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Abstract

The mammalian Na*/H" exchanger isoform 1 (NHE1) is a ubiquitously expressed
membrane protein that regulates intracellular pH. In the myocardium, NHE1 has been
implicated in ischemia/reperfusion (I/R) and cardiac hypertrophy (CH). Hormonal,
autocrine and paracrine stimuli, acidosis, cardiotoxic metabolites released during I/R and
CH increases NHE1 protein expression and activity. The involvement of NHEI in CH
and I/R has been further supported with the use of NHE1 inhibitors, which have been
beneficial in the prevention/regression of several models of CH and I/R injury. Despite
the fact that elevation of NHE1 expression and activity have been demonstrated in
several models of heart disease, it was unclear whether elevation of NHEI protein
expression was sufficient to induce a specific cardiac pathology, or whether activation of
the protein was required. To understand the direct role of NHEI in CH and I/R, an in vivo
and in vitro gain-of-function model, expressing varying levels and activities of NHE1
were examined. In vivo, our N-line mice expressed wild type NHE1 and our K-line mice
expressed constitutively active NHEL. In vitro, neonatal rat ventricular cardiomyocytes
were infected with the IRM adenovirus containing wild type NHE1 or the K-IRM
adenovirus containing active NHE1. We demonstrated that expression of constituitively
active NHE1 promotes CH to a much greater degree than expression of wild type NHE1
alone, both in vivo and in vitro. This NHE1-dependent hypertrophic response occurred
independent of signaling pathways involved in CH including, mitogen activated protein
kinases, p* ribosomal S6 kinase, calcineurin and glycogen synthase kinase. The NHEI-
dependent hypertrophic effect also occurred independent of gender. In addition, the

expression of active NHE1 increased the susceptibility of intact mice to neurohormonal



stimulation and progressed the hypertrophic response. When these hearts expressing
active NHE1 were subjected to I/R using the ex vivo working heart perfusion model, fatty
acid (FA) oxidation and glycolysis rates increased, thus generating greater ATP
production rates. This was associated with cardioprotective effects in the myocardium, as
well as a more energetically efficient myocardium. Expression of the endoplasmic
reticulum (ER) stress response proteins, calreticulin and PDI were also shown to be
increased relative to controls, and may contribute to the cardioprotection observed. We
demonstrate that active NHE1 induces cardioprotection and alters cardiac metabolism in
working hearts subjected to I/R. Overall, our results suggest that expression of active
NHEI has a double edged sword effect, on one side it induces CH while on the other

side, it protects the heart against I/R injury.
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Chapter 1

Introduction




1.1 Regulation of Intracellular pH in Mammalian Cells

Maintaining pH in mammalian cells is essential for a number of physiological
processes such as cell growth, differentiation, and migration. If pH is not maintained,
intracellular acidosis inhibits the activity of a variety of enzymes, and therefore various
aspects of cell metabolism. Thus, numerous mechanisms exist to regulate proton flux at
the plasma membrane. The Na*/H" exchanger (NHE) is a major pH-regulating system in
mammalian cells'>'**. The family of NHE proteins are membrane proteins that exchange
one intracellular proton (H") for one extracellular sodium ion (Na*). Since the NHE
removes one intracellular H* in exchange for one extracellular Na*, it is also involved in
volume regulation in mammalian cells. When cell shrinkage occurs, extracellular Na*
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and Cl' are brought into the cel Thus, NHE plays a central role in important

housekeeping functions in mammalian cells.

1.1.1 Cellular Ionic Homeostasis in the Myocardium

In the myocardium, regulation of the concentration of [H'], [Na*], and calcium
[Ca™] ions within the physiological range is of vital importance to maintaining
excitability, contractility, and cell volume in cardiac myocytes, which are essential for

the functioning of the heart.

1.1.1.1 Protons
The fundamental energy transduction machinery of cells is fueled by both aerobic
and anaerobic metabolism, both of which generate H'. The approximate molar

concentration of dissolved H*, the pH, determines the charge state of weak acids and



bases. This in turn affects many physical and physiological properties of biological
molecules, activity of a variety of enzymes, and therefore, various aspects of cell
metabolism'. With constant H* production and changes as small as 0.1 pH units in
intracellular pH (pH;) inducing physiological consequences, maintenance of pH is
essential.

In the heart, it has been known since the late 1800s that enhanced intracellular H*
accumulation decreases the heart’s strength of contraction. Since then it has become
clear that changes in pH;, in the heart exert a major influence on electrical excitation, ion
homeostasis, intracellular signaling and myofilament sliding””. Therefore, it is no
surprise that cardiomyocytes possess a sophisticated pH; regulatory system. Five generic
types of H' transport proteins have been identified in the mammalian ventricular
cardiomyocyte, two of which are involved in H" efflux and three of which are involved
in H" influx, and used to protect the cell from severe acid or alkali over-load (reviewed
in®’). A similar arrangement has also been identified in purkinje fibers*'*. Figure 1.1 is a
schematic diagram demonstrating H* transporters, amongst other transporters, in a
ventricular cardiomyocyte. H* efflux, activated by a fall in pH,, is mediated by the NHE"
and the Na*-HCOj; cotransporter (NBC)". H" influx, activated by a rise in pH,, is
mediated by the Na-independent CI-HCO, exchanger (Anion exchanger, AE)" and CI-
OH exchanger (CHE)"°. NHE is Na' selective and uses the inwardly directed
electrochemical Na" gradient generated by the Na'™-K* ATPase (NKA) to export H" in an
electroneutral manner'’. Another well-characterized H* transporter is the NBC, which
translocates Na" and HCOj; into the cell independent of the transmembrane potential and

dependent on the combined chemical gradient'’. The HCO; moved into the cell through



NBC combines with intracellular H", generating CO, that diffuses out of the cell. As for
H" loading transporters, the AE facilitates transport of HCO; out of the cell in exchange
for CI', with normal CI concentrations gradient (high outside, low inside) providing the
driving force for the net HCO; efflux'’. CHE transports CI into the cell in exchange for
OH'. Its activity is CI' dependent, Na*-independent, and is activated by low extracellular
pH (pH,) and high pH,'"®. Lastly, the monocarboxylate transporters (MCT), which are not
widespread and limited to some skeletal muscle and solid tumors, mediate the co-
transport of monocarboxylic acids (predominantly lactate) and H*. MCT operates in
either efflux or influx mode'®”". In muscle, the MCT operates in efflux mode and
accounts for up to 40% of the recovery of pH, following ischemic acidosis.

Of all the H* transporters discussed, NHE1 plays the most essential role in the
maintenance of pH; homeostasis in the perfused heart and is responsible for 50-60% of
H* efflux. The remaining percentage of total H* efflux is mostly mediated by the HCO;
based transporters®**. This was determined by perfusing hearts in the presence and

absence of HCO;'.

1.1.1.2 Sodium and Calcium Ions

Mammalian cells maintain a large electrochemical gradient of Na" across the
plasma membrane. Intracellular Na* concentrations ([Na‘])) are kept low (4-14 mM),
while extracellular Na* concentrations ([Na'],) are approximately 140 mM?>. [Na']; is
very important in modulating intracellular Ca** concentrations ([Ca** ;). In many cells the
electrochemical Na® gradient is used as a secondary active transporter, by coupling
energetically unfavorable transmembrane solutes to Na* transport (Na'/neurotransmitter,

Na*/glucose and Na*/amino acids cotransporters)>.



In the heart, an increase in [Na'], has been suggested to contribute to I/R injury**
*% and heart failure”””. Na* influx into cardiomyocytes occurs mainly through voltage-
gated Na® channels (VGSC), which mediate the Na® current (Iy,), NCX and NHE
activity. Na* efflux occurs through NKA. Figure 1.1 is a schematic representation of a
cardiomyocyte expressing I,, NCX, NHE and NKA. Other transporters including NBC,
Na*/K*/2CI" cotransporter and Na*/Mg** exchanger have also been shown to bring in

smaller amounts of Na**°

. VGSC mediates the I, during the upstroke of the cellular
action potential. NHE brings in approximately 2 umol/L of Na* at physiological pH, and
approximately 16 pumol/L during intracellular acidosis®. NCX couples [Na']; and [Ca™];.
The NCX can operate in both the forward-mode (Ca** extrusion/Na* entry) and reverse-
mode (Ca* entry/Na* extrusion) depending on the internal and external concentrations of
both Na* and Ca®", and the membrane potential. NKA, the main Na* extruder, pumps Na*
out of the cell against a concentration gradient using the energy released by ATP
hydrolysis. Na" is pumped out of the cell in exchange for K* in an electrogenic process
(3Na":2K"), thus keeping [Na']; constant. Proper regulation of Na* is essential, since it is
capable of influencing the transfer rates and distribution of Ca** among the intracellular
compartments of cardiomyocytes. Ca" enters the cell via the L-type Ca®* channel and is
linked to Na* regulation via NCX, which is the primary mechanism for Ca** efflux in
cardiomyocytes™. Ca’ is used as a signaling molecule in many cell types, from
prokaryotes to eukaryotes, controlling virtually every cell function, from motility to cell
death. In the myocardium, Ca* is a well known central player in cardiac cell physiology,

mediating Ca”" activation of myosin ATPase and contraction, stimulating Ca*" activated

signaling pathways and modulating mitochondrial energy production’. An increase in



[Ca™],

1

can alter excitation-contraction coupling, contribute to the generation of
arrhythmias, activate proteases, and alter bioenergetics or apoptotic pathways in the
mitochondria™.

The interplay of Na*, Ca®* and H* in the heart is clearly demonstrated at the onset
of cardiac ischemia, which activates anaerobic metabolism, contributing to intracellular
acidification and a decrease in NKA activity’”. This decrease in pH, contributes to
enhanced Na' influx into cardiomyocytes through NHEI, the cardiac specific NHE
isoform. This rise in [Na']; induces the operation of NCX in reverse-mode or reduces the
activity of NCX in forward-mode, with Ca’* entering the cell and causing the

233 " Cellular Ca** overload

cytoplasmic and mitochondrial compartments to load with Ca
contributes to postischemic electrical and contractile dysfunction and cell death®. Thus,
targeting NHE1, the source of increased [Na'], induced by an increase in H*

accumulation, and understanding its role in cardiac disease is essential for the prevention

of cardiac dysfunction, and is the focus of our study.
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Figure 1.1. Schematic representation of a simplified ventricular cardiomyocyte and
transporters/channels maintaining ionic homeostasis. Na" influx is mediated by NHE,
NCX (forward-mode) and VGSCs (which mediate the Iy,); Na* efflux is mediated by
NKA and NCX (reverse-mode). H" efflux is mediated by NBC, NHE and MCT (efflux
mode). H* influx occurs through AE, CHE and MCT (influx mode); Ca* influx occurs
through Ca* channels (which mediate the Ca** current (I,,)) and NCX (reverse-mode);
Ca** efflux occurs through NCX (forward-mode).



1.2 NHE Family

NHE was originally cloned in 1989 by Dr. J. Pouyssegur* and has been
suggested to be one of the most primative transport systems®. Ten isoforms of NHE
(NHEI-10) have been identified, which share 20-60% amino acid identity and a
calculated molecular weight ranging from ~74kDa to 93kDa (reviewed in’*’’). NHE
isoforms are composed of 12 helical hydrophobic membrane spanning segments, a N-
terminal and C-terminal segment. Despite the shared identity between isoforms, each
isoform represents a distinct gene product with its own specific pattern of tissue
expression, membrane localization, kinetic properties, physiological roles, and

sensitivities to pharmacological inhibitors.

1.2.1 NHE Subtypes and Distribution

1.2.1.1 Plasma Membrane NHE Subtypes

NHE], first described by Sardet et al., is ubiquitously expressed in the plasma
membrane and is the primary isoform found in the heart’*”**'. NHE2-NHES5 isoforms are
also localized to the plasma membrane, but have more restricted tissue distribution.
NHE?2, which is thought to mainly function in secretory processes, has been shown to be
localized in the stomach, colon and small intestine****. Lower levels of NHE2 have also
been detected in skeletal muscle and selected nephron segments. NHE2 was also very
faintly detected in the rat myocardium*. NHE3, essential for absorptive processes that
influence systemic electrolyte, acid-base, and blood pressure homeostasis, is mainly

expressed in the colon, small intestine, kidney, stomach and in recycling endosomes*"*’.



NHE4 has a similar role to NHEI. It is highly abundant in the stomach and also present
in the small intestine, the colon and basolateral membrane of collecting tubule*®. NHES,
which has been speculated to modulate the acidity of synaptic vesicles, is expressed
predominantly in nonepithelial tissue such as the brain®*. A lower level of NHES5

expression has also been found in the spleen, testis and skeletal muscle.

1.2.1.2 Intracellular NHE Subtypes

NHEG6-9 are ubiquitously expressed and are distributed to intracellular
compartments™. These organellar membrane NHEs are presumed to regulate luminal pH
and cation concentrations of the intracellular compartments®. NHE6 is localized to
recycling endosomes and mitochondria rich tissue including the heart, brain, and skeletal
muscle®™?*, NHE7, which is located in the trans-Golgi network, differs from other NHE
isoforms in that it mediates the influx of either Na* or K* in exchange for H*. NHES is
mainly localized to the mid- to trans-Golgi compartments, but has also been found in

skeletal muscle and kidney>. NHEO isoform is localized to late recycling endosomes™.

1.2.1.3 Orphan NHE Subtypes

The most recent NHE isoform, NHE isoform 10, is highly expressed in
osteoclasts and is required for osteoclast differentiation and survival’’. Another NHE has
also been identified in the sperm and appears to be essential for sperm motility and male

fertility**.



1.3 The Mammalian Cardiac-Specific NHE1

NHE]1, the focus of our study, is the most well characterized and only plasma

membrane isoform present in the myocardium®***

. It resides exclusively on the
plasma membrane, but also accumulates in discrete microdomains of the plasma
membrane. NHE]1 is localized primarily at the intercalated disk regions of atrial and
ventricular myocytes in close proximity to connexin 43, and to a lesser extent at the
transverse tubule systems®. It has also been found to concentrate along the borders of
lamellipodia in fibroblasts® and the basolateral membrane of epithelia™.

NHEI removes one intracellular H" in exchange for one extracellular Na* and is
acutely regulated by pH,*. Under physiological conditions, NHE1 basal activity is low.
As the [H'] of the cytosol increases, the activity of the transporter increases sharply and
achieves near maximal velocity at approximately one pH unit below the physiological
pH of 7.4". This activation exhibits a Hill coefficient of around three, indicating that
more than one H* binds to NHEI to regulate activity®'. The inward directed Na* gradient,
which is maintained by the activity of NKA and NCX, provides a constant driving force
for H" extrusion®. NHEI exhibits simple Michaelis-Menten dependence on extracellular
Na*, with a reported apparent K, of 5-50 mM™. Such activation of NHEI ensures

minimal exposure of the cytoplasm to excess acidification® *.

1.3.1 The Mammalian NHE1 Structure

Relatively little is known about the tertiary structure of NHE1, however, some
understanding of the general structure has been gained using hydropathy analysis,

cysteine accessibility analysis, phylogenetic and empirical data. The human NHEI1
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cDNA is predicted to be an 815 amino acid protein, with the first 500 residues consisting
of an N-terminal membrane domain and the remaining 315 residues consisting of a C-
terminal cytoplasmic regulatory domain®™. In 2000, Wakabayashi et al. suggested that
NHE1 has 12 transmembrane (TM I-XII) segments with both the N- and C-terminius

located in the cytosol®

. The NHEI transmembrane segments of the N-terminal have a
crucial role in the function of the transport protein (ion binding and transport and
inhibitor sensitivity). The C-terminal cytosolic domain is also important, as it regulates
the membrane domains ion exchange activity and is the site of phosphorylation, cofactor
and protein interactions.

The presence of a H" modifier site, which induces NHEI activation upon binding

1 ‘65

to a H', has been suggested by Wakabayashi et al.”. The H" modifier site is not yet fully
identified, though mutation of several amino acids could affect its function®.

NHEI1 has also been shown to be post-translationally modified with N- and O-
linked glycosylations®” . Thus, resulting in two forms of NHE1 when separated by
sodium dodecyl polyacrylamide gel electrophoresis (SDS-PAGE), a 110 kDa and a 85
kDa band, representing the fully glycosylated mature protein and an immature partially

or non-glycosylated protein, respectively. However, N-linked glycosylation can be

removed without affecting NHE1 function® .

11



Intracellular

Figure 1.2. Topology model of NHE1 displaying the N-terminal and C-terminal
domains. Transmembrane segment 4 of the N-terminal domain contains the sites of
mutation used to create an inhibitor resistant NHE1 (IRM); leucine (L) 163 mutated to
phenylalanine (F) (L163F) and glycine (G) 174 mutated to serine (S) (G174S). The C-
terminal domain displays the major sites of phosphorylation, cofactor and protein
interactions. PIP2, phosphatidylinositol 4,5-bisphosphate; CHP, calcineurin homologous
protein; ERM, ezrin, radixin, moesin; CaM, calmodulin; CAII, carbonic anhydrase II;
ERK 1/2, extracellular signal regulated kinase 1/2; RSK, p90 ribosomal S6 kinase; p38
MAPK, p38 mitogen activated protein kinase; CaM Kinase II, Ca**/Calmodulin-
dependent protein kinase; PP1, protein phosphatase 1; PP2A, protein phosphatase 2A
and GPCRs, G-protein coupled receptors. The C-terminal tail also displays the sites of
mutations used to generate an active NHE1 (1K3R4E); lysine (K) 641 and arginine (R)
643/645/647 all mutated to glutamic acid (E).
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1.4 NHE1 Inhibitors

Numerous NHE inhibitors have been developed since the discovery of NHE, with
particular focus on NHEI selectivity and potency. Amiloride (3,5 diamino-6-chloro-N
(diaminomethylene)pyrazine-carboxamide), a K* sparing diuretic, was the first drug
identified as an NHE]1 inhibitor. In addition to its ability to inhibit NHEI, it also inhibits
conductive Na* channels, NCX and other isoforms of NHE, including NHE2 and 5, but
does not inhibit NHE3, 4 and 7 very well®. The first generation of amiloride analogues,
the pyrazine derivatives, which includes DMA (dimethylamiloride), EIPA (5-(N-ethyl-
N-isopropyl) amiloride), MIBA (5-(N-methyl-N-isobutyl) amiloride) and HMA (5-(N,
N-hexamethylene) amiloride), were developed at a later stage in effort to increase the
potency and selectivity of NHE] inhibitors”. These pyrazine derivatives are more potent
and specific than amiloride, and are not potent inhibitors of conductive Na* channels and
NCX. Their potency for the various NHE isoforms are as follows:
NHE1>NHE2>NHES5>NHE3". The lack of specificity within this class lead to the
development of another class of NHEI inhibitors, the benzoylguanidine derivatives,
another form of modified analogs of amiloride. Inhibitors that fall into this category
include EMD 87580  (N-[2-methyl-4,5-bis(methylsulfonyl)-benzoyl]-guanidine
hydrochloride)”', HOE-69%4 ((3-methylsulphonyl-4-piperidinobenzoyl]-guanidine
hydrochloride)’, cariporide (HOE-692)”, eniporide (EMD 85131)”* and BIIB 513", all
of which are more selective towards NHE1™. They still exhibit a slight efficacy for
NHE2 inhibition, but little inhibition of NHE3 or 5. It has also been suggested that HOE-
694 inhibits conductance Na* channels’. Cariporide and eniporide were used in clinical

trials. Despite their improved selectivity and potency, they resulted in only minimal
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beneficial effects in specific subgroups of the study’””®. This lead to another generation
of NHEI1 inhibitors which include KR-32511 ([5-(4-Fluorophenyl) furan-2-yl
carbonyl]guanidine), KR-33028 (4-cyano (benzo[b]thiophene-2-carbonyl)guanidine) and
KR-32570 ([5-(2-methoxy-5-chlorophenyl) furan-2-yl carbonyl]guanidine)™®'. These
inhibitors show no inhibitory effects on NHE3 or conductance Na" channels, but a very
slight inhibitory effect on NHE2*. The order of potency of these inhibitors relative to the
benzoylguanidine derivatives were KR-32570=KR-33028>cariporide>KR-32511%,
Quite recently, a novel series of substituted (quinolinecarbonyl) guanidine derivatives
were designed and synthesized as NHEI inhibitors, including compound 7f. Compound
7f was shown to be 23 times more potent than cariporide. In vivo, rat hearts subjected to
I/R in the presence of compound 7f showed superior cardioprotective outcomes when
compared to groups treated with cariporide®’. Further studies are required to determine
the sensitivity of these inhibitors to other NHE isoforms, channels and exchangers.
Although the NHE inhibitors discussed lack complete selectivity and potency, all
of the inhibitors do show selectivity to NHE1. The benzoylguanidine derivatives are
commonly used as tools to understanding the role of NHE1. However, pharmacological
inhibitors quite often lack absolute selectivity and potency. Therefore, when attempting
to understand the mechanisms of a disease, a need for a gain of function or loss of

function model is essential to confirm data obtained via pharmacological tools.

1.5 NHE1 Regulation in the Myocardium

Regulation of NHE1 has been investigated in a number of in vivo and in vitro

models, in a number of systems. Understanding how NHEI is regulated is of particular
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importance, as it aids in the elucidation of mechanisms that induce NHEI activation or
inhibition and means to prevent/stimulate these regulators. The major regulatory stimulus
for NHE1 is intracellular acidosis®. The relationship between pH; and sarcolemmal
NHE! activity is steep in cardiomyocytes*’. In adult rat ventricular cardiomyocytes
(ARVMs), a 2.5-fold increase in intracellular [H] concentration, indicative of a
reduction in pH from 6.90 to 6.50, has been shown to produce an approximate 7 fold
increase in sarcolemmal NHE1 activity®. Extension of the duration of intracellular
acidosis (to =3 min) also produces a marked increase in sarcolemmal NHE1 activity in
both neonatal rat ventricular cardiomyocytes (NRVMs) and ARVMs***. Additional
regulation of NHE1 activity occurs in response to various hormonal, autocrine and
paracrine stimuli, which act through receptor dependent pathways (reviewed in*’). This
interaction may involve phosphorylation/dephosphorylation of NHE1 upon receptor
binding. NHEI1 is also regulated by receptor independent pathways, which are mediated
by cofactors or protein-protein interactions, that act either directly or indirectly with

NHEI. Development and transcriptional regulation of NHE1 have also been identified.

1.5.1 Receptor Dependent Regulation of NHE1

1.5.1.1 G Protein Coupled Receptors

NHET activity is regulated by activation of G protein coupled receptors (GPCRs)
induced by various extracellular receptor agonists (Figure 1.2). GPCRs are seven
transmembrane helices, with an extracellular domain involved in ligand binding and an

intracellular domain involved in the recognition and activation of G (guanine-nucleotide
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binding) proteins*®. G-proteins consist of o, , and v subunits. Upon GPCR coupling, the
G-protein converts GTP to GDP on its o subunit, resulting in the dissociation of the Ga
from the GBY subunits to mediate downstream signaling®®. The four primary families of
Ga-proteins include Ga,, Ga;, Go, and Gay,,,”. Activation of Ga, has been shown to
stimulate NHE1 activity, while activation of Ga, and Go; have been shown to inhibit
NHEI! activity (reviewed in®'). A simplified diagram of GPCR receptor regulation of
NHET is illustrated in Figure 1.3.

Ga, is activated by various hormones and paracrine/autocrine stimuli. o;-
adrenoreceptors (ARs) activate Gao,, signaling upon stimulation with a,-AR agonists such
as phenylephrine (PE), thus translating chemical messages from the sympathetic nervous
system into cardiovascular responses. Angiotensin II (Ang II), a peptide that stimulates
vascular smooth muscle contraction, aldosterone release, and production of extracellular
matrix proteins, also signals via Ga, and is coupled to Ang II receptor type 1.
Endothelin-1 (ET-1), a powerful vasoconstrictor, a chronotropic, inotropic, and
hypertrophic promoting growth factor, also signals via the Ga,, and is coupled to the ET-
1 receptor type A”. Stimulation with a,-AR agonists”**, or Ang II”°*, or with ET-1°"%*
shifts the pH/NHEI1 activity relationship to the right, thus raising the pH; threshold for
NHEI1 activation. In the myocardium, regulation of NHE1 mediated by a,-ARs is the

most characterized.
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Phenylephrine
Endothelin-1
B,-Agonists Angiotensin I Adenosine

B,-adrenoceptors a,-adrenoceptors A, receptors
Endothelin-1 Receptor A
Anaiotensin |l Receptor Type 1

Figure 1.3. G protein coupled receptor regulation of NHE1 in the myocardium.
NHEI activity is stimulated (+) by activation of Ga, coupled receptors (a.;-
adrenoreceptors. endothelin-1 receptor A, angiotensin II receptor type 1) upon activation
with corresponding agonists (phenylephrine, endothelin-1 and angiotensin II). NHE1
activity is inhibited (-) by activation of Go, and Go; coupled receptors (3;-
adrenoreceptors, adenosine receptors (A, receptors), respectively) upon stimulation with
corresponding agonists ([3;-agonists and adenosine, respectively).
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1.5.1.2 Other Receptors

In addition to the effects mediated by GPCRs on NHEI1 stimulation in the
myocardium, a number of other less characterized receptor mediated pathways have been
identified. These receptor mediated pathways are stimulated by aldosterone, thrombin
and lysophosphatidic acid (LPA).

Aldosterone has traditionally been seen as a key regulator of fluid and electrolyte
balance, acting via the mineralocorticoid receptor, a member of the steroid hormone
receptor family found in non-epithelial (vessel, heart, and brain) and epithelial tissue'”.
In addition to identifying mineralcorticoid receptors in the heart, aldosterone has been
shown to be synthesized in the hearts of patients with heart failure or hypertension'**'®,
NRVMs stimulated with aldosterone increase NHE1 activity and expression.

Thrombin induces a variety of cellular responses in addition toits established role
in blood coagulation and thrombus formation, through the thrombin receptor'®. A
number of cell types within the cardiovascular system including platelets, endothelial
cells, and vascular smooth muscle cells have been shown to express the thrombin
receptor’. With respect to the cardiac myocyte, thrombin was shown to increase
sarcolemmal NHE1 activity'®.

LPA 1is a bioactive phospholipid that mediates its signal through the LPA
receptor. It is a cardiotoxic metabolite that has been shown to stimulate NHE1 activity'”’.
Inhibition of NHEI in isolated rat hearts subjected to low concentrations of LPA
protected the myocardium against mechanical, biochemical and ultrastructural

impairments'®.
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1.5.2 Receptor Independent Regulation of NHE1

In addition to the receptor dependent mechanisms, NHE]1 is also regulated by a
number of receptor independent pathways. The receptor independent regulation of NHE1
involves protein-protein interactions, either directly or indirectly, with the C-terminal tail

of NHEI (Figure 1.2).

1.5.2.1 NHEI Regulation Mediated by Direct Cofactor and Protein-Protein Interactions
with the C-terminal Tail of NHE1

Phosphatidylinositol 4, 5-bisphosphate (PIP,), which converts to inositol 1.4,5-
triphosphate and diacylglycerol, has been identified as a stimulator of NHEI. It has been
suggested that association of NHE1 with PIP, is required for optimal NHE1 activity'®,
PIP, has two binding motifs at amino acids 509-516 and 552-560 in the C-terminal tail of
NHE1'”.

Calcineurin homologous proteins (CHP) are Ca**-binding proteins, which share a
40% identity with the protein phosphatase calcineurin''’. Three isoforms of CHP have
been identified, CHP1-3, which exhibit approximately a 29-61% identity to each other'"’.
The CHP family is crucial for basal as well as regulated activity of NHE1"'*''*, CHP1 is
present in most tissues, and binds to the proximal region of the cytoplasmic C terminus
of NHEI. CHPI plays a significant role in setting the resting pH; and activating NHEI in

response to various stimuli'"'

. Our laboratory has shown that the CHP1 protein is present
in the myocardium, and that NHE1 activity was not increased in NRVMs over-expressing
CHP1 (unpublished data). CHP2 is largely restricted to normal intestinal epithelia and is

highly expressed in tumor cells'?. CHP2 interacts with the same region of NHEI as
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CHP1, and results in a marked elevation in steady state pH;. Although CHP2 mRNA has
been detected in the myocardium, the role of CHP2 in the myocardium remains

unknown'"?

. CHP3 is detected predominantly in the adult mouse heart, brain and stomach.
In adult human tissues, CHP3 appears to be restricted to the heart''’. CHP3 was also
found to bind to the same region of the cytoplasmic C terminus of NHEI as CHP1 and
CHP2, and is crucial for optimal NHE1 function''’. The role of CHP3 in the myocardium
remains unknown.

Calmodulin (CaM) is another Ca** binding protein found in many cell types,

including the heart'"”

. Two CaM binding sites have been identified on the C-terminal tail
of NHE1'". The high affinity site consists of residues 636-656, and the low affinity site
consists of residues 657-700. In the absence of CaM bound Ca*, the high affinity CaM
binding site interacts with another region of NHEI, resulting in autoinhibition of
NHE1"®. Addition of CaM bound Ca®" reverts this interaction and produces an active
NHE1'". Deletion of the high affinity CaM binding site has been shown to stimulate
NHE!I and mimics elevated intracellular Ca**'". Additionally, there are seven conserved
amino acids in the distal region of NHE1’s cytoplasmic tail 753-759 (EEDEDDD) that

7 Mutation of these acidic residues results in

play a role in modulating CaM binding
decreased NHE]1 activity and decreased CaM binding.

Carbonic anhydrase II (CAIl) is an enzyme that catalyzes the production of
HCO; and H' from the hydration of CO,. CAII is expressed in the myocardium''®. It has
been reported that CAII associates with NHE1, in vivo and in vitro, at residues 790-802
of the NHE1 C-terminal tail resulting in enhanced NHE1 activity'**. Pharmacological

inhibition of CAII has been shown to reduce myocardial NHE1 activity'"”.
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1.5.2.2 NHEI Regulation Mediated by Indirect Cofactor and Protein-Protein
Interactions with the C-terminal Tail of NHE1

NHEI1 does not use ATP directly, however the presence of physiological levels of
ATP is required for optimal NHE1 activity'**'**. It has been shown that depletion of PIP,

is concurrent with ATP depletion, and contributes to inhibition of NHE1'?.

1.5.3 NHEI Regulation by Phosphorylation

Residues 636-815 of the NHE1 C-terminal tail have been identified as major sites
of in vivo phosporylation'”. Deletion of this region results in a 50% loss of NHEI
stimulatory effects (Figure 1.2). Phosphorylation has been suggested to alter the
association of the C-terminal tail with the H" sensor, enabling the H* sensor to be more
sensitive, thus activating NHE1'*. However, the pathways leading to the
phosphorylation of NHE1 are complex and involve a number of signaling molecules,

second messengers, binding proteins and protein kinases.

1.5.3.1 Direct Phosphorylation of NHE1

The C-terminal tail of NHE1 has several serine/threonine residues, which are
directly phosphorylated by a number of serine/threonine protein kinases. The first
serine/threonine kinase identified to act directly on NHE1 was the Ca**/Calmodulin-
dependent protein kinase (CaM Kinase II), a protein that regulates many Ca®'

homeostatic proteins in the myocardium'®

. CaM Kinase II has three consensus sequence
sites on the C-terminal tail of NHE1'”. In the myocardium, NHEI activity was

significantly greater in CaM Kinase II over-expressing cardiomyocytes vs. controls, thus
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demonstrating the stimulatory effects of CaM Kinase II on NHE1'*. The mitogen-
activated protein kinase (MAPK) family, which includes extracellular signal-regulated
kinases (ERK) 1/2, c-Jun N-terminal kinases (JNK) 1/2/3, p38 MAPK (p38), belongs to a
highly conserved family of serine/threonine protein kinases and have also been
implicated in NHE1 regulation in the myocardium (Figure 1.2). MAPKs are
ubiquitously expressed, and their specific functions in the heart have been the focus of
numerous studies for more then a decade (reviewed in'*"). In vitro, ERK 1/2 has been

shown to phosphorylate specific sites on the C-terminal tail of NHEI in NRVMs®**'**,

p38 phosphorylation sites on the C-terminal tail of NHE1 have also been identified'”. p*
ribosomal s6 kinase (RSK), a downstream kinase of ERK, has also been shown to
directly phosphorylate NHE1 and stimulate NHE1 activity in the myocardium'*. ERK
1/2 and RSK have been implicated as signaling mechanisms for NHE1 activity induced
by GPCRs, particularly receptors coupled to Gao,, (as described in Section 1.5.1.1). In
ARVMs, inhibition of a,-AR agonist stimulation resulted in inhibition of ERK 1/2, RSK
and NHEI activity"'. In addition, amino acids phosphorylated by ERK 1/2 in the C-
terminal of NHEI following stimulation with a o,-AR agonist were identified in
NRVMs™.

Adenosine  monophosphate-activated protein  kinase (AMPK), another
serine/threonine protein kinase expressed in the heart, has also been suggested to
contribute to NHE1 activity'**'**. AMPK acts as a cellular fuel gauge, which stimulates
energy-producing processes and inhibits energy-requiring processes in times of metabolic

stress in effort to maintain or restore intracellular ATP levels”. Recent reports have

suggested that AICAR, an AMPK activator, inhibits NHEI activity/expression'”,
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However, no direct link has been identified between NHE1 and AMPK. NHEI1 has also
been shown to be regulated by protein kinase B (PKB), another serine/threonine kinase
expressed in the myocardium. A recent report has suggested that PKB directly
phosphorylates NHE1 at a site that resides in the middle of the high-affinity CaM
binding region (as described in Section 1.5.2.1), thus inhibiting binding of CaM bound

Ca’ to the NHEI regulatory domain and NHEI activity'**.

1.5.3.2 Indirect Phosphorylation of NHE1

Protein kinase C (PKC) is another serine/threonine protein kinase that has been
identified as a regulator of NHE1. PKC produces its effects through indirect interactions
with NHE1. Inhibition of PKC pathways blocks activation of NHE1'**'"". In addition,
PKC inhibitors have been shown to inhibit NHE1 stimulation in response to stimuli such
as a,-AR agonists in cardiomyocytes, thus implicating that the stimulatory effect of o;-
AR agonists on NHEI1 activity is mediated by PKC**"'. However, NHE1 does not

express phosphorylation consensus sites for PKC'*"*,

1.5.3.3 Dephosphorylation of NHE1

The effects of phosphorylation on NHEI were confirmed by examining
phosphatases, which remove phosphates from phosphorylated amino acids.
Dephosphorylation occurs via serine/threonine protein phosphatases (PP), which play a
regulatory role in many physiological processes (reviewed in'*’). PP1, PP2A, calcineurin
(PP2B), and PP2C, members of the PP family, have all been found in the myocardium

and recognized as regulators of NHE1 in the myocardium'*'*'. In vitro and in vivo
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studies using PP1 and PP2A demonstrated that upon binding to NHEI1, basal level of
NHE!I activity was reduced in NRVMs'*'#, thus emphasizing the importance of

phosphorylation mediated NHE1 regulation.

1.5.4 Developmental Regulation of NHEI Expression

Levels of NHE1 mRNA and protein expression itself vary during development.
In the newborn heart, NHE1 mRNA expression and activity were greater in comparison
to adult hearts'**"'’. NHE1 protein expression has also been shown to be elevated during
heart development and immediately after birth'**'**. This is of particular interest
considering that CH (as described in Section 1.7.4), often characterized by reactivation
of the fetal gene program, also shows elevated NHEl message and activity'™"">.
Postnatally, NHE1 protein expression and activity have also been shown to decline in the

myocardium'**'>,

1.6 Physiological Roles of NHE1

NHEI has many important physiological roles (reviewed in’®), many of which

could be used as tools to understanding the role of NHEI in the myocardium.

1.6.1 Intracellular pH and Volume Regulation

The most important role of the mammalian NHEI] is to regulate pH; (as described
in Section 1.3). NHEI protects cells from intracellular acidification, as evidenced by the
fact that mutant cell lines devoid of NHEI activity are extremely sensitive to

acidosis"*'°. When acidosis occurs, NHE1 activity increases, thus returning pH; to
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resting values.
NHEI also serves as a major Na* entry pathway in many cell types (as described
in Section 1.1.2), and as such it regulates both Na* flux and cell volume after osmotic

124156157 “NHE1 functions to increase the [Na'] within the cytoplasm and

shrinkage
cytoplasmic alkalinization. This elevated pH; subsequently activates the AE, which

concurrently increases the [C1] within the cytoplasm. The net gain of Na" and CI causes

osmotically obliged water to enter the cell, resulting in cell swelling'*®.

1.6.2 Cell Growth, Progression, Differentiation and Apoptosis

NHEI activation is implicated in many other cell functions apart from
modulation of pH; and cell volume including cell growth, progression, differentiation and
apoptosis. The role of NHE1 in cell growth was demonstrated in NHE1 null mice, which
demonstrated decreased postnatal growth"*'"’. NHE1 has also been implicated in cell
cycle progression. In cells expressing an inactive NHE1 mutant, cell proliferation is
significantly reduced'®. NHE1 activity is also important for cell differentiation'®"'®,
During the differentiation of various non-myocardial cells lines, transcription of the
NHEI gene increases'**'®. Taken together, the role of NHEI in cell growth, proliferation
and differentiation suggests that NHE] is critical in several cellular processes. NHE1 has
also been implicated in apoptosis. Apoptosis results in cell shrinkage and intracellular
acidification, processes that are opposed by NHE1. In addition, the NHE1 C-terminal tail

166

has been suggested to be a caspase-3 substrate ™. However, its role in apoptosis is cell

type specific'*'”'* In both renal proximal tubule cell lines and human leukemic cell

167,168

lines, NHEI activity serves to protect cells from apoptosis . However, in two
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cytokine-dependent cell lines, NHE1 mediates an elevation in pH; that triggers apoptosis.
More research must be done in this area to fully understand the role of NHEI in

apoptosis.

1.6.3 Maintenance of Cytoskeletal Structure, Focal Adhesion and Cell
Migration

Ezrin, radixin and moesin (ERM) are actin binding proteins that are closely
related, and important components of cell structure. They have been identified as
cytoskeleton cross linkers, which form links between actin filaments of the cytoskeleton
and integral proteins of the plasma membrane'®. Interestingly, the NHE1 C-terminal tail
contains 2 ERM protein-binding motifs within amino acids 553-564'" (Figure 1.2).
Structural links between NHE1 and ERM proteins control the integrity of the cortical
cytoplasm'”"'"*, Cells that are NHE1-deficient or expressing NHE1 and unable to interact
with ERM demonstrate reduced actin stress fiber organization, irregular cell shape and
impaired migration'”"”. In addition, the interaction between NHE1 and ERM directs
NHEI localization in the lamellipodia of migrant cells'”. In fibroblasts, wild type NHE1
localizes to the distal margin of membrane protrusions or lamellipodia, but a mutant
NHET1 lacking binding sites for ERM is mislocalized. Taken together, it is quite clear
that the NHE1-ERM interaction facilitates cell migration and the formation of cell
signaling complexes. The importance of ERM in the myocardium was recently
investigated. In a recent report, activated ERM proteins were shown to mediate the
effects of acid-induced NHEI activation in cardiomyocytes, with PKB acting as a

downstream target'”’.
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1.7 NHE1 in the Myocardium

Heart failure is estimated to account for 29% of the yearly total mortality
worldwide with approximately 16.7 million deaths per annum'’*'®, Heart failure can be
defined as the inability of the heart to pump blood sufficiently to meet the demands of
the body'™' due to deficiencies in contraction of the affected ventricles and the single

182

cardiomyocyte ™. A number of abnormalities have been described at various steps of the

excitation-contraction coupling of cardiomyocytes, which regulate force and shortening,

and Ca®* dysregulation®"'®?

. These abnormalities can result from a number of etiologies
including I/R injury, hypertension, and neurohormonal activation’"'*’. In response to
these pathologies the heart initially undergoes physiological hypertrophy, whereby
cardiomyocytes grow in size to increase ventricular wall thickness in order to adapt to
the increased wall stress'™'. The enlarged ventricles then contract more strongly and
pump more blood. This adaptation becomes increasingly ineffective and leads to
pathological hypertrophy and cardiac dysfunction associated with fibrosis and apoptosis.
Investigating the mechanisms that contribute to the development of heart failure leads to

the development of novel therapeutic approaches. NHE1 has been implicated in a

number of etiologies resulting in the development of heart failure.

1.7.1 NHEI and I/R Injury

Myocardial ischemia occurs when there is an imbalance between the oxygen
requirement of the contracting muscle and the oxygen supply to the heart by the

coronary. Reperfusion is the restoration of blood flow. The cellular and molecular

mechanisms of I/R injury are multifaceted and are manifested as both reversible and
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irreversible injury, ranging from cardiac stunning and arrhythmias to cardiomyocyte

death in the form of apoptosis and necrosis®™’. I/R injury predisposes the heart to heart
failure. Since the 1990s, the role of NHEI in I/R injury has been extensively studied.
NHEI! activity and mRNA expression were shown to be increased during I/R'**'®, This
increase in NHEI activity/expression during I/R has been proposed to represent a major
component of I/R injury (reviewed in'®). Whether I/R injury is a result of NHEI
expression or activity or both expression and activity has not been compared, and
requires further investigation. Ischemia-induced acidosis is a major stimulus for NHE1
activation. In addition to ischemia-induced acidosis, NHE1 activation is further
stimulated by LPA, as well as paracrine and autocrine factors acting through
phosphorylation-dependent processes (as described in Section 1.5). The basis for the
involvement of NHE1 in myocardial I/R injury reflects a close interaction between ion-
regulatory processes, particularly NHE1, NCX and NKA (as described in Section 1.1)
(Figure 1.1). Briefly, during ischemia, anaerobic glycolysis produces H*, which
decreases cardiac pH; and activates NHE1. Reperfusion also requires the restoration of
pH;, and therefore also activates NHEI. Activation of NHEI results in increased
exchange of intracellular H" for extracellular Na*, leading to a rapid accumulation of
intracellular Na* in the cell. Ischemia induced energy deprivation inhibits the activity of
NKA, resulting in Na" accumulation within the cell. This Na* accumulation increases
intracellular Ca** via NCX, working in reverse mode. This increase in intracellular Ca**
triggers various detrimental pathways, such as arrhythmias and cell deterioration. The
detrimental effects of increased [Ca™]; are clearly demonstrated in single ventricular
cardiomyocytes from transgenic (TG) mice expressing elevated NHE1 expression and

subjected to metabolic inhibition and recovery, which displayed augmented cell
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contractility'”’. An alternative hypothesis to the mechanism of NHE1 induced I/R injury
includes the loss of ATP during I/R. This has been proposed to result in phospholipase
and protease activation, which in turn results in cell membrane injury and death'™*'®, In
addition, the changes that occur during I/R have also been suggested to stimulate the
formation of mitochondrial membrane permeability transition, which results in
depression of ATP resynthesis'®.

The role of NHE1 in I/R injury was confirmed for the first time in 1988.
Karmazyn et al. demonstrated that NHE1 inhibition prevented I/R injury'”. Since this
initial report, extensive evidence has been published in regards to the protective effects
of NHE1 inhibitors during I/R injury, in various animal models and with an unusual
degree of conformity between different investigators (reviewed in'’'). Treatment with

NHET inhibitors during I/R results in enhanced contractility, reduced contracture, fewer

incidences of arrhythmias, and improvements in biochemical and ultrastructural indices.

The cardioprotective role of NHEI inhibitors during I/R injury were confirmed in a
mouse model in which NHE1 was genetically ablated'**. The cardioprotective effects of
NHEI1 inhibitors have also been suggested to be superior to ischemic preconditioning,

the gold standard among cardioprotective interventions™'*>'*

. The cardioprotective
effects of NHEI inhibitors have been associated with diminished tissue content of Na*
and Ca™'>'°, thus supporting the concept that NHE1 mediated increases in Na* and Ca**
are involved in I/R injury. Inhibition of NHE1 has also been shown to protect the heart
from metabolites produced by the ischemic myocardium such as LPA (as described in

188

Section 1.5.1.2), which may further activate the antiporter ™, thus supporting the role of

NHEI activation by NHEI regulators in I/R injury. NHE1 inhibitors also inhibit
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ventricular arrhythmias in the reperfused ischemic myocardium induced by o,-AR
agonists, another well known regulator of NHE1 activity'”’. The mechanisms by which
NHE] inhibitors induce cardioprotection is a subject of on going investigation. A means
to identify targets that regulate NHE1 activity and potentiate I/R injury is a great area of
interest. Another identified regulator of NHE1 activity is RSK. Inhibition of RSK
reduced cardiomyocyte apoptosis in intact hearts subjected to I/R, and this was attributed
to the reduced activation of NHE1'%.

Recent reports using TG mice expressing elevated NHEI levels have
demonstrated surprising results. They have shown that elevated NHE1 expression in TG
mice can reduce the susceptibility to I/R injury***®. In one study it was shown that TG
mice expressing NHEI have a minor improvement in recovery of pH; and ATP levels,
perhaps contributing to the cardioprotective effects. In another study, activation of the
ER stress response was suggested to contribute to the cardioprotective effects of elevated
expression of NHE1°”. Further investigations are required to determine the mechanism

of NHEI induced cardioprotection.

1.7.1.1 NHEI Inhibitor Clinical Trials

The clinical development and testing of NHE1 inhibitors quickly progressed from
the bench to the bedside, reflecting the excellent cardioprotection demonstrated in
various animal models'”. The first experimental data with cariporide, a member of
benzoylguanidine derivative NHEI inhibitors (as described in Section 1.4), was
published in 1995. By 1997, cariporide was being used in the first clinical trial'”®. The

first clinical trial, GUARD During Ischemia Against Necrosis (GUARDIAN), a phase
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II/phase III study with more than 11,590 patients assessed cariporide in patients with
acute coronary syndromes””. The benefits of cariporide were only observed in a subset
of patients who underwent coronary artery bypass graft'”. The Evaluation of the Safety
and Cardioprotective effects of eniporide in the Acute Myocardial Infarction (ESCAMI)
was another clinical trial on NHEI inhibitors. It was a phase II trial where eniporide,
another benzoylguanidine derivative NHEI inhibitor (as described in Section 1.4), was
assessed in patients undergoing thrombolysis or angioplasty for acute myocardial
infarctions (MI)*'. In this study, the administration of eniporide did not demonstrate any
significant findings®. The lack of beneficial effects seen in the clinical trials were
attributed to suboptimal dosing (GUARDIAN), and the timing in which NHE1 inhibitors
were administered (ESCAMI)'"'. Another clinical trial using cariporide was conducted,
the Na'/H" Exchange inhibition to Prevent coronary Events in acute cardiac conDITIONs
(EXPEDITION), which examined the effects of cariporide on mortality and the
incidence of MI in high-risk patients undergoing coronary artery bypass graft surgery. In
this study, cariporide reduced MlIls, however, this was paralleled by negative
cerebrovascular events’*”’. The lack of cardioprotective effects seen by NHE1 inhibitors
in the clinical trials is in agreement with recent reports, in which NHEI1 is expressed in
TG mice. Two different studies have shown that TG mice expressing elevated NHE1
reduced the susceptibility to I/R injury rather than inducing detrimental effects, as would
be expected based on previous experiments in which NHE1 inhibitors were used”* *”,
An additional report demonstrated that NHEI inhibition has no benefits on the

206

postischemic functional recovery of the aging myocardium™". The mechanisms by which

this occurs requires further investigation.
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1.7.2 NHEI and Hypertension

Hypertension is a chronic medical condition characterized by elevated blood
pressure. Hypertension is classified as either essential or secondary hypertension®”’. No
medical causes have been identified to explain the elevated blood pressure in essential
hypertension, which accounts for about 90-95% of hypertension. Secondary hypertension
is high blood pressure induced by endocrine diseases, kidney diseases or tumors.
Hypertension is particularly important since it leads to pathological hypertrophy and
strongly enhances the risk of future cardiovascular events™®.

Interestingly, enhanced NHE1 activity has been demonstrated in a variety of cell
types obtained from essential hypertensive patients”. Over-activation of NHEI in
vascular smooth muscle cells (VSMCs) has been suggested to induce hypertension. This
results in [Na'], accumulation, which in turn activates NCX in reverse mode, thus
increasing cytosolic Ca®* concentrations™. The involvement of over-active NHE1 was
confirmed in a study in which spontaneous hypertensive rats with pathological
hypertrophy were treated with NHE1 inhibitors. This regressed CH, normalized NHE1
activity, and decreased systolic blood pressure™”.

NHET1 has also been implicated in pulmonary hypertension, which is caused by
chronic lung diseases and results in right ventricular hypertrophy and heart failure™'**"".
NHEI inhibition reduces right ventricular hypertrophy in a model of pulmonary

hypertension®"?

. Deficiency of the NHE1 gene prevented the development of hypoxia-
induced pulmonary hypertension and vascular remodeling, thus confirming the role of

NHEI! in pulmonary hypertension®"’.
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There is no definitive evidence documenting an NHEI1 defect in human
hypertension, however, it is quite obvious that NHEI is a plausible candidate and more

studies are needed to clarify its involvement.

1.7.3 NHE1 and Neurohormonal Activation

Neurohormonal disorders, which include persistent activation of the renin-
angiotensin-aldosterone axis and the sympathetic nervous system, contribute to the
development of heart failure**. A decrease in cardiac output induces homeostatic
mechanisms that activate the renin-angiotensin-aldosterone axis and the sympathetic
nervous system, and the resultant effect is the development of a vicious cycle

characterized by excessive neurohormonal stimulation®'

. This in turn is responsible for
myocardial remodeling. NHE1 activity has been shown to be regulated by
neurohormones (as described in Section 1.5), which in turn contributes to I/R injury (as
described in Section 1.7.2) and CH (as described in Section 1.7.4). Inhibition of NHEI1

has been demonstrated to protect the heart against I/R injury and CH in hearts subjected

to neurohormonal stimuli (as described in Section 1.7.2 and 1.7 .4).

1.7 4 Cardiac Hypertrophy

CH is heart growth in response to environmental demands, and a variety of

hormonal, paracrine and autocrine stimuli. It is a means to reduce stress on the

1216

ventricular wall”®. CH could be classified as either physiological or pathological

hypertrophy. Exercise, pregnancy, and postnatal growth promote physiological

216217

hypertrophy of the heart (Figure 1.4). I/R injury, hypertension and neurohormonal
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activation could cause pathological hypertrophy. Pathological hypertrophy is a major risk
factor for cardiac death, and commonly precedes the development of heart failure*'®
(Figure 1.4).

Distinct structural and molecular bases have been identified in physiological and
pathological hypertrophy in animal models. Consistent markers of pathological
hypertrophy include activation of the fetal gene program (atrial natriuretic peptide (ANP)
and B-type natriuretic peptide, and genes for fetal isoforms of contractile proteins such
as skeletal a-actin and B-myosin heavy chain (MHC), increase in cell size, protein
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synthesis, and heightened organization of sarcomere assembly . Fibrous tissue

accumulation is another feature of the structural remodeling of the myocardium. A fine
network of collagen fibers surrounds cardiomyocytes under normal conditions to provide
a supporting framework. During pathological insults, excessive cardiac fibroblasts and
extracellular matrix proteins accumulate, leading to myocardial stiffness, diastolic and
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systolic dysfunction™ . Exercised rats showed down regulation of hypertrophic markers

and are typically not accompanied by accumulation of myocardial collagen™***.
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Exercise Hypertension,
pregnanc’y myocardial infarction, and
neurohumoral activation
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Physiologic hypertrophy Pathologic hypertrophy

Ventricular

arrhythmia

Figure 1.4. Schematic representation of physiological and pathological cardiac
hypertrophy. Exercise, pregnancy, and postnatal growth promote physiological
hypertrophy of the heart, which does not compensate into dilated cardiomyopathy or
heart failure. I/R injury, neurohormonal activation and hypertension could cause
pathological hypertrophy. (The figure was adopted from Hill et al.,*'®)
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CH is further classified into concentric and eccentric hypertrophy. Concentric
hypertrophy, the predominant form of CH, is characterized by an increase in the
thickness of the ventricular wall caused by parallel addition of sarcomeres, re-expression
of the fetal gene program and little or no chamber dilatation. Myocyte length is less than
the increase in myocyte width, and leads to reduced left ventricular volume and increased
wall thickness. Systemic hypertension, aortic stenosis and MIs often induce concentric
hypertrophy***. Eccentric hypertrophy is an increase in cardiac mass with increased

® and is common under conditions of isotonic exercise or volume

chamber volume™
overload following MIs*"®. Eccentric hypertrophy is distinguished by the addition of
sarcomeres in series and longitudinal cell growth'®. The increase in myocyte length is

greater than the increase in myocyte width, causing dilatation and thinning of the heart

wall.

1.74.1 NHEI and Cardiac Hypertrophy

NHE1 mRNA expression, protein expression or activity have been shown to be
elevated in various in vivo models of CH**#*0*¥2¥2% TInterestingly, in some CH models
NHEI! protein expression and activity are increased”***, while in others NHE1 activity
is increased in the absence of any alterations in NHEI expression*. The degree of
hypertrophy obtained with varying NHE1 expression and activity has not been

investigated.

1.74.1.1 Direct Inhibition of Cardiac Hypertrophy by NHEI Inhibitors

NHE] inhibitors have been shown to attenuate CH directly in a number of in vivo

36



models. Chronic inhibition of NHEI attenuated the development of CH in rabbits
subjected to volume and pressure over-load and prevented further development of heart

failure®”’

. NHE1 inhibitors have also been shown to reduce right and left ventricular
hypertrophy in models subjected to MIs*****. Mice expressing active human NHE1 have
provided further evidence of NHE1 mediated CH, contractile dysfunction and heart
failure®'. In this study, the hypertrophic phenotype was associated with activation of

CaM Kinase II, and increases in Ca***'. Additionally, these TG mice displayed increased

expression of activated ERK 1/2 and p38*>'.

1.74.1.2 Inhibition of Autocrine, Paracrine and Hormonal Induced Cardiac Hypertrophy by
NHE]I Inhibitors

The cellular mechanistic base for NHE1 induced CH is not known with certainty.
Since NHE1 activation occurs through receptor dependent mechanisms induced by
neuroendocrine disorders and cardiac dysfunction (as described in Section 1.5, 1.7.2 and
1.7.3), NHEI1 has been suggested to be a target of multiple signaling pathways, which
mediate the CH response'”. In a number of studies, inhibition of NHE1 attenuated CH in
models induced by autocrine, paracrine or hormonal stimuli. In vitro, HOE 694, a
selective NHEI inhibitor was shown to block norepinephrine-induced protein synthesis
in NRVMs™*. In vivo, NHEl inhibition suppressed the hypertrophic effect of
isoproterenol*”.

In addition, MAPKs, important pathways leading to CH and kinases involved in
NHE] regulation (as described in Section 1.5), have been implicated in NHE1 induced
CH"'#*¥% The MAPK pathway has been suggested to be a downstream target of

autocrine, paracrine and hormonal stimuli, particularly those acting through GPCRs (as
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described in Section 1.5.3.1). Treatment with NHEI1 inhibitors reversed the MAPK

pathway induced NHE1 stimulation and CH*’.

1.7.4.1.3 Inhibition of Genetically Induced Cardiac Hypertrophy by NHE1 Inhibitors

Inhibition of NHE1 in genetic models of CH has been effective in regressing the
hypertrophic response. NHE1 expression and activity were increased in a model of

human hereditary cardiomyopathy, which was accompanied by increased [Na'], and

[Ca™]; levels, all of which were prevented by NHE1 inhibitors®®. NHE] inhibition also
reversed CH, fibrosis and heart failure in TG mice over-expressing [3, adrenergic
receptors”™. Another genetic model studied was ANP deficient mice, which were
associated with hypertension, marked CH, enhanced NHEI1 activity, subsequent

alkalinization, and increased [Ca®'];. All of these symptoms were attenuated with NHE1

inhibition™.

1.74.14 NHEI and Diabetes-Induced Cardiac Hypertrophy

The prevalence of cardiovascular diseases, including left ventricular hypertrophy,
in the diabetic population is many times higher than in the non-diabetic population®'***.
The common consequence of all diabetes is hyperglycemia due to either abnormalities of
insulin secretion by pancreatic B-cells (type 1 diabetes) or inefficiency of insulin®”.
Hyperglycemia encountered during diabetes triggers abnormalities of vascular function
associated with cell acidosis and Ca** overload. This leads to different pathologies such
as ischemic heart disease and left ventricular hypertrophy**. It is quite interesting to note

that the role of NHE1 is also translated to models of diabetes-induced CH. Left

ventricular myocytes from a type 2 diabetes rat model demonstrated a marked increase in
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NHEI! activity***. In addition, glucose-induced CH has been shown to be attenuated by
NHEI inhibitors**. The benefits of NHEI1 inhibition extend to the extent of protecting
the coronary endothelium against deleterious effects of hyperglycemia induced by
streptozotocin, therefore preventing future MIs**. Targeting NHE1 therefore represents

an attractive therapeutic approach in diabetic induced CH.

1.74.2 NHEI and Apoptosis
Apoptosis is initiated by the death receptor/extrinsic pathway, the
mitochondrial/intrinsic pathway or the endoplasmic reticulum (ER)-stress death
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pathway~". Understanding the mechanisms by which apoptosis occurs is very important
since apoptosis has been demonstrated to play a role in the transition from CH to heart
failure**. It has been reported that patients with advanced heart failure have higher rates
of cardiomyocyte apoptosis*”’**. Since recent reports show that NHE1 inhibition delays
the transition from CH to heart failure (as described in Section 1.7.3) and apoptosis plays
a key role in this process, numerous studies have investigated the role of NHE1 on CH
and apoptosis. In vitro, enhanced NHE1 was shown to be associated with apoptosis in a
hypoxia/reoxygenation model”'. In vivo, chronic NHE1 inhibition decreased both CH
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and apoptosis in the spontaneously hypertensive rat heart™". The anti-apoptotic effect has

been suggested to be a result of the inhibition of cytosolic Na*, Ca®* and the opening of

20 The role of the mitochondrial transition

the mitochondrial permeability transition pore
pore in inducing NHE1 mediated apoptosis is further supported in another model. In this

model, NHE1 inhibition protects against IR injury by attenuating the opening of the

mitochondrial transition pore, apoptosis and the resultant mitochondrial dysfunction®”.
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1.74.3 NHEI and Congestive Heart Failure

In congestive heart failure (CHF), the reduced efficiency of the heart causes
blood to back up in the circulatory system leading to the build up of fluid in tissue
(edema). Over time, untreated CHF worsens and affects virtually every organ in the
body. NHEI was also investigated in hearts with CHF. In hearts samples from patients
with CHF, NHEI activity was increased relative to normal human donor hearts,
suggesting that NHEI activity and expression are maintained throughout pathological
hypertrophy and its progression to CHF*’. CHF commonly coexists with atrial
fibrillation, which often exacerbates CHF**. In the left atrium from 29 patients
undergoing mitral valve replacement, NHE activity and expression were significantly
greater in tissue with atrial fibrillation and severe heart failure vs. other groups, which
had atrial fibrillation with mild heart failure or normal sinus rhythm with mild heart

failure®”.

1.7.5 NHE1 and Stem Cells

Despite all the therapeutic interventions available, the prognosis for most patients
with heart failure remains poor''. Stem cells and their ability to generate cardiomyocytes
and to promote local repairs provides a new therapeutic strategy for treatment of the

failing heart'™'

. Recent studies have employed various techniques to enhance the
specificity and amount of differentiated stem cells, since differentiated cardiomyocytes
account for a minor portion of cells present within embryoid bodies of embryonic stem

cells”™***, It has been suggested that NHE1 is required for differentiation of embryoid

bodies into cardiomyocytes™**. Treatment of P19 stem cells with NHEI inhibitors
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prevented differentiation of embryoid bodies into cardiomyocytes*”, thus emphasizing
the importance of NHE1 in the differentiation of embryoid bodies into cardiomyocytes.
Inhibition of NHE1 activity was also shown to inhibit cardiomyocyte differentiation of
CGRS stems cells, indicated by the decreased message of transcription factors Nkx2-5
and Tbx5 and the decreased levels of a-MHC*®. This further confirms the role of NHEI
in the differentiation of embryoid bodies into cardiomyocytes. CGRS8 stem cells were
also reported to have expressed elevated NHE1 expression and activity, which facilitated
cardiomyocyte differentiation **. These results demonstrate that NHE1 is important in
facilitating stem cell differentiation to cardiomyocytes, and further emphasizes that

NHEI] is an essential target in understanding heart failure.

1.8 Other Pathophysiological Roles of NHE1

NHEI has number of pathophysiological roles. Understanding its function or
regulation in other systems has often been used as a means to provide insights into the

role or regulation of NHEI in the myocardium.

1.8.1 NHE1 and Cancer

Cancer is estimated to account for 13% of the yearly total mortality worldwide™'.

Most cancer-induced deaths are the sequel of metastatic diseases rather than of primary
tumor growth’®. Tumor cells display alkaline pH; and the maintenance by NHEI has
been shown to be a key mechanism in the oncogenic transformation and maintaining the
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tumor cells in a transformed state™. NHE1 inhibitors have been proposed as potential

therapeutic agents against metastasis and multi-drug resistant cancers®*. Interestingly,
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paclitaxel, a chemotherapy agent for leukemia and lymphoma has been shown to activate
pathways that inhibit NHE1 and cancer cell apoptosis**. The potential for use of NHE1

inhibitors in the treatment of cancer is gaining more attention.

1.8.2 NHEI and Central Nervous System

NHE] is the most abundant isoform in the rat central nervous system. Targeted
disruption of the murine NHE1 locus results in severe neurodegenerative disorders*®. In
addition, brain ischemia activates NHE1, and infusion with NHEI inhibitors results in

beneficial neurological outcomes™’.

1.8.3 NHEI and Chronic Kidney Disease

Chronic kidney disease is characterized by a lack of renal tubular epithelial cells
(tubular atrophy)*****®. The absence of renal tubular epithelial cells has been attributed to
ischemia®”. NHE1 inhibitors protect against cellular stress such as streptozotocin-

induced diabetes renal tubule epithelial cell apoptosis and renal dysfunction®”.

1.84 NHE1 and Skeletal Muscle

NHEI is known to be present in rat and human skeletal muscle’”'*”. Skeletal
ischemia occurs as a result of prolonged ischemia due to unpredictable complications,
such as thrombosis and/or vasospasm occurring perioperatively in selective
reconstructive surgery or delayed surgical interventions in trauma surgery’”. Recent
reports have suggested than inhibition of NHE1 attenuates skeletal muscle infarctions

when administered before ischemia or reperfusion®”.
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1.9 Thesis Objectives

Understanding the fundamental underlying mechanisms in the development of
heart failure, particularly during pathological hypertrophy and I/R injury, likely holds the
key for potentially effective heart failure management. The purpose of this study was to
understand how NHE1 upregulation affects the myocardium's susceptibility to
pathological CH and I/R injury using a gain-of-function model. This was done by (1)
using an in vivo and an in vitro gain-of-function model. Our in vivo model involved TG
mice expressing cardiac specific NHE1, in the wild type (N-line) or active form (K-line).
Our in vitro model involved NRVMs infected with adenoviruses containing wild type
(IRM) or constituitively active (K-IRM) NHEI. In these studies we were also able to
determine whether the involvement of NHEI in CH is a result of protein expression,
activity or a combined effect. It is uncertain whether enhanced expression of NHE1 alone
has detrimental effects without the activation that shifts it to greater activity at more
alkaline pH. Such activation could occur in more pathological situations, since numerous
regulators of NHE1 increase in the diseased myocardium. In order to determine whether
enhancement of NHEI activity increases the susceptibility to stimuli that causes CH,
both our in vivo and in vitro models were stimulated with PE. PE is a hormonal o,,-AR
agonist that induces hypertrophy and activates NHE1. Both models were then assessed
for CH. (2) In the second part of the study, our in vivo gain-of-function model was used
to determine whether elevation of NHE1 expression mediates I/R injury and whether this
response is enhanced when NHEI1 is active. (3) The third part of the study was to
confirm that the NHEI induced cardiac phenotype was not gender dependent. The NHE1

transgenic male mice where characterized for CH and compared to its female
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counterpart. Our hypothesis is that enhanced NHE1 expression in the myocardium
makes the myocardium more susceptible to CH and I/R injury and this is accentuated

further with activation of the exchanger.
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Chapter 2
Materials and Methods
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2.1 Transgenic Mice Expressing Cardiac-Specific NHE1

Two types of TG mice were created, the N-line, which express wild type human
NHEI and K-line, which express an active human NHE1. NHE1 was tagged with

hemagglutinin (HA) and directed to the myocardium under the control of the a-MHC.

2.1.1 Construction of Wild Type Human NHEI-HA Tagged Plasmid

The wild type human NHE1-HA plasmid used for the construction of N-line TG
mice was made from the plasmid pYN4*. pYN4" contains the human complementary
deoxyribonucleic acid (cDNA) of the entire coding region of NHE1 and is HA tagged at
the NHE1 C-terminal tail. Expression of the plasmid is driven by the Rous Sarcoma
Virus promoter. The plasmid contains an ampicillin (Amp) resistance cassette for
selection””. pYN4" was digested with Smal and Ndel restriction enzymes to yield a 2551
base pair (bp) segment that contained HA tagged-wild type human NHE1. The Ndel site
was blunted with the Klenow enzyme. HA tagged-wild type human NHEI was cloned to
a plasmid containing the 5.5-kilobase (kb) mouse cardiac a-MHC promoter, which was
digested with Sall and also filled with a Klenow fragment. The a-MHC promoter was
used to direct cardiac specific expression. After the correct orientation was confirmed,
linear DNA containing o-MHC-wild type NHE1-HA tag was excised from the plasmid

using the enzyme NotI*”.

2.1.2 Construction of Active Human NHE1-HA Tagged Plasmid

The second transgenic mouse line, the K-line, which contained the active human

NHEI-HA tagged construct, was also constructed from the plasmid pYN4" (as described
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in Section 2.1.1). The active NHE1-HA tagged plasmid represented by the following
notation, 1K3R4E, was made by mutating specific regions of the NHE1 C-terminal tail
(Figure 1.2). Amino acids lysine (K) 641, arginine (R) 643, arginine (R) 645, and
arginine (R) 647 were all mutated to glutamic acid (E)'". Mutation of the CaM binding
site has been shown to stimulate NHE1 and mimics the effects of elevated [Ca®*], (as
described in Section 1.5.2.1) (Figure 1.2). This occurs because in the absence of CaM
bound to Ca®, the high affinity CaM binding site causes autoinhibition of NHE1'®,
Addition of CaM bound to Ca®, which occurs when [Ca™], is elevated, reverses this
inhibition and produces an actived NHE1'". Deletion or mutation of regions of the high
affinity CaM binding site prevents autoinhibition of NHEI, and stimulates NHEI1
activity and mimics elevated [Ca*],'"*. This results in an NHE1 protein that is alkaline
shifted in its pH dependence and is more active at a given pH.

To make the 1K3R4E muations, amplification was carried out with PWO DNA
polymerase (Roche Applied Science; Laval, Quebec), followed by use of the Stratagene
QuikChangeTM site-directed mutagenesis kit (Roche Applied Science; Laval, Quebec).
Site-specific mutagenesis was carried out using the following forward and reverse
synthetic oligonucleotide sequence, 5'-
CGCAAAATCCTGAGGAACAACTTGCAGgAGACCgaGCAGgaGCTcgaGTCCTAC
AACAGACACACGCTGG-3', with lower case letters indicating mutations. Sacl and
Xhol sites were introduced to facilitate mutant identification by restriction enzyme
digestion. The resulting polymerase chain reaction (PCR) product was used to transform
XL1-Blue cells by electroporation. DNA was isolated from randomly selected XL1-Blue

colonies and positive colonies were identified by restriction enzyme digestion using Sacl
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and Xhol. The accuracy of the mutated plasmid was confirmed by sequencing.
Oligonucleotides used as PCR primers and for sequencing were synthesized by either
Qiagen or MWG Biotech, Inc. DNA samples were sent to the University of Alberta,
Department of Biochemistry, DNA Core Services lab for DNA sequencing.

The 1K3R4E plasmid was constructed with the a-MHC promoter as described in
Section 2.1.1. After the correct orientation was confirmed, linear DNA containing o-
MHC-active type NHE1-HA tag was excised from the plasmid using the enzyme Notl
and this construct was used for generation of NHE1 TG K-line mice (as described in

Section 2.1.4).

2.1.3 Characterization of NHEI Plasmid with the 1 K3R4E Mutation

2.1.3.1 Cell Culture and Transient Transfection of AP-1 Cells

AP-1 cells, derived from a Chinese hamster ovary cell line, lack endogenous
NHET1 and are used to characterize wild type NHE1 or mutant (1K3R4E) constituitively
active NHE1 plasmids (as described in Section 2.1.1 and 2.1.2). AP-1 cells were grown
in modified Eagle’s medium, alpha modification (a-MEM) supplemented with 10% fetal
bovine serum (FBS), 25 mM N-2-hydroxyethylpiperazine-N’-2-ethanesulfonic acid
(HEPES), 0.25 mM glutamine, penicillin (100 U/mL), streptomycin (100 U/mL) and
gentamicin (4 mg/mL) in a humidified atmosphere containing 95% O,-5% CO,. For
transfection, 1x10° cells were seeded in a 60 mm petridish and grown overnight without
antibiotics. Cells were transfected with LIPOFECTAMINE™ 2000 Reagent (LF 2000)

according to the manufacturer’s protocol. Briefly, the DNA-LF 2000 containing solution
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was prepared using 10 ug of plasmid DNA, Opti-MEM and LF 2000. During this time
the media of the cells to be transfected was replaced with media containing no antibiotics
or FBS and 1 mL of the DNA-LF 2000 containing solution. Cells were then incubated at
37°C for 24 hours, and were supplemented with 10% FBS 4 hours following

transfection.

2.1.3.2 Western Blot Analysis of NHEI in AP-1 Cells

Expression of the NHE1 protein was confirmed by western blot analysis of total
cell lysates obtained from AP-1 transfected cells. The cells were extracted in the
presence of lysis buffer containing [(mM) (50 Tris, pH 7.4, 150 NaCl, 1 ethylene glycol-
bis(b-aminoethylether)-N,N,N' N'-tetraacetic acid (EGTA), 0.1 benzamidine, 0.1
phenylmethylsulfonyl fluoride), 0.25% (w/v) sodium deoxycholate, 0.1% (v/v) Triton X-
100, 0.1% (v/v) protease inhibitor cocktail and 1% (v/v) Nonidet P-40]*°. The cell
lysates were centrifuged at 16 000 x g for 5 minutes at 4°C and the pelleted cell debris
was discarded. The protein concentration of each lysate was determined using a Bio-Rad
D Protein Assay. 50 ug of total protein was resolved on a 10% SDS-PAGE gel and
transferred onto a nitrocellulose membrane. The nitrocellulose membrane was incubated
with anti-HA (12CAS5) antibody (Boehringer Mannheim; Burlington,Ontario) in 1%
milk/TBS for 2 hours at room temperature with constant rocking and then incubated with
peroxidase-conjugated goat anti-mouse antibody in 1% milk/TBS for 1.5 hours. Blots
were developed by the Amersham ECL Western blotting and detection system, as

described by the manufacturer.
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2.1.3.3 Measurement of NHEI Activity in Mammalian Cells

NHET activity, the ability of the wild type or active NHE1 (1K3R4E mutant) to
exchange Na* and H" across the plasma membrane was estimated by the rate at which
cells recover following an acid load. Transfected AP-1 cells (as described in Section
2.1.3.1) were grown to 80-90% confluence on glass coverslips and were loaded with 3
ug/mL 2,7-bis(carboxyethyl)-5(6)-carboxyfluorescein acetoxymethyl ester (BCECF-
AM) (EMD Chemicals Inc.; Gibbstown, NJ) in AP-1 growth medium (as described in
Section 2.1.3.1) without FBS. BCECF-AM is a cell permeable and non-fluorescent pH
sensing dye that is cleaved to BCECF once inside the cell by cellular esterases, which
makes the dye impermeable and fluorescent”’. NHEI activity was measured using a PTI
Deltascan spectrofluorometer (Photon Technology International; London, Ontario). The
excitation wavelengths used were 452 and 503 nm, which coincide with the excitation
ratios of BCECF, one of which is pH independent (452nm) and one of which is pH
dependent (503nm)**. The emission wavelength used was 524 nm, and the ratio of the
two emissions at this wavelength gives a measurement of pH; that is independent of the

dye concentration”

. Following incubation with BCECF-AM, the coverslip was placed in
a cuvette containing Na*-normal buffer [(mM) (135 NaCl, 5 KCl, 1.8 CaCl,, 1 MgSO,,
5.5 Glucose, 10 HEPES) warmed to 37°C and adjusted to pH 7.3 using KOH and HCI],
until a steady pH; was obtained. The cells were then acid loaded with 50 mM ammonium
chloride for 3 minutes, followed by a brief incubation in Na'-free buffer [(mM) (135 N-
Methyl glucamine, 5 KCl, 1.8 CaCl,, 1 MgSO,, 5.5 Glucose, 10 HEPES) warmed to
37°C and adjusted to pH 7.3 using KOH and HCI], allowing a steady acidic pH; to be

obtained. The cells were then transferred into fresh Na*-normal buffer for 3 minutes. A
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three-point pH calibration was carried out for each coverslip by placing the cells in
calibration buffers [(mM) (135 N-Methyl glucamine, 135 KCl, 1.8 CaCl,, 1 MgSO,, 5.5
Glucose, 10 HEPES) warmed to 37°C and adjusted to pH 8, 7 or 6 using KOH and HCI]
and 10 uM nigericin, a K* ionophore*. Using this calibration data, a standard curve was
generated and used to calculate the rate of recovery and resting pH;. The rate of recovery
was taken in the first 20 seconds of linear recovery following an acid load, with final
units of ApH/second. For measurements of resting pH;, readings were taken 3 minutes

following stabilization in Na*-normal buffer and prior to the acid load.

2.14 Construction of NHEI Transgenic Mice

Linearized a-MHC-wild type or active NHE1-HA tagged DNA (as described in
Section 2.1.1 and 2.1.2) was microinjected into fertilized oocytes, which were then
transferred into the oviduct of pseudopregnant FVB/N mice. This procedure was
performed by the Health Sciences Laboratory Animal Services at the University of
Alberta, Edmonton, AB, Canada. Founder mice were identified, bred with wild-type

FVB/N, and maintained in a pathogen-free environment.

2.14.1 Identification of NHEI Transgenic Mice

TG mice were identified by PCR analysis of ear genomic DNA. Ear notch
biopsies from NHE1 TG mice, 3 weeks of age, were extracted by personel from the
Health Sciences Laboratory Animal Services at the University of Alberta. Genomic
DNA was extracted from the ear notches using the REDExtract-N-Amp™ Tissue PCR

kit (XNAT) (Sigma) according to the manufacture’s instructions. The PCR reaction mix
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consisted of 5 uLL of 10x PCR buffer, 2 mM deoxyribonucleoside triphosphate (ANTPs),
0.5 uL Taq polymerase, 1uM forward and reverse primers, 3 mM MgCl, and 4 uL. DNA,
diluted to a final volume of 50 uLL dH,O. The forward primer corresponded to the 3' end
of the a-MHC promoter sequence (5'-GCCCAGCTGCCCGGCACTCTTAG-3") and the
reverse primer corresponded to the 5' end of the NHE1 cDNA sequence (5'-
GCCCCACCAAAGCAACCACCAC-3"). Each PCR set contained a negative and
positive control. A step down PCR program was used. PCR samples were diluted in 6x
DNA loading buffer and run on 1% agarose gel (ultrapure agarose dissolved in 1XTBE)
containing ethidium bromide at 70 V for 1 hour. Gels were exposed to UV, which reacts

with ethidium bromide, to illuminate bands of appropriate size for mice that are TG.

2.2 In Vivo Studies of NHE1 Transgenic Mice

All experimental procedures involving animals presented in this study were used
in accordance with guidelines set out by the University of Alberta Animal Policy and
Welfare Committee and by the Canadian Council on Animal Care. In the following study
control, N-line and K-line male and female mice, 10-12 weeks of age, were used. Female
(Chapter 3) and male (Chapter 5) mice were characterized for CH and female mice were
used for our I/R studies (Chapter 4). All TG mice used in our study were heterozygous.
Mice were housed in a conventional facility at the University of Alberta Health Sciences
Laboratory Animal Services with free access to standard mouse chow and tap water. In
some studies, the standard mouse chow contained N-(4,5-Bis-methansulfony-2-methyl-
benzoyl) guanidine (EMD 87580/EMD), an NHEI1 inhibitor, which was made by Harlan

Laboratories (Madison, WI). EMD 87580 was a generous gift from Dr. N. Beier (Merck
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KGaA; Frankfurt, Germany). In these studies, the EMD 87580 enriched chow was
administered for 14 days or 3 months. In parallel control experiments, animals were fed

the standard chow.

2.2.1 Isolation of Adult Ventricular Cardiomyocytes from NHEI Transgenic

Hearts

Adult ventricular cardiomyocytes (AVMs) were isolated from control and TG

mice by collagenase digestion™

. Mice were heparinized and then anesthetized using
euthanyl. Hearts were excised and placed in ice-cold Ca**-free perfusion buffer [(in mM)
(113 NaCl, 4.7 KCl, 0.6 KH,PO,, 0.6 Na,HPO,, 1.2 MgSO,7H,0, 12 NaHCO,, 12
KHCO,, 20 D-glucose, 10 Na*-HEPES, 2 creatine, 2 carnitine, 30 taurine, 10 2,3-
butanedione monoxime), pH 7.2 at 37°C]. Non-cardiac tissue was quickly removed, and
the heart was cannulated via the aorta. The heart was then perfused with continuously
gassed (95% 0,-5% CO,) Ca**-free perfusion buffer for 4 minutes at 37°C, followed by
perfusion with an enzymatic digestion buffer (Ca**-free perfusion buffer, 0.08%
collagenase Type II Worthington (Worthington Biochemical Corporation; Lakewood,
NJ), 25 uM Ca**, and 0.1% bovine serum albumin (BSA), continuously equilibrated with
95% 0O,-5% CO, at 37°C) for 3 minutes. By the end of the digestion period, the heart
became soft and flaccid, and the ventricles were removed and cut into five to six pieces
and placed in storage buffer (Ca**-free perfusion buffer, 100 uM CaCl,, and 0.1% BSA).
This suspension was dispersed by gentle trituration using a wide-bore disposable

serological pipette. The cell suspension was maintained in storage buffer at 25°C for at

least 2 hours before use.
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2.2.1.1 Intracellular pH Measurements of Isolated Adult Ventricular Cardiomyocytes
pH; was monitored in single AVMs using the pH-sensitive fluorescent dye
BCECF-AM (as described in Section 2.1.3.1.3). Two hours following the isolation of the
AVMs, 500 uL of the cell suspension was placed on a coverslip that was mounted on the
stage of an inverted Leica DMLA microscope (Leica Microsystems Bannockburn, IL),
which contained an adjustable aperture and a single photomultiplier tube (Photon
Technology International; London, Ontario). The coverslip was coated with 10 ug/mL
laminin (Collaborative Biomedical Products; Mississauga, Ontario). The stage was set at
a temperature of 37°C. The cell suspension was loaded with 12 uM BCECF-AM for 30
minutes. A single healthy cardiomyocyte was chosen for the remaining experiment. The
cells were superfused (I mL/min) with normal buffer solution [(in mM) (135 NaCl, 4.5
KCl, 2 CaCl,, 1 MgCl,, 20 HEPES, and 10 glucose), adjusted to pH 7.4 with NaOH at
37°C]. The cells were excited with light at 490 and 440 nm, and the resulting
fluorescence emission intensity from a single cardiomyocyte was measured
simultaneously at 530 nm. After an initial measurement period of resting pH;, cells were
acidified by using 50 mM NH,CI and the remaining procedure was as described earlier in

Section 2.1.3.1.3.

2.2.1.2 Cell Area of Isolated Adult Ventricular Cardiomyocytes
Cell area of AVMs isolated by retrograde perfusion was measured using Image
ProPlus Version 4.5 software (Media Cybermetics Inc. Silver Spring, MD). Digitized

images were gathered using a Photometrics CoolSNAP;, camera (Photometrics Surrey,
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BC) equipped to a Leica DMIRB microscope (Leica Microsystems Bannockburn, IL)
using 20X magnification. 100 cells were measured from each perfusion, representing an

n=1.

2.2.2 Western Blot Analyses of Tissue from NHEI Transgenic Mice

2.2.2.1 Immunoblot Analysis of Various Transgenic Tissues for Total and Exogenous
NHE]I Protein Expression

Hearts used for examining NHE1 protein expression were isolated from control
and NHE1 TG mice and added to a homogenization buffer [(mM) (120 NaCl, 10 Tris
(pH 7.4), 0.1 phenylmethylsulfonyl fluoride, 0.1 benzamidine), 37.5 uM ALLN (calpain
I inhibitor) and a proteinase inhibitor cocktail]. Samples were homogenized at 4°C for 30
seconds, incubated on ice for 30 seconds, and then homogenized again for 30 seconds by
using an Omni International 2000 electric homogenizer (OMNI International, Kennesaw,
GA). The crude membrane fractions were obtained by subjecting the homogenates to a
series of centrifugation steps. The initial centrifugation was for 10 minutes at 735 x g.
The resulting pellet was discarded and the supernatant was centrifuged at 8 200 x g for
15 minutes. The resulting pellet was again discarded and the supernatant was centrifuged
for the last time at 40 000 x g for 1 hour. The supernatant was discarded and the pellet
containing the membrane fraction was resuspended in the homogenization buffer with the
addition of 1% SDS, to aid in solubilization. Total protein was quantified using the Bio-
Rad D, Protein Assay kit as described by the manufacturer. 100 ug of each sample was

resolved on 10% SDS-PAGE and transferred to nitrocellulose membranes. For western
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blots examining NHEI1 tissue expression in NHE1 TG mice, lysates were prepared using
lungs, liver, kidney, brain or hearts as described above. For western blots examining the
time course of expression of the NHEI transgene in the intact myocardium, hearts were
isolated at various ages ranging from 1-18 weeks, and lysates were prepared as described
above. Nitrocellulose membranes were blocked in blocking buffer solution (LI-COR
Biosciences, Lincoln, Nebraska) overnight at 4°C, with gentle rocking. Membranes were
incubated with anti-HA (Y11) antibody (sc-805) (Santa Cruz Biotechnology; Santa Cruz,
Ca) or anti-NHEI1 antibody (BD Biosciences Pharmingen; San Diego, CA) overnight.
Anti-NHE1 was used to examine total (endogenous and exogenous) NHEI protein
expression. Anti-HA was used to examine expression of exogenous NHE1. Anti-actin
antibody (H-300) (Santa Cruz) was used as a loading control. The primary antibodies
were diluted 1:1000 in TBS + 0.1% Tween-20 and incubated overnight. The membrane
was then washed with TBS + 0.1% Tween-20 4x for 5 minutes each at room
temperature. Species and wavelength specific LI-COR secondary antibodies including
goat anti-mouse (GAM) IRDye 800CW and goat anti-rabbit (GAR) IRDye 680 (LI-COR
Biosciences; Lincoln, Nebraska) were diluted 1:10 000 in TBS + 0.1% Tween-20. The
membrane was incubated in secondary antibody for 1 hour in a dark box at room
temperature. The membrane was then washed 4 x for 5 minutes each in TBS + 0.1%
Tween-20 and stored in TBS. The Odyssey® Infrared Imaging System was used to
visualize and quantify immunoreactive proteins. Total NHEI or exogenous NHEI]
expression was quantitated and corrected with the total protein expression of actin.
Protein expression of the exogenous NHEI1 protein was slightly larger in apparent

molecular weight, likely due to the HA tag™”.
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2.2.2.2 Immunoblot Analysis of Transgenic Heart Lysates for lon Regulatory Membrane
Proteins

For some experiments, heart lysates were prepared to examine protein expression
of membrane proteins involved in ion regulation of cardiomyocytes in hearts of NHE1
TG and control mice. Heart lysates and protein concentration were prepared as described
in Section 2.2.2.1 and blots were run as described in described in Section 2.2.2.1. The
primary antibodies used included; NKA (05-369) (Millipore; Billerica, Massachusetts),
NCX (from Dr. Jonathan Lytton; University of Calgary, Calgary, AB), sarcoendoplasmic
reticulum Ca*-ATPase (SERCA) (from Dr. Marek Michalak; University of Alberta,
Edmonton, AB), NBC Isoform 1 (AB3208) (Millipore) and AE 1 and 3 (from Dr. Joe
Casey. University of Alberta, Edmonton, AB). Primary and secondary antibodies were
incubated as described in Section 2.2.2.1. Total expression of NKA, NCX, SERCA

NBC1, AE1 or AE3 was quantified and expressed as % of controls.

2.2.2.3 Immunoblot Analysis of Transgenic Heart Lysates for MAPK and RSK

Heart lysates were prepared to examine phosphorylated ERK (pERK) 1/2
(Thr***/Tyr*™) and total ERK 1/2, phosphorylated-p38 (Thr'*”"*?) (pp38) and total p38 or
p38 a., phosphorylated JNK (pJNK) (Thr'*/Tyr'®) and total JNK Isoform 1/2/3 and
phosphorylated RSK (pRSK)(Ser**’) and total RSK 1 and 2 immunoblots. Heart tissue
was homogenized at a high setting with an OMNI 2000 homogenizer in lysis buffer
[(mM)(50 HEPES, 100 NaCl, 50 NaF, 1 ethylene glycol tetraacetic acid (EGTA), 1
ethylenediaminetetraacetic acid (EDTA), 4 phenylmethylsulfonyl fluoride, 0.8 Na,;VO,),
(uM) (0.6 aprotinin, 8.6 leupeptin, 5.8 pepstatin A), and 1% Triton X-100]. The

homogenate was centrifuged at 100 000 x g for 10 minutes at 4°C and then the
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supernatant was isolated”>. Protein concentration of the supernatant was measured and
blots were run as described in Section 2.2.1.1. Table I is a list of primary antibodies,
corresponding secondary antibodies and cataolog number of the primary antibodies used
for the MAPK and RSK western blots. Phosphorylated protein kinase expression was
normalized to expression of the corresponding total protein kinase for control, N-line and

K-line hearts and expressed as a % of controls.
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Table I: Primary and secondary antibodies for the analysis of protein kinases.

Company and

Primary Antibody Secondary Antibody Catalog #
Phosphorylated-ERK . Cell Signaling
pERK (Thr**/Tyr**) DICI);lll)(e)e/ gggég\c{? t Technology
Goat polyclonal y (#91006)
ERK ERK 1/2 (p44/p42 MAPK) Goat anti-rabbit C;gdslﬁih“g
Rabbit polyclonal IRDye 680 4
(#9102)
Phosphorylated-p38 (Thr'*"'*?) Goat anti-rabbit Santa Cruz
pp38 Rabbit polyclonal IRDye 680 (sc-17852)
: Santa Cruz (N20)
p38 (o) Donkey anti-goat
p38 (o) (sc-728) or (C20)
Goat polyclonal IRDye 800CW (sc-535)
Pho(s%}llgg/?;i%%NK Donkey anti-goat Santa Cruz
pJNK Goat polyclonal IRDye 800CW (sc-12882)
JNK 1/2/3 Goat anti-rabbit Santa Cruz
JNK Rabbit polyclonal IRDye 680 (sc-581)
pRSK Phosphorylated-RSK (Ser **) Goat anti-rabbit C"Flelc}SlL%)Iizgl;g
Rabbit polyclonal IRDye 680 (#9323)
RSK 1 and 2 Donkey anti-goat Santa Cruz (C21)
RSK Goat monoclonal IRDye 800CW (sc-231) and (C18)
(sc-1430)
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2.2.2 4 Immunoblot Analysis of Transgenic Heart Lysates for Markers of Apoptosis
Markers of apoptosis, apoptosis-inducing factor (AIF), cytochrome C (Cyt c¢) and
poly (ADP-ribose) polymerase (PARP), were measured in both the cytosolic and
mitochondrial fraction of hearts from TG and control mice®®. Heart tissues were
homogenized in sucrose buffer [(mM) (300 sucrose, 10 Tris-HCI, 2 EGTA; pH 7.4,0.5%
BSA], then centrifuged at 2 000 x g for 2 minutes at 4°C, and then the supernatant was
centrifuged at 10 000 x g for 5 minutes at 4°C. The remaining pellet, the mitochondrial
fraction, was then washed three times at 10 000 x g for 5 minutes at 4°C and resuspended
in sucrose buffer. The latter was centrifuged at 100 000 x g for 60 minutes at 4°C and the
supernatant was used as the cytosolic fraction. Protein concentrations of both the
mitochondrial and cytosolic fractions were measured as described in Section 2.2.2.1. The
purity of the mitochondrial fraction was tested by immunoblotting with anti-histone
antibody (H5100-02B, US Biological; Swampscott, MA), a nuclear marker, following
the same immunoblotting procedure described in Section 2.2.2.1. The purity of the
mitochondrial fraction was based on the absence of nuclear markers in the mitochondrial
fraction. Cytosolic or mitochondrial lysates were immunoblotted with Cyt ¢ (#4272, Cell
Signaling Technology) and AIF (#4642, Cell Signaling Technology) antibodies. Cleaved
PARP protein expression, detected by anti-PARP antibody (#9542, Cell Signaling
Technology), was only examined in the cytosolic fraction. Mitochondrial superoxide
dismutase (MnSOD) (SOD -110, Stressgen; Ann Arbor, MI) was used as a loading
control for protein measured in the mitochondrial fraction. Glyceraldehyde 3-phosphate

dehydrogenase (GAPDH) (ab9485, Abcam; Cambridge, MA) was used as a loading
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control for proteins measured in the cytosolic fraction. Actin was used as a loading
control for heart lysates immunoblotted with anti-PARP antibody. Heart lysates
immunobloted with anti-Cyt ¢ antibody were resolved on 8% SDS-PAGE, whereas all
others were resolved on 10% SDS-PAGE (as described in Section 2.2.2.1). Table II is a
list of primary antibodies and corresponding secondary antibodies used to detect proteins

that represent markers of apoptosis.
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Table II: Antibodies used to detect markers of apoptosis. Protein expression of AIF
and Cyt ¢ were examined in the mitochondrial and cytosolic fractions. PARP was
examined in the cytosolic fraction. MnSOD was used as a loading control for proteins
examined in the mitochondrial fraction. GAPDH was used as a loading control for
proteins examined in the cytosolic fraction. Actin was used as a loading control in the
cytosolic fraction blotted for cleaved PARP. The source of the primary antibodies is
indicated below the specified antibody.

Fraction Primary Antibody Secondary Antibody Loading Control
MnSOD
Mitochondria AIF AIF Goat anti-rabbit Rabbit polyclonal
Rabbit polyclonal IRDye 680 Goat anti-rabbit
IRDye 680
MnSOD
Cytc Cytc Goat anti-rabbit Rabbit polyclonal
Rabbit polyclonal IRDye 680 Goat anti-rabbit
IRDye 680
GAPDH
Cytosol AIF AIF Goat anti-rabbit Rabbit polyclonal
Rabbit polyclonal IRDye 680 Goat anti-rabbit
IRDye 680
GAPDH
Cytc Cytc Goat anti-rabbit Rabbit polyclonal
Rabbit polyclonal IRDye 680 Goat anti-rabbit
IRDye 680
Actin
PARP PARP Goat anti-rabbit Rabbit polyclonal
Rabbit polyclonal IRDye 680 Goat anti-rabbit
IRDye 680

62




2.2.2.5 Immunoblot Analysis of Transgenic Heart Lysates for GSK-3[3
Phosphorylated-glycogen synthase kinase-3f3 (pGSK-38) (Ser9) (5B3, Cell
Signaling Technology) and total GSK-38 (27C10, Cell Signaling Technology) protein
expression were measured in the cytosolic and mitochondrial fractions. The cytosolic
and mitochondrial fractions were prepared as described in Section 2.2.2.4. Protein
concentrations were measured as described in Section 2.2.2.1. Blots were run as
described in Section 2.2.2.1. GSK-3f and pGSK-3f were normalized for MnSOD in the
mitochondrial fraction, and were normalized for GAPDH in the cytosolic fraction.
pGSK-3p3/MnSOD, pGSK-33/GAPDH, GSK-33/MnSOD or GSK-33/GAPDH were
expressed as a % of controls. Table III lists primary antibodies and corresponding

secondary antibodies used to detect pGSK-3f3 and GSK-3f protein expression.
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Table III: Antibodies used for the detection of pGSK-3f and GSK-3f. Total and
phosphorylated GSK-3f3 were analyzed in heart lysates from NHE1 TG and control
mice. The source of the antibodies is indicated below the specified antibody. Primary
antibodies used include GSK-3f3 and pGSK-3f, which were normalized for MnSOD in
the mitochondrial fraction and GAPDH in the cytosolic fraction.

. Primary Secondary .
Fraction Antibody Antibody Loading Control
pGSK-3p3 Goat anti-rabbit MnSOD
Mitochondria | pGSK-3 | Rabbit polyclonal IRDye 680 Rabbit polyclonal
GSK3p | o OO | GomantiTbIt ] Goat anti-rabbit
abbit polyclona ye IRDye 680
pGSK-3f3 Goat anti-rabbit GAPDH
Cytosol pGSK-3p | Rabbit polyclonal IRDye 680 Rabbit polyclonal
GSK3p | o 99K | GOmantiTabIt ] Goat anti-rabbit
abbit polyclona ye IRDye 680
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2.2.2.6 Immunoblot Analysis of Transgenic Heart Lysates for ER Stress Response
Proteins

Anti-calreticulin and anti-protein disulfide isomerase (PDI) antibodies were a
generous gift from Dr. Marek Michalak (University of Alberta; Edmonton, Alberta).
Heart lysates from control, N-line and K-line hearts were prepared as described in
Section 2.2.2.1. Protein concentrations were measured as described in Section 2.2.2.1.
Blots were run as described in Section 2.2.2.1. Calreticulin and PDI protein expression

were normalized with actin protein expression and expressed as % of controls.

2.2.3 Collection of NHEI Transgenic Heart Specimens

Mice were euthanized with halothane and hearts were isolated for the following
analyses, and used as markers of cardiac hypertrophy; /) Heart Weight to Body Weight

ratio (HW/BW), 2) Histological studies, 3) ANP mRNA expression.

2.2.3.1 HW/BW of NHEI Transgenic Mice

CH was evaluated by measuring the HW/BW, in mg/g. Body weight of control,
N-line and K-line hearts was measured, and then the hearts were excised. All
extracardiac structures were then removed. The hearts were then washed in PBS, blotted
and weighed™. To examine whether changes in the heart weight were due to edema,
water content was evaluated in the isolated hearts. This was ensured by the dry weight to
wet weight ratio. The initial weight of the freshly isolated heart is the wet weight. Dry
weight is the weight after incubation at 100°C for 24 hours. The dry weight to wet weight

ratio was calculated according to the formula: Dry tissue weight /Wet tissue weight™®.
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2.2.3.2 Expression of ANP mRNA in Hearts from NHEI Transgenic Mice

ANP mRNA expression was measured by real-time PCR*®. Heart tissues were
homogenized in Trizol reagent according to the manufacturer’s instructions. 1 ug of the
isolated RNA was transcribed to cDNA using Superscript'™ III First-Strand Synthesis
SuperMix (Invitrogen) according to the manufacturer’s instructions. Real-time PCR was
performed using SYBR Green JumpStart 7aqg ReadyMix (Sigma) and fluorescence was
measured with a DNA Engine Opticon 2 system (MJ Research; Waltham, MA). The 18S
ribosomal RNA (18S rRNA) gene has been demonstrated to be highly stable and

conserved, and selected as a reference gene**’

. The primer sequences and PCR conditions
for ANP and 18S rRNA are shown in Table IV and Table V, respectively”****’. For each
reaction tube, the fluorescence signal of the reporter dye (SYBR) of each unknown
sample containing ANP primers was divided by the fluorescence signal of the reporter
dye (SYBR) of each unknown sample containing 18S rRNA to obtain a ratio, which is
defined as indirect quantified data. This ratio was normalized to a standard curve, which
was created using varying concentrations of the pooled sample set. A negative control,

containing individual ANP or 18S rRNA forward and reverse primers, was run for each

experiment.
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Table I'V: Synthetic oligonucleotide primer sequences for real-time PCR analysis of
ANP and 18S rRNA. ANP and 18S rRNA primer sequences were as described by Xia et
al. 2007,

Gene Primer Sequence

ANP Sense | 5'—CTGCTAGACCACCTGGAGGA —3'

Antisense | 5'—AAGCTGTTGCAGCCTAGTCC—3'

18S rRNA Sense | 5'—GTAACCCGTTGAACCCCATT—3’

Antisense | 5'—CCATCCAATCGGTAGTAGCG—3’
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Table V: Real-time PCR conditions for ANP and 18S rRNA. Fluorescence was

measured with a DNA Engine Opticon 2 system under the following conditions™°

Initial

Gene . Cycles | Denaturation | Annealing | Extension Prolonged
Denaturation Extension
94°C, 15 min 35 94°C, 20 sec 59°C, 20 sec | 72°C,30sec | 72°C,5 min
ANP
94°C, 15 min 35 94°C, 20 sec 59°C,20 sec | 72°C,30sec | 72°C,5 min
18S rRNA
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2.2.3.3 Histology of Hearts from NHEI Transgenic Mice

Isolated hearts were fixed overnight in 10% buffered formalin, then embedded in
paraffin, and serially sectioned into 5-um thick slices’®”®. These heart cross sections
were stained with hematoxylin and eosin (H&E) to evaluate gross morphology and cross
sectional area or with picrosirius red (PSR) to assess fibrosis®®. The nuclei in the heart
cross sections were stained with hematoxylin (haematin binds to nuclear histones) and
then counterstained with eosin to view the cellular details. PSR stains for collagen. In
bright-field microscopy, collagen is red on a pale yellow background. Interstitial fibrosis
(IF) was measured from digitized images using Open lab 3.5 (Improvision Inc;Waltham,
MA) and digitized images were gathered using a QImaging camera (QImaging; Surrey,
BC) equipped to a Leica DMLA microscope. 3-4 cross sections were used from each
heart with ten fields randomly selected. The maximum fibrosis observed for any section
was calculated (areas occupied by red stained connective tissue) x 100/ (areas occupied
by connective tissue plus cardiac myocytes). Intramural vessels, the perivascular
collagen, the endocardium and the trabeculae were excluded from these measurements™.
Cross sectional area (CSA) was measured from digitized images using Image ProPlus
Version 4.5. Digitized images were gathered using a Photometrics CoolSNAP,, camera
equipped to a Leica DMIRB microscope. Dimensions of at least 100 cells from 3-4 cross
sections per heart were measured. Visual fields were accepted for quantification if nuclei

were visible and cell membranes were intact®® 2,
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2.2.34 Calcineurin Phosphatase Activity of Hearts from NHEI Transgenic Mice
Calcineurin phosphatase activity in hearts from control, N-line and K-line mice
were assayed using the BIOMOL Green Cellular Calcineurin Assay Kit Plus (BIOMOL
Research Laboratories, Plymouth Meeting, PA)*'*?, The assay was conducted according
to the manufacture’s instructions. Briefly, hearts were homogenized at 4° C in lysis buffer
containing a protease inhibitor, and then the supernatant was collected. Free phosphates
were removed by passing the supernatant through centri-spin 10 columns (Princeton
Separations, Freehold, NJ). To discriminate between the contributions of other
phosphatases, total phosphatase activity was measured in the presence of EGTA (to
inhibit PP2B (calcineurin)), or in the presence of 100 nM okadaic acid (to inhibit PP1
and PP2A), or in the presence of EGTA and okadaic acid (to inhibit PP1, PP2A and
PP2B (calcineurin), not PP2C). The reaction was carried out in a 96 well microtiter plate.
It was initiated by the addition of the sample, and terminated by the addition of
BIOMOL green reagent. The color was allowed to develop for 30 minutes and then the
optical density was measured at 620nm. Calcineurin activity was calculated for each
group using the following equation, calcineurin activity = (total activity in the presence

of okadaic acid) — (total activity in the presence of okadaic acid and EGTA).

2.2.3.5 Electron Microscopy of Hearts from NHEI Transgenic Mice
Hearts were perfusion fixed with 2% paraformaldehyde-2% glutaraldehyde.
Tissue from the hearts were then sectioned and stained by the conventional osmium-

uranium lead method*”".

70



2.2.3.6 Measurement of Terminal Deoxynucleotidyl Transferase Mediated dUTP Nick
End Labeling Staining in Hearts from NHEI Transgenic Mice

Terminal deoxynucleotidyl transferase mediated dUTP nick end labeling
(TUNEL) staining was performed on paraffin-embedded heart cross sections using
DeadEnd™ Fluorometric TUNEL System (Promega, Madison, WI) as per manufacture’s
instructions®®****, Heart cross sections were deparaffinized and treated with Proteinase K,
which permeabilizes the tissue to the staining reagents. The heart cross sections were
then equilibrated with equilibration buffer [(mM) (200 potassium cacodylate (pH 6.6 at
25°C), 25 Tris-HCI (pH 6.6 at 25°C), 0.2 DTT, 2.5 cobalt chloride) and 0.25mg/mL.)] and
then incubated with terminal deoxynucleotidyl transferase (Tdt). To distinguish TUNEL
positive nuclei from TUNEL negative nuclei, heart cross sections were counterstained
with 4'-6-Diamidino-2-phenylindole (DAPI). For negative controls, heart cross sections
were treated similarly, but in the absence of the Tdt enzyme. For positive controls, heart
cross sections were treated with DNase I, which fragments the DNA. TUNEL-positive
cells were measured from digitized images using Image ProPlus Version 4.5. Digitized
images were gathered using a Photometrics CoolSNAP, camera equipped to a Leica
DMIRB microscope with filters set to view the green fluorescence of TUNEL stained
cells (520 nm) and blue DAPI stained cells (460 nm). TUNEL-positive cells were
counted in five randomly selected fields per slide and three cross sections per heart and
averaged for statistical analysis to represent an n=1. The percentage of nuclei labeled by
TUNEL per unit of cells stained with DAPI reflected the apoptotic index. The observer

was blinded to the treatment group.
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2.2.3.7 Caspase-3 Activity of Hearts from NHEI Transgenic Mice

For measurement of caspase-3 activity, freshly collected hearts were
homogenized at 4°C in 1 mL of 10x PBS, pH 7.4, and then centrifuged with 10 000 x g
for 20 minutes. 10 uL of the supernatant was mixed with 40 uL of assay buffer [(mM)
(100 NaCl, 50 HEPES, 10 DTT, 1 EDTA), 10% Glycerol, 0.1% CHAPS (3-[(3-
cholamidopropyl)dimethylammonio]-1-propanesulfonate), pH 7.4)]. 50 uL of the
caspase-3 substrate I, which contains 200 uM of acetyl-Aspartic-Glutamic-Valine-
Aspartic p-nitroanilide (Ac-DEVD-pNA) (Alexis Biochemical’s, Farmingdale NY), was
added to the mixture. The absorbance was measured at 405 nm. This caspase-3
colorimetric assay is based on the hydrolysis of Ac-DEVD-pNA by caspase-3, which

results in the release of p-nitroaniline and its absorbance is read at 405 nm™*.

2.2.4 Echocardiography of NHEI Transgenic Mice

Echocardiography was performed on isoflurane anesthetized mice using a Vevo
770 ultrasound unit (VisualSonics Inc., Toronto, ON) equipped with a 35MHz
transducer. The short axis M-mode analysis, at the level of the papillary muscle, was
used for measurements of diastolic and systolic diameters of the left ventricle and wall
thickness. Pulsed wave doppler was used at the level of the left ventricular outflow tract,
the right ventricular outflow tract and the mitral valve tip, to monitor flow patterns and
velocity. The myocardial performance index or Tei index was calculated using the

equation: (isovolumic contraction time + isovolumic relaxation time)/(ejection time)**.
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2.2.5 In Vivo Stimulation of NHEI Transgenic Mice Using Alzet Osmotic

Mini Pumps

2.2.5.1 Preparation of Alzet Osmotic Mini Pumps

Alzet osmotic mini pumps are miniature implantable pumps, which continuously
deliver reagents at controlled rates for a set duration of time. Alzet osmotic mini pump
model 1002 (Alzet Osmotic Pumps; Cupertino, CA) were used in some of our studies.
They had a mean pump rate of 0.25uL+0.1/hour and the test reagent was administered
over a two-week period. For studies in which EMD 87580 was infused using Alzet
osmotic mini pumps, Alzet osmotic mini pumps model 1004 were used. The mean pump
rate was also 0.25ul+0.1/hour and was administered over twenty-eight days. Alzet
osmotic mini pumps attached to their flow modulators were weighed before being filled
and were then filled using the appropriate test reagent. The pumps were weighed again
after being filled, to ensure that the pumps have been filled to greater or equal to 90% of
the mean fill volume, determined by the manufacture’s set values. Preparation of the
sterile test reagent were based on average basal body weight of the animal set being used
during the experiment, as well as the mean pump rate set by the manufacture. The

following equation was used in preparation of sterile test reagents:

C, (concentration of solution, in ug/ulL) = K, (compound delivered/hour, in ugC)
Q (mean pumping rate, uL/ hour)

K, is calculated by multiplying the desired concentration [(ng/ug/mg)/kg/duration

0

(seconds/minutes/hours/days)] by the average mouse basal body weight. Q, the mean
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pumping rate, was 0.25uL+0.1/hour for Alzet pumps 1002 and 1004. Alzet osmotic mini
pumps were filled with 50mg/kg/day PE (dissolved in phosphate buffered saline (PBS) )
or PBS (vehicle). The concentration of PE used in our experiments was based on our

own preliminary experiments and the work of others®?*”’

. In our preliminary
experiments, male control mice, 10-12 weeks of age, were infused with PBS (control) or
50mg/kg/day PE. Hearts from these mice were used to isolate AVMs (as described in
Section 2.2.1), and cell area was measured (as described in Section 2.2.1.2). For studies
in which EMD 87580 was administered using Alzet osmotic mini pumps, NHEI TG
mice and controls were treated with 10mg/kg/day of EMD 875807'*%*** EMD 87580
was dissolved in PBS. PBS was used as a control in parallel experiments. HW/BW (as
described in Section 2.2.3.1) and CSA (as described in Section 2.2.3.3) were measured in
NHEI TG and control mice infused with EMD 87580. Delivery of test reagent through
Alzet osmotic mini pumps was verified by measuring the residual volume in the Alzet
osmotic mini pumps after being explanted from the animal. The residual volume was
aspirated using the filling tube and the volume obtained was measured. This value

corresponded with the predicted residual volume = [actual fill volume - (mean pump rate

x infused duration (hours)].

2.2.5.2 Surgical Implantation of Alzet Osmotic Mini Pumps

All animal surgeries were performed in an asceptic certified surgery room at the
University of Alberta, Health Sciences Laboratory Animal Services facility. Mice were
anesthetized with a cocktail containing a mixture of 100 mg/kg ketamine and 2.5 mg/kg

acepromazine. The anesthesia was maintained using 1% isoflurane. Mice were kept on
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an asceptic heating pad throughout the surgery. A small incision was made in the mid
scapular region of the mice, using sterilized surgical tools. By spreading apart the
subcutaneous tissue, a small pocket was created and an Alzet osmotic mini pump filled
with the desired test reagent was inserted. The incision was closed with sutures and
animals were left overnight in the surgery room to recover. Drug-treated mice were
paired with vehicle-treated mice, and housed in a conventional facility. In all studies,
mice were matched for age and body weight, and were housed together throughout the
duration of the experiment. Alzet mini osmotic pumps were removed two weeks
following implantation. At this time, animals were sacrificed and hearts were removed
and used to measure the HW/BW (as described in Section 2.2.3.1), ANP mRNA
expression (as described in Section 2.2.3.2), IF and CSA (as described in Section
2.2.3.3). For experiments using Alzet osmotic mini pumps model 1004, pumps were

removed twenty-eight days following implantation.

2.3 Ex Vivo Working Heart Experiments of NHE1 Transgenic
Mice

2.3.1 Ex Vivo Working Mouse Heart Perfusions

Hearts from control, N-line and K-line hearts were perfused using an ex vivo

working heart model’”

. Mice were anesthetized with 12 mg of pentobarbital sodium, and
then hearts were excised. Excised hearts were immediately immersed in ice-cold Krebs-
Henseleit bicarbonate (KHB) solution [(mM) (118.5 NaCl, 25 NaHCO, 4.7 KCl, 1.2
MgSO, 1.2 KH,PO, 2.5 CaCl, 0.5 EDTA, 5 glucose, 1.2 palmitate bound to 3% fatty

acid-free BSA) and 100 wU/mL insulin]. The aorta and pulmonary vein were cannulated
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and the hearts were perfused with KHB containing either [5-’H/U-"“C] (GE Healthcare
(Amersham); Baie d’Urfe, Quebec) labeled glucose and unlabeled palmitate for
glycolysis and glucose oxidation measurements, or [U-"*C] (GE Healthcare (Amersham);
Baie d’Urfe, Quebec) labeled glucose and [9,10-°H] (PerkinElmer; Waltham, MA)
labeled palmitate for glucose and palmitate oxidation measurements. Hearts were
perfused aerobically for 30 minutes, and then subjected to 20 minutes of global no-flow
ischemia, and this was followed by 40 minutes of aerobic reperfusion. Pressure and flow
measurements were obtained every 10 minutes and 2.5 mL samples of perfusate were
taken every 10 minutes for determination of metabolite content (glycolysis, glucose
oxidation and palmitate oxidation). At the end of the experiment, hearts were frozen in
liquid nitrogen and stored at -80°C. To correct for variations in heart size, the dry weight
to wet weight ratio was measured. Metabolic rates, ATP production rates and
tricarboxylic acid (TCA) cycle acetyl CoA production rates were normalized to the total
dry mass of the heart, calculated from the dry weight to wet weight ratio (as described in

Section 2.2.3.1).

2.3.1.1 Measurement of Cardiac Function in Working Perfused Mouse Hearts

Cardiac function was measured in the ex vivo working perfused hearts®™. Heart
rate and pressure (peak systolic pressure and developed pressure) were detected by a
pressure transducer in the aortic outflow line (Harvard apparatus; Massachusetts). Data
was collected with an MP100 and analyzed using Acqgknowledge (BIOPAC Systems Inc,
California). Cardiac output (mL/min) and aortic outflow (mL/min) were obtained by

measuring the flow detected by the transonic flow probe in the preload (set at 11.5
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mmHg) and afterload line (set at 50 mmHg), respectively. Cardiac work (mL x
mmHg/minute) = peak systolic pressure (mmHg) x cardiac output (mL/minute);
Coronary flow (mL/minute) = cardiac output (mL/minute) - aortic flow (mL/minute);
Cardiac power (mL x mmHg/minute) = developed pressure (mmHg) x cardiac output

(mL/minute).

2.3.1.2 Measurement of Glycolysis, Glucose Oxidation and Fatty Acid Oxidation Rates
in Working Perfused Mouse Hearts
Glycolysis, glucose oxidation and fatty acid (FA) oxidation rates were measured

% Glycolytic rates (nmol x g dry wt' x min') were

in the ex vivo working perfused hearts
determined by measuring the amount of *H,O, which is released from the metabolism of
[5-’H] glucose at the enolase step of glycolysis. Glucose oxidation rates (nmol x g dry wt
" x min') were determined by measuring the amount of “CO, released from the
metabolism of [U-"*C] glucose at the level of the pyruvate dehydrogenase complex and
in the TCA cycle. Palmitate oxidation rates (nmol x g dry wt' x min'") were determined by
measuring the amount of *H,O derived from the metabolism of [9,10-’H] palmitate.
Specific activities of each tracer were determined by adding 10 uL of the buffer in the
appropriate window (CH or "“C) of the scintillation counter. Metabolic rates were also
compared after normalization for differences in contractile performance (cardiac power).

Metabolic rates were divided by cardiac power [(nmol x g dry wt' x min")/(mL x

mmHg/min)].
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2.3.1.3 Measurement of ATP Production Rates and TCA Cycle Acetyl CoA Production

Rates in Working Perfused Mouse Hearts

The ATP production rates (umol x g dry wt' x min") from glucose oxidation,
glycolysis and palmitate oxidation of the ex vivo working perfused hearts was calculated
by multiplying the respective rates of oxidation to the amount of ATP (2 moles of ATP
per mole of glucose passing through glycolysis, 30 moles of ATP per mole of glucose
being oxidized and 105 moles of ATP per mole of palmitate oxidized)*”. For TCA cycle
acetyl CoA production rates (umol x g dry wt' x min™), the respective rates of palmitate
oxidation and glucose oxidation were multiplied by the amount of TCA cycle acetyl CoA
(oxidation of 1 mole of glucose produces 2 moles of acetyl CoA and oxidation of 1 mole

of palmitate produces 8 moles of acetyl CoA)™*

. Cardiac efficiency was determined by
dividing cardiac power by ATP production rates or TCA cycle acetyl CoA production

rates [(mL x mmHg/min)/(umol x g dry wt" x min™)].

2.3.14 Measurement of Proton Production in Working Perfused Mouse Hearts

The rates of H" production were derived from the rates of glucose oxidation and
glycolysis in the ex vivo working perfused hearts”'”*. The rates of glucose oxidation
were subtracted from the rates of glycolysis and multiplied by 2. Proton production was
calculated using this method and has previously been demonstrated to correlate well with

pH, in a global ischemia model”.
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2.3.2 Western Blot Analyses of Hearts Subjected to Ex Vivo Perfusions

pERK/ERK, pp38/p38, pJNK/INK, pRSK/RSK, pGSK-3p/GSK, phosphorylated
AMPK (Thr172) (#2531) (Cell Signaling Technology) and total AMPK o (#2532) (Cell
Signaling Technology) protein expression were examined in heart lysates subjected to
I/R as described in Section 2.3.1. Heart lysates were homogenized at a high setting with
an OMNI 2000 homogenizer in lysis buffer [(mM) (50 Tris-HCI (pH 8 at 4°C), 1 EDTA,
1 DTT), 10% (wt/vol) glycerol, 0.02% (vol/vol) Brij-35, protease inhibitors and
phosphatase inhibitors]**. The homogenates were centrifuged at 10 000 x g for 20
minutes at 4°C, and the resultant supernatant was used for immunoblotting as described

in Section 2.2.2.1 and Table 1.

24 In Vitro Experimentation using Isolated Neonatal Rat

Ventricular Cardiomyocytes

2 4.1 Isolation of Neonatal Rat Ventricular Cardiomyocytes

Primary cultures of cardiomyocytes were prepared from 5-to 6-day-old neonatal
Sprague-Dawley rat heart ventricles***”. Hearts were removed from 5-6 day old rats
under aseptic conditions, followed by removal of the atria and any extracardiac tissue.
The ventricles were gently minced in solution I (5 mL 10x hanks buffered salt solution
(HBSS), 1 mL IM HEPES, and 1 mL 1% penicillin/streptomycin mixed stock
solution). The tissue was then digested in three separate treatments of collagenase

solution II (0.1% Type II Worthington collagenase in combination with solution I). The
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collagenase digestion was carried out 3 times with 20, 15 and 8 mLs of collagenase
soution, each treatment lasted 20 minutes and was maintained at 37°C with gentle
stirring under sterile conditions. Upon completion of each treatment, the digested tissue
was neutralized with ice cold solution III (20% FBS, 5 mL 10x HBSS, and 1 mL 1%
penicillin/streptomycin mixed stock solution). At the end of all 3 treatments, all
suspensions were combined and filtered using a 70 um cell strainer to remove debris, and
centrifuged for 8 minutes at 2 000 rpm at room temperature. The supernatant was
discarded and the remaining pellet containing cardiomyocytes was resuspended in
solution IV (Dulbecco’s modified Eagle’s medium (DMEM/F12), 0.25 mg/mL fetuin, 5
pg/mL transferrin, 5 pg/mL insulin, 5 ng/mL selenium, 50 U/mL penicillin, 50 pg/mL
streptomycin, 0.72 mM calcium chloride, 0.11 mM L-ascorbic acid, 10 mg/mL BSA, 0.1
mM MEM non-essential amino acids, 10% MEM vitamin, pH 7.4). Dissociated cells
were incubated in T-75 flasks at 37°C in a humidified atmosphere (95% O,-5% CO,) for
45 minutes. During this time, fibroblasts, endothelial cells, and smooth muscle cells
attach and the majority of cardiomyocytes remain in suspension. Isolated cardiomyocytes
were then plated on to appropriate sized cell culture dishes according to the experimental
procedure, and maintained for 2 days in solution V (DMEM/F12 supplemented with 10%
FBS, 10 ug/mL transferrin, 10 ug/mL insulin, 10 ng/mL selenium, 50 U/mL penicillin,
50 ug/mL streptomycin, 2 mg/mL BSA,5 ug/mL linoleic acid, 3 mM pyruvic acid, 0.1
mM MEM nonessential amino acids, 10% MEM vitamin, 0.1 mM bromodeoxyuridine,
and 30 mM HEPES (pH 7.4)). Previous studies have shown that cardiomyocytes were
able to maintain their morphology and characteristic cross striations for up to two weeks

and were free of non-myocardial cells'’.
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Adenoviruses were chosen as a tool to express NHE1 in NRVMs because in
previous studies primary cultures were shown to be refractory to lipid or Ca®
transfections®® *”’. On the other hand, infection of NRVMs with adenoviruses resulted in

almost 100% efficiency™®.

2 4.2 Construction of Adenoviruses Expressing NHE]

Adenoviral vectors containing HA tagged-wild type NHE1 (IRM) resistant to
NHEI inhibition or HA tagged-active NHE1 (K-IRM) resistant to NHE1 inhibition used
for infection of NRVMs. The GFP protein was co-expressed in all adenoviral vectors.
Use of adenoviruses expressing inhibitor resistant NHE1, allowed us to study the effects

of just exogenous NHEI expression, while inhibiting endogenous NHE1.

24.2.1 Construction of NHE1 Inhibitor Resistant Plasmid

The pYN4" plasmid, which contains the human cDNA of NHE1-HA tagged (as
described in Section 2.1.1), was used as the template for the development of the IRM
plasmid. The IRM plasmid contains a double mutation, leucine (L) 163 to phenylalanine
(F) and glycine (G) 174 to serine (S) in pYN4". Figure 1.1 depicts the NHE1 TM
segment with the following mutations. This mutation has previously been shown to

3 The DNA mutations were introduced into

increase the resistance to NHEI1 inhibitors
the pYN4" plasmid by PCR. The primers for this mutant were, pYN4'L163Ff-
GACGTCTTCTTCtTCTTCCTcCTcCCGCCCATCATCC, pYN4'L163Fr-
GGATGATGGGCGGgAGgAGGAAGAaGAAGAAGACGTC and pYN4'G174Sf -

CATCCTGGATGCtagCTACTTCCTGCCAC, pYN4"G174Sr-
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GTGGCAGGAAGTAGctaGCATCCAGGATG. Mutations (lower case) were also
introduced to add restriction enzyme sites (Nhel and BseR1) used for screening
plasmids. The PCR reaction contained: 1.5 mM MgSO4, 250 uM dNTPs, 5 uL. High
Fidelity 10x PCR buffer, 10 uM forward primer, 10 uM reverse primer, 750 ng template
DNA, 2.5 Unit of Platinum® Taq Polymerase High Fidelity (Invitrogen), and were
brought to a final volume of 50 uL. with ddH,0. PCR was performed using one cycle of
94°C for 3 minutes, 16 cycles of 94°C for 1 minute, one cycle of 55°C for 2 minutes and
one cycle of 72°C for 15 minutes. All PCR products were digested with 1 Unit of the
restriction enzyme Dpnl (New England Biolabs; Toronto, Ontario) for 1 hour at 37°C to
remove methylated template DNA. This DNA (approximately 1 uL) was used to
transform into DHSa competent cells (Invitrogen) by electroporation, using 1.8 kV, 25
uF capacitance and 150 Q resistance (Biorad Gene Pulser®II). Transformed bacterial
cells were transferred to Luria-Bertani (LB) medium and placed in a 37°C shaker for 1
hour, and then plated on LB agarose plates containing 100 ug/mL Amp and incubated at
37°C for 18 hours. Transformed colonies were picked and cultured in LB media
containing 100 ug/mL. Amp and incubated at 37°C for 18 hours. Bacterial cells were
harvested by centrifugation at 12 000 rpm for 2 minutes. Bacterial cell pellets were
resuspended in Solution A [(mM)(50 Glucose, 25 Tris pH 8.0, 10 EDTA), followed by
addition of Solution B (0.2 M NaOH and 1% SDS), followed by addition of solution C
(3 M Potassium-Actetate and 1.5% glacial acetic acid). The cell suspension was then
centrifuged at 12 000 rpm for 5 minutes. Plasmid DNA was extracted from the
supernatant using PCI (as described in Section 2.4.2.2). In this case, the DNA pellet was

resuspended in 50 uLL TE buffer solution (10 mM Tris pH 8.0, 1 mM EDTA pH 8.0, and
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20 ug/mL RNase) and incubated at 37°C for 30 minutes. Restriction enzyme digests
were performed to confirm that the PCR reaction introduced the proper mutations. The
digestion reaction contained: 10x buffer, 10 U of enzyme (Nhel and BSel), template
DNA (purified plasmid DNA), all brought to volume with ddH,0. Samples from the
digestion reaction were then run on 1% agarose gel to confirm the PCR product was
correct, and of proper size. The plasmid DNA was further purified using the Qiagen
Plasmid Maxi kit (Qiagen; Mississauga, Ontario) according to the manufacture’s
instructions. This resulted in the NHE1 inhibitor resistant plasmid DNA (IRM).

In NRVMs, 10 uM of EMD 87580, the NHE1 inhibitor, inhibited endogenous
NHEI but not exogenous NHE1 with the L163F/G174S mutations (as described in
Section 2.4.2.1)*”. This concentration was used in our in vitro studies to study the

exogenous NHE1 expression.

24.2.2 Construction of Active NHEI Inhibitor Resistant Plasmid

Construction of the active NHE1 DNA (1K3R4E) was described in Section 2.1.1.
Construction of IRM was described in Section 2.4.2.1. For construction of K-IRM,
which contains both the IRM and the 1K3R4E plasmid, restriction enzyme digests were
performed, which moved the resistance-containing region in the IRM plasmid into the
1K3R4E plasmid. Both plasmids were digested with the enzymes Agel and Spel. The 50
uL digestion reactions contained: 5 uLL 10x buffer reaction, 10 U of enzyme, 1 uL of
purified plasmid DNA, and was brought to volume with ddH,0. The digests were
resolved on a 1% low melting point agarose gel (low melting point agarose, 1xXTBE and

ethidium bromide), and the specific bands were viewed on a UV box and excised. DNA
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fragements were purified by placing frozen gel slices between clean parafilm and gently
squeezing out the DNA. The liquid containing DNA was collected and purified by
adding PCI (as described in Section 2.4.2.2). DNA was precipitated with 100% ethanol,
washed with 70% ethanol and the DNA pellet was resuspended in 10 uL. ddH,0. Purified
DNA fragments were ligated using T4 DNA ligase (New England Biolabs). The ligation
reaction mixture contained 2 uLL 10x T4 DNA ligase buffer, 20 U of T4 DNA ligase, 9
uL insert DNA and 1 uL vector DNA. The ligase reaction was incubated at 16°C for 16
hours. Ligated DNA (approximately 1 uL) was used to transform into DH5a competent

cells and obtain purified plasmid DNA as described in Section 2.4.2.1.

24.2.3 Subcloning (Transferring) the cDNA of IRM and K-IRM into the pAdTrack-CMV
Plasmid

PCR was used to transfer the cDNA of both the IRM and K-IRM into a new
template plasmid, the pAdTrack-CMV. The pAdTrack-CMV plasmid is driven by the
cytomegalovirus (CMV) promoter and contains a kanamycin (Kan) resistance cassette
for selection, and is used as a backbone vector for constructing GFP trackable viruses.
The PCR reaction mix contained plasmid DNA from either IRM or K-IRM and the
following primers, MackPynf -CCGGGGTACCGCCACCATGGTTCTGCGGTCTGG
and MackPynr -GGAAGCTTAAGCTTCTACTGAGCAGCGTAATCTGGAAC, which
flanked the insert with Kpn I and Hind III restriction sites, respectively. The remaining
contents of the PCR reaction and the conditions of the PCR reaction were as described in
Section 2.4.2.1. The IRM or K-IRM plasmids were ligated with the pAdTrack-CMV

plasmid as previously described in Section 2.4.2.2. Ligated DNA (approximately 1 uL)
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was used to transform DHSa competent cells and obtain purified plasmid DNA as
described in Section 2.4.2.1. The restriction enzymes used for this plasmid were Kpnl
and Hind III. This resulted in pAdTrack-CMV containing either the IRM or K-IRM

plasmids.

24.2.3.1 Characterization of pAdTrack-CMV Containing IRM or K-IRM Plasmids Transfected
in AP-1 cells

The pAdTrack-CMV containing IRM or K-IRM plasmids were characterized in
AP-1 cells as described in Section 2.1.3. NHE1 protein expression (as described in
Section 2.1.3.2) and NHEI1 activity (as described in Section 2.1.3.3) were examined in
AP-1 cells transfected with the pAdTrack-CMV containing IRM or K-IRM plasmids or
the pAdTrack-CMV plasmid, which was the control. For some NHE]1 activity assays,
EMD 87580, an NHE1 inhibitor, was used to confirm the inhibitor resistant effects of the
plasmids. 10 uM of EMD 87580 was added at the beginning of the assay and maintained

throughout the experiment.

2 4.2 4 Generation of the Recombinant Adenoviral Plasmids Containing NHE

The pAdTrack-CMV containing IRM or K-IRM plasmids were cloned into the
pAdEasy-1 vector, which contained the adenovirus 5 genome in the absence of the El
and E3 gene, two recombinant arms, and an Amp resistance cassette for selection.
Initially, the pAdTrack-CMV-IRM or K-IRM plasmids were linearized with Pmel, a
restriction enzyme. The contents of the restriction enzyme digestion were as described in
Section 2.4.2.1. DNA fragements were purified by running them on 1% low melting

point agarose followed by extraction, purification and precipitation as described in
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Section 2.4.2.1. The Pmel cut shuttle vector (300 ng) was used to transform into E. coli
strain BJ5183 (Stratagene; La Jolla, CA) as previously described in Section 2.4.2.1.
BJ1583, which contains the pAdEasy-1 vector, allows for recombination between the
pAdEasy-1 vector and the pAdTrack-CMYV shuttle vector containing the IRM or K-IRM
plasmids. Purified plasmid DNA was obtained as described in Section 2.4.2.1. The
identity of the isolated plasmid DNA was confirmed by digestion with the restriction
enzyme Pacl, and seperation was on a long 1% agarose gel. Non-recombined pAdEasy-1
was ~23 kb, properly recombined pAdEasy-1 and pAdTrack-CMV have two Pac 1 sites,
~20 kb and 3 or 4.5 kb, with the smaller band of 3 or 4.5 kb resulting from differences in
recombination sites. The newly produced recombinant DNA was retransformed into XL-
1 Blue E. Coli. . Unlike BJ1583, XL-1 Blue E. Coli., is a bacterial strain with relatively
low recombinase levels, which could result in unwanted recombination events. The
bacterial plasmid DNA was then extracted, purified and precipitated (as described in
Section 2.4.2.1). Recombinants were checked using Pacl, BamH1 and EcoR1. The
plasmid DNA was further purified using the Qiagen Plasmid Maxi kit (Qiagen)
according to the manufacture’s instructions. The plasmids were screened again for
correct sizes by digestion with Pacl, BamHI and EcoRI. Prior to transfection of the
recombinant plasmid, 8 ug of the plasmid DNA was digested with Pacl for 18 hours at

37°C, and then heat inactivated at 65°C for 20 minutes.

24.2.5 Expansion, Precipitation, Purification, and Titration of Adenoviruses Containing

NHE]

For the production of adenoviruses in mammalian cells, HEK 293A cells, a
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human embryonic kidney cell line were used. The HEK 293A cells express the
adenovirus 5 virus with the E1 gene, which is essential to complete the growth of El
defective adenovirus vectors. HEK 293A cells were grown in a-MEM, 10% FBS and 10
ug/mL gentimicin to 70% confluency, at which time they were transfected with 8 ug of
heat inactivated Pacl digested recombinant plasmid using LF 2000 as described in
Section 2.1.3.1. Four hours following transfection, the transfection medium was
aspirated and replaced with medium containing a-MEM, 5% horse serum (HS) and 10
ug/mL of gentimicin, and cells were incubated at 37°C in a humidified atmosphere (95%
0,-5% CO,). The transfection was monitored by GFP and the medium was exchanged
with fresh medium every 2-3 days, until viral lysis occurred. When viral lysis reached
~70%, cells were harvested, then were frozen in liquid nitrogen, then thawed at 4°C, then
centrifuged for 5 minutes at 5 000 rpm at room temperature, and then used to infect
another plate of HEK 293A cells to expand the production of the adenoviruses. The HEK
293A cells were maintained as described above and harvested upon viral lysis. This
procedure was repeated using a large scale of 24 plates of HEK 293A cells. Following
infection, cells were harvested upon viral lysis and subjected to 3x freeze-thaw cycles.
The lysates were then thawed at 37°C, and then vortexed and refrozen in liquid nitrogen.
Lysates were then centrifuged for 15 minutes at 4 000 rpm at 4°C and the supernatants
were transferred to a 500 mL sterile glass beaker in which ammonium sulfate was added,
to precipitate the adenovirus. The lysate-ammonium chloride solution was centrifuged
for 15 minutes at 1 614 x g at room temperature. The remaining pellet was dissolved in
PBS and centrifuged for 15 minutes at 4 000 rpm at room temperature. The adenovirus

was purified using a cesium chloride (CsCl) gradient made in ultracentrifugation tubes,
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using 1.5 g/mL, 1.35 g/mL and 1.25 g/mL CsCl dissolved in ddH,O solutions, to which
the supernatant from the ammonium sulfate precipitation was transferred to. The
ultracentrifugation tubes were balanced and centrifuged at 150 000 x g for 22 hours at
10°C in a Ti60 rotor (Beckman L-80 Ultracentrifuge). The adenovirus was isolated from
the CsCl gradient and placed in a sterile 50 mL conical. CsCl was removed from the
isolated adenovirus by overnight dialysis of the adenovirus stored in the Pierce Slide-A-
Lyzer dialysis cassette (10 000 MW, 3-15 mL capacity) (Pierce; Rockford, IL) and
placed in a beaker containing 1xPBS and 10% glycerol at 4°C. The adenovirus was
collected and centrifuged at 1 620 x g for 5 minutes at 4°C, aliquoted and stored at 4°C

for use.

24.2.6 Determination of the Adenoviral Titer

The concentration of the active adenoviruses was determined using a plaque
assay. The adenoviruses were diluted to various concentrations varying from 10’ to 10"
in a final volume of 1 mL of a-MEM, 5% HS and 10 pug/mL gentimicin. HEK 293A
cells were infected with these samples and cells were incubated at 37°C for 4 hours in a
humidified atmosphere (95% 0O,-5% CO,). After 4 hours, the adenovirus was removed
and an agar solution (1x a-MEM with bicarbonate, 5% HS, and 0.5% agar) was added
and allowed to solidify at room temperature. Dishes were maintained at 37°C and 95%
0,-5% CO, for 4-5 days, adding 1.5 mL of fresh agar overlay solution on top of existing
agar each day. On day 4, visible plaques were visible and counted every day for 2 weeks.
From the number of fluorescent cells and the dilution of the adenovirus, a fluorescent

titer was calculated. A plaque titer was calculated from the total number of plaques per
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dish. All titers were performed in duplicates with two different sets of diluted

adenovirus.

24.3 Characterization of Neonatal Rat Ventricular Cardiomyocytes

Infected with IRM or K-IRM Adenoviruses

24.3.1 Adenoviral Infection of Neonatal Rat Ventricular Cardiomyocytes

The estimated number of cardiomyocytes plated was measured prior to
adenoviral infections using a hemocytometer. NRVMs were prepared as described in
Section 2.4.1. A 35 mm petri dish was plated with 1 mL of the cardiomyocyte cell
suspension for each experiment and used as a counting dish. The cardiomyocytes were
trypsinized with 1 mL of 0.25% Trypsin EDTA (Invitrogen) and incubated at 37°C for 10
minutes. Cardiomyocytes were then tritrated and diluted with 5 mL of solution V (as
described in Section 2.4.1). 20 uL of the cardiomyocyte suspension was added to the
hemocytometer and cells were counted. The calculations were performed as follows:
number of cells/mL x mL cells/dish results in number of cells/dish and then multiplied
by the multiplicity of infection (MOI), the number of plaque formation units (PFU)/cell,
which results in PFU required/dish. The PFU/dish is divided by the viral titer, PFU/mL,
which determines the volume, mL of stock virus required for infection. The appropriate
volume of stock virus was added to cardiomyoctyes nourished with solution V
containing 0.5% FBS. Cells were then incubated at 37°C in a humidified atmosphere

(95% 0O,-5% CO,).
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24.3.1.1 Determination of Adenoviral MOI for Neonatal Rat Ventricular Cardiomyocytes

Various adenoviral MOlIs, including an MOI of 10, 20 and 30 were tested in
NRVMs to determine an MOI that provides high expression of NHE1 without injury to
the cultured cardiomyocytes. In addition, tests were run to determine the appropriate
duration. NRVMs were infected with an MOI of either 10, 20 or 30 for 24, 36 or 48
hours. NRVMs were prepared as described in Section 2.4.1. Immunoblot analysis was
performed on cardiomyocyte lysates prepared as described in Section 2.1.3.2. Total
protein was quantified using the Bio-Rad D Protein Assay kit. 100 ug of each sample
was resolved on 10% SDS-PAGE and transferred to nitrocellulose membranes as
described in Section 2.2.2.1. Membranes were incubated with anti-HA (12CAS5)
antibody. The Li-COR fluorescence labeling and detection system was used to visualize
and quantify immunoreactive proteins. The amount of GFP fluorescence was also
examined. In all subsequent experiments, NRVMs were infected with IRM, K-IRM or

GFP adenovirus using an MOI of 20 for 24 hours.

24.3.2 Infection of Neonatal Rat Ventricular Cardiomyocytes with Adenoviruses
NRVMs were prepared as described in Section 2.4.1. After 48 hours of culturing
of NRVMs at 37°C in a humidified atmosphere (95% O,-5% CO,), NRVMs were placed
in solution V containing 0.5% FBS and 10 ug/ml gentamicin and then infected with one
of three adenoviruses; the IRM, K-IRM or GFP. The GFP containing adenovirus was
used as a control adenovirus at a MOI of 20. After infection for 4 hours, cells were

treated with vehicle, 10 uM PE or 10 uM EMD 87580 for 24 hours’. In some
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experiments NRVMs were treated with 10 uM PE and 10 uM EMD 87580. EMD 87580

was added 30 minutes prior to the addition of PE*"".

24.3.2.1 NHEI Protein Expression of Infected Neonatal Rat Ventricular Cardiomyocytes

NRVMs were prepared as described in Section 2.4.1 and plated at a concentration
of 4x10° cells/60 mm. Immunoblot analysis was performed on cardiomyocyte lysates
prepared as previously described in Section 2.1.3.2. Membranes were incubated with
anti-NHEI antibody or anti-HA (12CAS5) antibody and B-tubulin was used as a loading
control as described in Section 2.2.2.1. The Li-COR fluorescence labeling and detection

system was used to visualize and quantify immunoreactive proteins.

24.3.2.2. Measurement of Cell Surface Area of Infected Neonatal Rat Ventricular
Cardiomyocytes

NRVMs were prepared as described in Section 2.4.1. Cells were plated at an
average density of 1x10%/35 mm, which allowed for clear distinction of cells. After 24
hours of infection/treatment as described in Section 2.4.3.2, cells were washed 2x with
PBS. Cell area was measured from digitized images using Image ProPlus Version 4.5.
Digitized images were gathered using a Photometrics CoolSNAP,, camera equipped to a
Leica DMIRB microscope. At least 50 cells were averaged from three dishes and

represented as one n value®,

24.3.2.3 Protein Synthesis Rate Measurements of Infected Neonatal Rat Ventricular

Cardiomyocytes
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Protein synthesis rate measurements were estimated by the amount of [*H]
phenylalanine incorporated. For measurement of [’H] phenylalanine incorporation,
NRVMs were prepared as described in Section 2.4.1 and plated in 12 well plates at a
density of 3.3x10°. ['H] Phenylalanine (Amersham Biosciences, Piscataway, NIJ)
(1uCi/mL) was added four hours after viral infection, and at the same time as PE or
EMD 87580 treatment (as described in Section 2.4.3.2). Cells were left for 24 hours at
37°C in a humidified atmosphere (95% O,-5% CO,). Cell suspensions were prepared
using the following protocol’'’; cells were washed 3x with ice-cold 1x PBS and then
incubated at 4°C for 1 hour in 10% trichloroacetic acid. The precipitates were washed
twice with 95% ethanol, dissolved in 1M NaOH, scraped and neutralized with 1M HCI.
Radioactivity was measured with a liquid scintillation counter. Protein synthesis was
corrected with DNA synthesis measured by hoescht 33258 (Sigma)®'”. Hoescht 33258
was diluted to 0.1ug/mL in ddH,O containing Tris pH 7.4, EDTA, NaCl and added to
cell suspension. The amount of DNA present was measured through fluorescence using a
PTI Deltascan spectrofluorometer. The excitation filter was set at 360nm and the
emission filter was set at 450nm. Final results were expressed as counts per minute/ug of

DNA3"2,

2.5 Statistical Analysis

Various sets of data were compared by both Student t-test and Wilcoxon signed-
rank test. Statistical differences were considered significant when P values were less

than 0.05.
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Chapter 3

Activated NHE1 Induces Cardiac
Hypertrophy in Female NHE1
Transgenic Mice Independent of
Calcineurin and Mitogen Activated
Protein Kinases

My role in this project involved planning and conducting experiments (unless

otherwise indicated in the figure legend), data analysis and writing a manuscript.
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3.1 Introduction

NHE is a ubiquitously expressed plasma membrane glycoprotein. It is associated
with versatile biological functions, including cell proliferation, differentiation, apoptosis
and regulation of cytoskeletal organization and migration (reviewed in*®). One of its key
functions is the regulation of pH,, which is done by extruding one intracellular H" in
exchange for one extracellular Na®, thus protecting the cell from intracellular
acidification (reviewed in’"’). Ten isoforms of NHE have been identified, NHE1-
NHEI10, all with distinct tissue expression, membrane localization and inhibitor

sensitivity (reviewed in****'%)%

. NHE1 is the only cardio-specific plasma membrane
isoform of the ten isoforms described so far. NHEI consists of an N-terminal membrane
associated domain, involved in ion transport, and a C-terminal cytoplasmic regulatory
tail (Figure 1.1). NHEI is active at acidic pHs, but inactive at physiological pHs*. NHE1
activity is regulated via various agonists such as ET-1, Ang II, a;-AR agonists, thrombin,
and protein kinases such as the MAPKSs, all of which act on the C-terminal tail of NHE1
and change the set point so that the protein is more active at more alkaline pHs (reviewed
in*")*®. In addition, neurohormonal activation, myocardial I/R, cardiotoxic metabolites
released during I/R and stimuli inducing CH, lead to increasing levels of NHE1 mRNA
and protein expression.

In the myocardium, NHE1 plays a critical role in mediating the damage that
occurs during I/R (reviewed in'*®) and is an important mediator of CH (reviewed in®’).
CH is the natural response of the myocardium to various stressors, including

neurohormonal activation, I/R injury and hypertension (reviewed in*'®) (Figure 1.4).

Continued stress progresses to pathological hypertrophy, which commonly precedes
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apoptosis, the development of fibrosis and heart failure*'®

. Numerous signaling pathways
have been implicated in stress-induced remodeling of the heart, including intracellular
[Ca®™]; homeostasis, several Ca**-dependent signaling molecules and MAPKs***'*, Many
of the same pathways have been implicated in NHE1 regulation®’. The signaling
pathways leading to CH are very complex, but recent studies have shown that NHE1
expression/activity were increased in several in vivo and in vitro models of CH (reviewed
in*"). In vitro, NHE1 mRNA and protein expression were shown to be elevated in
NRVMs following stimulation with aldosterone, a hypertrophic stimulator'”. In vivo,
mice over-expressing f3,-adrenergic receptors displayed both the phenotypes of CH and
upregulation of NHE1**. Similarly, in other models of CH, such as the monocrotaline-

induced ventricular hypertrophic model*"

and in the diabetes induced hypertrophic
model***, NHE1 activity was enhanced. The involvement of NHE1 in CH has been
further supported with the use of NHEI inhibitors. NHE inhibition has been beneficial in
the prevention/regression of several models of CH (reviewed in*’). These reports, along
with others, suggest that NHE1 inhibition maybe used as a therapeutic strategy for
cardiac failure. Inhibiting early maladaptive hypertrophy and understanding the
determinants involved in the progression from hypertrophy to heart failure is the key to
prevention. However, the direct role of NHE1 in CH and the effects of elevation of
NHET1 activity and expression, both in vivo and in vitro, have not been fully defined.
Because the unstimulated protein NHE]1 is relatively quiescent at resting physiological
pHs, it is questionable whether elevation of the non-activated protein alone is detrimental

to the myocardium without the activation that shifts it to a greater activity at more

alkaline pH, which occurs under more pathological situations.
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The present study sought to confirm the direct link between NHE1 and CH both in
vitro and in vivo, using a gain of function model. In vivo, we characterized female N-line
mice, which express wild type NHE1 and female K-line mice, which express active
NHEI in the myocardium. In parallel experiments in vitro, we characterized NRVMs
infected with IRM or K-IRM adenoviruses, which contain wild type NHE1 or active
NHEI1, respectively. Our models allowed us to study whether NHEI, in its wild type or
active form, directly acts on the myocardium to potentiate CH. We demonstrate that
NHET1 expression with elevated activity potentiates CH independent of calcineurin and
MAPKs pathways, which have been suggested to be important in mediating
CH®"'#'725326381 Burthermore, activation of NHEI activity with elevated neurohormonal
stimulation enhances the hypertrophic response in vivo, partially due to enhanced edema

of the heart.

3.2 Results

3.2.1 NHEI Transgene Expression in N-line and K-line Hearts

To study the direct role of NHE1 in CH and I/R injury (Chapter 4), two gain-of-
function mouse lines that express exogenous wild type (N-line) or active (K-line) NHE1
protein in the myocardium were created (as described in Section 2.1). Figure 3.1
illustrates the transgene used in the construction of NHE1 TG mice. It consisted of a full
length NHE1 cDNA flanked at the 5° end by the cardiac specific o-MHC promoter and
an HA-tag at the 3 end. The 1K3R4E mutation (as described in Section 2.1.2), which

induces an active NHE1, was absent in the N-line mice and present in K-line mice.
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o-MHC NHEI HA

Figure 3.1. Gene construct used for the expression of the NHE1 protein in the
mouse myocardium. a-MHC, alpha myosin heavy chain promoter; HA, hemagglutinin
tag; +1K3R4E indicates that DNA may have contained the mutation of lysine (K) 641,
arginine (R) 643, arginine (R) 645 and arginine 647 (R) to glutamic residues. The
IK3R4E mutation was absent in the N-line mice expressing HA tagged-wild type
NHEIland present in the K-line mice expressing HA tagged-active NHE1. A version of
this figure appears in Coccaro E et al. 2007 (275).
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3.2.2 Characterization of Constitutively Active NHEI in AP-1 Cells

The 1K3R4E mutant expressed active human NHEI1 tagged to HA. It was
constructed using the pYN4" NHEI containing plasmid (as described in Section 2.1.1),
which was mutated at amino acids K641, R643, 645 and 647 to amino acid E. This
mutant was used to construct the K-line mice and the K-IRM adenovirus. This mutation
has been shown to cause a defect in the CaM regulation of NHE1 and results in an NHE1
protein that is alkaline shifted in its pH dependence, and therefore more active than the
control at a given pH'"”. After the 1K3R4E plasmid was made and confirmed by DNA
sequencing, and prior to being used to construct the NHE1 TG mice, we confirmed that
this mutation did indeed produce an active NHE1. The 1K3R4E and the wild type pYN4"
plasmids were transfected into NHE1-deficient AP-1 cells. Figure 3.2 is a representative
western blot of two stable cells lines of AP-1 cells transfected with HA tagged-wild type
NHEI (lane 1) or HA tagged-constituitively active NHE1 (1K3R4E plasmid) (lane 2).
Both the wild type NHE1 and the 1K3R4E mutant express NHEI in AP-1 cells as
detected by anti-HA tag antibody. The predominant immunoreactive species is at 110
kDa, whereas a more minor secondary band of 90 kDa was also found. This
immunoreactive band has previously been suggested to represent the unglycosylated or

partially glycosylated NHE1 protein®".
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Figure 3.2. NHE1 protein expression of HA tagged-NHE1 in AP-1 cells.
Representative western blot of cell extracts from a stable cell line of AP-1 cells
transfected with either pYN4" containing HA tagged-wild type NHE1 (NHE1) (lane 1)
or from AP-1 cells transfected with 1K3R4E plasmid containing the HA tagged-active
NHEI1 (1K3R4E) (lane 2). Cell extracts were immunoblotted with anti-HA tag antibody.
The predominant immunoreactive species was at 110 kDa and a secondary band was
found at 90-95 kDa. Bonnie Bullis performed this experiment. A version of this figure
appears in Imahashi K et al. 2007 (204).
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We also measured the resting pH; of AP-1 cells transfected with either HA
tagged-wild type NHE1 or the 1K3R4E plasmid in bicarbonate-free medium after
loading with BCECF-AM, a pH sensing dye (as described in Section 2.1.3.3). The results
are shown in Figure 3.3. AP-1 cells transfected with the 1K3R4E plasmid had an
elevated resting pH; of 0.25 pH units greater than AP-1 cells transfected with HA tagged-
wild type NHE1. These results confirmed that the 1K3R4E mutation was functional and
active, as described earlier by others’®. The 1K3R4E plasmid (as described in Section
2.1.2) was used to create the K-line mice. The pYN4" plasmid, containing HA tagged-

wild type NHE1, was used to create the N-line mice (as described in Section 2.1.1).
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Figure 3.3. Resting pH; of AP-1 cells transfected with wild type NHE1 or
constitutively active NHE1 (1K3R4E). AP-1 cells were transfected with either the
pYN4" plasmid, which contains wild type NHE1 (NHE1) or the 1K3R4E plasmid, which
contains wild type NHE1 mutated at amino acids K641, R643, 645 and 647 to amino
acid E resulting in a constituitively active NHE1. AP-1 cells were incubated with
BCECF-AM, a fluorescent pH sensing dye and fluorescence was measured using a PTI
deltascan. Resting pH; was measured during a 3 minute incubation period in Na* normal
buffer as described in Section 2.1.3.3. Results are displayed as mean+SEM. "P<0.05 vs.
NHET; n=8/group. Bonnie Bullis performed this experiment. A version of this figure
appears in Imahashi K et al. 2007 (204).
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3.2.3 Characterization of N-line and K-line NHE1 Transgenic Mice

Prior to characterizing our NHEI TG mice for CH, we examined NHEI]
expression in various tissues to ensure that NHE1 was present and specific to the heart.
Figure 3.4 illustrates representative western blots that examine tissue-specific expression
of NHE1 in the N-line and K-line mice. The upper panel is a representative western blot
of lysates from N-line mice and the bottom panel is a representative western blot of
lysates from K-line mice. The antibody used for this blot was anti-HA tag. Therefore,
only exogenous NHE1, which carries the HA-tag, was detected. The NHE1 protein was
found at 110 kDa and a second band was found at 90 kDa. They were present exclusively
in the heart lysates (lane 3). There was no detectable expression of NHEI in the lung,
liver, kidney, or brain (lanes 4-7, respectively) in both N-line and K-line mice. Lane 1 is
from a control heart and lane 2 is a positive control of AP-1 cells transfected with HA

tagged-wild type NHE1 (pYN4" NHEI containing plasmid).
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Figure 3.4. Tissue-specific protein expression of NHE1 in N-line and K-line mice.
Representative western blots illustrating NHE1 protein expression in various tissue. Lane
1, control heart lysate; lane 2, positive control (+), cell extract from AP-1 cells
transfected with HA tagged-wild type NHE; lanes 3—7 are lysates from the heart, lung,
liver, kidney, and brain, respectively of N-line (upper panel) or K-line (bottom panel)
mice. The antibody used for this blot was anti-HA tag. The immunoreactive band was
found at 110 kDa and a second band was found at 90 kDa. Bonnie Bullis performed this
experiment. A version of this figure appears in Imahashi K et al. 2007 (204).
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3.24 Developmental Expression of NHEI in Mouse Hearts

We then examined the developmental expression of the NHE1 transgene in the
intact myocardium, which was used to help us determine at what age to conduct our
experiments. Figure 3.5 shows a representative western blot of a time course of
expression of the NHEI transgene in hearts from N-line and K-line mice. NHE1 protein
expression was detected using anti-HA tag antibody, and was examined in heart lysates
obtained from hearts 1 week to 26 weeks of age. NHEI protein expression was detected
and the immunoreactive band was found at 110 kDa and a secondary band was found at
90 kDa. NHE1 was found as early as 1 week post birth and expression continued until
several months past birth. Quantitation of a series of experiments (data not shown)
demonstrated that NHE1 protein expression was greatest at 13 weeks of age in N-line
mice and 8 weeks of age in K-line mice. Based on these results, N-line and K-line mice

were characterized in all upcoming experiments at 10-12 weeks of age.
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Figure 3.5. Developmental expression of the NHE1 transgene in the intact
myocardium of N-line and K-line hearts. Hearts lysates were made from the intact
myocardium of either N-line (left panel) or K-line (right panel) mice isolated at the age
indicated (in weeks). The antibody used for this blot was anti-HA tag. The predominant
immunoreactive band was found at 110 kDa and a second band was found at 90 kDa.
AP-1/NHE-1 is a positive control, lysates were AP-1 cells transfected with HA tagged-
wild type NHE1. This experiment was performed by Bonnie Bullis.
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3.2.5 NHEI Activity of Isolated Adult Ventricular Cardiomyocytes from

NHEI Transgenic Hearts

We measured NHE1 activity using a single freshly isolated AVM from control,
N-line and K-line TG hearts. The AVMs were isolated by retrograde perfusion and
incubated with BCECF-AM, a fluorescent pH sensing dye (as described in Section
2.1.3.3). Fluorescence was measured using a PTI deltascan fluorometer. Figure 3.6
compares the rate of recovery of pH;in a single isolated AVM subjected to an ammonium
chloride-induced acid load, which is indicative of NHE1 activity. NHEI activity
increased approximately 2- and 3 fold in the single AVMs of N-line and K-line hearts,

respectively (P<0.05).
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Figure 3.6. NHE1 activity of single isolated adult ventricular cardiomyocytes from
control, N-line and K-line hearts. Intracellular pH was measured in a single adult
ventricular cardiomyocyte isolated by retrograde perfusion from control, N-line and K-
line hearts. The cardiomyocyte was then incubated with BCECF-AM and subjected to an
ammonium chloride-induced acid load. The rate of recovery following the acid load was
indicative of NHEI activity. Upper panel, representative isolated mouse ventricular
cardiomyocyte. Bottom panel, quantification of a series of experiments. NHE1 activity
was expressed as a % of controls=%SEM. "P<0.05 vs. controls; n=6/group.
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3.2.6 Total Endogenous and Exogenous NHE1 Protein Expression of Hearts
from NHEI Transgenic Mice

To further confirm that the NHEI protein was expressed and to provide a
quantitative value of NHE1 expression in our NHE1 TG mice relative to controls, total
(exogenous and endogenous) NHEI protein expression in control, N-line and K-line
heart lysates were quantitated by immunoblotting against the NHE1 protein (Figure 3.7).
All three samples contained NHE1 protein, with the relative amount increasing in
controls (lanes 1-3) vs. N-line (lanes 4-6) and in K-line (lanes 7-9) (Figure 3.7, upper
panel). Quantification of a series of experiments measuring the protein expression of
total NHE1 (Figure 3.7, bottom panel) shows that there was a marked increase of
approximately 2.5 and 3.5 fold in total NHE1 protein expression in N-line and K-line

mouse hearts vs. control mouse hearts, respectively (P<0.05).
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Figure 3.7. Immunoblot analysis of total (endogenous and exogenous) NHE1 protein
expression in control, N-line and K-line hearts. Immunoblot analysis of NHE1 protein
expression was detected using anti-NHE1 antibody. Upper panel, representative western
blot of total NHE1 (90-110 kDa) and actin (40 kDa) protein expression. Lanes 1-3, 4-6,
and 7-9 represent heart lysates from control, N-line and K-line mice, respectively.
Bottom panel, quantification of a series of experiments. NHE1 protein levels were
normalized to actin and are expressed as a % of controls=%SEM. "P<0.05 for control vs.
N-line or K-line; n=3-4.

109



3.2.7 Exogenous NHEI Protein Expression in Hearts from NHEI

Transgenic Mice

Exogenous NHEI protein expression was also measured. Heart lysates from
control, N-line and K-line mice were immunoblotted for HA tagged-NHE1 with anti-HA
tag antibody (Figure 3.8). Exogenous NHE]1 protein was present in the N-line (lanes 4-6)
and K-line (lanes 7-9) samples, but not in the control (lanes 2-3) hearts (Figure 3.8,
upper panel). The HA tag was not detected in control hearts, which confirmed the
specificity of the anti-HA antibody. A sample of AP-1 cells transfected with HA tagged-
wild type NHE1 (lane 1) served as a positive control. Quantification of a series of
experiments measuring protein expression of exogenous NHEI1 (Figure 3.8, bottom
panel) showed no significant differences in exogenous NHE1 protein expression between

hearts from N-line and K-line mice.

110



(+) Control N-line K-line

NHET* o — " S
Actin* — b . . - —
1 2 3 4 5 6 7 8 9

6
5L
c
I3}
< 4 L
L
I
Z' 3L
geo;
0]
=
o 2L
<
xI
1L

Control N-line K-line

Figure 3.8. Immunoblot analysis of exogenous HA tagged-NHE1 protein expression
in control, N-line and K-line hearts. Upper panel, representative western blot of
NHE1 (90-110 kDa) and actin (40kDa) protein expression. Lane 1, positive control (+)
of AP-1 cells transfected with HA tagged-wild type NHEI. Lanes 2-3, 4-6 and 7-9
represent heart lysates from control, N-line and K-line mice, respectively. Bottom panel,
quantification of a series of experiments. NHEI protein expression was quantified and
normalized to actin for each group and expressed as a ratio, HA tagged-
NHE1/Actin+SEM. (n=3-4 hearts/group).

111



3.2.8 In Vivo Characterization of Intact N-line and K-line Mouse Hearts for

Cardiac Hypertrophy

To evaluate the effects of varying levels of NHE1 protein expression and activity
on the degree of CH, various hypertrophic indices were measured including the HW/BW,
ANP mRNA expression, CSA and IF. Initially, we qualitatively examined the whole
hearts and the transverse cross sections stained with H&E of control, N-line and K-line
mice (Figure 3.9). The K-line heart appeared to be enlarged and the left ventricle

appeared dilated (Figure 3.9).
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Figure 3.9. Qualitative comparison of whole hearts and transverse heart cross
sections stained with H&E from control, N-line and K-line mice. Upper panel,
representative whole hearts from control, N-line and K-line mice. Bottom panel,
representative transverse heart cross sections stained with H&E from control, N-line and
K-line hearts.
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The heart weight normalized by body weight, the HW/BW, was significantly
greater in both N-line (126.0+9.4%, P<0.05) and K-line (142.6+9.2%, P<0.005) mice vs.
control mice, and more so in the K-line mice (Figure 3.10). The variations seen in the
HW/BW between groups were a result of changes in the heart weight (100.0+4.4%
controls vs. 126.0+x12.3% N-line vs. 157.0£10.3% K-line, P<0.05), as there were only
small changes in the body weight (100.0+2.9% controls vs. 98.2+3.8% N-line vs.
109.6+2.1% K-line). This change in the heart weight was due to an increase in heart

mass, not edema. This was indicated by the dry weight to wet weight ratio measured in
hearts from control (0.15+0.01) and K-line (0.14+0.009) mice, which showed no

significant differences between the two groups.
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Figure 3.10. Analysis of the HW/BW ratio in control, N-line and K-line mice. The
HW/BW ratio was expressed as a % of controls+%SEM. *P<0.05 for controls vs. N-line,
P<0.005 for controls vs. K-line mice; n=7-9 hearts/group.
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Another index of CH that was measured in control, N-line and K-line hearts was
the expression of ANP mRNA (as described in Section 1.7.4). Hearts from N-line and K-
line mice had significantly greater ANP mRNA expression in comparison to hearts from
control mice (100.0+43.5% controls vs. 1226.0+386.5% N-line vs. 2067.0+359.8% K-

line; P<0.05) (Figure 3.11).
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Figure 3.11. Analysis of ANP mRNA expression in hearts from control, N-line and
K-line mice. ANP mRNA levels were expressed as a % of controls£%SEM. "P<0.05 for
controls vs. N-line or K-line mice; n=3 hearts/group.
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In addition to fetal gene re-expression, CH is also associated with changes in
histology. Figure 3.12, upper panel, illustrates representative images of heart cross
sections stained with H&E for measurement of CSA and heart cross sections stained with
PSR for IF measurements from control, N-line and K-line mice. Accumulated CSA from
K-line hearts, not N-line hearts, were significantly different from control and N-line
hearts (100.0+x15.0% controls vs, 103.2+1.6% N-line vs. 164.0+20.0% K-line, P<0.05)
(Figure 3.12, bottom panel). Similarly, measurements of IF from heart cross sections
stained with PSR demonstrated that K-line hearts had significantly increased IF vs.
controls or N-line (100.0+6.3% controls vs. 137.1+24.9% N-line vs. 305.0+63.1% K-
line, P<0.05) (Figure 3.12, bottom panel). N-line hearts did not show any significant

increases in IF vs. controls.
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Figure 3.12. Cross sectional area and interstitial fibrosis of control, N-line and K-
line hearts. Upper panel, representative heart cross sections of control, N-line and K-
line hearts stained with H&E or PSR. For CSA, visual fields were accepted for
quantification if nuclei were visible and cell membranes were intact. The maximum
fibrosis observed for any section was calculated as the area occupied by red stained
connective tissue x 100/areas occupied by connective tissue plus cardiac myocytes.
Bottom panel, quantitative analysis of CSA and IF. Results are expressed as a % of
controls+%SEM. For CSA, "'P<0.05 for K-line vs. control or N-line mice; n=4-6
hearts/group. For IF, "P<0.05 for K-line vs. control or N-line mice; n=4 hearts/group.
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3.2.9 Cardiac Function and Myocardial Remodeling of Control, N-line and
K-line Mice

Cardiac function and myocardial remodeling were assessed in control, N-line and
K-line mice. Echocardiographic measurements of cardiac function and morphology of
control, N-line and K-line mice are summarized in Table VI. Compared to control hearts
(or hearts from N-line mice), hearts from K-line mice exhibited significant ventricular
hypertrophy, which confirms our previous indication of NHE1 dependent CH. Left
ventricular mass (LVM) of K-line mice was significantly elevated as were diastolic inter-
ventricular septal wall thickness (IVSTd) and diastolic left ventricular posterior wall
thickness (LVPWd). N-line mice were not significantly elevated in any of these
parameters relative to controls. Both diastolic and systolic cardiac function were
significantly affected, principally in the K-line mice and to a lesser degree in the N-line
mice. In K-line mice the decrease in systolic function was demonstrated by a decrease in
percent left ventricular ejection fraction (EF). The decrease in diastolic function was
demonstrated by the increase in the ratio of peak E wave mitral valve velocity to peak A
wave mitral valve velocity (E/A). This decrease in systolic and diastolic function in K-
line mice was associated with ventricular dilation, as indicated by the increase in LV
internal diameter (LVID) during systole (s) or diastole (d) (P<0.05 vs. control or N-line
mice). The global deterioration in myocardial performance in K-line mice is further
confirmed by the significant increase in the Tei index.

In N-line hearts, the decrease in systolic and diastolic function is also associated
with ventricular dilation. N-line hearts displayed increased LVID during systole.

However, this was significantly less than the LVID during systole in K-line mice.
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Similarly, N-line mice had a significant decrease in percent left ventricular FS and EF
and increase in the E/A ratio, however the changes observed were not as pronounced as
those observed in K-line mice. N-line mice did not show an increase in TEI index. The
changes in the Tei index, left ventricular FS and EF were significantly greater in K-line

mice compared to N-line.
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Table VI: Cardiac morphology and contractile function of control, N-line and K-
line mice. IVSTd, diastolic inter-ventricular septal wall thickness; LVPWd, diastolic left
ventricular posterior wall thickness; LVM, left ventricular mass; LVIDd and LVIDs, left
ventricular internal diameter during diastole and systole; FS, left ventricular % fractional
shortening; EF, left ventricular % ejection fraction; MV E/A ratio, ratio of peak E wave
mitral valve velocity to peak A wave mitral valve velocity. Values are expressed as mean
+SEM. “P<0.05 vs. controls, "P<0.005 vs. controls, *P<0.05 for N-line vs. K-line,

*P<0.005 for N-line vs. K-line; n=7-8/group.

n=7-8/group Controls N-line K-Line
IVSTd, mm 0.71+0.01 0.77 +0.02 0.83+0.03°
LVPWd, mm 0.74 +0.02 0.74 +0.02 0.84 +0.02"
LVM , mg 813 2.1 85.9 £3.0 1034 + 4.6
LVIDd, mm 3.98 +0.08 3.98 +0.06 4.10+0.08
LVIDs, mm 244 £0.06 2.69+£0.07 3.12£0.09"
FS, % 38.8 +0.7 324+ 117 240+ 12"
EF, % 69.8+0.9 612+ 1.6' 48 1£2.17
MYV E/A ratio 1.95+0.1 26502 4.04+06
Tei index 0457 +0.02 0.51+0.02 0.70 +0.03"
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3.2.10 NHEI expression in IRM and K-IRM Adenoviruses

Adenoviruses containing NHE1 were created to infect NRVMs with varying
levels of NHEI1. Using this in vitro gain-of-function model, we were able to study the
direct effects of varying levels of NHE1 in myocytes. Figure 3.13 illustrates the NHE1
gene construct used for production of the NHE1 containing adenoviruses. The IRM
NHE1 cDNA, which is resistant to NHE1 inhibition, has the L163F/G174S mutation. It
is flanked by the CMV promoter on the 5’ end and a long terminal repeat (LTR) and a
polyadenylation (PA) signal at the 3’ end. The plasmid also has a GFP DNA sequence
driven by the CMV promoter to allow for easy confirmation of infection and a HA tag at
the 3’ end of the NHE1 cDNA, which was used to monitor NHE1 expression. The HA
tag has previously been shown not to interfere with NHEI expression or activity”’*. The
K-IRM NHEI1 cDNA, which expresses an active NHEI resistant to NHE1 inhibition,
contains the mutations L163F/G174S and 1K3R4E, an HA tag, a PA signal and a LTR at

the 3’end.
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Figure 3.13. Adenovirus constructs used for the expression of NHE1 in neonatal rat
ventricular cardiomyocytes. The IRM adenovirus contains HA tagged-wild type NHE1
resistant to NHE1 inhibitors. The IRM plasmid contains the mutations L163F/G174S.
The K-IRM adenovirus contains HA tagged-active NHE]1 resistant to NHE1 inhibitors.
The K-IRM plasmid was created by ligating two DNA fragements, one containing the
L163F/G174S NHEI cDNA and the other containing the 1K3R4E NHEI cDNA.
1K3RA4E indicates that the DNA contained the mutation of lysine (K) 641, arginine (R)
643, 645 and 647 to glutamic acid (E) residues and is indicated by (+). CMV,
cytomegalovirus promoter; GFP, green fluorescent protein; HA, hemagglutinin tag;
polyadenylation (PA) signal; LTR, long terminal repeat.
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3.2.11 Characterization of the pAdTrack CMV Plasmids in AP-1 Cells

To confirm that the mutations of the IRM and K-IRM plasmids were successful
and that the mutant NHEI retained activity when moved into the pAdTrack CMV vector
for production of the adenovirus, we stably transfected AP-1 cells with the pAdTrack
CMV-IRM or pAdTrack CMV-K-IRM plasmid (as described in Section 2.4.2.3).
Western blot analysis (Figure 3.14) demonstrates NHE1 expression in AP-1 cells
transfected with pAdTrack CMV-IRM/K-IRM. The NHE1 immunoreactive band was
present at 90-110 kDa. Lane 2 is representative of a lysate from AP-1 cells transfected
with the pAdTrack CMV, not containing the HA tagged-NHEI protein. Lanes 3 and 4
represent lysates from AP-1 cells transfected with pAdTrack CMV-IRM and lanes 5 and
6 represent lyastes fom AP-1 cells transfected with pAdTrack CMV-K-IRM. Lane 1 is a
positive control of AP-1 cells transfected with the pYN4" plasmid, which contains HA

tagged-wild type NHE1.
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Figure 3.14. Western blot analysis of AP-1 cells transfected with pAdTrack CMV-
IRM or pAdTrack CMV-K-IRM plasmids. Representative western blot of AP-1 cells
transfected with pAdTrack CMV-IRM or pAdTrack CMV-IRM K-IRM plasmids and
immunoblotted with anti-HA tag antibody. Lane 1, pYN4", is AP1 cells transfected with
the pYN4" plasmid, which contains an HA tagged-wild type NHE1 protein. Lane 2
represents AP-1 cells transfected with pADTrack CMV, which contains no HA tag.
Lanes 3 and 4 represent lysates from AP-1 cells transfected with pAdTrack CMV-IRM,
which contains the HA tagged-inhibitor resistant wild type NHEI. Lanes 5 and 6
represent lysates from AP-1 cells transfected with pAdTrack CMV-K-IRM, which
contains the HA tagged-inhibitor resistant active NHE1.
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We also measured the NHE1 activity of AP-1 cells transfected with either
pAdTrack CVM-IRM or pAdTrack CMV-K-IRM. The results are shown in Figure 3.15.
In AP-1 cells transfected with pAdTrack CMV-IRM, NHE activity was comparable to
AP-1 cells transfected with the pYN4" plasmid, containing wild type NHE1 (NHE1) and
significantly increased in comparison to AP-1 cells transfected with pAdTrack CMV
(P<0.05) (Figure 3.15, A). Treatment with 10 uM EMD 87580 did not decrease the
NHET activity of AP-1 cells transfected with pAdTrack CVM-IRM. Similarly, in AP-1
cells transfected with pAdTrack CMV-K-IRM, NHEI activity increased vs. AP-1 cells
transfected with pAdTrack CMV (P<0.05) (Figure 3.15, B). Treatment with 10 uM EMD
87580 did not decrease the activity of AP-1 cells transfected with pAdTrack CVM-K-
IRM. The lack of inhibitory effects on NHEI activity by EMD 87580 demonstrates that
the inhibitor resistant protein was expressed in both the pAdTrack CMV-IRM and

pAdTrack CMV-K-IRM plasmids.
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Figure 3.15. NHE1 activity of AP-1 cells transfected with pAdTrack CMV-IRM or
pAdTrack CMV-K-IRM in the presence (+) or absence (-) of EMD 87580. (-), not
treated with EMD; (+), treated with EMD. A), AP-1 cells transfected with pAdTrack
CMV-IRM (IRM), pAdTrack-CMV, pYN4" plasmid containing wild type NHEI
(NHE1). Results are expressed as a % of controlst%SEM, with controls being AP-1
cells transfected with NHE1. "P<0.05 vs. pAdTrack CMV; n=8/group. B), AP-1 cells
were transfected with pAdTrack CMV-K-IRM (K-IRM) or pAdTrack CMV. Results are
expressed as a % of controls+%SEM, with controls being AP-1 cells transfected with
pAdTrack CMV. "P<0.05 vs. pAdTrack CMV; n=8/group.

128



3.2.12 Determination of the IRM and K-IRM Adenoviruses MOI

Prior to the characterization of our IRM and K-IRM adenoviruses, we identified
the ideal MOI (as described in Section 2.4.3.1.1) and duration of viral infection in
NRVMs. This was done to ensure 100% efficiency of the adenoviral infections and
maintenance of cell viability. Figure 3.16 illustrates representative western blots (middle
and bottom panel) and representative pictures of GFP fluorescence (upper panel) of
NRVMs during various times following infection with the K-IRM adenovirus at an MOI
of 10, 20 and 30. NHE1 expression, detected by anti-HA antibody, was present as early
as 24 hours after infection and continued 48 hours post infection. NHE1 protein
expression declined slightly with the time of infection. Both the glycosylated and the
deglycosylated form of the NHE1 protein are substantially visible at a MOI of 20
following 24 hours of infection. Similar experiments were conducted using the IRM
adenovirus and a MOI of 20 for 24 hours also gave the best conditions (data not shown).
NRVMs were infected with GFP at an MOI of 20 for 24 hours to confirm the specifity of
the HA-tagged antibody and no immunoreactivity was detectected. In all subsequent
experiments, NRVMs were infected with the IRM or K-IRM adenoviruses using an MOI
of 20 for 24 hours. The conditions of GFP, the control adenovirus, paralled the

experimental conditions of the IRM and K-IRM adenoviruses.
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Figure 3.16. MOI and time course of NHE1 protein expression in neonatal rat
ventricular cardiomyocytes infected with the K-IRM adenovirus. NRVMs were
infected with the K-IRM adenovirus (HA tagged-inhibitor resistant active NHE1) or GFP
and the time course of expression was examined by western blotting against the anti-HA
tag. Upper panel, representative picture of NRVMs infected with the K-IRM adenovirus
using an MOI of 10, 20 or 30 for 24 and 48 hours (hr). Middle and bottom panel,
representative western blots of NRVMs infected the K-IRM adenovirus using an MOI of
10, 20 or 30 of and were examined at 24 and 48 hours (hr) post infection with anti-HA
tag antibody. NRVMs were also infected the GFP adenovirus using an MOI of 20 for 24
hours and blotted with anti-HA tag antibody.
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3.2.13 In Vitro Characterization of IRM and K-IRM Adenoviruses for
Myocyte Hypertrophy

We compared the effects of in vivo expression of NHEI in mice with in vitro
expression of NHE1 in NRVMs. NRVMs were infected with one of three adenoviruses.
One expressed GFP and was used as a control. A second expressed wild type NHE1
(IRM). The third adenovirus expressed NHE1 with the same mutations as in the K-line
mice, creating an active NHE1 (K-IRM). To confirm that the infection of NRVMs with
the IRM or K-IRM adenoviruses led to expression of the NHE]1 protein and to determine
the total amount of NHE1 protein expressed, we measured total (exogenous and
endogenous) NHE1 protein expression using a commercial antibody against NHE1
(Figure 3.17). Figure 3.17, upper panel, is a representative immunoblot of NRVMs
infected with GFP (lanes 1-3), IRM (lanes 4-6) or K-IRM (lanes 7-9) adenoviruses.
Quantification of a series of experiments measuring total NHEI protein expression
(Figure 3.17, bottom panel) shows that there was a marked increase (= 70 and 90 fold,
P<0.05) in total NHEI protein expression in NRVMs infected with the IRM and K-IRM
adenoviruses vs. NRVMs infected with the GFP adenovirus, respectively. Total NHE1
protein expression was not significantly in NRVMs infected with the IRM or K-IRM

adenoviruses, however, K-IRM infected NRVMs had a slightly greater expression.
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Figure 3.17. Western blot analysis of NHE1 protein expression in neonatal rat
ventricular cardiomyocytes infected with IRM, K-IRM or GFP (control)
adenoviruses. NRVMs were infected with a MOI of 20 of GFP, IRM or K-IRM
adenoviruses for 24 hours. Upper panel, representative immunoblot analysis of total
(exogenous and endogenous) NHEI protein expression in lysates isolated from NRVMs.
NHE1 was detected by a mouse monoclonal anti-NHE1. NHEI, at 90-110 kDa, is
indicated by * and (3-Tubulin, the loading control, at 50 kDa, is indicated by the *. Lanes
1-3 represent lysates from NRVMs infected with the GFP adenovirus, lanes 4-6 represent
lysates from NRVMs infected with the IRM adenovirus and lanes 7-9 represent lysates
from NRVMs infected with the K- IRM adenovirus. Bottom panel, is a quantification of
a series of experiments measuring total NHE1 protein expression. NHE1 protein levels
were quantified and normalized to (3-Tubulin for each group and calculated as a % of
GFP (control)+%SEM. "P<0.05 for control (GFP) vs. IRM or K-IRM; n=4-5/group.
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Total exogenous NHE1 protein expression was also measured by immunoblotting
for HA tagged-NHE1 with anti-HA tag antibody (12CAS5) (Figure 3.18). Exogenous
NHE]1 protein was present in NRVMs infected with either the IRM (lanes 2-5) or K-IRM
(lanes 6-9) adenovirus, but not in NRVMs infected with the GFP adenovirus (lane 1).
Quantification of a series of experiments measuring the levels of exogenous NHEI1
(Figure 3.18, bottom panel) showed that NRVMs infected with the K-IRM adenovirus
had a higher level of NHE1 protein expression than NRVMs infected with the IRM
adenovirus. The level of NHEI protein expression between IRM and K-IRM infected

NRVMs were not significantly different.
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Figure 3.18. Immunoblot analysis of exogenous HA tagged-NHE1 protein
expression in lysates of neonatal rat ventricular cardiomyocytes infected with GFP,
IRM or K-IRM adenoviruses. NRVMs were infected with a MOI of 20 of GFP, IRM
(HA tagged-wild type NHEI) or K-IRM (HA tagged- active NHE1) adenoviruses for 24
hours. NHE1 was detected by western blotting with a mouse monoclonal anti-HA
(12CAS). Upper panel, is a representative western blot of NHE1 detected at 90-110 kDa
and 50 kDa B-Tubulin, a loading control. Lane 1 represents lysates of NRVMs infected
with the GFP adenovirus, lanes 2-5 represent lysates of NRVMs infected with the IRM
adenovirus and lanes 6-9 represent lysates of NRVMs infected with the K-IRM
adenovirus. Bottom panel, quantification of a series of experiments. NHE1 protein
expression was quantified and normalized to (-Tubulin for each group. Results are
expressed as mean+SEM. (n=4 /group).
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To evaluate the effects of varying types of NHEI protein expression on the
degree of CH in vitro, hypertrophic indices were measured in NRVMs infected with
GFP, IRM or K-IRM adenoviruses. Cells were infected with IRM, K-IRM or GFP
control adenoviruses in the presence or absence of 10 uM EMD 87580 and cell area and
protein synthesis were monitored. We previously determined that 10 uM EMD 87580
inhibits all endogenous NHEI1 and not exogenous NHEI activity (as described in Section
2.4.2.1), therefore allowing us to compare the hypertrophic effects of NHEI due to
expression of endogenous and exogenous NHE1 or expression of exogenous NHEI
alone. We found that endogenous NHEI makes up approximately 50% of the
measureable activity present in NRVMs**”, Figure 3.19 illustrates that only NRVMs
infected with the K-IRM adenovirus in the absence of EMD 87580 (113.7+2.9%,
P<0.005) showed a significant increase in cell area vs. NRVMs infected with the GFP
adenovirus (100.0+x3.4%), IRM (95.6+1.8%) or NRVMs infected with the K-IRM
adenovirus in the presence of EMD 87580 (90.4+2.1%). NRVMs infected with the IRM
adenovirus in the presence (96.6+2.4%) or absence of EMD 87580 (95.6+1.8%) did not
show any significant increase in cell area vs. NRVMs infected with the GFP adenovirus

(100.0+3.4%).
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Figure 3.19. Analysis of cell area of neonatal rat ventricular cardiomyocytes
infected with IRM, K-IRM or GFP adenoviruses in the presence (+) or absence (-)
of 10 uM EMD 87580. NRVMs were infected with a MOI of 20 of GFP, IRM or K-
IRM adenoviruses for 24 hours. EMD 87580 was added 4 hours following adenoviral
infection; (-) EMD 87580 was not present, (+) EMD 87580 was present. Upper panel,
representative images of fluorescence microscopy of NRVMs infected with GFP, IRM or
adenoviruses. Bottom panel, quantitative analysis of cell area. Results are expressed as
% GFP+%SEM. "P<0.005 for K-IRM vs. GFP, IRM, or K-IRM in the presence of EMD
87580; n=4-7. At least 50 cells were measured from three individual dishes to represent
one n value.
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We also examined proteins synthesis of NRVMs. Protein synthesis is another
index of CH. Figure 3.20 shows that only NRVMs infected with the K-IRM adenovirus
in the absence of EMD 87580 had a significant increase in protein synthesis (P<0.005 for
K-IRM vs. GFP, IRM or K-IRM in the presence of EMD 87580). When NRVMs were
infected with the IRM adenovirus either in the presence or absence of EMD 87580, they
did not show a significant increase in protein synthesis vs. NRVMs infected with the

GFP adenovirus (Figure 3.20).
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Figure 3.20. Analysis of the rate of protein synthesis in neonatal rat ventricular
cardiomyocytes infected with IRM, K-IRM or GFP adenoviruses in the presence (+)
or absence (-) of 10 uM EMD 87580. NRVMs were infected with a MOI of 20 of GFP,
IRM or K-IRM adenoviruses for 24 hours. [’H] Phenylalanine (1uCi/mL) was added 4
hours following adenoviral infection and at the same time as EMD 87580. Quantitative
analysis of the rate of protein synthesis was measured by the amount of [*H]
phenylalanine incorporated. Protein synthesis was corrected with DNA synthesis and
was expressed as % GFP+%SEM. "P<0.005 for K-IRM vs. GFP, IRM or K-IRM in the
presence of EMD 87580; n=20-30 plates, 5-8 experiments.
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3.2.14 Signaling Pathways Contributing to NHEI Induced Cardiac

Hypertrophy

Based on our in vivo and in vitro studies, active NHE1 expression induces CH.
Experiments were done to ensure that the phenotype we examined was NHE1-dependent
and not due to altered expression of other regulatory membrane proteins involved in ion
regulation (as described in Section 1.1). Heart lysates were made and western blotting
was used to examine protein expression of NKA, NCX, SERCA, NBC1, and AE3. The
results are shown in Figure 3.21. The upper panel shows one example of each type of
western blot for these proteins from control, N-line and K-line heart lysates. The bottom
panel shows quantification of a series of western blots for each protein. There were no
significant changes in protein expression of any of these proteins in the N-line and K-line
hearts compared with controls. A preliminary experiment also examined protein
expression of AE1 in the myocardium of N-line and K-line hearts vs. controls. These
levels were very low and difficult to quantify, but there were no apparent differences

between NHE1 TGs and controls (data not shown).
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Figure 3.21. Western blot analysis of protein expression of ion transport and pH
regulatory proteins in hearts from control, N-line and K-line mice. C, controls; N, N-
line; K, K-line. Upper panel, representative western blots of heart lysates
immunoblotted with antibodies directed against NKA, NCX, SERCA, NBC and AES3.
Arrows indicate the cross-reactive species of the predicted molecular weight. Bottom
panel, quantitative analysis of western blot protein expression of ion transport and pH
regulatory proteins. Results are displayed as % of control+%SEM within each group. (n=
4-7/group). Heather Vanier-Vandertol performed these experiments.
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We also examined expression and activation of signaling pathways that have
been implicated in stress-induced remodeling of the heart to determine whether these
pathways were involved in NHE1-mediated remodeling of the heart. Prohypertrophic
signaling pathways were examined. These include: ERKs, JNKs, p38 and RSK, which
are regulated by phosphorylation-dephosphorylation, with phosphorylation being in its
active form. The levels of pERK, pp38 or pJNK were not elevated in heart lysates from
N-line and K-line mice when compared to controls (Figure 3.22). Further studies were
done using antibodies specific to p38ca, the most abundant p38 isoform in the
myocardium'”’, and no differences were seen in protein expression between heart lysates
from control, N-line and K-line mice (Figure 3.22). Similarly, the ratio of pRSK to total
RSK did not change in heart extracts from N-line and K-line mice when compared to

controls (Figure 3.22).
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Figure 3.22. Western blot analysis of protein expression of MAPKs and RSK in
hearts from control, N-line and K-line mice. C, controls; N, N-line; K, K-line. Upper
panel, representative western blots of relative amounts of phosphorylated and total pro-
hypertrophic kinases, ERK, p38, p38(a), JNK and RSK. Lanes 1-3 represent control
heart lysates, lanes 4-6 represent N-line heart lysates, and lanes 7-9 represent K-line
heart lysates. Bottom panel, quantification of a series of experiments measuring the ratio
of phosphorylated to total protein for pERK/ERK, pp38/p38(a), pJNK/INK and
pRSK/RSK. Results are calculated as a % of control (for each group)+%SEM. (n=3
hearts/group).
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Catalytically-active GSK-3 has been implicated in anti-hypertrophic
signaling™. It is regulated by phosphorylation-dephosphorylation, with phosphorylation
being inhibitory. GSK-3 is located predominantly in the cytosol and is also found in the
mitochondria. To determine whether GSK-3f3 is involved in the cardiac phenotype of the
N-line and K-line mice, we examined the total amount of GSK-3f and phosphorylated
GSK-3p expressed in both the cytosolic and mitochondrial fractions of heart lysates from
control, N-line and K-line mice (Figure 3.23). No significant changes were observed in
GSK-3p protein levels in the cytosolic and mitochondrial fractions of heart lysates of N-
line and K-line mice vs. controls. Phosphorylated GSK-3f3 was not detected in heart
lysates from control, N-line and K-line mice in both the cytosolic and mitochondrial

fractions (data not shown).
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Figure 3.23. Western blot analysis of protein expression of GSK-3f in the cytosolic
and mitochondrial fractions of hearts from control, N-line and K-line mice. C,
controls; N, N-line; K, K-line. Upper panel, representative western blot of GSK-3f and
GAPDH in the cytosolic fraction of heart lysates. Middle panel, representative western
blot of GSK-3B and MnSOD in the mitochondrial fraction of heart lysates. Bottom
panel, quantification of a series of experiments measuring the ratio of GSK-3p to
GAPDH or MnSOD in the cytosolic or mitochondrial fractions. Results are expressed as
a % of control (for each group)+%SEM. (n=5-6 hearts/group).
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Finally, we examined calcineurin activity in heart lysates from control, N-line
and K-line mice (Figure 3.24). Calcineurin is a prohypertrophic serine-threonine protein
phosphatase that is activated in response to sustained elevation of [Ca*]>"'*,
Calcineurin’s prohypertrophic effects have also been implicated in NHE1 induced CH"*'.

We found that there were no differences in calcineurin activity in heart lysates from

control, N-line and K-line mice.
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Figure 3.24. Calcineurin phosphatase activity in control, N-line and K-line mouse
hearts. Calcineurin activity was calculated for each group using the following equation;
calcineurin activity = total calcineurin activity detected in the presence of 100 nM
okadaic acid - total calcineurin activity detected in the presence of okadaic acid and
EGTA. Okadaic acid inhibits PP1 and PP2A, EGTA inhibits PP2B. Results are
expressed as a % of control+%SEM. (n=5 hearts/group).
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3.2.15 Measurement of Indices of Apoptosis in Hearts from NHEI

Transgenic Mice

Hypertrophied cardiomyocytes have been shown to be more susceptible to
apoptosis as described in Section 1.7.4.3. Many key events in the apoptotic machinery
are linked to the mitochondria. The mitochondria is a central integrator and transducer
for proapoptotic signals due to its storage of several critical proapoptotic activators, such
as Cyt ¢ and AIF’". Release of Cyt ¢ and AIF from the mitochondria into the cytoplasm
initiates  caspase-dependent and caspase-independent cell death pathways,
respectively?*2",

We examined apoptosis in hearts from N-line and K-line mice. Initially, we
examined left ventricular sections from control and K-line mice using transmission
electron microscopy. The mitochondria appeared swollen in K-line vs. controls (Figure
3.25, upper panel). We then measured the level of apoptosis in cross sections of these
hearts stained with TUNEL. Hearts from K-line mice showed a significant increase in
the ratio of TUNEL-stained positive cells to DAPI (0.45+0.014 vs. 0.37+0.025 controls;
P<0.05) (Figure 3.25, middle and bottom panel). Hearts from N-line mice showed no

statistical significance in the ratio of TUNEL-stained positive cells to DAPI when

compared to controls (0.37+0.025 controls vs. 0.36+0.068 N-line).
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Figure 3.25. Examination of TUNEL and electron microscopy in the left ventricles
of control, N-line and K-line hearts. Upper panel, representative electron micrographs
of control and K-line left ventricles. Middle panel, representative heart cross sections of
control, N-line and K-line hearts stained with TUNEL (top) and DAPI (bottom). Bottom
panel, quantification of experiments measuring the ratio of TUNEL-positive cells to
DAPI staining in control, N-line and K-line left ventricles. Results are expressed as the
ratio of TUNEL positive cells/DAPI+SEM. "P<0.05 for controls vs. K-line; n=3-4
hearts/group.
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To further understand the mechanism by which apoptosis occurred, we looked at
markers involved in both the caspase-dependent and caspase-independent pathways in
the cytosolic and mitochondrial fractions of hearts from control, N-line and K-line mice.
Caspase-3 an indicator of the caspase dependent pathway was measured activity in the
cytosolic fraction. Cyt c, another marker of the caspase dependent pathway, was
measured in the mitochondria and cytosolic fractions. This was done to determine
whether NHEI induced apoptosis was mediated through the caspase-dependent pathway.
Caspase-3 activity in the cytosolic fraction of heart lysates from N-line or K-line mice
was not significantly different (100+8.8% controls vs. 75.0=17.2 N-line vs. 116+22.6%

K-line) (Figure 3.26).
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Figure 3.26. Analysis of caspase-3 activity of hearts from control, N-line and K-line
mice. Caspase-3 activity was measured in the cytosolic fraction of hearts from control,
N-line and K-line mice. Results are expressed as a % of controlst%SEM. (n=4
hearts/group).
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Immunoblot analysis of Cyt c protein expression in the mitochondrial and
cytosolic fractions of control and NHE1 TG mice were examined (Figure 3.27). There
were no significant changes in protein expression of Cyt c¢ in both the cytosolic
(100.0£8.1% controls vs. 81.1+3.5% N-line vs. 86.7+15.2% K-line) and mitochondrial
(100+15.7% controls vs. 67.0+24.8% N-line vs. 114.7+47.3% K-line) fractions of hearts

from control vs. N-line and K-line mice.
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Figure 3.27. Analysis of Cyt ¢ protein expression in the mitochondrial and cytosolic
fractions of hearts from control, N-line and K-line mice. C, controls; N, N-line and K,
K-line. Upper Panel, representative western blots of total Cyt ¢ protein expression in the
cytosolic fraction (normalized to GAPDH) and mitochondrial fraction (normalized to
MnSOD) of hearts from control, N-line and K-line mice. Lanes 1-3 represent controls,
lanes 4-6 represent N-line mice and lanes 7-9 represent K-line mice. Bottom panel,
quantification of a series of experiments quantified for Cyt ¢ and normalized to GAPDH
in the cytosol or MnSOD in the mitochondria. Results are expressed as a % of controls
for each group+%SEM. (n=6 hearts/group).
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To further investigate whether the caspase-dependent pathway was involved in
NHEI mediated apoptosis, we examined the amount of PARP cleaved by caspase-3.
Caspase-3 cleaves PARP of 116 kDa to produce cleaved fragment of 89 kDa size. As
shown in Figure 3.28, control (100.3x28.3%), N-line (168.0+33.3%) and K-line

(131.8+14.0%) mice had comparable levels of cleaved PARP (89kDa).
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Figure 3.28. Analysis of cleaved PARP protein expression in the cytosolic fraction of
hearts from control, N-line and K-line mice. Caspase-3 cleaves PARP leaving a
fragement of 89 kDa size. Upper panel, representative western blot of cleaved PARP
(89kDa) in the cytosolic fraction of hearts from control, N-line and K-line mice,
normalized to actin. Lanes 1-3 represent controls, lanes 4-6 represent N-line mice and
lanes 7-9 represent K- line mice. Bottom panel, quantification of a series of experiments
measuring the level of 89 kDa cleaved PARP normalized to actin. Results are expressed
as a % of controls=%SEM. (n=5-6 hearts/group).
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Additionally, we investigated the contribution of the caspase-independent
pathway in NHEI mediated apoptosis. AIF protein expression was measured in the
mitochondrial and cytosolic fractions (Figure 3.29). Immunoblot analysis showed that
AIF protein expression (normalized to MnSOD) was significantly greater in the
mitochondrial fraction of hearts from K-line mice (165.0+13.6% K-line vs. 100.0+16.3%
controls; P<0.05). No significant differences were found in AIF protein expression in the
mitochondrial fraction of hearts from control (100.0+16.3%) and N-line (151.7+19.1%)
mice. In the cytosolic fraction of hearts from control (100.0+1.6%), N-line (100.5+3.9%)

and K-line (98.8+3.5%) mice, AIF expression (normalized to GAPDH) was comparable.
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Figure 3.29. Analysis of AIF protein expression in hearts from control, N-line and
K-line mice. C, controls; N, N-line; K, K-line. Upper panel, representative western
blots of total AIF protein expression in the cytosolic (normalized to GAPDH) and
mitochondrial (normalized to MnSOD) fractions of hearts from control, N-line and K-
line mice. Lanes 1-3 represent control, lanes 4-6 represent N-line and lanes 7-9 represent
K- line. Bottom panel, quantification of a series of experiments measuring AIF levels
normalized to GAPDH in the cytosolic fraction or MnSOD in the mitochondria. Results
are expressed as a % of controls+%SEM in each group. (n=6 hearts/group).
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3.2.16 Characterization of NHEI Transgenic Mice Following

Neuroendocrine Stimulation

Increased sympathetic activity mediated by agonists such as PE has been

#3320 and in humans™'. In addition

implicated in the development of CH in animal models
to mediating the sympathetic activity, PE has been shown to activate NHE1 (reviewed
in®") (Figure 1.3).

To test the susceptibility of control, N-line and K-line mice to CH mediated by
increased sympathetic activity/NHE1 activation, PE was administered using Alzet
osmotic mini pumps for a period of two weeks. The dosage of PE administered,
50mg/kg/day, was based on previous studies®*’. We performed some preliminary
studies to confirm that 50mg/kg/day PE induces CH. We measured cell area of isolated
AVMs of male control mice treated with PE or PBS using Alzet osmotic mini pumps
(Figure 3.30). The cell area of AVMs isolated from control hearts stimulated with PE
(134.9+5.9%, P<0.001) was significantly greater than the cell area of AVMs from hearts

treated with PBS (100.0+3.6%). Therefore, we proceeded with our experiments using the

dosage of 50mg/kg/day PE.
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Figure 3.29. Cell area of isolated adult ventricular cardiomyocytes from hearts
isolated from control male mice treated with PBS (control) or PE. Control, are
control male hearts treated with PBS; PE, are control male hearts stimulated with 50
mg/kg/day PE. Control male mice were treated with PBS or PE using Alzet osmotic mini
pumps over a period of two weeks. AVMs were isolated using retrograde perfusion.
Results are expressed as a % of controls+%SEM. "P<0.001 vs. control; n=2.
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NHEI TG mice stimulated with PE were then characterized for CH. The same
hypertrophic indices measured in previous experiments including the HW/BW ratio,
ANP mRNA expression, CSA and IF were measured in mice subjected to PE treatment.
K-line mice stimulated with PE (133.0£11.0%, P<0.05) had a significantly greater
HW/BW vs. K-line treated with PBS (100.0+6.4%) (Figure 3.31). Control mice
stimulated with PE (112.1+£8.1% PE vs. 100.0+4.6% PBS) also showed a trend towards
increase in the HW/BW, although this was not significant. Surprisingly, N-line hearts
stimulated with PE (100.0+7.5%) showed no differences vs. N-line hearts treated with
PBS (98.7+2.8%). The variations seen in the HW/BW of controls and K-line mice
stimulated with PE were the result of changes in the heart weight (100.0+4.4% PBS vs.
112.3+8.7% PE controls and 100.0+6.6% PBS vs. 118.2+7.1% PE K-line, P<0.05), as
there were no significant changes in the body weight (100.0+2.8% PBS vs. 99.8+2.2%

PE controls and 100.0+1.9% PBS vs. 90.3+2.2% PE K-line).
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Figure 3.30. HW/BW ratio of control, N-line and K-line mice treated with PE or
PBS control. + or — indicates the presence of absence of 50mg/kg/day PE administered
using Alzet osmotic mini pumps over a two week period. The results are expressed as %
of values obtained for the each control group (treated with vehicle, PBS)+%SEM.
"P<0.05 for K-line treated with PBS vs. K-line stimulated with PE; n=7-11 hearts/group.
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This change in heart weight in the K-line hearts was at least in part due to edema.
When we examined the dry weight to wet weight ratio of control and K-line hearts, we
found a decrease in the dry weight to wet weight ratio of K-line hearts stimulated with
PE (69.4+9.8%, P<0.05, Figure 3.32). For control hearts stimulated with PE, the changes
in heart weight were due to an increase in heart mass, not edema. This was indicated by
the dry weight to wet weight ratio measured in control hearts stimulated with PE
(104.4+4.5%). There was no significant difference when compared to hearts treated with

PBS.
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Figure 3.31. Dry tissue weight to wet tissue weight ratio of hearts from control or K-
line mice stimulated with PE or PBS. + or — indicates the presence of absence of
50mg/kg/day PE administered using Alzet osmotic mini pumps over a two week period.
Results are expressed as % of controls (treated with vehicle PBS)+%SEM. "P<0.05 for
K-line stimulated with PE vs. K-line treated with PBS; n=3-4 hearts/group.
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We also examined another CH marker, ANP mRNA expression. We compared
the ANP mRNA levels of control, N-line and K-line mice stimulated with PE to PBS
treatment, a parallel control for each group. As shown in Figure 3.34, ANP mRNA
expression was only elevated in K-line mice stimulated with PE (468.1+128.1%,

P<0.05).
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Figure 3.32. Analysis of ANP mRNA expression in hearts from control, N-line and
K-line mice treated with PE or PBS. + or — indicates the presence of absence of
50mg/kg/day PE administered using Alzet osmotic mini pumps over a two week period.
Results are the ratio of ANP to 18S rRNA and are expressed as % of controls (group
treated with vehicle PBS)+%SEM. "P<0.05 for K-line stimulated with PE vs. K-line
treated with PBS; n=3 hearts/group.
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Finally, in vivo, we also examined CSA and IF, histological markers of CH, in
hearts of NHE1 TG mice stimulated with PE. Stimulation with PE had no significant
effects on CSA (Figure 3.35, A) and IF (Figure 3.35, B) in hearts from control, N-line

and K-line mice.
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Figure 3.33. Analysis of CSA and IF in hearts from control, N-line and K-line mice
stimulated with PE or PBS. + or — indicates the presence of absence of 50mg/kg/day
PE administered using Alzet osmotic mini pumps over a two week period. A),
quantitative analysis of CSA from heart cross sections stained with H&E and expressed
as % of controls (individual group treated with vehicle PBS)+%SEM. (n=4-6
hearts/group). B), quantitative analysis of IF from heart cross sections stained with PSR.
The maximum fibrosis observed for any section was calculated as the area occupied by
red stained connective tissue divided by the areas occupied by connective tissue plus
cardiac myocytes. Accumulated IF area per group, expressed as % of controls+%SEM.
(n=4 hearts/group).
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3.2.17 Characterization of Cardiac Hypertrophy Following Neuroendocrine
Stimulation in Neonatal Rat Ventricular Cardiomyocytes Infected with IRM

or K-IRM Adenoviruses

Since we found that the K-line mice exhibited increased CH and an increased
sensitivity to hypertrophic stimuli, we also examined the effect of this same
constitutively active NHE1 protein in NRVMs in the presence of PE. We measured
indices of CH in NRVMs infected with wild type NHE1 (IRM), K-IRM (equivalent to
K-line mice) or GFP (control) adenoviruses in the presence or absence of PE. In our in
vitro studies, NRVMs were some times treated with 10 uM EMD 87580, which was
added four hours following adenoviral infections. The addition of 10 uM EMD 87580
allowed us to study the effects of exogenous NHEI, since at this concentration EMD
87580 has been shown to inhibit endogenous NHE1 expression. We found (Figure 3.36)
that NRVMs infected with the K-IRM adenovirus induced a relatively small, but
significant increase in cell size relative to NRVMs infected with the control adenovirus
(P<0.005) (as described in Section 3.2.14, Figure 3.19). Addition of PE produced a
similar significant increase in cell size in NRVMs infected with control, GFP adenovirus
(3219.9+110.4 arbitrary units GFP vs. 3760.2x110.2 arbitrary units GFP+PE, P<0.005)
but not in NRVMs infected with the IRM adenovirus (3077.4+56 .4 arbitrary units IRM
vs. 3226.0+114.0 arbitrary units IRM+PE). In NRVMs infected with the K-IRM
adenovirus, there was no further increase with addition of PE and in fact there was a
slight decrease in the cell area relative to cells not treated with PE (3662.0+93.3 arbitrary
units K-IRM vs. 3512.4+110.0 arbitrary units K-IRM+PE). The addition of EMD 87580

decreased the cell area of NRVMs infected with GFP and stimulated with PE
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(3760.2+110.2 arbitrary units GFP+PE vs. 3328.3+61.1 arbitrary units GFP+PE+EMD,
P<0.005) and of K-IRM infected NRVMs stimulated with PE (3512.4«x110.0 arbitrary

units K-IRM+PE vs. 3115.0+124.0 arbitrary units K-IRM+PE+EMD).
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Figure 3.34. Analysis of cell area in neonatal rat ventricular cardiomyocytes
infected with IRM, K-IRM or GFP (control) adenoviruses in the presence (+) or
absence (-) of 10 uM EMD 87580 and 10 uM PE. NRVMs were infected with a MOI
of 20 of GFP, IRM or K-IRM adenoviruses for 24 hours. PE was added 4 hours after
infection and 30 minutes after the addition of EMD 87580. Quantitative analysis of cell
area was expressed as a mean (arbitrary units)+SEM. "P<0.005 for GFP controls vs.
GFP+PE or GFP+PE vs. GFP+PE+EMD 87580; n=4-7 experiments.
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When we monitored the effects of NHE1 expression on protein synthesis of
NRVMs infected with NHE1 containing adenoviruses and the results were similar to
those seen with cell area (Figure 3.37). PE increased protein synthesis of NRVMs
infected with the GFP adenovirus (100.0+7.0% GFP vs. 17625 .4% GFP+PE, P<0.005).
Similarly, NRVMs infected with the K-IRM adenovirus also significantly increased the
protein synthesis relative to NRVMs infected with the GFP adenovirus (100.0+7.0%
GFP vs. 181£24.5% K-IRM, P<0.01) (described in Section 3.2.14) (Figure 3.20). In
NRVMs infected with K-IRM adenovirus, there was no further increase with addition of
PE and in fact there was a slight decrease in the rate of protein synthesis relative to cells
not treated with PE (181.6+24.5% K-IRM vs. 167.5+£32.3% K-IRM+PE). PE did not
elevate protein synthesis of NRVMs infected with the IRM adenovirus (126.0+14.3%
IRM vs. 112.9+13.4% IRM+PE). EMD 87580 did not significantly reverse the effects of
PE stimulation in NRVMs infected with the GFP adenovirus (176.5+25.7% GFP+PE vs.
132.74£23.3% GFP+PE+EMD) and NRVMs infected with the K-IRM adenovirus

(167.5+£32.3 K-IRM+PE vs. 144.1+22 9% K-IRM+PE+EMD).
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Figure 3.35. Protein synthesis of neonatal rat ventricular cardiomyocytes infected
with IRM, K-IRM or GFP (control) adenoviruses in the presence (+) or absence (-)
of 10 uM EMD 87580 and 10 uM PE. NRVMs were infected with a MOI of 20 of
GFP, IRM or K-IRM adenoviruses for 24 hours. PE was added 4 hours following
adenoviral infection and 30 minutes after the addition of EMD 87580. Quantitative
analysis of the protein synthesis rate was measured by the amount of [*H] phenylalanine
incorporated. Protein synthesis was corrected with DNA synthesis measured by hoescht
33258. Protein synthesis was expressed as % GFP+%SEM. "P<0.005 for GFP vs. GFP +
PE or GFP vs. K-IRM, n=20-30 plates; 5-8 experiments.
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3.3 Discussion

We examined the effects of elevated expression of wild type and active NHE1 on
the myocardium both in vivo and in vitro. In vivo, mice expressing cardiac specific
NHE1 were characterized. The use of animal models to study cardiovascular disease is
of particular importance since similar genes and signaling pathways in mice and humans
regulate the development of the heart and vasculature, thus allowing for the translation of

322 For our in vitro studies, we used NRVMs, one

research from the bench to the bedside
of the most well used experimental models. This approach allows us to precisely study
the direct hypertrophic response to relevant stimuli (NHE1) in the absence of other
contributing factors. The NRVMs were infected with adenoviruses containing NHE1
and characterized for CH. Our in vitro studies provided a confirmation of our in vivo
reports. Caution was applied when interpreting the in vitro data using NRVMs, since
these cells likely possess different receptor subtypes or cell signalling mechanisms from
adult tissues™™.

The direct effects of expression of an active form of NHE1 compared with the
wild type have not been examined. This is a physiologically relevant question as
increased NHE1 expression and activity are reported in several in vivo and in vitro
models of cardiac disease (reviewed in*'*%). Protein kinases that phosphorylate NHE1
also have increased activity in the diseased myocardium, as do many hormonal,
autocrine and paracrine stimuli that induce CH. In addition, in some CH models, NHEI
protein expression and activity are increased”**”, while in others NHEI activity is

increased in the absence of any alterations in NHE1 expression®”. The degree of

hypertrophy obtained with varying NHE1 expression and activity has not been

173



investigated. The implications of our results are several fold:
NHEI1 requires enhanced activity to lead to rapid remodeling and myocardial
dysfunction.

NHET1 generated a pro-hypertrophic effect, but the effect was principally in mice
expressing an active form of NHE1 (K-line mice) (Figure 3.38). K-line mice
demonstrated increased HW/BW, ANP mRNA expression, IF and CSA. N-line mice,
expressing wild type NHE, only showed elevated HW/BW and ANP mRNA expression.
The accumulation of fibrillar collagen seen in K-line mice has been suggested to be a
major determinant of impaired stiffness and pump dysfunction. Progressive
accumulation of collagen accounts for a spectrum of ventricular dysfunction that first

appears during diastole and subsequently involves systole*"

, which is illustrated by
echocardiography in our K-line mice. N-line mice, which express wild type NHEI,
developed systolic and diastolic dysfunction, however not severe enough to cause global
deterioration and accumulation of IF. Active NHE1 was required to induce global
deterioration of the heart. Echocardiography revealed that K-line mice had a number of
morphological defects and global myocardial deterioration, while N-line mice were
generally similar to control, with mild functional abnormalities. The results with the K-

line mice are largely in agreement with a recent study™"'

that also expressed active NHE1
in the myocardium. However, their study used a large deletion of the NHE1 C-terminal
tail (637-656 base pair region), as opposed to the specific point mutations in the CaM
binding region used in the present study (as described in Section 2.1.2). In addition, we

examined 10-12 week old mice as opposed to 40 day-old mice. Our findings also directly

distinguish between the effects of increased expression of wild type NHE1 (N-line) vs.
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expression of active NHE1 (K-line), which was not shown in the earlier work™'. We
showed that expression of the active NHE1 causes strong hypertrophic effects while
expression of the wild type NHE1 causes milder effects. Our results were confirmed by
in vitro studies. NRVMs infected with adenovirus containing constituitively active
NHET significantly increased cell area and protein synthesis, whereas NRVMs infected
with adenoviruses containing wild type NHE1 showed no such differences. Inhibition of
endogenous NHE1 with EMD 87580 inhibited expression of CH, thus suggesting that the
total activity of both endogenous and exogenous active NHE1 are required to induce CH
in vitro. Thus, the active form of NHEI was required to induce CH in the whole animal
and at the level of cardiomyocytes - expression of wild type NHE1 had milder effects in
vivo and no effect in vitro, thus suggesting that in vivo factors maybe contributing to the
cardiac phenotype. Our results with the N-line mice did not agree with a previous report.
Cook et al,” demonstrated that enhanced expression of wild type NHEI results in
spontaneous development of heart failure, premature mortality, increased apoptotic cell
death and cardiac remodeling. However, their results were for much older mice, 8-11
months of age, as opposed to ours at 10-12 weeks of age. The differences in the time
used between both studies could account for this discrepancy. This cardiac phenotype
appears to accumulate and cause more severe pathological changes with age. Another
report has suggested that age effects the efficacy of NHE1 inhibitors, which may modify

their usefulness in treating ischemia in the human myocardium™.
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Figure 3.36. Schematic diagram of the role of active NHE1 expression in the
myocardium. Active NHEI induces cardiac hypertrophy, apoptosis and cardiac
dysfunction independent of calcineurin, MAPKs, RSK and GSK-3f. In vivo, cardiac
hypertrophy, cardiac function and apoptosis were assessed in TG mice expressing
cardiac specific active NHE1. The active NHE1 transgene was created by site specific
mutations at the C-terminal tail of NHE1 (1K3R4E; lysine (K) 641, arginine (R) 643,
R645 and R647 all mutated to glutamic acid (E)). In vitro, active NHE1 was assessed in
NRVMs infected with adenoviruses containing active NHEI1 resistant to NHEI]
inhibitors. Active NHE1 plasmid DNA was created as described above.
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Signaling pathways leading to CH

Numerous signaling pathways have been implicated in the development of CH
including MAPKs (ERK, p38 and JNK)*** and RSK***. Many of these pro-hypertrophic
signaling pathways have also been implicated in regulation of NHE1***. We found no
significant differences in the level of phosphorylated ERK, p38, JNK, RSK in hearts
from N-line and K-line mice when compared to controls (Figure 3.38). A previous

report™'

in which active NHEI was expressed found that p38 and ERK were
significantly activated. This discrepancy could be due in part to the differences in regions
mutated on the C-terminus of NHE1. Deletion of amino acids 637 to 656 may have
caused a more extreme activation of the NHE1 protein, inducing further stress and
perhaps contributing to the activation of MAPKSs. The early and more severe effects of

NHE! expression shown in that study®"

support this suggestion. If activation of these
kinases only occurs with later severe stages of the pathology, the activation of these
pathways are likely a later consequence of heart failure, rather than being causal. We also
did not find any differences in total GSK-3[3 and calcineurin activity in hearts from N-
line and K-line mice (Figure 3.38). This suggested that these pathways are also not
involved in mediating the pathology that we observed. It has been suggested that
alterations of Ca” cycling”' mediate NHE1 induced CH. We demonstrated that Ca**
cycling (NCX, SERCA and NKA) and pH regulatory proteins (AE3 and NBC1) were not
altered in hearts from N-line and K-line mice. However, other proteins that are regulated

by Ca® such as CaM Kinase II could not be ruled out and require further investigation.

Apoptosis and NHE1
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Apoptosis can be initiated by the death receptor/extrinsic pathway, the
mitochondrial/intrinsic pathway’”’, and unresolved ER stress®**. In previous reports, the
expression of C/EBP homologous protein, which mediates the induction of pro-apoptotic
pathways during unresolved ER stress was significantly elevated in mice expressing wild
type NHE1°*. This suggested that enhanced NHE1 expression and unresolved ER stress
may contribute to elevated apoptosis. However, the mitochondrial/intrinsic pathway was
not investigated nor ruled out as means of inducing apoptosis in NHE1 TG mice. This
pathway has been implicated in NHE1 mediated apoptosis in the myocardium®”’. The
mitochondrial/intrinsic pathway is of particular importance. Recent reports have shown
that NHE1 inhibitors induce an anti-apoptotic effect by prevention of cytosolic Na" and
Ca® over-load and a direct mitochondrial effect preventing mitochondrial permeability
transition pore opening”’. In our study we showed swollen mitochondria in our K-line
mice. In addition, they had significantly elevated apoptosis in the left ventricular
myocardium, as indicated by the TUNEL positive myocytes (Figure 3.38). Apoptosis
was not demonstrated in N-line mice. Cook et al.”** found that wild type NHE1 induces
apoptosis, however they examined much older mice, which again suggests that the
effects of elevated NHE1 expression with age. We further investigated the pathway
contributing to the NHEI1 induced apoptosis. Initially we examined the caspase
dependent pathway that mediates apoptosis. We observed no differences in Cyt ¢ and
PARP protein expression in both the cytosolic and mitochondrial fractions of hearts from
control vs. N-line and K-line mice. We further studied the direct apoptotic effects of
NHE1 by determining whether AIF was released from the mitochondria into the

cytoplasm. AIF has been shown to translocate into the cytoplasm with further induction

178



into the nuclei to induce caspase-independent DNA fragmentation’®. Our results
demonstrate that AIF appears to be significantly greater in the mitochondrial fraction of
our K-line mice, but does not appear to be released into the cytosol. Release of AIF from
the mitochondria is normally thought to trigger the cell death program. However, AIF is
also known for its role as a mitochondrial flavoprotein important for mitochondrial
energy-generating processes and is required for oxidative phosphorylation and for the
assembly and or/stabilization of respiratory complex I'”. Further investigation of the
effects of enhanced AIF and resulting energy generating processes in mice expressing
active NHE1 is required. Overall, our results suggest that cell death is likely not
mediated through the mitochondrial pathway. Although it is evident that expression of
active NHE1 induces apoptosis, the mechanism by which this occurs seems less likely to
involve the mitochondrial/intrinsic pathway, supporting the suggestion that other
pathways are involved™.

Perhaps subjecting these mice to further cardiac insults, such as ischemia or MIs
will allow us to further understand the mechanisms inducing apoptosis. The ipsilateral
hemisphere from NHEI over-expressing brains was investigated following cerebral
ischemia and was shown to contribute to mitochondrial damage and ischemic
apoptosis®’. Further studies ruling out activation of membrane death receptors such as

FasL/Fas may aide in our understanding of the mechanism in which apoptosis is induced.

NHET1 expression sensitizes the myocardium to neurohormonal stimulation

Neurohormonal activation, myocardial I/R, cardiotoxic metabolites released during

I/R and numerous autocrine and paracrine factors lead to increasing levels of NHE1
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mRNA and protein expression (reviewed in*’). We noticed that K-line mice appeared to
be particularly sensitive to the stress induced by pregnancy, causing a relatively high rate
of mortality during gestation that was associated with cardiovascular failure (data not
shown). We therefore examined whether these mice were more sensitive to the
cardiovascular stress of neurohormonal stimulation, which both causes CH and
stimulates NHEI1 activity. In heart failure, chronic neurohormonal stimulation of ARs
have been linked to pathological cardiac remodeling including cardiomyocyte apoptosis
and hypertrophy®”. We found that stimulation of K-line mice with PE led to a further
increase in the HW/BW and a further increase in ANP mRNA expression. In contrast,
NRVMs infected with the K-IRM (active NHE) adenovirus appeared resistant to further
PE stimulation, possibly because they had already reached a maximal level of
stimulation. The effect of PE on K-line mice was associated with myocardial edema,
possibly indicating a later stage of chronic heart failure. The large elevation of ANP
mRNA expression by PE in the K-line mice indicates that there was further progression
of the hypertrophic response. CSA and IF were not further elevated, as they may have
already been elevated near a maximal level for this pathology. The results suggest that
the presence of active NHE1 causes an increase in the sensitivity to PE stimulation,

particularly in vivo.

Conclusion
Our data is in agreement with previous reports that suggest that increased NHE1
expression is stimulatory for CH. A novel finding is that increased expression of active

NHEI1 protein is much more detrimental than expression of the wild type protein both in
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vivo and in vitro. Expression of active NHE] is associated with CH, cardiac dysfunction
and apoptosis, as illustrated in Figure 3.38. Elevated expression of wild type NHE1 only
caused relatively minor increases in indices of CH. With time, these may cause more
detrimental effects. Our model did not show increases in ERK, p38, JNK, RSK
phosphorylation or calcineurin levels, suggesting that these are not causal in the early
stages of the pathology. Thus suggesting that the pathology induced by NHE1 expression
was independent of these factors as illustrated in Figure 3.38. Expression of activated
NHE1 protein increased sensitivity to neurohormonal stimuli in intact mice. The

requirement of active NHEI expression in CH was further confirmed in vitro.
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Chapter 4

Elevated Levels of Activated NHE1
Protect the Heart and Improve
Myocardial Metabolism Following
Ischemia/Reperfusion Injury

My role in this work involved data analysis, investigating signaling pathway
experiments and writing a manuscript. Heart perfusions and metabolic assays were

performed by Cory Wagg in Dr. Gary Lopaschuk’s lab.
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4.1 Introduction

NHE is a ubiquitously expressed plasma membrane glycoprotein, which extrudes
one intracellular H* in exchange for one extracellular Na* and thus regulates pH,’".
NHEI, the only cardio-specific plasma membrane isoform (reviewed in*®)*’, has been
implicated in mediating the damage that occurs during I/R injury (reviewed in'*’). NHE1
protein expression and activity increase in response to various stimuli, including

185331

acidosis , cardiotoxic metabolites released during I/R (reviewed in'®) and CH

(reviewed in*). In numerous in vitro and in vivo studies, NHEI inhibitors have been
shown to prevent or reduce I/R injury (reviewed in'®).

The lack of specificity of NHEI inhibitors and the critical physiological role of
NHETI necessitates an understanding of the effects of varying NHE1 expression and has
encouraged the development of TG mouse models expressing altered NHEI levels and
activity. Initial studies in which NHE1 was genetically ablated in TG mice demonstrated
cardioprotective effects against I/R injury'”>. However, recent reports using TG mice
expressing elevated NHEI levels have demonstrated surprising results. They have
shown that elevated NHE1 expression in TG mice can reduce the susceptibility to I/R
injury”*”. However, the effects of expression of an active form of NHE1 compared
with the wild type using the working heart perfusion model were not examined. In
addition, the cardiac energy metabolism of hearts with varying NHE1 levels has not been
studied in detail. This is of particular importance since it was earlier shown that TG
mice expressing NHE1 have a minor improvement in recovery of pH;and ATP levels.

Variations in substrate utilization occur during I/R, and energy substrate

preference has a significant impact on both contractile function and efficiency of O, use,
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particularly following severe ischemia®”**. In previous studies, the effects of varying
NHEI! levels were examined in hearts perfused with only glucose as a substrate®**”.
However, this is not representative of the physiological substrate used by the
myocardium. FAs are the main source of ATP production in normal hearts and during
reperfusion following ischemia®”.

The purpose of this study is to examine cardiac energy metabolism and cardiac
function in hearts from (female) TG mice expressing cardio-specific wild type NHEI or
active NHE1. The hearts were perfused using the more physiological substrate of FAs. In
addition, these hearts were subjected to ex vivo working heart perfusions™. Rates of
glycolysis, glucose oxidation and FA oxidation were directly measured in both the
preischemic and postischemic periods in the myocardium. Our results demonstrate that
increased expression of activated NHE1 protein is cardioprotective in the myocardium

subjected to I/R. This was accompanied by increased FA oxidation, glycolysis and ATP

production rates, as well as a more energetically efficient myocardium.

4.2 Results

4.2.1 Preischemic and Postischemic Cardiac Function in Ex Vivo Mouse

Hearts

Initially, we assessed baseline cardiac function of NHE1 TG hearts. To assess the
baseline functional consequences of elevated NHE1 expression, cardiac function was
measured in control, N-line and K-line mouse hearts subjected to ex vivo aerobic

perfusion for 30 minutes. During aerobic perfusion, N-line and K-line mice displayed no
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significant differences in mechanical function compared to controls (72+4.2 controls vs.
64+4.1 N-line vs. 66+4.1 K-line mLxmmHg/min, Figure 4.1). Similarly, no significant
differences existed in cardiac output, aortic outflow, coronary flow and cardiac work
between control, N-line and K-line mice (Table VII). However, peak systolic pressure
was significantly depressed in N-line (P<0.005) and K-line (P<0.05) hearts compared to
controls. In spite of this, hearts expressing either wild type or active NHE1 did not have
any significant differences in cardiac power when examined during ex vivo aerobic
perfusion (preischemia).

When hearts were subjected to 20 minutes of global no flow ischemia followed
by 40 minutes of reperfusion, surprisingly, K-line hearts recovered to a much greater
extent than N-line and control hearts (49+4.6 K-line vs. 12+4.3 N-line vs. 9.7+£3.6
control, mLxmmHg/min, P<0.0001)(Figure 4.1). K-line hearts recovered to almost 75%
of their preischemic values and mechanical function was significantly improved in all
parameters measured (Table VI). No significant differences were found between control

and N-line hearts during postischemia.

185



100- O cControl
V N-Line
O K-Line

20' Ischemia

Cardiac Power
(mL x mmHg/min)

60 70 80 90
Time (min)

Figure 4.1. Effects of wild type or active NHE1 expression on cardiac function in
the ex vivo aerobically perfused and reperfused working mouse heart. Controls
(circle); N-line, TG mice that express wild type NHE1 (upside down triangle); K-line,
TG mice that express active NHE1 (square). Hearts were subjected to 30 minutes of
aerobic perfusion, followed by 20 minutes of global no-flow ischemia and 40 minutes of
aerobic reperfusion. Cardiac power was the product of developed pressure (mmHg) and
cardiac output (mL/min), which were measured at 10 minute intervals (on the x-axis).
Values are mean (at each time point)=SEM. %P<0.0001 for controls or N-line vs. K-line
mice during postischemia; n=10-14 hearts/group.
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Table VII: Parameters of cardiac function in ex vivo working mouse hearts during
aerobic perfusion (preischemia) and reperfusion (postischemia). Mean average
values measured over a period of 30 minutes (preischemia) and over a period of 40
minutes following 20 minutes of global no flow ischemia (postischemia). Cardiac work
(mLxmmHg/min)=peak systolic pressure x cardiac output; Coronary flow=cardiac
output — aortic flow. Values represent means+SEM. Significantly different from the
corresponding preischemic group, °P<0.0001, "P<0.05, "P<0.005; n=12-16 hearts/group.

Preischemia Postischemia
Control N-line K-line Control N-line K-line
Peak systolic
pressure, mmHg 76+ 1.0 68107 71 10" | 47+40° 47 + 47 68+10
Cardiac output,
mL/min 84+05 84+04| 84+05| 1.6+04° 18+06°| 6305
Aortic outflow,
mL/min 57+03 67+05| 63+03| 04+02° 08+x05"] 3.6+04°
Coronary flow,
mL/min 26+03 20+05| 22+02| 12+037 10+03 27+03
Cardiac work,
mLxmmHg/min 63+04 58+04| 60+x04| 09+0.3° 1.1+204°| 44+04"
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4.2.2 Preischemic and Postischemic Rates of Glycolysis, Palmitate

Oxidation and Glucose Oxidation in Ex Vivo Working Mouse Hearts

When comparing control, N-line and K- line hearts, significant changes in cardiac
energy metabolism were evident during the preischemic and postischemic periods
(Figure 4.2). During preischemia, glucose oxidation rates were significantly decreased in
N-line hearts vs. controls (1184+196 N-line vs. 2058+247 controls, nmol x g dry wt" x
min™, P<0.05) (Figure 4.2A). In K-line hearts, glucose oxidation showed a trend towards
decrease vs. controls (1469+ 179 K-line vs. 2058+247 controls, nmol x g dry wt'x min™),
but the change was not significant. During postischemia reperfusion, glucose oxidation
rates were not significantly different between control, N-line and K-line hearts.
However, the rate of glucose oxidation during postischemia was depressed in control and
N-line hearts vs. preischemic values (P<0.05, Figure 4.2A). In contrast, glucose
oxidation was not significantly altered in preischemic K-line hearts vs. postischemic K-
line hearts.

During preischemia, palmitate oxidation rates were comparable between control
and N-line hearts (Figure 4.2B). However, K-line hearts had a significantly greater rate
of palmitate oxidation vs. controls (380+31 controls vs. 51326 K-line nmol x g dry wt'
x min", P<0.05, Figure 4.2B). Palmitate oxidation remained significantly greater in K-
line hearts during postischemia reperfusion (215+37 controls vs. 399+21 K-line nmol x g
dry wt' x min”, P<0.05, Figure 4.2B). When compared to preischemic values, the
postischemic levels of palmitate oxidation were significantly depressed for both control

and K-line hearts (P<0.05, Figure 4.2B). In N-line hearts postischemia, palmitate

188



oxidation levels were not significantly different than control hearts and remained
comparable to preischemic levels (Figure 4.2B).

Preischemic levels of glycolysis were significantly elevated in K-line hearts vs.
N-line hearts (8,065+876 controls vs. 6,105+905 N-line vs. 10,366+ 936 K-line, nmol x g
dry wt' x min", P<0.05, Figure 4.2C). There was no significant difference between N-
line and control hearts in preischemic levels of glycolysis. During the postischemic
reperfusion period, glycolytic rates remained significantly elevated in the K-line hearts
compared to N-line (2,326+595 N-line vs. 7,538+1,352 K-line nmol x g dry wt' x min™,
P<0.01, Figure 4.2C). In N-line hearts postischemia, glycolysis was not significantly
different than control hearts, but was significantly depressed vs. preischemic values
(6,105+905 preischemia vs. 2,326+595 postischemia, nmol x g dry wt' x min', P<0.05,
Figure 4.2C). The rate of glycolysis in control and K-line hearts remained comparable
during presichemia and postischemia.

Since cardiac work is an important determinant of metabolic rates, glucose
oxidation and palmitate oxidation, and glycolysis were normalized for cardiac power
(Figure 4.2D-F). During preischemia there was little difference in cardiac power (Figure
4.1), and thus the rates of glucose oxidation and palmitate oxidation and glycolysis
normalized for function varied little. However, mechanical function during postischemia
varied notably and was elevated in K-line hearts (Figure 4.1). With correction, it was
notable that in K-line hearts, both glucose oxidation and palmitate oxidation relative to
cardiac power, were greatly decreased. The same trend occurred for both N-line and K-
line hearts with regards to glycolysis. Preischemic vs. postischemic rates of palmitate

oxidation, glucose oxidation and glycolysis normalized to cardiac power were
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comparable in K-line hearts. In contrast, during postischemia, the rates of glucose
oxidation and palmitate oxidation were elevated in control and N-line hearts vs.
presischemia. Similarly, the glycolytic rate normalized for cardiac power was elevated in

control hearts when preischemic rates vs. postischemic rates were compared.
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Figure 4.2. Rates of glucose oxidation, palmitate oxidation, and glycolysis in control,
N-line and K-line hearts during preischemic and postischemic periods of the ex vivo
working perfused hearts. White bar graph, control mice; black bar graph, N-line mice
and grey bar graph, K-line mice. Preischemic values were obtained during 30 minutes of
aerobic perfusion. Postischemic values were obtained following 20 minutes of global no
flow ischemia and during 40 minutes of aerobic reperfusion. Glucose oxidation rates (A),
palmitate oxidation rates (B), glycolytic rates (C), glucose oxidation (D), palmitate
oxidation (E), and glycolysis (F) normalized for cardiac power. Values represent the
mean=SEM. For corresponding control, "P<0.05 for controls vs. N-line or K-line and
4P<0.05, "P<0.01 for N-line vs. K-line. For preischemic vs. postichemic values *P<0.05;
n=5-10 hearts/group.
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4.2.3 Preischemic and Postischemic ATP Production Rates in Ex Vivo

Working Mouse Hearts

Using measured steady state rates of glycolysis, glucose oxidation and palmitate
oxidation, we calculated the relative contribution of each of these substrates to ATP
production rates during preischemia and postischemia (Figure 4.3A-C). During
preischemia, palmitate oxidation accounted for a greater amount of energy production in
K-line hearts (53.4+2.7umol x g dry wt' x min™) vs. both control (39.5+ 3.2umol x g dry
wt' x min") and N-line (41.7+10.2umol x g dry wt' x min™) hearts (P<0.05, Figure 4.3A).
During preischemia, ATP derived from glycolysis in K-line hearts was significantly
greater vs. N-line hearts (12.2+1.8 N-line vs. 20.7+1.9 K-line, umol x g dry wt' x min,
P<0.05, Figure 4.3A). However, ATP production rates derived from glucose oxidation
were relatively similar in control and K-line hearts and significantly depressed in N-line
hearts (P<0.05, Figure 4.3A). Total ATP production rates were significantly greater in
control and K-line hearts vs. N-line hearts, suggesting that N-line hearts were
energetically compromised during preischemia. TCA cycle acetyl-CoA production rates
during preischemia reflected trends similar to that seen with ATP production rates. The
contribution of glucose oxidation to TCA cycle acetyl CoA was significantly decreased
in N-line hearts (P<0.05, Figure 4.3D) and TCA cycle acetyl CoA from palmitate
oxidation was significantly greater in K-line hearts vs. controls (P<0.05, Figure 4.3D).
This resulted in greater total TCA cycle acetyl CoA production rates in control and K-
line vs. N-line hearts (Figure 4.3D).

During postischemia reperfusion, palmitate oxidation predominated as the source

of ATP production rates and TCA cycle acetyl CoA production rates in control, N-line
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and K-line hearts, as was seen during preischemia (Figure 4.3B,E). During postischemia,
total ATP production rates and total TCA cycle acetyl CoA production rates in K-line
hearts were greater vs. controls (P<0.05, Figure 4.3A,D). The contribution of glucose
oxidation and palmitate oxidation to TCA cycle acetyl CoA production rates and ATP
production rates were similar in control and N-line hearts (Figure 4.3A). However, in K-
line hearts the contribution of palmitate oxidation to TCA cycle acetyl CoA production
rates (1.7+0.3 controls vs. 3.2+0.2 K-line umol x g dry wt' x min™', P<0.05, Figure 4.3D-
E), as it was for ATP production rates (22.5+3.9 controls vs. 41.4+2.2 K-line, P<0.05,
Figure 4.3A), was significantly greater than controls. Part of the higher levels of ATP
production rates in postischemic K-line hearts were also a result of glycolysis derived
ATP, as this was also significantly greater in K-line hearts vs. N-line (15.1+2.7 K-line
vs. 4.65+1.2 N-line, umol x g dry wt' x min", P<0.01, Figure 4.3A). Postischemia, a
notable change from preischemia was that the efficiency of energy utilization, indicated
by total ATP production rates and TCA cycle acetyl CoA production rates normalized to

cardiac power, was greater in K-line hearts vs. controls (Figure 4.3CF).
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Figure 4.3. Total ATP production rates and TCA cycle acetyl CoA production rates
in control, N-line and K-line hearts during preischemic and postischemic periods of
the ex vivo working perfused hearts. White bar graph, control mice; black bar graph,
N-line mice and grey bar graph, K-line mice. Preischemic values were obtained during
30 minutes of aerobic perfusion. Postischemic values were obtained following 20
minutes of global no flow ischemia and during 40 minutes of aerobic reperfusion. (A),
ATP production was calculated from the rates of palmitate oxidation and glucose
oxidation and glycolysis. (B), Percentage of ATP production rates contributed by
palmitate oxidation, glucose oxidation or glycolysis. (C), Total ATP production rates
normalized to cardiac power. (D), TCA cycle acetyl CoA production rates from
palmitate oxidation and glucose oxidation. (E), Percentage of TCA cycle acetyl CoA
contributed by palmitate oxidation or glucose oxidation. (F), TCA cycle acetyl CoA
production rates normalized to cardiac power. Values are expressed as mean+SEM.
"P<0.05 for controls vs. N-line or K-line, "P<0.05 for N-line vs. K-line; n=5-10
hearts/group.
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4.2 4 Preischemic and Postischemic Proton Production in Ex Vivo Working

Mouse Hearts

We also examined the rates of H* production, which were derived from the
degree of uncoupling of glucose oxidation from glycolysis™. A greater reliance on
glucose as a source of mitochondrial acetyl-CoA production, suggests that more pyruvate
and protons are being consumed aerobically in the TCA cycle. This was not the case in
N-line and K-line hearts (Figure 4.3D), thus suggesting that protons are being produced.
In addition, ATP derived from glycolysis, which is significantly elevated in K-line mice
(Figure 4.3A), leads to the production of H*'. During preischemia, K-line hearts
produced 1.5-fold more protons than controls (17.8 K-line vs. 12.0 controls, umol x g dry
wt' x min), whereas in N-line hearts, proton production remained relatively comparable
to controls (9.84 N-line vs. 12.0 controls, umol x g dry wt"' x min™). During postischemia
reperfusion, we found that the rates of H" production in K-line hearts remained elevated
and were greater than proton production in control and N-line hearts (13.1 K-line vs. 8.7

controls vs. 3.3 N-line, umol x g dry wt' x min™).

4.2.5 Signaling Pathways Contributing to the NHEI Induced I/R Effects in

NHEI Transgenic Mouse Hearts

We examined protein expression and activation of various signaling pathways in
vivo to determine their contribution, if any, to the NHE1-mediated cardioprotection or
lack of it following I/R. Initially, we examined protein expression of AMPK and its
phosphorylated counterpart of heart lysates subjected to I/R (as described in Section

2.3.1). AMPK is an important regulator of myocardial energy metabolism during I/R
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injury”. AMPK is a heterotrimeric serine/threonine kinase that acts as a cellular fuel
gauge, which stimulates energy-producing processes and inhibits energy-requiring
processes in times of metabolic stress in effort to maintain or restore intracellular ATP
levels™. AMPK is activated by AMP and upon binding of AMP, it becomes a better
substrate for its upstream kinase, AMPK kinase. This results in an increase in AMPK
phosphorylation (reviewed in™*®). During ischemia, AMPK has been shown to promote

337,338

glycolysis , thus producing an anaerobic source of ATP and improving the cardiac
energy balance by stimulating ATP-generating pathways*”. During reperfusion, AMPK
has been shown to accelerate FA oxidation, which has been suggested to exacerbate I/R
injury. An increase in FA oxidation occurs at the expense of glucose oxidation, therefore
increasing myocardial acidosis and  subsequent postischemic  contractile
dysfunction™**”** Western blot analysis of protein expression of pAMPK relative to

AMPK, indicated that there were no differences between control, N-line and K-line mice

(Figure 4.4).
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Figure 4.4. Immunoblot analysis of total and phosphorylated AMPKo protein
expression in control, N-line and K-line mouse hearts subjected to I/R. Heart lysates
were from hearts subjected to 30 minutes of aerobic perfusion, 20 minutes of global no
flow ischemia and 40 minutes of aerobic perfusion. Blots were immunoblotted with
pAMPK and AMPKoa. Upper panel, representative western blot of total phosphorylated
AMPK and total AMPK protein expression. Bottom panel, quantification of a series of
experiments. Results are expressed as a ratio of phosphorylated AMPK to total AMPK.
(n=5-6 hearts/group).
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We then examined protein expression of the MAPKs (ERK, JNK, p38) and RSK,
pathways that are potentially activated by I/R* (Figure 4.5). ERK, JNK, p38, and RSK
are regulated by phosphorylation-dephosphorylation, with phosphorylation being in its
active form. Protein expression of pERK, pp38 and pRSK, normalized to total ERK, p38
and RSK, respectively, were not elevated in heart lysates from N-line and K-line hearts
subjected to I/R (as described in Section 2.3.1) when compared to controls (Figure 4.5).
However, protein expression of pJNK normalized to total JNK was significantly

attenuated in K-line hearts vs. controls (P<0.05, Figure 4.5).
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Figure 4.5. Western blot analysis of MAPKSs and RSK in control, N-line and K-line
mouse hearts subjected to I/R. C, control mice; N, N-line mice and K, K-line mice.
Heart lysates were prepared from hearts subjected to 30 minutes of aerobic perfusion, 20
minutes of global no flow ischemia and 40 minutes of aerobic reperfusion. Upper panel,
representative western blots of relative amounts of phosphorylated and total protein
expression of ERK, p38, INK and RSK. Bottom panel, quantification of a series of
experiments measuring the ratio of phosphorylated to total protein for pERK/ERK,
pp38/p38, pJINK/JNK and pRSK/RSK. Results are expressed as a % of controls (for each
group)=SEM. "P<0.05 for K-line vs. controls or N-line; n=5-6 hearts/group.
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GSK-3p, a serine/threonine kinase, was originally identified as an enzyme that
phosphorylates and downregulates glycogen synthase, the rate-limiting enzyme of
glycogen metabolism™'***. Unlike most kinases, GSK-3f is highly active in the
unstimulated state and usually exerts a negative inhibitory effect on its downstream
pathways upon phosphorylation. Ischemic preconditioning has been suggested to result
in phosphorylation and hence inhibition of GSK-3f. In addition, pharmacological
inhibition of GSK-3f has been shown to protect against I/R injury’*. Protein expression
of GSK-3p and its phosphorylated counterpart were therefore investigated in control, N-
line and K-line hearts subjected to I/R (as described in Section 2.3.1). However no
significant changes were evident in N-line and K-line mouse hearts vs. controls (Figure

4.6).
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Figure 4.6. Western blot analysis of total and phosphorylated GSK-38 in control, N-
line and K-line mouse hearts subjected to I/R. C, control mice; N, N-line mice and K,
K-line mice. Heart lysates were prepared from hearts subjected to 30 minutes of aerobic
perfusion, 20 minutes of global no flow ischemia and 40 minutes of aerobic reperfusion.
Upper panel, representative western blots of relative amounts of phosphorylated and
total GSK-3p normalized to GAPDH. Bottom panel, quantification of a series of
experiments measuring the ratio of phosphorylated or total GSK-3f protein to GAPDH.
Results are expressed as a % of controls+%SEM. (n=5-6 hearts/group).
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The ER has also been suggested to contribute to cardioprotection following I/R
injury. The ER senses oxidative stress, maintains Ca®* homeostasis and can trigger
apoptotic signaling’****. I/R injury has been suggested to affect the ability of the ER to
synthesize, fold, and sort proteins, which in turn leads to ER stress and activation of the
unfolded protein response (UPR). The UPR results in decreased protein synthesis,
increased expression of chaperone proteins that promote proper ER function and
homeostasis. The UPR response has been suggested to contribute to the protective effects
of hearts subjected to I/R*°. In a previous report, upregulation of ER stress response
proteins, calreticulin and PDI, were implicated in the cardioprotective effect of TG mice
expressing elevated NHE1 following stimulation with I/R*”. Therefore, we examined
protein expression of calreticulin and PDI in control, N-line and K-line hearts (Figure
4.7). In agreement with previous reports, heart lysates from N-line mice had significantly
greater levels of calreticulin and PDI protein expression vs. controls (P<0.005, Figure
4.7). Heart lysates from K-line mice also had significantly greater calreticulin and PDI
protein expression vs. controls (P<0.005, Figure 4.7). PDI protein expression in K-line
heart lysates was also significantly greater than PDI protein expression in heart lysates

from N-line mice (P<0.05, Figure 4.7).
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Figure 4.7. Immunoblot analysis of calreticulin and PDI in control, N-line and K-
line mouse hearts. Upper panel, representative western blots of calreticulin and PDI
protein expression normalized to actin. Bottom panel, quantification of a series of
experiments measuring the ratio of calreticulin or PDI to actin. Results are expressed as a
% of control+%SEM. 'P<0.005 for controls vs. N-line or K-line, “P<0.05 for N-line vs.
K-line; n=5-6 hearts/group.
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4.3 Discussion

Although many studies have suggested that inhibition of NHE1 attenuates I/R-
injury, recent reports in two different TG mouse models have suggested that elevated
expression of NHE1 induces cardioprotective effects in hearts subjected to I/R***”. The
role that NHE1 plays in the cardioprotection of hearts subjected to I/R is still unclear. In
addition, the effects of expression of an active form of NHE1 compared with the wild
type have not been investigated using a working heart perfusion model. A previous
report suggested that in mice expressing elevated NHE1, a minor improvement in
recovery of pH;and ATP were evident following I/R injury*”. This observation led to the
more detailed examination, in a more physiologically relevant model, of cardiac
energetics in aerobic and reperfused ischemic hearts from mice expressing elevated
NHE]1.

Energy metabolism of hearts with varying NHE1 levels has not been studied in
detail. We used the ex vivo isolated working heart model with the inclusion of FAs as a
substrate. This model was used because it has a higher and more physiological energy
demand compared with the Langendorff perfused hearts™’, which were used earlier’**”.
In addition, the KHB perfusate used in this study contained both glucose and FAs as a
substrate, making it more representative of normal human plasma in the setting of
ischemia®™®. Palmitate is the preferred energy substrate of the normal perfused heart’”
and is used by the myocardium in reperfusion following ischemia™".

A number of important findings were made. Firstly, similar to a previous

204

report™, cardiac specific expression of wild type (N-line) or activated NHE1 (K-line)

does not functionally compromise the heart function during aerobic perfusion
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(preischemia). On the contrary, we found that expression of NHE1 during I/R produced a
marked cardioprotection during reperfusion of the ischemic hearts. However, in the
present study, only activated NHE1 (K-line) was cardioprotective. Earlier it was found
that cardioprotection occurred in both hearts that expressed wild type NHEI and
constituitively active NHE1**. Cook et al.*” also demonstrated that elevated NHEI
expression in TG mice induces a cardioprotective effect in hearts subjected to I/R injury.
The difference between this and previous reports is likely due to the difference in the
perfusion conditions. Either inclusion of FAs or the greater workload of the present study
was likely accountable. In any case, our results further verify that elevated expression of
NHEI can be cardioprotective under appropriate conditions. In addition, since the
difference between the N-line and K-line mice is that K-line mice have an activated
NHEI, our results suggest that elevation of NHE1 activity or its downstream effects
enhances the cardioprotection.

Why would addition of an activated NHE1 protein be more effective at
cardioprotection in comparison with increased levels of the non-activated protein? The
NHEI protein is regulated by a proton sensor”. At more alkaline pH’s, the activity of
NHEI is minimal. Activation of the protein shifts the pH dependence to the more
alkaline range™. It may be that increased levels of the wild type protein provides minimal
benefit if the protein is not activated. Shifting the activity to the more alkaline range,
such as with the K-line mutation may provide a more functional protein at a critical pH.

To gain further insights into the mechanisms of NHE1 mediated cardioprotection,

we examined cardiac energy metabolism, signaling pathways and the expression of the
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ER stress response proteins. The notable metabolic differences in K-line hearts in
comparison to the controls and N-line were: (1), an elevation in FA oxidation,
preischemia and postischemia; (2), an elevation in glycolysis, preischemia and
postischemia, (3), a lack of postischemia reduction in glucose oxidation, (4),
significantly greater levels of total ATP production rates and TCA cycle derived acetyl
CoA production rates.

Recently, approaches to the treatment of cardiovascular disease have
concentrated on minimization of FAs as a fuel, while increasing glucose oxidation. This
is believed to minimize the degree of acidosis associated with I/R injury**”*. However,
in our study, we found that FA oxidation was elevated in K-line hearts relative to control
hearts, and this occurred with an improvement in contractile function. While the
mechanism by which this occurred is uncertain, it is evident in our study that increasing
availability of FA substrate (palmitate) in the presence of activated NHEI1 increases FA
oxidation and ATP production and improves recovery of function following I/R. This
could reflect that increased activity of the K-line NHE1 protein aids in removal of excess
acid and minimize acidosis.

In K-line ex vivo working hearts, glycolysis was significantly elevated during
both preischemic and postischemic periods, which contributed to higher rates of ATP
production. Increasing glucose oxidation has been shown to have a beneficial effect on
functional recovery of hearts™’. Elevated glycolysis could also be protective during and
following myocardial ischemia™'. However, if glycolysis is increased to a greater extent
than glucose oxidation an increased proton load on the heart can occur, which can

contribute to a decrease in cardiac efficiency and a decrease in functional recovery
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postischemia™. In K-line hearts, proton production from uncoupled glycolysis to glucose
oxidation was actually increased. Despite this, these hearts showed the best recovery of
function postischemia. Opie*” has suggested that enhanced glycolysis is more beneficial
to the myocardium when pH; is maintained appropriately. It maybe that elevated activity
of the K-line NHET1 protein coupled with enhanced, but “pH managed” glycolysis, were
responsible for at least part of the protective effects that were observed. This data
challenges the widely held belief that excessive NHEI activity contributes to I/R injury,
but rather suggests that maintenance of pH is more important in postischemic recovery.
We also examined a number of signaling pathways and ER stress related proteins
in this experimental model. Numerous signaling pathways are activated during I/R
injury, contributing to either I/R injury or protecting the heart from further injury. In this
study, we determined whether such pathways contribute to the cardioprotective effect
seen. AMPK has been shown to be rapidly activated during myocardial ischemia and is
associated with an increase in FA oxidation, as well as an increase in glycolysis****>,
However, no differences were seen in N-line and K-line hearts vs. controls, suggesting
that AMPK activation was not responsible for the increase in metabolic rates. We also
investigated the primary protein kinase pathways activated by myocardial I/R injury,
which include, the MAPKs (ERK, JNK, p38) and RSK**. No significant differences
were seen between control and NHE1 TG hearts in activation of ERK, p38 and RSK.
However, phosphorylated JNK (normalized to total JNK) was significantly decreased in
K-line hearts vs. control and N-line hearts. JNK is activated in response to various
cellular stresses including inflammatory cytokines, ischemia, reversible ATP depletion,

heat shock, endotoxin, and genotoxic stress’*. The decrease in phosphorylated JNK
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protein expression in hearts subjected to I/R provides further evidence that our K-line
hearts were not as energetically or functionally stressed as control and N-line hearts.
Another kinase we examined was GSK-3f, which has been suggested to be crucial to
cardioprotection of hearts subjected to I/R*'. In our study, no differences were seen in
pGSK-3f3 or GSK-3f protein expression in control, N-line and K-line hearts, suggesting
that the cardioprotection seen in K-line hearts is not mediated through this mechanism.
We also investigated the involvement of the ER stress response, which has
previously been suggested to contribute to the cardioprotective effects of elevated

1 205

expression of NHE1"". Induction of multiple ER stress associated genes have been
reported to lead to a dramatic reduction in infarct size following I/R injury®*. In our
studies we found that both N-line and K-line mouse hearts expressed elevated levels of
the ER stress response proteins, calreticulin and PDI. K-line mouse hearts expressed

significantly more PDI than N-line hearts. This could account for the improved cardiac

performance with exposure to I/R.

Conclusion

Elevated expression of activated NHEI protein results in cardioprotection of the
myocardium (Figure 4.8). This is accompanied by increased ER stress response protein
levels, a decrease in active JNK, increased rates of glycolysis, and increased rates of FA
oxidation. Increased levels of NHE1 may be beneficial in coping with elevated proton

production that occurs with elevated use of FA and glycolysis.
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Figure 4.8. Schematic representation of the role of active NHE1 expression during
I/R. Expression of active NHEI1 in transgenic mice induces cardioprotection in hearts
subjected to I/R. This cardioprotective effect occurs in association with altered
metabolism (increased FA oxidation and glycolytic rates), upregulation of ER stress
response proteins (calreticulin and PDI), downreguation of JNK and independent of
ERK, p38, RSK and GSK-3f. The active NHE1 transgene was created by site specific
mutations at the C-terminal tail of NHE1 (1K3R4E; lysine (K) 641, arginine (R)
643/645/647 mutated to glutamic acid (E)).
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Chapter 5

Characterization of Male

Transgenic Mice with Elevated
NHE]1 Expression
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5.1 Introduction

The mortality and morbidity rate of heart failure is different in men and women,
with the prognosis for women being significantly better than for men**°, Similarly, in
animal models, murine/or rat models, heart failure is accelerated in males*’**®. Less
cardiac remodeling, ventricular dysfunction, pathological change and an increased
survival advantage is seen in females®*. An example of the male/female differences is
clearly demonstrated in the guanylyl cyclase-A knockout mice. CH and expression of
hypertrophy-associated genes are more pronounced in males vs. females™'. In addition to
the differences in the degree of hypertrophy observed in male vs. female animal models,
it has also been noted that in some animal models, the entire cardiac phenotype is gender

dependent®®

. For example FKBP12.6 is a sarcoplasmic reticulum membrane protein that
regulates gating of ryanodine receptors, which are important for Ca**-induced-Ca**
release’”. In FKBP12.6 null mice, only males developed CH, and gender was suggested
to be an independent variable®*”**,

In the myocardium, NHE1 plays a critical role in CH (reviewed in*’). NHE1 has
been shown to be activated/expressed in several in vivo and in vitro models of CH. An in
vitro study done by our group showed that NRVMs stimulated with aldosterone elevated
NHEI mRNA and protein expression'”. In vivo, NHE1 expression/activity has been
shown to be upregulated in models in which CH has been experimentally induced and in
genetically modified models with phenotypic expression of CH (reviewed in*’). Specific

inhibition of NHE1 has resulted in prevention/regression of CH (reviewed in*"). We have

also shown, using a gain of function model, that female mice which express
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constituitively active NHE1 develop pathological CH (Chapter 3). Increased expression
of wild type NHE1 induces moderate levels of pathological CH (Chapter 3).

NHEI activity is regulated by some sex hormones. The sex steroids,
progesterone and testosterone, have been suggested to be ineffective in stimulating
NHEI1, as indicated by their inability to increase cell volume®®’. However, in vitro, low
levels of estrogen were shown to activate NHE1°*. In vivo, chronic deprivation of female
sex hormones induced by ovariectomization modulated [Ca**]; by stimulating NHE1**,
Kilic et al.*® has also shown that activation of NHE1 with low concentrations of estrogen
induced cardiomyocyte hypertrophy. This suggests that the phenotypes induced by
NHEI may vary with gender.

In the present study, we sought to determine whether male NHE TG mice,
expressing either wild type NHE1 (N-line) or constituitively active NHE1 (K-line) at 10-
12 weeks of age exhibited the same phenotype as their female counterparts. In addition,
we examined the degree of the phenotype in males relative to females. We demonstrate
that elevated NHE1 expression and activity potentiates CH in male mice. The NHE1
induced CH phenotype was not specific to female mice. In addition, we demonstrate that
indicators of myocardial remodeling including the HW/BW and LVM, LVID are greater
in male mice vs. female mice. Inspite of this, the degree of hypertrophy was not

significantly different between males and females.
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5.2 Results

5.2.1 NHEI Protein Expression of Male vs. Female NHEI Transgenic Mice

We measured total (exogenous and endogenous) NHEI protein expression to
confirm that the NHE1 protein was expressed in our male N-line and K-line mice.
Figure 5.1 upper panel illustrates a representative western blot of total NHE1 protein
expression of male control, N-line and K-line mice. This was detected using a
commercial antibody against the NHE1 cytoplasmic tail. Lane 1 represents a heart lysate
from control mice, lane 2 represents a heart lysate from N-line mice, and lane 3
represents a heart lysate from K-line mice. Quantification of a series of experiments
measuring the total NHE1 protein expression is shown in Figure 5.1, bottom panel. The
results show that there was a marked increase of approximately 5 and 14 fold in total
NHEI1 protein expression in N-line and K-line hearts vs. controls, respectively. Total
NHEI1 protein expression in male K-line hearts was significantly elevated vs. male N-
line hearts (P<0.05). A different western blot confirmed the presence of exogenous
NHEI1 protein in male control, N-line and K-line hearts (Figure 5.2). Immunoblotting
with anti-HA tag antibody showed that the exogenous NHEI protein was present in
hearts from N-line (lane 2) and K-line (lane 3) mice, but not in the controls, which lack
the HA tag. A sample of AP-1 cells transfected with HA tagged-NHE]1 (lane 1) served

as a positive control.
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Figure 5.1. Immunoblot analysis of total exogenous and endogenous NHE1 protein
expression in hearts from male control, N-line and K-line mice. Upper panel,
representative western blot of total NHE1 protein expression detected by anti-NHE1 (90-
110 kDa) and anti-actin (40kDa) in hearts from control, N-line (wild type NHE1) or K-
line (active NHE1) mice. Lane 1 is a heart lysate from control mice, lane 2 is a heart
lysate from N-line mice and lane 3 is a heart lysate from K-line mice. Bottom panel,
NHEI1 protein expression quantified and normalized to actin and expressed as a % of
control+%SEM. “P<0.05 for controls vs. N-line or K-line or N-line vs. K-line; n=4.
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Figure 5.2. Immunoblot analysis of exogenous HA tagged-NHE1 protein expression
in hearts from male control, N-line and K-line mice. Upper panel, representative
western blot of HA tagged-NHEI in heart lysates from control (lane 2), N-line (lane 3),
and K-line (lane 4) mice. 90-110 kDa NHE1 and 40 kDa actin are indicated by *. The
HA tag was detected by rabbit polyclonal anti-HA (Y-11) antibody. Lane 1 is a positive
control from AP-1 cells transfected with HA tagged-wild type NHE1 protein. Bottom
panel, summary of quantification of total exogenous NHEI protein detected with anti-
HA antibody. NHE1 protein levels were quantified and normalized to actin for each
group and expressed a ratio of NHE1/actin+SEM. (n=3-4 hearts/group).
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After confirming that male NHE1 TG hearts express NHE1, we then compared
NHET1 protein expression in female and male NHE1 TG hearts. Male and female NHE1
TG heart lysates were run on the same blot and immunoblotted for NHEI using a
commercial antibody against NHE1. Our initial experiment examined NHE1 protein
expression in control mice to ensure that any differences seen between male or female
NHEI1 protein expression were not due to differences in the animal model. Figure 5.3,
upper panel, is a representative western blot of female control heart lysates, represented
in lanes 4-6 and male control heart lysates, represented in lanes 1-3. Quantification of a
series of experiments showed no significant differences in NHE1 protein expression in
heart lysates from female control mice vs. heart lysates from male control mice (Figure

5.3, bottom panel).
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Figure 5.3. Immunoblot analysis of total exogenous and endogenous NHEI1
expression in hearts from control male and female mice. Total NHEI protein
expression was detected using mouse monoclonal anti-NHE1 antibody. Upper panel,
representative western blot of heart lysates from male and female control mice
immunoblotted for NHE1 (90-110 kDa) and actin (40 kDa). Lanes 1-3 represent heart
lysates from male control mice and lanes 4-6 represent heart lysates from female control
mice. Bottom panel, NHEI1 protein levels were quantified and normalized to actin for
each group. Results are expressed as a ratio of NHE/actin+SEM. (n=5-7/group).
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In figure 5.4, bottom panel total NHEI protein expression was quantified in male
(lanes 1-3) and female (lanes 4-6) K-line heart lysates. Female K-line heart lysates
showed a significantly greater level of NHE1 protein expression vs. male K-line heart

lysates (P<0.05).
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Figure 5.4. Immunoblot analysis of total exogenous and endogenous NHEI1
expression in hearts from K-line male and female mice. Total NHE1 protein
expression was detected by anti-NHE1. Upper panel, representative western blot of K-
line male and female heart lysates immunoblotted for NHE1 (90-110 kDa) and actin (40
kDa). Lanes 1-3 represent heart lysates from male K-line mice and lanes 4-6 represent
heart lysates from female K-line mice. Bottom panel, NHE1 protein levels were
quantified and normalized to actin for each group. Results are expressed as a ratio of
NHE/actin+SEM. "P<0.05 for male K-line vs. female K-line; n=3-4 hearts/group.
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5.2.2 Characterization of Cardiac Hypertrophy in Male vs. Female NHE]

Transgenic Mice

To determine whether male NHE1 TG mice express the hypertrophic phenotypes
seen in female NHE1 TG mice (as described in Section 3.2.9), various markers of CH
were compared including the HW/BW, ANP mRNA expression, CSA and IF. In male
control, N-line and K-line mice, the heart weight was normalized by the body weight and
the results are shown in Figure 5.5. The HW/BW was significantly increased in male K-
line mice (143.0+10.0%, P<0.05) compared to both male control (100+3.7%) and N-line
(108.4+7.5%) mice. No significant differences were found between male N-line and
control mice in the HW/BW. The variations in the HW/BW between groups were due to
changes in the heart weight (100+£3.9% controls vs. 100.3+3.9% N-line vs. 143.7+10.7%
K-line, P<0.05), as there were only small and not significant changes in the body weight
(100£1.3% controls vs. 92.6+2.6% N-line vs. 100.7+2.2% K-line). Therefore, the male
K-line mice showed the same trend in the HW/BW as the female K-line mice (as
described in Section 3.2.9), with the HW/BW ratio of K-line mice being significantly
greater vs. controls. Unlike the female N-line mice, the male N-line mice did not show
any significant increase in the HW/BW vs. controls. When the HW/BW is directly
compared between male and female NHE1 transgenic mice using absolute values, female
control mice had a significantly smaller HW/BW vs. male controls (0.0068+0.00025
male vs. 0.0050+0.00023 female, mg/g, P<0.005) (Figure 5.5). Similarly, female K-line
mice had a significantly smaller HW/BW ratio vs. male K-line mice (0.0097+0.00068
male vs. 0.0072+0.00046 female, mg/g, P<0.05). No significant difference in the

HW/BW was observed between males N-line and females N-line.
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Figure 5.5. HW/BW ratio of male and female control, N-line and K-line mice. Hearts
of all groups of mice were excised and compared with body weights. Results are
expressed as the HW/BW ratio (mg/g)+SEM. "P<0.05 for male K-line vs. N-line or
controls, male K-line vs. female K-line, female N-line vs. controls; "P<0.005 for male
controls vs. female controls, female K-line vs. female controls; n=7-13/ group.
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One long term feature of CH involves re-expression of fetal genes, such as
ANP*®. To examine whether this occurred in male N-line and K-line hearts, we
measured ANP mRNA expression. ANP mRNA expression showed a trend towards
increase in male N-line hearts (0.18+0.08 ANP/18S rRNA) in comparison to that of male
control hearts (0.057+0.03 ANP/18S rRNA), but the difference was not significant. A
further increase in ANP mRNA expression was observed in male K-line hearts (0.71+
0.4ANP/18S rRNA) relative to male N-line hearts, but again, the difference was not
significant (Figure 5.6). Therefore, the male NHE1 TG mice showed a similar trend in
ANP mRNA expression as the females (as described in Section 3.2.9), with ANP/18S
rRNA ratio of K-line hearts being greater than N-line, which was greater than controls.
When the ANP/18S rRNA ratio is directly compared between NHE1 TG males and
females using absolute values, no significant differences were found between the male

and female groups.
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Figure 5.6. ANP mRNA expression of male and female hearts from control, N-line
and K-line mice. ANP mRNA expression was determined by real-time PCR for male
and female control, N-line and K-line hearts. ANP mRNA expression from male hearts
were compared to ANP mRNA expression in female hearts. ANP mRNA expression was
normalized to 18S rRNA mRNA expression. Results are presented as the ratio of ANP to
18S rRNA+SEM. “P<0.05 for female controls vs. female N-line or K-line hearts;
n=3/group.
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In addition to causing changes in gene expression, CH is also associated with a
number of histological changes. Figure 5.7 examines the CSA from H&E heart cross
sections from control, N-line and K-line mice. In male K-line hearts, the CSA (48
649+4076.0 arbitrary units, P<0.05) was significantly greater than the CSA of both male
N-line (26 010+4339.8 arbitrary units) and male control (24 875+£5161.9 arbitrary units)
hearts. No significant differences were found in the CSA between male control and male
N-line hearts. Therefore, the male NHE1 TG hearts showed a similar trend in CSA as the
females (as described in Section 3.2.9), with CSA of K-line hearts being greater than
both controls and N-line. When CSA, measured in arbitrary units, is directly compared
between male NHE1 TG hearts and female NHE1 TG hearts using absolute values, no

significant differences were found.
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Figure 5.7. Cross sectional area of male and female heart cross sections from
control, N-line and K-line mice. Cross sectional area of heart cross sections stained
with H&E. Upper panel, representative heart cross sections stained with H&E from
male control, N-line and K-line hearts. Bottom panel, summary of analysis of cross
sectional area expressed in arbitrary units=SEM. "P<0.05 for male or female K-line vs.
control or N-line; n=4-6 mouse hearts/group.
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IF was also measured by assessing heart cross sections stained with PSR. Figure
5.8 is a summary of the results. Expression of active NHE1 in male K-line hearts
(4.64+0.2%, P<0.05) results in significantly greater amounts of IF vs. male control
(1.69+£0.3%) or male N-line (1.96+0.04%) hearts. The amount of IF was not significantly
different in hearts from male control and N-line hearts. Therefore, the male NHE1 TG
hearts showed the same trend as the females (as described in Section 3.2.9), with hearts
from K-line mice having a greater amount of IF than both hearts from control and N-line
mice. When IF levels are directly compared between hearts from male NHE1 TG and

female NHE1 TG mice, no significant differences are found.
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Figure 5.8. Interstitial fibrosis of male and female heart cross sections from control,
N-line and K-line mice. Picrosirius red stained heart cross sections were used to assess
fibrosis. The maximum fibrosis observed for any section was calculated as the area
occupied by red stained connective tissue divided by the areas occupied by connective
tissue plus cardiac myocytes x 100. Upper panel, representative heart cross sections
stained with PSR from male control, N-line and K-line mice. Bottom panel, bar graph of
quantitative analysis of accumulated IF. Results are expressed as %=SEM. "P<0.05 for
male or female K-line vs. control or N-line mice; n=4-6 mouse hearts/group.
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We also examined cardiac function and morphology in male control, N-line and
K-line mice by performing echocardiography (described in Section 2.2.4). In vivo
echocardiographic assessment of cardiac morphology confirmed our previous indications
of NHE1 dependent CH in male NHE1 TG mice. Indicators of CH, LVPW, IVST and
LVM, were all significantly greater in K-line mice vs. both control and N-line mice
(Table VIII). Cardiac diastolic and systolic function were significantly decreased in K-
line mice vs. control and N-line mice. The decrease in systolic function was
demonstrated by a decrease in FS and EF. The decrease in diastolic function was
demonstrated by an increase in the E/A ratio. This decrease in systolic function in the K-
line mice was associated with ventricular dilation, as indicated by the increase in LVID
during systole (s) (P<0.05 vs. controls or N-line). LVID during diastole was not
significantly different in male K-line hearts from male control or N-line hearts, but
showed a trend towards increase. The global deterioration in myocardial performance
with expression of active NHE1 was further confirmed by the significant increase in the

Tei index in male K-line hearts compared with male control and N-line hearts.
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Table VIII: Echocardiographic analysis of male control, N-line and K-line mice.
IVSTd, diastolic inter-ventricular septal wall thickness; LVPWd, diastolic left ventricular
posterior wall thickness; LVM, left ventricular mass; LVIDd and LVIDs, left ventricular
internal diameter during diastole and systole; FS, left ventricular % fractional shortening;
EF, left ventricular % ejection fraction; Ratio of peak E wave mitral valve velocity to
peak A wave mitral valve velocity (MV E/A, ratio). Values are expressed as mean+SEM
(n=7-8/group). "P<0.05 vs. controls, "P<0.001 vs. controls, *P<0.05 for N-line vs. K-line,
*P<0.001 for N-line vs. K-line; n=7-8/group.

Parameter Controls N-line K-line
IVSTd, mm 0.79 +0.02 0.75 £ 0.01 0.87 £0.03"*
LVPWd, mm 0.74 +0.02 0.74 +0.09 0.86 +0.03"*
LVM , mg 1016 +38 95.6+2.4 1428 +11.0™"
LVIDd, mm 437+0.1 428 +0.06 481+02
LVIDs, mm 278 +0.1 2.85+0.1 375+04"
FS, % 365+ 1.1 335+1.5 23.1+38"
EF, % 664 +15 623 +2.1 452+69
MYV E/A, ratio 198+0.3 194+02 356+0.6"
Tei index 0.49 +0.02 0.51 +£0.02 0.78 £ 0.03"™
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When echocardiographic parameters were compared between male and female
NHE1 TG mice, IVSTd and LVM were significantly less in female control vs. male
control male (P<0.001) (Table IX). LVM was also significantly reduced in female N-line
and K-line vs. male N-line and K-line mice (P<0.05). In terms of LVID, it was
significantly depressed during both systole and diastole in female control vs. male
control mice (P<0.05). LVID during diastole was also significantly depressed in female
N-line and K-line hearts vs. male N-line and K-line hearts (P<0.005, P<0.05,

respectively).
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Table IX: Echocardiographic analysis of control, N-line and K-line mice, males vs.
females. IVSTd, diastolic inter-ventricular septal wall thickness; LVPWd, diastolic left
ventricular posterior wall thickness; LVM, left ventricular mass; LVIDd and LVIDs, left
ventricular internal diameter during diastole and systole; FS, left ventricular % fractional
shortening; EF, left ventricular % ejection fraction; Ratio of peak E wave mitral valve
velocity to peak A wave mitral valve velocity (MV E/A, ratio). Values are expressed as

mean+SEM. "P<0.05, "P<0.001 and *P<0.005 for males vs. females; n =7-8/group.

Controls N-line K-line

Males Females Males Females Males Females
IVSTd, mm 079002 [0.71+£001" |0.75£001 |0.77+0.02 |0.87+0.03 |0.83+0.03
LVPWd,mm |0.74+002 |0.74+0.02 [0.74+0.09 |0.74+£0.02 |0.86+0.03 |0.84+0.02
LVM , mg 102 +3.8 813+2.17 [956+24 859+30" |143+110 |103+4.6
LVIDd, mm 437+0.1 398 +0.08 |4.28+0.06 |3.98+0.06" [481+0.2 4.10 +£0.08
LVIDs, mm 278 £0.1 244 +0.06" |2.85+0.1 269+007 |375+04 3.12+£0.09
FS, % 365+1.1 388+0.7 335+1.5 324+1.1 23.1+3.8 240+1.2
EF, % 664 +1.5 69.8+£0.9 623+2.1 61.2+1.6 452+69 48 1+2.1
MV E/A,ratio | 1.98+0.27 |195+0.1 194+£0.15 |265+02 356+0.60 |4.04+£0.6
Tei index 049+002 046002 |051+002 |051+0.02 |0.78+0.03 |0.70+0.03
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5.2.3 Effects of Neuroendocrine Stimulation on Cardiac Hypertrophy in

Male NHEI Transgenic Mice

We also examined the effects of neuroendocrine stimulation on CH.
Neuroendocrine stimulation has been shown to both activate NHE1 and induce CH (as
described in Section 1.7.3 and Section 1.5.1.1). NHE1 TG mice were stimulated with PE
over two weeks using Alzet osmotic mini pumps at a concentration of 50mg/kg/day (as
described in Section 2.2.5). This dose of PE has been shown by ourselves (as described
in Section 3.2.17) and others®?®’ to induce CH. Stimulation with PE did not
significantly increase the HW/BW of male control, N-line and K-line mice (controls:
100+£6.62% PBS vs. 117.40+9.8% PE; N-line: 100+£7.4% PBS vs. 98.98+6% PE; K-line:
100£6.02% PBS vs. 109.1£11.85% PE) when compared to the HW/BW of vehicle
treated mice within each group (Figure 5.10). This is unlike the female K-line mice,
which show a significant increase in the HW/BW when compared to female control mice
stimulated with PE (P<0.05). When male control, N-line and K-line mice stimulated with
PE were compared to female control, N-line and K-line mice, also stimulated with PE,
no statistical significance was seen in the HW/BW (controls: 0.0070+0.0006male vs.
0.0056+0.0004female; N-line: 0.0068+0.0004male vs. 0.0062+0.0002female; K-line:

0.0078+0.0009male vs. 0.0095+0.0008female).
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Figure 5.9. HW/BW ratio of male and female control, N-line and K-line mice
stimulated with PE or PBS. PE was administered using Alzet osmotic mini pumps at a
concentration of 50mg/kg/day over a two week period. Results are expressed as the
HW/BW ratio+%SEM. "P<0.05 for female K-line stimulated with PE vs. female K-line
treated with PBS or control stimulated with PE; n=5-10 hearts/group.
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We also examined ANP mRNA expression in male heart lysates from
control, N-line and K-line mice following stimulation with PE (Figure 5.11). ANP
mRNA expression was normalized to 18S rRNA. No significant differences were found
in ANP mRNA expression between PBS treated groups and PE treated groups in male
control (100.0+£25.8% PBS vs.141.3+8.9% PE) and N-line (100.0£21.9% PBS vs.
84.4+21.4% PE) hearts. ANP mRNA expression in male K-line hearts explanted from K-
line mice stimulated with PE (552.0+7.5%, P<0.01) was significantly greater vs. male K-
line hearts explanted from mice treated with PBS (100+24.5%). ANP mRNA expression
was significantly greater in both male and female K-line hearts explanted from mice
stimulated with PE vs. hearts explanted from control mice stimulated with PE (P<0.05).
When ANP mRNA expression in hearts from male control, N-line and K-line mice
stimulated with PE was compared to female counterparts also stimulated with PE, no
statistical significance was evident (controls: 0.080+0.01 male vs. 0.068+0.02 female; N-

line: 0.16+0.06 male vs. 0.65+0 .4 female; K-line: 3.92+0.6 male vs. 4.18+2.2 female).
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Figure 5.10. ANP mRNA expression of hearts from male and female control, N-line
and K-line mice stimulated with PE or PBS. PE was administered using Alzet osmotic
mini pumps at a concentration of 50mg/kg/day over a two week period. ANP mRNA
expression was determined by real-time PCR for heart lysates from control, N-line (wild
type NHE1) and K-line (active NHE1) mice. Results are presented as the ratio of ANP to
18S rRNA and expressed as a % of control (group treated with vehicle PBS)=%SEM.
"P<0.05 for male and female K-line stimulated with PE vs. K-line treated with PBS and
for male and female K-line stimulated with PE vs. control stimulated with PE; n=3
hearts/group.
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5.3 Discussion

NHEI activity has previously been shown to be regulated by sex hormones*~,

Regulation of NHEI1 by sex hormones has been suggested to result in alterations of the
cardiac phenotype. The sex hormone estrogen, at low concentrations produces
cardiomyocyte hypertrophy through ERK/NHEI activation and intracellular
alkalinization, whereas antihypertrophic effects were seen with high concentrations of

estrogen’®

. These changes induced by sex hormones suggest that the effects of NHEI
inhibitors and phenotypes induced by expression of NHE1 may vary with gender. We
have previously shown (as described in Chapter 3) that increased expression of active
NHEI1 protein potentiates CH. In this study we examined the effects of elevated
expression of wild type or constituitively active NHE1 in the myocardium of male mice.
The comparative effects of expression of wild type vs. constituitively active NHE1 in the

myocardium have not been examined in male mice. The implications of our results are

several-fold:

NHEI1 induced cardiac hypertrophy is not gender dependent

Expression of NHE1 in TG mice generated a pro-hypertrophic effect in male
NHE1 TG mice, but the effects were principally in mice expressing an active form of
NHE1 (K-line mice). K-line mice demonstrated increases in all markers of CH including
the HW/BW, ANP mRNA expression, IF and CSA. Echocardiography revealed that
male K-line mice had a number of morphological defects and global myocardial
deterioration. The results with the K-line mice are largely in agreement with a recent
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study™ that also expressed active NHE1 in the myocardium. However, in that study, the
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gender used was not specified and it is assumed that a mixed population of both males
and females were used. In addition, in that study, a large deletion of the NHE1 C-
terminus (637-656 base pair region) was used in creating the TG mouse line, as opposed
to the specific point mutations in the CaM binding region employed in our study (Figure
1.1) (as described in Section 2.1.2). Cook et al.*** also compared male and female mice
expressing wild type NHE1 subjected to I/R, not CH. They demonstrated that in TG
mice expressing wild type NHE1, the effects of I/R on the mouse heart were not gender
dependent. In addition to the I/R effects induced by NHEI, they also showed that
expression of wild type NHEI1 results in spontaneous development of heart failure,
premature mortality, increased apoptotic cell death and cardiac remodeling in mice 8-11
months of age. Whether both our female and male mice, either expressing wild type
NHEI1 or active NHEI develop such phenotype at that age needs further investigation.
Both genders needed to be investigated because differences in the onset and progression
of myocardial dysfunction and heart failure have been reported in murine models, with

362

gender being the specific cause (reviewed in”"). Females usually show a better

preservation of function than males. For example, in TG mice expressing an a-MHC

mut ant360 369

, mice of both genders developed hypertrophy and left ventricular diastolic
dysfunction to a similar degree at 3 months of age, and by 9 months the female mice

continued to exhibit concentric hypertrophy whereas the male mice began to show signs

of left ventricular dilatation, systolic dysfunction and exercise intolerance.

The degree of cardiac hypertrophy does not differ between genders

When the cardiac phenotypes of male and female NHElI TG mice were
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compared, the only significant difference seen was a decrease in the size of female K-
line hearts relative to male K-line hearts. This decrease in size was indicated by a
decrease in the HW/BW and the echocardiographic parameters, LVM and LVID during
diastole. These differences were seen despite the fact that NHE1 expression was elevated
in female K-line heart lysates vs. male K-line heart lysates. Similarly, the female control
mice had a significantly smaller HW/BW, LVM and LVID during diastole. In addition,
the female control mice had a significantly smaller IVSTd and LVID during systole.
Whether this decrease in heart size in the female NHE1 TG mice was a result of estrogen
could be investigated. These experiments could be carried out by ovariectomizing female
NHEI TG mice and comparing parameters of CH and cardiac function to a sham group.
However, since these differences exist in the male vs. female control mice, it could be
suggested that differences in the degree of hypertrophy were a result of the animal model

not expression of the transgene.

NHET1 expression does not sensitize the myocardium of male NHE1 TG mice to
neurohormonal stimulation

Male N-line and K-line mice were not sensitive to neurohormonal PE
stimulation, which causes both CH and stimulates NHE1 activity********" The HW/BW
between hearts treated with PBS vs. hearts stimulated with PE in male control, N-line
and K-line hearts were not significantly different. However, we found that hearts from
K-line mice stimulated with PE increased ANP mRNA expression. The large elevation
of ANP levels by PE in the K-line hearts indicated that there was further progression of

the hypertrophic response, but the progression may have not been significant enough to
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cause an increase in the HW/BW. The result suggests that the presence of NHE1 in male
mice does not sensitize the mice to further hypertrophic stimulation. When male and
female hearts from control, N-line and K-line mice stimulated with PE were directly
compared, no significant differences were found in the HW/BW and ANP mRNA
expression. Since our female K-line hearts were susceptible to PE and were smaller than
our male hearts, it could be suggested that male K-line hearts were not susceptible to PE

due to the degree of hypertrophy.

Conclusion

Our data agrees with our previous report, which showed that NHE1 expression
with elevated activity potentiated CH in female NHE1 TG mice. Increased expression of
active NHEI protein in male mice was also much more detrimental than expression of
the wild type protein as was seen with the female NHE1 TG mice. Therefore, the NHE1
induced hypertrophic effect was not gender dependent. The degree of hypertrophy was
also not significantly different between male and female NHE1 TG mice. Although,
female NHEI TG mice have smaller hearts and male NHE1 TG mice appear less

susceptible than females to neurohormonal stimuli.
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Chapter 6

Conclusions and Future Directions
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6.1 Conclusions

NHE is a ubiquitously expressed plasma membrane glycoprotein, which extrudes
one intracellular H* in exchange for one extracellular Na*, and thus regulates pH;*"’. Ten
isoforms of NHE, NHEI1-10, have been identified, which share 20-60% amino acid

identity (reviewed in*®)"’

. NHEI is the only cardio-specific plasma membrane isoform. It
consists of an N-terminal membrane associated domain involved in ion transport and a
C-terminal cytoplasmic regulatory tail (Figure 1.1). NHE]1 is active at acidic pH’s, but
inactive at physiological pH’s®. NHE1 activity is regulated via various agonists such as
ET-1, Ang II, o,,-AR agonists, thrombin, and protein kinases such as the MAPKs, all of
which act on the C-terminal tail of NHE1 (reviewed®’). They change the set point so that
the protein is more active at more alkaline pH®. NHEI1 is also regulated by protein-
protein interactions, which act either directly or indirectly on NHE1. The CaM binding
site found on the C-terminal tail of NHEI is an important regulatory site that binds CaM
when complexed with Ca**. In the absence of CaM complexed to Ca**, the high affinity
CaM binding site interacts with another region of NHE1 resulting in autoinhibition of
NHE'""'%, Deletion of the high affinity CaM binding site mimics elevated intracellular
Ca’* and results in a constituitively active NHE1 protein'"’.

In the myocardium, NHEI plays a critical role in I/R injury (reviewed in'*®) and
is an important mediator of CH (reviewed in*"). NHE1 protein expression and activity

185230331 " cardiotoxic metabolites

increase in response to various stimuli including acidosis
released during I/R (reviewed in'*) and CH (reviewed in*’). NHE1 mRNA expression,

protein expression or activity have been shown to be elevated in various in vivo models

of CH>?%#%292 Tnterestingly, in some CH models, NHE1 protein expression and
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activity are increased”***, while in others NHE1 activity is increased in the absence of
any alterations in NHE1 expression””. Similarily, during I/R NHE1 activity and mRNA
expression were shown to be increased®'®. This increase in NHEI activity/expression
during I/R has been proposed to represent a major component of I/R injury (reviewed
in'*). The involvement of NHE1 in CH and I/R injury has been further supported with
the use of NHEI1 inhibitors, which have been beneficial in the prevention/regression of

several models of CH and I/R injury (reviewed in*"'*

). It was unclear whether elevation
of the protein level is sufficient for cardiac pathology, or whether activation of the
protein is required. Since the unstimulated protein is relatively quiescent at resting
physiological pH, it is questionable whether elevation of a non activated protein alone is
detrimental to the myocardium. Activation of NHEI could occur in more pathological
situations. Kinases that phosphorylate NHEI increase in the diseased myocardium®'.
Understanding the fundamental underlying mechanisms in the development of heart
failure, particularly during pathological hypertrophy and I/R injury likely holds the key
for potentially effective heart failure management.

The objective of my thesis was to understand how increased NHEI protein and
activity affects the myocardium's susceptibility to pathological hypertrophy and I/R
injury. To understand the direct role of NHE1 in CH and I/R injury, an in vivo and in
vitro gain-of-function model expressing varying levels and activities of NHE1 were
examined. /n vivo, our N-line mice expressed wild type NHE1 and our K-line mice
expressed a constituitively active NHE1. Mutation of the CaM binding site allowed us to

create an actived NHE1'". For in vitro studies, the IRM adenovirus contained wild type
yp

NHEI1 and the K-IRM adenovirus contained the actived NHE1. A double mutation, L
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163 to F and G 174 to S, in the N-terminal of NHE]1 increased the resistance to NHE1
inhibition’”. Having the IRM and K-IRM adenoviruses resistant to inhibition allowed us
to study the effects of exogenous NHE1, while inhibiting endogenous NHEI. In order to
determine whether further enhancing the activity of NHE]1 increases the susceptibility to
CH, both our in vivo and in vitro models were stimulated with PE, a hormonal a,-AR
agonist that is both pro-hypertrophic and a NHE1 stimulator. Our in vivo gain-of-
function model was also used to understand the role of NHE1 in I/R using the ex vivo
working heart perfusion model. The ex vivo working heart perfusion model includes
FAs, the main source of ATP production in normal hearts and during reperfusion®”. In
previous reports the Langendorff perfusion model was used and hearts were perfused

with only glucose as a substrate®**”

, which is not representative of the normal
physiological substrate used by the myocardium. Lastly, since gender has been suggested
to be an independent variable to cardiac phenotype®**** and NHEI activity is regulated

by sex hormones®”~%

, we examined both male and female NHE1 TG mice expressing
varying amounts of NHE1 for CH. The hypothesis is that enhanced NHE1 expression in
the heart makes the myocardium more susceptible to CH and I/R injury and this is
accentuated with further activation of the exchanger.

In NHEI1 TG mice, expression of active NHE1 caused significant increases in the
HW/BW, apoptosis, CSA, IF and decreased cardiac performance. Wild type NHEI
caused a much milder pathology. The increased expression of wild type NHE1 caused
increased HW/BW and ANP mRNA expression. However, no significant changes were

observed in the histology of the heart (CSA and IF) in N-line mice. In N-line mice,

systolic function (%FS and EF) and diastolic function (MV E/A ratio) were altered, but
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not to the degree that would induce global deterioration of the heart. In vitro, expression
of active NHE1 in NRVMs also promoted CH. Inhibition of endogenous NHE1 with
EMD 87580, inhibited expression of CH, thus suggesting that both endogenous and
exogenous expression of active NHEI are required to induce CH in vitro. Expression of
wild type NHE1 in vitro was not sufficient to induce CH. Thus, our in vivo and in vitro
data confirms the direct role of NHE1 in CH and provides further support for the use of
NHET1 inhibitors in CH. NHEI inhibitors have been shown to attenuate CH in various
models (reviewed in*). We also confirm a previous report”, which shows that active
NHEI induces CH. Our findings directly distinguish between the effects of increased
expression of wild type NHE1 (N-line) vs. expression of active NHE1 (K-line). NHE1
mRNA expression, protein expression or activity have been shown to be elevated in
various in vivo models of CH******#%2%2% However, in some CH models, NHE1 protein
expression and activity are increased®**, while in others NHE1 activity is increased in
the absence of any alterations in NHE1 expression®*. In our study, we clearly show that
enhanced expression of active NHE1 is essential to induce CH.

This NHEI induced hypertrophic effect in NHE1 TG mice was not associated
with any increases in calcineurin or phosphorylation of ERK, p38, JNK or RSK
pathways that have been implicated in the development of CH**** and regulation of
NHE1*7*. A previous report™', in which active NHE1 was expressed in TG mice
demonstrated that p38 and ERK were significantly activated. This discrepancy could be
due in part to the differences in regions mutated on the C-terminus of NHE1, which may
have caused a more extreme activation of the NHE1 protein. The early and more severe

231

effects of NHEI expression shown in that study™" support this suggestion. If activation
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of these kinases only occurs with later severe stages of the pathology, the activation of
these pathways are likely a later consequence of heart failure. We also did not find any
differences in total GSK-3f in hearts from N-line and K-line mice. Catalytically-active
GSK-3p has been implicated in anti-hypertrophic signaling®. In addition, the activation
of GSK-3p has been attributed to the anti-hypertrophic effect of NHE1 inhibition™'. The
lack of GSK-3f3 expression would be expected since the NHE1 TG mice develop CH.
Numerous studies in humans and experimental animals have demonstrated
elevated plasma levels of catecholamines in conditions that are associated with cardiac
overload and congestive heart failure. Catecholamines such as PE have also been shown
to shift the pH/NHEI activity relationship to the right, thus raising the pH, threshold for
NHE1”*. In order to determine whether further enhancing the activity of NHEI
increases the susceptibility to CH, both our in vivo and in vitro models were stimulated
with PE. Expression of active NHEI in intact mice increased the sensitivity to PE
induced CH, while expression of wild type NHE1 in the intact mice did not increase the
susceptibility to PE induced CH. The difference in response to PE could be due to the
different gene profile seen with our N-line and K-line mice®™. Expression of certain
genes that maybe upregulated or downregulated with the expression of active NHEI1
could account for the increased susceptibility of K-line mice to PE stimulation. In
contrast to our in vivo data, NRVMs infected with K-IRM (active NHE) adenovirus
appeared resistant to further PE stimulation, possibly because they had already reached a
maximal level of stimulation. Or this maybe confirming our predication that expression
of other genes maybe contributing to the enhanced susceptibility of K-line mice to PE

stimulation.
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In murine/or rat models, heart failure has been shown to be accelerated in the
male animal model***®, Similarly, in humans, the prognosis for women has being
significantly better than for men®**°. Therefore, we examined both male and female
mice for CH. We demonstrated that the NHE1 dependent hypertrophic response was not
gender dependent. Both the male and female NHE1 TG mice developed CH. The similar
phenotype seen between our male and female NHE1 TG mice is in agreement with Cook
et al.”**, who demonstrated that in TG mice expressing wild type NHE1, no differences
existed between female and male hearts subjected to I/R. Perhaps the effects of estrogen
seen in vitro’® on NHE1 expression and CH does not translate to the in vivo model due
to a compensatory effect. We suggested that the degree of hypertrophy was also not
significantly different between male and female NHE1 TG mice. The significant increase
in the HW/BW and echocardiographic parameters maybe be induced by the FVB model,
since these changes were observed in both our NHE1 TG mice and control.

While inhibition of NHE1 activity has been shown to be beneficial in several
cardiovascular diseases (reviewed in'*®), recent reports have suggested that elevation of

NHEI activity may also have beneficial effects during I/R****

, thus protecting the heart
from I/R injury. In I/R it was unclear whether elevation of NHE1 was sufficient for
cardioprotection, or whether activation of the protein was required. Therefore, we
examined the effects of cardiac specific expression of wild type NHE1 (N-line) or
activated NHE1 protein (K-line) in hearts subjected to I/R. In our study, intact hearts
from control and NHE1 TG mice were perfused under working conditions with FAs and

glucose present as substrates, unlike previous reports, which used the Langendorff

perfusion model***®. The working heart model was used because it has a higher and
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347 IIl

more physiological energy demand compared with the Langendorff perfused hearts
addition, the KHB perfusate used in our study contained both glucose and FAs, making it
more representative of normal human plasma in the setting of ischemia*®. Palmitate is

the preferred energy substrate of the normal perfused heart™”

and is used by the
myocardium in reperfusion™'.

Hearts were subjected to 30 minutes of aerobic perfusion, followed by 20 minutes
of global no-flow ischemia and 40 minutes of aerobic reperfusion. K-line hearts
expressing activated NHE1 recovered to a much greater extent than N-line and control
hearts, recovering to almost 75% of their preischemic function. In addition, K-line hearts
had elevated FA oxidation, increased glycolysis rates, elevated ATP production rates,
and increased cardiac efficiency in the postischemic heart relative to N-line or control
hearts. The enhanced ATP production rate is in agreement with our previous report
which demonstrated a minor improvement in ATP following I/R in K-line mice**. This
occurred despite the difference in perfusion models used in both studies. In addition,

similar to a previous report™**”

, cardiac specific expression of wild type (N-line) or
activated NHE1 (K-line) does not functionally compromise the heart function during
aerobic perfusion (preischemia). However, in our study, contrary to previous

I_eports204,205

,only activated NHE1 (K-line) was cardioprotective. Earlier it was found that
cardioprotection occurred in both hearts that expressed wild type NHE1 and
constituitively active NHE1**. Cook et al.*” also demonstrated that elevated NHEI
expression in TG mice induces a cardioprotective effect in hearts subjected to I/R. The

difference between this and previous reports is likely due to the difference in the

perfusion conditions. Either inclusion of FAs or the greater workload of the present study
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was likely accountable. The activated NHE1 protein maybe more effective at
cardioprotection in comparison with increased levels of the non-activated protein as it
may provide a more functional protein at a critical pH. This is evident since in our K-line
mice we see improved cardioprotection despite elevated proton production. In K-line ex
vivo working hearts, glycolysis was significantly elevated during both preischemic and
postischemic periods, which contributed to higher ATP production rates and proton
production. The ability of activated NHE1 to maintain pH; was shown in our previous
report, where NHE1 TG mice were perfused with the Langendorff model*”. Opie® has
suggested that enhanced glycolysis is more beneficial to the myocardium when pH, is
maintained appropriately. It maybe that elevated activity of the K-line NHE1 protein
coupled with enhanced, but “pH managed” glycolysis, were responsible for at least part
of the protective effects that were observed. This is contrary to some reports which show
that if glycolysis is increased to a greater extent than glucose oxidation, an increased
proton load on the heart can occur, which can contribute to a decrease in cardiac
efficiency and a decrease in functional recovery postischemia®. In K-line hearts, proton
production from uncoupled glycolysis to glucose oxidation was actually increased.
Despite this, these hearts showed the best recovery of function postischemia. This data
challenges the widely held belief that excessive NHEI activity contributes to I/R injury,
but rather suggests that maintenance of pH is more important in postischemic recovery.
An examination of kinase activation showed that there were no differences
between control and NHE1 TG mice in protein expression of AMPK, ERK, p38, RSK or

I/R338,340,341 353

GSK3pB levels, pathways activated by myocardial However,

phosphorylated JNK (normalized to total JNK) was significantly decreased in K-line

248



hearts vs. control and N-line hearts. JNK is activated in response to various cellular
stresses including inflammatory cytokines, ischemia, reversible ATP depletion, heat
shock, endotoxin, and genotoxic stress’*. The decrease in phosphorylated JNK protein
expression in hearts subjected to I/R provides further evidence that our K-line hearts
were not as energetically or functionally stressed as control and N-line hearts. However,
ER stress response proteins, calreticulin and PDI, were increased relative to controls. The
ER stress response has previously been suggested to contribute to the cardioprotective
effects of elevated expression of NHE1°”. However, no studies examined whether such
response occurs in TG mice expressing elevated active NHE1. Induction of multiple ER
stress associated genes have been reported to lead to a dramatic reduction in infarct size
following I/R injury®*. We have suggested that the elevated levels of the stress response
protein could account for some of their improved cardiac performance during I/R.

Our results demonstrate that elevated levels of NHE1 induce cardioprotection in
hearts subjected to I/R despite the increased proton load and alter cardiac energy
metabolism. However, in the working heart model with glucose and FAs as substrates,
this required an activated NHE1 protein. The data suggests that maintenance of pH is
most important to postischemic recovery.

In conclusion, this study examined the direct effect of NHE]1 in various cardiac
pathologies. I demonstrated for the first time that active NHEI expression makes the
myocardium more susceptible to CH, independent of MAPKs and calcineurin and
gender. Expression of wild type NHEI induces milder hypertrophic responses. Although
the active NHEI induces CH, when subjected to I/R, it protects the heart against I/R

injury by increasing FA oxidation, glycolysis rates, thus generating greater ATP
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production rates and activating the ER stress response proteins.

6.2 Future Directions

Our present study demonstrated both in vivo and in vitro, that active NHE1 is
directly involved in the development of CH, independent of calcineurin, MAPKs and
gender. Also that active NHE1 protects the heart from I/R injury by some how increasing
FA oxidation and glycolysis rates. The future studies I have outlined will further
examine the role of NHEI in various cardiac pathologies and contribute to our

understanding of how to regulate NHE1 in the myocardium and prevent CH.

6.2.1 NHEI Loss of Function Model

Although in vitro approaches are advantageous when examining a direct effect in
the absence of other contributing factors, they do not provide a complete picture of the
complex underlying mechanisms contributing to a pathophysiology'”. Therefore, genetic
animal models are widely used for understanding the molecular mechanisms and

determinants of heart failure®”!

. The findings derived from these studies should also be
interpreted carefully, since heart failure is a complex and multifactorial disease often
complicated by other underlying complications. In addition, adaptive changes often
occur in response to chronic overexpression of a mutated protein. A loss of function
model, in which NHEI is deleted specifically in the heart could be created and
characterized for both CH and I/R. This will confirm the role of NHE1 in CH and I/R

and ensure that the phenotypes observed in our NHEI TG mice were not due to an

imbalance of the stoichiometry of the expressed protein or compensatory changes®’'. The
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ability to selectively eliminate NHE1 from the myocardium, while preserving the
remainder of the body in a wild-type state is very important. NHE1 is a ubiquitous
protein with many physiological roles (as discussed in Section 1.6), therefore globally
deleting NHEI is detrimental to the functioning of the physiological system. The
consequences of the lack of tissue specific gene targeting is clearly demonstrated in the
Wang et al.”” study. In this model, the role of NHE1 was examined in hearts subjected to
I/R using hearts from gene-targeted NHE1-null mutant mice. Genetic ablation of NHE1
resulted in cardioprotective effects. However, these results need to be carefully analyzed,
since NHE1 gene deletion was not specific and the mice exhibited growth retardation
and were subject to slow-wave epilepsy’®*". Specific deletion of NHEI in the heart
could be carried out by intercrossing mice expressing the homozygous conditional null
mutation in the NHE1 with a-MHC-Cre mice, generating o-MHC-Cre/NHEI-mutant

mice™*

. The Cre transgene allows for site-specific gene rearrangement selectively in
cardiomyocytes’™.

We believe that the cardiac specific NHE1 loss of function model will be less
susceptible to pathological hypertrophy, since expression of NHE1 is required for the
induction of CH. However, since NHE1 has a number of physiological roles including
cell growth and proliferation (as described in Section 1.6) and N-line mice expressing
wild type NHE1 only showed mild hypertrophic expression, we expect that the loss of
NHEI function may be associated with some undue effects. In the NHEI null mutant
mice, the mean body weight and heart weight were both significantly lower than control

372

mice’'*. However, there was no significant difference in the mean heart weight to body

weight ratio. It was suggested that the smaller hearts in the knockout were due to growth
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retardation. In the working heart model, the absence of NHEI1 in hearts subjected to I/R
may increase their susceptibility to I/R injury. We have shown that increased levels of
NHEI may be beneficial to hearts subjected to I/R by coping with elevated proton
production that occurs with elevated FA oxidation and glycolysis. Therefore, a lack of
NHEI prevents hearts subjected to I/R from coping with elevated proton production.
Although these results might contradict the Wang et al. model’”* and data obtained with
NHE!1 inhibitors (reviewed in'*%), a cardiac specific loss of function model is more
representative of the cardiac effects of NHE1 expression and absent from the non
specific effects of NHE1 inhibitors. These studies will provide further insight into new

potential and different strategies to treat CH and I/R injury.

6.2.2 Characterization of the Aging NHEI Transgenic Mice

Heart failure is usually a disease of older patients induced by age related
alterations in gene expression or signaling pathways’’'. Approximately 38% of
individuals aged 40-59 have some form of cardiovascular disease, and this almost
doubles to approximately 73% in individuals aged 60-79°”. Data from the Framingham
Heart Study and the Baltimore Longitudinal Study on aging demonstrated that with age,
the prevalence of left ventricular hypertrophy increases, diastolic function declines and

left ventricular wall thickness increases progressively in both sexes’”®

. Cardiac aging in
the murine model closely recapitulates the human age-related cardiac changes, the heart
becomes hypertrophic and diastolic function declines with age.

Cook et al.”* previously demonstrated that enhanced expression of wild type

NHEI in mice 8-11 months of age results in spontaneous development of heart failure,
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premature mortality, increased apoptotic cell death and cardiac remodeling. The cardiac
phenotype induced by expression of wild type NHEI appears to accumulate and cause
more severe pathological changes with age. The importance of age and its relevance to
NHE! during cardiac disease has been emphasized in another report™. In this report,
NHE]1 inhibitors were protective against I/R injury in mature human hearts, but had no
benefit on the post-ischemic functional recovery of the aged myocardium.

To further investigate the effects of NHEI expression in the aged myocardium,
both males and female N-line and K-line mice could be examined for parameters of CH
at 7, 9 and 11 months. Both genders need to be investigated because gender specific
differences in the onset and progression of myocardial dysfunction and heart failure have

been reported in murine models (reviewed in’®

). Although NHEI expression was
investigated at various time points (Figure 3.25) and NHE1 protein expression was
shown to be maintained, we will expand our time scale and look at NHE1 expression and
activity in hearts from NHE1 TG mice 6 months in age and follow up until 12 months of
age. This will allow us to ensure that NHE1 expression is maintained. Using the male
and female NHE1 TG mice, we could then go on to examine for CH at 7, 9, and 11
months. This may provide further insights into whether NHE1 expression accentuates the
hypertrophic response with age, and whether any differences exist in the male and female
mice with aging. We expect that with age, NHE1 protein expression will not change, and
the influence of age altering genes will accentuate the hypertrophic phenotype in NHE1
TG mice. Although we have not examined age altering genes, we know that our N-line

and K-line mice are associated with numerous changes in gene expression. Analysis of

gene expression pattern in NHE1 TG mice demonstrated that N-line mice had modest
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changes in gene expression (50 up-regulations and 99 down-regulations), whereas K-line
hearts had a very strong transcriptional response (640 up-regulations and 677 down-
regulations)™. The most significant changes in gene expression were involved in CH,
cardiac necrosis/cell death and cardiac infarction. Based on the number of changes
observed in gene expression, we would expect that our NHE1 TG mice gene profile will
change with age and induce age altering genes.

Furthermore, N-line mice expressing wild type NHE1, which have shown mild
CH when examined at 10-12 weeks of age (Chapter 3 and 5), are expected to have a
more severe hypertrophic response as they age. In our preliminary studies, we examined
the survival rate of N-line mice over a nine month period and found that these mice

survived throughout the study””

. However, the survival rate slightly declined following
7 months of age. K-line mice, expressing active NHE1, are predicted not to survive past
11 months of age due to the severity of the phenotype observed at 10-12 weeks of age
(Chapter 3 and 5). Our preliminary studies provide further evidence in support of this
prediction. Examination of the survival rate of K-line mice over nine months showed that
at 8 months of age only 40% of the K-line mice were alive’”. Furthermore, we have
demonstrated that male mice have a greater HW/BW ratio and LVM, IVSTd and LVID,
indicators of myocardial remodeling measured by echocardiography vs. female mice
(Chapter 5), thus we believe that the male mice will develop a greater degree of
hypertrophy with age vs. female NHE1 TG mice. However, this may change when the
female NHE1 TG mice reach menopause. Female K-line NHE1 TG mice may also have

a lower rate of survival during pregnancy. The K-line female mice appear to be sensitive

to the stress induced by pregnancy, causing a relatively high rate of mortality during
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gestation that was associated with cardiovascular failure.

We could also investigate the effects of NHE1 expression during I/R in the aged
myocardium. The aged myocardium is more susceptible to ischemia and hemodynamic
stress than the young myocardium®’. We believe that even under these conditions,
expression of active NHE1 will protect the heart from I/R injury. Since heart failure is
usually a disease of older patients and NHE1 has been implicated in various cardiac
diseases, understanding its role in the aged myocardium is essential to the development

of clinical trials targeting NHE1.

6.2.3 Modulation of Mediators Involved in NHE1 Regulation

Since NHE1 appears to play a double edged sword effect, where on one side it
induces CH while on the other side it is protective against I/R injury, it maybe useful to
investigate modulation of NHEI regulators vs. directly targeting NHEI1. NHEI1 is
regulated by a number of factors (as discussed in Section 1.5). RSK is known to
phosphorylate and regulate NHE1 activity. It is activated in response to various cardiac
pathologies (reviewed’™). In addition, RSK activity has been reported to be upregulated
in the failing human myocardium®. The importance of RSK and NHE1 in cardiac
pathology are clearly identified in one study, where mice expressing a dominant negative
RSK mutant were associated with enhanced myocardial resistance to I/R injury'®®. These
dominant negative RSK TG mice exhibit reduced infarct size, decreased cardiomyocyte
apoptosis, and partially preserved cardiac function after I/R. In these mice, the activation
of RSK and interaction with NHE1 were increased by I/R and inhibited in the dominant

negative RSK TG mice. To investigate whether modulation of RSK alters the cardiac
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pathology, N-line and K-line mice could be cross bred with TG mice expressing cardiac
specific dominant negative RSK. Thus, it would be expected that dominant negative
RSK will inhibit NHE1 activity and prevent CH, more so in the K-line mice. Targeting
NHET activators may be beneficial since in previous clinical trials increased incidence of
mortality and cerebrovascular events were reported with direct NHE inhibition (reviewed
in”). In addition, this maybe a more appropriate solution to a problem with a double

edge sword effect.

6.2.5 Summary

NHEI plays an important role in cardiovascular disease. My present studies
provide more information on NHE1’s role and regulation in various cardiac pathologies.
This includes new insight in the requirement of an activated protein for pathological
effects in CH. In addition, we further confirmed that NHE1 has some beneficial effects
in I/R, particulary the active form of the protein. Since NHE1 required activation to
induce CH, alternative targets such as those that activate NHE1 have been suggested as a

means of preventing the detrimental effects see in CH.
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A.1 Introduction

An increasing number of in vitro and in vivo studies have supported the concept
that inhibition of NHE1 is conducive to attenuation of CH. In vivo, the direct reversible
effects of NHE1 inhibitors on CH were illustrated in rats subjected to an MI and treated
with dietary cariporide (NHE1 inhibitor) one week post MI', or in models in which EMD
87580 was administered 4 weeks post MI°. The administration of NHE1 inhibitors in
both studies completely abrogated the increased length of surviving myocytes and
ameliorated contractile dysfunction. In a more severe model of CH, rats were subjected
to an MI and observed at 3 months post MI. Treatment with cariporide at 3 months post
MI resuted in a 50% reduction in CH’. Thus, confirming the direct reversible effects of
NHE]1 inhibitors on CH, however in a more severe scenario.

In addition to the direct inhibitory effect of NHE1 inhibitors on CH, it has also
been shown that NHE1 inhibitors regress the hypertrophic response activated by an
increase in mechanical load and upregulation of hormonal, paracrine and autocrine
factors®'®. In vitro, in NRVMs, NHEI inhibitors have been shown to inhibit
norepinephrine-induced protein synthesis’. Stretch-induced stimulation of protein
synthesis and alkalinization have also been shown to be blocked by NHEI! inhibitors’®.

To determine whether NHE1 inhibitors could prevent CH in K-line mice
expressing active NHE1 (as described in Chapter 3, Chapter 5), control or K-line mice
were treated with an NHEI inhibitor and characterized for CH. Using various modes of
administration and durations, we were unable to inhibit the cardiac hypertrophic

phenotype of the K-line mice.
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A.2 Results

A.2.1 Effects of EMD 87580, an NHEI Inhibitor Administered Using Alzet
Osmotic Mini Pumps, on the Cardiac Hypertrophic Phenotype in NHEI

Transgenic Mice

Both male and female control and K-line mice, 10-12 weeks of age, were treated
with PBS (vehicle) or EMD 87580. Mice were age and body weight matched. PBS and
EMD 87580 were administered using Alzet osmotic mini pumps, which were filled and
surgically implanted (as described in Section 2.2.5). We chose to use 10mg/kg/day of
EMD 87580 as a preliminary trial based on previous reports®'’. Pumps were implanted
for 28 days and EMD 87580 was delivered at a rate of 0.25ul/hour. Alzet osmotic mini
pumps were chosen as the mode of delivery in effort to reduce stress associated with
constant IV injections. To evaluate the effects of treatment with NHE1 inhibitors on CH
in K-line mice, various hypertrophic indices including the HW/BW and CSA of heart
cross sections stained with H&E, were measured. In male control and K-line mice
(Figure A.1), no differences were seen in the HW/BW (Figure A.1, A) and CSA (Figure
A.1, B) between PBS and EMD 87580 treated animals. Similar results were seen with
female control and K-line mice, no differences were seen in the HW/BW (Figure A.2, A)

and CSA (Figure A.2, B) between PBS and EMD 87580 treated animals.
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Figure A.1. HW/BW ratio and cross sectional area of male control and K-line mice
treated with 10mg/kg/day EMD 87580. 10mg/kg/day EMD or PBS (vehicle) was
administered using Alzet osmotic mini pumps, which were surgically implanted as
described in Section 2.2.5. EMD or PBS was administered for 28 days at a rate of
0.25uL/hour and hearts were explanted at day 28. A), HW/BW ratio, heart weight to
body weight ratio. Results are expressed as a % of controls (treated with PBS)+%SEM.
PBS treated mice were compared to PE treated mice in each group. (n=4/group). B),
Cross section area measured from heart cross sections stained with H&E from male
control and K-line mice. Results are expressed as a % of controls (treated with
PBS)+%SEM. PBS treated mice were compared to PE treated mice in each group.
(n=4/group).
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Figure A.2. HW/BW ratio and cross sectional area of female control and K-line
mice treated with 10mg/kg/day EMD 87580. 10mg/kg/day EMD or PBS (vehicle) was
administered using Alzet osmotic mini pumps, which were surgically implanted as
described in Section 2.2.5. EMD or PBS was administered for 28 days at a rate of
0.25uL/hour and hearts were explanted at day 28. A), HW/BW ratio, heart weight to
body weight ratio. Results are expressed as a % of control (treated with PBS)+%SEM.
PBS treated mice were compared to PE treated mice in each group. (n=4/group). B),
Cross section area measured from heart cross sections stained with H&E. Results are
expressed as a % of control (treated with PBS)+*%SEM. PBS treated mice were
compared to PE treated mice in each group. (n=4/group).
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A.2.2 Effects of Administration of 700ppm EMD 87580 Mouse Chow on the

Cardiac Hypertrophic Phenotype in NHEI Transgenic Mice

Female control and K-line mice, 10-12 weeks of age, were fed control or EMD
87580 supplemented mouse chow. The EMD 87580 chow was made using the control
chow supplemented with EMD 87580. We chose to use 700ppm of EMD 87580 as a
preliminary concentration based on previous reports''. This dose was chosen in previous
studies in order to achieve a plasma concentration of 600-800 ng/ml, an effective
concentration in rats. In our study, mice were age and body weight matched and had free
access to control or EMD 87580 chow over a three month period. The effect of treatment
with control or EMD 87580 chow on CH was assessed by measuring the HW/BW. No
differences were seen in the HW/BW of control and K-line mice when comparing

control chow vs. EMD 87580 chow within each group.
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Figure A.3. HW/BW ratio of female control and K-line mice treated with control or
EMD 87580 chow. 700ppm EMD or Control chow was administered to control or K-
line mice for three months. Hearts were explanted at three months. HW/BW ratio was
measured. Results are expressed as a % of controls (treated with PBS)=%SEM.

(n=3/group).
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A.2.3. Characterization of Control Mice Subjected to PE Stimulation in the

Presence of EMD 87580 Chow

The lack of regression of CH with the treatment of NHE1 inhibitors lead us to
investigate the effect of NHEI1 inhibitors in hearts stimulated with PE, which were
previously shown to increase the hypertrophic response of control and K-line hearts, as
indicated by the increase in HW/BW (as described in Section 3.2.17). Therefore, male
control mice, 10-12 weeks of age, were implanted with Alzet osmotic mini pumps filled
with PE (as described in Section 2.2.5). 50mg/kg/day PE was administered over 14 days,
and during this time male control mice were fed control or EMD 87580 chow. The EMD
87580 chow was a control chow supplemented with EMD 87580. We chose to use
700ppm of EMD 87580 in this preliminary trial and this was based on previous reports''.
Animals had free access to control or EMD 87580 chow over a two week period. The
effects of treatment with control or EMD 87580 chow on CH were assessed by
measuring the HW/BW and cell area of isolated AVMs. No differences were seen in the
HW/BW ratio of controls stimulated with PE and feed control or EMD 87580 chow
(Figure A3, A). We also measured cell area (as described in Section 2.2.1.2) of AVMs
isolated using retrograde perfusion (as described in Section 2.2.1), and no differences

were seen between control and EMD 87580 fed animals (Figure A.3, B).
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Figure A.4. HW/BW ratio and cell area of adult ventricular cardiomyocytes in male
control mice stimulated with PE, while being treated with control or EMD 87580
chow. 700ppm EMD chow or control chow was administered to control mice, which
were being stimulated with 50mg/kg/day PE over a period of two weeks. Hearts were
explanted on day 14. A), HW/BW ratio. Results are expressed as a % of controls
(stimulated with PE and fed control chow)=%SEM. (n=4-6/group). B), Cell area of
isolated AVMs. Results are expressed as a % of controls (stimulated with PE and fed
control chow)+%SEM. (n=4-6/group).
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A .3 Discussion

NHEI inhibitors have been used to attenuate CH in response to various stimuli,
experimentally induced heart failure or genetic models of heart failure (reviewed in®).
The beneficial effects of NHEI inhibitors have been suggested to be due to direct
antiremodelling effects. The continuously seen benefits of NHE] inhibitors in the
regression of CH have allowed many authors to conclude that NHE1 inhibitors maybe a
potentially effective new therapeutic approach for the treatment of heart failure. In our
study, we examined the effects of NHE1 inhibitors on our gain-of-function model, which
expressed active NHE1 (K-line mice) and demonstrated phenotypic characteristics of CH
(Chapter 3, Chapter 5).

We chose to use EMD 87580 as the NHE1 inhibitor, which was a generous gift
from Dr. N. Beier of Merck KGaA (Frankfurt, Germany). Initially, the EMD 87580 was
administered using Alzet osmotic mini pumps. We chose twenty eight days, the longest
period in which one Alzet osmotic mini pump could be implanted. EMD 87580 was not
able to regress the hypertrophic effects in K-line hearts and had no effects on both male
and female control hearts. Similar results were seen when EMD 87580 was orally
administered for three months. We have determined the phenotypic characteristics of K-
line mice are mediated by NHE]1, indicated by the lack of activation of MAPKs, RSK
and calcineurin pathways, which have been implicated in CH (as described in Section
3.2.15). Therefore, inhibition of NHE1 should regress the CH response, unless other non-
specified pathways are contributing to the phenotypic expression of K-line mice.

The lack of inhibitory effect seen by EMD 87580 in NHE1 TG mice expressing

elevated NHE1 and CH maybe due to a number of factors including the time and the
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inhibitor used, all which have been suggested to be very important to the efficacy of
NHEI! inhibition'>. The role of timing in the efficacy of NHEI inhibitors is clearly
demonstrated in I/R models treated with NHE1 inhibitors. Various NHE1 inhibitors
including, HOE 694"*'*, cariporide"® and eniporide' have consistently reduced MI size
of hearts subjected to I/R in various models (pigs, rabbits, and dogs), when administered
prior to the ischemic event. However, administration of NHEI inhibitors prior to
reperfusion reduced the MI size in only a few of these studies'®'”". Therefore, it has
been suggested that the most effective time to administer NHE1 inhibitors was before
ischemia'’. Perhaps in our model, the degree of hypertrophy attained in K-line mice at
10-12 weeks is not reversible and NHEI inhibition needs to be administered at an earlier
stage of hypertrophy in order for NHEI inhibitors to be effective. In a previous report,
TG mice expressing NHE1 were treated with NHE inhibitors 20 days post birth and this
regressed the hypertrophic phenotype®, thus confirming that perhaps targeting CH at an
earlier stage is required. This idea is further confirmed by another study, which shows
that the effects of NHE1 inhibitors are age dependent. Cariporide, an NHEI inhibitor
was protective against I/R only in the mature human hearts, and not in the aged
myocardium®'. Future studies could involve administration of NHE1 at earlier ages.

The specific type of NHEI inhibitor administered has also been implicated in the
effectiveness of its ability to regress cardiac pathologies'>. EMD 87580 is a useful tool in
vitro (as described Section 2.4 and 3.2.14), and is known for its selectivity towards
NHEI1. However, it has been reported that EMD 87580 is less potent than cariporide,
having a 50% inhibitory concentration for NHE1 of 113+6 nmol/L. compared with 22+2

nmol/L for cariporide'”. Nakamura et al.”’ used cariporide to treat TG mice expressing
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NHE]1, which resulted in regression of the cardiac phenotype. In the future, other more
potent NHETI inhibitors could be used. Despite the inability of EMD 87580 to inhibit CH
in K-line mice, it is evident in our control mice that using EMD 87580 at the
concentrations and modes of delivery used did not result in atrophy or death, thus
demonstrating the safety of EMD 87580.

In conclusion, despite the vast amount of literature stating that NHE1 inhibitors
regress CH, in our studies, where NHEI is expressed in TG mice, treatment with EMD
87580 using two modes of delivery, the Alzet osmotic mini pumps and oral dosage, did
not regress CH. Further studies, using specific NHE1 inhibitors, at various ages and thus

stages of hypertrophy, may regress CH.
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