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Abstract

This study investigated the effect of the mouse estrous cycle on myocyte
contractile function. Female mice displayed irregular estrous cycles unless induced
to cycle though exposure to bedding collected from cages housing male mice.
Fractional shortening and Ca2* transient amplitudes were significantly larger in
myocytes isolated from mice in estrus. The effect of the estrous cycle was preserved
even when cells were paced at a more physiological frequency and in the presence
of B-adrenergic stimulation. Myofilament Ca?* sensitivity was also modified by the
estrous cycle, as myofilaments isolated from the hearts of mice in estrus were least
sensitive to Ca2*. However, acute application of either 173-estradiol or the G
protein-coupled estrogen receptor (GPER) agonist, G-1, had no effect on
contractions or Ca2* transients, regardless of the estrous stage. Thus, physiological
fluctuations in sex hormone levels modify myocyte contractions, Ca2* release, and

myofilament Ca2* sensitivity.
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Chapter 1: Introduction
I. Overview
i. Sex Differences in Cardiovascular Disease

It is well established that there are sex differences in the prevalence of
cardiovascular disease and overall cardiovascular pathophysiology (Czubryt et al.,
2006). Even as early as 1913, it was observed that men had much higher mortality
than women when diagnosed with hypertensive cardiovascular disease (Janeway,
1913). This is consistent with the results of more recent clinical studies. The
prevalence of cardiovascular disease in pre-menopausal women is much lower than
in age-matched men, however, this female advantage declines following menopause
(Barrett-Connor and Bush, 1991). It has been suggested that estrogen may have a
protective effect on the heart, as bilateral oophorectomy has been shown to increase
the risk of adverse cardiovascular events in females (Hayward et al., 2000). The
reasons underlying the protective effects of estrogen on the heart are poorly
understood. However, cardiac myocytes have been shown to contain the nuclear
estrogen receptors a and 3 (Stumpf et al.,, 1977). Therefore, it is likely that the
protective effects of estrogen on the myocardium may be mediated, at least in part,
at the level of the individual cardiomyocyte.

Along with the protective effects estrogen may have on the heart itself, it is
known that estrogen attenuates the development of atherosclerosis and improves
overall vascular function (Vaccarino et al., 1999). Clinically, women present much
later in life with their first myocardial infarction when compared to men (Vaccarino

et al,, 1999). It is thought that estrogen protects the vasculature through increases



in eNOS which leads to vasodilation and regeneration of the endothelium of the
vasculature (Meyer and Barton, 2009).

Although estrogen is implicated in the protective effects of female sex on the
cardiovascular system, estrogen levels are not constant but fluctuate during the
menstrual cycle (Lentz, 2012). Therefore, the female menstrual cycle must be taken
into account when investigating the effects of estrogen on the heart. Indeed, various
cardiovascular parameters are known to fluctuate with the human menstrual cycle.
Several studies have investigated the effect of the menstrual cycle on resting heart
rate (Hassan et al., 1990; Kaplan et al., 1990; Kelleher et al., 1986; Manhem and Jern,
1994). These studies have shown that resting heart rate is elevated when estrogen
levels are low during the luteal phase of the menstrual cycle and that heart rate
decreases during the follicular phase when estrogen levels rise. Low estradiol levels
present during the luteal phase of the menstrual cycle are also associated with an
increased prevalence and increased duration of paroxysmal supraventricular
tachycardia (SVT) in pre-menopausal women with no history of cardiovascular
abnormalities (Rosano et al., 1996). Taken together, these results suggest that
fluctuations in hormone levels associated with the menstrual cycle can affect
cardiovascular function. Experimental animals, such as mice, exhibit cyclical
alterations in hormone levels known as the estrous cycle (Butcher et al., 1974).
Whether the estrous cycle affects cardiovascular function is not yet known. The
overall goal of this thesis is to determine whether the estrous cycle modulates

myocyte contractile function in sexually-mature female mice.



II. Myocyte Contractile Function
i. The Ventricular Myocyte

The heart is made up of individual contractile cardiac muscle cells referred to
as cardiomyocytes . Approximately 75% of the mass of the ventricles is
cardiomyocytes (Loscalzo, 2012). Ventricular myocytes range from 60-140 um in
length and 17-25 pm in diameter (Loscalzo, 2012). They are typically bi-nucleated
and have a striated appearance due to the presence of the myofilaments. The
following section provides a detailed summary of how an electrical impulse,
referred to as the action potential, initiates cardiomyocyte contraction mediated by

the myofilaments through activation of the excitation-contraction coupling pathway.

ii. Overview of the Ventricular Action Potential and Excitation Contraction Coupling
At rest, the intracellular concentrations of Na*, K*, and Ca2* in ventricular
myocytes are 10 mM, 135 mM, and 0.1 mM, respectively (Ten Eick et al., 1981).
These values differ significantly from the extracellular concentrations, which are
145 mM, 4 mM, and 2 mM, respectively. This electrochemical gradient gives rise to
a resting membrane potential of approximately -80 mV (Levy, 2007). Figure 1.1A
shows a schematic of a human ventricular myocyte action potential. The various
phases are characterized by ion movement across the cell membrane. At rest, the
sarcolemma is permeable to K*, but not to Na* and Ca2*. When the membrane is
depolarized to approximately -65 mV, the large electrochemical gradient for Na*
results in a rapid influx of Na* which gives rise to the up-stroke of the action

potential, or phase 0 (Levy, 2007). Na* channels quickly inactivate, and a brief



period of repolarization is observed as an efflux of K* through the transient outward
current (I). This is seen as the notch at the top of the action potential (phase 1).
The plateau of the action potential, or phase 2, is characterized by the influx of Ca%*
through the L-type and T-type Ca2* channels (Bean, 1985). L-type Ca2* channels are
much more abundant in the heart than T-type Ca%* channels. Further extrusion of
K* from the cell causes repolarization, which is known as phase 3 of the action
potential. The Na*/K* ATPase pumps 3 Na* out in exchange for 2 K* in, in order to
return ion concentrations to resting values (Apell and Karlish, 2001). Figure 1.1B
shows a schematic of a mouse ventricular action potential. Phases 1, 2, and 3 of the
action potential are not as well defined as those seen in the human action potential.
This quick repolarization is due to the rapid activation of numerous repolarizing K*
currents, mainly a fast I;, (Knollmann et al., 2007).

Contraction of the heart is mediated by a process known as the excitation
contraction (EC) coupling pathway (Bers, 2002). Figure 1.2 provides an overview of
the EC coupling pathway. EC coupling is the process by which the electrical
stimulus, or action potential, is converted into a mechanical response. In the EC
coupling pathway, an action potential propagating along the sarcolemma extends to
the interior of the cell via T-tubules. This depolarization of the membrane opens
voltage-sensitive L-type Ca2* channels, which results in an influx of Ca2* into the
cytosol (Bers, 2002). This incoming Ca?* gives rise to the L-type Ca2* current (IcaL).
IcaL interacts with ryanodine receptors (RyR) located on the sarcoplasmic reticulum
(SR) and causes their activation and opening (Bers, 2002). This subsequently leads

to Ca%*-induced Ca?* release (CICR) from the SR, which gives rise to the Ca2+



Phase 1

Phase 0 Phase 3

Phase 4 Phase 4

100 ms 25 ms

Figure 1.1. Schematic of the human and mouse ventricular action potentials.
A: Human ventricular myocyte action potential. Depolarization of the membrane to
approximately -65 mV results in a rapid influx of Na* which gives rise to the up-
stroke of the action potential (phase 0). Na* channels quickly inactivate, and a brief
period of repolarization is observed as an efflux of K* through the transient outward
current (I). This is seen as the notch at the top of the action potential (phase 1).
The plateau is characterized by the influx of Ca* through the L-type Ca2* channel
(phase 2). Further extrusion of K* from the cell mediates repolarization (phase 3).
B: Mouse ventricular action potential. lon movement is similar to that seen in
human cardiomyocytes. Phases 1, 2, and 3 of the action potential are not as well
defined. The rapid repolarization is due mainly to a fast I,.



transient. The released Ca2* interacts with the myofilaments and causes a
contraction. Three factors are key determinants of the force of contraction: Ca2+
transient amplitude, Ca2* transient duration, and myofilament Ca?* sensitivity (Bers,
2002). Cardiomyocyte relaxation occurs when intracellular Ca2* concentration
([Ca2*];) is lowered. Reduction in [Ca%*]; occurs in several ways. Ca2*is sequestered
back into the SR via the sarcoplasmic endoplasmic reticulum Ca%*-ATPase (SERCA)
and Ca?* is extruded from the cell via the Na*/Ca%* exchanger (NCX). SERCA and
NCX are responsible for approximately 92% and 7% of Ca%* removal from the
cytosol, respectively, in rodent cardiomyocytes (Bassani et al., 1994; Hove-Madsen
and Bers, 1993; Li et al., 1998). Phospholamban (PLB) is an SR protein that controls
the rate at which Ca?* is taken back up into the SR through SERCA activation (Bers,
2002). Inits un-phosphorylated state, it suppresses SERCA activity. The
sarcolemmal Ca2*-ATPase and mitochondrial Ca2* uniporter are responsible for the
removal of the remaining 1% of Ca?* in the rat cardiomyocyte (Bassani et al., 1994).
Ca?* cycling is a tightly regulated process within the heart (Bers, 2002).
Disruptions in Ca2* movement within the cardiomyocyte are associated with the
development of various cardiovascular diseases (Katz and Reuter, 1979). For
example, Ca2* overload within the heart is a key trigger for ventricular arrhythmias
and is also associated with chronic heart failure (Frommeyer et al., 2012). Previous
studies have suggested that the cardioprotective effects of estrogen may be due to
alterations in Ca2* movement within the EC coupling pathway (Curl et al., 2001;
Farrell et al,, 2010; Leblanc et al., 1998). Ca2* transients are significantly smaller in

myocytes isolated from female mice when compared to males (Farrell et al., 2010).
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Figure 1.2. Schematic of the excitation-contraction coupling pathway in a
ventricular myocyte. Membrane depolarization triggered by the action potential
promotes Ca%* influx through the voltage-dependent, L-type Ca2* channel. The
incoming Ca2* then goes onto to interact with ryanodine receptors (RyR2) to trigger
Ca2*-induced-Ca?*-release (CICR) from the sarcoplasmic reticulum (SR). This gives
rise to the Ca2* transient. The increased [Ca2+]; interacts with the myofilaments to
induce a contraction. Following contraction, Ca2* is taken back up into the SR via
the sarcoplasmic endoplasmic reticulum Ca%*-ATPase (SERCA) and is extruded from
the cell via the Na*/Ca2* exchanger (NCX).



Additionally, the resulting contraction is smaller in myocytes from females
compared to cells isolated from males (Farrell et al., 2010). As previously described,
a number of components of the EC coupling pathway work together to initiate the
Ca2* transient and the resulting contraction. Therefore, this suggests that estrogen
may influence various components of the EC coupling pathway and alter myocyte

contractile function through changes in Ca?* movement within the cardiomyocyte.

iii. -adrenergic Signalling in the Myocardium

Various components of the EC coupling pathway are modulated by
sympathetic stimulation. Activation of the pi1-adrenergic receptor (f1-AR) acts as a
positive inotrope to increase cardiac contractile force (Bers, 2002). Additionally, B1-
AR stimulation has positive lusitropic effects, as it speeds relaxation of the
myocardium through rapid reduction in [Ca2*]; (Li et al., 2000b). When
catecholamines bind to the 1-AR, the heterotrimeric G-protein, Gs, is activated
(Bers, 2002) (Fig. 1.3). The a-subunit of Gs dissociates from the By-subunit and goes
on to stimulate adenylyl cyclase (AC). AC stimulates the conversion of ATP into
cyclic AMP (cAMP), which in turn activates protein kinase A (PKA). PKA
phosphorylates numerous components of the EC coupling pathway including the L-
type Ca2* channel, RyR, PLB, as well as troponin I on the myofilaments (Bers, 2002).

Phosphorylation of PLB by PKA elicits the majority of the positive lusitropic
effect observed with 31-AR activation (Li et al., 2000b). p1-AR stimulation speeds
the re-uptake of Ca2* into the SR by causing PLB to dissociate from SERCA. As well,

phosphorylation of troponin I reduces myofilament Ca2* sensitivity and causes a



more rapid dissociation of Ca2* from the myofilaments, which also functions to
speed relaxation (Kentish et al., 2001). The increased speed of Ca%* re-uptake into
the SR leads to increased SR Ca2* stores. Together, the larger SR Ca2* stores and
increased Ica1. mediate the positive inotropic effects observed following application
of a 31-AR agonist. Phosphorylation of RyR by PKA also causes an increase in RyR
channel open probability (Valdivia et al., 1995). It has also been reported that RyR
phosphorylation may increase Ca?* release from the SR (Viatchenko-Karpinski and
Gyorke, 2001), although, this remains controversial (Song et al., 2001).

As mentioned previously, Ca2* overload can be detrimental to the heart. Itis
well established that 31-AR stimulation can cause Ca2* loading in myocytes (Sipido,
2006). Itis thought that this alteration in Ca?* movement within the cardiomyocyte
is due to an increase in I¢aL. and enhanced SERCA activity (Volders et al., 2000). In
fact, SR Ca?* loading can become so excessive that spontaneous SR Ca2* release can
occur (Volders et al., 2000). This can lead to the generation of early and delayed
after depolarizations which can result in various cardiac arrhythmias (Volders et al.,
2000). Together, these observations help explain the wide-spread use of -blockers
in patients suffering from heart failure in order to suppress Ca2* loading in the heart.

A limited number of studies have investigated the effects of estrogen in the
presence of sympathetic stimulation. Cross et al. (2002) used Langendorff hearts to
demonstrate that females are protected from ischemia-reperfusion injury in the
presence of the 31-AR agonist, isoproterenol. They concluded that the protection
observed in the females was mediated by estrogen-induced, nitric oxide generation

(Cross etal.,, 2002). Taken together, these results suggest that estrogen may be
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Figure 1.3. Schematic of f1-adrenergic receptor stimulation in a ventricular

myocyte. Stimulation of the 31-AR activates the G protein, Gs. Gs goes on to activate
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cardioprotective in situations of high-stress which initiate sympathetic activation.

III. Estrogen Signalling in the Myocardium
L. Overview of Estrogen

Estrogens are sex steroid hormones that are derived from cholesterol
(Czubryt et al,, 2006). There are three forms of estrogen: estrone, estradiol, and
estriol (Burger, 2001). However, the most potent estrogen in the human body is
17p-estradiol (Kalus, 2008). Estrogen has a variety of physiological roles which
include formation of secondary sex characteristics, maintenance of bone mass,
production of adipose tissue, and acceleration of metabolism (Cagnacci et al., 1992).
The enzyme aromatase is responsible for the conversion of androgens to estrogens
(Simpson et al., 1994). The majority of estrogen synthesis in pre-menopausal
women occurs in the ovaries, where aromatase expression is the highest. However,
in post-menopausal women, the principal aromatase expression is shifted to
adipose tissue and skin fibroblasts (Simpson et al., 1994). Thus, in pre-menopausal
women, it is the fluctuating levels of estrogen secreted from the ovaries that are
thought to be responsible for cardioprotection. This cardioprotection is lost when
adipose tissue and skin fibroblasts become the main source of more constant low
levels of estrogen, which are seen in post-menopausal women.

Stumpf et al. were the first to discover that cardiomyocytes contained
estrogen receptors (Stumpf et al.,, 1977). They used tritium-labeled estradiol and
found that various areas of the heart contained estrogen receptors, including the left

and right ventricles and the left and right atria. Additionally, cardiac fibroblasts
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contain functional estrogen receptors (Grohe et al., 1997). While the effects of
estrogen signalling in cardiac fibroblasts is poorly understood, a study has shown
that estrogen may play a role in fibroblast proliferation (Lee and Eghbali-Webb,
1998). Itis now known that estrogen is capable activating downstream signalling
cascades by binding to estrogen receptors in the nucleus and on the plasma
membrane (Revankar et al,, 2005). The effects of estrogen are mediated via
genomic and non-genomic signalling pathways, as described in detail below

(Bjornstrom and Sjoberg, 2005).

ii. Genomic Signalling Pathway: Estrogen Receptors acand 3

Estradiol mediates its genomic effects on the cardiovascular system by
binding to the two nuclear estrogen receptors, known as estrogen receptor o. (ERa)
and estrogen receptor 3 (ERB) (Grohe et al.,, 1997). In cardiomyocytes, expression
levels of ERp are similar between males and females (Grohe et al., 1998). However
ERa expression levels are higher in pre-menopausal women when compared to age-
matched men (Ihionkhan et al.,, 2002). When estradiol binds to either of these
receptors, the complex translocates to the nucleus and is capable of altering the
transcription of certain genes. The genomic changes elicited by estradiol are
mediated by the nuclear ERs in three ways: 1. ER binds directly to DNA 2. ER binds
indirectly to DNA, or 3. Ligand-independent binding (Hall et al., 2001). These
mechanisms for genomic estrogen signalling have been identified in a variety of

tissues, however, it is not yet known which of these binding profiles are specifically
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responsible for genomic estrogen signalling in the myocardium. Therefore, a brief
overview of each mechanism is provided below.

ERs are capable of directly binding to DNA to modify gene transcription (Hall
et al,, 2001). Upon estradiol binding to the activator function-2 domain of either
ERa or ERp, the receptor dimerizes. The dimer then goes on to bind to the estrogen
response elements located on the DNA, which leads to the recruitment of co-
activators or co-repressors (Rosenfeld and Glass, 2001). This results in enhanced or
reduced gene expression. For example, it is likely that estrogen down-regulates
transcription of the L-type Ca2* channel, as there is a dramatic increase in L-type
Ca2* channel expression in ER knock-out mice (Johnson et al., 1997).

Transcription can also be altered by estradiol in genes that do not contain an
estrogen response element (Bjornstrom and Sjoberg, 2005). Approximately 33% of
genes that are influenced by estradiol binding to ER do not have estrogen response
elements (O'Lone et al., 2004). In this case, following binding of estradiol to the ER,
the ER goes on to bind to an alternative transcription factor. This mechanism is
frequently referred to as transcriptional cross talk (Gottlicher et al., 1998). ERs are
also capable of signalling in the absence of estrogen binding (Curtis et al., 1996).
However, the mechanism behind this signalling is poorly understood. Taken
together, these studies suggest 3 potential signalling pathways through which
activated ERs are capable of inducing genomic changes following estrogen binding.
It is clear that further investigations are required to determine if any or all of these
pathways are responsible for the genomic changes observed with estrogen binding

to the myocardium.
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iii. Non-genomic Signalling Pathway: Estrogen Receptors o and  and GPER

Recent studies suggest that, aside from its established genomic effects,
estrogen is also capable of mediating non-genomic actions (Simoncini and
Genazzani, 2003). Non-genomic actions occur rapidly and are often coupled to
protein-kinase activation. It is thought that estrogen may mediate rapid signalling
via estrogen receptors that are bound to the plasma membrane, which go on to
activate both Gs, and Gq. (Kuroki et al.,, 2000). For example, 17f3-estradiol has been
shown to rapidly mobilize intracellular Ca%* (Improta-Brears et al., 1999), stimulate
adenylate cyclase activity (Aronica et al., 1994), and increase cyclic AMP production
in cultured breast cancer and uterine cells (Aronica et al., 1994). Activation of G
proteins can lead to activation of the extracellular signal-regulated kinase (ERK),
cAMP, and phosphatidylinositol 3-kinase (PI3K) signalling pathways (Razandi et al.,
2004). Although relatively little is known about the non-genomic effects of
estrogen, they are thought to contribute to rapid cardioprotection during ischemic
cardiac injury and myocardial remodelling (McHugh et al., 1995; Node et al., 1997).

The non-genomic effects of estrogen have been demonstrated in isolated
guinea-pig cardiomyocytes (Jiang et al., 1992). Acute application of a supra-
physiological concentration of 17p-estradiol rapidly reduces myocyte contraction
(Jiang et al., 1992). However, whether this is caused by a change in intracellular
Ca2+ is not known because intracellular Ca2* levels were not quantified in this study.
As previously mentioned, it is thought that the beneficial effects of estrogen on the

heart are due to changes in Ca2* movement throughout the cell. Therefore, further
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studies are required to understand the effects of acute application of estrogen on
isolated ventricular myocytes.

Recently, a novel G protein-coupled receptor (GPCR) has been identified,
known as G protein-coupled estrogen receptor (GPER) (Filardo, 2002). It has been
suggested that GPER may be responsible for estrogen-mediated, non-genomic
signalling. GPCRs are proteins that contain 7 trans-membrane domains (Ji et al.,
1998). Ligand binding to GPCRs activates heterotrimeric G proteins which initiate
various downstream signalling cascades. Estrogen was first shown to bind to GPER
in a line of breast cancer cells which do not express either of the nuclear ERs
(Filardo, 2002). In this cell line, application of 17p-estradiol rapidly activates the
mitogen-activated protein kinases ERK-1 and ERK-2 (Filardo, 2002). These findings
suggest that estrogen may have acute effects on other cells that express GPER,
however, relatively little is know about this pathway.

Following identification of GPER, a novel GPER agonist known as G-1 was
discovered (Bologa et al., 2006). G-1 was shown to bind to GPER with high affinity
and showed no binding affinity for either ERa or ER (Bologa et al.,, 2006). To date,
most studies on the role of GPER in the heart have examined the effect of G-1 on
ischemia-reperfusion injury. Deschamps and Murphy (2009) demonstrated that
GPER is present on the myocardium and that similar protein levels are seen in male
and female rats. As well, they demonstrated that activation of GPER by G-1 is
cardioprotective in Langendorff hearts subjected to ischemia-reperfusion injury
(Deschamps and Murphy, 2009). They attributed the protective effects of G-1 to

activation of the PI3K pathway. Together, these results demonstrate that that G-1 is
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capable of signalling via GPER in the intact whole heart. However, whether G-1 able
to modify cardiomyocyte contractions and Ca2* homeostasis has yet to be

determined.

IV. The Human Menstrual Cycle and Mouse the Estrous Cycle
i. The Human Menstrual Cycle

Estrogen levels are not constant in pre-menopausal women. Rather, they
fluctuate during the human menstrual cycle. The human menstrual cycle is a
reproductive process in females that begins at approximately 12 years of age (Lentz,
2012). The menstrual cycle has a mean duration of 28 days and is divided into two
phases, known as the follicular phase and the luteal phase, which are separated by
ovulation. In young, sexually-mature females, both the follicular and luteal phases
last approximately 14 days (Lentz, 2012). The follicular phase begins with a rise in
follicle stimulating hormone (FSH) levels from the anterior pituitary which
promotes follicle growth resulting in a single mature follicle. As the follicles grow,
they secrete increasing levels of 173-estradiol to promote endometrial
development. When the follicle has almost matured, estradiol levels reach a
threshold in which a positive feedback loop is initiated that results in ovulation
(Lentz, 2012). Thus, high plasma estradiol levels are detected by the hypothalamus
which provides feedback to the ovaries to cease production of 17f-estradiol. During
ovulation, 17p-estradiol levels fall and there is a surge in luteinizing hormone (LH)
levels from the anterior pituitary. After the ovum has left the ovary, the corpus

luteum left behind secrets large amounts of progesterone. If fertilization does not
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occur, levels of progesterone decline and menstruation occurs. Therefore, the
human menstrual cycle is characterized by cyclical changes in a number of different

hormones, including estrogen (Lentz, 2012).

ii. The Mouse Estrous Cycle

Analogous to the human menstrual cycle, rodents experience an estrous cycle
which is characterized by fluctuating levels of sex hormones (Butcher et al., 1974).
The estrous cycle has an approximate duration of 4-6 days in laboratory mice, and
does not begin until mice reach sexual maturity at 42-56 days, which coincides with
vaginal opening (Nelson et al., 1982). The estrous cycle can be tracked in mice
through observation of vaginal cytology which in turn, correlates with hormonal
fluctuations.

Four primary estrous stages have been identified: diestrus, proestrus, estrus,
and metestrus (Barkley and Bradford, 1981). Proestrus corresponds to the
follicular phase observed in humans, whereas, estrus, metestrus, and diestrus occur
during the luteal phase. These stages can be distinguished based on vaginal
cytology, where a sample of vaginal cells are placed on a slide, fixed, and
subsequently stained (Nelson et al., 1982). Nelson et al. have shown that vaginal
smears from diestrus consist primarily of leukocytes as well as a small number of
nucleated and cornified cells (Nelson et al., 1982). Vaginal smears from proestrus
contain mainly nucleated cells and few of the other cell types. Estrus is

characterized by a thick vaginal smear that contains only cornified cells. Finally,
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metestrus vaginal smears contain cornified cells as well as leukocytes and some
nucleated cells.

While the four estrous stages are well defined, few studies have sought to
quantify corresponding hormone levels in the mouse model, therefore only ranges
of estrogen concentrations can be assumed (Table 1.1) (Bergman et al., 1992;
Campbell et al., 1976; Saito et al.,, 2009; Walmer et al., 1992). Proestrus has been
characterized as the estrous stage with the highest estradiol levels, while the
majority of studies report that estradiol levels are lowest in estrus.

Interestingly, recurrent, regular estrous cycling in laboratory mice housed in
conventional animal care facilities occurs infrequently (Barkley and Bradford,
1981). Female pheromones have been shown to cause a suppression of estrous
cycling and prolongation of the cycle in female mice housed in groups (Whitten,
1959). However, exposing these group-housed females to male pheromones can
induce regular estrous cycling and may also synchronize the females’ cycles; this
phenomenon is referred to as the “Whitten Effect” (Whitten, 1966). Therefore,
group-housed females in typical animal care facilities may not exhibit regular

estrous cycles.

V. Estrogen Targets in the EC Coupling Pathway
i. Estrogen and the EC Coupling Pathway

The ovariectomized (OVX) mouse has been an invaluable tool in
understanding the effects of chronic ovarian estrogen deprivation. This model has

been used to investigate the cardiovascular effects of ovary removal. To date, the
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Table 1.1. Mouse plasma/serum 17 -estradiol levels (pg/ml) from literature.

Source P/S | Method D P E M
Campbell, 1976 S RIA - ~24 - ~4
Saito, 2009 P - 60+ 10 60+9 171+£3 | 19.6+2
Walmer, 1992 S FIA ~23 ~56 ~22 ~34

Abbreviations: P - plasma sample, S - serum sample, RIA - radioimmunoassay, FIA -
fluorescence immunoassay, D - diestrus, P - proestrus, E - estrus, M - metestrus.
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results of these studies provide evidence that several components of the EC coupling
pathway are likely affected by the chronic actions of estrogen. Fractional shortening
and Ca?* transient amplitudes are significantly larger in myocytes isolated from OVX
rats when compared to those isolated from sham-operated controls (Curl et al.,
2003). Interestingly, supplementation of OVX animals with 17f-estradiol returns
fractional shortening and Ca2* transient amplitudes to levels that are comparable to
sham-operated controls (Curl et al., 2003). Along with the observed increase in
intracellular Ca?*, OVX myocytes also have reduced myofilament Ca2* sensitivity
(Schaible et al., 1984). This is thought to be due to a decrease in myosin ATPase
activity (Schaible et al., 1984). Taken together, these results suggest that estrogen
may modulate various components within the EC coupling pathway. Intracellular
Ca?+ levels are increased in myocytes isolated from OVX mice, therefore, it is
possible that estrogen may function to decrease Ica1, RyR activation, and SR Ca2+
stores, as each of these components are known to influence Ca2* homeostasis.
Additionally, estrogen may also sensitize the myofilaments to Ca2* through an
increase in myosin ATPase activity. However, further studies are required, as
relatively little is known about the chronic effects of estrogen on myocyte
contractile function.

The non-genomic effects of estrogen on components of the EC coupling
pathway can be studied by directly applying 173-estradiol on isolated
cardiomyocytes. Effects that occur rapidly following application of 173-estradiol
would be mediated by non-genomic signalling. Acute application of 17-estradiol

has been shown to rapidly inhibit Ic, 1. in isolated rat ventricular myocytes (Berger et

20



al., 1997; Nakajima et al., 1999). Additionally, a negative inotropic effect is observed
upon application of 17p-estradiol in isolated human myocardium (Sitzler et al.,
1996). Thus, acute application of 173-estradiol is associated with decreased Ica. as
well as a reduction in fractional shortening. Therefore, it is likely that the acute
effects of estradiol are associated with a decrease in intracellular Ca2+, as a smaller
Ica would be expected to decrease peak Ca2* transients. Taken together, these
results suggest that both acute and chronic exposure to estrogen function to
suppress myocyte contractile function through reduced intracellular Ca2* release.
As high levels of intracellular Ca%* have been associated with various cardiovascular
diseases (Katz and Reuter, 1979), it is possible that susceptibility to adverse
cardiovascular events may vary with cyclical changes in estrogen levels. However,
little is known about the effect of the estrous cycle on Ca?* homeostasis in the heart.

Although information is limited, one study did examine the effects of cyclical
estrogen levels characteristic of the rodent estrous cycle on cardiac function. This
study investigated the effect of the estrous cycle on action potential duration (APD)
and ventricular repolarization (Saito et al., 2009). Action potential duration at 50%
repolarization (APD50) and APD90 were found to be significantly longer in estrus
due to a decrease in the transient outward K* current (Iif) as well as decreased
ultra-rapid delayed rectifier K* current (Iksiow) (Saito et al., 2009). Both of these
currents play integral roles in ventricular repolarization (Brouillette et al., 2004; Xu
et al,, 1999). These results indicate that cyclical changes in estrogen can modify

action potential configuration in the heart.
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ii. Estrogen and f3-adrenergic Signalling in the Myocardium

Various studies suggest that estrogen can alter cardiovascular function
through actions on the 3-AR. An up-regulation of $1-AR has been observed in the
hearts of OVX rats (Thawornkaiwong et al., 2003). However, following estrogen
replacement in OVX rats, $1-AR expression is restored to levels similar to the sham-
operated controls (Kam et al.,, 2004). Acute application of estradiol can reduce both
heart rate and developed pressure in a Langendorff working heart in the presence of
ISO (Lietal, 2000a). As well, estradiol reduces Ica. in ventricular myocytes treated
with ISO (Li et al., 2000a). Taken together, these results suggest that chronic
exposure to 17p-estradiol down-regulates 31-AR in individual cardiomyocytes.
Additionally, the acute studies suggest that 17f3-estradiol may attenuate the effects

of sympathetic stimulation in the whole heart and in individual cardiomyocytes.

VI. Hypotheses

1. Contractile function and Ca2* concentrations fluctuate in cardiomyocytes isolated
from the hearts of mice in the four stages of the estrous cycle.

2. Myocytes isolated from mice in estrus, when estradiol levels are lowest, are the
most responsive to sympathetic stimulation by the -adrenergic agonist,
isoproterenol.

3. Acute application of 17f3-estradiol or G-1 modifies contractions and Ca2*

transients in isolated mouse ventricular myocytes.
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VII. Objectives

The objectives of the present study were to 1) determine whether group-
housed females display the typical cyclical changes associated with the estrous
cycle; 2) determine if contractile function and Ca2* concentrations fluctuate in
myocytes isolated from mice in each of the four stages of the estrous cycle;
3) determine if myofilament Ca2+ sensitivity fluctuates with the estrous cycle;
4) determine if the effects of the estrous cycle on myocyte contractile function and
Ca2* concentrations persist at physiological pacing rates; 5) determine if
responsiveness to catecholamines fluctuates with the estrous cycle; 6) determine if
acute application of 17§3-estradiol or G-1 modifies contractions and Ca?*

concentrations in myocytes isolated during the four stages of the estrous cycle.
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Chapter 2: Methods

I. Animals

Experiments were performed in accordance with the Canadian Council on
Animal Care Guide to the Care and Use of Experimental Animals (CCAC, Ottawa, ON:
Vol 2, 1984). The Dalhousie University Committee on Laboratory Animals approved
all experimental protocols. Most experiments used female C57BL/6 mice (young
adult: ~3 mos) obtained from Charles River Laboratories (St. Constant, QC).
However, in one set of experiments aged C57BL/6 female mice (~24 mos) were also
used. Animals were housed in the Carleton Animal Care Facility at Dalhousie
University on a 12-hour light/dark cycle with food and water ad libitum. Animals
were housed in groups of five mice per cage. The cages were covered with micro-

isolator lids.

II. Vaginal Smears

Female mice were exposed to bedding collected from the cages of young
adult male (~3 mos) mice in order to induce cycling. This bedding was placed in the
females’ cages daily for the seven days prior to initial vaginal smear collection, as
described previously (Campbell et al.,, 1976). Vaginal smears were collected daily
between 9:00am and 11:00am. Tooth picks and loose cotton were used to create
small swabs to obtain vaginal smears. Swabs were dipped in sterile saline before
use. Each mouse was held by the base of the tail while the swab was gently inserted
into the vaginal opening and rotated to recover cells from the vaginal wall. Cells

were then transferred to a slide, allowed to dry, and fixed using 100% methanol.
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Slides were subsequently stained with eosin and thiazine (Dip Quick stain Set;
Jorvet, Loveland, CO). Stained slides were fixed using a toluene solution (Permount;
Fisher Scientific, Ottawa, ON) on a cover slip.

Two groups of female mice were compared to confirm that male pheromones
were capable of inducing female cycling. One group of females was exposed to the
bedding collected from a cage housing male mice and the other was not. These
animals were housed in the same room within the animal care facility. Vaginal
smears were collected for 14 consecutive days from mice in each group. It was
confirmed that exposure to male pheromones rapidly induced regular cycling, as
described in detail in the results section. All subsequent experiments were
conducted on females that were exposed to male pheromone-containing bedding for

7 consecutive days followed by exposure twice/week to maintain cycling.

III. Classification of Vaginal Cytology

Vaginal smears were stained as described above and viewed under an
inverted microscope (Olympus IMT-2; Carsen Group Inc., Markham, ON) at 100X
magnification. The estrus stage was categorized for each animal based upon the cell
types present. Four estrous stages were distinguished: diestrus (D), proestrus (P),
estrus (E), and metestrus (M) (Fig. 2.1). Diestrus smears were classified by the
presence of leukocytes and some nucleated and cornified cells (Fig. 2.1A). Proestrus
was classified by the presence of nucleated cells with or without leukocytes (Fig.

2.1B). A smear was categorized as estrus if only cornified cells were present (Fig.
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Figure 2.1. Estrous stages defined by vaginal cytology. Vaginal smears were
collected from sexually mature C57BL/6 mice throughout the estrous cycle. Slides
were stained using eosin and thiazine. A: Diestrus smears predominantly contained
leukocytes and a small number of nucleated and cornified cells. B: Proestrus smears
were characterized by the presence of nucleated cells and a few leukocytes. C:
Estrus smears were classified by the sole presence of darkly stained cornified cells.
D: Metestrus smears contained lightly stained cornified cells and a small number of
leukocytes and nucleated cells.
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Table 2.1. Vaginal cytology present throughout the estrous cycle.

Cell Type
Estrous Stage Leukocyte | Cornified | Nucleated
Diestrus XXX X X
Proestrus X XXXX
Estrus XXXXX
Metestrus X XXX X

Approximate quantity (%) of each cell type present in vaginal smears collected
during diestrus, proestrus, estrus, and metestrus. X represents approximately 20%.
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2.1C). Metestrus smears contained both lightly stained cornified cells and a small
number of leukocytes and nucleated cells (Fig. 2.1D). The cytology of these stages
are summarized in Table 2.1. Mice often exhibited intermediate stages (ie.
proestrus/estrus), however these animals were not used for experiments. All
experiments conducted within this thesis were performed using mice displaying one

of the four main stages of the estrous cycle, unless otherwise indicated.

IV. Ventricular Myocyte Isolation

Following determination of the estrous stage, the mouse was transferred to a
clean cage within the Animal Care Facility and transported to the lab. The mouse
was given food and water and placed in a quiet area within the lab for 30 mins.
Sodium pentobarbital (IP, 200mg/kg; CDMV, Saint-Hyacinthe, QC) and heparin (IP,
3000U/kg; Pharmaceutical Partners of Canada, Richmond, ON) were co-injected to
anesthetise the mouse and prevent blood clotting, respectively, during the isolation
procedure. The mouse was weighed following the loss of consciousness.
Anaesthesia was confirmed by the absence of the pedal withdrawal reflex. The
animal was placed on the surgical table and the ribs were exposed using a sternal
incision. The pericardium was removed to expose the heart. The aorta was severed
before removing the heart from the chest cavity. The aorta was cannulated ex-vivo,
secured with a suture, and the heart was then perfused (Fig. 2.2) retrogradely at 2.2
ml/min with oxygenated nominally Ca%*-free buffer at 37°C . The Ca2*-free buffer

was composed of the following (in mM): 105 NacCl, 5 KCI, 1 MgClz, 0.33 NaH2P04, 25
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Figure 2.2. Schematic of ventricular myocyte isolation set-up. Isolation
procedure is explained in detail within the methods section.
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HEPES, 20 glucose, 3 Na-pyruvate, 1 lactic acid (pH 7.4 with NaOH). After 10 mins
of perfusion, the solution was switched to the above Ca%*-free buffer supplemented
with collagenase type II (8.0 mg/30ml; Worthington, Lakewood, NJ), dispase II (3.4
mg/30ml; Roche Diagnostics, Laval, QC), trypsin (0.5 mg/30ml; Sigma Aldrich,
Oakville, ON), and 50 uM CaClz. The heart was perfused with the enzyme-containing
buffer for approximately 8 mins. The isolation buffers were bubbled with 100% O-
(Praxair, Halifax, NS) and warmed to 37°C using a heating coil (Radnoti Glass
Technology Inc. Monrovia, CA) heated by a circulating water bath (Haake; Scientific,
Ottawa, ON). A peristaltic pump (Piper model P; Fred A. Dungey Inc., Agincourt, ON)
was used to pump the solution through the heart, and any air bubbles were
removed by a bubble trap located within the heating coil. Following enzymatic
digestion, the ventricles were separated from the atria and cut into small pieces in a
high-potassium buffer containing (in mM): 45 KCl, 3 MgS04, 30 KH2P04, 50 L-
glutamic acid, 20 taurine, 0.5 EGTA, 10 HEPES, 10 glucose (pH to 7.4 with KOH). The
tissue was rinsed with this buffer three times to ensure removal of the enzyme-
containing buffer. The ventricular tissue was swirled in buffer to dissociate
myocytes, and the cell suspension was filtered through a 225um polyethylene mesh

to prevent the transfer of any large pieces of tissue.

V. Field Stimulation: Intracellular Ca2+ and Contraction Measurements
The myocytes were incubated in the dark with fura-2 AM (5 uM) for 20
minutes in a plexiglass chamber with a glass bottom secured to the stage of an

inverted microscope (Nikon Eclipse TE200; Nikon Canada, Mississauga, ON). The
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microscope was placed within a Faraday cage to minimize electrical noise. The
Faraday cage was covered with black vinyl to prevent surrounding light from
interfering with the fluorescence recordings. As well, the microscope was placed on
a custom-made air table, so that any surrounding vibrations would not affect the
experiment. Myocytes were visualized using an oil immersion 40x lens (Nikon S-
Fluor, numerical aperture 1.30, Nikon Canada Inc.). Following incubation for 20
mins, cells were superfused with HEPES buffer containing (in mM): 135.5 NacCl, 4
KCl, 1 MgCl, 10 HEPES, 10 glucose, 1.0 CaCl; (pH to 7.4 with NaOH). Superfusion
was controlled by a peristaltic pump (Minipulse 3, Gilson Inc.; Middleton, WI) at a
flow rate of ~3 ml/min. The buffer was warmed to 37°C using a circulating water
bath (Polystat, Model # 12112-10, Cole Parmer, Vernon Hills, IL).

Figure 2.3 provides an illustration of the experimental set-up for field
stimulation. Fluorescence and cell shortening were measured simultaneously by
dividing the microscope light between a video camera (Philips, Markham, Ontario)
and a photomultiplier tube (Photon Technologies International (PTI), Birmingham,
NJ]) using a dichroic cube (Chroma Technology Corp., Rockingham, VT). Whole-
myocyte fluorescence was obtained by closing the aperture of the photomultiplier
tube to fit the precise size of the cell observable through the viewing window. A
DeltaRam fluorescence system (PTI) was used to alternately excite myocytes with
340 nm and 380 nm light. Fluorescence emitted at 510 nm was recorded for both
340 nm and 380 nm wavelengths at a rate of 200 samples/second with Felix
software (PTI). Recordings were made for a period of 10 secs at 5 - 8 minute

intervals depending upon the experiment. Following the experiment, background
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in detail within the methods section.



fluorescence was recorded for each cell. Background fluorescence was recorded
from an area close to the cell that contained no myocytes or cell fragments.

Cell length was measured by a video edge detector at a rate of 120
samples/second (Model # 105; Crescent Electronics, Sandy, UT). Two platinum
electrodes were placed on either side of the microscope field of view within the
plexiglass chamber. Bipolar pulses (3 ms, 30 - 70 mA) were generated by a stimulus
isolation unit (Model # SIU- 102; Warner Instruments, Hamden, CT) and the rate of
myocyte stimulation was controlled by pClamp 8.2 software (Molecular Devices,
Sunnyvale, CA). Myocytes were stimulated at 4 and/or 6 Hz depending upon the
experiment. For experiments where drugs were applied, fluorescence and cell
shortening were recorded following myocyte exposure to control, vehicle-

containing, and drug-containing solutions.

VI. Drug Exposure

Cells were exposed to the non-selective -adrenergic agonist, isoproterenol,
to increase intracellular Ca2?* levels. Serial dilutions from 1 nM to 1 uM were
administered at 5-minute intervals. No vehicle control was needed as isoproterenol
was dissolved in water. In other experiments, cardiomyocytes were acutely
exposed to 17f3-estradiol. Serial dilutions from 0.1 nM to 1 pM were administered at
7-minute intervals. All solutions contained the maximum concentration of DMSO
(0.001%) to control for solvent effects. In another series of experiments, ventricular
myocytes were acutely exposed to the GPER agonist, G-1. Serial dilutions from 0.1

nM to 100 nM were added at 7-minute intervals. All solutions contained the
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maximum concentration of DMSO (0.001%). A previous experiment confirmed that
0.01% DMSO had no effect on contraction size or Ca2* transients. Even so, time
controls were measured in order to ensure that basal cardiac contractile function

did not change over the time frame of both the 173-estradiol and G-1 experiments.

VII. Heart Isolation and Myofilament CaZ* Sensitivity

Mice in each of the four stages of the estrous cycle were anaesthetized and
the thoracic cavity was exposed using the protocol for myocyte isolation described
above. A small cut was made in the right atrium, and the heart was perfused with 30
ml sterile saline injected into the left ventricle through a 25-gauge needle (BD,
Franklin Lakes, NJ). Hearts were then excised from the chest and the atria were
removed. The ventricles were transversely sectioned in half and flash-frozen using
liquid nitrogen. Ventricular samples were stored at -80°C until they were assessed
for myofilament Ca?* sensitivity.

The following protocols for myofilament isolation and the subsequent
actomyosin MgATPase assay were carried out by Dr. W. Glen Pyle at the University
of Guelph in Guelph, Ontario. Ventricular sections were homogenized in ice-cold
standard buffer. The standard buffer was composed of the following (in mM): 60
KCl, 30 imidazole (pH 7.0), 2 MgCl;, 0.01 leupeptin, 0.1 PMSF, 0.2 benzamidine, and
0.1 cantharidin. The ventricular homogenate was centrifuged at 14,100 g for 15
mins at 4°C. The resulting pellet was resuspended for 45 mins in ice cold Standard
Buffer supplemented with 1% Triton X-100. This solution was centrifuged at 1,100

g for 15 mins at 4°C. The final resulting pellet was washed three times in the above
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ice cold Standard Buffer. The purified myofilaments were either stored on ice for a
maximum of 2 h or frozen for gel electrophoresis.

Following myofilament purification, a spectrophotometric actomyosin
MgATPase assay was used to assess myofilament function. Purified myofilaments
(25 mg) were incubated in activating solutions containing various levels of free Ca2*.
Ca2* levels were (in mM): 0.001, 0.11, 0.42, 0.54, 0.71, 0.95, 10.8, or 124. These
varying levels of Ca%* were established using combinations of activating and
relaxing buffers. Free Ca2* was calculated using the Max-Chelator program
Winmaxc (version 2.05). The purified myofilaments were incubated for 10 mins in
activating buffers at 32°C. This reaction was attenuated with 10% trichloroacetic
acid. The production of inorganic phosphate was measured by adding equal
volumes of 0.5% FeSO4 and 0.5% ammonium molybdate in 0.5 M H2SO4. The

absorbance was read at 630 nm.

VIII. Chemicals

Fura-2 AM was obtained from Invitrogen (Burlington, ON). A stock solution
of fura-2 AM was prepared by dissolving 50 ug of fura-2 AM in 20 pl of anhydrous
DMSO, and the stock was stored at -5°C until needed. G-1 was obtained from
Caymen Chemical (Ann Arbor, MI). A G-1 stock solution of 0.01 M was made in
anhydrous DMSO, and aliquots of the stock solution were stored at -20°C. All
remaining chemicals were purchased from Sigma Aldrich (Oakville, ON). A 0.01 M

stock solution of 17f-estradiol was made in anhydrous DMSO and stored at room
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temperature. Isoproterenol was combined with water to make a 0.001 M stock

solution, which was stored at -20°C.

IX. Statistical Analysis

Data were analyzed using Clampfit 8.2 (Molecular Devices, Sunnyvale, CA).
Sigma Plot 12.0 (Systat Software, Inc., Point Richmond, CA) software was used to
graph data, fit concentration-response curves, and perform statistical analyses.
Background fluorescence was subtracted from fluorescence measurements at each
wavelength and measurements were then converted to an emission ratio (340/380
nm) using Felix software (PTI). The ratios were converted to Ca* concentrations
using an in vitro calibration Ca?* curve fit to a linear equation (y = 334.8x - 116.3).
Myocyte contraction was measured as the difference between resting cell length and
cell length at the peak of contraction. Ca%* transients were measured as the
difference between diastolic (baseline) Ca2* and systolic (peak) Ca%*. Data are
presented as mean * SEM. Differences between data obtained at each of the four
estrous stages were analyzed using a t-test, a one-way ANOVA, or a two-way
repeated measured (RM) ANOVA. Multiple comparisons were performed using a
Holm-Sidak or a Fisher Least Significant Difference post-hoc test. Differences were

reported as significant if p < 0.05.
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Chapter 3: Results
I. Characterization of Estrous Cycle in Group-housed Female C57BL/6 Mice.

Vaginal smears were collected from sexually mature, female C57BL/6 mice
(~ 3 mos) for a period of 14 days and their estrous cycles were tracked depending
upon vaginal cytology, as described in the methods section. Figure 3.1 panels A and
B show two representative examples of estrous stages observed over a 14-day
period in young female mice that were housed in groups of 5. These females were
not exposed to bedding collected from cages housing male mice. These female mice
showed no regular progression through estrous stages. These non-cycling females
remained in one estrous stage for a number of days. Moreover, rather than
progressing through the estrous stages cyclically, these females often reverted back
to a previous estrous stage. The irregularities in their cycling were similar to the
estrous stages tracked in aged female mice (Fig. 3.1C and D).

In order to induce regular cycling, female mice were exposed to bedding
collected from cages housing sexually-mature male mice. This bedding was placed
in the females’ cages daily for a period of seven days followed by 14 days of vaginal
smear collection. Figure 3.2 A-D shows four representative examples of estrous
stages observed over a 14-day period in young female mice exposed to male urine-
soaked bedding. Group-housed females exposed to bedding collected from cages
housing male mice exhibited regular estrous cycling. Additionally, the Whitten
effect was also observed in several of the group housed females, as some cycle

synchronicity was observed during the 14-day period (Whitten, 1966). Taken
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Figure 3.1. Group-housed female mice displayed irregular estrous cycles
similar to those of aged female mice. Females were swabbed daily for a period of
14 days. The mouse’s estrous stage was determined by vaginal cytology (Fig. 2.1).
A and B: The estrous cycle was tracked in females that were not exposed to
bedding collected from cages housing male mice. These mice showed irregular
estrous cycling characterized by repetitive stages and reversion to previous stages.
C and D: The estrous cycle was tracked in aged females. Cycle irregularities were
similar to those observed in non-cycling young females. Abbreviations: D - Diestrus,
P - Proestrus, E - Estrus, and M - Metestrus (n= 7 non-cycling mice and n = 9 aged
mice).
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Figure 3.2. Group-housed female mice were induced to cycle through
exposure to bedding collected from cages housing male mice. Females were
exposed to bedding collected from cages housing sexually mature male mice. This
bedding was added to their cages daily for 7 days prior to initial smear collection.
Mice were then swabbed daily for a period of 14 days. The mouse’s estrous stage
was determined by vaginal cytology (Fig. 2.1). A, B, C, and D: Regular estrous
cycling was routinely observed in females exposed to male urine-soaked bedding.
Some cycle synchrony is visible among these group-housed females. Abbreviations:
D - Diestrus, P - Proestrus, E - Estrus, and M - Metestrus (n= 8 cycling mice).
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together, these results suggest that group-housed female mice do not exhibit regular

estrous cycles unless induced to cycle through exposure to male pheromones.

II. Contractile Responses and Ca?* Concentrations in Ventricular Myocytes
Isolated From Females in the Four Stages of the Estrous Cycle.

To determine whether myocyte contractile function fluctuated with the
estrous cycle, contractions and Ca?* transients were measured in myocytes isolated
from the hearts of mice in the four stages of the estrous cycle. Figure 3.3 A-D show
representative examples of contractions (bottom) and Ca2* transients (top)
recorded from isolated myocytes paced at 4 Hz. Contraction amplitudes were
similar in myocytes isolated from mice in diestrus, proestrus, and metestrus.
However, the contraction was noticeably larger and faster in the myocyte isolated
from the mouse in estrus. Ca2* transient amplitudes were also similar in myocytes
isolated from mice in diestrus, proestrus, and metestrus. However, the peak Ca2*
transient was visibly larger in the myocyte isolated from the mouse in estrus.

Mean data (Fig. 3.4 and 3.5) were consistent with the differences observed in
representative contractions and Ca?* transient amplitudes. Figure 3.4 shows
contractile function in myocytes isolated throughout the estrous cycle. Contractions
were normalized to resting cell length to determine fractional shortening.
Fractional shortening was significantly larger in cells isolated from mice in estrus
when compared to myocytes isolated during the three other stages of the estrous
cycle (Fig. 3.4A). The velocity of shortening (Fig. 3.4B) and the velocity of
lengthening (Fig. 3.4C) were also significantly faster in estrus when compared to

diestrus, proestrus, and metestrus. These data show that ventricular myocytes
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A. Diestrus B. Proestrus

C. Estrus D. Metestrus

Figure 3.3. Representative examples of contractions and Ca2+ transients
recorded in myocytes isolated from the hearts of mice in the four stages of the
estrous cycle. Representative examples of contractions (bottom) and Ca2+
transients (top) recorded in field stimulated myocytes isolated from the hearts of
mice in diestrus (A), proestrus (B), estrus (C), and metestrus (D) paced at 4 Hz.
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Figure 3.4. Fractional shortening was largest, and velocities of shortening and
lengthening were fastest in estrus when compared to the other stages of the
estrous cycle. Myocytes isolated from mice in the four stages of the estrous cycle
were field stimulated at 4 Hz (37°C). A: Fractional shortening was significantly
larger in estrus when compared to the other stages of the estrous cycle. B: Velocity
of shortening was significantly faster in estrus when compared to the other stages of
the estrous cycle. C: Velocity of lengthening was significantly faster in estrus when
compared to diestrus, proestrus, and metestrus (n= 25 for diestrus, n = 27 for
proestrus, n = 28 for estrus, n = 26 for metestrus; *p<0.05, One-way ANOVA).
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isolated from mice in estrus have significantly larger and faster contractions than
myocytes isolated from mice in the other stages of the estrous cycle.

Ca2* homeostasis was also examined in myocytes isolated during the four
stages of the estrous cycle. Diastolic Ca2* levels did not fluctuate with the estrous
cycle (Fig. 3.5A). There were no significant differences in systolic Ca2* levels
measured in myocytes isolated during the four stages of the estrous cycle (Fig.
3.5B). However, Ca%* transient amplitudes were significantly larger in estrus
compared to the other estrous stages (Fig. 3.5C). Velocities to peak, 50% decay, and
90% decay of the Ca?* transient were also measured (Fig. 3.6A-C). However, these
velocities did not fluctuate with the estrous cycle in myocytes paced at 4 Hz.
Together, these data indicate that intracellular Ca2* levels are significantly higher in

estrus compared to the other estrus stages.

III. Contractile Responses and CaZ* Concentrations In Rapidly Paced
Cardiomyocytes From Females in the Four Stages of the Estrous Cycle.

To determine whether cardiac contractile function fluctuated with the
estrous cycle at pacing rates that were closer to the physiological heart rate of 433
bpm for C57BL/6 mice, cells were stimulated at 6 Hz (Hoit et al., 2002).
Contractions and Ca?* transients were measured in myocytes from hearts isolated
from mice in the four stages of the estrous cycle. Figure 3.7A-D shows
representative cardiomyocyte contractions (bottom) and Ca2* transients (top) from
cells at all four stages of the estrous cycle. Contraction amplitudes were visibly

larger in estrus and smaller in diestrus and metestrus. Ca?* transient amplitudes
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Figure 3.5. Peak Ca2* transients were largest in myocytes isolated from mice
in estrus compared to the other stages of the estrous cycle. Myocytes isolated
from mice in the four stages of the estrus cycle were field stimulated at 4 Hz (37°C).
A: Diastolic Ca2* levels did not differ with the estrous cycle. B: Systolic Ca2* levels
were not significantly different depending upon the estrous stage of the mouse. C:
Ca2* transient amplitude was significantly higher in estrus when compared to the
other three stages of the estrous cycle (n= 26 for diestrus, n = 25 for proestrus, n =
27 for estrus, n = 17 for metestrus; *p<0.05, One-way ANOVA).
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Figure 3.6. No significant differences were observed in the velocities to peak
or decay of Ca2* transients when cells were paced at 4 Hz. A, B, and C:
Velocities to peak and 50% and 90% Ca?* transient decay did not differ with the
estrous cycle (n= 26 for diestrus, n = 25 for proestrus, n = 27 for estrus, n = 17 for
metestrus; One-way ANOVA).
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A. Diestrus B. Proestrus

C. Estrus D. Metestrus

50 ms

Figure 3.7. Representative examples of contractions and Ca2+* transients
recorded in myocytes isolated from the hearts of mice in the four stages of the
estrous cycle paced at a physiological frequency. Representative examples of
contractions (bottom) and Ca2* transients (top) recorded from cardiomyocytes
isolated from the hearts of mice in diestrus (A), proestrus (B), estrus (C), and
metestrus (D) paced at 6 Hz.
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also appeared larger in estrus, but were similar in diestrus, proestrus, and
metestrus.

Figure 3.8 shows mean contraction data in myocytes isolated throughout the
estrous cycle. Fractional shortening was significantly larger in cells isolated from
mice in estrus when compared to diestrus and metestrus (Fig. 3.8A) when cells were
paced at 6 Hz. As well, the velocity of shortening (Fig. 3.8B) and the velocity of
lengthening (Fig. 3.8C) were significantly faster in estrus when compared to both
diestrus and metestrus. These data indicate that contractions remained larger and
faster in estrus when compared to diestrus and metestrus when cells were paced at
a higher frequency.

Ca2* concentrations were also compared in myocytes subjected to
physiological pacing rates. These studies showed that diastolic Ca2* levels were
significantly higher in proestrus and estrus when compared to metestrus (Fig. 3.9A),
and systolic Ca2* levels were highest in estrus when compared to metestrus (Fig.
3.9B). However, while Ca2* transient amplitude was largest in estrus, this effect was
not statistically significant. Velocities to peak, 50% decay, and 90% decay of the
Ca2* transient were also measured (Fig. 3.10A-C). While all three measurements
were largest in estrus, none of these differences were statistically significant. Taken
together, these observations showed that myocyte contractile function varied with

the estrous cycle even when cells were paced at a physiological frequency.
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Figure 3.8. When subjected to pacing at 6 Hz, fractional shortening remained
largest, and velocities of shortening and lengthening remained fastest in
estrus when compared to the other stages of the estrous cycle. Myocytes
isolated from mice in the four stages of the estrous cycle were field stimulated at 6
Hz (37°C). A: Fractional shortening was significantly larger in estrus when
compared to diestrus and metestrus. B: Velocity of shortening remained
significantly faster in estrus when compared to diestrus and metestrus. C: Velocity
of lengthening remained significantly faster in estrus when compared to diestrus
and metestrus (n= 12 for diestrus, n = 13 for proestrus, n = 12 for estrus, n = 12 for
metestrus; *p<0.05, One-way ANOVA).
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Figure 3.9. When subjected to pacing at 6 Hz, systolic Ca2+* levels were largest
in myocytes isolated from mice in estrus compared to the other stages of the
estrous cycle. Myocytes isolated from mice in the four stages of the estrous cycle
were field stimulated at 6 Hz (37°C). A: Diastolic Ca2* levels were significantly
higher in proestrus and estrus when compared to metestrus. B: Systolic Ca2* levels
were significantly higher in proestrus and estrus when compared to metestrus. C:
Differences in Ca2* transients were abolished with rapid pacing (n= 13 for diestrus,
n = 12 for proestrus, n = 12 for estrus, n = 7 for metestrus; *p<0.05, One-way

ANOVA).
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Figure 3.10. No significant differences were observed in the velocities to peak
or decay of Ca2* transients when cells were paced at 6 Hz. A, B, and C:
Velocities to peak and 50% and 90% Ca?* transient decay did not vary with the
estrous cycle (n= 13 for diestrus, n = 12 for proestrus, n = 12 for estrus, n = 7 for
metestrus; One-way ANOVA).
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IV. Myofilament Ca?* Sensitivity Measured in the Hearts from Mice in the
Four Stages of the Estrous Cycle.

To determine whether myofilament Ca2+ sensitivity was affected by the
estrous cycle, phase-loop plots were created in which intracellular Ca?* levels were
plotted against normalized fractional shortening throughout contraction and
relaxation of the myocyte. The CaZ* concentration during relaxation of the myocyte
provides insight into myofilament Ca2* sensitivity as shown in a previous study
(Mellor et al., 2012). A representative phase-loop plot for a myocyte isolated from a
mouse in estrus shows a clear right-ward shift in the relaxation phase of the loop
when compared to the other estrous stages (Fig. 3.11A). To quantify the results
observed with the phase-loop plot, the intracellular Ca2* concentration at 50%
myocyte relaxation was measured at each estrous stage. Intracellular Ca2+ levels at
50% relaxation were highest in estrus when compared to the other three stages of
the estrous cycle (Fig 3.11B). Intracellular Ca2+ levels were significantly higher in
estrus and proestrus when compared to metestrus (Fig. 3.11B). This demonstrates
that more Ca2* was required to activate the myofilaments in myocytes from the
hearts of mice in estrus when compared to any of the other estrous stages.

Myofilament CaZ* sensitivity was also assessed directly using a Carter assay
to measure actomyosin MgATPase activity (Fig. 3.12A). Neither the maximum
actomyosin MgATPase activity (Fig. 3.12B) nor the Hill coefficient (Fig. 3.12C),
which is an indicator of cooperativity, was found to be different among hearts
isolated from mice in the four stages of the estrous cycle. However, normalized data

showed a clear right-ward shift of the actomyosin MgATPase activity-Ca2* curve in
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Figure 3.11. Cardiomyocytes isolated from mice in estrus display reduced
myofilament responsiveness to Ca2*. A: Representative phase-loops from
myocytes isolated throughout the estrous cycle. A clear right-ward shift is visible for
cells isolated during estrus and a clear left-ward shift is visible for hearts isolated
during metestrus. B: Intracellular Ca2* concentrations at 50% myocyte relaxation
were significantly higher in estrus when compared to the other three stages of the
estrous cycle (n= 13 for diestrus, n = 11 for proestrus, n = 12 for estrus, n = 10 for
metestrus; *p<0.05, One-way ANOVA).
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Figure 3.12. Maximum actomyosin MgATPase activity and the Hill coefficient
did not differ depending upon the estrous stage. A: Actomyosin MgATPase
activity in hearts isolated from mice in the four stages of the estrous cycle over a
range of Ca%* concentrations. B: Maximum actomyosin MgATPase activity was not
affected by the estrous cycle. D: There were no differences observed in the Hill
coefficients between any of the estrous stages (n= 7 hearts/group; One-way
ANOVA).
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Figure 3.13. Myofilaments isolated from the hearts of mice in estrus are the
least sensitive to Ca2*. A: Normalized actomysin MgATPase activity indicates a
clear right-ward shift in the curve for myofilaments from hearts that were isolated
from mice in estrus when compared to the other estrus stages. B: The ECso for Ca2*
was significantly larger in estrus when compared to the three other stages of the
estrous cycle (n= 7 hearts/group; +*p<0.05, One-way ANOVA).

54



the hearts that were isolated from mice in estrus (Fig. 3.13A). This indicates that
hearts isolated from mice in estrus have decreased myofilament Ca2* sensitivity.
Consistent with the right-ward shift of the actomyosin MgATPase-Ca2* curve, the
ECso values for Ca2* were significantly higher in hearts from mice in estrus when
compared to the three other stages of the estrous cycle (Fig 3.13B). This indicates
that myofilaments isolated from the hearts of mice in estrus were the least sensitive

to Caz+.

V. Contractile Responses and Ca2+ Concentrations in ISO-treated Ventricular
Myocytes From Females in the Four Stages of the Estrus Cycle.

To determine if B-adrenergic stimulation modified the effect of the estrous
cycle on contractile function and Ca%* concentrations, myocytes were exposed to the
non-selective -adrenergic agonist, isoproterenol. Serial dilutions from 1 nM to
1 uM were administered and cardiomyocyte contractions and Ca2* transients were
measured at each concentration. Figure 3.14 A-D illustrates representative
examples of contractions (bottom) and Ca2* transients (top) in the presence of 100
nM ISO in myocytes isolated from mice throughout the estrous cycle. Contraction
amplitudes were largest in estrus and proestrus and smallest in diestrus and
metestrus. Ca?* transient amplitudes also were larger in both estrus and proestrus
when compared to diestrus and metestrus. A concentration-response curve for
fractional shortening was generated for a range of ISO concentrations (1 nM - 1uM)
(Fig. 3.15). Concentrations of 10 nM ISO and greater resulted in significantly larger

contractions in all four stages of the estrous cycle when the values were compared
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Figure 3.14. Representative examples of contractions and CaZ+ transients, in
the presence of 100 nM isoproterenol, recorded in myocytes isolated from the
hearts of mice in the four stages of the estrous cycle. Representative examples
of contractions (bottom) and Ca?* transients (top) recorded in field stimulated
myocytes (4 Hz) isolated from the hearts of mice in diestrus (A), proestrus (B),
estrus (C), and metestrus (D).
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Figure 3.15. Fractional shortening remained largest in myocytes isolated from
mice in estrus in the presence of ISO. Myocytes isolated from mice in the four
stages of the estrous cycle were field stimulated at 4 Hz in the presence of ISO
(37°C). A: Concentration-response curves for mice in the four stages of the estrous
cycle for a range of ISO concentrations (n= 12 for diestrus, n = 13 for proestrus, n =
12 for estrus, n = 12 for metestrus; statistical significance as indicated, Two-way RM
ANOVA).
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to their respective controls. Additionally, in the presence of 100 nM ISO fractional
shortening was significantly larger in estrus and proestrus when compared to
diestrus. Fractional shortening was also significantly larger in estrus when
compared to metestrus in the presence of 100 nM ISO. When the concentration of
[SO was increased to 1 pM, responses were larger in estrus when compared to
diestrus. By contrast, no difference in the ECso values for ISO were observed
throughout the estrous cycle (Fig. 3.16A and 3.16B).

A concentration-response curve was also generated for Ca?* transient
amplitudes over the same range of ISO concentrations (1 nM - 1uM) (3.17A). All ISO
concentrations caused a significant increase in Ca%* transient amplitudes in all four
stages of the estrous cycle when compared to their respective controls. Further,
Ca?* transient amplitudes were significantly larger in estrus when compared to
diestrus in the presence at concentrations from 1 nM to 1 uM ISO. Ca2* transient
amplitudes were also significantly larger in proestrus when compared to diestrus in
the presence of 10 nM and 100 nM ISO. No difference in ECso values for ISO were

observed throughout the estrous cycle (Fig. 3.18A and 3.18B).

VI. Contractile Responses and Ca2+ Concentrations following Acute
Application of 17 -estradiol or the GPER agonist, G-1, in Cardiomyocytes
From Females in the Four Stages of the Estrous Cycle.

To determine whether acute application of the estrogen receptor agonist,
17p-estradiol, modulated cardiac contractile function in myocytes isolated from

mice in the four stages of the estrous cycle, contractions and Ca2* transients were

measured in the presence of the drug. Two concentrations of 173-estradiol were
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Figure 3.16. ECso values for fractional shortening were similar at all stages of
the estrous cycle. A: Normalized concentration-response curves for fractional
shortening indicated no difference in ECso values between the four stages of the
estrous cycle. B: The ECso values for ISO were not affected by the estrous cycle (n=
11 for diestrus, n = 12 for proestrus, n = 11 for estrus, n = 10 for metestrus; One-way
ANOVA).
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Figure 3.17. Ca2* transient amplitudes were largest in myocytes isolated from
mice in proestrus and estrus in the presence of ISO. Myocytes isolated from
mice in the four stages of the estrous cycle were field stimulated at 4 Hz in the
presence of ISO (37°C). A: Concentration-response curves for mice in the four
stages of the estrous cycle over a range of concentrations of ISO (n= 12 for diestrus,
n = 13 for proestrus, n = 12 for estrus, n = 12 for metestrus; statistical significance
as indicated, Two-way RM ANOVA).
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Figure 3.18. ECso values for Ca2* transient amplitude were similar at all stages
of the estrous cycle. A: Normalized concentration-response curves for Ca2*
transient amplitude indicated no difference in ECso values between the four stages
of the estrous cycle. B: The ECso values for ISO were not affected by the estrous
cycle (n= 11 for diestrus, n = 12 for proestrus, n = 11 for estrus, n = 10 for
metestrus; One-way ANOVA).
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examined: a physiological concentration of 100 pM and a supra-physiological
concentration of 100 nM. The activity of estradiol was confirmed by acutely
applying 30 uM to myocytes isolated from female mice, as previously shown in
guinea-pig myocytes (Jiang et al., 1992). Acute application of 30uM estradiol
significantly increased Ca2* transient amplitude (Control: 68.6 + 7.0 nM and E2:
86.32 4.3 nM, n =5; p < 0.05) but had no effect on peak contractions (Control: 1.13
+0.3%and E2: 1.21 + 0.3 %, n = 5; p < 0.05).

In the presence of a physiological concentration (100 pM) of 173-estradiol,
peak fractional shortening was not statistically different from values measured in
the absence of drug regardless of the estrous stage (Fig. 3.19A-D). Ca2* transient
amplitudes in myocytes from mice at all four stages of the estrous cycle were also
not affected by 100 pM 17f-estradiol (Fig. 3.20A-D).

When cells isolated from mice throughout the estrous cycle were exposed to
a supra-physiological concentration (100 nM) of 173-estradiol, fractional shortening
was also comparable to peak contractions measured in the absence of drug (3.21A-
D). As well, Ca2* transient amplitudes were not significantly different from control
when measured in the presence of 100 nM 17f-estradiol (Fig. 3.22A-D). These
observations demonstrate that both physiological and supra-physiological
concentrations of 173-estradiol did not affect cardiac contractile function and Ca2+
homeostasis in myocytes isolated during the four stages of the estrous cycle.

Contractions and Ca?* transients were also measured in the presence of the
GPER agonist, G-1, to determine if this agonist altered cardiac contractile function in

myocytes isolated from mice throughout the estrous cycle. Contractions and Ca2*
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transients were recorded in the presence 100 pM and 100 nM G-1 (Figs. 3.19 - 3.22).
In the presence of a 100 pM of G-1, no differences were observed in fractional
shortening when compared to responses recorded in the presence of vehicle control
at any stage of the estrous cycle (Fig. 3.19A-D). As well, Ca2* transient amplitudes
recorded in the same myocytes were unaffected by 100 pM G-1 (Fig. 3.20A-D).
When the concentration of G-1 was increased to 100 nM, fractional shortening was
also not affected by the drug at any stage of the estrous cycle (Fig. 3.21A-D).
Further, Ca?* transient amplitudes recorded in the presence of 100 nM G-1 were not
statistically different from vehicle control in any of the estrous stages (Fig. 3.22A-D).
Taken together, these results suggest that acute application of varying
concentrations of G-1 had no effect on contractions or Ca2* transients in myocytes

isolated throughout the estrous cycle.
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3.19. Fractional shortening was not affected by exposure to either 100 pM
17@-estradiol or 100 pM G-1 in myocytes isolated from mice in the four stages
of the estrous cycle. A-D: Fractional shortening measured in myocytes isolated
from mice throughout the estrous cycle was not affected by either E2 or G-1 when
compared to control (n= 4 control, 6 E2, and 8 G-1 for diestrus, n = 5 control, 7 E2,
and 5 G-1 for proestrus, n = 5 control, 3 E2, and 7 G-1 for estrus, n = 5 control, 7 E2,
and 7 G-1 for metestrus; t-test).
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3.20. Caz* transient amplitudes were not affected by exposure to 100 pM
estradiol or 100 pM G-1 in myocytes isolated from mice in the four stages of
the estrous cycle. A-D: CaZ* transient amplitudes measured in myocytes isolated
from mice in diestrus, proestrus, estrus, and metestrus were not affected by acute
application of either E2 or G-1 (n= 4 control, 6 E2, and 8 G-1 for diestrus, n = 4
control, 7 E2, and 8 G-1 for proestrus, n = 5 control, 4 E2, and 6 G-1 for estrus, n = 4
control, 7 E2, and 5 G-1 for metestrus; t-test).
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Figure 3.21. Higher concentrations of 17§-estradiol (100 nM) and G-1 (100
nM) had no effect on fractional shortening in myocytes isolated from mice in
the four stages of the estrous cycle. A-D: Fractional shortening measured in
myocytes isolated from mice in the four stages of the estrous cycle was not modified
by acute application of E2 or G-1 (n= 5 control, 5 E2, and 8 G-1 for diestrus,n =5
control, 7 E2, and 6 G-1 for proestrus, n = 5 control, 8 E2, and 8 G-1 for estrus,n =5
control, 6 E2, and 6 G-1 for metestrus; t-test).
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Figure 3.22. Ca2* transient amplitudes recorded in myocytes isolated
throughout the estrous cycle were unaffected by higher concentrations of 17f-
estradiol (100 nM) and G-1 (100 nM). A-D: Acute application of high
concentrations of either E2 or G-1 had no effect on Ca?* transient amplitudes
measured in myocytes isolated from mice in diestrus, proestrus, estrus, and
metestrus. (n=5 control, 5 E2, and 8 G-1 for diestrus, n = 4 control, 7 E2, and 8 G-1
for proestrus, n = 5 control, 8 E2, and 8 G-1 for estrus, n = 3 control, 7 E2, and 5 G-1
for metestrus; t-test).
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Chapter 4: Discussion
I. Overview of Key Findings

The first objective of this study was to determine whether group-housed
female mice displayed cyclical changes in their estrous stages. It was established
that sexually mature, group-housed female mice showed infrequent and irregular
changes in estrous stages. Thus, these females were deemed, “non-cycling”. The
irregularities observed in the cycling of these females were similar to the estrous
cycles tracked in aged female mice. However, when sexually mature, group-housed
female mice were exposed to bedding collected from cages housing male mice,
regular cycling was observed. These findings show that group-housed female mice
do not display cyclical estrous stages unless induced to cycle through exposure to
bedding from cages housing male mice.

Another objective of this study was to determine if cardiac contractile
function and Ca%* concentrations fluctuated with the estrous cycle in myocytes
isolated from mice in the four stages of the estrous cycle. Similar results were seen
when myocytes were paced at either 4 or 6 Hz. Contractions were significantly
larger in myocytes isolated from mice in estrus when compared to the other three
stages of the estrous cycle. These myocytes also had more rapid velocities of
shortening and lengthening. Ca2* transient amplitudes were also significantly larger
in estrus when compared to the other estrous stages. Thus, intracellular Ca2* levels
were significantly elevated in myocytes isolated from mice in estrus, and this effect
of the estrous cycle was maintained when myocytes were paced at a physiological

frequency.
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This study also sought to determine whether myofilament Ca2* sensitivity
fluctuated with the estrous cycle. The results of both the phase-loop plots as well as
the actomyosin MgATPase activity assay indicated that myofilaments isolated from
mice in estrus were the least sensitive to Ca?*. Intracellular Ca?* concentrations at
50% myocyte relaxation were significantly higher in estrus, indicating that more
Ca2* was required to maintain contraction in cells from mice in estrus. Consistently,
the ECso of Ca2* was found to be significantly higher in estrus when compared to the
other estrous stages. Although contractions and Ca2* transients were largest in
estrus, these findings suggest that myofilament Ca2* sensitivity actually decreased in
this stage.

Another objective of this study was to determine if the response to 3-AR
stimulation fluctuated with the estrous cycle. This was assessed through the acute
application of the non-selective -adrenergic agonist, isoproterenol. Fractional
shortening and Ca?* transient amplitudes were largest in estrus and smallest in
diestrus and metestrus over a range of ISO concentrations. No differences in ECso
values for ISO were observed throughout the estrous cycle. Thus, the effects of the
estrous cycle on myocyte contractile function were maintained even in the presence
of B-AR stimulation.

The final objective of the study was to determine if acute application of 17f3-
estradiol or G-1 modified contractile function in myocytes isolated from mice
throughout estrous cycle. Interestingly, acute application of either a physiological
or supra-physiological concentration of 173-estradiol had no effect on contractions

or Ca2* transients. Additionally, acute application of G-1 had no effect on contractile
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function or Ca2* concentrations regardless of the estrous stage examined.
Therefore, acute application of 17p3-estradiol or G-1 did not modify contractile

function in myocytes isolated from mice throughout the estrous cycle.

II. Characterization of Estrous Cycle in Group-housed Female C57BL/6 Mice.
i. Non-cycling, group-housed female mice

The results of this study showed that regular estrous cycling was suppressed
in group-housed female mice. These findings are consistent with the results of
previous studies that show that female pheromones can suppress the estrous cycle
in female mice that are housed in groups (Whitten, 1959). Interestingly, the
irregularities observed in the estrous stages in group-housed females were similar
to the irregularities in cycling observed in 24 month-old female mice. The onset of
irregular cycling due to age is thought to occur between 20 - 22 mos in C57BL/6
female mice (Boot et al., 1956). With increasing age, C57BL/6 mice exhibit irregular
cycling rather than anestrus, which is distinguished by the absence of any
identifiable estrous stage and occurs in some mouse strains (Boot et al.,, 1956).
Irregular cycling is characterized by the recurrent presence of vaginal smears
containing leukocytes and/or cornified cells. However, smears containing nucleated
cells, which are characteristic of proestrus, are infrequent (Boot et al., 1956).
Additionally, the estrous stages no longer appear cyclical but become repetitive and
random (Boot et al.,, 1956). The results of the present study demonstrated that

reproductive senescence was associated with irregular estrous cycles characterized
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by recurrent diestrus/estrus smears. Moreover, similar irregular cycling was seen
in young female mice that were housed in groups.

Interestingly, the prolonged presence of leukocytes and/or cornified cells
documented in aged female C57BL/6 mice is indicative of the absence of ovulation
in these mice (Allen, 1922). It is well known that ovulation is triggered by a rise in
17p-estradiol levels (Allen, 1922). Moreover, the rise in 17f-estradiol levels prior to
ovulation results in the transition from a leukocyte-containing diestrus smear to a
nucleated cell-containing proestrus smear. Therefore, the absence of the pre-
ovulatory rise in 173-estradiol explains why proestrus smears are rarely observed
in these aged female mice. As group-housed female mice also rarely exhibited
proestrus smears, these results suggest that these females may also be experiencing
an absence of the pre-ovulatory rise in 17p3-estradiol that triggers ovulation. Thus,
female mice housed in groups would be expected to have more constant basal levels
of estrogen rather than the fluctuating estrogen levels that are characteristic of the

estrous cycle (Butcher et al.,, 1974).

ii. Induced cycling in group-housed female mice

Regular, 4 - 6 day estrous cycles were observed in group-housed females
after they were exposed to bedding collected from cages housing male mice. This
finding is consistent with the results of previous studies that show that male
pheromones are capable of inducing regular estrous cycles in group-housed female
mice (Whitten, 1966). Male urine is thought to be the main source of the

pheromones that induce estrous cycling (Whitten, 1956). As well, induction of the
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estrous cycle using male urine is thought to be androgen-dependent, as urine
collected from castrated males does not induce estrous cycling (Bruce, 1965). The
pheromones that are contained within male urine are referred to as “primer
pheromones”, indicating that they take time to exert their effects (Ma et al., 1999).
The observation that male pheromones require time before any effects are seen is
consistent with the data in the present study, as 5 - 7 days were required before
regular estrous cycling was observed in females exposed to male pheromones.
Taken together, these results suggest that it is possible to study female mice
in two contexts. In the first context, “non-cycling” group-housed females could be
used in order to investigate physiological processes in the absence of the estrous
cycle. The second context would be to investigate sexually mature “cycling” female
mice. The estrous cycle is analogous to the human menstrual cycle; therefore, this
model would more closely approximate the physiology of a sexually mature female
human. There is a sex bias when it comes to using animals in research (Beery and
Zucker, 2011). Females are most frequently disregarded because the assumption is
made that results obtained from males apply to females. In addition, many
researchers use male animals in order to avoid the complication of the estrous cycle.

The results of the present study suggest that such concerns may be unfounded.

III. Contractile Responses and Ca?* Concentrations In Ventricular Myocytes
Isolated From Females in the Four Stages of the Estrous Cycle.

To date, only a small number of studies have investigated the effect of the
rodent estrous cycle on cardiovascular function. Thus, relatively little is known

about the effects the estrous cycle may have on overall cardiovascular function.
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The results of this study showed that contractions were significantly larger in
myocytes isolated from mice in estrus when compared to the other stages of the
estrous cycle. This may be due to fluctuations in plasma estradiol levels, which are
characteristic of the estrous cycle (Butcher et al.,, 1974). Estrus has been previously
reported as the estrous stage with the lowest plasma estradiol levels (Saito et al.,
2009; Walmer et al,, 1992). Therefore, these results suggest that low estradiol
levels may be responsible for the increased contraction size seen in estrus. These
findings are compatible with the results of previous studies in OVX mice. Fractional
shortening is significantly larger in myocytes isolated from OVX mice compared to
sham-operated controls (Curl et al.,, 2003). Furthermore, estrogen replacement
reverses this observed increase in contraction (Curl et al., 2003). Taken together,
these findings suggest that cardiac contractions are augmented by conditions
associated with low estradiol levels, such as the estrus stage of the estrous cycle or
ovariectomy.

As contractions are activated by the release of Ca2* from the SR (Bers, 2002),
larger contractions in estrus could be due to increased Ca2* transient amplitudes.
Indeed, the present study showed that Ca2* transient amplitudes were significantly
larger in estrus when compared to the three other stages of the estrous cycle. By
contrast, no differences were observed in diastolic Ca2* levels. This suggests that at
rest, myocytes isolated during the four stages of the estrous cycle had similar levels
of intracellular Ca2*. These findings suggest that one or more components of the EC

coupling pathway may be modulated by the estrous cycle.
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Previous studies have shown that Ca%* release from the SR is proportional to
the amount of incoming Ica1. (Bers, 2002; Delbridge et al., 1996). Therefore, the
increased Ca2* transient amplitude in estrus may be due to an increase in the
magnitude of Ica1. Interestingly, L-type Ca2* channel expression is enhanced in mice
lacking both nuclear ERs (ERa and ERP) (Johnson et al.,, 1997). This finding
suggests that estrogen may regulate L-type Ca2* channel expression through
activation of the nuclear ERs. It is likely that less activation of the nuclear ERs
occurs when estrogen levels are low. Therefore, L-type Ca2* channel expression,
and in turn Ica1, may be increased when estradiol levels fall during estrus.

Another component of the EC coupling pathway that may be affected by
estrogen is the SR. Previous studies have shown that OVX increases both Ca2+
transient amplitude (Curl et al., 2003) and SR Ca2* stores (Fares et al., 2012;
Kravtsov et al., 2007). Therefore, changes in estrogen levels throughout the estrous
cycle may affect SR Ca%* stores. A large amount of Ca2* within the SR may increase
the availability of stored Ca2* for release (Bers, 2002). Therefore, the larger Ca2*
transient amplitudes seen in estrus may be due, in part, to increased SR Ca?* stores,
which would give rise to enhanced SR Ca?* release.

Another factor that may contribute to the increased Ca2* transient amplitude
observed in myocytes from estrus is altered ventricular repolarization. Saito et al.
showed that myocytes isolated from mice in estrus had reduced It and Ik siow, Wwhich
both play key roles in repolarization (Saito et al., 2009). These reduced K* currents
result in a significant increase in APD50 and APD90 in myocytes isolated from mice

in estrus when compared to the other stages of the estrous cycle (Saito et al., 2009).
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An increase in APD50 and APD90 could increase Ca2* influx into the cardiomyocyte.
Therefore, these findings provide an additional mechanism by which intracellular
Ca2* levels may be increased in low estrogen conditions.

No changes were observed in the velocities to peak or decay of the Ca%*
transients in myocytes isolated from mice throughout the estrous cycle. The
velocity of Ca2* transient decay is due to the activity of both SERCA2a and NCX,
which contribute to 92% and 7% of the removal of Ca2* from the cytosol,
respectively (Hove-Madsen and Bers, 1993). Additionally, phospholamban (PLB)
also influences the speed of Ca2* transient decay by inhibiting SERCA (Bers, 2002).
Phosphorylation of PLB by PKA relieves the inhibition of SERCA and causes a more
rapid Ca2* transient decay. As no differences were observed in the velocity of Ca2*
transient decay, these results suggest that expression levels of SERCA2a, NCX, and
PLB were not altered by the estrous cycle.

Cardiac contractile function was also assessed at a more physiological pacing
frequency in myocytes isolated throughout the estrous cycle. The resting heart rate
for C57BL/6 mice is close to 6 Hz (Hoit et al., 2002). Therefore, pacing cells at 6 Hz
more closely approximates physiological heart rate. Contractions and Ca2+
transients remained larger in myocytes isolated from mice in estrus when compared
to the other stages of the estrous cycle when cells were paced at 6 Hz. It is well
established that increased pacing frequencies lead to enhanced contraction (Koch-
Weser and Blinks, 1963). Thus, it is likely that the increased fractional shortening
seen with physiological pacing at 6 Hz is due to the increased Ca?* release caused by

increases in peak Ica1, and increased SR Ca2* content (Bers, 2002). Taken together,
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these results indicate that the effects of the estrous cycle on cardiac contractile
function are present even when cells are paced at a more physiological frequency.
In summary, the present study showed that myocytes isolated from mice in
estrus have significantly larger fractional shortening than myocytes isolated from
mice in the other estrous stages. The larger contractions observed in estrus are
likely due to the increased Ca2* transient amplitudes seen in these myocytes. The
increased Ca2* release from the SR may be due to increased peak Ica1. along with
increased SR Ca?* stores, and decreased K* repolarizing currents. Additional

experiments are required to test these ideas.

IV. Myofilament Ca?* Sensitivity Measured in the Hearts from Mice in the
Four Stages of the Estrous Cycle.

The cardiac myofilaments function as the translation site where an increase
in intracellular Ca2+ is converted into mechanical cellular contraction (Bers, 2002).
As mentioned previously, the sensitivity of the myofilaments to Ca2* plays an
integral role in cardiomyocyte contraction. This study showed that myofilament
Ca?+ sensitivity was lowest in myocytes and hearts isolated from mice in estrus
compared to the other stages of the estrous cycle. Previous studies have used
phase-loop plots to provide an estimate of myofilament Ca2* sensitivity (Mellor et
al,, 2012; Spurgeon et al., 1990). The relaxation portion of the loop is thought to
provide an indication of the relationship between contraction decay and [CaZ2*]..
This relationship can then be quantified by plotting [Ca2*] at 50% myocyte
relaxation (Mellor et al., 2012). Myocytes isolated from mice in estrus had higher

levels of Ca%* present at 50% contraction decay, which indicates that higher levels of
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intracellular Ca2* were required to interact with the myofilaments and activate
contraction in cells from mice in estrus.

In order to obtain a more accurate measurement of myofilament Ca%*
sensitivity, actomyosin MgATPase activity was quantified. Actomyosin MgATPase
activity is integral for cardiomyocyte contraction and provides quantification of the
amount ATP that is hydrolyzed when myosin binds to actin to initiate cross-bridge
formation (Venema and Kuo, 1993). Actomyosin MgATPase activity has previously
been measured in hearts from OVX mice (Schaible et al., 1984; Wattanapermpool,
1998). However, the results of these studies are controversial, as both an increase
and decrease in activity have been observed (Schaible et al., 1984;
Wattanapermpool, 1998). The present study clearly showed that maximal
actomyosin MgATPase activity did not vary with the estrous stages. Therefore, the
highest [Ca%*] generated similar levels of actomyosin MgATPase activity at all stages
of the estrous cycle. However, this [Ca2*] is supra-physiological and is not typical for
functional myocardium. Interestingly, in the present study, the ECso values for Ca%*
were significantly higher in estrus when compared to the three other stages of the
estrous cycle. Additionally, a clear right-ward shift of the curve was also observed
in the hearts isolated from mice in estrus. The results of the present study suggest
that the myofilaments from mice in estrus were the least sensitive to Ca2*.

Myosin plays a key role in cardiomyocyte contraction; it hydrolyzes ATP in
order to provide the necessary energy for the cell to contract (Bers, 2002). The
myosin heavy chain is an integral component for ATP hydrolysis, as myosin

interacts with actin. There are two mammalian cardiac myosin isoforms, MHC-a
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and MHC-p (Rayment et al., 1993). These isoforms are capable of complexing to
form homo- or heterodimers. Cardiomyocytes with more MHC-a are capable of
much faster contractions than those with more MHC-f (Palmiter et al., 1999).
Myocytes isolated from mice in estrus had significantly faster contraction velocities
compared to myocytes from the other stages of the estrous cycle. As no differences
were seen in the velocities of the Ca2* transient throughout the estrous cycle,
another mechanism must underlie this finding. A potential explanation is that there
may be a shift in the myosin isoforms that mediate contraction for mice in estrus.
Therefore, it is possible that myocytes isolated from mice in estrus exhibit a shift
toward the faster MHC-a inform, as the velocity of the contraction was significantly
faster in estrus compared to the other estrous stages. Additional experiments

would be required to test this hypothesis.

V. Contractile Responses and Ca2* Concentrations in the Presence of
f-adrenergic Stimulation in Cardiomyocytes From Females in the Four
Stages of the Estrous Cycle.

The results of this study showed that fractional shortening and Ca2* transient
amplitudes remained significantly larger in myocytes isolated from mice in estrus in
the presence of the B-AR agonist, ISO. By contrast, the ECso values for fractional
shortening and Ca?* transient amplitude were not affected by the estrous cycle.
These data show that maximal responses to ISO were largest in estrus, even though
myocytes from all stages of the estrous cycle were equally sensitive to ISO.

A previous study has shown that $1-AR are up-regulated in the hearts of OVX

rats (Thawornkaiwong et al., 2003). Moreover, treatment with estrogen returns
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receptor expression back to levels comparable to the sham-operated controls (Kam
et al.,, 2004). This observation suggests that low estrogen states increase f1-AR
density. Therefore, the increased fractional shortening and Ca2* transient
amplitudes observed in estrus may be due to increased $1-AR expression.
Up-regulation of the $1-AR is also associated with enhanced PKA activity in
OVX rats where estrogen levels are low (Kravtsov et al.,, 2007). As described
previously, PKA is responsible for phosphorylating various components of the EC
coupling pathway (Bers, 2002). Increases in peak Ica 1, RyR activity, and SERCA
activity caused by PKA phosphorylation (Bers, 2002) could all contribute to the
increased Ca2* transient amplitudes seen in myocytes isolated from mice in estrus
when compared to the other estrous stages. Thus, these results suggest that
fractional shortening and Ca2* transients are largest in myocytes isolated from mice
in estrus in the presence of ISO due to an up-regulation of the 31-AR and enhanced

PKA activity.

VI. Contractile Responses and Ca2+ Concentrations following Acute
Application of 17 -estradiol or the GPER agonist, G-1, in Cardiomyocytes
From Females in the Four Stages of the Estrous Cycle.

i. Acute 17p-estradiol Application

The results of this study showed that acute application of 17p-estradiol had
no effect on contractions or Ca2* transients in myocytes isolated from mice in the
four stages of the estrous cycle. Neither a physiological (100 pM) nor a supra-

physiological (100 nM) concentration of 17p3-estradiol altered cardiac contractile

function. These findings contrast with the results of several studies investigating
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the effects of acute application of 17p3-estradiol on isolated cardiomyocytes. Jiang et
al. were the first to show that acute application of a supra-physiological
concentration of 17p-estradiol (30 uM) decreased contraction size, APD, and I, in
ventricular myocytes isolated from male guinea-pigs (Jiang et al., 1992). Moreover,
in a study in isolated human ventricular myocytes, a negative inotropic effect was
observed within 5 mins following application of a supra-physiological concentration
of 17p-estradiol (30 uM) (Sitzler et al., 1996). A decrease in Ica1 has also been
observed in rat ventricular myocytes following acute application of 30 uM of 17f3-
estradiol (Berger et al., 1997). The discrepancies between the results of the present
study and these previous studies are likely due to the differences in the
concentrations of estradiol used. The present study acutely administered supra-
physiological concentrations that were 300 fold smaller than those administered in
the previously mentioned studies. Taken together, the results of the present study
suggest that acute application of physiological concentrations of 17f-estradiol have
no effect on contractile function in myocytes regardless of the stage of the estrous
cycle. Additionally, supra-physiological concentrations of approximately 30 uM
17p-estradiol appear to be required to modify contractile function, as even 100 nM

estradiol had no effect on either contractions or Ca2* transients at any estrous stage.

ii. Acute G-1 Application
The findings of this study showed that acute application of G-1 had no effect
on contractions or Ca?* transients in myocytes regardless of the estrous stage. No

differences were observed in fractional shortening or Ca2* transient amplitudes in
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the presence of either 100 pM or 100 nM G-1. These findings are novel, as the
impact of G-1 on cardiomyocyte function has not been investigated previously. The
first study to investigate the effects of acute administration of G-1 on the heart
examined G-1 in a model of ischemia-reperfusion injury in Langendorff hearts
(Deschamps and Murphy, 2009). Deschamps and Murphy showed that pre-
treatment for 10 mins with G-1 had no effect on contractile function. However, it
did increase functional recovery and reduce infarct size following ischemia-
reperfusion injury (2009). Therefore, pre-treatment with G-1 maintained cardiac
contractile function in hearts following ischemic injury. Taken together, these
results suggest that acute G-1 application does not affect myocyte contractile

function in the absence of ischemia-reperfusion injury.

VII. Clinical Implications of Estradiol and Cardiovascular Function
i. The Menstrual Cycle and Cardiovascular Function

Serum estradiol levels fluctuate during the menstrual cycle from levels as low
as 50 pg/ml during menstruation to approximately 850 pg/ml during the pre-
ovulatory estradiol peak (Katzung, 2012). As previously mentioned, low levels of
estradiol present during the luteal phase of the menstrual cycle are associated with
the development of paroxysmal supraventricular tachycardia (Rosano et al., 1996).
However, the mechanisms that underlie this developed tachycardia are poorly
understood. The results of the present study indicate that intracellular Ca2+* levels
are increased during estrus, which is the estrous stage that is characterized by the

lowest estradiol levels (Saito et al., 2009). Thus, the results of the present study
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suggest that increased intracellular Ca2* levels may contribute to enhanced
susceptibility to cardiac arrhythmias during phases of the menstrual cycle when

estrogen levels are low.

ii. Contraception and Cardiovascular Function

Oral contraceptive pills (OCPs) are the most commonly prescribed method
used to prevent pregnancy (Margolis et al., 2007). Approximately 80% of women
have used OCPs within their lifetime. OCPs were developed to mimic the length of
the typical menstrual cycle, with 28 days of fixed-dose estrogen and progesterone
followed by 7 days of placebo to induce menstruation (Shufelt and Bairey Merz,
2009). Current OCPs are made up of a synthetic estrogen, known as ethinyl
estradiol, and a gonane progestin, which have minimal androgenic effects (Shufelt
and Bairey Merz, 2009). While a variety of studies have been conducted to
investigate the effects of OCPs on cardiovascular risk factors, such as lipoprotein
profiles (Barkfeldt et al., 2001; Endrikat et al., 2002), blood pressure (Cardoso et al.,
1997; Chasan-Taber et al., 1996), and thrombosis (Jick et al., 1995; Sidney et al.,
2004), no studies have directly studied cardiac function in pre-menopausal women
taking OCPs. Serum estradiol levels are maintained at approximately 50 pg/ml in
females taking OCPs (Gomella, 2007). This value closely approximates the lowest
serum concentration of estradiol seen throughout the menstrual cycle (Katzung,
2012). Therefore, these results suggest that females taking OCPs have lower serum
estradiol levels than other pre-menopausal women. The results of the present study

showed that myocytes isolated from mice in estrus had the largest Ca2* transient
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amplitudes and increased fractional shortening. The observed Ca%* loading is
consistent with the increased prevalence of tachycardias seen in women during the
luteal phase of their menstrual cycle. Taken together, these results suggest that
females taking OCPs may have higher intracellular Ca2* levels, which could increase

their susceptibility to various heart diseases, such as cardiac arrhythmias.

VIII. Limitations

The present study investigated the effects of the estrous cycle on contractile
function and Ca?* concentrations in isolated mouse ventricular myocytes. While
studies on individual cardiomyocytes are integral in understanding how
contractions and Ca2* transients are altered at the level of the single cell, it may not
be entirely possible to directly translate these findings on to the whole heart. A
logical progression would be to assess cardiac contractile function in whole hearts
isolated from mice in the four stages of the estrous cycle. The Langendorff heart
preparation, which involves retrograde perfusion of the heart through the aorta,
allows the heart to be studied without the influence of other organ systems (Bell et
al,, 2011). Myocardial contractility and left ventricular function can be easily
assessed through insertion of a left ventricular balloon(Bell et al., 2011). The
advantage of this preparation is the fact that the myocardium is intact and the
cardiomyocytes continue to interact to generate the synchronized contraction of the
heart. The myocytes are subjected to hemodynamic load and are exposed to the
stress and strain associated with being interconnected, which is an integral part of

cardiac function that is lost in single cell studies.
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In addition, functional experiments could be conducted in vivo in order to
assess the effect of the estrous cycle on the heart and how these changes influence
the organism as a whole. For example, an echocardiogram using continuous wave
Doppler ultrasound could be used as a non-invasive tool to assess any structural or
functional differences in the heart at the various estrous stages (Kayrak et al., 2011).
Whole heart and in vivo studies would serve to provide a complete picture as to how
the estrous cycle influences overall heart function.

Finally, the majority of this thesis focused on the effects of the sex steroid
hormone, estrogen, and its effects on the myocardium. While it is established that
estrogen modulates cardiovascular function, the potential effects of the other
circulating sex hormones cannot be neglected. The effects of progesterone, FSH, and
LH on the heart are poorly understood. Further studies are required to determine if

these hormones are able to influence heart function.

IX. Summary

The present study demonstrates that group-housed female mice have
irregular estrous cycles, however, they can be induced to cycle through exposure to
bedding collected from cages housing male mice. Fractional shortening and Ca2*
transient amplitudes are significantly larger in myocytes isolated from mice in
estrus when compared to the other estrous stages. The effects of the estrous cycle
on myocyte contractile function are also maintained when cells are stimulated at a
physiological pacing rate or when they are subjected to 3-adrenergic stimulation.

Additionally, acute application of 173-estradiol or the GPER agonist, G-1, did not
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affect contractile function or Ca2* concentrations in myocytes isolated throughout
the estrous cycle. This is the first study to demonstrate that myocyte contractile
function is altered through fluctuations in sex steroid levels throughout the estrous
cycle. The results of this study have important implications, since alterations in Ca2*
homeostasis are associated with arrhythmia generation and various cardiovascular
diseases. These findings also suggest that susceptibility to an adverse

cardiovascular event may vary with cyclical changes in estrogen levels.

85



References
Allen, E. (1922). The oestrus cycle in the mouse. Am ] Anat 30, 297-371.

Apell, H.J., and Karlish, S.J. (2001). Functional properties of Na,K-ATPase, and their
structural implications, as detected with biophysical techniques. ] Membr Biol 180,
1-9.

Aronica, S.M., Kraus, W.L., and Katzenellenbogen, B.S. (1994). Estrogen action via the
cAMP signaling pathway: stimulation of adenylate cyclase and cAMP-regulated gene
transcription. Proc Natl Acad SciU S A 91,8517-8521.

Barkfeldt, ., Virkkunen, A., and Dieben, T. (2001). The effects of two progestogen-
only pills containing either desogestrel (75 microg/day) or levonorgestrel (30
microg/day) on lipid metabolism. Contraception 64, 295-299.

Barkley, M.S., and Bradford, G.E. (1981). Estrous cycle dynamics in different strains
of mice. Proc Soc Exp Biol Med 167, 70-77.

Barrett-Connor, E., and Bush, T.L. (1991). Estrogen and coronary heart disease in
women. JAMA 265, 1861-1867.

Bassani, ].W., Bassani, R.A., and Bers, D.M. (1994). Relaxation in rabbit and rat
cardiac cells: species-dependent differences in cellular mechanisms. ] Physiol 476,
279-293.

Bean, B.P. (1985). Two kinds of calcium channels in canine atrial cells. Differences in
kinetics, selectivity, and pharmacology. ] Gen Physiol 86, 1-30.

Beery, A.K,, and Zucker, I. (2011). Sex bias in neuroscience and biomedical research.
Neurosci Biobehav Rev 35, 565-572.

Bell, R.M., Mocanu, M.M,, and Yellon, D.M. (2011). Retrograde heart perfusion: the
Langendorff technique of isolated heart perfusion. ] Mol Cell Cardiol 50, 940-950.

Berger, F., Borchard, U., Hafner, D., Putz, 1., and Weis, T.M. (1997). Effects of 17beta-
estradiol on action potentials and ionic currents in male rat ventricular myocytes.
Naunyn Schmiedebergs Arch Pharmacol 356, 788-796.

Bergman, M.D., Schachter, B.S., Karelus, K., Combatsiaris, E.P., Garcia, T., and Nelson,
J.F. (1992). Up-regulation of the uterine estrogen receptor and its messenger
ribonucleic acid during the mouse estrous cycle: the role of estradiol. Endocrinology
130,1923-1930.

Bers, D.M. (2002). Cardiac excitation-contraction coupling. Nature 415, 198-205.

86



Bjornstrom, L., and Sjoberg, M. (2005). Mechanisms of estrogen receptor signaling:
convergence of genomic and nongenomic actions on target genes. Mol Endocrinol
19,833-842.

Bologa, C.G., Revankar, C.M., Young, S.M., Edwards, B.S., Arterburn, J.B., Kiselyov, A.S.,
Parker, M.A., Tkachenko, S.E., Savchuck, N.P., Sklar, L.A,, et al. (2006). Virtual and
biomolecular screening converge on a selective agonist for GPR30. Nat Chem Biol 2,
207-212.

Boot, L.M., Muhlbock, 0., and Thung, P.J. (1956). Senile changes in the oestrous cycle
and in ovarian structure in some inbred strains of mice. Acta Endocrinol (Copenh)
23,8-32.

Brouillette, ]., Clark, R.B., Giles, W.R., and Fiset, C. (2004). Functional properties of
K+ currents in adult mouse ventricular myocytes. ] Physiol 559, 777-798.

Bruce, H.M. (1965). Effect of Castration on the Reproductive Pheromones of Male
Mice. ] Reprod Fertil 10, 141-143.

Burger, H.G. (2001). Physiological principles of endocrine replacement: estrogen.
Horm Res 56 Suppl 1, 82-85.

Butcher, R.L., Collins, W.E., and Fugo, N.W. (1974). Plasma concentration of LH, FSH,
prolactin, progesterone and estradiol-17beta throughout the 4-day estrous cycle of
the rat. Endocrinology 94, 1704-1708.

Cagnacci, A., Soldani, R., Carriero, P.L., Paoletti, A.M., Fioretti, P., and Melis, G.B.
(1992). Effects of low doses of transdermal 17 beta-estradiol on carbohydrate
metabolism in postmenopausal women. ] Clin Endocrinol Metab 74, 1396-1400.

Campbell, C.S., Ryan, K.D., and Schwartz, N.B. (1976). Estrous cycles in the mouse:
relative influence of continuous light and the presence of a male. Biol Reprod 14,
292-299.

Cardoso, F., Polonia, ], Santos, A, Silva-Carvalho, J., and Ferreira-de-Almeida, J.
(1997). Low-dose oral contraceptives and 24-hour ambulatory blood pressure. Int ]
Gynaecol Obstet 59, 237-243.

Chasan-Taber, L., Willett, W.C., Manson, J.E., Spiegelman, D., Hunter, D.]J., Curhan, G.,
Colditz, G.A., and Stampfer, M.]. (1996). Prospective study of oral contraceptives and
hypertension among women in the United States. Circulation 94, 483-489.

Cross, H.R,, Murphy, E., and Steenbergen, C. (2002). Ca(2+) loading and adrenergic

stimulation reveal male/female differences in susceptibility to ischemia-reperfusion
injury. Am J Physiol Heart Circ Physiol 283, H481-489.

87



Curl, C.L., Wendt, I.R., Canny, B.]., and Kotsanas, G. (2003). Effects of ovariectomy and
17 beta-oestradiol replacement on [Ca2+]i in female rat cardiac myocytes. Clin Exp
Pharmacol Physiol 30, 489-494.

Curl, C.L., Wendt, I.R,, and Kotsanas, G. (2001). Effects of gender on intracellular.
Pflugers Arch 441, 709-716.

Curtis, SW., Washburn, T., Sewall, C., DiAugustine, R., Lindzey, ]., Couse, ].F., and
Korach, K.S. (1996). Physiological coupling of growth factor and steroid receptor
signaling pathways: estrogen receptor knockout mice lack estrogen-like response to
epidermal growth factor. Proc Natl Acad Sci US A 93,12626-12630.

Czubryt, M.P., Espira, L., Lamoureux, L., and Abrenica, B. (2006). The role of sex in
cardiac function and disease. Can ] Physiol Pharmacol 84, 93-109.

Delbridge, L.M., Bassani, ].W., and Bers, D.M. (1996). Steady-state twitch Ca2+ fluxes
and cytosolic Ca2+ buffering in rabbit ventricular myocytes. Am ] Physiol 270, C192-
199.

Deschamps, A.M., and Murphy, E. (2009). Activation of a novel estrogen receptor,
GPER, is cardioprotective in male and female rats. Am ] Physiol Heart Circ Physiol
297,H1806-1813.

Endrikat, ], Klipping, C., Cronin, M., Gerlinger, C., Ruebig, A., Schmidt, W., and
Dusterberg, B. (2002). An open label, comparative study of the effects of a dose-
reduced oral contraceptive containing 20 microg ethinyl estradiol and 100 microg
levonorgestrel on hemostatic, lipids, and carbohydrate metabolism variables.
Contraception 65, 215-221.

Fares, E., Parks, R.J.,, Macdonald, ].K., Egar, ].M., and Howlett, S.E. (2012).
Ovariectomy enhances SR Ca(2+) release and increases Ca(2+) spark amplitudes in
isolated ventricular myocytes. ] Mol Cell Cardiol 52, 32-42.

Farrell, S.R,, Ross, ].L., and Howlett, S.E. (2010). Sex differences in mechanisms of
cardiac excitation-contraction coupling in rat ventricular myocytes. Am J Physiol
Heart Circ Physiol 299, H36-45.

Filardo, E.J. (2002). Epidermal growth factor receptor (EGFR) transactivation by
estrogen via the G-protein-coupled receptor, GPR30: a novel signaling pathway with

potential significance for breast cancer. ] Steroid Biochem Mol Biol 80, 231-238.

Frommeyer, G., Eckardt, L., and Milberg, P. (2012). Calcium handling and ventricular
tachyarrhythmias. Wien Med Wochenschr.

Gomella, L., Haist, S. (2007). Clinician's Pocket Reference: The Scut Monkey, 11 edn
(New York, McGraw-Hill).

88



Gottlicher, M., Heck, S., and Herrlich, P. (1998). Transcriptional cross-talk, the
second mode of steroid hormone receptor action. ] Mol Med (Berl) 76, 480-489.

Grohe, C., Kahlert, S., Lobbert, K., Stimpel, M., Karas, R.H., Vetter, H., and Neyses, L.
(1997). Cardiac myocytes and fibroblasts contain functional estrogen receptors.
FEBS Lett 416, 107-112.

Grohe, C., Kahlert, S., Lobbert, K., and Vetter, H. (1998). Expression of oestrogen
receptor alpha and beta in rat heart: role of local oestrogen synthesis. ] Endocrinol
156, R1-7.

Hall, ].M,, Couse, ].F., and Korach, K.S. (2001). The multifaceted mechanisms of
estradiol and estrogen receptor signaling. ] Biol Chem 276, 36869-36872.

Hassan, A.A., Carter, G., and Tooke, J.E. (1990). Postural vasoconstriction in women
during the normal menstrual cycle. Clin Sci (Lond) 78, 39-47.

Hayward, C.S., Kelly, R.P., and Collins, P. (2000). The roles of gender, the menopause
and hormone replacement on cardiovascular function. Cardiovasc Res 46, 28-49.

Hoit, B.D., Kiatchoosakun, S., Restivo, |., Kirkpatrick, D., Olszens, K., Shao, H., Pao,
Y.H., and Nadeau, ]J.H. (2002). Naturally occurring variation in cardiovascular traits
among inbred mouse strains. Genomics 79, 679-685.

Hove-Madsen, L., and Bers, D.M. (1993). Sarcoplasmic reticulum Ca2+ uptake and
thapsigargin sensitivity in permeabilized rabbit and rat ventricular myocytes. Circ
Res 73,820-828.

IThionkhan, C.E., Chambliss, K.L., Gibson, L.L., Hahner, L.D., Mendelsohn, M.E., and
Shaul, P.W. (2002). Estrogen causes dynamic alterations in endothelial estrogen
receptor expression. Circ Res 91, 814-820.

Improta-Brears, T., Whorton, A.R.,, Codazzi, F., York, ].D., Meyer, T., and McDonnell,
D.P. (1999). Estrogen-induced activation of mitogen-activated protein kinase
requires mobilization of intracellular calcium. Proc Natl Acad Sci U S A 96, 4686-
4691.

Janeway, T. (1913). A Clinical Study of Hypertensive Cardiovascular Diease. Arch Int
Med 12, 755-798.

Ji, T.H., Grossmann, M., and Jj, I. (1998). G protein-coupled receptors. I. Diversity of
receptor-ligand interactions. ] Biol Chem 273, 17299-17302.

Jiang, C., Poole-Wilson, P.A., Sarrel, P.M., Mochizuki, S., Collins, P., and MacLeod, K.T.

(1992). Effect of 17 beta-oestradiol on contraction, Ca2+ current and intracellular
free Ca2+ in guinea-pig isolated cardiac myocytes. Br ] Pharmacol 106, 739-745.

89



Jick, H., Jick, S.S., Gurewich, V., Myers, M.W.,, and Vasilakis, C. (1995). Risk of
idiopathic cardiovascular death and nonfatal venous thromboembolism in women

using oral contraceptives with differing progestagen components. Lancet 346, 1589-
1593.

Johnson, B.D., Zheng, W., Korach, K.S., Scheuer, T., Catterall, W.A., and Rubanyi, G.M.
(1997). Increased expression of the cardiac L-type calcium channel in estrogen
receptor-deficient mice. ] Gen Physiol 110, 135-140.

Kalus, A.A., Chien, A.]., Olerud, J.E. (2008). Diabetes Mellitus and Other Endocrine
Diseases. In Fitzpatrick's Dermatology in General Medicine.

Kam, K.W,, Qi, ].S., Chen, M., and Wong, T.M. (2004). Estrogen reduces cardiac injury
and expression of betal-adrenoceptor upon ischemic insult in the rat heart. ]
Pharmacol Exp Ther 309, 8-15.

Kaplan, B.]., Whitsett, S.F., and Robinson, ].W. (1990). Menstrual cycle phase is a
potential confound in psychophysiology research. Psychophysiology 27, 445-450.
Katz, A.M., and Reuter, H. (1979). Cellular calcium and cardiac cell death. Am ]
Cardiol 44, 188-190.

Katzung, B. (2012). Basic & Clinical Pharmacology, 12 edn (New York, McGraw-Hill).
Kayrak, M., Acar, K., Gul, E.E., Baglicaklioglu, M., Kaya, Z., Sonmez, O., and Aydogdu, I.
(2011). Assessment of left ventricular myocardial performance by tissue Doppler

echocardiography in patients with polycythemia vera. Echocardiography 28, 948-
954.

Kelleher, C., Joyce, C., Kelly, G., and Ferriss, ].B. (1986). Blood pressure alters during
the normal menstrual cycle. Br ] Obstet Gynaecol 93, 523-526.

Kentish, ].C., McCloskey, D.T., Layland, ]., Palmer, S., Leiden, J.M., Martin, A.F., and
Solaro, R.J. (2001). Phosphorylation of troponin I by protein kinase A accelerates

relaxation and crossbridge cycle kinetics in mouse ventricular muscle. Circ Res 88,
1059-1065.

Knollmann, B.C., Schober, T., Petersen, A.O., Sirenko, S.G., and Franz, M.R. (2007).
Action potential characterization in intact mouse heart: steady-state cycle length

dependence and electrical restitution. Am ] Physiol Heart Circ Physiol 292, H614-
621.

Koch-Weser, ]., and Blinks, ]J.R. (1963). The Influence of the Interval between Beats
on Myocardial Contractility. Pharmacol Rev 15, 601-652.

90



Kravtsov, G.M., Kam, KW, Liu, J., Wu, S., and Wong, T.M. (2007). Altered Ca(2+)
handling by ryanodine receptor and Na(+)-Ca(2+) exchange in the heart from
ovariectomized rats: role of protein kinase A. Am ] Physiol Cell Physiol 292, C1625-
1635.

Kuroki, Y., Fukushima, K., Kanda, Y., Mizuno, K., and Watanabe, Y. (2000). Putative
membrane-bound estrogen receptors possibly stimulate mitogen-activated protein
kinase in the rat hippocampus. Eur ] Pharmacol 400, 205-209.

Leblanc, N., Chartier, D., Gosselin, H., and Rouleau, J.L. (1998). Age and gender
differences in excitation-contraction coupling of the rat ventricle. ] Physiol 511 ( Pt
2),533-548.

Lee, H.W., and Eghbali-Webb, M. (1998). Estrogen enhances proliferative capacity of
cardiac fibroblasts by estrogen receptor- and mitogen-activated protein kinase-
dependent pathways. ] Mol Cell Cardiol 30, 1359-1368.

Lentz, G. (2012). Comprehensive Gynecology, Sixth Edition edn (Philadelphia, PA,
Mosby).

Levy, M. (2007). Cardiovascular Physiology, 9 edn (Philadelphia, PA, Mosby
Elsevier).

Li, H.Y,, Bian, ]J.S., Kwan, Y.W., and Wong, T.M. (2000a). Enhanced responses to
17beta-estradiol in rat hearts treated with isoproterenol: involvement of a cyclic
AMP-dependent pathway. ] Pharmacol Exp Ther 293, 592-598.

Li, L., Chu, G., Kranias, E.G., and Bers, D.M. (1998). Cardiac myocyte calcium
transport in phospholamban knockout mouse: relaxation and endogenous CaMKII
effects. Am ] Physiol 274, H1335-1347.

Li, L., Desantiago, J., Chu, G., Kranias, E.G., and Bers, D.M. (2000b). Phosphorylation of
phospholamban and troponin I in beta-adrenergic-induced acceleration of cardiac
relaxation. Am J Physiol Heart Circ Physiol 278, H769-779.

Loscalzo, |., Libby, P., Epstein, J. (2012). Basic Biology of the Cardiovascular System.
In Harrison's Principles of Internal Medixine (New York, McGraw-Hill).

Ma, W., Miao, Z., and Novotny, M.V. (1999). Induction of estrus in grouped female
mice (Mus domesticus) by synthetic analogues of preputial gland constituents.

Chem Senses 24, 289-293.

Manhem, K., and Jern, S. (1994). Influence of daily-life activation on pulse rate and
blood pressure changes during the menstrual cycle. ] Hum Hypertens 8, 851-856.

91



Margolis, K.L., Adami, H.O., Luo, ]., Ye, W., and Weiderpass, E. (2007). A prospective
study of oral contraceptive use and risk of myocardial infarction among Swedish
women. Fertil Steril 88, 310-316.

McHugh, N.A., Cook, S.M.,, Schairer, ].L., Bidgoli, M.M., and Merrill, G.F. (1995).
Ischemia- and reperfusion-induced ventricular arrhythmias in dogs: effects of
estrogen. Am ] Physiol 268, H2569-2573.

Mellor, K.M., Wendt, I.R,, Ritchie, R.H., and Delbridge, L.M. (2012). Fructose diet
treatment in mice induces fundamental disturbance of cardiomyocyte Ca2+
handling and myofilament responsiveness. Am ] Physiol Heart Circ Physiol 302,
H964-972.

Meyer, M.R., and Barton, M. (2009). ERalpha, ERbeta, and gpER: novel aspects of
oestrogen receptor signalling in atherosclerosis. Cardiovasc Res 83, 605-610.

Nakajima, T., Iwasawa, K., Oonuma, H., Morita, T., Goto, A., Wang, Y., and Hazama, H.
(1999). Antiarrhythmic effect and its underlying ionic mechanism of 17beta-
estradiol in cardiac myocytes. Br ] Pharmacol 127, 429-440.

Nelson, ].F., Felicio, L.S., Randall, P.K,, Sims, C., and Finch, C.E. (1982). A longitudinal
study of estrous cyclicity in aging C57BL/6] mice: 1. Cycle frequency, length and
vaginal cytology. Biol Reprod 27, 327-339.

Node, K, Kitakaze, M., Kosaka, H., Minamino, T., Funaya, H., and Hori, M. (1997).
Amelioration of ischemia- and reperfusion-induced myocardial injury by 17beta-

estradiol: role of nitric oxide and calcium-activated potassium channels. Circulation
96, 1953-1963.

O'Lone, R, Frith, M.C,, Karlsson, E.K., and Hansen, U. (2004). Genomic targets of
nuclear estrogen receptors. Mol Endocrinol 18, 1859-1875.

Palmiter, K.A., Tyska, M.]., Dupuis, D.E., Alpert, N.R., and Warshaw, D.M. (1999).
Kinetic differences at the single molecule level account for the functional diversity of
rabbit cardiac myosin isoforms. ] Physiol 519 Pt 3, 669-678.

Rayment, [., Holden, H.M., Whittaker, M., Yohn, C.B., Lorenz, M., Holmes, K.C., and
Milligan, R.A. (1993). Structure of the actin-myosin complex and its implications for
muscle contraction. Science 261, 58-65.

Razandi, M., Pedram, A., Merchenthaler, 1., Greene, G.L., and Levin, E.R. (2004).

Plasma membrane estrogen receptors exist and functions as dimers. Mol Endocrinol
18, 2854-2865.

92



Revankar, C.M., Cimino, D.F,, SKlar, L.A., Arterburn, J.B., and Prossnitz, E.R. (2005). A
transmembrane intracellular estrogen receptor mediates rapid cell signaling.
Science 307, 1625-1630.

Rosano, G.M., Leonardo, F., Sarrel, P.M., Beale, C.M., De Luca, F., and Collins, P.
(1996). Cyclical variation in paroxysmal supraventricular tachycardia in women.
Lancet 347, 786-788.

Rosenfeld, M.G., and Glass, C.K. (2001). Coregulator codes of transcriptional
regulation by nuclear receptors. ] Biol Chem 276, 36865-36868.

Saito, T., Ciobotaru, A., Bopassa, ].C., Toro, L., Stefani, E., and Eghbali, M. (2009).
Estrogen contributes to gender differences in mouse ventricular repolarization. Circ
Res 105, 343-352.

Schaible, T.F., Malhotra, A., Ciambrone, G., and Scheuer, J. (1984). The effects of
gonadectomy on left ventricular function and cardiac contractile proteins in male
and female rats. Circ Res 54, 38-49.

Shufelt, C.L., and Bairey Merz, C.N. (2009). Contraceptive hormone use and
cardiovascular disease. ] Am Coll Cardiol 53, 221-231.

Sidney, S., Petitti, D.B., Soff, G.A., Cundiff, D.L., Tolan, K.K., and Quesenberry, C.P., Jr.
(2004). Venous thromboembolic disease in users of low-estrogen combined
estrogen-progestin oral contraceptives. Contraception 70, 3-10.

Simoncini, T., and Genazzani, A.R. (2003). Non-genomic actions of sex steroid
hormones. Eur | Endocrinol 148, 281-292.

Simpson, E.R.,, Mahendroo, M.S., Means, G.D., Kilgore, M.W., Hinshelwood, M.M,,
Graham-Lorence, S., Amarneh, B,, Ito, Y., Fisher, C.R.,, Michael, M.D,, et al. (1994).
Aromatase cytochrome P450, the enzyme responsible for estrogen biosynthesis.
Endocr Rev 15, 342-355.

Sipido, K.R. (2006). Calcium overload, spontaneous calcium release, and ventricular
arrhythmias. Heart Rhythm 3, 977-979.

Sitzler, G., Lenz, 0., Kilter, H., La Rosee, K., and Bohm, M. (1996). Investigation of the
negative inotropic effects of 17 beta-oestradiol in human isolated myocardial
tissues. Br ] Pharmacol 119, 43-48.

Song, L.S., Wang, S.Q., Xiao, R.P., Spurgeon, H., Lakatta, E.G., and Cheng, H. (2001).

beta-Adrenergic stimulation synchronizes intracellular Ca(2+) release during
excitation-contraction coupling in cardiac myocytes. Circ Res 88, 794-801.

93



Spurgeon, H.A,, Stern, M.D., Baartz, G., Raffaeli, S., Hansford, R.G., Talo, A., Lakatta,
E.G., and Capogrossi, M.C. (1990). Simultaneous measurement of Ca2+, contraction,
and potential in cardiac myocytes. Am | Physiol 258, H574-586.

Stumpf, W.E,, Sar, M., and Aumuller, G. (1977). The heart: a target organ for
estradiol. Science 196, 319-321.

Ten Eick, R.E., Baumgarten, C.M., and Singer, D.H. (1981). Ventricular dysrhythmia:
membrane basis or of currents, channels, gates, and cables. Prog Cardiovasc Dis 24,
157-188.

Thawornkaiwong, A., Preawnim, S., and Wattanapermpool, J. (2003). Upregulation
of beta 1-adrenergic receptors in ovariectomized rat hearts. Life Sci 72, 1813-1824.

Vaccarino, V., Parsons, L., Every, N.R,, Barron, H.V., and Krumholz, H.M. (1999). Sex-
based differences in early mortality after myocardial infarction. National Registry of
Myocardial Infarction 2 Participants. N Engl ] Med 341, 217-225.

Valdivia, H.H., Kaplan, J.H., Ellis-Davies, G.C., and Lederer, W.]J. (1995). Rapid
adaptation of cardiac ryanodine receptors: modulation by Mg2+ and
phosphorylation. Science 267, 1997-2000.

Venema, R.C.,, and Kuo, J.F. (1993). Protein kinase C-mediated phosphorylation of
troponin I and C-protein in isolated myocardial cells is associated with inhibition of
myofibrillar actomyosin MgATPase. ] Biol Chem 268, 2705-2711.

Viatchenko-Karpinski, S., and Gyorke, S. (2001). Modulation of the Ca(2+)-induced
Ca(2+) release cascade by beta-adrenergic stimulation in rat ventricular myocytes. ]
Physiol 533, 837-848.

Volders, P.G., Vos, M.A,, Szabo, B,, Sipido, K.R,, de Groot, S.H., Gorgels, A.P., Wellens,
H.J., and Lazzara, R. (2000). Progress in the understanding of cardiac early

afterdepolarizations and torsades de pointes: time to revise current concepts.
Cardiovasc Res 46, 376-392.

Walmer, D.K.,, Wrona, M.A., Hughes, C.L., and Nelson, K.G. (1992). Lactoferrin
expression in the mouse reproductive tract during the natural estrous cycle:

correlation with circulating estradiol and progesterone. Endocrinology 131, 1458-
1466.

Wattanapermpool, J. (1998). Increase in calcium responsiveness of cardiac
myofilament activation in ovariectomized rats. Life Sci 63, 955-964.

Whitten, W.K. (1956). Modification of the oestrous cycle of the mouse by external
stimuli associated with the male. ] Endocrinol 13, 399-404.

94



Whitten, W.K. (1959). Occurrence of anoestrus in mice caged in groups. ] Endocrinol
18,102-107.

Whitten, W.K. (1966). Pheromones and mammalian reproduction. In Advanced
Reproductive Physiology.

Xu, H., Guo, W., and Nerbonne, ].M. (1999). Four kinetically distinct depolarization-

activated K+ currents in adult mouse ventricular myocytes. ] Gen Physiol 113, 661-
678.

95



	Thesis Initial Pages.pdf
	Thesis Body Complete

