500 dilution,

abcam #ab170939), and PDE4D (1:2500 dilution, abcam #ab171750).
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6.2.3. CytoCypher

The CytoCypher (lonoptix, US) is a high throughput multicell system specifically built to test
compounds on myocytes. The device contains an enclosed microscope, working at a 10x
magnification, on a mechanical stage with X, Y, and Z motion. The device further contains a
MyoCam-S3 camera used to find cells and measure contraction. The device is connected to
a photometer, which can feed data to the lonWizard 7.3 software on calcium dynamics as

displayed through our use of fura-2 as a calcium indicator.

Our general preparation protocol starts at the application of the Fura-2 AM dye. HiPSC-CMs
of D30 or D90 old that have been plated in 35 mm glass-bottom MatTek dishes are gently
washed twice with 1 mL of HBSS buffer (137 mM NacCl, 5.4 mM KCl, 0.5 mM MgCl,-6H,0, 0.4
mM MgS04-7H,0, 0.44 mM KH;PO4, 0.34 mM Na;HPOs-7H,0), then gently washed thrice
with 1 mL HBSS+BSA (1 mg / mL of BSA mixed into HBSS), and finally 1 uL of a solubilised
Fura-2 AM (1 g / L in DMSO), diluted and vortexed for 1 minute in 1 mL of HBSS+BSA, was
added to the dish. The dish was then incubated at 37 °C and 5 % CO: for 45 minutes. In the
case of experiments requiring cyclodextrin pre-treatment (1.3 g / L for 1 hour), this
treatment was added during the dyeing step when 30 minutes remained. Cells were then
washed 3 to 4 times with HBSS buffer and 2 mL was added to the dish, the dish was then
placed back into the incubator. After 30 minutes of incubation, the dish was placed over the
CytoCypher lens and an lonOptix MyoPacer was used to pace the cells at 40 V for 10 ms at 1
Hz intervals. For experiments requiring B-blocker pre-treatment (50 nM CGP + 50 nM ICI for
15 minutes), this treatment was added during the last 15 minutes of this 30-minute
incubation. The lid of the CytoCypher device was closed, allowing the cells with now a light-
sensitive dye to stay in darkness. Areas containing contracting cells were selected and the

program was run to record at 250 frames per second during the experiment.
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During the experiment we first recorded 5 seconds of baseline, then added a drug, recorded
another 5 seconds, and so forth. Drugs added were CNP (100 nM), Cinaciguat (100 uM), or

ISO, followed by PDE3 (10 uM), and finally IBMX (100 uM).

The CytoCypher comes with a data analysis tool named CytoSolver, which parses the
lonWizard data files and exports a plethora of calculated parameters to excel. From these
parameters we further analysed time to peak (TTP), return velocity (RV), and percentage
shortening (%S) for Pixel correlation (PC) based data and TTP, RV, and peak divided by

baseline (PB) for the ratio-metric calcium (RMC) based data.

6.2.4. Statistics

Data analysis was performed within GraphPad Prism 8. Our RT-qPCR data was tested for
statistical significance using an un-paired t-test with alpha set to 0.05. CytoCypher data was
tested for statistical significance using a Nested one-way ANOVA with Tukey’s multiple
comparisons test with the alpha set to 0.05. Each CytoCypher measurement recorded 5
transients which were averaged and used as a data point for that cell under the relevant
experimental condition. The western blot results were tested using an un-paired Mann-

Whitney test with statistical significance defined by a P < 0.05.

6.3. Results

6.3.1. RT-gPCR

We tested the expression of several genes of interest, comparing them between D30 and
D90, and normalising the data to the expression of GAPDH. We found no significant

difference in gene expression of cAMP-targeting PDEs: PDE1A (P = 0.1790), PDE1B (P =
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0.0099), PDE1C (P = 0.0752), PDE2A (P = 0.9968), PDE3A (P = 0.1547), nor PDE3B (P =
0.9087) in D30 vs D90 comparisons (Figure 39A). When looking at cGMP-specific PDEs:
PDESA was expressed at a significantly lower level (P = 0.0014) in D30 (mean DDCt = 0.1160)
compared to D90 (mean DDCt = 0.3556) and so was PDE9A (P = 0.0047) in D30 (mean DDCt

=0.1513) compared to D90 (mean DDCt = 0.0398) (Figure 39B).

There was no significant difference in gene expression of receptors NPR1 (P = 0.0277), nor
NPR2 (P = 0.7796) in D30 vs D90 (Figure 39C). However, ADRB3 showed significantly lower
expression (P = 0.0146) in D30 (mean DDCt = 3.877) vs D90 (mean DDCt = 11.71) (Figure
39C). No significant differences were found for NPPA (P = 0.2145), NPPB (P = 0.0409), nor

NPPC (P = 0.2449) (Figure 38D).

6.3.2. Western Blot

A western blot was performed using 6 different PDE antibodies and the data was normalised
to GAPDH (Figure 39). We found significant differences between IMR90-derrived cells of
D30 and D90 for the protein expression of PDE1C (P = 0.0286) and PDE4B (P = 0.0571).
PDE1C was reduced from D30 (0.7233 + 0.0674, n = 4) to D90 (0.3968 + 0.0539, n = 4).
PDE4B was reduced from D30 (0.1227 + 0.0647, n = 4) to D90 (0.7778 + 0.0492, n = 3). No
significant differences were found for PDE2A (P = 0.2860, n = 4), PDE3A (P = 0.8857, n = 4),

PDE4D (P = 0.1143, n = 4), nor PDE5A (P = 0.4857, n = 4).

6.3.3. CytoCypher
Using the new CytoCypher device and software, we measured and analysed contraction
data calculated through PC and RMC data measured by using a photometer with a Fura-2

dye. Our representative traces show 5 recorded peaks in accordance with our measurement
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time of 5 seconds and our pacing frequency of 1 Hz (Figure 41 and Figure 42). Segments of

traces in which no peak is found, such as in this case the end of the recording, are

automatically rejected by the CytoSolver software (Figure 42). In 288 comparisons, we have

found
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Figure 43). This was found in PC measurements of RV in our D90 experiment in which cells

were stimulated with the B3A Cinaciguat, followed by PDE3 inhibition, and finally IBMX

treatment. Significant difference was found between IBMX and baseline (P = 0.0209), as well

as IBMX and Cinaciguat (P = 0.0075). Due to experimental failure and the lack of time

needed to generate new cells the only experiment that showed any significant rejections of

the null-hypothesis has only 2 replicates, adding a factor of uncertainty to the statistical

findings. As the rest of these experiments have not provided sufficient information for valid

conclusions to be drawn, we have omitted the graphs from this work.
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Figure 39. Expression of genes of interest measured in triplicates through RT-qPCR with
RNA extracted from D30 and D90 HiPSC-CMs. Data normalised to GAPDH and expression of
genes from Day 0 HiPSC-CMs. Data are presented as mean + SEM. Tested for statistical

significance through T-tests with *p < 0.05 and **p < 0.01.
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Figure 40. D30 vs D90 Western blot protein expression graciously performed by the N.

Slava group using their probes. A. Blot images with band sizes shown. B. results from 4

batches of HiSPC-CM differentiations normalised to GAPDH. From each batch, a triplicate

of suspensions containing 1 million cells were used and averaged. Data are presented as

mean * SEM. Statistical significance tested using Mann-Whitney test with *p < 0.05.
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Figure 41. Representative trace of D30 HiPSC-CM PC and RMC baseline data. Data was
recorded during the first 5 seconds of an experiment, prior to any drug-based stimulation.
Cells were paced at 1 Hz, 40 V for 10 ms per pulse. Images were recorded at 250 Hz. Red

segments of the graph show automatically rejected peaks that did not fix CytoSolver’s criteria.
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Figure 42. Representative trace of D90 HiPSC-CM PC and RMC baseline data. Data was
recorded during the first 5 seconds of an experiment, prior to any drug-based stimulation.

Cells were paced at 1 Hz, 40 V for 10 ms per pulse. Images were recorded at 250 Hz.
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Figure 43. CytoCypher contraction (PC) and ratiometric calcium-handling (RMC) data measured from D90
HiPSC-CM under conditions of 100 uM sGC stimulator cinaciguat, followed by PDE3 inhibition using 10 uM
cilostamide, and finally global PDE inhibition using 100 uM IBMX. Recordings of 5 seconds were made after
each drug addition. Cells were paced at 1 Hz interval for 10 ms at 40 V. Recordings of cells were made at a
framerate of 250 Hz. Data are presented as mean + SEM. Statistical significance was tested using One-way
ANOVA with *p < 0.05, **p < 0.01. Measures of length and thus speed use an arbitrary unit by design. n =

24/2 cells/batches.

6.4. Discussion

In the 2016 paper by Jung et al., development of B-pathway signaling in HiPSC-CM maturing
from D30 to D90 was studied in terms of expression of its constituents, coupling to
physiology (Jung et al. 2016). It was found that B-AR genes ADRB1 and ADRB2, but not
ADRB3 were upregulated through maturation. Additionally, structural genes Cav3 and
Cavin4 were found upregulated in D90. Production of contraction-relevant proteins CaMKI|
and Tnl were also found to be enhanced at D90. More recently A. Hasan et al. confirmed

Cav3 gene upregulation in IMR90 HiPSC-CMs at D90 vs D30 as well as an upregulation of ;-
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AR. B-AR was not found to be significantly upregulated after maturation in this study (Hasan

et al. 2020).

NPPA and NPPB gene expression normalised to GAPDH were found to be relatively high in
D30-D36 HiPSC-CMs grown in an EHT format (Mannhardt et al. 2017). Relative expression of
these two genes grows from D2 to its peak at D14, after which it is reduced slightly before

stabilising from D35-D42 (Puppala et al. 2013).

PDE gene expression in D15-D20 HiPSC-CMs grown in EHT format has shown PDE3B and
PDE4B to be significantly higher than the similarly expressed PDE3A, PDE4A, PDE4C, and
PDE4D (Saleem et al. 2020a). Interestingly, PDE1A and PDE3B were not detected in a
qualitative RT-PCR, though it was noted that this method performed at a lesser sensitivity.
ADRB1 and ADRB2 gene expression was measured in a 2D tissue of D30 HiPSC-CMs as well
as EHT tissues of D50 and D80 HiPSC-CMs (de Lange et al. 2021). It was found that
expression of ADRB1 and ADRB?2 significantly increase as the cells mature over this range of

time.

ADRB3 expression in D30, D60, and D90 HiPSC-CMs was compared to expression of fetal
human heart tissue and adult human left ventricle tissue and was found to be much lower
than either, though it was similar in expression to levels in adult human left atrial tissue
(Jung et al. 2016). Furthermore, expression data for ADRB3 shows that it is upregulated in
D30 HiPSC-CMs when these cells are grown in a 3D culture (Giacomelli et al. 2019). In 2021
it was shown that ADRA2A, ADRB2, and ADRB3 expression levels vary over the first 35 days
of IMR-90 HiPSC-CM differentiation. While ADRB2 does not significantly change during this

maturation period, ADRB3 shows a 100-fold increase by D20 and remains elevated at D30
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and D35 (Hasan, 2020). This effect is greatly reduced through the use of a Cavpf2 mimetic

peptide used to increase the depth of membrane invaginations such as caveolae.

In our studies we found a significant increase in PDESA and ADRB3 gene expression from
D30 to D90, along with a decrease in PDE9SA expression. There was a disconnect between
changes found in gene expression data versus protein expression data, wherein we only

found PDE1C and PDE2A decreased, along with an increase in PDE4B.

The lack of any significant changes in PDE1-3, sGC, and NPP gene expression between D30
and D90 indicate that the differences we found in our FRET experiments are the result of
other factors that influence their control on cGMP such as compartmentation or translation
rate of mRNA. We find that despite this lack of change in PDE1 and PDE2 gene expression,
there is a significant reduction in protein expression from D30 to D90. This contradicts our
FRET data in the NO-pathway, which showed an increase here. This discrepancy could be
the result of the subject of normalisation between experiments or indicate a
compartmentation of these PDEs to a micro-domain where NO-cGMP does not sufficiently

exist.

Supporting past studies (Wu et al. 2015) as well as our own FRET data, we find that
expression of PDE5 increases during maturation. However, while our FRET data shows a
major increase in the effect of PDE5 on the NO-pathway, a small decrease was noted in the
NP-pathway and an even lesser one in the Bs-pathway. It stands to reason that while the
expression of PDE5 increases, increasing compartmentation after aging localises most of the
PDES5 to nano-domains under the NO-pathway. PDE9 expression is shown to be increased in
cardiac hypertrophy and heart failure resulting from HfPEF (Lee et al. 2015). The reduction

in PDE9 gene expression we find shows conforms to the paradigm indicating that younger
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HiPSC-CM more closely resemble failing cardiomyocytes and that maturation moves them
away from this status. Our PDE9 expression data also supports our FRET data, though we
unfortunately did not have any tested antibodies available to measure PDE9 protein
content. Finally, we find a strong increase in PDE4B but not PDE4D protein expression in
D90. The cAMP-specific PDE4B is known to primarily regulate cAMP produced through
stimulation of the B2-AR in the T-tubules where it may affect PDE2 and PDE3 mediated
cAMP-cGMP cross-talk, thus exhibiting a regulatory role on the T-tubule present Bs-pathway

(Bobin et al. 2016).

The lack of significant differences in contraction and calcium handling in our experimental
conditions poses an interesting question of whether cGMP in these immature cells truly has
no measurable effect, or if our experiments need to be bolstered with more repeats or a
different approach. While studies of contraction and calcium handling in relation to cGMP
stimulation in HiPSC-CM to compare to are few, one recent publication examined the role of
PDE3 in HiPSC-EHTs. Though it should be noted that these cells were not stimulated for
cGMP production, it was found that PDE3 inhibition significantly increased the contractile
force as well as the calcium current in these cells (Saleem et al. 2020). It should also be
noted that the study in question conforms to the recent standards of statistical analysis

which state a minimum n of 5 (Curtis et al. 2018).

6.5. Limitations and Future Work

We had a lack of suitable probes with which to match our investigated genes to protein
expression data. This issue stems from a lack of available probes, a lack of sufficient study of

existing probes, as well as a lack of funding.
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Initially, we aimed to fractionate our protein lysates in order to be able to differentiate
between membrane and cytosolic fractions in our protein expression data. However, it
quickly became apparent that protein concentrations in HiPSC-CMs are too low to be
financially worthwhile to split between fractions. Since our current data shows some
interesting results, it has become more appealing to sacrifice the large number of HiPSC-

CMs needed for a fractionation study in the future.

For our CytoCypher work we did not have the remaining time to properly explore optimal
experimental conditions, primarily in regards to cell density, selection, pacing, and analysis.
Our analysis initially showed some significant differences between our experiments,
however more accurate nested analysis grouping averaged transients between technical
replicates negated any statistical rejections of the null-hypothesis. Future work should
pursue a higher number of replicates, experiment with different plating densities, selection
of grouped versus individual cells, and take into account naturally contracting HiPSC-CMs.
Additionally, testing our other cGMP stimulants and PDE inhibitors would be interesting.

The effects PDE9 in particular on contractility have currently not been explored.
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Chapter 7: Final Discussion
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7.1. Discussion and Conclusions

The primary aim of this thesis was to expand our knowledge on the signaling molecules
behind contraction in HiPSC-CMs in order to compare their function and growth to that of
more mature cells for an understanding and the generation of an assessment tool of
maturation. Since cAMP has been extensively studied in these cells, we focussed on its
counterpart cGMP. We further aimed to assess the role of compartmentation of the cGMP
signal through caveolae and PDEs, as well as the changes in these mechanics throughout the

growth of HiPSC-CM.

We initially compared several popular cGMP sensors and selected ScGi to proceed with.
While ScGi didn’t have any publications to its name, we found that it outperformed cGi500
and CGES-DES5. It became apparent early on that due to the low concentrations in which
cGMP appears in these cells, we would need enhanced numbers to obtain statistical
significance in our experiments. For this need, we developed MultiFRET. A software tool
that is currently in use for many diverse projects, MultiFRET allowed us to gain numbers that
would previously be impossible to obtain during a single project. While alternative tools
exist as discussed in 1.3.2., many of them are proprietary, require specialised hardware, or
do not work during live imaging. For example, Clampex and Metamorph have been used in
the past, though Metamorph is the one that is truly FRET-focussed. The proprietary
software Metamorph is compatible with a wide variety of third-party microscopes and
boasts many features, further being usable for FRAP and motion studies as well. The benefit
of MultiFRET over Metamorph however is that it is open-source, this would technically
enable anyone to pick it up and add whatever features and compatibility they are missing.

One of MultiFRET’s major strengths but simultaneously its main drawback is the
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dependence on the Icy bioimaging suite. Icy is currently still backed by a development team
that develops various updates, though they may generally be positive advancements they
may create an issue of incompatibility with MultiFRET over time. MultiFRET is currently used
with the latest version of Icy 2.0.3.0, issues in the future may be resolved by reverting Icy to

this version.

The CytoCypher is another example of a tool with competing functionality. Though where it
has the advantage of a commercial interest and a support team that updates and maintains
the product as well as its software, it requires specific hardware. The CytoCypher boasts the
ability to automatically detect cardiomyocytes as well, though this feature was not yet
implemented for HiPSC-CM that have a lesser defined structure. Communications revealed
that this feature was in the works to be released soon. The sheer amount of data that
CytoCypher puts out is staggering, creating a task to either examine every calculation result
in the output for statistical and biological significance, or to use only a selection of
calculations based on previous studies of physiology. Seemingly problematic, we found that
our HiPSC-CM particularly contract in groups or clumps of cells. While the PC algorithm and
RMC measurements still show biologically correct curves, it is left to the imagination what
the effect of cells contracting in opposite directions could be on the PC calculation. Working
with the CytoCypher has led to me considering adapting the PC contraction measurement
algorithms for FRET experiments through MultiFRET. Since the PC method works through
comparison of pixels in an initial frame to those in the next frames, not actually detecting or
tracking shapes, it would be feasible to measure contraction in FRET sensor illuminated
cells. Though bleaching and change in brightness due to drug application could be a problem
in certain scenarios, these issues can be evaded by measuring in a short timespan on drug

effect plateaus.
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With our initial FRET data from the sensor studies, we found that stimulation of the NO-
pathway produces only a 0-10% FRET response in accordance with previous data
(Stangherlin et al. 2011). We further showed that indeed the NO-pathway is more active in
less mature cardiomyocytes, indicating a link between dysfunctional cardiomyocytes and an
activation of the NO-pathway, possibly as a compensatory mechanism. This is supported by
the emerging consensus on the cardioprotective properties of the NO-pathway (Park,
Sandner, and Krieg 2018). We then found that PDE2 is the main regulator for this pathway,
though it is found that in adult cardiomyocytes this may switch to the NP-pathway as
cardiomyocytes reach an early disease configuration (Perera et al. 2015). Unfortunately, our
maturation protocol did not show any difference for PDE2 in D30 and D90. Strangely, we
found little to no gene expression of PDE2A in our cells though the western blot did find an
amount which was significantly decreased in D90. This is a maturation-related change that
was not found in cAMP FRET studies either (Hasan et al. 2020), prompting a need for further

evidence to its presence in D30 and D90 HiPSC-CM.

We found a strong role for PDE3 in managing the NO- and NP-pathways in D30, which is
diminished in D90. Interestingly, aging related reduction is abolished for the NO-pathway in
cells that are lipid-depleted through cyclodextrin pre-treatment. These results indicate that
at least during immature stages, PDE3 has a stronger control over cGMP levels than
previously thought (Gotz et al. 2014; Chung et al. 2015). The diminishing role over aging may
result from a combination of rising cAMP levels competing for PDE3 binding sites and
increased structural compartmentation. While the role between cAMP and cGMP in relation
to PDE3 has been established (Pavlaki and Nikolaev 2018), there is a lack of a simultaneous
measurement of their levels in response to PDE3 inhibition in aging HiPSC-CM. In addition to

the compartmentation by barriers created by the maturing cardiomyocyte structure, PDE3
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and its binding sites such as SERCA, PLB, and AKAP18& also become more prevalent
(Grancharova et al. 2021; Zhang and Morad 2020; Guo and Pu 2020). Though no effects of
PDE3i could be found on the contraction and calcium handling dynamics in this study with
any of the tested pathways, further research with altered parameters, tools, and increased
replicates could confirm this lack or inform otherwise. Notably, previous work has shown
that PDE3 inhibitors in adult mice and rat cardiomyocytes have a strong positive effect on
the cardiac contractility as well as the amplitude of calcium transients (Mika et al. 2013;

Maurice et al. 2003).

Previous studies on PDE5 found primarily an effect of it after stimulation of the NO-
pathway. To be precise, it was found that while PDE5 inhibition does not ordinarily affect
basal contractility, it reduced basal contractility only after activation of all B3.ARs and
stimulation of the NO-pathway to produce cGMP (Borlaug et al. 2005). In our studies we
found that aging affects the role of PDE5 in a manner contrasting to its effect on PDE3,
showing a high impact of inhibition in D30 CNP, low in D30 GSNO, but low in D90 CNP and
high in D90 GSNO. This coincides with an increase in PDE5 gene expression in D90. This
switch from the NO-pathway to the NP-pathway hasn’t been documented previously,

making it an attractive target for further investigation.

PDE9 inhibition in D90 has a decreased effect in the NO-pathway after caveolae removal as
well as the NP-pathway. We find the opposite effect on the Bs-pathway after caveolae
removal, with an increased FRET response. These opposing effects are possibly caused by
redistribution of the PBs-receptors due to the cyclodextrin treatment. Interestingly, this
differs from previous experiments where it was found that PDE9 has no regulatory control

over the NO-pathway mediated cGMP production, instead regulating cGMP produced in the
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NP-pathway. It is interesting to note that these experiments were performed on NRVMs,
making it likely that this disparity with our own data is due to either a difference between
model organisms or the difference in the level of cardiomyocyte maturity between NRVM

and D90 HiPSC-CM (Lee et al. 2015).

7.2. Limitations and Future Work

We forewent any further purchase and testing of sensors due to a combination of funding,
adequate results from ScGi, and the pressure to move on to obtain publishable data. It
would be interesting however to compare the dynamics of recent single-fluorophore cGMP
sensors (Harada et al. 2017) or the most recent PKG based sensors (Calamera et al. 2019) to

ScGi.

If any future work is to be done on MultiFRET, similar algorithms used in CytoCypher
software could be applied to allow PC-based measurement of contraction (Kamgoué et al.

2009).

Currently the lack of study on the cGMP pathway creates difficulty in the interpretation of
the results. It would be ideal if future research could explore the effects of all PDE inhibitors
on the three cGMP pathways, as well as examine these conditions in more mature models
such as NRVM or cardiomyocytes from donated adult human hearts for comparison.
Furthermore, study of the cGMP-cAMP cross-talk is made easier through MultiFRET’s
compatibility with any number of beam-splitter channels. While previous work studies the
cross-talk through stimulation of one pathway and FRET measurement of another (G6tz et
al. 2014) or report FRET data that was obtained using two sensors with an unfortunate
amount of bleed-through (Niino, Hotta, and Oka 2009), tools and methods have improved

to a point where it should be possible to delve beyond these issues.
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