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Abstract

Cardiac hypertrophy is a compensatory response to increased work load or stress
on the heart, but over time can lead to heart failure and death. The molecular mechanisms
underlying this disease are still not completely understood, however the Rho/Rho kinase
pathway has been shown to play a role. N-[**C]-methyl-hydroxyfasudil, a PET
radiotracer, binds to active Rho kinase and could be a possible tracer for hypertrophy.
Hypertrophy was induced in vitro using the B-adrenergic receptor agonist isoproterenol to
evaluate optimal Rho kinase activity. Rho kinase activity data was correlated to N-[**C]-
methyl-hydroxyfasudil binding. Cardiac hypertrophy was verified with an increase in
nuclear size (1.74 fold) and cell size (~2 fold), activation of hypertrophic signalling
pathways, and increased Rho kinase activity (1.64 fold). This correlated to a 10.3%
increase in N-[*'C]-methyl-hydroxyfasudil binding. This data suggests that N-[*'C]-
methyl-hydroxyfasudil may be useful as a radiotracer for detecting cardiac hypertrophy

and merits further in vivo investigation.
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INTRODUCTION




1.1 Cardiac Hypertrophy

1.1.1 Subtype classification of cardiac hypertrophy

Cardiac hypertrophy results in an overall change in the geometry, mass, and function
of the heart. The progression to cardiac hypertrophy can manifest from either physiologic
or pathologic mechanisms. Physiological hypertrophy is common among aerobically
trained and conditioned athletes and is a result of increased heart rate and blood pressure
for prolonged periods of time. This physiological state can also be displayed during
pregnancy via neurohormonal, endothelial, and electrophysiological mechanisms.
Whereas pathological hypertrophy leads to maladaptive cardiovascular function,
physiologic hypertrophy creates a state of preserved or enhanced cardiac function

(McMullen et al. 2007).

To further classify cardiac hypertrophy, there are two categories depending on the
type of stimulus or trigger that initiates this process. The two classes are concentric and
eccentric hypertrophy. These two classes can also be defined by the phenotype of the
cardiomyocytes. Concentric hypertrophy occurs when the myocyte length increases less
than its width and results from chronic pressure overload of the ventricles. Overall this
leads to an increase in wall thickness and a decrease in the volume capacity of the left
ventricle. In comparison, eccentric hypertrophy phenotypically results from a greater
increase in myocyte length than width as the result of a volume overload in the heart. This
results in cardiac dilation causing a thinning of the ventricle walls (Rohini et al. 2010).
Physiological hypertrophy is a reversible process while pathological hypertrophy is not.

During pathological hypertrophy the increase in wall thickness is initially a mechanism to



maintain normal cardiac function at a resting state, but over time remodeling can occur
leading to cardiac dilation and heart failure. Physiological hypertrophy does not adapt in
similar ways to pathological hypertrophy and also does not regress to a state of dilated
cardiomyopathy or heart failure (Beltrami et al. 2001; Nadal-Ginard et al. 2003). The
molecular mechanisms underlying these phenotypes and physiological changes differ
between the two processes although some cell signalling pathways may overlap. The
signal transduction pathways underlying pathological cardiac hypertrophy will be

discussed later on.

1.1.2 Pathological Cardiac Hypertrophy

Pathological cardiac hypertrophy, also known as hypertrophic cardiomyopathy, is one
of the leading causes of sudden death from cardiac disease and occurs in approximately
0.2% of the global population (Schlossarek et al. 2011). This is mainly due to the fact that
it can be completely asymptomatic or unnoticed until the disease has severely progressed.
The causes of pathological cardiac hypertrophy can vary from patient to patient and can
also be an outcome of many forms of heart disease such as ischemia, hypertension, heart

failure and valvular disease (Frey et al. 2004).

Cardiac hypertrophy can be divided into three stages of development (Meerson 1961).
The first stage of cardiac hypertrophy initiates when the work load created on the heart is
greater than its capable output at that time. The second stage is where the heart begins to
compensate for this increased load and is termed compensatory hypertrophy.
Compensatory hypertrophy results in normalized workload/cardiac mass ratio allowing

cardiac output to be maintained at rest. The third stage takes place in response to the



constant activation of the hypertrophic response and this is overt heart failure. From this
comes ventricular dilation from a process known as “remodeling” as well as a large
decrease in cardiac output (Frey et al. 2004). The molecular mechanisms and signalling
pathways involved in the transition from an adaptive response to heart failure are still far

from completely understood making treatment and detection difficult.

1.1.3 Causes of Hypertrophic Cardiomyopathy

Pathological hypertrophic cardiomyopathy can develop in patients from a
previous disease that had placed stress on the heart. The increased blood pressure in the
heart ventricles due to prolonged hypertension or the increase in workload needed to
pump blood through plaque-filled arteries such as the aorta during atherosclerosis, are
two examples of disease states that can lead to hypertrophic cardiomyopathy (Satoh et al.
2001; Abe et al. 2004). Not only can cardiac hypertrophy be induced through other
cardiovascular diseases, but it can also lead to such ailments as atrial fibrillation and

arrhythmias, which occur in 25% of affected patients (Maron 2002; Kubo et al. 2009).

Genetically, hypertrophic cardiomyopathy is conventionally caused by dominant
mutations in the genes encoding proteins that compose the contractile sarcomeres (Wang
et al. 2010). Genetic studies have shown that there are approximately 900 mutations
found in 13 genes for familial clustering of cardiac hypertrophy which account for
approximately 15% of familial cardiac hypertrophy (Alcalai et al. 2008). The affected
genes in the sarcomere usually affect the thick and thin filament proteins (Marian 2008),
for example MYH7 encoding B-myosin heavy chain, MYBPC3 encoding myosin binding

protein C, and MYL2 encoding regulatory myosin light chain (Keren et al. 2008).



Although genetic studies may be able to predict the severity of hypertrophic
cardiomyopathy in patients, it is not yet able to predict the patterns of the disease such as
eccentric versus concentric hypertrophy or the affected hypertrophic area of the heart,
whether it be apical, septal, or ventricular (Arad et al. 2005). These genetic alterations can
also affect proteins involved in calcium homeostasis (Fatkin et al. 2000; Haim et al. 2007)
as well as cause loss of function/alteration of function of regulatory proteins in the
hypertrophic molecular signalling pathways (Palmiter et al. 2000; Debold et al. 2007).
During the hypertrophic response there is activation of the “fetal gene program”. As the
name implies, this involves the activation of transcription of genes normally only
activated during the fetal stage of development. Some of these include atrial natriuretic
peptide (ANP), B-myosin heavy chain (B-MHC) and a-skeletal actin (SKA), which are all
markers of hypertrophy. There is also activation of the immediately early genes c-jun, c-

fos and c-myc (Rohini et al. 2010).

1.1.4 Physiological and Morphological Changes During Hypertrophic

Cardiomyopathy

Cardiac hypertrophy induces a range of heart defects that involve not only its
structure and size but also systolic dysfunction, hypertrophic remodeling and dilation.
Most noticeably, there is an increase in ventricular mass commonly occurring in the left
ventricle (Fielitz et al. 2008). Performance wise, the overall ejection fraction
progressively decreases accompanied by a decrease in fractional shortening. There is an
increase in left ventricular end systolic and diastolic diameter within the heart and an

eventual decrease in heart rate indicating cardiac demise (Heather et al. 2009).



The morphological feature most noticeable at the cellular level of cardiac
hypertrophy is increased cardiomyocyte size, relative to the non-hypertrophied cell. By
definition hypertrophic growth comes from an increase in cardiomyocyte size in the
absence of significant cell division (Hannan et al. 2003). Underneath this feature lies a
complex network of signalling pathways and mechanisms that although not well
understood, can be modeled in vivo and in vitro. In vitro studies of cardiac hypertrophy
commonly use primary cardiomyocytes isolated from neonatal rat pups because of their
similarity to native cardiomyocytes in vivo. This in vitro model has permitted the
characterization of a wide variety of signalling pathways, phenotypic changes and

transcriptional changes during cardiomyocyte hypertrophy.

During cardiac hypertrophy there is an increase in the levels of protein synthesis
and degradation, however, protein synthesis levels are much higher and therefore create
an overall net increase in protein content. This phenomenon is often demonstrated
experimentally by comparing overall protein to DNA content in the cell. Factors affecting
the increase in protein content include increases in transcription as well as regulation of
MRNA translation; the latter said to be more heavily responsible (Hannan et al. 2003).
During these increased states of transcription the nuclei become measurably larger.
Gerdes et al. in 1994 demonstrated up to a 56% increase in nuclear size during cardiac
hypertrophy surgically induced in rats (Gerdes et al. 1994). Originally papers from
Simpson in 1983 showed that isoproterenol, a known inducer of hypertrophy, was unable
to increase the protein to DNA content and cell size of primary cardiomyocytes isolated
from neonatal rat pups (Simpson 1983). This was later countered by several researchers

who published work showing that the protein/DNA content of 1SO treated



cardiomyocytes did increase (Bogoyevitch et al. 1996; Zou et al. 1999). The currently
accepted theory is that isoproterenol increases both the cell size and the protein/DNA
content in neonatal rat cardiomyocytes through p-adrenergic receptor (BAR) stimulation

(Morisco et al. 2001).

Histological studies have shown that along with the increase in cardiomyocyte and
nuclear size there is a reorganization of the collagen matrix and collagen deposition in the
extracellular matrix resulting in fibrosis. This collagen reorganization and increased
fibrosis, known as remodeling, causes increased wall thickness and impaired cardiac
contractibility (Jalil et al. 1989). Within the cell, there is also reorganization and addition

of sarcomeres in response to the increased hemodynamic load (Chu et al. 2011).

1.2 Isoproterenol

Isoproterenol (ISO) is a dual B1 and B2AR agonist that is capable of inducing
pathological cardiac hypertrophy in in vitro and in vivo models (Heather et al. 2009). In
vitro, ISO can be administered to the cells at various concentrations by simply treating the
media (Morisco et al. 2001), with signalling cascades being activated within the first
10min of treatment (Zheng et al. 2004). In vivo experiments have been carried out using
an assortment of delivery methods, treatment durations, drug vehicles and 1ISO
concentrations. Chronic or acute infusion methods are another variable in the drug’s
delivery. Acute high-dose treatments with ISO can cause cardiac infarctions, cardiac
dysfunction, and B-adrenergic receptor desensitization (Ribeiro et al. 2009). Chronic
delivery of ISO in lower dose concentrations induces cardiac hypertrophy over time, in

comparison to acute administration (Zhang et al. 2005). Along with causing cardiac



hypertrophy, I1SO has also been shown to induce cell death through apoptosis and necrosis
with other possible effects including increased fibrosis, oxidative damage and

inflammation (Heather et al. 2009).

1.3 Hypertrophic Molecular Signalling Pathways

1.3.1 G-Protein Coupled Receptor Signalling: B-Adrenergic Receptors

Although there is a vast array of guanine nucleotide binding regulatory protein (G-
protein) coupled receptors (GPCRs), ligands, and agonists that are capable of inducing
cardiac hypertrophy, we will focus on the B-adrenergic receptors and their interactors in
specific. B-ARs come from a large family GPCRs and are partially responsible for
controlling increased activity in the heart in response to adrenergic sympathetic
stimulation such as adrenaline or noradrenaline (Chakraborti et al. 2000). After the class
of adrenergic receptors had been categorized into a- and B-adrenergic receptors by
Alquist in 1948 (Ahlquist 1948) they were later distinguished into their al-, a2-, f1-, p2-,
3- and the recently hypothesized existence of p4- subtypes (Lands et al. 1967; Brodde
1991; Bylund et al. 1994; Kaumann et al. 1997). Cardiomyocytes contain both $1- and
B2-ARs in most mammals including humans, however B1-AR is much more predominant
and is found at a B1:B2 ratio of 70-80%:30-20% in the ventricles and a 60-70%:40-30% in

the atria (McDevitt 1989).

The B-ARs are a class of GPCRs and therefore interact with G proteins. G proteins
are composed of three subunits termed Ga, G, and Gy, each performing a different
function in GPCR downstream signalling (Sprang 1997). Ga. binds either GDP or GTP

while GP has very versatile binding functions which can create numerous protein-protein



interactions and is found stably dimerized to the Gy subunit (Smith et al. 1999). Gy has a
C-terminal isoprenyl moiety which, in turn, localizes it to the cell membrane making any
protein that binds to Gy essentially membrane bound. When GDP binds to Ga, it forms a
stable complex with Gy which can be separated by the exchange of GDP for GTP due to
a change in protein conformation (Smith et al. 1999). This association/disassociation of
the Ga subunit to Gy upon either activation or deactivation by the presence of GTP or
GDP is what creates downstream signalling necessary for cardiac function (Bourne 1997).
It can now be seen that a disruption or desensitization of the B-adrenergic receptors could
cause a disruption in proper cardiac function and participate in some of the underlying

mechanisms of multiple types of cardiomyopathies (Chakraborti et al. 2000).

Due to the cross-talk and complexity of the signalling pathways involved in
cardiac hypertrophy there is an abundance of overlap between proteins and molecules and
their functions depending on the stimulation for the initiation of cardiac hypertrophy.
GPCR signalling has been shown to participate in this cross-talk; an example of this being
the activation of B-ARs leading to the activation of other G proteins (see Figure 1)
(Rohini et al. 2010). Both the B1 and 2 subtypes are coupled to the G protein and upon
activation cause the downstream elevation of cyclic-AMP (cAMP). This is accomplished
by the activation of adenylyl cyclase (AC) by both B1- and f2-ARs’ Gsa G-protein
stimulation. Active AC produces CAMP which activates downstream pathways including
the activation of protein kinase A (PKA) which in turn can phosphorylate multiple

proteins involved in positive chronotropic and inotropic cardiac responses (Marian 2006).
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As shown in Figure 1, B-AR agonists such as ISO activate Gas bound to GTP
which then activates downstream AC (Marian 2006). Simultaneously, this leads to cross-
talk with other GPCR pathways such as Gg/G11 (Molkentin et al. 2001). The Gs
activation allows for AC to covert adenosine tri-phosphate (ATP) to cyclic adenosine
monophosphate (CAMP). Increased levels of intracellular cAMP can further activate PKA
which is responsible for activating multiple downstream targets involved in cardiac
contraction through phosphorylation. These targets include phospholamban, troponin, and
the L-type calcium channel (Marian 2006). Activation of the L-type calcium channel will
in turn increase intracellular levels of calcium ions which can activate other hypertrophic
signalling pathways. This increase in contraction is part of the initiation of the

hypertrophic condition.

The simultaneous activation of the Gg/G11 pathway activates various small G-
proteins such as Ras and Rho, thus initiating multiple downstream pathways (Molkentin
et al. 2001; Proud 2004; Lezoualc'h et al. 2008). While in its GTP-bound active state, Ras
activates multiple downstream targets involved in the hypertrophic signalling paths
including Raf, phosphatidylinositol 3-kinase (P13K), and c-Jun terminal kinases (JNKS)
(Ramirez et al. 1997). Active Raf leads to the phosphorylation and activation of mitogen-
activated protein kinase kinase 1/2 (MEK1/2). Active MEK1/2 phosphorylates ERK1/2
(also known as p42 and p44 MAP kinase) (Proud 2004). Other mechanisms are capable
of activating the Raf-MEK1/2-ERK1/2 pathway such as cell receptor agonists, cell
stretch, and pressure overload in cell and animal models (Proud 2004). This makes it a
good molecular biomarker of cardiac hypertrophy. There are, however, discrepancies in

terms of the signalling pathways involved in cardiac hypertrophy in vitro, mainly due to

11



the differences in approaches used to induce the disease. The possible different signalling
connections in adult versus neonatal cardiomyocytes along with the different end-points
used in individual experiments are two examples of what may cause some of these
discrepancies. This is seen to occur not only for the ERK1/2 pathways, but also for many
others such as the JINK and mTOR pathways (Wang et al. 2001; Frey et al. 2003; Proud

2004).

The Gg/G11 as well as the G12/13 GPCR pathways are, in part, responsible for
the activation of Rho through different mechanisms. The Gg/G11 path upon stimulation
can activate phospholipase C (PLC). PLC converts phosphoinositol 4,5-biphosphate
(PIP,) to diacyl glycerol (DAG) and inositol 1,4,5-triphosphate (1P3). These two products
are capable of activating Rho in two ways. DAG can activate protein kinase C (PKC)
which in turn can activate Rho. 1P3 can trigger calcium release from the sarcoplasmic
reticulum to the intracellular space which has been shown to activate Rho as well
(Molkentin et al. 2001; Arimoto et al. 2006) (see Figure 1). Through agonist induced
G12/13 activation, Rho can be directly activated, or as with Gg/G11 pathways can be
activated through DAG/PKC activation (Shimokawa et al. 2005). Downstream effectors
of Rho include protein kinase N (PKN), rhophilin, rhotekin, citron, p140mDia, citron
kinase, and Rho kinase (Hall 1998; Kaibuchi et al. 1999). Rho kinase however is the only
downstream effector studied in detail. Both Rho and Ras subfamilies of small G proteins
have demonstrated involvement in the regulation of cytoskeletal organization and cardiac

growth via hypertrophic gene expression control.
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1.3.2 mTOR/rapamycin in hypertrophic signalling

Mammalian target of rapamycin (mTOR), has been shown to play a role in mediating
cardiac hypertrophy (Shioi et al. 2003). Although this role is not completely understood,
it has been demonstrated that mTOR coordinates inputs from various factors including
hormones, mitogens and nutrients such as branched chain amino acids, to control protein
synthesis, gene expression, cell size and proliferation (Thomas et al. 1997; Rohde et al.
2001; Proud 2002; Hannan et al. 2003). Rapamycin inhibits mTOR and has been a useful

reagent in teasing out the functions of mMTOR’s multiple signalling cascades.

Upstream of mTOR, signalling initiates with activation of the Gg/11-Ras pathway.
This further activates Raf and PI3K which through diverse signalling pathways can
activate mTOR during hypertrophy. Raf lies upstream of the MEK/ERK1/2 pathway and
interact downstream with hamartin and tuberin (McManus et al. 2002; Proud 2004).
Hamartin and tuberin are two known important regulators of mTOR and are also negative
regulators of cell size and the cell cycle. Hamartin and tuberin have been shown to
interact downstream from the PISBK/PKB pathway which also regulates their control of
mTOR activation (Proud 2004). Tuberin, while heterodimerized to hamartin, can be
phosphorylated by PKB and by the MEK/ERK1/2 pathway (McManus et al. 2002; Proud
2004). This phosphorylation allows for the progression of mTOR signalling. A further
downstream target of tuberin and hamartin, Rheb in its GTP bound form can associate
with this heterodimer and is believed to activate mTOR signalling and the stimulation of
protein synthesis needed for hypertrophy (Manning et al. 2003). mTOR’s downstream

targets include multiple proteins and transcription factors such as ribosomal proteins, S6
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kinases, 4E-BP1/2 and eEF2, which act to elevate translational activity and increase

protein synthesis during hypertrophy (Proud 2004).

1.3.3 Rho kinase in Hypertrophic Signalling

Rho associated kinases, also known as rho-associated coiled-coil protein, or
ROCK1 and ROCKZ2, are collectively known as Rho kinase. ROCK1 and ROCK?2 are
isoforms which are both found in the mammalian system and were established to be the
first downstream targets of RhoA (Matsui et al. 1996). ROCK1 and ROCK?2 are both
ubiquitously expressed in tissues but ROCK1 mRNA is preferentially expressed in the
lung, liver, spleen, kidney and testis, while ROCK2 mRNA is highly expressed in the
heart and brain (Nakagawa et al. 1996; Wei et al. 2001). Rho kinase, while being part of
the regulation system for cell growth, migration, and apoptosis by use of the actin
cytoskeleton assembly, is also involved in the regulation of cell contraction through its
kinase capabilities (Noma et al. 2006). ROCK1 and ROCKZ2, although recently shown to
demonstrate different functions in the cell especially with regards to the onset and
progression of cardiac hypertrophy, share an overall 65% amino acid sequence homology
and in particular a 92% homology in their kinase domains (Nakagawa et al. 1996). Rho
kinase’s structure is composed of an amino-terminal kinase domain, a mid-coiled-coil
forming lesion containing a Rho-binding domain (RBD) and a carboxy-terminal cysteine-
rich domain (CRD) in a pleckstrin homology (PH) motif which are all folded when found
in its inactive state. Upon RhoA-RBD binding, Rho kinase unfolds and releases from the
PH-RBD carboxy terminal region, exposing it’s catalytic domain (Noma et al. 2006).

This open conformation can also be activated through the cleavage of the carboxy
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terminus initiated by caspase 3 (Coleman et al. 2001). Furthermore, this demonstrates the

initiation of Rho kinase involvement in apoptosis.

Rho kinase has several roles within the cell through its phosphorylation of
multiple downstream targets which create diverse effects. ROCK phosphorylates its
downstream targets using the either R/IKXS/T or RIKXXS/T as the target phosphorylation
sites (Kawano et al. 1999; Sumi et al. 2001). Rho kinase uses serine-threonine
phosphorylation of downstream targets including: adducin, ezrin-radixin-moesin (ERM)
proteins, LIM kinase, myosin light chain phosphatase (MLCP) and Na/H exchanger 1 to
regulate this cellular contraction via enhancement of actin-myosin association (Denker et
al. 2000; Riento et al. 2003). This enhancement comes from the downstream effects of
increased myosin light chain phosphorylation and the prevention of actin
depolymerisation (Maekawa et al. 1999). ROCK phosphorylates the MBS domain on
MLCP which attenuates its activity and has even been demonstrated to completely
dissociate MLCP from myosin. This also leads to the phosphorylation of myosin light
chain which in turn leads to the contraction of vascular smooth muscle cells (Somlyo et

al. 2000).

The ERM family of proteins are responsible for the crosslinking of actin filaments
to membrane proteins which helps create the structure of the cell. With the
phosphorylation of the ERM proteins by Rho kinase, this crosslinking is disrupted which
in turn causes the reorganization of the cytoskeleton observed during cardiac diseases
such as hypertrophy where ROCK activity and expression is increased (Matsui et al.
1998). A further downstream effect of ROCK activation is the inhibition of cofilin

mediated actin filament disassembly. This is started by ROCK1 phosphorylating LIM
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kinase 1 which can then phosphorylate cofilin, inhibiting its function (Maekawa et al.
1999; Ohashi et al. 2000; Sumi et al. 2001). The contractile response can also be
increased via ROCK’s phosphorylation of adducin. Adducin is a membrane skeletal
protein located at cell-cell contact sites which promotes the association of spectrin to F-
actin. It caps the fast growing ends of actin filaments while recruiting spectrin. Upon
adducin’s phosphorylation by ROCK, its binding activity to F-actin increases thereby
augmenting the contractile response (Kimura et al. 1998; Fukata et al. 1999; Noma et al.

2006).

In addition to having downstream targets that affect the cytoskeleton, ROCK can
also regulate other cellular activities. In particular, ROCK can inhibit insulin signalling
through phosphorylation of insulin receptor substrate-1 (Farah et al. 1998) as well as
regulate cell size through phosphorylation of IGF-induced cAMP response element
binding protein (CREB) (Sordella et al. 2002). Phosphorylation of CREB demonstrates
another possible role of ROCK in cardiac hypertrophy and how its inhibition could lead
to the prevention of the hypertrophic process. Studies have shown however that ROCK1,
independent of ROCK2, is involved in the fibrosis component of cardiac hypertrophy as
well as the transition from cardiac hypertrophy to dilation and dysfunction (Shi et al.

2010).

1.3.4 Apoptotic Signalling in Hypertrophic Cardiomyopathy

During cardiac hypertrophy 15-20% of cardiomyocytes undergo apoptosis (Singh et
al. 2010). This cell death is what is believed, at least in part, to cause the transition from

cardiac hypertrophy to further remodeling and cardiac dilation which clinically can lead
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to sudden death in patients (Shi et al. 2010). Apoptosis can be triggered intrinsically or
extrinsically depending on the stimuli. Intrinsic stimuli include such events as irreparable
cell or DNA damage while extrinsic stimuli include such events as a death ligand binding
to death receptors. Examples of this death receptor binding include the Fas ligand binding
to the Fas receptor or the tumor necrosis factor a (TNF-a) binding to the TNF-a receptor,
both of which activate downstream pro-apoptotic signalling cascades (Kang et al. 2003).
The apoptotic pathways are hallmarked by the proteolytic family of proteins known as the
caspases. Depending on the activation of either the intrinsic or extrinsic apoptotic
signalling pathway, various combinations of these caspases are activated in a signalling
cascade that eventually activates caspase 3. Caspase 3 is activated during the effector
phase of apoptosis and therefore is termed a terminal effector caspase. It cleaves the
DEXD consensus site on target proteins and can be activated by multiple upstream
proteins such as initiator caspase 8 and caspase 9 which is part of the apoptosome (Kirsch
et al. 1999). Caspase 3 also takes part in a positive feedback activation loop with Rho
kinase. The zymogen form of caspase 3, procaspase 3, is cleaved and activated by these
upstream caspases which can then cleave and activate ROCK, unfolding it into its active
form. Active ROCK is then capable of activating further caspase 3 proteases which
continues this positive feedback loop of activation during apoptosis (Chang et al. 2006).
During the late stages of the apoptotic process, membrane blebbing initiates. This process
occurs in order to compartmentalize the intracellular cytosol and degraded proteins which
later are endocytosed by macrophages. Without this compartmentalization, the membrane
would be disrupted releasing the intracellular cytokines and creating an inflammatory

response (Rock et al. 2008). Active Rho kinase participates in this membrane blebbing
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process. It does so by its kinase capabilities, phosphorylating downstream targets
involved in reorganization of the actin cytoskeleton and cell contraction as previously

discussed.

1.4 Rho kinase inhibitors

1.4.1 Possible uses in treatment of cardiac disease

ROCK has an important role in mediating several diseases, many of which belong to
the realm of cardiovascular disease. Importantly, ROCK has a prominent role in the
etiology and progression of cardiovascular diseases such as cardiac hypertrophy (Higashi
et al. 2003) and hypertension (Abe et al. 2004). As such, its inhibition is thought to be a
possible target in the prevention and treatment of these cardiovascular diseases as well as
coronary and cerebral vasospasm (Shimokawa et al. 1999; Sato et al. 2000), pulmonary
hypertension (Abe et al. 2004), atherosclerosis (Satoh et al. 2001; Matsumoto et al. 2004),
ischemia-reperfusion injury (Yada et al. 2005), stroke (Satoh et al. 2001), heart failure
(Hisaoka et al. 2001), cardiac allograft vasculopathy (Hattori et al. 2004) and vein graft

disease (Kozai et al. 2005).

1.4.2 Fasudil, Hydroxyfasudil, & Y27632

Fasudil, also known as HA-1077, was the first clinically approved ROCK inhibitor,
mechanistically working by competing with ATP for binding to the active kinase (Asano
et al. 1989; Davies et al. 2000). Fasudil and hydroxyfasudil enter the cell based on their
hydrophobic properties which make them cell-permeable (Takemoto et al. 2002).
Although initially used for treatment of cerebral vasospasm, it has potent vasodilatory

activity currently being investigated in clinical trials for treating ischemic heart disease
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(Ono-Saito et al. 1999; Shimokawa et al. 2002; Hirooka et al. 2005). Upon oral
administration, fasudil is metabolized to its more potent inhibitor hydroxyfasudil, also
known as HA-1100, which has a more selective inhibitory effect on ROCK than fasudil
itself (Shimokawa et al. 1999; Higashi et al. 2003). H-1152P is another analog of fasudil
that differs based on its dimethylation and is the most potent of the three analogs (see
Figure 2). However, H-1152P has not been used in the treatment of cardiovascular
disease (Sasaki et al. 2002). Y27632 is a pyridine derivative that has been developed as a
potent ROCK inhibitor (Uehata et al. 1997). It inhibits ROCK1 and ROCK2 non-
specifically in similar fashion to fasudil by competing with ATP for binding to the active

catalytic sites of ROCK (Dong et al. 2010).

1.5 Biological Radiotracers
1.5.1 Positron Emission Tomography versus Single Photon Emission Computed

Tomography

With respect to the heart and cardiovascular biology, molecular imaging has provided
a significant understanding of real time cellular and physiological events in vivo. In vivo
imaging instrumentation encompasses a wide variety of technologies. Some of these
include the positron emission tomography (PET), single photon emission computed
tomography (SPECT), bioluminescence imaging (BLI) and magnetic resonance imaging
(MRI) (Levin 2005; Meikle et al. 2006). Both PET and SPECT have their advantages and
disadvantages for imaging biological processes and can often only be compared

specifically case by case on which one would be the optimal choice. The most significant
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Figure 2: The chemical structures of Rho kinase inhibitors A) Y-27632, B) H-1152P,
C) HA-1007, (Fasudil), D) Hydroxyfasudil, E) N-[*'C]-methyl-hydroxyfasudil. Adapted

from Breitenlechner et al., 2003, and Valdivia et al., 2009, with publisher’s permission.
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advantage of using PET over SPECT is the higher sensitivity with PET to the degree of
two to three orders of magnitude, but at the same time, PET is often hindered by the
isotopes’ generally short half-lives compared to those used for SPECT (Rahmim et al.
2008). This short half life can be advantageous and disadvantageous as mentioned
previously. The benefit of this short decay time translates into the capability of injecting
much larger amounts of activity into the patient without creating any additional radiation
burden. This results from the total amount of exposure over time equaling the same total
exposure as a lesser amount of radiation injected that has a longer half life. This allows
for increased detection sensitivity for a short time period (Rahmim et al. 2008). Because
of the short half-lives and biologically similar isotopes, PET allows for the determination
of Kinetic properties of certain pathways or biological events specific to the target of the
tracer (Meikle et al. 2006). There are many other factors based on the physics of PET
imaging that lead to either its choice or the choice of SPECT for each specific case but

these will not be discussed here [for further details see (Rahmim et al. 2008)].
1.5.2 Conceptualizing PET

PET imaging is based on the concept that a molecule of interest is attached to a
positron emitting radionucleotide, a molecule with the same mass as an electron but with
an opposite charge (Levin 2005), to track its biodistribution. Some of the PET isotopes
used in tracer synthesis include **F, >0, *N and **C. Positrons from a proton rich nuclei
are ejected from the radio-nucleus and go on to encounter and interact with electrons and
nuclei of nearby atoms scattering their own pathway. This process slows the positron
down through the loss of energy. If it then collides and merges with an electron they will

annihilate and their mass will convert into electromagnetic energy (high-energy photons).
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These photons will be emitted in opposite 180° directions each with energy of 511keV
which can be detected by the PET scanner and used to compose an image (Levin 2005)

(see Figure 3).
1.5.3 N-[**C]-methyl-hydroxyfasudil

The concept of being able to biologically track Rho kinase activity and
upregulation during cardiovascular disease led to the synthesis of a PET radiotracer
derived from the potent Rho kinase inhibitor hydroxfasudil. Using a two-step one-pot
radiosynthesis, N-['C]-methyl-hydroxyfasudil was synthesized at the University of

Ottawa Heart Institute as a potential PET tracer for Rho kinase (Valdivia et al. 2010).

Previous studies performed structure-activity relationship experiments with
fasudil derivatives. Through these experiments it was found that the secondary amine in
the homopiperazine ring is important for its activity in both fasudil and hydroxyfasudil
(Tamura et al. 2005). Using the crystal structure of ROCK1 bound to fasudil it was
determined that the isoquinoline moiety binds to ROCK1 via two hydrogen bonds. The
first bond occurs via the nitrogen at the isoquinoline ring accepting a hydrogen bond from
the amide nitrogen of the Met156 residue of ROCKZ1. The second bond occurs via
fasudil’s C-1 donating a weak hydrogen bond to the carbonyl oxygen of the Glu154
residue of ROCK1. Hydroxyfasudil binds to ROCK1 in a reverse orientation to that of
fasudil. This occurs by the carbonyl oxygen of the isoquinolinone of the inhibitor
accepting a hydrogen bond from the Met156 amide nitrogen and the protonated nitrogen
hydrogen binding to Glu154 of ROCK1 (Jacobs et al. 2006; Liao 2007). The inactive

conformation of Rho kinase is a folded monomer with the N-terminal catalytic domain
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Figure 3: Positron emission tomography. Positrons are emitted from the PET isotope
(*'C) and collide with electrons (e-) within a close proximity. This creates an annihilation
causing two gamma rays to travel 180° apart at 511KeV. These rays are detected by the
gamma ray detector which surrounds the specimen. These detected annihilations are then
used to generate a PET image. 'C half-life: 20.4min, positron energy: 0.96MeV,

maximum range in water: 4.1mm (Zhang et al. 2008).
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bound to the C-terminal PH domain. Upon phosphorylation, Rho kinase unfolds to reveal

an active and accessible catalytic domain allowing fasudil to bind.

In order to synthesize this tracer there was first the methylation of the precursor N-
Boc-hydroxyfasudil-sodium salt/benzo-15-crown-5 complex with [*'C]methyl iodide,
which was then followed by the deprotection of the tert-butocarbonyl protecting group. It
Is believed that the methyl group incorporated at the nitrogen of the isoquinolinone ring in
hydroxyfasudil did not alter its binding to ROCK which occurs at two hydrogen bonds.
The first hydrogen bond to ROCK is at the amine in the homopiperazine ring and the

second is at the carbonyl oxygen of the isoquinolinone (Valdivia et al. 2010).

1.6 Research Plan
1.6.1 Rationale

Cardiac hypertrophy increases in severity as the heart becomes less functional
during the progression of the disease. This begins with events such as thickening of the
ventricle walls to maintain cardiac output to contractile dysfunction and decreased
ejection fraction to cardiac dilation and eventually sudden death. Increased activity and
upregulation of certain molecular signalling pathways are a hallmark of this disease and,
therefore, select targeting of pathway components could possibly be used to track either
the disease progression or regression upon treatment or intervention. Since Rho kinase is
activated during cardiac hypertrophy, it presents a possible target for detecting and
following hypertrophy. PET radiotracers are currently in use for tracking numerous
cardiac processes and dysfunctions such as blood flow, atherosclerosis, cardiac infarcts,
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etc., and allow for the possible tracking of cardiac hypertrophy using the recently
synthesized ROCK radiotracer, N-[**C]-methyl-hydroxyfasudil. This radiotracer will be

examined in an in vitro experimental model as a marker of cardiac hypertrophy.

In the present study we wish to examine ROCK’s activity and regulation in
hypertrophic neonatal rat primary cardiomyocytes in vitro. From this data we will then
determine an optimal time point after the onset of hypertrophy for our PET tracer uptake
and binding, in order to compare ROCK activity in hypertrophic and non-hypertrophic

control cells.

1.6.2 Hypotheses
For this project we had two main hypotheses:

1. Rho kinase activity will increase in hypertrophied cardiomyocytes induced by
isoproterenol compared to control non-treated cells.
2. N-["C]-methyl-hydroxyfasudil binding to Rho kinase in hypertrophied cells

will increase in association with increased Rho kinase activity.
1.6.3 Objectives
The hypotheses will be investigated according to the following objectives:

1. To determine the effect of isoproterenol in inducing cellular hypertrophy in

cultured primary cardiomyocytes.
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2. To determine the effect of cardiac hypertrophy induced by isoproterenol

administration in cultured primary cardiomyocytes on ROCK1/2 activity.

3. To determine the correlation between ROCK1/2 activity and N-[*'C]-methyl-

hydroxyfasudil binding during isoproterenol induced cardiac hypertrophy.
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MATERIALS & METHODS




2.1 Cell Culture

Rat left ventricular cardiomyocytes (H9C2 cells) and primary cardiomyocytes
isolated from neonatal rat pups were used for in vitro experiments. Both cell types were

kept incubated at 37°C with 5% CO,.

2.1.1 H9C2 cell culture

HIC2 cells (CRL-1446 from ATCC) were used between passages 2-18. H9C2
cells were cultured in DMEM with 10% fetal bovine serum (FBS) and 1%
penicillin/streptomycin (Pen Strep). These culturing conditions were similar to those used
by Cselenyak et al. (Cselenyak et al. 2010). To passage the HI9C2 cells, media was
aspirated; cells were washed with PBS, and lifted using Trypsin. The trypsinization
process was halted by the addition of culture media and cells were divided and re-plated

as needed.

2.1.2 Primary cardiomyocyte isolation and culture

Primary cardiomyocytes were isolated from neonatal rat pups 2-3 days old. This
procedure was adapted from Joseph Wu’s lab at Standford University (van der Bogt et al.
2008). Rat pups were sterilized with ethanol then decapitated and the chest was opened
using surgical scissors and forceps. The hearts were cut out and placed in ice cold calcium
and bicarbonate free Hank’s with HEPES (CBFHH) buffer (136.9mM NaCl, 5.36mM
KCI, 0.81mM MgSO,-7H0, 5.55mM glucose, 0.44mM KH,PO,, 0.31mM
Na,HPO,4-7H,0, 20mM HEPES, pH 7.4). One litter’s hearts were kept in approximately
15mL of buffer in a 50mL conical tube. After the entire litter’s worth of hearts were
removed, the hearts were washed in 15mL of buffer then poured into a 10cm culture dish.
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Buffer was aspirated off and hearts were minced using fine surgical scissors into a paste-
like consistency. The minced hearts were then transferred back into a 50mL conical tube.
Nine milliletres of buffer was added along with 1mL of 10x-collagenase, to create a 1x-
collagenase working solution. The minced hearts were then allowed to digest for 10min at
37°C with gentle swirling every minute to ensure proper mixing. After 10min the solution
was triturated using a 10mL pipette for 2min and allowed to settle. The remaining layer of
buffer on top was aspirated off and a second digestion was started using the same
quantities of collagenase for 10min under similar conditions and mixing times. After the
second digestion, trituration, and settling of the partially digested hearts, the supernatant
was collected and stored at 37°C in 3mL of pure FBS. A third digestion was performed in
a similar fashion as the second digestion. The supernatant from the third digestion was
collected and added to the second digestion supernatant. This supernatant containing the
primary cardiomyocytes/FBS was centrifuged in order to pellet the cells. The supernatant
was then aspirated off and the pellet was dissolved in Day 1 media (DMEM, 10% horse
serum (HS), 5% FBS, 1% Pen Strep) and filtered through a 74uM mesh filter (Corning
Plate Netwell, Fisher Scientific) to remove any undigested pieces of heart tissue. The
filtered media/cardiomyocytes were then plated onto a plastic culture dish and incubated
for 1 hour. This step allowed fibroblasts to adhere to the culture plate and excluded
cardiomyocytes thereby enriching the cardiomyocyte population. After an hour the media
was lifted off and collected. The plate was given a gentle wash wish media, and the wash
was added to the media collection. This was then plated on plastic cell culture dishes
coated with FBS to help the cardiomyocytes adhere and was not disturbed for 24 hours of
incubation under cell culture conditions. After 24 hours the media was changed to Day 2+

media (DMEM, 5% FBS, 1% Pen Strep) and cells could then be used as desired (see
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Figure 4 for a summary timeline of this procedure). One litter (approximately 15 rat pup

hearts) yields approximately 1.5-2.0x10 cells.
2.2 Isoproterenol Treatment

(-)-1soproterenol hydrochloride (Sigma) dissolved in 0.01M ascorbic acid as a
vehicle at a concentration of 2.5mg/mL. Cells were starved in low serum media (DMEM
with 0.5% FBS and 1% Pen Strep) for 24hours prior to ISO treatment. ISO was then
added in cell culture media at a concentration of 10uM and allowed to incubate with the
cells for up to 72hours. Controls were used that contained the media plus the vehicle
(ascorbic acid) or just media alone. Treatment methods were adapted from Morisco et al.
and Ramos et al. who had previously determined optimal concentrations of ISO treatment
to induce the desired hypertrophic effects (Ramos et al. 1983; Ramos et al. 1983; Morisco

et al. 2001).
2.3 Generation of cell lysates

The cell culture media was collected in a 50mL conical tube. The cells were then
washed with 5mL of phosphate-buffered saline (PBS) which was added to the collected
media. Five millilitres of PBS was then added to the plate and cells were scraped off and
added to the conical tube. The plate was then washed once more with 5mL of PBS and
the wash was added to the conical tube as well. This was all performed on ice. The
collected cells were centrifuged, lysed with modified radio-immunoprecipitation buffer
(RIPA) [0.05M Tris, 0.15M NaCl, 0.0087M sodium dodecyl sulphate (SDS), 1% NP-40,
0.001M EDTA, protease inhibitors, phosphatase inhibitors, pH 8.0], and allowed to

incubate at 4°C with gentle agitation for 45 minutes. Lysates were then spun at 14 000rpm
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for 10min to pellet out cellular debris. The supernatent was stored as frozen aliquots at -

80°C.

2.4 Western Blotting

Forty to eighty micrograms of protein lysate were run on SDS polyacrylamide
gels ranging in concentration of 8-12% acrylamide for the separation. Large gels
(approximately 15x15cm) were run overnight at 60V at room temperature while smaller
gels (approximately 6x8cm) were run at 100V for the necessary time in running buffer
(0.025M Tris base, 0.192M glycine, 0.0035M SDS, pH 8.3). All gels were transferred to
polyvinylidene fluoride (PVDF) membranes using the Owl HEP-1 semi-dry transfer
system (Thermo-scientific) for the necessary time depending on the size of the gel using
semi-dry transfer buffer (0.048M Tris base, 0.039M glycine, 20% methanol, optional
0.694mM SDS for transferring large proteins). Membranes were blocked either at 4°C
overnight or at room temperature for 2 hours using 5% skim milk in Tris-buffered saline
with Tween (TBST). Blots were then probed for using specific antibodies against:
phospho-ERK1/2 (Millipore, Cat. # 04-797) used at 1/1000 dilution, total ERK1/2 (Cell
Signalling Technology, Cat. # 9102) used at 1/4000 dilution, phospho-mTOR (Abcam,
ab51044) used at 1/1000 dilution, total mMTOR (Abcam, ab2732) used at 1/1000 dilution,
ROCK1 (Abcam, ab45171) used at 1/500 dilution, and B-actin (Abcam, ab8227) used at
1/1000 dilution. Secondary antibodies were used at 1:75 000 dilution specific for the
primary antibody and blots were developed using the enhanced chemiluminescence
(ECL) detection method (SuperSignal West Femto Maximum Sensitivity Substrate from

Thermo Scientific). These protocols were adapted from those given by the manufacturers.
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Figure 4: Timeline for primary cardiomyocyte isolation and cell culture. The timeline
shows from neonatal rat pup heart extraction until the chosen experiment start time. “*”
indicates the timepoint where a cell cycle inhibitor may be added if fibroblast

contamination is visible.
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2.5 ROCK Activity Assay

ROCK activity was measured using a colourimetric assay (96-well ROCK activity
assay kit from Cell Biolabs Inc.) similarly done by Gonzalez-Ferero et al. (Gonzalez-
Forero et al. 2012) . The ROCK activity assay was performed following the
manufacturer’s protocol. Briefly, equal concentrations of protein lysates collected from
ISO treated and control cells were added to the wells of the activity assay’s 96-well
MYPT1 coated plate. Along with the protein lysates, 10x kinase reaction buffer was
added containing ATP (2mM) and DTT (10mM) to initiate the reaction. These contents
were allowed to incubate for 45min at 30°C with gentle shaking. Zero point five molar
EDTA was added to cancel the reaction after 45min and the wells were washed 3 times

with the provided wash buffer. Primary antibody anti-phospho-MYPT1 (Thr®%®

) was then
added to the wells and allowed to bind for one hour at room temperature with gentle
shaking. After 1 hour, the primary antibody was removed and the wells were washed 3
times with wash buffer. HRP-conjugated secondary antibody was then added to each well
and allowed to incubate for 1 hour at room temperature with gentle shaking. After 1 hour
the wells were once again washed 3 times with wash buffer and the substrate solution
provided was added to each well. Substrate solution was allowed to incubate for 15
minutes at room temperature with gentle shaking in the dark. After 15min, the provided
stop solution was added to cancel the enzyme reaction and absorbance readings were
immediately read at 450nm. A standard curve was created depicting absorbance at 450nm

versus ROCK?2 concentration, using the provided concentrated ROCK2, to ensure the

unknown absorbances were within an accurate linear range of the Kkit.
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2.6 Hematoxylin and Eosin Staining

Cells were fixed using 4% paraformaldehyde for 10min at 37°C then rinsed 3
times with PBS. Fixed cells were stained with Hematoxylin (Sigma-Aldrich) for 2min
then rinsed with tap water. Fixed cells were then rinsed twice in acid alcohol (0.25% HCI
in alcohol) and once more with tap water. Staining was allowed to “blue” in tap water for
45 seconds and then was rinsed with 95% EtOH for 30 seconds. The fixed cells were then
couterstained with Eosin Y (Sigma-Aldrich) for 60 seconds and rinsed with tap water.
Stained cells were then set to dehydrate. This protocol was adapted from those given by

the manufacturer.

2.7 Immunocytochemistry

Cells were fixed with 4% paraformaldehyde for 10min at 37°C then rinsed three
times with PBS. Cells were then stained with DAPI nuclear stain (Sigma), alpha-
sarcomeric actin (Abcam, ab49672) or both. Alpha-sarcomeric actin was used at 1/750
diluted in PBS for one hour at room temperature. Cells were washed 3 times with PBS
then Alexa Fluor 488 goat anti-mouse 1gG (H+L) secondary antibody (Invitrogen) was
added at 1/250 dilution in PBS and incubated at room temperature for one hour. DAPI
was diluted to Img/mL in water and used at 1/1000 dilution in water for a 5 minutes
incubation. The cells were then washed 3 times with PBS to remove excess stain and
mounted on slides for fluorescent microscopy. These protocols were adapted from those

given by the manufacturers.
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2.8 Cell Viability Experiments

In order to determine cell viability and to verify optimal ISO concentrations for future
experiments two assays were performed: a trypan blue exclusion assay and a MTT assay.

These protocols were adapted from those given by the manufacturers.
2.8.1 Trypan Blue Exclusion Assay

Trypan blue exclusion assay was performed to examine cell death. Trypan blue
was added to ISO (0-50uM concentrations over 24-72h) treated cells (50:50 proportions
trypan blue:cell sample). Ten microlitres of this sample was loaded into a Countess
counting chamber slide (Invitrogen) and percent viability was determined using the

Countess automated cell counter (Invitrogen).
2.8.2 MTT Assay

MTT assay was performed to examine cell viability. A colourmetric MTT assay
was performed according to manufacturer’s protocol on ISO treated cells (MTT Cell
Proliferation Assay from ATCC bioproducts). Briefly, 100 000 cells were plated per well
in a 96 well plate and cells were treated with either 10uM ISO or vehicle only for 24-72h.
At each timepoint, MTT reagent was added to the wells and incubated for 2-4 hours at
37°C until a purple precipitate was visible. Detergent was then added and allowed to

incubate for 2 hours in the dark to lyse the cells. Absorbance was then read at 570nm.
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2.9 N-["'C]-methyl-hydroxyfasudil Tracer Experiments
2.9.1 Standardization of the Gamma Counter

["'C]-acetate was used to standardize the gamma counter at 511KeV. Multiple
dilutions ranging from 1nCi to 50uCi where measured and a standard curve was created
depicting counts per minute (CPM) versus microcurries of radioactivity. The linear
portion of the curve was used to create a trend line in order to create an equation to

calculate microcurries from CPMs for our work with N-[**C]-methyl-hydroxyfasudil.
2.9.2 N-[*'C]-methyl-hydroxyfasudil synthesis and analysis

The radiotracer was synthesized as described by Valdivia in 2010 (Valdivia et al.
2010). High performance liquid chromatography (HPLC) was performed to purify the
tracer. During the semi-preparation the radiation peak for N-[*'C]-methyl-hydroxyfasudil
corresponding to the UV peak at the correct elution time for the cold compound was
collected in a rotovap. After solvent evaporation and reformulation a sample was
analyzed for quality control testing of the product and for determining specific activity
using analytical HPLC. From the analytical HPLC, the mass of the unlabelled standard
product co-eluted with the labelled product were used to determine specific activity
taking into account the standard used. These methods were adapted from Valdivia et al.

(Valdivia et al. 2011).
2.9.3 N-["'C]-methyl-hydroxyfasudil binding and hydroxyfasudil blocking

Primary cardiomyocytes were isolated and cultured as described above. Cells

were plated at a density of 950 000 cells/well on a 6-well cell culture plate. Prior to the
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experiment cells were starved for 24 hours in low serum media. Cell media was treated
with N-[*'C]-methyl-hydroxyfasudil (5uCi with specific activity varying per trial) for
30min at 37°C. After 30min of N-[*'C]-methyl-hydroxyfasudil treatment, 10pM ISO was
added to the media for 20min. After this 20min ISO treatment, the media was aspirated
off and cells were washed with PBS. Cells were then lifted and collected by trypsinization
and the wells were washed once more with PBS and added to the cells collected. The
collected cells were then counted in the gamma counter (Automatic Gamma Counter

Wizard? by Perkin Elmer) standardized to 511KeV.

In order verify tracer specificity, blocking study was initiated using
hydroxyfasudil on primary cardiomyocytes. In these studies cardiomyocytes were treated
with hydroxyfasudil (Calbiochem) in culture medium (final concentration of 10uM) for
1h at 37°C. Cells were then incubated with 5uCi N-[**C]-methyl-hydroxyfasudil and
analyzed as described above. Decay calculations were then done to correct for time
passed since the experiment start time. Standards were also performed as per section
2.9.1. To calculate the molar amount of compound that bound, the following steps were

calculated:

1. Counts per minute (CPM) detected were compared to the standard to get the
microcurries of compound that had bound.

2. Using the microcurries detected from (1), the decay factor was used to calculate
the initial amount of radioactivity present.

3. After the decay factor was introduced, the specific activity was used to determine

the molar amount of compound bound.
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2.10 Statistical Analysis

The data provided is the mean + standard error unless otherwise stated. Statistical
analysis was performed using a two-way T-test assuming equal variance (Microsoft
Excel) or a two-way ANOVA assuming equal variance (GraphPad Prism version 5.0)
depending on the experiment (stated with the results). Data was considered to be

statistically significant if the probability value of P<0.05.
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RESULTS



3.1 Cell viability after 1SO treatment

ISO can induce cell toxicity at high concentrations through the production of
lactate dehydrogenase (LDH) and oxidation products (Ramos et al. 1983; Ramos et al.
1983). In order to determine any possible toxic effects of ISO induced by LDH in our
cell culture model, H9C2 cells were treated with multiple concentrations of ISO ranging
from 0-50uM. The vehicle for the delivery of the ISO was 0.01M ascorbic acid which has
been shown to reduce the toxic effects during prolonged 1SO treatment (Ramos et al.
1983; Ramos et al. 1983; Morisco et al. 2001). ISO was allowed to incubate with the cells
for up to 72h following which, cell viability was measured using a trypan blue-based
assay (see Figure 5). Percent viability at 24, 48, and 72 hour time points remained similar
at all concentrations of 1SO treatment (n=3). There were slight non-significant variations
between control and treated samples at each timepoint, but in general all concentrations
and time points showed over 90% viability. Between all the data there was a very small
degree of variance which would account for this lack of significant difference.

Concentrations of ISO of up to 50uM had no effect on viability for at least 48h whereas
more reasonable concentrations of 10 and 20uM had minimal impact on viability for up
to 72h. Although appearing to have had less viability, the 50uM ISO concentration at 72h
was not a significant decrease compared to control levels at that time. Regardless, 50uM

was a much higher concentration than we had planned on using for our future

experiments.

To coincide with the trypan blue exclusion assay, a MTT assay was performed to
ensure cell viability and not solely cell death which the trypan blue exclusion assay more

fairly represents. Using 10uM ISO did not affect cell viability at 24, 48 and 72h of
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incubation when compared to non-treated cells. A significant drop in viability was not
seen between any of the conditions or timepoints tested in the MTT assay. Absorbance at
570nm was used as a relative viability level for this colourmetric assay with higher
absorbance representing higher cell viability (Figure 6, n=3). These results suggest that

ISO treatment on H9C2 cells did not adversely affect cell viability.

3.2 Morphological changes in cell size and nuclear size after 1SO treatment

To evaluate the increase in nuclear size as a result of ISO induced cardiac
hypertrophy, HOC2 cell cultures were administered ISO at concentration of 10uM which
had been determined by Morisco et al. in 2001 to be the optimal concentration for
inducing hypertrophy in vitro (Morisco et al. 2001). These cells were allowed to incubate
with the ISO treated media for up to 72 hours. At multiple time points cells were fixed
and stained with the nuclear stain, DAPI. Nuclear size was then measured by digital pixel
counting on Adobe Photoshop version 6.0.1 to compare size throughout the time points.
Untreated (CNV) and vehicle treated (CV) (0.01M ascorbic acid) H9C2 cells were used
as controls. Nuclear size had significantly increased over control levels by 24 hours of
treatment (1.50 £0.10 fold over control, p <0.001). This fold change was further elevated
to 1.61 £0.04 by 48h (p <0.001) and 1.74 +0.06 by 72h (p< 0.001) compared to controls
(Figure 7A,C). These results were analyzed using a two-way ANOVA assuming equal
variance (Figure 7D). Along with the increase in nuclear, an increase in the overall cell
size was observed as can be seen in Figure 7B (approximately 2-fold in ISO treated cells
compared to non-treated cells). Hematoxylin and Eosin staining was used in order to

visualize the cell size with red outlines added surrounding the cell membrane using
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Concentration of ISO (uUM)
0 2 5 10 20 50

ISO Treatment Times (hours)  Viability [%(+ SE)]

24 95.3(0.3) 94.3(0.3) 96.7(0.3) 96.7(0.3) 96(0.6) 97.7(0.7)
48 95.3(0.9) 95.3(0.9) 95.3(0.3) 96.3(0.7) 94.3(1.5) 98(0.6)
72 93.7(0.3) 93.3(0.3) 96(0.6) 95.7(0.3) 96.3(0.3) 92(0.6)
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Figure 5: Cell viability trypan blue exclusion assay of multiple concentrations of 1SO
treatment on H9C2 cells over multiple incubation times. 0.01M ascorbic acid was
used as the vehicle for ISO administration (A/B). (B) Graphical representation of data.
Time points are stated first on the x-axis followed by the concentration of ISO (uM) for
the corresponding treatment. No significant decrease in viability compared to controls.

Bars represent standard error (SE), n=3.
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Figure 6: MTT assay of 1SO treated HIC2 cells. HOC2 cells were treated with 10uM
ISO for up to 72h. Cell viability was determined at each timepoint by reading absorbance
at 570nm and comparing to control. A higher absorbance indicates greater cell viability.
C= reagents alone (no cells), H=H9C2 cells alone, T=H9C2 cells with 10uM ISO

treatment. “T”” was never significantly lower than “H”. Bars represent standard error, n=3.
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Adobe Photoshop for an easier viewing of the area. These results demonstrate that by 24h
of ISO treatment we have phenotypic changes of the overall cell size and nuclear size
indicative of hypertrophy. Prolonging this treatment to 48 and 72h of treatment increases

this affect by increasing nuclear size and cell size even further.

3.3 Evaluating isolated cardiomyocyte population purity

In order to evaluate the signalling mechanisms that underlie our model if cardiac
hypertrophy we chose to use primary cardiomyocytes. These cardiomyocytes were
isolated from 1-2 day old rat pups. During the isolation process, fibroblasts can
contaminate the cardiomyocyte population which creates a mixed cell population. A high
percentage fibroblasts within our cardiomyocyte population could possibly alter our
perception of the pathways we wish to evaluate. Alpha-sarcomeric actin stain (Figure 8,
green) was used to differentiate between fibroblasts and cardiomyocytes in our isolated
population. DAPI nuclear staining was also performed (Figure 8, blue) to identify all cell
nuclei. Taking into account that some cardiomyocytes may be multi-nucleated (Figure 8,
white arrow), a percentage of a-sarcomeric actin stained cells to nuclei stained cells was
determined giving a “purity” percentage of approximately 95%. This isolation procedure,
once perfected, was very reliable and demonstrated consistent results not only within the

three trials evaluated for the a-sarcomeric actin staining, but for the isolated

cardiomyocytes used for the remaining experiments.
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Figure 7: Nuclear and cell size comparisons between I1SO treated and non-treated
HIC2 cells. Cells were treated with 10uM ISO for up to 72h then and fixed at specific
time points. A) Cells were stained with DAPI to visualize nuclear size. n= approximately
280 nuclei/condition, white bars represent equal distances B) Cells were stained with
H&E to visualize overall cell size. Red outlines of the cell membranes were made in
Adobe Photoshop to help visualize cell size. Black bars represent equal distances, n=3 C)
Quantitative evaluation of nuclear size after ISO treatment compared to controls (from
panel A). Size was determined by pixel count on Adobe Photoshop. D) Statistical
summary of panel C. CV= control vehicle only (0.01M ascorbic acid), CNV= control no
vehicle treatment, 24, 48, 72-1SO = hours of incubation with ISO (10uM ISO in 0.01M
ascorbic acid) treatment before fixation. 24, 48, and 72h 1SO all showed significant

increase over controls (*).
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a-sarcomericactin

Figure 8: Verification of cardiomyocytes cultured from neonatal rat pups. Isolated
primary cardiomyocytes were stained with a sarcomeric specific marker, a-sarcomeric actin
(green), and then counterstained with DAPI (blue) to visualize nuclei. a-sarcomeric actin +
DAPI stained cells were counted and divided by total DAPI stained nuclei (taking into
consideration cells with multiple nuclei) to create a ratio of cardiomyocytes within the cell
population. Panel A) and B) are taken at 200x magnification while panel C) is taken at 400x
magnification. A white arrow exemplifies a cell with multiple nuclei. A red arrow exemplifies

a non-cardiac cell. Images are representative of all data collected, n=3.
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3.4 Evaluating signalling pathways of I1SO induced cardiac hypertrophy in primary

cardiomyocytes

In order to verify cellular hypertrophy in our isolated primary cardiomyocytes at
the molecular level, increases in the phosphorylation of ERK1/2 and mTOR were
examined in control (vehicle treated) and ISO treated cells. These experiments were
based upon similar experimental setups as the nuclear size and H&E staining. Shorter 1ISO
treatment times were used since these molecular signalling events were expected to occur
far before phenotypic changes became detectable in the cell. Protein lysates were
collected after selected treatment times with 10uM ISO treated primary cardiomyocytes.
Forty micrograms of protein was run for each condition on an SDS polyacrylamide gel
and transferred to a membrane. Membranes were probed for phospho-ERK1/2 and
phospho-mTOR, and compared to levels of total ERK1/2 and total mTOR as controls.
These control measures were used because traditional cytoskeletal protein controls such
as B-actin and GAPDH may change under hypertrophic conditions from the rearranging
cell structures and increased protein synthesis (Morgan et al. 1987; Balasubramanian et
al. 2010). Phosphorylation of ERK1/2 was observed within the first 30 minutes of 1ISO
treatment and diminished by 60 minutes. There was not always exact timing of the
phosphorylation event with some trials showing slightly earlier increases in phospho-
ERKZ1/2 levels (10min) and some slightly later (30min) after ISO treatment. This made
statistical evaluation and graphical representation of the means difficult to accurately
show and therefore all three trials were plotted (Figure 9B) over the control baseline
condition. Note that ERK1/2 appears as a doublet when blotting at 42 and 44 KDa (Figure

9A). Phosphorylation levels of mTOR after ISO treatment showed a significant increase
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of 29.4% +9.8% (p <0.05) compared to non-treated cells (Figure 10B, n=4). Although
from Figure 10B the 10 minute timepoint visually appears to have a much larger fold
increase over control, the high degree of variance in the data suggests that it is not
significant. This phosphorylation diminished by 60 minutes similar to the ERK1/2

phosphorylation.

We next evaluated ROCK1 accumulation during prolonged 1SO treatment of up to
72 hours similar to the experimental conditions used for the nuclei staining explained
earlier. ROCK1 levels did not show a significant increase throughout the 72h 1ISO
treatment but an increasing trend was seen towards the 72h timepoint (Figure 11B, n=4).
This data was standardized to B-actin as a more suitable control was unavailable. As
stated before, the cellular concentration of cytoskeletal proteins can vary during
hypertrophy and this may account for the lack of significance and high standard error

when ROCK1 accumulation was quantified.

3.5 ROCK1/2 activity during I1SO induced cardiac hypertrophy in primary

cardiomyocytes

Using isolated primary cardiomyocytes we then went on to examine ROCK
activity under the ISO-induced hypertrophic conditions. We first examined ROCK
activity at the timepoints where morphological hypertrophic changes were seen; cell and
nuclear size increases. A colourimetric ROCK activity assay based on increasing
absorbance at 450nm from increased ROCK activity was used to evaluate activity in 1ISO

treated versus control cells. A standard curve showing absorbance at 450nm compared to
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Figure 9: Phosphorylated ERK1/2 levels during 1SO treatment in primary
cardiomyocytes. Cells were treated with 10uM ISO for up to 60min. Protein lysates were
collected at each timepoint and examined through western blotting and densitometry. (A)
Western blot demonstrating phosphorylated ERK1/2 (p-ERK1/2) and total ERK1/2 at 0-
60min in control (C) and ISO treated (1) cells (B) p-ERK1/2 levels were compared to
control levels at selected timepoints and demonstrated as a fold ratio and standardized to

total ERK1/2 through densitometry. n=3
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Figure 10: Phosphorylated mTOR levels during 1SO treatment on primary
cardiomyocytes. Cells were treated with 120uM ISO for up to 60min. Protein lysates were
collected at each timepoint and examined through western blotting. (A) Western blot
demonstrating phosphorylated mTOR (p-mTOR) and total mMTOR at 0-60min in control
(C) and 1SO treated (1) cells. (B) p-mTOR levels were analyzed between control and ISO
treated cells with levels being standardized to total mTOR levels at each timepoint
through densitometry. p-mTOR expressed as a fold increase over control levels. Error

sk

bars represent standard error. represents significant increase over control levels

(p<0.05), n=4.
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Figure 11: ROCK1 expression in cardiomyocytes after 24-72h of 10uM 1SO
treatment. A) Western blot demonstrating ROCK1 and B-actin expression at the given
hour timepoints in ISO (I) compared to control non-treated (C) cells. B) Expression
values are shown as a fold increase over control non-treated cells where control equals 1
and standardized through densitometry to B-actin. No significant increase over controls

seen. n=4
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protein concentration was first created to ensure that our results were found within a

workable range of the test (Figure 12A).

Non-treated control cell lysates were used to determine a fold increase for treated
cell lysate samples giving the results seen in Figure 12-B/C. ROCK activity at 24, 48, and
72h did not significantly increase over control levels and had a high degree of variation as
seen with the standard error (Figure 12B, n=10). The high variability in ROCK activity at
these time points prompted a second examination at earlier time points as seen in previous
results with the phosphorylation of ERK1/2 and mTOR (see Figure 9 and 10) . ROCK
activity in 1SO treated cells had a significant fold increase of 1.64 +0.30 (p <0.0001) over
control levels by 20 min and this remained significant at 30min with a 1.57 +0.36 fold
increase (p <0.0001). After this peak, the activity decreased to control levels by 60
minutes (Figure 12C, n=4). These findings agreed with our previous results at the early
timepoints showing that signalling can happen within a short time frame after B-AR

stimulation and may not necessarily be maintained for prolonged periods of time.

3.6 N-[*'C]-methyl-hydroxyfasudil binding under 1SO-induced cardiac hypertrophy in

primary cardiomyocytes

From the semi-preparation HPLC data collected after the synthesis (Figure 13A),
the radioactive peak for the hot product was shown to elute at the same time as the UV
peak detected from the cold product. This demonstrated that only a small amount of the
cold product remained and this eluted product was collected. The graphs shown in Figure

13 are representative for the multiple 3 synthesises performed. The analytical HPLC data
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Figure 12: ROCK activity in primary cardiomyocytes after ISO treatment. (A)
Positive control (pure ROCK?2) standard curve showing absorbance readings at 450nm for
multiple concentrations of ROCK to determine the linear range of accurate reading for the
activity assay. (B/C) ROCK activity after long and short term treatments with 1ISO on
primary cardiomyocytes. ROCK activity was quantified using cell lysates from
cardiomyocytes treated with 10uM ISO in 0.01M ascorbic acid for selected timepoints.
Equal protein concentrations were tested per condition. Readings are compared to control
levels standardized to 1 for differences between assay kits. “*” represent significant
increases over control levels (p<0.0001). Error bars represent standard error. (B) n=10
(C)n=4
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(Figure 13B/C) which show the standard mass peak and the collected radioactive peak
were used to determine the specific activity and for quality assurance. Specific activity of
the N-[*'C]-methyl-hydroxyfasudil was determined to range from 330-880mCi/umol

depending on the trial of synthesis.

In order to ensure that our N-[**C]-methyl-hydroxyfasudil tracer could be
accurately counted using our available gamma counter, a standard curve was created for
multiple ranges of **C radioactivity using [**C]-actetate. Concentrations of [*'C]-actetate
ranged from 1nCi to 50uCi. Staying within the accurate linear region of gamma counts
Versus microcurries, it was concluded that we could accurately read counts ranging from
1nCito ~6.5uCi (Figure 14A). This was suitable for our designed tracer experiment. This
allowed us to calculate microcurries of tracer binding from our counts per minute that the

gamma counter produced.

As determined from the ROCK activity assay results, primary cardiomyocytes
were treated with N-['C]-methyl-hydroxyfasudil for 30min and then subjected to 10uM
ISO treatment for 20min. Twenty minutes of ISO treatment was chosen based on the
previous ROCK activity assay which showed the largest increase in ROCK activity after
ISO treatment at that time (see Figure 12C). After 20 minutes of ISO treatment, gamma
counting demonstrated a significant 10.3% + 2% (p <0.001) increase in tracer binding
compared to control cells which were not treated with ISO (Figure 14B, n=8). This
increase was brought back to control levels when cells were pretreated with 10uM
hydroxyfasudil to block active ROCK binding sites demonstrating the tracer binding

specificity for Rho kinase (Figure 14B, n=5).
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A ratio of ISO treated cell counts over control cell counts was created for each
individual trial. Here ISO treated cell counts were represented as a fold increase over
control counts due to differences in the specific activity of the N-[**C]-methyl-
hydroxyfasudil tracer between synthesises and the use of multiple isolated cell
populations. All concentrations of the tracer were used in the picomolar range to avoid
saturating the cells with excess tracer resulting in inaccurate gamma counts coming from
non-specific binding. These findings demonstrated that although the percent increase in
tracer binding did not match the percent increase in ROCK activity, a positive correlation

between ROCK activity and tracer binding was observed.
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Figure 13: N-["'C]-methyl-hydroxyfasudil preparation and analysis. (A) HPLC semi-
preparation data for the purification of N-[**C]-methyl-hydroxyfasudil. Notice an overlap
of the radioactive peak for the radiolabelled compound corresponding to the UV peak at
254mm of the cold compound (B) Using analytical HPLC, the standard compound UV
peak displays similar retention time as radioactive peak (C) when analyzing a sample of
the final product. These are representative graphs from the multiple syntheses performed,

n=3.
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Figure 14: N-["'C]-methyl-hydroxyfasudil binding in 1SO treated primary
cardiomyocytes. (A) [*'C]-acetate was used to create a standard curve to detect gamma
counts within the accurate linear range of the gamma counter. A line of best fit was
created for the linear region to be later used for the N-[*'C]-methyl-hydroxyfasudil
experiments. (B) Cardiomyocytes were treated with 5uCi of N-[*'C]-methyI-
hydroxyfasudil for 30min prior to a 20min treatment with 10uM ISO (n=8). Blocking was
performed with 10uM hydroxyfasudil (HF) prior to the addition of the tracer (n=5).
Tracer binding was compared by gamma counting between non-1SO treated control cells,
ISO treated cells, and ISO+HF treated cells. Control values were standardized to 1 due to
differences in specific activity between trials. Error bars represent standard error. “*”

indicates significant increase (p<0.001).
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DISCUSSION



4.1 Brief summary of findings

Cardiac hypertrophy involves a complex network of signalling cascades that often
vary depending on the type of hypertrophy, be it pathological or physiological, and the
stimulus. We examined some of the pathways involved in pathological cardiac
hypertrophy in vitro through B-AR stimulation using the B-AR agonist ISO in neonatal rat
primary cardiomyocytes. Through the development of a reliable hypertrophic model we
then went on to examine the effect of ISO on Rho kinase whose involvement in
hypertrophy is not yet completely understood. It is known, however, that Rho kinase
activity is important for cellular remodeling, contraction and the development of cardiac
hypertrophy. This, therefore, makes it a candidate as a potential target for PET tracking of
disease progression or regression. Using the PET tracer N-[*'C]-methyl-hydroxyfasudil, a
C-labelled derivative of a known inhibitor of Rho-kinase, we wished to explore this

prospective target.

We began by first developing our in vitro hypertrophic model using I1SO. To
verify hypertrophy we initially investigated the optimal concentrations of ISO needed to
be administered to induce the disease but not cause toxic effects in the cells. We then
went on to further examine our model and found increased cell and nuclear size after ISO
treatment as well as increased ERK1/2 and mTOR phosphorylation, which together
indicated the onset of hypertrophy. Next, we examined Rho kinase activity after 1ISO
treatment and found increased levels shortly after the administration of the B-AR agonist.
The mRNA levels of the fetal genes were not examined after ISO treatment. As stated
previously, ISO initiates the pathological hypertrophic pathway and therefore these could
be analyzed in future experiments through RT-PCR. The time point examined and
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determined to have the largest increase in Rho kinase activity (20min post-treatment) was
subsequently used to test N-[**C]-methyl-hydroxyfasudil binding under similar controlled
conditions. An increase in N-['C]-methyl-hydroxyfasudil binding correlated to increased
Rho kinase activity in ISO treated versus control cells demonstrating this PET tracer’s

potential use to track cardiac hypertrophy.

4.2 Cell viability after 1SO treatment

During prolonged stages of cardiac hypertrophy and in the transition to cardiac
dilation and heart failure, 15-20% of cardiomyocytes undergo apoptosis (Singh et al.
2010). ROCK is involved with the activation of the pro-apoptotic protease caspase 3 and
IS in turn activated by caspase 3 during late stage apoptotic membrane blebbing.
Therefore, ROCK may show increased activity under apoptotic conditions (Chang et al.
2006). At high concentrations, ISO can induce a toxic environment by increasing levels
of LDH and oxidative by-products (Ramos et al. 1983; Ramos et al. 1983), triggering
apoptosis and necrosis in affected cells (Ramos et al. 1983) therefore increasing ROCK
activity. In order to deduce that ROCK activity in our model was not due to increased
levels of apoptosis in ISO treated cardiomyocytes, trypan blue exclusion and MTT assays
were performed. These experiments demonstrated that our chosen concentration of 1ISO
treatment did not induce significant apoptotic or necrotic effects. H9C2 cells remained
above 90% viable for both control and I1SO treated cells within the ranges of 0-50uM over

24-72 hours of treatment.
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Based on these results a concentration of 10uM ISO was chosen for future
experiments which agreed with previous methods for inducing optimal hypertrophy
(Morisco et al. 2001; laccarino et al. 2006). Similar results were seen in the MTT assay
which demonstrated that 10uM ISO treated H9C2 cells were as equally viable as control
cells over a 72hour treatment period. Seventy-two hours of ISO treatment was the longest
timepoint to be used in future experiments and therefore we could conclude that ROCK
activity due to apoptosis would not be of concern. These viability results were most likely
due to apoptosis mainly being triggered at the later stages of hypertrophy in contrast to
the 15-20% apoptotic rates stated before. Higher apoptotic rates occur when the condition
is no longer compensatory, but instead hinders cardiac function and performance. The
possible outcome of the transition to cardiac dilation also induces apoptosis (Shi et al.
2010), but this process would not be studied within our cellular model but rather in a

prolonged ISO treatment in vivo.

4.3 Morphological changes in cell size and nuclear size after 1SO treatment

Morphologically, the increase in cardiomyocyte size is what physically results in
the heart’s demise during cardiac hypertrophy, be it physiologically or pathologically
induced. In 1994, Gerdes’ lab published findings that demonstrated that during this
hypertrophic state, both cell size and nuclear size are increased (Gerdes et al. 1994). This
could be attributed to the increase in transcription rates needed to produce the large
increase in protein synthesis characteristically occurring during hypertrophy (Hannan et

al. 2003). Using surgically induced hypertrophy in a rat model they observed up to a 56%
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increase in nuclear size (Gerdes et al. 1994). While observing an increase in overall cell
size in our H9C2 cardiomyocytes, we measured this increase in nuclear size as a strong
predictor of cardiac hypertrophy. Comparably to Gerdes’ findings, by 24 hours of ISO
treatment we had a significant increase in nuclear size of 1.5-fold over control, solely
vehicle treated and non-treated cells. This increased slightly up to 1.74-fold larger than
controls by 72 hours of ISO treatment and coincided nicely with our images of increased
overall cell size visualized by H&E staining. Increased cell size can vary depending on
the type of hypertrophy such as eccentric versus concentric (Kehat et al. 2011) and also
may be harder to determine since cardiomyocytes naturally occur in small groupings in
vitro and may overlap and cluster together. We noticed an increased cell size that
followed the pattern of increased nuclear size in our cell culture model. Significant
differences in nuclear size were seen between controls and each time point chosen. An
insignificant difference was seen between the 24 and 48 hour time points but this may be
attributable to a plateau or a B-AR desensitization effect from prolonged ISO treatment
(Lohse et al. 1990). Importantly, the two control groups, CV and CNV, did not show
significant differences suggesting that the 0.01M ascorbic acid vehicle was not affecting

hypertrophy.

4.4 Evaluating isolated cardiomyocyte population purity

HIC2 cells were selected for our first grouping of experiments. This cell culture
line of rat ventricular cardiomyocytes was chosen to determine ISO conditions for future

experiments with primary cardiomyocytes, based on the facts that they are much simpler
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to culture, are well characterized and behave similarly to true cardiomyocytes. We first
verified the morphological characteristics of hypertrophy in these cells following 1ISO
treatment and then examined the intracellular signalling pathways of 1ISO induced cardiac
hypertrophy in primary cardiomyocytes. Given the differences in such areas as the
molecular signalling pathways and the ease of culturing techniques between adult and
neonatal rat cardiomyocytes (Proud 2004), we chose to conduct future experiments in

primary cardiomyocytes isolated from neonatal rat pups exclusively.

During neonatal cardiomyocyte isolation there is often infiltration of fibroblasts
that are co-cultured during the initial isolation steps. If the fibroblast population is not
removed within the first week of culture, they often overgrow the cultured
cardiomyocytes due to their rapid proliferation. If a high percentage of fibroblasts are
seen after the initial isolation and culture process is complete, a cell cycle inhibitor such
as cytosine B-D-arabinofuranoside can be added. Since the cardiomyocytes do not
proliferate to any large extent they will be unaffected by the inhibitor. The proliferation of
fibroblasts will be halted causing them to eventually die. In order to ensure that our
isolated cell culture was mainly cardiomyocytes, we stained a population with a
sarcomeric specific marker, a-sarcomeric actin, and DAPI to stain all nuclei. This allowed
us to calculate the approximate percentage of cardiomyocytes in our population, and
come to the conclusion that our isolated population contained over 95% cardiomyocytes
with consideration taken to include multinucleated cells. This is an important verification
step due to the fact that fibroblasts may show opposing signalling pathway characteristics

and therefore could skew future results that should be cardiomyocyte specific.
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4.5 Evaluating ERK1/2 and mTOR signalling pathways during 1SO induced cardiac

hypertrophy in primary cardiomyocytes

During cardiac hypertrophy there are multiple signalling pathways that are
activated many of which happen through kinase phosphorylation reactions. As discussed
earlier, the MEK/ERK pathway has been extensively studied, with phosphorylation of
both p42 and p44 being a common marker of cardiac hypertrophy in both in vivo (Wang
et al. 2011) and in vitro studies (Zheng et al. 2004). Zheng et al in 2004 using isolated
mouse cardiomyocytes have demonstrated that ERK1/2 phosphorylation can occur as
early as 5 minutes after ISO treatment in cardiomyocytes and begins to diminish by one
hour of stimulation (Zheng et al. 2004). This demonstrates that the signalling pathways
that underlie cellular cardiac hypertrophy occur much earlier in comparison to the

morphological changes in cell size which we observed previously.

As seen in Figure 9, our 10uM ISO treatment increased ERK1/2 phosphorylation
over control levels in all 3 trials within the first 60min. The initiation of ERK1/2
activation (phosphorylation) tended to differ between trials. Our earliest time point
examined was at 10min after ISO treatment. As seen at the 10min time point, two trials
showed peaked increase in ERK1/2 phosphorylation, while one trial peaked slightly later,
closer to 20-30min after initial stimulation. This variance made it difficult to average the
trials to determine significance. All trials at one point peaked higher than control levels
within the first hour, but the timing varied slightly. This could possibly be due to
overlapping signalling pathways interfering with the ERK1/2 cascade or procedural
timing in terms of the protein isolation process. Inevitably, ERK1/2 phosphorylation

peaked within a close 30 minute time frame and then began to diminish by 60 minutes
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which demonstrated its activation then deactivation once downstream cascades were
stimulated. This phosphorylation of ERK1/2 was always put in contrast to the total
amount of ERK1/2 found within the cell. Isoforms of ERK were analyzed together often
due to the lacking resolution between the two bands on the western blot. In particular this
was noticed for the total ERK1/2 which had a high concentration of protein creating very
thick bands. This is a necessary comparison in lieu of traditional structural proteins being
used as loading controls such as B-actin. During cardiac hypertrophy there is an
abundance of cellular structural remodeling leaving these structural proteins in varying
quantities (Balasubramanian et al. 2010). If traditional controls were used and an increase
in phosphorylation of ERK1/2 was seen, it could simply be due to an overall increase in

ERK1/2 in one sample compared to another.

mTOR has been shown to be involved in pathways leading to protein synthesis
and therefore, is activated during multiple forms of agonist induced cardiac hypertrophy
such as phenylephrine, endothelin-1, and ISO (Proud 2004). However, these pathways are
not fully understood and not all the mechanisms underlying this increased synthesis are
known. ERK1/2 lies upstream of mTOR and thus its activation during hypertrophy should
lead to increased mTOR activity and protein synthesis, even though other mechanism
have been shown that bypass mTOR activation to induce similar increased translation
rates (Proud 2004). ERK1/2 has been shown to activate pathways such as the Mnk1/2-
elF4E pathway, which can also induce increased protein synthesis during hypertrophy but
this pathway is not fully understood in cardiomyocytes (Ishida et al. 2003) . We noticed
that by 20min after 1ISO stimulation there was a significant increase in mTOR

phosphorylation which was observed in vivo by Zhang et al. using excised hearts from
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ISO treated mice (Zhang et al. 2011). When compared to 2 out of the 3 ERK1/2
phosphorylation trials which had activation at 10min, it suggests that mTOR
phosphorylation occurred post-ERK1/2 phosphorylation as seen in the literature. The
activation of mTOR diminished back to control levels by 30-60min, demonstrating that it
may follow a similar pattern to ERK1/2 with a rise then a fall in activity after downstream

targets are triggered.

4.6 Rho kinase activity and regulation during I1SO induced cardiac hypertrophy in

primary cardiomyocytes

Following our results demonstrating that morphological changes occurred after a
prolonged 1SO treatment of 24 to 72 hours, we investigated our radiotracer’s target
protein Rho kinase. Rho kinase activity was investigated at these time points due to its
known involvement in cellular remodeling and contraction as described previously. This
was performed using our isolated primary cardiomyocytes under similar conditions as
previously used with our nuclear size experiments. We determined that Rho kinase
activity at these prolonged ISO treatment time points was not significantly different from
that of the control cells. From this we concluded that some of the hypertrophic signalling
pathways may be occurring at earlier time points after ISO stimulation of the 3-adrenergic
receptors. This may be similar to ERK1/2 and mTOR phosphorylation, which both can be

seen within the first hour of stimulation.

Based on published studies and previously determined signalling time points (see

Figure 9 and 10) we examined Rho kinase activity within the first hour of ISO stimulation
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and as suspected saw an increase in activity by 20 minutes of 1ISO stimulation (see Figure
12C). This peaked at 20-30 minutes compared to control levels and decreased back to
control levels by 60 minutes. Activity was based on Rho kinase’s ability to phosphorylate
its downstream target myosin light chain (Amano et al. 1996). The collected values were
all found within a linear portion of a standard curve created which demonstrated Rho
kinase’s activity at multiple concentrations of pure ROCK2 (a positive standard control)
(Figure 12A). These results made the previous ROCK activity results at the longer ISO
incubation times of up to 72h understandable since it was determined to be a much earlier
response. The increased activity at 20min of ISO treatment is thought to be a response of
solely increased activity and not to the upregulation of Rho kinase. Upregulation of Rho
kinase would not have occurred within such a short timeframe (20min), as that process
requires a much longer time period to occur. To our knowledge, increased Rho kinase
activity in an in vitro setting has not been examined through ISO stimulation in primary
cardiomyocytes. This peak in activity followed by a decrease appeared to be a common
trend in our investigated signalling pathways. Once activated and its downstream effects

initiated, the active protein may not longer be needed and therefore becomes inactive.

Previous studies by Wang et al. in 2011 have shown an increase in ROCK1
MRNA during hypertrophy through ISO stimulation in an in vivo rat model (Wang et al.
2011). Other in vivo hypertrophy studies, such as that done by Shi et al. where
hypertrophy was induced through cardiac Gaq overexpression in mice, have shown that
ROCKT1 protein levels increased during late stage hypertrophy and during the transition to
cardiac dysfunction (Shi et al. 2010). This led us to investigate our ROCKZ1 protein levels

due to the fact that mRNA levels do not always directly correlate to protein levels. We
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noticed a trend towards increased levels of ROCK1 after 72 hours of ISO treatment but
due to high levels of variability at this time these numbers were not significant. A
possible reason for these results and an overall restriction in examining upregulation of a
protein during a hypertrophic state is that our control, B-actin, is a cytoskeletal protein
whose levels may vary due to the morphological changes of the cardiomyocytes
(Balasubramanian et al. 2010). Most loading control proteins such as B-actin or tubulin
are involved with the cytoskeleton as stated before, which makes standardization very

difficult and creates increased variance in our densitometry comparisons.

4.7 N-[**C]-methyl-hydroxyfasudil synthesis and binding to Rho kinase during 1SO

induced hypertrophy in primary cardiomyocytes

In order to determine the optimal range for treating the hypertrophic
cardiomyocytes with N-[**C]-methyl-hydroxyfasudil we first had to determine the linear
range in which our gamma counter could accurately quantify the amount of radioactivity
used. As seen in Figure 14A, quantities ranging from 1nCi to approximately 6.5uCi
remained in the linear portion of our standard curve. Knowing this viable range, we
wished to use a low amount of radioactivity but with high specific activity in order to
reduce the mass of product and saturation of specific binding to ROCK (see Figure 13).
This was done to avoid non-specific binding that would saturate our cells and make it
difficult to interpret differences between 1SO treated hypertrophied cardiomyocytes and

non-treated control cells.
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In vitro studies were necessary to determine N-[**C]-methyl-hydroxyfasudil’s
uptake and binding to Rho kinase since its original synthesis in 2010 (Valdivia et al.
2010). Shown here are some of the preliminary results to determine these properties
however the binding affinities and kinetics of this reaction are yet to be examined. N-
[*'C]-methyl-hydroxyfasudil, if it behaves similar to its derived compound
hydroxyfasudil, diffuses across the cell membrane and binds to active Rho kinase. After
our primary cardiomyocytes were incubated with this radiotracer we saw an uptake and
retention of approximately 2.3-3.9% with the slight variation between our multiple trials.
We did not wish to saturate our cell culture with excess radiotracer because this tends to
create non-specific binding. This non-specific binding makes differentiating between 1SO
treated and control cells difficult and inaccurate and therefore our concentrations stayed
in the 0.1-0.25 picomolar range. The tracer used in our experiments had a specific activity
ranging from 305-880mCi/umol making it detectable after the full length of our
experiment even with the short half-life of **C. Although our percent uptake appears
fairly low this could simply be due to the number of cells/well in each experiment.
Approximately 950 000 cells were plated per condition, but this amount is drastically
smaller than would be available in an in vivo model and less realistic. Therefore this data
should not be solely used as an indicator of the uptake and retention of N-[**C]-methyl-

hydroxyfasudil.

After a 30min incubation time with the tracer to allow for uptake the
cardiomyocytes were stimulated with ISO for 20min; a previously determined optimal
time for ROCK activation (see Figure 12). After 20min of incubation the activity of tracer

remaining within the cells was compared between 1SO treated and non-ISO treated
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conditions. To conclude that these amounts directly correlate to active ROCK binding
would be inaccurate without considering a few facts first. Firstly, uptake does not ensure
that what has been uptaken is bound to our desired protein. Secondly, N-[**C]-methyI-
hydroxyfasudil can cross the cell membrane by simple diffusion which does not ensure
that what does bind to ROCK remains bound and/or intracellular for any extent of time.
The tracer may be transiently moving in and out of the cell or may bind only
temporarily/semi-permanently to its target. The blockage of AT-1 receptors is a perfect
example of this. Candesarten and Losartan are both AT-1 receptor blockers but greatly
differ in the amount of time they remain bound to their targets. While Candesartan binds
tightly and persistently for 152 minutes, Losartan remains bound for only 5min and is
then released (Unger 2001). This type of transient binding creates the possibility that
blocking experiments with our tracer may be very difficult to quantify in vitro until these
parameters are known. However our blocking with hydroxyfasudil brought tracer binding
in 1SO treated cells back down to control levels. This indicates that our tracer was

specifically bound to active ROCK in our previous binding experiment.

To properly deduce the binding kinetics and affinities of N-[*'C]-methyl-
hydroxyfasudil, cell-free experiments with purified protein lysates of active versus non-
active ROCK would have to be performed which could greatly differ from in vitro and
even future in vivo experimentation. These types of biochemical experiments have been
performed for the parent compound, fasudil, and show a ICsy of 1.9uM and a
concentration of 20uM being able to inhibit Rho kinase activity over 92% as compared to

controls (Davies et al. 2000). We suspect that because our methylation of the compound
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does not interfere with the catalytic domain as stated before (Valdivia et al. 2010), that

the kinetics should be similar but this has not yet been determined.

As seen in our results, 1ISO treated cardiomyocytes had a 10.3% + 2% average
increase in N-[*'C]-methyl-hydroxyfasudil CPMs over our control cells, which we relate
to an increase in active Rho kinase binding assuming equal variance among trials and
cellular conditions. Blocking with hydroxyfasudil abolished this increase demonstrating
N-["'C]-methyl-hydroxyfasudil’s specificity for ROCK. Although this is not the same
increase as seen in our ROCK activity assay of 1.64-fold over control levels at 20minutes
it may be more physiologically realistic of what our tracer can demonstrate being that this
is an in vitro study as opposed to a cell-free assay. How this increase would correlate in
vivo and whether this would be a large enough fold increase in binding to image using

PET is yet to be determined.

4.8 Conclusions

We have demonstrated that ISO is capable of inducing hypertrophy in
cardiomyocytes in vitro and determined the time at which there is the greatest increase in
ROCK activity. To our knowledge, this is the first demonstration of ISO induced
hypertrophy with a direct implication of Rho kinase activity in a neonatal cardiomyocyte
model. We examined N-[*'C]-methyl-hydroxyfasudil activity in this primary cell culture
model and saw a significant increase in the uptake and retention which correlated with
increased activity of the ROCK protein at 20min post-1SO treatment. Although the

binding kinetics and affinities of the tracer are yet to be determined these preliminary
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results demonstrate that this tracer could potentially be used to track cardiac hypertrophy
in vivo. Inducing cardiac hypertrophy in vivo in animal models such as rat and mouse
using 1SO is commonly performed. Clinically N-[**C]-methyl-hydroxyfasudil could
potentially be used one day to evaluate the progression or regression of cardiac
hypertrophy after pharmacological or surgical treatment. Rho kinase is involved in
multiple cardiac diseases such as cardiac infarctions, making this tracer applicable to
other diseases as well as hypertrophy. This tracer could aid in studying intracellular
mechanistic signalling involving increased ROCK activity in other cardiac diseases and
potentially help guide therapies. These results show promise in the use of N-[*'C]-methyl-

hydroxyfasudil and merits further investigations by our lab.
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