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Abstract

ABSTRACT

Cardiac Na*/K* ATPase plays a pivotal role in maintaining the Na* transmembrane gradient
which is essential for normal cardiac function. Elevation of intracellular Na* ([Na'];) is a key
contributor to contractile and electrical dysfunction in a variety of pathologies. Phospholemman
(PLM), is the cardiac specific member of the FXYD family of small membrane spanning
proteins, and forms a complex with Na’/K* ATPase pump. PLM regulates the pump by
exerting a tonic inhibition which is relieved by PKA or PKC phosphorylation at 3 serine
(Sen)/threonine  (Thr) residues in its cytoplasmic tail (Ser63, Ser68, Thr/Ser69).
Phosphorylation at any of these sites results in disinhibition of the pump and even active
stimulation. The work described in this thesis investigates the role of PLM in regulating the
Na'/K* ATPase and the subsequent effect on [Na'];.

A new mouse model, PLM**, has been created by mutating all 3 Ser residues to alanine (Ala)
rendering the protein unphosphorylatable. This inability to phosphorylate PLM may cause
[Na™]; overload, contractile dysfunction and cardiac arrhythmias. The aim of this thesis was to
investigate the effects of unphosphorylatable PLM on Na*/K* ATPase regulation and [Na']; by
characterising the PLM** mouse phenotype using biochemical and Langendorff methodology
under basal conditions and during B-receptor stimulation. The measurement of [Na']; using

flame photometry and Na NMR completed the work.

Biochemical studies confirmed the successful mutation of the PLM protein and absence of
Ser63, Ser68 and Ser69 phosphorylation sites. Mutated PLM was found to remain co-localised
with the Na'/K* ATPase al subunit in the membrane. Expression of total PLM was decreased
in PLM** hearts, however all Na'/K* ATPase subunit expression remained unchanged.
Comparison of paced basal contractility in the PLM-WT and PLM®*” hearts revealed that
PLM?** hearts have significantly greater contractility, consistent with an inhibited pump and
increased [Na']i.  Arrhythmia quantification revealed no differences in scores between
genotypes suggesting [Na']; was not detrimental under these conditions. Force-frequency
relationship (FFR) studies were consistent with a high [Na']; in both genotypes. However, the
lack of difference between WT and PLM®** hearts suggests that changes in [Na']; in response to

pacing do not substantially differ between genotypes.

B-receptor stimulation by isoprenaline (ISO) perfusion was investigated to highlight potential

changes in cardiac function between unphosphorylatable PLM in PLM*** hearts compared with
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WT. Contractile data however revealed no differences suggesting that PKA activation of other

key excitation-contraction coupling proteins dominate the contractile response to 1SO.

Direct measurement of [Na']; using flame photometry and ?*Na NMR showed no differences in
intracellular Na* concentration in PLM®*” hearts compared with WT under basal conditions.
Quantification of [Na']; by Na NMR using the shift reagent, Tm(DOTP)*, gave values for
PLM?** hearts of 12.7+2.5mM, and 14.49+3.1mM for PLM-WT hearts. B-receptor stimulation,
pacing and ouabain effects on [Na']; were also investigated and ouabain significantly increased
[Na']; compared to baseline in both PLM®* and WT hearts to a similar extent.

The work described in this thesis investigates the role of unphosphorylatable PLM on [Na']; in
PLM®** hearts revealing findings that show:

e No effect on [Na"]; under basal conditions

e No evidence for differences in basal Na'/K* ATPase activity - based on

rubidium (Rb") uptake flame photometry studies

e No evidence for a role of PLM phosphorylation in control of Na* at high pacing

rates or in the presence of 1SO.

However, these conclusions may reflect technical limitations of the experimental approaches

used.
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Introduction

1 CHAPTER1-INTRODUCTION

1.1 Overview of Na* transport, Na*/K* ATPase and PLM

Intracellular Na* concentration is a key modulator of cardiac cell function.' At steady state,
intracellular Na* concentration ([Na'];) is between 4-16mM>*° depending on species whilst the
extracellular Na® concentration ([Na']e) is approximately 140mM.  This creates an
electrochemical gradient that favours Na® entry into the cell providing energy for action
potential propagation and the transport of many energetically unfavourable ions, amino acids
and neurotransmitters into the cell. [Na']; is important for the control of intracellular Ca?" via
the NCX and consequently determines sarcoplasmic reticulum (SR) Ca®* content. Ca*" overload
can cause contractile dysfunction and arrhythmias. Therefore maintenance of the Na™ gradient is
important in normal physiology and is critically important in cardiac hypertrophy and heart

failure where the elevation of [Na']; contributes to contractile and electrical dysfunction.™ *2

The steady state [Na']; is carefully maintained by a fine balance of influx and efflux pathways.
Na® influx occurs predominantly by voltage-gated Na* channels during the action potential
upstroke®™ ® but there are other co-transporters and exchangers that also contribute to Na* influx:
Na‘/Ca®* exchanger (NCX), Na'/H* exchanger (NHE), Na‘'/HCO; co-transporter (NBE),
Na'/K*/2CI" co-transporter (NKCC) and Na*/Mg** exchanger (NMgX).

The major pathway of Na* efflux is via the Na'/K* ATPase, a member of the P-type ATPase
family, which extrudes 3Na" in exchange for 2K* using the energy derived from ATP hydrolysis
to drive the reaction.* ** This pump plays an important role in maintaining ion gradients and
hence the resting membrane potential of the cell and in excitable cells enables subsequent action
potentials and processes to occur. Therefore regulation of the Na'/K* ATPase is crucial to

maintain normal cardiac function.

The FXYD family of small-membrane proteins have been recognised as tissue-specific
regulators of Na'/K* ATPase."**® FXYD1 or phospholemman (PLM) is the cardiac specific
regulator of the Na'/K* ATPase and is unique in that it contains the consensus sequences for
PKA and PKC in its cytoplasmic tail.*** The function of PLM is analogous to phospholamban
(PLB) regulation of sarcoplasmic reticulum Ca”* ATPase (SERCA) and phosphorylation by
PKA/PKC relieves pump inhibition®? and increases Na* affinity of the pump. Indeed in

myocytes it has been shown that p-adrenergic stimulation and subsequent increase in cAMP and
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PKA, phosphorylate PLM Ser68 residue and result in activation and stimulation of the Na"/K*
ATPase with increases in both V. and Na* sensitivity reported.3°' 31 This effect is absent in
PLM-knockout (PLM-KO) myocytes and points to the importance of PLM in helping to
regulate [Na']; during “fight or flight” induced increases in heart rate.*? It is proposed in PLM-
KO mice that the Na*/K* ATPase is unregulated and can freely act to remove Na*, however
recent studies have shown that resting [Na']; are similar to those from wild-type (WT)
myocytes.*® Evidence of decreased pump expression in these mice may help explain this and

potentially compensates in order to maintain a normal [Na‘];.>* **

A new genetically modified mouse has been created, PLM®*" which carries an
unphosphorylatable PLM protein. It is hypothesised that resting [Na']; may be higher than in
WT mice due to the permanent inhibition of Na*/K* ATPase under basal conditions and that this
may be exaggerated during B-adrenergic stimulation, frequency stress and ouabain inhibition.
The inability to phosphorylate PLM in these mice may cause [Na']; overload, contractile
dysfunction and arrhythmias. The overall aim of these studies is to compare PLM®*** mice with
their littermate controls, to measure [Na‘]; and to use this mutant mouse to increase

understanding of the role of PLM phosphorylation in the response of the heart to stress.

1.2 Excitation-contraction coupling and the action potential

Cardiac excitation-contraction coupling is the process by which electrical excitation of the
myocyte leads to contraction of the heart.*® Excitation, in the form of action potentials,
propagates from myocyte to myocyte via gap junctions located at the intercalated discs®
resulting in synchronised contraction of the heart. This process involves the movement of ions
down concentration gradients through voltage-gated ion channels that are activated in response
to changes in the membrane potential. The cation channels involved are Na*, K* and Ca**
channels and it is Ca®* that activates cross-bridge cycling which subsequently drives
myofilament contraction. Following the movement of ions during the action potential the

resting ionic state is restored by Na*/K* ATPase, SERCA and NCX ion transporters.

1.2.1 The action potential

Action potentials are generated in the sino-atrial (SA) node by pacemaker cells, a group of

modified myocytes, which discharge spontaneously at regular intervals (automaticity).®” The
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action potential is the result of rapid changes in membrane permeability that allows the
movement of ions through specific ion channels in accordance to their concentration and
electrochemical gradients. These gradients are set by intracellular and extracellular ion
concentrations and the membrane potential, E.. In the cardiac myocyte the resting membrane
potential is stable at ~ -80mV and is predominantly set by K*, which has high membrane

%. 39 with a small contribution

permeability and large outward concentration gradient at rest,
from the less membrane permeable Na* ion. The Nernst equation predicts the equilibrium
potential for each ion, Ex and Eyg, at which there is no net ion movement. Since the resting cell
membrane is not solely permeable to K* (the ratio of K* permeability to Na* permeability is
estimated to be around 100:1), then the resting membrane potential of ~-80mV is more
accurately predicted by the Goldman-Hodgkin-Katz equation. The Na'/K® ATPase helps
maintain a stable E,, by balancing the constant trickle of outward K* and inward Na" which

results from the differences between E,, and Ex or Ey..

The action potential itself comprises of depolarisation followed by a subsequent repolarisation
over 5 phases. In intact tissues, the action potential is initiated when a neighbouring cell
depolarises and the electrogenic coupling to its neighbour results in a local membrane
depolarisation. When the membrane potential reaches around -65mV, the action potential
threshold, Na* channels open allowing a sudden influx of Na* ions into the myocyte®® (Phase 0).
This rapid Na* influx causes the cell to depolarise and reach positive membrane potentials of
+20 to +30mV termed the overshoot. At this point most myocytes start to repolarise by
activation of a transient current, l,, that allows mainly K* to exit the cell until the membrane
potential reaches 0 to -20mV (Phase 1). The opening of L-type Ca®* channels at this membrane
potential triggers a plateau phase that lasts 200 to 400ms in humans (Phase 2). The myocyte
then starts to repolarise due to K* efflux through the delayed rectifier channels until the cell
reaches resting membrane potential (Phase 3). lonic balance of Na*, K* and Ca®" is restored by
Na'/K* ATPase, NCX, SERCA and a small amount by the sarcolemmal Ca** ATPase®* (Phase
4).

The overall shape of the action potential is influenced by the distribution and timings of the ion
channels and can differ between species.” The mouse action potential does not have the
prolonged plateau phase which is present in the human action potential (see Figure 1.1). This is
due an increased population of K* channels that contribute to I, current in Phase 1 masking the

L-type Ca®* channel current (i.e. K* efflux is greater than Ca®* influx) and shortening the plateau
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phase significantly. The delayed rectifier currents are also different in rat and mouse compared

to human, however both bring about final repolarisation.

Phase 2

Phase 0

Phase 4 100 ms 25 ms

Figure 1.1: Schematic of human (left) and murine (right) action potentials.

The phases of the adult human action potential (0-4) are defined. Phase 2 shows a
prolonged plateau phase which is absent in the mouse ventricular myocyte action potential
shown on the right. Taken from Nerbonne et al.**

1.2.2 Excitation-contraction coupling

It is during the plateau phase of the action potential that contraction of the myocyte occurs.
Ca” influx through the L-type Ca®* channels during this phase of the action potential is not
sufficient to evoke a full-size contraction on its own. It does however trigger the opening of the
ryanodine receptors (RyR) in the sarcoplasmic reticulum (SR) membrane resulting in the release
of SR Ca’* into the cytosol through a process known as Ca**-induced Ca** release (CICR).*> *
The cytosolic Ca®* concentration increases 10-fold peaking at ~1uM and activates the
contractile machinery of the cell culminating in myocyte contraction.”* ** Cytosolic Ca®* binds
to troponin C causing a conformational change in troponin releasing the tropomyosin-troponin
complex from blocking the actin binding site. Myosin heads now bind and pull the actin
filament to the centre of the sarcomere using ATP hydrolysis and causing myofilament
shortening and cell contraction, known as crossbridge cycling.** Figure 1.2 shows a schematic

diagram of excitation-contraction coupling as it occurs in the rabbit/human myocyte.®

Once systole is complete, excess cytosolic Ca?* must be removed in order to allow the heart to
relax (diastole) and refill with blood. If excess Ca** remains then it can give rise to diastolic
dysfunction, a prominent feature in heart failure and hypertrophy.® The majority of Ca*" is
removed by SERCA® into the SR, which is regulated by PLB* in much the same way that
Na'/K* ATPase is regulated by PLM. PLB phosphorylation by PKA*" or Ca®*/calmodulin-
dependent kinase Il (CaMKII)*® causes SERCA to be disinhibited and pump affinity for Ca*" is
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increased.” Remaining Ca*" is removed by the NCX, sarcolemma Ca®* ATPase and Ca®*

3Ma 2K
Sarcolemma @ ﬁ
Ca 3Na

uniporter.®

Figure 1.2: Schematic diagram of excitation-coupling in the rabbit/human ventricular
myocyte.

Pre-contraction Ca*" influx is shown in red, with post-contraction Ca** efflux shown in green.
Inset is shown the time course of the action potential with the Ca* transient and contraction.
As described by Bers, 2002.%°

L. e Inrtiuence o a |ion e-C coupling
12.3 Theinfl f [Na']; on E-C coupli

SERCA is responsible for the majority of Ca** removal from the cytosol; however Ca®* is also
removed by the NCX. Na'/Ca®* exchanger is a bidirectional electrogenic transporter with a
stoichiometry of one Ca®* ion for 3 Na* ions.*® The NCX can work in two modes: (1) forward
mode in which 1 Ca®" ion is extruded in exchange for 3 Na* ions in and (2) reverse mode in
which 3 Na' ions are extruded for 1 Ca®* ion in. The NCX normally works in the forward mode
producing an inward ionic current (Inyca) that results in the net inward movement of one
positive charge. The reversal potential for the exchanger can be calculated by using equilibrium
potentials for Na* and Ca?* (Enwca = 3Ena — 2Eca).*® There are four factors that determine the
direction of net transport including transport cycle stoichiometry, the transmembrane electrical

potential, transmembrane [Ca?*] and transmembrane [Na*].>® NCX activity is highly influenced
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by [Na']; and consequently [Na']; helps regulates cellular Ca®** load and consequently
contraction.® Low [Na']; will cause NCX to work in the forward mode resulting in Ca®* efflux
and increasing relaxation rates. High [Na']; will do the opposite and either limit forward mode
exchange or, possible in extremes, may promote reverse mode NCX>' thereby increasing [Ca*"];
and contributing to stronger contraction but associated with elevated diastolic Ca**. Ca®*
overload can lead to cardiac dysfunction and the potential of arrhythmias which can be fatal.>
Therefore the maintenance of a normal [Na']; by Na*/K* ATPase is vital for cardiac function. In
essence it can be said that Na*/K* ATPase indirectly controls myocardial contraction® and any
alterations in Na* pump expression, or regulation may have profound effects.

1.3 p-adrenergic stimulation

Stimulation of the sympathetic nervous system is a necessary physiological response that
increases cardiac output and contractility as part of the “fight or flight” stress response.> It is
mediated mainly by activation of B-adrenergic receptors present in the sarcolemma and results
in increased chronotropy, inotropy and lusitropy. B-adrenergic receptors are G-protein coupled
receptors that increase adenylyl cyclase (AC) activity and this leads to an increase in cyclic

adenosine monophosphate (CAMP) which in turn increases protein kinase A (PKA) activity.*

PKA phosphorylates major proteins involved in E-C coupling such as L-type Ca®* channels
(increasing Ca®* current),” PLB (increasing SERCA activity),”* ** RyR (modifying channel
gating),” troponin 1°®*® and myosin binding protein C (decreasing Ca*" affinity of myofilaments
and enhancing crossbridge cycling). PKA substrate phosphorylation increases cardiac inotropy
by altering the amount and rate of Ca®* handling in the cell. Increases in heart rate and PKA
phosphorylation of L-type Ca** channels allows a greater and more prolonged Ca** influx which
in turn activates CICR from RyR which is again enhanced by PKA phosphorylation causing a
quicker and greater Ca** release from SR stores. This additional cytosolic Ca®* can activate the
cells contractile machinery binding to troponin C allowing faster and stronger cross-bridge

cycling, generating a powerful cardiac contraction.®

The strength and rate of contraction must be matched equally by relaxation. Again due to PKA
phosphorylation, Tnl exhibits reduced myofilament Ca®* sensitivity which aids relaxation by

60, 61

promoting quicker myofilament dissociation. However, the main driver of cardiac

relaxation is PLB phosphorylation which disinhibits SERCA increasing its affinity for Ca** and
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rate of Ca*" uptake. PLB phosphorylation has a dual effect and as well as enhancing cytosolic
Ca?* removal it loads the SR stores with Ca®" such, that at the next action potential, there is

more Ca?" available for release and hence increased inotropy.*

Additionally, with increased frequency of contraction (chronotropy) there will be increased Na*
influx* which will need to be removed if intracellular Na* is not to rise. As the major pathway
of Na" extrusion is via the Na'/K* ATPase then the rate at which it works must be increased to
match the influx rate. As resting [Na'] is close to the K, for activation of Na*/K* pump and the
Na" activation curve is steep, intracellular Na* itself is a major contributor to enhanced Na*
efflux if cytosolic Na* rises. In addition, the activity of Na"/K* ATPase is modified by PLM
which under normal conditions acts to inhibit the pump. PLM phosphorylation by PKA? %
leads to disinhibition of the pump and pump rate increases (Vmax) and affinity of the pump for

Na* (K.) is enhanced.®* %

1.4 Na'/K" ATPase

1.4.1 Role

The Na'/K* ATPase is the major route for Na* extrusion and is found in plasma membrane of all
animal cells.** ® It is responsible for maintaining the trans-sarcolemmal Na* gradient which is
important for ion exchange and transport processes in the cardiac myocyte.®® Transport is
stochiometrically coupled to ATP hydrolysis and the pump extrudes 3Na* from the cell in
exchange for 2K* for every one terminal phosphate group of ATP hydrolysed.®’ It is able to
maintain this stoichiometry over a wide range of [Na'];, extracellular K* concentrations ([K'].)
and E,.* Regulation of [Na']; is important as it in turn influences intracellular Ca** and
contractility via the NCX.*® Changes in Na'/K* ATPase activity can profoundly affect

contractility.®

Na‘/K* ATPase was first discovered in 1957 by Jens Christian Skou in crab neurons® but it has
been the target of pharmacological agents such as digoxin (digitalis lanata) and ouabain since
the 1800°s for treatment of heart failure. It is now known that the target for these cardiac
glycosides is the Na*/K* ATPase. Cardiac glycosides have a positive inotropic effect on cardiac
contractility and work by effectively decreasing the amount of Na* efflux which changes the
Na" trans-sarcolemmal gradient and helps limit Ca®* extrusion via the NCX.” By inhibiting the

outward Na'/K* pump current, they prolong the action potential plateau allowing more time for
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Ca?* to enter the cell and, if heart rate (HR) remains constant, reduces the diastolic interval and
hence time for Ca®* extrusion. Following the plateau phase this increased cytosolic Ca?* is
taken up into the SR by SERCA which loads to allow more Ca?* for release on the next action
potential, creating larger Ca®* transients and stronger contractions. Cardiac glycosides are used

in the treatment of congestive heart failure and cardiac arrhythmias.” ™

The maintenance of the Na* gradient by the pump is essential to prevent long term cardiac
pathophysiologies, such as heart failure and hypertrophy, occurring in the first place. [Na']; can

be dysregulated in cardiac disease®® and high intracellular Na* has been implicated in

72, 73 74, 75 11, 76, 77

hypertrophy, ischemia-reperfusion injury and heart failure. As an indirect
regulator of [Ca®*]; it is essential to balance Na* influx with Na* efflux by the pump in order to

prevent the risk of arrhythmias and cardiac diseases.

Maintenance of K* gradient by the Na'/K* ATPase is also important to help establish the resting
membrane potential which allows future action potentials to be generated. K* influx helps
maintain [K"]; during activity and hence helps set the resting membrane potential to -80mV.

28



Introduction

1.4.2 Structure

Extracellular

Figure 1.3: Structure of the Na'/K* ATPase as determined by X-ray crystallography.

The a subunit is coloured in blue, with the B subunit coloured in white and the y subunit
coloured in red. The transmembrane helices of the a subunit are numbered in ascending
order starting with the most N-terminal. The S denotes the switch domain (C-terminal helix)
which has been suggested to alter conformation with Na* binding. The red balls represent
the K™ binding sites whilst the yellow balls denote the Na* binding sites. Taken from Morth

et al, 2007.”®
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The Na*/K* ATPase is a multi-subunit enzyme belonging to the P-type ATPase family. In order
to form a functional pump there is a minimum requirement for one a and one B subunit® of
which there are various isoforms. The o subunit contains the catalytic domain of the enzyme
and is responsible for transport and pharmacological characteristics of the pump but must be
associated with a B subunit in order to navigate the secretory pathway to the membrane.” ®
Each o subunit has a molecular mass of 110kDa®! and contains the binding sites for ATP, Na",
K*, cardiac glycosides and a phosphorylation site.*” The p subunit is under half the size at
35kDa but usually exists in a highly glycosylated form with a molecular weight of 50kDa.®* It

is essential for enzyme maturation and membrane insertion.® ®

As mentioned, there are several isoforms of both the o and the p subunits. The o subunit exists

in 4 isoforms (al- a4) of which al- a3 are expressed in human heart™

86, 87

and only ol and a2 are
expressed at significant levels. al and a2 subunits are also the only isoforms expressed in
the mouse heart*” with 40% of functional al and 70% of functional a2 found in the t-tubules.®
In the sarcolemma ol is the dominant isoform whilst it is a2 in the t-tubules.* It has been
concluded that both subunits are involved in E-C coupling but the difference each isoform has

on downstream biochemical pathways is undetermined.®®

There are 3 isoforms of the B subunit with the human heart expressing mainly the 1 subunit
with a small amount of P2 subunit.?® It has only one transmembrane domain in comparison to
the 10 transmembrane domains of the o subunit.®® The affinity of the Na'/K* ATPase for

potassium ions has been shown to be p isozyme-dependant.®

1899 which is a

Often described with the pump is a third sub-unit, referred to as the y subunit,
tissue specific member of the FXYD small family of proteins. It is proposed that the FXYD

families are regulators of the Na'/K* ATPase and will be discussed in more detail in Section 1.5.

1.4.3 Function

The basic function of the Na'/K* ATPase pump is to move 3 Na" ions from the cytosol and
replace it with 2 K* ions. The Na'/K" ATPase is the major route of Na* efflux from the cell and
helps to re-establish the correct ionic gradients that drive many cellular processes. The pump is
responsible for 40% of the resting heart’s ATP turnover which indicates its importance in

cellular homeostasis.*?
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The molecular mechanism of ion transport in P-type ATPases was first described by Post-
Albers® ® which considers 2 conformations of the enzyme E; and E, which can either be in a
phosphorylated or unphosphorylated state.®* In Figure 1.4 a basic representation of the way the
pump works is shown. In the E; conformation, in which the enzyme is open to the cytosol, the
enzyme has a high affinity for Na* and ATP and binds 3 Na" ions and 1 ATP molecule. ATP
then phosphorylates the a subunit causing the dissociation of ADP and a conformational change
in the enzyme, E,. In this state the enzyme opens to the extracellular space where it releases the
Na* ions, due to its affinity for Na* having decreased and its affinity for K* having increased.
K" ions now bind and cause a spontaneous dephosphorylation and the phosphate molecule is
released prompting another conformational change on the enzyme back to the original state, E;.
The enzyme opens again to the cytosol and now that its affinity for Na* over K" is restored, the
K" ions are released and the cycle starts again.

2K 3Na/
[K,]E, <—L> E, A—) NasE,
A A

P ATP
H,O ADP
Y \
KE;P <—T> E,P <7—> [Nas]E,P
2K 3Na,

Figure 1.4: Post-Albers model for the reaction cycle of Na'/K* ATPase.

Cytoplasmic and extracellular ions represented by ¢ and e respectively. E;P and E,P are
the phosphorylation intermediates sensitive to ADP and K'. E;P phosphorylation is
activated by binding of 3Na" from cytoplasm and whilst E,P dephosphorylation is activated
by binding of 2K* from extracellular space. However, 2Na” ions may replace K" at this site,
resulting in a slower dephosphorylation than with K*. Taken from Einholm et al, 2010.%°

1.4.4 Regulation

Regulation of the Na'/K* ATPase is important for normal cellular function as the Na* gradient it
helps maintain, in turn helps regulate many other ions by driving ion exchange and transport
processes. The Na“ gradient is important for the NCX, NHE, NBE, NKCC and NMgX

31



Introduction

transporters.®> *° (For a comprehensive list of Na* affected transporters, exchangers and co-
transporters see Shattock PLM review, 2009*°). Changes to Na* gradient will therefore affect
H*, HCO3, CI, Mg?* and most importantly Ca®*. It is the indirect effect of the pump on [Ca®'];

via the NCX which sets SR Ca®* load and determines cardiac contractility.*%

1.4.4.1 Pump regulation by substrate availability
ATP

In normal physiological conditions the concentration of myocyte intracellular ATP, ~7mM,**%
is far in excess of the concentration required for pump activation. Some studies in giant patches
from guinea pig, rabbit and mouse myocytes have a half maximal pump activation, K, of
94uM™® whilst other studies report pump K., between 0.1 and 0.8mM.% 1% 1% 1% Therefore
ATP is considered to be saturating and non-limiting for pump activity under most physiological

conditions.

Even in situations of ATP depletion such as hypoxia, for example at high altitude, the pump has
adaptive mechanisms which affectively lower the V.« and K, for ATP allowing the pump to
function relatively normally.*”” However, in extreme cases of ATP reduction such as complete
ischemia an immediate increase in [Na']; has been widely suggested to contribute to the loss of
the Na* gradient by depression of pump function.®® However, Fuller et al, in a paper first
suggesting the existence of a phosphorylatable cardiac “y> subunit, reported Na'/K* pump
inhibition in ischemia through accumulation of a labile cytosolic inhibitor long before ATP falls
to levels that would limit pump function.®® Whatever the mechanism of the impairments of Na*

3, 108

extrusion in ischemia, it is clear this leads to a secondary acidosis and impaired cardiac

function.

Intracellular Na" and K*

The main physiological regulators of the pump are internal Na* and external K*. [Na']; displays
a sigmoidal relationship with Na’/K* ATPase activity and [Na']; for half maximal pump
activation is dependent on the internal and external ionic conditions. K., is usually in the range
of 8-22mM Na" which is very similar to the resting [Na']; in most cells.’®* ™° Therefore any

small changes in [Na']; will result in large changes in pump activity.®® This allows the pump to
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react quickly to maintain intracellular Na* regulation during normal E-C coupling and during
times of increased heart rate (B-adrenergic stimulation) as [Na']; increases during stimulation in
a frequency-dependent manner.® Successful regulation of Na* will limit the rise of [Na']; and

hence [Ca*"]i*** helping to prevent Ca®* overload and contractile dysfunction.*

There is a further consideration when looking at Na® activation of the Na'/K® ATPase
concerning the available pool of Na* that can activate the pump. Many studies provide evidence
that there is a sub-sarcolemmal (fuzzy-space) pool of Na* that can transiently activate Na'/K*
ATPase® that differs from the bulk cytosolic Na* pool by a diffusional barrier. ™ This
would suggest that the activity of co-localised Na* influx pathways which charge this
subsarcolemmal pool are important in controlling Na'/K* ATPase activity.®® A transient
increase in subsarcolemmal Na* following Iy, action potential upstroke may activate NCX,

87. 116 19 act in

which has been shown by some to be functionally coupled to Na'/K* ATPase,
reverse mode to bring Ca** into the cell™™"*?° and should also activate Na*/K* ATPase at this
point aiding early repolarisation by removing Na*.®* In addition, in forward mode the coupled
NCX may influence Na'/K* ATPase activity by influencing subsarcolemmal [Na*] especially in
heart failure where NCX expression is upregulated.’* *?> However, Silverman et al, suggested
that the subsarcolemmal steady state [Na‘] returns to normal in under 10ms® suggesting no

transient effect on NCX or Na'/K* ATPase.

[K]e displays a hyperbolic relationship with Na'/K® ATPase activation. Half-maximal
activation of the pump by external K* is in the range of 1-2mM® 1® 12 \yhen external Na* is at
its physiological concentration. Considering that [K*]. in normal conditions is 4mM, the pump
is approximately 70% saturated with regard to external K*.*** This will buffer the activation of
the pump with respect to K*, depending on the extent that [K™]. changes physiologically. Small
[K™]e physiological changes, <5mM, will have little effect on pump current; however during
intense exercise if [K'], rises to approximately 9mM it can be estimated from Bers et al, that

there may be an increase in pump current by almost 30%.'%

In summary, under physiological conditions, large changes in pump activity occur with small

changes in [Na'];and relatively little changes in pump activity occur with changes in [K']e.
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1.4.4.2 Pump regulation by kinase phosphorylation

Kinase activation of the cardiac pump by PKA and PKC during adrenergic stimulation of the
heart is widely accepted,™ although several outcomes on pump activity have been reported and
the mechanism of action has been debated.

PKA

B-adrenergic stimulation activates the Gs-protein coupled receptor (GPCR) causing AC
activation which in turn increases the amount of cAMP and consequently PKA which

phosphorylates its downstream substrates. Currently most groups report Na'/K* ATPase

111, 132

stimulation by PKA, 30 62 63.109. 125131 hq\yever some report inhibition, others report no

change'® and one reports both inhibition and no change.™** This in itself is confusing and
additionally in early studies it was also unclear as to whether these effects were due to direct or

indirect activation of the pump.'?

The differing opinions of the functional effect of B-adrenergic stimulation on the pump are
difficult to reconcile due to the many varied techniques, laboratories and species used for each
study. One confounding factor appears to be the concentration of intracellular Ca®* in these
studies. It would appear that where studies have used sub-physiological concentrations of Ca*,

below 100nM, they report an inhibition or no change in pump activity.’*> *** Indeed the

111, 131, 135

presence of Ca** is required for ISO stimulation of the pump which may have caused

the differing findings in some of the variety of models investigated.

In studies describing a B-receptor mediated stimulation of the pump, the effects of PKA on

pump activity are accepted to be either a change of the pump affinity for Na* (K., effects®® 2% 2%

135 111

) or to increase the maximal pump rate (Vma) or both.®* ® Pump activity has been shown

128

to increase by as much as 40%. In the heart, the phosphorylation target of PKA has been

debated to be the pump itself*** *¥" or its accessory protein, phospholemman, which co-localises

with the pump. However direct phosphorylation of the pump has only been seen when

d138,l39

detergents have been adde suggesting previous studies have perhaps not been measuring

direct lpump. To further support this argument, the Na'/K* ATPase phosphorylation site for

PKA, Ser938, is not accessible when the protein is fully folded.'*
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PKC

As with PKA, PKC has been shown to both activate? *** **2 and inhibit pump function.***%
Increases in PKC can arise from ol adrenergic receptor stimulation which activates
phospholipase C (PLC) causing cleavage of phosphatidylinositol 4,5-diphosphate into inositol
1,4,5-triposphate (IP3) and diacylglycerol (DAG). IP; increases intracellular Ca?* release which
combined with DAG activates PKC."*™  Again Na'/K* ATPase activation is linked to
intracellular Ca®* levels and could again explain the differences in the various studies.'** PKC
isoforms expression, PKCa, & and €, in the heart may also add to the complexity of the

published results.®

PKC also appears to have different effects depending on the subunit of Na'/K* ATPase
investigated. Han et al, 2010 show PKC in cardiac myocytes has no effect on pump Vmax
when a1 isoform is present; but shows an effect on V. with the a2 isoform. Other studies are
in agreement with this finding and also show effects on mainly the o2 isoform.* 3> *! One

study showed a K, effect as well.*°

The end phosphorylation target of PKC is again most likely to be the PLM accessory protein
although direct phosphorylation by PKC of the o subunit has been seen both in vitro**® 3% 1>
and in vivo."®*™* PKC-mediated phosphorylation of the o subunit has been shown to occur at
Ser16 and Ser23 in rat,™* > whereas the sequence for Ser23 is absent in other mammals and
phosphorylation only occurs at Ser16."** Chibalin et al, have shown that in some tissues
phosphorylation of the a subunit by PKC is involved in signalling pump internalisation and

degradation,*®**® however this does not appear to be the case in cardiac tissue.®®

PKC has been shown to phosphorylate 3 sites on PLM, Ser63, Ser68 and Ser/Thrg9?" 2 130 159
and it is through these sites that pump function is most likely to be modulated. In support of

this idea PKC stimulation of the pump has been shown to be absent in PLM-KO mice.?

1.4.4.3 Pump regulation by other mechanisms
Oxidation

Although regulation of the pump is usually deemed to be the result of phosphorylation either of
the pump or an accessory subunit, it is widely accepted that the Na*/K* ATPase is also regulated

by oxidant stress. Free radical induced stress was shown to reduce Na* pump current in voltage-
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clamped rabbit ventricular myocytes by up to 50%"

and subsequent work showed pump
activity was significantly decreased by glutathione depletion.’® White et al, showed PKC
epsilon (PKCe) induced angiotensin II-mediated inhibition of the pump in rabbit myocytes
which could not be attributed to phosphorylation'* but was deduced to be via signalling of Ang

Il through NADPH oxidase and superoxide.?

It has now been shown that the cardiac Na* pump is regulated by glutathionylation of B1 subunit
at Cys46 which reduces pump turnover.'®  Glutathionylation can occur during normal
physiology as well as during oxidative stress and the B1 subunit is found glutathionylated in
unstimulated myocytes with additional glutathionylation promoted by peroxynitrite or hydrogen
peroxide.'®® The result of glutathionylation is to destabilise the o and B subunit interaction and
decrease Vmax Of the pump. This could have important consequences during pathophysiological

diseases with neurohormonal dysregulation, oxidative stress and increased [Na'];."*

Interestingly, PKA has been proposed to inhibit the cardiac pump through similar mechanisms.
In rabbit myocytes PKA stimulation via forskolin has been reported to activate NADPH oxidase
via PKCe resulting in glutathionylation of the 1 subunit and inhibition of the pump.'®® This
opposes previously discussed PKA stimulation of the pump and may again relate to the use of
inappropriate and unphysiological intracellular pipette Ca®* concentrations in these studies. It
may be that the presence of PLM, which has been shown to relieve pump inhibition by
glutathionylation of the Bl subunit, may protect the pump from oxidative inhibition whilst

allowing stimulatory phosphorylation.'®*

Nitric oxide

Nitric oxide (NO) has been reported to have conflicting effects upon the Na*/K* ATPase pump.

Some studies report NO mediates inhibition of the pump,*®™*"

with others reporting
stimulation.””**"® 1t appears that stimulatory effects have been seen in cardiac/vascular tissues
expressing phosphorylatable PLM, whereas inhibition has been shown mainly in renal and
nervous system tissue. The exact pathways are still to be resolved but it has been suggested that

165, 177, 178

NO is generated by an increase in heart rate or synthesised by atrial naturetic receptor

7% \which has been shown to stimulate the

stimulation.*™ NO has been shown to activate PKCe
Na'/K* ATPase most probably via phosphorylation of the accessory protein, PLM. Indeed work
by our group, Pavlovic et al, 2012 supports this finding and has shown pacing induced

phosphorylation of PLM at PKCe Ser63 site by NO in rat ventricular myocytes.'”’
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Additional factors

Several other factors can regulate pump activity for example in skeletal muscle exercise training

0

can upregulate pump expression.® Cardiac pump activity can be affected by pH*® with

182-184

deviations from pH 7.5 in either direction decreasing pump function. Changes to

phosphatase activity can indirectly alter pump function,'®® and temperature, gene expression*®

106, 187

and hormones e.g. insulin, all play a role. Insulin has been shown to increase activity of

Na‘/K* ATPase in fibroblasts'®**® and stimulates transport of potassium.™*

All these regulators
either have a short term immediate effect or can alter expression patterns of the pump subunits.
For example high fat diets can down regulate a2 subunit of the pump which will have long term

ramifications on activity.'*

Accessory proteins — FXYD family

As previously mentioned, there is a third subunit associated with the af-complex of the Na*/K*
ATPase which regulates the pumping activity in a tissue- and isoform- specific way.'® '** The
third component, the gamma (y) subunit,"” ***** of the renal Na'/K* ATPase was first
discovered in the 1970’s but little was known about its functional role or influence on the pump.
Coincidentally a family of FXYD proteins had also been discovered but it was not known that
they interacted with Na'/K* ATPase. It is now known that the FXYD protein family is a small
group of tissue specific membrane spanning proteins that interact with the Na*/K* ATPase and

help to regulate activity by influencing Vm.x and/or K., (for review see Garty et al, 2006'%).

The FXYD family are type 1, single membrane spanning proteins®®> which have a COOH
terminus in the cytosol and that share a common 35 amino acid signature sequence that includes
the short motif PFXYD (proline-phenylalanine-X-tyrosine-aspartate).*® Most commonly X is
tyrosine but can also be histidine, threonine or glutamate. There are 7 mammalian FXYD
proteins with FXYD10 or PLMS found in shark rectal gland and Figure 1.5 shows the common
mammalian amino acid sequence. There is close sequence homology between human, rat and
mouse for most family members. Figure 1.6 shows the basic features of the individual family

members and Table 1.1 details where each FXYD is found and the interacting isoform.
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FXYD1l MASLGHILVFCVGLLTMAKAESPK-EHDPFTYDYQSLQIGGLVIAGILFILGI LIVLSRRCRC’KFNQQQRTGEPDBBEGTR- =
FXYD2 ----c-e---- MTGLSMDGGGSPKGDVDPFYYDYETVRNGGLIFAGLAFIVGLLILLSRRFRCGGNKKRRQINEDEP -~~~ --------oommnn
FXYD3 MQKVTLGLLVFLAGFPVLDANDLEDKNSPFYYDWHSLQVGGLICAGVLCAMGIIIVMSAKCKCKFGQKSGHHPGETPPLITPGSAQS--~-~----~
FXYD4 MERVTLALLLLAGLTALEANDPFANKDDPFYYDWKNLQLSGLICGGLLAIAGIAAVLSGKCKCKSSQKQHSPVPEKAIPLITPGSATTC-----~
FXYD5 *LSERPSPSTDVQTDPQTLKPSGFHEDDPFFYDEHTLRKRGLLVAAVLFITGIIILTSGK--CR—QLSRLCRNHCR----------c-comummn
FXYD6 MELVLVFLCSLLAPMVLASAAEKEKEMDPFHYDYQTLRIGGLVFAVVLFSVGILLILSRRCKCSFNQKPRAPGDEEAQVENLITANATEPQKAEN
FXYD7 ------------ MATPTQTPTKAPEEPDPFYYDYNTVQTVGMTLATILFLLGILIVISKKVKCRKADSRSESPTCKSCKSELPSSAPGGGGV - - -

N-terminal extension of FXYD5

*MSPSGRLCLLTIVGLILPTRGQTLKDTTSSSSADSTIMDIQVPTRAPDAVYTELQPTSPTPTWPADETPQPQTQTQQLEGTDGPLVTDPETHKSTKAAHPTDDTTT

Figure 1.5: Amino acid sequence alignment of FXYD 1-7.

The amino acid sequence of the FXYD proteins (excluding PLMS) showing commonly shared
residues including FXYD motif in red. Cleaved amino terminal residues are shown in blue. The
box in the cytoplasmic region of FXYD1 surrounds the amino acids containing putative
phosphorylation sites. Adapted from Cornelius et al.®

FEYD1 FEXYDZ FEXYD3 FXYD4 FXYDS FXYDe FXYDY

Figure 1.6: Structural characteristics of mammalian FXYD proteins.

All FXYD proteins are type 1 single membrane spanning proteins with an extracellular N-
terminus (N) and cytoplasmic-C terminus (C) with the exception of FXYD3. The FXYD motif
and conserved glycine residue (G) position are highlighted. FXYD1 phosphorylation sites
(P) are shown on the cytoplasmic tail. FXYD7 O-glycosylation sites are represented as
spirals. Adapted from Geering Review, 2006."
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FXYD Family Alternative Interacting Tissue Distribution  References
Member Name Isoform
FXYD 1 Phospholemman al and 02 Cardiac, Skeletal Muscle, 26, 200-202

Smooth Muscle, Brain

FXYD2 Y al Kidney 18, 203-208
FXYD3 MAT-8 al Stomach 209
FXYD4 CHIF al Kidney, Colon 15, 208, 210, 211
FXYD5 RIC/dysadherin ND Kidney, Intestine, Lung, 212

Heart, Spleen

FXYD6 Phosphohippolin ND CNS a3
FXYD7 al Brain 16
FXYDI10 PLMS a3 Shark rectal gland 27,204, 214

Table 1.1: FXYD family of proteins.
Table detailing each family member with alternative name, the interacting isoform, the tissue
distribution and references. ND —not determined.

FXYD1 or phospholemman (PLM) is the cardiac specific FXYD protein and the only member
of the FXYD family that can be phosphorylated.”® It is through phosphorylation that FXYD1
regulates the Na* pump whilst other FXYD members appear to regulate the pump activity via
simple association/disassociation Kkinetics. Therefore phosphorylation of FXYD1 plays an
important role in regulation of the cardiac pump and consequently [Na']; and cardiac function

control.**

1.5 FXYD1- Phospholemman

In 1985, Presti et al,? first described a cardiac sarcolemmal protein with a molecular weight of
15kDa and which was a substrate for $-adrenergic stimulation. In the same year, the group also
discovered that the unidentified protein was also a major substrate for protein kinase C (PKC)
phosphorylation.?®  In 1991, this 15kDa protein was named as phospholemman, reflecting its

position in the membrane with its characteristic multisite phosphorylation.?
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Phospholemman (PLM) is a 72 amino acid phosphoprotein expressed in the plasma membrane
of cardiac, skeletal and smooth muscle cells as well as in the liver.?? PLM can also be found in

26.200 and in the kidney.?*> #® It is synthesised as a 92 amino acid

the choroid plexus of the brain
protein but during protein maturation it is truncated to 72 amino acids. It consists of an
extracellular acidic amino-terminal end which carries the FXYD motif (17 amino acids), an
alpha helical®*" ?'®* membrane spanning region (20 amino acids) and a cytoplasmic carboxy! tail
(35 amino acids) which carries the phosphorylation sites for PKA and PKC*® (see Figure 1.7).

In the human genome the PLM gene resides on chromosome 19q13.1.7 2% 24

N-terminal domain

Trans-membrane
spanning region

] Cytoplasmic tail

Figure 1.7: Ribbon diagram of phospholemman.

Ribbon diagram of human recombinant PLM highlighting the key sections of the protein and the
phosphorylated serine/threonine residues in the cytoplasmic tail. N-terminal domain consists of
17 amino acids, trans-membrane single spanning region consists of 20 amino acids and 35
amino acid C-terminal cytoplasmic tail carrying the 3 phosphorylation sites. In the human
Ser63, Ser68 and Thr69 phosphorylation sites are present; however in the mouse Ser63, Ser68
and Ser69 are present. Both have been represented in the above diagram. Adapted from
Marassi et al.?*?
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1.5.1 Role

At first the function of PLM was widely speculated with in vitro evidence in Xenopus oocytes

219 or taurine channel®®* ** thereby

overexpressing PLM suggested it played a role as a chloride
suggesting a role in cell volume regulation. Taurine is a non-essential amino acid which can be
extruded from the cell to reduce swelling. However, later studies by Bell et al, 2008, showed no
significant osmoregulatory role of PLM in intact hearts and cardiomyocytes from WT and

PLM-KO mice and suggested previous findings were possibly artefacts of overexpression.”

It is now well accepted that the major role of PLM is as a tissue-specific regulator of the Na*/K*
ATPase.??” PLM has been shown to associate with both ol and a2 subunit isoforms'®® in a 1:1
stoichiometry, potentially in the membrane pocket formed by M2, M4, M6 and M9 a subunit
transmembrane segments as determined by work on the renal Na'/K* ATPase and y subunit
(FXYD2).® %622 The mode of regulation is via a change in PLM association with the pump

due to phosphorylation of serine/threonine (Ser/Thr) residues in the cytoplasmic tail.*°

More recently there has been growing speculation that PLM may act to regulate NCX as they
have been shown to co-localise.”®"#** HEK293 expression systems of PLM and NCX**! and

overexpression of PLM in rat cardiomyocytes®® *

support this. However, there are conflicting
views as although there is evidence of NCX and PLM co-immunoprecipitation there is no
evidence of FRET between the 2 suggesting that interaction is limited.”®® NCX and PLM

interaction will be discussed in more length later (see Section 1.5.3).

1.5.2 Regulation of cardiac Na*/K* ATPase by PLM

PLM lies adjacent to the Na*/K* ATPase enzyme in the membrane, confirmed by FRET
analysis, and acts to modulate the catalytic properties of the Na'/K* ATPase by interacting
with specific domains.®® It has been shown that PLM associates with both al and 02 subunit

26,19 The proposed mechanism through which PLM exerts its effect on Na'/K*

isoforms.
ATPase is that unphosphorylated PLM applies a tonic inhibition on the pump that is relieved by
phosphorylation or genetic absence.?® ** Crambert et al, 2002, first proposed this by studying
co-expression of PLM with Na’/K* ATPase in Xenopus oocytes and concluded that the
presence of PLM decreased K, of the pump for Na* in both isozymes.”® Other groups have

since produced supporting evidence that unphosphorylated PLM decreases Na™ affinity (K.,),”®
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29129 dacreases K* affinity 2° or reduces Vx> However, pump inhibition is relieved by PLM

phosphorylation 2" 220 23

Amino acid sequence determination revealed there are 4 potential sites of phosphorylation on
the PLM cytoplasmic tail: Serine62, Serine63, Serine68 and Threonine69 (Serine69 in mouse?),
however it is believed that Ser62 is too close to the membrane to be phosphorylated. PKC has
been shown to phosphorylate all 3 sites Ser63, Ser68 and Ser/Thr69.%* 13 1%:2% \whilst Ser68 is

the only site activated by PKA and critical in the maintenance of cardiac contractility.? 2% 3 23

237

It is believed that PLM and the pump remain associated even during phosphorylation and that
there is a realignment of the structures resulting in the a subunit cross linked less efficiently to
phosphorylated PLM.*® FRET studies have also confirmed this with the FRET signal being
abolished by PLM phosphorylation.”®® It is hypothesised that upon phosphorylation, the
additional negative charge now on the cytoplasmic tail changes its orientation with respect to

the a subunit, thus relieving inhibition.

1.5.2.1 Signalling pathways leading to the phosphorylation of PLM

PLM has been shown to be one of the major membrane target substrates for PKA and PKC
phosphorylation. The action of each kinase is discussed in more detail below and Figure 1.8

shows a diagram highlighting PKA and PKC phosphorylation of PLM.
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Phosphorylation sites on COOH
cytoplasmic tail of PLM - CAMP > PKA
Na/K pump disinhibition/
Sor 68 PKC. PKA BETILEGION
Thr/Ser 69 -PKC B-_recepfcor * Increased Na affinity
Sllle'B.thl'l * |ncreased Vmax?

Current Opinion in Pharmacalogy

Figure 1.8: Hypothetical kinase regulation of PLM and its interaction with Na'/K"
ATPase a subunit.

a) Unphosphorylated PLM (taken from Franzin et al,”™) interacts with the a subunit and the
cytoplasmic tail orientates close to the membrane due to its positive charge; b)
Phosphorylated PLM changes the charge on the cytoplasmic tail becoming more negative
which repels the tail away from the membrane altering PLM interaction with the a subunit
and pote‘gtially disinhibiting/stimulating Na'/K* ATPase. Diagram adapted from Shattock et
al, 2009.

222

PKA

Activation of PKA by B-adrenergic signalling pathway has previously been discussed in Section
1.4.4.2. In early studies, it was unclear whether the effect of B-adrenergic signalling directly
targeted the Na'/K" ATPase or whether it was via phosphorylation of other regulatory proteins
(such as the more recently identified PLM). It is now clear that PKA phosphorylates PLM at
Ser68 and there is no evidence for direct phosphorylation of the a subunit in the intact protein in
situ. Work by Despa et al, 2005, in PLM-KO mice provides evidence for this by showing that
pump affinity for Na* in PLM-KO myocytes is higher than that in WT myocytes due to the lack
of PLM inhibition.?® With the addition of 1SO, WT myocyte pump activity is increased; an
effect which is absent in PLM-KO myocytes.”® This finding has been supported by work by the

Shattock group, however they also report an increase in maximal pump turnover rate, V. > %
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It is now widely accepted that PLM phosphorylation at Ser68 stimulates the pump by increasing
its Na* affinity, however there are conflicting opinions as to whether this K, effect is
accompanied by an increase in total maximal pump turnover rate, \V . 2> 3 62 129, 149, 234

The differing findings may be simply down to the way measurements were taken in each study.
For example in Despa et al, 2005 and Pavlovic et al, 2007% both results were reported from
studies using myocytes from PLM-KO mice but differed in their reported V.« effects. This
could be due to one study being performed at room temp (Despa) and the other at 35-37°C
(Pavlovic) resulting in differing enzymatic kinetics being measured.

Other differences could be due to the influence of myocyte manipulation by different groups. It
has been shown in rat ventricular myocytes that PLM under basal conditions is at least 30%

phosphorylated at Ser68° (as much as 46% in some studies®*

) and a more recent study suggests
that in addition to this Ser63 is basally phosphorylated by 50%. This potentially leaves only
40% of PLM not basally phosphorylated.** Myocyte isolation is accepted to cause a high level
of stress to the cells and could potentially cause levels of basal phosphorylation to be different
from day to day and lab to lab which could result in differing starting points for future enzyme
kinetics measurements. Basal phosphorylation is highly sensitive to resting cellular Ca** load

and hence responses to agonists can vary greatly.®

Finally, it has been suggested by some laboratories that different findings are due to specific
Na'/K* ATPase isozymes selectively being activated by PLM. It has previously been discussed
that although the al subunit is the predominant isoform in mammalian myocytes® located
mainly in the sarcolemmal membrane, it is the o2 subunit that has greater functional density in
the t-tubules in both rats and mouse.*® James et al, deduced that 02 was the isoform involved in
regulation of NCX activity, intracellular Ca®* concentrations and hence cardiac contractility but
not al isoform,®” and this was supported by other groups.”® However, other reports contested
these findings and showed ol subunit was also involved in inotropic effects.”®®  Co-
immunoprecipitation (co-1P) experiments also proved controversial with some groups reporting

PLM co-immunoprecipitating with both al and o2 subunits®*

and others showing only al
interaction,®® ®® however the latter group do recognise that there may be an issue with the quality
of the a2 antibody used for the co-IP experiments. Bossuyt et al, 2009'% have attempted to
address this once and for all using SWAP mice, in which the ouabain affinities of the a subunits
have been “swapped” and have shown that PLM regulates the apparent affinities for Na™ of both
al and o2 subunits equally. Therefore it is likely that PLM regulates both isozymes of Na'/K*

ATPase a subunit.
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PLM phosphorylation by PKA has been compared to the relationship PLB has with SERCA.
Phosphorylation by PKA or CaMKII cause the dissociation of PLB from SERCA and results in

pump activation however, with no change in \VAR

PKC

PKC activation of the Na* pump requires PLM?® and phosphorylates all 3 Ser residues available
Ser63, Ser68 and Ser69.”** ° Bibert et al,**' showed that PKC phosphorylation has a V
effect on 02 subunit but not al which is in agreement with the Bossuyt et al, SWAP mice
data.'”® However, Bossuyt et al, showed a K, effect with both isozymes in contrast to a
publication by the same group showing PKC pump V . effect only with no change to K,.*° To
clarify, it has been proposed that PKA and PKC have additive effects and that whilst PKA
lowers K, for Na*, PKC can additionally stimulate V... This may open more questions as to
why there is a difference between V.. effects of al and a2 isozymes and needs further
investigation. It is unlikely that all the V. effects can come from a2 subunit interaction
because the mouse myocyte expresses mainly ol subunit (90%).* One possible explanation is
that while PKA phosphorylation of PLM at Ser68 can stimulate both ol and o2 subunits, the
additional phosphorylation of Ser63 by PKC preferentially affects the o2 subunit.

Dephosphorylation

Relatively little is known about PLM dephosphorylation which is an important aspect of PLM
regulation of pump activity. However, in recent years there has been more interest in this area.
It is known that Ser68 is a substrate for phosphatase 1 (PP1) dephosphorylation whilst Ser63 is
most like to be dephosphorylated by phosphatase 2A (PP2A)."*° PP1 is under the control of
Inhibitor 1 (11) which can be phosphorylated by PKA at Thr35 and acts in a feedback loop.'®
Our group recently showed that when 11 is phosphorylated by PKA it inhibits PP1 preventing it
from dephosphorylating PLM which will also have been phosphorylated at Ser68 by PKA.'%°

We have also recently shown that PP2A is structurally associated with the o subunit and
dephosphorylates PLM at Ser63 such that PLM associated with the pump is never
phosphorylated at Ser63.%*% It is unclear whether dephosphorylation of Ser63 is necessary for o

subunit association or a subunit binding is necessary for dephosphorylation of this residue.
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These very recent observations open up the possibility that there are pools of PLM that may not
be associated with the pump and pools of a subunit that may not be associated with PLM. This

242

study“™ also reports the existence of PLM-PLM multimers under physiological conditions
(previously only described in artificial overexpression systems). This raises the possibility that
dephosphorylation of Ser63 may be important, either as a regulator of or a marker for, the
dynamic trafficking of PLM between different subcellular pools and hence adding another

regulatory mechanism.

1.5.2.2 Additional post-translational modes of PLM regulation

Palmitoylation

A further mechanism of PLM regulation has been revealed recently which is palmitoylation of
PLM cysteine residues.”*®* Palmitoylation is a post-translational modification of cysteine (Cys)
residues which is catalysed by palmitoyl acetyltransferases and reversed by protein
thioesterases. It can occur in a number of tissues and is a dynamic and reversible modification.
With respect to PLM, palmitoylation occurs at Cys 40 and 42 in the cytoplasmic tail, at the
border with the transmembrane domain®*® and the functional effect is to inhibit pump activity, a
reverse of phosphorylation. Paradoxically, the phosphorylation status of PLM influences the
palmitoylation status. If PLM is phosphorylated at Ser68, then there is more palmitoylation.

The functional consequence of this is yet to be determined.

NO stimulation

Rasmussen et al, show nitric oxide stimulation of the cardiac pump'” which has since been
shown to be dependent on PLM.*** Indeed in endothelial nitric oxide synthase (eNOS) knock-

out mice, neuronal nitric oxide synthase (nNOS) knock-out mice and a dual nitric oxide

synthase (e/nNOS) knock-out mouse they show a reduced pump activity by 25-40%%

indicating that endogenous NO stimulates the Na'/K* ATPase. Other groups have reported

171-176

similar findings. The exact pathways have yet to be resolved but increases in heart rate

have been suggested to be responsible for NO generation.'® 1778

In addition, increases in
heart rate in the absence of B-adrenergic stimulation have been shown to phosphorylate
threonine 17 on PLB due to NO generation, suggesting Na'/K* ATPase regulation is also a

possibility.  Suggested pathways of activation are via nitrosylation or cyclic guanosine
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monophosphate (cGMP) signalling pathway or both. NO has also been reported to activate
PKCe'™ and recently Pavlovic et al, has shown pacing induced PKCe phosphorylation of PLM
Ser63 in rat myocytes by NO.'” The NO regulation role of Na*/K* ATPase may play an
important role in disease processes during which NO signalling is significantly altered.

1.5.3 Additional functions of PLM

1.5.3.1 Regulation of NCX

As well as regulation of Na'/K* ATPase, it has also been suggested that PLM may have another
important functional role in regulating the NCX.*** The NCX is an important electrogenic
cardiac transport protein that can work in 2 modes: forward/Ca®* efflux (exchanging 3Na* ions
into the cell for 1Ca*" ion out) and reverse/Ca”* influx (exchanging 3Na"* ions out of the cell for
1Ca* ion in).*® The NCX normally works in the forward mode producing an inward ionic
current resulting in a net inward movement of one positive charge. The reversal potential
(Enwca) is determined by intra- and extra- cellular Na* and Ca®* concentrations and E,, at any
given time. Forward mode is favoured when [Na‘]; is low, removing Ca** from the cell;
however when [Na']; is high reverse mode may be activated and Ca** is brought into the cell in
exchange for Na*. Regulation of the NCX1 (the cardiac isoform of the exchanger) by PLM has
been proposed by the Cheung research group. To date there are no other accessory proteins that

have been proposed to regulate NCX.

Cheung et al, present evidence that phosphorylation of PLM inhibits the NCX. Studies using
HEK293 cells with co-expression of NCX and PLM showed that forskolin resulted in an
additional suppression of Iycx suggesting that PLM phosphorylation at Ser68 inhibits NCX.**"
T However, they also suggest that unphosphorylated PLM has little or no effect on NCX and a
Ser68 to alanine PLM mutant has been shown to have no effect on lycx, Ca®" transients or

contractility.

1.5.3.2 Co-localisation of NCX and PLM

In ventricular myocytes it has been shown that the al and a2 subunits of the Na'/K* ATPase are

functionally linked to NCX.*® It has also been shown that PLM also immunoprecipitates with
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NCX in cardiac sarcolemma.?®*?* |t is proposed that PLM, Na*/K* ATPase and NCX form a
complex that helps control and maintain [Na']; and [Ca*"];. However, it has been shown that

202, 231-233, 248

PLM effects on NCX and Na*/K* ATPase are completely independent of each other.

1.5.3.3 Mechanism of NCX regulation

It would appear that phosphorylation of PLM at Ser68 may have opposing effects on Na'/K*
ATPase and NCX activity, stimulating one whilst inhibiting the other. Cheung has
hypothesised that PLM phosphorylation of Ser68 under B-adrenergic stimulation would promote
Na"* extrusion by enhancing the activity of Na*/K* ATPase. This Na" extrusion may offset any
increase in Na" influx through increased heart rate (by favouring forward mode NCX) and may
therefore limit the inotropic response at any time during “fight or flight” when increased
contractility is desirable. Cheung further hypothesises that a concomitant inhibition of NCX (by
phosphorylated PLM) will thus allow inotropy to be maintained in the face of enhanced Na*
extrusion. Others, however, questioned the role of PLM regulating NCX and have argued that
the inotropic “price” of enhanced Na® efflux on raising heart rate, is one that is “worth paying”

as preventing Na* load enhances diastolic function and protects again arrhythmias.*

1.5.3.4 Evidence against NCX regulation

More recently, Bossuyt et al, 2006 showed that although NCX and PLM may co-
immunoprecipitate when they used fluorescence resonance energy transfer (FRET) to measure
the interaction they found no local signal indicative of close molecular proximity.”° Though,
this does not prove that there is no interaction between PLM and NCX. They did however find
a good FRET signal between PLM and Na'/K* ATPase.

There are conflicting findings in the literature regarding phosphorylation of NCX by pB-

24921 and others reporting stimulation.”*>?*> A more

stimulation with some reporting no effect
recent study has also shown that PKA and PKC activation increases Inex.>° Interestingly, none
of these studies reported inhibition of NCX questioning the hypothesis of Cheung et al, for a

role for PLM phosphorylation inhibiting NCX.
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1.6 Functional effects of PLM on [Na']; in mouse models

Despa et al, 2005 have compared Na* measurements in quiescent myocytes from WT hearts and
from PLM-KO hearts and showed that they have similar [Na*]; (12.5+1.8mM in WT compared
with 12.0+1.5mM in KO myocytes).?®  This is interesting considering it is hypothesised that
PLM inhibits the pump and it has been shown that PLM-KO pump affinity for Na* is greater

28, 29, 33, 62

than in WT myocytes therefore potentially a lower [Na']; than in WT myocytes would
be expected. However, protein expression of the total a subunit was also shown to be
significantly lower in PLM-KO myocytes which may help to offset the increased Na™ affinity of
the pump in these mice resulting in relatively normal [Na*].?®*® It must also be noted that these
Na® measurements were made in quiescent myocytes and will be affected by the basal
phosphorylation status in the cell which may be high and is very dependent on Ca**. Therefore,
if the WT myocytes following isolation are stressed and Ca*" loaded, the basal phosphorylation
may be increased and the pump affinity for Na™ will be similar to that seen in PLM-KO
myocytes resulting in similar [Na'].  Additionally, these Na* measurements were made with
sodium-binding benzofuran isophthalate (SBFI) in quiescent myocytes at room temperature
which questions the physiological relevance of the result. The lack of action potential and Na*
and Ca”* influx combined with temperature effects on enzyme kinetics question the applicability

of these measurements to the intact beating heart at 37°C.

Studies in beating perfused hearts comparing WT and PLM-KO mouse hearts showed a
significantly lower LVDP in PLM-KO hearts®® and indicated compromised contractility with
development of mild hypertrophy.** This may be indicative of a lower [Na']; as this would reset
the cellular Ca** load by forward mode NCX resulting in a lower intracellular Ca** and therefore

a reduced contractility of the heart.

PKA and PKC stimulation help to highlight the importance of PLM and its effect on the pump
and [Na'];. Previous studies have shown a greater pump activity in KO myocytes, but this can
be surmounted in WT by treatment with ISO. ISO increased pump activity in WT quiescent
myocytes to the same amount as PLM-KO pumps (which showed no further increase in activity)
demonstrating that phosphorylation relieves pump inhibition and even stimulates by PLM.?
Na" measurements from the same cells shows 1SO lowered the [Na']; in WT cells but did not
affect PLM-KO myocyte [Na'].”® The importance of this 1ISO effect on [Na]; was shown by
Despa et al, 2008 who showed the pacing (2 Hz) induced rise in intracellular Na* could be
reversed by 1SO in WT but not PLM-KO myocytes.** This important observation shows that

during situations of increased Na* influx, for example B-adrenergic stimulation in times of
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“fight or flight” which will increase heart rate and action potential generation, that the rise in
intracellular Na* with each heartbeat®® will be counteracted by the increase in efflux rate of the
Na'/K* ATPase which has been disinhibited by PLM PKA phosphorylation.

1.6.1 The need for a mouse expressing unphosphorylatable PLM

A large amount of data discussed in this introduction has been gained using cardiac myocytes or
HEK293 cells under a variety of conditions, some more physiologically relevant than others.
Ideally what is needed at this point is to be able to measure [Na']; in an isolated perfused
beating heart at 37°C allowing a more informed conclusion about changes to [Na']; during
baseline cardiac physiology and during times of B-adrenergic stimulation to be made. When
considering the appropriate mouse model to use, the current PLM-KO mouse has limitations, so
a new genetically modified mouse, PLM** has been developed which has an
unphosphorylatable PLM protein. Based on previous adenoviral work where constructs were
made that had the 3 serine phosphorylation sites (Ser63, Ser68 and Ser69) mutated to alanine a
mouse with the same mutations was created to allow further investigation into what would
happen to mouse heart cardiac function when the Na*/K* ATPase can no longer be disinhibited
or stimulated. This could potentially affect the heart during periods of B-adrenergic stimulation
as Na* efflux by the Na'/K* ATPase could not be attenuated and increased to balance the
increased Na® influx. A consequence of this may be Na* overload which in turn would affect
[Ca™]; and could have severe consequences for the animal with respect to cardiac contractility
and Ca”" overload. As suggested previously an increase in [Na‘]; may lead to an increase in
[Ca®*]; via the reverse mode NCX resulting in Ca®* overload which has been suggested to

contribute to altered cardiac contractility, arrhythmias and even heart failure.* %7

This PLM mutant mouse (PLM**) has not been previously characterised and the general aim of
this thesis is to provide the first characterisation of this mouse using biochemical and functional

approaches.
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1.7 Hypothesis

The inability to phosphorylate phospholemman in the new PLM®** mouse may cause [Na'];
overload, contractile dysfunction and cardiac arrhythmias. Of particular interest is heart
function during periods of B-adrenergic stimulation, increases in heart rate and Na'/K* ATPase

inhibition.

1.8 Aims

To test this hypothesis, the following aims will be addressed:

e To investigate the biochemical phenotype of the PLM*** mouse heart.
e To investigate the basic cardiac function of the perfused PLM*** mouse heart.

e To investigate cardiac function of PLM** mouse heart during B-adrenergic stimulation
and increased pacing rate.

e Tomeasure [Na']; in PLM*** mouse hearts and WT littermates using:
a) Flame photometry

b) *NaNMR
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2 CHAPTER 2 - GENERAL METHODS

2.1 Reagents

All chemicals were supplied by Sigma-Aldrich or VWR unless otherwise stated. Details of the
primary antibodies used for immunoblotting are listed in Table 2.7 with secondary antibody
details listed in Table 2.8. Those used for immunocytochemistry are detailed in Table 2.10 and
Table 2.11. Anti-Phospho(Ser63)-PLM and Anti-Phospho(Ser68)-PLM were gifts from J
Randall Moorman (University of Virginia). Anti-PLM (C2) kindly supplied by Joe Cheung
(Temple University School of Medicine, USA).

2.2 Mouse colony development, breeding and maintenance

Animals used in all studies were from our in-house PLM** (FXYD-1 knock-in) mouse
transgenic colony. Animals were housed in a controlled environment at a maintained
temperature of 25°C with a 12 hour light dark cycle and food and water ad libitum. All
experiments performed were in accordance with the Home Office guidance in the Operation of
the Animals (Scientific Procedures) Act 1986. All animals used were male and approximately
15 weeks of age (approximately 25-30g), with the exception of NMR data where animals were

8-10 weeks of age (approximately 20-25g).

2.2.1 Development of transgenic model

To investigate the functional effect of PLM phosphorylation on pump activity, a knock-in
mouse has been generated in which the 3 serine phosphorylation sites (Ser63, Ser68 and Ser69)
have been mutated to alanine resulting in a globally expressed unphosphorylatable PLM protein
which is under the endogenous PLM promoter. This mouse, PLM** mouse (or FXYD-1 knock-

in), was developed by Genoway.

Genoway performed a detailed analysis of the FXYD-1 gene based on the DNA sequence
(NM_05992). It was decided that the generation of a point mutation FXYD-1 knock-in model

would be achieved by the replacement of FXYD-1 gene sequences using homologous
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recombination in embryonic stem cells (ES) from 129/SvPas mice. A targeting vector was
constructed containing homology arms flanking PLM sequences encompassing exons 5-7 with
site directed mutagenesis of serine to alanine at residues 63, 68 and 69 and a neomycin
resistance cassette flanked by LoxP sites integrated within FXYD-1 locus. Diphtheria toxin A
subunit gene was incorporated into the plasmid outside the 5° homology domain. The construct
was then transfected into embryonic stem (ES) cells and those that had undergone successful
recombination were positively selected for using neomycin. Constructs that had inserted by
illegitimate recombination were selected against using the diphtheria toxin. Selected ES cells
were genotyped by PCR and Southern blotting to screen for correct placement of the construct.
Successfully modified stem cells were transfected into C57BL/6 blastocysts which were
implanted into female C57BL/6 mice to obtain male chimeric offspring. Chimeras were then
backcrossed with C57BL/6 mice and those with the targeted ES cells, and therefore the
construct, in the germ line produced agouti offspring. Following genotyping the heterozygous
agouti male mice were used as founder mice to cross breed with C57BL/6 females and their
offspring were termed Generation 1. Generation 1 heterozygotes were mated, and produced
Generation 2 mice in an approximate ratio of 1 +/+: 2 +/- : 1 -/-. Generation 2 heterozygotes
were subsequently crossed and the +/+ and -/- offspring (Generation 3) were used in
experiments. Generation 2 homozygotes were also crossed to produce additional +/+ and -/-
offspring (Generation 3) for use in experiments. Mice used in experiments were all Generation
3 and either littermates or cousins. Currently the PLM*** mice have not been backcrossed on a
pure C57BL/6 background.
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Figure 2.1: Schematic representation of the generation of the knock-in FXYD-1 mutated
mouse (PLM**) by Genoway.

Shows detailed description of the process used to create the genetically modified knock-in
FXYD-1 (PLM**) mice.

2.2.2 Colony maintenance

Mice generated from the heterozygous breeding pairs were genotyped using a standard protocol.
Ear clippings from the offspring were digested in a 2ml Eppendorf tube with 500ul of master
mix (500ul lysis buffer (100mM TRIS, 200mM NaCl, 5mM EDTA, 0.2% SDS) + 1pl
proteinase K (20mg/ml) per ear sample) overnight in an Eppendorf Thermomixer at 55°C
shaking at 1000rpm. The following day tail debris was spun down at 10000 x g using an
Eppendorf bench top centrifuge (5417R) for 5 minutes. 450ul of the supernatant was
transferred to a fresh 2ml Eppendorf containing 500pl of isopropanol and spun down again at
13000 x g for 10 minutes. The supernatant was aspirated and the DNA pellet rinsed with 1ml
ethanol (70% v/v) and again spun at 10000 x g for 2 minutes. The supernatant was aspirated
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and allowed to dry at 37°C for 10 minutes. The DNA pellet was resuspended in 100pl tris-
EDTA (TE: 10mM TRIS, 1mM EDTA, pH 8.0) at 37°C for 3 hours prior to polymerase chain
reaction (PCR). Primers designed to complement the PLM knock-in sequence were used in the
PCR reaction (see Table 2.2) and are listed below, Table 2.1. The PCR products were run on a
1.5% agarose gel made with 1x TAE (1L 50x TAE stock: 242g Tris, 57.1ml glacial acetic acid
(100% v/v), 100ml EDTA (500mM, pH 8.0)) containing 3ul/50ml GelRed nucleic acid stain
(Cambridge Bioscience) for 1hour at 120V and studied using a UV light. The knock-in allele
yields an amplification product of 370bp whereas the PLM wild-type allele yields an
amplification product of 259bp.

Primer Name Sequence, 5'-3’
PLMKIF TCT GCG TGC TAA GAT GAT CAC AGA TGC
PLMKIR CTT GAC TTT GTT GGG AGA GGG ACG G

Table 2.1: Primers used for determining mouse genotype.

Reaction Mix Reaction Conditions

Genomic DNA 10ng Step Temp. Time Cycles
Primers each 15pmol Denaturing 94°C 120s 1x
Reaction Buffer 0.5mM Denaturing 94°C 30s

Taq 2.6U Annealing 65°C 30s 30 x
MgCl, 2mM Extension 68°C 120s

dNTPs 0.5mM each Completion 68°C 480s 1x
Reaction volume 50ul

Table 2.2: Optimised PCR conditions for the detection of the FXYD-1 knock-in allele.
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2.3 Langendorff perfusion

2.3.1 Principles

The first published study of attempted organ perfusion dates back to 1849 by Loebel. However,
it was Oscar Langendorff in 1895 who devised the perfusion technique which, although
modified, is still used today.”® In his original studies the apparatus used by Langendorff was
cumbersome and involved a large aspirator connected to a blood perfusion flask held at a

® Today the technique is simpler and

constant pressure by an ingenious electrical device.?
consists of reservoirs containing solutions, which provide similar ion concentrations to that in
blood, connected to a cannula from which the organ is hung. Gravity or a pump controller
(described in Section 2.3.8) is used to infuse the organ with solutions contained in the reservoir

at a constant pressure of 80mmHog.

The main purpose of this technique is to supply an isolated heart with oxygen and metabolites to
study the effects of metabolic and pharmacological interventions on heart function.”®  This
technique uses retrograde perfusion of the heart via the coronary arteries. The aorta is hung
onto a cannula and the subsequent retrograde flow of the oxygenated perfusate forces the aortic
valve to close. The pressure in the root of the aorta forces the perfusate through the coronary
ostia and coronary arteries which supply the heart. Perfusate drainage is via the coronary sinus
through the right atrium with the remainder exiting through the heart chambers via Thebesian

drainage.
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2.3.2 Langendorff basic set-up

\

Peristaltic pump

Water jacketaround
perfusionlines

(b)

Heated
cannula

(c)
controller -

Powerlab

(e)

| (d

Pressure Pacing
transducer stimulator

Heart

W ater-jacketed
perfusion chamber

Figure 2.2: Basic Langendorff set-up used in the studies throughout this thesis.
Reservoir 1 supplies perfusate to the heart through a heated cannula at 37°C whilst
reservoir 2 recirculates perfusate. By closing (a) and opening (b) tubing clips the reservoir
supplying the heart can be changed to administer different perfusate interventions. A side
arm from the cannula (c) connects to a pressure transducer and measures aortic pressure.
This feeds back to the STH pump controller that adjusts the perfusion rate to maintain a
constant pressure of 80mmHg. When required, a pacing wire (d) is positioned at the apex
of the heart. An intraventricular balloon is placed in the left ventricle (e) to measure LVP by
connection to a pressure transducer and Powerlab-Chart capture system.
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In this thesis, the Langendorff apparatus has been modified for each individual study but the
basic set-up consists of 2 separate reservoirs which attach to a cannula onto which the heart is
hung (see Figure 2.2). The use of 2 reservoirs allows the administration of different solutions
and pharmacological agents and both are oxygenated with 95% 0,/5% CO, and heated to
provide perfusate at the cannula tip at 37°C. Each reservoir has tubing clips allowing the easy
transference from one solution to another at the cannula. The Langendorff set-up can use
gravity flow to provide perfusate at 80mmHg pressure at the cannula; however the set-up used
in this thesis (above) has an additional piece of equipment, the STH pump controller.”® This
allows the perfusion pressure to be set at 80mmHg without the need for the correct hydrostatic
height and also measures coronary flow automatically. This STH pump controller works by
passing the tubing from the reservoirs around a peristaltic pump before they enter the heart
through a heated cannula at 37°C. The peristaltic pump itself is operated by a feedback loop
from a pressure transducer that is attached to a cannula arm measuring perfusion pressure in the
aortic root. This pressure transducer records values using a bridge amplifier connected to the
Powerlab-Chart system which feeds back to the peristaltic pump allowing constant perfusion
pressure of 80mmHg to be maintained by adjusting coronary flow accordingly. Unless stated

the studies here have been performed at constant pressure.

2.3.3 Heart excision and cannulation

Mice were anaesthetised by a combined intraperitoneal injection of sodium pentobarbitone
(200mg/kg) with sodium heparin (2001U/kg). The depth of anaesthesia was checked using the
loss of pedal withdrawal reflex and slowing of breathing rate. The thorax was located using the
sternum as reference and a transabdominal incision was made using scissors (Fine Science
Tools; fine iris scissors) exposing the diaphragm. This was then cut through and the thorax was
opened by lateral incisions through the left and right sides of the ribs to the clavicles. To expose
the heart, the ribcage was removed and the heart excised along with the lungs and placed
immediately in 10ml 4°C Krebs-Henseleit solution (KHB), see Table 2.3, to ensure the heart
arrests. To cannulate the heart, first the lungs, thymus and fatty tissue were removed to expose
the aortic arch which was cut through to leave the untruncated aorta. Using Dumont #5 fine tip
forceps (Fine Science Tools) on either side of the aorta, it was slid onto the cannula (a
previously blunted and scored 21 gauge needle) and secured using 4/0 surgical silk (Johnson
and Johnson). After successful cannulation the perfusion pressure was rapidly increased to

80mmHg using STH pump controller to reduce the risk of ischemia and pre-conditioning. A
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heated water-jacketed chamber filled with KHB was placed around the heart to ensure a heart

temperature of 37°C.

2.3.4 Perfusion buffer

The main perfusion buffer used in these studies was modified Krebs-Henseleit bicarbonate
buffer. However, depending on the needs of some studies this was further modified. Tables
2.3-2.5 list the buffer compositions used for the various studies. All solutions were filtered
using a 5um filter to remove undissolved chemicals and gassed with 95% O,/5% CO, helping to
maintain a pH of 7.4, except intracellular Na" studies washout solution Table 2.5 which was
gassed with 100% O,.

Paced and unpaced mouse heart studies

Reagent Molarity (mM)
NaCl 118.5
NaHCO, 25.0

KCI 4.7
MgSQO,.7H,0 12
KH,PO, 1.18
Glucose 111

Na Pyruvate 2.0

CaCl, 1.4

Table 2.3: Krebs-Henseleit buffer (KHB) used in the majority of isolated mouse
studies.

Na pyruvate has been added to help eliminate mouse heart cycling. In unpaced
studies, 0.05mM ascorbate was added as a vehicle control due to subsequent ISO studies
containing ascorbate to prevent the oxidation of ISO.

261, 262
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Rubidium uptake mouse heart studies

Reagent Molarity (mM)
NaCl 118.5
NaHCO, 25.0
MgS0,.7H,0 1.2
NaH,PO, 1.2
Glucose 111

CaCl, 1.4

RbClI 4.7
Bumetanide 0.05

Table 2.4: Modified Krebs-Henseleit buffer used in rubidium uptake studies.
KCI has been replaced by RbCI; KH,PO, has been replaced by NaH,PO,. Bumetanide was

added to block the NKCC.

Intracellular Na™ studies mouse heart washout solution

Reagent Molarity (mM)
NMDG 149.4
HEPES 2.38
MgS0,.7H,0 1.2

EGTA 2.0
Glucose 10

Table 2.5: Composition of buffer used in intracellular Na* flame photometer studies for

extracellular washout.

Removal of Na from the perfusion buffer enables washout of Na* from the extracellular space.
Removal of Ca** from the perfusion buffer ensures NCX is immobilised. Washout solution was
buffered to pH 7.4 with KOH and gassed with 100% O,.
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2.3.5 Studies using paced mouse hearts

Mouse hearts were electronically paced at a frequency of 550 beats per minute (bpm) using a
silver electrode placed in the apex of the heart and a reference electrode clipped onto the
cannula to provide an earth. The electrodes were connected to a Student Stimulator that applied
single square wave pulses of 1msec duration at 1.5x the pacing threshold for each heart, which
was approximately 5V.

2.3.6 Studies using unpaced mouse hearts

For studies using unpaced mouse hearts an apparatus modification was made in order to
maintain a high and stable heart rate. Due to the poor vascular perfusion of the right atrium and
hence sino-atrial node by normal retrograde perfusion, an additional superfusion system was
set-up to provide heated oxygenated KHB to the right atrium. An extra 2 reservoirs, again to
administer different perfusate solutions, were set-up on the right hand side of the rig and the
tubing passed around a peristaltic pump before entering a heated glass coil and exiting through a
21 gauge blunted needle placed close to the right atrium. The peristaltic pump was set to a flow

rate of 3ml/min and the temperature was maintained at 37°C.

2.3.7 Studies using paced mouse hearts inside NMR magnet

Although the techniques for perfusing hearts inside the NMR magnet incorporate elements of
the methods for studies using paced hearts (Section 2.3.5) and the basic set-up (Section 2.3.2) it
is a much more complicated set-up. The NMR magnet is very large, distant to the perfusion rig
and requires the heart to be completely enclosed inside an NMR tube of outer diameter (O.D)
maximum 1.0cm with an internal diameter (1.D) of 0.8cm. A modified NMR perfusion rig was
developed which incorporated extended perfusion lines requiring water-jacketing to enable
perfusion of the heart inside the magnet (which was also heated) at 37°C, however due to heat
loss from tubing in the NMR probe the heart was cannulated at room temperature. Following
cannulation the heart was perfused at constant flow of 3ml/min. Constant flow perfusion was
adopted, due to the inability of the pressure transducer to feedback to the STH pump controller
because of perfusate line length. A balloon was fed into the left ventricle and LVEDP was set

between 4-8mmHg and the heart was paced at 550bpm. The heart was then placed in the NMR
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tube and coronary effluent was removed from the tube via a siphoning tube positioned at the top
of the NMR tube. A more detailed description of this rig is found in Chapter 6, Section 6.3.2.

2.3.8 Measurement of cardiac function

Many cardiac function measurements were derived from real time left ventricular pressure
(LVP) measurements. LVP measurements were obtained by removing the left atria and
inserting a cling-film balloon into the left ventricle. The balloon was attached to a pressure
transducer and fluid filled until a left ventricular end diastolic pressure (LVEDP) reading of 4-
8mmHg was recorded by a Powerlab recorder using Chart programme software for data capture.
The volume inside the balloon was then kept constant throughout the experiment providing
isovolumetric measurements. Using the LVP measurements, left ventricular developed pressure
(LVDP), heart rate and LVEDP were derived. Pressure transducers were calibrated at the start

of each experimental day using a sphygmomanometer.

Aortic pressure or perfusion pressure was measured directly from the aortic root. The cannula
sits in this aortic space and is linked to a pressure transducer which records values using a
bridge amplifier connected to the Powerlab-Chart system. Using the STH pump controller the
pressure was set to 80mmHg. Coronary flow was measured by calibrating the signal used to
drive the peristaltic pump. Temperature was measured using a Hanna thermomister placed in
the right ventricle. Temperature stability was maintained by submersion of the mouse heart into

a KHB filled, temperature controlled chamber.

2.4 Protein expression determination using SDS-PAGE

2.4.1 Isolated heart sample preparation for SDS-PAGE

Following Langendorff perfusion, hearts were removed from the cannula and placed on blotting
paper. The right atria was removed using fine spring scissors (Fine Science Tools) and the heart
was blotted to remove any excess perfusion buffer from the ventricles before being snap frozen
by dropping into liquid nitrogen. The whole process was done rapidly to ensure ‘in situ’ protein

status was maintained.
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Hearts were weighed using a Sartorius research balance and homogenised in a PBS (0.01M
Phosphate buffer, 0.027M KCI, 0.137M NaCl) based homogenisation buffer with 1mM EDTA
containing 100mg/ml (10%) phosphatase (Sigma; Phosphatase Inhibitor Cocktail 3) and
10mg/ml (1%) protease inhibitors (Calbiochem; Protease Inhibitor Cocktail Set 111, EDTA-free)
using a motor driven glass pestle and mortar (Fisher; FB56675) kept ‘on ice’ until the solution
was able to pass through a 200ul gel tip (approximately 3 minutes). Heart homogenates were
diluted 1:1 with 2x sodium dodecyl sulphate (SDS) sample buffer (100mM TRIS, 5% (v/v) B-
mercaptoethanol, 4% SDS, 0.2% (w/v) bromophenol blue, 20% glycerol, pH6.8) was performed
and the samples pipetted up and down 5 times with a 200ul Gilson pipette. The samples were
then heated at 55°C for 10 minutes to remove 1gG from possible remaining blood. All samples
were spun at 15000 x g using Eppendorf bench top centrifuge (5417R) for 5 minutes and
supernatant removed for future gel loading.

NB. Samples to be probed for PLB were subjected to temperatures of 85°C for 10 minutes to
break the pentameric structure of PLB.

2.4.2 Protein assay

A simple protein assay, based on the method of Bradford, was performed to measure protein
concentrations in samples loaded using equal volume. Bio-Rad protein assay kit (Bio-Rad 500-
0006) was used and involved the addition of an acidic dye to each protein containing solution.
The kit solution was diluted 1:5 to make a working stock solution. A BSA standard curve was
constructed with this stock solution using a BSA free blank and five BSA standards covering
the concentration range of 2 to 10ug/ml in increasing increments of 2ug/ml. Homogenates
(without sample buffer) were added to the diluted stock solution in cuvettes and read at an
absorbance wavelength (A) of 595nm. Heart homogenates were tested at appropriate dilutions
relating to the BSA standard curve. Protein concentrations of the samples were subsequently
determined from the BSA standard curve. Samples that fell within 2 standard deviations of the

group mean were considered suitable for equal volume protein loading.
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2.4.3 SDS-PAGE and immunoblotting

Proteins were separated by SDS Polyacrylamide Gel Electrophoresis (SDS-PAGE) according to
their molecular weight. Gel matrices used were 15% (v/v) acrylamide (Protogel, National
Diagnostics) gels for PLM and PLB protein and 10% (v/v) acrylamide gels for Na*/K* ATPase
and larger proteins. An upper layer of 4.5% (v/v) acrylamide stacking gel was placed on top of
the gel matrices to help separate proteins as they enter the higher percentage gel matrix.
Samples were loaded in equal volumes and proteins were separated using the Mini Protean 11
gel electrophoresis system (Bio-Rad) at a constant voltage of 200V for 42 minutes in a reservoir
buffer (0.025M TRIS, 0.19M glycine, 0.1% (w/v) SDS). A protein standard (Precision Plus
Protein Standards, Bio-Rad) was run on each gel to enable protein identification by molecular
weight. The compositions of the gels are listed in Table 2.6.

Reagents Stacking Running Gel Concentration
Gel
45% 10% 15%
1M TRIS-HCI 0.625ml 3.75ml 3.75ml 0.12/0.38M
10% SDS 50ul 0.1ml 0.1ml 0.1% wiv
30% (v/v) Acrylamide 0.75ml 3.33ml 5ml 4.5/10/15% viv
ddH,0 3.465ml 2.762ml 1.092ml
TEMED 10ul 5ul 5ul 0.17% wiv
10% Ammonium 70pl 70pl 70pl 0.11% wiv

Persulphate

Table 2.6: Table showing the components of stacking and running gels for SDS-
PAGE.

Volume for stacking gel totals 5ml, volume for running gels totals 10ml and is adequate for 2
gels. TRIS used in stacking gel is at pH 6.8 and for running gel at pH8.8 adjusted with 1M
HCI.

Proteins were then transferred onto polyvinylidene difluoride (PVDF) membranes (Amersham)
(pre-soaked in methanol followed by transfer buffer, each for 5 minutes) using a semi-dry
transfer unit at 10V for 37 minutes or 15V for 25 minutes with current set to 250mA per mini-
gel in transfer buffer (0.025M TRIS, 0.19M glycine, 0.1% (w/v) SDS, 20% (v/v) methanol, pH
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8.3). The membranes were then placed in 5% non-fat milk (Marvel) made with Tween-
Phosphate Buffered Saline (T-PBS: 0.01M Phosphate buffer, 0.027M KCI, 0.137M NacCl, 0.1%
(v/v) Tween-20) for 2 hours on an orbital shaker in order to block non-specific proteins before
probing with the required primary antibody, see Table 2.7. Following primary antibody
incubation membranes were washed repeatedly (every 10 minutes for 1 hour) in 15ml T-PBS
and then incubated with appropriate secondary antibodies as listed in Table 2.8. Again
following this incubation membranes were washed repeatedly (every 10 minutes for 1 hour) in
15ml with T-PBS before being prepared for chemiluminescence analysis.

Primary antibodies

Antibody Species Source Dilution Incubation
Anti-Phospho(Ser63)-PLM (Ser63) Rabbit J Randall Moorman 1:10 000 60mins RT
Anti-Phospho(Ser68)-PLM (Ser68) Rabbit J Randall Moorman 1: 10000 60mins RT
Anti-Phospho(Ser/Thr69)-PLM (Ser69) Sheep In-house KCL 1:100 30mins RT
Anti-PLM (N1) Chicken In-house KCL 1:100 60mins RT
Anti-Na*/K* ATPase ol subunit Mouse Millipore 1:1000 60min RT
Anti- Na*/K* ATPase a2 subunit Rabbit Millipore 1:1000 60mins RT
Anti-Na*/K* ATPase a5 (total o subunit) ~ Mouse DSHB 1:100 60mins RT
Anti- Na'/K* ATPase B1 subunit Mouse Millipore 1:500 60mins RT
Anti- Na'/K* ATPase B2 subunit Rabbit Millipore 1:1000 60mins RT
Anti-Phospho(Ser16)-PLB (S16) Rabbit Badrilla 1:5000 Overnight 4°C
Anti-PLB Mouse Badrilla 1:1000 60mins RT
Anti-SERCA2A ATPase Mouse Pierce Antibodies 1:1000 60mins RT
Anti-NCX (R3F1) Mouse Swant 1:1000 60mins RT
Anti-Actin Mouse DSHB 1:100 60mins RT
Anti-Calsequestrin Rabbit Abcam 1:1000 60mins RT

Table 2.7: Table of primary antibodies used for immunoblot analysis.
The table details the antibody used, the species of origin, the source, dilution used and
incubation times.
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Secondary antibodies

Antibody Species Source Dilution Incubation
Anti-Rabbit IgG HRP-linked Donkey GE Healthcare 1:1000 60mins RT
Anti-Sheep 1gG HRP-linked Rabbit Thermo Scientific 1: 5000 60mins RT
Anti-Chicken IgY HRP-linked Rabbit Promega 1:1000 60mins RT

Table 2.8: Table of secondary antibodies used in immunoblot analysis.
The table details the antibody used, the species of origin, the source, dilution used and
incubation times.

2.4.4 Chemiluminescence of immunoblots

Chemiluminescence is the emission of light produced by a chemical reaction. In this case
secondary antibodies are linked to the enzyme horse radish peroxidase (HRP) which in the
presence of enhanced luminescent reagents (ECL) undergoes an enzymatic reaction resulting in
the emission of light. Membranes were incubated in equal volumes of ECL reagents (GE
Healthcare) for 1 minute. They were then placed in Clingfilm in a photographic cassette and
exposed to high performance chemiluminescent film (Hyperfilm, Amersham) for differing
exposure times dependent on the antibody. Films were developed using a Fuji RGII automatic

processor.

2.4.5 Quantification of protein bands

Exposed films were scanned using a Bio-Rad GS-800 Calibrated Densitometer which is
operated by the Quantity-One software. Using this program the intensity of each band was

measured and quantified for further analysis.

PVDF membranes were also stained with 10ml Coomassie blue (2.4mM Coomassie Brilliant
Blue R, 10% (v/v) acetic acid, 50% (v/v) methanol) for 30 minutes before being washed in
destain (10% (v/v) acetic acid, 50% (v/v) methanol) until protein bands are clearly visible.

Staining with Coomassie allows visualisation of transfer quality and equal protein loading.

66



Chapter 2 — General Methods

2.4.6 Phos-tag phosphate affinity SDS-PAGE and immunoblot

Protein samples were separated by electrophoresis at a constant current of 25mA per gel on
Phos-tag SDS-gel containing 40uM Phos-tag ligand and 80uM MnCl, (percentage of gel is
dependent on the protein molecular weight) in 1x reservoir buffer. Composition of the gels used
is detailed in Table 2.9, stacking gel composition as before Table 2.6. Prior to protein transfer,
gels were incubated in transfer buffer (Section 2.4.3) containing 1mM EDTA to chelate the
Manganese (11) ions (Mn*") for 10 minutes on an orbital shaker, before incubation of the gel in
transfer buffer alone (no EDTA) for a further 10 minutes. Proteins were transferred from the
gel to a PVDF membrane (pre-soaked in methanol, followed by transfer buffer as for SDS-
PAGE) in transfer buffer at 15V for 25 minutes using semi-dry electrophoretic transfer (Section
2.4.3) and detected using standard immunaoblotting techniques (Section 2.4.3 and Section 2.4.4).

Reagents Phos-tag Gel Final

Concentration

10% 15%

4 x Running Buffer 1.25ml 1.25ml

30% (v/v)Acrylamide 1.68ml 2.52ml 10/15%( v/v)
ddH,0 2.07ml 1.23ml

10mM MnCl, 40ul 40ul 80uM
5mM Phos-tag 40ul 40ul 50uM
10% APS 50pl 50pl 0.125% (W/v)
TEMED 5ul 5pl 0.125% (W/v)

Table 2.9: Composition of Phos-tag SDS-PAGE gels used.
4x Running buffer: 1.5M Tris-base, pH 8.7, 14mM SDS.

2.5 Isolation of adult mouse ventricular myocytes

Cells were isolated from adult mouse hearts, aged approximately 15 weeks (25-30g), by

collagenase-based enzymatic digestion, as previously described.?*
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Hearts were excised and cannulated as described in Section 2.3.3. Hearts were perfused at 37°C
in the standard Langendorff mode at a constant flow rate of 3ml/min in 3 sequential stages as
follows: with (1) modified Tyrode’s solution (130mM NaCl, 5.4mM KCI, 1.4mM MgCl,,
0.4mM NaH,PO,, 4.2mM HEPES, 10mM glucose, 20mM taurine, 10mM creatine, pH 7.3 at
37°C) containing 0.75mM CaCl, for 2 minutes, (2) calcium-free modified Tyrode’s containing
2mM EGTA for 4 minutes, (3) modified Tyrode’s containing 0.1mM CaCl, and 125U/ml
collagenase (Type II; Worthington Biochemical Corp) for 8 minutes. The coronary flow rate
was maintained at 3ml/min using a Gilson Minipuls peristaltic pump. All solutions were
maintained at 37°C and gassed with 100% O.

Following this perfusion protocol the heart was cut down from the cannula; ensuring only
ventricles were taken, and dissected into small pieces in stage (3) solution. The tissue fragments
were gently bubbled with 100% O, until the tissue started to break down, about 10 minutes.
Using a 2ml plastic pipette, the tissue fragments were gently titrated to facilitate cell dispersion,
before being filtered through gauze of 200um pore size. Filtered cells were allowed to pellet
down by gravity for 5-10 minutes before being washed with modified Tyrode’s solution
containing 0.5mM CaCl,. A second pellet and wash step were performed during which CaCl,
was increased to a final concentration of 1mM. Cells remained in the final solution at room

temperature until experimentation.

Cells used in this thesis were prepared by Dr Shiney Reji, Kings College London.

2.6 Confocal microscopy

2.6.1 Culture of adult mouse ventricular myocytes for immunocytochemistry

Isolated adult mouse ventricular myocytes (AMVM) cells were kept in short term culture to
ensure a high yield for confocal imaging. Nunc 35mm single vented round cell culture dishes
(Nunc) were coated with laminin (Engelbreth-Holm-Swarm) prior to cell culture. 150ul of
laminin, a murine sarcoma basement membrane, was added to 10ml ddH,O making a final
concentration of 15pg/ml and 1ml was added to each required dish. Dishes were incubated at
room temperature in the cell culture hood for 1.5 hours. Laminin was then removed and stored
at -20°C until re-use (total of 3 uses) and dishes washed with 1ml pre-warmed M199 culture
medium (containing Hanks salts, 25mM HEPES, L-glutamic acid and L-amino acids, Invitrogen

catalogue number 22350) supplemented with taurine (5mM), creatine (2mM) and L-carnitine
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(2mM). Additionally 1% PenStrep (Gibco; 50mg/ml) was added. From AMVM isolation, the
Tyrode solution was aspirated and cells washed in 10ml modified M199 medium (as above)
incubated at 37°C and allowed to pellet under gravity (approx. 5 minutes) at room temperature.
The supernatant was removed by aspiration and 4ml of culture medium added to make a cell
suspension that was mixed by gentle inversion. 1ml of cell suspension was pipetted into each
pre-laminated dish using a 5ml Gilson pipette and tip. Cells were allowed to adhere for 90
minutes in a humidified tissue culture incubator at 37°C with 5% CO, (Heraeus Hera Cell
incubator).

2.6.2 Fixing of myocytes

Medium was aspirated from AMVM maintained in culture and cells were washed in 1ml 1x
phosphate buffered saline (PBS, Invitrogen) at room temperature which was removed prior to
fixing in 4% (v/v) paraformaldehyde (PFA; Agar Scientific) in PBS, 1ml/dish for 10 minutes
avoiding movement of the dishes to optimise cell structure alignment. Cells were then washed
with 1ml PBS (three 5 minute washes), before being stored in PBS at 4°C until antibody

staining.

2.6.3 Adult mouse ventricular permeabilisation and staining

Fixed cells were permeabilised with 1ml/dish 0.2% (v/v) Triton X-100 in PBS for 5 minutes at
room temperature. Cells were then washed with 1ml PBS for 5 minutes at room temperature.
PBS was removed and the edge of the dish dried using a cotton bud and marked with a wax pen.
To reduce non-specific secondary antibody binding 100ul of 5% (v/v) non-specific goat serum
(NSG) diluted in 1% (w/v) bovine serum albumin (BSA)/gold buffer (20mM Tris-base, 155mM
NaCl, 2mM EGTA, 2mM MgCl,, pH 7.5) was added to the dish which was placed on an orbital
shaker at room temperature for 20 minutes. This was removed and cells were then incubated in
100pl of primary antibody prepared in 1% (w/v) BSA/gold buffer solution in a humid chamber,
on a shaker, overnight at 4°C. The next day cells were washed three times at 5 minute intervals
before incubating with 100ul secondary antibody for 3 hours in a humid chamber on a shaker at
room temperature. Cells were again washed three times at 5 minute intervals with 1ml PBS.
PBS was removed by aspiration and a drop of Lisbeth’s mounting medium (30mM Tris, pH 9.5,

70% (v/v) glycerol, 5% (w/v) n-propyl gallate) was added to the cells. A round cover slip was
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carefully placed on top of the cells and the sides of the dish removed using a hot wire leaving
the circular base. The base was then glued to a glass slide using superglue around the perimeter
and the cover slip was fixed in place with clear nail varnish. Slides were stored at 4°C until
examination with the confocal microscope. Details of all antibodies and fluorescent dyes are
detailed in Table 2.10 and Table 2.11.

Primary antibodies

Antibody Species Source Dilution
Anti-PLM (C2) Rabbit J Cheung 1:100
Anti-Na*/K* ATPase ol subunit Mouse Millipore 1:100

Table 2.10: A list of primary antibodies used for immunocytochemistry.
The table details antibody dilution used, the species of origin and the source.

Secondary antibodies

Antibody Species Source Dilution
Cy3-conjugated anti-rat 1gG Goat Jackson ImmunoResearch 1:100
Cy5-conjugated anti-mouse 19G Goat Jackson ImmunoResearch 1:100

4’6-Diamidino-2-phenylindole

i Aldrich 1:1
dihydrochloride (DAPI) Sigma Aldric 00

Table 2.11: A list of secondary antibodies used for immunocytochemistry.
The table details antibody dilution used, the species of origin and the source.

2.6.4 Confocal microscopy imaging

Images of immunofluorescent labelled specimens were acquired by confocal laser scanning as
described.”® A Leica SP5 Il system equipped with an Argon lasers (458, 476, 488 and 514nm),
Helium-Neon lasers (HeNe 543 and 633) and a UV-diode (405nm) was used to acquire the
images. Optical myocyte slices (approx. 1um) were captured using a HCX PL APO 63x/1.4 oil

immersion lens, a frame size of 1024 x 1024 pixels at a pixel depth of 8 bit, and scan frequency
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of 400Hz. Further image processing was carried out using LAS AF software (Leica). The
excitation and emission/detection wavelengths (1) for the fluorescent proteins and dyes used in

these experiments are listed in Table 2.12.

Antibody Excitation A Emission A
Cy3-conjugated anti-rat 1gG 543nm 555-650nm
Cy5-conjugated anti-mouse 1gG 633nm 650-750nm

4°6-Diamidino-2-phenylindole

405 430-495
dihydrochloride (DAPI) nm nm

Table 2.12: Excitation and emission wavelengths used in confocal microscopy
experiments.

Table details fluorophores and the excitation and emission wavelengths used for their
detection.

2.7 Subcellular fractionation of adult mouse ventricular myocytes

AMVM were isolated as described in Section 2.5 and used for subcellular fractionation as
described in Yin et al, 2010.%® Myocytes were pelleted down under gravity for 5 minutes
before the Tyrode solution was aspirated and replaced with 1.5 ml fresh Tyrode solution at room
temperature. This cell suspension was then transferred to a 2ml eppendorf (VWR) using a 5ml
Gilson pipette and tip, and a small 50ul sample was removed to another eppendorf and diluted
1:1 with 2x SDS sample buffer (Section 2.4.1) for the input control. The remaining cells were
allowed to pellet down and the modified Tyrode’s solution was replaced with 200ul of 4°C PBS
based lysis buffer (Section 2.4.1) containing 0.05% digitonin and kept on ice for 5 minutes with
frequent vortexing. Myocytes were then centrifuged at 10000 x g for 2 minutes at 4°C using an
Eppendorf bench-top centrifuge (5417R). The supernatant contains the cytoplasmic fraction
which was removed to a fresh pre-cooled Eppendorf tube and 200ul 2x SDS sample buffer was
added. The remaining pellet was then resuspended in 200ul PBS based lysis buffer
supplemented with 1% Triton X-100 by vortexing and incubated for 5 minutes on ice. The
suspension was again centrifuged at 10000 x g for 2 minutes at 4°C and the supernatant
containing the Triton-soluble membrane fraction was removed completely to a fresh Eppendorf
tube and 200ul of 2x SDS sample buffer was added. The remaining pellet was resuspended in

400ul 2x SDS sample buffer and yields the Triton-insoluble myofilament fraction. All samples
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were kept on ice throughout the fractionation procedure, and were heated to 55°C for 5 minutes
after addition of sample buffer. Samples were centrifuged at 15000 x g for 5 minutes before
being immunoblotted as described in Section 2.4.3. Fraction antibody markers are listed in
Table 2.13.

Antibody Species Source Dilution Fraction
Anti-GAPDH-HRP conjugated Mouse Abcam 1:1000 Cytoplasm
Anti-Na*/K* ATPase al Mouse Millipore 1:1000 Membrane
Anti-cTroponinl Mouse Santa Cruz Biotechnology 1:1000 Myofilament

Table 2.13: A list of antibodies used as subcellular fraction markers.
The table includes details of antibody dilution used, the species of origin, the source that
supplies each antibody, and the fraction it confirms.

2.8 Flame photometry

2.8.1 Principles

Flame photometry is a technique used to measure the amount of ions e.g. Na* or K* in a
biological sample. It works on the principle that an alkali metal salt when drawn into a non-
luminous flame will ionise, thus absorbing energy from the flame and emitting a light of a
characteristic wavelength as the excited atoms return to an unexcited state. A photocell in the
flame photometer then detects the emitted light and converts it to a voltage that can be measured
and recorded. Na*emits an orange light of wavelength 589nm whilst K* emits a purple light of
wavelength 766nm. Different ions can be distinguished by using coloured filters to detect the
different wavelengths emitted. Consequently the voltages recorded give a measurement of the

specific ion detected.

Flame photometry studies were used in this thesis to measure intracellular Na* content in the
intact mouse myocardium and to determine Na'/K* ATPase activity in the intact mouse
myocardium by measuring tissue accumulation of rubidium (Rb*) which was used as a K"
substitute. For the latter study a rubidium filter was used to detect the ion. Rb" also burns with

a purple flame at a wavelength of 780-794nm.
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2.8.2 Isolated heart sample preparation for flame photometry

Hearts were excised and perfused on the standard Langendorff perfusion rig at constant pressure
as previously described (Section 2.3 and 2.3.3). The perfusion protocols used in these studies
are shown in Figure 2.4 using buffers detailed in Table 2.3 to Table 2.5. A washout perfusion
period was used to remove extracellular ions before the hearts were cut down from the cannula,
blotted to remove any residual fluid and snap frozen in liquid nitrogen until further analysis. To
determine myocardial Na* or Rb" content, hearts were then dried overnight in an oven at 80°C
for 16 hours. Hearts were then weighed before being finely chopped using scissors in 50ul/mg
of 50% trifluoroacetic acid (TFA)*®® for Rb* uptake hearts and 20ul/mg for Na* content hearts
(average mouse heart dry weight ~30mg). The mixture was shaken at 55°C for 24 hours using
an Eppendorf Thermomixer Compact before being centrifuged at 15000 x g for 10 minutes and
the supernatant collected and diluted in dH,O. The Na* or Rb* content was measured using a
Sherwood 410 Classic Flame Photometer (with correct filter set) using NaCl or RbClI standards

to produce a linear calibration line.

A) | Stabilisation (550bpm) |
B) | Stabilisation (550bpm) Rapid Pacing/ISO/Ouabain |
| | | minutes
0 20 30
40s washout
Snap freeze
O | Stabilisation (550bpm) | Rb-KHB |
D) | Stabilisation (550bpm) | Rb-KHB Rapid Pacing/ISO/Ouabain
| | | | minutes
0 20 30 40

40s washout
Snap freeze

Figure 2.3: Flame photometer protocols for measuring intracellular Na* content or
rubidium uptake in intact mouse myocardium.

A) KHB stabilisation period for Na* study; B) KHB stabilisation period + intervention period
for Na* study; C) KHB stabilisation period followed by Rb*-KHB perfusion for Rb* uptake
study; D) KHB stabilisation period followed by Rb*-KHB perfusion + intervention for Rb*
uptake study. All protocols followed by 40 second washout with appropriate buffer and
hearts snap frozen at end of protocol.
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2.8.3 Flame photometer operation

Once the flame photometer had been primed for the fuel type, in this case natural gas, the
equipment was turned on ensuring the flame is on. The nebuliser was washed through by
placing it in a beaker of ddH,O for a minimum of 30 minutes. The equipment then required
calibration to the necessary standard curve e.g. Rb* or Na*. To do this the standard curve
dilutions were made and introduced to the flame photometer starting at the highest
concentration. The nebuliser was placed in the sample for 20 seconds and using the coarse and
fine sensitivity controls the reading manipulated to an appropriate arbitrary figure i.e. 50mg/ml
top concentration of Rb* standard curve was set to 50.0. The nebuliser was removed from the
solution and remained in air for at least 10 seconds, after which it was placed back into the
diluent solution for washing, which in this case was ddH,O. The next standard curve solution
was then introduced to the nebuliser for 20 seconds, after which time the highest reading shown
in the next 10 seconds was taken as the reading for that solution. This was necessary because of
the degree of fluctuation by the flame. A standard curve was constructed and heart samples
diluted accordingly with ddH,O in 4ml glass tubes (Fisher) to fall on this curve. (For Rb*
standard curve see Chapter 5, Section 5.4.1; for Na* standard curve see Chapter 5, Section
5.4.3). The nebuliser was placed in the tubes containing the diluted heart sample and readings
were obtained in the same way as previously i.e. for a minimum of 20 seconds, followed by 10

seconds of measuring.

2.8.4 Measurement of Rb* by flame photometer

For Rb" measurement using the flame photometer 50ul of digested heart extract was further
diluted into 3.95ml ddH,O and measured according to the above method following the
calibration of the equipment with an RbCI standard curve with concentrations ranging from
Omg/L to 50mg/L.

2.8.5 Measurement of Na* by flame photometer

For Na* measurement using the flame photometer 25pl of digested heart extract was further

diluted into 3.975ml ddH,O and measured according to the manufacturer’s instructions
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following the calibration of the equipment with a NaCl standard curve with concentrations

ranging from to Omg/L to 5mg/L.

2.9 *Na Nuclear magnetic resonance

2.9.1 Basic set-up

The NMR Langendorff perfusion system is described in detail in Chapter 6. However, a basic
description of the experimental set-up is detailed here. Following excision of the mouse heart
(Section 2.3.3) it was cannulated on a modified NMR Langendorff rig and perfused at constant
flow of 3ml/min. Constant flow perfusion was adopted, due to the inability of the pressure
transducer to feedback to the STH pump controller because of perfusate line length. A balloon
was fed into the left ventricle and LVEDP was set between 4-8mmHg and the heart was paced
at 550bpm with function measured using the Powerlab-Chart software. The heart was
positioned inside a 1.0cm outer diameter (O.D) NMR tube which was placed in the centre of a
10mm Na microimaging coil (Bruker) connected within the NMR probe. The coronary effluent
was removed from the tube via a siphoning positioned at the top of the NMR tube. The probe
was subsequently placed inside the Bruker Avance II1 400MHz Spectrometer 9.4 Tesla (T)
NMR magnet core. Warm air was blown into the bottom of the magnet core at a pre-measured
temperature and flow rate that would ensure the bore of the magnet was maintained at 37°C.

See Figure 2.4 for a detailed diagram of this procedure.

Once the probe was positioned correctly inside the magnet so that the heart was exactly in the
centre of the magnetic field, the radio frequency cable was attached and using the Topspin
software (Bruker) the resonance frequency was set using tuning and matching adjustment
controls on the column. Due to the lack of deuterium channel, the field lock was removed. A
pre-set Na shim file was read into the software which was then fine-tuned using mainly the z, z*
and Z* functions in order to create the most homogeneous magnetic field. This improves the
signal to noise ratio which was important due to the small size of the intracellular **Na signal.

Once the shim was optimal the heart *Na signal was measured.
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Outflow siphon———3]

Cannula Balloon line

Microimaging coil

Reference capillary
Pacingwire

NMRtube

Figure 2.4: Dia%ram of the positioning of the Langendorff perfused heart inside the
NMR tube and *Na microimaging coil.

The heart is cannulated and balloon placed in the left ventricle to measure cardiac function.
A pacing wire is inserted into the apex for pacing at 550bpm. The heart is then placed in a
1.0cm (O.D) NMR tube and held in position by silicone bung. A siphoning tube is positioned
at the top of the tube for removal of coronary effluent. A reference capillary is inserted next
to the heart for future *Na concentration calculations (Section 2.9.5). The NMR tube is
positioned in the centre of the microimaging coil (coloured in blue). This whole system is
then inserted into the core of the 9.4 Tesla magnet.

2.9.2 Studies using shift reagent

Both the intracellular and extracellular *Na signals resonate at the same frequency on the NMR

spectrum.?®”  Therefore to measure the intracellular signal it was necessary to “shift” the

extracellular *Na signal to a different resonant frequency. This was done by perfusing the heart

with the a paramagnetic shift reagent Thulium (111) (1,4,7,10-Tetraazacyclododecane-1,4,7,10-

tetra(methylene phosphonate)) (Tm(DOTP)™). After the heart had equilibrated to the magnet

environment, a 30 minute stability perfusion period with standard KHB (Table 2.3) followed.

The heart was then perfused with KHB containing 3.5mM Tm(DOTP)> and supplemented Ca

2+
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for 25 minutes until the extracellular **Na signal was shifted. Throughout the perfusion *Na

spectra were acquired using Bruker Topspin NMR software as described in Section 2.9.4.

2.9.3 Studies using triple quantum filtering

Triple quantum filtering (TQF) enables the measurement of intracellular Na* signal without the
use of a toxic shift reagent.® It works on the principle that *Na is a 3/2 spin nuclei and can
spin in 4 different orientations resulting in different transition states. When *Na nuclei
experience macromolecular structures e.g. in the intracellular space, electric fields are generated
and allow the generation of these transition states which can be filtered for using Bruker
Topspin NMR software. TQF thereby allows measurement of intracellular Na* signal by
filtering out the signal from nuclei not experiencing this triple quantum transition state and
hence not within the intracellular space (for a more detailed explanation see Chapter 6, Section
6.1.1.2).

Following heart equilibration inside the magnet, hearts were perfused with KHB (Table 2.3) for
a stability period of 30 minutes and throughout **Na TQF signals were acquired as detailed in
Section 2.9.4. Ten minute interventions of ISO, rapid pacing and ouabain were administered

following the initial stability period and *Na TQF signals were acquired throughout.

2.9.4 NMR spectra acquisition

Time resolved Na NMR spectra were acquired at 105.7MHz using conventional pulse-acquire
experiments or triple quantum filtered experiments. All experiments were acquired with a 32us
90° rf pulse and a 200msec recycle delay. Triple quantum filtered *Na spectra were obtained
with the pulse sequence 90°, —t/2—180°,90—1/2—90°,,90—6—90°—(acquire) where the phase ¢
was incremented through 30, 90, 150, 210, 270 and 330° with the receiver alternated by 180° for
each step. The triple quantum preparation time was t = 5SmseC and a delay & = 40us. The

acquisition parameters used in each experiment are as follows:

Shimming was carried out on the ®Na signal with an acquisition employing 4 scans per
spectrum acquired with 16384 points in FID, 773msec acquisition time, sweep width of

100ppm, 10Hz line broadening.
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Following this a stability period was carried out employing a time resolved *Na TQF
experiment with 192 scans per spectrum acquired with a resolution 2048 points in FID,
194msec acquisition time, sweep width of 50ppm, 10Hz line broadening. A total of 24 TQF

spectra were acquired in an experiment time of 30mins.

Shift reagent, 3.5mM Tm(DOTP)*, was injected into the perfusion line at the constant flow rate
of 3ml/min and conventional time series of 1D #*Na spectra were obtained with 4 scans per
spectrum with 2048 points in FID, 194msec acquisition time, sweep length of 50ppm, 20Hz line
broadening. A total of 1024 spectra were acquired in an experiment time of 27mins 40s.

Following injection of shift reagent a second TQF experiment was acquired with the same
parameters as the stability period with 4 spectra acquired in a total experiment time of 5mins.

For NMR experiments employing TQF measurements only an extended capture of *Na TQF
experiment with 192 scans per spectrum acquired with a resolution 2048 points in FID,
194msec acquisition time, sweep width of 50ppm, 10Hz line broadening was performed. It was
noted at which scan the intervention had been initiated for later analysis. An additional 40 TQF

spectra could be acquired following the initial 24 TQF stability spectra as above.

2.9.5 Analysis of [Na']; signal from shift reagent perfused mouse hearts
For quantification of the [Na']; signal two factors must be known:

1) the number of moles in the acquired Na" signal

2) the volume of intracellular space in the heart.

A sealed glass reference capillary containing a solution of known Na* concentration with shift
reagent (20ul volume of 145mM NaCl with 10mM Tm(DOTP)*) was placed inside the NMR
tube in the same plane as the mouse heart. The shift reagent concentration is greater than that
used for heart perfusion in order to shift the ?Na reference (Na,) capillary spectral peak to a
more distal frequency than the extracellular **Na spectral peak. Following perfusion with shift
reagent, 3 sodium peaks were visible on the 2Na spectrum: intracellular Na* peak, extracellular
Na" peak and reference capillary Na* peak. Using Bruker Topspin NMR integral software the
integral peak area was defined for both the intracellular Na* peak and the reference Na* peak

allowing ratiometric comparison.
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The peak size, or signal, detected by NMR was proportional to the number of Na® moles

present.
%Na Reference Capillary Signal a  no.of moles Na*
And as concentration is equal to number of moles divided by volume of solution.

Concentration =  no. of moles

volume

Rearranging the equations it can be seen that the signal is proportional to concentration
multiplied by volume:

»Na Reference Capillary Signal o  concentration x volume

The above allows quantification of the number of moles of Na* represented by the *Na
reference capillary spectral peak. It was now possible to use this reference capillary peak to
compare to the intracellular **Na peak and thereby determine the amount of moles of Na* in the
intracellular signal. In order to determine the concentration of intracellular Na™ in the heart, the

volume of the intracellular space was now required.

The total extracellular and intracellular heart volumes were determined by taking the wet weight
and dry weight ratios of each heart and using previous literature values from Jelicks et al, 1989
9 \who estimated that 0.44ml/g wet weight of the heart was cytosolic or Askensasy et al,
1997%"° who estimated that 2.5mg/g dry weight was cytosolic the intracellular volumes were
calculated. Therefore the heart was cut down, blotted to remove perfusate in the ventricles and
vasculature, and snap frozen at the end of the protocol and wet weight recorded. The heart was
then dried for 24 hours at 80°C to obtain the dry weight and the conversion factors used to
calculate the intracellular volume for each heart. These were then used in conjunction with the
estimate of the number of moles of Na* in the intracellular Na* signal to gain a measure of

intracellular Na* concentration in each heart.
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2.10 Statistics

Quantitative data was analysed and expressed as mean + standard error of the mean (SEM). n
represents the number of independent experiments. Where appropriate, statistical analysis was
performed using GraphPad Prism 5 software with Students t-test or analysis of variance
(ANOVA), and further post-tests performed as necessary. The statistical analysis method used
is denoted for each figure and statistical significance marked by an asterisk (*). P<0.05 was

considered significant.
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3 CHAPTER 3 - BIOCHEMICAL PHENOTYPING OF
PLM** MOUSE

3.1 Introduction

In order to understand the role of PLM phosphorylation in cardiac physiology an important first
step is to characterise the basic cardiac phenotype of the PLM®** mouse. It is possible, for
example, that a global mutation of Ser63, Ser68 and Ser69 to Ala may affect PLM protein
folding and trafficking to the sarcolemma. The mutation of Ser to Ala is one of the simplest
substitutions with both amino acids being similar in size and structure. However, Ser has an
uncharged polar side chain which has been replaced with Ala carrying a non-polar hydrophobic

side chain, though this change in environment should not affect PLM structurally.

Under normal conditions PLM is known to regulate the Na*/K* ATPase by acting as a brake on

pump activity which is relieved by phosphorylation,® 2% 32 33

therefore the presence of an
unphosphorylatable PLM is most likely to be an undesirable pump accessory. Hence the effect
of this mutation on protein expression levels of the key PLM and Na'/K* ATPase subunits is
vital to understand the biochemistry of this animal. Indeed studies in the PLM-KO mouse
revealed small but non-significant changes in a2 and 1 subunits and most notably a 25%
decrease in the al subunit expression.®® If these effects can occur with the removal of PLM
then it suggests that there may potentially be some differences in the PLM*** mouse. The use
of phospho-antibodies will also be essential to ensure that the point mutations have been
successful. Phospho-specific antibodies Ser68, Ser63 and Ser69 will be able to confirm whether
an unphosphorylatable PLM protein has been created and total PLM antibody will measure the
expression of PLM protein present as this antibody binds to the N-terminal of the PLM protein,

which remains unchanged.

By introducing an unphosphorylatable PLM into the cell, the hypothesis suggests there may be
changes to the intracellular Na* load, however there may also be other compensatory changes in
the cell to try to counter-act this higher [Na']. For example, there is speculation that PLM
regulates the NCX,** if so unphosphorylatable PLM may alter NCX expression. Even if PLM
does not regulate NCX directly there may be an indirect effect on NCX expression to
compensate for the hypothesised increase in [Na']; in PLM*** myocytes. Therefore protein

expression levels of other E-C Coupling proteins will also be investigated.
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Finally it is important to ensure that although PLM is present in the PLM* mouse it is in the
correct location and that it interacts with the Na*/K* ATPase pump. Subcellular localisation
will be investigated and co-immunoprecipitation and immunohistochemistry studies will

confirm if co-localisation occurs.

3.2 AiIms

The aims of the studies undertaken in this chapter were to:

1. Observe any gross phenotypic changes in PLM®** mice compared with PLM-WT

littermates.

2. Ensure that PLM** has been successfully mutated at all 3 phosphorylation sites:
Ser63, Ser68 and Ser69.

+

3. Characterise the PLM** mouse heart protein expression levels of PLM, Na'/K

ATPase subunits and other E-C coupling proteins and compare with WT hearts.

4. Ensure mutated PLM has trafficked correctly to the sarcolemmal membrane and

successfully co-localises with Na'/K* ATPase subunits.
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3.3 Methods

3.3.1 Preparation of whole heart homogenates

Hearts from PLM-WT and PLM** littermates (n=6) were excised and cannulated on the
Langendorff rig as described in Chapter 2, Section 2.3. To ensure the removal of blood from
the coronary vasculature, the hearts were aerobically perfused at a constant pressure of
80mmHg for 5 minutes whilst being paced at a frequency of 550bpm. Following perfusion, the
hearts were rapidly cut down, blotted and snap frozen in liquid nitrogen prior to homogenisation

(approximately under 30 seconds).

Hearts were weighed and a 10% homogenate was made using the wet weight values.
Homogenisation was in a PBS based buffer with 1mM EDTA containing phosphatase and
protease inhibitors using a motor driven glass pestle and mortar kept ‘on ice’. For immunoblot
analysis experiments a sample of each homogenate was diluted 1:1 with 2x SDS sample buffer
containing 5% B-mercaptoethanol and stored at -20°C. Undiluted aliquots for IP were stored at
-80°C until use.

3.3.2 SDS-PAGE and immunoblot analysis

Detection of proteins by SDS-PAGE and immunoblot analysis was carried out as detailed in
Chapter 2, Sections 2.4.3-2.4.5 unless otherwise stated. Gel matrices used were 15%
acrylamide gels for PLM and PLB antibodies and 10% acrylamide gels for all Na*/K* ATPase
subunits and larger proteins. All antibody conditions were detailed in Table 2.7 and Table 2.8.
Homogenates diluted in sample buffer were heated at 55°C for 10 minutes and spun at 15000 x
g prior to loading, except for samples probed for PLB which were heated to 85°C for 10
minutes. A protein assay was also performed to determine the protein concentration in each
homogenate, Table 3.1. Due to possible inaccuracies introduced by the protein assay
methodology, all values that were within 2 standard deviations of the mean for each group were
accepted (PLM-WT: mean 15.7 + 2.3mg/ml, acceptable range 11.1 to 20.3mg/ml; PLM%**:
mean 15.2 £ 1.9mg/ml, acceptable range 11.4 to 19.1mg/ml). For the SDS-PAGE and Phos-tag
phosphate affinity SDS-PAGE experiments, samples were loaded into each well in equal
volumes thus assuming equal protein loading. Coomassie staining of a run SDS-PAGE gel was

performed to check for equal loading, see Figure 3.1.
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Heart PLM-WT PLM3A
(mg/ml) (mg/ml)

1 15.79 14.00

2 16.28 17.52

3 14.28 15.14

4 19.86 12.76

5 13.38 17.52

6 14.55 14.48

Table 3.1: Protein concentrations of heart homogenates.

Table showing the protein concentration (mg/ml) of heart homogenates (WT: 1-6; PLM*** 1-
6) used in subsequent Western blotting experiments. Protein concentrations were
determined using a simple protein assay for mouse hearts homogenised using wet heart
weight. n=6 for each genotype.

Finally to ensure equal protein loading Westerns were run and analysed using actin and
calsequestrin antibodies, proteins that should not be affected by point mutations of the PLM
protein or any subsequent morphological changes. These can be seen in Figure 3.6E & F. From
these results loading was considered equal.

NB. All membranes were Coomassie stained following transfer.

Figure 3.1: Coomassie stained SDS-PAGE gel.

Heart homogenates were loaded in equal volumes into a 15% gel. Following protein
separation by electrophoresis the gel was Coomassie stained to show equal protein loading
of all samples. PLM-WT samples loaded in order of hearts 1-6; PLM*** samples loaded in
order of hearts 1-6.
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3.3.3 Phos-tag phosphate affinity SDS-PAGE of heart homogenates

Homogenates were resolved on 15% Phos-tag SDS gels for PLM antibodies (Ser63, Ser68,
Ser69 and total PLM) and 10% Phos-tag SDS gels for PLB antibodies (total PLB) containing
40uM Phos-tag ligand and 80uM MnCI, by electrophoresis at 25mA per gel. Gels were
incubated in transfer buffer containing 1mM EDTA for 10 minutes, then transfer buffer alone
prior to electrophoretic protein transfer onto PVDF membrane as described previously in
Chapter 2, Section 2.4.6. Membranes were subsequently probed with antibodies as detailed in
Table 2.7 and Table 2.8. Membranes were Coomassie stained following antibody probing and

chemiluminescence.

3.3.4 Subcellular fractionation of AMVM

Fractionation was first attempted using the previously used mouse heart homogenates but due to
preliminary findings i.e. control antibodies were not in the correct fractions, it was concluded
that the homogenisation technique was too vigorous to maintain subcellular fractions and
freshly isolated AMVM were used as an alternative. AMVM were isolated as previously
described in Chapter 2, Section 2.5 and allowed to equilibrate prior to start of fractionation
protocol. An input sample was taken to ensure each antibody marker could be detected in the
total protein sample. AMVM were lysed in 200ul lysis buffer before fractionation into
cytoplasmic, membrane and myofilament fractions (Chapter 2, Section 2.7) each of which were
suspended in 400 pl total volume using 2x sample buffer. All samples were stored at -20°C for
subsequent immunoblot analysis using a variety of antibodies. Fractions and antibody markers
were: (1) cytoplasm and glyceraldehyde 3-phosphate dehydrogenase (GAPDH), (2) membrane
and Na'/K* ATPase ol subunit, and (3) myofilament and cTroponinl (cTnl). See Table 2.7 and
Table 2.8 for antibody conditions.

3.3.5 Confocal microscopy

AMVM to be immunolabelled and imaged using confocal microscopy were fixed in 4% PFA
and permeabilised with 0.2% Triton X-100 as described in Chapter 2, Section 2.6. Following
incubation in 5% NSG in 1% BSA/gold buffer to reduce non-specific antibody binding, cells

were labelled with the primary rabbit monoclonal PLM-C2 at a dilution of 1:100, and mouse
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monoclonal Na’/K* ATPase al subunit at a dilution of 1:100, both in 1% BSA/gold buffer
overnight at 4°C. Secondary antibodies for mouse monoclonal were Cy5-conjugated anti-mouse
IgG and assigned red in the Leica images, and rabbit monoclonal were Cy3-conjugated anti-rat
IgG and the fluorescence assigned green in the Leica images both at 1:100 dilution in 1%
BSA/gold buffer for 3 hours at room temperature. 4’6-diamidino-2-phenylindole
dihydrochloride (DAPI) was also added with secondary antibodies at a dilution of 1:100.
Samples were mounted onto microscope slides and imaged using confocal microscopy as
detailed in Chapter 2, Section 2.6.4.
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3.4 Results

3.4.1 PLM-WT and PLM** growth curves

To check for normal development of mice and that there are no gross phenotypic differences
between littermates, mice were weighed every week for 15 weeks. The growth curves are
shown in Figure 3.2 and it can clearly be seen that there were no differences between mouse
weights at any time point. There was a rapid weekly increase in weight, as would be expected
in developing mice, until 10 weeks of age where a growth plateau was reached. Normally mice
reach sexual maturity ranging from 6-10 weeks and physical maturity between 3 and 5 months
of age depending on strain. In PLM-WT and PLM®** littermates as the weight curve plateaus

by 15 weeks this was considered an appropriate age for future studies.

Mice were also observed over the course of a year (data not shown) and there were no obvious

complications or premature deaths.

o PLM-WT
O pLm3sA

Weight (g)

3 45 6 7 8 9 1011 12 13 14 15
Age (weeks)

Figure 3.2: Growth curves of PLM-WT and PLM** mice at weekly intervals.
n=8-12. All data expressed as meantsem and analysed by repeated measures two-way
ANOVA with Bonferroni post-test, P<0.05 was considered significant.
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3.4.2 Western immunoblot analysis for cardiac proteins

3.4.2.1 Phospho-specific antibodies

To ensure that successful mutation of the PLM protein had occurred, Western blots were run
and probed with previously characterised PLM phospho-specific antibodies. Figure 3.3 shows
the results for immunoblot analysis with the phospho-specific antibodies Ser63, Ser68 and
Ser69. Protein signals were observed in all PLM-WT homogenate samples with all three
antibodies, whilst there was no protein signal in any of the PLM*** heart homogenates. This
can be seen in the membrane blots in Figure 3.3A. A very low density signal was seen in
PLM** homogenates on the Ser63 blot which is undetectable by the densitometer and is most
likely the result of cross binding at the N-terminal by this antibody; which has previously been
noted in-house.* In WT heart homogenates, there was slight variability within Ser68 (PLM-
WT: 0.27+0.1) and Ser69 (PLM-WT: 0.35+0.1) protein expression but due to perfusion stress
affecting phosphorylation status within the heart, this may be have been due to the variability of

the viability (and Ca?* load) of individual heart perfusions.

3.4.2.2 PLM and Na'/K* ATPase antibodies

To investigate the effect that mutation of PLM has on the total amount of PLM protein present
in the PLM*** hearts and other important proteins, SDS-PAGE immunoblot analysis using total
PLM antibody and antibodies for all Na*/K* ATPase subunits was investigated (see Figure 3.4
and Figure 3.5). Total PLM protein expression was significantly decreased in PLM®** hearts
compared to PLM-WT by 71% (PLM-WT: 0.78+0.16; PLM®*": 0.23+0.03, P<0.006). Whilst
investigation of the Na*/K" ATPase pump unit expression showed Na'/K* ATPase ol subunit,
02 subunit and total o subunit expression was similar in both PLM-WT and PLM®**
homogenates. Na'/K* ATPase Bl subunit expression was decreased by 25% in PLM*"
homogenates and by 54% for 2 subunit expression; neither result was significant. When
examining antibody blots for both f1 and B2 subunits (Figure 3.4) it can be seen that they are
very dirty blots with some non-specific binding suggesting the antibody affinity for these

proteins was poor, which places doubt on the reliability of these results.

Table 3.2 has all the analysed optical density measurements for each studied protein.
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3.4.2.3 E-C coupling antibodies

The protein expression of other major E-C coupling in WT and PLM*** homogenates was also
determined in case the mutation of PLM and the possible hypothesised subsequent increase in
[Na']; had caused other proteins to be upregulated/downregulated as a consequence. Figure
3.6A shows membrane immunoblots of E-C coupling proteins relevant to this study and Figure
3.7 shows the representative graphs of the analysed protein expression. Expression of Serl6,
the PLB PKA phosphorylation site, showed that there was no difference between expression in
PLM-WT and PLM** homogenates. However, total PLB protein expression levels were
significantly decreased by 33% in PLM** mouse hearts (PLM-WT 1.98+0.21; PLM**
1.34+0.09, P<0.02). There was equal expression of SERCA2A in both genotypes and NCX
expression which was also unchanged in both genotypes.

Table 3.2 has all the analysed optical density measurements for the studied proteins.

3.4.2.4 Loading control antibodies

The samples were also probed for proteins that are highly conserved within the cell and remain
unchanged by external forces such as stress from Langendorff perfusion and possible disease
processes activated in the new mouse by Ser to Ala mutation. The expression of these proteins
was then used as loading controls for the heart homogenates to ensure equal protein loading had
occurred. The results for actin expression (Figure 3.6B and Figure 3.7E), a protein that is highly
conserved and is involved in cell motility, structure and integrity, showed that loading was equal
for each sample (PLM-WT 0.58+0.04, n=6; PLM%*" 0.55+0.04, n=6). Calsequestrin was also
probed for, which is a sarcoplasmic reticulum Ca®* binding protein shown to be stably expressed
and frequently used as a loading control.?”> The results (Figure 3.6B and Figure 3.7F) showed
that there was equal expression of calsequestrin in both mouse genotypes (PLM-WT 0.35£0.04,
n=6; PLM®" 0.37+0.04, n=6). Therefore after all the extensive protein concentration analysis
of the heart homogenates it was concluded that protein loading was equal and the above results

were therefore true observations of protein expression.

Table 3.2 has all the analysed optical density measurements.
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Figure 3.3: SDS-PAGE immunoblot (IB) analysis of PLM phosphorylation sites using
PLM phospho-specific antibodies and correlating representative graphs of protein
expression in PLM-WT and PLM** mouse hearts homogenates.

A) IB analysis using Ser63, Ser68 and Ser69 phospho-specific antibodies; B)
Representative graph of Ser63 expression; C) Representative graph of Ser68 expression;
D) Representative graph of Ser69 expression. n=6. All data expressed as meantsem. No
further statistical analysis due to the absence of detectable signal in the PLM*** hearts.
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Figure 3.4: SDS-PAGE immunoblot analysis of PLM and Na'/K* ATPase proteins.
Antibodies used included: total PLM, Na'/K* ATPase total a subunit, Na'/K* ATPase al
subunit, Na'/K" ATPase a2 subunit, Na'/K" ATPase B1 subunit and Na'/K" ATPase B2
subunit.
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Figure 3.5: Representative graphs of protein expression of PLM and Na'/K" ATPase
pump proteins in PLM-WT and PLM®** mouse heart homogenates.
A) Total PLM; B) Total alpha subunit; C) Alpha 1 subunit; D) Alpha 2 subunit; E) Beta 1

subunit; F) Beta 2 subunit.

n=6. All data expressed as meantsem and analysed by

Student’s t-test, P<0.05 was considered significant (PLM-WT ‘v’ PLM*** denoted by *).
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Figure 3.6: SDS-PAGE immunoblot analysis of E-C coupling proteins and loading

controls.

Antibodies used included A) Serl6, Total PLB, SERCA2A, NCX; B) Actin and

Calsequestrin.

93



Chapter 3 — PLM®** Biochemical Phenotyping

A)

0.8+
=)
< 06"
2>
D
S 04-
o
8
= 0.2+
o
o)

0.0-
C)

1.2+
=)
<
> 084
D
c
[)
)
g oM
S
)

0.04
E)

0.81
=)
< 061
2
@
$ 04+
a
g
= 0.24
o
o)

0.04

Serl6

PLM 354

SERCA2A

PLM 354

Actin

PLM 354

=

Optical Density (AU)

"

Optical Density (AU)

M
N—r

Optical Density (AU)

2.51

2.04

1.5+

0.54

0.0+

1.54

1.04

0.54

0.0+

0.51

0.4+

0.24

0.14

0.0+

Total PLB

*

PLM 354

NCX

PLM 354

Calsequestrin

—

PLM 354

Figure 3.7: Representative graphs of analysed protein expression of E-C coupling
proteins and loading controls in PLM-WT and PLM®** mouse hearts.

A) Serl6; B) Total PLB; C) SERCA2A; D) NCX; E) Actin; F) Calsequestrin. n=6. All data
expressed as meantsem and analysed by Student’s t-test, P<0.05 was considered

significant (PLM-WT ‘v’ PLM®*** denoted by *).
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Protein PLM-WT PLM®*A P Value
(Optical Density, AU)  (Optical Density, AU)
Ser63 0.62 +0.03 - NA
Ser68 0.27+0.1 - NA
Ser69 0.35+0.1 - NA
Total PLM 0.78 £0.16 0.23+0.03 P<0.006
Na'/K* Alpha 1 Subunit 0.73+0.03 0.65+0.1 ns
Na'/K* Alpha 2 Subunit 0.93+0.12 0.83+0.1 ns
Total Alpha Subunit 0.37 £0.08 0.28 + 0.06 ns
Na*/K* Beta 1 Subunit 1.31+£0.2 0.98 £0.23 ns
Na'/K* Beta 2 Subunit 0.76 £0.28 0.35+0.11 ns
Serl6 PLB 0.5+£0.15 0.53+0.05 ns
Total PLB 1.98+0.21 1.34 £0.09 P<0.017
SERCA2A 0.92 £0.09 0.91+0.09 ns
NCX 1.21+£0.12 1.14 +£0.08 ns
Actin 0.58 + 0.04 0.55+0.03 ns
Calsequestrin 0.35+0.04 0.37 £0.04 ns

Table 3.2: Optical density measurements of analysed protein expression levels from
PLM-WT and PLM*** heart homogenates.

Averaged optical density measurements for PLM phosphoproteins, total PLM, Na'/K"
ATPase subunits, E-C coupling proteins and loading controls. n=6. All data expressed as
meantsem and analysed by Student’s t-test (PLM-WT ‘v’ PLMssA), P<0.05 was considered
significant.
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3.4.3 Detection of phosphorylated PLM using Phos-tag phosphate affinity SDS-
PAGE

Phos-tag phosphate affinity SDS-PAGE was used to ensure that the lack of signal with the
phospho-specific antibodies (Ser63, Ser68 and Ser69) in PLM*** heart homogenates was due to
successful global eradication of the phosphorylation sites. If for example, Ser68 mutation had
not occurred but Ser69 mutation to Ala had been successfully, this may cause a conformational
change that affects Ser68 phospho-antibody binding to the Ser68 site, even though it may
possibly be phosphorylated. To investigate this further, the previously used heart homogenates
were resolved on Phos-tag SDS-PAGE gels and subjected to immunoblot analysis using total
PLM antibody. The use of Phos-tag SDS-PAGE allows visualisation of phosphorylation sites
within a protein sample due to the Phos-tag molecule binding to each phosphate group and
changing the migration rate of the phosphoprotein through the gel.?”® Depending on the protein
it is often possible to see individual phosphorylation sites due to differences in the surrounding

amino acid environment which will affect the protein migration rate.?’* 2"

Figure 3.8A shows Phos-tag SDS-PAGE immunoblot analysis using total PLM antibody. It can
be seen that in the PLM-WT hearts there were several phosphorylation sites present ranging
from 25kDa to 50kDa and a faint band lower down at 15kDa which represents normally seen
unphosphorylated PLM. Unfortunately protein from PLM-WT heart 1 did not run adequately
for all blots, which is often the case for the protein lane adjacent to the marker in Phos-tag gels,
and has been removed from further analysis. From the primary sequence there are 4 known
potential phosphorylation sites in PLM?* ??° however from the Phos-tag results it appears that
there are potentially 5-6 phosphorylation sites in the PLM-WT hearts, although there was
variation in band intensities. When comparing PLM-WT homogenates with PLM**
homogenates there was an absence of phosphorylation sites between 37kDa and 50kDa which
correlates to the mutated sites. Additionally there appears to be 2 faint bands present at 2 sites
which can also be seen in PLM-WT homogenates. These could be due to non-specific binding,
but as can be seen from the SDS-PAGE IB using total PLM antibody (Figure 3.8B), this
antibody shows good affinity to unphosphorylated PLM protein at 15kDa with a specific band
and clean blot. Therefore it may be worth considering that these extra bands in both PLM-WT

and PLM** hearts are a real phenomenon and potentially worth investigating further.
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Figure 3.8: Phos-tag phosphate affinity SDS-PAGE and immunoblot analysis in PLM-
WT and PLM®*** heart homogenates using total PLM antibody.

A) Phos-tag immunoblot anal/}/sis using total PLM antibody run with heart homogenate
samples from WT and PLM*** mice and corresponding Coomassie stained membrane at
PLM unphosphorylated region; B) SDS-PAGE immunoblot analysis with total PLM antibody
run with the same heart samples and corresponding Coomassie stained membrane. n=6.

In order to further distinguish which detected phosphorylation sites related to which Ser residue,
the same homogenates were resolved with Phos-tag gels and subjected to immunoblot analysis
using PLM phospho-specific antibodies. Finally it is known in-house that Ser68 antibody cross-
reacts with the PLB PKA phosphorylation site, Serl6, the same samples were again resolved on
Phos-tag gels and immunoblot analysed using the total PLB antibody.**

Phos-tag resolved membranes analysed with PLM phospho-specific antibodies can be seen in
Figure 3.9. Panel A shows the immunoblot analysed using Ser69 antibody and bands can be
seen in the WT samples at 50kDa which appear to correlate to the top dark band on the total
PLM Phos-tag immunoblot (Figure 3.8A). Panel B shows the immunoblot analysed with Ser63
antibody and there were two bands present, one at 50kDa (similar to the band on Ser69
immunoblot) and one at 37kDa in the WT heart samples. This contribution to 2 bands could be
due to the Ser63 antibody detecting both mono- and dual- phosphorylated sites.””®> The top band
correlates to the same position as the band detected on the Ser69 immunoblot and most probably
they will both contribute to the same band on the total PLM Phos-tag immunoblot. Panel C

shows the Phos-tag immunoblot analysed with Ser68 antibody and multiple bands can be seen
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in both PLM-WT and PLM®* heart samples, unlike the previous 2 phospho-specific antibodies
that only have bands in PLM-WT. However, further investigation using total PLB antibody to
probe a separate Phos-tag immunoblot suggests that some of these bands are due to the ability of
Ser68 to cross-react with Serl6 on PLB hence the presence of bands in PLM*** homogenates
(Figure 3.9D). It is extremely likely that Ser68 contributes in part to some of the bands seen on
the total PLM Phos-tag immunoblot but this cannot be distinguished further. The only true way
to be certain which residues contribute to which phospho band would be to individually mutate
each residue in turn to Ala and repeat the total PLM Phos-tag immunoblot.
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Figure 3.9: Phos-tag phosphate affinity SDS-PAGE immunoblot analysis using PLM
phospho-specific antibodies and total PLB in WT and PLM®*** heart homogenates.

A) Phos-tag immunoblot analysis with Ser69 phospho-specific antibody and corresponding
Coomassie stained membrane; B) Phos-tag immunoblot analysis with Ser63 phospho-
specific antibody and corresponding Coomassie stained membrane; C) Phos-tag
immunoblot analysis with Ser69 phospho-specific antibody and corresponding Coomassie
stained membrane; D) Phos-tag immunoblot analysis with total PLB antibody and
corresponding Coomassie stained membrane. n=6.
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Figure 3.10: Graphical representation of unphosphorylated PLM expression
densitometered from Phos-tag SDS-PAGE immunoblots analysed using total PLM
antibody.

Unphosphorylated PLM expression in PLM-WT and PLM*** heart homogenates. n=6. All data
expressed as meantsem and analysed by Student’s t-test, P<0.05 was considered significant
(PLM-WT ‘v' PLM*** denoted by *).

Following densitometry of unphosphorylated PLM bands in both WT and PLM** homogenates
from Phos-tag SDS-PAGE immunoblots analysed with total PLM it was seen that the majority
of PLM in the PLM®** hearts was unphosphorylated which would be expected with successful
Ser to Ala point mutations. However, graphical representation (Figure 3.10) of WT and PLM®*#*
unphosphorylated PLM expression showed there was a significant difference between the
unphosphorylated states in each of the genotypes (PLM-WT 0.32+0.06, n=5; PLM**
1.07£0.23, n=6; P<0.05). This suggests that in PLM-WT hearts only a small amount of the

protein was in the unphosphorylated state.
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3.4.4 Investigation of subcellular PLM localisation by fractionation of AMVM
from WT and PLM®** hearts

Input Cytoplasm Membrane Myofilament
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Figure 3.11: SDS-PAGE and immunoblot analysis of AMVM from PLM-WT and PLM®**
hearts subjected to subcellular fractionation.

AMVM were fractionated from PLM-WT and PLM*** hearts into cytoplasmic, membrane and
myofilament fractions. All fractions, including input were subjected to SDS-PAGE and
immunoblot analysis using GAPDH (cytoplasmic marker), Na'/K* ATPase a1l subunit
(membrane marker) and cTnl (myofilament marker). Correct segregation of fraction
markers was observed. Finally fractions were subjected to immunoblot analysis using total
PLM antibody. n=3.

In order to confirm the localisation of mutated PLM in the PLM®*” mice and ensure that the
mutations have not affected trafficking to the membrane, myocytes from PLM-WT and PLM**
hearts were subjected to subcellular fractionation into cytoplasmic fraction, triton-soluble
membrane fraction and triton-insoluble myofilament fraction. These fractions were resolved by
SDS-PAGE and immunoblots analysed using antibodies for specific protein markers to
determine the purity of each fraction. Fractions were subjected to immunoblot analysis to
determine the content of fraction markers: GAPDH for cytoplasmic fraction, Na*/K* ATPase al
subunit for membrane fraction and cTnl for the myofilament fraction. Representative blots of
different marker proteins are shown in the above Figure 3.11 for AMVM from both PLM-WT
and PLM®* hearts. It was shown that correct segregation of the different fraction markers
occurred, with enrichment in the corresponding fraction and absence in the 2 remaining

fractions. GAPDH, in the top panel, can be seen in the input fraction and enriched in the
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cytoplasmic fraction for both PLM-WT and PLM** AMVM, whilst being absent from the
membrane and myofilament fractions. Na*/K* ATPase al subunit, in the second panel, was
found in the input fraction and enriched in the membrane fraction. There was slight carry over
into the myofilament fraction but as this band was faint it is likely to be from left over
membrane in the myofilament fraction that did not detach easily. c¢Tnl can be seen in the third
panel enriched in the myofilament fraction compared with the input and absent from the

membrane and cytoplasmic fraction.

To determine the subcellular localisation of the mutated PLM in the PLM®** mice the same
fractions were subjected to immunoblot analysis using the total PLM antibody. The results
clearly showed that PLM in the PLM** mouse was present in the membrane fraction, which
was in agreement with PLM in the PLM-WT myocytes, and absent in the cytoplasmic and
myofilament fractions. So as expected, the point mutations of PLM have not affected the
trafficking of the protein to the membrane.

It is of note that in the previous Western Blot analysis of total PLM in heart homogenates
(Figure 3.5A) that the protein expression of PLM was significantly lower in PLM3®**
homogenates compared to PLM-WT and yet in this figure the protein expression levels appear
reduced but not significantly. It is worth mentioning that the AMVM isolation technique
(Chapter 3.4.4) yields different protein concentrations per heart depending on the success of the
isolation technique and the above fractions were not normalised for protein concentration before

loading.
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3.45 Co-immunoprecipitation of PLM and Na'/K* ATPase al subunit in PLM-
WT and PLM** heart homogenates
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Figure 3.12: SDS-PAGE and immunoblot analysis of PLM-WT and PLM*** heart
homogenate co-immunoprecipitation (co-IP) samples looking for interaction
complexes of Na'/K* ATPase al subunit and PLM.

A) Na'/K* ATPase al subunit IB of bound bead fraction from WT and PLM>*** heart co-IP;
B) Total PLM IB of bound bead fraction from WT and PLM®** co-IP; C) Graphical
representation of al subunit and PLM bound bead fractions from WT and PLM*** heart co-
IP. n=6. All data provided by Dr Will Fuller, University of Dundee.

It can be seen in Figure 3.12 that when using Na'/K* ATPase ol subunit antibody for co-IP
PLM was successfully pulled down. Figure 3.12A shows the bead fraction probed for Na'/K*
ATPase alsubunit confirming effective capture of the subunit on the beads. Figure 3.12B then
shows the same bead fraction probed for total PLM suggesting that PLM and Na’/K* ATPase
alsubunit form a complex together in PLM-WT and PLM®*” mouse hearts. Graphical
representation of each IB in Figure 3.12C show similar amounts of PLM and Na'/K" ATPase

alsubunit are bound in both WT and PLM®** heart homogenates.

NB. Co-immunoprecipitation studies were undertaken by Dr Will Fuller at the University of

Dundee using methods described in Fuller et al, 2009.%

103



Chapter 3 — PLM®** Biochemical Phenotyping

3.4.6 Investigation of subcellular localisation of PLM relative to Na'/K* ATPase
ol subunit in AMVM from PLM-WT and PLM®** hearts, by confocal

microscopy
A)
Alpha 1 Na/K ATPase PLM-C2 Overlay
PLM-WT
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al subunit
C2
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Figure 3.13: Confocal microscopy images showing co-localisation of PLM with Na'/K"
ATPase al subunit in AMVM from PLM-WT and PLM>*** hearts.

A) Fixed and permeabilised cells were immunolabelled with Na*/K™ ATPase al subunit (red)
and PLM-C2 (green) primary antibodies and imaged using confocal microscopy. Cy5-
labelled Na'/K* ATPase al subunit (red) and Cy3-labelled PLM-C2 (green) are shown in
separate channels and as a merged image for both WT and PLM*** myocytes. B) Relative
intensities are shown graphically below. Nuclei are stained with DAPI (blue). Scale bar on
confocal image = 10uM, scale bar on intensity plot = 2uM.

Now that it has been established that mutated PLM in the PLM®** mouse was located in the
membrane subcellular fraction it was also important to confirm that it co-localises with the
Na'/K* ATPase pump as suggested by previous co-IP data. The majority of literature has

26.63 and Silverman et al,®

suggested that PLM co-localises with the Na'/K* ATPase al subunit
show co-localisation with the Na'/K® ATPase al subunit using immunocytochemistry
experiments. Therefore using immunocytochemistry it was investigated whether mutated PLM

co-localises with Na'/K* ATPase al subunit. Initially control experiments were performed to
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determine the correct antibody concentrations. The requirement for antibodies to be raised in
different species limits which antibodies could be used to image PLM and Na'/K® ATPase
alsubunit together. Several PLM antibodies were tested such as B8 (dog PLM antibody) and
total PLM (data not shown) however they showed no selectivity for PLM. The PLM-C2 rabbit
monoclonal which binds to the PLM N-terminal was finally used and antibody concentrations
determined. For Na'/K* ATPase subunit labelling, the previously used Na*/K* ATPase ol
subunit mouse monoclonal antibody from Millipore (Chapter 2 Table 2.7) was optimised.

In Figure 3.13A PLM-C2 (green) stained the myocyte at the t-tubule invaginations®”® in both
PLM-WT and PLM** myocytes in a striated pattern. Na'/K* ATPase al subunit, imaged in
red, can be seen at the t-tubular surface and at the membrane edge. In the overlay in Figure
3.13A it can be seen that there was co-localisation of both antibodies in PLM-WT and PLM®**
myocytes, indicated by the yellow labelling which occurs when the 2 images are lying on top of
each other. This confirmed that the mutated PLM protein in PLM*** mice co-localised with the
Na'/K* ATPase al subunit.

It is of note that these antibodies were not ideal for use in confocal microscopy but there were
limited tools available. To further support that the 2 antibodies co-localised, a region of interest
was taken for each cell and the relative intensities are shown in Figure 3.13B. It can be seen
that the relative intensities for PLM-C2 and Na’/K* ATPase ol subunit overlay each other
providing further evidence of co-localisation of PLM with the Na*/K* ATPase in both WT and
PLM®** myocytes.
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3.5 Discussion

The main findings of the results presented in this chapter showed that the PLM*** mouse grows
normally and has no obvious gross phenotype. At the molecular level, the mutation of PLM
phosphorylation sites appears successful with bands corresponding to Ser63, Ser68 and Ser69
absent from both SDS-PAGE and Phos-tag affinity SDS-PAGE immunoblots analysed with
phospho-specific PLM antibodies. The PLM protein was not only successfully mutated but
appears to traffic to the membrane fraction (as shown by differential purification), was found
located in the membrane (immunostaining and confocal microscopy) and co-associated with the

Na'/K* ATPase o subunit (shown by co-IP experiments and confocal microscopy).

3.5.1 Mutation of PLM protein

Successful mutation of PLM in PLM** mice was shown using immunoblot analysis with
phospho-specific antibodies. The absence of bands in all of the PLM®** crude ventricular
homogenates at previously phosphorylatable PLM sites Ser63, Ser68 and Ser69 with phospho-
specific antibodies suggests successful mutation of the PLM protein so that it can no longer be
phosphorylated at these sites. However, when mutating a Ser residue to Ala there may be a
change in the structural conformation of the PLM protein. Therefore, to ensure that a lack of
binding by these phospho-specific antibodies was due to elimination of all 3 phosphorylation
sites, and not due to the inability to reach the antibody binding site, Phos-tag phosphate affinity
SDS-PAGE immunoblot analysis with total PLM antibody was used to confirm that PLM
phosphorylation sites had indeed been successfully removed. Interestingly though, in PLM-WT
homogenates, not only were the expected phosphorylation bands detected for the known
phosphorylation sites but additional bands were also detected. These bands were also detected
in the PLM** homogenate samples. Potentially these additional bands could suggest the
presence of more unconfirmed phosphorylation sites. In the PLM mouse sequence there are 5
serine residues Ser37, Ser62, Ser63, Ser68 and Ser69.7% > However, the ability of the Phos-tag
molecule to bind to a phosphorylation site is dependent on the presence of a phosphate group at
the Ser residue.””® As Ser37 is the last residue found in the transmembrane domain it is unlikely
that it is in a position to be phosphorylated, whilst all other Ser residues are found in the
cytoplasmic tail. Previous work on the cytoplasmic Ser sites in Xenopus oocytes using
sequential mutations to Ala showed that by mutating Ser62 there was no phosphorylation at this

site by PKA, PKC or NIMA kinase (“never in mitosis” kinase)?”’ and it was assumed that this
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site has no role in protein function.””” Of course other residues can be phosphorylated such as
tyrosine and histidine; however these are not present in the PLM cytoplasmic tail sequence. The
cytoplasmic tail is aspartate and glutamate rich, which has been shown to be important in
providing negative charge to PLM cytoplasmic tail helping to release PLM from the

endoplasmic reticulum for translocation to the membrane.?’®

Whether Asp is phosphorylated
and therefore binds Phos-tag molecule to produce a non-specific band on the Phos-tag gel is
debatable in eukaryotic cells.”® The only other question remaining with the use of Phos-tag gel
is how selective is the Phos-tag molecule for simply negatively charged phosphates. The
negative charge on the Asp and Glu amino acids at positions Asp54, Glu52, Glu55 and Glu56
present in PLM protein could bind Phos-tag molecule directly. This may possibly explain the

extra bands seen in Figure 3.8.

The use of phospho-specific antibodies to distinguish which phosphate moieties correlate to
which Ser phosphorylation site also provides some interesting findings. The binding of Ser63 at
two phosphate sites, one of which is the same site as Ser69, suggests that Ser63 can detect when
PLM is mono- and dual- phosphorylated. As basal phosphorylation of PLM has been attributed
to PKC and Ser63 is the major site of PKC phosphorylation it fits that this site under normal
conditions is mono-phosphorylated and additional phosphorylation of other sites causing dual

phosphorylation may also be detected.**

The other interesting observation from the Phos-tag SDS-PAGE immunoblot analysis was the
amount of unphosphorylated protein seen in the PLM-WT hearts compared to the
unphosphorylated bands in PLM**. In these studies the unphosphorylated WT band was 30%
of the unphosphorylated signal in PLM3** homogenates, suggesting that 70% of PLM in the WT
was phosphorylated. Basal phosphorylation of PLM has been reported as at least 30% at Ser68
in one study® and as much as 46% at Ser68 in another.”*? Fuller et al, 2008, proposed that in rat
ventricular myocytes basal phosphorylation in unstimulated myocytes was approximately 30%
at Ser68 with an additional 50% at Ser63 mainly due to phosphorylation by PKC, leaving 40%
of PLM phosphorylated at neither residue.*®® This estimate of unphosphorylated PLM fits with
the comparison of unphosphorylated PLM in WT compared with PLM®** in this study. Basal
phosphorylation measurements are highly dependent on the preparation of the tissue sample.
Ventricular myocytes have been shown following isolation to be highly phosphorylated due to
stress and Ca”" loading which reduces over time, therefore reported basal phosphorylation may
differ depending on when experimentation was started. Some factors that may influence the

phosphorylation status of the isolated beating heart could be the stress of removing the heart
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from the animal®®

and an adequate perfusion period prior to snap freezing thereby allowing
proteins to re-equilibrate to an in vivo phosphorylation state. Perfusion of these hearts was 5
minutes at an in vivo pacing rate of 550bpm and the phosphorylation status measured was
similar to that from hearts resolved on a Phos-tag SDS-PAGE that had been perfused for 60
minutes (data not shown). By using a positive phosphorylation control on these gels such as
homogenate from hearts perfused with high concentration of ISO (PKA activator) or phorbol
myristate acetate (PKC activator) the amount of basal phosphorylation observed could

potentially be put into context.

One further question to address would be whether the use of Phos-tag molecule affects the
affinity of total PLM antibody to bind to PLM. Although the Phos-tag molecule binds to
phosphates at PLM Ser sites and slows their migration, it remains fixed in the gel matrix and
does not transfer to the membrane due to chelation by EDTA of the divalent cation, Mn?*,
which enables Phos-tag molecule to bind in the first instance. Therefore the affinity of the
antibody to bind to the PLM protein should not be affected.

3.5.2 Protein expression: PLM and Na'/K* ATPase

The primary PLM phosphorylation sites: Ser63, Ser68 and Ser69, have been shown to be
successfully mutated and the consequent effects on protein expression of total PLM, Na'/K"
ATPase subunits and other E-C coupling proteins have been investigated. The significant
reduction in total PLM expression seen in PLM** mice compared with PLM-WT accompanied
by equal protein expression of Na’/K* ATPase al subunit was not completely unexpected.
Previously in PLM-KO mice a reduction in total Na'/K" ATPase a subunit expression was
reported.®® If, as previously hypothesised, PLM acts as a brake on Na*/K* ATPase pump, with
the removal of this brake the myocyte has regulated its own pump activity by reducing the
number of active units as observed in PLM-KO mice.®® Therefore in a myocyte expressing a
permanent PLM brake on the Na'/K* ATPase pump, the myocyte may have modified protein
expression in order to maintain a normal net pump current helping to regulate [Na']; . Within
our laboratory lpym, has been measured in both WT and PLM** myocytes using perforated
patch clamping and no differences were found in the affinity of the pump for Na* (K,,) or
maximal pump turnover rate (Vma). Thus suggesting that the myocytes have found an
adaptation to maintain normal pump function and hence [Na']; under basal conditions.

However, it must be taken into consideration that the similar Ip,m, measurements may have been
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influenced by the basal phosphorylation state of the myocytes they were measured in. If,
following myocyte isolation, cells had been incubated at room temperature for a long period of
time the basal phosphorylation state of the quiescent WT myocytes may have decreased
significantly thereby mimicking PLM** myocyte pump activity. It is possible that under
normal in vivo phosphorylation control PLM®** myocytes may have a reduced pump activity
when compared with WT and this will be investigated by measuring [Na*]; and Rb" uptake in
later studies within this thesis.

For a decrease in PLM expression to normalise pump current it is important to consider the
relationship between PLM and the o subunit, especially the stoichiometry of this partnership.
Previous work has indicated that PLM has a 1:1 stoichiometry with Na*/K* ATPase subunits,**®
but PLM has also been reported to form tetramers.”*” ®° Recent studies in HEK293 cells have
shown that PKC/PKA activation of PLM monomer can cause increased PLM oligomerisation.
These tetramers, which have been termed a reserve pool, may not bind or regulate Na*/K*
ATPase at all.®® Therefore, it may be possible that in WT hearts some Na'/K* ATPase
molecules do not associate with PLM. If so, could perhaps this also occurs in PLM*** myocytes
to help modulate pump activity. Since oligomerisation may be influenced by phosphorylation,
this ratio of associated to unassociated or monomeric to multimeric PLM may be different in
PLM®** myocytes, bearing in mind that even the formation of oligomers may also be affected
by the fact that PLM cannot be phosphorylated at all in these mice. Immunoprecipitation
experiments have reported that PLM forms a complex with Na*/K* ATPase al subunit®® which
is supported by co-IP studies within this Chapter. However, these experiments have limitations
and may only be studying a select population of PLM and Na'/K* ATPase subunits. Indeed

1, report preliminary data whereby immunoprecipitation of all of PLM only co-

Pavlovic et a
precipitates 44% of total Na'/K* ATPase al subunit, whereas immunoprecipitation of Na*/K”
ATPase al subunit co-precipitates all (100%) of PLM. This suggests the possibility of either a
subpopulation of pump units that are functional at the cell surface but not attached to PLM, or a
subpopulation of pump units that are not functional within the cell. Very recently Fuller et al,
have observed the existence of PLM-PLM multimers under physiological conditions which
supports this idea.** Therefore reduction of PLM expression in PLM*** hearts may decrease
PLM units per Na'/K* ATPase pump unit and consequently enable the myocyte to maintain
normal [Na'];. Measurement of [Na'];in intact beating hearts in both genotypes will be essential

to answer these questions.
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PLM can also associate with the Na'/K* ATPase 02 subunit in HEK293 cells;**® however in
guinea pig myocytes it has also be shown that PLM does not associate with Na*’/K* ATPase o2
subunit.®* In mice, using al and a2 knock-out model, James et al,¥” concluded that only the o2
subunit is involved in regulating [Ca®'];in cardiac myocytes. Therefore it was important to look
at protein expression of both subunits in PLM*** mouse which was shown to be similar to WT.
However, it has been suggested that the Na'/K* ATPase a2 subunit contributes little to the
overall pump activation and function within the cell. Berry et al, 2007, showed in mouse
myocytes that the a2 subunit current (l,,) contributes only 6% of the total Na*/K* ATPase pump
current (Ipump) for Na* efflux whilst the al subunit current contributes to 94%.%* The amount of
contribution to lpym, by the 02 subunit could be quantified in the new mouse by exploiting the
ouabain binding site in the al subunit and measuring Ip,mp I Myocytes by patch clamping
techniques. Expression of both 1 and B2 subunit appeared decreased in PLM®** homogenates
but not significantly and was most probably due to the low affinity of the antibody to bind to the
protein. There were no major changes in other proteins involved in E-C coupling.

Finally the subcellular localisation of the mutated PLM protein was investigated. It has been
shown using site-directed mutagenesis of residues within the cytoplasmic domain of PLM in
Madin-Darby Canine Kidney cells that a negative charge at Ser69 is necessary for the shift of
PLM to the membrane.?”® Although Ala also carries a negative charge, it is possible that
mutating the Ser69 residue may affect PLM trafficking to the membrane. The results from the
fractionation experiments show that this does not appear to be the case. Mutated PLM correctly
trafficks to the sarcolemmal membrane in PLM** myocytes probably due to the glutamate and
aspartate rich cytoplasmic tail providing negative charge to release PLM from ER, as previously
mentioned. Confocal data confirms this finding and shows mutated PLM present in the
sarcolemmal membrane and t-tubules. It also supports co-IP data by showing co-localisation of
PLM with the Na'/K* ATPase a1 subunit. Although it is now clear that PLM associates with the
ol subunit in PLM** mice, future experiments using FRET signalling would be useful to

confirm interaction.*®
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3.6 Summary

In this chapter it was shown that the PLM®** mouse is viable and grows normally with no
obvious gross phenotype. Mutation of the PLM phosphorylation sites appears successful with
bands corresponding to Ser63, 68 and 69 absent from SDS-PAGE immunoblots analysed with
phospho-specific antibodies and similarly from Phos-tag phosphate affinity SDS-PAGE
immunoblots analysed with total PLM antibody. Trafficking of the mutated PLM protein to the
membrane appears unaffected in PLM*** hearts with co-IP and confocal studies supporting co-
localisation of the mutated protein with Na*/K* ATPase o subunit. Finally protein expression

studies show total PLM expression is decreased in PLM®** mouse hearts compared with WT.
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4 CHAPTER 4 - PHENOTYPING OF PLM*** MOUSE BY
LANGENDORFF PERFUSION

4.1 Introduction

The PLM*** mouse has a newly created genetic profile which has never before been characterised for
basic cardiac function. In order to fully understand the model and use it to test hypotheses outlined in
this thesis, it was first necessary to assess contractility, coronary flow and LVEDP under basal
conditions paced at a physiological heart rate. These studies are important as a launch pad for further
investigation into the role PLM plays in kinase-mediated Na*/K* ATPase regulation. These baseline
measurements can then be used to establish the effects of pacing protocols and [B-adrenergic

stimulation on PLM®* hearts.

Firstly, the basic contractility of the heart under paced in vivo heart rate conditions (550bpm) will be
investigated. Previous Langendorff studies by our group in PLM-KO mice showed a difference in
basal cardiac function, with depressed contractility in PLM-KO compared to PLM-WT hearts.** This
is indicative of a lower [Na']; due to relief of inhibition of the Na'/K" ATPase and the differences
could imply that permanent inhibition on the pump by unphosphorylatable PLM may affect
contractility in the new PLM** mice. If, as hypothesised, the PLM*** mouse has a higher [Na*]; then
changes in contractility may be seen when animals are compared with their WT littermates, such as
increased LVDP.

However, by pacing the hearts at 550bpm any differences in heart rates of each genotype may be
masked. It is possible that the genetically modified mouse has developed adaptations in heart rate to
enable normal function. Of course these adaptations would be under autonomic control in vivo which
cannot be investigated in the Langendorff preparation; however it is possible to investigate any
potential heart rate differences by looking at unpaced Langendorff heart preparations. This
information is also essential to look at the true effect of ISO B-adrenergic stimulation on each heart
type. ISO causes inotropic and lusitropic responses in the heart, but also chronotropic effects which
cannot be investigated in electrically paced preparations. Therefore unpaced Langendorff mouse

hearts preparations will also be investigated as well as the effects of p-adrenergic stimulation.

Paced heart Langendorff preparations may not permit the investigation of ISO chronotropic effect, but
do allow the control of stimulated heart rate increases, and thus the effect of pacing on PLM®** hearts

can be investigated. Force-frequency relationships (FFR) were first described by Bowditch in 1871%
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and describe the effects of increasing chronotropy on cardiac contractility. Changes in force
development are directly related to intracellular Ca** transients whose frequency and magnitude
increase with increased rate.?®? This is partly due to decreases in diastolic relaxation time and hence
less time for Ca*" to leave the cell thereby reducing Ca®* extrusion. Also reverse mode NCX may be
activated by an increase in [Na'];, caused by increased Na* influx through voltage-gated Na* channels
with increased heart rate,”® and this influences the amount of Ca”" entering the cell in exchange for
Na® extrusion. It is of note that the FFR in mouse and rats is negative, which is due to a number of
complex reasons. It is believed that because rodents have a higher resting [Na']; than other

84 this causes [Na']; to affect Ca** entry via NCX more readily and Ca®* entry at rest is

mammals
favoured.® It is well known that at rest rat ventricles show potentiation and gain in SR Ca®* and
therefore on stimulation there is a net Ca** loss, hence why contractility decreases with increased
frequency rate in rats.®  The same theory can be applied to mouse ventricles which like the rat heart
has elevated [Na']; and a short action potential duration. There is therefore a loose correlation
between the direction and slope of the FFR and intracellular Na* concentration.”® It is hypothesised
that the new mouse may have higher [Na']; than WT hearts so consequently may display a steeper

negative FFR.

The use of pacing to establish the relationship between heart rate and contractility is, however, an
artificial one. It is rare (other than in tachycardias) that heart rate is substantially elevated in vivo in
the absence of PB-receptor occupation. So, in addition, the studies described in this chapter will

examine the FFR in the presence of p-adrenergic stimulation in WT and PLM®** mice.
4.2 Aims

The aims of the studies undertaken in this chapter were to:
1) Characterise the Langendorff perfused PLM>*** mouse heart at physiological pacing rates.

2) Characterise the Langendorff perfused PLM** mouse heart in the absence of electrical
pacing to observe any heart rate differences between WT littermates and any subsequent

effects on cardiac function.
3) Investigate the FFR in PLM®** mouse hearts and WT littermates.
4) Study the effects of B-adrenergic stimulation on cardiac function of PLM*** mouse hearts.

5) Assess the effect of -adrenergic stimulation on FFR in PLM-WT hearts and to look at the
effects of unphosphorylatable PLM on this relationship.
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4.3 Methods

4.3.1 Basic contractile function

As previously described in general methods Chapter 2 Section 2.3, hearts from PLM-WT and PLM**
littermates were excised and cannulated on the standard Langendorff rig. They were aerobically
perfused with KHB for 20 minutes at a constant pressure of 80mmHg and paced at 550bpm. An
intraventricular balloon was placed in the left ventricle of each heart and LVEDP was set between 4-
8mmHg. Baseline measurements of LVDP and coronary flow were recorded continuously throughout

the experiment. Arrhythmia score was calculated retrospectively as described in Section 4.3.5.

For unpaced contractile function measurements hearts were perfused as above but were allowed to
free-run at their intrinsic heart rate without electronic stimulation. Unless unavoidable there are a
very limited number of Langendorff mouse heart studies that are performed unpaced due to the
unpredictable nature of mouse hearts ex vivo which, in our experience, are very sensitive to external
factors such as temperature and positioning of the intraventricular balloon. In vivo heart rates for
mice are 500-600bpm** %' however, using the basic Langendorff set-up ex vivo heart rates are
usually 400bpm or lower. Due to the need for right atrial superfusion to help maintain a more
physiological heart rate, the standard Langendorff rig was modified (see Chapter 2 and Figure 4.1
below) and the right atrium was superfused at a constant flow of 3ml/min. Again cardiac function
parameters LVDP, LVEDP, coronary flow and heart rate were measured using an intraventricular

balloon and were recorded for the duration of the experiment.
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Cannula

Superfusion

Intraventricular balloon Right Atrium

Figure 4.1: Photograph of Langendorff perfused mouse heart on standard set-up with
superfusion of the right atrium.

Heart is cannulated on a metal cannula and secured using suture. An intraventricular balloon is
inserted into the left ventricle and is connected to a pressure transducer allowing measurement of
LVDP, LVEDP and heart rate. Constant superfusion of the right atrium is supplied by an extra
cannula connected to a calibrated peristaltic pump supplying flow at 3ml/min. For basic
Langendorff set-up simply remove superfusion.

4.3.2 Force-frequency relationship

Langendorff perfusion of PLM®* and PLM-WT littermate hearts was set-up as for paced hearts above
(Section 4.3.1). Following a 20 minute stabilisation period at 550bpm the frequency of pacing was
adjusted over time in order to investigate the FFR in each mouse genotype. Firstly the frequency was
stepped to 400bpm and then increased in increments of 50bpm to 750bpm. The hearts were perfused
at the lower frequencies (400-600bpm) for 5 minutes and at the higher frequencies (650-750bpm) for
3 minutes to avoid heart function deterioration. An intraventricular balloon measured changes in

cardiac function parameters LVVDP, LVEDP, coronary flow and heart rate throughout the experiment.

4.3.3 Isoprenaline study

PLM-WT and PLM** hearts from littermates were cannulated and perfused as described in Section
4.3.1 with superfusion to the right atria and without electronic stimulation. Following 20 minutes of

stabilisation perfusion ISO at either 1nM or 100nM concentration was administered. Previous work
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on full ISO concentration response curves proved difficult due to heart function decline between
concentrations. However, to address the question of B-adrenergic stimulation effect on our mice
simply a low concentration (1nM) and a high concentration (100nM) of ISO were administered.
These concentrations were derived from previous work (not shown) in isolated cells where 1SO ECs,
was measured as 10nM (n=4). 1SO perfusion was maintained for 10 minutes to ensure short term and

long term effects could be measured.

4.3.4 FFRin presence of isoprenaline Study

FFR experiments were conducted in the presence of 1nM ISO. Following successful cannulation,
mouse hearts underwent a 20 minute stabilisation period at a frequency of 550bpm before being
perfused with 1nM ISO which was maintained throughout the duration of the experiment. After 10
minutes of ISO perfusion the above FFR protocol (Section 4.3.2) was implemented starting at
400bpm increasing to 800bpm in 50bpm increments. An intraventricular balloon was used to measure
changes in cardiac function parameters LVDP, LVEDP, coronary flow and heart rate throughout the

experiment.

4.3.5 Heart rate variability analysis

Heart rate variability (HRV) analysis has been investigated to give a quantitative measure of the
frequency of ectopic arrhythmias in hearts during paced, unpaced and 1SO studies. This analysis is of
particular use in paced heart studies and gives an index of the number of “escape” ectopic beats,
usually presenting as ventricular premature beats (VPBSs) in a normal Langendorff perfused heart.

This allows an insight into the electrical stability of the heart and comparison between genotypes.

Analysis of HRV was performed using HRV software supplied by ADInstruments for LabChart Pro.
HRV module is designed to measure natural variations in the beat-to-beat intervals of the heart in
vivo. It does this by measuring the interval between each heartbeat and calculates statistics
accordingly. It calculates the standard deviation (SD) of changes in consecutive beat-to-beat intervals
(SD of ANN) providing a non-subjective, quantitative measure of VPB frequency. A period of 10
minutes of LVVDP trace for each heart was analysed using this method and the “arrhythmia score” that

was obtained provides a correlation of arrhythmia incidence in the heart trace and a quantified
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arrhythmia score. Below in Table 4.1 is a summary of the observed heart function and corresponding

arrhythmia score.

Subjective Assessment Arrhythmia Score
(AU)

Sinus Rhythm 0-5

Low incidence of ectopic beats 5-10

High incidence of ectopic beats 10-20

Severe ventricular ectopics 20-30

Chaotic rhythms (includes VF) 30+

Table 4.1: Subjective assessment of heart function and corresponding arrhythmia score.
HRV analysis quantifies the incidence of ventricular ectopic beats in LVDP traces and assigns
them an arrhythmia score. This score can then be correlated to a subjective assessment of
function. Sinus rhythm has low arrhythmia scores (0-5) whilst increasing incidence of ventricular
ectopic beats shows increasing arrhythmia scores (5-10, 10-20). The more severe episodes of
ventricular ectopic beats score highly (20-30) and VF scores highest of all (+30).

NB. It is of note that this analysis does not detect regular and persistent bursts of arrhythmias such as

ventricular tachycardias.

117



Chapter 4 — PLM** Phenotyping by Langendorff

4.4 Results

4.4.1 Contractile function of paced mouse hearts

To understand the effects of the PLM mutation in PLM®** mice basic cardiac function at a
physiological heart rate was investigated. Figure 4.2 shows the baseline measurements of LVDP and
coronary flow in WT and PLM®** hearts. It can be seen that LVDP in PLM®** hearts was
significantly higher at all time points for the duration of the stabilisation period. However, coronary
flow showed no differences between PLM** and PLM-WT hearts and averaged at just under
4ml/min. Table 4.2 shows the measured parameters at the end of the 20 minute stabilisation period

and highlights the previous findings.

It was hypothesised that the PLM*** mouse may be more prone to arrhythmias caused by increased
[Na']; therefore the stability period for both genotypes was analysed for heart rate variability (HRV)
using Chart software and the arrhythmia scores were compared. The results can be found in Table 4.3
and show that there was no difference in arrhythmia scores in PLM-WT and PLM** mouse hearts

paced at 550bpm.
Parameter PLM-WT PLM** P value
LVDP (mmHg) 8715 112+7 P<0.05
Coronary flow (ml/min) 3.8+0.5 3.7£0.2 ns

Table 4.2: Summary of paced cardiac function.

Summary of cardiac function in paced PLM-WT and PLM*** hearts at the end of the 20 minute
stabilisation period. n=12. All data expressed as meantsem and analysed by Student’s t-test
(PLM-WT v’ PLMSSA), P<0.05 was considered significant.

Parameter PLM-WT PLM3A P value

Arrhythmia score 5+1 8+1 ns

Table 4.3: Arrhythmia scores during paced Langendorff perfusion.

Table showing arrhythmia scores during the stability period in paced PLM-WT and PLM*** mouse
hearts. n=12. All data expressed as meantsem and analysed by Student’s t-test (PLM-WT ‘v’
PLM®***), P<0.05 was considered significant.
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Figure 4.2: Cardiac function of paced PLM-WT and PLM>** mouse hearts during 20 minutes
of aerobic Langendorff perfusion.

A) LVDP; B) Coronary flow. n=12. All data expressed as meantsem and analysed by two-way
ANOVA followed by pairwise Bonferroni post-hoc test, P<0.05 was considered significant (PLM-
WT ‘v' PLM*** denoted by *).
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4.4.2 Contractile function of unpaced mouse hearts

In order to determine any heart rate differences between PLM*** and WT hearts and to later study the
effects of 1SO on the unphosphorylatable PLM*** hearts, it was necessary to investigate unpaced
stability of the hearts over 60 minute. Figure 4.3 shows the HR, LVVDP and coronary flow over the 60
minute perfusion period and the measurements at the end of the standard 20 minute stabilisation
period are listed in Table 4.4. At the 20 minute standard time point LVDP, HR, LVEDP and coronary
flow were not significantly different in PLM-WT hearts compared with PLM*** hearts. Throughout
the full 60 minute perfusion period HR, LVDP, coronary flow and LVEDP were not significantly
different in PLM®** hearts compared to PLM-WT hearts at any time point. Heart rate did however
decrease over 60 minutes in PLM-WT hearts by 13% and in PLM®* hearts by 12%, these decreases
were not significantly different from each other but the decrease in PLM-WT heart rate was
significant from its starting heart rate. LVDP decreased non-significantly by 29% in PLM-WT
compared with 16% in PLM®** hearts over 60 minutes, both are non-significant with respect to the

starting values.

Parameter PLM-WT PLM®*A P value
LVDP (mmHg) 132+14 121+17 ns
Heart Rate (bpm) 487116 441+29 ns
LVEDP (mmHg) -0.8+2 1.5+1 ns
Coronary Flow (ml/min) 3.6+£0.2 3.8+0.6 ns

Table 4.4: Baseline measurements of unpaced cardiac function.

Table detailing baseline cardiac function measurements in unpaced PLM-WT and PLM™" hearts
at the end of the standard 20 minute stabilisation period. n=6. All data expressed as meantsem
and analysed by Student’s t-test (PLM-WT ‘v’ PLM***), P<0.05 was considered significant.

3SA

It is of note that LVEDP was below the standard 4-8mmHg setting value, although the balloon was
originally set for these values. This could be due to the reduction in heart rate over time. Without a
constant pacing rate the contractility of the heart will be affected by the decrease in heart rate due to
there being more time for relaxation of the heart and therefore LVEDP will decrease. Unfortunately it
could also be due to not enough time spent at the start of the stabilisation period ensuring the heart has
relaxed fully to the introduction of the balloon to the ventricle. The LVEDP although below 4mmHg

did stabilise after 10 minutes hence making the previous observations valid. Due to this observation
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subsequent Langendorff perfusion experiments incorporated an increased balloon manipulation period

prior to recording stabilisation measurements.

Again HRV was analysed and the arrhythmia scores can be found in Table 4.5 and show that there
was no difference between arrhythmia scores in PLM-WT and PLM®** mouse hearts. It is of note
though that compared to paced study arrhythmia scores, these values were significantly higher
P<0.02. This highlights the complexity of unpaced heart studies and the tendency of these hearts to
have a much higher incidence of spontaneous arrhythmias.

Parameter PLM-WT PLM3A P value

Arrhythmia Score 15+3 19+5 ns

Table 4.5: Arrhythmia scores during unpaced Langendorff perfusion.
Table showing arrhythmia scores during Langendorff perfusion stability period in unpaced PLM-
WT and PLM*** mouse hearts. n=6. All data expressed as meantsem and analysed by
Student’s t-test (PLM-WT ‘v’ PLM***), P<0.05 was considered significant.
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Figure 4.3: Cardiac function of unpaced PLM-WT and PLM*** mouse hearts during 60

minutes of aerobic perfusion.
A) Heart rate; B) LVDP; C) Coronary flow. n=5-7. All data expressed as meantsem and

analysed by two-way ANOVA followed bsy pairwise Bonferroni post-hoc test. P<0.05 was
considered significant (PLM-WT ‘v’ PLM*** denoted by *).

122



Chapter 4 — PLM** Phenotyping by Langendorff

4.4.3 Force-frequency relationship

As discussed, the force-frequency relationship is influenced by the intracellular Na* concentration and
hence is a good indicator of intracellular Na* concentration.® The FFR was first described by
Bowditch in 1871 and describes the chronotropic effects on cardiac output and force during a

281, 288

contraction. In large mammals, including humans and dogs, FFR is positive;*® however in

282, 290-292
th

small mammals whilst this is the same in vivo in ex vivo this relationship is negative, e

reasons behind which are complex.

Intracellular Na* is not the sole determinant of the negative force-frequency relationship but studies
have shown that it is important.?®> *%® |t seems likely therefore that if Na* extrusion, particularly at
high heart rates, is compromised in the PLM** heart then the slope or “steepness” of the negative
FFR may be altered.

Force-frequency relationship results are shown in Figure 4.4. Both PLM®** and WT hearts displayed
a negative force-frequency relationship with increasing heart rate which was mostly linear for the
chosen range. Due to the previously observed increased baseline LVDP in paced PLM** hearts
compared to PLM-WT hearts (Figure 4.2), LVDP was significantly higher in PLM** hearts in the
range of 400bpm to 650bpm. At higher heart rates of 700 and 750bpm, LVDP was not significantly
different between genotypes due to the slope of the PLM*** hearts becoming steeper than the slope of
the PLM-WT hearts (Figure 4.4A).

However, when analysed over the full frequency range, the gradients of the FFR of PLM**and PLM-
WT hearts were not significantly different, as can be seen in Figure 4.5. PLM**” FFR gradient was -
0.1 £ 0.02mmHg/bpm, n=6 and PLM-WT FFR gradient was -0.08 + 0.02mmHg/bpm, n=6.

Coronary flow was similar in both genotypes throughout the range of frequencies. Flow increased in
both genotypes at 750bpm but this rise was non-significant from the starting flow rate in both hearts.
LVEDP remained independent of heart rate in both genotypes from 500-600bpm, however there was a
dramatic increase at frequencies greater than this (650-750bpm). LVEDP in PLM®** hearts increased
more steeply than in WT and was significantly different at 600 and 650bpm; however they both
reached similar LVEDP values at 750bpm.
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Figure 4.4: FFR in PLM-WT and PLM%** mouse hearts.

A) LVDP; B) Coronary flow; C) LVEDP. n=6. All data expressed as meantsem and
analysed by two-way ANOVA followed by pairwise Bonferroni post-hoc test, P<0.05 was
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considered significant (PLM-WT ‘v’ PLM*** denoted by *).
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Figure 4.5: Gradients of FFR from PLM-WT and PLM®** mouse hearts.

A) Line of best fit through LVDP results over full frequency range; B) Graphical representation of
FFR gradients from line of best fit. n=6. All data expressed as meantsem and analysed by
Student's t-test, P<0.05 was considered significant (PLM-WT ‘v’ PLM®*** denoted by *).
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4.4.4 Effect of isoprenaline on PLM*** mice compared with PLM-WT

As described previously, it was hypothesised that the presence of unphosphorylatable PLM in the
PLM®** mouse may result in a Na'/K* ATPase pump that cannot be regulated resulting in
compromised Na* extrusion which potentially may load the cell with Na* - especially at high heart
rates. Differences in PLM** force-frequency relationship and evidence of Na* and Ca”* overload at
higher frequencies i.e. diastolic dysfunction and arrhythmias were anticipated. However, the failure
to see any significant changes in the FFR may be due to the unphysiological nature of external
electrical pacing. As mentioned previously, in vivo heart rate increases are usually accompanied by B-
receptor stimulation and it is possible that even in the WT mouse hearts, the lack of B-stimulation
leaves the pump unstimulated at high frequencies. Potentially explaining why PLM®** and WT
mouse hearts produced similar results. However, if heart rate was to be raised more physiologically

i.e. by B-receptor stimulation, this may reveal differences between PLM*** and WT hearts.

Results for Langendorff perfused ISO stimulation of PLM-WT and PLM3* mouse hearts are shown
in Figure 4.6-8. 1SO increased LVDP, coronary flow and heart rate at both 1nM and 100nM
concentrations in PLM-WT and PLM®** hearts. Table 4.6 and Table 4.7 show the cardiac function
parameters before and after ISO treatment for PLM-WT and PLM*** mice.

With 1nM 1SO heart rate increased slightly in both genotypes, 17% in PLM-WT and 15% in PLM**
hearts, and with 100nM ISO PLM-WT heart rate increased by 49% and 55% respectively (Figure
4.7). Heart rate increases at each ISO concentration were not significantly different between
genotypes however increases with 100nM were significantly different from starting heart rate values
for each genotype. LVDP increased dramatically with 1nM 1SO by 82% in PLM-WT and 60% in
PLM®**: however this was not significant (Table 4.6) and was most likely reflective of the differences
in basal contractility. With 100nM I1SO LVDP did not increase further in PLM-WT hearts at 82% but
increased slightly in PLM** hearts to 76% compared to 1nM ISO results. Also, coronary flow
increased with 1nM 1SO by 32% in PLM-WT and 29% in PLM** hearts and with 100nM 1SO by
92% in PLM-WT and 80% in PLM®**. Neither of these increases was significant when comparing
PLM-WT with PLM®** hearts at each concentration. LVEDP changes were most dramatic by
decreasing below OmmHg, the results can only be described qualitatively not quantitatively due to the
inaccuracy of negative numbers caused when the ventricle relaxes so much that the balloon no longer
fills it, contraction is no longer isovolumic and suction forces act on the balloon to create a negative
value. With this in mind it can be seen that LVEDP decreases in both PLM-WT and PLM®** with
1nM and 100nM ISO by similar amounts.
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Decline in LVDP over 10 minutes of 1nM ISO perfusion was negligible (PLM-WT: 4.4%; PLM**
7.0%) and for 100nM 1SO there was even a small increase in LVDP (PLM-WT: 5.2%; PLM*** 1.0%).

Again an arrhythmia score was estimated from function measurements prior to 1ISO perfusion and
during 10 minutes of 1SO perfusion, the results can be found in Table 4.8. There were no significant
differences between WT and PLM** arrhythmia scores with either 1nM ISO or 100nM ISO. Also,
when comparing WT hearts before and during ISO treatment there were no differences at both
concentrations and the same was true for PLM*** hearts.

Parameter PLM-WT PLM*A

01sSO 10min ISO 01SO 10min 1SO
Heart Rate (bpm) 41715 487+11 449+31 504+16
LVDP (mmHg) 95+10 164+6 11612 17618
Coronary Flow(ml/min) 2.6+0.2 3.4+0.1 3.2+0.2 4.0+0.2

Table 4.6. Effect of 1nM ISO on cardiac function of unpaced PLM-WT and PLM*** hearts.

Parameter PLM-WT PLM**

01SO 10min I1SO 01SO 10min I1SO
Heart Rate (bpm) 423+7 629+37 419+28 639+7
LVDP (mmHg) 83+7 154420 92+10 156+13
Coronary Flow(ml/min) 2.1+0.2 4.1+0.5 2.7+0.2 4.7+0.3

Table 4.7. Effect of 100nM ISO on cardiac function of unpaced PLM-WT and PLM>** hearts.

Arrhythmia Score PLM-WT PLM**
01SO 10minISO P 01SO  10min ISO P

1InM ISO 16+4 20+5 ns 9+3 19+4 ns

100nM 1SO 11+3 12+2 ns 18+5 12+2 ns

Table 4.8. Table showing heart rate variability measurements.

Taken during Langendorff perfusion during pre-ISO stability period and during 10 min ISO period
PLM-WT and PLM*** mouse hearts. n=5-6. All data expressed as meantsem and analysed by
Student’s t-test (PLM-WT ‘v’ PLM®***), P<0.05 was considered significant.
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Figure 4.6: Effect of 1nM and 100nM ISO on LVDP in PLM-WT and PLM*** hearts.

A) LVDP with 1nM 1SO; B) LVDP with 100nM ISO; C) % LVDP changes for 1 and 100nM
ISO. n=5-6. All data expressed as meantsem and analysed by two-way ANOVA followed
by pairwise Bonferroni post-hoc test or Student’s t-test, P<0.05 was considered significant
(PLM-WT ‘v’ PLM*** denoted by *).
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Figure 4.7: Effect of 1nM and 100nM ISO on heart rate in PLM-WT and PLM®** hearts.

A) HR with 1nM ISO; B) HR with 100nM ISO; C) % HR changes for 1 and 100nM ISO. n=5-6. All
data expressed as meanzsem and analysed two-way ANOVA followed by pairwise Bonferroni
post-hoc test or by Student’s t-test, P<0.05 was considered significant (PLM-WT ‘v PLM**

denoted by *).
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Figure 4.8: Effect of ISO (1InM and 100nM) on coronary flow and LVEDP in PLM-WT
and PLM*** mouse hearts.

A) Coronary flow % change with 1 and 100nM ISO; B) LVEDP % change with 1 and 100nM
ISO. n=6. All data expressed as meantsem and analysed by Student’s t-test, P<0.05 was
considered significant (PLM-WT ‘v’ PLM*** denoted by *).
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4.4.5 Force-frequency relationship with isoprenaline

Finally, as previously discussed, in vivo increases in heart rate are almost always accompanied
by B-adrenergic stimulation. Therefore the final aim in this series of studies was to perform
FFR in the presence of ISO. The concentration of ISO used was important in this study due to
the need for PLM phosphorylation at Ser68 without excessive heart rate effects; otherwise the
heart would have difficulty following the FFR pacing protocol without multiple escape rhythms.
Different ISO concentrations (0.01nM — 100nM) were perfused through PLM-WT mouse hearts
and homogenised before SDS-PAGE and immunaoblot analysis using Ser68 phospho-specific
antibody (data not shown). 1nM ISO created the perfect profile displaying both Ser68
phosphorylation and LVDP elevation in Langendorff experiments (Figure 4.6) but without a
large increase in heart rate from unpaced basal heart rate measurements (PLM-WT: 417+15 to
487+11, an increase of 17%; PLM®": 449+31 to 504+16, an increase of 15%). Hearts were
paced at 550bpm for the stabilisation period and 1SO pre-treatment followed by FFR protocol
from 400bpm to 800bpm.

In Figure 4.9 the contractile function measurements for FFR in the presence of 1nM ISO can be
seen. 1SO stimulation showed increases in LVDP, heart rate and coronary flow similar to the
results in Figure 4.6-8 (data not shown). During the FFR protocol, LVDP initially increased at
400bpm in both genotypes but then steadily decreased with incremental heart rate increases.
The FFR gradients were analysed (Figure 4.10) and it can be seen that the gradients were
similar in both genotypes with PLM-WT gradient of -0.08 + 0.01mmHg/bpm, n=7 and PLM3**
gradient of -0.06 + 0.02mmHg/bpm, n=5.

In contrast to previous FFR data without ISO, LVEDP decreased with increasing heart rate
reaching a plateau at 600bpm to 800bpm for both PLM-WT and PLM*** hearts. Additionally in
both genotypes coronary flow remained stable until 600bpm, approximately 3.2ml/min, at
which point it increased to 4ml/min. This increase was not significant from baseline for either

genotype.
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Figure 4.9: FFR in PLM-WT and PLM®** mouse hearts in the presence of 1nM ISO.

A) LVDP; B) LVEDP; C) Coronary flow. n=6. All data expressed as meantsem and
analysed two-way ANOVA followed bg/ pairwise Bonferroni post-hoc test, P<0.05 was
considered significant (PLM-WT ‘v’ PLM*** denoted by *).
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Figure 4.10: Gradients of FFR slopes in PLM-WT and PLM%*" mouse hearts in the
presence of 1nM ISO.

A) Line of best fit through LVDP results over full frequency range; B) Graphical
representation of gradients of line of best fit slopes. n=5-7. All data expressed as
meantsem and analysed by Student’s t-test, P<0.05 was considered significant (PLM-WT
‘v’ PLM®*** denoted by *).
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Figure 4.11: Summary of FFR gradients in PLM-WT and PLM®** mouse hearts with

and without 1nM ISO present.

A) Line of best fit through LVDP results over full frequency range; B) Graphical
representation of FFR gradients from line of best fit. n=5-7. All data expressed as
meantsem and analysed by one-way ANOVA with Tukey post-test, P<0.05 was considered

significant (PLM-WT ‘v’ PLM*** denoted by *).

Compiling this data set with previous FFR gradient data it can be seen that whilst PLM-WT

gradients were similar in both experiments, the gradient of the PLM®** mouse hearts differed.
PLM** FFR gradient in the presence of I1SO was shallower than PLM*** FFR gradient alone

but not significantly. PLM®*” gradient is -0.1 + 0.02mmHg/bpm, n=6 and PLM*** + ISO

gradient is -0.06 + 0.01mmHg/bpm, n=5.
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4.5 Discussion

In this chapter it has been shown that PLM** mouse hearts have increased basal cardiac
contractility compared with WT when paced at 550bpm. However, unpaced Langendorff
studies showed no differences in contractility between genotypes which were shown to have
similar LVDP, coronary flow and LVEDP measurements. PLM** hearts did show lower heart
rates than WT but this was not significant. PLM** hearts have a negative FFR, as do WT
hearts; however the FFR gradients were not significantly different. The addition of 1SO to
unpaced preparations caused expected increases in contractility, HR and coronary flow, and a
decrease in LVEDP in both genotypes to a similar extent. SO addition to the FFR has no
significant effect on the previously seen negative gradient or coronary flow but does decrease

LVEDP in a manner similar to ISO alone.

45.1 Basic function

4.5.1.1 Basally paced hearts

Paced cardiac function at 550bpm in the PLM®*”* mouse shows significantly increased
contractility compared with PLM-WT hearts. This is in keeping with the hypothesis that
PLM®** hearts may have a higher [Na™]; at basal pacing rates. It follows that an increased [Na'];
would cause an accumulation of intracellular Ca®* via the NCX by forcing the NCX to work in a
reverse mode thus removing Na® from the cell in exchange for Ca®**.*®* This additional
intracellular Ca** would then contribute to an increased contraction during an action potential
compared to WT. Recent studies have suggested that increased Ca®* may also help trigger more
SR CICR causing further increases in cardiac contraction.”” " Small changes in cytosolic Na*
can cause a significant shift in the NCX mode of action. Despa, et al, in 2002 showed that the
NCX stoichiometry renders the reversal potential of the transporter extremely sensitive to
cytosolic Na* and therefore even small changes in global Na* are likely to mediate significant
changes in Iycx. Thus, a small increase in intracellular Na* can significantly increase the
intracellular Ca** load and compromise diastolic dysfunction. In these studies, a crude index of
arrhythmias (the arrhythmia score reflecting ventricular ectopic beats during pacing) did not

reveal a significant increase in arrhythmia propensity in PLM*** hearts.

A rise in intracellular Na* may compromise diastolic function and raise LVEDP. Initially

LVEDP is set by adjusting the balloon volume but once set; a compromised Ca®* extrusion
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could be reflected in an elevated LVEDP, particularly at higher heart rates. However, in these
studies LVEDP remained stable and the relationship between LVEDP and heart rate was not

different in PLM®** hearts compared with WT providing no evidence for diastolic dysfunction.

Interestingly, an in vivo investigation by our group using echocardiograph (ECHO)
measurements showed no difference in basal cardiac function (such as cardiac output, stroke
volume etc.) between PLM** hearts and PLM-WT hearts which is in contrast to the above
paced study findings where a significant basal inotropy was observed. This could be due to the
heart in vivo being subjected to adaptive autonomic control mechanisms to maintain normal
cardiac function and that the Langendorff preparation isolates the heart from this control and
can therefore expose the effects of the point mutations directly on cardiac function. Indeed
further studies by our group have suggested that PLM*** mice have a higher parasympathetic
control than WT and that sympathetic drive is greatly reduced (unpublished data). In vivo this
change in autonomic control may compensate for the changes in developed pressures observed
in the isolated Langendorff heart.

4.5.1.2 Free-running hearts

Observations made in the unpaced studies mimic those seen in vivo with contractility
measurements similar in both genotypes. PLM®** hearts have lower heart rates than WT hearts
when perfused on an unpaced Langendorff system, although this was not significant. Heart
rates in PLM*** mice were 50bpm lower than WT littermate controls and decrease over time by
the same amount, LVDP falling at a similar rate. It must be noted however, that there are few
Langendorff mouse heart studies that are unpaced. This is due to the unpredictable nature of
mouse hearts ex vivo which are very sensitive to external factors such as temperature and
positioning of the intraventricular balloon. In vivo heart rates for mice are 500-600bpm?* %
however, using the basic Langendorff set-up ex vivo heart rates are usually 400bpm or lower in
the absence of right atrial superfusion. In the current study heart rates close to 500bpm were
observed which is more akin to in vivo heart rates but still artificial due to lack of f-adrenergic
stimulation, which is known to be basally active in vivo. Interestingly though, in vivo heart rates
have been shown by our group using ECHO to be lower in PLM** mice which supports these

unpaced study findings.
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Arrhythmia score analysis highlights the difficulties that accompany unpaced Langendorff
perfusion. Compared to paced Langendorff perfusion there was a significantly greater
incidence rate of arrhythmias in unpaced hearts in both WT and PLM3*” hearts. Pacing
regulates the heart into a normal rhythm and results from these studies are hence uncomplicated

by arrhythmias.

It can be seen that over the 60 minutes of unpaced perfusion heart rate decreases over time as
does LVDP and coronary flow. The initial decrease in heart rate was probably due to the wash-
out of catecholamines from the heart. When the mouse is anaesthetised there is an associated
stress which will be accompanied by the release of catecholamines from the nerve terminals at
the SA node manifested in a high heart rate when the heart is first perfused. Over time these
catecholamines are washed out. Heart rate has an effect on LVDP, LVEDP and coronary flow
therefore these measurements also follow the pattern of heart rate decline over time. The total
decline in these measurements was not unexpected as it has previously been documented by
Sutherland et al, 2000%° that some decline in Langendorff preparations over time is a certainty
and none of the measurements made were significantly decreased with respect to their starting

values.

These studies into the basal cardiac function of the PLM®* hearts raise the question as to why
the gain in contractility seen in the paced PLM*” studies was not seen in the unpaced
preparations, and which one is more representative of the in vivo situation. As previously
stated, ECHO measurements have revealed that cardiac function measurements show no
differences between genotypes and that HR is decreased in PLM** mice compared with WT.
This would suggest that the unpaced study results are more reflective of the in vivo situation and

that the pacing of hearts to 550bpm may over amplify differences in contractile function.

The maximal unpaced heart rate after 20 minutes of perfusion in PLM®** mouse hearts was
approximately 441bpm, which decreased by 12% over an hour. Perhaps by pacing at 550bpm
and reducing the diastolic interval, the time available for Ca?* removal is limited and results in
greater contractile function. Therefore when observing the FFR in these hearts increasing heart
rate would cause incremental increases in developed pressures when compared with WT,;
however this was not the case. 1SO stimulation should also evoke differences in LVDP by
increasing heart rate to the same extent in both genotypes; again this was not the case.
Therefore this rate dependent exposure of contractility differences helps strengthen our
hypothesis of PLM phosphorylation influencing [Na']. Either PLM*** hearts have a higher

basal [Na']; as previously suggested which would influence Ca”* accumulation via reverse mode
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NCX or the faster heart rates will increase Na™ influx which cannot be extruded as efficiently by
unphosphorylatable PLM in the PLM** mouse heart and influences Ca*" accumulation and
contractility accordingly. Of course this second mode of action may also be influenced by
pacing-induced phosphorylation of PLM which would see more efficient handling of increased
Na® influx in WT compared to PLM®** hearts and will be discussed in more detail with FFR

studies.

4.5.2 Effects of pacing

The force-frequency relationship was first described by Bowditch in 1871 and describes the
chronotropic effects on cardiac output and force during a contraction.”® ?*® Changes in force

development are directly related to intracellular Ca** transients**

and increased frequency of
action potentials leads to an influx of Ca?* through the L-type Ca®" channels causing loading of
the SR. Increase in frequency will also reduce the time for diastolic relaxation and Ca®*
extrusion may be reduced. Additionally, more Ca?* enters the cell via the NCX which is
influenced by the increase of [Na']; due to increased Na* influx through voltage-gated channels
seen with increased heart rate.® Calcium handling proteins such as PLB and SERCA may also
be affected and may influence Ca** overload.”®* In theory this increase in SR Ca®* and hence
Ca”* transients should cause an increase in force and generate a positive FFR; this is true for
large mammals such as humans and dogs® where heart rate varies over a 3 fold range and
contractile function can double.®® However for small mammals such as rat and mouse, where
there is not the same capability for heart rate and contractility to increase, this relationship ex
vivo is flat or negative whilst in vivo is positive.> The cellular mechanism underlying the
negative ex vivo FFR are complex and the previously reported negative FFR could be the result
of experimentation parameters such as unphysiological frequencies used (250 - 400bpm)?? 2%
01 and temperature. As previously stated there is an intrinsic p-adrenergic tone in vivo and
studies in conscious mice have shown a predominant sympathetic tone with little

parasympathetic input on heart function,*®

therefore frequency stimulation in the absence of f3-
adrenergic stimulation is a situation that would never occur in a physiological in vivo setting and
may contribute to this negative FFR seen in vitro. A further contributing factor could be the
higher resting [Na']; and lower Iycx activation threshold with the shorter action potential found
in rats and mice than larger mammals.** This causes a net SR Ca** gain during rest periods and
resumption of activation causes a net SR Ca”" loss thereby reducing contractility with increased

frequency.?
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Previous studies in PLM-KO mice within our group have shown FFR with a positive staircase.
This was assumed to be due to lower [Na*]; from a more active unregulated Na*/K* ATPase
pump. It was hypothesised that the PLM®*** mouse may have a higher [Na']; because of the
permanent inhibition on the Na*/K* ATPase pump which should cause [Na']; to increase with
increasing frequency therefore a negative FFR might be predicted. Indeed the FFR was
negative, however was not different to that seen in WT hearts suggesting that if pacing-induced
PLM phosphorylation occurs it does not protect the heart against Na* or Ca®* overload at high
heart rates.

4.5.2.1 Pacing, high heart rate, nitric oxide and PLM phosphorylation

Having established that heart rate may not usually increase in vivo in the absence of B-receptor
stimulation, there is still reason to propose that pacing-induced increases in heart rate may
phosphorylate PLM and increase Na*/K* ATPase activity. Firstly, pacing is known to release

302393 50 it is possible at higher heart rates that PLM may be

noradrenaline from nerve terminals
phosphorylated through a classical PKA-dependent pathway. In addition, recent studies by our
group, Pavlovic et al, 2013,*"” show that pacing induces NO-dependent phosphorylation of PLM

by PKC-dependent pathway in AMVM.

If pacing does phosphorylate PLM with respect to the FFR studies, a negative but shallow FFR
was expected in WT hearts. However, in PLM®** hearts since PLM can no longer be
phosphorylated a steeper FFR was expected due to the potentially greater rise in [Na']. This
was, however, not observed and FFR in WT and PLM*** hearts had similar FFR gradients.

Additional work by our group using Western blot analysis of paced Langendorff rat hearts show
no increased phosphorylation of PLM at any residue with pacing protocols whilst others show
phosphorylation (data not shown). Pacing of myocytes (0-3Hz) in the Pavlovic study does not
mimic physiological heart rates (~10Hz) and this may account for the lack of phosphorylation in
hearts paced at more physiological pacing rates. This may explain why the FFR gradients are
equal in these experiments because if PLM is not further phosphorylated during increased
pacing in WT hearts then it will be acting in a manner similar to unphosphorylatable PLM and

will regulate [Na™]; in a similar way.

Pacing induced NO release and subsequent PKA activation in theory should lower LVEDP

values due to the lusitropic PKA effects on Troponin | and PLB. However, in these experiments
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LVEDRP rises as frequency rises. Potentially the reduced time for diastolic relaxation at each
frequency, and therefore the reduced time for Ca?* extrusion from the cell, cause SR Ca®*
loading which overrides any PKA lusitropic effects by NO activation. This Ca®* load will
continue to increase with rate and may cause diastolic dysfunction, indeed at 800bpm some
hearts have been seen to go into ventricular fibrillation (VF) as they cannot cope with this Ca®*
overload. Future VF threshold experiments may determine any differences in mouse phenotype.
However, no differences were observed between genotypes suggesting that PLM
phosphorylation in the WT mouse either does not occur (as suggested by the Western blot data)
or is unimportant in the regulation of Na* and Ca®*.

45.3 Effects of catecholamines

A recurring theme throughout these studies is the presence of B-adrenergic stimulation under
normal conditions or during physiological changes in heart rate. Therefore it was important to
ascertain the effect of B-adrenergic stimulation by perfusing PLM®** hearts with 1SO. As
expected, 1SO at 1nM and 100nM evoked chronotropic, inotropic and lusitropic effects in WT
and PLM®** hearts. It was a surprise that 1nM ISO increased LVDP to almost the same extent
as 100nM ISO however; heart rate was only 40% of heart rate increase seen with 100nM ISO.
This could be due to the increase of cAMP and consequently PKA causing enough
phosphorylation of E-C coupling proteins to allow maximal LVDP effects at 1nM but the
cAMP level, which directly activates the hyperpolarising cCAMP nucleotide channels of the SA
node to increase heart rate, is not sufficient at 1nM to obtain maximal heart rate effects.
Coronary flow increases with both InM and 100nM ISO due to the presence of B, receptors in
smooth muscle. Activation of these receptors causes increased Ca®* efflux with decreased Ca®*
influx and this lack of [Ca*"]; results in a decrease in actin-myosin interactions and the tissue

relaxes. This can be seen with the increase in coronary flow at 1nM and 100nM ISO.

The surprising finding in this data set is the lack of differences between PLM-WT and PLM**
FFR. It was hypothesised that Na* may be elevated in PLM** hearts particularly in the
presence of 1ISO or when heart rate is elevated by rapid pacing. In WT hearts PLM will be
phosphorylated at Ser68 in the presence of ISO and will be able to handle massive increases in
contractility and heart rate by having a pump that is able to remove enhanced Na* influx® which
in turn will help control Ca**. In PLM** hearts the lack of phosphorylation at Ser68 and the

predicted increase in [Na']; and therefore [Ca®*]; via the NCX should cause the heart to initially
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contract to a greater extent than WT hearts, however this was not the case. Further to this Despa
et al, 2008, suggested that ISO stimulation induces a delayed decrease in [Na']; in PLM-WT
animals due to a lag in the activation of the pump,* supported by Wang et al, 2010,%* however
when observing changes during 10 minutes of ISO infusion it was seen in WT hearts that
developed pressure was maintained throughout and at a similar level to PLM3* hearts. Perhaps
the role of Na*/K* ATPase in the overall 1SO stimulated E-C coupling cycle is only small and
any differences are obscured by other PKA substrates important to Ca®* handling e.g. PLB,
SERCA, L-type Ca** channels, Ryanodine receptors.

One point of interest was that LVEDP in both mice decreased in the presence of ISO to such an
extent to give negative pressure measurements. The lusitropic effect of 1ISO on end diastolic
pressure has been well documented®* *** and is due to PKA effects on PLB accelerating SR Ca**
reuptake and troponin | decreasing myofilament sensitivity to Ca®* resulting in faster Ca*
dissociation from troponin C and faster relaxation.® What is interesting in these studies is that
although LVEDP decreases in both WT and PLM®** hearts that there was less (non-significant)
relaxation in PLM®* hearts possibly suggesting a higher [Ca*"]; which in turn may suggest
higher [Na'];. Of course concluding anything from negative balloon values is not possible but

potentially an interesting observation.

Finally, heart rate in both mice increased with 1SO, especially with 100nM 1SO. As previously
discussed, in the mouse heart, LVDP should decrease at higher rates and it was anticipated that
this would be particularly marked in PLM** mice that have unphosphorylatable Ser68 and
therefore no pump activation. This was not seen however due to the fact that B-adrenergic
stimulation increases of heart rate will provide a positive FFR as seen during in vivo

situations.

4.5.4 Effects of pacing and catecholamines

In the studies where the pacing-induced FFR was generated in the presence of low-dose 1SO
(1nM) negative FFR were observed in both WT and PLM*** hearts with no differences in FFR
gradients.  Possibly the concentration of I1SO used was insufficient to significantly
phosphorylate PLM and changes to Na® efflux were too small to affect FFR. However
additional data from Western blot studies showed 1nM ISO induces PLM phosphorylation and

voltage-clamp studies performed by other members of our group show 1nM ISO can stimulate
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pump current in isolated myocytes (data not shown). It is clear, however, that 1nM ISO did not
replicate the positive FFR observed in PLM-KO hearts — perhaps suggesting that 1nM 1SO does
not stimulate the pump to the same degree as PLM deletion. It would have been interesting to
repeat these FFR studies with higher ISO concentrations to see if the negative staircase could be
converted to a positive one. However, in these pacing-induced FFR it was not possible to
investigate higher ISO concentrations as the concomitant chronotropic effects cause escape
rhythms which preclude adequate pacing, particularly at the lower frequencies. The data from
free-running hearts (Figure 4.6 to Figure 4.8) however shows that a higher ISO concentration
(100nM) elevates heart rate and contraction similarly in both PLM** and WT hearts suggesting
that the inotropic response to 1SO (and elevated heart rate) is not moderated by rendering PLM
unphosphorylatable.

The slope of the FFR gradients for WT hearts with and without 1nM 1SO were identical. The
only difference observed in the LVDP gradients was with PLM** hearts which showed a
reduced FFR slope with 1nM ISO. Again this is difficult to explain as it was expected that
[Na']; would be increased with combined 1SO and pacing stimulus protocols and should
therefore be dramatically steeper than without 1SO. These results again highlight that 1SO
effects on Langendorff hearts are mainly via direct Ca** handling proteins which can override

and compensate for any changes in [Na'];.

The difficulty in interpreting the data in this chapter emphasises the need for measurement of

intracellular Na* in isolated hearts beating at physiological rates and temperatures.
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4.6 Summary

It was hypothesised that PLM*** mouse hearts may exhibit a normal or increased [Na*]; due to
permanent pump inhibition which in turn would favour an increase in [Ca®']; via the NCX,
loading the SR stores and causing a greater inotropic effect than in PLM-WT hearts. An
increased basal contractility was seen in paced hearts. In unpaced studies, the decrease in
intrinsic heart rate of PLM*** hearts may allow developed pressures to be comparable to WT
which may be the case in vivo to allow the mouse to function normally. There are a number of

possible explanations for the lack of a genotypic effect on the FFR:

1. In the absence of B-receptor stimulation PLM phosphorylation does not change in the

WT heart and hence Na* influx, Na* extrusion and [Na']; are similar in both genotypes.

2. [Na']; may be different in the 2 genotypes but Na* plays a limited role in influencing

contractility (this seems unlikely given the known effects of Na* elevation).

3. Na' extrusion is different between the genotypes but other E-C coupling mechanisms

have adapted and compensated to give no net effect.

4. 1In the presence of B-receptor stimulation, PLM is phosphorylated in WT but not the
PLM** mouse but again, either (a) this does not affect [Na'];, (b) affects [Na']; but
[Na']; is unimportant in determining contractility or (c) the effects of Na* handling are
swamped by the altered regulation of other E-C coupling targets of PKA
phosphorylation.

On the basis of the data presented in this chapter it is difficult to distinguish between these
possibilities. These data do, however, emphasis that for a better understanding of the PLM3*
mouse, it is essential that methods are developed to measure [Na™]; at physiological heart rates

and temperatures.
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5 CHAPTER 5-MEASUREMENT OF [Na']; IN PLM®**
MOUSE HEARTS USING FLAME PHOTOMETRY

5.1 Introduction

Data in the previous chapter indicates the importance of measuring intracellular Na*
concentration in PLM-WT and PLM** mouse hearts under basal and stressed conditions. The
“gold-standard” for measuring [Na']; at physiological heart rates and temperatures is ?Na NMR
and the use of this technique is one of the eventual objectives of this thesis. However, at the
time of the experiments within this chapter, the Na mouse coil was still in development.
Therefore an alternative way of measuring [Na']; in PLM-WT and PLM®** mouse hearts was

required.

5.1.1 Measurement of Intracellular Na*

There are several methods for measuring intracellular Na*; the most frequently used are listed

below. The different methods are discussed briefly with their relative merits.

e SBFI (Sodium-binding Benzofuran Isophthalate)
e |on-selective electrodes
e “NaNMR

e Flame Photometry

5.1.1.1 SBFI

SBFI is a dual excitation ratiometric fluorescent dye whose fluorescence changes as a function

of Na* concentration.>®

SBFI, once inside the cell, binds to Na" ions by the presence of a
crown ether chelator linked to the fluorophore. The selectivity of the dye for Na* is due to the
size of the cavity on the chelator and although K* can bind, SBFI is 18 fold more selective for
Na" over K. Once Na" is bound, the fluorescent yield of the dye increases resulting in a
narrower excitation peak which is also shifted to shorter wavelengths. This changes the ratio of

fluorescence intensities excited at 340/380nm and allows calculation of the amount of Na*
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present in the cell. SBFI is a reliable technique for Na® measurements in isolated cardiac
myocytes’ and in the PLM field SBFI has been used to indicate the intracellular Na*
concentration in PLM-WT and PLM-KO myocytes with/without 1SO.? 3 The advantages with
this technique are that it does not damage the tissue and it is possible to measure [Na']; changes
over time. However, although this technique has been used extensively in single cells, its use in
whole tissues such as Langendorff hearts has been limited.*® The main limitations are that the
SBFI dye leaks from the cell rapidly at 37°C in paced myocytes. It has therefore been almost
exclusively used in quiescent cells at room temperature. Hence it is unsuitable for measuring

[Na']; at 37°C at physiological pacing rates (5-10Hz).

5.1.1.2 lon-selective electrodes

lon-selective electrodes are an alternative way of measuring cations in solution®”” and consist of
an ion-sensitive membrane (ion-exchange glass or Na* ionophore) that is exposed to the ion of
investigation in solution on one side and on the other, a solution of known ion activity which is
in contact with a reference electrode e.g. Ag'/AgCIl. A potential is set up across this semi-
permeable membrane according to the Nernst equation and this potential can be measured by a
voltmeter. The recorded voltage gives an indication of the ion concentration. Although these
electrodes can be highly selective for the ion of interest and provide measurements without
tissue destruction they are difficult to use, have high impedance and require double-junction
electrodes (or double-barrelled structure) to allow simultaneous recording of membrane
potential ***3% Consequently they are inherently unstable and unsuitable for use in contracting

and moving preparations such as cardiac tissue paced at physiological rates and temperatures.

5.1.1.3 2°Na NMR

In this thesis Na NMR in a perfused mouse heart was considered to be the optimal method for
measuring intracellular Na*™ in hearts beating at physiological rates at 37°C and will be discussed
further in Chapter 6. However, at the start of these studies, Na NMR was not available and

therefore the appropriateness of flame photometry as a method for estimating intracellular Na

in beating hearts was investigated.
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5.1.1.4 Flame photometry

The need to obtain quantitative measures of both Na* and K™ in biological samples without the
necessity of chemical separation led to the development of the flame photometer. The concept

for flame photometry was first devised by Lundegardh circa 1929°' 3

when he developed a
basic piece of apparatus that fired cations in solution into a flame producing spectra that were
photographed and compared to known spectra from standard solutions. In the mid 1940’s more
sophisticated instruments were developed in which the light produced from the flame was
passed through optical filters onto a photosensitive element and the resultant current was
measured.*? 32 Today models are slightly more sophisticated again but all work on the same

basic principle of emission spectroscopy.

Flame photometry relies on the fact that alkali metals, such as Na* and K*, when drawn into a
non-luminous flame will ionise and absorb energy from the flame causing the atoms to excite to
a new energy state. As these atoms decay back to the unexcited ground state they emit light of a
characteristic wavelength for each atom determined by the Planck-Einstein relationship. For
example Na* emits light at a wavelength of 589nm which to the naked eye appears as orange
and K" emits light at a wavelength of 766nm which is seen as a purple light. A photocell
detects the intensity of the emitted light and converts it to a voltage which can then be recorded
and related to the concentration of the ion present. As ions emit light at different wavelengths,

filters can be used to isolate individual emission signals in the same sample.

5.1.1.5 Flame photometry disadvantages

Flame photometers use the most basic form of emission spectroscopy to determine the ionic
content of a solution, i.e. the energy from alkali metals is of a low excitation magnitude and will
not exceed the energy from the flame thus keeping spectra simple to detect and analyse.
However, this in itself provides many disadvantages. For example the light intensity from the
flame will be affected by the fuel used, rate of flow and pressure of gas to the photometer and
the rate of nebulisation of the sample into the flame.*** Flame photometry also requires full

3% put this can be controlled for.

tissue destruction and adequate washout of the extracellular ion
The other issue is that flame photometers respond linearly to an ion over a very small
concentration range, especially in the case of Na*. Therefore extreme dilutions of the sample

may be required to obtain a reading on the appropriate scale.
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Figure 5.1: Schematic representation of how a flame photometer works.

Unexcited molecule/atoms/ions in solution are excited by passing through a non-luminous
flame reaching a new energy state. As they return to the ground energy state they emit light
of a characteristic wavelength that is detected by a photocell, converted to a voltage and
measured by a voltmeter. The use of filters allows differentiation between ions.
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5.1.2 Intracellular Na* in PLM-WT and PLM®* hearts

Flame photometry was used to measure basal intracellular Na* from Langendorff perfused
PLM-WT and PLM** mouse hearts paced at the physiological rate of 550bpm. Previous
studies using SBFI measurements in PLM-KO myocytes at rest have shown that [Na']; is
comparable to WT (PLM-WT: 12.5+1.8mM; PLM-KO: 12.0+1.5mM)* and was attributed to
compensation by lower expression of Na'/K* ATPase o subunit. Therefore, it is possible that
the decreased PLM expression in PLM*** mouse hearts compared to WT (Chapter 3 Section
3.4.2.2), may compensate for reduced net activity and intracellular Na* may remain normal (as
perhaps suggested by similar FFRs in WT and PLM*** hearts). Alternatively, it is possible that
unphosphorylatable PLM may lead to elevations in [Na']; when hearts are rapidly paced or

exposed to 1SO.
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Since the objective of these experiments was to investigate the effect of 1SO on basal Na™ (in the
absence of changes in influx secondary to increases in heart rate) these experiments were all
performed in hearts paced at 550bpm. The ISO concentration selected has inotropic and
chronotropic effects and phosphorylates PLM but that was not so high as to lead to escape
rhythms in hearts paced at 550bpm. Accordingly 10nM ISO was used in these experiments. It
was hypothesised that ISO may cause a decrease in [Na']; in WT hearts compared to control due
to Ser68 PLM phosphorylation and pump activation?® whilst in PLM®** hearts which cannot
regulate Na'/K* ATPase Na" would remain unchanged.

Rapid pacing (800bpm) and ouabain interventions were also investigated for their effects on
[Na'li. It was hypothesised that both rapid pacing and ouabain should increase [Na‘];* ®
Ouabain was used as a positive control for [Na']; and although mouse and rat hearts express
ouabain-resistant Na"/K* ATPase a subunits, a submaximal ouabain concentration was used in
these experiments. 50uM ouabain was chosen as a concentration that induced a substantial

315, 316

inotropy (assumed to be due to rises in [Na']; ) but was not so high as to cause an

irreversible contracture.®"3* For each experiment PLM®** was compared to WT littermates.

5.1.3 Rubidium uptake in PLM-WT and PLM®** hearts

Flame photometry has been used extensively to quantitatively measure the K* content in
biological solutions.*** There are 3 significant routes of K* efflux from the cell shown in Figure
5.2; voltage-gated K* channels, ligand gated ATP sensitive channels (Karp) Which are activated
in response to metabolic stress and the possible reverse mode Na'/K*/2CI" co-transporter. There
is only 1 major route of K influx though and this is via the Na'/K* ATPase with a small

contribution from Na'/K"/2CI" co-transporter operating in its forward mode.
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Figure 5.2: Schematic representation of major K'/Rb" transport routes in the cell.
Diagram showing major routes of K" influx and efflux with those that can be utilised by Rb*
highlighted in red. Na'/K'/2CI" can act in forward or reverse mode bringing K" into or out of
the cell. Karp channels are activated in response to metabolic stress so under normal
physiological conditions are not activated. Adapted from Kupriyanov et al, 2004.%%°

K" efflux from cells is quantitatively significant and will vary with activity and activation of cell
signalling pathways. Thus, as an index of Na'/K* pump function, measuring K* uptake
(complicated by possible changes in K* efflux) is of limited value. However, Rb* is a K"
congener®? and can substitute for K* in the Na'/K* ATPase transport cycle (see Figure 5.2).
Since Rb" is not naturally occurring (i.e. there is no endogenous intracellular Rb*) then Rb*
influx is at least initially (before the cells load with Rb") a good index of Na'/K* ATPase
activity. This can be done using radioactive Rb* (typically ®**Rb) or as has been done in these

experiments, by measuring tissue content after exposure to Rb*-containing solutions.

In radioactivity studies ®Rb is commonly used due to its similarity to *'K, it has the same net
charge and covalent radius but the half-life is significantly longer at 18.55 days. This isotope
has been used in many membrane transport studies involving many different tissue types
including erythrocytes, cerebral vessels and skeletal muscle.***** Other studies using NMR

have used the quadrupolar active isotope nuclei ®Rb to look at influx rates for example in
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326

perfused rat hearts. Finally, many studies have also used non-radioactive rubidium or

caesium and lithium as external activators of the pump to study Na'/K* ATPase

mechanisms.*?7-3%

Rb*, despite being twice the atomic weight of K, has a similar hydrated ionic radius (Rb*: 2.93
A; K* 2.76K A) which determines biological properties of ions.** When considering
substituting K* for Rb* the affinity and kinetic properties with respect to Na*/K* ATPase and
whether it would be able to activate the pump at the same rate must be taken into account.
Work by Beauge et al, in 1968,%*" in red blood cells suggests that Rb* activates the pump with
similar uptake rates as K* and other work has supported this in cardiomyocytes.***** Beauge et
al,®*" also showed that ouabain shifts the Rb* uptake curve to the left indicating the block of the
pump by ouabain reduces Rb* uptake as may be predicted.

Rb* uptake has therefore been used as an index of Na*/K* ATPase activity in WT and PLM***
hearts subjected to a variety of protocols.

5.2 Aims

The aims of the studies undertaken in this chapter were to:

1. Determine appropriate experimental parameters for digestion of Langendorff perfused

hearts for use in subsequent flame photometry experiments.

2. Investigate intracellular Na® content during basal pacing conditions (550bpm) in

PLM®** mice and littermate controls.

3. Investigate the effect of rapid pacing, 1SO and ouabain perfusion on intracellular Na* in
PLM**and WT mouse hearts.

4. Determine the Rb* uptake during basally paced heart perfusion in both genotypes.

5. And finally determine the effect of rapid pacing, 1ISO and ouabain perfusion on Rb”
uptake in PLM** and WT littermate hearts.
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5.3 Methods

5.3.1 Intracellular Na® in PLM-WT and PLM** hearts

As described in general methods (Chapter 2, Section 2.3.3), hearts were excised from PLM-WT
and PLM®** mice and cannulated for standard Langendorff perfusion. Following 20 minutes of
paced Langendorff aerobic perfusion at 550bpm with standard KHB (see Chapter 2 Table 2.3),

hearts were subjected to either:

e 10 minutes perfusion paced at 550bpm with standard KHB,

e 10 minutes perfusion paced at 550bpm with KHB + 10nM 1SO,

e 10 minutes perfusion paced at 550bpm with KHB + 50uM ouabain or
e 10 minutes perfusion paced at 800bpm with standard KHB.

A washout of extracellular Na* was performed to ensure only intracellular Na* content was
measured by flame photometry. Hearts were perfused with a mannitol based Na-free buffer for
40 seconds (for details see Chapter 2 Table 2.5) following the above interventions. Hearts were
cut down, blotted and quickly snap frozen in liquid N, and dried for 16 hours at 80°C and
weighed before being digested with 50% trifluoroacetic acid (TFA).”*® Analysis of heart
samples using the flame photometer (Section 2.8) calibrated to a NaCl standard curve was then

performed.

5.3.2 Rb" uptake in PLM-WT and PLM®** hearts

Following 20 minutes of paced Langendorff perfusion at 550bpm as above, hearts were
perfused with K*-free Rb*-KHB** (see Chapter 2 Table 2.4) for 10 minutes before being

subjected to either:

e 10 minutes perfusion paced at 550bpm with K*-free Rb*-KHB,
e 10 minutes perfusion paced at 550bpm with K*-free Rb*-KHB + 10nM IS0,

e 10 minutes perfusion paced at 550bpm with K*-free Rb*-KHB + 50uM
ouabain or

e 10 minutes perfusion paced at 800bpm with K*-free Rb*-KHB.

To ensure washout of any extracellular Rb", hearts were perfused with standard KHB for 40
seconds following the above interventions. Bumetanide (BM) was present in all the K*-free
Rb*-KHB perfusion buffers to block the Na’/K*/2CI" co-transporter ensuring that any Rb*
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uptake was solely due to the Na*/K* ATPase.®*"*! Control WT hearts were perfused with BM-
free Rb™-KHB to measure additional Rb* taken up by Na’/K*/2CI" co-transporter (as shown in
Figure 5.7). Hearts were again dried for 16 hours at 80°C and weighed before being digested

with 50% TFA and analysed using the flame photometer calibrated to an RbClI standard curve.

5.3.3 Flame photometry operation

The Sherwood Scientific Model 410 Classic Flame Photometer was set-up in accordance with
manufacturer’s directions (see Chapter 2, Section 2.8.3). The system was primed with natural
gas (hydrocarbon gas containing methane and CO,) and adjusted for optimum gain. Standard
curves were constructed for Na* or Rb* using dilutions of NaCl or RbCI in the global diluent
(ddH,0) and correct flame photometer filters for Na* or Rb*. The top standard curve
concentration of each ion was set to an appropriate value on the flame photometer and
subsequent concentrations were simply read off and noted. A standard curve was constructed.
Digested heart samples were spun at 15000 x g for 10 minutes and diluted appropriately for the
standard curve (see Chapter 2, Section 2.8.4 - 2.8.5). Samples were aspirated through the
nebuliser into the flame and recordings allowed to stabilise for 20 seconds (due to fluctuation of
flame photometer measurements) and the highest reading was recorded over the following 10

seconds.
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5.4 Results

5.4.1 Heart digestion and ion extraction

Many of the methods used for flame photometry with whole heart samples require digestion of
the tissue for at least 12-24 hours.>* However, this has rarely been evaluated and certainly not
documented, and so whilst optimising the methods for the following experiments it was decided
to test whether a shorter extraction time could be used. Comparison of 1 hour and 24 hour
digestion was done on hearts digested in 50% trifluoroacetic acid and then measured using the
flame photometer. Heart digestion optimisation was performed using hearts from the Rb*
uptake study. Figure 5.3A shows the Rb* standard curve that was used to estimate Rb*
concentrations in each sample. As previously discussed, the flame photometer provides an
almost 1:1 measure of an ion if it is present in the correct linear range. As can be seen in Figure
5.3A Rb" has a large concentration range where the ion has a linear correlation (0-50mM
RbCI). The fit of the line, r? is 0.99 showing a good correlation between Rb* concentration and
flame photometer reading. This was considered an appropriate scale to use for all further Rb*

experiments.

Initially it can be seen in Figure 5.3B that 1 hour digestion in 50% TFA provides a considerable
Rb* signal compared to control hearts which have been perfused with Rb*-free KHB.
Comparison of Rb* signals from hearts digested for 1 and 24 hours show almost identical signal
magnitude (1 hour digestion: 23.09 £ 1.2AU Rb, n=7; 24 hour digestion: 23.34 + 1.2AU, n=7),
see Figure 5.3C, suggesting no further Rb* extraction following an additional 23 hours of
digestion. However, although it appears that all of the Rb* can be extracted within 1 hour, at
this time point the sample remains undigested with a large insoluble pellet and suspended large
particles. These block the nebuliser of the flame photometer resulting in problems with the
measurements and increased variability. After 24 hours digestion, although no further Rb™ is
extracted, the sample is more homogeneous with a much smaller insoluble fraction. It was

therefore decided to use a 24 hour extraction protocol.

As a further quality control it was confirmed that 24 hour digestion extracts all Rb* to be
measured. The solid remnants from the 24 hour digestion were re-digested in fresh 50% TFA
and, as can be seen in Figure 5.3D there was no further Rb* extraction. These findings provided
the basis for defining future protocols. That is, hearts were digested for 24 hours in 50% TFA

before being measured by the flame photometer.
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Figure 5.3: Determination of parameters for heart digestion in future experiments.

A) RbCl std curve; B) 1hr digestion comparison between Rb*-KHB and KHB hearts; C)
Comparison of 1hr and 24hr digestion with Rb*-KHB and KHB hearts; D) 24hr re-extraction
of Rb™-KHB and KHB hearts. n=3-7. All data expressed as meantsem and analysed by
one-way ANOVA and Student’s t-test, P<0.05 was considered significant and denoted by *.
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5.4.2 Extracellular washout period

A requirement of the flame photometry method is that all extracellular Na* or Rb" is washed out
of the hearts before freezing. Flame photometry will measure all ions present in the heart
sample at the time of digestion therefore residual ions from the extracellular space would be
measured also. The length of time of the washout period is critical, too short a Na* (or Rb") free
extracellular washout will leave residual contaminant ions which will add to the estimate of the
intracellular ion content. Conversely, too long a washout and the reversal of the transmembrane
gradient will result in Na* (or Rb") being lost from the intracellular compartment. The balance
between extracellular wash out and intracellular loss is a fine one and therefore the correct
extracellular washout period had to be determined for each ion. Effluent from the hearts during
the washout perfusion period was collected in 10 second aliquots and analysed using flame
photometry for both Rb* and Na®. It can be seen in Figure 5.4 that the rate of loss for both Rb*
and Na* was similar and started to plateau towards the end of the 40 second washout period. It
can be concluded that 40 seconds is an adequate washout period to remove extracellular
Rb*/Na” without removing intracellular ions and should help give an accurate measure of the

amount of Na* or Rb* content in the cells during each intervention.
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Figure 5.4: Determination of appropriate extracellular washout periods for Na and
Rb" measured from coronary effluent collected during sequential 10 second intervals.
A) Rate of extracellular Na" loss; B) Rate of extracellular Rb" loss. n=6.

5.4.3 Intracellular Na* in PLM-WT and PLM®** mouse hearts

It is widely accepted that the linear range for Na* using the flame photometer is very narrow
(0.5 to 10ppm) due to Na* self-absorption at higher values. Therefore samples were highly
diluted to be able to measure Na* which may introduce inaccuracies and errors. It can be seen
in Figure 5.5A that the Na" standard curve quickly becomes non-linear at moderately low
concentrations (<bmM NaCl). To obtain a 1:1 relationship between signal and ion
concentration the standard curve used is <ImM in range. Figure 5.5B shows the standard curve

at the linear range for Na* ions, r* = 0.9966 showing a good correlation.
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Figure 5.5: Determination of NaCl standard curve over a linear range for Na'.
A) NaCl standard curve over 0-50mM range; B) NaCl standard curve over linear range O-
ImM.

Cardiac function profiles (not shown) when hearts were perfused with ISO or rapidly paced at
800bpm match those previously seen in this thesis (Chapter 4, Section 4.4.3 and 4.4.4). 1SO
caused an inotropic response, however any chronotropic response was masked by the
continuous pacing of the hearts at 550bpm from which there were few escape rhythms. Rapid
pacing at 800bpm was associated with a decrease in LVDP accompanied by an increase in
LVEDRP as previously seen in FFR for lower heart rates. Ouabain induced a positive inotropic

response as expected.*" 3**** While 50uM ouabain will not completely block the al subunit of
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the rat (or mouse) Na'/K* ATPase**® this concentration was used as it induced a clear positive

inotropy without a significant rise in LVEDP.

Figure 5.6 shows the intracellular Na* content measured following these protocols by the flame
photometer. The results show that there was no significant difference between intracellular Na*
content in PLM-WT and PLM*** mouse hearts at basal pacing rate of 550bpm (PLM-WT: 3.02
+ 0.24AU; PLM**: 3.6 + 0.9AU, n=4-8). There were also no significant differences between
intracellular Na* measurements in PLM-WT and PLM** hearts following 1SO, 800bpm rapid
pacing or ouabain interventions. Intracellular Na* content appears to be lower than control
values with ISO perfusion for both genotypes but this was non-significant. Also intracellular
Na“ content appears to be marginally greater than control values for both genotypes with

ouabain perfusion, but again this was non-significant.

The failure to detect any significant increases in intracellular Na* using this technique raises the
possibility that this technique has insufficient resolution to detect even the large changes that
might be expected with ouabain or rapid pacing. The reasons for this are discussed in more
detail in the discussion section of this chapter. However, the lack of resolution of this technique
led to the consideration of Rb* uptake as another surrogate method for estimating Na*/K*

ATPase function.
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Figure 5.6: Flame photometer results for intracellular Na* content during different
interventions comparing WT and PLM** mouse hearts.

A) Rapidly paced (800bpm) intracellular Na® changes; B) 10nM ISO intracellular Na*
changes; C) 50uM ouabain intracellular Na® changes. n=5-8. All data expressed as
meantsem and analysed by two-way ANOVA followed by Bonferroni post-hoc test, P<0.05
was considered significant.
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5.4.4 Rb" uptake in PLM-WT and PLM*** mouse hearts

Similar RbCI standard curves to those previously shown in Figure 5.3A were used for flame
photometer calibration in these experiments. When investigating Rb* uptake it is on the premise
that 2K™ are exchanged for 3Na" using the energy from the hydrolysis of one ATP molecule. If
K* is replaced with Rb*, an analogue ion, it can be assumed that any Rb" that exists
intracellularly is due to uptake by the Na*/K* ATPase pump. There is only one other way that
Rb* could be taken up into the cell under normal physiological conditions and this is by the
Na*/K*/2CI" co-transporter. Therefore BM was added to Rb-KHB to block this pathway and its
effect on Rb* uptake was measured in control hearts. It can be seen in Figure 5.7 that BM had
only a small non-significant effect on Rb* uptake. However, in order to minimise the possibility
that this admittedly small pathway could increase its contribution under different experimental

conditions, BM was added to all perfusion buffers used in this series of studies.

Perfusion with Rb-KHB itself influenced LVDP, coronary flow and LVEDP. It is clear that Rb*
exerts effects that are distinct from those of K* as switching from equimolar K* to Rb* perfusate
induced transient effects (see Figure 5.8). LVDP initially rose in PLM** hearts whilst
decreasing in PLM-WT hearts which were significantly different from each other 3 minutes
from the start of Rb*-KHB perfusion. By the end of the Rb*-KHB only perfusion period, LVDP
in both genotypes had normalised to values similar to pre-Rb*-KHB perfusion. Coronary flow
and LVEDP followed a similar time-course to that of developed pressure changes with an
increase in both parameters but identically in both genotypes. Both parameters had returned to
baseline measurements by the end of the Rb*-KHB only perfusion period showing that although

K" substitution with Rb* exerted effects, they were transient.

Bumetanide Control

Rb Uptake (AU)
5

Control

Figure 5.7: Effect of bumetanide on Rb* uptake in PLM-WT hearts.

Following a KHB stabilisation period, WT hearts were perfused with Rb*-KHB +/-BM for 10
minutes before a subsequent 40 second extracellular washout and snap freezing in liquid
nitrogen. Hearts were digested and analysed using the flame photometer with an Rb" filter.
n=6. All data expressed at meantsem and analysed by Student’s t-test, P<0.05 was
considered significant.
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Figure 5.8. Effect of Rb*™-KHB perfusion on cardiac function.

A) LVDP; B) Coronary Flow; C) LVEDP. n=6. All data expressed as meantsem and
analysed by one-way ANOVA and Bonferroni post-hoc test, P<0.05 was considered
significant (PLM-WT ‘v’ PLM*** denoted by *).
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Figure 5.9 shows Rb" uptake measured by the flame photometer following a variety of perfusion
protocols. It can be seen that there were no differences between the genotypes (PLM** vs.
WT) at baseline or in response to any intervention. Rapid pacing (Figure 5.9A) and 1SO (Figure
5.9B) did not affect Rb* uptake compared to basal controls. Ouabain, however, significantly

reduced Rb* uptake in both genotypes compared to basal controls.
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Figure 5.9: Flame photometer results comparing basal Rb* uptake with Rb" uptake
during different interventions in WT and PLM>*** mouse hearts.

A) Rb" uptake at during rapid pacing; B) Rb* uptake in the presence of 10nM 1SO; C) Rb"
uptake in the presence of 50uM ouabain. n=5-8. All data expressed as meantsem and
analysed by one-way ANOVA followed by Bonferroni post-hoc test, P<0.05 was considered

significant denoted by *.
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5.5 Discussion

In this chapter the experimental parameters for subsequent flame photometry studies were
determined before intracellular Na* or Rb* uptake was measured in WT and PLM*** mouse
hearts at basal pacing rates and during different protocols. Intracellular Na* content in basally
paced WT and PLM*** hearts was the same and was unaffected by rapid pacing, 1SO or ouabain
perfusion in either genotype. In Rb* uptake studies, substitution of K™ with Rb* had a transient
effect on cardiac function measurements of LVVDP, coronary flow and LVEDP. Rb™ uptake by
WT and PLM®** perfused hearts was the same under basal conditions and was unaffected by
rapid pacing or ISO perfusion in either genotype. Ouabain however, significantly decreased

Rb* uptake in both PLM-WT and PLM*** mouse hearts compared to their respective controls.

Some of the above findings, in particular the lack of effect of ouabain on intracellular Na*,
highlight the possibility that the results obtained using flame photometry may not be
representative of the ion concentrations in these hearts, due to experimental limitations of the
technique. However, it is appropriate that the results obtained are discussed as though the
technique is not limiting and that these results are possibly real. Confirmation of these results
with Na NMR would be useful.

5.5.1 Intracellular Na*

Flame photometry has been used in many studies with a range of species and tissue types to
measure intracellular Na* with varying results. For example, in the guinea pig ventricle
intracellular Na* concentration was reported as 36.7mM®*7 whilst in the perfused rat and rabbit
hearts estimations of [Na']; reported were lower at 20.2mM and 19.3mM respectively.**®
Whilst these results differ considerably with each other, this could potentially be due to species
differences. However, all of these estimations are greater than those reported in other studies
which utilise alternative experimental methods (ion-selective electrodes, fluorescence resonance
imaging (SBFI), *Na NMR) which have suggested that [Na*];can vary between 4-16mM.**® In
particular, one study by Malloy et al, measured [Na']; in the perfused rat heart by both flame
photometry and ?Na NMR and found vastly different results of 30.7mM and 6.2mM

respectively.**°

These conflicting results suggest that there is an over-estimation of [Na']; with flame

photometry methods. For flame photometry measurements the total sample is consumed (i.e.
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tissue is destroyed) and therefore all Na* present in the sample will be measured.** Therefore
any residual Na* in the extracellular space and vasculature which isn’t removed will contribute
to the intracellular Na® measurement. Washout of the extracellular compartment is therefore
critical for accurate [Na']; determination. However Na* washout from the extracellular space is
associated with 2 complications: (1) washout may not be complete if too short; (2) washout may
cause intracellular Na* loss down the Na® concentration gradient if too long. Additionally
within the heart there may also be Na* present in both the intracellular and extracellular
compartments in a bound form which would therefore contribute to the measured flame
photometer intracellular Na* signal but may not be of functional relevance.*®* Both of which
may contribute to an over-estimation of [Na']; when compared to results from other

methodology.

In the studies presented in this chapter intracellular Na* content was measured in perfused WT
and PLM** mouse hearts paced basally at 550bpm by flame photometry following a suitable
extracellular wash-out period. It was shown that intracellular Na* content was similar in both
genotypes. Previous measurement of [Na*]; by other techniques in mouse myocytes have been
reported by Despa et al, 2005 using SBFL.?® They measured [Na']; in resting cardiac myocytes
from both WT and PLM-KO mice and showed that both had similar resting [Na*];. The absence
of PLM in knock-out mouse myocytes has previously been shown to significantly increase

T;% % therefore a lower [Na']; than

apparent affinity (K,,) of the pump for Na* compared with W
in WT myocytes than PLM-KO was hypothesised. However, it was also shown in these studies
that expression of the total o subunit protein was decreased in PLM-KO myocytes which
supported the notion that the increased Na* affinity of Na’/K* ATPase in PLM-KO mice might
be offset by the decrease in pump protein expression thus resulting in similar [Na*]; under basal

conditions.?

The same reasoning may apply to the similar intracellular Na* signals seen in both WT and
PLM** hearts. In the PLM** mouse the presence of unphosphorylatable PLM potentially
places a permanent brake on the pump and may affect affinity of the pump for Na*. It was
hypothesised that this may affect [Na']; in these mice and potentially cause it to be greater than
in WT mice. Indeed hearts perfused in this study were under basal physiological conditions of
550bpm pacing rate which has previously been shown in Chapter 4, Section 4.4.1 to have
greater contractile function supporting the hypothesis of a greater intracellular Na* content.
However, it was also shown in Chapter 3, Section 3.4.2.2 that total PLM protein expression was

significantly decreased in PLM®** heart homogenates compared with WT; whilst total o subunit
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protein expression was unchanged. Therefore under basal physiological conditions potentially
the reduced PLM expression may result in similar net pump current in WT and PLM®**
myocytes and hence similar intracellular Na* content. In support of this theory, other data from
colleagues have shown similar Na'/K* ATPase activity (Ipym, Measurements) in PLM** and
WT quiescent myocytes using ruptured patch clamp techniques at both 25mM and 100mM
pipette Na*. Therefore under basal conditions similar intracellular Na* content in WT and
PLM®** hearts may be explicable.

However, the experimental conditions under which each of these measurements was made must
also be taken into consideration. Despa et al, made WT and PLM-KO SBFI measurements of
[Na™]; in quiescent myocytes at room temperature. The low temperature may affect ion channel
window currents and exchanger protein equilibrium altering resting [Na']; and [Ca®';
equilibrium and so measurements of [Na']; potentially may not be physiologically relevant.?®
Similarly, although patch clamp studies in PLM*** were made at physiological temperatures of
35°C the myocytes were quiescent. Quiescent myocytes lack action potentials and the rapid
influx of Na* and Ca?" which could significantly affect [Na']; measurements questioning their
physiologically relevance. Another factor to consider is the length of time between myocyte
isolation and experimentation. Following the stressful cell isolation procedure, cells are likely
to be slightly Ca®* loaded with high basal PLM phosphorylation. If SBFI measurements were
taken at this point then WT and PLM-KO pump activity and affinity for Na* would be similar,
thus resulting in the reported similar [Na'].. In the PLM*** patch clamp data, if cells were left to
rest for a long time prior to experimentation, basal PLM phosphorylation would reduce
sufficiently in WT myocytes replicating pump conditions in myocytes with unphosphorylatable
PLM present; again questioning the physiological relevance of these results. In theory, the
flame photometry data was more representative of an in vivo situation being measured in
perfused beating hearts at physiological heart rates and temperature. However, as previously
stated flame photometry also has limitations such as incomplete washout affecting results and
lack of sensitivity making small differences difficult to detect. Similar [Na']; measurements in
PLM** and WT hearts does conflict with isolated heart inotropy in PLM** compared with WT
which shows increased inotropy in PLM®** mice. However, small increases in [Na‘]; (ImM),
which may be undetectable by the insensitive flame photometer, can cause a large increase in

Ca’* influx and hence contractility.”
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5.5.1.1 Rapid pacing and intracellular Na*

Rapid pacing of the hearts at 800bpm had no effect on intracellular Na* content in WT or
PLM** mouse hearts compared to controls. Increases in [Na']; have been reported with
increases in stimulation frequency in a variety of species and preparations.***** In the isolated
perfused rat heart pacing induced changes in [Na']; have been reported using ?Na NMR*%*
due to increased Na* entry with increased heart rates." The lag theory proposed by Langer in
1967 hypothesised that increases in pacing rate causes increased Na® influx rate which
outbalances Na* efflux by Na*/K* ATPase until a new [Na']; steady state is reached.*®

The role of PLM phosphorylation in rapid pacing was investigated by Pavlovic et al, 2013 who
showed PLM phosphorylation increases with pacing at 3Hz at both Ser63 and Ser68 residues
and was attributed to an NO-dependent pump stimulation pathway.'’”  Therefore,
phosphorylation of PLM in WT hearts with rapid pacing at 800bpm would potentially result in
removal of additional Na" influx induced by the increase in pacing rate. Whether pump activity
would now be great enough to maintain a basal level of Na* is unlikely particularly, as discussed
earlier, this NO-dependent pathway may be saturated even at 550bpm. An SBFI study by
Despa et al, showed a 6mM [Na']; increase with pacing at 2Hz in both WT and PLM-KO mouse
myocytes,* thus indicating that during pacing in WT myocytes the Na* pump works at the same
rate as the unrestricted pump in PLM-KO myocytes. These studies (Pavlovic and Despa) both
report an increase in intracellular Na* in myocytes induced by pacing; however no increase in
intracellular Na® was observed in our flame photometry study. Additionally, if PLM
phosphorylation by rapid pacing was able to reduce Na* content to a basal level then in this
current study a clear difference between WT and PLM®** Na" content would be observed,
however this was not the case. No difference in intracellular Na* content was observed between
the genotypes suggesting that PLM phosphorylation does not play a role here. This is in
agreement with FFR data from Chapter 4, Section 4.4.3 which showed a negative FFR in both
WT and PLM** mouse hearts but no differences in the gradient of the FFR slope, suggesting
similar [Na']; in both genotypes.

These conflicting results could be due to differences in experimental set-up. SBFI
measurements in myocytes were made at room temperature and pacing started from quiescent
state therefore perhaps the initial Na* accumulation measured was due to the ionic balance of
the cell being reset. The suggestion that rapid pacing phosphorylates PLM resulting in similar
[Na']; changes in both WT and PLM-KO may simply be the result of the length of time cells

were isolated prior to experimentation which has been shown to be critical to the basal
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phosphorylation status of the cell. If experiments were performed soon after cell isolation then
basal phosphorylation would be high and the WT myocytes would behave like PLM-KO
myocytes without further PLM phosphorylation by rapid pacing. Additionally pacing at 2/3Hz

is low (equivalent of 120-180bpm) and again not considered physiological.

Perhaps the difference lies in myocyte PLM phosphorylation compared to isolated whole heart
preparations. Whole heart PLM phosphorylation Western blotting data in the lab is conflicting,
with some colleagues revealing phosphorylation changes in whole hearts at 800bpm, whilst
others do not. Perhaps rapid pacing does induce PLM phosphorylation in isolated hearts but is
difficult to detect due to rapid dephosphorylation by phosphatases in the local environment
within the time taken for hearts to be removed from the cannula and frozen. Alternatively
perhaps PLM simply does not get phosphorylated by rapid pacing at 800bpm for 10 minutes in
the isolated heart preparation, though this protocol has been established within the group and
considered sufficient to induce relevant physiological changes. Or as previously discussed at
550bpm the pacing effect is likely to be saturated with no further phosphorylation of PLM at

higher pacing rates.*’”

However, no change in intracellular Na® from basal Na® signal with rapid pacing was
unexpected. “*Na NMR studies, in particular studies by Simor et al, looking at FFR in rat
hearts correlate increases in heart rate with decreases in LVDP (range 250-500bpm) and

increases in [Na'].*®

In the study presented here, mouse hearts paced at 800bpm show
decreased LVDP, as previously seen in FFR data Section 4.3.2, but with no additional change in
intracellular Na* content. Interestingly, Simor et al, also showed the greatest changes in [Na'];
with pacing occurred with low concentrations of extracellular Ca®* (0.24mM), however
accompanying LVDP decreases were small. At high extracellular Ca®* concentrations (2.2mM)
whilst changes in developed pressure were large the change in [Na']; was negligible. Finally
1.15mM extracellular Ca** revealed Na* changes of just 1mM accompanied by 60mmHg
developed pressure changes at the highest pacing rate. In the current study Ca®* was present
extracellularly at a concentration of 1.4mM, which may explain why developed pressure
changes were observed at 800bpm but intracellular Na* content changes were not. Perhaps in
this range [Na']; changes were small (<ImM), too small to be detected by the insensitive flame
photometer. No clear conclusion can be made from this study at this time and further testing of

this model with Na NMR may help resolve these results.
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5.5.1.2 ISO and intracellular Na*

ISO stimulation of the isolated hearts in this study caused an increase in inotropy but had no
effect on intracellular Na* content in WT or PLM***. Wang et al, 2010°** showed similar in
vivo inotropic effects with ISO in WT and PLM-KO hearts which peaked after 1-2 minutes and
began to decline in WT but not PLM-KO hearts. Further work in paced myocytes (2Hz)
showed the addition of ISO (1uM) caused maximal contraction in both genotypes after 2-4
minutes which then declined in WT but not PLM-KO hearts. [Na']; was measured using SBFI
and revealed that in WT [Na']; increased with pacing and initial 1ISO addition and then declined
in WT but not PLM-KO myocytes. Similar work by Despa et al, 2008* supports these findings
that [Na']; decreases in paced cardiac myocytes (2Hz) upon the addition of 1ISO (1uM) in WT
but not PLM-KO myocytes. All these findings indicate the importance of PLM phosphorylation
by 1SO in regulating [Na']i Therefore the absence of a significant decrease in flame

photometer measurements of intracellular Na* in WT hearts was unexpected.

ISO perfusion in this study was for 10 minutes which has previously been shown to be adequate
for [Na']; changes,** however the use of 10nM ISO compared with 1uM of other studies®* 3**
may have been too low a concentration to evoke detectable changes in intracellular Na* content.
To ensure Na* influx was similar in both WT and PLM®** hearts pacing at 550bpm was
maintained throughout the addition of 1SO. This limited the concentration of 1ISO available for
use due to the requirement to avoid escape rhythms caused by adding ISO at too great a
concentration to follow the basal pacing protocol of 550bpm. Previous work using Western
blotting to look for 1ISO induced PLM phosphorylation in WT hearts showed that 10nM 1SO
produced an increase in Ser68 phosphorylation therefore was considered adequate at the time of
the study planning. However, potentially the concentration was too low to detect any
differences in Na" efflux in WT hearts. This may also apply to the lack of differences seen
between WT and PLM*** intracellular Na* content. It was hypothesised that PLM** hearts
may have greater [Na']; compared to WT with the addition of 1SO due to the inability to
phosphorylate PLM and activate the Na'/K* ATPase, however this was not the case. At
550bpm Na® influx rate was similar in both WT and PLM*** hearts and may have been too great
to detect changes to Na" efflux induced by PLM phosphorylation by 10nM ISO by the flame
photometer. Again the limitations of the flame photometer sensitivity to detect small changes in

Na" ion content may contribute to the lack of significant effects.
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5.5.1.3 Quabain and intracellular Na*

Ouabain is a known inhibitor of Na'/K* ATPase®° and has been shown in multiple studies to
cause an inotropic response in the heart due to inhibition of Na’/K* ATPase resulting in

315, 316, 362, 363 FAs
) St Initial

increases in intracellular Na* and subsequent increase in Ca®* via NC
studies by Ellis and Dietmer in sheep Purkinje fibres using Na* microelectrodes convincingly
showed increases in intracellular Na* activity with the addition of ouabain.****® They deduced
that concentrations of ouabain greater than 100nM were sufficient to see significant changes in
Na®. However, in the current study no changes were seen in intracellular Na* content in either
WT or PLM®** hearts with 50 uM ouabain. This concentration of ouabain was chosen as
previously a large inotropic response had been observed without contracture. According to the
previous publications this concentration should have been sufficient to observe changes in
intracellular Na*,***3% though this was not the case. However, these studies were performed in
sheep Purkinje fibres so most probably the species and tissue type influence any ouabain
changes seen. Additional studies in sheep papillary muscle using 0.5uM showed even greater

367

Na" increases compared to Purkinje fibres in the same study®®’ and studies in rat heart muscle

showed low concentrations of ouabain (0.1, 0.5 and 1.0uM) produced concentration-dependent
increases in intracellular Na*.**  Studies using Na NMR also reported increases in
intracellular Na* with 250pM ouabain of 32%.%® Therefore the lack of any changes detected in
this data set was unexpected. The fact that there were no differences between genotypes,
however, was not unexpected as there was no reason to assume that a change to PLM protein
would impact the ouabain binding site on the Na*/K* ATPase pump. There are possibly 2
reasons for the absence of any ouabain effect: (1) the lack of sensitivity of the flame photometer
to detect changes in intracellular Na*; or (2) an incorrect washout protocol which caused loss of
intracellular Na* as well as extracellular Na* down its concentration gradient resulting in similar
Na" measurements for this and all the protocols. The failure to detect a rise in Na* with such a
well characterised intervention such as ouabain, questions the ability of this technique, for

whatever reason, to faithfully report intracellular Na* concentrations in perfused mouse hearts.

5.5.2 Rubidium uptake

The amount of rubidium taken up by PLM-WT and PLM®** perfused isolated hearts paced at a

basal rate of 550bpm was similar. Rb* has been shown to activate the Na'/K* ATPase in a

+ 332-335, 369, 370

manner similar to K with a similar apparent affinity constant.*”* This suggests that
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pump activity will not be compromised by the substitution of K* for Rb* and that Rb" affinity
for the pump in both genotypes will be similar. Na* extrusion by the pump will be dependent on
extracellular Rb*. However, as extracellular Rb™ is present at 4.7mM and pump saturation has
been reported with 4mM K* (and hence Rb"),*** Na* extrusion should be unaffected. The

limiter for Rb™ uptake will therefore be the actual pump activity itself in each genotype.

As previously discussed with the intracellular Na* content results, the lack of any differences
between WT and PLM*** Rb* uptake could be attributed to similar pump activity in both mice
resulting from the reduction in PLM protein expression in PLM®*” heart homogenates
normalising the net pump current to that of WT hearts. It has been reported that Rb* influx acts
as a measure of Na" influx, because under steady state conditions Rb* uptake is tightly coupled
to Na* entry assuming that reverse mode NCX is negligible.*® Therefore under steady state
conditions Na* efflux, and hence Rb" influx, must equal Na* influx. Since there is no reason to
assume that Na* influx has changed in PLM*** hearts compared with WT at 550bpm then Na*
efflux must be constant between genotypes, resulting in similar Rb" uptake in both hearts.
However, it was hypothesised that the Na*/K* ATPase in PLM** hearts may be desensitised to
Na’, therefore to achieve the same Na* efflux (and Rb" uptake) as WT the [Na']; must rise more
in these hearts. Since [Na']; in these flame photometry studies is the same in both genotypes
then PLM*** hearts achieve the same Na* efflux as WT at similar [Na']; suggesting that the
pump is equally sensitive to [Na']; activation. Perhaps this is because the WT pump is not
significantly (or sufficiently) phosphorylated and so resembles the PLM*** pump, or that the
flame photometry technique is too insensitive to detect changes in [Na']; as suggested by the
lack of changes detected by ouabain intervention in the previous section (5.5.1.3), or finally that
the basal Rb® measurement observed is incorrect, again due to an insensitive measuring

technique.

The substitution of Rb" for K* caused transient effects in cardiac function measurements of
developed pressure, coronary flow and LVEDP. The effect was short lasting, under 10 minutes,
however a transient increase in inotropy was observed in PLM®** hearts but not WT. It has
previously been suggested by Sala et al, 1991 that Rb* can cause voltage-gated K* channel
blockade during the action potential.*>  This should potentially prolong action potential
duration and may increase inotropy. However, in contrast, in guinea pig ventricular strips the

+ 373

opposite has been observed with depressed contractility following exposure with 5mM Rb™.

In mouse hearts the cause behind this transient inotropy remains unclear.
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Previous controls using BM to block any other potential Rb* influx pathway have shown that
any Rb* measured in this protocol has been taken up by the pump alone. Incorrect washout
timings may affect the amount of Rb* uptake measured and again the sensitivity of the flame

photometer may be limiting.

5.5.2.1 Rapid pacing and Rb" uptake

Rapid pacing at 800bpm had no effect on rubidium uptake in either WT or PLM*** hearts.

352359 and this increased Na* influx

Historically rapid pacing has been shown to increase [Na'];
would be accompanied by increased Na* efflux, and hence Rb* uptake in both genotypes.
Additionally, if rapid pacing causes further PLM phosphorylation, thereby increasing Na*/K*

28,92 3 greater increase in Rb* uptake in WT hearts

ATPase affinity for Na* and hence activity,
compared with the desensitised PLM®** hearts may be seen. However, lack of Rb" uptake
differences between basal controls and rapidly paced hearts in either genotype suggests that
rapid pacing, contrary to published studies, has not affected [Na']; and Rb* influx remains
unchanged. Again, the lack of sensitivity of the flame photometer to detect small changes in

Rb" uptake may be responsible.

5.5.2.2 1SO and Rb* uptake

B-adrenergic stimulation by the addition of SO had no effect on the amount of Rb* taken up by
WT or PLM®** hearts. During ISO intervention hearts were continually paced at 550bpm, a rate
greater than that induced by 10nM ISO, ensuring that Na® influx remained constant in both
genotypes. Previous data shows phosphorylation of PLM by 10nM ISO at Ser68 (not shown)

32381 Therefore whilst

which is known to stimulate the pump and increase Na’ affinity.
decreases in [Na']; were expected (but not seen), due to Na* influx rate remaining constant Rb”
uptake was also expected to remain constant. Additionally, as influx is constant in both
genotypes it was expected that there would be no differences in Rb* uptake in PLM** hearts
either. The data reflects this with no change in Rb* uptake between control and 1SO perfused

hearts or between genotypes was observed.
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5.5.2.3 Ouabain and Rb" uptake

As previously discussed in Section 5.5.1.3, ouabain is an inhibitor of Na’/K* ATPase and
concentrations of >100nM are sufficient to see changes in intracellular Na* concentration.
Therefore, it was hypothesised that 50pM ouabain, used in this study, would be sufficient to
affect intracellular Na* content (which was not seen) and consequently decrease Rb* uptake. In
both WT and PLM** Rb* uptake was significantly decreased compared with basal controls
suggesting that indeed the pump had been inhibited and the uptake of Rb* reduced. Reduction
of Rb" uptake was approximately 30% compared with controls, which is similar to the reported
increases in intracellular Na* with 250uM ouabain of 32% using ?Na NMR.**® Potentially such
large changes in ion content are necessary for accurate measurement by the flame photometer

and changes induced by other interventions were too small to be detected.

Ouabain significantly reduced Rb* uptake in both WT and PLM®** hearts by similar amounts.
In both mouse heart homogenates there was similar protein expression levels of both a subunits
(Chapter 3, Section 3.4.2.2) therefore differences in ouabain inhibition of the pump was not

expected or seen.

5.5.3 Experimental limitations

Throughout this series of studies the lack of detection of any changes in intracellular Na*
content with any intervention, especially ouabain was unexpected and questions the sensitivity
of the methodology used to detect changes in Na* ion content. Perhaps the changes rapid
pacing, 1SO or ouabain induced were too small for accurate detection by the flame photometer
and a larger number of hearts were required for the studies to show any significance. The only
significant effect seen was in the Rb" uptake study with the addition of 50puM ouabain, which
resulted in a 30% decrease in Rb" influx. The failure to detect an increase in Na* was
unexpected in these conditions as changes of this magnitude have been detected by other
techniques such as “Na NMR. Repeating these studies using a different method for measuring

[Na'];, such as Na NMR, is therefore necessary.

173



Chapter 5 — Flame Photometry Measurement of [Na'];

5.6 Summary

Using flame photometry no differences were observed in intracellular Na* content between WT
and PLM** isolated mouse hearts under basal conditions. Rapid pacing to 800bpm had no
effect on intracellular Na* content compared to control or between genotypes. 1SO had no
effect on WT or PLM** intracellular Na* content. Ouabain, although causing an inotropic
response, did not change intracellular Na* content in WT or PLM®** hearts. Thus, although it is
possible to speculate about other limitations, the fundamental problem with this data set is it

does not appear as if this method is suitable for measuring changes in Na* content in our hands.

The amount of rubidium uptake by WT and PLM*** mouse hearts was shown to be the same
under basal conditions and with 1SO perfusion as expected. However, Rb* uptake was
unaffected by rapid pacing. Ouabain significantly decreased Rb* uptake in both genotypes from
their respective control and suggested successful inhibition of the pump in both genotypes by a

similar amount.

Flame photometry may not be the optimum method to detect small changes in ionic content in
mouse hearts and Na NMR will be utilised to gain a better understanding of changes in

intracellular Na* in perfused beating mouse hearts.
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6 CHAPTER 6- NMR MEASUREMENT OF [Na']; IN
PLM** AND WT LITTERMATE HEARTS

6.1

Introduction

Nuclear magnetic resonance (NMR) studies provide a non-invasive technique that allows the

measurement of intracellular Na* in a perfused heart.

74, 374

Most NMR studies on perfused

hearts have been performed in rat due to the complexity of the technique when miniaturising it
for the mouse heart. Until 2004 only 2 labs in the world had published studies of Na NMR in

Langendorff perfused mouse hearts.*’”® There are many technical complications presented by

NMR spectroscopy in perfused mouse hearts some relating to the set-up of a Langendorff NMR

perfusion rig and others associated with successful visualisation of ?Na spectra. Development

of reliable aerobic mouse heart perfusion requires particular consideration of:

temperature maintenance through extended perfusion lines,
O, saturation at the cannula,
the introduction of metal pacing wires inside the magnet necessary for paced function

and the effects of inertia, damping and hydrostatic pressure on cardiac function
measurements derived from balloons positioned in the left ventricle and recorded

remotely.

Na is considered a medium sensitivity nucleus for NMR visualisation®® however, a number of

technical challenges are introduced when attempting to visualise a *Na spectrum from a

perfused mouse heart. These include:

the difficulties in manufacturing small coils with sufficient precision to allow for

homogeneous electric fields,

the further limitations imposed by placing a small mouse heart inside a larger coil —

poor “filling factor”,

the quantitatively small amount of sodium present in a mouse heart limits the signal:

noise ratio,

and the use of potentially toxic and relatively uncharacterised (in the mouse heart) shift

reagents to enable visualisation of intracellular Na* signal.
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The majority of the 2Na spectrum is generated by the extracellular Na* component (145mM)
and both extra- and intracellular Na* ions resonate at the same frequency.?®’ In order to quantify
[Na']i by NMR, extracellular and intracellular Na* signals must be differentiated and the relative
intracellular and extracellular volumes must be known or determined.*”” The use of chemical
shift reagents can help separate the two signals by binding to extracellular Na* ions causing
them to resonate at a different frequency, thus ‘shifting’ the extracellular Na* signal. However

there are additional complications with the use of shift reagent such as chelation of Ca** % 3

380

and biological toxicity. The use of multiple quantum filtering (MQF) techniques can

distinguish intracellular Na* without the need for shift reagent.”®® However these are restrictive
in the size of Na* signal seen compared to the standard full *Na spectrum®" and again have not
been fully characterised in isolated mouse hearts.

The work in this chapter focuses firstly on the development of a reliable method for obtaining
»Na spectrum in the perfused mouse heart and secondly quantification of the [Na']. To
measure [Na']; two approaches were used:

1) the use of shift reagent to reveal the intracellular Na* signal component of the *Na

single quantum (SQ) spectrum,
2) the use of MQF techniques to measure [Na'];.

Once basal measurements were obtained changes to [Na']; induced by rapid pacing, 1SO

stimulation and ouabain were also investigated using MQF techniques.

6.1.1 Measurement of intracellular “Na
There are 2 ways that have been used to measure [Na']; in these NMR studies:

1) Use of a shift reagent

2) Triple quantum filtering
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6.1.1.1 Use of shift reagents

As previously stated the major problem with measuring [Na']; using NMR is that extra- and
intracellular ®Na resonate at the same frequency on an NMR spectrum.?®” The use of shift
reagents allows the separation of each peak by binding to the extracellular Na" ions and causing
them to resonate at a different frequency, effectively “shifting” extracellular Na* to reveal
intracellular Na*. The application of the shift reagent technique has been known about since the
late 1950°s%%%3% put it was Hinckley in 1969°% that first systematically developed this area of
NMR spectroscopy.®***®¢ Work in the *Na shift reagent field was advanced by R.K Gupta et
al,®" and M. Pike et al,*®* in the 1980’s when they first used the hyperfine anionic shift reagent,
bis(tripolyphosphate)dysprosium(l1l) or Dy(PPP;),”, allowing direct observation of resolved
resonances from both extra- and intracellular **Na. Complexes of lanthanide elements,
dysprosium and thulium, are the most commonly used shift reagents.****% A key characteristic
of shift reagents is that they cannot pass through the cell membrane and therefore they and their
bound components remain extracellular. Properties of shift reagents include a high negative
charge and relatively large size which prevents them from penetrating the cell membrane.**
They are reported to produce a shift by 2 possible modes of action: (1) shifts by contact and (2)
shifts by pseudo contact with Na*. Shifts by contact involve the formation of a covalent bond
with the spare electron in **Na outer shell which causes a transfer of the electron spin density.
Pseudo contact shifts involve the magnetic effects of the unpaired electron magnetic moment
and the presence of shift reagent changes the environment of this magnetic moment thereby

changing the spin density.

The major problem with shift reagents is that their anionic nature means that as well as Na* they

can also bind Ca®* %°

which reduces the concentration of free extracellular Ca** greatly
impacting perfused heart function and contractile force.*® *** This can potentially be offset by
adding additional Ca*" to raise the free Ca®* concentration of the solution.*”* To complicate
matters, different shift reagents have different binding affinities for Ca®*, for example
Dy(PPP)),” has a high affinity for Ca?* and induces Ca®* precipitation which limits the
additional free Ca®* that can be added to the hearts.** Dysprosium triethylenetriamine
hexaacetate or Dy(TTHA) also interacts with Ca** and needs a large supplementation of Ca®* to
achieve normal function but one advantage is that there is no Ca®* precipitation. The major
issue with this shift reagent though, is that it does not produce a great enough shift for good
spectral  resolution.*” The shift reagent thulium 1,4,7,10-tetraazacyclododecane-

N,N’,N”’,N”**tetra(methylenephosphonate) or Tm(DOTP)*, is another lanthanide complex,
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which is less toxic®*? and although it shows a degree of Ca?* chelation it can tolerate a greater
supplementation of free Ca®* without precipitation (ImM) and produces an adequate shift in the

Na* resonance frequency.®

Tm(DOTP)™

0,4P —\N/—\I —PO"

L
M M

20,p—" NS —POH
Mol Wt: 824.71

Figure 6.1: Chemical structure of Tm(DOTP)”, a lanthanide complex shift reagent.

Unfortunately the use of lanthanide complexes at high concentrations can cause line width
broadening which causes a loss of spectral resolution. This in turn complicates the resolution of
the intracellular Na peak from the broader extracellular **Na peak as the peaks will not resolve
completely from each other. High concentrations shorten the relaxation times, T1, which in turn
broadens line widths. Previous studies in mouse perfused hearts have used Tm(DOTP)* at
5mM and showed good spectral resolution with an addition of Ca?* so that free Ca** was in the
region of 0.8mM to obtain adequate function.*”> However, in rat hearts this shift reagent has
also been used at 3.5mM with an adequate extracellular Na* shift.>® Therefore there is a fine
balance between using a Tm(DOTP)*> concentration great enough to resolve intra- and
extracellular *Na peaks sufficiently without Ca?* chelation and increased line width broadening

and will be discussed in more detail later (Section 6.3.4).
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6.1.1.2 Triple quantum filtering

Multiple quantum filtering is a technique that can be used to measure intracellular Na*
concentrations without the use of a toxic shift reagent. There are 2 important assumptions for

the use of multiple quantum filtering for measuring intracellular Na™:

1) the contribution from the intracellular Na* ions to the MQF spectrum is large and
responds to induced changes,

2) and that the extracellular signal size remains constant.®

Multiple quantum filtering exploits the fact that *Na is a quadrupolar spin 3/2-nucleus. This
means there are 4 possible spin orientations resulting in: 3 possible single-quantum transitions
(SQ), 2 double quantum transitions (DQ) and 1 triple quantum transition (TQ) (see Figure
6.2).® It has been proposed that when Na* is transiently bound to macromolecules, electric
fields are generated which act as effective relaxation mechanisms®’ and allow the generation of

multiple quantum transitions.>** %

In crystalloid perfused hearts, the intracellular space
contains significantly more macromolecular structures than the extracellular space and hence
intracellular *Na nuclei should produce a larger multiple quantum signal compared with

° Additional ®Na nuclei that enter the cell during interventions

extracellular **Na nuclei.*
contribute to the non-averaged quadrupolar interactions and will be seen as an increase in
intracellular multiple quantum filtering signal.*® Studies in rat perfused hearts have shown this

is the case and changes in [Na']; content can be monitored effectively using MQF.* %

The ability for ?*Na nuclei to spin in the 4 possible orientations is due to electrons in each
electron shell (s, p and d for ?Na) rotating differently when subjected to an external magnetic
field. The nuclei can be captured in each of these transitions by setting the phase cycle correctly
and effectively cancelling out or “filtering” the other transitions resulting in either DQ transition
signal or TQ transition signal (SQ signal incorporates all the transitions and is the standard
NMR spectrum signal) (see Figure 6.2). Studies comparing TQF and DQF signals with shift
reagent SQ signals in perfused rat heart revealed that both TQF and DQF signals accurately
represented the changes in [Na']; when extracellular volumes remained constant.*® “°
Schepkin et al,*® showed in rat heart that 2Na TQF signal had a good linear correlation with
intracellular Na* content so TQF was used for these studies. TQF does have limitations though
and produce low intensity signals compared to SQ *Na signal. One study estimated the TQF
signal to be proportional to 3% of the total SQ signal*® and of that signal only 1% was

estimated to be from intracellular ?Na. TQF has a remaining component of extracellular *Na
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incorporated into the signal. However, extracellular Na* should remain constant during the
interventions used and because measurements were expressed as % change from baseline a

good correlation in changes to [Na']; signal can be achieved.

The major advantage of the TQF approach is that it negates the need for using toxic, Ca®"
chelating shift reagent. One of the aims of these studies was to compare both approaches. TQF
gives a reliable signal which in itself is not calibrated. So, ultimately the ideal protocol may
involve TQF measurement, in the absence of shift reagent, of relative changes that can then be

calibrated by a sequential short period of heart perfusion with shift reagent.

2Na is a quadrupolar spin-3/, nucleus

sSQ DQ TQ

+3/, spin

+% spin

A8uaug

P

No field

-% spin

-3/, spin

External magnetic field

Figure 6.2: Multiple transition states of the quadrupolar nuclei “Na.

When ®Na is placed in an external magnetic field is it capable of spinning in 4 possible
orientations. A SQ transition (shown in yellow) is where a nucleus can move between single
energy states i.e.-"/» to -¥2 and the SQ spectrum is the sum of all of these transitions. There
are 2 possible DQ transitions (green) which capture nuclei that move between 2 energy
states i.e. -¥2 to +/,. Finally TQ transitions (red) capture nuclei that can move between the
highest and lowest energy state i.e. +% to +%/,. By setting the phase cycle correctly the
nuclei can be captured in each transition state.
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6.2 Aims

The aims of the studies undertaken in this chapter were to:

1. Set-up a Langendorff perfusion system to perfuse paced mouse hearts inside a 9.4 Tesla
NMR magnet.

2. Obtain good heart function during perfusion inside magnet.
3. Obtain good SQ *Na spectrum.

4. Using the shift reagent, Tm(DOTP)®, quantify the [Na']; for PLM** hearts and WT
littermates.

5. Using TQF detect changes in [Na']; signal during application of B-adrenergic

stimulation, rapid pacing and ouabain.
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6.3 Methods

The *Na NMR methods (and heart perfusion system) were not established prior to the start of
these studies. The development, characterisation and refinement of these techniques is therefore
described in detail in this chapter. At the time of writing this process was still evolving and

therefore this chapter describes the progress thus far.

6.3.1 2Na mouse coil

Figure 6.3: MRI image of mouse **Na coil inside probe body.
Actual body of the probe measures 5.19cm with the coil active region measuring 2.27cm.
Coil itself is a birdcage wire configuration as can be seen in the central region.

A 10mm **Na mouse radio frequency coil was commissioned, designed and built by Bruker
(Coventry, UK) using superconducting wire in a birdcage configuration to allow effective
capture of the ®Na signal. An MRI image of the coil can be seen in Figure 6.3 detailing the
birdcage structure and enabling the precise location of the active region of the coil to be defined
within the body of the probe. This will enable the heart to be correctly positioned at the centre
of the active region producing the optimum #Na spectrum and maximising signal: noise
ration.?®® At the left hand side of the probe are the tuning and matching rods used to tune the
Na spectrum. Shimming generates the optimum homogeneous magnetic field by manipulating
current flow through the wires. Tuning defines the energy that will be applied to generate the
energy difference in the **Na nucleus. The probe is locked into a 1m column which is then
placed into the core of the magnet from underneath and secured in place at a pre-defined height

that places the active region into the centre of the magnetic field.
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6.3.2 NMR perfusion rig

Reference capillary H(.
N

Silicone————>

S

|
Perfusate |

| I Water-jacketed

1 I perfusion lines
I , I
I I
I I
I I
I I
I I
I I
: Outflow siphon ———> :
I J\ } I
I | I
I I
I I
I I
: < Balloon line |
I Cannula——> !
| Pacing wires———> :
I I
I I
I I
I I
I I
I I
I I
I I
I I
I I

Figure 6.4: Schematic diagram showing NMR Langendorff perfusion rig.

The heart is cannulated on a carbon fibre cannula fed from extended water-jacketed
perfusion lines. It is submerged in KHB in an NMR tube which has been filled with silicone
to limit extracellular volume. The level of KHB in the tube is maintained by an outflow
siphoning tube. Pacing wires are introduced into the ventricle and base of the heart to allow
control of continuous pacing. A reference capillary is positioned alongside the heart so it is
in the same active region field as the heart for spectral acquisition.
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6.3.2.1 NMR Langendorff rig set-up

Perfusion inside the NMR magnet involved modifying the standard Langendorff set-up (see
Chapter 2, Section 2.3.2) to allow perfusate to be delivered from the standard heated reservoirs
to a cannula that can be inserted into an NMR tube and positioned inside the *Na coil in the
core of the 9.4 Tesla NMR magnet. A schematic diagram is shown in Figure 6.4 with actual
photographs of the NMR Langendorff rig that was used in Figure 6.5. The distance from the
NMR magnet to the perfusion bench required 3m of perfusion tubing which was heated by
passing it through a water-jacketed flexible heat exchanger. On exiting this water-jacket the
perfusate tubing is reduced in diameter in order to fit inside the NMR probe that carries the Na
coil. This smaller tubing cannot be heated external to the magnet however once inside the
magnet it can be heated using a thermo-circulator heating system designed to maintain the
temperature of the bore of the magnet. Adjustment of both the perfusate heat exchanger and
magnet bore heating system temperatures allows the perfusate to be delivered at 37°C to the
heart. Unfortunately, while this maintains a stable temperature in situ, when the probe is not
inside the magnet, the lack of water-jacketing in the distal tubes cools the heart to room
temperature. Hearts are therefore, by necessity, hypothermic during cannulation and set-up, and
only achieve 37°C when placed inside the magnet. All parameters such as balloon LVEDP and
pacing rate were therefore initially set at room temperature which of course is not optimal for
mouse heart perfusion.”® In later iterations of this system, this problem has been addressed but
this improved system was unavailable at the time of this thesis and therefore not used in the

studies described here.

6.3.2.2 Cannula

The cannula was adapted for perfusion in a magnet as a non-metallic alternative to the standard
cannula was required. A carbon fibre cannula was used with similar measurements to the
standard metal perfusion cannula (O.D. 0.8mm and 1.D. 0.4mm). The cannula passes through a

silicone bung sealing the top of the glass NMR tube. See Figure 6.4 and Figure 6.4A, B and C.

184



Chapter 6 — NMR Measurement of [Na'];

6.3.2.3 Perfusion pressure

Perfusion pressure was measured using a transducer situated outside of the magnet and at the

same height as the heart. Hearts were perfused at a constant flow of 3ml/min.

6.3.2.4 Balloon

A polyethylene balloon line was also passed through the silicone bung with an I.D. of 0.4mm
and length marginally longer than the cannula. Externally this balloon line was attached to the
standard balloon cannula which was connected to a 3 way tap and pressure transducer
positioned in the body of the probe. A cling film balloon was made in the standard way on the
free end of this balloon line and calibrated with the column in the horizontal position.
Following insertion of the balloon into the cannulated heart, LVEDP was set at pressures
between 4-8mmHg. See Figure 6.4 and Figure 6.4A, B, C and G.

6.3.2.5 Perfusate siphoning

To remove effluent from the sealed NMR tube a siphoning line was also passed through the
silicone bung to a height just below the bung. This siphoning tube allows perfusate to be
removed from the NMR tube using passive siphoning. Initially, perfusate was pumped out of
the NMR tube using a peristaltic pump set at a flow rate equal to the coronary flow rate.
However, small discrepancies in inflow and outflow rates created positive or negative pressures
inside the tube which affected heart function. It is of note though that a siphoning system also
results in a negative pressure within the sealed NMR tube and resulted in offsets in the balloon
pressure recording which had to be corrected for when the heart was placed vertically in the

magnet. See Figure 6.4 and Figure 6.4A, B and C.

6.3.2.6 Pacing

The heart was paced using silver wire pacing electrodes which again were passed through the

silicone bung. The introduction of pacing wires into the NMR active region is unconventional.
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Many workers studying isolated rat hearts in the NMR allow the hearts to ‘free run’ without
external pacing as rat hearts beat at reasonably physiological rates. However, mouse hearts are
intrinsically very arrhythmic and require external pacing for stability.*® *® In the few NMR
studies that use pacing in Langendorff hearts, they have all used agar/KCI bridges as pacing
electrodes. In studies described here, silver wire electrodes have been used with the addition of
appropriate radio frequency (RF) filtering by placing a 1.5uH RF choke in series with the
stimulating electrodes to remove unwanted high frequency noise. See Figure 6.4 and Figure
6.4A, B and C.

6.3.2.7 Extracellular volume

Finally the bottom of the NMR tube was filled with silicone to reduce dead space to accelerate
the exchange of the extracellular solution when washing in and out the shift reagent.
Inhomogeneous or slow exchange of this extracellular compound can lead to poor separation of
intra- and extracellular Na" and multiple peaks on the ®Na spectra.®® See Figure 6.4 and
Figure 6.4D.
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A) B)
Balloon line
Balloon line Outflow siphon
Heart
Cannula

C) D)

Balloon line Pacing wire

Silicone
E) F)
Bung 23Na coil Column 23Na coil

G) H)

Insertion of
Balloon pressure columninto
transducer magnet

Figure 6.5: Photographs of heart perfusion system and sequence of events showing
cannulation of heart, insertion of balloon and positioning of NMR tube inside probe
before being inserted into the magnet core.

A) Bung positioned for mouse heart cannulation; B) Mouse heart cannulation; C) Balloon
and pacing wires in place; D) Heart placed inside NMR tube; E) Insertion into Na coil; F)
Heart in situ in NMR coil; G) All equipment secured in place in NMR column; H) Insertion of
column into magnet core.
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6.3.3 Heart function inside NMR magnet

w
o

o

A LVDP (mmHg)
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Figure 6.6: Chart traces for LVDP (mmHg) of hearts perfused inside NMR magnet.
LVDP measured on previously described modified Langendorff NMR perfusion rig. Trace

represents 12.5 seconds of perfusion at 550bpm.

Due to the inability to observe the heart throughout the experiment it was important to make
accurate function measurements. Figure 6.6 shows an example of LVDP measurements from
hearts perfused inside the magnet. It can be seen that the LVDP are much lower than previously
shown pressures from hearts cannulated on the standard Langendorff rig (see Chapter 4, Section

4.4.1). This was due to pacing the hearts inside a closed system in order to prevent leaks inside

the NMR magnet.

The nature of the “sealed” NMR tube and the extracellular volume connected to the siphoning
tube imposes a significant inertia and dampening of left ventricular (LV) contraction. This
damps the LVP signal in situ in the magnet, not seen in hearts perfused on the standard
Langendorff set-up and not contained within a “sealed” NMR tube. Unfortunately the
constraints of the system, and the need to avoid perfusate entering the NMR coil etc., mean that
this was the only possible arrangement at this time. Thus, although it was recognised that LV
function was lower than that seen usually in Langendorff mouse hearts, this was accepted and
exclusion criteria were set at a lower threshold. Hearts were excluded if pacing stimulus was

not followed, LVDP <20mmHg, or LVEDP was not stable throughout the protocol.

Again, in subsequent more recent iterations of this apparatus, this problem has been solved but

this improved apparatus was not available at the time of these studies.
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6.3.4 Tm(DOTP)> perfusate concentration

Tm(DOTP)*> was used in these studies to reveal the [Na‘]; signal in the perfused hearts. As
previously discussed (Section 6.1.1.1) Tm(DOTP)> is a known Ca** chelator and the
concentration used in these studies was a compromise between the reduction in Ca** (and
associated decrease in heart function) and an adequate shift in the *Na spectrum. Preliminary
work was done using both 3.5mM Tm(DOTP)> and 5mM Tm(DOTP)>. 5mM Tm(DOTP)>
broadened the spectral line width effectively reducing the extracellular Na* shift compared with
3.5mM TM(DOTP)>. Additionally, Ca** chelation was greater with 5SmM Tm(DOTP)*, as
discussed below (Section 6.3.4.1). Therefore 3.5mM Tm(DOTP)*> was used in these studies as
it gave an adequate shift of extracellular Na* from the intracellular Na* peak without excess

Ca’* chelation or ®Na peak line width broadening.

6.3.4.1 Tm(DOTP®) chelation of Ca**

Free Ca®* measurements ([Ca**Jsc) Were performed using standard KHB solutions with a range
of Ca®* additions ( [Ca*aqeq) in the presence of 3.5mM or 5mM Tm(DOTP)® to investigate the
effect of shift reagent on Ca®* chelation. Samples were analysed using a blood gas analyser and

results plotted.
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Figure 6.7: Effect of Tm(DOTP)S' on free Ca*" concentration in standard KHB with
additional Ca®* supplementation.
A) 3.5mM Tm(DOTP)> on LCa2+]free over a range of [Ca*lagged; B) 5mM Tm(DOTP)® on
[Ca*]ee OVer a range of [Ca* |agged-
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Standard KHB (no Tm(DOTP)*) contained 1.0mM free Ca®*. Chelation of Ca?* by 3.5mM and
5mM Tm(DOTP)> concentrations are shown in Figure 6.7. It can be seen that both
concentrations of Tm(DOTP)> chelate Ca?* extensively reducing free [Ca*]qee, With 5mM
reducing [Caz+]free the most. Both Tm(DOTP)* chelated 1.4mM [Ca2+]added below the detection
limit of the blood gas analyser. With 3.5mM Tm(DOTP)* an additional 3.75mM [Ca*]aqdeq
would be required to obtain a [Ca”]se Of 1.0mM similar to standard KHB solution. Most
studies describe adding additional Ca** to their shift reagent KHB however few indicate the
amount added.*” Some shift reagent rat perfusion studies adjust [Ca*]se to 0.8mM to maintain
function albeit a reduced one,*”* however, none of these studies actually show the effect of shift
reagent on LVDP traces. Preliminary data was obtained using 5mM Tm(DOTP)®, assuming
that this would give us the greatest shift, with an additional [Ca®*]ageeq OF 5MM Ca?* to help
maintain normal heart function. Unfortunately though, although heart function remained
normal, no adequate shift was observed due to line broadening of the Na* peak. However, using
3.5mM Tm(DOTP)> with additional [Ca®]se maintained function with adequate shift for
exposure of [Na']. Therefore for these studies 3.5mM Tm(DOTP)> with additional Ca*" was

used due to the good spectral extracellular Na* shift.

6.3.5 Perfusion protocol

Hearts were cannulated and perfused at a constant flow of 3ml/min with a balloon placed in the
left ventricle and LVEDP set between 4-8mmHg in the horizontal column position. Function
measurements were derived from the balloon as previously described in Chapter 2, Section
2.3.8. For shift reagent studies once hearts had equilibrated inside the magnet, they underwent a
34 minute stability period before perfusion solutions were exchanged for standard KHB
(Chapter 2, Table 2.3) containing 3.5mM Tm(DOTP)* for 25 minutes. For TQF studies once
hearts had equilibrated inside the magnet, they underwent a 20 minute stability period before
perfusion solutions were exchanged for standard KHB containing 10nM 1SO, 50puM ouabain or

standard KHB with rapid pacing at 800bpm for 10 minutes.
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6.3.6 NMR spectra acquisition

Spectra acquisition details can be found in Chapter 2, Section 2.9.4. Each perfused heart
underwent a series of SQ spectrum acquisition or TQF spectrum acquisition during stability
period and interventions e.g. Tm(DOTP)> perfusion, pacing, 1SO perfusion and ouabain

perfusion.

6.3.7 Quantification of [Na*]; from NMR Tm(DOTP)* perfusion

It is important to be able to quantify the size of the intracellular ®Na peak obtained in the Na
spectrum and ideally obtain a value of [Na']; for each heart. For this 2 factors must be known:
(1) the relative size of the intracellular Na peak and (2) the heart intracellular volume. Firstly,
measurement of intracellular Na peak size can be estimated by the addition of a reference
capillary, inside the NMR tube, which carries a known amount of Na* for comparison.*’”” The
reference capillary ?Na peak (Na,f) must be distinguishable from the intra- and extracellular
2Na peaks so therefore must contain a larger concentration of Tm(DOTP)® to ‘shift’ the Nay

further along the frequency scale.

6.3.7.1 Use of reference capillary

Cannula Balloon line

Pacing wire

Figure 6.8: Enlarged cross-section of set-up inside NMR tube.
Reference capillary can be seen slotted down the side of the heart in the active region of the
coil.
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A reference capillary was placed along the side of the heart in the centre of the active region of
the Na coil. It was necessary to place it in the same plane as the heart so that the *Na signals
were comparable. The reference capillary consisted of a sealed glass capillary tube carrying a
known volume and concentration of Na* and Tm(DOTP)>. The peak this produced on the
spectrum, Naggs, represented the size of ZNa peak for a given number of moles of Na* in
solution. This was then used to ratio the intracellular *Na peak on the spectrum to enable the
calculation of the number of Na" moles in the peak. This could also be done with extracellular
»Na peak but as [Na]; quantification was the main objective the amount of Na* inside the
reference capillary was similar to expected intracellular Na® peak size. Additionally
Tm(DOTP)> concentration used was greater than the concentration used in the final shift
reagent study to produce a larger shift. 5mM and 10mM Tm(DOTP)*> were tested with different
NaCl concentrations in a 20pl volume capillary (due to small size of active region) to estimate
the most appropriate reference capillary solution.
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Figure 6.9: Reference capillary peaks.

A) 145mM NaCl + 5mM DOTP; B) 100mM NaCl + 5mM DOTP; C) 80mM NaCl + 5mM
DOTP; D) OmM NaCl + 5mM DOTP; E) 145mM NaCl + 10mM DOTP; F) 100mM NaCl +
10mM DOTP; G) 80mM NaCl + 10mM DOTP; H) OmM NaCl + 10mM DOTP.
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It was decided that a 20pl volume capillary containing 145mM NaCl with 10mM Tm(DOTP)>
would be used for future experiments in shift reagent determination of intracellular Na™ peak.

This reference capillary contains 2.9umoles of Na™.

6.3.7.2 Quantification of signal

The integral for each peak area was obtained using Bruker Topspin NMR analysis software and
recorded. The integral area of the reference capillary signal was then used to ratiometrically
obtain an estimate of the number of moles present in the intracellular *Na signal as described

below:

The peak size, or signal, detected by NMR is proportional to the number of Na* moles present.
It was then possible to use this reference capillary peak to compare to the intracellular Na* peak
and thereby determine the number of moles of Na* contributing to the intracellular signal. The
intracellular volume of each heart was calculated using previous literature values from Jelicks et
al, 1989%*° who estimated that 0.44ml/g wet weight of the heart was cytosolic or Askensasy et
al, 1995%"° who estimated that 2.5ml/g dry weight was cytosolic the intracellular volumes were
calculated. Therefore the heart was cut down, blotted to remove perfusate in the ventricles and
vasculature, and snap frozen at the end of the protocol and wet weight recorded. The heart was
then dried for 24 hours to obtain the dry weight and the conversion factor used to calculate the
intracellular volume for each heart. This was then used in conjunction with the estimate of the
number of moles of Na* in the intracellular Na* signal to gain a measure of intracellular Na*

concentration in each heart.

6.3.8 Triple quantum filtering

TQF signals were captured at the same time as single quantum spectra throughout the
stabilisation period. Due to the cardio-depressant effect of shift reagent on heart function in
experiments where relative changes were sufficient, the TQF signal was used to measure
changes from baseline during interventions such as the addition of 10nM 1SO, rapid pacing at
800bpm and the addition of 50uM ouabain. Note that these were the same interventions used
during the Na" uptake flame photometer protocols. For TQF spectra acquisitions see Chapter 2,
Section 2.9.4.
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6.3.8.1 Analysis of TQF signal

The integral for each TQF scan was obtained using Bruker Topspin NMR analysis software and
the area for each peak was recorded. Due to TQF signal variation dependent on the heart
shimming, tuning and signal: noise ratio, the changes from baseline stability for each

intervention were determined for each heart.
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6.4 Results

6.4.1 Function of hearts inside the NMR magnet
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Figure 6.10: NMR cardiac function measurements.
Function measurements from hearts perfused on NMR perfusion rig inside the magnet for
PLM-WT and PLM*** hearts, n=5-6.

As previously discussed in Section 6.3.3 heart function inside the magnet was not optimal when
compared with LVVDP data for hearts perfused on the standard Langendorff rig. However, heart
function inside the magnet for both genotypes was stable over the 20 minute equilibration
period and there was little variation between hearts in each group. Developed pressures were
approximately ' the amplitude of those seen on the standard perfusion rig. Despite the
difficulty in measuring function inside the magnet, PLM®** hearts showed approximately 17%
higher LVDP than WT hearts although this difference, whilst consistent with the significant

differences measured earlier (Chapter 4, Figure 4.2), was not significant.
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6.4.2 *Na SQ spectrum

Figure 6.11 shows a »Na spectrum obtained after optimising the homogeneity of the magnetic
field by shimming, matching and tuning the probe. The **Na peak in this spectrum represents

the sum of both extra- and intracellular Na* content. The **Na peak resonates between 0 and 1
(parts per million) ppm.

Figure 6.11: Single quantum acquisition of *Na spectrum.
“Na spectrum acquired from perfused mouse heart paced at 550bpm.
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6.4.3 Shift reagent, Tm(DOTP)>, shift of extracellular *Na peak
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Figure 6.12: Multiple spectra of **Na acquired from Langendorff perfused mouse heart
over time detailing the addition of 3.5mM Tm(DOTP)”".

A) 2D scans showing Tm(DOTP)* “shifting” extracellular **Na peak to the left revealing
intracellular *®Na peak. B) 1D spectrum of *Na at time=0 or start of the Tm(DOTP)~
addition; C) 1D spectrum of “Na at time=25 minutes showing separate extra- and
intracellular *®Na peaks.
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Using parameters previously defined in methods section (Section 6.3.4) the effect of 3.5mM
Tm(DOTP)* on extracellular *Na peak was determined. Following the stability period (Figure
6.12B, time=0) hearts were perfused with 3.5mM Tm(DOTP)> and spectra were acquired over
the following 25 minutes. Figure 6.12A shows consecutive *Na spectrum prior to Tm(DOTP)*
perfusion and then as Tm(DOTP)> was introduced. It can be seen in Figure 6.12A that the
extracellular peak starts to shift slowly to more positive values of ppm scale in a biphasic
manner. The sharp time=0 **Na peak becomes broader and more shallow for approximately 10
minutes after which it again starts to sharpen and increase in height.
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The most likely interpretation of this sequence of events is that there are differences in the shifts

of vascular and interstitial Na* 2%

compared with the large extra cardiac volume of perfusate
Na’'. The smaller vascular and extracellular Na* shifts more quickly to higher ppm than the
larger extra cardiac volume of perfusate Na*; hence the initial shift was not only to the left but
also downwards. As the shift reagent gradually accumulated in the larger volume of perfusate
surrounding the heart in the NMR tube, this gradually shifted to the left increasing the size of
the peak until a single extracellular ®Na peak forms once the shift reagent becomes
homogeneously distributed. The shifted extracellular Na peak reveals the small intracellular

*Na peak at 0-1ppm seen in Figure 6.12C.
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6.4.4 Shift reagent, Tm(DOTP)*, determination of [Na']i in ®Na in PLM-WT
and PLM®** hearts
A) B)
PLM-WT PLIM3A

20 15 10 5 ppm 20 15 10 5  ppm

Figure 6.13: *Na spectra obtained from PLM** and WT hearts.

Averaged spectra (4 scans) were obtained in each of 5 PLM-WT (Panel A) and PLM
(Panel B) hearts. Spectra were obtained at the end phase of 3.5mM Tm(DOTP)* perfusion.
The Na,; peak represents 2.9umoles of Na™.

3SA

Each heart was subjected to Tm(DOTP)* perfusion but the magnitude of the extracellular *Na
shift from the intracellular **Na peak was dependent on many factors including heart function
and the homogeneity of the NMR magnetic field by successful shimming. The broad line width
of both the ?Na peaks can be seen and in order to gain an accurate peak integral area for
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intracellular **Na peak, this peak had to be extrapolated from the shoulder of the extracellular
»Na peak. Therefore to obtain the most accurate integral size for intracellular Na*, spectra were
averaged (4 scans) from the end phase of the Tm(DOTP)* perfusion as shown in Figure 6.12A
prior to analysis by Bruker Topspin NMR software. It can be seen that some [Na']; peaks were
better separated than others which may reflect the state of the heart during Tm(DOTP)*
perfusion and highlights the need for optimising perfusion.

6.4.5 Quantification of [Na';

Hearts were frozen at the end of the Tm(DOTP)*> experiments and both wet weights and dry
weights were taken for all hearts in order to calculate IC volumes using Askenasy et al, and
Jelicks et al, conversion factors.”®> 2"® No differences were observed between WT and PLM**
heart wet or dry weights. See Table 6.1.

Using Bruker Topspin NMR analysis software the averaged 1D spectrum (Figure 6.13) was
separated into extra- and intracellular Na peaks and integral areas measured for intracellular

and reference “*Na peaks. The values for Na;:Nay ratio were calculated to obtain the no. of

moles in each heart intracellular Na* peak. This was then converted using either Jelicks et al,**

1, conversion factors to calculate [Na']; for WT and PLM®** hearts. These

or Askenasy et a
measurements can be found in Table 6.1. It can be seen that using either conversion factor that

[Na']; for WT and PLM®** hearts are the same.

PLM-WT PLM®A P Value
Wet weight (mg) 201+13 18549 ns
Dry weight (mg) 3312 31+1 ns
Wet/Dry Ratio 6+0.2 6+0.3 ns
[Na']; (mM) (Jelicks) 14.4+1.9 12725 ns
[Na']; (mM) (Askenasy) 15.5+1.9 13.0+2.3 ns

Table 6.1: Table of parameters used to calculate [Na']; for WT and PLM** hearts.

Table showing averaged wet weight, dry weight and wet: dry weight ratio for PLM-WT and
PLM>** shift reagent perfused hearts paced at 550bpm. n=5 Averaged [Na']; for both
genotypes also shown using either wet weight (Jelicks conversion factorzag) or dry weight
(Askenasy conversion factor27°) for determination. All data expressed as meantsem and
analysed by Student's t-test (PLM-WT ‘v’ PLM®***), P<0.05 was considered significant.
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6.4.6 TQF spectra and intracellular *Na signal

A)  23Na Spectrum Na

Naref

B) TQF Alone
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Figure 6.14: TQF analysis of *Na in the presence of Tm(DOTP)S' to emphasise the
contribution of extra- and intracellular **Na to the total TQF signal.

A) 1D spectrum showing **Na in the presence of Tm(DOTP)” at time=25 minutes; B) TQF
spectrum for the same heart following Tm(DOTP)S" perfusion protocol.

Although TQF signals are mostly representative of [Na']; signal there still remains a component
of extracellular Na* signal too. TQF #Na signals are a combination of intra- and extracellular
Na signals and in order to measure the contribution of each to the TQF signal, the TQF signal
was investigated in the presence of Tm(DOTP)*>. Figure 6.14 shows the 1D single quantum
»Na spectrum at the end of the shift reagent perfusion protocol (Panel A), with the

accompanying TQF signal (Panel B). It can be seen that the extracellular **Na peak was greatly
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reduced compared with the SQ extracellular ®Na signal. Comparing both extra- and
intracellular **Na peaks it was clearly seen that the [Na']; signal was proportionally much larger,
thereby confirming that the majority of the TQF signal was from intracellular Na*. Using the
Bruker Topspin software the relative size of each peak contribution to the TQF signal was

measured and [Na']; contribution was estimated as 64% of the TQF signal with 36% from

extracellular Na*.

6.4.7 TQF signal stability
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Figure 6.15: TQF signal stability during equilibrium period.
TQF signal stability from mouse hearts perfused in the magnet during stability period. n=6.
All data captured on same receiver gain and expressed as meantsem.

In order to quantify relative changes in TQF signal with rapid pacing, 1SO or ouabain perfusion
the baseline TQF signal must be stable. Previously it was shown that LVDP during the
equilibrium period was stable (Figure 6.10) and TQF scans captured throughout this same
period are shown above. Figure 6.15 shows the averaged signals from a random sample of 6
WT hearts and it can be seen that the TQF signal was stable throughout the stability period. The
signal was also stable for PLM*** hearts. It is important to note that all signals were captured at

the same receiver gain making it possible to report the mean data for all 6 hearts and observe the

TQF signal stability.
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6.4.8 TQF changes during rapid pacing, 1ISO and ouabain stimulation of PLM-
WT and PLM*** Hearts

TQF signals were analysed to quantify any changes induced by rapid pacing or 1SO/ouabain
perfusion on PLM-WT and PLM®** hearts. Baseline measurements were defined as the mean of
the last 4 scans of the equilibrium period; whilst intervention changes were defined as the mean
of the final 4 scans of the intervention period. Relative changes from baseline are shown in
Figure 6.16 and were subsequently expressed as % changes which can be seen in Figure 6.17.

Rapid pacing significantly increased the TQF signal in both WT and PLM®** hearts by a similar
amount (approximately 12%). ISO perfusion at constant pacing rate of 550bpm also
significantly increased the TQF signal from baseline in both genotypes by a similar amount.
Ouabain perfusion greatly increased the TQF signal (>40%) in both genotypes. There were no
differences in TQF signal percentage changes from baseline between WT and PLM®** hearts

with rapid pacing, 1SO or ouabain.
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Figure 6.16: TQF relative signal changes with different perfusion interventions in
PLM-WT and PLM>*** mouse hearts.

A) Rapid /Pacing changes to TQF signal in PLM-WT; B) Rapid pacing changes to TQF signal
in PLM®***; C) 1SO changes to TQF signal in PLM-WT; D) I1SO changes to TQF signal in
PLM***: E) Ouabain changes to TQF signal in PLM-WT; F) Ouabain changes to TQF signal
in PLM®***. n=4-6. All data expressed as meantsem and analysed by Paired Student’s t-
test, P<0.05 was considered significant (PLM-WT ‘v’ PLM*** denoted by *).
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Figure 6.17: TQF signal % changes from baseline in PLM-WT and PLM®** mouse
hearts.

A) % changes from baseline with rapid pacing; B) % changes from baseline with 1ISO; C) %
changes from baseline with ouabain. n=4. All data expressed as meantsem and analysed
by Student’s t-test, P<0.05 was considered significant (PLM-WT ‘v’ PLM*** denoted by *).
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6.5 Discussion

In this chapter the development of a Langendorff perfusion rig that allows perfusion of an
isolated mouse heart inside a 9.4T magnet was described. Cardiac function measurements from
hearts perfused on this rig were shown to be stable in both WT and PLM®** hearts but depressed
when compared to hearts perfused on a standard Langendorff rig. Single quantum *Na spectra
were obtained and separate extra- and intracellular 2Na peaks were resolved with the use of the
shift reagent, Tm(DOTP)*>. The extracellular **Na peak was ‘shifted’ away to a different
resonant frequency revealing the intracellular ?Na peak. The presence of a reference capillary,
of known Na* content, within the active region of the Na coil enabled the quantification of
[Na']i in WT and PLM®* hearts. There were no differences in [Na']; between WT or PLM3**
hearts basally paced at 550bpm. An alternative method for measuring [Na']; without the
requirement of toxic shift reagent was also investigated and it was shown that TQF signals
could be obtained and represented both extra- and intracellular Na*, with the majority being
from [Na']. Rapid pacing at 800bpm, 1SO and ouabain all showed relative increases in **Na
signal which were assumed to reflect changes in intracellular Na* in the absence of changes to

extracellular Na*.

6.5.1 Establishment of mouse heart perfusion

The initial aim of this chapter was to establish reliable and stable cardiac function of isolated
mouse hearts inside the NMR magnet. Particular consideration was given to the maintenance of
temperature ensuring that hearts perfused in the magnet were at 37°C, especially important in
mouse heart perfusion.” “® The double water jacketed perfusion lines were essential to this
temperature maintenance. Of equal importance was the requirement to pace the hearts at a
physiological pacing rate which was done using electrically stimulated pacing wires without
introducing significant electrical interference. Despite these considerations cardiac function,
although stable, was reduced when compared with LVDP from a standard Langendorff
perfusion rig. On a standard Langendorff apparatus perfusion and transducer tubing are kept to
a minimum and hearts perfused on a heated cannula and positioned in an unsealed water-
jacketed bath containing KHB. With this arrangement hearts paced at 550bpm typically
generate 80mmHg - 120mmHg LVDP. However, in the present studies using NMR
Langendorff apparatus, LVDP was 20-30mmHg. The reason for this depression of function was

two-fold; firstly the constraints of the current system design meant that the heart was perfused
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inside a sealed NMR tube which placed large hydrostatic pressures on the heart damping the LV
contraction. Secondly the tubing used to connect the balloon to the distal pressure transducers
was of small diameter and long length which further compromised the ability to record the
already depressed LVP. Both of these factors combined contributed to the measurement of
depressed function. The limitations of this system will be addressed and corrected in future
perfusion system designs; however for these studies the stability of function, and ATP and
creatine phosphate (CP) metabolites measured with *P NMR (data from studies not shown)
suggest that the *Na NMR data obtained during these studies was reliable.

6.5.2 Use of appropriate shift reagent

In Na NMR studies the use of shift reagents to observe intracellular ions has commonly been
used. There are several shift reagents available for use each with differing properties for Ca®*
chelation and Na* shift. It was decided to use Tm(DOTP)*> due to the reports of lower Ca®*
affinity and greater tolerance of additional Ca®* supplementation than other shift reagent®”
whilst producing an adequate extracellular Na* shift. However, Tm(DOTP)® in these studies
was observed to have a strong relationship between the extent of spectral shift and Ca*
concentration. It appeared that Na* and Ca®* both functionally compete for Tm(DOTP)>
binding sites i.e. at low Ca®* concentrations extracellular Na* shift is greatest, but at high Ca**
concentrations extracellular Na* shift is negligible. Also a higher Tm(DOTP)® concentration
did not necessarily translate to a greater extracellular peak shift but to a greater competition of
Na“ and Ca*" for the binding site. Therefore it was necessary to choose the correct
concentration of Tm(DOTP)> (and additional Ca®* supplementation) to allow optimal
discrimination of extra- and intracellular Na peak whilst maintaining a more physiological
Ca®* concentration. In these studies 3.5mM Tm(DOTP)> with supplemented Ca®* of

[0.8MM]see Was used which is similar to that used by others.*”

The effect of perfusing hearts with lower Ca®* solutions needs to be considered. Low Ca®*
solutions may increase intracellular Na®*, at least transiently, by facilitating forward mode
NCX.*® However, van Echteld et al, 1997*®® showed that perfusion of isolated rat hearts with
OmM extracellular Ca** for 30 minutes had no significant effect on intracellular Na*. Therefore
in these studies with shift reagent, it is unlikely that the reduction of extracellular Ca** to

0.8mM has significantly affected the measured Na* under basal conditions.
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The objectives of the shift reagent study was to obtain a value for intracellular Na*
concentrations in both WT and PLM*** hearts and whilst the above assumptions that reduction
of extracellular Ca®* to 0.8mM will have little effect on intracellular Na* in WT mouse hearts
may not necessarily be true for PLM*** mouse hearts. Although there is no evidence to suggest
a difference between the genotypes, it is important to be aware of reports by Cheung et al, that
PLM may associate and regulate NCX.20% 231232 246, 247 \whj|st there is no supporting evidence
from other laboratories, it still remains possible that NCX function may differ between WT and
PLM®** hearts. Therefore it remains a possibility that lowering extracellular Ca** to 0.8mM
may have differential effects on intracellular Na* in the two genotypes.

6.5.3 Measurement of intracellular Na': shift reagent vs. TQF

Within this chapter two separate techniques have been utilised to measure intracellular Na™: (1)
the use of shift reagent and (2) TQF. Each technique provides its own unique interpretation of

intracellular Na content and is discussed here.

6.5.3.1 Shift reagent

407

The use of shift reagent allowed the direct quantitative measurement of [Na*];*" in an isolated

mouse heart. Many studies have reported the use of shift reagents in perfused rat hearts,®% %
408413 hut little has been done in the isolated mouse heart; however the same limitations apply to
both species. There are many shift reagents available for use and collectively shift reagents are
considered to be expensive and biologically toxic.?®® “°* 1 Shift reagent properties differ in the
degree of toxicity, the efficiency of extra- and intracellular *Na peak separation, the binding
affinities for Ca®* and the tolerance for additional Ca®* supplementation.®” 3% 3% QOften the less
toxic the shift reagent, the less peak separation is seen and fully resolved peaks are not

obtained.?®®

This impacts on the analysis of the separate peak integral area and subsequent
calculation of [Na'];, potentially allowing over- or under- estimation of the [Na'];. Additionally,
the reduced sensitivity of the smaller mouse coil, compared with the rat coil, make resolution of
the combined *Na peak difficult prior to shift reagent extra- and intracellular *Na peak
resolution. Ca”" chelation by shift reagent causes additional complications with respect to LV

358, 394

function and much care was taken to select the most appropriate shift reagent for use in
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these experiments and the concentration used. The “trade off” between adequate heart function
during shift reagent perfusion and adequate, measurable extracellular **Na shift was complex

and a compromise was found.

6.5.3.2 TQF

Alternatively, TQF technique offers a non-invasive method of measuring relative changes in

415

[Na™]; content** without the need for toxic shift reagent perfusion. Again there are many

381, 400-402, 416

reports of TQF in perfused isolated rat hearts and some even in rabbits,**’ but few

studies utilise isolated mouse hearts. Among MQF techniques, TQF is the most sensitive to

9 and allows [Na'l;

measuring Na nuclei experiencing quadrupolar interactions*®
measurement at normal physiological Ca** concentrations and therefore during normal cardiac
function. However, TQF represents not only the intracellular Na* content of the heart but also
some extracellular Na* content as some extracellular Na* ions can experience the same non-
averaged quadrupolar interactions. Thus the TQF signal represents both intra- and extracellular

N a+ 420

The relative contribution of each component to the TQF signal is therefore critical when
evaluating changes in intracellular Na* over time or during interventions of rapid pacing, 1SO
and ouabain perfusion. Reports using both TQF and shift reagent in isolated rat hearts have
shown that [Na']. contributes to anywhere between 60-75% of the TQF signal®" “** with
[Na']i corresponding to the remaining 25-40%. In these studies however, a contribution of
[Na']e to the overall TQF signal was just 36% which is much lower than reported rat [Na‘]
contributions. However, the important fact is not necessarily the contribution of extracellular
Na" to the overall TQF signal but whether this contribution changes during subsequent
interventions, so any relative changes in the TQF signal can be assigned to changes in [Na']i. In
perfused rat hearts the TQF signal, in the absence of shift reagent, has been shown to be a
reliable indicator of [Na']; content when the contribution from extracellular Na* does not
appreciably vary.*®> By comparing SQ shift reagent data with TQF data, situations of constant
pressure perfusion have been shown to be accompanied by constant [Na']. contribution.*®
Controversy exists concerning the effect of other interventions on [Na']., for example Tauskela
et al,*®® have suggested that stop-flow ischemia causes collapse of the vasculature affecting cell
volume and reduces extracellular Na* contribution to the TQF signal, therefore [Na']; changes

are greatly underestimated. Dizon et al,*®! support this finding; however, Schepkin et al,*"
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reported that [Na']e TQF contribution remains unchanged with cessation of flow. The main
difference between the two studies being that reperfusion was instigated in the later study which
may have reversed the vascular collapse and restored [Na']. contribution. Ischemia is also
known to be accompanied by intracellular swelling which contributes to the observed slow
[Na']; increase rate. Changes to extracellular Na™ are important when assessing the effect of
ouabain, rapid pacing and ISO on [Na']; by TQF. TQF studies with ouabain at high
concentrations (0.2 and 1mM) have been shown to increase TQF intracellular Na* content
rapidly with little change in extracellular Na* contribution.®*" “*% 4% |solated rat hearts studies
by Jelicks et al,*° investigating pacing effects on [Na']; by TQF showed increases in [Na']; in
normotensive rat with little change in extracellular Na*. However, 1SO effects on [Na']; have
been rarely studied by NMR techniques and the effect of 1ISO on TQF *Na signals has not been
investigated. Therefore no firm conclusions can be made as to the whether there is any change
to extracellular Na* contribution to the TQF signal, however it is unlikely.

Most importantly the sensitivity of TQF signal to intracellular Na* over extracellular Na* has

381

d** with one report suggesting 23-fold sensitivity®®".

been reported to be at least 10-fol
Therefore it can be concluded that the measurement of any changes to [Na*]; by TQF attenuates
the effect of possible changes in [Na']. and if anything an underestimation of [Na']; will be
made.*™ In the studies discussed here the TQF changes will be ascribed to changes in [Na'];

only.

6.5.3.3 Shift reagent vs. TQF

Both of the methods for measuring [Na']; have their limitations. The use of shift reagents is
expensive, they are considered toxic and chelate Ca®* which compromises cardiac function and
the extent of extracellular >*Na shift. TQF measurement of [Na']; is not detrimental to the heart
function, as can be measured throughout normal cardiac function, and is mostly representative
of [Na']; with a small contribution from extracellular Na* which does not change during
stability or intervention protocols. Very recent observations (not shown) investigating DQF
measurements of *Na, using a special flip angle (56°), has shown an almost unique signal
corresponding to extracellular Na* only which does not change with ouabain or 1SO. This is
currently being characterised as a method for measuring extracellular Na* as an internal control
for the use of TQF to assess [Na']; changes. Additionally the lack of the ability to quantify

[Na']; without calibration by shift reagent is an issue. Therefore within these studies both
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methods were utilised to gain a better understanding of [Na']; in both genotypes and how this

was affected by 1SO, rapid pacing and ouabain interventions.

6.5.4 Shift reagent estimation of basal [Na']; in WT and PLM®** hearts

The shift reagent, Tm(DOTP)*, was used to resolve intra- and extracellular *Na peaks on the
SQ *Na NMR spectrum and subsequent peak integral analysis by Bruker Topspin NMR
software it was estimated that the [Na']; in WT and PLM®** isolated mouse hearts was the same
(WT: 14.4+1.9mM; PLM**: 12.742.5mM). Previous literature reports for [Na‘]; vary greatly
depending on species and methodology used for detection (see Table 6.2 for comprehensive list
of [Na']; measured in cardiac muscle by a range of techniques in multiple species). Initial
studies by Ellis in sheep Purkinje fibres using ion-selective electrodes determined that [Na'];

421

was 9mM,*** which was further supported by additional studies.*®® “? Other reports of using

ion-sensitive electrodes in alternative species such as rabbit and guinea pig to measure [Na'];

M.*2%4% |on-sensitive electrodes are direct measurements from individual

ranged from 5-9m
cells within an isolated tissue preparation maintained at physiological temperatures within
bathing solution and use standard calibration buffers to determine the relationship between
measured Na* activity and Na* concentration.*®* For each preparation the calibration constant,
or activity coefficient, may vary compared with the actual intracellular activity coefficient of the
tissue which may lead to under/over estimation of [Na'].. For example when comparing ISE
results with those reported by flame photometry or atomic absorption spectroscopy (AAS)
estimates of [Na']; are often greater in the latter experimental technique. Studies in rabbit and

guinea pig ventricle reported [Na']; >30mM*" “*

and often studies by the same group
comparing ISE and AAS in the same samples vary greatly in [Na']; measurements.*”® As
previously discussed in Chapter 5 complications arise with flame photometry methods due to
the removal of Na* from the extracellular compartment. Incomplete extracellular Na* washout
or too prolonged a washout that leads to the loss of [Na']; via Na gradient can affect [Na'];
estimations. In addition Na* measured by AAS/flame photometry may include bound Na* that
does not necessarily participate in the dynamic Na* concentration in the intracellular space®"
and therefore may lead to overestimation of [Na']. Indeed a study by Malloy et al,**
comparing [Na']; measured in rat heart using flame photometry and **Na NMR showed large

differences in [Na']; (AAS: 30.7mM; *NaNMR: 6.2mM).

Conflicting reports for [Na']; measurements make the need for accurate reliable techniques

extremely important. SBFI measurements of [Na']; are, in the majority, in agreement with those
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reported by ion-selective electrodes and results from a variety of species range from 3-12mM.?
5.6.9.28, 361 428 The main concern with estimates of [Na']; from SBFI is that measurements are
made at room temperature which may affect the dynamics of the Na*/K* ATPase enzyme and
may not reflect in-situ measurements of intracellular Na*.®> There are clearly species
differences when comparing SBFI measurements of [Na‘]; with rat and mouse myocytes
reporting the greatest [Na']; (11-12.5mM) which has been discussed by Bers et al, and
concluded to arise from differences in Na* influx between the species.® Interestingly, there are
conflicting reports of SBFI measurements in mouse myocytes from the same strain. [Na']; in
PLM-WT and PLM-KO myocytes by SBFI have been measured by Despa et al,”® and shown to
be 12.5 and 12mM respectively whilst Wang et al,*** have reported measurements of 7.8 and
5mM respectively which are closer to values reported in guinea pig and rabbit myocytes.® The
results from this current NMR study are in agreement with those reported by Despa et al,”® at
14.4mM in WT mouse hearts. Potentially the slighter higher reading in this study compared
with SBFI measurements is the physiological state of the heart compared to the myocyte. In
this study whole hearts were paced at physiological heart rate of 550bpm whereas the
measurements by Despa were in quiescent myocytes. Indeed Despa went on to measure
changes in [Na']; with pacing at 2Hz and showed increases in [Na']; of ~2mM after 2 minutes of
pacing. 2Hz is the equivalent heart rate of 120bpm which is not physiological for a mouse
heart. Additionally, although Wang et al, reported different baseline [Na']; from Despa in
quiescent myocytes they did report a similar 2mM increase in Na* with pacing at 2Hz. The
different experimental set-ups may therefore account for greater [Na']; observed in this NMR

study.

Comparing the results from this NMR study with [Na’]; measured in other NMR studies
(although no mouse [Na']; has been reported) [Na']; in perfused hearts from other species range
from 4.8 to 11.4mM? 30368409429 \ith Jower values estimated from guinea pigs and with most
rat heart measurements in the range of 9.4-11.4mM. In these studies similar Ca®* chelation was
encountered, as previously discussed, and additional Ca?* supplemented ensuring [Ca* ] Was
0.8-1mM. Rat hearts were paced or free running with heart rates in the physiological region of
250bpm. Compared with these reported [Na']; the results from this mouse heart study at

14.AmM in WT hearts are similar.

Comparison of [Na']; between the two genotypes WT and PLM** show no differences in
sodium measurements as previously hypothesised. It was hypothesised that unphosphorylatable
PLM may increase [Na‘]; in PLM®** mouse hearts compared to WT. The lack of intracellular

Na® differences between the genotypes is in agreement with the previous flame photometer
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heart study, although the accuracy and usefulness of this is debatable (see Section 5.4.3).
Previously in PLM-KO mice it was thought that the absence of PLM and increased pump

%83 may result in lower [Na']; than WT mice due to the lack of PLM inhibition on the

function
Na'/K* ATPase, this was not the case.® However, the additional discovery of significantly
reduced Na'/K* ATPase alpha subunits in PLM-KO mice”® * compared with WT was
consistent with the idea that potentially the higher pump rate is offset by a lower number of
Na*/K* ATPase molecules resulting in normal baseline [Na']. With respect to PLM** mice
[Na™); it was previously shown in Chapter 3 that expression of both o1 and a2 Na'/K* ATPase
subunits in heart homogenates was unchanged, but total PLM protein expression was
significantly decreased. Further data shows that pump activity measured using ruptured patch
clamp techniques in resting myocytes at 35°C at 25 and 50mM pipette Na* is the same in both
genotypes (not shown). Therefore it would not be unreasonable to conclude that the changes in
PLM expression in PLM®** mouse hearts offsets the presence of unphosphorylatable PLM on
the pump and results in similar net pump rate in WT and PLM** mouse and consequently

[Na*]; measurements at baseline heart rates are the same.

NB. For summary table of [Na]; measured by ISE, AAS/flame photometry, SBFI and *Na

NMR in a variety of species see Table 6.2.

6.5.5 TQF measurement of [Na']; changes with rapid pacing

Relative changes from baseline in [Na']; measured by TQF showed increases in [Na']; in both
WT and PLM** mouse hearts with rapid pacing. Increases in stimulation frequency have been

352-355

reported to increase [Na']; in a variety of species and preparations. lon-selective

microelectrodes were used to measure changes in intracellular Na* activity by Cohen et al,*° in
sheep Purkinje fibres and a direct correlation between intracellular Na* activity and stimulation
rate was observed. Langer hypothesised that increases in pacing rate causes increased Na*
influx rate which outbalances Na* efflux by Na'/K" ATPase until a new [Na']; steady state is
reached.*®® These pacing induced rises in [Na']; are an important determinant in the force-

frequency relationship.

Increases in [Na']; in rat and guinea pig myocytes have been reported with pacing® and in this
study were associated with increases in contractility. However, these increases are often absent
in the intact rat heart which usually display loss of contractility with increased rate.** Indeed,

SBFI studies in Langendorff-perfused rat hearts by Maier et al,*® reported a decrease in
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contractility of 49% but an increase in [Na']; of 4mM when hearts were paced from 0 to 6Hz.
Additionally, other studies in the isolated rat hearts using Na NMR have reported similar
changes in contractility and [Na']; with increased pacing rate (250bpm-500bpm).%%: 432 433
However, some NMR studies have seen no change in [Na']; with increased pacing®* but did see
a decrease in contractility. Perhaps the changes in [Na']; were small and could not be resolved

with this technique at this time.

It has been proposed that the changes in [Na']; and contractility are not only pacing rate
dependent but also dependent on extracellular cation concentration.®*®" Simor et al,**® showed
that differences in [Ca*]. affected the FFR and extent of [Na']; increases with increasing pacing
rates. Low [Ca”*]. (0.24mM) showed the smallest increases in [Na']; but the greatest decreases
in LVDP, whereas the highest [Ca*"]. (2.2mM) showed the greatest increases in [Na*]; with the
smallest decreases in LVDP. This is an important consideration when quantifying [Na']; using
shift reagent due to the Ca®* chelating nature of shift reagent. Therefore the relative changes in
[Na']; measured by TQF were at a physiological free Ca®* concentration (1.0mM) which were
previously reported to increase [Na']; and decrease contractility with increased stimulation

frequency.*®

In Chapter 4, Section 4.4.3 a negative FFR in both WT and PLM®** mouse hearts was observed
and so significant increases in [Na']; seen in these experiments was anticipated. The TQF
increases, although significant, appear small (about 11%) however previously in mouse
myocytes both Despa® and Wang®* found changes in [Na*]; of ~2mM in WT and PLM-KO
myocytes when pacing from OHz to 2Hz over a relatively short period of time (2minutes).

Changes in [Na']; in perfused rat hearts were of similar magnitude with Lotan et al,®’

measuring changes of 2.78mM and Simor et al,*’

measuring changes of 0.84mM (250bpm to
500bpm). Therefore extrapolating these data with the previous shift reagent [Na']; estimations,
an increase of 11% would potentially represent a change of 1.58mM in WT hearts and 1.4mM

in PLM%** hearts (500 to 800bpm).

In mouse myocytes rapid pacing has been shown to cause an increase in [Ca®']; activating NOS
and producing NO which in turn phosphorylates PLM by PKCe."" Activation of the Na'/K"
ATPase pump by this route will in turn help the cell to cope with rises in [Na"];. Therefore it
was hypothesised that A[Na']; would be greater in PLM®** mouse who carry
unphosphorylatable PLM. However, no differences were seen in A[Na']; between WT and
PLM** mouse hearts, which was in agreement with data from Na* flame photometry studies

(however no increase from baseline was observed either). Additionally, the FFR in Chapter 4,
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Section 4.4.3 showed no differences in the gradients of the negative FFR slope between
genotypes supporting the similar increases in A[Na']; seen. Potentially any differences between
the genotypes may be too subtle to detect accurately with this methodology. Or stimulation of
the NO pathway by pacing in myocytes is already saturated in whole hearts and contributes only
to basal PLM phosphorylation and no further PLM phosphorylation is seen with rapid pacing at
800bpm.

6.5.6 TQF measurement of [Na']; changes with 1SO

Relative changes in [Na']; measured by TQF showed increases in [Na']; in both WT and
PLM** mouse hearts with 10nM 1SO perfusion. At a constant pacing rate catecholamines

increase Ca®" influx*®

which may increase [Ca*7;, favouring forward mode NCX and
potentially increasing Na* influx. However, the effect of catecholamines on sodium activity in
cardiac tissue has been measured using ion-selective electrodes in quiescent myocytes

(rabbit),**® quiescent and active Purkinje fibres (canine and sheep)!?® 27 435437

and quiescent
ventricular tissue (canine).*®*® These studies report decreases in Na* activity with the application
of noradrenaline or isoprenaline opposing the findings of these TQF measurements. It is
possible that the opposing results in this study were due to differences in experimental set-up.
Measurements made in quiescent tissue and myocytes will differ to those in active tissue due to
the lack of an action potential which will affect transmembrane ionic fluxes and intracellular

activities.*?®

This may significantly change intracellular Na* activity and measurements are
unlikely to be physiologically relevant. Additionally species differences and tissue choice for
sodium activity measurements could contribute to differences seen with the addition of I1SO.
Undeniably though, the majority of studies agreed that the addition of catecholamines increased
sodium efflux via the Na'/K* ATPase. This was later shown to be due to PLM

phosphorylation.? 3 %

Despa et al,*®

extensively investigated the effect of ISO in mouse myocytes from WT and PLM-
KO hearts using SBFI. They showed that in quiescent myocytes [Na']; decreased upon addition
of ISO, an effect that was absent in PLM-KO myocytes implicating the role of PLM in
regulating [Na'];. Additionally they also looked at the effect of 1ISO in myocytes paced at 2Hz
to simulate the chronotropic response of B-adrenergic stimulation and found that [Na'];
increased on pacing in both genotypes. However, when 1SO was applied [Na']; decreased in

WT myocytes only, returning to near resting levels.** Similar I1SO effects were seen by Wang et
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al,*** when measuring [Na']; by SBFI in WT and PLM-KO myocytes. These are in contrast to
the results seen in this TQF study which show relative intracellular Na* increases in both WT
and PLM** hearts. The lack of phosphorylatable PLM in PLM3* hearts may account for the
increase in [Na']; in these hearts as Na* influx is potentiated by ISO®® but is no longer
accompanied by PLM phosphorylation at Ser68 so the pump is not stimulated. Na* influx
would then outweigh Na* efflux, leading to intracellular Na* loading. However, in WT hearts
an effect of 1ISO such as no change or a decrease in [Na']; (secondary to stimulation of the pump
by PLM phosphorylation) may have been expected.

At the time of these studies were undertaken, cardiac function measured in the magnet was
admittedly poor. While this has now been corrected, it is important to recognise that the
suboptimal quality of this initial preparation may undermine the quantitative validity of the data.
The studies described here therefore provide a useful characterisation of the methods and “proof
of principle” but it is important to recognise that specific quantification of [Na']; in the different
genotypes and protocols needs repeating in the recently improved set-up. Unfortunately these

studies could not be repeated in time for the inclusion in this thesis.

Recognising the limitations of the data described above, it is also appropriate to consider other
interpretations of the data. It is possible that differences in the models used and experimental
protocols may contribute to the contrasting results obtained here with those in the literature. For
example, the SBFI measurements are made at room temperature which may affect ion channel
kinetics altering equilibrium [Na*]; and [Ca®']; questioning the physiological relevance of these
measurements. Additionally, the pacing rate of 2Hz used to simulate chronotropic B-adrenergic
stimulation is low and may alter the balance between systolic and diastolic intervals. Since the
isolated heart data was measured in hearts beating at physiological rates and temperatures
perhaps these better reflect the actual in vivo effect of ISO. However, Wang et al, also looked at
in vivo haemodynamic effects of ISO concentration response curve on isolated mouse heart and
inferred decreases in [Na']; based on a delayed decline in LVDP after each additional
concentration; an effect which was absent in KO hearts.*** This induced 1SO decline was not
seen in the WT LVDP measurements in the current TQF study due to the continuous
background pacing of 550bpm and a concentration of ISO low enough not to increase

chronotropy further.

As discussed in Chapter 5, Section 5.5.1.2 perhaps the concentration of ISO used was too low to

evoke measurable changes in WT [Na']; in isolated hearts and other studies that have seen

32, 361
M.>>

effects in myocytes use greater concentrations of 1 However, Western blot data of
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ISO perfused heart homogenates showed increased PLM phosphorylation at Ser68 from
baseline with the concentration used in this study. In future perhaps an ISO concentration

response curve in unpaced hearts will reveal differences in [Na'];.

6.5.7 TQF measurement of [Na']; changes with ouabain

Relative changes in [Na']; measured by TQF showed increases in [Na']; in both WT and
PLM** mouse hearts with 50uM ouabain perfusion. Ouabain is a known inhibitor of Na*/K*

ATPase®* and has been used extensively to investigate the effect of Na*/K* ATPase inhibition

438-443

on [Na'];. It is well documented that ouabain has a positive inotropic effect which has

316, 362, 363

generally been accepted to be due to an increase in [Na']; and subsequent increases in

[Ca®*]; via NCX. Inhibition of the pump by ouabain has been shown in many species and

446

tissues (rabbit auricles,*** guinea pig hearts,** frog heart,**® sheep Purkinje fibres,** rat

368, 400, 401 447

hearts, cat ventricular myocytes™ ') with the majority reporting increases in inotropy
but not all show increases in [Na'];. Indeed, it appears that at low concentrations (sub 300nM)
inotropic effects can occur without changes in bulk [Na']*** **> however at high concentrations
large increases in [Na']; are seen. This may reflect the existence of a subsarcolemmal “fuzzy

space” for Na" as discussed in Chapter 1.

Studies using Na NMR have reported large changes in [Na*]; using both shift reagent and TQF
methods. Van Emous measured changes in rat heart [Na']; with 250uM ouabain using shift
reagent and saw an increase of 32% sodium concentration compared to control.**® Various TQF
studies using 1mM ouabain, showed increased changes in intracellular Na* signal ranging from
159-210% pre-baseline control in rat hearts.*? **
50uM ouabain which resulted in a TQF signal increase of 53% in WT and 44% in PLM®**

mouse hearts. This is similar to TQF changes reported with 250uM rather than 1mM ouabain in

The study presented in this chapter used

rat hearts, showing that TQF [Na']; changes are concentration dependent and the mouse, like the
rat, is relatively resistant to ouabain. There are many reports of different species displaying
varying degrees of sensitivity to ouabain inhibition.” **® Enzyme preparations from rat hearts
have been shown to have low ouabain sensitivity*****® further supported by studies in perfused
rat hearts.”>* Mouse hearts have been shown to be similar to rat hearts with respect to ouabain

** and therefore similar [Na]; changes may be expected. The results

sensitive alpha subunits
contrast with those seen in Chapter 5, Section 5.5.1.3 (which showed no change in intracellular
Na* with ouabain in both genotypes) and confirms that flame photometry may not be sensitive

enough to measure accurate changes in intracellular Na".

217



Chapter 6 — NMR Measurement of [Na'];

The lack of differences with TQF changes in WT and PLM3” were not unexpected. There is
no reason to assume that a mutation in PLM would impact the ouabain binding site on the
Na'/K* ATPase pump. However, additionally to species differences with ouabain sensitivity,
different Na'/K* ATPase a subunits are known to be ouabain sensitive or resistant. Na*/K*
ATPase al subunits are known to be ouabain resistant whilst a2 subunits are ouabain
sensitive.”®  Studies using SWAP mice which “swapped” the ouabain resistance to converse
subunits showed that in myocytes the main effect of ouabain on Ca*" transients and [Na']; was

%% and that the low concentration 5uM of ouabain used increased [Na‘]; by

via the o2 subunit;
2mM. Protein expression studies from Chapter 3, Section 3.4.2.2 have shown that both Na*/K*
ATPase al and o2 subunit protein expression were similar in WT and PLM***. Hence ouabain
affinity for the pump binding site was most probably the same in both genotypes resulting in
similar pump inhibition and consequently TQF signal changes. The previous shift reagent
analysis of [Na']; has shown similar starting [Na']; values therefore similar TQF changes in WT

and PLM**, and thus [Na'];, was not unexpected.

6.6 Summary

%Na NMR provides a non-invasive technique to measure [Na']; in perfused beating mouse
hearts. Cardiac function measurements showed depressed but stable function in both WT and
PLM** mouse hearts perfused in the magnet compared with standard Langendorff cardiac
measurements. Perfusing hearts with the shift reagent, Tm(DOTP)*, caused extracellular Na*
ions to resonate at a different frequency and revealed the intracellular Na* peak. The presence
of a reference capillary of known Na® content enabled the [Na']; for each heart to be
determined. It was estimated that [Na']; for both WT and PLM*** mouse hearts under basal
pacing conditions of 550bpm were similar and in the range previously reported for rats and
mice. Similar [Na']; values may be attributed to the changes in total PLM expression in the
PLM** mouse heart potentially normalising net pump function to that of WT hearts. TQF
measurements of intracellular Na* showed small but significant increases in [Na']; in both WT
and PLM** mouse hearts with rapid pacing (800bpm) and 1SO perfusion. Perfusion with
ouabain increased the [Na']; TQF signal by approximately 50% in both genotypes suggesting

successful inhibition of the Na'/K* ATPase.
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6.6.1 Validity of results

The results presented in this chapter were obtained from perfused hearts displaying depressed
cardiac function when compared with heart function achieved on a standard Langendorff
perfusion rig. Additionally in order to quantify the intracellular Na* concentration in these
hearts, contractile function was further reduced with the perfusion of Ca®* chelating shift
reagent. TQF measurements offer a measure of [Na']; without reduction of function but could
only be used to compare relative changes from baseline in these experiments.

For comparison there are relatively few NMR studies in perfused mouse hearts and those there
are show only TQF measurements with ischemia or ouabain at unphysiological pacing rates.
There are many rat NMR studies for comparison; however little has been shown in any species
with ISO perfusion.

%Na NMR is a complex method for measuring [Na']; in Langendorff perfused mouse hearts
therefore a more reliable NMR perfusion system is required and is currently under development.
When cardiac function measurements from the new NMR perfusion rig are comparable with

those from a standard Langendorff rig, a greater confidence in the results will be gained.
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Technique Preparation Temp (°C)  [Na']; (mM) Ref
ISE Sheep Purkinje Fibre 35 9 364
Sheep Purkinje fibre 35 5-7 422
Sheep Ventricle 34 6.4 457
G.Pig Ventricle 37 5.4 423
Rabbit Ventricle 36 75 424
Rat Ventricle 30 12.7 8
Rabbit Ventricle 30 7.2 8
Chick Myocytes 36-38 8.4 426
G.Pig Myocytes 32 6.9 425
SBFI Rat Myocytes RT 5 o
Rabbit Myocytes RT 3.8 428
Rabbit Myocytes RT 5.2 5
Rat Myocytes RT 7.8 6
G.Pig Myocytes RT 5.1 6
Mouse Myocytes RT 125 2
Mouse Myocytes PLM-KO RT 12.0 2
Rat Myocytes RT 111 2
Rabbit Myocytes RT 45 2
Mouse Myocytes RT 7.8 361
Mouse Myocytes PLM-KO RT 55 361
Flame Photometry G.Pig Ventricle 36.7 et
AAS Rabbit Papillary 32.7 421
Rat Myocytes 103 458
Perfused Rat Heart 37 20.2 e
Perfused Rabbit Heart 37 19.3 459
Perfused Rat Heart 37 30.7 %0
#Na NMR Perfused Rat Heart 37 6.2 0
Perfused Rat Heart 37 10 269
Perfused Rat Heart 37 105 409
Perfused Rat Heart 37 11.4 368
Perfused Rat Heart 37 9.9 429
Perfused Rat Heart 37 9.4 460
Perfused G.Pig Heart 37 48 359
Rat Myocytes 37 6.9 461
Rat Myocytes 29 1
Mouse Heart WT 37 144 This study
Mouse Heart PLM%** 37 12.7 This study

Table 6.2: Values of intracellular sodium in cardiac muscle.
[Na‘], was measured by ISE, AAS, flame photometry, SBFI or **Na NMR in a range of species.
Table details method used, species and preparation, [Na']; and reference.
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/7 CHAPTER 7-SUMMARY & GENERAL DISCUSSION

7.1 Summary of findings

The work described in this thesis investigated the role of phospholemman in the regulation of [Na'];
by modulation of the Na*/K* ATPase in the genetically modified PLM*** mouse. It was hypothesised
that the inability to phosphorylate PLM in the new PLM®** mouse may cause [Na‘]; overload,
contractile dysfunction and cardiac arrhythmias. The work described here focussed on the initial
characterisation of the PLM®* mouse looking at both the biochemical phenotype of the heart and
basal cardiac function using the isolated Langendorff perfusion model before making measurements
of [Na']; using flame photometry and NMR methodology. Once basal heart function was determined
the effects of B-adrenergic stimulation, pacing induced increases in heart rate and Na'/K* ATPase

inhibition by ouabain on [Na']; were also investigated.

Studies were mainly carried out using mice from the PLM®** colony which were compared with WT
littermates. The PLM*** mouse carries an unphosphorylatable PLM protein which was created by the
global mutation of the 3 PLM Ser phosphorylation sites (Ser63, Ser68 and Ser69) to Ala. Therefore,
initially the inability of this mutated PLM to be phosphorylated was confirmed using Western blot
analysis of heart homogenates probed with phospho-specific antibodies for each Ser residue.
Evidence from Phos-tag blots using the total PLM antibody supported these findings by also showing
the absence of the phosphorylation sites when comparing the same homogenates to WT heart
homogenates. There did, however, appear to be the presence of additional bands in both genotypes,
but whether these are additional phosphorylation sites or non-specific residual carry-over of

homogenate protein would need further investigation.

The possibility that this mutated PLM would not traffick correctly to the membrane was investigated
using myocyte fractionation, immunoprecipitation and confocal microscopy. The mutated PLM was
located in the membrane fraction and co-immunoprecipitated with the Na*/K* ATPase al subunit.
Confocal analysis confirmed co-localisation of the al subunit with PLM***. The evidence from both
these studies suggests PLM*** trafficks correctly and forms a membrane bound complex with Na*/K*
ATPase.

The effect of the PLM mutation on protein expression of total PLM, Na'/K* ATPase subunit and E-C
coupling proteins was investigated. PLM expression was significantly decreased in PLM®** mouse

hearts when compared to WT, however all other proteins (with the exception of total PLB) were
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unaffected. PLM expression may be downregulated in order to help maintain normal pump current.
Unpublished studies from our laboratory have shown using whole cell patch clamping that lpym, in
PLM?** is similar to currents seen in WT myocytes. This could be due to 2 reasons, either that PLM
phosphorylation in WT myocytes has sufficiently decreased due to room temperature incubation prior
to clamping which renders them in a state similar to unphosphorylatable PLM or that this decrease in
total PLM expression has allowed PLM®** myocytes to maintain a relatively normal pump current.
The stoichiometry of PLM and Na*/K* ATPase a subunit is considered to be 1:1, however PLM has
also been reported to form tetramers®'’ and activation of PLM by PKA/PKC can lead to increased
oligomerisation.?° IP data from rat ventricular myocytes has also suggested that there is a pool of a
pump subunits not associated with PLM.%? Therefore this supports the notion that reduction of PLM
expression in PLM*** hearts may help normalise the net pump current.

Characterisation studies to determine the effect of the PLM mutation on basal cardiac phenotype were
undertaken investigating both ventricularly paced hearts at a constant rate of 550bpm and free-running
unpaced hearts. Firstly, hearts were paced at a constant pacing rate of 550bpm in an attempt to mimic
in vivo heart rates. At this heart rate it was clearly seen that PLM** mouse hearts had significantly
greater contractility than WT hearts. This is in keeping with the hypothesis [Na']; is increased in
these hearts. However, unpaced studies in free-running hearts gave contrasting results with
contractility in PLM** and WT hearts showing similar values. Studies in unpaced mouse hearts are
unusual but were necessary for the later ISO stimulated heart function determination. In these studies
the right atrium was superfused to help maintain a physiological heart rate and reduce preparation
decline over time. Unpaced PLM®** mouse hearts showed lower heart rates than WT mice but was
not significant and there were no other differences in cardiac function measurements. These data
were in agreement with other unpublished in vivo ECHO studies from our laboratory that also showed
PLM** mice have lower heart rates than WT mice but with no other differences in basal cardiac

function suggesting autonomic compensation for PLM mutation.

It seems likely that the differences in contractility between in vitro paced and unpaced studies reflect
subtle differences between the genotypes in [Na']; at the prevailing heart rates. Pieske et al (2002),
noted that  the force of contraction can double with as little as 1mM increases in [Na'];>.” If these
differences are indeed due to subtle rate-dependent changes in [Na']; then these effects may persist in
vivo. However, in vivo studies using echocardiography or telemetry shown no differences in baseline
contractility although there is a significant tendency for heart rate to be lower in PLM*** mice. In
vivo, our unpublished data (not described here) shows profound differences in the response of the two
genotypes to B-blockade and atropine suggesting in vivo basal changes in contractility and heart rate

may be compensated by changes in background autonomic tone.
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If Na* is indeed higher in PLM*** mice then this may manifest as increases in contractile dysfunction
and arrhythmias. To address this heart rate variability analysis was used in both paced and unpaced
studies. Paced studies showed both genotypes had low arrhythmia scores showing they are stable
preparations with low incidence of ectopic beats. Unpaced studies had higher arrhythmia scores than

paced studies; however there were no differences in arrhythmia scores between genotypes.

The force-frequency relationship is known to be strongly influenced by intracellular Na*.® 2% As
previously seen in small rodents®® °°#? poth genotypes displayed a negative FFR over the range of
400-750bpm. The negative slope of the FFR may crudely reflect intracellular Na* load but, in these
experiments, this was similar in both genotypes again suggesting that under these conditions there was
no evidence for sodium overload in PLM®** hearts. In small mammals SR Ca** load and release are
almost at a maximum at slow pacing rates and therefore cannot increase further with increased heart
rate in spite of increasing [Na']; and diastolic Ca**.*®* Any differences in [Na']; in PLM®** hearts
compared to WT may have been masked by the limit on SR Ca** load which would affect Ca*
transients and contraction; however even if the SR Ca®* load was rapidly maximised, increases in
pacing and Na* load may expect to manifest as diastolic dysfunction and arrhythmias which were not
seen. Additionally, although pacing has been shown to induce PLM phosphorylation in myocytes*’”

this has not been shown in isolated hearts.

If lack of basal phosphorylation in WT hearts obscures differences between the genotypes, then
stimulation of the B-adrenoreceptor pathway should magnify any differences. PLM®** mice should
remain with the Na® pump unstimulated while WT mice should respond to PKA activation by
phosphorylating PLM and increasing Na* efflux. 1SO was perfused at both a low (1nM) and high
(100nM) concentration and cardiac function was measured. No differences in cardiac function
measurements between the 2 genotypes were observed at either ISO concentration. 1nM 1SO evoked
similar increases in HR, LVDP, and coronary flow accompanied by a decrease in LVEDP in both
PLM** and WT mice. 100nM 1SO also caused similar changes, again with no differences between
WT and PLM®** hearts. Interestingly, 100nM 1SO increased contractility to the same extent as 1nM
ISO; however heart rate increases were different. PKA causes the phosphorylation of many major E-
C coupling proteins (L-type Ca** channels, ryanodine receptors, PLB, etc.) and they appear to play the
predominant role in increasing cardiac contractility. This suggests either that the rate-induced
increases in [Na']; contribute little quantitatively to 1SO induced inotropy or, if it is important
quantitatively, is not significantly influenced by whether PLM is, or is not, phosphorylated. When
FFR’s were generated by pacing in the presence of ISO, no differences were seen between the

genotypes.
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Despite the proposed role of PLM phosphorylation in limiting the rise in intracellular Na* during fight
or flight increases in heart rate,?® data thus far presented does not support the hypothesis that either
basal Na* is higher in PLM®* hearts or that Na* increases more in response to increases in heart rate
(with or without B-receptor stimulation). Basal contractility is, however, higher in PLM®** hearts — an
effect that may be masked in vivo (by differences in autonomic tone) or at higher heart rate in vitro.
Critical to understanding these data is an accurate determination of intracellular Na* under these

experimental conditions.

Two different methods, flame photometry and Na NMR, were used in an attempt to measure [Na'];
in isolated hearts under a variety of conditions (basal, rapid pacing, ISO stimulation and ouabain). It
is widely accepted that the linear range for Na* using the flame photometer is very narrow (0.5 to
10ppm) due to Na* self-absorption at higher values. Initial optimisation of the experimental protocol
was carried out determining the perfusion protocol (including washout time), tissue digestion times
and dilution before measuring Na* content in PLM®** and WT hearts. Results for intracellular Na* in
each genotype showed that although there appears to be a greater Na* content in PLM*** hearts paced
at 550bpm compared with WT, this is not significantly different. Previously, paced studies in isolated
mouse hearts at 550bpm showed differences in contractility. A small change in intracellular Na*
(1mM) can cause significant Ca®* load’® and therefore it is possible that these small changes do indeed
reflect differences in [Na']; that cannot be resolved with the limited resolution of the flame

photometry method.

Indeed an additional study undertaken using the flame photometer was the measurement of rubidium
uptake in hearts paced at 550bpm. Rb* uptake was measured to gain an insight into the activity of
Na‘’/K* ATPase in both PLM** and WT hearts. The data showed that Rb* uptake in both genotypes
at this pacing rate was the same suggesting similar pump activity in both genotypes. This is
consistent with the assumption that, under steady state conditions, Rb™ uptake reflects Na* influx
which should be constant in both genotypes. There was no change in Rb* uptake in response to 1SO
in both genotypes, as any possible transient changes in Rb* uptake were masked by the steady state
influx of Na" by pacing at 550bpm throughout. However, it was expected that rapid pacing would
increase Rb* uptake which was not observed and raises the possibility that flame photometry may
simply lack the resolution and accuracy to reveal these differences. An intervention known to
robustly change Rb* uptake (and [Na']) is ouabain and although ouabain induced significant
reductions in Rb* uptake these represent only a 30% decline in pump function (uptake). This
compares favourably with measurements in the literature for rat hearts exposed to similar
concentrations of ouabain. Interestingly the same decrease in Rb* uptake was not accompanied by

similar increases in intracellular Na* as no changes in Na" were observed with the addition of ouabain.
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This highlights the likelihood that the flame photometer is not sensitive enough to accurately measure
changes in Na'. Historically intracellular Na* has been shown to increase with ouabain in the
perfused rat heart which was not seen in this flame photometer study. Additionally using ?Na NMR a
50% Na" increase from baseline was observed with the same concentration of ouabain and suggest

that the flame photometry data is potentially unreliable.

The final series of studies undertaken in this thesis was to set up a method for measuring [Na*]; in
isolated beating mouse hearts at physiological pacing rates. ?Na NMR is currently the gold standard
method for measuring intracellular Na* in hearts under physiological conditions. This required
substantial method development and validation of the modified Langendorff NMR perfusion rig,
especially considering that most mouse NMR data reported in literature is at a non-physiological
pacing rate of ~400bpm.®”® Contractile stability of the hearts at a physiological pacing rate of 550bpm
was achieved, however at the compromise of a reduced LVDP. This reduced LVDP was seen in both
genotypes so the ensuing results with regard to [Na']; were at least comparable. It was of note though
that the previously seen significant increase in PLM®** contractility compared to WT in paced mouse
hearts was reduced and was not discernible from the natural variability at these low left ventricular

pressures.

By using the shift reagent Tm(DOTP)* to reveal the intracellular **Na peak and peak integration
software, the [Na']; for each genotype was determined and showed no significant differences between
WT and PLM** hearts. These results agree with the potentially unreliable flame photometer Na*
study. There are limitations with the method and some assumptions have been made regarding the
extrapolation of intracellular **Na peak from the shoulder of the larger extracellular **Na peak,
cytosolic volume estimations and Na* visibility. Also, the chelation of Ca** by Tm(DOTP)*
compromises heart function which needs to be addressed in future experiments using TQF. A new
perfusion rig is being developed which will hopefully allow cardiac function that is comparable with
that seen on the standard Langendorff rig. Once this has been established and optimised, the shift
reagent experiments will be repeated with and without TQF analysis and the data provided should

give the true indications of [Na']; in the two genotypes.

The final study addressed [Na']; changes during interventions of ISO, pacing rate increases and
ouabain perfusion. To remove the need for shift reagent and its Ca** chelating effects triple quantum
filtering of the Na NMR signal was developed. Firstly it was established that the TQF signal was
stable over the initial 20 minute perfusion period providing a steady baseline to monitor any changes
in Na* with each intervention. 1SO and pacing significantly increased the intracellular Na* TQF

signal by a small amount, whereas ouabain significantly increased the intracellular Na* TQF by
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almost 50% in both genotypes. These interventions did not, however, provide the same developed
pressure profiles seen previously in Chapter 4 e.g. increased contractility with 1SO. Realistically,
because of the poor quality of the cardiac function in these experiments, it is appropriate to consider
the NMR data described here as “proof of principle” in terms of establishing the method; rather than a
definitive data set describing Na* measurements in WT and PLM®** hearts. Again a new NMR rig

may help to address these issues and give more accurate and conclusive results.

7.2 Future directions

The work described in this thesis contributes to the extensive and on-going characterisation of the
PLM?** mouse and investigation into the role of PLM regulation of [Na']; via the Na'/K* ATPase.
This is only the start of the PLM*** characterisation and there is clearly more work to be done to help

our understanding of this model.

The most obvious area of further development from work described in this thesis is the robust
measurement of [Na']; in isolated hearts subjected to physiological temperatures and pacing rates.
Given the limitations of the only two published studies in mouse hearts, this development would
represent a very significant and useful technical advance. Accurate measurement of [Na']; would
prove/disprove the hypothesis that interaction of Na’/K* ATPase with unphosphorylatable PLM
protein affects [Na']; sufficiently to cause Na* overload and subsequent contractile dysfunction. The
measurement of [Na]; by flame photometry and *Na NMR in this thesis were clearly limited by
resolution and accuracy. Flame photometry data was shown to be relatively insensitive and will not
be explored further. However, *Na NMR is an area that will be of significant use in the future and
requires further development. The [Na']; measurements made in this thesis were adequate for “proof
of principle” but were in a suboptimal model and may not be representative of a normal physiological
situation due to the poor cardiac function. Extensive work is therefore needed to ensure that in the
future these readings are comparable. A new perfusion rig is currently under development to address
these issues. The design will allow heated perfusate to reach the heart at 37°C so the heart will no
longer be cannulated at room temperature. The system will now no longer be a closed system
removing the problems of inertia, resonance and damping in the pressure monitoring lines and in the

heart chamber itself.

It is hoped that this new rig will be more reliable and will enable robust cardiac function inside the

magnet. The combination of improved Langendorff perfusion and the use of the now characterised
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and refined ®Na TQF measurements will provide a useful tool for studying Na* regulation in the

future. For example measurement of [Na*]; during FFR will be of great interest.

In this thesis the characterisation of basal cardiac phenotype of PLM** mice was explored with the
hypothesis that unphosphorylatable PLM may predispose to sodium overload, Ca®* dysfunction and
potential arrhythmia development. Although some Langendorff studies suggested greater intracellular
Na* (paced and FFR) this was not seen in the Na" measurements. However, it is known that disease
processes such as hypertrophy and heart failure raise [Na*]i** so a future direction for these studies
would be to investigate intracellular Na* levels in hearts from WT and PLM** mice that have been
subjected to banding protocols to cause pressure overload and hypertrophy development. Under these
conditions if PLM plays a role in regulating Na* in response to stress, the mutant PLM®** mouse may
be expected to show increased propensity of Na* and Ca®* overload in exacerbated disease. This
could be explored further by subjecting these hearts to FFR, ISO and ouabain protocols. Allowing us
a wealth of information to gain a better insight to the role PLM phosphorylation plays in regulation of
[Na'];

Contrary to the prevailing opinion in the literature, the studies in this thesis do not provide strong
evidence that PLM phosphorylation is critical to allow the myocyte to control Na* when heart rate is
elevated (either in the presence or absence of B-stimulation). This tentative conclusion comes with
the caveat that the real proof requires accurate measurement of [Na']; under physiological conditions
of temperature and heart rate. Although this thesis provides the foundation for such studies by
characterising Na NMR and TQF measurements, the refinement of this technique is required before

such definitive experiments can be undertaken.

The generation of different mouse models that have single phosphorylation site mutations would
allow us to define the importance of individual phosphorylation sites on [Na']; regulation via the
Na'/K* ATPase. Finally, we hypothesise that contrary to 300 years of clinical experience with
digitalis, the stimulation of the Na'/K*™ ATPase may be beneficial in heart failure. A high throughput
screen to identify small molecules that may stimulate the pump has been initiated in-house. ?Na
NMR will be pivotal in the assessment of the cardiac pathology and its response to these agents. The
refinement of this method, as stated in this thesis, will therefore represent an important contribution to

this on-going programme of studies.
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7.3 Critical analysis of techniques and results in this thesis

The work in this thesis incorporates a variety of methods which will vary in their limitations.
However, these limitations must be accounted for when considering the relevance and significance of

any conclusions made and are discussed below.

7.3.1 Western blotting and Phos-tag gels

This technique was used in the basic phenotypic characterisation of protein expression in the PLM®*
mouse heart. It relies on several factors to ensure accurate results including the equal loading of
protein between heart homogenate samples, the specificity of each antibody to bind and the detection

of luminescence in the linear gray-scale range.

The Western blots in this thesis were run using equal volume loading of 10% homogenates as shown
in Chapter 3. Equal loading was ensured by initially checking a Coomassie blue stained gel before
running the remaining gels and by staining each PVDF membrane at the end of the experiment with
Coomassie blue (not shown) to ensure successful protein transfer. A protein assay was also
performed and showed no variation within the samples greater than 2 standard deviations away from
the mean of the group. As a final control actin and calsequestrin were run and densitometered to
show that there were similar protein bands across samples and therefore equal loading. It was decided
not to normalise each protein of interest by these loading control values for fear of introducing further
variation in the results. The same samples were used in the Phos-tag gel experiments and equal

loading was again ensured by the above methods.

For the fractionation experiment Western blots it was assumed that every myocyte isolation can
produce varying cell yields dependent on animal, day, etc. Therefore these experiments were not run

with quantification in mind but to simply provide an indication of PLM location.

7.3.2 Confocal microscopy

The major issue with confocal microscopy is the specificity of the antibodies for their targets and the
health of the myocytes prior to paraformaldehyde fixing. Myocyte isolation, especially mouse, can be
extremely difficult and some myocytes easily lose their membrane integrity. However, the need for

only a few cells for successful confocal microscopy imaging allowed the imaging of an adequate

228



Chapter 7 — Summary and Conclusions

number of healthy cells. Unfortunately in the case of PLM there are very few decent antibodies for
confocal microscopy. The best antibodies are the previously used phospho-antibodies which
obviously cannot be used in the PLM®** mouse myocytes leaving only the use of PLM-C2 for PLM
binding. Additionally the antibodies for the a subunits are not ideal for microscopy either, especially
the o2 antibody. Fortunately by using high concentrations of each antibody it was confirmed that
PLM co-localises with al subunit in both WT and PLM>*** mouse myocytes. Any doubt about this
result is removed by the additional findings from the co-IP experiments which again showed that

PLM forms a complex with the a1 subunit.

7.3.3 Langendorff perfusion

In this thesis the Langendorff perfusion technique was used extensively in various modified forms.
During the protocols, hearts were either paced or unpaced which caused some conflicting results.
During paced protocols on the standard set-up contractility of PLM®*** isolated hearts was increased
compared to WT which was not replicated during the unpaced protocols, however these ran at 70-

80% the in vivo physiological heart rate so cannot be directly compared.

The process of cannulation can itself pose issues because it is a stressful procedure which causes a
brief period of ischaemia which can activate protein kinases and cause the phosphorylation of many
proteins. As PLM is the end target of our investigations and is heavily affected by phosphorylation in
order to allow accurate comparisons between WT in vivo environment the stability period is used to
reduce the phosphorylation status of the heart proteins. The length of time of this stability period is a

compromise between protein dephosphorylation and heart function deterioration over time.

Regarding FFR data the hearts were paced between a range of 400 to 750bpm, potentially if hearts
had been stimulated to higher heart rates a significant difference between genotypes may have been
seen, however higher heart rates were deemed unphysiological and, in the crystalloid perfused
Langendorff heart, high heart rates may induce a demand ischemia which causes progressive
deterioration at such high heart rates. This was based on the data from the 1SO study (Chapter 4)

which showed that heart rate increases with 100nM ISO reached approximately 700bpm ex vivo.
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7.3.4 Selectivity of interventions used

Another issue was the use of appropriate concentrations of pharmacological agents and pacing rates
that were used for some of the studies. For the ISO studies ideally performing a concentration
response curve to 1ISO would have been the preferred option but severe run down of the hearts
between concentrations meant that this was not possible. Therefore both low (1nM) and high
(100nM) ISO concentrations were used. The results from this, especially concerning HR, allowed us
to predict which concentration (10nM) to use in the subsequent flame photometer and NMR studies.
However, in these studies no significant changes to [Na']; was observed with 1SO intervention
suggesting high concentrations should have been considered.  Alternatively adrenaline or
noradrenaline may give a more physiological response. Ouabain concentrations were limited to
<1lmM as it was determined that previously used literature concentrations (1-2mM) caused heart
contracture. The use of 50uM ouabain should have been adequate to observe changes in [Na*]; and
was accompanied by a large increase in inotropy. In future more concentrations could be tested up to
1mM. Pacing rate was the final intervention to be decided and 800bpm was chosen even though it
was outside of the range used in the FFR and which is considered physiological. Again, due to the
lack of changes seen in flame photometry and NMR studies perhaps a greater duration or pacing rate

could have been investigated.

7.3.5 Flame photometry

While flame photometry has been used successfully by a number of authors, in our hands, for no
obvious reason, the technique was unable to resolve a Na* increase with ouabain. Since this is such
an established and predictable response, then the failure of flame photometry to detect this suggests
our method or protocol was, for some reason, unsuitable. This could be related to the narrow linear
range of Na’ or the insensitivity of the flame photometer or to systematic, but undefined,
methodological problems. Since this technique is at best an approximation and unsuitable for
following temporal changes, there would be little to be gained by refining this given *Na is now

available.
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7.3.6 NMR

The NMR technique poses many problems especially concerning successful, reliable and
physiological measurements of Langendorff perfused mouse hearts. The main issues relate to
temperature maintenance of perfusate to the cannula, perfusing in a closed system to prevent leakage
in the magnet and external hydrostatic pressures affecting balloon measurements especially with
pacing. In the absence of a different NMR perfusion rig the results gained from these studies at least
are comparable between genotypes as they have been subjected to the same conditions.

The use of shift reagents to measure [Na']; also involves some level of compromise. The toxic nature
of these compounds and their ability to chelate Ca®* limits how physiologically relevant our
measurements are. Too great a concentration of shift reagent causes dramatic Ca** chelation meaning
hearts are effectively not beating, and too low a concentration reduces the shift of the extracellular
*Na peak leaving no intracellular *Na peak to measure. 3.5mM Tm(DOTP)® used in this thesis is
therefore a compromise between these 2 states and highlights the importance of TQF methods which
allows quantification of Na* changes from baseline, due to interventions, without the need for shift

reagent.

7.4 Final conclusions

In conclusion, the work presented in this thesis has extensively characterised the PLM®** mouse and
investigated the role of unphosphorylatable PLM modulation of Na*/K* ATPase activity on [Na']:.
The increased contractile function and negative FFR are consistent with the hypothesis that PLM**
has high [Na"];, however lack of differences of FFR gradients indicates that increases in Na* load with
frequency are similar to WT. Unpaced studies and in vivo data suggest that there may be adaptive
mechanisms in place in the mouse to control for the inhibition of Na'/K® ATPase by
unphosphorylatable PLM. Under paced and unpaced conditions PLM®* hearts have no increased
propensity for cardiac arrhythmias. PLM protein expression is decreased in PLM®** hearts and may
account for the similar pump current and Na* measurements observed in this mouse compared with
WT. [Na']; measurements under basal physiological conditions show that there are no differences in
[Na‘]; between PLM** and WT mouse hearts and only ouabain can evoke a large significant change
in intracellular Na*, however this is similar in both genotypes. Currently there is little evidence to

conclude that PLM®** hearts are Na* loaded.
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The NMR studies within this thesis have validated TQF as a method for measuring [Na*]; in isolated
beating mouse hearts in the absence of shift reagents and this represents a significant advance in

physiological measurement of [Na']; using ?Na NMR.

However, it has to be remembered that the Na* measurements, especially by NMR, were made under
compromised conditions and extensive work must be done on a new NMR rig enabling better cardiac
function to confirm these findings. Although there was no evidence of Na overload, contractile
dysfunction and arrhythmias in these studies, perhaps the extent of the PLM mutation in PLM>*** mice
will only come to light in circumstances of disease pathology. Therefore it will be interesting to
continue the investigation of this mouse during hypertrophy.
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