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Erratum

Page 2: Line 4, “lead” should be replaced with “led”.

Page 11: It should be noted that while hESC can now be passaged enzymatically,
manual dissection is still preferred as it is tidier and leads to better quality cells
for long term passage.

Page 26: Post-conditioning (also known as ischemic post-conditioning) refers to the
use of treatments following ischemic insult to reduce damage caused by reperfusion
injury. This is in contrast to pre-conditioning referring to the use of treatments prior to
ischemic insult.

Page 35: The systematic [IUPAC name of the chemicals listed is included below
Atenolol - (RS)-2-{4-[2-Hydroxy-3-(propan-2-ylamino)propoxy|phenyl }acetamide
Propranolol - (RS)-1-(1-methylethylamino)-3-(1-naphthyloxy)propan-2-ol

ICI 118551 - 3-(isopropylamino)-1-[(7-methyl-4-indanyl)oxy |butan-2-ol

DPCPX - 8-cyclopentyl-1,3-dipropyl-7H-purine-2,6-dione

ZM 241385 - 4-(2-(7-amino-2-(furan-2-yl)-[1,2,4]triazolo[1,5-a][ 1,3,5]triazin-5-
ylamino)ethyl)phenol

MRS 1523 - 3-Propyl-6-ethyl-5-[(ethylthio)carbonyl]-2 phenyl-4-propyl-3-pyridine
carboxylate

Isoprenaline - (RS)-4-[1-hydroxy-2-(isopropylamino)ethyl]benzene-1,2-diol
Salbutamol - (RS)-4-[2-(tert-butylamino)-1-hydroxyethyl]-2-(hydroxymethyl)phenol
Forskolin - (3R, 4aR, 58S, 6S, 6aS, 10§, 10aR, 10bS)- 6, 10, 10b- trihydroxy- 3, 4a, 7,
7, 10a- pentamethyl- 1- oxo- 3- vinyldodecahydro- 1 H- benzo[f] chromen- 5- yl
acetate

Ouabain - 1B,3p,58,11a,14,19-Hexahydroxycard-20(22)-enolide 3-(6-deoxy-a-L-
mannopyranoside)

NECA - 1-(6-Amino-9H-purin-9-yl)-1-deoxy-N -ethyl-B-D-ribofuranuronamide
CPA - 2R,3R,4S,5R)-2-[6-(cyclopentylamino)purin-9-yl]-5-(hydroxymethyl)oxolane-
3,4-diol

IB-MECA - 1-Deoxy-1-[6-[[(3-iodophenyl)methy] Jamino]-9H-purin-9-yl]-N-methyl-
B-D-ribofuranuronamide

Page 37: Line 15, “BD FACS Canto II”” should be replaced with “BD FACS Canto II
flow cytometer”.

Page 38: Line 8, “1:1 mix of PBS and filtered conditioned media” with “1:1 mix of
filtered conditioned growth media and 10% FBS in PBS.”

Page 40: Line 7 insert “To detect cells expressing c-kit (CD117) a mouse monoclonal
antibody conjugated to Phycoerythrin (PE) was obtained from Beckman Coulter.

Page 47: Line 8, “FACS” should be replaced with “Flow Cytometry”.
Page 48: Figure 3.1, graph in the middle of the page should be labeled C, Image

bottom left should be labeled D and Image bottom right should be labeled E. Figure
legend, “FACS” should be replaced with “Flow Cytometry”.



Page 52: Line 17, “FACS” should be replaced with “Flow Cytometry”. Line 20, “2
and 6 days” should be replaced with “4 and 6 days”.

Page 56: Figure legend, “FACS sorted” should be replaced with “analysed using flow
cytometry”.

Page 61: Line 11, “crucial” should be replaced with “is crucial”.

Page 62: Line 8, “FACS sorted” should be replaced with “FACS”.

Page 73: Line 2, “FACS sorted” should be replaced with “FACS”.

Page 74: Line 17, “FACS sorted” should be replaced with “sorted using FACS”.
Page 81: Line 1, “FACS sorted” should be replaced with “sorted using FACS”.

Page 98: Line 7, insert “There was heterogeneity in both short-term and long-term
cultures, however, the results represent multiple differentiations across many months
from different passage number ES cells thus reflecting inherent heterogeneity.

It is possible that some of the results in this chapter may have been attributable to
“primary-myocardial-like “ cells, however investigating this was outside the scope of
these studies.”

Page 99: Title: “PPONTANEOUSLY” should be replaced with
“SPONTANEOUSLY”.

Page 103: Line 9, “FACS sorting” should be replaced with “FACS enriched”.

Page 113: Line 7, “Figure 1 B” should be replaced with “Figure 2 B”. Line 10,
“Figure 1 C” should be replaced with “Figure 2 C”.

Page 124: Line 4, insert “It is possible that some of the results in this chapter may
have been attributable to “primary-myocardial-like “ cells that had not fully
differentiated into pacemaker or Hispurkinje cells.”

Page 131: The image on the bottom left should be labeled “E”.

Page 137: Line 6, replace “{Sartipy:2011ek, Mandenius:2011ds, Cohen:20111k}”
with “(Sartipy & Bjorquist 2011; Mandenius et al 2011; Cohen et al 2011)”.

Page 139: Line 5, “hESC cell line” should be replaced with “hESC line”

The reference for the cell line is;

Elliott, D. A. et al. NKX2-5¢GFP/w hESCs for isolation of human cardiac progenitors
and cardiomyocytes. Nat. Meth. 8, 1037-1040 (2011).

Page 141: Figure legend, “Adult heart tissue” should be replaced with “adult heart
tissue (E)”.



Page 142: Figure legend, “differentiation time point)” should be replaced with
“differentiation time point)(A). “Day 97 should be replaced with “Day 97 (B).

Page 143: Line 12, “add to the that the” should be replaced with “add to that the “.
Line 18, “Figure 6.5 C” should be replaced with “Figure 6.6 C”.

Page 144: Line 3, “Figure 6.4 A” should be replaced with “Figure 6.5 A”. Line 4
“Figure 6.4 B” should be replaced with “Figure 6.5 D”, “Figure 6.6” should be
replaced with “Figure 6.7”. Line 11, “Figure 6.5 D should be replaced with “Figure
6.6 D”.

Page 148: Line 5, “Sustained exposure” should be replaced with “Sustained exposure
over 5 days”. Line 10, “Figure 6.6” should be replaced with “Figure 6.7”.

Page 157: Line 10, “is one of their key strengths” should be replaced with “is their
key strength”.

Page 158: Line 16 “Loss” should be replaced with “loss”.

Page 178, Line 5 replace “Maltsev et al...Mechanisms of” with “Maltsev, V. A.,
Rohwedel, J., Hescheler, J. & Wobus, A. M. Embryonic stem cells differentiate in

vitro into cardiomyocytes representing sinusnodal, atrial and ventricular cell types.
Mech. Dev. 44, 41-50 (1993).”

Page 178, Line 9 insert “Mandenius, C.-F. et al. Cardiotoxicity testing using
pluripotent stem cell-derived human cardiomyocytes and state-of-the-art bioanalytics:
areview. J. Appl. Toxicol. 31, 191-205 (2011).”

Page 181, Line 22 insert “Sartipy, P. & Bjorquist, P. Concise Review: Human
Pluripotent Stem Cell-Based Models for Cardiac and Hepatic Toxicity Assessment.
Stem Cells 29, 744-748 (2011).”



Responses to examiners comments

If this were an oral examination, I would have asked for further clarification on the
heterogeneity associated with the EBs, particularly in short-term versus the long-term (>90
days) cultures and how this would have affected data interpretation. Additional discussion
in Chapter 4 would have been welcome. Also in Chapter 4, some of the results may have
been attributable to “primary-myocardial-like” cells. According to the work of Moorman
and colleagues, pacemaker like cells may originate from primary myocardium; however,
the relative immaturity and the time dependence of ESC-CMs formation, and the effects of
CPA may be explained by this possible alternative explanation.

Added as addendum to Chapter 4

There was heterogeneity in both short-term and long-term cultures, however, the
results represent multiple differentiations across many months from different passage
number ES cells thus reflecting inherent heterogeneity.

It is possible that some of the results in this chapter may have been attributable to
“primary-myocardial-like “ cells.

Chapter 5 is overall very solid and has already been vetted for publication; however, the
possibility of early primary myocardial like cells that had not fully differentiated into
pacemaker or Hispurkinje cells may be part of the interpretation.

Added as addendum to Chapter 5

While it is possible that the results in this chapter may have been attributable to
“primary-myocardial-like “ cells that had not fully differentiated, this seems less
likely then the hypothesis that the cells characterized at a late stage of differentiation
had developed phenotypes representative of different parts of the conductive system.
Identifying if these cells were mature or early myocardial-like is difficult to prove as
early myocardial like cells have similar protein expression patterns and rely on similar
functional pathways for spontaneous calcium flux (Boheler 2002). The functional
changes and cKit expression characterized in this chapter support a development
between days 13 and 20. The most logical interpretation of this development is
maturation, leading to spontaneous calcium fluxes which correlate with the calcium
currents identified in published electrophysiology studies for cells from the
conduction system.

Also at the very end of Chapter 5, the Candidate refers to the “mature phenotype”. This I
would argue is an absolute misnomer. Perhaps relative to day 20 ESCCMs, these cells seem
mature based on the reliance on SR calcium and HCN channels, but relative to an adult
heart, these cells remain very immature with regards to function and contractile strength.
Numerous other “maturation” deficits have been described, and I think it unfortunate that
other authors like to use “mature cardiomyocytes” as jargon to improve their chances of
publication when the evidence argues against this statement.

While in this context “mature phenotype” could be considered a misnomer it is
commonly used in this context in the literature.

In Chapter 6, some of the data with human ESC-CMs argue that the mixed EB system is required to
identify potential toxicity, and in fact the Candidate suggests that endothelial-like cells play a major
role. This point has not however been fully validated or clarified.



While experimental evidence would suggest a role for endothelial cells in the
cardiotoxicity of trastuzumab, definitive experiments to validate this hypothesis
would have required further experiments that were not possible due to time
constraints. This does not take away from the evidence that the heterogeneity of the
mixed EB system may prove more useful for toxicity studies than highly purified
systems.

Second, I was surprised by the lack on comment or experimental data in Chapter 4 and the effects
that Iso or adenosine or other pro-arrthymic drugs may have had on the generation of arrhymogenic
waveforms. In many of the drug screening protocols, this is a major limitation and one that can have
obvious catastrophic effects when administered to patients.

The information regarding pro-arrthymic drugs would certainly be interesting,
however given limits of time and resources this was considered outside the scope of
this thesis.

While I realize that the videomorphometery (or object tracking) may work best in 2D, the rates of
contraction as well as the contraction amplitude could have been addressed in this thesis. These
findings would have increased the impact of the current study if described in explicit detail, and it is
my feeling that inclusion of this data could provide the detail that may be currently lacking for
publication.

Many of the results discussed in Chapter 4 used object tracking as a form of
videomorphometery, however the difficulties associated with using this technique
with 3D cultures limited the interpretation of results that could be achieved with this
methodology.

Third, Chapter 6 is by far the weakest of the chapters in this thesis. It is my impression that the
writing of this chapter was rushed, and as a consequence, the Results section is much more difficult
to follow. It reads more like a list of experimental findings, but the Candidate often failed to refer to
the graphs, and other components of the chapter. See specific comments below. Other weaknesses
included the inability of the Candidate to master the hESC differentiation protocol — while minor,
this is important if he chooses to continue along this research stream. While the model employed is
laudable, the purity of CMs and relative proportion of CMs vs non- CMs is lacking. It is also very
easy to state that some research efforts are “difficult” and that nothing is “standardized”, but 1
would argue that as part of the training, the Candidate should make these statements and then
define how he/she would define these parameters. In Science, many aspects are poorly defined or
mis-defined and need to be dealt addressed. (see attached pages) Also in Chapter 6, the Candidate
has failed to consistently refer to the data presented in the figures. Chapter 6 has nine figures and
often four or so panels within each figure, yet the written results are only ~3.5-°©-4 pages long
(excluding figures) and the Candidate fails to refer to the subpanels consistently. He skips from
Figure 6.1 to Figure 6.3, then back to Figure 6.2 and then on to Figure 6.6 and back to Figure 6.5C.
While Figures 6.7 and 6.8 contain valuable information, the Candidate failed to note these in the
text and provide adequate explanation throughout the Results section. Overall, the results provided
in Chapter 6 are not as detailed or as eloquently presented as in the other chapters, even though
valuable information is provided. Regrettably this is considered unacceptable, and it is not consistent
with the high quality of the rest of the thesis. Technically, this chapter should be edited, and mostly
what it needs is editing, addition of information referring to the figures, and a few minor
corrections.

In the words of the examiner “The data are present, the presentation
and interpretation, while minimal, is adequate, and the Discussion is
acceptable — but not the Candidate’s best work.”



It would also have been useful if the Candidate had further discussed the finding that apoptosis
often causes cells to detach from the plate or substrate, and consequently, the supernatant should
also be retained, centrifuged and cells assessed for apoptosis. Quantitative assessments should
always take this into account.

The ELISA assay used to quantify Troponin released into the supernatant in Chapter
6, as a measure of cardiomyocyte death, included a lysis buffer, which would have
included any cells detached from the plate/substrate.

Misusage of terms:

Finally, I noted throughout the early chapters of this thesis, only once in Chapter 5 and not very
much Chapter 6 or the Conclusions, the misuse of the term FACS, FACS sorting, and Flow
cytometry. Regrettably, this is a common mistake in the literature and not one that would necessarily
be known by the Candidate. I do, however, believe it important to learn now the proper terminology
as misused jargon can lead to confusion in publications. The proper term should be fluorescence-
°©-based flow cytometry. From Wikipedia, Fluorescence-activated cell sorting (FACS) is a
specialized type of flow cytometry. It provides a method for sorting a heterogeneous mixture of
biological cells into two or more containers, one cell at a time, based upon the specific light
scattering and fluorescent characteristics of each cell. The use of FACS sorting or FACS sorted is
therefore redundant and these terms should be corrected. At other times, flow cytometry and not
FACS should be employed. Most of these errors have been noted on post-°©-it notes affixed to the
thesis.

As acknowledged the wider use of the term FACS is common in the literature,
however usage of terms FACS and flow cytometry have been clarified in the erratum.

Other typographical errors (spelling, capitalization, etc) have also been noted, and in one chapter 1
suggest that you define all of the chemical names. Some of these are defined elsewhere, but I think
that an erratum could deal with all of the noted errors/typos etc, although you might consider adding
a page of abbreviations dealing with the drugs employed in your studies.

While this may improve the readability of the thesis all abbreviations are defined.
The following examiner comments have all been addressed in the erratum;

Page 26, the term “post-°©-conditioning” should be defined -°©- erratum

Page 38, the buffer mentioned here vs in Chapter 5 did not fully correspond. Please clarify
Page 40 and elsewhere, when performing flow cytometry it is best to give the antibody information in
detail (company, Cat or clone Number) and also clarify whether the antibodies were purchased
conjugated to a fluorophore or whether you did it with a kit yourself Figure 3.1: Failed to label
sections C, D and E

Page 52 — data presented do not support the findings that 2 days of decreased oxygen improved
numbers of ESC-°©-CMs when compared with data presented in Fig 3.3. Please clarify, as
improvements seem to have been seen at 3ay 3 of low oxygen tension

Page 99: Title: misspelled SPONTANEOUSLY AS PPONTANEOUSLY

Page 113, I believe that you mean to refer to Table A, B and C as no Figure 1 is given. Please
correct accordingly

Page 131: “E” is missing from the Figure

Page 137: 3 references failed to format, two of which are absent from the final reference list
Page 141: Figure legend fails to refer to Figure 6.1E

Page 178: Reference by Maltsev et al is incomplete
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Summary

Drug discovery and development requires preclinical models to eliminate flawed
compounds from development pipelines. Unfortunately, current models have
limitations, occasionally resulting in toxic or ineffective compounds progressing
to the clinic at great cost and patient risk. Utilising stem cell technology, it is now
possible to generate sophisticated models with human biology and physiological
context, potentially overcoming the limitations of more established preclinical
models. In this thesis | have investigated the use of embryonic stem cell derived
cardiac cells for use as models in pharmacology, physiology and toxicology

studies.

Mouse embryonic stem cells were differentiated to generate cardiomyocytes in
multicellular aggregates containing not only myocytes, but also pacemaker cells,
fibroblasts and endothelium. These aggregates were used for pharmacology
studies, where the signaling resulting from [3-adrenoceptor and adenosine
receptor stimulation was explored. Using the same differentiation method, in
combination with a pan-cardiac reporter for cell enrichment, the function of
individual cardiac cells was measured using calcium imaging. Following
extensive method development, multiple phenotypes were identified in the
enriched population based on spontaneous calcium oscillations. These distinct
phenotypes were characterised based on calcium oscillation kinetics,
pharmacology and immunocytochemistry. Using human stem cell derived
cardiomyocyte aggregates I studied the effects of doxorubicin (a known cardio-

toxin) and Trastuzumab, a humanised antibody with disputed cardio-toxicity.
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Following extensive method development, toxicity was observed for both
doxorubicin and Trastuzumab. Mechanistic studies implicated multiple cell types

mediating Trastuzumab toxicity via a complicated signaling pathway.

These results suggest that stem cell derived cardiomyocytes may be used as
physiologically heterogeneous models for pharmacological screening of on- and
off-target cardiac activity. My results suggest the complexity of multicellular
aggregates limits their use in characterizing less established, or complicated
receptor signaling pathways. Results from calcium imaging studies indicate that
at a single cell level, there is considerable heterogeneity of stem cell derived
cardiac cells. Focusing on cells with spontaneous calcium oscillations, that are
presumably pacemaker cells, it may be possible to gain greater insight into the
mechanisms required to maintain spontaneous cardiac activity and identify
drugs that disrupt it. The results of the Trastuzumab toxicity study provide
evidence of a novel mechanism of Trastuzumab cardio-toxicity. Importantly,
these results support the use of stem cell derived models for toxicology
screening, particularly of humanised antibodies whose toxicity may not be
identified in classical models. The work presented in this thesis identified novel
pacemaker phenotypes previously unreported, and a novel mechanism for
Trastuzumab toxicity. Ultimately, this thesis highlights the strengths and
weaknesses of stem cell derived models for use in pharmacology, physiology and

toxicology assays.
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CHAPTER 1 — GENERAL INTRODUCTION



INTRODUCTION

The research and development sections of the pharmaceutical industry are
undergoing a revolution as the result of economic downturn, patent expiry and
the escalating costs of getting new chemical entities to market. The cost of failure
in the clinical phase has lead to a ‘fail fast, fail cheap’ focus, recognition of the
importance of identifying unsuitable drug candidates as early as possible. (Ford
et al. 2004). To eliminate flawed compounds from the pipeline there are well-
established preclinical models for developing biologically active compounds into
drugs with verified activity and safety. However, industry is constantly evolving
to make use of emerging technologies to better identify drug candidates that
have a low probability of proceeding past clinical testing(Korfmacher 2005).
This thesis investigates stem cell derived systems as models for cardiac drug
discovery, development and testing, and tests the hypothesis that stem cell
derived models address some of the limitations of more traditional in vitro and in

vivo systems.

1.1 Target Discovery — ID and Validation

Basic biological research, particularly focused on pathophysiology, is continually
identifying new target molecules that play a role in initiating or maintaining a
disease state including orphan receptors, kinases, enzymes, gene products and
other RNA derived molecules. Once identified as being integral to a disease state
further characterisation of these biological molecules using methods such as x-
ray crystallography, NMR and molecular biology further define the
target(Middleton 2006; Crowther 2002; Rudin et al. 1999). This facilitates
development of high throughput assays, which can then be used to screen large

compound libraries for a hit, which is a compound with relatively high affinity
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for a target. Increased understanding of key biochemical processes has enabled
development of sophisticated screening models that identify specific biological
outcomes rather then simple interactions. An example of this approach is
development of omecamtiv mecarbril, an activator of cardiac myosin which
increases cardiac contractility without affecting intracellular calcium
concentrations, thereby negating the side effects of prolonged calcium

elevation(Malik & Morgan 2011; Cleland et al. 2011).

1.2 Drug Discovery

1.2.1 Hit to Lead

Hit to lead development is the process of taking a chemical compound with high
affinity for a biological target and further refining the structure until a molecule
with drug-like characteristics is obtained(Alanine et al. 2003; Bleicher et al.
2003). This involves numerous streams of research by teams of medicinal
chemists, physical chemists, biologists and pharmaceutical scientists. Firstly, a
structure activity relationship (SAR) is determined by screening hundreds of
analog compounds to identify key molecular motifs that contribute to the
compounds target affinity. This is often performed in parallel with simple in
vitro testing to determine functional efficacy where appropriate models are
available. Having established the core molecular structure required for target
affinity, computer modeling can be used to select a restricted number of
candidates for further physiochemical testing. The use of in silico prediction
software to screen larger numbers of analogs is already a part of the

development process. However, it is unlikely to completely usurp the
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experimental determination of a lead compounds physical, chemical and

biological properties(Gleeson et al. 2011).

1.22 Lead Optimisation

Lead optimisation seeks to identify compounds with the necessary
characteristics to make a successful drug, allowing progression of a limited
number of compounds into rigorous preclinical animal studies. During lead
optimisation, the lead compounds are tested for parameters other then activity
that will also contribute to their efficacy. To be a useful prospective drug
candidate a compound must have suitable physicochemical properties such as
solubility and partitioning behaviour(G. W. Caldwell et al. 2001). These
properties will be influenced by molecular weight, polar surface area,
crystallinity and ionisation equilibria or pKa. Drug candidates must also have
suitable pharmacokinetics, determined in part by dosing strategy, route of
administration and the toxicity profile of the drug class. Lead optimization is

followed by in vitro and in vivo preclinical testing.

1.3 Preclinical Testing

Extensive preclinical testing is required before drugs can enter human trials to
minimize incidental toxicity and prevent the expensive initiation of trials on
unsuitable compounds. The tools used at these stages start at the in vitro level
where activity and toxicity is screened in high throughput cellular or biochemical
assays(Li 2001; Slater 2001). Beyond simple cellular assays, compound efficacy
and off target effects can be measured in more complicated in vitro or ex vivo

assays such as organ baths or isolated perfused organs. The first live animal
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subjects tested are generally rodents, followed by non-rodent testing, as
described in more detail below. Only after rigorous in vivo testing of efficacy and
toxicity, do drug candidates proceed to clinical studies, and yet despite this, there
are still unsuitable compounds that make it through to trial, sometimes even to

market(Waxman 2005).

Between 1992 and 2002, 90% of withdrawals of drug products from the market
were due to toxicity, with hepatic and cardiac toxicity being the major causes for
withdrawal of two out of three drugs. In drug development trials at clinical
phases I-111, 43% failed due to insufficient efficacy and 33% due to
toxicity(Schuster et al. 2005). As previously mentioned, clinical efficacy depends
not only on affinity for a receptor but also in suitable ADME properties, where a
drug candidate may not succeed owing to a poor PK/PD profile, i.e.: rapid
metabolism, poor distribution, protein binding. Drug failure is sometimes due
to previously unidentified issues with toxicity or ADME not predicted by current
screening protocols. This has resulted in regulatory bodies and industry
scrambling to add screening of recently identified adverse biological interactions
to preclinical requirements. This reactionary approach was seen when hERG
toxicity occurred with astemizole (amongst other drugs) and has led to inclusion
of screening for hERG channel blockade in most development pipelines. To
prevent adverse clinical outcomes, pharmaceutical models that are more
predictive of human physiological responses to drugs are critically needed, and

the earlier they can be employed the greater the impact.
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1.3.1 In Vitro models

Initial screens of drug candidates for toxicity and activity are performed using
simple, well-characterised in vitro models. The simplest format, based on
biochemical assays can be used to determine properties including target affinity,
metabolic interactions, metabolic degradation and activity. Highly characterised
cell lines such as human embryonic kidney cells (HEK) or Chinese hamster ovary
cells (CHO) can be genetically modified and used to test for cellular responses
including target affinity, activity, proliferation and apoptosis(Eglen et al. 2008;
Korn & Krausz 2007). The use of primary or immortalized cell lines is considered
to carry more predictive power of the in vivo activity of compounds as receptors
or target proteins should be at physiologically relevant levels with appropriate
second messenger coupling. Simple biochemical and cellular assays allow for
high throughput and high content screening, facilitating a broad characterisation
of a number of candidate compounds; however, the simplicity of these models

limits their utility for in vivo prediction.

Modeling physiological responses to drug candidates requires more than a
homogenous cell population as organs contain a mixture of the primary
functional or target cells, blood vessels, nerves, and accessory cells. In order to
account for the effects of all of these integrated systems various ex vivo models
are employed. Organ baths and isolated perfused organs (such as the liver or the
heart) contain all relevant cell types contextually arranged, such that
measurement of contraction, spontaneous action potentials or other parameters
should accurately reflect the in vivo response to a compound of whatever animal

the organ has come from(Wakefield et al. 2002; Bell et al. 2011). While not
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feasible for screening of vast libraries of candidates, ex vivo methods can be
useful for identifying compounds with off target effects in select organs. Ex vivo
models also aid in extrapolating activity identified in in vitro screens to in vivo

efficacy.

1.3.2 Animal models

Rodents are usually the first live animal on which a new chemical entity is tested,
and are used to determine safety, PK and occasionally efficacy. In basic toxicity
testing mice or rats are injected with increasing concentrations of compound to
determine the dose required to kill 50% of the cohort (LDso). Following these
studies, post mortems can also provide clues as to the mechanism of toxicity.
Pharmacokinetic studies, usually in rats, are used to determine parameters such
as metabolism, excretion and distribution that can be used to predict how the
drug will behave in humans. In some cases, where appropriate models of
diseases exist such as genetically modified mice, studies may be conducted to
assist in the prediction of compound efficacy. In vivo rodent data is combined
with allometric scaling to predict human parameters for toxicity and PK.
However, specific aspects of mouse and human physiology and biology vary

significantly, and thus testing in non-rodent animals is required.

Non-rodent animal testing of drug compounds is usually the last checkpoint
before a compound goes into human clinical trials. The goal of these studies is to
ensure that compounds will not have serious deleterious effects in human
subjects. Informed by predicted toxicity, and approximated dosing

(concentration and frequency), studies will be conducted in non-rodent animals
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to ascertain any species differences that limit prediction from the rodent models
((Fielden & Kolaja 2008; Wall & Shani 2008; Pritchard et al. 2003)). The gold
standard for this are primates based on their genetic homology with humans,
however the ethically motivated push to minimize primate studies has
practically limited their use in standard PK studies(Prescott 2010; Herodin et al.
2005). Other non-rodent animals used include pigs, sheep and dogs, which are
particularly used for orally dosed compounds, as their alimentary canals are a
similar length to humans. Despite diverse models and extensive testing, there are
still deficiencies of currently prescribed models, which limit their predictive

power.

1.3.3 Model deficiencies

Screening of humanized drugs (eg. Monoclonal antibodies) requires use of
human cell lines or recombinant expression of human genes in non-human cell
lines. In vitro models have been used for this; however, their success is limited
by their lack of physiological context. For example, human hepatocytes, which
can be purchased cryopreserved for in vitro assays, are highly predictive of
human metabolism, however, they cannot be used to study kidney excretion or
effects on other cell types, such as endothelial cells or hepatic stellate cells that
may affect distribution of the compound within the liver. The absence of systems
that model both human tissue and physiological relevance, limits the predictive

power of in vitro preclinical testing.

Species differences limit the predictive power of animal models for the purposes

of toxicology and PK studies. The species differences that occur between
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humans and animals may be physiological, such as differences in blood flow
patterns, or genetic, resulting in proteins with different activity. In the case of
physiological differences these may sometimes be accounted for using allometric
scaling to adjust predicted values(Hunter 2010a; Hunter 2010b; Tang &
Mayersohn 2005). However, this is not always the case: the inability of non-
primates to sweat is a fundamental difference in biology that may effect drug
disposition in the skin and cannot be dealt with via modeling. Similarly, genetic
differences that result in expression of proteins or enzymes with different
activities can sometimes be accounted for with an understanding of the inter-
species variation, e.g. exogenous expression of a missing or deficient metabolic
enzyme. However, failing to address species-specific variability may have
seriously dire outcomes(]. Caldwell 1992; Eastwood et al. 2010). One possible

tool to help address the deficiencies of current models is embryonic stem cells.

Availability of healthy heart tissue for scientific research is limited by organ
donation and poor supply. This has inspired stem cell researchers to develop
differentiation techniques to generate cardiac tissue from stem cells. These cells
could assist not only in cell replacement therapy but also in drug development
assays. The prediction of adverse biological events by models based on these

cells could reduce the likelihood of toxic or inefficacious drugs going to the clinic.
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1.4 Stem Cell derived models

1.4.1 Embryonic Stem cells

Embryonic stem cell biology has developed over the last 30 years to the point
where our understanding of hESCs may allow their use in drug development and
testing. The following is a summary of some highlights from the development of

embryonic stem cell biology.

In July 1981 Cambridge scientists Evans & Kaufman first described a method to
culture cells from the inner cell mass of a mouse blastocyst(Evans & Kaufman
1981). 5 months later Gail Martin from UCSF described a different process to
culture these cells, going on to coin the term Embryonic Stem Cell (ESC)(Martin
1981). These cells were isolated from the inner cell mass of a 3-day-old mouse
blastocyst and had two unique properties: self-renewal capacity and
pluripotency. Self-renewal capacity means that the cells could be grown
indefinitely under the appropriate culture conditions, while remaining
undifferentiated in culture. Pluripotent cells are capable of differentiating upon
induction into any cell in the adult body(DeChiara et al. 2010). This work
heralded a new era of biomedical research, including the birth of regenerative

medicine.

The potential utility of mouse embryonic stem cells, and the ease with which
they could be genetically manipulated, resulted in an exponential growth of stem
cell research. Investigators explored the mechanisms of differentiating different

tissues while animal studies were conducted to determine the potential clinical
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applications (Tropepe et al. 2001; Kubo et al. 2004; Yuasa et al. 2005; Murry &
Keller 2008). The key to further development was an understanding of the
fundamental nature of the stem cell. Among many contributors, two researchers
stand out for additions to our understanding of pluripotency and self-renewal.
Work conducted under the guidance of Rudolph Jaenisch utilizing somatic cell
nuclear transfer, the process of transferring the nucleus from one cell to another,
highlighted the importance of DNA methylation and the epigenetic state in
maintenance of the stem cell phenotype(Rideout 2001; Blelloch et al. 2006). The
work of Austin Smith’s group has led to the depiction of the stem cell in a
constant balancing act between self renewal and lineage commitment, even
identifying kinase inhibitors capable of trapping the cell in what he called the
‘ground state’(Ying et al. 2008). As understanding of mouse embryonic stem cells
continued to grow, the race was on to reach the next major milestone: derivation

of a human line.

In 1998 James Thomson'’s group from Wisconsin was the first to report the
isolation of human embryonic stem cells, which differed from mouse ESCs based
on their morphology and maintenance requirements(Thomson 1998). While
initially grown on mouse embryonic fibroblast feeder cells(Martin 1981),
researchers had successfully cultured mESCs on gelatin in media supplemented
with LIF and BMP4 alone(Ying et al. 2003). Unlike mouse ESCs, human ESCs
cannot be maintained on gelatin. Furthermore, maintenance of mouse ESCs
requires supplementation of media with LIF while human ESCs require
supplementation with FGF2. Beyond basic culture conditions mouse ESCs were

passaged enzymatically, by contrast human ESCs required manual passage with
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each colony being sliced up and passaged ‘organotypically’(Thomson 1998).
Despite their differences, mESC and hESC were shown to share upregulation of
key pluripotency genes such as 0CT4, KLF2/4 and NANOG, while secreting a
different profile of morphogens (Boyer et al. 2005; Loh et al. 2006). The
differences between the two cell types had researchers questioning the validity
of calling such cells embryonic stem cells. Indeed one hypothesis put forward
was that hESCs were a slightly later stage of stem cell from the epiblast(Tesar et
al. 2007). In 2007, Ronald McKay published a study comparing mESC, hESC and
mouse Epiblast Stem Cells (EpiSC) and presented strong evidence that hESC are
more akin to mouse EpiSC than mESC(Tesar et al. 2007; Chenoweth et al. 2010).
This work was supported by a comparative metabolic study(W. Zhou et al.
2012). While understanding of the stem cell state continued to develop, a
fundamental change in the way we view a cell would arise from the work of
Shinya Yamanaka, whose work on reprogramming resulted in a Nobel prize(K.

Takahashi & Yamanaka 2006).

Cellular reprogramming of adult cells via nuclear transfer was established by
Nobel Laureate John Gurdon 50 years ago. In 2006 Yamanaka extended this
work by reprogramming adult fibroblasts to pluripotent cells by delivery of a
simple vector encoding four transcription factors(K. Takahashi & Yamanaka
2006). Described as ‘induced pluripotent stem cells’ (iPSC), these cells
demonstrated all the characteristics of embryonic stem cells, even able to
achieve germ line transmission. Less than one year later, Yamanaka repeated the
feat by reprogramming human fibroblasts to pluripotent cells using a vector

delivering the same genes(K. Takahashi et al. 2007). This advance removed the
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need to destroy embryos to make cell lines and enabled researchers to compare
in vitro assays with adult patient phenotypes. However, incomplete
understanding of iPSC biology has distracted from progression of stem cell
research. Many researchers, including Yamanaka, have indicated that iPSCs
generated from different labs show different capacity for germline transmission
and that thorough characterization of every pluripotent stem cell line is required
to ensure karyotypic and phenotypic stability and pluripotency(Liao et al. 2009;
Nakagawa et al. 2010; Kou et al. 2010; S. Zhou et al. 2010). However, there is
debate regarding the importance of germ line transmission, especially for the
purpose of in vitro investigations(Ellis et al. 2009). Researchers have spent the
last 5 years, and vast research funding, comparing iPSCs from different sources
to established hESC lines, with mixed conclusions regarding their
similarities(Marchetto et al. 2009; Wilson et al. 2009; Newman & Cooper 2010).
While iPSC offer a source of patient-specific stem cells for use in clinical
treatment, the cost, time and low efficiency currently prohibits such use, at least
until a future development changes some of these factors. Expanding our
understanding of the molecular mechanisms governing stem cell characteristics
while also enabling the possibility of patient derived stem cell lines, iPSC has

attracted significant attention from researchers worldwide.

1.4.2 Cardiac Differentiation

Any study involving the use of tissue derived from stem cells requires a certain
amount of attention to the complex task of differentiation. The capacity of ESCs
to generate tissues from all three germ layers has resulted in a plethora of work

to identify methods that control and direct differentiation towards specific
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tissues. Early studies employed rudimentary protocols combining withdrawal of
sera and addition of specific cytokines and morphogens (Ying & Smith 2003;
Sachinidis et al. 2003). These protocols were generally inefficient and rarely
generated functionally mature cells(Dambrot et al. 2011). Differentiation via co-
culture with stromal induction cell lines such as END2 for mesoderm
differentiation or PA6 for midbrain neuron differentiation increased yields and
led to more physiologically relevant phenotypes(Murry & Keller 2008; Morizane
et al. 2010). However, the variability introduced via the extra cell lines, as well as
the inability to completely define and control these methods led investigators to
explore other options. The ideal differentiation method would utilize a robust,
fully defined, sera-free medium employing cheap, stable and small drug like
compounds to drive differentiation. This approach to control differentiation
using cheap and robust consumables has yet to be achieved, however
considerable advances have been made. For example, Lorenz Studer’s group,
who utilized small molecule inhibitors to efficiently generate a high yield of cells
whose transcriptional and immunochemical profile indicated a mature mid brain

dopaminergic phenotype(Kriks et al. 2011).

The differentiation of ESCs towards different tissues holds great potential for
drug testing. For example, cardiac tissue would be particularly useful for toxicity
and functional screening assays. One of the early cardiac differentiation
methodologies still currently employed today is the formation of aggregates via
‘hanging drop’ termed embryoid bodies (EB). Originally used with embryonic
carcinoma cell lines to generate cells with a cardiomyocyte-like

phenotype(Wobus et al. 1994), this method was rapidly adapted by ESC
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scientists to generate cells of the mesoderm lineage(Mummery et al. 2007). Two
aspects drive EB differentiation; firstly endogenous morphogens and growth
factors, and secondly a physical hypoxic core which increases levels of the
Hypoxia Inducible Factor (HIF) transcription factor(Ateghang et al. 2006;
Sachlos & Auguste 2008). EB formation is an inexpensive and accessible method
to differentiate ESC. While not efficient, it allows investigators access to this
differentiation model without requiring extensive understanding of
developmental biology and the recombinant factors that would be required for

directed cardiac differentiation.

The use of END2 stromal cells to supply a matrix of connective tissue, growth
factors, and morphogens to drive cardiac differentiation of mESC and hESC is
well established(Mummery et al. 2007). Co-culture of ESCs with stromal cells has
been demonstrated to achieve high efficiency differentiation with reasonable
reproducibility at low cost; many of the factors which have limited EB
differentiation(Mummery et al. 2007). However, the addition of a stromal cell
line to cultures affects reproducibility of differentiation, and has made lab-to-lab
comparison more difficult(Klimanskaya et al. 2008). Additionally, co-culture,
like EB differentiation, is limited with respect to scalability. Most differentiation
work has been aimed at providing a source of cells for cell replacement therapy;
however, the complexities of co-culture and loss of defined conditions are

unattractive to industrial and commercial uses.

Recently published methods have aimed to remove some of the variability and

inefficiency of EB differentiation, by reducing serum, using specific recombinant
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growth factors and controlling aggregate formation(Elliott et al. 2011; Burridge
et al. 2011). The use of low-attachment U bottom plates and centrifugation to
generate ‘Spin EBs’ has both increased the reproducibility of EB formation as
well as allow for greater scalability. In combination with carefully timed
addition of carefully titrated recombinant factors, Spin EBs allow for efficient
cardiomyocyte differentiation(Elliott et al. 2011). Another approach to
improving EB differentiation involves ‘priming’ the hESC for differentiation,
which presumably aligns cell cycles and prepares the cells to respond to
stimuli(Taha & Valojerdi 2008; Bauwens et al. 2008). This approach has been
combined with low oxygen tension for high efficiency differentiation in a variety

of hESC and hiPSC cell lines(Burridge et al. 2011).

A completely different method to induce differentiation is the use of
transcription factors, introduced either directly as proteins or more commonly in
expression vectors. The use of transcription factors to reprogram a cell towards
becoming a cardiomyocyte has been studied extensively and is already in use for
preclinical studies of cell replacement therapy(Hartung et al. 2013; leda et al.
2010). The approach has been taken one step further, a recent study
investigating in vivo reprogramming of non-myocytes in the heart(Qian et al.
2012). The costs involved in utilising transcription factors remain prohibitive
for screening applications, and does not necessarily provide the physiologically
relevant heterogeneity present in EBs. Each differentiation methodology yields
different types of tissue that make standardizing analytical methods difficult.

Furthermore, the characteristics of the tissue resulting from some differentiation
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methods (homogeneity for example) can be regarded as a strength and a

weakness depending on choice of assay and desired output.

In a step towards the use of stem cell derived tissues for toxicity and
pharmacology screening, GE Health has recently started selling ‘Cytiva’
cryopreserved cardiomyocytes, derived from hESC cells using a differentiation
method licensed from Geron. The patent application for this technology suggests
the differentiation protocol involves controlled EB formation with addition of
recombinant proteins and small molecules(Gold et al. 2008). They claim that
their cells are a representative mix of myocytes including nodal cells, with
ventricular-like myocytes the majority(Minger 2012). The commercial
availability of tools such as hESC-derived cardiomyocytes will allow drug
companies to incorporate human embryonic stem cell derived cardiomyocytes
into their safety and activity screening without the need to establish protocols

for hESC maintenance and differentiation.

1.5 Heart physiology

1.5.1 Cardiac development and Physiology

Differentiation research is in a symbiotic relationship with developmental
biology. Differentiation is an in vitro paradigm that replicates processes that
occur naturally during development. Developmental biology informs which
morphogens induce differentiation, and which proteins and genes can be used to
identify cells of interest. Understanding of the different developmental stages

and processes can help characterisation of in vitro differentiation.
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The first stage of development, gastrulation, is triggered by formation of the
primitive streak, which denotes the midline of the developing embryo, a process
driven by nodal signaling and BMP4(Bellairs 1986). From the primitive streak,
all three germ layers arise. One of these is the mesoderm, identified via
expression of brachyury, which leads to cardiogenic, hematopoietic, osteogenic,
endothelial and adipogenic lineages. FGF signaling induces cardiac-specified cells
to migrate around the embryonic midline forming the cardiac crescent, which is
identified by expression of the key cardiac gene Nkx2-5 (Harvey 2002; Sun et al.

1999).

The next stage of development is formation of the first and second heart fields,
each contributing to distinct regions and cell type fates(Abu-Issa & Kirby 2007).
The first heart field gives rise to the majority of the left ventricle and both atria
while the second heart field gives rise to the outflow tracts and right
ventricle(Cai et al. 2003). Prior to initiation of cardiac automaticity, the linear
heart tube is formed from the medial and lateral sides of the primary heart field.
The second heart field contributes to the ends of the heart tube and the
formation of outflow tracts(Jiang et al. 2000). A complicated transcriptional
program governs looping of the heart tube which allows formation of the four

chambered structure of the adult heart(Christoffels et al. 2000).

1.5.2 Heart Structure

The mammalian heart consists of four chambers, two atria and two ventricles.

Blood enters the right atrium via the vena cava, is pumped into the right
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ventricle and is then in turn pumped to the lungs via the pulmonary
artery(Vander et al. 2007). Oxygenated blood is then returned to the left atrium
via the pulmonary vein, then pumped in to the left ventricle, the largest of the
four chambers. The thick, strong muscles of the left ventricle then contract
(systole) and pump the blood to the peripheral circulation via the aorta. Valves
at the opening of each chamber prevent the back flow of blood during
contraction thereby maximizing efficiency. The continuous, and at times
strenuous, work rate of the myocardium requires extensive vascularization to
ensure adequate delivery of oxygen and nutrients to the cells at all times. In
addition to the basic architecture of the myocardium an extensive network of
cells forming a conductive network is necessary for the generation and
propagation of the action potentials controlling myocardial contraction(Noble

2004).

The different cell types that are present in the heart can be broken down into
three subsets: contractile, conductive and accessory. The contractile cells
primary role is rhythmical and forceful contraction. The contractile cells can be
further distinguished as ventricular myocytes, which account for around 40% of
the cells in the ventricles and atrial myocytes, which have their own pacemaker
activity. The conductive cells provide spontaneous action potentials that drive
rhythmical contraction, namely pacemaker cells from the SA and AV node, and
subsequent propagation of that action potential to ensure coordinated
contraction, namely cells of the HIS bundle and purkinje fibers(Vander et al.

2007).
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In addition, the heart contains accessory cells including endothelium for
perfusion of the heart and fibroblasts, which are integral to normal function as
well as inflammation and myocardial remodeling in response to injury. The
somewhat simple structure of the heart relies on a number of cell types with
vastly different characteristics working in concert to maintain a continual

heartbeat.

1.6 Heart cellular physiology

1.6.1 Myocytes

The myocyte is a highly specialized cell type with many unique cellular and
molecular components that facilitate contraction, relaxation and energy
generation. The contractile proteins - actin, myosin, troponin and tropomyosin -
act in concert as a molecular motor by contracting in response to Ca%* ions and
consuming ATP to relax. Thus a carefully controlled cycle of calcium and
contraction, known as excitation contraction coupling, is driven by a host of
molecular channels and pumps including calcium-induced calcium release from
the sarcoplasmic reticular store regulated by the ryanodine receptor,
sodium/calcium exchange regulated by the NCX antiporter and replenishment of
sarcoplasmic reticular calcium stores via the ATPase SERCA. All of these
processes are energy dependent and cardiomyocytes have a large volume of
mitochondria to meet these energy needs. The unique contractile fibers and high
mitochondrial concentration in cardiomyocytes allow for the continual

excitation and contraction required to maintain circulation.
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1.6.2 Pacemakers

The cardiac conduction system is just as essential to heart function as the
cardiomyocytes themselves. Coordinated spontaneous and rhythmical
contraction requires that the conduction system both generates action
potentials, and then distributes them using the AV node to offset atrial
contraction from ventricular contraction(Anderson et al. 1981). This allows the
atria to contract and fill the ventricles with blood prior to ventricular
contraction. The spread of the action potentials relies on specialized cells in the
bundle of His and purkinje fibers that are almost neuronal in function.
Generation of the action potentials in nodal based pacemaker cells is sensitive to
the dynamic interaction of a membrane clock and intracellular calcium
cycling(Maltsev & Lakatta 2007). The membrane clock relies on the
hyperpolarisation-activated cyclic nucleotide (HCN), or funny channel. After
repolarisation, the funny channel permits slow entry of Na* and K* ions resulting
in a slow depolarization that triggers opening of T-type Ca2* channels(Robinson
& Siegelbaum 2003). Depolarization activates L-type Ca%* channels, which causes
ryanodine receptor mediated calcium release from sarcoplasmic stores. This
spike in intracellular calcium results in activation of both NCX antiporter and
SERCA, replenishing sarcoplasmic calcium and activating several K* channels,
allowing efflux and repolarisation. It is these interacting cycles that underlie
production of action potentials in the heart, facilitating spontaneous rhythmical

contraction(Maltsev & Lakatta 2007; Lakatta et al. 2010).
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FIGURE 1. Ca And Na transport in ventricular myocytes
Transport pathways are indicated. Inset: example action potential (AP), Ca transient, and contraction for a rabbit ventricular myocyte at 37°C. ATP is

ATPase (SR and sarcolemmal); other abbreviations as in text.

Image taken from Bers 2006.
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Image taken from Maltsev & Lakatta 2007

Figure 1.1

Panel A is a diagram highlighting important molecular components controlling [Ca?*];,
contraction and relaxation of cardiomyocytes. Panel B depicts the inter-dependant ion
current clocks (membrane and Caz.) that regulate the spontaneous activity of pacemaker

cells.
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1.7 Model receptor targets and drugs

1.7.1 Adrenergic receptors

The adrenoceptors (AR) are a class of G-Protein Coupled Receptors (GPCRs) that
mediate the sympathetic signaling of adrenalin and noradrenalin. The class can
be divided into o and B-adrenoreceptors, and then further into the a1 and o
which couple to the Gq and Gi proteins respectively, and the $1, f2, and 3 which
have been shown to couple with multiple G proteins. In the myocardium the
BARs couple to Gs, causing activation of adenylate cyclase, which converts
adenosine tri phosphate (ATP) to cyclic adenosine monophosphate (cAMP) and
in turn activates second messengers such as Protein Kinase A (PKA). The $2AR
has also been shown to couple to G; which in turn causes a reduction in adenylate
cyclase activity(Brodde 1993; McGrath et al. 2006; Hieble et al. 1995; Trautwein

& Hescheler 1990).

The 3 adrenoceptors are key regulators of cardiac function, and dysregulation of
their signaling has been implicated in diseases, including heart failure and
cardiomyopathy(Post et al. 1999). Cardiac BAR pharmacology is extremely well
characterized with clinically used agonists and antagonists. This makes BARs an
appropriate target to investigate mESC-derived EBs as models for drug

development (refer to Chapter 4).

Isoprenaline is a non-selective 3-adrenergic agonist which causes activation of

the B1AR resulting in increased adenylate cyclase activity, and subsequently

23



INTRODUCTION

increased levels of cAMP and PKA phosphorylation. In turn, PKA phosphorylates
several downstream targets in the myocardium, including L-Type calcium
channels, phospholamban (a modulator of SERCA), the ryanodine receptor and
the sodium calcium exchanger. The net effect of this signaling is increased
intracellular calcium concentration and increased speed of sarcoplasmic
reticular cycling permitting both increases in force and rate of contraction. The
selectivity of isoprenaline for fARs and the extensive data available in the
literature make it an ideal control compound for exploring the uses of EBs for

pharmacology studies.
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L type Ca*
channel

Figure 1.2

Diagram illustrating the effect of f-Adrenoceptor activation in the myocardium.
Activation of the B1AR stimulates adenylate cyclase through Gas-Proteins. Adenylate
cyclase converts ATP to cAMP, which subsequently activates PKA. PKA then
phosphorylates L-Type calcium channels, phospholamban (PLN), the ryanodine
receptor (RyR), and the actin-troponin complex. This results in increased intracellular
calcium ([Ca?*];), increased force of contraction and increased speed of relaxation.

Image taken from Njeim & Hajjar 2010.
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1.7.2 Adenosine receptors

The adenosine receptors are a class of GPCRs that affect numerous
cardiovascular functions such as coronary vessel dilation, pacemaker activity,
and conduction. Adenosine is well known for it’s physiological inhibition of
adrenergic signaling, primarily via post-synaptic inhibition of noradrenalin
signaling. There are four distinct adenosine receptor subtypes, the A1, A2a, A2z
and A3z, which are all expressed at some level in the different parts of the
myocardium(Shryock & Belardinelli 1997). Aza and Azp receptors are expressed
on cardiac endothelium and while there is evidence of Aza mRNA in cultured
cardiomyocytes this does not hold true for Azg, implying that Azg receptors may
not be expressed in the myocardium(Olah & Stiles 1995; Shryock & Belardinelli
1997). The different levels and subtypes of adenosine receptors expressed on
cardiomyocytes, endothelium and pacemaker cells suggests that purified
cardiomyocytes are unlikely to be predictive of the physiological effects of

adenosine receptor ligands.(Shryock & Belardinelli 1997).

Adenosine receptors represent an attractive drug class for use in the treatment
of myocardial infarction; they have been shown to reduce the effects of
reperfusion injury via a phenomenon termed ‘post-conditioning(Kin et al. 2005;
Schipke et al. 2006). Post-conditioning was first thought to be primarily
mediated through the Az subtype, but is now thought to involve multiple

subtypes and signaling pathways(Urmaliya et al. 2010; Urmaliya et al. 2009).

Pharmacology of the adenosine receptor is complicated by multiple subtypes,

mixed signaling, and limited selectivity of pharmacological tools. A major
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difficulty when studying the adenosine receptor family in physiological tissues is
the choice of commercially available ligands. Adenosine itself is highly labile(Van
der Weyden & Kelley 1976). To overcome this limitation, NECA is widely used as
a nonspecific ligand, although it has less affinity for the Azp receptor then the
other subtypes(Olah & Stiles 1995). There are several selective A; agonists and
antagonists, e.g., CPA and DPCPX, respectively. With respect to the A2a and Azs,
subtypes there are not many potent selective agonists. CGS 21680 is selective for
the Aza over the Az however is also a potent agonist of the A1 and As. Selective
agonists and antagonists for the Az are widely available; IB-MECA and MRS-1523
widely used examples. The variety of adenosine receptor subtypes and their
downstream signaling pathways make adenosine receptors an interesting target
for testing the capacity of EB models to investigate pathways that are more

complex (refer Chapter 4).

1.7.3 Doxorubicin

The anthracycline class of chemotherapeutics was initially identified from a
strain of Streptomyces bacteria during a screen for anticancer compounds(Weiss
et al. 1986). Anthracyclines are used to treat a wide range of cancers including
leukemias, lymphomas, breast and lung cancers and are considered among the
most effective chemotherapeutic agents(RB 1992). However, their use is limited
by their cardiac toxicity(Weiss et al. 1986). The prototypical anthracycline,
Doxorubicin (Dox) has been the subject of hundreds of studies, focusing on
efficacy, modified regimens and toxicity ((Zhang et al. 2009; Menna et al. 2010;
Wallace 2003)). Despite this work, the exact mechanisms of anthracycline

toxicity are contentious(Octavia et al. 2012). The extensive characterisation of
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doxorubicin toxicity in a plethora of models makes it the ideal control compound
for development and comparison in a novel toxicological assay (refer to Chapter

5).

1.7.4 Monoclonal antibodies and Trastuzumab

The development of molecular approaches to humanize monoclonal antibodies
has created the opportunity for new drugs with exquisite specificity and
selectivity to be developed. The first humanized antibody to be approved by the
FDA in 1997, Daclizumab, paved the way for a host of new antibody-based drugs.
Between 2000 and 2008, 39 humanised and 45 human monoclonal antibodies
went through clinical stage testing(Brekke & Lgset 2003; Nelson et al. 2010).
There has been extensive review of the developability of monoclonal antibody
therapies with respect to their potential market sizes, cost of development and
ease of targeting orphan diseases(Hughes 2008; Reichert 2008). While
providing several advantages over traditional therapies, monoclonal antibodies
present a serious challenge for preclinical toxicity testing; one potentially

mitigated by stem cell derived models.

Trastuzumab is a humanised antibody designed to block the HER2 (neuregulin)
receptor to treat HER2-expressing breast cancer. HER2 is an orphan EGFR that
stimulates cell proliferation and is often over expressed in early-stage breast
cancers. Blockade of HER2 signaling by Trastuzumab inhibits cellular
proliferation and angiogenesis, and may induce immune-mediated
cytotoxicity(Hudis 2007). Selectivity of Trastuzumab is vital as non-selective

EGFR blockade causes a number of unfavorable of side effects. There is question
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surrounding the safety of Trastuzumab, specifically clinically observed cases of
cardiotoxicity, often when used in combination with anthracyclines. As a
monoclonal antibody with disputed cardiotoxicity, Trastuzumab is an excellent
test compound to explore the use of stem cell derived toxicity models (refer to

chapter 6).

1.8 Stem cell models in drug discovery - work to date

The use of iPSC reprogramming technology to develop models for genetic
diseases has already begun to yield promising drug candidates previously
unidentified. One leader in the field, Lorenz Studer, has published considerable
work combining iPSC reprogramming technology and small molecule directed
neuronal differentiation to generate models for pathophysiology and drug
screening

(Chambers et al. 2012; Kriks et al. 2011; Lee & Studer 2011). This has culminated
in a recent publication identifying target molecules that can rescue the disease
state of cells derived from patients with the genetic disease familial
dysautonomia (Ramirez et al. 2012). The importance of this work extends
beyond the identification of target molecules to treat dysautonomia; it provides a
framework for the use of context relevant iPSC derived models for drug

screening of genetic diseases.

Electrophysiology is a fundamental analytical technique commonly used to
assess cardiac cell function. Advanced electrophysiological techniques, such as
microelectrode arrays, have been studied for use with stem cell derived cardiac

tissue as models for drug discovery screening(Moller & Witchel 2011; Desbordes
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& Studer 2012; Cohen et al. 2011). However, not all cardiac functions are
governed by the ionic currents measured by electrophysiology. Drugs such as
omecamtiv mecarbril (which affect binding affinity of calcium with contractile
fibers) would display little effect in an electrophysiology assay despite having
great therapeutic promise. The combination of stem cell derived tissues and
electrophysiology has great promise is drug discovery, however, it has already
been extensively investigated and has limitations with the functional responses

it can measure.

An alternative form of analysis that has previously been used to assess function
of stem cell derived cardiomyocytes is videomorphometry. Videomorphometry
employs various modes of microscopy and sophisticated software algorithms to
detect changes in cell location (movement) or cell shape. With respect to ESC
derived cardiac cells videomorphometry has been used to study the responses of
embryoid bodies to classical cardio-active drugs(Ali et al. 2004; Lagerqvist et al.
2011; Sedan et al. 2008). The capacity of videomorphometry to identify clear
functional outcomes independent of molecular mechanisms was considered an
advantage for the purposes of this study. Owing to the extensive prior work
surrounding electrophysiology and the benefits associated with
videomorphometry, this method of analysis was selected for initial studies

described in Chapter 4.
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1.9 Aims

The utility of stem cell derived models in drug discovery is entirely dependant on
assays that yield interpretable data from heterogeneous cultures, ideally yielding
data that is predictive of the in vivo setting. While methods have been developed
to reduce stem cell culture heterogeneity, physiological heterogeneity is an
advantage stem cell cultures may provide over standard preclinical models. To
test the utility of stem cell derived models of cardiac tissue in pharmacological,

functional and toxicological studies, the aims of this project are to:

1. Test the hypothesis that mESC embryoid bodies are a suitable

organotypic model for investigation of adrenoceptor and adenosine

receptor pharmacology.

2. Test the hypothesis that mESC-derived cardiac populations are suitable

physiological models for characterizing calcium oscillations.

3. Test the hypothesis that hESC-derived cardiomyocytes are a suitable

model for investigating Trastuzumab cytotoxicity.
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CHAPTER 2 - MATERIALS AND METHODS
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2.1 Mouse ESC lines

The Nkx2.5-eGFP mESC transgenic reporter line was obtained from Dr. Sean Wu ((S. M.
Wu et al. 2006). This line was adapted from the original culture conditions in C]J7 media
to the conditions described below. The E14Tg2a ESC line was obtained from Stem Cell
Sciences for experiments outlined in Chapter 4 and then directly from the ATCC,

catalogue number CRL-1821™,for experiments in Chapter 5.

2.2 Mouse ESC propagation

Both mESC lines were propagated in Dulbecco’s Minimum Essential Medium (DMEM)
supplemented with 2 mM GlutaMAX™, 1 mM Sodium Pyruvate, 0.2 mM §-
mercaptoethanol and 10% ESC qualified Foetal Bovine Serum (FBS; Invitrogen,
Australia). The pluripotency of cells was maintained using 2 x 103 U/mL of murine
leukemia inhibitory factor (LIF; Chemicon, Australia) and an additional 3 uM CHIR
99021 and 1 uM PD0325901 (Axon Chemicals, Germany)(Ying et al. 2008).

Cultures were incubated at 37°C, 5% CO- in air in a humidified incubator. Cultures were
passaged every 2-3 days when at approximately 85% confluence using Accutase™

(Invitrogen, Australia).

2.3 Cardiac differentiation of mouse ESCs

Cardiac differentiation of mESC lines was initiated using the hanging drop method
((Boheler et al. 2002)). Briefly, cells were suspended at a density of 2.4 x 10# cells/mL in

differentiation media consisting of DMEM supplemented with 2 mM GlutaMAX™, 1%
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Non-Essential Amino Acids (NEAA; Invitrogen, Australia), 1 mM Sodium Pyruvate, 0.2
mM, B-mercaptoethanol, 20% Foetal Bovine Serum (Thermo, Australia), 104 U/mL
penicillin and 10 mg/mL streptomycin. The FBS was batch tested for maximum capacity
to induce cardiomyocyte differentiation. 25uL droplets (containing approximately 600
cells) were seeded onto the lid of a culture dish, which was inverted to form hanging
drops. The droplet shape forced cells into aggregates that developed into embryoid
bodies (EBs). Lids were incubated over diluted phosphate buffered saline (PBS) to
reduce droplet evaporation. At indicated time points the EBs were transferred via
pipette to gelatin coated wells for further differentiation. For differentiation efficiency
studies, EBs were seeded at a density of 1 EB / well of a 96 well plate. For contractility
studies EBs were seeded at 3 EBs / well of a 24 well plate and for calcium imaging
studies EBs were seeded at >1200 EBs / flask. Media was exchanged for fresh
differentiation media every 2 days until FACS at day 8 (early developmental stage) or
day 18 (late developmental stage). All contractility studies were done between days 18-

21 of differentiation.

2.4 Mouse ESC-Derived embryoid body contractility studies

Videomorphometery was used to measure contraction rate and contractility of
spontaneously beating bodies between days 18-21 of differentiation. On the day prior to
measurement, fresh media was added to each well. Embryoid body cultures were
superfused with a physiological salt solution consisting of 140 mM NacCl, 6 mM KCl, 2
mM CaClz, 1 mM MgCl;, 20 mM HEPES, 10 mM glucose, and 1.4% (w/v) bovine serum

albumin (pH 7.4). Each superfused well was maintained at 37°C using an inline heater
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(Warner, USA) (measured with a thermocouple) at 1 mL total volume / well. A field of
view containing an area with spontaneous beating was visualized using a Nikon Eclipse
TS100 inverted microscope with Hoffman modulation contrast optics. Video captures
were acquired at 80 frames per second using a Basler A602f camera controlled by the
Quick Caliper program (SDR Clinical Technologies, Australia). Video was captured
before agonist addition and at several time points after agonist addition, in the absence
and presence of antagonists. Following 10-20 min equilibration, a 10 s capture was
taken to quantify basal contractility and contraction frequency of the selected region.
Subsequently antagonists: Atenolol (1 - 10uM), Propranolol (100 nM), ICI 118551 (100
nM), DPCPX (100 nM), ZM241385 (25 nM), or MRS 1523 (100 nM) were added for 10
min prior to a second capture. Drugs were then added: Isoprenaline (10 nM - 3 uM),
Salbutamol (10 nM - 3 pM), Forskolin (5 uM), Ouabain (10 uM), NECA (10 nM - 100
uM), CPA (10 nM - 100 puM), or IB-MECA (10nM - 10 uM) and then 10 s captures were

taken at multiple time points for up to 20 min.

2.5 Data analysis

Video captures were analysed using Metamorph® Imaging System (Molecular Devices
LTS, United States of America). An intensity threshold was applied to each frame of the
capture to identify light or dark particles, the movement of which was tracked and
quantified using the object tracking plug-in. These particles were the result of using
Hoffman modulation contrast microscopy on EB cultures, small areas of high or low
optical density in contracting areas. Tracking movement of these particles allowed

measurement of the rate and amplitude of contraction. Absolute X Y values were plotted
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to identify and eliminate particles with non-linear motion, then displacement from
origin (the object position in the first frame) was plotted versus time. The amplitude of
this value, expressed in pixels, was treated as relative to contractility while the number
of spontaneous contractions within the capture was converted to a rate of beats per
minute representing contraction frequency. The contraction amplitude and frequency
was measured after addition of agonist, in the absence or presence of antagonist(s), and

expressed as a percentage of the amplitude and frequency prior to chemical addition.

2.6 Immunolabelling of mESC-Derived embryoid bodies

Embryoid body cultures were fixed with fresh 4% paraformaldehyde for 30 min or
Acetone/Methanol (1:1) at -20°C for 10 min. 0.1% Triton-X in phosphate buffered saline
(PBS) was used to permeabilise tissue at 4°C for 30 min, followed by blocking using
10% donkey serum in PBS for 30 min at room temperature, followed by 4 washes with
PBS containing 1% (w/v) BSA and 0.1% Sodium Azide, 5 min each. Tissue was then
incubated with primary antibodies overnight at 4°C at optimized dilutions (1:50-1:500).
Cells were washed thoroughly before addition of secondary donkey antibodies labeled
with combinations of Alexa 488, 594, 647, R-phycoerthyrin (PE) or allophycocyanin
(APC) used at 1:500 - 1:1000 (as needed), were added to wells for 2 hours at room
temperature or 4°C overnight. Secondary only controls (tissue incubated without the

primary antibody) were included with each experiment.
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2.7 Fluorescence activated cell sorting

Fluorescence activated cell analysis and sorting was used both to identify cardiac
progenitors using c-kit expression, and for assessment and purification of differentiated

cells using the Nkx2.5-eGFP reporter line.

2.7.1 Cell digestion

Following 7-20 days of differentiation, embryoid bodies were incubated in accutase
supplemented with collagenase (type II, 4mg/mL) for 30 min on a shaker at 37°C. Cell
suspensions were filtered using a 100um cell strainer to remove undigested aggregates
followed by centrifugation (200g for 5 min). The digested pellets were re-suspended in
FACS analysis buffer (PBS supplemented with 5% differentiation media, 5% FBS and 10
nM SYTOX® Red (Invitrogen, USA), or 10 nM SYTOX® Blue (Invitrogen, USA) or
100ng/mL Propidium lodide). Late stage (day 18-20) cultures required DNase

(10U/mL; Sigma Aldrich) to facilitate complete dissociation.

2.7.2 Analysis

Populations were analysed on the BD FACScanto II (Becton Dickinson, Australia). eGFP
was detected using 488 nm laser excitation and a 530+30 nm emission filter. SYTOX™
Red was detected using 633 nm laser excitation and a 660+20 nm emission filter.
Following exclusion of debris, doublets and non-viable SYTOX™ Red positive cells, the
gate for eGFP positive cells was drawn on a dot plot of 488 nm excited 530 nm vs. 585
nm emission, using control (wild-type differentiated cells) as a non-fluorescent
reference population. Propidium Iodide and Phycoerthyrin (PE) labeled anti-cKit

antibody (Beckman Coulter, Australia) were detected after excitation with the 488 nm

37



MATERIALS AND METHODS

laser at 585+40 nm. SYTOX® Blue was detected after excitation with a 405 nm laser at

450+50 nm.

2.7.3 Sorting

Cells were sorted on either a BD Influx cell sorter (Becton Dickinson, Australia) or a
MoFlo Astrios cell sorter (Beckman Coulter, Australia) using a 100 um nozzle at 20
pounds/square inch (psi) sheath pressure. The gating strategy outlined above was
again used to identify eGFP positive cells. The event rate was controlled to maintain a
minimum sort efficiency of 80% and cells were collected into a 1:1 mix of PBS and
filtered conditioned media. When using the Astrios soft aborts were collected and
resorted, following which the final purity was analysed and found to be no less than

96% across all sorts.

2.8 Mouse Nkx2.5-eGFP" calcium imaging

Following sorting (as detailed in 2.7), cells were plated at 8-13 x 102 cells/cm? onto
collagen coated 96 well plates. For studies investigating cellular connection, cells were
plated at 6.5 x 104 cells/cm?. Subsequent studies were performed 3-4 days post plating.
Imaging media consisting of DMEM supplemented with 20% KnockOut™ Serum
Replacement (KSR; Invitrogen, Australia), 1% NEAA, 0.1 mM B-mercaptoethanol, and 1x
B27® where indicated, was made up fresh for each experiment. Cells were incubated
with 10 puM Fluo-4-AM (Invitrogen) in imaging media for 15 min (37°C, 5% CO.). After
loading the media was replaced with fresh imaging media and cells were incubated for a
further 15 min (37°C, 5% CO2). Cells were then transferred to the pre-warmed, heated

(37°C) stage of an A1-R confocal microscope (Nikon, Japan). Cells were allowed to
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equilibrate for 10 min before the baseline acquisition of 30 s. The compounds used for
calcium imaging studies were ryanodine (10uM), forskolin (1uM), Thapsigargin (1uM),
2-APB (2uM), ZD7288 (10 -100uM), nifedipine (1pM), NNC 55-0396 (1 uM) and NiCl;
(10uM). Following addition of drugs 30 s captures were periodically acquired after 2, 5,
10 and 15 minutes. The 488 nm laser power was maintained at 10 % (approximately
16mW) and the frame rate at 30 frames per second (FPS). To confirm the waveform

kinetics of some cells the frame rate was increased up to 120 FPS.

2.8.1 Post Calcium Imaging Analysis Mouse Nkx2.5-eGFP* Cells

Analysis of calcium imaging captures was performed using NIS elements software
(Nikon, Japan). Briefly, a threshold was used to identify cells from background, followed
by binary overlay and transfer to region. This facilitated automatic selection of whole
cells, following which multi-cellular aggregates were excluded from analysis (identified
by morphology). Total Fluorescence intensity was measured over time and exported as
text files for further analysis. An Excel analysis template was designed to not only
identify peaks but also to summarise key peak features including width at half height,
up slope and down slope, this is described in further detail in chapter 3.5.2. After each
Excel file was imported into the analysis template, a manual inspection was required to
ensure that the automated equations correctly identified each peak. Functional data

were then correlated to morphological features and cellular immunolabelling profiles.

2.8.2 Post calcium imaging immunocytochemistry of Mouse Nkx2.5-eGFP” cells

Following calcium imaging, plates were fixed for immunocytochemistry according to an
adaption of a previously published protocol ((Schmid et al. 1991)). Cells were fixed

with 0.4% paraformaldehyde for 10 min at room temperature (RT), followed by
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permeabilization with 0.05% triton-X or 0.2% tween-20 at RT for 15 minutes. Cells
were then blocked with 10% donkey serum for 30 minutes at RT, washed and incubated
overnight with primary antibodies at optimized dilutions (table 2.1). Cells were
carefully washed and then incubated with donkey secondary antibodies labeled with
Alexa 488, 594, 647, R-phycoerthyrin (PE) or allophycocanin (APC) used at 1:500

overnight at 4°C.

2.8.3 Post calcium imaging TO-PRO®-3 cell death assay

Calcium imaging was carried out as described in section 2.9 with the following
modifications. Imaging media was supplemented with 1 uM TO-PRO®-3 and 1x B-27®
where indicated. 50 pL mineral oil (Sigma Aldrich) was added to each well to prevent
evaporation and alkalization of media during prolonged imaging. Following an initial 30
s capture to establish base line activity (10% laser power ~16mW), each field of view
was then imaged for 60 sat 1, 10 or 70% laser power (5, 16 and 90 mW respectively).
An image of each field of view was captured at 10 minute intervals for 8 hours using the
488 nm and 647 nm laser and 525 and 700 nm band pass emission filters to record

Fluo-4 and TO-PRO®-3 fluorescence, respectively.

2.9 Hydroethidine (HE) reactive oxygen imaging

Measurement of the generation of reactive oxygen species was adapted from a
previously published protocol ((Abramov et al. 2007)). Calcium imaging was carried out
as described in section 2.9 but with the addition of 50 pL mineral oil to each well to
prevent evaporation and alkalization of media during prolonged imaging. Following

calcium imaging, 100uL KSR media containing 10uM HE was added to each well. Fields
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of view were then imaged at 10, 70 and 100% laser power for 60 s. An image of each
field of view was captured at 20 minute intervals for 2 hours using the 488 nm laser
with 525 and 590 nm band pass emission filters to measure intracellular Ca%* and

nuclear labelling of the oxidized form of HE, ethidium, respectively.

2.10 Human embryoid body toxicity studies

Human embryonic stem cell culture was established and several different
differentiation protocols trialed in an attempt to generate hESC derived cardiomyocytes
for the work described in Chapter 6. None of these methods was successful in our
hands using numerous cell lines and minor modifications of established
protocols(Burridge et al. 2011; Jang et al. 2008; Ng et al. 2011). Collaborators from
Monash Immunology and Stem Cell Laboratories (MISCL) kindly supplied both

differentiated cells and defined media for these studies.

2.10.1 Troponin ELISA

The Human Cardiac Troponin I (cTnl) ELISA kit (Abnova, United States of America) was
used to determine presence, and when suitably concentrated, quantity of cardiac
troponin in supernatant following toxic insult. cTnl was measured in supernatant
following incubation of hESC-derived embryoid bodies with toxins using a protocol
adapted from the manufacturers instructions. Briefly, at each time point 450 pL
supernatant was removed from each well to be replaced with 500 pL of fresh media
containing toxin. Standards supplied in the kit were made up in hESC-EB media and
used fresh. 200 pL of standards, controls, and sample supernatants were dispensed into

separate wells in duplicate for analysis. 100 pL of Enzyme Conjugate Reagent was
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dispensed into each well followed by thorough mixing. The plate was incubated at room
temperature for 90 min followed by thorough washing with deionised water to remove
all media components not bound to anti cTnl. 150pL of TMB reagent was added to each
well, gently mixed, and then plate was incubated at room temperature for 30 minutes.
The reaction was stopped by addition of 100uL of Stop Solution to each well followed by
thorough mixing. The absorbance was read at 450 nm using an Envision (Perkin Elmer,

Australia) within 15 minutes.

2.10.2 TBARS assay for lipid peroxidation

The TBARS Assay Kit (Cayman Chemicals, Australia) was used to measure the lipid
peroxidation of hESC-EBs following incubation with and without toxin using a protocol
adapted from the manufacturers instructions. Briefly, cells were treated with toxins for
defined time, detached from plates using accutase/collagenase mix (refer 2.8.1) and
sonicated to disrupt membranes. Cell lysates were transferred to tubes with 100puL of
SDS solution and 4mL of the colour reagent. Tubes were placed in a beaker containing
water on a hot plate and boiled vigorously for 1 hr, incubated on ice for 10 min, and
centrifuged at 1,600 g at 4°C for 5 min. Samples were transferred to a 96 well plate and
fluorescence read by exciting at 525 nm and emitting at 575 nm using the envision plate

reader (Perkin Elmer, USA).

2.10.3 TO-PRO®-3 cell death assay — Acute and chronic chemical toxicity

Culture media was supplemented with 1 uM TO-PRO®-3 and incubated for 1 hour.
Media was replaced and 50 pL mineral oil (Sigma Aldrich) was added to each well to
prevent evaporation and alkalization of media during prolonged imaging. Plate was

transferred to an A1-R confocal microscope, each EB identified and its location saved to
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a coordinate list. Each EB was then imaged for 5 Z-planes from bottom to top of the EB
at high (4096*4096) resolution. eGFP, TO-PRO®-3 and SytoBlue were imaged as
previously described. Each frame was then analysed for objects displaying co-
localization of TO-PRO®-3 and eGFP, this was quantified as the number of double

positive nuclei.

2.10.4 CaspGLOW red assay

Caspase assays utilized the CaspGLOW Red Active Caspase Staining Kit (BioVision, USA).
Following two weeks of Trastuzumab exposure, media was replaced with 250uL fresh
media containing a 1 in 500 dilution of Red-VAD-FMK. Cells were incubated for 1 hr in
the dark in a COz incubator, after which time the media was replaced with fresh media
and they were transferred to a Nikon A1-R microscope. Images of SytoBlue, eGFP, and
TO-PRO®-3 were acquired of each embryoid body as described previously. CaspGLOW
Red was detected following excitation with a 488 laser using a 590 nm band pass

emission filter.

2.11 Drugs and Chemicals

All drugs and chemicals were purchased from Sigma Aldrich (Australia) unless
otherwise stated. Carbachol, ryanodine, and ouabain were dissolved in PBS. Nifedipine,
thapsigargin & ZD7288 were dissolved in DMSO. Forskolin was dissolved in ethanol. 2-
APB was dissolved in methanol. Isoprenaline was dissolved in 0.2 mM ascorbic acid,
1mg/mL BSA in PBS. The final concentration of DMSO, methanol or ethanol did not
exceed 0.01% of the final incubation volume. Primary antibodies against MHC, SMA,

HCN1, HCN4, vWF and PGP9.5 were purchased from Abcam (USA), or against cTnT from
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Santa Cruz Biotechnology (USA). Secondary antibodies were from Invitrogen
(Australia). ZD7288, 2-APB and ryanodine were purchased from Tocris bioscience (UK).
HE, TMRM, Fluo-4 AM, TO-PRO®-3 and B-27® were purchased from Invitrogen

(Australia).
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3.1 Foreword

To address the questions raised in Chapter 1 considerable effort was required to

optimize a number of protocols and analytical methods.

The true utility of stem cell derived models will only be realized when they are used in
assays that were designed to make use of their strengths and overcome their
limitations. Progress in the development of cardiac drugs could be expedited with
standardized methods to analyse ESC-derived cardiomyocytes. Progress in the field of
differentiation has occurred parallel to assay development, causing difficulty in
translation. Specifically, EB formation is still a commonly used method of
differentiation, but heterogeneity of the EB limits the number of traditional analytical
techniques that can be used. This chapter includes method development and

optimisation that was required for the experimental work discussed in later chapters.

3.2 Embryonic stem cell culture

As discussed in Chapter 1, techniques for culturing embryonic stem cells have evolved
since they were pioneered in the early 1980’s by Evans, Kaufman and Martin ((Evans &
Kaufman 1981; Martin 1981)). Austin Smith’s work has highlighted the inherent
instability of the ‘pluripotent’ state, and established defined culture conditions to
maintain cells in a quasi stable state termed the ‘ground state’(Ying et al. 2008; Silva et
al. 2008). However, while methods are well described, maintaining embryonic cultures

in an undifferentiated state while preventing germ layer and differentiation bias has
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proved a challenge throughout this project. Using the Oct4-eGFP and Nkx2.5-eGFP
reporter cell lines to measure stem cell homogeneity and cardiogenic differentiation
potential respectively, a modified version of Austin Smiths ‘2i’ protocol was adapted for
maintenance of mouse embryonic stem cells. Addition of the GSK3- inhibitor
CHIR99021 and MEK inhibitor PD0325901 to our standard propagation media resulted
in more homogenous expression of Oct4. Unfortunately, prolonged culture in 2i had a
negative effect on cardiogenesis as determined by nkx2.5 reporter expression measured
using FACS following EB differentiation. It is most likely this differentiation bias may be
due to altered p-catenin levels caused by the GSK3-f inhibitor, although it is possible
that altered FGF-2 signaling following withdrawal of the MEK inhibitor was responsible.
An interesting side note, other students in the lab noticed that culturing cells in 2i
caused a rapid decrease in neurogenic potential as measured via SOX-1 expression
during differentiation. To overcome this differentiation bias I investigated the effects of
withdrawing 2i briefly before differentiation. These studies found that withdrawing 2i
for one passage before differentiation provided the highest yields of Nkx2.5-eGFP cells.
Distinct morphological differences between cells cultured in adapted ‘2i’ protocol and
the standard protocol were also quite evident when visualized using white light

microscopy (Figure 3.1).
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Figure 3.1

FACS and morphology assessment of 2i treatment on pluripotency and
differentiation potential. Oct4-eGFP indicated a heterogeneous population with
high, medium and low Oct4 expression (A), 2i treatment abolished the presence
of the medium and low levels of Oct4 expression (B). The effect of passage and 2i
treatment on cardiogenic differentiation potential (C). White light images of cells
grown under standard conditions (D) and those grown in the presence of 2i (E).

Scale bar = 100 pm.
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3.3 Cardiac Differentiation

Embryoid body differentiation in hanging drop cultures is well established for the
mesodermal differentiation of embryonic stem cells(Dambrot et al. 2011).
Differentiation is initiated by seeding cells in droplets suspended upside down on the
lid of a dish. Factors affecting this method of differentiation include the initial number of
cells and the duration of suspended culture, chemical supplementation of media during
suspension or following attachment, as well as the oxygen tension throughout
culture(Wiese et al. 2011; Czyz & Wobus 2001; Sachlos & Auguste 2008; Dang 2004). EB
differentiation can yield cells from all three germ layers, in the EBs generated for this
study mesodermal differentiation was observed based on brachyury expression (not
shown). Aside from myocardium, smooth muscle is also derived from the mesodermal
germ layer. Using videomorphometry to track movement based on cellular contraction,
smooth muscle capable of spontaneous contraction has the potential to confound
analysis of responses of EBs. The rhythmical contraction of cardiomyocytes can easily
be separated from the spastic contractions of smooth muscle visually. A study was
conducted to determine the optimal number of cells per droplet to achieve maximal
cardiac differentiation (determined as % of EBs contracting spontaneously and
rhythmically) while limiting smooth muscle differentiation (spontaneous non-
rhythmical contraction). EB size was also measured throughout the time-course. EB
size on day 5 was used in future studies as a quality control measure of successful

differentiation.
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3.3.1 Results and Discussion — EB differentiation

Cell aggregation occurred during the first 48 hours of suspension, after which time
aggregates could be clearly identified and measured (Figure 3.2 A). Rate of growth of
the EB, measured by microscopy, expressed as total diameter, was dependant on the
initial number of cells seeded into each droplet. The data was fitted to a one-phase
association equation with an apparent plateau at 1000 um (Figure 3.2 B). This plateau is
most likely explained by two parallel processes. Firstly, the growth of the diameter of
the sphere was likely limited by requiring geometric growth of cell proliferation as the
increasing diameter incorporated increasing numbers of cells, and secondly, the gradual
consumption of nutrients and buildup of byproducts within the suspended drop likely
slowed cell division. Presumably, the kinetics of formation and size of the hypoxic
region of the EB core was dictated by the initial seeding density, balanced by necrosis in
the center. These two processes are likely the key determinates of the optimum number
of cells for cardiac differentiation. The efficiency of cardiac differentiation was
measured by assessing the proportion of embryoid bodies with detectable spontaneous
contraction. Cardiac differentiation was detectable at 200 cells/droplet and increased
up to 1000 cells/droplet. Smooth muscle differentiation could be readily detected from
800 cells/droplet. 600 cells/droplet was determined to be a suitable compromise

(Figure 3.2 C).

3.3.2 Maximising cardiomyocyte yield

Although the EB method consistently produced beating aggregates, I evaluated the

differentiation efficiency of several other published differentiation methods(T.
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Takahashi 2003; Zhu et al. 2009; X. Wu et al. 2004; Willems & Leyns 2008; Hao et al.
2008; Jang et al. 2008; Kawai et al. 2004). The goal of this optimization was primarily to
generate a greater number of cells for later studies utilising the Nkx2.5-eGFP reporter

line, which would have benefited from greater differentiation yields.

Many chemical and process-based approaches have been published utilising various
methods to increase cardiac differentiation efficiency(Sachinidis et al. 2003; Rajala et al.
2011; Lyssiotis et al. 2010; Willems et al. 2009). Several of these were trialed with
limited success. Two of the differentiation methods trialed were limited by toxicity(Zhu
et al. 2009; Hao et al. 2008). Three of them produced no significant increase in
differentiation efficiency(X. Wu et al. 2004; Willems & Leyns 2008; Kawai et al. 2004).
One method based on monolayer culture with ascorbic acid showed promise in 96 well
plates, however, when scaled up to flasks the efficiency dropped to unacceptable
levels(T. Takahashi 2003). The one method that showed the biggest increase in cardiac
differentiation efficiency involved the use of DAPT, a y-secretase inhibitor that
indirectly blocks Notch signaling. It significantly increased the % of Nkx2.5-eGFP
positive cells, however it also had an effect on the level of GFP expression, resulting in a

significantly higher number of cells with ‘high’ levels of GFP.

During cardiac development Nkx2.5 is expressed at low, high, and then intermediate
levels depending on how mature the cells are(Yang et al. 2008; S. M. Wu et al. 2006).
Assuming the changes in the GFP expression were reflective of changes in the levels of
Nkx2.5, this would indicate that DAPT is having an effect on maturity; specifically it is

reducing the proportion of cells leaving the transient ‘high’ nkx2.5 stage. The role of
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Notch signaling during differentiation changes over the course of development,
however it has been shown to be an inhibitor of cardiac differentiation(Rochais et al.
2009). There is also evidence that suggests Notch acts through p-catenin to drive
commitment of cardiac progenitor cells(Kwon et al. 2009). The complexity of Notch
signaling, and the resultant need for extensive characterisation before functional
studies could proceed was considered outside the scope of this thesis. Instead, the
standard EB differentiation method used for Chapter 4 and outlined in Chapter 2.3 was
used for further studies. The different chemical approaches attempted, and their

efficacies, are outlined in Table 3.1

3.3.3 Effect of oxygen tension on cardiogenesis

One alternative approach to chemically driven differentiation is the use of low oxygen
tension, which has been shown to have a positive effect on cardiac differentiation(van
Oorschot et al. 2011; Csete 2005). To investigate if low oxygen tension would increase
the CM yields required for future studies, I examined the feasibility and effect of low
oxygen tension on our optimized differentiation protocol. A chamber was built to
facilitate control of the atmosphere within the incubator. The effect on the
differentiation of the Nkx2.5-eGFP reporter line was then accessed using FACS (Figure
3.3). Differentiation was assessed based on % of positive and the total number as
positive cells as low oxygen tension has been shown to increase cellular proliferation
which may have masked any observed increase in cardiomyocyte numbers. While 2
and 6 days of reduced oxygen tension showed significantly increased CM differentiation

this was not consistently observed. It’s likely this inconsistency was due to difficulty in
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controlling oxygen tension without expensive and elaborate environmental control

equipment. Future studies were performed at atmospheric oxygen levels.
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Figure 3.2

Optimisation of hanging drop differentiation. A representative embryoid body
plated after 5 days of suspension culture, scale bar = 500 um (A) . Kinetics of
embryoid body growth and the effect of initial cell number on diameter (B). The
effect of initial cell number on the development of different types of spontaneous
contractile tissue (C)
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The effects of low oxygen tension during hanging drop. Following hanging
drop suspension cells were placed in an airtight container under low (4%)

oxygen tension for up to 6 days. Cells were FACS sorted on day 7
quantifying the proportion of Nkx2.5-eGFP cells (A) and the total number

(B). Data is expressed as mean with the range.
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3.4 Videomorphometery — Object tracking

To measure the effects of different drugs on the function of the mESdCM we developed a
method utilising high contrast optics, high-speed imaging, and object tracking. Using
motion tracking to determine changes in rate of contraction is a common technique(Ali
et al. 2004), however there is no clear standard for measuring contractility using
videomorphometry. To investigate the potential of object tracking to measure changes
in contractility we compared the effects of two drugs, ouabain and forskolin. Quabain is
an inhibitor of the Na*/K*-ATPase, which causes an increase in the intracellular [Na*],
which in turn drives the NCX antiporter to efflux Na* while importing Ca2*. Due to this
activity ouabain has a potent ionotropic effect causing an increase in contraction with
little to no effect on the rate of contraction (Mason & Braunwald 1963) (Sonnenblick et
al. 1966). Forskolin acts on the same signaling pathway as isoprenaline (discussed in
Chapter 1), however it bypasses the adrenoceptor and acts directly on adenylate cyclase
to stimulate cAMP production; as such it should cause an increase in rate and
contractility owing to multiple downstream signaling targets(Vinogradova et al. 2010;

Bround et al. 2012).

3.4.1 Results and discussion

To validate the videomorphometry method I developed, two compounds were
investigated that have different cardiac effects. Ouabain, the most widely used cardiac
glycoside, inhibits the Na*/K* ATPase. This results in increased intracellular Na*, which

in turn causes activation of the Na*/Ca2* antiporter, ultimately resulting in increased
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intracellular Ca%*(Hansen 1984). This manifests physiologically as increased force of
contraction, with little effect on rate of contraction. The other compound, forskolin,
directly activates adenylate cyclase, resulting in increased cAMP and all the subsequent
functional effects described in Chapter 1(Hartzell & Fischmeister 1987; Insel & Ostrom
2003). The physiological result of increased cAMP is increases in both rate and force of
contraction. These two compound have allowed me to validate the capacity of my
imaging method to differentiate between agents that have effects of both rate and force
of contraction (also known as chronotropic and ionotropic) and agents that only affect

one parameter.

The representative traces show the effects of both ouabain (Figure 3.4A) and forskolin
(Figure 3.4B) on rate and contractility of EBs when imaged according to the methods
outlined in chapter 2. All tracking data is presented as two parameters, contraction
amplitude (measured by distance to origin) and rate of contraction (measured as
contractions per min). Previously it has been shown that measurement of the
contraction amplitude (or contractility) relates to contractile force using dynamic
traction force microscopy(Jacot et al. 2010). As expected forskolin causes increases in
rate and amplitude of contraction while ouabain only increases contraction amplitude.
This validates the use of both parameters to measure effect of compounds on myocytes

(contraction amplitude) and pacemakers (contraction rate) in the EB

Parameters other than peak height and rate, such as rate of contraction or relaxation,
peak area and width at half height were examined for forskolin and ouabain. Robust

results were only achieved with peak height and rate. The fundamental problem with
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image tracking is the occurrence of non-linear motion, which can be identified in the x
and y but not the z-axis using standard microscopy. This results in potential changes in
the velocity (a vector), which would affect peak shape and thereby other parameters
outside of height and rate. Other groups have used videomorphometry to determine
parameters such as rate of relaxation(Ali et al. 2004). That this was not possible using
my imaging method highlights the need for development of standardized methods that

have been rigorously tested
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The effect of Ouabain (an ionotropic drug) on mESC EBs. (A) Representative
trace demonstrating change in contraction amplitude without change in rate of
contraction. (B) The responses were quantified and expressed as a % of
spontaneous activity prior to addition of compound (basal) (**p > 0.01, two way
ANOVA, post-hoc Bonferroni’s n=6).

The effect of forskolin (ionotropic and chronotropic drug) on mESC EBs. (C)
Representative trace demonstrating change in contraction amplitude without
change in rate of contraction. (D) The responses were quantified and expressed
as a % of spontaneous activity prior to addition of compound (basal) (*p > 0.05,
**p > 0.01, two way ANOVA, post-hoc Bonferroni’s n=6).
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3.5 Calcium imaging

Following the EB studies in Chapter 4 it became clear that a method was required that
would allow us to look at the function and responses of specific cells, allowing
elucidation of the interaction of the heterogeneous cell types present in the EB. Calcium
imaging is a well-established method allowing measurement of responses of individual
cells; moreover, calcium is a key regulator of both pacemaker activity and contractile
activity. Pilot experiments identified a problem, rhythmical and spontaneous
waveforms could be identified but they were especially unstable. The instability
appeared to be dependent on imaging, as cells that were loaded and left to incubate for
several hours still displayed the waveforms briefly before succumbing to the same
instability as freshly loaded cells. The following experiments were done to identify the
cause of this instability and a mechanism to prevent it, the work here crucial to the

results presented in Chapter 5.

3.5.1 Stability and reactive oxygen species

The generation of free radicals by laser excitation of fluorescent dyes is a phenomenon
that has been investigated for several sensors, including calcium sensing dyes (Knight et
al. 2003; Schaffer et al. 1994). The effects of free radical generation during calcium
imaging have largely been ignored in many recent publications, of particular relevance
to this study, those involving calcium imaging of ESC derived CMs and neurons
(Zahanich et al. 2011; Malmersjo et al. 2010; Kim et al. 2010). The effects of confocal
calcium imaging on cellular viability were measured using the To-Pro-3© assay

described in chapter 2.12. In cells loaded with Fluo4-AM, those exposed to the confocal
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laser showed cell death, but those without laser exposure did not (Fig 3.6b). This was
done in parallel with studies where the stability of the spontaneous waveforms
described in chapter 5 was dependent on the time cells were exposed to the confocal
laser rather than incubation time (results not shown). The hypothesis was that confocal
calcium imaging was generating free radicals, which in turn affected cell viability and
function. Prior to studies described in chapter 5, the mechanisms of instability, and a
method for stabilization were required. To this end, the effects of confocal imaging on
FACS sorted cardiomyocytes was investigated, focusing on cell viability, reactive oxygen

generation and dye toxicity.

Measurement of reactive oxygen species in single cells is a complicated methodology.
The natural generation and detoxification of reactive oxygen species within cells with
high mitochondrial content, such as cardiomyocytes, confounds many assays, especially
at a single cell level. Small changes in the levels of free radicals can have significant
effects on cell function while not being readily detectable using currently available
methods. Thus, indirect measurement must be relied upon to support trends shown

with direct free radical measurement.

To investigate the effect of laser induced ROS generation on cell viability I treated ESC
cultures with anti-oxidants and examined the effect of ROS generation. The loss of cell
viability displayed following various laser strengths (Figure 3.6 A) was evidence of the
generation of a toxic product that was related to laser exposure. Antioxidant
stabilization of the spontaneous waveforms unveiled long lasting rhythmical calcium

transient waveforms of varying phenotypes previously not described in the literature
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(Figure 3.5). The experimental data I have described here and in chapter 5 point to an
underlying artefact that may explain both the instability described by Zahanich et
al(Zahanich et al. 2011), and also the absence of reports in the literature of the different

spontaneous calcium waveforms I have observed.

Calcium flux was measured using Fluo-4-AM, where Fluo-4 is coupled to a methoxy
ester (AM) to allow it to cross the cell membrane, before esterase cleavage traps it in the
cell generating a molecule of formaldehyde. It is plausible that toxicity observed during
confocal calcium imaging may be due to formaldehyde from the dye, rather than ROS
generation. The lack of death following Fluo-4 AM loading without laser exposure
(Figure 3.6 B) is strong evidence that formaldehyde toxicity is not directly causing cell
death. Addition of the anti-oxidant B-27® during imaging reversed laser-induced cell

death, consistent with a role for generation of toxic ROS.

Direct measurement of reactive oxygen species was attempted but results were limited
by technical constraints, specifically the dyes available for use in my system.
Measurement of reactive oxygen species at a cellular level requires the use of dyes such
as 2',7'-dichlorodihydrofluorescein diacetate (H2ZDCFDA) or HE. Due to the GFP and
Fluo4 already present in these cells, most widely used reactive oxygen sensors were
unusable, hence the use of HE. However, the excitation wavelength used to measure
calcium flux also activated (and potentially bleached HE, preventing reliable readouts of
ROS. Another issue was that all available fluorescent free radical dyes act irreversibly,

which precludes dynamic measurement of the redox state of the cell.
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Future studies to directly measure the effect of microscope laser activation on ROS
generation could make use of fluorescent proteins based on GFP that have been
generated to react dynamically to the redox state of the cell, and allow dynamic
measurement of insult and recovery(Dooley 2004; Dooley et al. 2012; Hanson 2003).
While we have obtained one expression construct for such a protein (roGFP), extensive
work was required for optimization, and its use was therefore outside the scope of the
current study. Despite not having an optimal method to measure free radical generation
at a single cell level, the indirect evidence I gathered indicated a strong causal link
between laser exposure and loss of cell function and viability. In the absence of toxicity
owing to the dye, this evidence suggests an artefact of live cell imaging that is likely to
have implications for many studies already published. Of particular importance to this
study, the addition of antioxidants to eliminate the effects of ROS, stabilized previously

dismissed waveforms and permitted further characterisation as described in Chapter 5.
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Stabilization of spontaneous calcium oscillation following addition of B-27®. Use
of the anti-oxidant supplement B-27® during confocal Ca?* imaging significantly
maintains functional integrity of spontaneous [Ca%*] activity. (*P>0<05, **P<0.01,
two way ANOVA, post-hoc Bonferroni’s n=3-19).
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Figure 3.6

Confocal imaging and cell death. Proportion (%) of spontaneously active cells
that die after 8 hours, following five minutes of continuous imaging at different
laser strengths (A, **P<0.01, one-way ANOVA, post-hoc Dunnett’s, n=3).
Proportion (%) of spontaneously active cells that die after 8 hours, following five
minutes of continuous imaging with and without B27 (B, *P<0.05, **P<0.01, one-
way ANOVA, post-hoc Dunnett’s, n=3). Representative time lapse images of cell
death following laser exposure (C).

66



CHAPTER 3 — METHOD DEVELOPMENT

3.5.2 Waveform analysis

While there are several data analysis packages available for analyzing the complex data
generated from object tracking or calcium imaging we were unable to identify one that
consistently extracted the key information from our raw data without first having to
select the data for each individual peak. Without a semi-automated method to analyse
the kinetics of total fluo-4 fluorescence intensity from each cell, the work presented in
Chapter 5 would have been insurmountable. To increase the throughput and
thoroughness of data analysis an excel template was constructed which identified peaks
and key peak parameters (Figure 3.7). The approach used relied on normalization of
fluorescence intensity data, which allows formulaic testing for maximums, minimums,
mid peak (50%) values and other peak parameters. A break down of the logic is
depicted as a process chart in Figure 3.8. The high variability of the waveforms
identified in chapter 5 precluded the use of commercially available analysis software.
The excel template I developed enabled efficient analysis of the kinetic parameters of

calcium flux facilitating the thorough characterisation presented in Chapter 5.
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Figure 3.7

This foldout is a representative example of the automated analysis template
developed for analysis of calcium waveform data discussed in 3.5.2
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Logic process chart demonstrating the approach required to identify kinetic
parameters from heterogeneous calcium waveform data.
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3.6 Conclusion

The heterogeneous cellular nature of stem cell-derived cultures provides
pharmaceutical models with greater physiological context than standard in vitro
primary or immortalized cultures. However, analysis of tissue with this heterogeneity
also requires development of alternative analytical methods. To allow the work that is
presented in later chapters extensive effort was required to develop and test new
analytical methods for pharmacology studies of EBs, calcium imaging of spontaneously
active cells from EBs, and toxicity of cardiac cells in EBs. These methodologies
permitted analysis of the effects of adenosine receptor and adrenoceptor activation in
Chapter 4, characterisation of spontaneously active pacemaker cells in chapter 5 and
Trastuzumab toxicity in Chapter 6. As stem cell differentiation methods continue to
evolve, it will be necessary for the field to continue to emphasize development and
standardization of analytical methods for comparison of results. Standardization of
differentiation and analytical methods should encourage adoption of stem cell derived

models by the pharmaceutical industry.
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CHAPTER 4 - STEM CELL DERIVED CARDIOMYOCYTES AS MODELS OF

ORGANOTYPIC PHARMACOLOGY: ADRENOCEPTOR AND ADENOSINE RECEPTOR

SIGNALING
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4.1 Introduction

One use of stem cell derived cells and tissues is in pharmacological assays. They can be
used either as specific cell populations or as a heterogeneous tissue containing a range
of physiologically relevant cells, without the species differences usually associated with
the use of organ bath pharmacology. To facilitate their use in pharmacological assays,
the methods [ developed and described in chapters 2 and 3, permit the quantification of
mouse embryonic stem cell derived cardiomyocyte responses to pharmacological
agents. To investigate the capacity of embryoid bodies to model pharmacological
signaling pathways of varying levels of complexity, | investigated the activity of two key

cardiac receptor classes discussed in chapter 1: adrenoceptors and adenosine receptors.

Adrenoceptors mediate the cardiac response to sympathetic nervous stimulation, and
are both a common drug target (e.g. p-blockers) and implicated in many disease states
including cardiac hypertrophy. Adenosine receptors have been identified as a possible
therapeutic target to treat myocardial infarction. While in the mouse adrenoceptor
signaling is mediated via the f1AR, multiple adenosine receptor subtypes are prevalent
in different parts of the myocardium and signal via different second messengers. Thus,
as model targets, the adrenoceptor represents a relatively simple pathway while the
adenosine receptor is more complex. The varied selectivity of available agonists and the
varied complexity of receptor signaling provide a good opportunity to address the

question of how useful EB models are for the investigation of pharmacology.
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4.2 Methods

Unless detailed below, the procedures used in this chapter, including hanging drop

differentiation, FACS sorting and object tracking are described in Chapters 2 and 3.

4.2.1 cAMP AlphaScreen assays

AlphaScreen ® cAMP Assay Kits (Perkin Elmer, Australia) were used to detect relative
amounts of cAMP in Nkx2.5-eGFP FACS sorted cells following incubation with either
isoprenaline or CPA. The method was adapted from the manufacturer’s instructions.
Briefly, 1000 cells (experimentally determined as the minimum required) were seeded
into collagen-coated wells of a 96 well plate (~6000 cells/cm?) and incubated at 37°C
5% CO2 to recover in conditioned media. After three days media was replaced with low
serum (2%) media for 12h overnight. The following morning media was replaced with
the manufacturers recommended stimulation buffer containing anti-cAMP acceptor
beads and isoprenaline (0.5-5 uM) or forskolin (5 pM) and CPA (0.15-1.5 uM) for 15
minutes at 37°C. The phosphodiesterase inhibitor IBMX was recommended by the
manufacturer but is an adenosine receptor antagonist so rolipram (1 uM) was used
instead. Biotinylated-cAMP, streptavidin donor beads and lysis buffer were added and
the incubation continued for 4 hours. Fluorescence was then measured on an Envision
plate reader using the AlphaScreen filter set. The detection chemistry is outlined in

Figure 4.7 A.

4.2.2 Statistical Analysis

The maximum response following addition of agonist was measured for contraction

amplitude and frequency, expressed as change from basal activity (%). All treatments
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were compared to their respective vehicle controls, none of which displayed a
significant effect on the basal spontaneous rate of beating. Differences between means
were tested using Student’s t-test and one-way ANOVA (post-hoc Bonferroni's or

Dunnett’'s where appropriate). p < 0.05 was considered statistically significant.

4.3 Results

4.3.1 Effects of Isoprenaline, a -adrenoceptor agonist

Isoprenaline is a non-specific f-adrenoceptor agonist, which activates 31, 2, and 33
adrenoceptors. All EBs responded to isoprenaline (10 nM-10 pM) with an increase in
frequency of beating and amplitude of contraction, which allowed calculation of ECs
values of 0.4 uM and 0.7 uM respectively. (Figures 4.1 A-B, p < 0.001, two-way ANOVA,
post-hoc Dunnett’s, n = 8). Isoprenaline elicited a maximal response at 3 puM,
comparable to forskolin for rate and contractility. This maximal response would
indicate the fARs were well coupled to adenylate cyclase. Preincubation with the
inhibitory cAMP analogue Rp-8-Br-cAMPS reduced the isoprenaline-mediated response
(Figure 4.6 D, D, *p < 0.05, one way ANOVA post-hoc tukey test, n=4-8). The effects of
isoprenaline on cAMP production were investigated in Nkx2.5-eGFP FACS sorted cells
using AlphaScreen interference assay to further confirm fAR mediated stimulation of
adenylate cyclase. Isoprenaline treatment alone caused a decrease in fluorescence
intensity, indicating an increase in cAMP accumulation (ECso = 125 nM * 99, Figure 4.7
B). These results demonstrate that stimulation of BAR receptors in the EB cause

increase in contraction rate and frequency with equivalent potency. These effects are
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mediated via stimulation of adenylate cyclase and subsequent phosphorylation of PKA

as supported by the cAMP assay and the Rp-8-Br-cAMPS results.

4.3.2 B-adrenoceptor subtype identification

Salbutamol, a $z2-adrenoceptor selective agonist, did not affect either rate or
contractility when compared with vehicle control (Figure 4.1 C, one-way ANOVA, post-
hoc Bonferroni, n = 4). The selective 31 antagonist atenolol (1 uM) suppressed the
isoprenaline-mediated (1 and 3 uM) increases in contraction frequency, but had no
effect on the forskolin induced response (Figure 4.2 A., **p < 0.01, **p < 0.001, two
way ANOVA post-hoc Dunnett’s, n = 4-8). Atenolol alone caused a decrease in
contraction frequency (Figure 6.2 B, *P<0.05, two way ANOVA post-hoc Bonferroni’s,
n=10). The non-selective (3 blocker propanolol also caused a decrease in contraction
frequency alone, but neither normetanephrine (a re-uptake inhibitor) nor the selective
B2 antagonist ICI 118551 had any effect on contraction frequency. Propranolol (100 nM)
suppressed the isoprenaline (3 pM) mediated increase in contraction frequency,
Normetanephrine and ICI 118551 (100nM) had no significant effect on isoprenaline
mediated responses (Figure 6.2 C, *p < 0.05, two way ANOVA post-hoc Dunnett’s, n = 4-
10). Blockade of isoprenaline-mediated responses with selective antagonists indicate
that these responses are mediated by the 1 receptor (Figure 4.2 C). The absence of an
effect in the presence of normetanephrine demonstrates insignificant extra-neuronal
uptake of isoprenaline in the EB. The selective antagonist atenolol and the non-
selective propanolol depressed rate in the absence of any external agonists indicating

endogenous receptor activation was occurring in the EB. These findings suggest that
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isoprenaline exerts effects via signaling through the $1AR, regulating contraction

frequency and rate in the EB.

4.3.3 Acute f-adrenoceptor desensitisation.

[soprenaline (1 uM) pretreatment for 20 minutes significantly reduced subsequent
responses to isoprenaline (3 pM), but did not affect the forskolin mediated responses.
(Figure 4.3 B, two way ANOVA, post-hoc Dunnett’s test, n = 4). The loss of sensitivity to
subsequent isoprenaline exposure indicated receptor desensitisation; based on the

timing this is likely mediated via receptor internalization.
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Figure 4.1

EB response to Isoprenaline and Salbutamol. Mean responses (xSD) to the
addition of Isoprenaline which increases contraction frequency and amplitude;
lines represent three-parameter dose response curves fitted to the data (A & B
respectively, ***P<0.001, *P<0.05, two way ANOVA, post-hoc Dunnett’s test,
n=8). Mean responses (+SD) to the addition of Salbutamol which had no effect on
either rate or contractility of EB (C, one way ANOVA, post-hoc Dunnett’s test,
n=4). Maximal responses to Isoprenaline, Forskolin, Ouabain and respective
vehicles (D, mean +SD, ***P<0.001, *P<0.05, two way ANOVA, post-hoc
Dunnett’s test, n=4-8)
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EB response to Isoprenaline with and without antagonists. Mean responses to
the addition of Isoprenaline with and without Atenolol (4, **P<0.01, ***P<0.001,
two way ANOVA post-hoc Dunnett’s, n=4-8). Mean responses to Atenolol (B,
*P<0.05, two way ANOVA post-hoc Bonferroni’s, n=10). Mean changes in
contraction rate following addition of isoprenaline in the presence and absence
of antagonists (C, *P<0.05, two way ANOVA post-hoc Dunnett’s, n=4-10)
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Effect of isoprenaline pretreatment on desensitisation to isoprenaline or
forskolin. Panel A shows a diagram depicting experimental process and timing.
Mean responses to the addition of Isoprenaline or (following pretreatment and
wash) which increases contraction frequency depending on pretreatment, and
forskolin which does not; (B, two way ANOVA, post ~hoc Dunnett’s test, n=4).
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4.3.4 Effects of NECA, a non-selective adenosine receptor agonist.

N-ethylcarboxamidoadenosine (NECA) is a non-selective adenosine receptor agonist
that activates A1, A2a and Az adenosine receptors with relatively equal affinity.
Furthermore, NECA also activates Az receptors but with much lower affinity. NECA (10
uM) induced a decrease in frequency and amplitude of contraction in EBs (Figure 4.4 A,
*p < 0.05, ***p < 0.001, one-way ANOVA, post-hoc Dunnett’s, n = 4-6). At higher
concentrations (100 uM), the inhibitory effects of NECA were not apparent. This was
presumably due to opposing responses mediated via different receptor subtypes that
have different sensitivity to NECA. In the presence of the selective A; antagonist DPCPX
(100 nM), NECA (1pM) caused an increase in rate, followed by a NECA concentration-
dependent decrease in rate (Figure 4.3B). This indicates that the A1 subtype is present
in the EB and mediates a negative chronotropic response. In the presence of the
selective A2a antagonist, ZM 241385 (25 nM) NECA had no effect until 100 uM, at which
point it inhibited all spontaneous beating. This suggests the Aza receptor mediated a
positive chronotropic response. Adenosine receptor activation displayed mixed effects
in the presence of selective antagonists, indicative that receptor subtypes mediated

opposing responses in EBs.

4.3.5 Effects of CPA, a selective adenosine receptor A, agonist

CPA (10 nM-100 uM) induced a decrease in frequency and amplitude of contraction in
EBs with ECso values of 34 nM and 3.2 uM respectively. (Figure 4.4 A, p < 0.001, two-
way ANOVA, post-hoc Dunnett’s, n = 4-6). Note the large difference between the ECsy

values determined using the different parameters.
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The effects of CPA on cAMP production were investigated in Nkx2.5-eGFP FACS sorted
cells using AlphaScreen interference assay. CPA had minimal effect on cAMP levels in
cells without pretreatment with forskolin (data not shown). Presumably, AC activity
was too low (and as a result levels of cAMP) without exogenous stimulation to show a
reduction of cAMP using AlphaScreen assay. There are two reasons why this may not
affect results in the EB. Firstly, the pacemaker cells that drive rate (which was the more
sensitive parameter to CPA) are likely to be a small fraction of the sorted cells, thus this
plate-based assay would be weighted towards the myocyte populations. Secondly, the
apparent BAR receptor activity reported in 4.3.2 could be explained by endogenous
catecholamines, which may not be present in this sorted population thus requiring
exogenous stimulation. CPA treatment simultaneously with forskolin stimulation
caused an increase in fluorescence intensity, indicating a decrease in cAMP (ECso =111

nM + 49).

Preincubation with Sp-8-Br-cAMPS non-significantly reduced the CPA mediated
response. Based on the experimental power of this study, calculations indicate a need
for 30 repetitions to confirm a statistical significance of the effect of Sp-8-Br-cAMPS on
CPA response. The A1 adenosine receptor agonist CPA mediated a decrease in
contraction frequency and at higher concentrations a decrease in contraction
amplitude, in EBs. Results from cAMP assays of FACS enriched populations indicate the
Aiadenosine receptor to be inhibiting adenylate cyclase, reducing cAMP levels; but only

when AC activity was exogenously stimulated. While the PKA activator Sp-8-Br-cAMPS
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did not significantly reduce the effects of CPA, the results from this experiment do not
disprove the hypothesis that CPA is acting via the A1 adenosine receptor, inhibiting AC,

resulting in decreased levels of cAMP and subsequent PKA phosphorylation.

4.3.6 Effects of IB-MECA, a selective A3 agonist

IB-MECA, the selective Az agonist did not affect either rate or contractility (Figure 4.4 B;
one-way ANOVA, post-hoc Dunnett’s, n = 4). The selective Az antagonist MRS-1523 (100
nM) did not affect either rate or contractility in the presence or absence of IB-MECA 10
uM (Figure 4.4 C; one-way ANOVA, post-hoc Dunnett’s, n = 4). These findings show that
the Az receptor did not demonstrate direct modulation of any functional responses in

the EB.
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Figure 4.4

NECA response in the presence and absence of DPCPX (100 nM) and ZM241385
(25 nM). Mean responses to the addition of NECA which decreases contraction
amplitude and frequency (A, two way ANOVA, post -hoc Dunnett’s test, n=8).
Mean responses to the addition of NECA in the presence of the A2a antagonist ZM

241385 (B, **P<0.01, ****P<0

.0001, two way ANOVA, post -hoc Dunnett’s test,

n=4). Mean responses to the addition of NECA in the presence of the A;

antagonist DPCPX (C, **P<0.0
Dunnett’s test, n=4).

1, ***P<0.001, two way ANOVA, post -hoc
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Figure 4.5

EB response to the selective A1 adenosine receptor agonist CPA. Mean responses
(+SEM) to the addition of CPA which decreases contraction frequency and
amplitude; lines represent three-parameter dose response curves fitted to the
data (A, n = 8).

Mean responses to the selective Az adenosine receptor agonist IB-MECA in the
absence (B) and presence (C) of the selective Az antagonist MRS-1523 (no
significant responses, two way ANOVA post-hoc Bonferroni’s, n = 4).
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4.3.7 Effects of combined addition of isoprenaline and CPA

Adenosine attenuates the affects of adrenergic stimulation in ventricular
myocytes(Neumann et al. 1995). To investigate the capacity of EBs to model the effect
of A1 adenosine receptor activation on AR signaling I treated EBs with CPA and
isoprenaline simultaneously. Treatment with CPA or isoprenaline alone resulted in
consistent responses by 100% of EBs. In contrast, simultaneous addition of CPA and
isoprenaline resulted in some EBs that showed no response. Addition of CPA (30 nM)
suppressed the isoprenaline-mediated (3 uM) increase in contraction frequency in 62%
of embryoid bodies (Figure 4.6 A - C, n = 4-8). Increasing the isoprenaline concentration
(10 uM) increased the proportion of EBs that responded to 85% (n = 7). Given EBs
responded uniformly to each agonist individually, receptor density is unlikely to be
responsible for the lack of response to multiple agonists. A more likely explanation may
be variable second messenger coupling between the adenosine receptor and
adrenoreceptor. The coupling of adenosine receptors and adrenoceptors has been
observed to be different between ventricular and atrial cardiac tissue. It is also known
that EBs tend to differentiate toward either predominant ventricular or atrial
phenotype. The result of this may influence signaling in the presence of both ligands
resulting in EBs that that showed no response to isoprenaline and CPA
treatment(Werry et al. 2003; Hernandez et al. 2012; Musser et al. 1993). Further
characterisation of the dominant phenotypes generated in individual EBs and the
resultant receptor expression/coupling may yield insight into the complex

pharmacology of adenosine.
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cAMP AlphaScreen on sorted Nkx2.5-eGFP+ve cells. AlphaScreen detection
chemistry; cAMP in sample and biotinylated cAMP compete for binding to
acceptor beads, the biotinylated cAMP can then bind the streptavidin bound
donor beads and emit fluorescence which is inversely proportional to the
concentration of cAMP (A). Mean fluorescence + SEM in response to Isoprenaline
and CPA (in the presence of 5uM Forskolin), lines represent three-parameter
dose response curve fitted to the data (B, n = 4).
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4.4 Discussion

Utilising the cardiac differentiation protocol optimized in Chapter 3, spontaneously
beating embryoid bodies were generated and their responses to signaling through the
BAR and adenosine receptor pathways was investigated. Videomorphometry was used
to measure frequency and amplitude of contraction. As discussed in chapter 3,
contraction amplitude is a surrogate measure of contractility as determined from the
responses of the ionotropic drug ouabain. Frequency of contraction and drug-induced
changes to spontaneous rate are likely mediated via pacemaker and other cells of the
conduction system within the EB. In contrast, contraction amplitude or contractility is
likely to be principally determined by the myocytes and contractile cells within the EB,
this suggests that the most appropriate in vivo parameter for comparison of EB
contraction amplitude would be force of contractility. Measuring both contraction
frequency and contraction amplitude, we have the potential to observe changes

mediated via a range of cell types controlling the contractile function within the EB.

B-Adrenoceptor activation by isoprenaline induced changes of frequency and amplitude
of contraction in EBs. Fitted to a standard pharmacological three-parameter dose
response curve, the ECso values for frequency and amplitude calculated were 0.4 uM
and 0.7 uM respectively. These values are an order of magnitude higher then previously
reported for mESC derived cardiac cells ((Neumann et al. 1995; Ali et al. 2004; Werry et
al. 2003; Xi et al. 2010; Hernandez et al. 2012; Musser et al. 1993)), or primary tissue
((Hawthorn et al. 1985; Rub et al. 1981)). In contrast, the ECso values determined using

the cAMP assay were much closer to previously published values indicating this
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difference may be due to the analytical system rather than the cells(Ali et al. 2004).
Extraneous to analytical issues there is a possibility that the EBs used in this study were
less sensitive than previously reported studies. Without molecular characterisation of
BAR function, which was outside the scope of this study, and access to tissue used in
other studies, there is no obvious explanation for the discrepancy between the

literature and experimentally determined values presented here.

Blockade of 31AR by the selective antagonist atenolol inhibited the isoprenaline-
induced increase in rate which supports previous work indicating a 1AR-mediated
effect of isoprenaline on mES EBs(Ali et al. 2004). In vivo knockout of the 1 subtype is
sufficient to attenuate stress induced elevations of heart rate in mice, providing
evidence the $1AR subtype is essential for noradrenalin and adrenaline mediated
functional cardiac effects in vivo. (Rohrer et al. 1998). The most surprising result from
my studies of EBs was that treatment with BAR antagonists decreased spontaneous
contraction rate in the absence of exogenous catecholamines. This effect may be due to
antagonism of endogenous catecholamines present in the culture. Physiologically, most
catecholamine synthesis occurs in sympathetic nerves and the adrenal gland. However,
there is evidence that many of the enzymes responsible for the production of adrenaline
are present in the developing heart as well as stem cell cultures differentiating towards
a cardiac fate(Ali et al. 2004; Xia et al. 2012; SPASOJEVIC et al. 2011; Ebert et al. 2004).
To investigate if the effect of atenolol on spontaneous contractility may be due to
endogenous catecholamine production in EBs, I used chemical staining employing

sucrose-phosphate-glyoxylic acid (SPG) to directly quantify catecholamines. However,
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catecholamines could not be detected in EBs (results not shown). SPG staining is
utilized to identify nerve terminals where catecholamines are highly concentrated in
vesicles but may not be sensitive enough to detect extra-neuronal catecholamine
synthesis(Guidry 1999; Himura et al. 1993). Testing the hypothesis that EB cultures
have extra-neuronal endogenous catecholamine synthesis may require HPLC with
electrochemical or mass spectrometer detection to quantify very low neurotransmitter
levels. Alternatively, endogenous catecholamines may be identified by treatment with a
uptake inhibitor, which should show agonist-like behaviour in the presence of
endogenous catecholamines, assuming that the extracellular concentrations are being

controlled via uptake and not metabolism or dilution.

Alternatively, BAR antagonist induced decreases in the rate of spontaneous contraction
may be due to inverse agonism, which is dependent on some level of constitutive
receptor activity in the absence of ligand. To investigate inverse agonism of 3-blockers
physiologically, the vesicular monoamine transporter (VMAT) inhibitor reserpine has
been used(Varma et al. 1999). VMAT actively transports catecholamines from the
cytoplasm of nerves into vesicles where they are protected from degradation by
monoamine oxidases and catechol o methyl transferases. Thus, reserpine treatment
results in catecholamine metabolism and neuronal depletion. If this pathway exists in
the EB, depletion of catecholamines should result in a decrease in contractile rate much
like atenolol. Unfortunately, the use of Reserpine to test this hypothesis may not be
straightforward due to the scarcity of knowledge regarding mechanisms of

catecholamine handling and metabolism in the EB. Further investigation to determine
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which mechanism is responsible, and whether [3-blockers modulate spontaneous
contractility in human derived tissues is suggested for future studies. Regardless of the
mechanism of 3-blocker modulation of contraction frequency, these studies suggest that
EBs are an appropriate model to study pharmacology, toxicology or physiology of AR

signaling.

Selective (32 activation using salbutamol had no effect on the spontaneous activity of
embryoid bodies, even at relatively high agonist concentrations. This concurs with
work in both mESC derived cardiac cells and mice which shows that activation of the
B2AR does not cause a significant increase in frequency or force of contraction (Devic et
al. 2001) (Ali et al. 2004). The selective antagonist ICI 118551 did not attenuate the
isoprenaline-mediated effects in the EB. In combination with the salbutamol data, this

provides strong evidence for no direct functional effect of the $2AR.

While seemingly not functionally relevant to contractile rate and amplitude in the
mouse EB the $2AR is known to modulate rate and contractility in human cardiac tissue
and is implicated in several disease states, including heart failure(Brodde et al. 2001).
Specifically, the human (32AR mediates an increase in cAMP in the myocardium that does
not occur in mouse tissues (Kaumann et al. 1996) (Kaumann et al. 1999) (Sabri et al.
2000). To date many studies have investigated the effects of isoprenaline on human
pluripotent cell derived cardiac cultures, assessing function using videomorphometry,
electrophysiology and microscopy. However, none of these studies has looked at the

receptor subtypes responsible or used selective agonists to control for this(Foéldes et al.
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2011; Braam et al. 2010) (Pillekamp et al. 2012; Khan et al. 2012). At a molecular level
the $2AR can couple to Gs and Gj second messenger proteins(Xiao 2001). It is possible
that differences between mouse and human $2AR responses are due to receptor second
messenger coupling rather then receptor expression (Sabri et al. 2000). The capacity to
generate human and mouse cardiac tissue in EBs for in vitro studies, coupled with
comparison of these results to in vivo mouse studies may provide unprecedented insight
in the mechanisms underlying fAR signaling, particularly in pathophysiological states.
ES cell derived models provide a novel tool to dissect out subtle nuances in tissue with

physiologically relevant signaling pathways.

The desensitisation of 3-adrenoceptors plays an important role in regulation of receptor
signaling and has been implicated in multiple cardiac disease states (Lefkowitz et al.
2000; Post et al. 1999; Harding et al. 1994). Desensitisation generally refers to the loss
of sensitivity of a tissue to adrenergic stimulation, generally mediated by altered second
messenger coupling, receptor internalization, or decreased receptor expression
occurring on short (seconds), intermediate (minutes) and long (hours) time intervals
respectively. Receptor internalization following chronic exposure to excessive
isoprenaline has been shown to be cardioprotective presumably by preventing excess
intracellular calcium concentrations for prolonged periods of time (Tan et al. 1992).
However, recent molecular pharmacology findings indicate that internalized receptors
can have the potential for further downstream signaling following trafficking to
endosomes, which can then lead to ERK signaling resulting in both acute (functional)

and chronic (transcriptional) effects (Murphy et al. 2008). The timing of desensitisation
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observed in this study would indicate acute internalization occurs in EBs in preference
to other delayed phenomena. Given the increasing interest in receptor recycling and the
signalosome identified using heterologous expression systems, it would be interesting
to see if that extends to the EB. If so, human EBs may be a useful tool to further
characterize the importance of the signalosome and signal bias in physiological relevant
in vitro tissues. Overall, these findings suggest that EBs are a good model of well

characterised pharmacological signaling.

To explore the capacity of EBs to model responses to more complex pharmacological
signaling we investigated the effects of the non-selective adenosine receptor agonist
NECA on EB function. EB contraction frequency and amplitude responses to NECA
displayed an unusual concentration dependence on NECA indicating complicated
signaling likely mediated via the different adenosine receptor subtypes. Considering
the selective A1 agonist CPA decreased spontaneous rate while no response was
measured following IB-MECA (an Az agonist) addition, the assumption was that NECA
was acting via the Aza or Azg subtypes mediating an opposing increase in rate.
Antagonism of the A; effects of NECA using DPCPX had the expected effect, resulting in
an increase in rate at low concentrations followed by a decrease in rate, presumably as
the CPA out competed the antagonist. Antagonism of the Aza effects of NECA using ZM
241385 resulted in a loss of contraction at the highest concentration of NECA (100 uM)
indicating that the A24 was opposing the A1 mediated response. However, that does not
explain the effect of A2a antagonism on 10 uM NECA, which without antagonism caused
a decrease in rate. There are several possible explanations for this, principle among

them that the Azg subtype is present in EBs and causing mixed functional effects.
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Unfortunately, this could not be tested during this study, as there was limited
commercial availability of a selective Azp agonist or antagonist. The other likely
possibility is that considerable receptor coupling interaction between the subtypes
occurred resulting in more complex signaling that could not be deconvoluted with the
available ligands. While not easy to interpret, these results concur with what is known
about in vivo responses to A1 stimulation and likely G-protein coupling of Aza
receptors(Shryock & Belardinelli 1997; McIntire 2001; Liang & Haltiwanger 1995).
Without selective agonists and antagonists EBs are not a good tool for characterizing
complicated unknown pharmacology. However, it is foreseeable that by measuring rate
and contractility changes of the EB in response to unknown compounds, prediction of
intended and unintended cardiac activities could be measured in an indiscriminant
model with both physiological relevance and human tissue. To rephrase, drug
candidates that have clinically limiting cardiac effects may be identified in human EBs

earlier then current preclinical models.

The selective A1 adenosine receptor agonist CPA displayed a difference in potency with
respect to its effects on rate versus contractility. A1 activation was two orders of
magnitude more effective at reducing rate than contractility. This is in contrast to the
results for isoprenaline where the ECso values were comparable. Adenosine has been
reported to have four major cardiac activities outside of its vasoactivity: depression of
nodal (pacemaker) activity, reduction of atrial contractility, negative dromotropy (the
slowing of conduction speeds), and finally a depression in the response to
catecholamines (sometimes referred to as anti-adrenergic activity)(Belardinelli et al.

1989). Of these cardiac effects, three are related to pacemaker function and mediated
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through the A1 adenosine receptor. Given that frequency of contraction is governed by
spontaneous pacemaker activity, it is not surprising that the frequency of contraction of
EBs is more sensitive to CPA than the contractility. This suggests that changes in rate of
the EB are governed by a restricted population of pacemaker-like cells within the EB.
The question remains as to whether the difference in potency is due to differences in
receptor density in the different cells types, receptor coupling, or other signaling
mechanisms. Further investigation of the pharmacology of pacemaker populations
within the EB is required to address this question. Initial studies in this direction are

discussed further in Chapter 5.

The role of the Az adenosine receptor in mediating protection from ischemia
reperfusion injury promises a novel therapy for the treatment of myocardial
infarction(Kin et al. 2005). The A3z receptor appears to have little cardiac function
outside minimization of reperfusion injury(Borea et al. 2009). To confirm the A3
subtype has negligible effects on EB function the responses to the selective agonist IB-
MECA were measured in the presence and absence of the selective inhibitor MRS.
Neither agonist nor antagonist had any effect at the concentrations tested, confirming
literature reports from primary tissue and supporting the use of the EB as a model of
pharmacology to investigate cardiac pharmacology(Borea et al. 2009; Shryock &

Belardinelli 1997).

In an EB model where receptor expression and density are intrinsically governed,
selective agonists are essential to investigating the pharmacological function of

different receptor subtypes. The biggest hurdle to elucidating the function of different
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adenosine receptor subtypes was the lack of commercially available, selective, and
potent A2a and Azg agonists. For this study the only commercially available compound
that displayed suitable selectivity between the Az subtypes was CGS 21680. However,
this compound has significant A; agonism, which rendered the compound useless based
on previously observed A1 mediated effects (see 4.3.5). Development of highly
selective agonists will be essential to fully dissect the mixed pharmacology of the
adenosine receptor subtypes in tissues with mixed subtype expression and function.
Given the importance of adenosine receptor signaling in the pathophysiology of
myocardial infarction, understanding the unique function of each receptor subtype may
be integral to developing a clinically useful treatment. In that context, EBs may be a
useful model to evaluate compounds with mixed subtype affinity in a physiologically

relevant setting.

Outside of prevention of reperfusion injury, one main role of adenosine is attenuation of
the effects of adrenergic stimulation. In ventricular myocytes this largely occurs due to
overlap of the stimulatory BAR and inhibitory A; adenosine receptor signaling leading
to the same phosphorylation targets (Neumann et al. 1995). Given the homogenous
responses signaling through either BAR or adenosine receptors alone, the mixed
response to simultaneous stimulation of both pathways in EBs indicated a complicated
interaction of the two pathways. Given the complexity of the embryoid body
preparation, elucidation of the mechanism driving these mixed responses is difficult. It
has previously been shown that while embryoid bodies differentiate to all cells of the

working myocardium, the ventricular phenotype tends to dominate, although the atrial
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phenotype is also present, which may effect receptor density and coupling(Kolossov et
al. 2005). Crosstalk between GPCRs such as the adrenoceptor and adenosine receptor is
known to occur, and effect cellular response and function(Werry et al. 2003; Franco
2000; Rousell et al. 1996). The anti-adrenergic effects mediated via adenosine receptors
are dependent on adenosine receptor and adrenoceptor second messenger coupling
((Koglin et al. 1994)). It is possible that these receptors couple differently in the
different cell types of the myocardium, although to date there has been no published
evidence to support this hypothesis. Better understanding the role the adenosine
receptor plays in modulation of adrenergic signaling and cardiac function may facilitate

the design of better drugs to treat ischemic reperfusion injury.

Because of their heterogeneous nature, use of EBs in high-throughput plate based
assays is limited without careful cell purification. Measurement of the second
messenger signaling of cardiomyocytes from the EB without enrichment was not suited
to plate based screening because of the low efficiency of EB differentiation (< 5%). To
overcome this issue I investigated second messenger responses of a pan-cardiac
population FACS sorted from EBs. The ECso values calculated from these experiments
matched values for cardiomyocytes from previous in vitro and in vivo studies(Germack
& Dickenson 2004; Gosling et al. 2012). Generally, the majority (>70%) of cells in the
pan-cardiac population are cardiomyocyte and so the correlation between experimental
results and literature values is to be expected(Kolossov et al. 2005; Hidaka et al. 2003;
Boheler et al. 2002). There were discrepancies between the ECso values determined
using enriched population in the cAMP assay compared to those determined using the

EB (4.3.1 & 4.3.5). This likely reflects the inability to separate responses of the pan-
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cardiac sorted population, which is predominantly myocytes but also contains
pacemaker cells and other cell types; while in the EB the different measures (rate and
contractility) are mediated more specifically by distinct cell types(Maltsev et al. 1993).
The inability to distinguish responses mediated via different cell types in the cAMP
assay using sorted cells compromises the advantage of the heterogeneous nature of the
EB. To make better use of the mixed population of cells present in the EB, methods

enabling single cell analysis are required, such as those described in chapter 5.

4.5 Conclusions

This study provides insight to the potential uses of EBs for the purposes of drug
discovery or development screening. The effects of various adrenoceptor and
adenosine receptor agonists and antagonists on EB cardiomyocyte function were
measured. In depth investigation of f-adrenoceptor pharmacology was possible thanks
to selective compounds and a well-characterised pharmacological signaling pathway.
Characterisation of adenosine receptor pharmacology in EBs was more challenging due
to a lack of selective tools and confounding signaling pathways. These findings suggest
that the use of EBs for characterizing pharmacological pathways and signaling
mechanisms is limited by their inherent complexity. However, with respect to basic
screening of intended or incidental cardiac effects, the EB represents a physiologically
relevant model that might prevent drugs with previously unidentified toxic cardiac

activity from entering the clinic.
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CHAPTER 5 - HANGING DROP DIFFERENTIATION REVEALS MULTIPLE

PPONTANEOUSLY ACTIVE CELL TYPES IN NKX2.5-GFP* CARDIAC LINEAGE CELLS:
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5.1 Foreword

Chapter 5 is formatted and presented as the intact manuscript submitted to the journal
Stem Cell Research. The figures are at the back of the manuscript; the supplementary
figures are included as Appendix II. The references cited in the manuscript follow the
text and are not included in the references section, unless cited elsewhere in this

dissertation.

This work was conducted in collaboration with Louise Lagerqvist, with an equal share
of experimental work directed towards the pharmacological and immunological
characterisation of the mature cells. [ was responsible for all work involving immature
cells, the analysis template outlined in Chapter 3, and all supplementary data regarding
the significance of ROS on waveform stability. Louise was solely responsible for the PCR

data included in Figure 3.
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Abstract

Isolated cells of the human and or mouse cardiac conduction system show spontaneous
pacemaker activity. The frequency and physical characteristics of this activity are
defined by the anatomical location of the pacemaker cells, i.e. sinoatrial, node,
atrioventricular node, Bundle of His or Purkinje fibers, and are most often described by
changes in either electrical activity or in intracellular calcium ([Ca2+]i ) cycling.
Aberrant activity in these cells is central to a number of cardiac conditions but their
isolation from heart tissue is difficult and time consuming. In this study we employ a
simple hanging drop differentiation protocol to generate Nkx2.5-eGFP+ cardiac lineage
cells. FACS sorting of the Nkx2.5-eGFP+ population followed by single cell high speed
Ca2*imaging reveals five common [Ca2*]i waveforms with frequencies ranging from
13946 to 14+1 oscillations per minute. Frequencies directly correlated with cell size
(um?, r2=0.93). Faster cells appeared less sensitive to the If channel blocker ZD7288
(10 uM), but more sensitive to the blockade of intracellular store-mediated Ca?* release
by ryanodine (10 puM). All cells were sensitive to blockade by the SERCA inhibitor
thapsigargin (1 uM) and the L-type voltage operated Ca?* channel inhibitor, nifedipine
(1 uM). The slowest oscillating Ca2+* waveform was immunoreactive to anti-PGP9.5, a
marker of Purkinje cells. This study shows that hanging drop differentiation
generates distinctly identifiable populations of spontaneously active Nkx2.5-eGFP”
positive cells. These cells should prove an invaluable aid to investigations of the

mechanisms and pathophysiology of cardiac pacemaker cells.
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Introduction

The adult mammalian heart is driven by the spontaneous and repetitive depolarizations
of pacemaker cells located in the sinoatrial node (SAN). The action potentials arising in
these cells are propagated to the atrioventricular node (AVN) and then spread to the
ventricles via the ventricular conduction system which consists of the Bundle of His, the
bundle branches and the Purkinje fibre network [1]. Although the cells of the AVN and
ventricular conduction system are primarily conduits for the propagation of electrical
impulses arising in the SAN, they are capable of automaticity themselves. Generally, the
rates of spontaneous pacemaker activity in these cells decreases the further away they
are from the SAN [2, 3]. Much of what we know of cardiac conduction system
physiology, especially the secondary conduction system, has been derived from animal

models and 3D computer representations (reviewed in [4]).

Due to both the delicate structure of the murine heart and its rapid rate of beating, there
are considerable difficulties in obtaining working murine cardiac conduction system
cells. In particular, Purkinje cells are not apparent by histology and appear to merge
seamlessly with the surrounding myocardium [5]. The little that is known regarding the
function of this diverse conduction system in vivo has prompted several groups to use
mouse embryonic stem cell-derived cardiomyocytes (ESC-CMs) as in vitro models of
pacemaker cell activity [6-8], primarily focusing on SAN-like cells. The simplest protocol
for generating cardiac lineage cells from mESCs involves the cultivation of three-

dimensional aggregates in hanging drop culture. These aggregates, when plated, give
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rise to spontaneously beating cardiomyocytes within mixed cell aggregates [9]. The
resultant cells show the transcriptional, electrophysiological and morphological
properties of early myocardial development [10, 11]. We have previously used this
method to show a high degree of variability with respect to basal rates of beating and
sensitivity to bioactive peptides such as angiotensin II (Ang II) and endothelin-1 (ET-1)
[12]. This previous study led us to conclude that ESC-derived beating aggregates
contain pacemaker cells with heterogeneous intrinsic rates of activity and functional
properties. In this study we again use the hanging drop differentiation method to
generate cardiomyocytes, but in contrast to our previous study we use FACS to isolate
the Nkx2.5-eGFP+ cells, and investigate the functional properties of the spontaneously
active cells using high speed confocal fluorescence calcium (Ca?*) imaging. We now
report the presence of distinct populations of spontaneously active cells that arise at an
early stage of differentiation and develop different functional characteristics during the
course of differentiation. These distinct waveforms can be distinguished based on cell
morphology, frequency and kinetics of the spontaneous intracellular Ca2* ([Ca2*];)
oscillations, and differential sensitivity to Ir channel, ryanodine receptor blockade and

second messenger signalling activation.

Materials and Methods
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ESC Propagation & Differentiation

The mouse ESC Nkx2.5-eGFP line was propagated in a culture medium consisting
of GlutaMAX™ Dulbecco’s Minimum Essential Medium (DMEM) supplemented with
0.1 mM MEM Non-Essential Amino Acids Solution, 10% fetal calf serum (FCS), 0.1
mM 2-mercaptoethanol, 10° U mL™ murine recombinant leukemia inhibitory factor
(Chemicon, Australia) (pH 7.4). Cultures were incubated at 37°C, with 5% CO; in a
humidified environment. Cardiomyocyte differentiation was induced by the hanging
drop method [10]. Briefly, embryoid bodies (EBs) were formed from 600 ESCs in
hanging drops of differentiation medium (propagation medium supplemented with
20% FCS, 10,000 U/mL penicillin and 10,000 ug/mL streptomycin) for 5 days. EBs

were subsequently plated on gelatin-coated wells for a further 3 - 13 days.

FACS isolation

Following 8-20 days of differentiation, cell aggregates were incubated in a 1:1
accutase: collagenase (type IlI, 2 mg/mL) mix for 45 minutes on a shaker at 37 °C.
Cell suspensions were filtered to remove remaining aggregates and the single cell
suspension was re-suspended in 10% PBS/FBS with 10 nM of the dead cell stain,
SYTOX® Red (Invitrogen). Cells were sorted on days 8-10 (early) or 18-20 (late) of
differentiation following excitation with 488 nm and 633 nm lasers. Emission of eGFP
and SYTOX® Red was detected with 525 nm and 660 nm band filters, respectively.
Following exclusion of doublets and SYTOX® Red positive cells, the sort gate for

eGFP positive cells was established based on the forward scattered-light and eGFP
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fluorescence of control cells (i.e. cardiomyocytes differentiated using the non-

reporter ESC line E14Tg2a).

Nkx2.5-eGFP" cells were collected in 1:1 mix of differentiation media (as described
above) and 10% PBS/FBS, plated onto collagen coated 96-well plates and

maintained in differentiation media for 3 days.

Nkx2.5-eGFP" Single Cell Calcium Imaging

On the day of use cells were loaded with Fluo-4 AM (10 uM; Invitrogen) for 15
minutes in KnockOut™ Serum Replacement media (KSR; Invitrogen, Australia)
containing GlutaMAX™ Dulbecco’s Minimum Essential Medium (DMEM), 1% NEAA,
20% KSR, 0.1 mM B-mercaptoethanol, and supplemented with 1x B-27® where
indicated. B-27® is a readily available supplement from Invitrogen which contains
several antioxidants such as catalase and superoxide dismutase. We observed that
without this supplement, [Ca®*]; waveforms demonstrated marked sensitivity to the
confocal imaging process which we attributed to the generation of reactive oxygen
species. Only through addition of the B-27® antioxidant cocktail could the functional
integrity of the spontaneously active Nkx2.5-eGFP” cells be maintained

(Supplemental Figure S1).

After loading with Fluo-4 AM, media was replaced with fresh DMEM/KSR/B-27®

media. The cells were placed in a 37 °C, 5% CO, humidified incubator to equilibrate

for 20 minutes. Cell culture plates were then placed on (37°C) heated stage of a
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Nikon A1-R confocal microscope for a further 10 minutes. Following the 10 minute
equilibration, an initial 30 s capture was taken to establish baseline activity prior to
the addition of: the ryanodine receptor antagonist, ryanodine (10 uM), the HCN
channel blocker, ZD7288 (10 uM/ 100 uM), the L-type Ca?* channel blocker,
nifedipine (1 uM), the IP3 receptor antagonist, 2-APB (2 uM), the sarco/endoplasmic
reticular Ca®*/ATPase (SERCA) inhibitor thapsigargin (1 uM), the T-type Ca**
channel blockers NNC 55-0396 (1 uM) and nickel chloride (NiClz, 10 uM) or the
cyclic adenosine monophosphate (cCAMP) activator, forskolin (1 uM). 30 s captures
were subsequently taken at 5, 10, 15 and 20 minutes after ligand addition at frame
rates between 30 and 120 frames per second. For these studies, the 488 nm laser

was at 10% power (~ 16mW).

Post Calcium Imaging Analysis

Briefly, regions were drawn around spontaneously active cells using an automated
selection tool. Multi-cellular aggregates were excluded from analysis. Total
fluorescence intensity was measured over time and exported into Excel to enable
analysis of rate and kinetic (Ca** waveform) profile. This data was subsequently

correlated with the cellular immunocytochemical profiles and morphometry analyses.

Changes in [Ca®']; oscillation frequency and peak width at half height (being the time
between the points on the up- and down- slope that were closest to 50% of the
maximum peak intensity) were analysed prior to and after the addition of inhibitors or

agonists. Results are expressed as percentage change from basal values i.e. prior to
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agonist/inhibitor addition. None of the vehicles had any effect on basal [Ca*']; and
were therefore pooled together for each waveform category. Representative traces
of responses by each waveform group can be found in supplementary materials

(Supplementary Figure S5).

Immunocytochemistry of Mouse Nkx2.5-eGFP* Cells

Following calcium imaging, plates were fixed for immunocytochemistry according to
an adapted previously published protocol [13]. Briefly, cells were fixed with 0.25%
paraformaldehyde for 1 hour at 4 °C, followed by permeabilization with 0.2% tween-
20 at room temperature (RT) for 15 minutes. Cells were then blocked with 10%
donkey serum (Millipore) for 30 minutes at RT and incubated overnight, at 4°C, with
primary antibodies for polyclonal rabbit smooth muscle actin (aSMA, 1:200), mouse
monoclonal alpha myosin heavy chain (aMHC, 1:200), rabbit polyclonal PGP9.5
(1:50), mouse monoclonal HCN1 (1:50), rabbit polyclonal ANP (1:250) or mouse
monoclonal HCN4 (1:50). Cells were then incubated with donkey anti-mouse Alexa

Fluor 594 (1:600) and donkey anti-rabbit Alexa Fluor 647 (1:400) for 2 hours at RT.

RT-PCR of Mouse Nkx2.5-eGFP* Cells

Nkx2.5-eGFP" cells were isolated on day 18 post differentiation using FACS (as
described above). Total RNA was extracted using the RNeasy Micro kit (Qiagen,
Australia) and treated with DNase | to remove the contaminating genomic DNA.
Reverse transcription of mMRNA into cDNA was carried out by Transcriptor Reverse

Transcriptase (Roche Applied Science, Australia) using a combination of Oligo (dT)
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and random primers. Reverse transcription of 10ng of RNA per sample was
performed for 10 minutes at 25 °C followed by 60 minutes at 55 °C, and the reaction
was inactivated by heating to 85 °C for 5 minutes. For PCR amplification, cDNAs
were amplified using Phusion Flash PCR Master Mix (Finnzymes, Australia), 1 uL of
cDNA and 0.5 um of each primer pair. The tubes were placed in the thermal cycler
(Veriti®, Applied Biosystems), and the PCR was run with a hot start for 10s at 98°C
(initial melt); then for 40 cycles of 5s at 98°C, 7s at 55°C, and 10s at 72°C; and, at
last, for 1 min at 72°C (final extension). Ten microliters of each PCR product was
size fractionated by agarose gel electrophoresis. The gene-specific primer
sequences used were: HCN1 Fwd: 5’-ctctttttgctaacgccga-3’, HCN1 Rev: 5'-
catthaaattgtccaccgaa-3’, HCN2 Fwd: 5’-gtggagctctactcgt-3’, HCN2 Rev: 5’-
gttcacaatctcctcacgca-3’, HCN3 Fwd: 5’-cgtagctgggtaccgtcaat-3’, HCN3 Rev: 5’-
acttggtgtggacaaggagg-3’, HCN4 Fwd: 5’-tgctgcattgggtatgga-3’, HCN4 Rev: 5'-

tttcggcagttaaagttgatg-3’.

Statistical Analysis

Mean £ SEM values were calculated for rate, width at half height and cell area.
Respective n values are shown in the figure legends. Differences between means
were tested using one- or two-way ANOVA. Parameters associated with cellular
morphologies (size, deviation from circularity and roughness) and spontaneous
[Ca®"], waveform activity (width at half height and downward slope) were tested
against frequency using linear or non-linear regression analysis. Values of P<0.05

were considered statistically significant.
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Drugs and Chemicals

Ryanodine and NiCl, were reconstituted in PBS buffer. Nifedipine, thapsigargin, and
ZD7288 were dissolved in DMSO. 2-APB was dissolved in methanol. The final
concentration of DMSO or methanol did not exceed 0.01% of the final volume.
Ryanodine was purchased from Calbiochem-Novabiochem (Australia) and
thapsigargin was purchased from LC laboratories (USA). ZD7288 and 2-APB were
purchased from Tocris Bioscience (UK). Primary antibodies against aMHC, aSMA,
HCN1, HCN4 and PGP9.5 were purchased from Abcam (USA), Secondary
antibodies were from Molecular Probes, Invitrogen (Australia). All drugs and

chemicals were purchased from Sigma-Aldrich (Australia) unless otherwise stated.

Results

Single Cell Calcium Imaging

Under the differentiation conditions of this study the Nkx2.5-eGFP* cell line showed
detectable eGFP expression from day 7 (supplemental figures S1 A-B). Spontaneous
beating arose and remained within eGFP positive areas 1-3 days after the appearance of
eGFP. Following sorting the cells attached to collagen coated tissue culture plates and,
72 hrs later, were loaded with Fluo-4 AM (10 uM, supplemental figures S1 C-D).
Spontaneous oscillations of [Ca2*]; were observed in approximately 5-10% of eGFP*
cells. In control experiments eGFP~* cells that were not loaded with Fluo-4 AM did not
exhibit detectable fluorescence oscillations (data not shown). Initially, multiple

kinetically distinct waveforms were evident in the spontaneously active population;
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however the majority of waveforms ceased within 10 minutes of the start of imaging.
The addition of the antioxidant supplement B-27® during Fluo-4 AM loading and
confocal imaging stabilised all previously unstable spontaneous waveforms

(Supplemental figure S3).

C-kit expression

Co-expression of Nkx2.5-eGFP and c-kit was determined between days 6 and 19. The
proportion of Nkx2.5-eGFP+* cells expressing high levels of c-kit was relatively constant
between days 6-11 until a decrease at day 13, at day 19 there was further drop in the

proportion of double positive cells (Supplemental Figure S3).

Analysis of Waveform Kinetics and Cellular Morphology

Once stabilised, the majority of spontaneous [Ca2+*]; waveforms could be classified into
groups based on their intrinsic [Ca2+]; oscillation frequency and waveform kinetics
(Table 1). Significant kinetic differences were observed between the waveform groups
in terms of the interval of time between baseline and peak fluorescence intensity
(upslope), width of the waveform at half its peak height and the interval of time
between peak fluorescence intensity and the subsequent baseline (downslope;

Supplemental Figure S4).

Quantitative morphometry analysis was conducted on late stage cells using NIS

elements software (Nikon, Japan) where parameters such as cell length, width,
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circularity and roughness were analysed. Cell size was found to significantly correlate
with the spontaneous [Ca?*]; frequency demonstrated by the different categories of
pacemaker-like cells (Figure 1 A, P=0.01, Linear Regression Analysis, n=5-15 per
waveform category). The morphology of spontaneously active cells on the day of Ca%*
imaging experimentation demonstrated trends within each waveform group which
correlated to previously reported morphologies observed within the conduction
system. For example, the slower waveforms (Figure 1 B) developed almost neuronal
like processes extending in opposite polar directions from the cell body, possibly
indicative of a ventricular conduction system phenotype and the fastest oscillating cells
exhibiting a small typical “pacemaker-like” morphology [14] (Figure 1 C). Cells
exhibiting waveforms of intermediate frequencies were varied in their appearance and
morphometric analysis could not accurately classify these cells into distinct groups. This
is, however, not altogether surprising given that previous observations throughout the
in vivo conduction system have reported multiple morphologically distinct populations

[15-17].

Immunocytochemistry & RT-PCR

To correlate the different waveform categories with the region of the cardiac
conduction system they may represent, the incidence of sarcomeric contractile protein
expression was investigated [18, 19] (Figures 2 A-B). Furthermore, PGP9.5, a marker of
cardiac Purkinje cells [20, 21] could be observed in both intact ESC-derived beating
body cultures as well as single cells exhibiting the slowest [Ca?*]; waveform (Figures 2

C-D). Supplementary Table 1 summarizes the immunolabelling profile of each distinct
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waveform group (n= 7-10 for each waveform category). Cytoplasmic organization of
aMHC was detected in mature cardiomyocytes (Figure 2 E) but not immature cells

(Figure 2 F), which also expressed ANP, not detectable in mature cells.

RT-PCR analysis of HCN channel expression by spontaneously active Nkx2.5-eGFP+* cells
demonstrates that all four HCN channel subtypes are expressed (Figure 3 A). The cells
of the fastest oscillating cell group express HCN4, however, we could not observe
conclusive HCN4 or HCN1 labelling in other spontaneously active cell types (Figures 3
B-D). Addition of forskolin (1 pM) increased spontaneous [Ca%*]; oscillation frequency in
some waveform groups, while prolonging the waveform duration in others indicating

HCN 2/4 and HCN 3 expression respectively (Figures 3 E-F).

Analysis of Intracellular Calcium Handling

I; channel blockade

Addition of the Irblocker, ZD7288 (10 uM), decreased the frequency of [Ca2+];
oscillations in all waveform groups (P<0.05, one-way ANOVA, post-hoc Dunnett’s, n=3-
26 per waveform group). At increased concentrations, ZD7288 (100 uM) abolished
activity in most waveform groups (Figure 4 A, P<0.001, one-way ANOVA, post-hoc
Dunnett’s, n=4-17 per waveform group). Interestingly, waveform groups with
decreasing intrinsic [Ca2+]; cycle rates demonstrated increasing sensitivity to ZD7288
(Figure 4 B, P=0.004, Linear Regression Analysis, n=3-27 per waveform group). In

addition to significantly decreasing the frequency of [Ca%*]; oscillations, ZD7288 also
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significantly prolonged the duration of the [Ca2*]; cycle (Figure 4 C, P<0.01, one-way

ANOVA, post-hoc Dunnett’s, n=3-27 per waveform group).

The Effects of Ryanodine

The ryanodine receptor antagonist, ryanodine (10 uM), in contrast to ZD7288
progressively decreased [Ca2*]; oscillation frequency with increasing intrinsic cycle
rates (Figures 4 D-E, P=0.01, Linear Regression Analysis, n= 6-29 per waveform group).
In addition, ryanodine significantly prolonged the duration of the [Ca%*]; oscillation peak
in the two slowest waveform categories (Figure 4 F, P<0.05, one-way ANOVA, post-hoc

Dunnett’s, n=6-29 per waveform group).

The Effects of Thapsigargin

The SERCA inhibitor thapsigargin significantly reduced spontaneous [CaZ%*]; oscillation
frequency in all waveforms as well as prolonging the [Ca%*]; oscillation peak in others
(Figures 5 A-B, P<0.05, one-way ANOVA, post-hoc Dunnett’s, n=4-17 per waveform
category). The IP3 receptor antagonist 2-APB (2 uM) did not affect either the frequency
or width at half height of [Ca2*]; oscillations in any of the different waveform categories

(Figures 5 C-D, n-4-17 per waveform group).

The Effects of Nifedipine, NNC 55-0396 and NiCl,

The L-type Ca?* channel blocker, nifedipine (1 uM), rapidly abolished activity in all

spontaneously active Nkx2.5-eGFP* cells (Supplementary Figure S5 A). The T-type Ca2*
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channel blocker, NNC 55-0396 (1 uM), significantly reduced the [Ca?*]; cycling
frequency in all spontaneously active cells, as well as shortened their duration in all
waveform categories except for the fastest oscillating cells (Supplementary Figure S5 B-
C, P<0.001, one-way ANOVA, post-hoc Dunnett’s, n=3-17 per waveform group). Nickel
chloride (NiClz, 10 uM) significantly decreased the [Ca2+]; oscillation frequency of the
slowest waveform group (Supplementary Figure S5 D, P<0.05, one-way ANOVA, post-
hoc Dunnett’s, n=3-9 per waveform group). Furthermore, it progressively prolonged the
width at half height of each [Ca2+]; oscillation the slower the intrinsic pacemaker-like
cell activity (P<0.001, P<0.05, one-way ANOVA, post-hoc Dunnett’s, n=3-7 per

waveform group).

Analysis of day 13 cardiac progenitors

Spontaneous calcium oscillations of cardiac progenitors at day 13 displayed a greater
heterogeneity then observed in the mature cells. Activity could be categorized into 5
groups based on rate and width at half height for 91% of spontaneously active cells
(Figure 6A), representative traces included. In contrast to mature cells the IP3 receptor
antagonist 2-APB (2 uM) inhibited the frequency of spontaneous [Ca2*]; oscillations in 3
of the waveforms (Figure 6B, P<0.05, one-way ANOVA, post-hoc Dunnett’s, n=4) and
prolonged the peak width at half height in 3 waveforms (Figure 6B, P<0.05, one-way
ANOVA, post-hoc Dunnett’s, n=3-4). Ryanodine (10 uM) inhibited the frequency of
spontaneous [Ca2+]; oscillations in 4 of the waveforms, while the effects on peak width

at half height were varied between waveforms. Only waveform 2 displayed a mature
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phenotype, unresponsive to 2-ABP while ryanodine significantly reduced peak width at

half height (Figure 6C, P<0.05, one-way ANOVA, post-hoc Dunnett’s, n=4).

Discussion

In this study, an Nkx2.5-eGFP mESC reporter cell line was used to isolate cells of the
cardiac lineage for live single cell high acquisition rate calcium imaging. Within a
pacemaker cell, spontaneous cyclic variations in [Ca2+*]; governs the discharge rate of the
depolarizing impulse [22, 23]. Mature ventricular myocytes are not spontaneously
active themselves and rely on the pacemaker depolarization stimulus to contract. We
now report on the presence of five common, distinct spontaneous Ca2* waveforms in
Nkx2.5-eGFP+* cells. These waveforms were classified on the basis of waveform kinetics,

specifically rate and width, sensitivity to Ir channel blockade and SR calcium handling.

The reporter line used in this study expresses eGFP under the control of a cardiac-
specific enhancer element of Nkx2.5 [24]. These cells have previously been shown to
differentiate into most of the different cardiac phenotypes [24-26], however, Nkx2.5 is
not expressed in the SAN region at any stage during development [27-30]. Thus, our
Nkx2.5-eGFP* FACS isolated cells will include all cardiac lineage cells, with the exception
of the sinoatrial pacemaker population. The potential of ESCs to differentiate into the
other cells, which constitute the cardiac conduction system, while previously reported

[10, 31], has not been extensively investigated.
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The spontaneously active cells identified by confocal Ca?* imaging constituted
approximately 5-10% of the entire mature Nkx2.5eGFP* population. In contrast to
previous studies showing a predominance of a single rhythmic spontaneous [CaZ*];
waveform [32-35], we now report multiple distinct [Ca2*]; waveforms in our
spontaneously active population. With respect to cellular morphology, the only
consistently identifiable parameter correlating with Ca2* oscillation frequency was cell
size; small cells showed a faster spontaneous rhythm than larger cells. That we saw no
[Ca%*]; oscillation frequencies comparable to rates reported in murine isolated SAN cells
(~294 [Ca?*];i oscillations per minute, [36]) supports our contention that the Nkx2.50
eGFP* population is devoid of SAN-like cells. Given the wide range of spontaneous
[Ca2+]; oscillations observed in single cells isolated from one nodal structure (90-250
oscillations/minute [37]), as well as previous observations that intact mouse
atrioventricular cells respond with a resting frequency of 120 oscillations per minute
[38], the fastest [Ca?*]; oscillation frequencies observed in this study are largely

consistent with the presence of atrioventricular cell types.

While pacemaker cells are known to possess rudimentary cytoskeletal structures [39,

40] conduction system regions in vivo have, nevertheless, previously been isolated by

sarcomeric contractile protein expression [18, 19]. To establish whether our
spontaneous populations contained cardiac tMHC and aSMA we undertook post-
experimental immunocytochemistry. In this study, the four Nkx2.5-eGFP* cell types
demonstrating the fastest [Ca2+]; oscillation frequencies were aMHC*/aSMA®O . Since
both AVN and atrial cells exhibit spontaneous [Ca%*]; activity [41] and express

aMHC [42], we believe that our data may indicate the presence of an atrial/AVNO

like
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phenotype. Since the AVN is composed of several functionally and morphologically
distinct cell types [15-17], it is not surprising that multiple waveform categories may

correlate to populations in this one diverse structure.

In contrast with the faster oscillating cell types, the slowest oscillating cells were
positive for both aSMA and the Purkinje cell marker PGP9.5* [20, 21]. Currently there is
no data showing the resting rate of Purkinje cells in mouse heart, however, the
prolonged plateau-shaped [Ca2+]; profile demonstrated by the slowest oscillating
Nkx2.5-eGFP* cell population is consistent with previous observations in Purkinje cells
isolated from rabbit and sheep hearts [43, 44]. Furthermore, their immunoreactivity to

PGP9.5 provides strong support that these cells are Purkinje-like cells.

Pacemaker cell function is dependent on the interaction of the membrane clock and the
[CaZ*]i clock. The two components of these clocks attributed with the generation of
pacemaker automaticity are the Ircurrent- generated through HCN channels on the
pacemaker cell membrane- and RyR-mediated Ca2* release from the SR. Other vital
contributors to the [Ca2+]; cycle include the T- and L-type voltage gated Ca%* channels on
the pacemaker cell membrane, as well as the SERCA pumps on the SR which regulate
Ca2*re-uptake into the SR at the end of the [Ca%*]; cycle. Through addition of various
inhibitors against different aspects of the [Ca2*]; cycle, this study examined the
contribution of various ion channels and receptors vital for automaticity in mature
pacemaker cell function in spontaneously active ESC-derived Nkx2.5-eGFP* cells. We
investigated the changes to two properties of waveform kinetics: (1) the firing rate of

these pacemaker-like cells (changes in the spontaneous [Ca?*]; frequency) and (2) the
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duration of each [Ca2*]; oscillation (changes in the width at half height of each [Ca%*];

oscillation peak).

Nkx2.5-eGFP* pacemaker-like cells demonstrated varying degrees of sensitivity to the I¢
blocker, ZD7288, and the ryanodine receptor antagonist, ryanodine, depending on the
intrinsic frequency of the [Ca?*]; waveforms. The different HCN channel subunit
isoforms, the molecular correlates of the I current, do not display any bias in affinity to
ZD7288 [45]. These results may, therefore, indicate that the faster [Ca2*]; cycles are less
dependent upon HCN channel activation. The generation of pacemaker activity in these
rapidly oscillating cells appears to rely predominantly on SR-mediated Ca?* release via
ryanodine receptors. This is consistent with previous observations that ryanodine has a
more pronounced effect on pacemaker cells with faster intrinsic rhythm [46]. By
contrast, the pacemaker mechanism in the slower waveform categories is reliant on the
If current, as demonstrated by the cessation of activity following ZD7288 addition.
Ryanodine decreased the [Ca2*]; oscillation rate but, more significantly, it prolonged the
duration of each [Ca2*]; oscillation peak. This is perhaps suggestive of a more
modulatory role of the SR in these slower oscillating pacemaker-like cells. These
observations imply distinctions in the predominance of either SR-mediated [CaZ*];
release or the If current in the generation of automaticity depending on the intrinsic
frequency of [Ca?*]i cycling of the different pacemaker-like cell populations, and may
account for the previously discussed differences in the literature.

Automaticity in the early stages of cardiac development relies almost entirely on IP3 -
dependent [Ca?*]; release from the sarcoplasmic reticulum (SR) [47, 48], with no

essential contribution of ryanodine receptors to excitation contraction coupling [49,
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50]. Since spontaneous activity in all Nkx2.5-eGFP+ cells was unaffected by the presence
of the IP3 receptor antagonist, 2-APB, but inhibited by ryanodine, we infer that, with

respect to their to SR [Ca2+*]i handling, these auto-rhythmic cells appear to be mature.

The L-type Ca2* channel blocker, nifedipine, and the T-type Ca2* channel blocker, NNC
55-0396, both markedly diminished spontaneous activity in all cell types. This is in
accordance with reported observations in the murine heart [51, 52] and mESC-derived
pacemaker cells [53], and suggests the paramount importance of L- and T- type Ca2+
channels for pacemaker activity. The T-type Ca2* channels are encoded by two subunits,
Cay3.1 and Cay3.2. During the early developmental stages of cardiac development, T-
type channels are expressed on all cardiac cell types and are predominantly composed
of the Cay3.2 subtype. Upon maturation, T-type channel expression is largely localised to
the conduction system and Cay3.1 expression progressively increases and eventually
predominates over Cay3.2 [54]. These two subtypes can be differentiated by their
disparate sensitivity to nickel, where Cay3.2 is sensitive to low uM concentrations of
nickel and Cay3.1 is not [55, 56]. In response to 10 uM nickel chloride (NiClz), only the
slowest Purkinje-like cell type of the spontaneously active populations demonstrated a
decrease in [Ca2*]; oscillation frequency, however, the two slowest intrinsically active
cell types had prolonged oscillation peak widths. This suggests that the Cay3.2 isoform
plays a role in the pacemaker function of slower spontaneously active cell types.
Although the effect of mM concentrations of NiCl; was not investigated, the Cay3.1
isoform, which demonstrates faster kinetics than Cay3.2 [57], may play a role in

regulating the faster spontaneously active Nkx2.5-eGFP* pacemaker-like cell types.
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HCN channels are widely considered determinants of pacemaker cell identity. All four
HCN isoforms are expressed in the murine cardiac conduction system [58] as well as in
our Nkx2.5-eGFP+ cells. Previous observations in cells of the SAN/AVN, indicate that
expression of HCN4 predominates [59]. In this study, HCN4 immunolabelling was
clearly observed on the fastest oscillating pacemaker-like cells, but not on any other cell
types. This seems consistent with the ZD7288 response profile, where the fastest
oscillating, HCN4+* pacemaker-cell types appear more sensitive to HCN channel
blockade. HCN1 immunolabelling was not conclusively observed on spontaneously
active cells. A more sensitive technique, such as in situ hybridization, may therefore be
required to observe HCN channel expression by the other pacemaker-like cells within
these cultures. In a further attempt to elucidate the HCN subtype expression by different
populations, we investigated the effect of CAMP activation on the [Ca?*]; kinetics of the
different pacemaker-like populations as the four HCN channel isoforms have recently
been reported to be differentially sensitive to cAMP activation. Thus, cAMP increases
the activation kinetics of HCN2 and HCN4 [60, 61]. The HCN3 channel, which is most
common in the ventricular conduction system region [62], is slightly inhibited by cAMP
[63]. The HCN1 is relatively insensitive to changes in cAMP [60]. In this study the
slowest Purkinje-like waveforms were slightly inhibited by the addition of the cAMP
activator, forskolin, and exhibited prolonged waveform duration. Furthermore, an
atrial/AVN-like waveform demonstrated increased [Ca?*]; oscillation frequency in
response to forskolin, indicative of either HCN2 or HCN4 expression. These results are
suggestive of the expression of different HCN channel subtypes by distinct
spontaneously active Nkx2.5-eGFP+* populations and we postulate that this may

correlate to the frequency with which pacemaker-like cells initiate [Ca%*]; cycles The
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expression of HCN channels by these distinct spontaneously active groups is under
continued investigation.

Given the heterogeneous nature of stem cell cultures there was a possibility that the
different waveforms represented different stages of differentiation rather than a
different cell type, to disprove this we sought to analyse early progenitor cells. c-Kit
expression was used to determine the point at which the differentiating mesoderm
became committed cardiac progenitors [24] in our culture, day 13 determined the best
day for early cardiac cells. These early cells gave rise to a more heterogeneous range of
waveforms, likely due to their transient nature, however 5 groups could still be
classified based on their rate of oscillation and peak width at half height. To further
confirm the immaturity of these cells IP3 - dependent [Ca2+]; release from the
sarcoplasmic reticulum was blocked using 2-APB, causing reduction of spontaneous
activity in some of the waveforms measured, confirming functional immaturity.
Blocking the ryanodine receptor had a range of effects (both inhibitory and stimulatory)
perhaps indicating these cells were transitioning towards a mature phenotype. Given
the presence of these different waveforms at such an early stage of differentiation
suggests that the waveforms observed in the mature cells represent different functional
phenotypes instead of different stages of differentiation.

In whole tissue, a single pacemaker cell type, typically that demonstrating the fastest
kinetics, governs pacing. This is replicated with the Nkx2.5* population when seeded at
a high enough density (Supplementary Video 1). However, it is only at the single cell
level where one can observe the distinct intrinsic rhythms of different pacemaker cell
populations (Supplementary Video 2). It may not be surprising; therefore, that the

variety of [Ca2+];i transients observed in this study has not previously been reported
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given that studies of the conduction system to date have focused on whole tissue
preparations. It is also possible that some of these [Ca2*]; waveforms may not have been

observed in reporter lines isolated using an cMHC promoter [35, 64-66].

Summary

This study has established a simple method by which the functional integrity of all
rhythmical Nkx2.5-eGFP* ESC-derived spontaneously active cells can be maintained,
unveiling a range of novel and previously unreported [Ca%*]; waveforms. Differences in
intrinsic [Ca%*]; oscillation frequency, [Ca%*]; waveform kinetics and cytoskeletal protein
expression were used to crudely correlate the populations of spontaneously active
Nkx2.5-eGFP* pacemaker-like cells with different regions of the in vivo cardiac
conduction system. Furthermore, these distinct ESC-derived pacemaker-like cellular
phenotypes demonstrate distinct functional and pharmacological properties. Much of
the research in the ESC-CM field has revolved around generation of homogeneous
cultures of the working myocardium for use in cell replacement therapies. With cardiac
toxicity issues accounting for 30% of drug withdrawals from market [67], the ability to
differentiate all of the cardiac phenotypes, including the entire conduction system, is
highly advantageous. Furthermore, with cellular Ca?* dysregulation implicated in
ventricular conduction system arrhythmias [68], investigating the mechanisms of [Ca2+];
handling within these cells is also highly clinically relevant. This work has developed a
model system whereby cells akin to those of the entire cardiac conduction system can
be identified, characterised and potentially change the way drug candidates are

screened for cardiac activity and toxicity.
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Tables:
Waveform Incidence Average Average Average Average Defining
(% of total [Ca?*); time-to- Width at time from Features
spontaneously | oscillations peak half-height Peak to
active per minute Baseline
population, (+SEM,
n=504) n=47173
per group)
15.0° 139+6 Rapid Narrow Rapid Exmemelyd
WA o o b ‘ b [Ca?*], eycling
Small amplitude,
) = : : ; relatively rapid
16.8% 67+2 Intermediate | Intermediate Rapid . =
[Ca**]; cycling
Rapid upslope
23.1% 52%.2 Rapid Narrow Rapid with a tailed
down slope
Upslope and
- ; . downslope have
32.9% 351 Slow Intermediate | Intermediate
roughly equal
gradients
Prol 1
m 12.2% 14+1 Slow Very broad Slow oL eH
. plateau phase

Table 1: Kinetic properties of [Ca®*]; waveforms exhibited by the majority of the Fluo-

4 AM loaded spontaneously active Nkx2.5-eGFP* population.
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Figure 1: Analyses of Morphology and Cell Surface Area. (A) Cell area significantly

decreases with increasing [Ca?']; oscillation frequency (P=0.01, Linear Regression
Analysis, n=5-15 per waveform category). (B) The cells in the slowest oscillating
population were typically observed to have processes extending from their cell
bodies. The intermediate populations of cells could not be differentiated from one
another based on size or morphology. (C) The fastest oscillating cells consistently
exhibited typical “pacemaker-like” morphologies and were significantly smaller than

those cells belonging to the slowest oscillating population. Scale bar= 100 ym.
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Figure 2: Immunocytochemical profiles of single, spontaneously active Nkx2.5-
eGFP+ ESC-derived cells. The majority of autorhythmic cells had very distinct
cytoskeletal expression profiles, being positive for either (A) aSMA only or (B) aMHC
only. (C) PGP9.5+ expression was observed in the Nkx2.5 ESC derived beating
body cultures (red labelling indicated by white arrows), a marker for Purkinje cells, at
the ends of faintly expressing aMHC+ cells (green), (D) as well as in single
spontaneously active cells exhibiting the slowest [Ca2+]i oscillations. Mature cells at
day 19 of differentiation display organisation of cytoskeletal proteins (E), aMHC
(Green) and cTT (Red) while immature cells display general cytoplasmic labelling of
aMHC (Green), as well as ANP (Red). Scale bar=100 pm.
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Figure 3: HCN Channel Expression by Spontaneously Active Nkx2.5-eGFP™ Cells.
(A) Sorted Nkx2.5-eGFP* cells express all four HCN isoforms. (B) The fastest
oscillating pacemaker-like cells express HCN4 (red) but not (C) HCN1 (red). (D)
Other spontaneously active cells were not observed to express HCN4
(green=eGFP). (E&F) Investigation of cCAMP activation in spontaneously active cells
reveals that the faster oscillating pacemaker-like cells respond to forskolin (1uM) with
an increase in spontaneous oscillation frequency, indicative of HCN4 or HCN2
expression. (G) The [Ca?*]; waveform within the slowest oscillating cells responded

to forskolin (1uM) with a prolonged duration, suggesting HCN3 channel expression.
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Figure 5: (A) Thapsigargin (1 pM) attenuated spontaneous [Ca“"]; oscillation

frequency, as well as (B) prolonged the duration of the [Ca®];
waveform groups (***P<0.001, **P<0.01, *P<0.05, one-way ANOVA, post-hoc

Dunnett’s, n=4-17 per waveform group). (C) The IP5; receptor antagonist 2-

cycle in all

APB (2 uM) had no effect on either the [Ca?*]; oscillation frequency or (D) the

2+]i

duration of each [Ca“’]; oscillation (n=4-17 per waveform group).
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Figure 6: (A) Spontaneous calcium oscillations of cardiac progenitors at day 13.
Activity could be categorized based on rate and width at half height,
representative traces included. (B) The IP3 receptor antagonist 2-APB (2 uM)
inhibited the frequency of spontaneous [Ca2+]i oscillations in 3 of the
waveforms (P<0.05, one-way ANOVA, post-hoc Dunnett’s, n=4) and prolonged
the peak width at half height in 3 (P<0.05, one-way ANOVA, post-hoc Dunnett’s,
n=3-4). Ryanodine (10 uM) inhibited the frequency of spontaneous [Ca2+]i
oscillations in 4 of the waveforms, the effects on peak width at half height were
varied between waveforms.
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6.1 Introduction

Toxicity testing is frequently highlighted as major application of stem cell derived
tissues in the drug discovery pipeline. To date many studies have looked at the toxicity
of known cardio toxins such as doxorubicin. These agents are known to be toxic in a
range of cell based assays due to the non-specific mechanism of toxicity rather then
requiring specific signaling cascades {Sartipy:2011ek, Mandenius:2011ds,
Cohen:2011ik}. One application, as yet unreported, for human stem cell derived tissues
is to examine the toxicity of humanised monoclonal antibodies, whose toxicity cannot
be measured in animal models and whose mechanisms of toxicity are likely to rely on
signaling cascades only present in specialized cell types. To address this, the current
project investigated the effect of the humanised antibody Trastuzumab (trade name
Herceptin) on human stem cell derived cardiomyocytes was measured and the
mechanism of its toxicity was investigated. The findings from this work provide insight
that may help explain differences in the in vitro safety profile of Trastuzumab and it’s
clinically observed toxicity. Furthermore, the utility of human stem cell derived tissue

for toxicity screening is reinforced.

6.2 Methods

Unless detailed below, the procedures used in this chapter are described in Chapters 2

and 3. Trastuzumab was obtained from Professor David Kaye of the Baker IDI.
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6.2.1 hESC derived embryoid bodies

The differentiation of hESC to cardiomyocytes using a variety of methods has been
reported(Jang et al. 2008; Ng et al. 2011; Fujiwara et al. 2011; Hartung et al. 2013;
Kattman et al. 2011; Burridge et al. 2011; Elliott et al. 2011). Several of these methods
were trialed in our lab using the H9 cell line established by James Thompson supplied
by WiCell and the HES3 line from MISCL. Despite extensive testing, | was unable to get
either cell line to differentiate to spontaneously contracting tissue. Cell survival was an
issue during early stages of differentiation, however once this was resolved, I was still
unable to generate cardiomyocytes. To ensure the quality of the hESC cultures IHC was
performed to confirm the expression of pluripotency markers NANOG and SSEA4,
expression was detected in all cultures tested. In the interest of progressing the work
cells were obtained from David Elliot (MISCL) differentiated according to his published
protocol between days 12 and 14(Elliott et al. 2011). Cells were then maintained until
day 90 with a weekly media change, after which monothiolglycerol (MTG) and Ascorbic

Acid (AA) were withdrawn for 2 weeks prior to toxicity assays.

6.2.2 Gene expression analysis

RNA was prepared using the High Pure RNA Isolation kit according to manufacturer’s
instructions (Roche). Gene expression was examined on the [llumina HumanWG-6 v3.0
BeadChip at the Australian Genome Research Facility. Labeling, hybridization and
scanning performed in accordance with manufacturer’s instructions. Expression
profiles were established from three independent samples for day 14 eGFP+ve

populations sorted from spin EBs. Samples from adult hearts were also analyzed by
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microarray. Data was analyzed using Beadstudio Gene Expression Module version 3.4

(Illumina) using average normalization across all samples.

6.3 Results

6.3.1 Differentiation

The Nkx2.5-eGFP hESC cell line was differentiated towards the cardiac lineage yielding
spontaneously beating embryoid bodies from day 7. These cultures contained a high
proportion of Nkx2.5-eGFP positive cells (15-40% as determined by FACS), which

expressed key cardiac genes as determined by RNA sequencing (Figure 6.1 C).

6.3.2 Function and Maturation

The molecular mechanisms controlling spontaneous contraction were examined to
determine functional maturity (Table 6.1). The spontaneous rate of contraction
increased from day 21 to day 61 after which time it did not significantly changes.
Ryanodine (an inhibitor of calcium sensitive calcium release from the SR) significantly
reduced the spontaneous rate of contraction at all time points tested. Thapsigargin (an
inhibitor of SERCA) had no significant effect on cultures at day 21 or 61 but significantly
reduced contraction amplitude at day 97. 2-APB (an inhibitor of IP3 induced calcium
release) reduced contraction frequency at day 21, but had no significant effect on
cultures from day 37. NNC 55-0396 (T Type Ca2* channel blocker) abolished beating in
cultures up to day 37, after which it had no significant effect. ZD7288 (HCN channel
blocker) decreased the spontaneous rate of contraction from day 61 onwards. Reliance

on SR calcium, both release and uptake, and HCN channels in EB cultures at day 97
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suggests these cells have acquired a mature phenotype by that time point. This is
further supported by the lack of response to blockade of [Pz induced calcium release

and T-Type calcium channel blockade at day 97.
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Figure 6.1

Differentiation of human embryonic stem cells to cardiomyocytes.
Undifferentiated hESCs and a day 14 embryoid body (A & B respectively). Cells
expressed eGFP under the control of the Nkx2.5-eGFP promoter from day 7 (C).
Pictographic representation of differentiation and assay timing (D). [llumina
BeadChip Gene expression analysis of Nkx2.5-eGFP + cells demonstrates
comparable expression of cardiac genes (Nkx2.5, cardiac actin, HCN, RyR) and
HER2 to Adult heart tissue.
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Figure 6.2

The spontaneous rate of beating of Nkx2.5-GFP+ hESC-EBs increases during time
in culture up until around day 61 post differentiation (**P<0.01, ***P<0.001, one
way ANOVA, post-hoc Dunnett’s test, n=12-19 per differentiation time point).
Effects of modulators of spontaneous contraction displayed diagrammatically,
bars represent time points where spontaneous rate was affected by the indicated
compound. EBs were dependant on different molecular mechanisms to maintain
spontaneous contraction during differentiation, developing a mature-like
phenotype from day 97.
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6.3.3 Doxorubicin Toxicity

To confirm that EBs are an appropriate model to study cardiotoxicity we examined the
effect of doxorubicin treatment. 24 hours of doxorubicin exposure resulted in extensive
cell death, including a large number of Nkx2.5-eGFP+ cardiomyocytes as measured
using the To-Pro©-3 assay (Figure 6.3). Doxorubicin’s effect on rate of contraction
during this time was not significant when compared with vehicle. However, treatment
with 100 nM showed significantly slower rate than treatment with 10 uM which may be
due to disruption of calcium homeostasis as the cell moves from attempting to detoxify
at lower (100 mM) calcium levels but suffers from increased membrane permeability at
higher (10uM) concentrations followed by a decrease from 10uM to 100uM (Figure 6.2,
P<0.05, one way ANOVA bonferroni post-hoc). Biphasic effects of doxorubicin on SR
calcium channels have been observed previously, add to the that the importance of
mitochondrial calcium stores which doxorubicin interrupts and the complicated
functional response to doxorubicin could well be due to altered calcium
homeostasis(Wallace 2003; Ondrias et al. 1990). TBARS assay was used to investigate
the effect of Dox on lipid peroxidation, which is a measure of free-radical induced
toxicity. Dox significantly increased lipid peroxidation, confirming this as a mechanism

of Dox toxicity (Figure 6.5 C)(Zhang et al. 2009).

6.3.4 Trastuzumab Toxicity

Troponin, being a major component of cardiomyocytes, is released when
cardiomyocytes die. Treating cultures with 1.5mg/mL Trastuzumab for 48 hours
resulted in no detectable levels of Troponin measured using ELISA. Consistent with

this, cell death using To-Pro3® assay showed no significant death. Adding to this
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videomorphometry analysis of contraction showed no significant changes during 48
hours of exposure. In contrast to acute exposure, 14 days of Trastuzumab exposure
resulted in cardiomyocyte death (To-Pro©-3 assay, Figure 6.4 A) troponin release
(Figure 6.4 B) and caspase activation (measured using CaspGLOW, Figure 6.6). Caspase
activation was detected not only in cardiomyocytes but also in circular structures in
close proximity. To determine if these were endothelial cells immunolabelling was
attempted using an anti-von Willebrand factor antibody. However, the caspase positive
cells were displaced during washing, possibly because they had lost the necessary
structure for fixation. Trastuzumab did not cause a significant increase in lipid
peroxidation as measured by the TBARS assay at the concentration used in this study

(Figure 6.5 D)
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contraction was measured before and after addition of Doxorubicin (A) for 24

Effects of toxic insult on frequency of contraction. Spontaneous frequency of
hrs, and Trastuzumab (B) for 10 days (mean + SEM).

Figure 6.3
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/ToPro-3/Doxorubicin

/ToPro-3/Doxorubicin

GFP+ Topro3 + Nuclei

Figure 6.4

Doxorubicin induced cell death determined using To-Pro®-3 cell death assay.
Nkx2.5-eGFP (green), Doxorubicin (red) and To-Pro®-3 (blue) in human
embryoid bodies treated with vehicle (A), 1 pM Doxorubicin (B), and 100 uM
Doxorubicin (C). The number of number of nuclei that were both eGFP + and To-
Pro®-3 + were quantified (D, mean +SEM, ****P<(0.0001, *P<0.05, one way
ANOVA, post-hoc Dunnett’s test, n=8-14)
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Trastuzumab induced cell death of embryonic stem cell derived cardiomyocytes.
Cell death measured using To-Pro®-3 assay after two weeks of Trastuzumab
exposure (A, **P<0.01, one way ANOVA, post-hoc Dunnett’s test, n=9-12). ELISA
detection of Cardiac Troponin in supernatant of cultures treated with
Trastuzumab for 2 weeks (B, *P<0.05, ***P<0.001, one way ANOVA, post-hoc
Dunnett’s test, n=3)
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6.3.5 Mechanisms

To test the hypothesis that Trastuzumab induces toxicity by disrupting cell signaling
downstream of the HER2 receptor, [ used a kinase inhibitor that targets the HER2
receptor. CP 724714 is a kinase inhibitor shown to have selective activity on erbB2 as
opposed to other EGFR receptors(Jani et al. 2007). Sustained exposure to CP 724714
resulted in cardiomyocyte death and caspase activation in the same manner as

Trastuzumab.

Trastuzamab-induced caspase activation in endothelial-like structures within the EBs
(Figure 6.6), indicated a potential mechanism of toxicity. While not previously observed
with Trastuzumab, anthracyclins including Dox have been shown to stimulate nitric
oxide release from endothelium, which contributes to Dox toxicity(Foglie et al. 2004).
Nitric oxide generation following Trastuzumab and CP 724714 treatment of HMVEC
cells was measured using the nitric oxide sensing DAF. CP 724714 inhibition of HER2
signaling increased DAF fluorescence indicating increased nitric oxide synthesis.
Trastuzumab similarly (but non-significantly) increased DAF fluorescence (Fig 6.9C),
suggesting that receptor-mediated toxicity may be mediated through local NO

production, possibly from endothelium.

To support the hypothesis that toxicity is mediated by non-cardiomyocytes in the
heterogeneous EBs, [ sorted Nkx2.5-eGFP cells from mature EB cultures and exposed
them to Trastuzumab or CP 724714. Following two weeks of exposure to the same

concentrations used in the previous studies neither troponin release nor To-Pro©-3
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positive nuclei were detected. This suggests that Trastuzumab toxicity depends on

effects on endothelial-like cells, or possibly other accessory cells in the EB.
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Figure 6.6

Lipid peroxidation following toxic insult measured using TBARS assay. The
reaction between TBA and the lipid oxidative product MDA yields a fluorescent
product (A). TBARS production following exposure of hEB to pro-oxidants CuSO4
and Hz0: (B, *P<0.05, one way ANOVA, post-hoc Dunnett’s test, n=3). TBARS
production following exposure of hEB to Dox for 24h (C, *P<0.05, one way
ANOVA, post-hoc Dunnett’s test, n=3). TBARS production following exposure of
hEB to Trastuzumab for 2 weeks (D).
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Figure 6.7

Mechanism of Trastuzumab induced cell death determined using To-Pro®-3 and
CaspGLOW Red assay. Nkx2.5-eGFP (green), CaspGLOW Red (red) and To-Pro®-
3 (blue) in human embryoid bodies treated with Trastuzumab (A&B, white
arrows highlight CaspGLOW + ‘vessel-like’ structures). SytoBlue (violet), Nkx2.5-
eGFP (cyan), CaspGLOW Red (yellow) and To-Pro®-3 (red) in human embryoid
bodies treated with Trastuzumab (C). High magnification image of eGFP (green),
CaspGLOW Red (red) and To-Pro®-3 (blue) (D, white arrows highlight cells that
are single positive for either stain, or double positive for both.
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Figure 6.8

Toxicity of the ErbB2 (HER2) kinase inhibitor CP 724 714 determined using To-
Pro®-3 and CaspGLOW Red assay. Nkx2.5-eGFP (green), CaspGLOW Red (red)
and To-Pro®-3 (blue) in human embryoid bodies treated with vehicle, 100 nM
and 1 uM CP 724 714 (A, B, and C respectively). The number of nuclei that were
both eGFP + and To-Pro®-3 + were quantified (D, mean + SEM, *P<0.05, one way
ANOVA, post-hoc Dunnett’s test, n=3)
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Figure 6.9

Nitric oxide release induced by Trastuzumab or CP 724714 in HMVEC cells at 5
mins (A) and 30 mins (B) measured by DAF fluorescence. Cells were selected
using SytoBlue counter stain, and then the sum of DAF fluorescence intensity
was measured (C, mean + SEM, ***P<0.001, *P<0.05, two way ANOVA, post-hoc
Dunnett’s test, n=3). FACS sorted Nkx2.5-eGFP cells displayed significantly
reduced toxicity to CP 724714 (D, Nkx2.5-eGFP (green), CaspGLOW Red (red)
and To-Pro®-3 (blue)).
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6.4 Discussion

To date, no published studies have used human stem cell derived tissues to test for the
toxicity of a humanized antibody. To address this, the current study investigated the
use of human embryonic stem cell derived cardiomyocytes to examine the cellular and
molecular basis for toxicity of the humanized antibody Trastuzumab. Trastuzumab is
known to have a developmental cardiotoxicity that was not the intended focus of this
study. For this reason, it was necessary to confirm the functional maturity of the EB

cultures prior to toxicity studies.

Previous work demonstrating embryonic stem cell derived cardiomyocytes as
toxicology models have included functional characterisation to various extents. Groups
presenting differentiation methods have included functional results often concluding
that the cells displayed an abnormal, non-physiological, immature phenotype until
cultured beyond standard culture protocols (up to three months)(Sedan et al. 2010; Liu
et al. 2009; Kim et al. 2010). The question that remains unanswered is what importance
this immaturity has on toxicity assays, and until this is dealt with it is necessary to
demonstrate that cells used in these assays display functional integrity. To this end the
functional data described in 6.4.2 indicates that by day 97 the cells used in this study
have acquired a mature calcium handling phenotype, relying on sarcoplasmic calcium
store cycling and HCN channels to maintain spontaneous activity while being
insensitive to IP3 calcium release inhibition or T-Type calcium channel blockade.

Comparison of primary human myocardium to the late stage differentiated cells using
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metabolomic, proteomic and transcriptomic approaches, however important, were
considered outside the scope of this study, the main aim of which was to assess the

utility of stem cell derived cultures for use in models of toxicity.

There are many methods used to assess phenotype and functional maturity of
cardiomyocytes including immunochemistry, mRNA profiling, electrophysiology and
calcium imaging, however there isn’t a prescribed method employed by all researchers
internationally making comparisons between findings difficult. Embryonic stem cell
derived models may present an opportunity for advanced biological models, but until
standardized approaches to phenotyping are developed it will be unlikely to see
widespread adoption. Standardization and rigorous testing is a major requirement prior
to acceptance of new models by regulatory bodies and industry, and is a critical step

before establishing novel toxicology models.

The cardiotoxicity of the anthracyclines, such as Doxorubicin (Dox), is well established
and while there is some contention regarding the exact mechanism of clinical toxicity,
there are well-defined toxic actions of this class of drugs(Doroshow 1991; Zhang et al.
2009). Widely considered to be integral to the toxicity of Dox is free radical-induced
oxidative stress, which can be identified in many compartments within the cell but most
critically in the mitochondria where Dox has been shown to act directly and indirectly
to cause damage to mitochondrial DNA, ultimately resulting in apoptosis (Wallace
2003). The acute toxicity of doxorubicin observed in this study confirms what has been
reported by other groups with respect to the timing of insult (Farokhpour et al. 2009)

(Andersson et al. 2010). However the cells used in this study appear to be more
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sensitive than previous observations, possibly due to the extended aging protocol used
here, or the removal of protective components of the media such as ascorbic acid (AA)

and monothiolglycerol (MTG).

Acute toxicity studies often ignore the effects of protective media components during
assays. This may not be a big problem when preparing an in vitro LDso on an acute time
scale as most of these in vitro screens will be comparing candidate compounds against
known toxins and are largely comparative. However, on a chronic time scale the
protective effects of antioxidants and other components have the potential to overcome
and conceal toxicities. ESC maintenance and differentiation media often contain
multiple protective components - for example the ascorbic acid and monothiolglycerol
in the differentiation media used for this chapter. Ascorbic acid and monothiolglycerol
are free radical scavengers. Furthermore, MTG is capable of reducing proteins via a thiol
group enabling regeneration of cellular glutathione (GSH) from the oxidized form of
glutathione disulphide (GSSG). These functions clearly have protective effects and are
likely to affect any biological readout with respect to toxicity. The absence of ascorbic
acid and monothiolglycerol enhanced doxorubicin toxicity and unveiled previously

undetected Trastuzumab toxicity.

In contrast to Doxorubicin there is much contention regarding the occurrence and
potential mechanisms of toxicity of trastuzumab. At the clinical level, studies
investigating the association of trastuzumab and cardiac toxicity have reported mixed
findings, some establishing a positive correlation while others have reported a non-

significant correlation(Bird & Swain 2008) (Seidman 2002) (Suter et al. 2004). These
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studies are difficult to compare due to the different measures employed to determine
outcomes such as; the number of patients with progression free survival, incidence of
congestive heart failure, or proportion of patients that achieved complete cardiac
recovery following withdrawal of chemotherapy. This is further complicated by the lack
of an appropriate in vitro model. One study, (Yoshiyama et al. 2003), conducted in chick
embryos, showed an acute dose dependent response resulting in a reduced rate of
contraction and the development of an arrhythmia. This study failed to address the
clinically observed chronic toxicity profile of Trastuzumab, and is highly dependent on
assumed structural homology between the chicken and human target protein. The
specificity of monoclonal antibodies is one their key strengths, however, this limits the

use of standard preclinical models for testing of toxicity and tolerance.

Knockout mice provide one mechanism to explore the possible toxicity of monoclonal
antibody therapies, however, developmental toxicity, compensatory gene expression,
species differences, and lack of possible immune mediated responses limit their utility
in predicting human toxicity of antibody therapies. Toxicity testing of monoclonal
antibodies typically relies on extensive characterisation of the effect of target knock
down in animal models and human derived cell lines, assuming that any phenotype
identified in knock-down models is representative of immunotherapy toxicity. The
systemic knockdown of ErbB2 (HER2) in a mutant mouse resulted in fatal cardiac
malformations before embryonic day E11(Negro 2004). To examine the effects of HER2
knockout on adult myocardium conditional knockout mice were produced by crossing
mice with floxed ErB2 alleles with mice expressing Cre recombinase driven by either

the promoter for muscle creatine kinase (MCK) or myosin light chain 2v (MLC2v). Both
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conditional knockouts display a similar cardiac phenotype, developing dilated
cardiomyopathy commensurate with the cardiac expression of genes driving Cre
expression(Negro 2004). Dilated cardiomyopathy was characterised by increased
ventricular dilation and decreased cardiac contractility, however in contrast to most
forms of dilated cardiomyopathy the conditional knockouts myocardium was still
responsive to f-adrenergic stimulation. A major limitation of using conditional
knockouts to model immunotherapy toxicities is the selective knockdown of target
signaling, if the toxicity is mediated via an alternate cell type or interaction it will be

overlooked.

Developmental toxicity of trastuzumab is mediated via disruption of a critical signaling
pathway involving a heterodimer of erbB2 and erbB4(Force, Krause & Van Etten
2007a). Dilated cardiomyopathy is also thought to occur via this mechanism; reducing
contractility of the mature myocardium. The molecular mechanism that is thought to
explain reduced contractility does not involve any sort of oxidative stress, and as a
result one would not expect to see lipid peroxidation following trastuzumab exposure,
concurring with the results presented above. However, Loss of contractility and onset of
clinical dilated cardiomyopathy does not explain cases of clinical toxicity where
withdrawal of Trastuzumab does not resolve the dilated cardiomyopathy(Ewer et al.
2005). Furthermore, frequency and severity of toxic responses to dual
trastuzumab/anthracycline treatments would suggest an unexpected symbiotic
relationship between the relatively innocuous signal based toxicity of trastuzumab and

the highly reactive Dox(Tarantini et al. 2012). The more established and accepted
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pathway of trastuzumab related cardiotoxicity does not adequately explain the clinically

observed toxicity of trastuzumab.

Having established trastuzumab toxicity in our model, it seemed pertinent to determine
what mechanism was causing cell death. The first step to address a mechanism of
toxicity is to confirm if cell death is occurring via apoptosis or necrosis. Using a
fluorescent caspase ligand, we have shown that the cardiomyocytes in Trastuzumab
treated cultures are undergoing caspase activation suggesting apoptosis-mediated
toxicity. Surprisingly, caspase activation and death in response to Trastuzumab toxicity
was also observed in discrete vessel-like structures. Inmunochemical labelling of the
dying/dead cells was attempted with limited success; however, we have previously
seen structures like this stain with Von Willebrands factor, a marker of endothelial cells.
The possibility of other cell types being sensitive to Trastuzumab toxicity has not been
discussed widely in the literature. Assuming the tight gap junctions of the myocardial
endothelium are intact, unlike those of the target tumor, the amount of trastuzumab
penetrating to the myocardium is presumably quite low. With this in mind, an

endothelial component to trastuzumab cardiotoxicity is quite a reasonable hypothesis.

Assuming the toxicity of Trastuzumab is facilitated primarily through the erbB2
receptor then presumably kinase inhibitors that affect this receptor should display a
similar toxicity in vitro. The latest generation of kinase inhibitors has far superior
selectivity and efficacy then the last generation, making them viable options for
substitution of humanised antibodies and useful tools for biological studies. Those

characteristics also make them useful tools for exploring the mechanism of trastuzumab
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toxicity. CP 724714 is a highly selective kinase inhibitor of erbB2 showing little affinity
for other EGFR isoforms. The similarity of toxicity profile of CP 724714 to trastuzumab
in this model supports the hypothesis that the observed toxicity is driven by a signaling
mechanism rather than a chemical one such as free radical generation. The toxicity of
CP 724714 could indicate a toxicity that will carry through all drugs that target the
HER2 receptor. There is also the possibility, like with Vioxx, where the unique
selectivity of each compound will impact the potential safety profile. This finding may
have implications for proposed treatment regiments, but also support shESC EBs to be

used for further studies to understand this toxicity.

Here I have presented strong evidence of an HER2 dependent toxicity that extends
beyond previously published work. I have put forward persuasive evidence that within
the heterogeneous system of the EB an intercellular crosstalk mediates chronic
Trastuzumab induced cell death. The presence of activated caspases in vessel-like
structures indicates that an endothelial component might be contributing to
trastuzumab-induced toxicity. It is known that NO is a key mediator of anthracycline
toxicity(Foglie et al. 2004). It is also known that the endothelium plays an important
role in regulation of cardiac NO(Belhassen 1996). This led to the hypothesis that
trastuzumab toxicity was, at least in part, driven by endothelial cell death and NO

release.

In order to test this hypothesis HMVECs were treated with Trastuzumab and CP 724714
and then NO oxide was measured using DAF. The significant increase in DAF

fluorescence suggests that treatment of HMVECs with CP 724714 increases NO release.
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In a separate experiment the human Nkx2.5-eGFP +ve cardiac cells were sorted from
mature cultures, excluding any endothelial like cells, replated and then tested for
trastuzumab sensitivity. Sorted cultures of Nkx2.5-eGFP cells were highly insensitive to
Trastuzumab or CP 724714 induced toxicity, further supporting the hypothesis that

toxicity is being facilitated by an alternate cell type present in heterogeneous cultures.

The methods established for this investigation are novel with respect to their selective
analysis of the subset of cardiac cells within the heterogeneous environment of the EB.
In a high content setting, the reporter line and selective dyes combined with confocal
microscopy provide a method for both quantification of cell death and avenues for
exploring the potential mechanisms. In a screening environment, the ELISA detected
troponin release assay would provide higher throughput and sensitivity while
providing greater selectivity than simple LDH assays. An extension of this approach
would be to engineer a cell line using luciferase as well as GFP as a reporter as the
enzymatic detection of luciferase bioluminescence would likely provide greater
sensitivity then both the methods employed for this study. Another tool that may
extend the utility of these models is the inclusion of fluorescent proteins sensitive to
calcium ions or the redox state of the cells. These would facilitate investigations to
further clarify the mechanism of toxicity of trastuzumab, or for that matter, any other

contentious cardio toxin.

6.5 Conclusion
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The findings from this study add important information to the contentious issue of
Trastuzumab toxicity. The combination of physiologically relevant heterogeneity,
sophisticated analytical techniques and human derived tissues has unveiled a
previously unidentified mechanism for Trastuzumab toxicity. Using these methods,
further investigation may yield mechanistic insight, possibly allowing for identification
of adjuvant therapies to prevent or reverse toxicity. Extending this approach to patient
derived iPSCs may permit identification of clinical markers predictive of toxicity, which
could be used to better direct chemotherapy strategies. Beyond the clinical implications
of these findings, which have the potential to save both money and lives, the broader
implication of these results could see this sort of study as a regulatory requirement for

preclinical toxicity screening of humanised antibodies.
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The inadequacy of models currently used in drug discovery and development for
prediction of pharmacology, off-target effects and toxicology have lead to the occasional
preclinical and clinical failure of drug candidates. Stem cell derived tissues are a
possible solution to these shortcomings, as they allow generation of models with native
human biology, and cellular heterogeneity within a physiological context. This has the
potential for greater accuracy in prediction of clinical outcomes. Tissues generated from
embryonic stem cells (ESCs) more closely reflect human tissue than those currently
used in in vitro models, due to both their heterogeneity and complex 3D architecture.
However, this limits their usefulness in standard pharmacological, toxicological and
biochemical analysis techniques. This study set out to investigate the pharmacology,
function and toxicity of stem cell-derived cardiomyocytes in a variety of purpose-
developed assays to test the hypothesis that stem cell derived models can be used in
place of more traditional in vitro models; thereby delivering models with greater human
and physiological relevance. Extensive method development and optimisation was
undertaken which showed that complexity arising from hESC culture heterogeneity and
3D architecture may be resolved to allow for measurement of specific and non-specific
cellular function in both 3D and monolayer paradigms. This work suggests that stem
cell derived tissues may make important contribution to various stages of drug
development and drug discovery with scope to incorporate them into the regulatory
requirements. Furthermore, the work presented here highlights the potential of stem
cell-derived models to answer questions not addressable by current in vitro or in vivo

methods.
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A key finding from this study is that ESC-derived embryoid bodies may be used as
pharmacological models, particularly for drug screening of well-characterised systems.
The most up-to-date methods of cardiomyocyte differentiation rely on embryoid body
formation, which is prone to heterogeneous outcomes with variable efficiency.
Generation of multiple cell types has complicated translation to pharmacological
models. In order to meet the requirements of a useful model, methods were developed
that were capable of overcoming these limitations by separately measuring effects on
pacemakers cells (rate of contraction) and cardiomyocytes (contraction amplitude).
Furthermore, advanced imaging methods utilising reporters, selective dyes and
confocal microscopy allowed selective analysis of intact EBs. Embryoid bodies provided
a sophisticated tool for analyses of adrenoceptor pharmacology, which is well
characterised with highly selective inhibitors and agonists. In contrast, EBs were less
useful for dissection of adenosine receptor biology which is less well characterized, the
complicated signaling of the different adenosine receptor subtypes and the lack of
selective agonists limited complete elucidation of the pathways involved in adenosine
receptor signaling in EBs. These findings highlight both the strength of EB screening
assays that involve well-characterized pharmacology and biology but emphasize the

limitations of heterogeneous systems for dissecting complex phenomena.

ESC-derived EBs may find particular use as models in drug validation in the context of
complex biological systems. While our understanding of the greater architecture and
function of the cardiac conduction system is well understood, the molecular
mechanisms of that facilitate the spontaneous electrical activity in the different parts of

the conduction system is still unclear. These studies have been limited by use of
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organotypic methods, such as canine purkinje preparations, or isolated cells from well-
defined regions, such as the SA node or the AV node. While these models allow us to
investigate important parts of the conduction system, they contain a very limited
number of cell types when compared with the variety of cells types identified in the
entire intact conduction system. The studies presented here showed that ESC-derived
EBs are highly complex and comprise many of the cell types found in the intact heart.
Cellular subsets may be extracted by FACS and characterised for complex behaviour
such as spontaneous calcium waveforms. These studies demonstrate that ESC-derived
EBs may provide insight into the cellular interactions and molecular mechanisms of
complex phenomena such as generation and propagation of action potentials in the
heart. These findings may facilitate identification of novel drug targets and have
broader implications for modeling conduction disease states. Furthermore, the
characterisation and generation of nodal and conductive cells may prove important for

the cell replacement therapies and tissue engineering(Xue et al. 2005).

In addition to their role in pharmacological validation, the heterogeneous nature of ESC-
derived systems is well suited to investigating intercellular and complex interactions.
ESC-derived EBs may be particularly powerful for addressing biological questions that
are difficult to address with simplified in vitro models or inaccessible and inflexible in
vivo models. Due to the ease of digestion/separation, the ease of genetic manipulation,
and ready availability of healthy and genetic diseased tissue, the EB provides an ideal
tool to identify previously uncharacterized cardiac waveforms. Extensive evidence
presented in Chapter 5 suggested that these waveforms arose from functionally mature

cells that may come from different levels of the cardiac conduction system. Additional
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data from our lab that was not presented in this dissertation indicates that hESC-
derived cardiomyocytes also give rise to diverse waveforms, indicating that this
phenomenon is not restricted to murine-derived cardiac tissue. To formally test the
hypothesis that these previously unrecognized waveforms derived from mature cells
represent different parts of the cardiac condition system, it is not essential to determine
if these waveforms are present in the intact heart. This question may be addressed
using reporter mice that express GFP in different parts of the cardiac conduction
system(MIQUEROL et al. 2004; Gros et al. 2010). Analyses of waveforms from cells
isolated from digested tissue using the reporter would provide information about the
diversity of waveforms generated by cells from different levels of the conduction system

of the mature heart.

While cardiac toxicity has long been linked to Trastuzumab usage, the underlying
molecular and cellular mechanisms have been difficult to determine(Azim et al. 2009;
Yoshiyama et al. 2003; Force, Krause & Van Etten 2007b; Fedele et al. 2012). Consistent
with previous research, enriched or purified cardiomyocytes were less sensitive to
antibody toxicity(Riccio et al. 2009; Barth et al. 2012). However, the complex
multicellular microenvironment of stem cell-derived EBs permitted identification of a
role for endothelial-like cells in trastuzumab toxicity and implicated NO as a component
of the response. These findings suggest novel targets for pharmacotherapy, e.g. by
blocking NO during trastuzumab administration. Additionally, these findings suggest
that screening for biomarkers of trastuzumab toxicity might focus on cardiac stromal
tissue rather than cardiomyocytes, which have been the focus to date(Force & Kerkela

2008; Force, Krause & Van Etten 2007a). One possible approach is to generate iPSCs
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from patients with known trastuzumab responses, followed by cardiac differentiation
and trastuzumab toxicity screening, which may help to identify genetic links and/or sub
groups. Combined with genetic sequencing it may be possible to identify patients with a
high propensity towards trastuzumab toxicity. Identification of genetic markers that
will direct usage of trastuzumab will both limit premature therapy withdrawal and

cardio toxic events saving money and lives.

Humanised and recombinant antibodies have provided a leap forward in the search for
highly specific drugs, and yet are a significant challenge for assuring clinical safety. The
findings presented here support clinical observations of trastuzumab toxicity, but more
critically, raise the specter that current preclinical screening in simplified in vitro
systems (usually single cell type) may not detect selective toxicity of an engineered
antibody. SC-derived EBs may fill this gap by providing an intermediate platform for
context-rich analyses of human biology. Advanced immunotherapies and biologicals
are consistently growing market share when compared with traditional compound
based drugs(Dickson & Gagnon 2004). With the increasing introduction of new drugs
based on biological molecules, so too comes an increasing risk that dangerous therapies
will enter the clinic due to the previously explained deficiencies in current preclinical
models. Biologists must address the shortcomings of standard preclinical models to
provide regulatory bodies and pharmaceutical companies tools to prevent clinical

failures and toxic outcomes.

The complex human context of SC-derived EBs may provide an ideal system for

addressing other specific pharmacological questions. For example, common $2AR
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polymorphisms that influence receptor expression, recycling and function have been
linked to many cardiac-related disease states. However, the pharmacology of BARs in
human cardiomyocytes differs significantly from rodents, which has limited translation
of preclinical findings. Specifically, biased signaling and differences observed between
receptor polymorphisms are not easily investigated in rodents, making the translation
of these phenomena to clinical studies limited. Models based on hESC-derived cardiac
cells may provide appropriate systems to investigate underlying molecular
pharmacology such as polymorphisms and biased signaling in human cardiomyocytes,
with physiological context not present in standard heterologous expression systems
such as HEK cells(Eglen et al. 2008). Starting with a single parental hESC line one could
use homologous recombination to knock in the polymorphic alleles, generating isogenic
cell lines that differ only at the polymorphic gene expressed under the native promoter.
Combining this approach with the videomorphometry method developed for this
project it would possible to address the question of whether polymorphic differences
observed in in vitro models are likely to manifest in physiological systems. This would
give pharmacologists and drug discoverers an in vitro tool to study pharmacogenomics,
signal bias or allosteric modulation in a physiologically relevant human model, perhaps

leading to novel treatments or next generation versions of current drugs.

As SC-derived models become more commonly used for drug screening and validation it
will be essential that current federal regulatory policies and requirements evolve to
better utilize new technologies for establishing safety profiles of novel therapeutics.

Currently regulation of preclinical data relies on predominantly on pharmacological and
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toxicology findings in rodent and non-rodent models, or in vitro assays for humanized
antibodies. Recent data presented by GE using their high content imaging systems and
Cytiva© SC-derived cardiomyocytes indicates a high prediction of clinical cardiac
reactions. Adoption of stem cell derived models, such as those already on offer from GE
(under license from Geron), are likely to become standard practice for the screening of
preclinical candidates. However, if regulatory bodies were to proactively legislate for
adoption of SC-derived models as part of the registration process for new drugs, this
would expedite the acceptance of such models. In the meantime, stem cell biologists
must standardize culture, differentiation and analytical methods to assist stem cell
derived models to become part of regulatory compliance before registration of new

drug applications.

The limitations of current models for cardiac drug discovery and development have
resulted in expensive, harmful and occasionally fatal clinical failures. These problems
have arisen from a lack of appropriate context in over simplified in vitro models or lack
of homology in complex animal models. Stem cell derived cardiomyocyte models
present a solution to both of these deficits. Development of new methods that harness
the physiology present in stem cell cultures while minimizing (or at least controlling
for) the heterogeneity will facilitate better screening of preclinical candidates. By
providing physiologically relevant functional and toxicological data, in a human context,
stem cell derived in vitro models may reduce the number preclinical drug candidates

that fail, potentially saving money and lives.
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Abstract Embryonic stem cell-derived cardiomyocytes (ESC-CMs) have applications in understanding cardiac disease
pathophysiology, pharmacology, and toxicology. Comprehensive characterization of their basic physiological and pharmacological
properties is critical in determining the suitability of ESC-CMs as models of cardiac activity. In this study we use video microscopy
and quantitative PCR to investigate the responses of mouse ESC-CMs to adrenoceptor, muscarinic, angiotensin Il (Ang Il), and
endothelin-1 (ET-1) receptor activation. Isoprenaline (10 nM-10 pM) increased beating rate and contraction amplitude in all
beating bodies (BBs), whereas carbachol (upto 1 yM)and the I channel blocker ZD-7288 (10 uM) decreased contraction frequency.
ET-1(0.01-100 nM) reduced contraction amplitude in all BBs and increased contraction frequency in 50% of BBs; these effects were
blocked by the ET, receptor antagonist BQ123 (250 nM). Ang 11 (0.01 nM-1 pM) increased both contraction amplitude (all BBs) and
frequency (in 50% of BBs), effects blocked, respectively, by losartan (100 nM) and PD123,319 (200 nM). These results indicate the
presence of functional ET, and both AT, and AT, receptors in murine ESC-CMs, but their expression and or activity appears to be

evident only in a limited set of BBs.
© 2010 Elsevier B.V. All rights reserved.

Introduction

Embryonic stem cells (ESCs) are undifferentiated cells that
can differentiate into all adult cell types. Following the
initial isolation of mouse ESCs (mESCs) in 1981 (Evans and
Kaufman, 1981), methods for the in vitro differentiation of
mESC-derived cardiomyocytes (mESC-CMs) have been well

* Corresponding author. 381
3052, Awstralia.|

al Parade, Parkville, Victoria

established. The most common protocol involves the
cultivation of three-dimensional aggregates called embryoid
bodies (EBs) which, when plated, give rise to spontaneously
beating cardiomyocytes within a mixed cell aggregate
(Wobus et al., 2002).

Expression profiling of the transcription factors involved with
heart development in vivo, as well as electrophysiological and
morphological studies, has shown that ESC-CMs exhibit proper-
ties indicative of early myocardial development (Boheler et al.,
2002; Fijnvandraat et al., 2003). Nevertheless, some studies
have reported the successful engraftment of these developing
ESC-CMs to injured myocardium (Laflamme et al., 2007; Klug
et al., 1996; Hodgson et al., 2004). In addition, these ESC-CMs
can potentially serve as readily available and functional in vitro

1873-5061/S — see front matter © 2010 Elsevier B.V. All rights reserved.
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cardiac models for basic research and in drug discovery and
development programs (Pouton and Haynes, 2007). Consider-
ation for the use of ESC-CMs in replacement therapies and as
models of cardiac activity must be linked to a comprehensive
characterization of their basic physiological and pharmacolog-
ical properties, an area not well established.

Most studies investigating cardiomyocyte differentiation
from ESCs have used isoprenaline and carbachol as the
"standard” agonists to confirm that the physiological or
electrophysiological properties of the derived cardiomyocytes
resemble native tissue (Banach et al., 2003; He et al., 2003; Fu
et al., 2006). However, little is known about ESC-CM respon-
siveness to other endogenous neurotransmitters, peptides, and
cardioactive drugs. Some work on the effect of angiotensin Il
(Ang Il) and endothelin-1 (ET-1) has been carried out on single,
isolated mESC-CMs (Kapur and Banach, 2007), as well asinpaced
human ESC (hESC)-CMs (Sedan et al., 2008). However, the
specific receptor(s) mediating these responses, and the effects
of these bioactive peptides on both the contraction frequency
and the amplitude of spontaneously contracting mESC-CMs, is
unknown. In this study, we investigate the responsiveness of
mESC-CMs to two physiologically relevant peptides, Ang Il and
ET-1, and compare their effects with those of standard
agonists such as isoprenaline and carbachol. We report that
the acute effects of these peptides on ESC-CM contractility are
mediated through ET,, AT,, and AT, receptors, and also that,
in contrast to the effects of other agonists, the chronotropic
effects of these peptides are only evident in alimited subsetof
beating ESC-CM-containing bodies.

Results
Quantitative PCR

Nkx2.5-EGFP-positive cells were sorted by FACS at Days 8 and
18 of differentiation for qPCR analysis of cardiac-specific
gene expression. Whereas there were no significant differ-
ences in the expression levels of the AT1,, ET,, and the ETg
receptor between cardiomyocytes differentiated over seven
(EDS) and 18 (LDS) days, the AT, receptor was only expressed
in LDS cardiomyocytes (Fig. 1).

Effects of isoprenaline (ISO) and carbachol

All LDS beating bodies (BBs) responded to ISO (10 nM—10 uM)
with an increase in both contraction amplitude and frequency
(Figs. 2Aand B, P<0.001, one-way ANOVA, post hoc Dunnett’s,
n=8), and to carbachol (100 nM—1 pM) with a decrease in both
contraction amplitude and frequency (Fig. 2C).

Effects of ZD-7288, ryanodine, and thapsigargin

The |; blocker ZD-7288 over a period of 20 min decreased
contraction frequency in every LDS BB (Fig. 2D). Ryanodine
(10 pM) and thapsigargin (0.5 pM) significantly decreased both
contraction amplitude and frequency in every BB (Fig. 3;
P<0.01, Student’s t test, n=4-5).
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Figure 1 gPCR of Nkx2.5-EGFP-positive cells reveals no
differential expression of AT1, ET,, or ETy receptors between
EDS (seven day) and LDS (18 day) cardiomyocytes. The AT,
receptor, however, isonly expressed in LDS cardiomyocytes. Tbp
indicates the TATA binding protein housekeeping gene control.

Effects of ET-1

All EDS BBs responded to ET-1 (10 nM) with an increase in
contraction amplitude, whereas this response was reversed
in LDS BBs (0.01-100 nM) (P<0.05, one-way ANOVA, post hoc
Dunnett’s, n=2-8, Figs. 4A and B). Only 50% of the BBs
responded to ET-1 with an increase in contraction frequency
in both EDS and LDS BBs (Fig. 4C, EDS data not shown), with
LDS responding bodies showing a concentration-dependent
increase in the number of responders (ECsp 2.14+0.41 nM;
Fig. 4D). As the maximum effect of ET-1 on contraction
amplitude, frequency, and number of responding BBs was
observed following the addition of 10 nM ET-1, this concen-
tration was used for subsequent antagonist studies.

The decrease in contraction amplitude mediated by 10 nM
ET-1 was abolished by the ET, receptor antagonist BQ123
(250 nM) and incubation with pertussis toxin (PTX; 1 pg mL™;
P<0.05, one-way ANOVA, post hoc Dunnett’s, n=4-5). The ETg
receptor antagonist BQ3020 (10 nM), the IP; receptor inhibitor
2-aminoethoxydiphenyl borate (2-APB; 2 uM), and the protein
kinase C (PKC) inhibitor GF109203x (1 pM) had no effect on the
ET-1-mediated decrease in contraction amplitude (Fig. 5A).
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Figure 2 Mean responses to the addition of I1SO (10 nM-3 pM) which increased both (A) contraction amplitude and (B) contraction
frequency (P<0.001, one-way ANOVA, post hoc Dunnett's test, n=8). (C) Carbachd (100 nM-1 uM) decreased both contraction frequency
and amplitude (P<0.001, one-way ANOVA, post hoc Dunnett’s test, n=8). (D) I;blocker ZD7288 significantly decreased spontaneousbeating

rate (10 pM, P<0.001, Student’st test, n=7).

The ET-1-mediated increase in contraction frequency was
blocked by BQ123 (250 nM) and GF109203x (1 pM; P<0.05, one-
way ANOVA, post hoc Dunnett’s; n=5). Incubation of the mESC-
CMs with BQ3020 (10 nM), 2-APB (2 pM), or PTX (1 pg mL™") had
no effect on the contraction frequency response to ET-1
(Fig. 5B). Addition of the PKC activator phorbol 12,13-diacetate
(PDA) increased contraction frequency in every BB (by 77 +13%
at 10 pM, respectively, P<0.05, one-way ANOVA, post hoc
Dunnett’s, n=5-6; Fig. 5C).

Effects of Ang Il

Ang Il (10 pM—1 puM) increased contraction amplitude in LDS
BBs, maximally at 100 nM (P<0.05, one-way ANOVA, post hoc
Dunnett’s, n=2-8, Fig. 6A), but had no effect in EDS BBs
(data not shown). Similar to ET-1, both EDS and LDS BBs
demonstrated a concentration-dependent increase in the
contraction frequency responders to Ang Il, up to 50% of BBs
(ECs 0.49+0.26 nM; Figs. 6B and C).

This increase in contraction amplitude was reduced by the
selective AT, antagonist losartan (200 nM) and by 2-APB (2 pM;
P<0.05, one-way ANOVA, post hoc Dunnett’s, n=4-6), but the
AT, receptor antagonist PD123, 319 (200 nM), PTX (1 pg mL™),
and GF109203x (1 pM) did not have any effect (Fig. 7A).

The Ang Il (100 nM)-mediated increase in contraction
frequency was reduced by PD123,319 (200 nM), GF109203x
(1 pM), and 2-APB (2 pM; P<0.01, one-way ANOVA, post hoc
Dunnett’s, n=3-6). Incubation with losartan (200 nM) or PTX
(1 pg mL™) had no effect on the frequency response to Ang Il
(Fig. 7B).

Discussion

In this study, we have successfully differentiated mESCs into
cardiomyocyte-containing BBs and measured their responsive-
ness to several agonists vital for the physiological functioning of
cardiomyocytes in vivo. One of the parameters measured was
changes in contraction amplitude; the second parameter of
interest was contraction frequency. The cessation of contractile
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Figure 3 Investigation of sarcoplasmic reticular function. 0.5 pM thapsigargin and 10uM ryanodine significantly decrease both

(A and C) contraction frequency and (B and D) contraction amplitude, respectively.

activity in these ESC-BBs in the presence of ZD7288 indicates a
significant contribution of I; to spontaneous contraction
frequency, afinding consistent with the presence of pacemaker
cells driving either, or both, atrial or ventricular cardiomyocyte
contractions in these cardiac bodies (Boheler et al., 2005;
Maltsev et al., 1993). Therefore, changes in contraction
frequency can be interpreted as effects mediated via changes
in pacemaker cell activity (Kang et al., 2007). We have shown
positive and negative effects on both contraction amplitude and
frequency in response to isoprenaline and carbachol, respec-
tively, findings consistent with observations of 3-adrenoceptor
and muscarinic effects in the native mouse heart and previous
studies in mESC-CMs (Lee et al., 2008; Ali et al., 2004; Kitazawa
et al., 2009).

ET-1 serves as an autocrine/paracrine factor produced
and released by both cardi (Suzuki et al., 1993)
and endothelial cells (Brutsaert, 2003). This potent peptide
mediates its effects through two G-protein-coupled recep-
tors: ET, and ETg. Both ET receptor subtypes have been
localized to the atrial and ventricular myocardium, the
atrioventricular conducting system, and endocardial cells
(Molenaar et al., 1993; Ponicke et al., 1998; Pieske et al.,
1999; Del Ry et al., 2001; Fareh et al., 1996). Activation of
ET, and ETg receptors may initiate signaling through several
pathways. Theireffects arecommonly mediated through Gq/11
activation; however, they have been reported to be coupled
through G, or G; in particular cell types and species (Ono etal.,
1998; Aramori and Nakanishi, 1992). In general, larger

mammals tend to respond to ET-1 with increased contractility
(Endoh, 2006); however, during development the mouse heart
response to ET-1 changes from positive to negative effects on
cell shortening (Sekine et al., 1999; lzumi et al., 2000;
Nagasaka et al., 2003; Namekata et al., 2008; Sakurai et al.,
2002). The reversal of the ET-1-mediated increase in
contraction amplitude in our EDS BBs to a decrease in
contraction amplitude in LDS BBs provides strong support for
the functional maturation of mESC-CMs 18 days after the
initiation of differentiation.

LDS BBs were found to respond to ET-1 stimulation with a
decrease in cell shortening. Furthermore, our findings that
BQi23, but not BQ3020, blocked the negative shortening
response to ET-1 are consistent with those of Izumi and co-
workers (zumi et al., 2000) and indicate an ET, receptor-
mediated effect. Curiously, ET-1, in the presence of the ET,
receptor antagonist BQ123, produced an increase in cell
shortening. Furthermore, ET-1 concentrations above 10nM
show a reduced negative response. These findings may indicate
that ET-1 acts at both ET, and ETg receptors to elicit negative
and positive changes in cell shortening, with the ET, receptor
effect predominating at low concentrations. Physiological
antagonism between the ET, and the ETg receptors has been
observed in several studies (for a review, see Brunner et al.
(Brunner et al., 2006). Thus, we conclude that ET, mediates a
decrease in cell shortening via activation of G, proteins, but
we cannot rule out an ETg-mediated positive effect in these
cells.
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Figure4 Mean responses to the additionof ET-1. (A) LDS BBs respond to ET-1 stimulation with a decrease in contraction amplitude,
maximal at 10 nM (P<0.05 Student’s t test, n=4-8). (B) However, EDS BBs respond to 10nM ET-1 with an increase in contraction
amplitude. (C) ET-1 increased contraction frequency in LDS BBs, again maximal at 10 nM ET-1 (P<0.05, Student's ¢ test, n=2-8).
(C) However, only a maximum of 50% of the cultures responded to ET-1 (up to 100 nM) with an increase in contraction frequency.

In contrast to previous studies that attributed the ET-1-
mediated cell shortening response to PKC activation (lzumi
et al., 2000; Namekata et al., 2008), we found that PTX
blocked the ET-1-mediated decrease, implicating G/,
protein coupling, rather than Gg/11. Gy coupling of ET
receptors is common in other species (Ono et al., 1998; Liu
et al., 2003; Kim, 1991). However, even though studies have
demonstrated ET receptor coupling to both G411 and G;/ in
adult mouse heart (Jiang et al., 1996; Hilal-Dandan et al.,
1992; Hilal-Dandan et al., 2000), it has not been associated
with negative cell shortening effects of ET-1 in the mouse.

The renin angiotensin system plays a central role in the
regulation of cardiac function. Ang Il is the system’s main
effector and is known to mediate a wide range of physiological
and pathophysiological effects following acute and chronic
stimulation (Mehta and Griendling, 2007). In the heart, Ang Il
mediates both inotropic and chronotropic effects via two G-
protein-coupled receptor types, AT; and AT,. These two
receptors have similar affinities for Ang Il, and are currently
distinguished by affinities for antagonists such as losartan (AT,)
and PD123,319 (AT;). The AT; receptor is thought to be
the prime mediator of Ang Il effects and has been linked
to several signaling cascades, most commonly Gqs11 coupling

with subsequent PLC and PKC activation (De Gasparo et al.,
2000). The Ang ll-mediated effect on the contractility of the
mouse heart varies depending on the tissue being examined
(Sakuraiet al., 2002; Nishimaruet al., 2003). In this study, Ang I
induced a slight increase in contraction amplitude, a finding
consistent with effects seen in mouse atria (Nishimaru et al.,
2003). This effect was blocked by losartan and 2-APB, but not
by PTX, PD123,319, or GF109203x, and is consistent with a
previous study of Ang ll effects inhuman ESC-CMs acting via Gq11
proteins with subsequent PLC and IP; production (Sedanet al.,
2008).

One of the most interesting aspects of this study is that the
PKC-mediated positive chronotropic response to both ET-1 and
to Ang Il was only observed in a maximum of 50% of BBs. To
determine whether this was due to the lack of developed second
messenger signaling pathways in the nonresponding population,
the effect of the PKC activator PDAwas investigated. However,
all BBs were found to respond to direct PKC activation,
indicating that the second messenger pathway is intact in
every culture even though half of the BBs are unresponsive to
peptide addition. Previous studies using human ESC-CMs have
also reported the presence of nonresponding cultures, which has
been attributed to the lack of a functional sarcoplasmic
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Figure 5 Mean responses to the addition of ET-1 in the
presence of antagonists. (A) Both BQ123 (250 nM) and PTX (1 ug
mL_,) inhibited the ET-1 (10 nM) decrease in contraction ampli-
tude (P<0.05, one-way ANOVA, post hoc Dunnetts, n=4-5).
(B) BQ123 (250 nM) and GF109203x (1 pM) blocked the ET-1-
mediated increase in contraction frequency (P<0.05, one-way
ANOVA, post hoc Dunnett’s, n=5). (C) The PKC activator PDA
significantly increased contraction frequency (P<0.05, one-way
ANOVA, post hoc Dunnett's, n=5-6).

reticulum in cardiomyocytes at varying stages of differentiation
(Sedan et al., 2008). However, in our study, this observation
appears to be specific to peptide effects since (1) all BBs
responded to thapsigargin and ryanodine, indicating the
presence of a functional sarcoplasmic reticulum, (2) all BBs
responded to isoprenaline and carbachol addition, and (3)
beating in all bodies was reduced by the I; channel blocker.
Furthermore, no correlation was found between a nonrespond-
ing BB and other observable properties, such as the initial
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Figure 7 Mean responses to the addition of Ang |l in the presence
of antagonists. (A) Losartan (200 nM) and 2-APB (2 uM) abolished
the Angll (100 nM) increase in contraction amplitude (P<0.05, one-
way ANOVA, post hoc Dunnett’s, n=4-6) (B) PD123,319 (200 nM),
GF109203x (1 uM), and 2-APB (2 pM) inhibited the Ang Il (100 nM)
increase in contraction frequency (P<0.05, one-way ANOVA, post
hoc Dunnett's, n=3-6).

beating frequency or individual batches of differentiated cells.
A recent study in mESC-CMs identified two separate pacemaker
populations based on hyperpolarization-activated cyclic nucle-
otide gated channel expression, activation kinetics, and cAMP
sensitivity (Barbuti et al., 2009). We think it possible that an
analogous situation exists in our cultures where approximately
one-half of our beating body contains pacemakers insensitive to
peptide effects. This is consistent with the idea of "functional
inhomogeneity” resulting froma significant variation in receptor
densities within the sinus node (Opthof, 2007). As investigating
the function of individual pacemaker cells within an EB is near
impossible, studies at the single cell level are ongoing to
determine differences in receptor expression and signaling
pathway activation within the pacemaker population.

Of the population that does respond to the peptides with
changes in chronotropy ET-1, acting via ET, receptors, eliciteda

PKC-dependent, pertussis toxin- and 2-APB-insensitive positive
chronotropic response. This finding is broadly consistent with a
previous study in mESC-CMs (Kapur and Banach, 2007).
However, in contrast to our findings, Kapur and Banach (Kapur
andBanach, 2007) showed that the positive chronotropic effects
were mediated by phospholipase C (PLC) with subsequent IP;
receptor activation. In this study the IP; receptor antagonist 2-
APB was without effect, indicating either that we have not used
enough 2-APB or that the majority of ET, signaling in these cells
is mediated via PKC effects. The former hypothesis is unlikely
since the same concentration of 2-APB reduced the effects of
Ang Il, leaving us to conclude that, in these cardiomyocytes, the
ET-1 effect is largely attributable to the action of PKC.

In this study the AT, receptor antagonist PD312,319
blocked the GF109203x-, 2-APB-sensitive Ang |l-mediated
increase in contraction frequency. Previous studies have
demonstrated an AT, receptor (PKC-dependent)-mediated
effect on contractility (Allen et al., 1988; Kohout and Rogers,
1995); however, the AT, receptor is normally highly
expressed in the fetus and dramatically reduced in the
adult; where it is predominantly located on the vascular
endothelium (Grady et al., 1991; Wang et al., 1998).

In these ESC-CMs, onsetof AT, receptor expressiondoes not
occur until at least Day 8 postdifferentiation and is definitively
present in LDS CMs. Together with its demonstrated effect on
contractile activity, this could imply a less developed Ang Il
system compared to ET-1, an observation consistent with what
is known about Ang Il signaling in rodents (Kang et al., 2007).
Current studies are investigating the developmental progres-
sion of Ang Il signaling in these ESC-CMs in more detail.

Conclusion

Use of ESC-CMs for cell-based therapy and in vitro applications
during drug discovery necessitates comprehensive character-
ization of their functional activity. In this study, we have used
video microscopy to (i) compare the modulation of cardiac
contractile activity by various agonists vital for the physiolog-
ical function of cardiomyocyte in vivo, (ii) investigate which
second messenger systems the peptide agonists activate to
produce their responses, and (iii) used these data to establish
just how like normal adult heart tissue these ESC-CMs are.
We have demonstrated that these mESC-CM cultures respond
to stimulation through functional adrenoceptor, muscarinic,
Ang II, and ET-1 receptors, and possess intact Gy/y and G
signaling cascades ina manner comparable to previous studies in
the native mouse myocardium. However, even though we
demonstrate the progressive maturation of these CMs by the
reversal of their cell shortening response to ET-1 between EDS
and LDS BBs, and that all BBs have functional sarcoplasmic
reticulum, the pacemaker population within the BBs can be
divided on the inddence of their response to Ang Il and ET-1.
Further investigations are required to better characterize the
pacemaker populations in these differentiated cultures.

Materials and methods
ESC propagation

The mouse ESC lines E14Tg2a (ATCC, catalogue number CRL-
1821) and Nkx2.5-EGFP line (a kind gift from Dr. Sean Wu)
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were propagated in a culture medium consisting of GlutaMAX
Dulbecco’s minimum essential medium (DMEM, pH 7.4)
supplemented with 0.1 mM MEM nonessential amino acids
solution, 10% fetal calf serum (FCS), 0.1 mM 2-mercap-
toethanol, 10° U mL™" murine recombinant leukemia inhib-
itory factor (Chemicon, Australia). Cultures were incubated
at 37 °C, 5% CO; in a humidified environment.

ESC-CM differentiation

Cardiomyocyte differentiation was induced by the hanging
drop method (Boheler et al., 2002). Briefly, embryoid bodies
were formed in hanging drops of differentiation medium
(propagation medium supplemented with 20% FCS, 10,000 U
mL" penicillin and 10,000 pg mL™ streptomycin) for 5 days.
EBs were subsequently plated on gelatin-coated wells for the
remainder of the differentiation period. Contractility studies
were used to investigate cardiomyocyte responsiveness at
both early and late developmental stages, i.e., Days 7 (EDS)
and 18 (LDS) post differentiation. Fu et al. have shown that
by this LDS, mESC-CMs demonstrate a functional sarcoplas-
mic reticulum (SR) with ryanodine receptor-mediated SR
calcium release, and pharmacological maturity in response
to 3-adrenergic stimulation (Fu et al., 2006).

Quantitative real-time PCR

Nkx2.5-EGFP-positive cells were collected on Days 8 and 18
postdifferentiation by fluorescence-activated cell sorting.
Total RNA was extracted using the RNeasy Micro kit
(Qiagen, Australia), treated with DNase | to remove the
contaminating genomic DNA, before reverse transcription
into ¢cDNA by Transcriptor Reverse Transcriptase (Roche
Applied Science, Australia) and random primers according
to the manufacturer’s specifications. Quantitative real-
time PCR analysis was carried out in triplicate for each
sample and each gene using the Rotor Gene 3000 (Corbett
Robotics, Australia). For PCR amplification, cDNAs were
amplified using Roche SYBR Green PCR Master Mix (Roche
Applied Science, Australia) and 1 pm of each primer pair.
Amplification was carried out starting with 10 min template
denaturation/hot start step at 95 “C, followed by 35 cycles
(95 "Cfor 155, 59 °C for 20s, and 72 °C for 20s). Relative
gene expression values were obtained by normalizing Cr
(threshold cycle) values of the target genes in comparison
with Cr values of the housekeeping gene (TATA binding
protein) using the AAC; method. Gene-specific primer
sequences are provided in Table 1.

Experimental methodology

On the day of use, the E14Tg2a EB outgrowths were washed
twice and superfused with a physiological salt solution (PSS)
buffer consisting of (in mM) NaCl 140, KCL 6, CaCl, 2, MgCl; 1,
HEPES 20, and glucose 10 (pH7.4, 37 °C), supplemented with
1.4% (w/v) BSA. A single beating region within an EB
outgrowth was selected and viewed through a Basler
(Model A602f) camera coupled to a Nikon Eclipse TS100
inverted microscope with Hoffman modulation contrast
optics. The Quick Caliper program (SDR Clinical Technolo-
gies, Australia) enabled image acquisition at a rate of 50

Table 1  Quantitative PCR primer sequences
Gene Primer sequence Product size
(bp)
TATAbinding CTGCTGTTGGTGATTGTTGG 100
protein AACTGGCTTGTGTGGGAAAG
AT;, receptor CCAACTCAACCCAGAAAAGC 147
CCACCACAAMAGATGATGCTG
AT, receptor  GGAGCTCGGAACTGAAAGC 131
CTGCAGCAACTCCAAATTCTT
ET,receptor  ATCGGGATCCCCTTGATTAC 140
TTGAGCATGCAGGTCCTATG
ETgreceptor  GCCTGAAGTTCAAAGCCAAC 94
AGATTCGGCGAGTGTTCTTG

a beating cardiac region pre- and postagonist addition, in the
absence and presence of antagonists.

Following a 10min equilibration period, a 10s capture was
taken of the selected beating region to quantify basal activity.
Subsequently, Ang Il (0.01-1 pM), ET-1 (0.01-100 nM), isopren-
aline (10 nM-10 pM), carbachol (100 nM—1 pM), ryanodine
(10 pM), thapsigargin (0.5 pM), the I blocker ZD-7288 (10 pM),
or the protein kinase C activator phorbol 12,13-diacetate
(10 nM—10 pM) was added to the well and 10s image captures
were taken at various time points up to 20min postagonist or
vehicle addition.

For antagonist and inhibitor studies, BBs were superfused
with the AT, and AT, receptor antagonists, losartan (200 nM)
and PD123, 319 (200nM), or the ET, and ETg receptor
antagonists, BQ123 (250 nM) or BQ3020 (10 nM) for 10 min
prior to the addition of agonists. In some experiments, the
BBs were superfused with the inositol trisphosphate (IP;)
receptor antagonist 2-aminoethoxydiphenyl borate (2 pM,
which may also inhibit store-operated calcium channels at
higher concentrations (Choi et al., 2010), or the PKC
inhibitor GF109203x for 10 min prior to agonist addition.
Pertussis toxin (1 pg mL™) was added to the differentiation
medium at least 3 h prior to the superfusion experiments.
Images were captured as desaribed above.

Data analysis

The video captures were analyzed using Metamorph Imaging
System (Molecular Devices Ltd, USA). An intensity threshold
was imposed on each frame of a 10s image capture. The
Metamorph software was then used to track object move-
ment through the 10s image capture. The contraction
amplitude (measured in pixels) was tracked at different
time points plotted against time (Fig. 8A). The number of
peaks within the 10s capture was converted to beats per
minute to represent the cardiomyocyte contraction frequen-
cy. The average contraction amplitude and frequency
responses to agonist, in the absence or presence of
antagonist(s), were reported as a percentage of the
responses prior to agonist addition (i.e., under basal
conditions). Figs. 8B and C show representative traces of
LDS EBs responses prior to and following the addition of ET-1
(10 nM) or Ang Il (100 nM), respectively.
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Figure 8 (A) Capture analysis using Metamorph. (a) A beating region within the well was viewed through a camera coupled to a
Nikon Eclipse TS100 inverted microscope with Hoffman modulation contrast optics. Ten-second captures of a beating cardiac region
were recorded, and subsequently analyzed using the Metamorph program. (b) An intensity threshold is set using the phasecontrast
image. (c)Several particles are selected and monitored within the area of interest. (d) The particle showing the greatest displacement
from its point of origin is selected and tracked at the remaining time points. (e) A graph of displacement from origin (in pixels) is
generated over the 10s capture period. Two representative 10s traces before and after the addition of (B) ET-1 (10 nM) showing an
increase in the number of peaks within the 10s trace (i.e., rate) and a decrease in contraction amplitude. (C) In response toAng Il (100
nM), the number of peaks as well as contraction amplitude (in pixels) increases.

Statistical analysis with a change in contraction frequency. Responding and

nonresponding BBs were identified using a repeated-
The maximum responses observed for contraction ampli- measures one-way ANOVA test of the time interval between
tude and frequency were reported. Curiously, only a beats at each 10s capture. Only responding BB effects were
proportion of the mESC-CMs responded to Ang Il or ET-1 reported for analysis of peptide effects on contraction

194



APPENDIX |

32

E.L. Lagergvist et al.

frequency. None of the vehicles, Ang Il or ET-1 receptor
antagonists, or 2-APB, PTX, and GF109203x had any
effect on the basal spontaneous activity of our cultures
(n=4-7, data not shown). Differences between means
were tested using Student’st test and one-way ANOVA
(post hoc Dunnett’s). Values of P<0.05 were considered
statistically significant (n=3-8 responding bodies from 4
to 8 observations).

Drugs and chemicals

Ang I, ET-1, BQ123, BQ 3020, carbachol, ryanodine, PD 123,
319, and losartan were reconstituted in PSS buffer. PDA,
thapsigargin, and GF109203x were dissolved in DMSO. 2-APB
was dissolved in methanol. The PTX vehicle contained 50%
glycerol, 0.5 M NaCl, 50 mM tris, 10 mM glycine (pH7.5). The
final concentration of DMSO or methanol did not exceed
0.01% of the bath volume. PDA and ryanodine were
purchased from Calbiochem-Novabiochem (Australia) and
thapsigargin was purchased from LC laboratories (USA). All
other drugs and chemicals were purchased from Sigma-
Aldrich (Australia).
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Chapter 5 Supplemental Material
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Supplemental Figure S1: Rescue of Instability Following Addition of B-27®. Use of
anti-oxidant supplement B-27® during confocal Ca** imaging significantly maintains
the functional integrity of spontaneous [Ca**]; activity (**P<0.01, *P<0.05, two-way

ANOVA, n=3-19 per waveform group), unveiling a range of kinetically distinct [Ca*'];
oscillation waveforms.
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Supplemental Figure S2: Images of Nkx2.5-eGFP mESC-CMs. (A) White light
phase contrast image of an (B) eGFP expressing mESC- derived cardiac body. (C)
Representative FACS plot (population of sytox red negative, eGFP positive) of eGFP
expressing cells. (D) Sorted cells were re-plated onto pre-collagen coated wells and
maintained for at least 36 hours prior to imaging. Representative image of a field of
view of Fluo-4 AM loaded cells. Scale bar= 150 uym.
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Supplemental Figure S3: c-Kit expression. C-Kit expression in the nkx2.5-egfp
positive cells was measured using flow cytometery. The expression of c-kit markedly
declined from day 13 of differentiation, disappearing from day 19.

198



APPENDIX 11

oMHC*/ | ¢MHC-/ | «MHC-/
Waveform PGP9.5%

oSMA- | aSMA- | oSMA*
L I N :
\J\W\{W\M 100% - - -
M\J\m 100% 5 = ]
h 33% - 67% 100%

Supplementary Table 1: Immunocytochemical categorisation of the five most

commonly occurring [Ca?*]; waveforms; n=3-10 cells per waveform group.
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Supplemental Figure S4: Analysis of waveform kinetics. Once stabilised, the
spontaneous [Ca*]; waveforms could be divided into five distinct groups based on
significant differences between the following analysis parameters: (A) the average
interval of time (s) from 10% baseline to half the maximum peak value, and again
from half the maximum peak value to peak (B) the average width at half peak height
and (C) the average interval of time (s) from the peak value to 10% baseline of the
descending slope. All columns within each parameter group were significantly
different from one another, except where indicated (***p<0.0001, one-way ANOVA,
NS=not significant). [Ca®"]; oscillation peaks from at least 20 cells within each
waveform group were analysed for each parameter.
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Supplementary Figure S5: (A) Addition of nifedipine (1 uM) abolished spontaneous
activity in all spontaneously active cells (***P<0.001, one-way ANOVA, post-hoc
Dunnett’s, n=3-17 per waveform group). (B) The T-type channel blocker NNC 55-
0396 significantly reduced the spontaneous activity and (C) the width at half-height in
all pacemaker-like cells (***P<0.001, one-way ANOVA, post-hoc Dunnett’s, n=3-17
per waveform group). A red cross indicates the cessation of spontaneous activity.
(D) NiCl, (10 pM) significantly decreased the [Ca']; oscillation frequency of the
slowest waveform group, as well as progressively prolonged the width at half height
of each [Ca®] oscillation the slower the intrinsic pacemaker-like cell activity

(***P<0.001, *P<0.05, one-way ANOVA, post-hoc Dunnett’'s, n=3-7 per waveform

group).
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Supplementary Figure S6: Representative traces of responses of each [Ca®'];
waveform group to Ryanodine (10 yM), ZD7288 (10 uM), Thapsigargin (1 uM), 2-

APB (2 uM) and NiClz (10 pM)
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