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Abstract

The SNARE protein, STX1A, is expressed in various tissues. However, the role of
STXI1A in the heart remains unclear. Using a cardiac-specific STX1A knockout mouse model,
this thesis explores the potential role of STX1A in excitation-contraction coupling.
Echocardiography showed STX1A KO mice underwent transient systolic dysfunction persisting
for 3 weeks. Ejection fraction and fractional shortening decreased in STX1A KO mice which
returned to control levels by the 3rd week. No changes were observed in the control groups.
Hypertrophy in STX1A KO hearts was not observed. Invasive hemodynamics revealed no
change in LV or aortic pressures. Rate of pressure generation and relaxation were reduced in
STXI1A KO hearts at 0 weeks. Echocardiography also showed significant delay between the R-
wave and onset of contraction in STX1A KO mice when compared to control mice. The
observations of this study are indicative of STX1A’s role in the maintenance of normal

excitation-contraction coupling in cardiomyocytes.
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Chapter One: Introduction

1.1 Excitation-Contraction Coupling in Cardiac Myocytes

The field of cardiac research is one that has been explored for numerous centuries. The
heart, by 18™ century physicians, was not accredited for its role at the time. The commonly
known role for the heart as a contractile organ which functions to pump blood through the closed
circulatory system was not established until the observations of William Harvey in his
publication “de Motu Cordis et Sanguinis in Animalibus” in 1628 (Ribatti 2009, Silverman
2007). Being the first organ to develop and the last to function in an animal illustrates the heart’s
true complexity and importance, which researchers and physicians today have come to
appreciate (Lien et al. 1999, Olson et al. 2006). For the heart to perform its vital role in
circulating blood, the heart must contract in a precise and timely manner in response to an
electrical signal (Santana et al., 2010). The heart achieves this by a process referred to as
excitation-contraction (EC) coupling, as illustrated in Figure 1. EC coupling consists of a series
of events which convert the electrical input to mechanical energy in the form of myocyte

contraction (Santana et al., 2010).

The initiation of muscular contraction requires a stimulus. In the case of the heart, this
stimulus originates from the muscle itself (myogenic) from the sinoatrial node, commonly
referred to as the pacemaker (Cheng et al. 1993). Shortly after the arrival of an initial stimulus,
voltage-gated sodium channels open and causes a depolarization of the cardiac myocytes in
phase 0 of the action potential. During phase 1 of the cardiac action potential, transiently
outward potassium channels and sodium/calcium exchangers cause a small repolarising event. In
phase 2, also referred to as the plateau phase, voltage-gated L-type calcium channels open

allowing for an influx of calcium ions into the cardiac myocyte (Bers 2002; Cheng et al. 1993).



This initial influx of calcium referred to as a ‘spark’ then binds to and opens calcium channels on
the sarcoplasmic reticulum known as ryanodine receptors (Cheng et al. 1993). This then leads to
an efflux of stored calcium ions from the sarcoplasmic reticulum out to the sarcoplasm, adding
significantly to the intracellular levels of calcium (Bers 2002; Cheng et al. 1993). This
phenomenon is commonly referred to as calcium gain through calcium-induced calcium release.
This increased release of sarcoplasmic calcium causes the myofilament protein, troponin C, to be
bound by calcium, inducing a conformational change in its structure (Layland et al. 2005). The
troponin complex is comprised of three different troponins (I, T, and C) subunits which are
bound to the actin filament and function to inhibit the interaction between the myosin thick
filament and the actin thin filament (the contractile machinery) (Layland et al. 2005). The
inhibition of this interaction prevents myosin from hydrolyzing adenosine triphosphate (ATP) in
order to undergo cross-bridge circling, leading to uncoordinated muscular contraction (Stephens
1965). Once a calcium-induced conformational change in troponins has occurred, it causes a
relocation of tropomyosin and forces tropomyosin into a groove on the thin filament.
Tropomyosin, a helical structure, is found on the thin filament which functions to hide the
myosin binding sites on the actin monomers also preventing their association and unwanted
contractions (Layland et al. 2005, Perry 2001). When tropomyosin is displaced, the myosin-actin
binding sites are exposed allowing for myosin heads to bind and begin their motor protein
function by binding to and walking along the thin filament at the expense of ATP (Barany 1967).
This action of myosin is what pulls the ends of the sarcomeres in towards one another leading to
their shortening which causes the shortening of the entire muscle at the macroscopic level.
Muscle relaxation is also influenced by the sarcoplasmic reticular calcium levels (Asahi et al.

2004). Once contraction is completed, in phase 3 of the cardiac action potential, the reduction of



calcium influx and increase in hyperpolarizing potassium currents return the myocyte to a
diastolic membrane potential (Santana et al., 2010). The calcium from the sarcoplasm is
transported back into the sarcoplasmic reticulum by SERCA2 (sarco/endoplasmic reticulum
Ca?"ATPase) leading to a reduction in sarcoplasmic calcium levels (Asahi et al. 2004). This then
allows the troponins and tropomyosin to return to their original conformations and separate the
myosin-actin interaction, allowing the myocytes to relax and return to their original length
(Asahi et al. 2004; Santana et al., 2010). The events between sarcolemmal depolarization to
calcium release and muscular contraction are collectively known as excitation-contraction (EC)

coupling.
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Figure 1: Excitation-contraction coupling in a cardiomyocyte. Upon a depolarizing event by
voltage-gated sodium channels (VGNC), voltage-gated calcium channels (VGCC) open allowing
for an influx of calcium. This calcium then binds to and opens ryanodine receptors (RyR) on the
sarcoplasmic reticulum a process known as calcium-induced calcium release. Elevated cytosolic
calcium levels then allow sarcomeric actin-myosin cross-bridge cycling resulting in muscular
contraction. Following the contraction, cytosolic calcium levels return to basal levels through the
actions of sarco/endoplasmic reticulum Ca**-ATPase 2 (SERCA2) and sodium-calcium
exchanger (NCX). Figure was generated using BioRender.com.

1.2 The Heart as an Endocrine Organ

This vital role of the heart in circulating blood frequently overshadows the endocrine
aspect of this organ (McGrath et al. 2005, Rubattu et al. 2004). The endocrine function of the
heart was observed by the Canadian researcher, de Bold, and his team in 1981who first
discovered a substance which was later isolated, sequenced, and named atrial natriuretic factor
(ANF), now commonly referred to as atrial natriuretic peptide (ANP) (Seidah et al. 1984, de

Bold et al. 1981). In a previous study, de Bold and colleagues (1978) found mammalian atrial



cardiac myocytes to possess a highly developed Golgi complex unlike that observed in the
ventricular myocytes. A greater proportion of rough endoplasmic reticulum and membrane-
bound storage granules were also seen in atrial muscle as compared to ventricular muscle. Upon
morphological and histological comparisons, the granules observed in the atrial myocytes were
concluded to resemble granules found in cells responsible for peptide hormone synthesis and
secretion, warranting further investigation (de Bold et al. 1978). Using anesthetised rats as their
model, de Bold and colleagues (1981) observed a 30-fold increase in sodium and chloride
excretion through the urine in response to an atrial muscle homogenate injection. An increase in
urine volume by 10-folds was also noted and that levels of potassium excretion had also doubled.
Such effects were not seen when a similar injection of homogenized ventricle cardiac myocytes
or of the homogenization medium were used — this supported the conclusion that atrial cells
produce a potent inhibitor of renal tubular sodium chloride reuptake as no change in glomerular
filtration rates between treatments was noted. However, in a later study by Bloch and colleagues
in 1986, ANP synthesis and secretion was also observed from neonatal atrial and ventricular
cardiomyocytes. It was concluded that the cellular mechanisms governing the production and
release of this peptide hormone differ between these two cell types. Although both neonatal
myocytes secrete ANP, only atrial cells demonstrate the ability to store this peptide in secretory
granules while ventricular cells lack these storage granules and ANP is rapidly secreted
following synthesis. From this, Bloch and colleagues (1986) concluded that neonatal atrial and
ventricular ANP undergoes constitutive secretion independent of any stimuli while atrial ANP
can also undergo regulated secretion in response to a stimulus. It was also noted that shortly after

birth (1 week) ANP transcription from the mature ventricular myocytes was lost. In addition to



producing and secreting ANP in their neonatal stage, mature ventricular myocytes have been

found to synthesize and release brain natriuretic peptide/factor (BNP/F) (McGrath et al. 2005).

Although ANP and BNP are secreted from different cell types, they have very similar
biological targets which play a cardioprotective role (McGrath et al. 2005). Both hormones are
involved in regulating pathways that increase blood volume and/or blood pressure (McGrath et
al. 2005). This is achieved through the activation of membrane-bound guanylyl-cyclase receptors
resulting in elevated levels of intracellular cyclic guanosine monophosphate (¢cGMP). This in
turn alters the activities of other cGMP-sensitive enzymes and ion channels. One system which
ANP has been found to regulate is the renin-angiotensin system (McGrath et al. 2005, Yue et al.
2000). In this system renin is released into circulation from the juxtaglomerular apparatus in
response to a decline in blood pressure (McGrath et al. 2005, Wilkins et al. 1997). Renin, once in
circulation, then initiates a series of cascade of events that result in the conversion of
angiotensinogen to angiotensin I, which is then converted to angiotensin II. This active peptide
then acts as a vasoconstrictor, helping to increase blood pressure. Angiotensin II also stimulates
the secretion of a second peptide hormone from the adrenal glands known as aldosterone.
Aldosterone acts to increase sodium reuptake in the distal tubule which then increases water
retention, acting to increase blood volume and as a result increase blood pressure (Petty et al.
1981). ANP released in response to the activation of stretch receptors in the atria due to
increased atrial preload (high blood pressure) functions to counter the renin-angiotensin system
(McGrath et al. 2005, Stephenson 1990). ANP achieves this through vasodilation, increasing
glomerular filtration rate, along with increasing sodium excretion in the proximal tubule
(Axelsson et al. 2011, Brown and Corr 1987, Cuocolo et al. 1991). These combined actions

reduce blood volume in turn reducing blood pressure.



Past studies have helped to further expand our knowledge on the heart as an endocrine
organ making it more than just a rhythmically contracting muscle responsible for pumping blood.
This property of the heart and the storage, temporal/regulated release, and contr ol displayed by
ANP and BNP would not have been made possible without a very important class of proteins
referred to as soluble N-ethylmaleimide-sensitive factor activating protein receptor proteins

(Peters et al. 2006, Ferlito et al. 2010).

1.3 The Role of SNARE:s in Exocytosis

Soluble N-ethylmaleimide-sensitive factor activating protein receptor proteins,
commonly known as SNARE proteins, have been in the research community’s spotlight for
many years. Since the discovery of SNARESs in the 1990s, they have become an extensively
studied protein super family (Duman and Forte 2003, Rothman 1994, Ungar and Hughson 2003).
This class of proteins have become known for their role in protein trafficking/localization and
membrane fusion, particularly between that of a secretory vesicle and the plasma membrane of
the secretory cell, however, this is not always the case (Seino and Shibasaki 2005). Initially
SNARESs were categorized using a target and vesicle naming system in which SNARE proteins
located on secretory granules (vesicles) would be grouped into the v-SNARE category while
those located on target membranes such as the plasma membrane would be labelled as t-
SNARESs (Fasshauer et al. 1998, Jahn and Scheller 2006). This naming system fell short when
classifying SNAREs involved in the fusion of two vesicles thus, a new ‘Q- and R-’, system has
been employed. This system categorizes SNARESs based on the main amino acid in that

particular SNARE motif which contributes to the central ionic layer. Q-SNAREs include those



proteins that contribute a glutamine (Q) residue while R-SNARESs are those that contribute an
arginine (R) residue (Fasshauer et al 1998). In this thesis, the previous categorizing system will

be used when distinguishing between the two classes.

The fusion of two lipid bilayers, structures at their lowest energy configuration and
thermodynamically stable form, is an event which requires the investment of energy (Grafmuller
et al. 2009). Since the vesicle membrane and plasma membrane both carry a negative net charge,
electrostatic forces also hinder the fusion of these structures requiring SNARE proteins to
physically overcome these barriers of exocytosis (Seino and Shibasaki 2005, Weber et al 1998).
The mechanism as to how SNARE proteins achieve this has been well documented in neurons,
specifically axon terminals, through studies on SNARE complexes consisting of syntaxin,
synaptosomal associated protein — 25 (SNAP-25), and vesicle-associated membrane protein
(VAMP) also known as synaptobrevin (Chen and Scheller 2001). Just beneath the pre-synaptic
membrane, vesicles carrying neurotransmitters arrive from the Golgi. Upon arrival, the SNARE
proteins, syntaxin 1A (STX1A) and SNAP-25, located on the target membrane (t-SNARESs)
interact with VAMP, a v-SNARE, forming a heterotrimeric complex (Brose 2014). These
interactions allow for docking of the vesicle to the inner leaflet of the plasma membrane.
Membrane fusion between these two structures is initiated by a localized influx of calcium ions
via voltage-gated calcium channels (Giraudo et al. 2006). This localized increase in calcium ions
is detected by a protein located on the vesicle called synaptotagmin, resulting in a
conformational change in the SNARE complex (Giraudo et al. 2006). The trans-SNARE
complex then physically pulls together the two membranes leading to their fusion and the release

of the vesicle contents (Brose 2014). This entire process is visualized in Figure 2.
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Figure 2: Illustration of SNARE-mediated exocytosis at an axon terminal. A syntaxin 1A -
SNAP-25 heterodimer interacts with the v-SNARE synaptobrevin forming a trans-SNARE
complex. A localized increase in cytosolic calcium via voltage-gated calcium channels is
detected by synaptotagmin inducing a conformation change from trans- to cis-SNARE complex.
In this process, the two membranes are pulled together. Figure was generated using
BioRender.com.

Given the physiology of the nervous system and the use of chemical messengers, SNARE
proteins such as STX1A, syntaxin-4 (STX4), SNAP-23, SNAP-25, VAMP -1, and VAMP-2 are
highly abundant in nervous tissues (Rothman 1994). The aforementioned SNARE proteins have
also been found to exhibit very specific binding with other SNARE proteins (Scales et al. 2000).
It has been established that STX4 interacts with SNAP-23 forming a heterodimer on the inner
leaflet of the plasma membrane which would then interact with a vesicle carrying VAMP-2.
Similarly, STX1A has been shown to form a heterodimer with SNAP-25 which then interacts
with a vesicle carrying either VAMP-1 or 2 (Rothman 1994). Differences in spatial expression
and interactive specificity of SNAREs allows them to deliver vesicles and in turn their “cargo” to

particular areas within, outside, and to the surface of the cell (Gerst 1999).

1.4 SNARE Proteins in the Heart

Aside from being highly abundant and vital for neuronal function, SNAREs can be found

in various other cell types throughout the body. SNAREs have also been documented in the



heart, specifically the myocytes (Peters et al. 2006). STX1A or STX4, SNAP-23/25, and VAMP-
1/2 have been found to be expressed in the adult rat heart (Peters et al. 2006). Keeping in mind
that the heart is also a secretory organ, one can predict the role of SNARE proteins in the
respective organ with a high degree of confidence (Seidah et al. 1984, Weber et al. 1998). The
role of SNARE proteins in the exocytosis of hormones from the heart such as ANP became
clearer with the observations of secretory granules containing ANP and the co-
immunoprecipitation of VAMP-2, synaptogtamin, STX1, and SNAP25 complexed with ANP
granules (Peters et al. 2006). Further, small interfering-ribonucleic acid (siRNA) knockdown of
these SNARE proteins has allowed researchers to link select SNARESs to their traditional role as
mediators of exocytosis in the heart as well (Ferlito et al 2010). In a study by Ferlito and
colleagues (2010), it was demonstrated using a primary cell culture of neonatal rat cardiac
myocytes that syntaxin-4, VAMP-1, and VAMP-2 are absolutely necessary for the secretion of
ANP. With the use of siRNAs, these researchers were able to selectively knockout specific
SNARE proteins and notice a loss in ANP secretion leading to the conclusion that the previously
mentioned t-SNARE:s are directly involved in the exocytosis of ANP-containing granules from
cardiac myocytes. Unfortunately, the story of STX1A is not as simple and straight forward
because not much is known of its function in cardiomyocytes. It is interestingly observed that the
expression of STX1A and SNAP-25, two t-SNARESs, are not seen until adulthood as western blot
data show no protein products in neonatal rat atrial myocytes (Peters et al. 2006). This brings
into question the totality of the role these proteins have been established to perform, warranting

this thesis.

10



1.5 Interaction of Syntaxin 1A with Voltage-Gated Calcium Channels

The role of SNARE proteins in the heart has been found to be of higher complexity than
previously thought. Aside from their classical function in targeting, docking, and fusion, they
have also been found to interact with various ion channels such as voltage-gated calcium
channels (Wiser et al. 1996, 2002). The physical coupling of SNARE proteins with ion channels
results in changes to ion currents and channel gating (Chao et al. 2011). Wiser and colleagues
(1996) reported STX1A to inhibit voltage-gated calcium channels using Xenopus oocytes (Figure
3). It was concluded that in the absence of STX1A there were increased currents through the
voltage-gated L-type calcium channels at all tested potentials (Wiser et al. 1996). Up to a 60%
current inhibition by STX1A was determined. These observations remained the same with the
co-expression of SNAP-25 and STX1A, however, no inhibition was noted by SNAP-25 alone

(Wiser et al. 1996).

11
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Figure 3: Inward current inhibition in the presence and absence of syntaxin 1A.
Experiments were done in Xenopus oocytes at various test potentials from a holding potential of
-80 mV. Image from Wiser et al. (1996). Copyright permission granted by The EMBO Journal.

Using a similar Xenopus oocyte model, STX1A monomers were demonstrated to
influence voltage-gated L-type calcium channel kinetics (Arien et al. 2003). It was found that
mutating cysteine-271 and cysteine-272 in the tail-anchoring helix (transmembrane domain) of
STXIA to valine abolished its ability to inhibit inward Ca®" currents. This mutation in STX1A
also hindered its ability to form homodimers. Mutating only one cysteine to valine, however,
preserves STX1A's ability to homodimerize (Arien et al. 2003). This was found to be true in the
presence and absence of calcium channels. Not only was STX1A able to dimerize with one
cysteine but it was also able to interact with and inhibit calcium currents through voltage-gated
calcium channels such as Cay1.2 (Arien et al. 2003). It is believed that using cysteine-271 and
cysteine-272, via disulfide bonds, STX1A can interact with other proteins or other STX1A
molecules. Cleavage of cytosolic regions by botulinum toxin C1 also demonstrated impaired
channel inhibition by STX1A (Arien et al. 2003). This allowed the conclusion that both
transmembrane cysteines and cytosolic domains of STX1A are required to inhibit Ca* current

through voltage-gated calcium channel Cay1.2 (Arien et al. 2003; Figure 4). It was concluded
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that the direct site of action by STXI1A is the a11.2 pore-forming subunit to which STX1A binds
to at two sites; the transmembrane region and cytosolic region (Arien et al. 2003). The cytosolic
region at which STX1A binds to the a1 subunit is referred to as the synaptic protein interaction
(synprint) site, a large intercellular loop located between domains II and III (Sheng et al. 1996;
Watanabe et al. 2010). In a later study by Xie et al. (2016) proposed that the cytosolic domain of
STXI1A, however is able to interact with voltage-gated calcium channels, it may not be
responsible for inhibiting currents through these channels but rather adding preference to which

calcium channel STX1A binds. More research is needed to determine which is truly the case.

VGCC

Figure 4: Model illustrating possible syntaxin 1A and VGCC interactions. This is achieved
via the transmembrane and cytosolic domains. Syntaxin 1A interacts with voltage-gated calcium
channels at the a-pore-forming subunit at two locations, one being in the transmembrane region
and the other at the cytosolic synprint site. Syntaxin 1A is believed to carry out this interaction
using cysteine-271 and -272 via disulfide bonds. Figure was generated using BioRender.com.

A concentration dependent relationship between STX1A and degree of channel inhibition
was also observed allowing the authors to propose possible cooperative binding and inhibition by

STXI1A (Figure 5).
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Figure 5: Syntaxin 1A cRNA concentration dependent inhibition of calcium currents. The
figure shows reduced L-type calcium currents in response to 300-ms test pulse from a -80 mV
holding potential. Image from Arien et al. (2003).

In an investigation by Toft-Bertelsen and team (2016), they concluded that SNAP-25
directly does not inhibit voltage-gated Ca®* currents. Its interaction with STX1A facilitates
STXTI1A dispersal from its clusters, increasing monomer availability and current inhibition as a

result. The authors extend this conclusion to other proteins which also interact with STX1A.

Considering the role these channels and calcium play in the proper generation of the
cardiac action potential and contraction as discussed previously, the role and influence of
SNARE proteins on the excitability and proper functioning of the heart can be deduced (Faber et
al. 2007). Thus, the perception of SNARE proteins continues to amend as more is learnt about

this protein super family.

1.6 Objectives and Hypothesis

The objective of my thesis is to characterize the function of STX1A in the mouse heart.

Changes in contractility of heart-specific STX1A knockout mice will be assessed.
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Based on the inhibitory interaction of STX1A on voltage-gated calcium channels in the
heart, as discussed above, it has been predicted that positive inotropic (force of contraction
generated by cardiac muscle) and chronotropic (rate of heart contractions) effects can be
observed from the knock-out of STX1A. This has been predicted on the grounds that once
STXTI1A is removed there will be an increase in calcium currents through the respective channels
elevating cytosolic calcium delivered to the cardiac myocytes in a shorter period of time leading

to stronger and faster contracting heart (Bers 2002, Fabiato 1983).
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Chapter Two: Methods

Chemicals and reagents were purchased from Sigma-Aldrich Canada (Oakville, ON)

unless specified.

2.1 Mouse Model

The transgenic C57BL/6 mice expressing Cre recombinase under the a-myosin heavy
chain (MHC) promoter were provided by Dr. Jeffery Molkentin (Cincinnati Children’s Hospital
Medical Centre, Cincinnati, OH) (Sohal et al., 2001). These mice have restricted Cre expression
in cardiac myocytes (Pugach et al., 2015; Sohal et al., 2001). The syntaxin 1A (STX1A) flox/flox
C57BL/6 mice were obtained from Dr. Herbert Gaisano (University of Toronto, Toronto, ON)
(Liang et al. 2016). The LoxP sites flank exon 2 and 3 of STX1A.Through crossbreeding,
animals homozygotic at both loci were obtained and used in this thesis. Mice were provided
normal chow diet and water ad libitum. Male mice between the ages of 3-4 months were used.
All procedures were approved by the York University Animal Care Committee in accordance to

the Canadian Council on Animal Care.

2.2 Mouse Tail Genotyping

Genomic DNA used for genotypic screening of experimental mice was isolated from tail
clippings. Mice were anesthetized using isoflurane in a small closed container. Once the absence
of a toe-pinch reflex was observed, animals were removed from the container and a small tail
sample from the end was collected into a 1.5 Eppendorf tube. Kwik stop styptic powder was

applied to the tail end to stop the bleeding and prevent wound infection. Next, 300 uL of 0.05N
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NaOH was added to the tube and incubated at 95°C for 1.5 h on a dry bath. After incubation,
0.5M Tris-HCI buffer (4.44% w/v of Tris-HCI and 2.65% w/v of Tris-base) was added to the
tubes to neutralize the DNA solution. The samples were used right away or stored at -20°C for
later use. Polymerase chain reaction using the appropriate primers was performed on the isolated

DNA or the DNA was stored at -20°C for later use.

PCR amplification of the isolated DNA with the appropriate primers was conducted using
2X PCR Taq Plus Master Mix (Lot. RZ794838; Applied Biological Materials). Each reaction
tube had a total volume of 20 uL consisting of 1 uM forward and reverse primers each, 10 pL of
the 2X PCR Taq Plus Master Mix, 4 puL of Invitrogen ultrapure DNAse and RNAse free water,
and 2 pL of isolated genomic DNA. To ensure the presence of the tMHC-MCM/STX1A
flox/flox in our experimental animals, the following primers were used (Liang et al., 2016).
STX1A forward: GCT GCA GAA GCA AGA GAA CC, STXI1A reverse: CAG CCA TAC AAA
AAC CAC CA. The PCR protocol for STX1A primers was as follows: activation of polymerase
at 95 °C for 5 min, 34 cycles of 95 °C for 30 sec, 60°C for 30 sec, and 72 °C for 30 sec. MCM
forward: CGT CCT CCT GCT GGT ATA G, MCM reverse: GTC TGA CTA GGT GTC CTT
CT. The PCR protocol for MCM primers was as follows: activation of polymerase at 95 °C for 5
min, 39 cycles of 95 °C for 30 sec, 50°C for 30 sec, and 72 °C for 30 sec. The PCR products

were then stored at -20°C or resolved on an agarose gel.

PCR products were resolved on a 1.5% (w/v) agarose gel made in 0.5X Tris-acetate-
EDTA (TAE; 20 mM Tris-base, 10 mM acetic acid, and 0.5 mM EDTA). After microwaving the
agarose solution in intervals of 20 seconds until all agarose particulates were dissolved, the
agarose was cooled at room temperature for 5 min before adding RedSafe 20,000X at 8% v/v.

After allowing the agarose gel to solidify for 20 min, 10 pL of the prepared PCR samples were
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loaded into each well. Samples were prepared for loading by adding 4 uL. of 6X DNA loading
dye (30% v/v glycerol, 0.25%w/v bromophenol blue, 0.25% w/v xylene cyanol FF) to the PCR
tubes. A wild-type control was also resolved on the gel. A 100 base pair (bp) DNA ladder
(ForggaBio, Toronto, ON) was resolved alongside the samples. A 100V potential was applied for
20-25 min after which the resolved samples were visualized using the Alpha Innotech Alpha
Imager Hp System gel imaging system (Alpha Innotech, now part of Cell Biosciences). Exposure

time was automatically optimized by the scanning software.

2.3 Tamoxifen Treatment

Tamoxifen citrate (EMD Millipore Corp. Lot #2937852) was added to peanut oil (Sigma-
Aldrich Canada) in a 1.5 mL Eppendorf tube to achieve a concentration of 10 mg/mL. To
dissolve the tamoxifen, the solution was vortexed 3x for 20 secs and then sonicated (10%
amplitude) 2x for 30 sec while in ice. Once a homogenous mixture was achieved, tamoxifen
citrate (40mg/kg) was administered to C57BL/6 STX1A flox/flox mice 3-4 months of age via an
interperitoneal injection. Other C57BL/6 STX1A flox/flox mice received only a peanut oil
injection (vehicle control) which was prepared in an identical manner as the tamoxifen citrate.
For ease of handling, animals were lightly anesthetised in a closed container using an inhalation
anesthetic (isoflurane). A total of 4 tamoxifen injections were administered to the mice over a 4-
day period. Similar injection protocol was followed for GSK-3p flox/flox (Cre+) mice and wild-

type mice which both received tamoxifen injections.
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2.4 Heart Tissue Collection

Mice were injected interperitoneally with 1000 USP heparin (hepalean, Organon
Teknika, Toronto, ON) diluted in 1X Phosphate Buffered Saline (PBS; 145 mM NaCl, 2.7 mM
KCl, 8.1 mM Na;HPO4, and1.5 mM KH>POg4, pH 7.4). Following a 5 min waiting period, mice
were transferred to a small closed container which contained a cotton swab soaked in isoflurane.
Mice were kept in this container until no toe-pinch reflex was observed. Mice were then
euthanized via cervical dislocation. A deep transthoracic incision was made below the
diaphragm. The diaphragm was then cut to expose the heart. Lateral cuts to the left and right ribs
were made allowing the rib cage to be lifted and held back using a hemostat. Once the pericardial
sac was removed, the heart was lifted from the base and cut out of the animal. Then, the heart
was placed immediately in a weigh boat containing 1X PBS to wash out any remaining blood
and transferred into another weigh boat with fresh 1X PBS. Under a dissecting microscope, the
atria, left ventricle free wall, and ventricular septum were isolated and placed into cryotubes on

ice which were then stored at -80°C.

2.5 Protein Isolation from Tissue

Frozen tissue samples were transferred to a glass homogenizer containing 400 pL of 2x
sodium dodecyl sulfate (SDS) lysis buffer (13.6% 1M Tris-HCI pH 6.8, 40% of 10% SDS, 20%
of 10% glycerol, 26.4% of ultrapure water, 4 mg/10mL Complete Mini EDTA-free protease
inhibitor tablets). Manual homogenization was performed on ice until a homogenous solution

was achieved. The lysate was then transferred to a 1.5 mL Eppendorf tube, boiled for 5 min at
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100°C in a dry bath, and then centrifuged at 13, 845 RCF for 15 min at 4°C. The supernatant was

collected and stored at -80°C.

2.6 Bradford-Lowry Protein Assay

From a stock of 1ug/uL bovine serum albumin (BSA) solution, a serial dilution was prepared to
make 60uL of 1, 0.5, 0.25, 0.125, 0.0625 ng/ul. BSA standards in 1.5 mL Eppendorf tubes. To 5
of the 6 cuvettes, 20uL of the standards were added while the 6th cuvette received 20uL of
ultrapure water and served as the blank. For each sample to be quantified an independent cuvette
was prepared with 20uL of a 10X dilution of the stock lysate. To each cuvette, 100uL of a 50:1
mixture of reagent A and reagent S was added followed by the addition of 800uL of reagent B
(in dark). The cuvettes were then gently vortexed and allowed to incubate in a closed opaque
cuvette container for 20 min. Following incubation, an Eppendorf biophotometer was used to
measure absorbance at 660 nm. The standard BSA values were plotted on an absorbance vs.
concentration graph to generate a standard curve, which was used to interpolate the total protein

concentrations of the unknown lysates.

2.7 Western Blot

Tissue lysates were diluted to the desired final concentration for loading using 20uL of
6X SDS reducing buffer (0.28M of 1M Tris-HCL pH 6.8, 30% v/v glycerol, 10% w/v SDS,
0.5M dithiothreitol, and 0.0012% w/v bromophenol blue) and the required amount of ultrapure

water to bring the final volume to 100 pL. The prepared samples were then resolved on a
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polyacrylamide gel which consisted of a 5% stacking layer (ultrapure water, 30% acrylamide
mix, IM Tris-HCI pH 6.8, 10% SDS, 10% ammonium persulfate, and TEMED) and an
appropriate percentage running layer (ultrapure water, 30% acrylamide mix, 1.5M Tris-HCI pH
6.8, 10% SDS, 10% ammonium persulfate, and TEMED). The polyacrylamide gel was clamped
to the electrophoresis apparatus and submerged into 1X running buffer (24 mM Tris-base, 180
mM glycine, and 3.4 mM SDS). Excelband pm2700 protein marker and the loading samples
were applied a 100V for 20-30 min until the front reached the running layer at which the voltage
was increased to 150V for 1-1.5 h until the front reached the bottom of the gel. Alongside the

experimental samples, appropriate positive controls were also resolved.

Upon completion of the run, the proteins in the polyacrylamide gel were transferred to a
nitrocellulose membrane. A transfer sandwich was constructed in which a pre-soaked
nitrocellulose membrane in transfer buffer (25mM Tris base, 192 mM glycine, and 10%
methanol) was positioned onto the polyacrylamide gel ensuring no air bubbles were caught
between the two. These were then tightly clamped between filter papers and sponges which were
also pre-soaked in transfer buffer. The transfer sandwich was then submerged into a tank filled
with transfer buffer in a manner that the polyacrylamide gel faced the negative electrode. An ice
pack was placed inside the transfer tank and the entire electrophoresis apparatus was

subsequently placed in an ice bath. The proteins were transferred for 2 h at 100V.

Following the 2 h transfer, the transfer sandwich was disassembled and the membrane
was washed at room temperature in a clean container 3x for 5 min using 1X Tris-buffered saline
with tween 20 (TBST; 2 mM Tris base, 13.7 mM NacCl, and 0.1% tween 20, pH 7.6) while
rocking. The membrane was then placed in blocking solution at room temperature (5% w/v skim

milk powder in TBST) for 1 h and then washed again 3x for 5 min. Primary antibodies for the
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protein of interest were prepared at a ratio of 1:1000 in 1% BSA (1% w/v of BSA in TBST and
0.02% v/v of 10% NaN3) and placed on the membrane and incubated overnight at 4°C (Table 1).
Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) served as a loading control to show
comparable protein was loaded in each lane. The primary antibodies were then removed and
stored at 4°C for future use and the membrane was washed again as indicated above at room
temperature. Secondary antibodies were prepared at a ratio of 1:10,000 in 50:50 mixtures of
I1XPBS and 1% BSA. Secondary antibody incubation was performed at room temperature for 1 h
while rocking. The secondary antibody was then removed and stored at 4°C for future use and a
15 min 1X TBST wash was performed followed by three 5 min washes. The membrane was
scanned using a LI-COR odyssey infrared imaging system using the pre-set membrane

parameters.

Table 1: List of antibodies used with their dilutions, host species, class, and source.

Host/Class Source, Cat# Dilution
Primary Antibodies
Anti-syntaxin 1A Rabbit, polyclonal Abcam, #ab70293 1:500 (IHC)
Anti-syntaxin 4 Rabbit, polyclonal SYSY, #110 042 1:1000 (WB)
Anti-syntaxin 3 Rabbit, polyclonal SYSY, #110 032 1:1000 (WB)
Anti-syntaxin 2 Rabbit, polyclonal SYSY, #110 022 1:1000 (WB)
Anti-synapsin 1 Rabbit, polyclonal Abcam, #ab8 1:1000 (WB)
Anti-Estrogen Mouse, monoclonal Abcam, #ab16460 1:1000 (WB)
Receptor a
Anti-GAPDH Mouse, monoclonal Abcam, #ab8245 1:1000 (WB)
Secondary Antibodies
Anti-Mouse Goat, polyclonal LI-COR, #926-32210 1:10,000
(WB)
Anti-Rabbit Goat, polyclonal LI-COR, #926-68071 1:10,000
(WB)
Anti-Rabbit Alexa Goat, polyclonal Thermofisher, A-21244 1:500 (IHC)
Fluor 647

*WB = western blot. IHC= immunohistochemistry.
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2.8 Paraformaldehyde Solution

Paraformaldehyde solution was prepared by adding 4% (w/v) paraformaldehyde (PFA)
powder to 1X PBS. The solution was heated to 60°C on a hot plate and constantly stirred to
prevent boiling. Next, the pH was raised by adding 1 N NaOH in a drop wise manner until the
solution became clear. Once the solution cooled to room temperature, the pH was adjusted to 7.4
using 10 N HCI after which the solution was raised to its final volume using 1x PBS. Lastly, the

solution was filtered through a 40 pum filter and stored at 4°C to then be used the following day.

2.9 Paraformaldehyde Heart Fixation

Mice were interperitoneally injected with 1000 USP heparin diluted in 1X PBS.
Following a 5 min period, mice were euthanized via cervical dislocation. A deep transthoracic
incision below the diaphragm was made. After the diaphragm was cut, two lateral cuts along the
left and right ribs were made and the rib cage was then raised exposing the heart. The pericardial
sac was then peeled off the heart and the inferior vena cava was cut. Following which, 5-10 mL
of 1% KCl solution in 1xPBS was injected into the apex of the left ventricle until the liver and
lungs became white in color. The heart was then lifted from the base and cut out of the body and
immediately placed into a weigh boat containing 4% PFA for a quick wash. The heart was then
cannulated with a 20-gauge cannula and perfused with 15 mL of 4% PFA using a horizontal
profusion system. Profusion rate was adjusted to maintain profusion pressure of 70-80 mmHg.
Hearts were then stored in 15 mL test tubes containing 4% PFA for 24 hat 4°C and then

transferred into 1X PBS for long term storage at 4°C.
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2.10 Embedding Paraformaldehyde Fixed Hearts in Paraffin

Paraformaldehyde fixed hearts were delivered to The Centre for Phenogenomic, Toronto

to be embedded in paraffin wax for slicing along the frontal plane (4 chamber view).

2.11 Paraffin embedded Heart Slicing

Paraffin blocks containing the hearts to be sliced were fastened to the cryotome and 5 pm
thick slices were made. These slices were then transferred on to a slide covered in 70% ethanol
for inspection and then to a lukewarm water bath allowing the wax slices to expand. Once fully
reopened from the slicing process, Fisherbrand Superfrost Plus microscope slides were lowered
under the floating slices and slowly raised allowing the heart slices to adhere to the slides. The

slides were then incubated overnight at 37°C before being used.

2.12 Immunohistochemistry

For immunohistochemistry, slides were first washed twice with xylene for 5 min each
followed by a 1:1 xylene-ethanol solution for another 5 min. Gradient ethanol washes were then
performed for 5 min each going from two 100 % ethanol washes to 95 %, to 70 %, and finally to
50 % ethanol. The slides were then rinsed for 10 min using ultrapure water. Slides were
transferred to a horizontal metal staining rack which was placed in an autoclave safe container.
After lowering the container into a pressure cooker, the container was filled with antigen
retrieval solution/sodium citrate buffer (10 mM sodium citrate and 0.05% Tween 20 in ultrapure

water, pH 6.0). The pH was adjusting using 10 N HCI. Ultrapure water was added to the pressure
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cooker in order to surround and half-way submerge the container. The lid was tightly secured,
and the pressure cooker was placed on a hot plate at max heat. Samples were boiled for 3 min
following the first whistle of the pressure cooker which was then placed under running cold
water with the whistle raised. Then once the pressure was released, the slides were removed and
washed 3x for 5 min in wash buffer consisting of 1 X TBS (2 mM Tris base, 13.7 mM NaCl, pH
7.6) with 0.025% triton X-100. Samples were then blocked using 1% (w/v) BSA dissolved in 1X
TBS overnight at 4°C. Following blocking, the solution was discarded, and the slides were
washed 3x for 5 min using wash buffer. Using a PAP pen, a circle surrounding the sample to be
stained was drawn. Primary antibody for the protein of interest was diluted to a ratio of 1:500 in
1% BSA in 1X TBS with 0.5% triton X-100 (Table 1). Primary antibodies were pipetted on to
the heart slices and incubated overnight at 4°C followed by 3x 5 min washes with wash buffer.
Secondary antibodies were diluted and applied as were the primary antibodies but incubated for
only 1 h at room temperature in dark. Following another series of 3x 5 min washes, slides were
mounted using Fluoroshield histology mounting medium with DAPI (Cat. F6057) and 1 mm
thick cover slips. Slides were allowed to dry in the dark for 24 h before being observed using a

confocal microscope.

2.13 Echocardiography

Transthoracic 2D, M-mode, echocardiographic measurements were done using
VisualSonics Vevo 2011 high resolution ultrasound imaging system (FUJIFILM VisualSonics,
Toronto, ON). Mice were first transferred to a clear small closed container. Employing an

isoflurane vaporizer, 3% isoflurane was delivered to the container by oxygen gas (carrier gas).
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Once the mice demonstrated impaired dorsal - ventral axis maintenance, they were placed on a
heated electrode pad in the supine position. Electrode gel was applied to the front and hind paws
and tapped securely over the electrodes. The snout of the mice was then placed into a snout cone
which continuously delivered 1.5-2% isoflurane to the animal. A rectal probe, lubricated using
Vaseline, was then gently inserted into the mice to monitor core body temperature. With the use
of the heated pad and a heat lamp, the core body temperature of the mice was maintained
between 37.2-37.4°C. The isoflurane percentage was adjusted as needed to maintain a respiratory
rate between 90-110 breathes per minute. Once the mice were setup on the electrode pad, the fur
on the thorax was removed using an electric shaver followed by the application of depilatory
cream (Nair™) for 30 seconds. The hair removal cream was then wiped off using a damp
Kimwipe to expose the skin. Acoustic gel was then generously placed on the animal's thorax into
which an ultrasound probe, mounted on a micromanipulator, was lowered. Using the long axis
B-mode, the midsagittal axis of the left ventricle (L'V) was located. Once the apex and base of
the heart were aligned horizontally in the long axis view, short axis B-mode was used to align the
papillary tendineae vertically to one another. Long axis B-mode was then used to relocate the
midsagital axis of the LV and ensure the apex and base were still aligned. After allowing the
mice to stabilize, the scan was saved and diastolic dimension, systolic dimension, and posterior
wall thickness was measured at the widest part of the LV (greatest separation between the
anterior and posterior walls). Next, the M-mode at the same region was used to monitor LV wall
movement overtime. Average diastolic and systolic parameters were determined, along with
fractional shortening (FS), ejection fraction (EF), stroke volume (SV), and cardiac output (CO).
The values of diastolic and systolic dimensions and posterior wall thickness were then compared

to those obtained from the B-mode to ensure they agreed to the nearest 1/100 of a millimeter.
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Time between the peak R-wave on the ECG and the onset of contraction (first upwards
movement of the left ventricular posterior wall) was also measured at three different points for
each M-mode and averaged. All measurements were done using the preinstalled VisualSonics'

cardiology package.

2.14 Invasive Hemodynamics

Mice were anesthetised using a 3% isoflurane oxygen mixture in a sealed container. Once
the mice failed to display a toe-pinch reflex, they were transferred to a heated pad and positioned
supine with the head facing towards the experimenter. Surgical suture was placed under the top
front incisors to secure the snout in the snout cone which continued to deliver 3% isoflurane. An
incision along the mid sagittal axis of the neck was made approximately 1 cm in length. Using
blunt dissection, the musculature and submandibular glands were gently separated exposing the
underlying right carotid artery. Carefully, the vagus nerve was separated from the carotid artery.
Saline was periodically applied to the exposed tissue to keep it hydrated. Suture was tightly
knotted around the right carotid artery mid-way and was slightly pulled distally bringing the
vessel into tension. Another piece of suture was then threaded underneath the vessel and both
ends were pulled towards the posterior of the animal, blocking the carotid artery at this point as
well. A saline filled syringe with a 23-gauge needle was used to puncture the carotid towards the
proximal end. After washing away the blood which had escaped the artery, a calibrated solid
state Transonic Scisense catheter was than introduced into the vessel and the second suture was
freed allowing the catheter to continue proximally into the aorta. At this time 1.5-2% isoflurane

was used to keep the mice anesthetised at a respiratory rate of 90 and a core body temperature of
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37.2-37.4°C (measured via rectal probe). Aortic pressure recordings were taken until a stable
trace was observed. The catheter was then advanced into the left ventricle and the same data
collection process was repeated. Following the completion of the experiment, the catheter was
slowly retracted out of the carotid artery and a small amount of blood was allowed to escape the
vessel to flush out any debris. The carotid was then tied off at the proximal end and the distal end
knot was cut from the remaining suture and left intact, relieving the tension and allowing the
vessel to return to its normal position. The exposed tissue was cleaned using betadine solution
(1% 10dine) and the skin was then sutured together. Origin Pro (OriginLab Corporation,
Northampton, United States of America) was used to collect and tabulate peak values from the

pressure traces which were then exported to Excel and averaged.

2.15 Morphometry

In order to quantify possible hypertrophy, heart weight (g) was normalized to tibia length
(cm). Hearts, as outlined previously, were isolated from mice. The hearts were then gently dried
on paper towel after been washed in 1X PBS and weighed on a microscale. The right hind limb
of the mice was severed and placed into a 15 mL tube containing bleach. After 48-72 h, the
bleach was poured out leaving behind the exposed skeletal structure. Using a digital vernier
caliper, the isolated tibia was measured long its frontal and sagittal planes and an average tibia

length was determined.
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2.16 Densitometry Analysis

Image Studio Lite was used to measure western blot band density for the protein of

interest and the loading control (GAPDH). Once background was subtracted, target protein

values were divided by those of the loading control and normalized to the appropriate controls.

Densitometry figure was generated using Graphpad Prism 7.

2.17 Statistics Analysis

Graphpad Prism 7 was used to generate figures and perform a one-way ANOVA
(0<0.05) followed by a Tukey multiple comparisons test. P values less than 0.05 were

determined to be significantly different.
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Chapter Three: Results

The objective of this thesis was to characterize the function of syntaxin 1A (STX1A) in
the mouse heart. Cardiac-specific STX1A knockout mice were generated by crossing C57BL/6
transgenic mice expressing Cre recombinase under the a-MHC promoter with STX1A floxed

gene. Physiological and morphological changes to the mouse hearts were measured.

3.1 Conformation of transgenic STX1A flox/flox and eMHC-MCM expression
The presence of the STX1A flox/flox and aMHC-MerCreMer (MCM) in the mice were

confirmed by PCR genotyping (Figures 6 and 7). STX1A flox/flox and MCM mice showed the

predicted bands at 250 bp and 406 bp, respectively, which were absent in wild-type (WT) mice.
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Figure 6: STX1A flox/flox genotyping using tail clips resolved on a 1.5% agarose gel. A
positive result was demonstrated by a band ~250 bp in length (arrowhead) whereas the wild-type
produced a band ~400bp.Agarose gel was visualized using an Alpha Imager HP gel imaging
system.
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Figure 7: MCM genotyping results using tail clips resolved on a 1.5% agarose gel. A
positive result was demonstrated by a band ~450 bp in length. Agarose gel was visualized using
an Alpha Imager HP gel imaging system.
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To further validate the expression of MCM, Western blot analysis was conducted on left
ventricular tissue from wild-type and transgenic mice (Figure 8). Multiple Cre primary
antibodies were used in efforts to detect the MCM protein but repeated attempts to detect Cre
protein were unsuccessful. Due to the fused mutated estrogen receptor domain of MCM,
estrogen receptor o (ER-a) primary antibodies have been used to detect this protein (Kam et al.
2012). Initial attempts using anti-rabbit ER-a were unsuccessful in detecting MCM or
endogenous estrogen receptor. Later, an anti-mouse ER-a primary antibody was used which
successfully detected the MCM protein. A 113kDa band was observed which is indicative of

MCM. This band was absent in mice lacking this transgene.
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Figure 8: Western blot analysis of MCM expression in C57BL/6 left ventricles. Protein
lysates from three cMHC-MCM STXI1A floxed hearts and three WT C57BL/6 mice (negative
control; MCM-) were resolved by SDS-PAGE. Each well contained 30 pg of protein. Mouse
monoclonal antibody for estrogen receptor alpha (1:1000) was used to probe for MCM.
Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) served as the loading control. A positive
MCM result was observed at ~110 kDa with the GAPDH band at ~37 kDa. Membranes were
visualized using a LI-COR Odyssey infrared imaging system (n=3).
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3.2 Confirmation of STX1A KO in cMHC-MCM/STX1A flox/flox Mice

Experiments were conducted to confirm knockout of STX1A protein in the mouse hearts.
Initial Western blots were performed to verify the lack of neuronal contamination in the LV free
wall and intraventricular septum (IVS) samples as this may contribute to the STX1A detection
(Mishima et al. 2014). These isolated samples were probed for synapsin 1 (SYNT1), a neuronal
marker (De Camilli et al 1983). SYN1 was not found in either the LV free wall or IVS (Figure
9). Multiple Western blot attempts to detect STX1A protein in the wild-type and transgenic
oaMHC-MCM/STXI1A floxed mice from LV and IVS were not conclusive.
Immunohistochemistry (IHC) was used as an alternative approach to confirm successful STX1A
knockout (Figure 10). Prior to tamoxifen treatment, STX1A (red) was observed on the
sarcolemma of LV cardiomyocytes. The red outline and speckling pattern of STX1A seen in pre-
tamoxifen heart samples is similar to what has been previously reported in neurons by Ullrich et
al. (2015). STX1A expression patterns seen in pre-tamoxifen heart slices were not observed in 0
week and 3 week post-tamoxifen heart slices indicative of STX1A KO (Figure 5). DAPI (blue)

was used as a DNA marker.
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Figure 9: Western blot analysis of synapsin 1 (SYN1). Protein was isolated from LV and
interventricular septa (IVS). Protein lysates from three LVs and IVSs from aMHC-MCM
STXI1A floxed mice injection with peanut oil (control) and those treated with tamoxifen (STX1A
KO) were resolved by SDS-PAGE. Each well contained 30 pg of protein. Brain lystate (10 pg)
served as a positive control for SYN1. Rabbit polyclonal antibody for synapsin 1 (1:1000) was
used. A positive SYNI result was observed at ~78kDa. A LI-COR Odyssey infrared imaging
system was used to visual the membranes (n=2).
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Figure 10: Immunohistochemistry of STX1A KO mice. Frontal heart slices of pre, 0 week, and 3 week post
tamoxifen treatment were probed with rabbit polyclonal STX1A antibody (1:500) and secondary anti-rabbit
alexafluor 647 (red; 1:500). DAPI (blue) present in the mounting medium was used as a DNA marker. Slides were
visualized with a ZEISS LSM 700 confocal microscope. A 63X objective with emersion oil was used.




3.3 Heart Function of Tamoxifen-Treated and Cre-Positive Mice

To conduct longitudinal assessment of heart function in the mice, transthoracic 2D, M-
mode echocardiographic measurements were done. Past studies have reported possible effects of
tamoxifen and Cre expression alone on heart function. Koitabashi et al. (2009) report a dilated
cardiomyopathy and reduced heart function in atMHC-MCM mice once injected with 80 mg/kg
tamoxifen for 5 days. Similarly, Hall and team (2011) observed reduced fractional shortening in
aMHC-MCM mice following injection of 40 mg/kg tamoxifen for 5 days. These alterations were
not observed in mice receiving 1 or 3 injections of tamoxifen (Hall et al. 2011). Hougen et al.
(2010) have previously demonstrated that 4 tamoxifen injections (40 mg/kg) can cause a similar
reduction in heart function as reported by Hall and team (2011). Buerger et al. (2006) also
reported dilated cardiomyopathy in hearts expressing Cre-recombinase alone in the absence of
tamoxifen treatment. Lifespan was also reduced to 11-13 weeks in these mice; normal average
lifespan of laboratory mice is approximately 24 months. Initial measurements were performed to
rule out possible direct effects of tamoxifen and MCM on the measured myocardial parameters
in my study. tMHC-MCM/STX1A flox/flox mice were injected with peanut oil (control) and
were compared to wild-type mice injected with tamoxifen (TAM; n=3) and Cre positive mice
injected with tamoxifen (Cre+; n=5). The latter two groups were given four lower doses of
tamoxifen injections (20 mg/kg) over a 4-day period. All 3 groups showed no baseline
differences prior to the tamoxifen treatment (time -1 week) in systolic dimension, systolic
volume, diastolic dimension, diastolic volume, heart rate, stroke volume, software-generated

cardiac output, and calculated cardiac output (Figures 4 and 5).

37



Baseline systolic dimension (Ds) for control mice were 2.29 &+ 0.06 mm, TAM: 2.48 +
0.24mm, and Cre+: 2.22 + 0.22mm (Figure 11A). These values agree with those reported in
literature of 2.18 &+ 0.3 mm (Sohal et al. 2001) and 2.1 + 0.3 mm (Colazzo et al. 2015). Diastolic
dimension (Dd) for all 3 groups (Control: 3.71 & 0.08 mm, TAM: 3.85 £ 0.22 mm, Cre+: 3.47 £+
0.23 mm) agree with previously observed values of 3.78 + 0.27 mm (Figure 11C) (Sohal et al.
2001) and 3.7 = 0.3 mm (Colazzo et al. 2015). Systolic volume (Vs) shown in Figure 11B for
control (18.3 = 1.2 uL), TAM (23.1 £4.9 uL), and Cre+ (17.8 = 4.6 uL) concur with the 13.8 = 4
puL SV in C57BL/6 mice reported by Colazzo et al. (2015) and 17.5 = 4.63 uL by Chu et al.
(2015). Colazzo and team (2015) reported a diastolic volume (Vd) of 53 & 8 uLL which overlaps
with ranges in this thesis (Control: 59.1 £ 3.0 uL, TAM: 67.3 £ 7.9 uL, Cre+: 51.2 £ 7.9 uL;
Figure 11D). These values also agree with the Vd 77.50 £ 17.53uL observed by Chu et al.

(2015).
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Figure 11: Effects of tamoxifen and Cre on systolic and diastolic dimensions and volumes.
Transthoracic 2D M-mode echocardiographic measurements were performed to assess systolic
and diastolic dimensions and volumes, over a 6-week period. Systolic dimension (A), systolic
volume (B), diastolic dimension (C), and diastolic volume (D) of control mice (green diamonds;
n=11), WT mice treated with tamoxifen (TAM, blue circles; n=3), and Cre expressing mice
(Cre+, black squares; n=5) are displayed. Data points are the means = SEM. All data were
collected and analyzed using VisualSonics Vevo 2011 high resolution ultrasound imaging
system. A one-way ANOVA followed by a Tukey test was used to determine significance at
each time point (p <0.05). No statistical differences were observed.
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Figure 12: Effects of tamoxifen and Cre expression on heart rate (A), stroke volume (B),
cardiac output (C) and calculated cardiac output (D). Control mice (green diamonds; n=11),
WT mice treated with tamoxifen (TAM, blue circles; n=3), and Cre expressing mice (Cre+, black
squares; n=5) are shown. Cardiac output data denote values obtained from the software while the
calculated cardiac out was determined from the individual product of heart rate and stroke
volume. All data were collected and analyzed using VisualSonics Vevo 2011 high resolution
ultrasound imaging system. Values shown are mean+SEM. A one-way ANOVA followed by a
Tukey test was used to determine significance at each time point (p <0.05). ‘#’ represents
statistical difference between control and Cre+ groups.

40



Ejection Fraction

100
80 -
60 - ES i E
2
401
20 -
o T T T T T T T T
2 1 0 1 2 3 4 5 6
Time (weeks)
-6~ Control ©- TAM 8 Cre+t

7

100

Fractional Shortening

80-
60 -
2

40 4

20

0

2 1 0 1 2 3 4 5 6 7

Time (weeks)

-0- Control -©- TAM 8- Cre+

Figure 13: Effects of tamoxifen and Cre on ejection fraction and fractional shortening.
Ejection fraction (A) and fractional shortening (B) of control mice (green diamonds; n=11), WT
mice treated with tamoxifen (TAM, blue circles; n=3), and Cre expressing mice (Cre+, black
squares; n=5) are displayed. All data are the means + SEM and were collected and analyzed
using VisualSonics Vevo 2011 high resolution ultrasound imaging system. A one-way ANOVA
followed by a Tukey test was used to determine significance at each time point (p <0.05).
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The baseline HR (Figure 12A; beats per min - BPM) for control (513 + 12 BPM), TAM
(481 =31 BPM), and Cre+ (445 + 36 BPM) were not significantly different from each other and
agree with previously reported values in male C57BL/6 mice ranging from 438 (Janssen et al.
2004) to 530 BPM (Colazzo et al.2015; Chu et al. 2015; Yang et al. 2017). As determined by
Colazzo et al. (2015), the stroke volume (SV) of C57BL/6 male mice falls within 39 pL.
Pleasant-Jenkins et al. (2017) reported SV in C57BL/6 mice between and 30-35 pL. The baseline
SV for control (40.8 = 1.9 uL), TAM (44.2 + 3.0 uL), and Cre+ mice (33.4 = 3.9 uL) lay within
these published ranges (Figure 12B). In the same publications, cardiac output (CO) was reported
at 19.8 = 4 mL/min. This agrees with both the software-generated CO (Figure 12C) and
calculated CO (Figure 12D) —CO; Control: 20.8 £ 1.0 mL/min, TAM: 21 £ 0.3 mL/min, Cre+:
14.5 £ 1.26 mL/min. Calculated CO; Control: 20.9 + 1.5 mL/min, TAM: 21.3 = 2.9 mL/min,

Cre+: 14.9 £ 2.9 mL/min.

Values for ejection fraction (EF) have varied in the literature ranging from 65-66%
(Popovic et al.2005; Yang et al. 2017) to 74-77% (Colazzo et al. 2015; Chu et al. 2015). Baseline
EF (Control: 69 £+ 1%, TAM: 67 £ 7%, Cre+: 67 = 3%) in my experiments fall within these
ranges (Figure 13A). FS baselines (Figure 13B) for Control: 38.2 + 0.8%, TAM: 36.9 +3.1% and
Cre+: 36.5 + 2.3% agree with observations by Gao et al. (2011) and Chu et al. (2015) of 40 + 2%

and Colazza et al. (2015) of 44 + 6%.

In summary, injections of peanut oil in tMHC-MCM/STX1A flox/flox mice and
tamoxifen for TAM and Cre+ mice, Ds, Dd, Vs, Vd, HR, SV, calculated CO, EF, and FS

remained unchanged over the 6-week monitoring period (Figures 11, 12 and 13) with the
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exception of the software-generated CO (Figure 12C). The Cre+ software-generated CO was
significantly different at 4 weeks following the final tamoxifen injection when compared to the
control and TAM groups. This difference, however, is not carried over to the calculated CO
(Figure 12D). Overall, my results failed to show any direct effect of tamoxifen or Cre expression

on heart function as has been reported previously.

3.4 Heart Function of STX1A KO Mice

To investigate the effects of STX1A deficiency on heart function, cardiac-specific
STX1A KO mice (n=12), referred to as STX1A KO from here on in, were compared to Cre+
mice. All baseline values for tMHC-MCM/STX1A flox/flox mice prior to tamoxifen treatment
agreed with the published values for the functional parameters mentioned above. A day after the
4™ injection of tamoxifen (0 Week Post), there was marked reductions in myocardial function as

observed by the 2D M-mode echocardiographic measurements (Figure 14).

Significant increases in Ds and Vs were seen in the STX1A KO group (week 0; p<0.05).
This increase was found to persist from 0-3 weeks post tamoxifen injection with the greatest
spike at 0 weeks and recovery by 4 weeks (Figure 15A and 15B). Ds increased to 3.37 &
0.25 mm from a baseline of 2.27 + 0.07 mm at 0 weeks. Ds gradually declined to 2.76 +0.23
mm at 1 week and 2.58 = 0.11 mm at 3 weeks post-tamoxifen treatment. By week 4 post-
tamoxifen treatment, Ds returned to similar levels as the Cre+ group (2.53 £0.11 mm). Vs for
STX1A KO (Figure 15B) followed a similar trend with an initial spike from 18.05 = 1.48 pL to
51.73 = 8.86 uL (0 week) followed by decreases to 32.11 = 7.19 uL (1 week) and then 25.20 +

3.03 pL (3 weeks). By the 4" week, Vs returned to 24.05 + 2.69 pL which was not significantly
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different from the Cre+ mice. This trend is seen in the representative traces which show reduced
LV wall movement during systole 0-week post-TAM with partial recovery by 3 weeks (Figure
14). Similarly, Vd was found to increase in STX1A KO mice at 0- and 3-weeks post tamoxifen
with recovery by 4 weeks (Figure 15C). Vd increased from a 56.55 + 3.2 uL baseline to 81.38 +
7.11 uL by week 0. Vd at 1 week (63.41 + 6.38 puL) was not significantly different from Cre+
mice; however, at 3 weeks post-tamoxifen treatment, 62.36 + 4.38 uLL was significantly greater
relative to the Cre+ group. By 4 weeks post-tamoxifen treatment, Vd had decreased to 58.65 +
3.63 uL which were not statistically different from Cre+ mice. Dd was only statistically greater

at 3 weeks post-tamoxifen treatment with a dimension of 3.78 = 0.11 mm.
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Figure 14: Representative transthoracic 2D M-mode echocardiographic images. Images for
pre-tamoxifen injected mice and mice injected with tamoxifen at 0-week post tamoxifen
(immediately following the 4-day injections), and 3-week post-tamoxifen injection are shown.
Images were taken on anesthetized mice using VisualSonics Vevo 2011 high resolution
ultrasound imaging system (cardiology package).
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Figure 15: The effects of STX1A deletion on myocardial systolic and diastolic function.
Systolic dimension (A), systolic volume (B) diastolic dimension (C), and diastolic volume (D) of
STX1A knockout (KO) mice (red filled circles; n=12) and Cre+ (black; n=5) are displayed. The
x-axis represents number of weeks with -1 being the pre-injection values. Data points represent
the means + SEM and were collected and analyzed using VisualSonics Vevo 2011 high
resolution ultrasound imaging system (M-mode). A one-way ANOVA followed by a Tukey test
was used to determine significance at each time point (p <0.05). Points of significant difference

are indicated by an asterisk.
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The mean HR, SV, and calculated CO were not different over the 6 weeks (Figure 16A,
B and D), whereas the software-generated CO showed baseline differences in CO (-1 week)
between the STX1A KO group and Cre+ group prior to tamoxifen injections (Figure 16C).
Following the final tamoxifen injection, this difference was no longer observed with the
exception at 4 weeks post tamoxifen. EF and FS were also found to decrease over the 0-3 weeks
post tamoxifen period in STX1A KO mice (Figure 17). It was noted the greatest decrease in EF
and FS was at week 0 which by week 4 returned to similar levels as Cre+ mice. For EF, a
reduction from a baseline of 68.1 + 1.5% to 41.6 £ 5.6% at week 0 was seen. This was followed
by an increase in EF to 54.5 + 5.4% at week 1 and to 60.6 + 1.8% at week 3. By week 4, EF had
increased to 61.1 & 2.3% and was not significantly different from Cre+ mice. FS, mirroring EF,
displayed an initial drop from a baseline of 37.5 + 1.2% to 21.1 £+ 3.2% at week 0 followed by an
increase to 28.8 + 3.3% by week 1. By week 3, FS had increased to 31.9 + 1.3% and by week 4

with a FS of 32.4 £+ 1.6%, was not significantly different from the Cre+ group.
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Figure 16: The effects of STX1A deletion on heart rate, stroke volume and cardiac output.
Heart rate (A), stroke volume (B), cardiac output (C), and calculated cardiac output (D) of
STX1A KO mice (red filled circles; n=12) and Cre+ mice (black open squares; n=5) are shown.
Cardiac output data denote values obtained from the software while the calculated cardiac output
was determined from the individual product of heart rate and stroke volume. Data points are the
means £ SEM. A one-way ANOVA followed by a Tukey test was used to determine significance
at each time point. Statistical significance is indicated by an asterisk (p <0.05).
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Figure 17: The effects of STX1A deletion on ejection fraction and fractional shortening.
Ejection fraction (A) and fractional shortening (B) for STX1A KO mice (red circles; n=12) and
Cre+ mice (black squares; n=5) are displayed. A one-way ANOVA followed by a Tukey test was
used to determine significance at each time point. Statistical difference is indicated by an asterisk
(» <0.05).
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3.5 Invasive Hemodynamics Assessing Left Ventricle Pressure Generation

Echocardiography data show reduced systolic function in STX1A KO mice. To further
assess whether this declined function is a result of reduced contractility of the left ventricle or an
indirect result of elevated afterload, hemodynamic measurements were done. Using a solid-state
catheter, LV pressure (LVP), peak rate of pressure change (dP/dt), aortic pressure (AoP) and HR
were measured prior to tamoxifen injections (-1 week), after the tamoxifen treatment (week 0),
and 3 weeks post-tamoxifen treatment (Figure 18). LVP and AoP during systole and diastole
were found to remain unchanged after the administration of tamoxifen to cMHC-MCM/STX1A
flox/flox mice (Figure 18 A and 18B). Baseline systolic LVP (LVPs) prior to tamoxifen
treatment was 95.6 + 2.8 mmHg (Figure 18A). Following the tamoxifen treatment (week 0) LVP
of STX1A KO mice was 86.9 = 7.3 mmHg and 3 weeks post-tamoxifen treatment was 97.6 £ 1.9
mmHg. These values agree with previous studies which have reported baseline LVPs ranging
from 80 to 119 mmHg (Fan et al. 2013; Jacoby et al. 2006; De Waard et al. 2007). Baseline
diastolic LVP (LVPd) was determined to be 2.9 + 2.1 mmHg (Figure 18A). At week 0, these
mice had a LVPd of 6.7 £ 1.3 mmHg and at week 3 of 4.8 + 1.2 mmHg. These values for LVPd
agree with those previously published as they fall in the range of 2.0-6.5 mmHg (Fan et al. 2013;
Jacoby et al. 2006; De Waard et al. 2007). Systolic AoP (sAoP) before tamoxifen treatment was
91.1 + 4.3 mmHg (Figure 18B). Following the tamoxifen treatment, sAoP was not significantly
altered in STX1A KO mice. sAoP was 98.0 = 5.7 mmHg at 0 week and at 3-week post-
tamoxifen treatment was 93.8 + 1.3 mmHg. These values agree with sAoP values previously
reported of 99 +£3 mmHg by Izumiya et al. (2006) and Kelsey et al. (2013). sAoP of 98.5 £2.9
and 96.8 £ 2.5 mmHg have also been reported by Muthuramu and team (2013 and 2017).

Similarly, no change in diastolic AoP (dAoP) was seen in STX1A KO mice (66.2 + 4.0 mmHg, -
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1 week; 69.6 £ 3.5 mmHg, 0 week; 69.4 £1.1 mmHg, 3 weeks; Figure 18B).These values agree
with previously published dAoP pressures ranging between 62 to 73 mmHg (Muthuramu et al.

2013, 2017) and 70 to 80 mmHg (Kelsey et al. 2013).
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Figure 18: Invasive hemodynamic of STX1A
KO mice. Measurements of left ventricle pressure,
rate of pressure generation and relaxation (dP/dt),
aortic and heart rate are shown. Measurements
from STX1A KO mice were performed before
(time -1; n=5) and after (0, and 3 weeks; n=7) the
4-day tamoxifen injections. A one-way ANOVA
was used to determine significance at each time
point. Significant differences are indicated by an

asterisk (p <0.05).
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Systolic dP/dt (also referred to as dP/dt max) at week1 was 10,279 + 205 mmHg/s
(Figure 18C). At week 0 mice displayed a reduced rate of 7354 + 1009 mmHg/s. By week 3,
systolic dP/dt had increased to 10,502 + 356 mmHg/s; levels comparable to the baseline.
Following a similar trend, baseline diastolic dP/dt (also referred to as dP/dt min) was -10,363
+879 mmHg/s. At week 0, diastolic dP/dt was reduced to -5702 + 1040 mmHg/s and by week 3
had increased to -8635 + 310 mmHg/s which is not significantly different from the baseline. The
absolute values observed for baseline and 3 weeks post tamoxifen treatment systolic and
diastolic dP/dt do fall higher than those more commonly reported in literature ranging between
5000-8000 mmHg/s (De Waard et al. 2007; Fan et al. 2013; Fukushima et al. 2011). However,
values above this range are not novel as Jacoby and team (2006) reported dP/dt max of 10,001 £
3144 mmHg/s. Rates as high as 22,254 + 1,035 mmHg/s have also been reported (Joho et al.

2006; Yang et al. 2017).

HR measured during invasive hemodynamics was found to increase in STX1A KO mice
by week 3; however; this was not observed during echocardiography. Prior to the tamoxifen
treatment, HR was measured to be 519 + 19.2 BPM which agrees with baseline HR values
measured via echocardiography in this thesis and past publications as mentioned previously
(Colazzo et al.2015; Chu et al. 2015; Yang et al. 2017). Baseline HR of 563 £ 75 and 537 £ 8
BPM have been observed in hemodynamic experiments by Jacoby et al. (2006) and De Warrd et
al (2007), respectively. At week 0, HR was 556 + 9.6 BPM and at week 3 HR was measured at
579 £ 13.2 BPM. Overall, hemodynamic data failed to show any change in LVPs/d and s/dAoP
in STX1A KO mice but showed a decrease in peak systolic and diastolic dP/dt at week 0 with

increased HR at week 3.
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3.6 Delay between R-wave and Onset of Contraction

During my measuring of the echocardiographic parameters I noticed an apparent delay
between the start of the R wave of the ECG to the onset of contraction. I decided to quantify the
time delay between the R-wave peak and the onset of LV posterior wall contraction. Control,
Cre+, and STX1A KO mice showed no difference prior to their respective treatments of peanut
oil or tamoxifen (Pre-injection Control: 8.7 = 1.3 msec; Cre+: 8.3 £1.1 msec; STX1A KO: 8.8 +
0.9 msec; Figure 19). Control mice over the 6-week period remained at baseline levels (0 week:
8.7+ 0.8 msec; 1 week: 9.1 £ 1.5 msec; 3 weeks: 9.4 + 1.3 msec; 4 weeks: 7.9 £ 0.8 msec; 6
weeks: 9.8 + 1.3 msec). Cre+ mice were not significantly different than the control with the
exception of week 4 post-tamoxifen treatment. At 4 weeks, Cre+ mice showed an increased
delay of 12.5 = 1.7 msec whereas the control mice were at 7.9 £+ 0.8 msec. This was not seen at
week 6. Cre+ mice; 0 week: 11.9 + 1.9 msec; 1 week:13.6 £ 2.5 msec; 3 week: 9.3 + 1.9 msec; 4
week: 12.5 £ 1.7 msec; 6 week: 11.1 £ 0.7msec. STX1A KO mice remained at comparable levels
to Cre+ mice throughout the 6 week monitoring period but were significantly higher than the
control group with the exception of week 3 (STX1A KO mice; 0 week: 16.2 + 1.8 msec; 1
week:18.7 = 1.5 msec; 3 week: 11.3 £ 1.0 msec; 4 week: 12.9 + 1.1 msec; 6 week: 13.8 £ 1.0
msec). Overall, control mice displayed no change in delay between R-wave and onset of
contraction whereas, STX1A KO mice show a greater transient spike in delay at week 0 and 1
but by week 4 and 6 have reduced times which are still greater than those observed in control

mice. Cre+ mice mirrored the STX1A KO mice trend at a lower magnitude.
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Figure 19: The delay between R-wave and onset of contraction in STX1A KO mice. The
time between the R wave on the onset of contraction was measured from control mice (green
diamonds; n=11), Cre+ mice (black squares; n=5), and STX1A KO mice (red circles; n=12). All
data were collected and analyzed using VisualSonics Vevo 2011 high resolution ultrasound
imaging system. A one-way ANOVA followed by a Tukey test was used to determine
significance. An asterisk indicates a significant difference between the control and STX1A KO
mice. ‘#’ indicates a significant difference between control and Cre+ mice. No significant
difference was observed between the Cre+ and STX1A KO mice.
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3.7 Myocardial Hypertrophy in STX1A KO Mice

Compensatory cardiac hypertrophy has been shown to be a common response to heart
failure (Anversa et al. 1991; Izumiya et al. 2006). Using echocardiography, LV posterior wall
thickness was measured to assess possible hypertrophy in STX1A KO mice. No change in wall
thickness was seen over the 6 weeks within or among the groups (Figure 20A). A baseline
posterior wall thickness for Control, TAM, Cre+, and STX1A KO mice lay between 0.86 — 1.08
mm and at 6 weeks post-treatment this range was 0.93 — 1.06 mm. These values agree with
published diastolic LV posterior wall thickness measurements which range from 0.69 to 0.97
mm (Colazzo et la. 2015; Ma et al. 2012).The same trend was shown for heart weight-to-tibia
length ratios (Figure 20B) as observed in atMHC-MCM/STX1A flox/flox mice prior to
tamoxifen treatment (Pre), 0 week post-treatment, and 3 week post-treatment were not
statistically different - Pre: 7.2 £0.5 g/cm, 0 week: 6.4 + 0.2 g/cm, 3 weeks: 6.9 + 0.5 g/cm.
These ratios agree with those reported in literature by Pallai et al. 2006 (6-7 mg/mm), Trivedi et
al. 2008 (7.0 £ 1.5 mg/mm), and Zheng et al. 2010 (6.4 = 1.8 mg/mm). Overall, my results do not

show evidence of hypertrophy in STX1A KO mice.
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Figure 20: Assessment of myocardial hypertrophy. The posterior wall thickness (A) over the
6-week period for control mice (green diamonds; n=11), WT treated with tamoxifen (TAM, blue
open circles; n=3), Cre positive mice (Cre+, black squares; n=5) and STX1A KO mice (red filled
circles; n=12). Heart weight to tibia length ratios (B) of male STX1A flox/flox mice before
(n=5), 0 weeks post (n=7), and 3-week (n=7) post-tamoxifen injections. A one-way ANOVA
was used to determine significance. No statistical differences were observed.
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3.8 Possible Compensation by other SNARE Proteins

In echocardiography and invasive hemodynamic data presented above, STX1A KO mice
demonstrated recovery by 3 weeks post tamoxifen treatment. Western blots were used to access
for possible compensatory increase in expression of other SNARE proteins similar in function to
STXI1A in the heart. These SNARESs consisted of STX2, 3, and 4 (Ferlito et al. 2010, Mandon et
al. 2017). Western blots for STX 2 and 3 (not shown) were inconsistent and unsuccessful in
detecting the protein of interest. Western blot for STX4 showed the predicted bands of 34 kDa in
the skeletal muscle (SM; positive control) as well the control and STX1A KO LVs and IVSs
(Figure 21A). Densitometry analysis for STX4 shows a possible increase in STX4 levels in
STX1A KO mice (Figure 21B. The blot was done once (n=2) so the trend remains to be

confirmed.
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Figure 21: Western blot analysis of syntaxin 4 (STX4) from isolated LV and
interventricular septa (IVS). Protein lysates from aMHC-MCM STXI1A floxed mice injection
with peanut oil (control) and those which were tamoxifen treated (STX1A KO) were resolved by
SDS-PAGE. Each well contained 30 pg of protein. Skeletal muscle (10 pg) served as a positive
control for STX4. Rabbit polyclonal antibody for syntaxin 4 (1:1000) was used. A positive result
was observed at ~34kDa. Membrane were visualized using a LI-COR Odyssey infrared imaging
system (n=1).
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Chapter Four: Discussion

4.1 Summary of Results

Since the discovery of SNARE proteins, a lot has been uncovered about the vital roles
this protein super family plays throughout the body with a major emphasis on the brain (Jahn and
Scheller 2006). These proteins have also been studied in other organs such as the heart (Peters et
al. 20006). Relatively speaking, much less is known about their roles in cardiac muscle especially
that of STX1A. The aim of this thesis was to help shed light on the function of STX1A in the
heart. It was initially, hypothesized that STX1A knockout hearts will display increased inotropy
and chronotropy. The basis of this hypothesis was that once STX1A was removed, voltage-gated
calcium channels in the heart will no longer be inhibited by STX1A (Arien et al. 2003; Wiser et
al. 1996, 2002). This would allow for increased rate and amplitude of calcium transients
resulting in stronger and faster contractions (Bers 2002; Fabiato 1983). The observations from
this thesis are contradictory to this initial prediction. To test this hypothesis, cardiac-specific-
STX1A knockout C57BL/6 mice were used. PCR genotyping confirmed the presence of aMHC-
MCM and STX1A flanking loxP sites in these mice. Following tamoxifen treatment, STX1A KO
was confirmed through immunohistochemistry. Echocardiography measurements showed no
differences in Ds, Vs, Dd, Vd, HR, SV, EF, FS, and calculated CO in Control, TAM, and Cre+
groups. In STX1A KO mice however, Ds and Vs were significantly elevated over the 0-3 week
post tamoxifen treatment period. EF and FS in STX1A KO mice were significantly reduced over
this same time frame. These patterns are suggestive of systolic dysfunction in STX1A KO heart.
HR, SV, and calculated CO were observed to be unaffected as a result of STX1A KO. Invasive
hemodynamics demonstrated no change in LVPs/d and AoPs/d in response to STX1A KO.

However, systolic and diastolic dP/dt were seen to be reduced at week 0 which recovered by 3-
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week post-tamoxifen treatment. Both posterior wall measurements and HW/TL ratios
demonstrated no hypertrophy in response to STX1A KO hearts. Interestingly, a delay between
the R-wave and onset of LV contraction was noted in STX1A KO mice relative to Control mice,

but not when compared to Cre+ mice.

4.2 Confirmation of STX1A Knockout Using Immunohistochemistry

Despite screening each mouse for the required homozygotic LoxP sites flanking exons 2
and 3 of STX1A4 and the tcMHC-MCM construct, western blots on tamoxifen treated hearts were
unable to confirm STX1A KO. However, the expression of Cre recombinase in these hearts was
confirmed using western blots. Further, the possibility of STX1A contamination from nerve
terminals during heart isolation was also ruled out because SYN1, a neuronal marker, was not
detected by western blots on LV or IVS (De Camilli et al 1983; Mishima et al. 2014). Various
anti-bodies against STX1A from either a rabbit or mouse host were used in efforts to confidently
detect a STX1A band in control hearts with its absence or reduction in tamoxifen treated hearts.
The results obtained from these series of western blots appeared highly variable and were unable
to indicate successful knockout or knockdown. The inability to detect STX1A using traditional
western blot methods can be speculated and attributed to the following. One of the more
common reasons of western blot variability can be traced back to the primary anti-bodies (Ghosh
et al. 2014). It is not uncommon that primary anti-bodies in laboratory setting fail to detect their
intended antigens when used in different tissues and/or cell types. This was particularly seen in
western blots that contained both brain and heart samples. The lanes that contained LV lysates

displayed a much greater number of bands than in the brain (positive control), indicative of
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greater non-specific binding by the same primary anti-body in heart lysates. Considering the
underlining principle of western blots, to separate proteins by molecular weight in their primary
denatured states, could hinder efficiency and/or affinity of primary antibodies in detecting their
intended antigens (Ghosh et al. 2014). It has also been observed that the centrifugation and
removal of cellular debris could cause great loss of target protein, interfering with protein
detection or quantification (Ghosh et al. 2014; Murphy et al. 2009). It was found that the
removed cellular debris when preparing rat skeletal muscle lysates contained a significant
proportion of myosin and calsequestrin-2 (Murphy et al. 2009). This could very well cause
inaccuracies when using western blots as a quantitative measure in determining changes in
protein expression levels. A simple way to avoid this issue is to load a more diluted but crude
lysate (Ghosh et al. 2014). Finally, activity of endogenous proteases may also produce
inconsistencies among samples. Even with the use of protease inhibitors, it is recommended that
samples be frozen in liquid nitrogen as quickly as possible for storage to minimize protein
degradation. The samples used in this thesis were stored on dry ice during collection and
transferred to a -80°C freezer for storage. In efforts to circumvent these potential challenges,
immunohistochemistry was used as well. Ramos-Vara (2005) describes formaldehyde as the gold
standard when it comes to immunohistochemistry fixation. Through paraformaldehyde fixation
of heart samples followed by antigen retrieval, protein preservation was maximized. In addition,
primary antibodies are allowed to interact with their target proteins in their higher order native
structures, as denaturization is not necessary. With this method the predicted location of the
target protein can also be used in assessing signal accuracy as certain proteins, such as STX1A
are localized to the sarcolemma (Brose 2014). Immunohistochemistry was able to successful

demonstrate STX1A KO in the LV by 0- and 3-weeks post tamoxifen treatment.
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4.3 Cardiotoxic Effects of Tamoxifen and/or Cre on Heart Function

The tamoxifen inducible Cre-loxP system has become a popular choice for tissue-specific
and temporal-specific manipulation of gene expression (Koitabashi et al. 2009). However, past
studies have demonstrated that the use of such a technique in cardiac tissue can potentially
produce cardiotoxicity, which in turn reduces systolic function (Koitabashi et al. 2009). These
effects have been attributed to either the presence of tamoxifen, Cre, or both. As discussed
previously, Koitabashi et al. (2009) observed dilated cardiac myopathy and reduced systolic
function in response to five 80mg/kg tamoxifen injections administered to C57BL/6 mice
carrying the atMHC-MCM construct but not Cre negative mice. It was also seen that half of this
dosage (40mg/kg) was also able to reproduce these effects in mice after 5 injections but not when
given 1 or 3 injections (Hall et al. 2011). Hougen et al. (2009), following a similar injection
protocol to Hall and team (2011), observed reduced heart function in response to four injections
of 40 mg/kg of tamoxifen. These results were explained by global changes in gene expression of
proteins vital for excitation-contraction coupling in cardiomyocytes. The presence of Cre,
independent of tamoxifen, has also been argued to produce the aforementioned effects (Buerger

et al. 2000).

In this thesis a concentration of 20 mg/kg of tamoxifen was used to induce MCM, which
is half of the lowest concentration shown to effect heart function in mice. No evidence of
tamoxifen or Cre induced cardiotoxicity was seen in this thesis. Control mice (injected with
peanut oil only), TAM mice (wild-type mice injected with tamoxifen), and Cre+ mice (aMHC-
MCM mice lacking the STX1A flox/flox with tamoxifen injections) were used to control for
possible effects of tamoxifen, activated Cre, or the tamoxifen solvent (peanut oil). These mice

showed no significant difference in heart function measured using echocardiography over the
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monitoring period. The only deviation noted was in the software-generated CO in which control
mice had a higher CO than Cre+ mice at 4 weeks post injections. TAM mice, which displayed a
CO very close to that of the control mice, were not statistically different than the Cre+ mice. This
single point can be explained by the way these parameters are estimated. During
echocardiography, the only direct measurements done are those of the systolic and diastolic
dimensions. The remaining parameters such as CO are generated using a built-in algorithm.
Using these generated values alone fails to take into consideration the error in HR and SV, the
product of which is CO. It is also worth noting that HR and SV at 4 weeks post injections were
not significantly different. When calculating CO using these two values, and their associated
errors, the significant difference at 4 weeks between control and Cre+ mice is no longer noted.
The general pattern of the software-generated CO and the calculated CO are identical with the
only difference being the compounded error now carried by the calculated CO values.
Considering that the software-generated CO was seen to be significantly different between the
control and Cre+ groups at a single point should not undermine the fact that at all time points

before and after the 4™ week these groups were not statistically different.

4.4 Effect of STX1A Knockout on Heart Function

Prior to this thesis, the effect on heart function in cardiomyocyte-specific STX1A KO
mice had not been explored. Upon visual inspection of the echocardiography M-modes, an
evident decline in LV wall movement can be noted at 0-week post tamoxifen treatment. By week
3, the LV wall traces are similar to those of the pre-tamoxifen treatment condition. STX1A KO

mice display elevated Ds, Vs, and reduced EF, and FS, indicative of temporary systolic
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dysfunction. It has been established that the observed phenotype is not in response to other
variables such as tamoxifen or Cre recombinase activity. Echocardiography also shows no
change in HR, SV, and calculated CO. The abovementioned arguments explaining the
differences between the software-generated and calculated CO also apply to the STX1A KO CO.
Observations thus far, agree with each other at a systemic level and can be explained as
following. STX1A KO hearts display increased Ds and Vs over the 0-3 week period. During this
period, at 0- and 3-week post tamoxifen-treatment there is also a marginal but significant
increase in Dd and Vd. Keeping HR, SV, and CO constant, increasing just Vs, and Vd can still

produce reduced EF and FS, as shown by echocardiography data modeled in Table 2.

Table 2: A numerical illustration of the effect of STX1A KO on heart function. This
theoretical situation models the observed treads during echocardiography following STX1A KO.
The values used in this model for ejection fraction (EF) are values observed during data
collection.

Cre+ STX1A KO Change
SV=5uL SV=5uL Same
EF =70% EF =40% Reduced

Vs=2.14 uL Vs=7.5uL Increased
Vd=7.14 uL Vd=12.5uL Increased

Invasive hemodynamics indicate no change in afterload in STX1A as AoP during systole
and diastole remain the same prior to and after tamoxifen administration. This rules out the
phenotype being a secondary response to increased afterload and points towards a mechanism
intrinsic to cardiomyocytes (Heineke and Molkentin 2006; Tarazi and Levy 1982). In addition,
myocardial hypertrophy, which is very commonly associated with elevated afterload, is not seen
in STX1A KO mice, as will be discussed later. Reduced pressure generation by the LV can also

be predicted based on the systolic function reported by echocardiography, however, this was not
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supported by invasive hemodynamic data. LVP during systole and diastole were not shown to
differ following STX1A KO. At this point it is worth noting a potential drawback of this
technique. Reduced LVP generation is accompanied by an increase in preload. As the heart is
not isolated from the rest of the circulatory system, this increase in preload can give rise to
masking effects that make it appear as if the myocardium itself is producing the same initial
force. During dilated cardiomyopathy, even though there is an increase in Vs and Vd, as
observed, LVPs can remain unchanged (Lindsey et al. 2018). Isolating the heart using an ex vivo
perfusion system, along with this data, would allow for more concrete conclusions regarding
changes in LVP generation in the absence of STX1A. Invasive hemodynamics also shows
declined peak rate of pressure generation and relaxation (dP/dt systole and diastole) at week 0,
indicative of a prolonged cardiac cycle and systolic dysfunction (Lindsey et al. 2018). The delay
observed between the peak of the R-wave and onset of LV contraction also points towards a
prolongation of the cardiac cycle. HR at this point was not seen to be decreased, as would be
predicted. In fact, by 3 weeks, invasive hemodynamics suggests increased HR in STX1A KO
mice. This was not observed in data collected using echocardiography. As a separate control
group was not used in the hemodynamics experiments due to a shortage of available mice, it is
harder to rule out potential effects on cardiac physiology given this technique’s invasive nature

(Lindsey et al. 2018).

As of yet, a mechanism pertaining to this phenotype has not been deduced, however,
there are some hypotheses that warrant further investigation. The first being possible disruption
in EC coupling and the second being reduced sarcoplasmic calcium stores due to leaky voltage-

gated calcium channels. Reduced calcium gain through EC coupling or reduced sarcoplasmic
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calcium stores is described to be fundamental in reduced contractility (Gomez et al. 1997; Roe et
al. 2015). A reduction in calcium gain can result from spatial dissociation between voltage-gated
calcium channels and ryanodine receptors leading to desynchronized calcium release from the
sarcoplasmic reticulum. This spatial dissociation can lead to orphaned ryanodine receptors,
which result in slower release of calcium and lower amplitude calcium currents, thereby reducing
the rate and strength of contraction (Bers 2002; Fabiato 1983; Louch et al. 2010; Roe et al.
2015).This EC uncoupling could potentially result from the knockout of STX1A as this protein
has been shown to directly interact with voltage-gated L-type calcium channels and form nano-
clusters of dimers and trimers localized to the plasma membrane (Sajman et al 2017). Keeping in
mind the traditional role of SNARE proteins and its interactions with other proteins, it can be
proposed that STX1A is involved in trafficking and localizing voltage-gated L-type calcium
channels to the sarcolemma in a manner which optimizes coupling with ryanodine receptors.
Secondly, STX1A KO could give rise to leaky voltage-gated calcium channels, increasing
resting cytosolic calcium levels (Fong et al. 1990). This spontaneous uncoordinated opening of
voltage-gated calcium channels in the absence of STX1A could lead to reduction of sarcoplasmic
calcium stores resulting in slower and weaker contractions (Gomez et al. 1997; Roe et al. 2015).
Currently there is no evidence that supports or refutes this possibility. Evidently, further

investigation is required to determine a molecular explanation for the observed phenotype.

4.5 No Compensatory Myocardial Hypertrophy in STX1A Knockout Hearts

A hallmark feature of cardiomyocytes in a failing heart is hypertrophy (Anversa et al.

1991; Izumiya et al. 2006). During cardiac hypertrophy, cardiomyocytes increase in overall
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volume by either increasing in length and/or width in an effort to compensate for diminished
heart function (Heineke and Molkentin 2006). In order to explore the possibility of compensatory
myocardial hypertrophy as an explanation for the observed functional recovery in STX1A KO
mice, LV posterior wall thickness and heart weight-to-tibia length ratios were determined.
However, both parameters were unable to suggest the presence of hypertrophy. Specifically, LV
posterior wall thickness remained the same, both within and between all groups, before and after
receiving their respective treatments. Further, heart weight-to-tibia length ratios at 0- and 3-week
post-tamoxifen in tMHC-MCM STX1A flox/flox mice were not significantly different than
those mice that received peanut oil injections. Therefore, both LV posterior wall thickness and
heart weight-to-tibia length suggest the absence of compensatory hypertrophy—thus this

phenomenon cannot account for the recovered heart function in STX1A KO mice.

4.6 Possible SNARE Protein Compensation in STX1A Knockout Cardiomyocytes

Western blots were performed on SNARE proteins similar in function to STX1A in the
heart, such as STX2, 3, and 4. These proteins also localize to the sarcolemma and could
potentially perform the role of STX1A (Ferlito et al. 2010, Mandon et al. 2017). STX3 has been
demonstrated to interact with voltage-gated calcium channels as well (Xie et al 2016). It was
shown that STX3 co-precipitates with the a; pore-forming subunit of voltage-gated calcium
channels. This is the same subunit which STX1A has been reported to bind when inhibiting
currents through these channels (Arien et al. 2003). Xie and team (2016) noted that upon STX3
KO in INS-1 cells, there was significant increase in the observed calcium current amplitudes.

Using selective channel blockers, the researchers attributed this increase in currents to L- and R-

68



type calcium channels. STX3, however, doesn’t appear to interact with these channels the same
way STX1A does via cysteines -271 and -272 as these amino acids are not conserved in the
transmembrane domain of STX3. It has been proposed that STX3 interacts with and modulates
channel currents through its cytosolic domain (Xie et al. 2016). Such interactions with voltage-
gated channels have not been established for STX2 and 4 as a result, there is greater probability
of STX3 being the protein responsible for the observed recovery in STX1A KO hearts
(Bezprozvanny et al. 2000). The delay observed in recovery, with the assumption STX3 is
responsible, could be explained by the preferential binding of STX3 for voltage-gated R-type
calcium channels over L-type channels, which are preferentially bound by STX1A (Xie et al
2016). It was demonstrated that STX1A co-precipitated with Cav1.3 (L-type calcium channel)
2.3 times more than Cay2.3 (R- type calcium channel) whereas, for STX3 was 2.8 times more in
favour of Cav2.3. Thus, STX3 might then require a longer period of time before sufficient
amounts of vacated L-type channels can be bound and modulated as done by STX1A. To do so,
there may also be compensatory increase in STX3 expression followed by a ‘correcting’ period.
Western blots on STX 2 and 3 however, were unsuccessful in detecting these proteins preventing
any further conclusions regarding their involvement in rescuing the observed phenotype through
increased compensatory expression. Western blot and densitometry data on STX4 fail to show
change in expression levels of this SNARE protein following STX1A KO. Considering the
possible complications associated with the western blot technique as discussed earlier, further
investigation is required into these SNARE proteins and their potential role in recovery to form

appropriate conclusions.
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Chapter Five: Concluding Remarks and Future Directions

Assessing heart function in cardiomyocyte-specific STX1A KO mice using
echocardiography and invasive hemodynamics is indicative of a transient systolic dysfunction.
Reduction in heart function is observed in the first 3 weeks following STX1A KO, which later
returns to normal levels. From these observations, it can be proposed that STX1A somehow is
involved in maintaining EC coupling efficiency and myocyte contractility. Further
experimentation is required to deduce a mechanistic explanation on how STX1A performs this
role in cardiomyocytes and the observed recovery in STX1A KO hearts. To do so, I recommend

the following.

As western blots were unable to detect STX1A knockout, STX2, and 3, it is
recommended that these blots be repeated using a new primary antibody. As previously
discussed, crude lysate of freshly collected samples should be loaded to access and prevent
possible loss of target protein during the removal of cellular debris while taking all precautions
to minimize protein degradation (Ghosh et al. 2014; Murphy et al. 2009). In addition to this,
reverse transcription quantitative polymerase chain reaction (RT-qPCR) to access expression
levels of proteins involved in EC-coupling and candidate compensatory SNARE proteins, STX2,
3, 4 and their associated SNARE proteins SNAP-23/25 and VAMP-1/2 should be done. Ideally,
a longitudinal assessment of transcript levels over a similar time frame as the echocardiography
experiments should be done. In doing so, conclusions regarding changes in expression levels of
these proteins in response to STX1A knockout and the observed cardiac function at that state can

be used to further evaluate their purposed role in recovery.

70



It is suggested that additional control groups, such as Cre+ mice, be included in invasive
hemodynamic experiments in order to rule out any external variables which may be influencing
the trends reported in this thesis. Ex vivo heart perfusion experiments, also referred to as
Langendorff method, should also be done to supplement hemodynamic data. These two
experiments, being similar to one another, are not mutually exclusive (Lindsey et al. 2018).
Performing isolated heart perfusion to assess LV pressure generation will allow ruling out of a

possible masking effect of blood in vitro as discussed above.

Through the use of optical mapping, one can assess the proposed role of STX1A in EC
coupling (Jaimes 3™ et al. 2016). Using high fidelity calcium-sensitive fluorescent probes,
changes in calcium kinetics and amplitudes in cardiomyocytes can be measured at a considerably
high resolution. The technique can also provide insight to potential spontaneous opening or
leakiness of voltage-gated calcium channels as a result of STX1A knockout. Finally, whole-cell
patch clamp, a commonly used but challenging technique, can be used to study voltage-gated
calcium channel kinetics in STX1A knockout cardiomyocytes (Rubaiy 2017). This data, along

with optical mapping, will allow further characterization of the role of STX1A in the heart.
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