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Modulation of cardiac function usually involves changes in cellular Ca2+ signaling.
Reactive oxygen species (ROS) have been implicated in effecting changes in cardiac Ca2+
signaling. It has been unclear, however, exactly what these changes are and if they are
ultimately detrimental or beneficial. The work reported here investigates the effect of
acute application of H 2 O 2 in low concentrations on Ca2+ signaling in the heart cell. The
driving hypothesis is that ROS in short bursts is a non – detrimental physiological signal
that fine tunes Ca2+ signaling. To this end the effect of ROS is investigated in 3 modules.
i. the effect of rapid application of 100 μM H 2 O 2 on Ca2+ signaling in heart cells, ii. the
effect of H 2 O 2 on Ca2+ signaling during β-adrenergic activation in heart cells and finally
to examine endogenously generated ROS, iii. Ca2+ signaling in a murine model of NOX2
overexpression (NOX2 is a ROS generating enzyme). Using a combination of confocal
imaging of fluorescent Ca2+ dyes and electrophysiological techniques such as whole cell
voltage clamp and current clamp; Ca2+ sparks, Ca2+ transients, I Ca , Sarcoplasmic
Reticulum (SR) Ca2+ load and Sarcoplasmic/Endoplasmic Reticulum Ca2+ ATPase
(SERCA) function were measured in all three paradigms listed above. The work shows
that low concentrations of H 2 O 2 for a brief period deplete SR load without affecting
other parameters of Ca2+ signaling, and this depletion of SR load is prevented by βadrenergic activation. The results further our understanding of ROS modulation of Ca2+

signaling and lay some groundwork for further exploration into the pathways by which
ROS may interact with other modifiers of the Ca2+ signaling machinery of the cardiac
cell.
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Chapter 1
Introduction
Recently, studies on reactive oxygen species (ROS) signaling in the heart suggest a
complex role for ROS in cellular function. However, delineation between a role for ROS
in normal physiology and pathophysiology is obscure. The goal of this study was to
explore a non-detrimental role for ROS in modulating calcium signaling in cardiac cells.
The effect of ROS on calcium signaling was explored because modulations in calcium
signaling are a rapid way of modifying cardiac cell function. The term ROS,
encompasses a wide range of small reactive oxygen derived molecules. For this study, the
species, hydrogen peroxide (H 2 O 2 ) was chosen because while maintaining a great deal of
reactivity, it is relatively stable compared to the more reactive and less stable superoxide
(O 2 .-). H 2 O 2 is also cell permeable, making it quite useful in quickly changing ROS
levels in the cell under experimental conditions. More importantly though, there is
evidence that H 2 O 2 is present in the cell under physiological conditions and may
participate in cellular signaling in a wide variety of cell types. The driving hypothesis for
the work presented here is that brief elevations of ROS at low concentrations effect
non detrimental changes in the calcium signaling of cardiac cells.
To test this hypothesis, five aspects of calcium cycling in cardiac cell were
measured in isolated cardiac cells (ventricular myocytes) before and after brief exposures
to low concentrations of H 2 O 2 . They are: calcium sparks, calcium currents (I ca ), calcium
transients ([Ca2+] i ), Sarcoplasmic reticulum (SR) calcium load ([Ca2+] SR ) and
Sarcoplasmic – endoplasmic reticulum calcium ATPase (SERCA) turnover rate (ƙ SERCA ).
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Changes in any of these parameters can cause a concomitant change in cardiac cell
function.
Ca2+ sparks and [Ca2+] i transients were obtained by confocal imaging of the
calcium indicator Fluo-4. Membrane currents such as I ca or those required for estimating
[Ca2+] SR or ƙ SERCA were measured by voltage clamping of cells in whole cell mode. A
rapid microperfusion system was used to deliver H 2 O 2 to the cells. This allowed
application of solution directly to each cell in the order of milliseconds’.
To further explore H 2 O 2 signaling in the cell, the study looked at the effect of
H 2 O 2 on β-adrenergic potentiation of calcium signaling. This was considered relevant as
β-adrenergic activation is a very important signaling cascade that upregulates cardiac
function to meet demand. In single cells, β-adrenergic receptors (β-AR) were activated
using the β-AR agonist isoproterenol. Isoproterenol is a potent and well known β-AR
agonist with a long history of use in electrophysiological work. However, the effect of its
interaction with ROS is unknown. After β -AR activation, H 2 O 2 was briefly applied to
the cells and Ca2+ signaling parameters measured.
We assume that the effects of exogenously applied H 2 O 2 mimic that of
endogenous H 2 O 2 signaling. However, a clearer view may be obtained by studying the
effects of endogenously generated H 2 O 2 . The main source of endogenous H 2 O 2
generation in the cytosol of healthy cardiac myocytes is NOX2. NOX2 belongs to the
NADPH oxidase (NOX) family of enzymes whose primary function is the transfer of
electrons across membranes to reduce oxygen. In an effort to understand the role of

2

endogenous H 2 O 2 , we studied changes in Ca2+ signaling in a murine model of NOX2
overexpression.
.
1.1 Reactive Oxygen Species (ROS) in Cardiomyocyte Calcium signaling
While great strides have been made in curbing heart disease, it still remains the number
one cause of death in the world. Dysfunction of the heart usually begins at the cellular
level; it is also at this cellular level that many physiologically relevant modifications
occur. ROS can be activators of signaling pathways that modify cardiac cell function. In
the effort to better understand cardiac function and disease, the role of Reactive Oxygen
Species (ROS) in cardiac calcium signaling is explored. Earlier studies associated ROS
with cardiovascular diseases such as heart failure and reperfusion injury (Yokota et al.,
2010; Tsutsui et al., 2011). Recently, however, a role for ROS in normal physiological
signaling in the heart has been shown. There is evidence that some species of ROS are
beneficial for cardiac preconditioning and normal cardiac physiology (Tritto et al., 1997;
Calvert et al., 2011). The importance of ROS in physiological signaling is made even
more plausible with the discovery of the ROS generating NADPH oxidase (NOX) family
of enzymes in almost every cell type. It is therefore important to understand what role
ROS plays in normal physiology so that disease ameliorating therapies can focus on
curbing deleterious effects of ROS while preserving its beneficial effects in the heart. The
overarching goal of this study is to define a signaling role for ROS in the normal
physiology of the heart and in the process establish the point at which it starts to become
deleterious.
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1.2 Reactive Oxygen Species (ROS)
Reactive oxygen species (ROS) are highly reactive small molecules that are formed from
a partial reduction of oxygen (Klotz, 2002). Well known members of the species include
oxygen radicals such as superoxide (O 2 .-) and the hydroxyl radical (OH.), less wellknown members are peroxyl (RO 2 . where ‘R’ is an organic group such as an alkyl group)
and oxidizing agents such as hydrogen peroxide (H 2 O 2 ), which may also readily be
converted to a radical (Bielski, 1985; Kehrer, 2000). ROS are widely recognized as
byproducts of aerobic respiration (Balaban et al., 2005; Potargowicz et al., 2005) and are
therefore a part of normal cellular physiology.
Because ROS are so highly reactive they interact with a large number of cellular
molecules, proteins, lipids, nucleic acids and carbohydrates. Some of these reactions are
reversible while others result in permanent modifications. This penchant of ROS to
interact avidly with cellular components is balanced by highly developed antioxidant
systems that limit ROS activity in both space and time (see sections 1.4, 1.7. 1.8 and
1.15). ROS were previously assumed to play only a detrimental role in most cellular
systems (Harman, 1956; McMurray et al., 1993; Beckman & Ames, 1998). However
recent studies are beginning to highlight a role for ROS signaling in normal physiology
and to show that cellular damage occurs only when there is an imbalance in ROS levels
(lower or higher levels than normal) (Bedard & Krause, 2007).
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1.3 Physiological sources of ROS in the cardiac cell
Cellular sources of ROS may be divided into two classes; those that produce ROS as a
byproduct of their biological function and those that produce ROS as their primary
function. The mitochondria are perhaps the most well recognized source of cellular ROS
as a byproduct (Boveris & Chance, 1973). Mitochondria generate ROS as a byproduct of
respiration (Skulachev, 1996). In isolated mitochondrial, ROS generation has been
estimated to be between 0.2-2% of total oxygen consumed during respiration but the
amount produced in vivo is thought to be much less.
There are other systems in the cell that produce ROS as a byproduct of their major
function, they include: cytochrome p-450 (Fleming et al., 2001; Gottlieb, 2003;
Gonzalez, 2005), lipid peroxidases (Zhang et al., 2002; Schrader & Fahimi, 2004) and
Nitric oxide synthase (NOS) (Vasquez-Vivar et al., 1998; Pritchard et al., 2001; MataGreenwood et al., 2006), although it appears that ROS generation from these systems is
minimal or non-existent in the absence of damage or malfunction (Zhang et al., 2002;
McNally et al., 2003). It should be noted that ROS differ from reactive nitrogen species
(RNS), one of which (Nitric Oxide - NO) is a primary product of NOS. However, there
appears to be crosstalk between ROS and RNS (Ward et al., 2013).

ROS as a primary product - The NADPH oxidase (NOX) family is the only family of
enzymes known to produce ROS as their primary function. NOX isoforms are found in
most tissues (Altenhofer et al., 2012).
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1.4 Mitochondrial ROS generation
In the mitochondria electrons are transferred from NADH and FADH to O 2 to produce
water. This transfer of electron is catalyzed by the enzymes of the electron transport
chain (ETC); which consists of Complex I (NADH dehydrogenase), Complex II
(succinate dehydrogenase), Complex III (cytochrome bc complex) and complex IV
(cytochrome c oxidase). A detailed explanation of the reactions catalyzed by the ETC is
beyond the scope of this work but briefly, electrons are transferred, in four steps of one
electron reduction, from NADH (Complex 1), or FADH/ succinate (complex II) through
ubiquinone (Q) to cytochrome c (complex III) and eventually to O 2 to form water
(complex IV) (Fig 1-1). At each step, the free energy generated from the transfer of
electrons is used to pump protons out into the mitochondrial inter membrane space,
creating a proton gradient. This large proton gradient is then used by the F 0 F 1 ATP
synthase to produce ATP, a process called oxidative phosphorylation (Mitchell & Moyle,
1967). Electron leak from some of the complexes in the ETC results in a partial
reduction of O 2 resulting in O 2 .-. The ETC is thus the main generator of ROS in the
mitochondria (Turrens, 2003). Since ROS generation is produced by an incomplete
reduction of O 2 , it becomes obvious that the substrates and products of these enzymes as
well as the inter-membrane proton gradient all play a role in ROS generation.
The ROS species generated by the mitochondria is superoxide (O 2 .-) (Forman &
Kennedy, 1974; Loschen et al., 1974). However, it occurs under specific conditions at
different complexes. O 2 .- generation occurs at complex I in the presence of a high matrix
NADH/NAD+ ratio (slow respiration or if ischemia causes an accumulation of NADH)
and at complex III when the CoQH/CoQ ratio is high. O 2 .- generation from complex III is

6

Fig.1-1 Primary sources of ROS in the Mitochondria
Fig.1-1 Primary sources of ROS in the mitochondria - Representation of the electron
transport chain embedded in the inner mitochondrial membrane showing; complex 1-V
(V being the F1-FO ATPase), the major sites of ROS production (complex I and III) and
the reaction catalyzed by MnSOD converting superoxide to water and oxygen. ROS
produced in complex I is thought to stay within the matrix while that from complex III is
thought to be produced on both sides of the membrane

Finkel T. (2011). Signal transduction by reactive oxygen species. J Cell Biol 194, 7-15.
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thought to be very small, although the O 2 .- produced from this complex is released on
both sides of the membrane (Han et al., 2003a; Turrens, 2003; Camello-Almaraz et al.,
2006) (see Fig.1-1) and may therefore play a role in cytosolic ROS signaling. However,
complex I, which is thought to be the primary site of O 2 .- generation in the mitochondria
releases O 2 .- into the matrix (Barja & Herrero, 1998; Turrens, 2003).
Most estimates of the ROS generated by mitochondria come from studies of
isolated mitochondria. This may lead to an overestimation of the amount of ROS
produced in healthy mitochondria for two reasons. Firstly, isolated mitochondria are
usually exposed to a much higher oxygen tension than estimates suggest they will see in
vivo (Reynafarje et al., 1985; Skulachev, 1996; Erecinska & Silver, 2001; Turrens,
2003). Secondly, ROS generation has a steep dependence on the mitochondrial intermembrane potential, the NADH/NAD+ ratio and CoQH/CoQ ratio, all of which are
difficult to measure in vivo (Murphy, 2009). In fact, estimates of ROS generation in
isolated mitochondria with substrate concentrations closer to physiological levels are
between 0.12 - 0.8% of total respiration (Hansford et al., 1997; St-Pierre et al., 2002;
Kudin et al., 2005).
The mitochondrial matrix also contains high concentrations of the enzyme
superoxide dismutase (SOD) (11 uM MnSOD in rat liver mitochondria (Tyler, 1975),
which rapidly catalyzes the dismutation of O 2 .- to hydrogen peroxide (H 2 O 2 ) (k~2.3 x
109M-1.s-1) (Chance et al., 1979; Cadenas & Davies, 2000; Turrens, 2003). This H 2 O 2 is
further converted to H 2 O and O 2 by catalases or glutathione peroxidases located next to
or within the mitochondria. When this is taken into consideration, along with the fact that
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O 2 .- generation may be very low and may not traverse the inner mitochondrial membrane,
it appears that mitochondrial ROS may not play a huge role in cytosolic redox signaling.
Mitochondrial ROS production does seem to increase with damage to either the
mitochondria or the entire cell. For instance it has been shown that respiration in failing
hearts is slowed due to loss of cytochrome c, and this causes an increase in mitochondrial
ROS generation (Scheubel et al., 2002a; Scheubel et al., 2002b). Hypoxia which
dissipates the membrane potential also appears to cause an increase in mitochondrial
ROS (Murphy, 2009). Although there are other sites of ROS production in the
mitochondria, these are not likely very important under normal physiological conditions
(Di Lisa et al., 2009).

1.5 Cytosolic ROS and the NADPH Oxidase Family (NOX)
ROS may be generated as a byproduct by lipid peroxidases, cytochrome p450 enzymes
and uncoupled nitric oxide synthase (NOs) when they are damaged. However the cytosol
also contains NADPH Oxidases (NOX) and this is the only family of enzymes known to
generate ROS as their major function.
The NOX family consists of 7 members, NOX1-5 and 2 dual oxidases, DUOX1
and 2 (Altenhofer et al., 2012). The most widely described member of the family is the
phagocyte NOX (NOX2), which is responsible for its H 2 O 2 -dependent antimicrobial
activity (Babior et al., 2002; Vignais, 2002; Cross & Segal, 2004; Nauseef, 2004;
Robinson et al., 2004). However, members of the NOX family are found in almost every
tissue (Bedard & Krause, 2007). All NOX isoforms are transmembrane proteins that
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transfer electrons across biological membranes. They have 6 membrane spanning alpha
helices, an NADPH binding domain, a FAD binding domain and 4 heme binding
histidines (Fig.1-2). Some isoforms have EF hands and other isoform specific features.
They all transfer electrons to O 2 , although it seems that their end products may differ,
with some isoforms producing O 2 .- and others H 2 O 2 (Brown & Griendling, 2009; Takac
et al., 2011). The isoforms are also differentially expressed or regulated in different
tissues, suggesting highly specific roles for them (Altenhofer et al., 2012). All NOXs
seem to have binding partners. However, these binding partners vary among isoforms
(Lassegue et al., 2012). The major NOX isoforms found in the heart are NOX2 and
NOX4, with NOX2 seeming to be the more relevant isoform in the adult heart (Heymes
et al., 2003; Rude et al., 2005; Kuroda et al., 2010; Maejima et al., 2011).

1.6 NOX2
NOX2 is one of the more extensively studied isoforms of NOX. It was first described in
phagocytes (Segal & Jones, 1978). Like other members of the NOX family, it has 6
transmembrane helices and one of its major binding partners is p22phox, without which it
seems to be unstable (Parkos et al., 1989; Dinauer et al., 1990; Segal et al., 1992;
Henderson et al., 1995; Stasia et al., 2002). For activation, NOX2 requires translocation
of cytosolic factors to the NOX2-p22phox complex. This recruitment of cytosolic factors
seems to be carried out by p47phox; phosphorylation of p47phox causes a conformational
change which facilitates its interaction with p22phox (Sumimoto et al., 1996; Groemping
et al., 2003). p47phox then organizes the translocation of p67phox, p40phox and the GTPase
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Fig.1-2 NOX Structure
Fig.1-2 NOX structure - Image showing proposed structure of the NOX family of
enzymes with their 6 trans-membrane alpha helices. Although no crystal structure data is
available, a consensus of the structure has been reached by analyses of indirect data.
Enlarged circles represent conserved amino acid residues in the human NOX1-4. Red
dots represent the heme binding histidines, NADPH binding domain and FAD binding
domains as labeled.

Bedard K & Krause K-H. (2007). The NOX Family of ROS-Generating NADPH Oxidases: Physiology and
Pathophysiology. Physiological Reviews 87, 245-313.
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Rac (Han et al., 1998; Koga et al., 1999; Lapouge et al., 2000; Diebold & Bokoch, 2001).
When assembly is complete (Fig.1-3), the complex is active and transfers electrons from
NADPH in the cytosol to oxygen in the extracellular space, forming O 2 .- (Clark et al.,
1987) see (Fig.1-3). NOX2 is selective for NADPH over NADH (km 40 – 45 µM vs
2.5mM)
In cardiomyocytes, NOX2 is located at the sarcolemma and to a lesser extent, on
membrane bound organelles in the cytosol. For instance NOX2 has been found on
endosomes (Hanna et al., 2004; Hilenski et al., 2004), and in ischemic cardiomyocytes it
is up regulated in the cytosol (Hahn et al., 2011). This suggests a role for NOX2
generated ROS in the intracellular compartment of cardiomyocytes. NOX2 subcellular
localization varies with cell type (Cave, 2009) and this supports a role that must be both
specific and controlled by space and time.

1.7. Activation of NOX2
Changes in NOX levels and activity in each cellular compartment may be modified by
stimulation or cell damage (Lassegue & Griendling, 2010; Maejima et al., 2011). NOX2
amounts in many cell types may be modified at both the transcriptional and post
transcriptional level. Some known activators of NOX2 in cardiac myocytes are:
Myocardial infarction - Increased NOX2 proteins levels have been observed in response
to myocardial infarction (Krijnen et al., 2003)
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Fig.1-3 Activation of NOX2
Activation of NOX2 - NOX2 and p22phox are usually found in close association to each
other on the membrane, costabilizing each other. When activated, the other binding
partners, RAC, p67phox, p47phox and p40phox are recruited to the NOX2-p22phox complex,
resulting in active enzyme complex.

Bedard K & Krause K-H. (2007). The NOX Family of ROS-Generating NADPH Oxidases: Physiology and
Pathophysiology. Physiological Reviews 87, 245-313.
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Angiotensin II activation of NOX2 - an increase in NOX2 mRNA levels is induced by
angiotensin (AngII) (Hattori et al., 2005). Not only may Angiotensin II increase mRNA
levels, but it also activates the NOX2 already expressed. Angiotensin II induced
preconditioning is almost totally abolished by either the NOX2 inhibitor, apocynin or the
ROS scavenger, NAC (Das et al., 2006) and aortic superoxide production induced by
Angiotensin II is abolished in NOX2 knockout mice (Wang et al., 2001), implying that
Angiotensin II activates NOX2 to generate ROS.
Mechanical stress – Stretch of both cardiac and skeletal muscle has been demonstrated to
be NOX2 activators (Prosser et al., 2011; Ward et al., 2013).

1.8 NOX2 generated ROS
When NOX2 is active on the cell membrane, it generates O 2 .- (Takac et al., 2011) in the
extracellular space. O 2 .- is not membrane permeable (Chance et al., 1979; Madamanchi &
Runge, 2013); it is, however rapidly converted to H 2 O 2 by superoxide dismutase (SOD)
(Madamanchi & Runge, 2013) in the extracellular space. This H 2 O 2 readily crosses the
cell membrane via aquaporins (Chance et al., 1979),(Fig.1-4). While not as highly
reactive as O 2 .-, H 2 O 2 can still oxidize covalent cysteine thiols (Thannickal & Fanburg,
2000). Furthermore, H 2 O 2 can be converted in the presence of iron to the highly reactive
hydroxyl radical, OH. (by Fenton chemistry) (Thannickal & Fanburg, 2000). It should be
noted that being both a cell permeable and relatively stable oxidant (Thannickal &
Fanburg, 2000), H 2 O 2 plays an important role in cellular redox signaling (Fig.1-5).
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Fig.1-4 NOX2 generated ROS
Fig 1-4. NOX2 generated ROS - O2-. produced by NOX2 is rapidly converted to H2O2
by SOD in the extracellular milleu. H2O2 is cell permeable (probably through
aquaporins).

Lassegue B, San Martin A & Griendling KK. (2012). Biochemistry, physiology, and pathophysiology of
NADPH oxidases in the cardiovascular system. Circ Res 110, 1364-1390.
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1.9 Effects of ROS
The effects of ROS in the cell can be divided into deleterious or pathophysiological and
beneficial or physiological
ROS in pathophysiology - Early studies on ROS focused on oxidative stress, which is the
imbalance between ROS production and ROS scavenging that permits ROS to
overwhelm the system (Thannickal & Fanburg, 2000). Oxidative stress has long been
implicated in a host of diseases such as, atherosclerosis (Barry-Lane et al., 2001;
Ballinger et al., 2002), ischemia reperfusion injury (Murphy & Steenbergen, 2008), heart
failure (Heymes et al., 2003), hypertension (Dikalova et al., 2010; Hidaka et al., 2010;
Dai et al., 2011), cancers and some neurodegenerative diseases (Cross et al., 1987;
Halliwell et al., 1992). In cells, ROS causes damage by oxidizing lipids, proteins and
DNA, thereby abrogating or modifying their function. ROS are also famously known as
agents of aging (Harman, 1998). While ROS have been long recognized as contributors
to cellular damage, antioxidant therapies have proven ineffective in preventing or
correcting damage attributed to ROS (Yusuf et al., 2000; Vivekananthan et al., 2003; Lee
et al., 2005; Gaziano et al., 2009). This is probably due to the fact that our understanding
of ROS in normal cellular physiology is still incomplete.
ROS in Physiology - Although earlier studies on ROS focused on oxidative stress and the
detrimental effects of ROS, the beneficial role of ROS in host defense was recognized
even then. ROS production is necessary for phagocytic activity, and NOX2 is responsible
for the antibacterial respiratory burst in phagocytes (Babior, 2002a, b; Babior et al.,
2002). It remains unclear, however whether it is O 2 .- , the primary product of NOX2 or
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Fig. 1-5 Downstream effects of ROS
Fig 1-5. Downstream effects of ROS - Possible effects of NOX generated ROS species
in the cell. B. shows some of the downstream roles of H2O2 in cell signaling.

Bedard K & Krause K-H. (2007). The NOX Family of ROS-Generating NADPH Oxidases: Physiology and
Pathophysiology. Physiological Reviews 87, 245-313.

17

H 2 O 2 , the secondary product that is directly responsible for killing microorganisms
(Babior et al., 1973). However, it is clear that NOX2 activity is important for phagocytic
activity as observed in patients with chronic granulomatous disease (CGD). CGD is a
group of hereditary immune-deficient diseases whose common etiology is the inability of
cells responsible for innate immunity to produce ROS (Baehner & Nathan, 1967; Quie,
1977). CGD patients have recurrent bouts of infections due to the reduced ability of their
immune cells to kill infectious microorganisms (Bridges et al., 1959).
Some evidence points to an anti-inflammatory role for ROS. Although CGD
patients are more prone to infections, the chronic granulomas observed in these patients
are thought to be sterile (Morgenstern et al., 1997; Cale et al., 2000) implying that they
have increased levels of inflammation. Furthermore, mutations in p47phox genes
(necessary for NOX2 activation) have been reported as the underlying defect in rats and
mice prone to the inflammatory disease, arthritis (Hultqvist et al., 2004; Hultqvist &
Holmdahl, 2005).The hyper inflammation seen in NOX2 deficient mice may be a result
of a lack of ROS dependent apoptosis of inflammatory cells (Brown et al., 2003), H 2 O 2
inhibition of IL-8 (Lekstrom-Himes et al., 2005) or ROS dependent attenuation of Ca2+
signaling (Geiszt et al., 1997; Geiszt et al., 2001).
Another normal function for ROS activity may be found in proton channel
activity. There is a correlation between NOX activity and proton channel activity
(Henderson et al., 1987). This is probably due to the fact that electron transport across
membranes by NOX enzymes leads to a charge build up that requires compensation of
some sort (DeCoursey et al., 2003). Proton channels could therefore be compensating for
this charge build up by increased activity.
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ROS generated by NOX3 is also a required for the balance sensing function of
the inner ear (Banfi et al., 2004; Paffenholz et al., 2004; Kiss et al., 2006) and DUOX
proteins fuel thyroid peroxidase with the H 2 O 2 required for iodine oxidation underlying
thyroid hormone production (Bjorkman & Ekholm, 1984; Virion et al., 1984; Michot et
al., 1985; Park & Chatterjee, 2005).
There are other biological functions with a suggested dependence on ROS such as
gene expression, cell growth and fertility (Bedard & Krause, 2007). However further
discussions on these topics are beyond the scope of this project. Suffice it to say that ROS
have a broad range of normal physiological functions, and the list seems to be growing.

1.10 ROS signaling in the cell
In recent years it has become evident that ROS and especially NOX generated ROS are
important in cell signaling. In this regard, ROS signaling has been found to be involved
with a number of different moieties.
Kinases - There is evidence that both activation of NOX enzymes and treatment
of cells with H 2 O 2 activate some MAP Kinases (Griendling et al., 2000; Han et al.,
2003b; Djordjevic et al., 2005; Furst et al., 2005; Mehdi et al., 2005). This suggests that
other kinases may be sensitive to ROS as well. However as discussed next, it appears that
ROS can also inhibit phosphatases. The increase in kinase activity observed may be a
result of phosphatase inhibition, rather than direct activation, shifting the balance to
increased phosphorylation of target proteins.

19

Phosphatases – Protein tyrosine phosphatases have a catalytic region that includes
cysteine residues (Salmeen & Barford, 2005). These cysteine residues are vulnerable to
oxidation by ROS which depresses the catalytic activity of the phosphatases (Denu &
Tanner, 1998; Barford, 2004). This of course means that ROS can modulate levels of
protein tyrosine phosphorylation by inhibiting phosphatase induced de-phosphorylation,
and it has been shown that NOX- produced ROS do indeed regulate protein tyrosine
phosphorylation (Yan & Berton, 1996; Wu et al., 2003; Goldstein et al., 2005; Kwon et
al., 2005).

Ion Channels and Calcium signaling- There is some evidence that ROS are able
to regulate ion channels on the plasma membrane (Tang et al., 2004) as well as
intracellular ion channels (Hidalgo et al., 2004). NOX-derived ROS has been implicated
in the regulation of K+ channels (Sun et al., 2005; Lee et al., 2006) and L-type calcium
channels (LTCC) (Zimmerman et al., 2002; Wang et al., 2004) on the plasma membrane,
and of ryanodine receptors (RYRs), the intracellular calcium release channel of the SR
(Yi et al., 2006). In neurons Angiotensin II causes a decrease in K+ currents and an
increase in Ca2+ currents, possibly through NOX2 activation (Zimmerman et al., 2002;
Wang et al., 2004; Sun et al., 2005).

1.11 ROS in the heart
The role of ROS in the heart is complex and not well understood. They appear to have
both detrimental and beneficial roles in the heart.
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Detrimental - Increased NOX2 expression is seen in cardiomyocytes from
patients with myocardial infarctions (Krijnen et al., 2003). In vitro, ischemia induced
NOX activation leads to apoptosis (Meischl et al., 2006). When NOX is inhibited in dog
models of cardiac infarction, infarct size is reduced (Jolly et al., 1986; Duilio et al.,
2001). However, NOX2- deficient mouse models of cardiac infarction show no decrease
in infarct size (Hoffmeyer et al., 2000; Frantz et al., 2006). So although NOX expression
is changed in myocardial infarction, the role of NOX- derived ROS in cellular damage
remains controversial.
NOX- dependent ROS generation is also increased in cardiomyocytes from
patients with atrial fibrillation (Kim et al., 2005), but the contribution of ROS to the
progression of the disease is also unclear. Furthermore NOX- derived ROS have also
been implicated in some forms of cardiac hypertrophy (Bendall et al., 2002; Nakagami et
al., 2003), in heart failure(Li et al., 2002a; Sorescu & Griendling, 2002) and fibrosis
(Johar et al., 2006).
Beneficial – In developing cardiomyocytes, the predominant NOX isoform
produced is NOX4, and it drives cell differentiation through ROS- dependent activation
of p38 MAP kinase (Sauer et al., 2000; Sauer et al., 2004; Li et al., 2006). In adult
cardiomyocytes, NOX2 is predominantly expressed, and it is involved in the regulation of
kinases, phosphatases (Wenzel et al., 2001; Sabri et al., 2003; Rude et al., 2005), gene
expression (Johar et al., 2006) and in nitric oxide scavenging (Kinugawa et al., 2005).
NOX2 generated ROS has been found to play a role in ischemic preconditioning.
Ischemic preconditioning is a phenomenon that may protect against myocardial ischemic
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injury. It has been observed that a brief period of ischemia, prior to a longer period of
ischemia, limits the subsequent damage, reducing infarct size, severity of reperfusioninduced arrhythmias and cellular dysfunction (Murry et al., 1986). NOX2- generated
ROS has been found to play a role in ischemic preconditioning. For instance, exposing
the heart to Angiotensin II (NOX2 activator) (Liu et al., 1995) or a short bout of ischemia
(Reimer et al., 1986) (which also increases NOX expression and ROS production)
reduces the damage done by subsequent exposure to ischemia. This ischemic
preconditioning is abolished in NOX2- deficient mice (Bell et al., 2005) or when NOX is
inhibited in Angiotensin II- treated wild type animals (Kimura et al., 2005).

1.12. Calcium Signaling in the Cardiac cell
Contraction of the cardiac cell and the heart as a whole is achieved by converting the
electrical signal that activates the heart beat into mechanical force (contraction). This is
called excitation - contraction coupling (E-C coupling) (Fozzard, 1977). Excitation is
coupled to contraction through calcium signaling in a processed called calcium induced
calcium release (CICR) (Fabiato & Fabiato, 1979). Calcium signal is activated when the
cell sarcolemma is depolarized by the action potential; depolarization activates voltage
sensitive L-type calcium channels (LTCC) on the sarcolemma (Wilson et al., 1983).
Activation of LTCC causes an influx of calcium into the cell which then activates the
calcium sensitive calcium release channels, Ryanodine receptors (RyR) (Rousseau &
Meissner, 1989) on the sarcoplasmic reticulum (SR). The SR is the calcium storage
organelle in muscle cells. The efflux of calcium from the SR via RyR results in a 10 fold
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increase in cytosolic calcium, the released calcium binds the contractile apparatus
allowing contraction. To end activation, calcium is removed from the cytosol mostly by
the sarcoplasmic-endoplasmic reticulum ATPase (SERCA) when it pumps calcium back
into the SR (Bassani et al., 1992). A smaller fraction is taken out of the cytosol in
exchange for sodium ions by the sodium-calcium exchanger (NCX) (Bassani et al.,
1994a) and a yet smaller fraction is extruded from the cytosol by the plasma membrane
calcium ATPase (PMCA) (Bassani et al., 1995) .

1.13. ROS and Calcium signaling in the cardiac cell
A summary of the possible modulation of Ca2+ signaling by ROS is shown in Fig.1-6.
L-type calcium channel (LTCC) - Ca2+ current through the cardiac LTCC is
necessary for inducing Ca2+ release from the SR via RyR. There are conflicting reports
about the effects of ROS on the Ca2+ current through the LTCC (I ca ). Guo et al. (2000)
showed that exposure of isolated rabbit sinoatrial cells to 100 μM H 2 O 2 for less than 10
minutes significantly increased peak I ca , Viola et al. (2007) also showed that guinea pig
ventricular myocytes have an increased I ca in response to 30 μM H 2 O 2 for 5 minutes. On
the other hand, Greensmith et al. (2010) reported no changes in rat ventricular I ca upon
exposure to 200 μM for 1.5 mins and Goldhaber and Liu (1994b) saw a decrease in I ca
when guinea pig ventricular myocytes were exposed to 1mM H 2 O 2. Of course these
discrepancies may be a result of differences in species, cell type, and concentrations of
H 2 O 2 or time of exposure to H 2 O 2 . It, however, leaves the exact effect of ROS on LTCC
function unclear.
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PMCA- PMCA is responsible for the expulsion of a small fraction of cytosolic
Ca2+ from the cell during diastole (Strehler & Zacharias, 2001). It is a member of the
same family of ATPases as SERCA (P-type ATPases), and it may also be susceptible to
oxidative modulation. In brain synaptosomes, where PMCA2 and PMCA4 are present,
H 2 O 2 reversibly decreases PMCA activity (Zaidi et al., 2009). However, studies on the
effect of ROS on cardiac PMCA are lacking though PMCA isoforms 1, 2 and 4 are
expressed in cardiac tissue are (Strehler & Zacharias, 2001).
NCX – The NCX is an ATP independent antiporter that plays an important role in
extruding Ca2+ from the cell. Because it exchanges one Ca2+ ion for 3 Na+ ions, it is
electrogenic, producing a depolarizing current, I NCX (Kimura et al., 2009). Under the
right conditions, it functions in the reverse mode, extruding Na+ and bringing Ca2+ into
the cell) (Kohlhaas & Maack, 2010). At 1mM, H 2 O 2 has been shown to increase current
through the NCX (I NCX ) in rabbit, guinea pig and rat cardiomyocytes (Goldhaber, 1996;
Hinata et al., 2007; Kuster et al., 2010). In contrast, 200 µM H 2 O 2 , applied for about 1.5
minutes, decreases NCX activity by 11% in rat cardiomyocytes (Greensmith et al., 2010).
The observed differences may be accounted for by differences in concentration, but they
do suggest that NCX is susceptible to modulation by ROS.
SERCA – SERCA is responsible for pumping the Ca2+ released from the SR back
into the SR. It therefore plays an important role in maintaining the levels of Ca2+ in the
SR. Of the three known SERCA isoforms, SERCA2a is the only one expressed in the
cardiac cell. SERCA2a contains 25 cysteine residues (Murphy, 1976). This makes it
susceptible to reversible oxidation by ROS. Oxidation of the cysteine thiols in SERCA is
expected to inhibit SERCA activity (Murphy, 1976). In keeping with this, Morris and
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Fig. 1-6 Summary of modulation of Ca2+ signaling by ROS
Fig 1-6. Summary of observed modulation of Ca2+ signaling by ROS; ROS may increase
(shown by ‘+’ sign) activities of the L-Type Ca2+ channel (LTCC), Na+/Ca2+ exchanger (NCX),
Ryanodine Receptor (RyR) and decrease (‘-‘) the activities of Plasma membrane Ca2+ ATPase
(PMCA) and Sarcoplasmic/Endoplasmic Reticulum Ca2+ ATPase (SERCA).

Aggarwal NT & Makielski JC. (2013). Redox control of cardiac excitability. Antioxid Redox Signal 18, 432468.
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Sulakhe (1997b) and Greensmith et al. (2010) show a depression in SERCA activity from
rat cardiomyocytes treated with H 2 O 2 for 1 minute. The S-glutathiolation of SERCA is
reversible at low concentrations of ROS but becomes irreversible when ROS
concentration is increased (Granados et al., 2006).
RyR – RyRs are channels through which Ca2+ stored in the SR is released into the
cytosol. This increase in cytosolic Ca2+ is necessary for muscle contraction. Like
SERCA, RyR contains active cysteine residues that may be susceptible to direct
modulation by ROS (Liu & Pessah, 1994b). At mM concentrations, H 2 O 2 has been
shown to increase intracellular Ca2+ via leak through RyR (Favero et al., 1995; Wang et
al., 1999). Both exogenously applied H 2 O 2 (in µM concentrations) and NOX- generated
ROS increase Ca2+ spark frequency, furthermore NOX- generated ROS is important in
stretch- induced potentiation of cardiac contractility through increased Ca2+ release via
RyR (Prosser et al., 2011). It is unclear whether ROS modify RyR activity directly or
whether they modulate RyR function by changing its affinity for some of its binding
partners, such as triadin and junctin, as there are reports that suggest that the channels
redox state affects affinity for binding partners (Liu & Pessah, 1994a).

1.14. ROS in β-adrenergic potentiation of cardiac calcium signaling
β - Adrenergic receptor (β-AR) activation is the means by which the sympathetic
nervous system increases cardiac contractility and rate of relaxation, leading to
stronger and faster heartbeats. β-AR is a G- protein coupled receptor, activation of the
receptor by agonist leads to an increase in cyclic AMP levels (cAMP) and PKA
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activation (Tsien et al., 1972). PKA can phosphorylate LTCC, RyR and
phospholamban (a SERCA inhibitor) (Tsien, 1973) (see Fig.1-7). This increases
calcium entry through LTCC, RyR sensitivity, Ca2+ release, rate of Ca2+ release from
RyR and the rate of SERCA Ca2+ uptake (Bers & Despa, 2009). The β-AR effect on
cardiac Ca2+ signaling results in larger currents through the LTCC, faster and bigger
Ca2+ transients, and faster decay of transients (Spurgeon et al., 1990; Li et al., 2000).
However, the increased rate of SERCA uptake as other consequences; the two major
means of Ca2+ extrusion from the cytosol are NCX and SERCA, upregulating
SERCA activity by β-AR activation skews the ratio of Ca2+ removed in favor of
SERCA so that SR Ca2+ load is also increased (Bers & Despa, 2009). There are few
reports on the effect of ROS on β-AR stimulation and they are controversial. One
report suggested that ROS contributed to cardiac arrhythmogenicity during β-AR
activation (Bovo et al., 2012), whereas another showed that ROS and in particular
NOX- generated ROS, are required for β-adrenergic stimulation (Moniri & Daaka,
2007). This is not unexpected because stretch of cardiac muscle has been shown to
activate ROS production through NOX2. And stretch is expected to accompany βadrenergic activation.

1.15. Antioxidants in the cardiac cell
To prevent the cell from being overrun by ROS, ROS generated either as a byproduct
or for specific signaling purposes must be scavenged or reduced to non-reactive
molecules. Also proteins oxidized during ROS signaling must be reduced to end
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Fig 1-7 β-adrenergic signaling in the cardiac cell.

Fig.1-7. Β-adrenergic signaling in the cardiac cell - many of the proteins modified by βadrenergically induced phosphorylation (LTCC, RyR, SERCA through Phospholamban) are also
ROS targets. ROS may directly target these proteins or may modify them by acting through
kinases and phosphatases. PLB - Phospholamban, PKA - Protein kinase A, cAMP - cyclic AMP.

Bers DM & Despa S. (2009). Na/K-ATPase--an integral player in the adrenergic ﬁght-or-ﬂight response.
Trends Cardiovasc Med 19, 111-118.
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activation and return the cell to steady state. This is accomplished by antioxidants.
The major antioxidant system in the cell is soluble glutathione (GSH), along with the
enzymes glutathione peroxidase, glutathione reductase, superoxide dismutase and
catalase (Valko et al., 2007). Glutathione is abundant in the cytosol (3-15 mM) and
mitochondria (5-11mM) (Masella et al., 2005). Not only does it scavenge ROS, it is
also able to reduce disulfide bonds. Glutathione is almost always in reduced form,
because glutathione reductase, which reduces it from its oxidized form, is
constitutively active (Aggarwal & Makielski, 2013). Superoxide dismutase (SOD) is
another ROS scavenging enzyme found in the cytosol and mitochondria, as well as
the extracellular space (McCord & Fridovich, 1988). SOD converts O 2 .- to H 2 O 2 and
the H 2 O 2 is further converted to H 2 O by catalase (McCord & Fridovich, 1988).
Another oxidant is tocopherol (vitamin e), which may be oxidized in either a one
electron transfer reaction to tocopheryl-radical or a 2 electron transfer reaction to
hydroperoxide. Both tocopheryl radical and hydroperoxide can then be reduced back
to tocopherol by ascorbate (vitamin c) (Valko et al., 2007) (Neely et al., 1988) (Fig.18).

1.16. Acute ROS in cardiac calcium signaling
Although it has become apparent that ROS potentially modulate cardiac Ca2+ signaling,
the exact nature of the role of ROS in Ca2+ signaling is unclear. Perhaps this is due to
variations in cell type, specie and concentration of ROS used, duration of cell exposure to
ROS or even cell quality. Another confounding factor in studying ROS signaling is the
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Fig 1-8. Anti-oxidant systems in the cell
Fig 1-8. Anti-oxidant systems in the cell – Superoxide dismutase (SOD) is found in both the
mitochondria and cytosol and catalyzes the dismutation of O2.- to H2O2 . H2O2 is further
converted to water by catalase in the process oxidizing GSH to GSSG. GSSG is then reduced by
Gred to GSH maintaining its concentration and the oxidative state of the cell. Another
antioxidant system is the Vit e -Vit c system that participates in maintaining the redox state of
the cell. α-toco – alpha-tocopherol or vitamin e, MnSOD – manganese superoxide dismutase,
CuZn SOD – copper or zinc superoxide dismutase, GSH, GSSG – glutathione in its reduced and
oxidized forms respectively, GPx – gluthione peroxidase, GRed- glutathione reductase.

Aggarwal NT & Makielski JC. (2013). Redox control of cardiac excitability. Antioxid Redox Signal 18, 432468.
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fact that ROS may modify protein function either directly by oxidation of functional
residues, or indirectly, as a result of their effects on kinases and phosphatases, which may
then modulate protein function by changing their phosphorylation states. Because the
cell is rife with antioxidants and sometimes physiological activation of NOX, such as
with stretch, occurs in the order of milliseconds, physiological ROS signaling may be
tightly constrained in time and space. This will make any exposure of the cell to higher
concentrations of ROS (that may overwhelm the antioxidant systems) or for longer
durations likely to cause oxidative stress. This may be one of the reasons for the
discrepancies in the reports on the effects of ROS in the cell. A major portion of this
study aims to examine the acute effects of ROS on cardiac calcium signaling by limiting
both ROS concentration and the duration of their application to the cell.
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Chapter 2
Methods
2.1; Isolation of murine cardiac myocytes
2.2: Loading of cells with fluorophores
2.3: Ca2+ imaging with fluorophores
2.4: Measurement of calcium sparks
2.5: Voltage clamp
2.6: Current clamp stimulation of Action Potentials
2.7: Measurement of calcium transients
2.8: Measurement of calcium currents
2.9: SR load estimation via NCX current
2.10: Estimation of SERCA function
2.11: Additional Treatment

Solution constituents are listed in appropriate tables
2.1. Isolation of single murine ventricular myocytes - Experiments were performed on
mouse ventricular myocytes isolated via enzymatic digestion of heart tissue as originally
described by Shioya (2007); Male mice (6-10 weeks old) were heparinized (8000 U/Kg
via intraperitoneal injections) and then anesthetized with an overdose of pentobarbital

32

(300 mg/kg intraperitoneal injection, Fatal PlusTM) in conformity with the approved
IACUC protocol. The heart was swiftly removed via thoracotomy and the aorta
cannulated in O.4 mM EGTA in digestion buffer (DB) (Table 1) (EGTA-DB) on ice to
facilitate mounting of the whole heart on a Langendorff apparatus. The cannulated heart,
after being attached to the Lagendendorff, was retrogadely perfused with EGTA-DB for
about 3 minutes, and then digestion solution 1 (Table 2) for 3-5 minutes. The heart was
then cut into smaller pieces and allowed to digest further in fresh digestion solution 2
(Table 3) for 7-10 minutes, after which the tissue was gently agitated, supernatant
collected, centrifuged, and the pellet re-suspended in 15 ml of digestion solution 3 (Table
4) and then allowed to settle for 10 minutes at 37oC. The resulting pellet was resuspended in 15 ml Normal Tyrode’s (NT) (Table 5) solution supplemented with 2
mg/ml of BSA. Cells were used at room temperature within a 4 hour period following
isolation.

2.2. Loading cells with fluorophores - To monitor intracellular Ca2+ dynamics ([Ca2+] i ),
the Ca2+ indicator, fluo-4, was used either in cell permeable form (AM) or in the
impermeable pentapotassium form. To load cells with fluo-4 AM, freshly isolated mouse
cardiomyocytes were placed in 10 µM fluo-4 AM (diluted in NT from a stock of 1mM in
DMSO) for 30 minutes, after which they were washed and re-suspended in indicator-free
NT.
To monitor intracellular Ca2+ dynamics using cell impermeant fluo-4, fluo-4
pentapotassium salt was dissolved in the intracellular pipette solution for measuring
membrane currents to the concentration of 60 μM. Cells were then loaded through the
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Table 1: Digestion buffer (DB)
Ingredient
NaCl
KCl
MgCl 2
NaH 2 PO 4
Glucose
HEPES
Insulin

Concentration (mM)
130
5.4
0.5
0.33
22
25

0.00005 U/ml

Digestion solutions 1-3 are all dissolved in DB
Table 2: Digestion Solution 1 (cell isolation)
Ingredient
Protease
Trypsin
Collagenase
CaCl 2

Concentration
1mg/15 ml
1mg/15 ml
200 U/ml
0.3 mM

Table 3: Digestion Solution 2 (cell isolation)
Ingredient
Protease
Trypsin
Collagenase
CaCl 2

Concentration
0.067mg/15 ml
0.067mg/15 ml
200 U/ml
0.7 mM

Table 4: Digestion Solution 3 (cell isolation)
Ingredient
CaCl 2
BSA

percentage

Concentration
1.2 mM
2mg/ml
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pipette by whole cell patch clamp, allowing the fluorophore to diffuse into the cell
through the rupture created by the pipette in the membrane for 2 minutes, before
recording [Ca2+] i . This was done only when we monitored [Ca2+] i while recording
membrane currents. In all other instances the AM form was used a described above.

2.3. Ca2+ imaging using fluorophores - Cells loaded with fluo-4 were imaged to monitor
calcium dynamics. Fluo-4 has a K d of 345 nM and almost a 5 fold increase in emission
intensity over basal fluorescence making it appropriate for monitoring small changes in
intracellular Ca2+ concentration (Haugland et al., 2005). Confocal imaging of changes in
intracellular Ca2+ was done by continuously scanning a selected 1 μm thick line and
monitoring changes over time ( XT [distance/time] ) configuration). We used an inverted
Axiovert microscope on a 100M LSM-510 confocal system (Zeiss) equipped with a water
immersion objective lens (40X, 1.2 NA). Fluo-4 was excited at 488 nm and the
fluorescent emission was collected through a band pass filter of 505 – 530 nm.

2.4. Measurement of Sparks; Ca2+ sparks are the elementary unit of calcium release from
the SR and are easily observable in the absence of a cell wide Ca2+ transient (at very low
levels of [Ca2+] i ) (Cheng et al., 1996). Cells loaded with fluo-4 AM were allowed to
settle on laminin coated coverslips for 10 minutes and imaged using the XT configuration
as above. A line of distance 100 μm (x), approximately 1 μm thick (z), was imaged every
1.92 ms in order to capture Ca2+ sparks. Line scans were limited to 15000 lines to prevent
laser-induced cellular damage. Spark data were collected for 10 seconds before, during
and through washout of any additional treatments. This allows the same cell to act as its
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own control for the effect of H 2 O 2 on sparks. Sparks were analyzed for frequency,
amplitude, decay tau and rise tau, using an interactive data language (IDL) program
written by Dr. Chris Ward (SON, UMB) and made available to the Lederer laboratory.

Electrophysiology (whole cell patch clamp) - A feedback amplifier was used to control
membrane voltage and measure membrane current in a modification of a method first
described by Hodgkin, Huxley and Katz in 1952 (Hodgkin et al., 1952). Ventricular
myocytes in normal Tyrode’s solution were allowed to settle for 10 minutes on laminincoated coverslips. Pipettes with a resistance of between 1.5 – 2.3 MΩ were brought into
contact with the cell membrane and suction was applied until a 2 GΩ seal was achieved.
Access into the cell was gained by gently rupturing the cell membrane with the pipette
tip. Cells were held at a voltage of -80 mV prior to all experiments
2.5. Voltage clamp
2.5a Basic clamp method - Membrane potential and currents were controlled and
measured by whole cell patch clamp technique using an EPC 10 amplifier by HEKA.
Micropipettes with a resistance of 1.5-2.2 MΩ (pulled in the lederer lab) were filled with
either pipette solution for I Ca recording or pipette solution for current clamp (Tables 6
and 7 respectively). The complete voltage clamp and current clamp protocols and all
recordings were done in normal Tyrode’s (NT). Activation of Ca2+ currents and
corresponding transients used the voltage clamp protocol in section 2.11.
Currents were analyzed for peak currents and I-V relationship using Pulsefit (HEKA
analysis software.)
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Table 5: Normal Tyrode’s
Ingredient
NaCl
MgCl 2
CaCl 2
HEPES
Glucose
KCl

Concentration (mM)
140
0.5
1.8
10
5
5

Table 6: Pipette solution for I Ca recording
Ingredient
CsOH
Aspartate
Mg-ATP
NaCl
TEA-Cl
HEPES
Fluo-4

Concentration (mM)
110
110
5
10
20
10
0.06

Table 7: Pipette solution for current clamp (Action potentials)
Ingredients
KCl
EGTA
HEPES
Mg-ATP
Glucose

Concentration (mM)
135
10
10
5
5
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2.5b Pre-pulse protocol - To bring cells to steady state, cells held at -80 mV were
depolarized to 0 mV at a frequency of 1Hz for 10 s.
2.5c. Calcium currents; Ca2+ current (I ca ) via the LTCC was measured at different
voltages, according to the voltage protocol below, to create IV curves.
2.5d. Voltage clamp protocol
To measure I ca in response to each voltage step, cells held at -80 mV were depolarized to
0 mV at a frequency of 1 Hz for 10 s to bring the cells to steady state (Pre-pulse). After
pre-pulse, cells were slowly (500 ms) ramped up to a voltage of -50 mV to inactivate Na+
channels and prevent contamination of the Ca2+ current by Na+.
Cells were held at -50 mV for 50 ms before each voltage step. IV curves were
created by depolarizing the cells to increasingly positive voltages in 10 mV increments.
I ca was elicited by holding the cells at each voltage for 200 ms before being returned to 80 mV (see Fig.2-1). Currents were analyzed for peak currents and I-V relationship using
Pulsefit (Heka analysis software)

2.6. Current clamp (stimulation of action potentials) - To stimulate and record action
potentials, cells in whole cell patch clamp where injected with enough current to hold the
membrane potential at – 80 mV. From a membrane potential of -80 mV, a depolarizing
current of 1 nA was injected into the cells for 3 ms to induce an action potential. To
record steady state action potentials the current of 1 nA was injected for 3 ms at a
frequency of 1 Hz for 10 s.
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2.7. Calcium Transients - Cells voltage clamped as described above were loaded with
60 µM fluo-4 pentapotassium salt in pipette solution via the patch pipette and
depolarized to 0 mV, allowing simultaneous recordings of transients and corresponding
currents at that voltage. This was chosen as a preferred mode of Ca2+ transient
stimulation to prevent variations that may arise from cells being depolarized from
different resting potentials (a potential issue with field stimulation). It also allowed for a
comparison of the currents to transients to see if additional treatments affect that
relationship. Transients were imaged in the XT mode at 1.92 ms per line with a 5 ms
delay between lines. Transients were triggered and recorded at a frequency of 1 Hertz
before, during and throughout washout of any additional treatments. Transients were
analyzed for time to peak, recovery and peak [Ca2+] i using image J analyses software.

2.8. Estimation of SR load - SR Load was estimated by integrating the caffeine-induced
NCX current (I NCX ) (Varro et al., 1993). Since NCX in conjunction with SERCA
extrudes Ca2+ from the cytosol, emptying the SR and preventing SERCA reuptake allows
NCX to extrude all the Ca2+ stored in the SR. This provides an indirect measure of the SR
load via I NCX . For these experiments cells were patched clamped as above. After the prepulse protocol (see 2.5b) to bring the SR load to steady state, cells were held at -80 mV
and 10 mM caffeine (in NT) was applied with a micro-perfusion pipette for 10 seconds.
During application of caffeine, current via the NCX (I NCX ) was measured. The I NCX was
integrated to measure the number of Ca2+ ions removed and this measurement was
adjusted to account for the contribution of PMCA according to the formula (∫INCX x
6.44pF/pL cytosol)/ (96,490C/mol x 80).(Choi & Eisner, 1999a)
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2.9. Sarcolemmal fluxes - All fluxes were normalized to the cell volume as determined
by measuring cell capacitance. The cell capacitance was estimated by measuring the
capacitance current induced by a 10 mV hyperpolarizing step from -80 mV to -85 mV.

2.10. Estimation of SERCA function - To estimate SERCA function, we took advantage
of the fact that the decay rate of the systolic Ca2+ transient is dependent on the activity of
PMCA (very small contribution), NCX and SERCA, while decay of the caffeine-induced
transient depends on only PMCA (small) and NCX. The difference in the two rates can
thus be ascribed to SERCA activity, as described by Diaz et al. (2004). Following steady
state stimulation (prepulse protocol described in 2.5b), which produced systolic transients
(sys), membrane potential was held at -80 mV and the I NCX current elicited by 10 mM
caffeine was measured as described in section 2.8. Systolic and caffeine-induced
transients are collected as described in section 2.7 and are fitted with a single exponential
Y= a + e кt to derive the rate constant 1/к. SERCA activity was estimated by subtracting
the caffeine transient decay rate constant (к caff ) from the systolic transient decay rate
constant (к sys ). к SERCA = к sys – к caff .

2.11. Additional treatments - All additional treatments, except for those needing
incubation times of over 7 minutes (i.e. kinase inhibitors or Angiotensin II), were applied
via a fast microperfusion system. The microperfusion system consists of seven barrels
attached to a mini pipette that can be placed close to individual cells. The proximity of
the mini pipette to the cell and the rapidity of the onset and cessation of perfusion (about
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300 ms) allow a relatively tight control for duration of application. Flow rate of the
microperfusion can be modified as required. Typically the mini-pipette is placed about
150 µm from the cell in the direction of the bath flow so that solution from the
microperfusion flows over the cell and out through the bath drainage. The seven barrel
rapid perfusion system allows rapid exchange of solutions.

Treatments – For experiments where inhibition of CaMKII was required, cells were
pretreated with 1 µM of the cell permeable CaMKII inhibitor, KN-93, for 15 minutes
prior to collection of any data. β-Adrenergic receptors were activated by application of
150 nM isoproterenol to the cells for 3 minutes. NOX2 was activated by application of
Angiotensin II for 15 minutes.

Analysis Statistics – All pooled data are presented as mean ± standard error. Statistical
significance is a comparison between two indicated groups using either an unpaired or
paired student t-test as appropriate. All statistical analyses were completed using
Graphpad 6.
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Chapter 3
Acute H 2 O 2 and Ca2+ signaling
Abstract
Reactive oxygen signaling mediates diverse cellular physiological features, including
Ca2+ signaling in heart. In isolated mouse ventricular myocytes, the role of rapid and
reversible H 2 O 2 (100 μM, 10 s) application was examined through the use of a rapid
superfusion bath, confocal Ca2+ imaging and patch clamp methods. H 2 O 2 application
reversibly increases the Ca2+ spark rate without increasing the magnitude of the L-type
Ca2+ current. However, the amount of Ca2+ in the sarcoplasmic reticulum (SR) was
decreased by the application of H 2 O 2, as was the apparent turnover rate of the SRendoplasmic reticulum Ca2+- ATPase (SERCA). Nevertheless the depolarizationstimulated [Ca2+] i transients were unchanged. Importantly, blockade of the
Ca2+/calmodulin-dependent protein kinase II (CaMKII) by KN93 reduced the Ca2+ spark
rate directly, but did not inhibit H 2 O 2 - dependent increases of the Ca2+ spark rate. This
observation suggests that CaMKII does not mediate the H 2 O 2 dependent changes in Ca2+
signaling that we report. Taken together, these observations suggest that brief, low
concentrations of H 2 O 2 increase the sensitivity of the SR Ca2+ release channels
(ryanodine receptors, RyR2s) to cytosolic Ca2+ and modulate SERCA directly. We
conclude that H 2 O 2 is a ROS signal that can directly affect and tune cardiac Ca2+
signaling.
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INTRODUCTION
Oxidative stress contributes to the regulation of physiological Ca2+ signaling (Tritto et al.,
1997; Calvert et al., 2011) and to pathophysiological changes in diverse cardiac diseases
ranging from atrial fibrillation (AF) to heart failure and ventricular arrhythmia (Kim et
al., 2005; Tsutsui et al., 2011). Despite extensive investigations by outstanding groups,
how reactive oxygen species (ROS) affect cardiac Ca2+ signaling has remained complex
and controversial (Madamanchi & Runge, 2013). Recently,Prosser et al. (2011)
discovered a new signaling pathway by which stretch-dependent ROS ("X-ROS") may
tune excitation-contraction (EC) coupling. They showed this pathway contributes to
abnormalities seen in Duchenne’s Muscular Dystrophy. Yet the pathophysiological
components of ROS actions on Ca2+ signaling in heart cells, includes a number of
additional hypotheses. These include the hypotheses that center on how ROS can activate
or inhibit enzymes critical to Ca2+ regulation. In addition, they suggest that mitochondriaderived ROS may be different that other ROS sources (Bae et al., 2011). This makes the
exact nature of ROS effects on Ca2+ signaling unclear.

Fundamental observations using H 2 O 2 applied externally as the ROS source and
how it can alter Ca2+ singling in single cells have begun to shed some light on the issue.
However, some investigations showed an increasing effect on Ca2+ sparks (Wagner et al.,
2011) (Prosser et al., 2011) while others do not (Greensmith et al., 2010). This is
important because the sarcoplasmic reticulum (SR) Ca2+ release channels (ryanodine
receptors, RyR2) are themselves targets for oxidation and nitrosylation (Liu & Pessah,
1994b; Xu et al., 1998; Hidalgo et al., 2006). If the open probability of the RyR2's
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increase, then Ca2+ spark rate will increase at least transiently (Cheng et al., 1993).
Furthermore, there is evidence that enzymes critical to the regulation of cellular Ca2+ are
modulated by ROS. Thus, CaMKII is activated by ROS (Howe et al., 2004; Erickson et
al., 2008) while the sarcoplasmic reticulum (SR) / endoplasmic reticulum (ER) Ca2+
ATPase (SERCA) is inhibited (Morris & Sulakhe, 1997b). Here we seek to investigate
how H 2 O 2 , an important ROS species affects Ca2+ sparks and EC coupling. H 2 O 2 was
chosen as the ROS species for these experiments because there is evidence to suggest that
it is physiologically relevant, it is also a relatively stable oxidant that is cell permeable
(Thannickal & Fanburg, 2000).

The experiments described here focus on how Ca2+ sparks and EC coupling are
affected by the rapid and brief (ms) application of H 2 O 2 (100 μM) as a ROS source. We
observe important, immediate, direct and reversible actions of H 2 O 2 that are not
mediated by indirect actions on CaMKII or on SERCA.

RESULTS
We examined both Ca2+ sparks and [Ca2+] i transients in single isolated ventricular
myocytes.

Ca2+ sparks and H 2 O 2 - Single cells were loaded with the Ca2+ indicator Fluo-4, to
examine how H 2 O 2 influences Ca2+ sparks in single ventricular myocytes. Rapid
application of 100 μM H 2 O 2 with a micro-superfusion apparatus was carried out for 10 s
as shown in Fig.3-1. Fig.3-1A shows the time-course of the application of H 2 O 2 and the
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Fig.3-1. Ca2+ Sparks in cells treated with 100 μM H 2 O 2 for 10 seconds (A) Fluorescent
surface plot of a single mouse myocyte before, during and after treatment with 100 μM H 2 O 2 for
10 seconds. (B) Ca2+ spark rate before (black), during (red) and after (blue) treatment with 100
μM H 2 O 2 for 10 seconds. (C) Histogram of the number of Ca2+ sparks before (black), during
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changes in Ca2+ spark activity. H 2 O 2 caused a reversible increase in the Ca2+ spark rate of
about 2-fold (Figs.3-1B and C), with no change in the kinetics and magnitude of Ca2+
sparks (Figs.3-1D, E and F). These experiments were carried out in quiescent ventricular
myocytes. Before the application of H 2 O 2 , the Ca2+ balance in each cell was established
such that the Ca2+ pump-leak balance across the sarcolemmal (SL) (surface and
transverse-tubular, TT) and across the sarcoplasmic reticulum (SR) membranes was in
steady state. The application of H 2 O 2 increased the leak of Ca2+ from the SR by
increasing the Ca2+ spark rate as seen in Fig.3-1. This suggests that SR Ca2+ content may
have changed due to the increased Ca2+ leak.

H 2 O 2 - dependent changes in SR Ca2+ content in quiescent ventricular myocytes - The
SR Ca2+ content, often referred to as SR Ca2+ "load", can be measured by a combination
of electrophysiological and Ca2+ imaging methods. Fig.3-2A shows how I NCX was used
to assess the SR Ca2+ content. Briefly, 10 mM caffeine was applied with the microsuperfusion system while the membrane potential of the cardiac myocyte was controlled
by a single electrode voltage-clamp technique (Hodgkin et al., 1952; Wilson & Goldner,
1975). Caffeine increases the open probability of the RyR2 SR Ca2+ release channels,
such that all of the Ca2+ within the SR is released from the SR lumen (Fabiato & Fabiato,
1975; O'Neill et al., 1990). The left panel of Fig.3-2A shows the time-course of I NCX
under control conditions while the right panel shows the time course of I NCX at the end of
the 10 s application of H 2 O 2 (100 μM). This method provides a quantitative measure of
the SR Ca2+ content (Varro et al., 1993; Choi & Eisner, 1999a). Integration of I NCX
reveals the SR Ca2+ content, as shown in Fig.3-2B. The running integral is shown for
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Fig.3-2 SR Ca2+ content in quiescent cells treated with H2O2
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control conditions (left), for H 2 O 2 conditions (middle) and for both (right). It is clear that
there is a significant (approximately a 50%) reduction in the SR Ca2+ content under the
quiescent conditions shown in Fig.3-2. However, cardiac myocytes in vivo are activated
regularly during normal excitation-contraction (EC) coupling, so it is desirable to observe
the effects of H 2 O 2 on activated ventricular myocytes.

H 2 O 2 dependent changes in EC coupling in regularly depolarized ventricular myocytes The significant differences in SR Ca2+ content seen in Fig.3-2 suggest that the increased
RyR2 leak of Ca2+ during exposure to elevated ROS (100 μM H 2 O 2 ) is sufficient in
quiescent cells to produce a significant change in SR Ca2+ content. To the extent that this
H 2 O 2 induced leak affects SR Ca2+ release during EC coupling, it should have a
significant effect on the [Ca2+] i transient. Fig.3-3 shows the results of an examination of
the actions of H 2 O 2 (100 μM) on the [Ca2+] i transient when the membrane potential of
ventricular myocytes is controlled by a single electrode voltage clamp. Fig.3-3A shows
the voltage-clamp protocol. Myocytes are held at -80 mV and the depolarization protocol
is applied. Ten depolarizations at 1 Hz from -50 to 0 mV elicit I Ca that activates SR Ca2+
release, as shown in Fig.3-3B. The surprising result was that the [Ca2+] i transients in the
absence (control) and presence of H 2 O 2 (100 μM) were indistinguishable (Figs.3-3B D). The I Ca records taken at the same time were also unchanged following elevated
H 2 O 2 (Figs.3-3D and 3-3E). The H 2 O 2 was applied 50 ms before the beginning of the
train of ten depolarizations and through the duration of the 10 second period. We
repeated the experiments shown in Fig.3-3 using current clamp stimulations after
adjusting the resting potential to -80 mV, so that the conditions of the experiments were
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Fig.3-3 [Ca2+]i transients and ICa in cells treated with H2O2 for 10s
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comparable to those examined by voltage-clamp (Fig.3-3). These adjustments in holding
current were small since the estimated resting potentials of the myocytes studied were
between -80 and -74 mV. Current clamp depolarizations (i.e. stimulations) were produced
by the application of 1 nA depolarizing current for 3 ms using HEKA instrumentation in
current clamp mode. This produced a depolarizing shoulder followed by a robust action
potential (AP), as shown in Fig.3-4A. Using this method, ten depolarizations at 1 Hz
were applied and the [Ca2+] i transients associated with the AP depolarizations are shown
in Fig.3-4B. To examine the actions of H 2 O 2 on the [Ca2+] i transients, we applied H 2 O 2
50 ms before the beginning of the train of 10 depolarizations and during the duration of
the 10 second period. As seen for the voltage-clamp elicited [Ca2+] i transients, the APdependent [Ca2+] i transients were unchanged by the application of H 2 O 2 . Although there
was good reason to believe that the action of H 2 O 2 was fast, as demonstrated in Fig.3-1,
another possible explanation of the absence of differences in the [Ca2+] i transients
between control and H 2 O 2 was the brevity of the application (i.e. 10 s). Perhaps a longer
exposure was needed to see changes in [Ca2+] i transients. To test this, longer exposures to
H 2 O 2 were carried out for periods as long as 2 min. Fig.3-5 shows these data. The
myocytes were exposed to H 2 O 2 (100 μM) for the time indicated and during the last 10 s
of the exposure, a patch clamp protocol, identical to that used in Fig.3-2 was applied.
Fig.3-5A shows the results for these experiments following significantly longer
exposures to H 2 O 2 . Like the results shown for the shorter exposures in Fig.3-2, the
[Ca2+] i transients were not changed by the presence of H 2 O 2 , as shown in Figs.3-5A and
3-5C. The I Ca , recorded during the depolarizations from -50 mV to 0 mV, were also
unaffected by the exposure to H 2 O 2 , as shown in Figs.3-5B and 3-5D. This raises the
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Fig.3-4 Action potentials and [Ca2+]i transients in cells treated with H2O2
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question, are there any changes in the SR Ca2+ content in regularly depolarized
ventricular myocytes?

H 2 O 2 - dependent changes in SR Ca2+ content in regularly depolarized ventricular
myocytes - To measure the SR Ca2+ content during EC coupling, I NCX was recorded
during caffeine (10 mM) [Ca2+] i elevations in place of the last of the ten depolarizations
using the protocol shown in Fig.3-3. The records of I NCX during this procedure are shown
in Fig.3-6A. The integral of I NCX was used as a measure of the SR Ca2+ content and the
running integrals are shown in Fig.3-6B. There are two important findings shown in these
data. First, the total SR Ca2+ content is significantly less in the regularly depolarized
ventricular myocytes compared to the quiescent cells (see Discussion). Second, the SR
Ca2+ content in the cells treated with H 2 O 2 (100 μM) was significantly less (reduced by
about 25%) than in the control cells. Thus the broad finding that H 2 O 2 increases the SR
Ca2+ leak is supported. This appears to suggest that although the fractional decrease is
less in stimulated cells than in quiescent cells, H 2 O 2 increases SR Ca2+ leak under both
conditions.
Despite the decrease in SR Ca2+ content that is produced by H 2 O 2 in stimulated
cells, the [Ca2+] i transients do not appear to be significantly affected. Could another
factor be playing an important role? There is some evidence that the SR/ER Ca2+ ATPase
(SERCA)(Murphy, 1976; Morris & Sulakhe, 1997b) and CaMKII (Erickson et al., 2011)
may be altered by H 2 O 2 or ROS.
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Fig.3-5. Ca2+ transients and I Ca in cells treated with of 100 μM H 2 O 2 for 2 minutes (A)
Typical I ca in cells treated with H 2 O 2 over a 2 minute period. (B) Representative normalized
Ca2+ transients from a cell treated with H 2 O 2 over a 2 minute period. (C) Mean peak I ca in cells
treated with H 2 O 2 over a 2 minute period (D) Mean peak Ca2+ transient in cells treated with
H 2 O 2 for 2 minutes. (n=5)
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Fig.3-6 Steady state SR Ca2+ Content in cells treated with H2O2
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Fig.3-6. Steady state SR Ca2+ content in cells treated with 100 μM H 2 O 2 for 10 seconds (A)
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Does H 2 O 2 affect SERCA turnover rate?- To examine the turnover rate of SERCA, the
rate constants of decay of the [Ca2+] i transient and of the caffeine (10 mM) [Ca2+] i signal
were estimated as shown in Figs.3-7A and 3-7B. Using the standard 10 depolarization
protocol (see Figs.3-3 and 3-6), 10 mM caffeine was applied after the 9th voltage clamp
depolarization (shown in Fig.3-7) through the micro-superfusion system. The caffeine
was applied at the point that would have corresponded with the tenth depolarization. The
rate constant of decay of the [Ca2+] i transient is due to a combination of four extrusion
mechanisms: the Na+/Ca2+ exchanger, SERCA, the plasmalemmal Ca2+ ATPase (PMCA)
and mitochondrial Ca2+ uptake (Bassani et al., 1994b). Since the Ca2+ uptake by PMCA
and the mitochondria (even when combined) are much less than the other two (Negretti et
al., 1993; Bassani et al., 1994b), their contributions were ignored in the estimates done
here. Fig.3-7C compares the estimated rate constant of SERCA under control versus
H 2 O 2 conditions. These data suggest that H 2 O 2 exposure for 10 s reduces t SERCA by
about one third. While this result is interesting and important to our understanding of
Ca2+ regulation during H 2 O 2 exposure, it does not account for the unchanged [Ca2+] i
transients following H 2 O 2 exposure.

CaMKII - H 2 O 2 - activated enzymatic activity has been shown to develop with Ca2+
dependent calmodulin kinase II (CaMKII)(Wagner et al., 2011). To determine if this may
be contributing to the observations presented here, CaMKII activity was reduced or
blocked by KN93 (1 μM, applied 15 minutes before the experiment). Fig.3-8 shows the
action of KN93 (1 μM) on Ca2+ sparks in quiescent cardiac ventricular myocytes. Figs.38A and 3-8B show that the Ca2+ spark rate was reduced to about half its initial rate
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Fig.3-7 SERCA turnover rate in cells treated with H2O2
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measured in the absence of KN93 (see Fig.3-1). This suggests that CaMKII contributes to
the baseline Ca2+ spark rate. Importantly, the Ca2+ spark rate doubles following exposure
to H 2 O 2 for 10 s as shown in Figs.3-8A, 3-8B and 3-8C. Furthermore, Ca2+ spark
magnitude is reduced and Ca2+ spark rate of decay is increased by H 2 O 2 , following
CaMKII inhibition by KN93 (1 μM).
Blocking CaMKII with KN93 may have multiple actions on Ca2+ behavior in
cardiac ventricular myocytes as suggested by the results in Figs.3-8 and 3-9. The SR Ca2+
content is measured with CaMKII blocked and following H 2 O 2 exposure with the
continuing CaMKII blockade. Comparing Fig.3-9C to Fig.3-2C suggests that blocking
CaMKII reduces SR Ca2+ content. In the presence of CaMKII blockade, H 2 O 2 decreases
SR Ca2+ content further. Taken together, these results suggest that the primary result of
H 2 O 2 exposure is independent of CaMKII activity, as it can be observed in the quiescent
mouse cardiac myocyte.

Discussion
In the present study, the effect of the ROS species H 2 O 2 on Ca2+ signaling in murine
cardiomyocytes was examined by rapid superfusion of H 2 O 2 at100 μM. Although a rapid
and reversible increase in Ca2+ spark rate was observed, a surprising and unexpected set
of findings was also seen. First, consistent with the increase in Ca2+ spark rate was the
observed decrease in SR Ca2+ load and in SERCA function. However, while we had
expected that this decrease in SR Ca2+ content would be accompanied by a decrease in
the [Ca2+] i transient, no such change was observed. To determine how this surprising
finding came about, we examined I Ca because it could have been enhanced by H 2 O 2 to
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Fig.3-9 SR Ca2+ content in quiescent cells exposed to H2O2 after pretreatment with
the CaMKII inhibitor KN-93
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compensate for the reduction in SR Ca2+ content. However, it too was unchanged (i.e. no
increase in I Ca was observed). Importantly, we also determined that the change in Ca2+
spark rate was not due to any change in CaMKII activity. We had considered this a good
possibility since CaMKII has been reported to be activated by H 2 O 2 (Wagner et al.,
2011). It could have been enhanced by the rapid application of H 2 O 2 and as such
provided some compensation for the reduction in SR Ca2+ content, even if only
transiently. However this was not the case. So how can these results be interpreted?

Effects of H 2 O 2 on Sparks. Sanchez et al. (2008) showed that apocynin-sensitive
NADPH Oxidase 2 (NOX2) activity increased ROS activity and this augmented RyR2 Sglutathionylation, which enhanced Ca2+ release from isolated SR vesicles. This work on
myocardial infarction in the context of exercise or tachycardia dependent preconditioning
was consistent with the finding by Prosser et al. (2011) showing an increase in the Ca2+
spark rate during a 10 s application of 200 μM H 2 O 2 as well as with the findings
presented here. In contrast, the study by Greensmith et al. (2010) showed that H 2 O 2
produced a 29% decrease in the Ca2+ spark rate during a 1 minute application of 500 μM
H 2 O 2 in rat ventricular myocytes. They also found a decrease (26%) in the [Ca2+] i
transient during a 200 μM exposure to H 2 O 2 for 1.5 minutes, whereas in both
experiments by Goldhaber and Liu (1994b) (see below) and those reported here show no
change in the [Ca2+] i transient magnitude for up to two minutes following the beginning
of the application of H 2 O 2 . The complex patterns of Ca2+ signaling in a number of
experiments is discussed further in the following paragraphs. When all of the reports are
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taken together, they appear to support an increased Ca2+ spark rate when H 2 O 2 is applied
extracellularly.

H 2 O 2 and SR Ca2+ load. We report a dramatic reduction of SR Ca2+ load of 55% during
a 10 s application of H 2 O 2 in quiescent mouse ventricular myocytes. This is remarkably
large, given that the Ca2+ spark rate reversibly increased about two-fold (from 1.9 Ca2+
sparks per 100 μm/s to3.8 per 100 μm/s) during the 10 s application of H 2 O 2 . This very
large SR Ca2+ depletion with only a moderate change in Ca2+ spark rate suggests that
H 2 O 2 significantly increases "invisible" Ca2+ leak as well which we do not, as yet have
the tools to measure. Mathematical modeling (Williams et al., 2011) and diverse
experiments (Santiago et al., 2010; Zima et al., 2010) suggests that this invisible Ca2+
leak, when it occurs, is due to an increase in RyR2 openings that do not trigger Ca2+
sparks. This leak is invisible only because we do not have the tools to visualize the leak.
Consistent with our observations that in myocytes paced at 1 Hz (room temperature) a
reduction in SR Ca2+ content (23%) is produced by 10 s H 2 O 2 (100 μM) application,
Goldhaber and Liu (1994b) found a 42% decrease in SR Ca2+ load in guinea pig
cardiomyocytes paced at 1 Hz after exposure to H 2 O 2 (1 mM, ~5 min, room
temperature). Also supporting our results,Greensmith et al. (2010) observed a 27%
decrease in SR Ca2+ content in rat ventricular myocytes following H 2 O 2 (200 μM, 1.5
min, 37 oC). Thus, our results, as well others, demonstrate a strong ROS effect on SR
Ca2+ content and invisible leak.
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NCX. In addition to SR Ca2+ loss due to an increase in invisible SR Ca2+ leak, NCX
could also play a role. If, NCX turnover is increased, then it would tend to extrude Ca2+
from the cytosol and the net effect of this extrusion would be to decrease SR Ca2+
content. The Na+/Ca2+ exchanger (NCX) extrudes Ca2+ from the cytosol during the
cardiac cycle so that cellular balance of Ca2+ is maintained. In the steady-state the Ca2+
influx through I Ca is balanced by the Ca2+ extrusion by NCX. We showed that a 10
second exposure of mouse ventricular myocytes to H 2 O 2 increases NCX activity (see
Fig.3-10) by about 18%. Similarly, other investigators have reported an increase in H 2 O 2
dependent NCX activity (Reeves et al., 1986; Goldhaber & Liu, 1994a; Hinata et al.,
2007; Kuster et al., 2010) using methods different from those used in this manuscript. In
contrast, Greensmith et al. (2010), used an approach similar to ours to show a decrease in
NCX activity in rat ventricular myocytes superfused with H 2 O 2 (200 μM, for 1.5 min).
While we do not have a simple explanation for the differences in the results presented
here and by Greensmith et al. (2010), there are many factors (direct and indirect) that
may influence NCX activity, including pH and the activity of other transporters and
kinases (Blaustein & Lederer, 1999). The results of Greensmith et al. (2010) including
their data on Ca2+ sparks, in combination with their SR Ca2+ content determination,
support our conclusion that there is an increase in "invisible leak" of Ca2+ from the SR.

Effect of H 2 O 2 on SERCA function. The experiments presented here show that
SERCA function is decreased by 32% as a result of a 10 s exposure to H 2 O 2 (100 μM).
Our results are thus in agreement with Greensmith et al. (2010), who find a 22% decrease
in SERCA function in rat ventricular myocytes (H 2 O 2 200 μM for 1.5 min.). In addition,
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Fig.3-10 NCX Ca2+ removal rate in cells exposed to H2O2 for 10 s.
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our findings are also consistent with the results of Morris and Sulakhe (1997a) who used
a very different approach to show that reactive oxygen, ROS and sulfhydryl oxidizing
agents decrease Ca2+ transport by SERCA in heart cell vesicles. They showed that H 2 O 2
(1 mM for 15 min), FeCl 2 (1 mM for 15 min) or the hydroxyl radical (generated by 1
mM H 2 O 2 and 1 mM FeCl2 for 15 min) decrease SERCA Ca2+ uptake by 44, 53 and
69% respectively. Importantly, the application of H 2 O 2 at a lower concentration for a
shorter time (100 μM for 1 min) decreased SERCA Ca2+ uptake by 23%, a result very
close to and those of Greensmith et al. (2010). Interestingly, a 1 min exposure of
myocytes to DTNB (5-5'-dithiobis-nitrobenzoic acid, 1 mM), a sulfhydryl oxidizing
agent, decreased Ca2+ uptake into vesicles by 58%. Our findings and those in the
literature with diverse experimental approaches support a consensus finding that
oxidation of one or more SERCA residues decreases Ca2+ transport into the SR (Murphy,
1976).

I ca and H 2 O 2 . Our data show that short-term application of H 2 O 2 (10 s) and long-term
application (2 min) of low concentrations of H 2 O 2 (100 µM) to mouse ventricular
myocytes led to no changes in I Ca magnitude. This finding is in agreement with
Greensmith et al. (2010), who applied a higher concentration of H 2 O 2 (200 μM, 1.5
min). However, different and contradictory results are seen when very much higher
concentrations of H 2 O 2 were applied (5 to10-fold greater) for longer times. Goldhaber &
Liu (1994b) found that there was a decrease of I Ca magnitude by 75% in guinea pig
ventricular myocytes ( 1 mM H 2 O 2 for 5.7 min) while Xie et al. (2009) found an
increase in I Ca magnitude by 65% in rabbit ventricular myocytes (1 mM H 2 O 2 , 5 min).
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One possible explanation is that low concentrations of H 2 O 2 applied briefly may reflect
the kind of change observed with physiological modulation of ROS, as recently reported
in the presentation of stretch-activated ROS signaling called "X-ROS" signaling (Prosser
et al., 2011; Khairallah et al., 2012; Prosser et al., 2013; Ward et al., 2013). This
however requires further study.

Action potential. We report here that there are no changes in AP shape and duration as a
result of H 2 O 2 exposure (100 μM, 10 s) in mouse ventricular myocytes. At the 10 s time
point we set in our experiments, Wagner et al. (2011), who also examined mouse
ventricular myocytes (200 μM H 2 O 2 ), found no measureable change in AP duration.
Similarly, Xie et al. (2009) found no AP duration change in rabbit ventricular myocytes
with exposures of up to 5 minutes in H 2 O 2 (200 μM). However, at longer exposures both
Wagner et al. (2011) (4-10 minutes) and Xie et al. (2009) (5 min +) found more complex
AP prolongation and other changes. Wagner et al. (2011) found a CaMKII-dependent
change in AP duration and Xie et al. (2009) found the development of arrhythmogenic
early after-depolarizations (EADs). The low, short exposures that were used in our work,
along with the moderate reversible actions of H 2 O 2 , suggest that we may be exploring the
physiological actions of H 2 O 2 while the longer, higher levels of H 2 O 2 with significant
complex changes in AP duration and morphology may well reflect possible
pathophysiological and/or pharmacological actions of H 2 O 2 .

H 2 O 2 and CaMKII interactions. We also investigated the role of CaMKII on the
reversible actions of H 2 O 2 on cardiac ventricular myocytes. While the baseline Ca2+
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spark rate was decreased by blocking CaMKII with KN93, the amplitude was similar to
that observed in control cells. The similar amplitude of the Ca2+ sparks may reflect an
unchanged Ca2+ spark termination mechanism that depends on local jSR Ca2+ depletion
(Sobie et al., 2002; Terentyev et al., 2002). The lower baseline Ca2+ spark rate with
KN93- treated cells may arise because of a lower [Ca2+] SR implied by our results and
suggested by earlier findings (Li et al., 1997). This is presumably due to the normal
action of CaMKII on phospholamban (PLN). PLNs turnover rate is increased when
phosphorylated by CaMKII (DeSantiago et al., 2004) (Mattiazzi & Kranias, 2011).
However, Ca2+ spark rate increased (doubled) with a rapid treatment of mouse ventricular
myocytes with H 2 O 2 (100 µM, 10s) despite the CaMKII block by KN93 (1µM). Thus, it
would appear that H 2 O 2 produces its actions on RyR2 to increase the Ca2+ spark rate
without the need to modify CaMKII despite the evidence that H 2 O 2 can oxidize CaMKII
and thereby increase its activity (Wagner et al., 2011). In KN93-treated mouse
ventricular myocytes, with reduced [Ca2+] SR , the further reduction of [Ca2+] SR by brief
H 2 O 2 treatment supports the suggestion that H 2 O 2 increases RyR2 activity (i.e. open
probability) and both invisible and visible SR Ca2+ loss. The suggestion that H 2 O 2 acts
directly on RyR2 is also supported by the observation that the action of H 2 O 2 on SR
Ca2+ release mediated by CaMKII requires the presence of Ca2+ itself (Wagner et al.,
2011).

Summary. We have demonstrated that H 2 O 2 has rapid and reversible actions on SR Ca2+
signaling including Ca2+ sparks and Ca2+ leak. H 2 O 2 targets include RyR2, NCX and
SERCA. Longer exposures with higher H 2 O 2 concentrations (200 μM to more than 1
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mM) produce more complex and often irreversible actions on these targets and more.
Our findings are consistent with the recent descriptions of X-ROS signaling, that stretchdependent physiological ROS influences Ca2+ signaling in heart (Prosser et al., 2011) and
skeletal muscle (Prosser et al., 2013; Ward et al., 2013).

Further Discussion and Future experiments
Relevance
The observed effects of H 2 O 2 on Ca2+ signaling are important because they show that
brief, elevations in ROS (H 2 O 2 ) concentrations are able to effect changes in Ca2+
signaling. This is physiologically relevant as it suggests that seemingly minor
perturbations in H 2 O 2 concentrations (such as may be brought about by myocardial
infarction or exercise) are enough to modify certain parameters of Ca2+ signaling
although they have no effect on E-C coupling as a whole in the short term. The fact that
SR Ca2+ load is severely depleted however suggests that over longer periods of exposure
to H 2 O 2 , E-C coupling may be affected. Although we observed no change in the decay
kinetics of the [Ca2+] i transients, the depression of SERCA activity by H 2 O 2 has
implications for the effects of oxidation on relaxation of cardiac myocytes and the heart
as a whole.

Effects of inhibiting CaMKII on sparks and SR load – CaMKII phosphorylates
residues on RyR (Witcher et al., 1991), PLN (Le Peuch et al., 1979), SERCA (Xu et al.,
1993) itself and L-type Ca2+ channels (Dzhura et al., 2000). CaMKII-mediated
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phosphorylation of RyR has been suggested to change channel open probability while
that of PLN relieves PLN inhibition of SERCA thereby increasing Ca2+ uptake by
SERCA and maintaining or increasing SR Ca2+ load (Maier & Bers, 2002). In our
experiments, blocking CaMKII with KN-93 decreased basal spark rate, H 2 O 2 spark
amplitude and increased H 2 O 2 spark decay tau. This is unlike what was seen in control
cells in the presence of H 2 O 2 . Because even in the presence of CaMKII blockade, H 2 O 2
still increased spark rate, we assume that under our experimental conditions, H 2 O 2
activation of CaMKII is negligible or not necessary for the spark response to H 2 O 2 . KN93 may thus have reduced basal levels of activated CaMKII. If basal levels of CaMKII
are important for phosphorylation of RyR and SERCA, and thus maintaining regular RyR
activity and SERCA function, then inhibiting basal CaMKII levels will cause a decrease
in SERCA function. This inhibition of CaMKII in concert with a further inhibition of
SERCA by H 2 O 2 (as we show), may be responsible for both the decrease in SR Ca2+ load
and the increase in spark decay tau. The changes in SR Ca2+ load and basal RyR
phosphorylation may be responsible for decrease in basal Ca2+ spark rate and H 2 O 2 Ca2+
spark amplitude seen in the presence of CaMKII inhibition.

Future experiments
SR load and SERCA function at 2 minutes H 2 O 2 - In the experiments described, SR load
was examined after a 10 s application of H 2 O 2 , I Ca and [Ca2+] i however, are preserved
for up to 2 minutes. It is possible that a compensatory mechanism is activated that
preserves or restores SR load. It would be interesting to see if SR Ca2+ load and SERCA
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function remain depleted at the 2 minute time period. To test this, SR Ca2+ load and
SERCA function will be measured after 1 minute and 2 minute applications of H 2 O 2 .

I Ca and [Ca2+] i at H 2 O 2 exposures longer than 2 minutes – If SR load remains depleted
at 2 minutes, at which point we have shown that E-C coupling is preserved, the
assumption is that E-C coupling will eventually be affected in response to the lower SR
Ca2+ content. To test this, I Ca and [Ca2+] i will be measured at regular intervals for up to
10 minutes of H 2 O 2 application.

Does invisible leak contribute to the depletion of SR Ca2+ depletion – In our experiments
we observed no change in diastolic Ca2+ levels, however, we also show an increased
NCX activity, which will upregulate Ca2+ extrusion from the cytosol. It is therefore
possible that under our experimental conditions, an increase in diastolic Ca2+ levels was
not observable. To determine if H 2 O 2 contributes to an increase in diastolic Ca2+ levels,
we will block all extrusion pathways (SERCA, NCX and PMCA) and measure changes in
diastolic Ca2+ levels in the cell in response to a 10 s H 2 O 2 application.

SERCA function in the presence of CaMKII inhibition – If inhibition of basal CaMKII
levels depresses SERCA function, additional exposure to H 2 O 2 (which we have shown to
depress SERCA function too) may further inhibit SERCA function. To test this, SERCA
function will be measured in the presence of CaMKII inhibition both in the presence and
absence of H 2 O 2 .
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H 2 O 2 on SERCA function – While we suspect that that direct oxidation is responsible for
changes in SERCA activity, it is unclear if this change is brought about by oxidation of
phospholamban (PLN), a protein that inhibits SERCA or SERCA itself. It is possible that
H 2 O 2 depresses SERCA function by tightening the interaction between SERCA and
PLN. To test this, the effect of H 2 O 2 on SERCA can be tested in PLN knockout mice
(PLN-KO). If H 2 O 2 acts on PLN, then it should have no effect on SERCA function in the
PLN-KO ventricular myocytes when compared to untreated PLN knockouts.
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Chapter 4
Effect H 2 O 2 on β-adrenergic potentiation of cardiac Ca2+ signaling.
Abstract
Proteins central to cardiac Ca2+ signaling include the L-type Ca2+ channel (LTCC), the
type 2 ryanodine receptor (RyR2), the Na+/Ca2+ exchanger (NCX) and the SR Ca2+ pump
(SERCA). These Ca2+ signaling proteins have been shown to be targets for modification
by H 2 O 2 (see Chapter 3) and β-adrenergic activated protein kinase A (PKA). The
interactions of these two putatively independent regulators of Ca2+ in the heart were
examined in single ventricular myocytes through confocal imaging, single cell patch
clamp methods and a rapid superfusion system. While the full array of PKA activation
was observed, the independent actions of H 2 O 2 were significantly altered. From these
findings, we concluded that the effects of protein phosphorylation appear to override that
of oxidation.

Introduction
β-Adrenergic activation is an important signaling pathway in cardiac cells (Winegrad,
1984). During stress or exercise, it increases cardiac output. On the cellular level this is
achieved by activating a cascade which results in PKA mediated phosphorylation of the
following key proteins crucial to Ca2+ signaling: the ryanodine receptor (RyR2) (Yoshida
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et al., 1992), phospholamban (PLN) associated with sarcoplasmic/endoplasmic reticulum
Ca2+ ATPase (SERCA) (Lindemann et al., 1983) and the L-type Ca2+ channel (LTCC)
(Bean et al., 1984; Lefkowitz & Caron, 1990). The phosphorylation of these key proteins
causes an increase in [Ca2+] i transients, enhanced SERCA function and augmented I ca
(Katz et al., 1975; Winegrad, 1984; Bers & Despa, 2009). These PKA-dependent changes
lead to larger [Ca2+] i transients and stronger and faster contractions. Although many
studies have been done on β-adrenergic activation and several authors have suggested
that ROS elevation accompanies β-adrenergic activation (Zhang et al., 2005; Moniri &
Daaka, 2007), these authors used indirect methods (e.g. in HEK293 cells) or in vivo
methods that did not control for diverse physiological actions (e.g. heart rate, blood
pressure, etc.). Therefore, how physiological levels of ROS affect β-adrenergic signaling
directly in single cells cardiac cells with other confounding in vivo influences controlled
has remained uncertain. Our previous work (See Chapter 3), as well as other studies on
ROS (Morris & Sulakhe, 1997b; Guo et al., 2000; Sanchez et al., 2008), suggest that the
proteins crucial to cardiac Ca2+ signaling are targets of ROS signaling in the heart cell.
We, therefore, set out to investigate the effects of H 2 O 2 on β-adrenergic potentiation of
cardiac Ca2+ signaling.

Simple physiological measures of the interactions between PKA- dependent
phosphorylation of major Ca2+ signaling targets (e.g. RyR2, SERCA, NCX, I Ca ) and
H 2 O 2 actions on these same targets may provide insight into the effects of ROS on β-AR
activation. Some hypotheses on how H 2 O 2 affects PKA actions in cardiomyocytes
include H 2 O 2 -dependent modification of PKA itself, modulation of PKA target proteins
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or changes in the activities of phosphatases that maintain the balance of phosphorylated
to unphosphorylated proteins. Some studies have suggested that ROS have the ability to
alter PKA (Burgoyne & Eaton, 2013) and phosphatases (Denu & Tanner, 1998; Barford,
2004). Studies done by us and others also suggest that ROS can directly affect proteins
involved in Ca2+ cycling (Goldhaber & Qayyum, 2000; Greensmith et al., 2010). It may,
thus, be possible that the combination of PKA-mediated protein phosphorylation with
direct oxidation of the same proteins alters protein function in distinct ways.

To investigate the effects of ROS on β-adrenergic mediated potentiation of Ca2+
signaling in cardiac cells, we apply the ROS specie H 2 O 2 to cells pretreated with the
potent β-AR agonist, isoproterenol. This was done in order to test the hypothesis that
ROS acts synergistically with β-AR activation to modulate cardiac Ca2+ signaling. The
results suggest that in the presence of prior β-AR activation, H 2 O 2 has no further effect
of Ca2+ signaling in ventricular myocytes.

Results
Observations of the actions of H 2 O 2 (100 μM, 10 s) on cardiac ventricular myocyte Ca2+
signaling showed that (See Chapter 3) RyR2, SERCA and NCX are reversibly altered.
Another significant modifier of cardiac Ca2+ signaling is protein kinase A (PKA) that is
activated by β-adrenergic stimulation such as is produced by low concentrations of
isoproterenol (150 nM). For that reason we undertook an investigation on the effects of
H 2 O 2 and isoproterenol on isolated cardiac ventricular myocytes. Ca2+ sparks, transients
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and currents were examined under control conditions, after treatment with 150 nM
isoproterenol for 3 minutes and after a combined isoproterenol (3 minutes) and H 2 O 2
treatment (10 s).

H 2 O 2 and β-AR activation (isoproterenol): Ca2+ sparks. Isolated mouse ventricular
myocytes were loaded with a Ca2+ sensitive fluorophore (fluo-4) and imaged on a
confocal microscope (Zeiss LSM 510) with a rapid superfusion chamber fitted with an
even faster micro-superfusion system for the cell being imaged. Using our normal
Tyrode's solution, various reagents were added and applied to the cell through the microsuperfusion systems (see Methods). Fig. 4-1A is the line-scan image of a ventricular
myocyte showing the [Ca2+] i signal. Cells were first imaged under control conditions (left
portion of image) and Ca2+ sparks are visible. Then isoproterenol (150 nM) was then
superfused for 3 minutes (gap in image), in the last 10 s of the isoproterenol exposure, a
small increase (1.6 fold) in the Ca2+ spark rate is noticeable. After 3 minutes, H 2 O 2 (100
µM) was added to the isoproterenol solution, and the effect on sparks was observed (Fig.
4-1A, as marked). Analyses of the data, shown in Fig. 4-1B, reveals that application of
H 2 O 2 had no further effect on the isoproterenol induced increase in spark rate. The
dashed lines in Fig. 4-1B show the Ca2+ spark rate records from Chapter 3, indicating the
Ca2+ spark rate under control conditions and under conditions when H 2 O 2 (100 μM, 10 s)
alone was applied. The final bar in Fig. 4-1B shows the Ca2+ spark rate during the first 10
s of the washout of H 2 O 2 , (because isoproterenol effects linger for about 5 minutes after
cessation of application, β-AR activation is still assumed during H 2 O 2 washout) where
no significant decrease in the Ca2+ spark rate was observed.
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Fig.4-1 Ca2+ sparks in cells treated with isoproterenol and H2O2
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Fig.4-1. Sparks in cells treated with 150 nM isoproterenol for 3 mins followed by 100 μM
H 2 O 2 for 10 seconds (A) Fluorescent surface plot of a single mouse myocyte before treatment
with iso, after 3 mins Iso exposure, during and after treatment with 100 μM H 2 O 2 for 10
seconds. (B) Ca2+ spark rate under control conditions (black), after Iso (green), during (red
check) and after (blue) treatment with 100 μM H 2 O 2 for 10 seconds. (C) Ca2+ sparks histogram
(500ms bins) in control conditions (black), after iso (green), during (red check) and after (blue)
treatment with 100 μM H 2 O 2 for 10 seconds. (D) Mean spark amplitude under control
conditions (black), after Iso (green), during (red check) and after (blue) treatment with 100 μM
H 2 O 2 for 10 seconds. (E) Mean spark rise tau before iso and H 2 O 2 (black), after iso (green)
during (red check) and after (blue) treatment with 100 μM H 2 O 2 for 10 seconds. (F) Mean spark
decay tau before iso and H 2 O 2 (black),after iso (green) during (red check) and after (blue)
treatment with 100 μM H 2 O 2 for 10 seconds (n=30 cells). Dotted lines across bars in B and D
show levels of similar measurements in control (black) and H 2 O 2 (red) treated cells
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Fig. 4-1B-F show the statistics and kinetic features of the Ca2+ spark
measurements. Fig. 4-1C shows the time-dependent variation in the Ca2+ spark rate in 0.5
s increments. It reveals an increase in the spark rate with isoproterenol treatment and no
further change when H 2 O 2 is added. Fig. 4-1D reveals the increase in the Ca2+ spark
amplitude produced by isoproterenol (150 nM). The Ca2+ spark rise and decay rates are
unchanged by exposure to isoproterenol and both isoproterenol and H 2 O 2 . While the
reversal of the H 2 O 2 effects in the absence of isoproterenol occurs within about 10 s (See
Chapter 3, the reversal of the isoproterenol actions takes many minutes (data not shown
(Lindemann et al., 1983) ). Since our investigation is on the acute actions of H 2 O 2 in the
presence of β-AR activation, we have focused on the cellular response in the 10 s
following H 2 O 2 washout. From Fig. 4-1, we see that isoproterenol (150 nM, 3 min)
increases the Ca2+ spark rate and thus must increase SR Ca2+ leak, and that H 2 O 2 does
not further enhance this action.

H 2 O 2 and β-AR activation: SR Ca2+ content (quiescent myocytes). The amount of Ca2+
within the SR can be measured using a combination of electrophysiological and Ca2+
imaging methods (See Methods). Briefly, caffeine (10 mM) is applied for a sustained
period and this activates the RyR2 and leads to the complete loss of Ca2+ from the SR
(Fabiato & Fabiato, 1975) (O'Neill & Eisner, 1990). The Ca2+ that is released is extruded
by the NCX and measured as a current, I NCX . Fig. 4-2A show the records from a voltageclamped (whole cell patch-clamp method - see Hamill et al. (1981) ), single mouse
myocyte and the time-course of I NCX during the application of caffeine (10 mM) under
control conditions (top). The bottom record shows the running integral of I NCX that
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Fig.4-2. Resting SR load in cells treated with 150 nM isoproterenol for 3 mins followed by
100 μM H 2 O 2 for 10 seconds. Calculation of SR Ca2+ content, without steady state stimulation
(same conditions under which sparks were measured), membrane potential is held at -80 mV and
10 mM caffeine is applied, the resulting inward I NCX current (upper panels) are then integrated
(middle panels) to yield SR content. (A) I NCX current in control (black), Iso treated cells (green),
Iso + H 2 O 2 treated cells (red). (B) Integrated I NCX current for control (black),Iso (green), Iso +
H 2 O 2 treated cells (red). (C) A merge of integrated I NCX currents from control, Iso and Iso +
H 2 O 2 treated cells. (D) Mean data showing SR Ca2+ content in control cells (black), Iso treated
cells (green) and Iso + H 2 O 2 treated cells (red. (n=5 (control), 8 (Iso) 7 (Iso +H 2 O 2 )). Dotted
lines in ‘D’ indicate results of similar measurements in control (black) and H 2 O 2 (red) cells.
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reflects quantitatively the SR Ca2+ content, plotted as the integral of the charged moved
by the NCX (see Methods (Varro et al., 1993; Choi & Eisner, 1999b)). Fig. 4-2A shows
the time-course of I NCX under control conditions (left panel), after 3 minutes of 150 nM
isoproterenol treatment (middle panel) and at the end of 10 s application of 100 µM
H 2 O 2 following the isoproterenol treatment (right panel). This method provides a
quantitative measure of the SR Ca2+ content. It shows an increased I NCX current with
isoproterenol which is not further affected by H 2 O 2 application. Comparisons of the
running integrals of I NCX for the three conditions are shown in Fig. 4-2B and provide
direct information of the SR Ca2+ content and the statistical analysis in Fig. 4-2E. Briefly,
isoproterenol causes the expected increase in SR Ca2+ load (Hussain & Orchard, 1997;
Ginsburg et al., 1998) in quiescent cells ( 1.7 fold) via its activation of SERCA, and this
increase is neither reduced nor increased by H 2 O 2 (figure 4-2E).

H 2 O 2 and β-AR activation: I Ca and the [Ca2+] i transient in regularly depolarized
myocytes. The application of isoproterenol (150 nM) produces a rapid increase in the
depolarization-activated [Ca2+] i transient and I Ca as shown in Fig. 4-3 (Okazaki et al.,
1990; Arreola et al., 1991; Hussain & Orchard, 1997). The voltage-clamp protocol
(whole cell mode) for the mouse ventricular myocytes is shown in Fig. 4-3A. A
comparison of exemplar I Ca traces is shown in Fig. 4-3B and of the [Ca2+] i transients in
Fig. 4-3C. Either control Tyrode's solution or isoproterenol (150 nM) was applied 2 min
and 50 s before a 10 s test period of depolarizations was carried out (so that at the end of
the test period the cells had been exposed to isoproterenol for a total of 3 minutes).
During the test period, individual myocytes were depolarized at 1 Hz for 10 seconds, the
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Fig.4-3 [Ca]i transients and ICa in cells treated with isoproterenol and H2O2
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I Ca and the [Ca2+] i transients for the very last of the 10 depolarizations is shown in Fig.
4-3B and 4-3C respectively. H 2 O 2 (100 µM) was applied for 10 s during the test
depolarization following isoproterenol treatment in the experiments labeled "H 2 O 2 plus
iso" experiments. Treatment with isoproterenol (150 nM) produced a significant increase
in both I Ca and the [Ca2+] i transient but the application of H 2 O 2 (100 μM) had no further
effect on them. This is consistent with the absence of any change in I Ca and the [Ca2+] i
transient in the absence of isoproterenol as shown in Chapter 3.

Action potentials (AP). In order to examine the action potential (AP) changes produced
by isoproterenol and H 2 O 2 , current clamp experiments were carried out after adjusting
the resting potential to -80 mV. This enabled us to compare the [Ca2+] i transients
produced by the APs to the Ca2+ signaling studied under voltage clamp. The actual
adjustments in holding current needed to set the membrane potential to -80 mV were
small (30 fA to 1 pA). Current clamp depolarizations (i.e., stimulations) were produced
by the application of 1 nA depolarizing current for 3 ms using HEKA instrumentation.
This produced a depolarizing shoulder followed by a robust action potential (AP), as
shown in Fig. 4-4A. The solution protocol used in these experiments was the same as that
described for the voltage clamp experiments from Fig. 4-3. Briefly, the cell was
superfused with either control solution or one containing isoproterenol (150 nM) for 2
min 50 s before the test period. During the test period, 10 depolarizations at 1 Hz were
applied and the [Ca2+] i transients associated with the AP depolarizations were recorded (
Fig. 4-4A, B). To examine the actions of H 2 O 2 in the presence of β-adrenergic activation,
H 2 O 2 (100 μM) was added during the 10 s test period. The [Ca2+] i transients were clearly
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Fig.4-4 Action potentials and [Ca2+]i transients in cells treated with
isoproterenol and H2O2
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elevated by the isoproterenol (150 nM). When H 2 O 2 was added to the isoproterenol
during the test period, the [Ca2+] i transients were the same as seen during isoproterenol
alone. While these finding are consistent with the voltage clamp results of Fig. 4-3, we
wanted to know if longer exposures to H 2 O 2 would have any effects on I Ca or [Ca2+] i
transients.

Long exposures to H 2 O 2 . After the 3mins exposure to isoproterenol (150 nM),
ventricular myocytes were exposed for a longer period of time to H 2 O 2 (as long as 2 min)
with continued isoproterenol application. The voltage clamp results (using the protocol
described in Fig. 4-3) are shown in Fig. 4-5. Figs. 4-5A and B show I Ca changes with
isoproterenol and with the addition of H 2 O 2 . There is an increase in I Ca produced by the
isoproterenol (150 nM) that is significantly reduced after 1 min and 2 min exposures to
H 2 O 2 (100 μM). This reduction of I Ca is only about 50% of the elevation produced by
isoproterenol (150 nM) alone. Controls show that prolonged exposures to either H 2 O 2 or
isoproterenol alone (up to 2 mins H 2 O 2 alone or 5 mins iso) do not produce any
reductions in I Ca (Fig.4-8).
The [Ca2+] i transient is significantly increased by isoproterenol. There is no
significant reduction in the [Ca2+] i transient by H 2 O 2 in the continued presence of
isoproterenol as shown in Fig. 4-5C and D. However, the reduction in the Ca2+ influx
(decrease in β-adrenergic potentiated I ca peak), in the presence of long exposures to H 2 O 2
raises the question whether or not there may be any changes in the SR Ca2+ content.
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Fig.4-5 [Ca2+] and ICa in cells treated with isoproterenol and H2O2 for up to
2 minutes
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Fig.4-5. Ca2+ Transients and I Ca in cells treated with 150 nM isoproterenol for 3 minutes
followed by 100 μM H 2 O 2 for 2 minutes (A) Typical I ca in cells treated with H 2 O 2 over a 2
minute period after a 3 minute pretreatment with isoproterenol. (B) Mean peak I ca in cells treated
with H 2 O 2 over a 2 minute period after 3 mins of isoproterenol. (C) Representative normalized
Ca2+ transient from a cell treated with H 2 O 2 over a 2 minute period after 3 min isoproterenol.
(D) Mean peak Ca2+ transient in cells treated with H 2 O 2 for 2 minutes after 3 min
isoproterenol.(n=5)
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How does H 2 O 2 affect SR Ca2+ content in the presence of isoproterenol? Caffeine (10
mM) was added to the superfusion solution, as described in Fig. 4-2 and Methods, to
measure SR Ca2+ content. Control was compared to isoproterenol (150 nM, 3 min) and to
isoproterenol and H 2 O 2 (H 2 O 2 , 100 μM, added in the last 10 s) and the data are displayed
in Fig. 4-6A, B and C, respectively. A comparison of the running integrals of I NCX for the
three experimental conditions is shown in Fig. 4-6D and the statistical comparison is
shown in Fig. 4-6E. The SR Ca2+ content is significantly increased after exposure to
isoproterenol and was not changed by H 2 O 2 . The control SR Ca2+ content is shown as a
black dashed line while the reduction in SR Ca2+ content produced by H 2 O 2 (from
chapter 3) is shown by the dashed red line. It is surprising that in the presence of
isoproterenol, H 2 O 2 does not rapidly reduce SR Ca2+ content, as it does so under control
conditions (see chapter 3).

SERCA activity. Using the kinetic analysis described in the Methods and in Chapter 3, an
estimate of the relative SERCA rate was made using the kinetics of the fall of the [Ca2+] i
transient (sysExp, red) and the kinetics of the fall of the caffeine transient (caffExp,
green). The SERCA rate is faster following isoproterenol (150 nM) compared to control
and this faster rate is not changed by the application of H 2 O 2 (100 μM, 10 s). However,
when the control SERCA rate (black dashed line) is compared to H 2 O 2 alone (red dashed
line), H 2 O 2 decreases the SERCA rate (from 3).
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Fig.4-6 Steady state SR Ca2+ Content in cells treated with isoproterenol and
H2O2
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Fig.4-6. Steady state SR Ca2+ content in cells treated with isoproterenol for 3 minutes
before 100 μM H 2 O 2 for 10 seconds (A) Calculation of SR Ca2+ content, after steady state
stimulation membrane potential is held at -80 mV and 10 mM caffeine is applied for 10 s, the
resulting inward I NCX current (upper panels) are then integrated (middle panels) to yield SR
content. (A) I NCX current in control (black), Iso (green) Iso + H 2 O 2 treated cells (red). (B)
Integrated I NCX current for control (black), Iso (green) and Iso + H 2 O 2 treated cells (red). (C) A
merge of integrated I NCX currents from control, Iso and Iso + H 2 O 2 treated cells. (D) Mean data
showing SR Ca2+ content in control (black), Iso (green) and Iso + H 2 O 2 treated cells (red check).
(n=10). Dotted lines across bars in ‘D’ represent levels of similar measurements in control
(black) and H 2 O 2 (red) cells.
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Discussion
Here we investigated the actions of H 2 O 2 on cardiac myocytes that had been treated
briefly with a low concentration of the beta adrenergic agonist, isoproterenol (150 nM, 3
mins) an activator of protein kinase A (PKA). While we have shown (chapter 3) that
reversible changes in RYR2, SERCA and NCX function, with concomitant changes in
Ca2+ spark rate and SR Ca2+ content are produced by rapid treatment of cardiac myocytes
with H 2 O 2 (100 µM, 10 s), there were no changes in either I Ca or [Ca2+] i transients under
these conditions. However in the presence of isoproterenol the actions of H 2 O 2 are not
the same as the actions of H 2 O 2 alone. One would assume that the two modulators of key
cellular proteins would produce independent, non-occluding actions. For example, if
H 2 O 2 oxidizes a target residue in the protein that has a physiological effect and the
residue target is different for the protein kinase A (PKA) dependent phosphorylation,
then the actions of H 2 O 2 and isoproterenol acting through PKA should be independent.
However our observations suggest that they are not.

H 2 O 2 affects Ca2+ sparks. In Chapter 3, we saw that the application of H 2 O 2 alone
rapidly and reversibly increases the Ca2+ spark rate. These data are indicated in Fig. 4-1
as dashed lines (H 2 O 2 - dashed red line; control - dashed black line). A similar increase
in the Ca2+ spark rate is produced by isoproterenol (150 nM, 2 min 40 s) but there is no
further increase in the Ca2+ spark rate when H 2 O 2 is applied after isoproterenol treatment.
If the actions of H 2 O 2 and isoproterenol were independent, then H 2 O 2 would be expected
to produce an additional increase upon application assuming that the maximum spark rate
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Fig.4-7 SERCA turnover rate in cells treated with isoproternol and H2O2
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Fig.4-7. SERCA turnover rate in cells treated with isoproterenol for 3 min followed by 100
μM H 2 O 2 for 10 s (A) Schematic of voltage protocol used to elicit I NCX and systolic (sys) and
caffeine (caff) transients in ‘B’ and ‘C’. (B) Typical normalized membrane current in a cell
treated with isoproterenol for 3 mins showing I ca at 0 mV and caffeine induced I NCX . After
steady state stimulation (sys) cells are held and -80mV and then 10 mM caffeine is applied for
10s. (C) Typical Ca2+ transients in ‘C’ showing single exponential fits to acquire decay rate
constant for sys (red) and caff (green). (D) Mean SERCA function in control (black), Iso (green)
and Iso + H 2 O 2 cells (red check). (n=10)
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has not been reached. While H 2 O 2 alone is readily reversible, the application of
isoproterenol alone is not. From our methods it is not clear what residues on the RyR2 are
the likely targets for PKA versus H 2 O 2 but it seems unlikely that they are identical since
PKA is likely to phosphorylate a serine or a threonine while H 2 O 2 is likely to oxidize a
cysteine. It is also not known if either phosphorylation or oxidation of RyR2 results in
different, unique conformational changes in the protein that will affect protein function.
However the lack of an additive effect suggests that isoproterenol-induced
phosphorylation either overrides the effects of oxidation or achieves maximum spark rate
by itself so that H 2 O 2 has no further effect.

H 2 O 2 modulation of the effects of isoproterenol. Oxidation is known to affect the
function of SERCA (Murphy, 1976), RyR2 (Favero et al., 1995; Wang et al., 1999) , I Ca
(Guo et al., 2000; Viola et al., 2007) and NCX (Hinata et al., 2007; Kuster et al., 2010) .
However the effect of isoproterenol treatment and the resulting PKA activation is not
known in the presence of an oxidant. The expected phosphorylation or the targets could
be significantly altered by ROS. More work would be required to investigate the
possibilities.

SERCA and SR Ca2+ content. SERCA is modulated by PKA through its action on
phospholamban (PLN). When Ser16 and Thr17 on PLN are phosphorylated by PKA and/or
CaMKII respectively (Li et al., 2000) (Witcher et al., 1991), the inhibitory action of PLN
on SERCA is removed as PLN dissociates from SERCA. Thus phosphorylation of PLN
leads to an increase in SERCA turnover rate and an increase in the SR Ca2+ content.
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While we had previously observed a clear inhibitory action of H 2 O 2 on SERCA function
(Fig. 4-2E, dashed red line), in the absence of isoproterenol, there was no significant
inhibition that occurred in its presence of isoproterenol (Fig. 4-2E). At this time we do
not know why H 2 O 2 does not inhibit SERCA following isoproterenol treatment. Further
studies are needed to elucidate how β-adrenergic activation negates the effects of H 2 O 2
on SR Ca2+ content and SERCA function.

I Ca and the [Ca2+] i transient. Neither I Ca nor the [Ca2+] i transient is increased or altered
by H 2 O 2 alone (100 μM, 10 s) or for longer periods. However, when H 2 O 2 is applied
after treatment with isoproterenol, I Ca decreases with longer times of exposure (Fig. 4-5A
and B). This suggests that H 2 O 2 may have an action on the L-type Ca2+ channel (LTCC)
protein even if the change is "silent" in the absence of isoproterenol. The [Ca2+] i transient
is not altered by prolonged exposure to H 2 O 2 even when H 2 O 2 is applied in the presence
of isoproterenol. Since the [Ca2+] i transient depends critically on Ca2+-induced Ca2+
release and the activation of many Ca2+ sparks, and this depends on both I Ca and RyR2s,
it is surprising that I Ca is altered while the [Ca2+] i transient is not.

Proteomic investigation needed. That oxidation affects many proteins involved in Ca2+
signaling in heart is not surprising. As noted above, there is abundant evidence that
oxidation is both a physiological signal (Liu et al., 1995; Kimura et al., 2005; Prosser et
al., 2011) and also a pathophysiological signal (Li et al., 2002a; Meischl et al., 2006).
The surprising finding in this report is how isoproterenol treatment blocks the
independent actions of H 2 O 2 . Since isoproterenol presumably acts on various target
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Fig.4-8 Ca2+ transients and ICa in cells treated with isoproterenol for up to 5 minutes.

0

-5

-10

-15

*

B

106

8

6

*

4

2

0

Fig.4-8. Ca2+ transients and I Ca in cells treated with isoproterenol for 5 minutes. (A) Mean
I Ca at different time points in cells treated with isoproterenol for up to 5 mins. (B) Mean Ca2+
transients in cells treated with isoproterenol for up to 5 mins.

107

proteins (e.g. SERCA, RyR2, LTCC) by inducing either their phosphorylation or that of
their associated regulatory proteins, knowing how the phosphorylation and oxidation
interact physiologically should provide valuable information on the regulation of E-C
coupling. We speculate that the simplest and most direct next step would be to identify
and characterize post-translational modifications of each critical residue.

Conclusion. We have examined how post-translational modification (PTM) of proteins
critical to cardiac Ca2+ signaling function, following oxidation and phosphorylation,
using H 2 O 2 and isoproterenol respectively. We were surprised that the seemingly
independent process, oxidation and phosphorylation, do not have apparent additive
effects on protein function. This suggests that critical protein conformations are
dependent on residues subject to distinct post translation modifications. Elucidating these
functional interactions will require identification of the residue(s) involved in each of the
oxidation and phosphorylation processes. A proteomic investigation of these post
translational modifications is likely to be the most direct path of further investigation.

Further Discussion and Future experiments
β-AR phosphorylation via PKA vs CaMKII mediated phosphorylation.
PKA and CaMKII phosphorylate the same target proteins in ventricular myocytes on
different residues. Both PKA and CamKII can phosphorylate Phospholamban (PLN) (a
SERCA accessory protein) on Ser16 (Li et al., 2000) and thr17 (Hagemann & Xiao, 2002)
respectively. Phosphorylation of PLN by either PKA or CaMKII has the same effect;
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dissociation of PLN from SERCA and an increase in SERCA activity (Hagemann &
Xiao, 2002). We have shown previously (Chapter 3) that CaMKII is not involved in the
H 2 O 2 -mediated increase in Ca2+ sparks under our experimental conditions, however, its
role in H 2 O 2 mediated SR Ca2+ load depletion is unclear since both inhibition of CaMKII
and application of H 2 O 2 will be expected to decrease SR Ca2+ load. Both PKA and
CaMKII can also phosphorylate RyR on the same residue Ser2809 (Witcher et al., 1991;
Marx et al., 2000), although some evidence suggests that CaMKII can phosphorylate
additional RyR residues in vitro (Rodriguez et al., 2003). The effect of PKA
phosphorylation on RyR is unclear. One suggested effect is that phosphorylation by PKA
causes dissociation of FKBP 12.6 ( an RyR regulator) and a change in channel gating
(Marx et al., 2000), however this theory has been refuted by Guo et al. (2010) who show
that PKA mediated phosphorylation of RyR affects neither association of FKBP 12.6
with RYR nor channel gating. The effect of CaMKII-mediated phosphorylation of is
purported to increase channel open probability as well (Wehrens et al., 2004). Activation
of both PKA and CaMKII in ventricular myocytes results in an increase in Ca2+ sparks.
Since these kinases also phosphorylate PLN on SERCA, the increase in Ca2+ sparks may
be secondary to the increase in SR Ca2+ load caused by PLN phosphorylation and not a
result of RyR phosphorylation itself (Li et al., 2002b). It has therefore been difficult to
determine the effect of phosphorylation on RYR in intact cells. Although both CaMKII
and PKA have similar target proteins there is evidence that phosphorylation of PLN by
both kinases has a synergistic effect, indicative of independent actions of the
phosphorylation by the two kinases (Hagemann & Xiao, 2002). ROS has been shown to
activate CaMKII, but because CaMKII is also activated by increased intracellular Ca2+,
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which can result from β-AR activation, it is difficult to separate the two. CaMKII may
thus play a role in β-adrenergic activation even in the absence of ROS and further
elevations in ROS may have no effect on the already activated kinase. In our
experiments, there was no evidence of a potentiation of β-AR activation on SERCA
function with the application of H 2 O 2 suggesting that CaMKII is not further activated by
H 2 O 2 under these experimental conditions.

β-adrenergic activation and H 2 O 2 . H 2 O 2 neither increases spark rate nor depletes SR
load in the presence of prior β-adrenergic activation. Because the target residues for βadrenergic induced phosphorylation in RyR (Ser) (Marx et al., 2000) and PLN (Ser)
(Simmerman et al., 1986) differ from the proposed residues susceptible to oxidation
(Cys) (Dulhunty et al., 2000), it is unlikely that the effects of oxidation are prevented by
phosphorylation of the same residues. It is more likely that phosphorylation causes a
change in the protein that either makes cysteine residues unavailable for oxidation or
negates the effects of oxidation. One surprising result was the decrease in β-adrenergic
potentiation of I Ca when H 2 O 2 was applied for up 1 minute. This effectively caused a
gain in E-C coupling. A possible explanation may lie in the nature of β-AR regulation.
Activation of β-ARs causes an increase in cyclic AMP which activates PKA.
Deactivation or reversal of β-AR activation requires phosphatases to dephosphorylate
target proteins and phosphodiesterases (PDE) to degrade cAMP. ROS has been shown to
activate certain PDEs (Farrow et al., 2012). This may explain the fact that while the β-AR
potentiation of I Ca is decreased with exposure to H 2 O 2 , basal I Ca levels are unaffected by
H 2 O 2 , as these have no dependence on cAMP. This raises another question; why is this
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effect seen only in I Ca and not in other Ca2+ signaling parameters that are increased by βAR activation? Some studies have suggested that β-AR activation of LTCC involves
localized elevations of cAMP spatially restricted around the channel, so that in some
cases I Ca can be potentiated with no effect on phospholamban (Altschuld et al., 1995)
(Xiao & Lakatta, 1993). If this is true, then exogenously applied H 2 O 2 , which can be
assumed to rapidly cross the cell membrane on which LTCC is located can activate
PDE’s in that location first and thus cause a change in I Ca much earlier before such a
change is seen in other proteins like RyR and SERCA.

Future experiments
β-AR activation on the effects of oxidation - The results of the experiments in this section
suggest that β-AR-induced phosphorylation overrides the effects of oxidation. This may
be due to the fact that H 2 O 2 is applied after β-adrenergic activation. β-AR-induced
phosphorylation of residues on target proteins may occlude cysteine residues susceptible
to oxidation by H 2 O 2 . A question that arises is, does β-AR activation still negate the
effects of oxidation, if oxidation occurs prior to β-AR activation. To test this, H 2 O 2 will
be applied 1 minute into the 3 minute isoproterenol activation. (β-AR activation occurs
after at least 2 minutes of isoproterenol perfusion). Ca2+sparks, SR Ca2+ load and I Ca
would be measured at intervals of 30 s.

Rescuing H 2 O 2 depression of I Ca β-AR potentiation - If H 2 O 2 decreases β-ARinduced potentiation of I Ca via activation of phosphodiesterase 3 (PDE3) or
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phosphodiesterase 4 (PDE4), then blocking PDE3 or PDE4 should rescue the H 2 O 2 induced depression of I Ca β-AR potentiation. Cells will be treated with either the PDE3
specific inhibitor (cilostamide) or the PDE4 specific inhibitor (Rolipram) before
isoproterenol-induced β-AR activation followed by 2 minutes of H 2 O 2 . I Ca will be
measured at intervals of 30 s. If either PDE is involved in the H 2 O 2 -induced decrease of
β-AR I Ca potentiation, inhibiting them should rescue β-AR potentiation of I Ca at the 1-2
minute time points.
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Chapter 5
NOX2 overexpression and Ca2+ signaling in mouse ventricular myocytes
Introduction
The family of NADPH oxidases, NOX, is the only family of enzymes known to have
ROS generation as their primary function. One of the members of this family, NOX2, has
been shown to be expressed in the heart (Bendall et al., 2002; Li et al., 2002a; UshioFukai, 2009). Since NOX2 has specific locations in the cell (Brown & Griendling, 2009;
Ushio-Fukai, 2009), endogenous ROS signaling by NOX2 may be spatially restricted to
specific targets. This allows a level of control that may not be achievable by exogenous
application of ROS. NOX2 which may be activated by G coupled receptor agonists such
as Angiotensin II (Griendling et al., 1994; Bendall et al., 2002) and endothelin 1 or by
other stimuli such as stretch, has been implicated in cardiac remodeling (Li et al., 2002a),
ischemic preconditioning, changes in gene expression (Ushio-Fukai & Urao, 2009) and
regulation of secondary messengers, such as kinases and phosphatases (Griendling et al.,
2000). However, the effect of NOX activation on Ca2+ signaling in the cardiac cell
remains unknown.
Here we study the effect of NOX2 overexpression on Ca2+ sparks and EC
coupling at basal levels and when NOX2 is activated by Angiotensin II (Ang II). We
show that activation of NOX2 by Ang-II, increases [Ca2+] i peak as well as SR Ca2+
content and SERCA turnover rate in NOX2-TG ventricular myocytes.

113

Results
Chapters 3 and 4 present results that show how physiological levels of H 2 O 2 that were
applied extracellularly can affect Ca2+ signaling function in murine ventricular myocytes.
Here we begin to examine how intracellular sources of ROS (including H 2 O 2 ) modulate
Ca2+ signaling proteins under physiological conditions using NOX2 transgenic mice
(NOX2-TG) that overexpress NOX2 at twice the normal levels. This work has been made
possible by collaboration with Prof. Ben Prosser (UMB, January 2013, University of
Pennsylvania) and Prof. Ajay Shah (Kings College London) and the work presented here
is the part of a manuscript (in preparation) in collaboration with Profs. Prosser and Shah.

Ca2+ signaling in NOX2 overexpressing murine model. Voltage clamp experiments with
simultaneous confocal Ca2+ imaging were carried out in single mouse heart cells to
examine I Ca and [Ca2+] i transients. Fig. 5-1 shows the voltage protocol (panel A) and
resulting I Ca (panel B) measurements after stepwise depolarizations from the holding
potential ((-80 mV) to -50 mV to +40 mV in (10 mV steps) for 200 ms each). The
current-voltage (IV) plot resulting from this protocol is shown in Fig. 5-1C. The two data
sets compare the I Ca IV plots from control mouse ventricular myocytes to those from the
NOX2-TG and show no significant difference. Despite the absence of difference in I Ca ,
there is a significant decrease in the [Ca2+] i transients for depolarizations between -30
mV to +10 mV (Fig. 5-1D). This result is counter-intuitive, based on the results of
Chapter 3 and 4, which show that H 2 O 2 increases the open probability of RyR2 and on
the work of (Prosser et al., 2011) which shows enhanced signaling due to X-ROS. Put
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Fig.5-1 IV and V-Ca2+ curves in Wild type and NOX2 overexpressing cells
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Fig.5-1. IV and V-Ca2+ curves in wild type and NOX2 overexpressing cells (NOX2-TG). (A)
Voltage protocol used to produce IV and V-Ca2+ curves. (B) Typical currents from a cell in
response to the voltage protocol in ‘A’. (C) IV curve for WT (black) and NOX2-TG (blue) cells.
(D) V-Ca2+ curves in WT (black) and NOX2 (blue). (E) IV curves in WT (red) and NOX2-TG
(purple) cells treated with isoproterenol. Dotted lines show IV curves of untreated WT (black)
and NOX2 (blue) for comparison. (F) V-Ca2+ curves in WT (red) and NOX2 (purple) cells
treated with isoproterenol.
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another way, the increased expression of NOX2 in the NOX2-TG animals appears to
have reduced activation efficacy of the [Ca2+] i transient by I Ca . This is often referred to as
a decrease in EC coupling "gain," here viewed as ∆[Ca2+] i /∆I Ca . To further examine this
result, the experiments were repeated following 3 min exposures to isoproterenol (150
nM), a treatment that activates PKA and affects many of the Ca2+ signaling proteins. Fig.
5-1E shows the result of this treatment for control (WT) and NOX2-TG ventricular
myocytes with respect to I Ca . As in the absence of isoproterenol, the IV plots for this
treatment show that I Ca was the same for both WT and NOX2-TG. There was, however,
an identical increase in the magnitude of the I Ca current for both WT and NOX2-TG
cells. Compare these results to the dashed black (control) and blue (NOX2-TG) traces
done in the absence of isoproterenol in Fig. 5-1C. The addition of isoproterenol changed
the [Ca2+] i transient as a function of voltage so that both the control (WT) and NOX2-TG
results were increased to the same level.

Actions of Angiotensin II (AngII) on Ca2+ signaling. Angiotensin II (1 μM) was applied
to control (WT) and NOX2-TG mouse ventricular myocytes for 15 minutes (as used to
activate NOX 2 in (Lee et al., 2013) before cells were studied with the same voltage
clamp protocol used for the experiments shown in Fig. 5-1. Fig. 5-1A shows that the
application of Angiotensin II did not change the I Ca IV plot for control myocytes but
produced a significant increase in NOX2-TG myocytes over the voltage range -20 mV to
+10 mV. Despite the increase in I Ca in the NOX2-TG myocytes produced by
Angiotensin II, there was no significant change in the [Ca2+] i transients produced by
Angiotensin II in either control or NOX2-TG myocytes as shown in Fig. 5-2C and D.
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Comparison among all four measures of I Ca and the [Ca2+] i transients are shown in Figs.
5-2E and F, respectively. Fig. 5-2E shows that there was a rightward shift in the IV for
NOX2-TG following Angiotensin II application compared to control (WT) cells. This can
be seen from the significant difference in Ica peaks at +10 and +20 mV between WT-Ang
II (green) and NOX2-TG-AngII cells (red), a difference which diminishes at more
negative voltages (-40 and -50 mV). Fig. 5-2F shows that the [Ca2+] i transients from 30mV to +10 mV in both WT and WT-AngII were significantly greater than both NOX2TG and NOX2-TG-AngII. This shows that the decreased EC coupling gain seen in
NOX2-TG myocytes was not improved by Angiotensin II treatment, unlike the
improvement seen with isoproterenol shown in Fig. 5-1.

Angiotensin II in the NOXII-TG myocyte. Further investigation of the NOX2-TG
ventricular myocytes was carried out using the PKA, activator isoproterenol. WT or
NOX2-TG cells were first pre-treated with Angiotensin II (1 µM, 15 min; designated
WT-AngII and NOX2-TG-AngII). Isoproterenol was applied for 3 minutes to WT, WTAngII, NOX2-TG or NOX2-TG-Ang II myocytes. Fig. 5-3 shows that Angiotensin II
pre-treatment of the WT, but not the NOX2-TG myocytes increased the I Ca and the
[Ca2+] i transient (Figs. 5-3A-D). The relative increase in these measures by Angiotensin
II pre-treatment is shown in Figs. 5-3E and F. The question that arises is what is it about
the NOX2-TG myocyte that suppresses the effect of Angiotensin II pre-treatment?
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Fig.5-2 IV and Ca2+ transients in Wildtype and NOX2 overexpressing cells treated
with the NOX2 activator Angiotensin II
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Fig.5-2. IV and V-Ca2+ curves in WT and NOX2-TG cells treated with NOX activator
Angiotensin II (Ang II) for 15 minutes. (A) IV curves in control WT cells (black) and Ang-II
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to IV curves in ‘E’.
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Fig.5-3 IV and V-Ca2+ in NOX2 overexpressing cells treated with the NOX activator
Ang-II followed by isoproterenol.
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Fig.5-3. IV and V-Ca2+ curves in WT and NOX2-TG cells treated with Ang II for 15
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SERCA in the NOX2-TG myocyte. To examine the action of Angiotensin II on SERCA to
determine how this critical Ca2+ signaling protein responds, experiments similar to those
in Chapters 3 and 4 were carried out in NOX2-TG myocytes. The experimental protocol
shown in Fig. 5-4A and C were used. Following a depolarization to activate a [Ca2+] i
transient, caffeine (10 mM) was applied to release all of the Ca2+ in the SR (Fig. 5-4B).
I NCX was measured during the caffeine induced SR Ca2+ release. The kinetics of the
[Ca2+] i transient (Fig. 5-4D) and the caffeine Ca2+ transient were used to estimate
SERCA kinetics (Fig. 5-4E). The integral of I NCX provides an estimate of the amount of
Ca2+ in the SR (Fig. 5-4F). These experiments show that in the NOX2-TG myocyte that
SERCA acts at a high rate and this leads to a greater amount of Ca2+ in the SR.

Discussion
In this study, the effect of NOX2 overexpression on Ca2+ signaling in cardiac ventricular
myocytes was investigated by voltage clamp and simultaneous confocal imaging of
fluorescent Ca2+ indicators. Although I Ca was unchanged in cells from NOX2
overexpressing animals, [Ca2+] i transient peaks were depressed. Isoproterenol increased
I Ca and [Ca2+] i transient peaks similar to wild type cells. The NOX2 activator,
Angiotensin II (Ang II), increased I Ca at specific voltages in NOX2-TG cells but had no
effect on [Ca2+] i transients in these cells nor on any of the measured parameters in wild
type cells. To further explore the effects of NOX2 overexpression on Ca2+ signaling, cells
pretreated with Angiotensin II were further exposed to the β-adrenergic receptor agonist
isoproterenol. Pretreatment with Angiotensin II elicited no further changes in NOX2-TG
cells response to isoproterenol, although in wild type cells, pretreatment with Angiotensin
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Fig.5-4 SR Ca2+ content and SERCA function in NOX2 overexpressing cells treated
the NOX2 activator Ang-II
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Fig.5-4. SR Ca2+ content and SERCA turnover rate in NOX2-TG cells treated with
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II potentiated the response to isoproterenol. Lastly to draw parallels between the role of
NOX2 activation and experiments shown in chapter 3, SR Ca2+ load and SERCA
function were measured in NOX2-TG cells treated with Angiotensin II. SR Ca2+ load
and SERCA turnover rate were increased in NOX2-TG cells pretreated with Angiotensin
II. This is surprising, since Ca2+ transients in response to Angiotensin II remains
depressed in these cells when compared to their wild type controls.
In Chapter 3 we had shown that exposure to H 2 O 2 for up to 2 minutes had no
effect on either I Ca and [Ca2+] i , it was, therefore, surprising to see that in NOX2-TG cells
I Ca is increased at some voltages in response to Angiotensin II. Another confounding
result was the increase in SR Ca2+ load and SERCA turnover rate seen when these cells
are treated with Angiotensin II, because we and others have seen a decrease in both
parameters with as short as a 10 s H 2 O 2 exposure (Goldhaber & Liu, 1994b; Greensmith
et al., 2010). One explanation for these differences, is the spatial limitation of ROS
signaling by NOX2 compared to the potentially diffused signaling by exogenously
applied H 2 O 2 (Ushio-Fukai, 2009). It is reported that NOX2 is found predominantly on
the cell membrane (Cave et al., 2006). Since in cardiac cells, the T-tubule membrane is
closely apposed to the Ryanodine receptor (RyR) and the junctional SR (j-SR), activation
of NOX2 may lead to specific targeting of these proteins by ROS in time and space.
Another unexpected finding was the potentiation of the effects of isoproterenol by
Angiotensin II in wild type cells that was absent in NOX2-TG cells. It is unclear what is
responsible for the lack of a similar response in NOX2-TG cells. However the results in
wild type cells raise the interesting question of how Angiotensin II treatment potentiates
β-adrenergic signaling.
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While this study suggests a role for NOX2 activation in cardiac Ca2+ signaling, it
raises many questions which we plan to further explore (See future directions).

Further Discussion and Future Experiments
The assumption in these experiments is that pretreatment with Angiotensin II (Ang II)
activates ROS production via NOX2. Angiotensin II may activate other pathways in
ventricular myocytes, however, we assume the difference between WT cells treated with
Angiotensin II and NOX2-TG cells treated with Angiotensin II is the increased
generation of ROS via NOX2. The effect of NOX2 overexpression on Ca2+ signaling is
markedly different from what we have shown for acute exposure of cells to H 2 O 2 . Unlike
what was observed H 2 O 2 treated ventricular myocytes, in NOX2-TG ventricular
myocytes, [Ca2+] i transients were decreased both in the presence and absence of
Angiotensin II pretreatment. Angiotensin II increased I Ca in NOX2-TG cells compared to
their age matched WT controls. Angiotensin II also increased SR Ca2+ load and SERCA
activity in NOX2-TG ventricular myocytes. These conflicting results may be the outcome
of NOX2 activation for about 15 minutes compared to the 10 s H 2 O 2 application protocol
we used. They may, however, also reflect compensatory changes due to NOX2
overexpression.
Angiotensin II on I Ca and SR Ca2+ load in NOX2-TG. Activation of NOX2 with
Angiotensin II causes an increase in I Ca in NOX2-TG cells, since this was not observed in
WT controls we assume this is a ROS dependent response. This may differ in the
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response seen in WT cells exposed to H 2 O 2 for 10 s, due to a longer ROS elevation (cells
were pretreated with Angiotensin II for 15 minutes) and a better spatially resolved
elevation of ROS levels due to NOX2’s specific location in the cell. Longer elevations of
ROS may allow ROS activation of CaMKII, as has been demonstrated by (Erickson et
al., 2008). CaMKII- mediated phosphorylation of LTCC has been shown to increase I Ca
(Yuan & Bers, 1994). This may also explain the increase in SR Ca2+ load observed in
NOX2-TG cells pretreated with Angiotensin II as CaMKII-mediated phosphorylation of
PLN causes an increase in SERCA activity.
Angiotensin II- potentiation of β-AR response in WT cells compared to NOX2-TG.
One surprising observation is that pretreatment with Angiotensin II increased the peak
current and [Ca2+] i transient peaks in isoproterenol-treated WT cells, a similar response
was, however, absent in NOX2-TG cells. This suggests that the Angiotensin II
potentiation of β-AR activation is not only ROS or NOX2 independent but may also be
abrogated by ROS/NOX2. Angiotensin II activation of AT receptors results not only in
NOX2 activation, but also in the activation of a variety of signaling pathways, one of
which is activation of PKC (De Mello & Danser, 2000). Studies suggest that
phosphorylation of LTCC by PKC modulates I Ca and PKC has been shown to interact
with PKA to modulate cardiac function (Kamp & Hell, 2000). If this is correct, it still
doesn’t answer the question, why is this absent in NOX2-TG ventricular myocytes? If we
assume the only difference between control and NOX2-TG ventricular myocytes is the
level of ROS, then NOX2 generated ROS must be inhibiting the potentiation of β-AR
activation by Angiotensin II. It is possible that ROS or a ROS activated pathway inhibits
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an alternate ROS independent Angiotensin II-activated pathway that activates PKC. This
will require further study.

Future experiments
Is ROS necessary for the increase in I Ca and SR Ca2+ load in Angiotensin II
treated NOX2-TG ventricular myocytes? I Ca and SR Ca2+ load will be measured in
NOX2-TG ventricular myocytes pretreated with the ROS scavenger NAC followed by
Angiotensin II. If the effect of Angiotensin II on I Ca and SR Ca2+ load seen in these cells
is ROS dependent, scavenging ROS should abolish the effect.

Is CaMKII necessary for the increase in I Ca and SR Ca2+ load in Angiotensin II
treated NOX2-TG ventricular myocytes? To determine if ROS acts through CaMKII to
mediate the increase in I Ca and SR Ca2+ load seen in Angiotensin II – treated NOX2-TG
ventricular myocytes, NOX2-TG ventricular myocytes will be pretreated with the
CaMKII inhibitor, KN-93, before treatment with Angiotensin II. If the increase in I Ca and
SR Ca2+ load in NOX2-TG cells is CaMKII dependent, inhibiting CaMKII should
prevent this increase.

Is PKC required for the Angiotensin I I-potentiation of β-adrenergic signaling in
WT control cells? To test the hypothesis that Angiotensin II-activated PKC is involved in
Ang II potentiation of β-AR activation in control cells. Ventricular myocytes from
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control cells will be pretreated with a PKC inhibitor before Angiotensin II treatment
followed by isoproterenol-induced β-AR activation. I Ca and [Ca2+] i transients will then be
measured. If the increase in I Ca and [Ca2+] i transients seen with Angiotensin II followed
by isoproterenol in WT cells is PKC dependent, then inhibiting PKC should negate it.

A note on NOX2-TG - ROS levels are usually tightly controlled in the cell, in
NOX2-TG mice, we assume that even at basal levels they generate a higher amount of
ROS than WT cells. However, there may be compensatory changes in NOX-TG animals
that ramp up ROS scavenging machinery thereby drastically reducing ROS levels in the
cells. It is therefore possible that in these cells, due to compensation, actual ROS levels
may be lower than we assume, even lower than that found in WT cells.
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Chapter 6
Discussion and Future Directions
Reactive Oxygen Species (ROS) are oxygen derived small molecules including
superoxide (O 2 .-) and the hydroxyl radical (.OH) and reactants like H 2 O 2 . They are
ubiquitous in the cardiovascular system either as byproducts of enzymatic processes
(Balaban et al., 2005) or primary products of the NOX family (Altenhofer et al., 2012).
Due to their reactive nature, they have the ability to alter a number of cellular
components like proteins, lipids, carbohydrates and nucleic acids. The effects of ROS on
proteins may alter their function and have been shown to modify cardiac function by
effecting changes in gene expression, modifying the activity of various kinases or
phosphatases and by direct modification of functional proteins by oxidation.
Acute ROS in Cardiac Ca2+ signaling: The cardiac Ca2+ signal is the means by which
the electrical impulse of the action potential is converted into the mechanical force that
results in the heart beat. Changes in any of the measurable components of Ca2+ signaling
such as Ca2+ sparks, [Ca2+] i transients, I Ca and SR Ca2+ content can fine tune cardiac
function. The effects of ROS, in the form of H 2 O 2 , on these various components of Ca2+
signaling has been unclear, this has been further confounded by the fact that different
concentrations or durations of exposure seem to elicit different responses in the Ca2+
signaling machinery. One of the goals of this study was to look at the effects of a specific
concentration of H 2 O 2 applied for a specific duration, on Ca2+ cardiac signaling. We
found that acute exposure of mouse cardiac cells to H 2 O 2 increased SR Ca2+ leak
through RyR and depressed SR Ca2+ content without affecting EC coupling in the form of
I Ca or [Ca2+] i transients. This is surprising because our understanding of Ca2+ signaling
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suggests that a decrease in Ca2+ available for transients (SR Ca2+ content) should result in
a concurrent decrease in [Ca2+] i transients. It therefore suggests that there are other
effects of H 2 O 2 signaling that have somehow preserved EC coupling by increasing
fractional SR release.
ROS and β-adrenergic signaling: The few studies on the interaction of ROS with βadrenergic activation are inconclusive. In this work we wanted to see how H 2 O 2 applied
for a short period of time during isoproterenol induced β-adrenergic activation would
affect Ca2+ signaling. Our findings were surprising, as H 2 O 2 had no effect on
isoproterenol induced changes in Ca2+ sparks, [Ca2+] i transients, I Ca , SR Ca2+ load and
SERCA turnover rate. In fact one of the major effects of H 2 O 2 ; SR Ca2+ load depletion
was prevented by pretreatment with isoproterenol. Also, unlike what was seen in cells
treated with H 2 O 2 alone, in which I Ca remained unchanged even with H 2 O 2 application
for up to 2 minutes, in isoproterenol-treated cells H 2 O 2 began to diminish the
potentiation of I Ca after 1 minute. While no explanation for this readily presents itself,
and the known residues for phosphorylation and oxidation differ in most proteins. We do
not fully understand how oxidation affects proteins and how this may be affected or
prevented by prior or ongoing protein phosphorylation. An investigation into residues
oxidized in the target proteins will shed further light on how oxidation and
phosphorylation may interact to modulate protein function.
NOX2 overexpressing cells: Although earlier experiments were designed to mimic
physiological ROS levels, an investigation of the effects of endogenous ROS itself on
Ca2+ signaling is necessary. To do this we used a mouse model of NOX2 overexpression
and activated NOX2 with Angiotensin II. In NOX2 overexpressing cells, I Ca was
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increased at certain voltages with Angiotensin II treatment, shifting the IV curve slightly
to the right. Further treatment with isoproterenol did not change either I Ca or [Ca2+] i
transients in these cells. In quite an astonishing turn of events, pretreatment with
Angiotensin II potentiated both the I Ca and [Ca2+] i response in wild type control cells.
This raises a few questions: Is the lack of a similar response in NOX2-TG cells a result of
some compensatory mechanism? What is the confluence point of Angiotensin II
signaling and β-adrenergic activation? Is it truly a ROS effect or is the ROS dependent
effect an inhibition of this potentiation in NOX2 cells? Why is the response in NOX2-TG
cells treated with Angiotensin II different from that in WT cells treated with H 2 O 2 ?
Conclusions: Overall the experiments presented here show that exposure of the cell to
short bursts of H 2 O 2 (and probably other ROS) at low concentrations, causes an increase
in spark rate and a steep decrease in SR Ca2+ content without affecting E-C coupling. In
addition, H 2 O 2 in short bursts has no effect on Ca2+ signaling in the presence of
isoproterenol induced β-adrenergic activation. Some of these results raise important
questions that provide a starting point for further investigation, not only into the effects of
ROS on Ca2+ signaling in the cardiac cell but into the nuances of cardiac Ca2+ signaling
as a whole.
Significance: ROS has long been implicated in cardiac dysfunction, for instance, ROS
levels are increased during myocardial infarction and in animal models of atrial
fibrillation (Singal et al., 1998). ROS have also been implicated in heart failure (Tsutsui
et al., 2011), however, therapies aimed at scavenging ROS have not been successful in
preventing or treating cardiac disease (Yusuf et al., 2000; Vivekananthan et al., 2003;
Lee et al., 2005). More recently, some beneficial effects have been attributed to ROS
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such as ischemic preconditioning (Tritto et al., 1997; Murphy & Steenbergen, 2008) and
participation in Ca2+ signaling (Prosser et al., 2011). It is therefore becoming clearer that
ROS themselves may not be detrimental. This makes it important to differentiate between
the detrimental and beneficial effects of ROS. Understanding ROS in all their roles is
necessary order to prevent disease and develop effective therapies for diseases that
actually have a ROS component to their etiology.

Future Work
We have attempted to answer the question “what is the effect of acute ROS on cardiac
Ca2+ signaling?” and we have arrived at a few answers. However the results of the study
have raised important questions. These questions buttress the need for further studies into
the how ROS affects Ca2+ signaling
How are [Ca2+] i transients preserved in the face of increased SR leak and decreased
SR load?: A decrease in SR load was seen as early as 10 s after exposure to H 2 O 2 , this
agrees with many other studies, yet our results as well as a few others suggest that [Ca2+] i
transient amplitudes are preserved well beyond this point. This may be due to the
increased sensitivity of RyR in the presence of H 2 O 2 . However, it raises the question, is
this sensitivity an effect on RyR alone or does it involve other proteins. An important
player in SR Ca2+ content and release is the intra SR buffer, calsequestrin (Terentyev et
al., 2008; Royer et al., 2010). Unfortunately no studies have been done on the effects of
oxidation on either calsequestrin itself or its interaction with RyR. If calsequestrin is
modified by oxidation such that its Ca2+ buffering capacity or its ability to regulate RyR
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is diminished, then it may unite some of our confounding results, such as the
preservation of [Ca2+] i transient amplitude despite the steep decrease in SR Ca2+ load in
response to short bursts of H 2 O 2 . This can be investigated using mouse models of
caslequestrin overexpression.
Why is the effect of H 2 O 2 not mimicked by NOX2 overexpression? It has been shown
by studies with our collaborators, that the NOX2 overexpression model we used has a 2
fold increase in NOX2 activity in response to Angiotensin II. However, quite unlike our
experiments with H 2 O 2 , treatment with Angiotensin II increased I ca , SR Ca2+ load and
SERCA turnover rate in NOX2-TG cells while leaving [Ca2+] i transients depressed. This
may be because Angiotensin II was applied for 15 minutes which may result in activation
of NOX2 for a longer period and hence the involvement of secondary messengers. We
had designed our experiments with H 2 O 2 to minimize involvement of secondary
messengers, and under those conditions we were able to show that CaMKII is not
involved in the effects we observed. However studies that have employed longer
durations of H 2 O 2 applications have implicated CaMKII in the effects observed such as
increased I Ca peak and changes in action potential duration (Xie et al., 2009). Since
studies have shown that ROS has the ability to modify kinases and phosphatases, the
results seen in NOX2-TG mice may be a consequence of NOX2- generated ROS
modification of secondary messengers. This can be further studied by investigating Ca2+
signaling in cells from NOX2-TG mice when specific kinases or phosphatases are either
inhibited or upregulated. This should provide further insights into the effects of
endogenous ROS on Ca2+ signaling.
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Physiological levels of ROS: One of the major hindrances to the study of ROS has been
the lack of reliable and reversible indicators that can track and quantify ROS in real time.
With such an indicator, the specific levels of NOX generated ROS can be measured.
While no such indicator exists yet, better indicators are being created that can be used to
estimate initial endogenous ROS production with NOX activation.
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