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ABSTRACT OF THESIS

The chronic treatment of patients withpaadrenoceptor antagonist is associated with
prolongation of the atrial cell action potentialraiion (APD), potentially contributing to
the ability of these drugs to prevent atrial filation (AF). The mechanisms underlying
this APD prolongation are not fully understood huiay involve pharmacological
remodelling of atrial K currents and underlying ion channel subunits.s Pioject aimed

to test the hypothesis that various characterisifchuman atrial K currents, including
voltage, time and rate dependency, differ betwesiepts treated and not treated with-a
blocker as a result of altered expression of ioandel pore-forming and accessory

subunits.

Human atrial myocytes were isolated enzymaticatbnf right atrial appendage tissue
obtained from consenting patients, in sinus rhytkimgergoing cardiac surgery. Using
whole cell patch clamping, Kcurrents were recorded at physiological tempegatur
Treatment of patients witp-blockers for a minimum of 4 weeks duration wasoasged
with a significant, 34% reduction in the transientward K current (to) density but no
change in the sustained outward curreptyd). There was a reduction in the “Ba
sensitive, inwardly rectifying Kcurrent (k1) but only at -120 mV and the physiological
significance of this is unclear. The reductiorg density was not secondary to changes
in the voltage dependency of the current, as detexanby Boltzmann curve fits. There
was no difference in the time dependent inactivabo re-activation oft, between cells
from nonp-blocked and3-blocked patients, indicating these current charetics were
not contributing toB-blocker induced APD prolongation. The densitylaf decreased
significantly with increasing stimulation rate irells from both patient groups but

remained significantly reduced fiablocked patients at all rates studied.

To determine a possible mechanism underlying tHeatgon in ko density, the expression
of Kv4.3 mRNA, the pore-forming subunit responsibde this current, was compared in
right atrial appendage tissue from npibblocked and3-blocked patients using real-time
RT-PCR. mRNA levels were normalised to the expoesef both 28S, a marker of total
RNA, and the housekeeping gene GAPDH. The levélsnBNA for the accessory
subunits KChIP2, KChAP, K31 and 2 and Frequenin, which modify Kv4.3 exprassio
and function, were also measured. No change wawdfin the relative mRNA levels of
any of these ion channel subunits in associatidh alironicp-blockade. mMRNA for the

pore-forming subunits Kir 2.1 and 2.2 and Kv1.5 ethare responsible foki and ksus
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respectively, in addition to mRNA for the pore-fong subunits underlying the L-type
calcium current and sodium-calcium exchanger wkse measured. Again, no significant

changes in expression were found in associatiom etitonicp-blockade.

The possibility of ion channel remodelling at anskational level was investigated by
measuring Kv4.3 protein levels using Western bigttwith a monoclonal anti-Kv4.3
antibody. Kv4.3 protein levels were normalised3APDH which was used as a loading
control. Chronid-blockade did not change the ratio of the leveKe#.3 protein relative
to GAPDH.

In conclusion, chronic treatment of patients witprlalocker is associated with a reduction
in atrial ko density which may contribute to the APD prolongatreported in cells from
these patients. However, this cannot be explaimedhanges in the expression of Kv4.3

or by changes in the expression of its regulatoogssory subunit genes.
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GENERAL INTRODUCTION
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1.1 Cardiac electrophysiology

1.1.1 Normal cardiac conduction

Contraction of cardiac myocytes is triggered byceieal activity within each cell. The
organised spread of this electrical current throtighheart allows contraction to occur in
an effective, co-ordinated fashion, allowing tharéo efficiently pump blood around the
body. In the normal heart this electrical actiwtyginates in the sinus node, a specialised
area of spontaneously discharging cells locatdtarright atrium. Electrical impulses are
then conducted rapidly through the cardiac myocgtdsoth atria causing these chambers
to contract. These impulses reach the atrio-vantit (AV) node which lies in the inter-
atrial septum and is usually the only site wheeeteical activity can be transmitted to the
ventricles. Electrical conduction is generallyvebal through the AV node and then
conducted rapidly again through a specialised systé fibres (the Bundle of His and
Purkinje fibres) responsible for the spread of teleal impulses through the ventricles.
This triggers ventricular contraction. The spreddardiac excitation in this fashion from
the sinus node through the AV node to the vensideknown as sinus rhythm (SR) (see
figure 1-1)

1.1.2  The cardiac action potential

The cardiac action potential represents the bhigtdation in the membrane potential, or
voltage, of a cardiac myocyte that can spontangqusipagate as an electrical wave or
impulse through adjacent excitable cardiac tis#us caused by the rapid opening and
closing of voltage-gated ion channels and can ksxrdeed in five phases which are

illustrated in figure 1-2 (1).

Phase 0 describes the initial rapid depolarisatiidhe cell membrane and is due to the fast
sodium current,Na. Ina iS activated at a membrane potential of -60 mV tadlefore to
initiate this current, the cell has to be partiallgpolarised from its resting membrane
potential of around -90 mV. This can be achievedIslow intrinsic depolarising current
in the context of pacemaker cells, by an externettecal stimulus, or by localised
membrane currents generated by a propagating agptitential. |, is generated by the
rapid influx of sodium ions through the open sodicimannel in cell membrane and occurs

as a result of the Naelectrochemical gradient ie Naons are attracted into the
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Figure 1-1 The cardiac conducting system. RA = right atrilA, = left atrium, RV =
right ventricle, LV= left ventricle. Adapted froomages.med.cornell.edu.
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Figure 1-2 The different phases o& human atrial action potential and the main

contributing ion currents. See text for furthetails. Based on data (2)
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cell because of the low intracellular Neoncentration and negatively charged intracellular
environment. This depolarises the cell further ateb causes more sodium channels to
open. The cell membrane potential, therefore,em®es rapidly towards the sodium
equilibrium potential (ks) at which point the Nahave equilibrated between the inside and
outside of the cell and there is no further' Max. The upstroke of the action potential
does not fully reach theng however, because of the rapid inactivation of sbdium
channels and the opposing influence of repolarisimgents which are activated by the
rising membrane potential. In human atrial cdtie upstroke of the action potential can

depolarise the cells to around + 20 mV.

Phase 1 of the action potential, the first stageepblarisation preceding the plateau of the
action potential, is largely due to the transiamiv@rd potassium currentd. This current
is activated during the upstroke of the action ptiéé and, once open, allows the efflux of
K™ along the newly generated electrical gradient ifctvithe inside of the cell has become
positively charged relative to the extracellularvieonment. The normally high
concentration of intracellular *Kalso helps to drive the outward flow of Kind with this

current repolarisation is initiated.

During the plateau of the action potential, knows phase 2 repolarisation, the
contribution of outward currents to repolarisatiare balanced mainly by the inwardly
directed L-type calcium currentcgl. This current is activated during membrane
depolarisation but is much slower thag hence its main effects are not realised un&rlat
in the action potential. It is the influx of €aduring phase 2 repolarisation that triggers
calcium release from the sarcoplasmic reticulumhiwitthe cell and activation of
contractile proteins. Counteracting the depolagsffects of d,_is the delayed rectifying
potassium currentkl This is not a single current but three distinwtrents. (s, the slow
delayed rectifier, activates very slowly followirngll depolarisation and also inactivates
slowly. kg, the rapid delayed rectifier, has more rapid keseand kur, the ultra-rapid
delayed rectifier is activated extremely rapidlyo contributes minimally to repolarisation

during phase 2 of the action potential as the atiirectivates rapidly.

By phase 3 of the action potential, also known esninal repolarisation,ch. has
inactivated in a time dependent fashion and thfawiof K™ due to the delayed rectifier
currents returns the cell to its resting membraotergial. Other currents also contribute to
terminal repolarisation, particularly, the inwardhctifying potassium currentg;l  This

current is predominantly inward at membrane potéstiegative to or -90 mV but has
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a small outward component at potentials more p@stihan this and so can contribute to

repolarisation.

Phase 4 of the action potential refers to the dli@stdepolarisation that occurs in
spontaneously discharging pacemaker cells butial and ventricular cells the membrane
potential usually remains stable during cardiaexaion or diastole at around -80 to -90
mV. This resting membrane potential sits closth&ok and reflects the high intracellular
concentration of K relative to extracellular fluid along with an equahd opposite
distribution of electrical charge. This is mairdgtermined by and the constitutively
active Na-K pump which helps to maintain the highels of intracellular Kby pumping
out N& in exchange for K

1.2 Atrial fibrillation

Atrial fibrillation (AF) is the most common disondef cardiac rhythm and is characterised
by rapid and chaotic activation of the atria. Tiesults in failure of co-ordinated atrial
contraction predisposing to the formation of irdtaal thrombus and embolic stroke.
Rapid conduction through the AV node results ia@id ventricular rate which, along with
the loss of the contribution of atrial contractimnventricular filling, can result in cardiac
failure. The morbidity and mortality associatedh\\F is considerable with the mortality
rate of patients with AF approximately double tbapatients in normal sinus rhythm (3).
An estimated 4.5 million people in the European doni(EU) have paroxysmal or
persistent AF making AF an extremely expensive ipufsbalth problem costing the EU

approximately €13.5 billion per year (3).

There are numerous patient factors that predisgoseor are associated with, the
development of AF but by far the most common ateeico-existing heart diseases.
These include ischaemic, hypertensive, congenitd\aalvular heart disease, particularly
involving the mitral valve. Heart failure can betl a consequence of, and risk factor for,
AF. Other risk factors or precipitating causedude drugs, sepsis, endocrine disorders,
changes in autonomic tone, and genetic factorse iBgnother major risk factor with 8%
of people over 80 years having AF compared to @»et the general population (3). This
may reflect the increasing prevalence of other fedtors with age especially cardiac
disease but probably also reflects age-relatedldiirosis which is thought to be another
important predisposing factor to the developmentAéf As the population ages the

burden of AF is only likely to increase.
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1.2.1  Basic mechanisms underlying AF

The basis of the abnormal electrical activity aweduction that underlies the initiation
and maintenance of AF is complex and not fully usttedd. Re-entry and abnormal focal
activity or ectopics are two key concepts in pr@gebsiechanistic models of AF.

Re-entry describes the situation where abnormdenpally self perpetuating, circuits of
electrical activity occur across different zonegisgue. After depolarisation or phase 0 of
the action potential, the sodium channels remaagctivated and are unable to be opened
again until the cell repolarises to around -60 mMhis time period, from the upstroke of
the action potential until another action potentih fire, is called the refractory period. If
an electrical impulse arrives in an area of tisainech is still refractory it will not be
conducted through that area but may find an altemadjacent pathway through non-
refractory tissue. If this electrical impulse aes back at the refractory area once it has
recovered, the impulse will be conducted and may tbontinue to conduct around this
“re-entrant circuit”. Re-entry can occur as a fesil a single circuit producing regular
rapid firing or due to multiple, unstable, co-ekigt circuits or waves which can produce
more irregular activity. The likelihood of re-eptioccurring is determined by the
conduction velocity and the duration of the refoagtperiod which together define the
wavelength or distance travelled by one electriicgdulse in one refractory period. Short
refractory periods and hence short wavelengths pteme-entry (1;4).

Re-entrant activity is thought to be important lire igeneration and maintenance of atrial
fibrillation and several different models have bgeoposed. It has been suggested that
AF may be caused by a single, rapidly firing, rér@mt circuit which generates irregular
activity due to variations in conduction of theattecal impulses through the rest of the
atria. Another theory is that AF is due to mukiphdependent re-entrant wavelets which
travel in a randomly distributed fashion througé #tria with some colliding and dying out
while others self perpetuate and spawn daughteesva\Re-entrant waves can take the
form of spirals or rotors in which the maintenantee-entry is dependent on the curvature

of the spiral wavefront (4-6).

Re-entrant circuits may be triggered by spontarigoastive ectopic foci of electrical
activity. These can occur in non pacemaker célilse normal balance of ion currents is

disrupted, resulting in diastolic depolarisation tbE membrane potential sufficient to
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trigger sodium channels to open and cause a preenation potential to fire. Ectopic
foci can be triggered by large after-depolarisatiamich can occur in calcium overloaded
cells. They are caused by sodium-calcium exchafi@ix) which generates a net inward
current as it extrudes the excess free intracell0&’ in exchange for Na It has been
suggested that AF may be caused by one or morenaonsly active, rapidly discharging,
ectopic foci which may then be conducted in a noifoum fashion through the atria to
produce the characteristic fibrillatory rhythm. idtalso possible that the arrhythmia may
be triggered by an ectopic focus or foci leadingsitagle or multiple re-entrant circuits
which then maintain the arrhythmia (4-6). Somethadse ectopic foci originate in and

around the pulmonary veins which drain into thé dfium.

It is likely that all of these mechanisms play samile in the initiation and maintenance of
AF and hence it is possible to take several differapproaches when treating this
arrhythmia. Targeting ectopic foci and single ng-@nt circuits by catheter ablation has
proven to be one successful treatment strategyth®n is to use anti-arrhythmic drugs to
prolong the refractory period, which limits the ragn of functionally re-entrant circuits

that can be maintained, so preventing the AF fremdsustained.

1.2.2 AF and electrophysiological remodelling

Regardless of the mechanisms underlying the imhabf AF and the mode of electrical

conduction, one key finding in both clinical andperimental models is that AF tends to
become more persistent with time. In the claseit gnodel of AF induced by rapid atrial

pacing, the duration of AF determines the abildyréstore and maintain normal sinus
rhythm — “AF begets AF” (7). In this model and eth, a number of electrical and

structural changes occur following initiation of ARat are thought to contribute to the
perpetuation of the arrhythmia. These processes Ih@en termed electrical and structural
remodelling (4;8).

The electrical adaptations that occur in AF affegiolarisation at both a tissue and cellular
level. AF has been shown to cause shorteningeo&thal action potential duration (APD)
and effective refractory period (ERP). It alsoufesin an increased spatial heterogeneity
of repolarisation and loss of rate adaptation 8);7;Shortening of the APD and ERP
shortens the minimum wavelength for re-entry thuenmting the occurrence and
maintenance of multiple re-entrant circuits. Umgag this shortening in APD and ERP

are changes in ion currents which influence rejgdsion (8). Studies on isolated human
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atrial myocytes have shown reductions Ica. and kyr and an increasgl. The net effect
of these current changes is APD shortening largedgiated through reduction ip,] and

increase iny.

Other electrical changes that occur with AF incletlanges in the proteins that contribute
to gap junction formation and facilitate the pagsafjelectrical activity from one myocyte
to the next. These proteins are called connexim$ several studies have shown
alternations in connexin expression along with ¢gesnin the pattern of their distribution
(14;15).

In addition to the electrical remodelling that occun AF, structural remodelling also
occurs at both a cellular and organ level. AF rgult in the loss of contractile proteins,
myocyte death, atrial fibrosis and dilatation (4;18hese changes are likely to increase
the heterogeneity of atrial refractoriness thusrmting re-entry, as well as impairing atrial

contractile function.

1.2.3 Current treatment of AF

There are currently two main strategies used intris@tment of AF (3;17). The first is to
allow the continuation of the arrhythmia but to ttg minimise the associated
complications by controlling the ventricular ratedaanti-coagulating the patient to prevent
thromboembolism. The second is to try to restoi maintain sinus rhythm. This can be
achieved using either electrical or pharmacologieatiioversion followed by drugs which
either prolong the refractory period (class Illisarthythmic drugs) or block Nachannels
(class | anti-arrhythmic drugs). Another possiiti@ategy for preventing the recurrence of
AF is to burn or ablate any sites of ectopic fotiiehh may be triggering the arrhythmia.
These often occur around the origin of the pulmgvains. Pulmonary vein ablation can
also be accompanied by further catheter-based i@blaherapy to disrupt possible

pathways of abnormal electrical activity through Hiria.

Recent large clinical studies have compared theste Yersus rhythm control” strategies
and have found that, for many patients, remainingk is not an inferior treatment option
if they are appropriately managed (18). There hmyever, a number of patients for
whom a rhythm control strategy is preferable. ragor problem for these patients is that
both the invasive and pharmacological treatmergsnat always effective and have the

potential for significant complications or sideezffs. One particular problem with some
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of the anti-arrhythmic drugs used in the preventdAF is that they can cause potentially
lethal ventricular arrhythmias.

1.2.4  B-blockers in AF

Recent guidelines for the management of AF havergivadrenergic receptor antagonists
(B-blockers) a prominent role as anti-arrhythmic &psr for the prevention of AF (3;17).
Traditionally B-blockers have been used to control the ventricwase in patients with AF
but there is increasing evidence that they canfieeteve in preventing the recurrence of
AF once sinus rhythm is restored. One of the magtvantages d-blockers over many
other anti-arrhythmic agents is that they do notehihe same dangerous pro-arrhythmic

side effects.

B-blockers are drugs that bind selectivelyptadrenoceptorsp(ARs) and competitively
and reversibly inhibit the effects @fadrenergic stimulation by endogenous or exogenous
catecholamines. Stimulation fARs in the heart principally results in an increé$eart
rate, increased conduction velocity through the dooting system and increased
contractility. However, the effects ffadrenergic stimulation on the heart and the rest o
the cardiovascular system are complex and divardebbocking these receptors has many
potential effects. p-blockers are used to treat a variety of cardiowkscpathologies in
addition to arrhythmias, including ischaemic hehsease, heart failure and hypertension.
Many of these conditions are themselves risk fadiar AF.

1.2.4.1 Classification of g-blockers

B-blockers can be categorised into non-selective sahekctive blockers according to their
ability to block both the two main cardiieARs: B-AR; andp-AR,. Atenolol, bisoprolol,
and metoprolol are all examples pi-selectivep-blockers. Some-blockers can also
block a-adrenergic receptors e.g. carvedilol, while soragehboth weak agonist and
antagonistic actions. In addition to its non-steg B-blocking activity, sotalol is noted to
be an atypicaB-blocker with well recognised class lll, anti-arthmic effects, making it
useful in the prevention of AF but limiting its @si other cardiac diseases which benefit

from “conventionalB-blockers.
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1.2.4.2 Clinical evidence for an anti-arrhythmic action of g-blockers in AF

Several randomised controlled trials have demotestra modest benefit @tblockers in
maintaining sinus rhythm after electrical cardi®ien of atrial fibrillation (19).
Metoprolol has been shown to be more effective fflanebo in maintaining sinus rhythm
following electrical cardioversion of persistent Afith recurrence rates of 48.7% vs
59.9%, p<0.05 (20). Treatment with bisoprolol d@ling electrical cardioversion of
persistent AF has been shown to be as effectivsofdol at maintaining sinus rhythm at
one year (21). In an open label, randomised, avess study, atenolol was shown to be as
effective as sotalol in reducing the frequency afgxysmal AF (22).8-blockers have also

been shown to be effective at preventing AF aféediac surgery (23).

Heart failure is both a risk factor for, and conseace of, AF and indeed patients with
heart failure and AF have a worse prognostic outc@@d). Several studies examining the
potential prognostic benefits ftblockers in the treatment of heart failure hayeoreed a
reduction in the incidence of AF in patients reagveither carvedilol or metoprolol when
compared to placebo and standard optimal medieahfly (25;26)

1.2.4.3 Possible anti-arrhythmic mechanisms off -blockers: pharmacological

remodelling

The mechanisms by whicp-blockers exert their anti-arrhythmic effects amat fully
understood and are likely to be multifactorial. ff@ent mechanisms may be more
important in different clinical situations. Unddedly, blocking excess sympathetic
activity and endogenous catecholamines is a magmtributing factor. Excessive
stimulation of the adrenergic system is known taseashortening of refractory periods
which can promote re-entry, as well as increashwg dispersion of repolarisation and
increasing automaticity (27). These drugs alsg halevent cardiac ischaemia and
improve left ventricular function both of which al&ely to contribute to their anti-
arrhythmic activity. However there is some evidenicatp-blockers may have a direct
anti-arrhythmic action rather than just preventthg deleterious effects of factors like

ischaemia, cardiac failure and adrenergic overtgation.

There are two studies which have shown potenteatity-arrhythmic, adaptive changes in
atrial electrophysiology associated with chronicnadstration ofp-blockers, given over a
period of weeks to months (28;29). The first stutBated rabbits with propranolol,

metoprolol or placebo for various periods of tineto 6 weeks (28). After waiting for
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approximately 24 hours after the last drug doseensure elimination of the drug, the
rabbit hearts underwent electrophysiological stsidied those treated wipAblockers were
shown to have prolonged repolarisation in bothatrea and ventricles, as evidenced by
prolonged APDs measured in whole tissue prepamatidrhe animals also had prolonged
QT intervals on ECGs, a marker of the duration ehtvicular repolarisation. These
changes were thought to be an adaptive responte foablockers which took almost 10
days to develop and persisted for more than 10 dégs cessation of therapy. A more
recent study examined the effects of chropiblockade withfBi-selective blockers on
isolated human atrial myocytes (29). This wasteospective analysis of ion current and
action potential recordings from right atrial apgage tissue obtained from patients
undergoing cardiac surgery. It reported an in@easboth atrial APD and ERP in cells
from patients treated witp-blockers. This effect was thought to occur in #sence of
the drug which was presumed to be removed by thasotation process. This adaptive
and potentially anti-arrhythmic effect was termegzhdrmacological remodelling”. This
effect has yet to be confirmed in a prospectivelstof chronicp-blockade and human

atrial electrophysiology.

1.2.4.4 How does chronicg-blockade prolong the APD?

As described in section 1.1.2, the duration ofdaeliac action potential is determined by
the balance of inward and outward ion currentss likely therefore that the mechanisms
underlying the APD prolongation described in the tstudies above involve changes in
these ion currents. The mechanism by which chrivaatment wittf3-blockers prolonged
the rabbit atrial APD was not investigated in thatdy (28). It was noted that the action
potentials had a higher plateau and longer phagei¢h might suggest changes in the ion
currents are responsible for early repolarisatiowdver, ion currents were not measured.
In the isolated human atrial myocytes, APD and pR¥*ongation were associated with a
reduction in {0 current density, a possible increasen but no change inch. or lkur
current densities (29). These changes were meahsugerelatively small group of patients
and investigation of the currents was limited tcasging their magnitude. This was the
first report of chroni@-blocker therapy affecting ion currents. The latleffect on ¢4,

current density has subsequently been reportedathar study by the same group (30)

Given the widespread use d¢¥-blockers it is important to fully understand any
electrophysiological effects they may have. Ifstheffects further our understanding of
the anti-arrhythmic activity of-blockers it may allow us to expand their use aretielp

in the development of new anti-arrhythmic drugsAét.
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1.3 Potassium currents

131 I

The transient outward potassium curremg, Was first described in Purkinje fibres as a
rapidly activating and inactivating outward curré€Bi;32). It was identified as having two
components. tb: is a K current, which is not dependent on the presencalofum for its
activation and can be blocked by relatively higsekof the drug 4-aminopyridine (4-AP).
ITo2 IS now thought to be a Gdurrent which is calcium dependent and is insemstb 4-
AP (31;31-33). In this thesistd” is used to refer to the Kselective fo1.

One of the original descriptions ofol in isolated human atrial cells did describe the
presence of two outward currents. One of these avampidly activating, rapidly
inactivating current which was relatively insensgtito 4-AP (at 3mM), was inhibited by
barium, but was not calcium dependent (34). Desipé relative insensitivity to 4-AP,
which was not explored at higher doses, it is Jikbis current was indeedd;. The slow
inactivation of the second outward current, alonip s sensitivity to 4-AP, suggests this
current may actually have been the ultra-rapid yeelarectifier current ur which is
discussed in more detail later in this chapterheDtescriptions of the outward currents in
atrial myocytes have also identified at least twiw@rd potassium currents, one current
consistent with4o, an kyr-like current and, in one study, a background, anatierised,
non inactivating current which was not chloridedzh$35;36). Therefore, in human atrial
myocytes, and also in ventricular myocytes, thererily one 4o current. In contrast to
human studies, different types abldo seem to exist in animal models in addition to
delayed rectifier currents. Some animals seenossgss two types of rapidly activating
potassium currents with similar sensitivities toAR- but with different inactivation
kinetics. The current which inactivates rapidlycelled ko and has the same, or very
similar, characteristics to humarp! The more slowly inactivatingds, present in rabbit
atria and the ventricles of other rodents, hasurodn correlate and is thought to be due to
the expression of different ion conducting proteamshe membrane of the myocytes (see

section 1.4.1).

I+o has been characterised in several different spéxtitit is the properties of this current
in humans and, particularly, in human atrial myesytthat are of most interest in this
study. Human atrialtb is a relatively large current that activates axiedy rapidly at

physiological temperatures, reaching maximal curren less than five milliseconds
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although its activation is slowed considerablya@im temperature (37). It activates in a
voltage dependent fashion with minimal activatibmegative potentials and continues to
activate as the cell membrane potential becomese pasitive. The inactivation ofd is
time and temperature dependent and the currentacteaistically inactivates rapidly.
Following inactivation and a return to negative nbeame potentials,té can be rapidly
reactivated (35;36;38;39).

Ito Is also present in the human ventricle but theecurcharacteristics are not identical
(35). The density of ventriculard varies across the transmural surface of the left
ventricle being larger in epicardial and midmyodalrctells than in endocardial cells
(40;41). Ventricularqo has been reported as being of a similar sizertal &to but this is
clearly dependent on the type of ventricular cstlsdied and also the presence of other
factors such as heart failure which can affestdensity (35;42). Ventriculard has been
reported to have slightly different kinetics toialtrlro with both longer and shorter
inactivation reported along with a quicker recovepm inactivation (35;42). Ventricular
Ito is also reported to be more sensitive to 4-APIb(B&). Again, it is possible that these
changes may reflect the differences between sulbgiiqns of ventricular cells rather than

real differences between ventricular and atridkcel

Following membrane depolarisatiorgp lis activated along with several other ion currents
including ka lca. and kur. In order to study the properties ablin isolated atrial
myocytes it has to be separated from these othercisrents. This can be done by
exploiting the different activation and inactivatiproperties of these other currents as well
as using specific drugs and chemicals to blockipaon currents. As described eatrlier,
one of the characteristics ofol is that it can be blocked by 4-AP. Relatively tig
concentrations of 4-AP, in the region of 10 mM, aequired to completely block:d,
however, kur is blocked by 4-AP at much lower concentratiohew dose 4-AP has been
used to isolaterd from Ixyr although the rapid activation ofdl compared todur can also

be used to separate the currents when they arainedassing voltage clamp experiments.

1.3.1.1 The role of I+¢ in determining the action potential duration.

The rapid activation and inactivation gblmeans it can only contribute directly to the
early phase of action potential repolarisation. refluction in the magnitude, or current
density, of {0 should, therefore, prolong phase 1 repolarisati@ther changes in the
properties of 4o could also directly affect early repolarisationheTcurrent density could

be affected by a change in the voltage dependefdyeocurrent. A change in the
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inactivation kinetics will influence the “amountf ourrent available to contribute to early
repolarisation. The rapid reactivation or recoverdy lto implies its contribution to

repolarisation is relatively independent of stintidia rate or heart rate. However, this may
not be the case at the very rapid atrial rates ge&# when changes in the reactivation

kinetics of ko may have the potential to significantly impacteaaly repolarisation.

However, changes in early repolarisation do notessarily alter the overall action
potential duration. An early study looking at #féects of 4-AP on the action potential in
isolated human atrial myocytes showed that, atse dd 0.5 mM, the plateau of phase 2
repolarisation was elevated suggesting a redudtiothe currents underlying phase 1
repolarisation ie the yet uncharacterised (43). This change was associated with a
shortening of the APD measured at 90% repolarisg#dDyo). At this dose, 4-AP would
be expected to reduceolby less than 50% but significantly reduce the wyatentified
Ikur (83). This in turn might be expected to prolong thPDy, and suggests that the
interaction of currents in determining the APD mmplex. A subsequent study also
reported that 0.5 mM 4-AP appeared to block initegolarisation with elevation of the
plateau height, prolonging early repolarisation, luthis case, shortening the AR{39).

In isolated atrial and ventricular cells, highesds of 4-AP, which would be expected to
produce greaterd block, have been shown to prolong the ARID addition to elevating
the plateau (2;44).

It would appear that the consequences@block on APD are complex, particularly, with
a non-specific blocker like 4-AP. There are nocd#pe blockers of {0 in clinical use.
Various anti-arrhythmic drugs including quinidir@ppafenone and flecainide have been
shown to block 1o and do result in prolongation of atrial APD andaltrefractoriness.
However, these drugs have multiple effects on difie ion channels and it cannot be
assumed that it is thed block which is responsible for the prolonged atréggolarisation.
(33;45). Recently, several new blockers #f have been identified from the toxins of
venomous creatures including scorpions, spiderkesnand sea anemones (46). These
toxins can block the cell membrane proteins thatrasponsible for conductingol and
have been used to study this current in cell lin€kere is limited evidence of the effects
of these blockers in isolated cardiac myocytese ¥énom of the Malaysian Heteropoda
venatoria spider contains heterpodotoxins (HpTxictviihave been shown to blockolin
isolated rat ventricular myocytes in a voltage aejgmt manner. HpTxs have been shown
to shift the voltage dependence @§ &ctivation and inactivation, slow the time to peak
activation and slow the time constant of inactieati They also prolong the ventricular

APDg, providing further support for the role ofol in determining APD (47). The
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phrixotoxins (PaTx) were isolated from the venontha Chile fire tarantula Phrixotrichus
auratus and have been shown to be specific blockdrg. They also affect the voltage
dependency of the current and kinetics of activadod inactivation. When PaTx1 was
injected into mice there was a significant incregs@T interval, a marker of ventricular
repolarisation on the ECG (48). Neither of thesarns has been used in human cardiac
myocytes to investigate the link betweefy reduction and APD prolongation but, as
specific ko blockers, they could be very useful tools for aoning the effects of changes

in lto on late repolarisation.

Computer models have been developed to study teetefof changes inrd density on
APD in ventricular myocytes. In one study, redgckb had no effect on AP§g (49). In
another study, based on canine action potentidlsgraase in7o could either increase or
decrease the APD depending on both the baselingtdemnd degree of change (50), an
effect largely modulated by secondary changes.in |

Therefore, while a reduction intd current density does appear to prolong early
repolarisation, its overall effect on APD remairebdtable. Any effects ofd reduction

on late repolarisation may simply represent seagn@danges in other ion currents
particularly ks and kyr. Changes in other properties ¢ Imay also affect early and,

possibly indirectly, late repolarisation.

1.3.1.2 Ito and APD remodelling in cardiac diseases

Remodelling of 4o occurs in AF in association with shortening of thwial APD.
Consistently, studies have shown reductions in lmuataal ko current density of between
44 and 70% in cells from patients with AF (2;9;11);5 This reduction intb has also been
reported in animal models of AF and/or atrial tazdrgia (52;53). Although this reduction
in o could be consistent with shortening in APD asinat above, there is a theoretical
expectation, and evidence to supporfg feduction causing prolongation of APD. The
contribution of +o reduction to AF-induced, APD shortening in AF refalling is unclear

and probably small compared to the effectsgf fleduction and increasegh (4;54)

In contrast to AF, a reduction ird current density in association with a prolongatodn
the APD is seen in ventricular myocytes from pdsewith heart failure (41;44). In
general, a prolongation of APD might be expectelid@nti-arrhythmic and yet there is a
strong link between heart failure and ventriculahgthmias. This link may well reflect
the many other cardiac problems associated hedutrefaparticularly ischaemic heart
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disease. However, when APD prolongation is verykexh or associated with altered
dispersion of repolarisation it may well be prokgthmic. In atrial cells from patients
with heart failure secondary to left ventricularstiynction but with no evidence of atrial
dilation or AF, ko current density was reported to increase in aasoni with shortening
of the atrial APD (55). Whytb should be remodelled differently in different caad
chambers is unclear but these findings may hekxfdain the increased incidence of AF
in patients with heart failure. Changes in thectigation kinetics of 4o have also been

reported in atrial and ventricular myocytes in thetudies.

1.3.1.3 Ito and chronic p-blockade

As discussed earlier, there is one study that hasvis that a significant reduction in
human atrial 4o current density in association with chrorfieblockade (29). This
reduction in o was associated with prolongation of atrial ARCERP and slowing of
phase 1 Vmax, the maximum velocity of the downslopphase 1 of the action potential.
This, therefore, provides further support for aucttbn in ko density causing prolongation
of atrial repolarisation. To my knowledge, thistie only study that has examined the
effects of chroni@-blockade on+p in human cardiac myocytes and there are no similar
animal studies. This report did not examine teat$ of chroni@-blockade on any other
characteristics oftb or explore any underlying mechanisms to explam riéduction in

current density.

There is some additional evidence to suppgstrhodulation by the adrenergic system.
The only other study looking at the effects fablockers on humantd examined the
effects of carvedilol on atrial myocytes (56). this study, acute application of carvedilol
also significantly and reversibly inhibitegblcurrent density. This was associated with an
increase in the activation and inactivation kinetas measured at room temperature but not
with any change in voltage dependency or reactwmati Action potentials were not
recorded in this study and there is no descriptiothe drugs the patients were prescribed
prior to cardiac surgery and cell isolation. Ibsld be noted that carvedilol is nof3a
selective blocker as was used in the study by Warket al 2003. There are no direct
reports of the effects of either acute or chropiblockade on 4o in animal cardiac
myocytes. There is one report of the effects oppanolol treatment on transgenic mice
with dilated cardiomyopathy which showed no chamgeentricular +o although heart

failure itself did significantly affectrb current density (57).
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Further support for the ability of the adrenergistem to modify 4o and APD comes from
a study of catecholamine depleted rats which haes Ishown to have reduced ventricular
lto current density in association with altered vadtagependency of the current and

prolonged ventricular APD (58).

Ito can be affected by adrenergic stimulation howetrer,nature of the response has not
been fully determined. Several studies in aninm@ge suggested stimulation with-
agonists reducesd current density (59). There is very little daxamining the effects of
B-adrenergic stimulation onyd. Cultured canine myocytes have been shown to have
reduced 4o current density compared to freshly isolated caild this can be restored to
normal levels with the addition of tiffeadrenoceptor agonist isoproterenol (60). Rath wit
cardiac hypertrophy secondary to treatment witlpristerenol have decreased ventricular
I+o along with prolonged APDs but it is difficult teparate the effects of hypertrophy

from those of diregB-adrenergic agonism in this study (61).

1.3.2 g

An inwardly rectifying current was first identifieid cardiac tissue over 50 years ago in
sheep Purkinje fibres (62). Inward rectifiers prehtially conduct Kinwardly rather than

in the outward direction. At voltages negativeBe (more negative than -90 mV) the
resistance of thexd ion channel is essentially independent of voltage the current-
voltage (IV) relationship forgh is a straight line, also known as an ohmic reteiop.
The conductance of the channel (the inverse of ri&stance) is high at these
hyperpolarised membrane potentials and the chgassles a large inward current. As the
voltage rises, however, the conductance of the redldmecomes smaller and is no longer
independent of voltage. The IV relationship islomger linear and the amount of outward
current that is passed at voltages positive gasEsmaller. The activation ofil depends
on the difference between the membrane potentidl B known as the driving force,
rather than just the membrane potential along.can, therefore, be controlled by voltage
and the extracellular Kconcentration. It is almost time independent §82- Although
Ik1 has the potential to be a much larger inward thaivard current, it is the outward
component that is of greatest physiological impmé Normally cells are not
hyperpolarised to voltages more negative thamfd so the inward current does not occur.

The mechanism by whichkil can switch from conducting current inwardly to watdly
i.e. the mechanism of inward rectification, is tgbtito reflect a voltage dependent
removal of a positively charged “blocking particlebm the ion channel pore, which
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allows K" to be conducted out of the cell (62;64). Intradat divalent cations like Mg

and C4&" have been shown to facilitate inward rectificatlmt do not fully replicate the
inwardly rectifying properties ofgl (62). Subsequently, it was found that intracalul
organic cations called polyamines could cause gtioward rectification similar to that

seen with }; (65;66) and depletion of these cations could ahdhis outward current.(67)

Extracellular ions, particularly barium, have albeen shown to be potent selective
blockers of both the inward and outward componehtg; in a voltage dependent fashion.
(62;64) Barium is commonly used in experimentatists to dissect ougi from other ion
currents and also to test the properties of iometiis derived from over-expression of ion
channel proteins in cell lines (37;68). It canwewer, affect other ion channels such as

IcaL @and, therefore, its effect ogylis not “clean” (69).

1.3.2.1 The role of Ix; in determining APD.

As described earlier, it is the outward componehtlg that contributes to the
repolarisation phase of the action potential. €fae, if this component okd changes in
size it may alter the action potential duration. atrial cells, both the outward and inward
components ofgh current density are considerably smaller thanentrcular cells and
this helps to account for the slower phase 3 rejgalion in atrial cells (64) although it
should be noted that the atrial APD remains shdhan the ventricular. Application of
barium to block #; has been shown to result in prolongation of cardiRD in a canine
ventricular wedge preparation. There are a numbeanti-arrhythmic drugs which have
been shown to blocki along with multiple other ion channels and, altloumany of
these drugs prolong APD, it is difficult to usernhé determine the specific effects @f |
block on APD or the clinical consequences of chagdji;. (33).

1.3.2.2 Ik; and APD remodelling in cardiac diseases

Changes in the current density @f Bnd associated changes in cellular APD have been
described in cardiac diseases. Several studiesregorted thaikl is increased in isolated
atrial cells from patients with AF (2;9;12;70). i$hmight be expected to increase phase 3
repolarisation and contribute to the shorteninghef APD that is seen in these cells. It
may also contribute to the more negative restingibrane potential reported in cells from
AF patients (70). The importance @ lin determining the APD was highlighted by a
computer modelling study of human atrial APD renilnig in AF which suggested that
upregulation of {; had a bigger role to play in APD shortening thaanges inda. (54)
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Animal models of AF have reported conflicting resulith regards to atriaki, showing
no change (52) or an increase (53). To my knovdedigere are no studies looking at
modification of k; as a treatment for AF but several studies havenmea its possible
anti-fibrillatory effects in context of ventriculdibrillation (VF) using barium, computer
models or the selective blocker RP58866 (71-73)oclBng Ik; may be beneficial in
terminating or preventing VF by destabilising thghhfrequency rotors which are thought
to help sustain fibrillation (64).

Ik1 has been reported to be altered in other animaletsf cardiac disease. A decrease
in ventricular k; is reported in some animal models of myocarditriztion (74) and there

Is also a reduction in ventriculakildensity, along with prolongation of the APD, in
spontaneously hypertensive rats (75). A redudtoventricular k; has been reported in
some (76;77) but not all animal models of hearufai (78). In humans, a reduction in
ventricular k; has also been described in cells from patients gart failure which also
exhibit a prolonged APD (79). In patients with agathic dilated cardiomyopathy,
ventricular k; density is smaller in association with a longerDABnd a lower resting

membrane potential, when compared to patients igatiaemic cardiomyopathy (80).

1.3.2.3 Potential modification of Ix; by chronic B-blockade

There is very little evidence regarding any possigifects of chroni@-blockade on ;.
Workman et al 2003 showed that chropiblockade was associated with an increase in the
input resistance (Ri) of isolated human atrial<eéliring a clamp protocol which may, in
part, be due to a decrease n(29). Acute application of carvedilol, has beeonwh to
block some K channels includingth and kr but not k; in isolated rabbit cardiac
myocytes (81;82). Acute application of anotleblocker, tilisolol, did not affectkh in
isolated guinea pig ventricular myocytes (83) Admgic modulation ofh has been
further supported by reports demonstrating changes$; density with p-adrenergic
stimulation. In isolated human ventricular myosytapplication of isoproterenol, has been
shown to reduce both the inward and outward commsnef ki, an effect which was
dependent on protein kinase A phosphorylation awkrsed by the addition of tife
blocker propranolol. This effect was noted to ééuced in myocytes from failing hearts.
Chronic exposure (48 hours) to isoproterenol aéstuced the density okl in cultured
adult guinea pig ventricular myocytes (84). Anotleudy looking at sympathetic
modulation of K currents used antibodies to nerve growth factorrats to delay
sympathetic innervation of heart and showed a taglum Ix; density compared to hearts

with increased sympathetic innervation (85).
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It would appear thgi-adrenergic modulation can influengg tlensity but the exact nature
and magnitude of potential changes are uncleas dbes play an important role in
repolarisation, with a decrease in the current itleiheing associated with an increase in
APD. 1t is also one of the currents remodelledAlh and other cardiac diseases. It is,
therefore, possible that a reduction in the denseityik; may be responsible, or may
contribute to, the prolongation of APD seen withioehic B-blockade. Howeverkl has
not been directly measured (by barium subtractionlhuman atrial myocytes in a

prospective study of the effects of chrofiblockade.

1.3.3 The delayed rectifiers

The delayed rectifier currentsg,lare outward potassium currents which contribote t
phase 3 repolarisation. Although the name impiesv activation, the delayed rectifier
currents are actually several distinct currentshwiairying activation and inactivation
kinetics. k is made up of a several distinct components waityimg inactivation kinetics,
the ultra-rapid dur, the rapidly activating<k and the slowly activatingkd. The presence
and size of these currents varies in differentiggeand in different anatomical areas of the

heart.
1.3.3.1 The contribution of the delayed rectifiers to atrid action potential duration

Ikr Was first detected in guinea pig ventricles (8&)activates rapidly, albeit more slowly
than kur and ko, in a voltage dependent fashion and then inaesvabpidly as the
membrane depolarises above 0 mV (86). During dmragotential kg will start to
activate but then quickly inactivate as the memérd@epolarises. It, therefore, contributes
little, if any, current to early repolarisation. sAhe membrane potential becomes more
negative kg can “reactivate” and therefore contribute to laepolarisation. This
contribution is also influenced by the time depemdespect of its activation and, therefore,
Ikr Is likely to be bigger in cells with longer APDiéd ventricular cells. In cardiac
myocytes kr is generally very small compared to other currdB®). A current with
similar, although not identical, properties to ttassically describedg has been detected
in a sub-population of isolated human atrial myesyih one study (87). In this study, the
cells with recordablexk had different shaped action potentials with morenpnent
plateaus and a small proportion did not haxgwhich is thought to be a characteristic
feature of atrial myocytes. In a different stutly was also detected in human ventricular
cells (88).
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Iks iIs a very slowly activating current which was aldentified initially in guinea pig
ventricular myocytes. It is also voltage dependsrtt inactivates with different kinetics in
different species (37). It can be separated fragnuking specific blockers and has been

detected in only a very small proportion of isothkeiman atrial cells (89).

There are currently very few studies that have destmated the presence @kland/or ks

in human atrial cells. Some studies have faileddtect either current in isolated human
myocytes of atrial or ventricular origin (35;42) thre presence of significant numbers of
the characteristic subpopulations of cells repottedave these currents (2;36). It is
possible, that these currents are very sensitiifierent experimental techniques making
them difficult to measure. There is consideralil@aal evidence to suggest these currents
do have a significant functional role in determ@ihuman atrial APD. Class Il anti-
arrhythmic drugs like amiodarone and sotalol taidgetand ks and, by blocking these
channels, the drugs prolong the atrial APD and pm&vent AF. APD prolongation as a
result of modifying kg and ks can have detrimental effects in the ventricle bylgnging
the QT interval, a clinical measure of ventricutapolarisation, and predisposing to
ventricular arrhythmias. While APD prolongationnche beneficial in preventing re-
entrant arrhythmias, excessive prolongation oreased dispersion of repolarisation can

be pro-arrhythmic.

Ikur Was first described in human atrial myocytes applears to be atrial specific (90).
This makes it an extremely interesting target far-arrhythmic drugs with the possibility
of prolonging the atrial APD but avoiding ventriaularrhythmias. «lr activates in a
temperature and voltage dependent fashion. Atiploggcal temperature its activation is
almost instantaneous at positive membrane potentil therefore, activates at the same
time as {o on membrane depolarisation and, unlike the otreaygd rectifiers, can
contribute to early repolarisation. xuk inactivates extremely slowly and complete
inactivation can only be appreciated in voltagemgastudies using long depolarising
pulses. It takes around 50 seconds f@ik Ito fully inactivate and very little, if any,
inactivation occurs during the typical durationasf action potential. Asrd inactivates
rapidly and the contribution ok and ks are probably smallxlr has its biggest impact

on phase 3 repolarisation in human atrial myocytes.

Changes indur, therefore, have the potential to significantly aopon the atrial APD.
Ikur can be difficult to study in isolation from otheurrents, particularly,tb as both
currents activate extremely rapidly upon depoléivsa The different inactivation

characteristics of the two currents can be explotte isolate dyr by using prolonged
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depolarising pulses or partially depolarising pugdsps to inactivaterd. Blockers of kur
are also useful tools to help dissect out the atift®@m others and investigate its role in
repolarisation. There are several blockerscgk Which have also been shown to prolong
atrial APD. 4-AP can be used to separatgz land ko. It blocks kur at low
concentrations, with 50% block @6} occurring at 0.001-0.005 mM compared to agIC
of 1-2 mM for ko (33;35;90). Selective inhibition okdr by low dose 4-AP prolongs
human atrial APD (90) and has also been showndtopg atrial refractoriness in canine
atria but, unsurprisingly, not in the ventricled)9 kur is relatively insensitive to class I
anti-arrhythmics but, along with other ion channebn be partially blocked by other anti-
arrhythmic dugs including calcium channel blockarsl class | anti-arrhythmics. Some
specific blockers of dur have been developed which have been shown torgdtrial
refractoriness but there is little clinical datatbe efficacy of these drugs (33). In contrast,
a study of kur block in atrial trabeculae showed that low dos&P4shortened the APD in
patients in sinus rhythm although it prolonged AiRD in AF patients (92). This suggests
that the role of dur in determining APD is more complex in the wholeatteand may

depend on secondary changes in other ion currents.

1.3.3.2 Remodelling of kyr in cardiac disease

As Ikur IS an atrial specific current, its role in AF retietling has been studied with
interest. Several studies have reported a reduatithe sustained outward curregsys,
and kur in cells from patients in AF compared to thosesiimus rhythm (11;12). céus is
the outward current measured at the end of a degiolg voltage pulse using the voltage
clamp technique. It is often measured as a suogfakyr as it is composed mainly of
Ikur but is possibly contaminated with other slowlydtmngating outward currents. Like
Ito, @ reduction indur or lksus does not initially appear to be consistent witbrgning of
the atrial APD as is seen in AF. It is probabieréfore, that changes ikuk do not play a
prominent role in the APD shortening in AF and otbarrents have a greater impact.
Remodelling of fur in AF is not a consistent finding, however, witbnmse studies
reporting no change in this current (2;9). Cammedels of AF have also reported no

remodelling of kur (52).

There is a suggestion thaiuk may be decreased in atrial cells from patient$ Wirart
failure but no direct comparison has been made dmtwpatients with normal and

abnormal left ventricular function (93).
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1.3.3.3 Potential modification of Ixyr by chronic B-blockade

There is evidence to support adrenergic modulatib,r. In isolated human atrial
myocytes, acutgd-agonist stimulation by isoproterenol increasedr Iwhile a-agonist
stimulation with phenylephrine decreased it. Imsloa similar response was seerg to
agonists but in this case-agonists also increasegdk (94). These results would perhaps
suggest thap-blockers might have the opposite effect and deerdajr which might
explain the APD prolongation associated with che@ablockade. There is very little data
on the effects of-blockers on dur. In keeping with its known class Il anti-arrhygifc
action, sotalol does not appear to affggkI(95). Acute application of carvedilol has been
shown to reducexlr in isolated human atrial myocytes without affegtithe voltage
dependency of activation (56). In contrast, cheghblockade withp;-selective blockers

was not associated a changeuigué in a small retrospective data analysis (29).

A decrease inklr current density could contribute to atrial APD Iprmation. This
current does appear to be affected by the adreneygtem and, therefore, it is possible
that the APD prolongation associated with chrgivolockade could at least be partially
explained by a decrease ig& current density. At present there is limited evice to

suggestdur may not actually be involved and further workaguired to clarify this.

1.4 The structure of K™ channels

Voltage gated ion channels carry” Kurrents across the cell membrane. These ion
channels usually consist of pore-forming and aargsroteins. The pore-forming
proteins are membrane spanning proteins with araletunnel through which ions can
travel down their electrochemical gradients. Threcsure of the pore-forming proteins
determines the specificity of the channel fordfd also determines the open and closing
properties of the channel. The accessory protiesproteins of differing structure and
function that can associate with the pore-formingtgins and modify their expression as
well as altering the properties of the currentg/tbenduct. The different expression and
combinations of these pore-forming and accessastejrs underlie the inter-species and

intra-cardiac variations in ion currents.

1.4.1 |0 pore-forming protein: Kv4.3

The genes for the voltage gated potassium (Kv)-fmraing proteins were originally

cloned from the Shaker locus in Drosophila and @ireded into three homologous
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subfamilies according to their structure: Shal,vlaad Shab. Similar families of pore-
forming proteins, ora-subunits, have subsequently been identified in mals. The
proteins in each family are classified using theneoclature Kvx.y where X, represents the

subfamily and y, the number of genes within thefamily (96;97)

The Kwi-subunits are proteins consisting of six transmeamérspanning domains (S1-6)
with cytoplasmic amino and carboxyl termini as seefiigure 1-3 (98). These proteins
associate as heterozygous or homozygous tetramefsrmn the structure of the ion

channel. Each protein contributes a pore-liningpld®-loop) to form the central ion

conducting pore. The P-loop lies between S5 andrsbdetermines the ionic specificity
of the pore. The voltage dependency of the chasrentrolled by the positively charged
S4 domain which moves in response to changes im#drabrane potential and mediates
channel activation. The cytoplasmic termini playoke in channel inactivation and the
tetramerisation domain in the amino terminus hefesliate subunit-subunit interactions.
Domains on the cytoplasmic termini help reguladdfitking of thea-subunits to the cell

membrane and are involved with binding to accespouteins (96;97).

Various techniques have been used to identify tire-forming proteins responsible for
lto. Several different Ka-subunits have been cloned from mammalian cardssue
including the Shal-type genes KCND2 and 3 whichoeecthe pore-forming proteins
Kv4.2 and 4.3. When these genes are expressedllitines they result in potassium
currents that activate and inactivate rapidly vodage dependent manner, properties that
are very suggestive ofd. These currents also respond in a similar fastooko when
exposed to pharmacological blocking agents likeRlalhd heteropodotoxins (96;97;99).

Further support for these proteins being the poreyihg proteins for, has come from
studies using genetically modified rodents. Amtitse oligonucleotides (AODNS) against
Kv4.2 and 4.3 messenger ribonucleic acid (mMRNA)ehlbgen used in rats to try to block
functional expression of the genes. They have estgd a crucial role for Kv4.2 in
forming atrial ko and both proteins in forming ventricularo) possibly by forming
heterozygous tetramer ion channels (100;101). Xedso seems to play an important role
in murine ko as indicated by the lack of ventriculag lin transgenic mice that have had
the Kv4.2 gene replaced by a non-functioning oriehese mice also have prolonged
ventricular APDs and prolonged QT intervals on ECf@gher supporting the role ofd

in cardiac repolarisation (102). In rat and fewentricles, the expression of mRNA for
Kv4.2 varies across the ventricle wall with highespression in the epicardium (96;103).

This mirrors the gradient seen i ldensity.
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Figure 1-3 Schematic representation of Kv4&.shows the six transmembrane domains
S1-S6 with positively charged S4 domain and P-I@®p The functional ion channel with
its tetramer structure and central pore is shows. inModified (98)
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Other Kwi-subunits can also contribute to the formationtgfreflecting the inter-species
variation in the characteristics of this curremtvl.4 is expressed in rodents, ferrets and
rabbits and appears to mediate the slowly inadtigatlro current (fo9 found

predominantly in the ventricles of these specidsalso present in rabbit atria (97;104).

In contrast to other species, only oneaksubunit seems to be responsible for human |
Kv4.3 mRNA is highly expressed in human brain aedrhtissue and is virtually absent in
other tissues like lung and skeletal muscle (10Bjo splice variants of Kv4.3 have been
identified with the long variant predominantly e@psed in the heart (105). In human
atrial cells, Kv4.3mRNA and protein are expressetiigh levels but there is no Kv4.2
expression and only Kv1.4 mRNA but not protein basn detected (104;106). The role
of Kv1.4 in human atrial tissue is unclear, pattcly as several studies have failed to
show the presence ofdin human atrial myocytes (35;36). This highliglatgpotential
problem with all studies in which mRNA expressigrstudied, as the presence of mMRNA
does not necessarily correlate with functional groexpression. Functional evidence for
the role of Kv4.3 in mediating human atrigb s further supported by a study showing |
attenuation following exposure to Kv4.3 AODNSs innfman atrial myocytes (104;107).
Kv4.3 mRNA and protein, but not Kv4.2, are also regged relatively abundantly in
human ventricles. (97). There are conflicting mpas to whether Kv4.3 expression
varies across the ventricle wall and therefore ¢dut responsible for the transmural
gradient in {o current density (108-110). These studies havgesigd that other proteins
(accessory proteins) are important for replicating in a physiological setting. This is
also supported by the fact that the expressionwdf Xand other Ka-subunits in cell lines

do not result in currents which completely repkcall the features of cardiag)I(96;97).

1.4.1.1 Altered Kv4.3 expression modifies+o in cardiac disease

Various disease states and other physiologicallbkes have been shown to result in
changes intb density in association with changes in the expoassf the Kw-subunits

responsible forb in the species studied.

Several studies have reported a reduction in bothIKmRNA and protein in patients with
AF which may well explain the reduction ifol current density seen in these patients.
(111;112). Similar reductions in Kv4.3, 4.2 andhk# have been reported in various
animal models of AF and atrial tachycardia, agairraring the reductions ingb current
density (52;113;114). Kv4.3 expression has alsenbgemonstrated to be reduced, in

association with reductions in ventriculap,lin patients with heart failure (108;115;116).
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In one of these studies the reduction in Kv4.3groéxpression was demonstrated in both
epicardial and endocardial myocytes, maintaining thansmural gradient of Kv4.3
expression in the failing heart (108). Cardiacdmqmphy in animal models has also been
demonstrated to be associated with parallel rediogtin ventriculardo and Kv4.3 and 4.2

MRNA however, this is not found in all such modé&i8).

1.4.1.2 Can chronic g-blockade modify Kv4.3 expression?

There is good evidence to support the link betwkea.3 expression andrd current
density. It is possible that any changes g durrent density secondary to chroific
blockade may be explained by changes in Kv4.3 egva. Although there is very little
data regarding a possible role for the adrenergstesn in modulating Kv4.3 expression,
there is one study to support it. In adrenalecseshiand catecholamine-depleted rats a
reduction in Kv4.2 and 4.3 mRNA expression has bskeown in association with a
reduction in ventriculartb current density (58). No studies have lookedhatdffects of

chronicp-blockade on Kv4.3 expression in animals or humans.

In most of the studies described in the previousiae, Kv4.3 expression is determined by
examining mRNA and/or protein expression. Detecidd mRNA does not necessarily
equate to functional protein expression but cleastye mechanism for altering protein
expression would be to increase or decrease gensctiption and translation. Even
detection of the protein itself does not necesgagijuate to functional ion channel
expression as these proteins are subject to posttational modifications and then have to
travel to the cell membrane. If chroneblockade alters the expression of functional
Kv4.3 it may do so at any of these stages, howewegsuring tissue levels of this protein
would seem to be a reasonable starting point whekirlg for potential changes in the

functional expression of this ion channel.

1.4.2 Modulation of Kv4.3 by accessory proteins

Another possibility is that chronig-blockade may affectr4 by modifying the expression
or function of the accessory proteins which asgecwith Kv4.3. This may result in
changes in+{b current destiny but also changes in the kinetind @oltage dependent
properties of the current. A number of accessoogeins have been identified in the last
few years which have the potential to modify Kvarl hencerb.
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1.4.2.1 KChIP2

The Kv channelinteractingproteins (KChIPs) are cytoplasmic proteins belongimghe
recoverin-neuronal Ga sensor (NCS) superfamily. They have a consenartiozy
terminus with calcium binding domains and a unigon&no terminus that interacts with
the Kv4.x a subunits (96). Four KChIP proteins have beentified, encoded by the
genes KCNIP1-4 but only KChIP2 seems to be expdessthe heart (97). It is expressed
in both the atria and ventricles of adult humanrhead has multiple splice variants
(97;117).

The KChIP proteins are thought to interact spealfycwith Kv4 a-subunits in a 4:4
stoichiometry (97). They were originally describ@drat brain tissue where they have
been shown to co-localise with Kv4.2 and 4.3 usingnunolocalisation and co-
immunoprecipitation studies (118). Subsequentissuelxpressing KChIPs with Kv4.2 and
4.3 in cell lines have shown that these accessooyeips increase the cell surface
expression of ther-subunits and so, significantly, increase the curm@ensity of 4o
(96;97). The KChIPs are thought to be importartrafficking Kv4 a-subunits to the cell
membrane. When COS cells are transfected with Xatbne, the protein remains in the
endoplasmic reticulum but when the cells are cosfiected with KChIP2, both proteins
are present in the Golgi apparatus and at thescefhce (96). KChIP2 has also been
shown to affect Kv4 channel gating and kineticsexpression systems by slowing
inactivation, increasing the speed of recovery ahilting the voltage dependency of
activation in a hyperpolarising direction. It lotight that different regions of the KChIP
proteins may be responsible for the different mathuly effects on the Kv4 subunits
(96;97).

The physiological importance of KChIP2 to cardigghas been demonstrated in a number
of human and animal studies. Homozygous KChIPZkiuut mice completely lack:d

in isolated ventricular myocytes compared to wyldet mice, with the heterozygous knock-
outs demonstrating a 50% reduction i kcurrent density. These mice also have a
prolonged ventricular APD and are susceptible tatneular arrhythmias but have little in
the way of ECG changes (119). In both humans ags,dKChIP2 mRNA and protein
expression exists in a gradient across the vehdriovall and is thought to help contribute
to the transmural gradient iRol current density. tb is largest in epicardial myocytes but
not all studies have demonstrated that Kv4.3 igesqed more highly in these cells to
account for this (108;120). In several, but nbsaldies, KChIP2 mRNA and protein have

been shown to be higher in epicardial cells thathexmidmyocardium and endocardium
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(108;110;120;121). Remodelling of ventricular KBRIMRNA has been described in one
study of human heart failure (116) which, alongwatreduction in Kv4.3 expression, was
thought to contribute to the reduction g kurrent density. However, this finding was not
replicated in another study which looked at KChIRRNA and protein in dogs and
KChIP2 protein in humans and found no change imesgioon associated with heart failure
(108). There appears to be only one study whishldaked at KChIP2 gene expression in
patients with AF and it did not report any changexpression (122).

It would, therefore, appear that alterations in K&zhexpression can have a physiological
impact on {0 current density although the evidence that itnigolved in pathological
remodelling of the ion current in cardiac diseasesparse. It is possible that changing
KChIP2 could also have a physiological impact aadkher properties ofd. There is no
evidence to date that KChIP2 expression can be latlby the adrenergic system and

no studies have examined the effects of chrp+btockade on KChIP2 expression.

1.4.2.2 Kvp1l-3

The Ku3-subunits are another family of cytosolic accessmmteins which have been
shown to interact with Kv4.3 and hence modify.| There are three highly homologdiss
subunits that have been identified,dv3, with a variety of splice variants all encodnd

the KCNAB genes. Like the KChIPs, ea@tsubunit has a conserved carboxy terminus
and unique amino terminus (96;123). BothBKwand 3 genes have been demonstrated to
be expressed in human hearts witl BBYMRNA expression being higher in the ventricles
(122;124;125).

The KwW subunits are thought to act as chaperone proteipgomote or stabilise cell
surface expression of Kv channels as well as hawiaghotential to alter channel kinetics.
When expressed in cell lines with Kv4.3, (Kvand 2 have been shown to increase the
density of the current conducted by Kv4.3 in assiomn with an increased expression of
Kv4.3 protein. These subunits did not affect thiage dependence or kinetic properties
of Kv4.3 (126). Co-expression of B8 and Kv4.3 in a cell line also resulted in an
increase in current density in addition to slowmwfgreactivation and a shift in voltage
dependence of inactivation in a hyperpolarisingation (127). The Kg~subunits can

also interact with other Kasubunits including the Kv1 subunits. (96).

There is very little evidence examining the physgital role of Ky-subunits in the

remodelling of {0 in cardiac disease and none looking at the passilddulation of these
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subunits by drugs or the adrenergic system. Instndy of gene expression comparing
patients with valvular heart disease in AF or SRpKwas found to be upregulated but
Kv4.3 downregulated in the AF patients (122). Tdtisdy identified significant changes in
at least 12 ion channel related genes and therdilaly to be complex interactions

between these changes, not all of which necessaalye a functional significance. It

remains a possibility, however, that changes inetk@ression of K¢ subunits could have

a functional impact ontd and altered expression of this subunit may couteiio any

change ino found in association with chronficblockade.

1.4.2.3 KChAP

The Kv channel-associatedprotein, KChAP, is another cytoplasmic accessorytgino
about which there is limited information. It isn@ember of the protein inhibitor of the
activated STAT family of proteins which can intdradth a variety of transcription factors
and play a role in programmed cell death. (96;93iginally it was described in rats, with
the mMRNA detected in a variety of tissues including heart (128). When expressed in
cell lines, KChAP interacts transiently with the iamtermini of Kw-subunits (1.x, 2.1
and 4.3) and increases their expression withouhgihg the channel gating or kinetics,
suggesting it is a true chaperone. KChAP has hé&sn shown to interact with Rv
subunits (129).

The functional role of KChAP in human hearts isreatly unknown but it is possible that

it may have a functional role in the modulation&f

1.4.2.4 minK and MiRPs

The KCNE1-5 genes encode a group of five smallgimstwith a single transmembrane
domain that associate with variou$ khannels. The first protein to be identified was
minK (KCNEL1) initially thought to beminimal protein to form aK® channel which
associates with KvLQT1 (to formkd) in expression systems and affects current density
and gating kinetics (130). It has also been shtavassociate with various other v
subunits in expression systems including hERG1 Krd.3 although the functional
significance of these interactions is unclear (13®hen expressed with Kv4.3 in cell lines
there is an increase in Kv4.3 current density withchange in the IV relationship. There
is also significant slowing of the current kinetig&27). Different mutations in human
KCNEZ1 result in different types of long QT syndrofi€TS) including Jervell Lange-
Neilson and Romano-Ward syndromes, therefore, ésdwave a functionally important
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role in the human heart (97;130;131). MinK mRNAshalso been shown to be
upregulated in patients with AF and valvular hefisease (122) although this does not

clearly correlate with a change in ion current.

The other proteins encoded by KCNE 2-5 lantewn as theninK relatedpeptides (MiRPs
1-4). Originally thought to form part of a funat@ hERG channel, MiRP1 has
subsequently been shown to associate with varioussiKibunits in expression systems
and modify their properties and/or cell surfacerezpion (130). Co-expression of MirP1
with Kv4.3 in a cell line results in increased @t density with no change in the IV
relationship and modest slowing of rate of inadtora (127). Similarly to KCNE1
(minK), mutations in KCNEZ2 are also associated viaitms of LQTS and, therefore, this
gene does appear to have a functionally importalg m the human heart (97;130).
Mutations in KCNE2 have also been found in casefwiilial AF although it is unclear
whether the expression of this gene is associatdfunctional ion current remodelling in
AF (131).

The main physiological output of both mink and MiRBppears to be to the delayed
rectifier currents. Although they have the pota@nto modify Kv4.3 and henced, it is

unclear whether this has any functional signifieanc

1.4.2.5 Other accessory proteins

Frequenin, also known as NCS-1 (neuronal calciums@eprotein-1), belongs to the same
superfamily as the KChIP proteins. The proteiaxpressed in adult mouse ventricles and
co-immunoprecipitates with Kv4.3. When expresséith Wv4.2 or 4.3 in an expression

system, it increases the current density and deesethe rate of inactivation. It is also
associated with increased expression of Kv4.3ac#ll membrane (132). One study has
showed very low expression of mRNA in human headue compared to other tissues

and, like many of the accessory proteins, its piggical role remains unclear (133).

DPP6, also known as DPPX, belongs to a family ai-dassical serine proteases although
it has no enzyme activity itself. It is an intdgreembrane protein which has been detected
in the human heart (97;134). When it is expressedell lines along with Kv4.3 and
KChIP2, it results in a current which resembles aomentricular 4o more closely than
the current generated by any other combination helsé proteins. When DPP6 is
expressed with Kv4.3, it increases current ampditldit also affects inactivation and

reactivation kinetics and voltage dependency (134DPP6 is thought to enhance
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trafficking of Kv4.3 to the cell membrane (135).héfe is as yet no evidence to link it to
changes intb remodelling in cardiac disease.

1.4.3 Iy, pore-forming proteins

In addition to the Ku-subunits family, other Kchannel, pore-forming proteins have been
identified. The Kin-subunits are a family of pore-forming proteins @hed by the
KCNJ1-15 genes. They have two transmembrane demaiich are homologous to the
S5 and S6 domains of the Kv channels and one Pwuatbpa signature G-Y-G sequence
that confers Kselectivity to the channel (see figure 1.4A) (62973. Like Kw-subunits,

Kira-subunits assemble as tetramers to form functicmahnels.

When the KCNJ genes are expressed in cell lineg #éne found to conduct strongly
inwardly rectifying currents and it is, therefotiepught that this family encode the proteins
responsible for. The properties of the Kir@-subunits, in particular Kir2.1 (originally
called IRK-1), most closely match the propertieseatiogenousg! (62;97). AODNs
against Kir2.1 mRNA have been shown to significargiduce {; in rats but not eliminate
it, suggesting that other-subunits may contribute tqal (136). This has been further
supported by a study looking at the barium sensgjtof Kir2 channels which found that
heteromeric Kir2 channels more closely resemblév@alk,; than homomeric channels
(68). The importance of heteromeric complexeshw formation of functionalgk may
contribute to the varying severity of Andersengsdsome in which Kir2.1 mutations can
result in a range of cardiac pathologies rangirgnfrasymptomatic LQTS, through to

lethal ventricular arrhythmias (64).

There are three Kir2 channels which are expresse¢kdel human heart (Kirl-3). Kir2.1 is
more highly expressed in the ventricles than the and Kir2.2 and 2.3 are more highly
expressed in the atria (137). This may help erplae variation in d; current density
between the atria and ventricles although the admrel of these ion channels relative to

each other is not known.

There are few studies that have looked for altenegression of Kir2 subunits in non-
familial cardiac disease as a possible explandtioraltered k; current density. In one
study of human AF, Kir2.1 mRNA was shown to be gptated in association with
increased {; (51). In a rabbit model of heart failure venttauKir2.1mRNA was

downregulated in conjunction with a decreasexiflB8). In contrast, a human study of
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Figure 1-4 Schematic diagram of Kir2 channel with two transrbeane domains (M1 and
2) and P loopA). Schematic diagram of TWIK-1 with four transmeie domains (M1-
4) eand two P loops is shownBn Modified (98).
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ion channel expression in heart failure did nod famy change in ventricular Kir2.1 mRNA
expression when they had previously detected actiefuin ki current density (115).
They did not examine Kir2.1 protein expressionawkl at the expression of other Kir2.1
subunits. This lack of change in ventricular KIr2ZnRNA expression in human heart
failure was supported by another study which alsma&d no change in Kir2.2, 2.3 or in
TWIK-1 mRNA (137).

Another family of potassium pore-forming subunisshbeen identified. These proteins
have four transmembrane domains and two pore regamal are known as 2P opK
channels (see figure 1-4B). TWIK-1 (KCNK1) is amger of a large family of these 2P
channels that forms homodimers with four P domailhiss a weak inward rectifier. The
TWIK channels have a wide tissue distribution aMlIK-1 is expressed strongly in the
heart with higher expression in the ventricles thara (137;139). When it is expressed in
cell lines, TWIK-1 generates a time independentenirwhich is blocked by barium (139).
It does not mimic the rectification profile ofiland it is unclear whether TWIK-1 does
contribute to ; or whether it is contributes to background Kembrane conductance
(64;139).

There is evidence that modification of Kir2.1 cafiuence ki current density but whether
the adrenergic system can alter the expressionr@flkis unknown. If chroni@-blockade
results in a change in atrial;) the altered expression of Kir2.1 and possiblyeoghore-

forming proteins including Kir2.2, 2.3 and perhayen TWIK-1 could be responsible.

1.4.4 Kvl1.5: the pore forming channel for lyr

The Kvlo-subunits were the first of the voltage-gated,ddannel, pore-forming proteins
originally cloned from the Shaker locus in Drosd@h®7). lon channels related to the
Kvl Shaker family have been cloned from human amhal hearts and found to conduct
currents with similar activation and inactivatiorofiles to kyr when expressed in cell
lines (90;94). Of these proteins, Kv1.5 has thestmsamilar pharmacological profile to
Ikur. Further evidence to support Kv1.5 as the modatrrelate ofdyr comes from the
use of AODNSs to Kv1.5 which have been shown teratate }yr in isolated human atrial
myocytes (140). Kv1l.5 mRNA has also been showetwery highly expressed in human
atria compared to the ventricles, a pattern whitshwith the atrial specific nature afyr.

In chronic AF, Kv1.5 protein and mRNA has been shdw be reduced, which is thought
to explain the reduction inkdr current density (12;141). Interestingly, a mutatin
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Kv1.5 has been identified in a familial case of AExpression of this mutation results in a
loss of functional protein anddJgr, along with prolongation of the APD and potenyiall
pro-arrhythmic, early after-depolarisations (142 is unclear whether any accessory

proteins associate with Kv1.5 and modigyd.

While the other delayed rectifier currentg Bind ks have not been consistently detected in
human atrial myocytes, the pore forming proteingsught to be responsible for these
currents have been. The KCNH2 gene forms parhaddditional subfamily of the Kv
genes and encodes hERG1, thought to be the poredigrprotein responsible foid
(86;97). The accessory protein MirP1 has been shownteract with hERG and modify
its function (86;97). Although hERG1 mRNA and @iot are expressed in human atria
their expression is much higher in the ventricléd3]). As with KCNQ1, the gene
encoding ks, mutations in KCNH2 are associated with inherit€TS in which patients
are prone to ventricular arrhythmias (97). Thecfignal roles of g and ks in atrial
repolarisation remain unclear, however, there angations in KCNQ1 which have been
linked to familial AF (144). Remodelling of bothGNH2 and KCNQ1 in AF has been
reported in some, but not all, studies althoughftimetional significance of this is unclear

as there is no corresponding current data (51).

Initial evidence has not suggested thaiklis remodelled by chronif-blockade but this
has not been examined in a large prospective @y Given the evidence that Kv1.5
expression directly determines the densitykgk/ if this current were altered by chrorfic
blockade, a reduction in Kv1.5 expression wouldabpossible explanation. No studies
have examined the effects @fadrenergic modulation of Kv1.5. Due to the diffies in
recording atrial ix and ks the physiological effects of any change in thereggion of

their pore-forming proteins by chrorfieblockade would be uncertain.

1.5 Hypothesis and Aims

The hypothesis of this thesis is that the potdgteti-arrhythmic prolongation of human
atrial cell action potentials bf-adrenoceptor antagonist therapy involves alterstbsidly,
time and voltage dependency of thé drrents o and ki, associated with changes in
atrial tissue levels of the underlying khannel pore-forming and accessory proteins.
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The aims of the thesis are:

1. To measure density, time and voltage dependendyocoh isolated human atrial
myocytes using the whole cell patch clamp technidueese variables would be
compared in cells from patients taking or not tgkpiblockers, as part of a

prospective study.

2. To measure the density of, land kyr in isolated human atrial myocytes and
compare these variables in cells from patientsntakir not taking3-blockers as

part of a prospective study.

3. To measure the atrial mMRNA levels of pore-formingl aaccessory ion channel
proteins that contribute to the variousdGrrent characteristics which are altered in
association with chronig-blockade, by using real time RT-PCR. The levél®o
channel mMRNA would be expressed relative to howeggkg genes and compared

in tissue from patients taking or not takigdplockers.

4. To measure the atrial tissue levels of pore-formamgl accessory ion channel
proteins that contribute to the variousdGrrent characteristics which are altered in
association with chronip-blockade, by using Western blotting. The levdisoa
channel proteins would be expressed relative tordral protein and compared in

tissue from patients taking or not takipplockers.
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CHAPTER 2

EFFECTS OF CHRONIC g-BLOCKADE ON HUMAN
ATRIAL REPOLARISING POTASSIUM CURRENTS.
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2.1 Introduction

The transient outward potassium currefd is mainly responsible for early cardiac
repolarisation. The atrial specific, ultra-rap@tElayed rectifier currentkbgr and the
outward component of the inwardly rectifying cufrefxs contribute to late
repolarisation. Changes in any or all of theseenis therefore have the potential to
alter the atrial action potential. Prolongation atfial APD may in turn have anti-

arrhythmic effect in preventing atrial fibrillatipthe most common cardiac arrhythmia.

B-blockers are amongst the most widely used cardrags for conditions including
angina, myocardial infarction, hypertension andhieéure. Although commonly used
in atrial fibrillation to control ventricular ratehey are also known to have an anti-
arrhythmic action in preventing recurrence of gmghythmia (19). Several studies have
shown that chronic use @tblockers is associated with prolongation of atA&D, an

effect that may partially explain the anti-arrhyibraction of these drugs (28;29).

The mechanisms underlying the prolongation of BXRD by chronicp-blockade are
unclear. One study has suggested this may beodaiedduction intp density but it is
not known whether other properties of the curreatadfected (29). A reduction ird
density at a given voltage and/or stimulation nai@y reflect changes in the voltage
dependency of the current or its recovery from timation. A reduction in the
contribution of +o to early repolarisation may occur either becatsecurrent density
is reduced or because it inactivates more rapi@lgtermining the effects of chronfie
blockade on the current characteristicsrgfrhay help to clarify the contribution of any
current change to APD prolongation and may giveesomight into the mechanism by

which these current changes occur.

The effects of chroni@-blockade ondur and ki current densities are unclear. One
study has suggestedyk may not be affected by chroneblockade andxh may be
reduced but there are very limited data to supihast(29).

2.2 Aims

The particular aims of the experiments describetiisichapter were:
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To compareqo density in isolated human atrial myocytes fromeyds treated

or not treated witlf-blockers.

To establish whether any patient characteristibgrothan chroni@-blockade

may be influencingrb density.

To test the potential effects of phrixotoxin blawkiro in human atrial myocytes
with a view to trying to mimic any reduction igol density associated with
chronicp-blockade and measure the resulting change inl atAB in cells from
nonB-blocked patients.

To compare the voltage dependency, time dependauntivation, reactivation
and rate dependence gblin cells from patients treated or not treated v@ith

blockers.

To assesskbus block by low dose 4-AP to see whether this coddubed as a

technique for isolatingrb from Iksus.

To compare dsus density in isolated human atrial myocytes fromigyas

treated or not treated wifliblockers.

To compare 4; density using barium subtraction in isolated hunanal

myocytes from patients treated or not treated BAbtockers.

2.3 Methods

231

Principles of whole cell patch clamping

The whole cell patch clamp technique is an adaptaif technique originally described

by Neher and Sakmann to measure ion currents wiitimg cells (145). Using this

technique, a glass micropipette containing an firdE electrolyte solution and silver

chloride wire is gently lowered onto the surface af isolated cardiac myocyte

maintained in an “external” electrolyte solutionJsing gentle suction, the pipette

attaches to the cell and forms a tight, high rasist “seal” with a patch of membrane

known as a gigaseal. This allows the flow of itm®ugh channels in the patch of cell
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membrane into the interior of the micropipette vehtirey are converted into electrical
current at the surface of the electrode wire byréwersible conversion of Ct Ag <«
AgCl + €. The patch of membrane can then be ruptured tiyeluapplication of gentle
suction allowing low resistance access to the wheleand enables the measurement of
ion currents flowing across the whole cell membraiiéis is known as the whole cell
configuration. Measurements of these ion curreatsbe made using a single electrode
voltage clamp technique. Using this technique, tel membrane potential is
controlled by use of an amplifier which both measuhe membrane potential and can
change it to a preset command potential by injaabibthe necessary amount of charge.
The magnitude of this charge represents the sizéhefcurrent that flows at the
command potential and is measured using the saao@le. A simplified diagram of
this circuit is shown in figure 2-1. The duratiand rate at which the cell membrane
potential is changed can also be controlled uding technique which allows different

properties of ion currents to be studied.

2.3.2 Obtaining atrial tissue

In these experiments ion currents were measurettuman, isolated, right atrial
appendage cells. These cells were isolated frght atrial appendage tissue obtained
from adult patients undergoing cardiac surgery doronary artery bypass grafting
and/or valve replacement. During these operatitesright atrial appendage and aorta
are cannulated in order to allow the patients @atmg blood volume to be diverted
away from the heart via a bypass machine. Tisanebe excised from the right atrial
appendage in order to gain access for the bypassulza without detriment to the
patient and it was this tissue that was used ithalexperiments described in this thesis.
All the procedures followed were approved by thetitntional research ethics
committee and informed consent was obtained froch geatient by either myself,
Professor Rankin or Drs Cormack, Jackson, Mothéridyles or Nisbet using the
form shown in figure 2-2. The investigation comi@d to the principles outlined in the
Declaration of Helsinki (146).

No patients with a documented history of AF werduded in this study. All patients
were in sinus rhythm the day before surgery asicugetl by their pre-operative ECG.
All the B-blocked patients were takingy-selective blockers for 4 weeks prior to

surgery unless otherwise stated. All patient attarastics were obtained from case
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Amplifier

Earth electrode

Microelectrode

Figure 2-1 Whole cell patch clamping of an isolated atrialatyte in a bath of salt
solution. The flow of ion currents e.g.”Kurrents through ion channels in the cell
membrane can be controlled and detected using soehéctrode and amplifier in

contact with the interior of the cell via a ruptdingatch in the membrane.
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Right atrial appendage

Glasgow Royal Infirmary University N.H.S. Trust

PATIENT INFORMATION AND CONSENT FORM

Title of Project: Electrophysiological and molecular properties of isolated human cardiac
myocytes.

Summary: You are shortly to undergo a heart operation. The reasons for this, and the type of
operation to be performed, will have been discussed with you by your cardiologist and by the
heart surgeon.

We are undertaking research into why some patients have abnormal heart rhythms and how
these cardiac arrhythmias affect the heart cells. In order to understand the biological properties
of heart cells we would like to obtain a small sample of your heart muscle.

During the operation, the surgeon routinely makes a small cut in the heart to allow the operation
to proceed. Many surgeons perform this by removing a small piece of heart tissue (about the
size of a pea), which would normally be discarded. Some surgeons do not routinely remove this
piece of tissue, but are willing to do so, since they know that such a procedure would not do you
any harm. We are asking for your consent to use this small piece of the heart to obtain heart
cells for our study. Part of the tissue will be studied directly for electrical activity and then
discarded, and the remainder will be deep-frozen at the hospital for future analysis of molecular
activity, after which it will be destroyed. Participation in our study will not change the operation
or result in additional risk or discomfort to you.

In addition, we would ask your permission to obtain details of your condition from your medical
records. These details will be kept confidential and your identity will be concealed by the use of
a coding system. Such information will be retained for comparison with the results of the tissue
analysis, and will not be disclosed to anyone outside the hospital.

This research project will not be of direct benefit to you, but the results may help other patients
in the future. If you are unwilling to take part, you are entirely at liberty to refuse permission.
This would not affect your medical treatment in any way.

Consent:

IR =T 41
Of (AAArESS) .. e e e e
agree to take part in the Research Project described above.

3 has explained to me what is involved, how it might

affect me and the purpose of the Research Project.

SIgNEA .o e DAEE

VNS S e ittt et e e e e Date.................

Figure 2-2Example of patient consent form for obtaining rigtrial tissue.
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notes and stored in a database by Julie Russelrandescribed in the results section.
2.3.3 Cellisolation

The right atrial appendage tissue was transpodéket laboratory for processing within
approximately 5 minutes of excision in 50 ml of gepated solution A (see table 2-1).
Atrial myocytes were isolated enzymatically usingnadification of the chunk method
(147-149). Excised tissue (0.2 - 1 g) was slicgd approximately 1 mfrchunks and
washed three times, for 3 minutes per wash, ifi-€ae solution B (see table 2-1).
Each wash was performed in an incubation bath &€ 3Wnder oxygen and shaken at
130 strokes/minutes. After the final wash, thendsuwere removed from solution B
and incubated in 15 ml of solution C (see tablg 2dntaining protease (Type XXIV,
Sigma, 4 U/ml). This solution was shaken for aher 45 minutes at 37°C under
oxygen. It was then filtered through a nylon gafilter and the chunks incubated in a
similar fashion in 12 ml of solution C containingllagenase (Type 1, Worthington, 400
U/ ml). The chunks were incubated for 15 minutethis collagenase solution and then
filtered again through nylon gauze. The partidilyested tissue was incubated again in
the collagenase solution for 15 and then 20 minutéke filtrates of isolated atrial
myocytes were collected after each of the threeldations and centrifuged at 40 g for 2
minutes. The supernatants were removed and theresuspended in 1ml of solution
D to wash off residual enzyme. This solution weslaced with a low Gasolution E
following repeat centrifugation (40 g, 2min) ance thell suspension stored in Petri

dishes for up to 8 hours at room temperature.
2.3.4 Measuring currents by whole cell patch clamping

2.3.4.1 Preparing the patch clamp equipment

The arrangement of equipment can be seen in théogtaph in figure 2-3. The

microscope, perfusion chamber, microelectrodes raimdomanipulator were mounted
on an air table in order to minimise vibration amere all earthed to eliminate electrical
noise. The reservoirs for external solution wereumied above the level of the
perfusion chamber on the wire cage. A suctionldetas located on the floor beneath

the perfusion chamber to remove external solutibime amplifier, oscilloscope and
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A B C D E
NaCl 150 120 120 130
KCI 5.4 5.4 5.4 40 4
KOH 70
KH,PO,4 20
MgCl, 1.2 3 1
MgSO, 5 5
CaCl, 1 0.05 0.2
EGTA 0.5
Glucose 10 20 20 10 10
L-Glutamic 50
acid
HEPES 5 10 10 10 10
Pyruvate 5 S
Nitrilotriacetic
acid
Taurine 20 20 20
pH with HCI pH7.4
pH with NaOH pH 6.95 pH 6.95 pH 7.35
pH with KOH pH 7.2

Table 2-1 Composition of solutions for cell isolation. Adbncentrations are expressed
in mM. All chemicals were obtained from Sigma excéor MgChk, MgSO, and
KH,PO, which were obtained from AnalaR BDH.
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Wire cage

Air table

Figure 2-3 Picture of patch clamp equipment.

microelectrodes were located on the microscopesstag

The perfusion nttex and
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computer, programmed to generate stimulus protaudsacquire data, were all placed

in a tower beside the vibration table.

2.3.4.2 Perfusion chamber

Once the myocytes were isolated, a small aliquaketifsuspension was placed in a 200
ul perfusion chamber (RC-24E fast exchange perfusimmber, Warner) mounted on
the stage of a microscope (Nikon TMSJhe myocytes were allowed to adhere to a
glass coverslip that formed the bottom of well Ithad perfusion chamber illustrated in
figure 2-4. External solution (see table 2-2) fhmlvinto well 1 from a reservoir
mounted at a higher level than the perfusion chanabea rate of approximately 2
ml/minute. Before the external solution enteree well it flowed through an in-line
heater (Warner Instrument Corporation Model SH-2like Heater) which heated the
solution to 36°C. The temperature was recordedguaitemperature probe placed in
well 1. Well 1 connected to well 2 by means of malh channel which allowed
equalisation of the volumes of solution betweentthewells. Well 2 also connected to
the suction device that allowed a constant floweaternal solution through the
perfusion chamber. Well 3 was filled with aM8 KCI solution into which the earth
electrode was placed. The electrical circuit betwehe earth electrode and the

recording electrode in well 1 was completed usimg@ar bridge linking wells 2 and 3.

The role of the agar bridge was to keep thec@centration around the earth electrode
constant, as fluctuations in the concentration lbfo@€tween wells 1 and 3 would have
resulted in an offset voltage between the earth modrding electrode. The agar
bridges were made by heating short lengths of llaa® glass capillaries without
inner filaments (Clark electromedical instrumentgd “U” shapes that were filled by

emersion in agar solution and then stored in tNeKCI solution.

2.3.4.2.1 Microelectrodes

The micropipettes were made from 15 cm long, 1.5aaier diameter x 1.17 mm inner
diameter, borosilicate glass capillaries with infégaments (Clark electromedical
instruments). These were cut in two lengths, 7lang, using a diamond cutter and
each length used to make two microelectrodes wswertical puller (Narishige PP-83).

Each microelectrode was pulled in two steps, ttst &t 12 A and the second at 9 A.
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Earth electrode

Well 2 .
\ Agar Bridge _—
External <+— < : lm]
solution out
I~
Well 3
External —> <
solution in

Well 1

Temperature probe

Figure 2-4 Diagram of perfusion chamber. See text for tet#icomponents.
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External Solution

Internal Solution

NaCl

KCI

MgClI2

CaCl2

CdCI2
Glucose
HEPES
EGTA
L-aspartic acid
Na2ATP
Na2GTP

pH with NaOH

pH with KOH

130

0.2
10

10

pH 7.35

20

0.15

110

0.4

pH 7.3

Table 2-2 Composition of external and internal solutions.ll éoncentrations are

expressed in mM. All chemicals were obtained fréigma except for MgGlwhich

was obtained from AnalaR BDH.
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The tip of each microelectrode was then fire p@dsko remove any imperfections that
might damage the cell membrane and prevent theakiom of the high resistance seal.
The micropipette was then back-filled with an intdr electrolyte solution with the
same osmolarity as the cytoplasm of the cell (sbt2-2). A silver-chloride wire was
placed into the micropipette and connected to thplifier. Before each experiment,
both this wire and the wire used as the earth reldet were cleaned and chlorinated

using electrolysis and a chloride containing soluti

The electrical resistance of a number of microetelets was measured to enable
adjustments to be made in the pulling process. s Hnabled the microelectrode

resistance to be kept low relative to the cell sesistance and, therefore, minimise the
leakage current when patching the cells. Thetasie was measured before patching a
cell by applying a 1 mV voltage pulse once the tetete was lowered into the external

solution. The current generated across the ebetip by the voltage step was

measured and the resistance calculated using Ohammas (R=V/l). The median

microelectrode resistance was 2.8Nh=138).

2.3.4.3 The use of amplifier to record currents and adjusfor errors in the voltage

clamp mode

An Axopatch-1D amplifier (Axon Instruments) was ds@ voltage clamp mode in
conjunction with the software programme WinWCP (&Enipster, Strathclyde
University) to record ion currents. The cell mear potential was measured and
fixed to a preset command by injection of curresing a single microelectrode in a
whole cell patch clamp configuration. The sameraogtectrode was used to measure
the resulting currents across the cell membranevatet! at the preset membrane
potential. Using this technique, there are varisoigrces of error which can affect the
current recordings and can be compensated forreuher to, or during, recordings

using the amplifier.

Once the cells were placed in the perfusion chanamet superfused with heated
external solution the microelectrode was lowereckfedly into the external solution.
At this point various offset potentials occur, uning a current which flows between
the internal and external solutions, that contéff@ent concentrations of K known as

the liquid junction potential. Adjusting the "juiman null" control on the amplifier
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compensates for all these effects. However, whenretectrode is in contact with the
inside of the cell and the cytoplasm has dialyséth ¥he pipette solution, the liquid
junction potential no longer exists, as the inteswution of the electrode is the same
as the interior of the cell. This means that tbdage measured by the electrode will
differ from the true voltage by the size of theuid) junction potential. To correct for
this the electrode is nulled “a priori” at a prextetined voltage that is the same size but
opposite polarity to that of the liquid junctiontpotial (150). Previous work in our lab
has established that the liquid junction potentiatrection when using the external

solution and internal solution was -7 mV.

Following adjustment of the “junction null” a sqeavoltage pulse was applied from a
holding potential of zero to -1mV in order to me@&sthe electrode resistance. The
electrode was then lowered onto the cell membrdna single, elongated, striated
myocyte using a micromanipulator (Narishige) andtigesuction applied in order to
obtain a gigaseal. At this point, a second voltpgkse was applied, from a holding
potential of -40 with a step to -50 mV, in ordewnisualise the capacity transients of the
electrode which could then be nullified with theast magnitude” control on the
amplifier. Further gentle suction was then appliedrder to rupture the patch of cell
membrane at the tip of the electrode and gain acieshe interior of the cell. This
generates further larger currents transients asvtillage pulse charges the cell
membrane capacitance. These were compensatedy fadjbsting the “whole cell
capacitance” and “series resistance” controls emathplitude. The final setting on the
whole cell capacitance control is a measure of dheacitance of the cell which is
proportional to its surface area and this was waxbifor all cells patch clamped. The
final setting on the series resistance control iseasure of the combined resistance of
the electrode tip and the open patch in the menebrarhis resistance was kept to a
minimum by ensuring only low resistance electrodese used and only cells in which
a high resistance seal was initially achieved. E\mav, even with low series resistance,
large currents can result in a significant voltager whereby the voltage recorded by
the amplifier is different from that actually ocdag at the cell membrane. The voltage
error was minimised by using series resistance eosgtion. Series resistance
compensation of 64-72% was used in 75% of celletp the average voltage error less
than 5mV.
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Once the current transients were compensated #&ipus voltage pulse protocols,

designed using the WinWCP software, were appliest@der to measure currents.

2.3.4.4 lsolating currents

When the whole cell patch clamp technique is use@dord currents it records the net
effect of all currents flowing at a particular menaube potential rather than the
individual current components. There are severthods that can be used to isolate a
particular current of interest. Some voltage deean currents have different activation
and inactivation profiles and this can be exploiiadorder to separate individual
currents. For exampleyd activates and inactivates rapidly at more neggisentials
than ko and kur and, by avoiding hyperpolarising the cell to thes¢entials during
recordings of these two currents, the effectsygfattivation can be prevented. Some
currents includingtb, Ikur and kg activate over a similar voltage range and, in this
case, other techniques can be used to block tleetefbf unwanted currents. One
method is to add drugs to the external solutiobléok particular ion currents. In these
experiments cadmium chloride was added to the maiteolution at a concentration of
0.2 mM in order to blockd (33).

Several methods can be used to sepasatarid kyr. One is to exploit the difference
in the inactivation profiles oftb and kur. Ilto inactivates very quickly andkdr
extremely slowly in comparison. The current tradeained using a relatively long
voltage pulse to activate both these currents thidrefore, consist oklr at the end of
the trace, “the end-pulse current”, while the peakrent will consist of bothry and
Ikur. lro can, therefore, be represented by the peak mineusrtd pulse current and this
was the method used to measuig ih the experiments described in this chapter. It
should be considered that there are other curtbatsnay also be activated along with
Ito and kur including the other delayed rectifier currents ethare more likely to have

a greater impact on the end pulse current dueeio sfkow activation. For this reason
the end pulse current was labelled asd (the sustained outward potassium current)

which consists predominantly gfuk.

Drugs can also be used to separatefiom Ixyr, in particular, 4-AP, which can block
both of these currents at different concentratiofilse possible use of low dose 4-AP to
block lkur but not o was investigated in some preliminary experimethis,results of

which are described in 2.4.9. External solutiors weepared containing no 4-AP, 0.05,
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0.1 or 2 mM 4-AP. Patched atrial myocytes werentperfused with these external
solutions in turn, starting with the solution witha!-AP. After 90 seconds to allow the
drug to equilibrate within the well, a square vgigoulse of 100 ms duration from a
holding potential of -50 mV to +60 mV was appligttahe resulting currents recorded.
Ito and kur Were measured using the end-pulse method and cethpath recordings

made after exposure to the various concentratibAsAd-.

The potential use of phrixotoxins to specificallipdk Iro in isolated human atrial
myocytes was also investigated in preliminary ekpents with a view to possibly
using this toxin to investigate the effects @f block on APD. Phrixotoxin-2 (PaTx2)
was purchased from Calbiochem. The PaTx2 was ldeon external solution
containing 0.1% BSA and used at concentration96fdnd 200 nM. tb was recorded
using a series of square voltage pulses of 100uratidn from -50 to +60 mV repeated
at three second intervals.tolwas initially recorded using external solution Ivaitit
PaTx2. This was then stopped by closing the tam fihe reservoir of external solution
and replaced with external solution containing Paffem a separate reservoiro Was
continually recorded until the cell died, the seals lost or recordings were electively
stopped after a wash out period. In some celesPhTx2 containing external solution
was replaced with external solution without PaTré &urther recordings made after 90
seconds of the start of this wash out phase. Hdldells used for these experiments
were isolated from tissue from n@rblocked patients and experiments were carried out
at 36 °C.

Ik1 was separated from other currents on the basts sénsitivity to barium. Currents
were recorded using external solution and agaer & seconds exposure to external
solution containing 0.5 mM barium chlorides; Wwas determined by subtracting the end
pulse current recorded with barium from that reedrdithout barium

2.3.4.5 Voltage pulse protocols

2.3.45.1 10 and ksus activation, o voltage dependence and time dependent

inactivation

A protocol consisting of a series of square voltagkses of 100ms duration was used to

record peak activation, voltage dependent actiaadiod time dependent inactivation of
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lto. This protocol along with an example of the résgl current trace is shown in
figure 2-5. There was a three second interval éetweach pulse when the cell
membrane was clamped to the holding potential 0frid/. The first pulse was a flat
pulse at the holding potential of -50 mV. Eachsaguent pulse increased in 10 mV
increments from -50 to +60 mV, returning to thedmad potential of -50 mV at the end

of the pulse.

Peak {0 and peakdsuswere measured using only the step from -50 to +80 as was

Ito time dependent inactivation.

2.3.4.5.2 |10 voltage dependent inactivation

A protocol consisting of a series of two squardage pulses of different durations was
used to record the voltage dependenceg®inactivation. Part of this protocol is shown
in figure 2-6 along with an example of a current trace. &uolse was 1000 ms long and
was immediately followed by pulse two which was 108 in duration. Pulse one
stepped from the holding potential of -50 mV to ¥ and pulse two from -90 to + 60
mV before returning to the holding potential agaifter pulse two, there was a three
second interval when the cell membrane was clampedtie holding potential of -50

mV. In subsequent series of pulses, pulse oneased in 10 mV intervals from -90 to
+60 mV whereas pulse two remained a constant step60 mV from the voltage

achieved at the end of pulse one. The holdingnpaleremained at -50 mV throughout.

2.3.4.5.3 |1o reactivation

A protocol consisting of a series of two identisgluare voltage pulses was used to
record reactivation ofrb. This protocol is shown in figure 2-7 along wéh example

of a current trace. Each pulse was of 100 ms duraind stepped from -50 to +60 mV.
The time interval between the end of pulse one tardstart of pulse two (interpulse
interval) was varied. The initial interpulse intakwas 500 ms. There were then seven
subsequent series of pulses in which the interpaotsevals reduced by 50 ms each time
until it reached 150 ms. After this, the interguisterval was sequentially reduced by
10 ms for a further fourteen series of pulses reach final interpulse interval of 10 ms.
There was a three second interval between eacloppulses when the cell membrane

was clamped to the holding potential of -50 mV.
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+ 60 mV

-50 mV

25 ms

500 pA

Figure 2-5 Voltage pulse protocdior determining peaktb and ksys activation, to
voltage dependence and time dependent inactivéfidn An example of the resulting

current trace is shown B.
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A + 60 mV
1 . -50mV
-0 my e
25 ms
B
500 pA

Figure 2-6 Voltage pulse protocol forrd voltage dependent inactivatiod), An

example of the resulting current trace is showB.in

56
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P1 P>

100 ms

500 pA

-

Figure 2-7 Two pulse voltage pulse protocol foiplreactivation A) with example of
resulting current traces.
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2.3.4.5.4 I1o rate dependence

A protocol consisting of six trains of square vgégulses with eight identical pulses in
each train was used to recofg tate dependence. A selection of trains of puises
this protocol is shown in figure 2-8 along with exales of current traces. Each pulse
was of 100 ms duration and stepped from a holdwtgrgial of -50 mV to +60 mV
before returning to the holding potential agairihet end of each pulse. The interpulse
intervals varied from one train to the next butthii each train of pulses, the interpulse
intervals remained constant. In the first trairewfht pulses the interpulse interval was
700 ms, corresponding to a stimulation rate of &&t&/minute or frequency of 1.25 Hz.
The second train of eight pulses had an interpatseval of 300 ms (150 beats/minute,
2.5 Hz). The interpulse intervals in subsequexh$ of pulses were 100, 33 and 20 ms
corresponding to stimulation rates of 300, 400 20@d beats/minute and frequencies of
5, 6.7 and 8.3 Hz respectively. A final train when repeated at a stimulation rate of
75 beats/minute. There was a three second intbataleen each train of pulses when

the cell membrane was clamped to the holding piatienit-50 mV.

2.3.4.5.5 Ik, voltage dependent activation

A protocol consisting of a series of square voltpgkses of 500 ms duration was used
to record k; voltage dependent activation. This protocol igvamin figure 2-9 with an
example of theesulting current traces using external solutiothwaind without barium.
There was a three second interval between eacle piien the cell membrane was
clamped to the holding potential of -50 mV. Thestfipulse was stepped from the
holding potential of -50 mV to -120 mV and then kac the holding potential again.
Each subsequent pulse increased in 10 mV increnfiemts-120 to +60 mV returning

to the holding potential of -50 mV at the end offeaulse.

2.3.5 Data analysis

2.3.5.1 Calculating conductance and the reversal potential

Conductance (g) was calculated from the currerdli¢)ted by each voltage pulse using
the equation described below.
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Figure 2-8 Voltage pulse protocol ford rate dependence at 78)( 300 8) and 500

(C) beats/minute with corresponding current traces.
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+60 mV

ol At Bl il Adhdatban It b L b Ll b il

Figure 2-9 Voltage pulse protocol forki activation(A) with resulting current traces
recorded using external solution withoBj) @nd with C) 0.5 mM barium chloride.
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g = I/(Vt_Vrev)

where V is the test potential andVis the reversal potential okE

Ex was not measured but calculated from the Nernstaten using the K

concentrations from the internal and external sohgt
Ex= RT/F In[K*]J/[K™]

where T is the absolute temperature of the extesohltion, R is the universal gas

constant andF is Faraday’s constant.cREvas calculated as -92.7mV.

2.3.5.2 Curve fitting

All non linear regression analysis was performedgi&raphPad Prism. In order to fit
curves to the time course of inactivation g, lall the data from each current trace was
exported from WCP into a Microsoft Excel spreadshéée ko density at every time
point was calculated by subtracting the end pulse=at from the total outward current.
The maximum o density for each cell was termed “the peakdensity at time zero”
and this data point, along all subsequent datatgaintil the end of the voltage pulse,

were exported to GraphPad Prism for curve fittinglgsis.

The following equations were used for mono-expoagnbi-exponential associations,

mono-exponential decay and Boltzmann curve fits.
Mono-exponential association: I(t)= 1(1-e%p

where | describes the maximum plateau of the ctirtes recovery period or time ands

the time constant.
Bi-exponential association: I()H(L—exp’™)+ I,(1-exp”™)

wheretl andt2 are the fast and slow time constants for thdivelamplitudes of the fast

and slow current componentsaind b.
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Mono-exponential decay: I(t) = I+eXp

where | describes the starting current value, tithe andr the time constant.

Boltzmann curve fit for activation:  g(t)=1/1+ex@/ps—V)/K]

where V is the test potential, ¢4 is the voltage of half-maximal activation and kthe

slope factor.

Boltzmann curve fit for inactivation: I(t)=1/1+exXfV: —Vo.s)/K]

where \ is the test potential, 04 is the voltage of half-maximal inactivation andskihe

slope factor.

The goodness of fit for all curves was assesseekhynining several parameters, the most
important of which was whether the computer progrenwas able to converge on a fit.
The width of the confidence intervals? Ralue and runs tests were also examined. The
comparison of fits to two different equations wasfprmed as part of the GraphPad Prism
analysis programme using an F test The equatitim fewer variables was chosen as the

best fitting equation unless p<0.05.

2.3.5.3 Other statistical analysis

All other statistical analyses were performed usi@gaphPad Prism unless stated

otherwise.

The distribution of 4o current densities was examined visually but wae #&sted for the
degree of deviation from a Gaussian distributiomgighe Kolmogorov-Smirnov test.
Given the relatively small sizes of the nglocked ang-blocked patient groups (<100),
p>0.05 was not taken to be conclusive of a Gausdistnbution but to indicate that the
distribution was not inconsistent with a Gaussiestridhution.

Comparisons between mean current values in eaalp gvb patients or cells were done
using a Student’s t-test. P<0.05 was taken totaesscally significant. Comparisons
between the numbers of patients with particularattaristics in thg-blocked or norg-
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blocked groups were done using a Fisher's exaestt-tP<0.05 was taken to statistically

significant.

The relationship between heart rate apsl Wwas assessed using correlation analysis and
linear regression analysis was used to investitiegerelationship between atenolol dose

and ko.

Multiple linear regression was used to examineabsociation of multiple variables with
lto. This was performed by Pardeep Jhund. Initipdlylocker use was entered into the
model as the primary variable of interest and sdiyoage and sex were also entered to
adjust for these variables. Age was entered amtincomus variable whil@-blocker use
and sex were added as binary variables, whelfeblocker use and female sex were used
as the referent categories. Statistical signifieam@s taken at the 5% level (P<0.05).
Regression analyses were carried out using StatdvielO (Stata Corp., College Stations,
Texas, USA).

2.4 Results

2.4.1 The effects of chronicp blockade on ko current density

I+o was measured in isolated human atrial cells ukiagroltage clamp protocol described
in the methods section of this chapter. An exangbléhe current traces obtained from
representative cells from a nfrblocked and $-blocked patient are shown in figure 2-10.
In these tracestd (measured as the peak current minus the end pmueent) is
represented by the triangular portion of the curteate. In both traces it can be seen that
Ito activates in a voltage dependent fashion, inangasi magnitude as the voltage step
increases in magnitude.rolis, therefore, largest when activated by the &6-60 mV
voltage step and is not present with voltage stép$0 to 0 mV or less. When the two
current traces are compared, it can be seenha&t $maller in the cell from thg-blocked

patient at each voltage step.

Figure 2-11shows the 4o current-voltage relationship for each cell in the patient
groups. Current densities were measured acrossottegje range of -50 to +60 mV in 32
cells from 14 norp-blocked patients (BB No) and 30 cells fromftblocked patients (BB
Yes). These current-voltage relationships showommally distributed range of current

densities for cells in each patient group. Staastnalysis of the current densities at +60
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25 ms

500 pA

BB No BB Yes

Figure 2-10 Current traces showingd voltage dependent activation in atrial cells of

similar capacitance isolated from a rfsblocked A) andp-blocked B) patient.
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Figure 2-11 Individual voltage current relationships feplin all cells isolated from nop
blocked A) andp-blocked B) patients
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Figure 2-12 Mean ko current-voltage relationshidf and mean peakd density at +60
mV (B) for all cells from norf-blocked [1 ) and-blocked patients& ). Mean patient
data are shown i@ andD. * indicates p<0.05, Student’s t-test.
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mV confirms the distribution is not inconsistentthvia Gaussian distribution (K-S
distances of 0.09 and 0.11, p>0.1 for BB No and¥&B cells, respectively). This figure
also suggests that the ITO current densities inctis from theB-blocked patients are
smaller than those from the n@rblocked patients and this was examined by plottirey

mean current-voltage relationships for each grdugelds as seen in figure 2-12.

The mean+p current density, at each voltage step to voltage$0 mV, was significantly
smaller in the cells from thg-blocked patients (Student’s t-test, p<0.05) aswsh@n
figure 2-12A. At peak+p activation, achieved with the voltage step fror t& +60 mV,
chronic B-blockade was associated with a 34% reduction enkif current density. The
mean current densities at +60 mV were 15.0 £ 1/pFpa the cells from nof-blocked
patients and 9.9 + 0.7 pA/pF in the cells frrblocked patients as shown in figure 2-12B,
p= 0.0001. This reduction ind current density was maintained when the data was

meaned for patient rather than cell numbers astiited in figures 2-12C and D.

2.4.2 Effects of patient characteristics on 4o current density

The characteristics of both the cells and patiemtshe nonp-blocked andp-blocked
patient groups were examined, to try to determireetiver any other factors may be

contributing to the difference ird density demonstrated between these two groups.

2.4.2.1 Cell characteristics

Table 2-3 shows the mean electrophysiological ptase of the cells in each patient
group. The distribution of each variable was matonsistent with that of a Gaussian
distribution. There was no significant difference any of the electrophysiological

properties of the cells in either group.

Any difference in cell capacity between the two up® of cells which might have
contributed to the magnitude ofol had already been corrected for by calculating the
current densities. It should be noted that thés ¢eleach group were already depolarised
prior to voltage clamping which is not an unusuatling when using human atrial cells
isolated in this fashion (151). It might be expecthat the voltage error (post series
resistance compensation) would be smaller in therBB cells giventbis smaller in these
cells. Series resistance compensation was noteapglring the first nine experiments in
order to avoid additional difficulties when leargithe technique of patch clamping. Of
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Cell characteristics BB No cells BB Yes cells
Capacitance (pF) 74028 69.3+3.3
Resting membrane -20.3+1.8 -23.6+£2.2

potential (mV)

Series resistance (MQ)* 5.9+0.3 6.3 +0.4

Voltage error (mV) 2 3.7+0.3 42+05

Table 2-3 Electrophysiological characteristics of cells frguatients treated (BB Yes) or
not treated (BB No) with3-blockers prior to cardiac surgery (mean + sem)erieS
resistance was recorded before series resistamogertsation was appliéd Voltage error

was calculated after series resistance compensapioied
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these experiments seven were done using BB Yes @etl this might have resulted in a
net increase in the mean voltage error for thee®@B Yes group relative to the BB No
group. However, this does not result in any sigaift difference in mean voltage error
(post series resistance compensation) betweenvthgroups and, therefore, is unlikely to

have any influence on the difference g tlensity.

2.4.2.2 Patient characteristics

Table 2-4 shows the patient characteristics fordilés in which 4o was recorded. No
attempt was made to match patients during the genowhich tissue samples were
collected. The patients in each group are of dairage and sex but there are a number of
differences including heart rate, pre-operativegdrand pre-operative diseases which may,

possibly, contribute to the difference i Idensity between the groups.

To examine the effects of other patient charadtesison ko current density, multiple
linear regression analysis was performed by Dr €&gdlhund. There were only enough
patients in the study to examine the effects aéaghrariables includinf-blockade, based
on the need to have a minimum of 10 patients peiabie studied. An analysis was
therefore performed using the standard co-variabfeage and sex. The results of this
analysis along with single linear regression analf@r chronicf-blockade are shown in
table 2-5.

The effects of various patient characteristics gnwere then considered individually as
described in the following sections.

2.4.2.3 Effects of heart rate on ko density

B-blockers slow the heart rate. It is possible theart rate, rather than specificafly
blocker use, determinegolcurrent density and that the reduction+ig density seen in the
B-blocked patient group was due directly to the gloheart rate in that group (see table 2-
4). However, within each group of cells there wascorrelation between peajldensity

and heart rate as shown in figure 2-13.

2.4.2.4 Effects of pre-operative drugs on {o density

All of the nonp-blocked patients in this study were takipygselective blockers with 15

out of 17 patients taking atenolol and the rema@rtwo patients taking bisoprolol (see
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Patient

Characteristics

Non B-blocked

patients

B-blocked patients

Total patients

(BB No) n(%) (BB Yes) n(%) n(%)
No. of patients 15 17 32
Male patients 13 (86.7) 12 (70.6) 25 (78.1)
Mean age (yrs) 62.0 £ 2.8 65.7 £ 2.7 -
Mean heart rate 73.8+3.5 53.4 £ 1.4* -
(beats/min)
Surgery:
CABG 10 (66.7) 17 (100)" 27 (84.4)
AVR alone 3 (20) 0 (0) 3(9.4)
CABG + AVR 1(6.7) 0 (0) 1(3.4)
CABG + MVR 1(6.7) 0 (0) 1(3.4)
Pre-op drugs:
B-blockers 0 (0) 17 (100) 17 (53.1)
- atenolol 0 (0) 15 (88.2) 15 (46.9)
- bisoprolol 0 (0) 2 (11.8) 2 (6.3)
ACE inhibitors 4 (26.7) 10 (58.8) 14 (43.8)
CCBs 8 (53.3) 3(17.6) 11 (34.4)
Nicorandil 7 (46.7) 4 (23.5) 11 (34.4)
Statins 11 (73.3) 17 (100) ' 28 (87.5)
Digoxin 0 (0) 0 (0) 0 (0)
Amiodarone 0 (0) 0 (0) 0 (0)
Pre-op disease:
MI 1(6.7) 5(29.4) 6 (18.8)
Angina 12 (80) 17 (100) 29 (90.6)
LVSD 2 (13.3) 1(5.9) 3(9.4)
- mild 2 (13.3) 0 (0) 2 (6.3)
- moderate 0 (0) 1(5.9 1(3.1)
- severe 0(0) 0 (0) 0(0)
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Hypertension 10 (66.7) 11 (64.7) 21 (65.6)
Diabetes 3 (20) 2 (11.8) 5 (15.6)
Post-op AF 4 (26.7) 4 (23.5) 8 (25)

Table 2-4 Patient characteristics of cells in whigh Wvas recorded

CABG = coronary artery bypass graft, MVR = mitralwe replacement, AVR = aortic
valve replacement, Pre-op = before surgery, ACEngidensin converting enzyme,
CCB = calcium channel blocker, MI= myocardial irdféon, LVSD =left ventricular
systolic dysfunction. * indicates a significantfdiience from BB No (p<0.05, Students
t-test). © a significant difference from BB No (p<0.05, Fisheexact test ).
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A
Clinical factor Changeinl 1o 95% Confidence P value
(PA/pF) Interval
B-blockade -4.14 -7.50 to -0.77 0.02
B
Clinical factor Changeinl 1o 95% Confidence P value
(PA/pF) Interval
B-blockade -3.57 -6.93t0 -0.21 0.04
Age 0.02 -0.15t0 0.19 0.82
Sex 4.00 -0.56 to 8.58 0.08

72

Table 2-5 Single (A) and multiple (B) linear regression aséd of ko current density

for patient co-variables listed. Total numbepafients is 32.
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Figure 2-13 Patient heart rate Vs peakoldensity in cells from noifi-blocked (A)

patients ang-blocked (B) patients.?was calculated from the correlation coefficient.
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table 2-4). Clearly too few patients were takiptrselective blockers other than
atenolol to test whether the reduction {g tensity was a class effect of this type of
drug or whether it was specific to atenolol. Tihelusion of two patients taking
bisoprolol did not have any affect the on the mbandensity for the entir@-blocked

patient group as shown in table 2-6.

If B-blockers have a direct action ofp lit might be expected that they would exert a
dose dependent effect opp ldensity. Figure 2-14 shows the total daily dosatenolol
each patient was taking and the tlensities for all the cells from those patientsmear

regression analysis showed there to be no reldtipmetween these datd<6.00).

Many cardiac drugs are known to or have the paknto affect cardiac
electrophysiology. Of these drugs, the ones tgkin to cardiac surgery by patients in
this study are shown in table 2-4 along with thenhar of patients taking each drug.
Multiple linear regression analysis of the effecfsdrug therapy ontb density could
not be performed but the comparison ®f densities between the nfrblocked and3-
blocked patients was repeated when patients takffegent types of cardiac drugs were
excluded. Table 2-6 shows both the patient andnoce&n o densities when patients
taking calcium channel blockers, ACE inhibitorscarandil or statins were excluded
individually. There remained a significant redoatiin ko density in theB-blocked
patients when those patients taking either nicdtamdstatins are excluded. When
patients taking calcium channel blockers or ACEhitbrs were excluded, the number
of patients in each group was considerably smaltet, perhaps not surprisingly, the
difference in the mean patieniolwas not statistically significant. There remained
however, a significant reduction inol density in the-blocked patients when the cell

means were compared.

2.4.2.5 Effects of patient pre-op pathology on+o density

The effects of various pre-operative cardiovascmarbidities on 4o density were not
examined directly but, again, the meag densities of the nopr-blocked and-blocked
patients were compared when various patient grawgys excluded from the analysis.
The reduction in{b density associated with chrorfieblockade was maintained when
patients without a previous myocardial infarctiovith left ventricular dysfunction or

with diabetes were individually excluded (see tébld).
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Patients BB No | 1o density BB Yes | 1o density

excluded mean + sem mean * sem

None 14.4 £ 1.4 (n=15 patients) | 10.2 + 0.9 (n=17 patients) *
[15.0 £ 1.1 (n=35 cells)] [9.9 £0.7 (n=39 cells)] *

Females 15.7 +1.3 (13) 105+1.1(12)*

Valve surgery

Pre-op drugs:
Bisoprolol

CCBs

ACE inhibitors

Nicorandil

Statins

Pre-op disease:

No previous Ml

LV dysfunction

[16.4 + 1.0 (30)]

16.3 + 1.5 (10)

[17.0 £ 1.2 (23)]

14.4 + 1.4 (15)

[15.0 + 1.1 (35)]

13.7 + 1.6 (7)
[14.7 + 1.2 (19)]

13.0 + 1.4 (11)
[13.2 1.1 (25)]

14.1 + 1.4 (8)
[14.7 1.1 (19)]

15.2 +1.7 (11)

[16.0 + 1.8 (25)]

14.0 + 1.5 (14)

[14.7 1.1 (33)]

14.1 +1.6 (13)
[14.8 + 1.2 (31)]

[9.8 + 0.9 (26)] *

10.2 +0.9 (17) *

[9.9 £ 0.7 (39)] *

10.5 +1.0 (15) *

[9.9 £ 0.7 (35)] *

10.6 + 1.0 (14)
[10.1 0.8 (31)] *

10.1+ 1.3 (7)
[9.9 + 1.0 (16)] *

10.1 +1.0 (13) *
[9.9 £ 0.7 (30)] *

10.2 £0.9 (17) *

[9.9 £ 0.7 (39)] *

9.8+1.6(9)*

[8.8+1.1(19)] *

10.6 + 0.9 (16) *
[10.4 £ 0.7 (36)] *
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Diabetes 14.0 + 1.4 (12) 10.1 £ 1.0 (15) *
[14.6 + 1.0 (28)] [9.7 +0.8 (32)] *

Table 2-6 Mean + sem peakd densities (pA/pF), in nofi-blocked (BB No) ang-
blocked patients (BB Yes) when patients with chenastics listed in the left column
were excluded from analysis. Meai densities for all remaining cells in each group
are shown in square brackets. * indicates sigamfiadifference from noffi-blocked
patients or cells (p<0.05, Student’s t-test).
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2.4.3 Effects of phrixotoxin-2 on lo density

The results of application of either 100 or 200 pNfixotoxin 2 on four and two cells
respectively are shown in figure 2-155¢ tensity was plotted at approximately twenty
seconds intervals for these graphs. The applicaifaeither 100 or 200 nM of PaTx2
had no significant effect on the atrigblcurrent density. The two cells with wash
recording in figure 2-15A were from the same feblocked patient as those in figure
2-15B and, in all four of these cells, thg ldensity is significantly smaller than the
mean current density for this patient group. Thedensities from the other two cells in
figure 2-15A were from a different nofi-blocked patient. They have more

representative values for this patient group buevedso unaffected by PaTx2.

Higher concentrations of PaTx2 were not used duaradibitive cost and the lack of
effect at concentrations previously shown to sigaiitly reduce o in cellular

recordings. The use of this blocker €f Wwas not investigated further.

2.4.4 Effects of chronic p-blockade on time dependent inactivation

of I1o

The time dependent inactivation ofplwas found to fit a bi-exponential function.
When a comparison was made between mono-exponantabi-exponential curve fits
to the raw data from individual cell, 100 % of then B-blocked and 93% of thp-
blocked cells best fitted a bi-exponential relasioip. The mean fast rate constants (the
inverse of the fast time constants) were 0.15 £®for the norg-blocked cells (n = 27
cells, 15 patients) and 0.16 + 0.012 for phkblocked cells (n = 22 cells, 13 patients), p
= 0.38. The slow rate constants were 0.035 + 0a0@P0.033 + 0.005 respectively, p =
0.87. These data are shown in figure 2-16B. Gedlse excluded from the analysis if
they did not best fit a bi-exponential function. féw cells (5 norp-blocked and 4-
blocked) also had very small rate constants witly iarge standard deviations
incorporating negative values. These cells wese alxcluded from analysis on the
basis that they did not well fit a bi-exponentiahétion. Bi-exponential curves fits to
the mean current densities in both groups of @tsshown in figure 2-16A. It can be
seen from these curves that linactivated rapidly with approximately 80% of the

current inactivating within the first 20 ms.
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Figure 2-15 Effects of phrixotoxin 2 on peakd current density at +60 mV Vs time.

100 nM phrixotoxin 2 was applied to four cells reggnted by the different symbols in

A.

In B, 200 nM of phrixotoxin was applied to two diffeterells.
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Figure 2-16 Time dependent inactivation ablat +60mV. A shows bi-exponential
curve fits to meanrb density (pA/pF) normalised to theldensity at time zero Vs
time, for cells from noifi-blocked ang-blocked patients. The mean + sem fast and

slow rate constantg) for each group of cells are shownBn
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2.4.5 Effects of chronicp-blockade on voltage dependence ofd

The mean conductance values for voltage dependdinbiion and the mean current
density values for inactivation ofdin cells from norp-blocked and-blocked cells are
shown in figure 2-17. The values were normalisedhe corresponding maximal
conductance/density and Boltzmann curve fits wapesmposed on each data set. It
can be seen that there was no difference betwese tturves in either groups of cells
for either activation or inactivation. The mearitage of half maximal activation (\),
obtained from Boltzmann curve fits to the indivitgalls, was 23.8 = 0.5 mV for the
nonB-blocked cells (32 cells, 14 patients) and 25.0. mV for theB-blocked cells (29
cells, 15 patients), p = 0.15. The correspondiopesfactors were 8.6 £ 0.2 mV and 8.5
+ 0.3 mV respectively, p = 0.78. The mean voltagdalf maximal inactivation was
-19.5 + 0.6 mV for the nofi-blocked cells (32 cells, 15 patients) and -19.0.& mV
for thep-blocked cells (29 cells, 13 patients), p = 0.6he corresponding slope factors
were 4.7 £ 0.3 mV and 5.3 = 0.3 mV respectively; p.13. Figure 2-17Ghows the
mean curves for voltage dependent activation aadtivation for the norg-blocked
and B-blocked cells. In both groups of cells, inactivat was fully developed at
potentials positive to 0 mV and activation did notnmence at potentials negative to 0

mV. There was, therefore, no window current.

2.4.6 Effects of chronicp-blockade on reactivation of ko

The effects of chroni-blockade on+o reactivation are shown in figu18. The
mean to densities elicited by the second pulse (P2) ofptfeeocol, which occurred at
varying interpulse intervals, are shown in figurd8A for the cells from the nof-
blocked patients (31 cells, 14 patients) dAlocked patients (30 cells, 13 patients).
Initially, at the longer interpulse pulse intervals 200 ms) o density remained
relatively constant in both groups of cells, albsmaller in thep-blocked cells,
indicating that 4o recovers quickly from inactivation. At the shorteterpulse intervals
(<150 ms), {0 density was reduced in both groups of cells. Teuction in 4o
density at very short interpulse intervals occurtedhe same extent, in both the rfion
blocked andg3-blocked cells. This can be seen in figure 2-18i&n the mean densities
elicited by P2 were normalised to the first, pesttiP1 of the voltage pulse protocol. In
this figure the mean data points for both the reblocked andp-blocked cells

superimpose. The reactivation data best fit motmeeential curves. A comparison of
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Figure 2-17Voltage dependence ofd. A shows the voltage dependency of activation
of lto with mean normalisedtd conductance Vs membrane voltage along with
Boltzmann curve fits to cells from ndhblocked U ... ) anB-blocked & ___ )
patients. B shows the voltage dependency of inactivationrgfwith mean normalised
lto densities Vs membrane potential for ndmlocked U ..... ) and3-blocked @&
—) cells and corresponding Boltzmann curve fits. Té@me activation and

inactivation curve fits for both groups of celle @hown inC.
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Figure 2-18 Ilo reactivationA shows the meand densities elicited by pulse 2 of the
protocol Vs the time interval between pulses orgtam, in cells from nofi-blocked
() andp-blocked @ ) patients. IB the ko densities are normalised to those elicited
by the first post-rest pulse one in each groupetisc
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mono-exponential and bi-exponential curve fits éarch individual cell showed that
93% of the norp-blocked cells (28 cells, 13 patients) and 80%hefp-blocked cells
(24 cells, 12 patients) best fitted mono-exponértimves. The mean data for these
cells along with their curve fits are shown in figi2-19. It can be seen that the curve
fits for both groups of cells superimpose evenhat short interpulse intervals. The
mean time constants for reactivation derived from ¢urve fits to the individual cells
were no different in nofi-blocked cells at 31.3 = 1.9 ms compared to 332564ms for
thep-blocked cells, p = 0.14.

2.4.7 Effects of chronicp-blockade on rate dependence ofi$

The rapid recovery of suggests it is relatively rate independent exe¢@xtremely
rapid stimulation rates. However, the effects mafrémental shortening of interpulse
intervals, as used to determing feactivation, do not necessarily replicate thecf

of repetitive rapid stimulation. This can be saesing the eight pulse protocols
illustrated in figure 2-&f the methods, in which, at rapid rates, the fipstst—rest{o
recording is larger than the subsequent pulsekdrirain at rates above 75 bpm. The
effects of changing stimulation rate ofy ie the rate dependence stimulationgfdre
shown in figure 2-20.

The mean steady statg,ldensities in cells from noprblocked (27 cells, 11 patients)
andp-blocked (17 cells, 6 patients) patients are showiigure 2.20A. In both groups
of cells ko was reduced significantly at rates300 beats/minute. This reduction was
not due to run down oftd as it reversed when the stimulation rate returtweth
beats/minute. Even at the most rapid stimulatadas, the{b density in the cells from
the B-blocked patients was smaller compared to thahefrtonp-blocked cells. This
reflects the fact that the degree of reductionrgndensity due to increasing stimulation
rate was the same in tReblocked and nof-blocked cells. This is seen in figure 2.20B
when the mean densities for each group of cellseramposed after they were

normalised to their respective values at 75 beatsitie.

2.4.8 Effects of chronicp-blockade on ksys density

Peak ksyswas measured as the end pulse current elicitetidoydltage step from -50

to +60 mV. ksys measurements were made from current recordingstosaeeasure
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Figure 2-19 I1o reactivation. The main graph shows the mean nigsethko densities
Vs interpulse intervals for all ngitblocked [ .. ) ang8-blocked @& ___ ) cells with
the best fitting the mono-exponential curves. Trset graph shows part of the main

graph expanded at the shortesérpulse intervals.
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Figure 2-20 Rate dependence ofol A shows the mean, steady stat® (gilse) +o
density Vs stimulation rate for cells from ndghblocked [1) andB-blocked @ )
patients. The current densities normalised torthespective values at the initial

stimulation rate of 75 beats/minute are showB.in
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Ito density however kkus was not measured in every cell in whigh Was recorded.
The patient characteristics for the cells in whigk,s was recorded are shown in table
2-7. For each patient group the distribution o# theak ksys densities were not
inconsistent with a Gaussian distribution (KS dis&s of 0.17 and 0.12, p > 0.1 for BB
No and Yes cells respectively). The mean peakslin cells fromnon B-blocked
patients was 11.4 + 1.1 pA/pF (n = 33 cells, 13qma$) compared to 9.7 = 0.7 pA/pF in
the cells fromB-blocked patients (n = 31cells, 13 patients). €h&as no significant
difference between mean pealJs in these two groups as shown in figure 2-21, p =

0.21 Students t-testiksus density was not formally evaluated at other vadtag

2.4.9 Assessing block of dsyshby 4-AP

Preliminary experiments were performed to assesddégree of block ofxéys using
low dose 4-AP to determine whether this could beduas an alternative method for
separating b from Iksus. These experiments were performed in cells from fion
blocked patients. tb and ksus were measured as the peak minus end pulse cament
end pulse current respectively using a voltage fstap -50 to + 60 mV. The effects of
different concentrations of 4-AP on current trafesn the same cell can be seen in
figure 2-22. It can be seen that, in this celkréhwas not complete “wash reversal”’ of
4-AP. Figure 2-23A shows the effects of varying@entrations of 4-AP on the mean
peak ksus current density in all cells exposed to 4-AP. iStatl analysis was not
performed on these data as the small numbers oédalata may have lead to
misleading results however, the graph does sugiest ksus was reduced by all
concentrations of 4-AP. The use of 4-AP as aldoof ksus is only effective if a
high level of ksus block can be achieved without affecting Hensity. At the highest
concentration of 4-AP used, 2 mM, approximately?b®lock of ksys did appear to be
achieved. However, at this concentration there algpeared to be some block @ |
when compared tord recorded without 4-AP and after wash out of 4-APshown in

figure 2-23B. Again, statistical analysis was petformed due to low n.

2.4.10 Effects of chronicp-blockade on k; density

The effects of chroni@-blockade ony; are shown in figure 2-24It can be seen that

Ik1 was significantly reduced at -120 mV with a meamgity of -2.5 £ 0.2 pA/pF in
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Patient

characteristics

lksus

BB No n(%)

Iksus

BB Yes n(%)

lk1

BB No n(%)

lk1

BB Yes n(%)

No of patients

Male patients

Mean age (yrs)

Mean heart rate
(beats/min)

Surgery:
CABG

AVR alone
CABG + AVR
CABG + MVR

Pre-op drugs :
B-blockers
-atenolol
-bisoprolol
ACE inhibitors
CCBs
Nicorandil
Statins
Digoxin

Amiodarone

Pre-op disease :
MI

Angina

LVSD

13

11 (84.6)

63.4+3.0

74.1+3.9

9 (69.2)

3(23.1)
1(7.7)
0 (0)

0(0)

0 (0)

0 (0)
3 (23.1)
7 (53.8)
7 (53.8)
10 (76.9)

0 (0)

0(0)

1(7.7)
11 (84.6)
2 (15.4)

13

8 (61.5)

66.9+3.1

52.6 + 1.6*

13 (100)
0(0)
0(0)
0(0)

13 (100)
12 (92.3)
1(7.7)
7 (53.8)
2 (15.4)
4 (30.8)
13
0 (0)
0(0)

3 (23.1)
13 (100)
1(7.7)

12

12 (100)

61.3+2.2

75.2+4.1

10 (83.3)
2 (16.7)
0(0)
0(0)

0(0)
0 (0)
0 (0)

3 (25)
7 (58.3)
6 (50)
10 (83.3)
0(0)
0(0)

2 (16.7)
11 (91.7)
2 (16.7)

11

9 (81.8))

62.8 +3.7

54.4 +1.8*

11 (100)
0(0)
0(0)
0(0)

11 (100)
10 (90.9)
1(9.1)
5 (45.4)
1(9.1)
5 (45.4)
11 (100)
0 (0)
0(0)

4 (36.4)
11 (100)
1(9.1)
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-mild 2 (15.4) 0 (0) 2 (16.7) 0 (0)
-moderate 0 (0) 1(7.7) 0 (0) 1(9.1)
-severe 0 (0) 0 (0) 0 (0) 0 (0)
Hypertension 8 (61.5) 9 (69.2) 8 (66.7) 5 (45.4)
Diabetes 3(23.1) 1(7.7) 3 (25) 0 (0)
Post op AF 3(23.1) 3(23.1) 2 (16.7) 1(9.1)

Table 2-7 Patient characteristics of cells in whiglals and k; were measured.

BB No = nonp-blocked patients, BB Yes 8-blocked patients, CABG = coronary
artery bypass graft, MVR = mitral valve replaceme&\R = aortic valve replacement,
Pre-op = before surgery, ACE = angiotensin conngrtenzyme, CCB = calcium
channel blocker, MI= myocardial infarction, LVSD ef ventricular systolic

dysfunction. * indicates a significant differenecerh BB No (p<0.05, Students t-test.
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+ 60 mV

25 ms
- — 50 mV

Figure 2-22 Effect of 4-AP on 4o and ksus. The voltage pulse is shown & and
representative current traces from the same c@lbsed to external solution containing
varying concentrations of 4-APA = no 4-A0, =®@M 4-AP,[0 = 0.1mM 4-AP,

W = 2mM 4-AP.V =no 4-AP (wash)] are showrBin
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Gillian E. Marshall 2008 94

cells from nonB-blocked patients (n = 31 cells, 12 patients) ahd + 0.0 pA/pF in cells
from B-blocked patients (n = 21 cells, 11 patients). Ewoev, there was no significant
difference in current density at voltages less tiegd@han -120 mV in particular, there was
no difference in the small outward portion of therent between -90 and -30 mV. This is
the portion of the current that would be expecte@dntribute to terminal repolarisation.
There was no current at -90 mV in keeping with ¢eilibrium potential for K. There
was also no net current at around -30 mV as atre$tie negative slope conductance of
Ik1 which may help explain why the cells in this stuslgre depolarised to around this
voltage (62).

2.5 Discussion

The experiments in this chapter describe the effetichronic treatment of patients with
Bi-selective blockers on repolarising Kcurrents in isolated, right atrial appendage
myocytes. There was a significant reduction indéesity of +o without any change in

other properties of the current, specifically itdtage, time or rate dependency. There was

also a significant reduction in peak density but no change in peads.

2.5.1 Chronic p-blockade and reduction in ko density: comparison

with other studies

This is the first study in which the effects of ehic f-blockade on the characteristics of
Ito have been fully studied. A reduction i lcurrent density in association with chronic
B-blockade has already been reported in a smakliersggective study (29). In that study a
37% reduction in{p current density was reported with mean values3of * 2.1 and 8.7

+1.3 pA/pF in the nof-blocked (n = 8 cells) an@tblocked (10) cells respectively, p<0.05
(29). In this prospective study, very similar dbs® values ofp and a similar percentage

reduction have been found in larger populationediscand patients.

To my knowledge, no other studies have examineeftieets of chroni@-blockade on+lo

in human cardiac myocytes. There are severalegushich have examined the effects of
either chronigi-blockade or chronic changes in sympathetic inrteyman animal hearts.
As discussed in chapter 1, the only study to lobkha chronic effects of-blockers on
animals showed prolongation of the atrial and veualar APD in whole tissue after 9 days
of treatment with either propranolol or metoprold52). That study used microelectrode

measurements and did not isolate cardiac myocytesn@asure ion currents. In



Gillian E. Marshall 2008 95

catecholamine depleted rats, action potentials aumedsn isolated, perfused left ventricles
were prolonged andd density was significantly reduced in isolated vieatar myocytes
(153). A reduction in sympathetic innervation bktrat heart, induced by inhibitory
antibodies of nerve growth factor during neonaifal lalso resulted in a reduction ifpl
density and prolongation of the APD in ventricutzlls (85). None of these animal
experiments replicate the experimental design isfdtudy but the similarities do provide
support for my findings.

Seemingly in contrast to the results of this stuahgther study looking at transgenic mice
with dilated cardiomyopathy showed no change g following treatment with
propranolol for 2 weeks (57). Howeverg Wwas significantly lower in both the treated and
untreated heart failure groups than a non healirégi untreated control. Perhaps the
additional complicating factor of heart failure timese animals is enough to explain the
lack of effect off-blocker on {0, particularly, as very few patients in my studyl treeart
failure. Alternatively, the genetic manipulatiorf the mice may have altered the
susceptibility of 4o to B-blockade.

To further support the role of the adrenergic systs a modulator ofrd, a number of
studies have reported that adrenoceptor agonigts affect ko. Cultured, canine,
ventricular myocytes have a reduced tensity in comparison to freshly isolated cells.
Exposure of these cells to isoproterenol, a noactigk p-adrenergic agonist, for 24 hrs
restored 4o density to pre-culture levels (60). This perhapggests that it may not be the
direct effect of-blockers that reducesd but the unopposegtadrenergic stimulation that
results in a greatefd current density in the cells from patients noateel withp-blockers.

In contrast to this, another study treated rat$ wsbproterenol for 7 days, in sufficient
doses to induce cardiac hypertrophy, resulting radaiction of 4o in isolated ventricular
myocytes. (61). However, in this model it is impdbée to distinguish between the effects
of the B-agonist and the possible synergist or indeed apgoeffects of cardiac
hypertrophy. It should be noted that both stutheked at the effects of relatively chronic
exposure t@-agonists but only ventricular tissue was studiéd.contrastoy- adrenergic
stimulation appears to reduceoslin several animal models as well as humans. This
reduction has been shown with both acute and ohexposure ta; agonists in both atrial
and ventricular myocytes. However, there does app@ some variation in response
between different species and even between difféypes of cardiac myocytes within the
same species (99;154;155).
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This study did not examine the effects of eitifesgonists or acute application ff
blockers on atrialtb. This was partly due to time constraints but puiy reflects an
interest in understanding the electrophysiologatanges occurring as a result of chronic
drug exposure in our patients. Most patients écbatith -blockers tend to continue the
drugs for prolonged periods of time and the elgdtysiological consequences of chronic
drug use are important to establish in their owghttieven allowing for any possible anti-
arrhythmic actions. The patients in this studyevalt treated wittB-blockers for at least
four weeks prior to cardiac surgery. During thisd, the exposure to these drugs will
have resulted in changes, not only to cardiac eisbut to the vasculature, the sympathetic
nervous system and other organs which, in turn, foayer modify the myocardium.
Chronic exposure t@-blockers might also be expected to change theorssygeness and
or expression ofi-adrenoceptors (156;157) which may, in turn, affectv our isolated
cells would respond to either acute application peblockers or indeed3-agonists.
Therefore, acute application @kblockers on isolated cells would not necessardy b
expected to replicate the effects of chropiblockade in patients and, what is more, any
acute affects on cardiovascular electrophysiologuld not necessarily occur via the same
mechanisms.

The possibility that chronif-blockade may have different effects from adgtielockade
has been suggested by several studies. Treatmpatients with oral metoprolol for five
weeks was associated with prolongation of the ianar action potential duration in
electrophysiology studies whereas acute, intraveramministration of the drug had no
effect on repolarisation (158). The rabbits trdatgth oral metoprolol or propranolol in
Vaughan Williams study did not show any changetiralaor ventricular APD until they
had been treated for 9 days. However, studiesiigoknly at the effects of acufe
blockade in humans do report varying results. avgnous atenolol has been shown to
prolong the atrial but not ventricular ERP in a lanrelectrophysiological study (159).
Acute intravenous bisoprolol has been shown toes®® human atrial FRP and
temporarily increase ventricular ERP (160). Lowselantravenous propranolol has been
shown to have no significant effect on ventriculepolarisation as assessed by the QT
interval (161) whereas, in a different study, higbeses were actually shown to reduce
ventricular monophasic APD but have no effect ontrreular ERP (162). The effects on

atrial repolarisation were not examined in eitiadsy.

The effects off-blockade on cardiac repolarisation appear to \Goysiderably. The
reasons are likely to be multifactorial, reflectwvayiations in species, drug dosage, type of

B-blocker and methods and site of electrophysioklgineasurements. None of these
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studies describe the effects of either acute ocorgébh3-blockade on isolated myocytes or
the effects on ion currents. It should be notext tivo other-blockers, thought to have
additional or possibly different anti-arrhythmic ti@ty compared to “standard” p-

blockers, have been reported to affect repoladsaith isolated myocytes with variable
effects on ion currents. Sotolol, which has addgi class Il anti-arrhythmic effects, does
prolong the atrial APD acutely but does not affiget (95) and carvedilol, which blocks
both a; andp-adrenoceptors, prolongs ventricular ADP and resluabbit ventricularth

in addition to reducingch. and delayed rectifier Kcurrents (33;81).

A number of studies have, therefore, provided suppor p-blockers as potential
modulators of cardiac repolarisation ard.| No other studies are directly comparable
with this work and a number of differences havenbleighlighted between this work and
other study designs and results. It would be damgeto assume that the reduction+ig |
density associated with chrongeblockade in this study, applies to all human cadi
myocytes, all species or evenffdlockers other than atenolol. The duration ofasype

to B-blockade may also be critical. It should be rernerad that the behaviour of any
isolated cardiac myocyte, even if perfectly unhatrog the removal and isolation process,
may not be identical to that in the intact heathwi a living human where it is exposed to

all manner of other modulating conditions.

2.5.2 Chronic B-blockade and reduction in ko density: a true

association?

Does the association between chrgivclockade and+b reduction reflect a direct causal
relationship or could there be other factors cooting to the lower{h density in thep-
blocked patient group? This is a particular probleshen dealing with the mixed
population of patients within this study as there mumerous patient factors which could
not be controlled or matched for and which couldepbally affect +o. To complicate
matters some of these factors are linkef-bdocker use.

Any of the patient characteristics in either gragold potentially affect the characteristics
of the cells in either group, thereby, affecting,.l Alternatively, by chance, the
characteristics of the cells could have differethleen the two patient groups, skewing the
lto result. When the cell characteristics were comgbathere was no significant

difference between the two populations.
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When studying the patient characteristics of the gmoups the most obvious difference
between thé3-blocked and noift-blocked patient group is the heart rate. It isSilole,
therefore, that the reduction irol was due to a reduction in heart rate rather than
specifically top-blocker use. There was no correlation betweetingefeart rate andrd

in either group of cells indicating that heart ratene could not account for the reduction
in post-rest{o within the -blocked patient group. This is at least partiaiiypported by
evidence from animal models in which pacing indutazhycardia, as opposed to pacing
induced bradycardia with atrio-ventricular nodabdi, is associated with a reduction in
ventricular to (108;114). It should be noted however, that clurgmacing at non
physiological rates can have other pathologicaa$f on the heart including causing heart
failure which, in itself, is associated with chasge cellular electrophysiology (163).

Age can influencetb and this is most marked during neonatal life whgndensity is
significantly smaller than in adults in both anisiand humans (164-166). Age was
unlikely to play a role intb reduction in this study as all patients were adald there
was no significant difference in mean ages betwiennonp-blocked andB-blocked

patients.

It was not possible within the scope of this sttmlyise multivariate analysis to assess the
effects of other patient characteristics @ Il was able to exclude cells from patients with
particular characteristics and re-analyse the thas@e whether there was still a significant
reduction in 1o in the B-blocked patients. Gender differences and pathcdbgrocesses
like left ventricular dysfunction, myocardial intdion, diabetes and valvular heart disease
have all been shown to affegiolin human and or animal studies (55;74;99;167-169).
Drugs like ACE inhibitors can also influences[(99;167) while others may have the
potential to do so. Calcium channel blockers hlawen shown to affect ventriculaol
(33) although verapamil does not appear to affe@ldro (170) and nicorandil activates
the K channel katp (33). To my knowledge, statins have not been shtawaffect K
currents but have been reported to have anti-inflatory actions which may affect
cardiac remodelling and have also been shown toceethe incidence of AF (171;172)
However, individually, none of these factors coeigblain the reduction inrd seen in this
study. There were, perhaps, insufficient patiemise either those taking ACE inhibitors
or calcium channel blockers had been excluded fmoalysisto expect there to still be a
significant reduction intb in the-blocked patients but this reduction was still sed@n

cell means were analysed.
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It would appear that none of the patient charagties identified in this study, other than
chronic B-blockade, were individually responsible for theluetion in ko density. It
remains possible however, that several linked factpossibly including chronig-
blockade, could actually be responsible for theuctidn in ko density rather thamf-

blocker use alone e.g. the combinatiof-tflockers, ACE inhibitors and LV dysfunction.

2.5.3 Chronic B-blockade and other ko characteristics: a comparison

with other studies

This is the first study to examine the effects lfonic f-blockade on the characteristics of
lto other than just current density. Chrorfieblockade did not affect the voltage
dependency, time dependency of inactivation, reaittin or rate dependency ofol
Changes in these characteristics potentially cdwlde contributed to a change i |
current density and could have influenced to thendant” of current available to

contribute to repolarisation.

The current characteristics ablvary considerably between species but, even inamgm
are affected by numerous factors. These includetype of cardiac myocytes eg atrial or
ventricular, pathology, drugs, cardiac rhythm andgegimental conditions including
temperature, composition of solutions and methddsadating and measuringd. This
makes it difficult to make any direct comparisomsween any absolute values relating to
Ito in this study with others. However, it is possibb compare the current characteristics
of I1o described in this work with the results of othantan atrial studies to see if there are
any major differences that cannot be easily acasumdr and may reflect some other
unidentified factor that may affect this current.

Voltage dependent activation g@blin human atrial cells can consistently be fittedingle
Boltzmann equations with g4 values ranging from 1 to 22 mV and slope factorgyiag
from 8 to 19 mV. Values for voltage dependent ivation range from -14 to -40 mV for
Vosand 6 to 15 mV for slope factor (9;35;39;55;164)16Bly results are in keeping with
these ranges although the avactivation in my study is slightly higher. Thernaion in
these values is likely to reflect different expegimal conditions, including temperature,
which is certainly known to acceleratg, kinetics (35), as well as different mechanisms

for separatingtp from other overlapping currents.
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Rapid inactivation is one of the key charactersst€ ko in all cells. In several studies of
human atrial myocytes, time dependent inactivatbyo has been described by mono-
exponential curve fits with time constants of 1214 ms (9;35;36) at physiological
temperature. One other study in addition to thaskywhas reported a bi-exponential curve
fit to lto inactivation with fast time constant of 14 to 16\arsd slow time constant of
around 300 ms (55). The fast inactivation ff teported in all of these studies is in
keeping with the results of this study in which thean fast rate constants approximate to
fast time constants of 6 ms. It is possible thet presence and value of a slow time
constant is more influenced by differences in tbeia process of curve fitting and also

the duration of the stimulating voltage pulse.

Reactivation of 4o has also been reported as being both mono-expahent
(38;39;164;166) and bi-exponential (55) in diffdrestudies. When mono-exponential
reactivation is described, time constants vary frad to 17 ms at physiological
temperature which is slightly faster than thosdhid study at around 30 ms. However,
this difference is relatively small and may simpdflect differing experimental conditions.
One other study has looked at both reactivationrateldependence ofd in human atrial
myocytes. It showed no significant changeridensity at rates from 0.1-4 Hz but did not
examine o at the faster stimulation rates which resultecentuction in o density in this
study (38).

2.5.4  Chronic B-blockade and ksys: a comparison with other studies

In this study no change was found igJs current density between the cells from fhe
blocked and nom-blocked patients. This is the first time this Hee®n shown in a large
prospective study. This result is supported byréimspective data analysis of Workman
et al who also showed no change dgsuk associated with chronig-blockade in a smaller
patient cohort (29). The absolute values fgud density were similar between that study

and this one.

There is limited data to support a role of faadrenergic system in modulation @f%. In
contrast to the lack of effect of chronic exposiarf;-selective blockers, acute application
of carvedilol has been shown to redugegrlin human atrial myocytes (56). This may
represent a distinct difference in the action afedilol as compared to othptblockers or
simply the difference in acute versus chronic eyp®do the drug. Acute exposurefo
agonists has been shown to increagg (173). That study was performed at room
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temperature although it does not seem likely thimilel have affected the nature of the
current response to isoproterenol although it mayehaffected the magnitude and/or rate
of change. In vivo, particularly in the contextisthaemic heart disease, heart failure and
cardiac surgery, there is likely to be consideraaivity of both the sympathetic nervous
system and endogenous catecholamines. Expos@rblozkers might be expected block
the endogenoug-agonist mediated increase wyg but, under these circumstancesgxl
would be expected to be higher in the fielblocked patient group which was not the case.
It is possible that this may reflect a combinatadfnthe effects of long term exposure to
endogenoug-agonists and/oB-blockers with possible associated changes in adegtor

receptor expression, in addition to the compligatinfluence of patient co-morbidities.

In this study ksuswas measured as the end pulse current. This ¢urasnbeen shown to
be K current distinct from+b, lk1 and k and has properties very similar to the current
carried by Kv1.5, therefore, has been thought poegent {ur (90). It is remains possible
however, that a small proportion of the end pulsgent may also consist of a slowly
inactivating component ofrd, other delayed rectifiers and other constitutivalstive
background currents and, it is for this reasors thirrent was labelled agslis and not
Ikur In this study. It is possible that this discrepabetweendsys and kur may explain
the relative lack of block of the end pulse curresing low dose 4-AP although too few
cells were studied to accurately establish the eke@f ksys block. The lack of full
washout also raises the possibility that the ciinmeas decaying with time. This was not a
feature of later experiments in which relativelydoprotocols were not associated with
significant rundown of eithekéus or ko. The 4-AP studies were carried out in the early
stages of this study and it is possible that sub@dtexperimental technique may have
resulted in increased current run down. It is @gssible however, that the washout phase
of 4-AP was simply insufficient for the current fidly recover. Although the differences
between dsusand kyr are likely to be small, some studies @jd have tried to eliminate
these influences by using combinations of longag#tpulses, to eliminate any less slowly
inactivating currents and a pre-pulse current, naciivate 4o, before measuring the
resulting end pulse current (90;93;174). This mesult in differences between the results
presented here and other studies although thetefééthese differences in protocols are
likely to be minimal.

2.5.5 Chronic B-blockade and k;: a comparison with other studies

In this study chroni@ -blockade was shown to redugg &t -120 mV but, at voltages more
positive to this, there was no significant reduttio Ix; density. This is the first study to
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examine the effects of chronfg:blockade on human atriakil An earlier study by
Workman et al measured the input resistance of huatidal myocytes as a surrogate of
Ik1 using a ramp protocol (29). During a ramp protacdy rapidly activating and slowly
inactivating currents contribute to the ramp currient, at negative potentials, this could
include currents other tharx;l including the so called leak or background cusent
Measuring k using a voltage pulse protocol and barium subtactallows for
measurement of a more defined current as well esltility to directly measure current
density at different voltages. Workman et al dededt a reduction in input resistance in
cells from patients treated witf-blockers but this could represent either a change
predominantly at one particular voltage or acrbeswhole range of the voltage ramp and
Is not contradictory to the results of this study.

Two studies have examined the effects of carveditolk; in isolated rabbit ventricular
myocytes (81;82). One showed no effect of caretditross the voltage range of -100 to
+ 50 mV using whole cell patch clamping and a sgqueltage pulse protocol (81). That
study did not define the current by using bariurbtsaction and did not study the current
at voltages negative to -100 mV. The other stushkéd at singlexh currents from an
excised inside-out patch of rabbit ventricular ceimbrane, measured a room temperature
and without barium. It found no effect of carvedlibn k; channel opening (82). These
two studies looked at acute application of canagdihd have suggested a direct blocking
action of this drug within the channel pore. Tisisikely to be a different mode of action
than the effect of chronig;-selective blockers in this work, as it is unlikéhat significant
concentrations of the drug remain in my preparatiotiowing isolation of the cells. Both
of these carvedilol studies differed consideralbdnt this study in terms of experimental
technique, protocol and type and species of camgacytes used. Crucially they did not
study ki at -120 mV and so could not be expected to detecteduction ing seen in
association with chronig3-blockade in this work. In another study, therdjpeu
concentrations of the non selectig4blocker tilisolol were shown not to affeg Icurrent
density in isolated, guinea pig myocytes but, agdie maximum negative voltage used
was -100 mV (83).

Some experiments have suggedtealdrenergic stimulation may redugg Wwhich would
seem to contradict the results of this study (88)17n one of these studies acute
application of isoproterenol significantly inhibite lx;, not measured by barium
subtraction, in isolated human ventricular myocysesoss the whole voltage range from -
120 to 0 mV. This effect was prevented by the @aliiof propranolol (175). That study
also showed that the effects padrenergic stimulation orxi were reduced in myocytes
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from failing hearts. The effects of propranolobraé¢ were not studied. Another study
looking at the effects of 48hrs of exposure to ietgrenol in cultured guinea pig
ventricular myocytes, demonstrated a reductiopjmiagnitude across a voltage range of -
100 to -70 mV but no change at voltages more p@sifian -70 mV (84). Again, this
effect was reversed by propranolol. Both of thesadies show thaki can be modulated
by thep-adrenergic system. However, the results wouldyssigthat, in my studygd in
cells from patients not takingtblockers might be expected to decrease, refle¢tiegion
antagonised effects of constitutively active syrhpait tone. This is is not the case. The
relatively low number of patients with heart faduin this study would not explain the
difference between this work and the results o$¢hether studies however, it is possible
that the influence of other patient characteristitay alter the affects di-adrenergic
modulation of k;. A number of other factors including ischaemiaft lventricular
hypertrophy and angiotensin Il activation, have b#en shown to modulate|
(74;75;176). Although there is not a marked ddfeze in some of these characteristics
between the two patient groups in this study, passible that the cumulative effects are
enough cause a difference ig ldensity, either by direct effects on the curremt,by
influencingp-adrenergic modulation. Perhaps more importaiitishould be remembered
that there is limited work regarding the effectfehdrenergic modulation oki and there
are marked differences in experimental design batvwkis study and the others described.
To my knowledge there are no studies lookingpadrenergic modulation in atrial
myocytes. The potential molecular difference ia tomposition ofd; ion channels in
atrial and ventricular myocytes may be an importaator in explaining any differences in
either the characteristics of the current or itgutation, between theses two cardiac
chambers (137).

2.5.6 Chronic pB-blockade and reduction in k; density: a

physiologically significant change?

This study demonstrated a reductionn durrent density at -120 mV in association with
chronic B-blockade but this effect was not present at masitipe voltages. What, if

anything, is the physiological significance of thisBy convention, ¢ is studied at

negative voltages at which a large inward curremgenerated. However, during an action
potential the cell is not hyperpolarised to thesdages. It is possible that even small
changes in current density at negative voltageddcaffect the cell resting membrane
potential but no significant difference ig Iwas detected at voltages positive to -100 mV.

The resting membrane potential was similar for bgtbups of cells although the cells
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were partially depolarised which prevents any direosmparison of the true resting
membrane potential between the ifieblocked ang-blocked patient groups.

If changes in J; were to explain the prolongation of the atrial ARDthe cells from
chronically B-blocked patients it would be expected that thevaud component ofgl
would be reduced in cells from these patients. sTMias not seen in this study and,
therefore, it is seems unlikely that the reduciionk; at -120 mV could have any direct
effect on the APD.

Changes in current density have been reported most frequentthe context of AF.
Studies from patients in AF have shown a increaséi that has been postulated to
contribute to shortening of the APD, a theory thas been supported by computer
modelling (54). One study has suggested an inereal; across a wide negative voltage
range using a ramp protocol although only the adtiference at -100 mV was reported
(70). Another study, using a series of squareag@atpulses but no barium, demonstrated
an increase ingl but only at -120 mV (2). A significant increaseboth the outward and
inward components ok{ in isolated human right atrial appendage cellsdrdg actually
been reported in one study (9). The results fdhiast two studies were used to model the
effects of ki1 upregulation on APD duration, however only the mmat change in the
inward portion of k;, occurring at the most negative voltages in bakliss, was applied
across the whole voltage range of the AP model. (34)is is likely to over represent the
true effect of any outwardg4 upregulation on the APD. Interestingly, in anotbiidy, an
increase in both outward and inward componentsi0fvhs only detected in isolated left
atrial appendage cells in patients with AF withcel@nge seen in right atrial appendage
cells (12). These somewhat inconsistent resulteathke questions about whether human
atrial Ix; is truly remodelled in a disease setting and wérethe changes measured in

isolated myocytes are likely to have any real phiggjical effects.

2.5.7 Limitations of experiments

There are several practical limitations to this kvarhich need to be considered when
interpreting the results. Firstly, this was an eslational rather than an interventional
study and none of the patients from whom tissue eiigined had their treatment altered
in any way either as a result of, or specificalhy, fthis study. The major difficulty with
this was the number of confounding factors existiog each patient which could
potentially mask or contribute to changes in carddéectrophysiology. The attempt to

dissect out the true role of chrorfieblockade has already been discussed. The adeantag
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of having an observational study is that this pat@opulation should reflect the general
population of patients undergoing cardiac surgeryour hospital and, therefore, these
results should be representative of a wider “réal-population. However, it should be
noted that selection of patient was not blindedamdomised due to the need to ensure
enough nonp-blocked patients could be recruited. The verycpss of agreeing to
participate in a study does select out a potewtdafferent population.

The experimental design and protocols themselves hanumber of potential problems
which need to be considered. All of our tissue whkained from samples of right atrial
appendage as this is a site of access for cardmegmary bypass cannulae. There is
evidence to suggest that ventriculas Varies across the ventricle wall (40;177) and that
there is some variation ird density in different sites of animal atria (178).is possible
that human atrialtb may also differ in different parts of the atriadaherefore our results

may not be applicable to the all cells from botiaat

It is not possible to perfuse the tissue with enegnas can be done with animal or whole
heart preparations and using the chunk method lbfstdation may result in damage to
cells that may affect ion currents. A comparisbthese two methods of cell isolation for
isolating canine atrial cells did not, however, st significant effect onrb although the
delayed rectifierd was affected (179). Unlike animal cell isolatiptiee yield of healthy,
stable and patchable cells in my study was notigis &nd, those that were patched had
less negative resting membrane potentials than dvbel expected. This may reflect
damage to the cells during the isolation proceskitrs possible that the population of

cells that survive are not truly representativalbfight atrial appendage myocytes.

In this study attempts were made to isolatefiom other, overlapping currents in order to
try to accurately record its characteristics. Mel of blocking other ion currents were
chosen to try and minimise any detrimental effett@. It is recognised that cadmium,
which was used to blockzd,, can affect 4o by altering the voltage dependency of
activation and inactivation (180) however, all selvere exposed to cadmium and,
therefore, it should not account for the reductionro density in theB-blocked cells.
Iksus Wwas not blocked with 4-AP, as preliminary expemtseshowed doses of 4-AP that
did not interfere witho did not even achieve 50% block @Els If chronicp-blockade
significantly altered the inactivation afsis, it would impact on therh measurements in
these cells however, given the extremely slow imatibn of ksys, the impact of any

kinetic changes over the duration of the 100 msagel pulse would probably be small.
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Other currents including Cturrents and other delayed rectifier currents atsdribute to

a small degree to the end-pulse current and thesents were neither blocked nor
measured. It is possible that chrofitblockade may have altered any of these currents
which, again, would have the potential to affeet ineasurements in these cells although

probably only to a small degree.

In order to measure the voltage dependency®fcttivation, current was converted into
conductance, which involved calculating the reversatential for K under these
experimental conditions. It was assumed thatis carried by a purely Kselective
channel and, therefore, the reversal potential Ishbe equal to the equilibrium potential
for K*. It is possible to measure the equilibrium pdenby plotting the slope
conductance ofrb. This could be done by using a very brief voltagése to fully activate
the current and then recording the tail currentdrgsinactivates to a pre-determined
voltages. Some studies have measured the equihigpotential based ord tail currents
and found it to be more positive than my calcula®cersal potential between -65 and -70
mV (9;181). This might suggest that the ion chémifar ko are permeable to other ions
but it should be noted that one of these studiespeaformed in ventricular myocytes and

at room temperature which may account for soméefiisparity with my results.

When measuring the rate dependencyrgf the current was not measured at rates slower
than 75 beats/minute. Although this is represemaif the mean heart rate of the rén
blocked patients in this study, it is faster thiaattof thep-blocked patients. It is possible
that there is a difference in the rate dependericitbetween the two patient groups
which is only exists over a narrow range of rekaiyvslow stimulation rates. The
physiological significance of such an effect, sloitl exist, is unclear and it could not
account for the reduction in steady staig ih the -blocked cells at higher stimulation
rates.

2.5.8 Implications of the effects of chronicp-blockade on repolarising

potassium currents

2.5.8.1 Can a reduction in lro density alone explain chronig-blocker induced APD

prolongation?

The potential impact ofib reduction on APD has already been discussed iptehda. A

reduction in 4o may be expected to prolong APD purely by its dbotion to early
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repolarisation. The reductions irpldensity in this study were significant acrosshiliele
voltage range of activation and not just at +60 nTVis is important when considering the
possible impact of thisid reduction on APD, as atrial cells usually depskatio between
approximately 20 to 50 mV during the upstroke ad tttion potential depending on the
rate of stimulation (2). The reduction ipldemonstrated in this study could therefore be

physiologically significant in prolonging early re@arisation.

In the study by Workman et al chrorfieblockade had a greater impact on ARhan
ADPs, which would suggest an additional and, perhapstgreahange in K currents
affecting late repolarisation (29). This was mmirid to be the case in this study, asd
was not affected by chronj&blockade and, althoughilwas reduced, its physiological
impact on APD is likely to be minimal. Camolreduction alone explain the effect of
chronic B-blockade on APER? In addition to its affect on early repolarisaticany
reduction in o would be expected to alter the membrane poteatidhe end of early
repolarisation. This would be expected to altdreotcurrents includingch. and the
delayed rectifiers, even if none of these curremése directly affected by chronig-
blockade.

4-AP has been used to reduge Hensity by a similar degree to chrorfidblockade
resulting in APD prolongation (29). However, 4-A¢not a specific blocker ofd and
therefore cannot exactly replicate the effectsrefreduction on APD. It was hoped that
phrixotoxin could be used as a specific blockelrgfso it could be applied to cells, when
measuring action potentials, in a dose that wouldioithe degree of reduction ifd seen
with chronicp-blockade. However, the lack of effect of phrixdtoon ko in preliminary
experiments prevented its use for this purposeis linclear why phrixotoxin did not
reduce }o density. It is possible that the doses of phoxot used were insufficient to
cause a reduction ird and these doses only affected in transfected cells because of the
high density of Kv4.3 channels (48). Arguing agdirthis, is a report of similar
concentrations of phrixotoxin significantly redugiiioin isolated rat ventricular myocytes
(48). It is possible that more subtle effects bfixotoxin on ko in atrial myocytes may
only have been detected if more cells were studielrixotoxin has been shown to affect
Ito density by altering its voltage dependency ofvatibn and has its greatest effect at
voltages of around 20 mV whereas voltage stepsmV were used in my cells. The
mechanism by which phrixotoxin has been reportecethuce 4o does not mimic that of
chronic B-blockade which does not affect the voltage depecyl®f ko and, therefore,
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phrixotoxin could not have had exactly the samea# on APD even if it had reduced |
density.

There are other possible techniques that couldskd to test the effects of a reduction in
lto on APD. Computer modelling could be used to stihdyimpact of 4o on APD. Some
computer modelling has already been done to askes®le of {0 in determining APD
within the ventricle. This has provided confligimesults, showing either no effect on
APD (49) or prolongation of APD associated with Idensities of{o and shortening with
high densities (50). Atrial action potentials drferent from ventricular action potentials
mainly due to the presence of prominent atrial yedarectifiers like gur (35) and it is
possible that changes inol may have a more prominent impact on the atriaioact
potential due to secondary changes in these carrelfitcomputer modelling were to be
used to investigate the consequences®fdduction on APD, the model would have to be
representative of a human atrial action potential, adeally, would be based on an action
potential recorded under the same experimentalitonsl as described here. Computer
modelling may also be useful to investigate whhatany, affect k; reduction at only

negative potentials might have on APD.

The dynamic clamp is another technique which mightuseful to further investigate the
effects of {o reduction on APD. Using this technique the efecf simulated
conductances can be tested in living cells. Dugogent clamping the value of the
simulated conductance can be calculated by compi®sed on the instantaneous
membrane potential of the cell and predetermingdrahms describing the conductance.
A corresponding current can be injected into tHeared the action potential measured. In
order to use this technique to “block” a curremtotaer current of equal magnitude but
opposite polarity can be injected into the cellne®uch study used this technique to look
at ko in canine ventricular myocytes and found thabthing” Ito reduced the notch in
phase 1 repolarisation but did not prolong the ARBR). It would be interesting to use

this technique in human atrial cells.

2.5.8.2 What can we tell about the mechanisms ofrb reduction by chronic -

blockade?

It is unclear how chroni@-blockade reducestd. There are a variety of different
mechanisms including direct channel block, alterain ion channel protein or accessory
protein expression or alteration in channel profenction. It seems less likely that direct

block of the ion pore is the mechanism involved dexeral reasons. Firstly, one might
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expectB-blockade to reduced in a dose dependent fashion if it were having sudirect
action on the channel and this is not the caseor8ty, we believe that the process of cell
isolation removes any drugs from the environmenthef cells and we would not expect
there to be any residudtblocker present, either bound to our cells or kilog ion

channels.

As discussed in chapter kpldensity and other current characteristics have sBaewn to

be linked to expression of both the pore-formingrotel protein Kv4.3 and various
accessory proteins (97). What is more, the exymess these proteins has been shown to
change in association with changes+in under the influence of various cardiac drugs and
pathologies including AF (96;99). It is possibletefore, that chronif-blockade may
reduce {0 by reducing the expression of Kv4.3 or accessoogens that influencerd
density and/or Kv4.3 expression. Most accessanteprs, apart from those that are purely
involved in Kv4.3 trafficking to the cell membrarike KCHAP, can also modify
characteristics ofrb other than just density. As chrorfieblockade does not alter the
voltage, time or rate dependency €4, lit suggests that modification of accessory pratei
that alter these characteristics is not involvetbwever, the functions of many accessory
proteins have only been studied in expression systend it may be their functions are
different or more limited in a physiological segjntherefore, not ruling out their

involvement.

Chronic B-blockade may alter the expression of Kv4.3 or ssgey proteins by altering
gene expression but may also have effects furtbemndtream, for example, by inducing
conformational change in proteins, altering protphosphorylation or interacting with
other signalling pathways which result in altereghression of channel and or accessory
proteins. It is also possible that the actual Ilevad ion channel or accessory protein
expression do not change but their functional c&pas altered such thatd density is
reduced. However, it would seem a reasonablediegt to examine the effects of chronic
B-blockade on the expression of Kv4.3 and accessarieins that are known to modify

Kv4.3 expression in attempt to explain the redurctiohe.
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CHAPTER 3

EFFECTS OF CHRONIC pB-BLOCKADE ON ION
CHANNEL EXPRESSION
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3.1 Introduction

Kv4.3 is the pore-forming protein that forms the ichannel responsible fofdin human
cardiac tissue (96;97). The cell surface expressibKv4.3 is an important factor in
determining o current density. tb current density can also be influenced by a nurober
accessory proteins including KChIP2, KChAP, fKgubunits and Frequenin (96;97).
These proteins can associate with Kv4.3 and regulatexpression and/or function thus
potentially modifying, not only the current densityut also other current characteristics
including time and voltage dependency. Changethénexpression of Kv4.3 and its
accessory proteins have been described in a nunhlsardiac pathologies including atrial
fibrillation and have also been shown to be affédiy a number of other factors including
cardiac drugs (96;97;99). It is, therefore, pdssibat the reduction in thed current
density associated chronfieblockade may be explained by changes in the esioeof

Kv4.3 and/or its accessory proteins.

In this study chronid3-blockade has also been shown to redygecurrent density at
negative potentials but not to affegtg. There are a number of pore-forming proteins that
form the ion channel responsible for human atgal Kir2.1; 2.2; 2.3 and possibly TWIK1
(62;97). The pore-forming protein fokgk is Kv1.5 (94;97). It is possible that the
reduction in k; associated with chronizblockade may be secondary to a reduction in the
expression of some, or all, of its pore-forming wibs whereas the expression of Kvl.5
might be expected to remain unchanged.

A previous study has shown, chrofiiblockade does not affect human atrial (29) and
therefore would not be expected to change the egjme of the pore-forming protein
responsible for this current Cav1.2 (97). Howewereduction inp current density and
the subsequent slowing of early repolarisation (@&jht be expected to influence the
calcium entry by prolonging the duration of actigatof Ic,.. This may have secondary
effects on the cardiac sodium-calcium exchanger{\N&hich utilises the sodium gradient
to remove excess calcium from the cell during diastreating a net inward current (183).
It is conceivable chronif-blockade may affect the expression of NCX1.

Functional changes in ion channels resulting inngea to the currents they carry may
occur in a number of ways. Perhaps the most basecchange in the absolute amount of
one or more protein subunits, pore-forming or asees The amount of a particular
protein present within a cell can be detected bystéfa blotting which could be used to

compare the abundance of ion channel proteinssaei from noffi-blocked ang-blocked
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patients. There are various mechanisms by whietathount of protein within a cell can
change and one of these is by altered gene tratiscriand translation. The abundance of
MRNA encoding particular ion channel proteins cam rheasured as a marker of
transcription of the corresponding genes. This lmardone using quantitative, real time,
reverse transcriptase-PCR (RT-PCR) and, again, amdpbetween tissue from n@n
blocked andg-blocked patients.

3.2 Aims

The particular aims of the experiments describetiisichapter were:

* Toisolate RNA from human atrial tissue

 To use quantitative real time RT-PCR to compare mMR&pression of ion
channel pore-forming and accessory subunits imlaigsue from norg-blocked

andp-blocked patients.

* To identify Kv4.3 protein in human atrial tissuergdes by Western blotting.

» To use Western blotting to compare Kv4.3 proteipregsion in atrial tissue from

nonp-blocked and-blocked patients.

3.3 Methods

3.3.1 Quantification of mMRNA by real time RT-PC

3.3.1.1 Principles of quantitative polymerase chain reactio (QPCR)

MRNA is transcribed from DNA and encodes the temeplaom which proteins are
synthesised or translated. The mRNA within a txlltherefore, a measure of genetic
expression. Quantifying mMRNA expression can barnmally difficult as it is relatively
unstable at room temperature, extremely susceptiblaedestruction by ribonuclease
enzymes and variations in pH. Many cellular pregeare only present in relatively low
concentrations and consequently the mRNA encodieges proteins may also be of very
low concentration. Techniques to quantify mRNAr#fore need to be highly sensitive, if
low abundance mRNA is to be detected, highly specif only mRNA encoding pre-

specified genes is to be quantified and must maimd&RNA stability.
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Northern blotting and RNase protection assay are tlder techniques for detecting
MRNA which can be used to some degree to quantRNmM expression (184). These
techniques have various and different limitatior@ne of the main problems is that both
require the input of relatively large amounts of R/Rand, therefore, are not very useful
for quantifying low levels of mMRNA expression. Fhean also be time consuming, prone
to RNA degradation and involve the risks of radiati

Many of these problems were overcome by the dewstop of the polymerase chain
reaction (PCR), a highly sensitive technique whatlbwed the indirect detection of very
low levels of mMRNA (185). PCR involves the expom@mamplification of complimentary
DNA (cDNA) synthesised from an mRNA template in evarse transcription reaction
(RT). During this amplification process short cdimentary copies of the cDNA
(primers) bind to random or specific parts of sengirand cDNA, and are then extended by
the polymerase enzyme to make complimentary copiegshe cDNA using single
deoxynucleotide triphosphates (dNTPs). The threspssin a PCR cycle: cDNA
separation, primer binding or annealing and eldngatccur at different temperatures and
by continued cycling through these temperaturesstbps can be repeated and the cDNA
amplified (see figure 3-1).

Real-time RT-PCR allows for the quantification oRMA due to the presence of
fluorescent reporters which generate fluorescencdirect proportion to the amount of
cDNA product in each PCR cycle (186). The amodrftumrescence (or amount relative
to background levels: delta Rn) is monitored durihg PCR cycles and, from this, the
threshold cycle or Qvalue for the reaction can be determined. Thikcates the cycle
number at which the fluorescence generated by cDddpies is detectable above
background. Comparing the @alues of cDNA copies of different genes allows tioe
relative comparison of the amount of input cDNA drehce, mMRNA expression within a
tissue sample. When investigating mRNA expressgiodifferent tissue samples, the Ct
values of the cDNA copies have to be normalisethtse of housekeeping genes which
are expressed to the same degree in all the tsssuples. This ensures the same amount
of cDNA for each tissue sample was used at thet sthrthe reaction. Absolute
quantification requires reference to a standargtecof fluorescence generated by a known

number of cDNA copies.
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ds DNA

denatured
ss DNA

Primer s anneal to
target gene

Primers elongated by
polymerase resulting in
ds DNA copies of target
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il .

Figure 3-1 Diagram of the reactions in one PCR cycle. Eacdtlecgan be repeated
multiple times resulting in multiple copies of tterget gene. ds = double stranded, ss =
single stranded, primers represented by red anuehboxes.
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The high sensitivity of real time RT-PCR makes timethod an ideal tool to study the
expression of ion channels in cardiac tissue, wh#R&A expression is considered to be
low. The methods used to compare the mRNA expessidifferent ion channel genes in

tissues fronB-blocked and nof-blocked patients are described in the followincfieas.

3.3.1.2 Obtaining and Storing Tissue

Right atrial appendage tissue was obtained fromcdBsenting patients undergoing
coronary artery bypass grafting. All patients wereinus rhythm at the time of surgery
with no documented history of atrial fibrillatiorEight of the patients were treated wfith
blockers for at least four weeks before surgery wete compared to eight patients who
had not been treated wifblockers. Tissue was collected in operating tiesadt the time
of excision, immediately placed in RNAlater soluti@uiagen) and put on ice. The tissue
was cut if it exceeded approximately 0.5 3crhick and each section placed in
approximately 5 ml of RNAlater. This allowed fdabilisation of the RNA and prevented
changes in gene expression due to induction os¢rgstion or degradation of RNA. The
tissue was kept at 2°C overnight and then stored28fC as per manufacturers
recommendations until it was transported on drytacthe Cardiovascular Research Group
in Manchester where the following work was carr@md with the help of James Tellez
PhD and Professor Mark Boyett.

3.3.1.3 RNA Extraction

3.3.1.3.1 Tissue Preparation

Each piece of tissue was mounted on a cutting bloskg OTC Embedding Matrix
(CellPath) and dipped in liquid nitrogen to freézeThe tissue was then sliced into |20
thick sections using a cryostat (LEICA CM3050S}2#°C. This method yields a greater
amount of high molecular weight RNA than powdering. Tellez, personal
communication). The cut sections were placed yotabes and stored overnight at -80°C.
Approximately 30ug of tissue was placed in each tube.

3.3.1.3.2 Protocol for RNA extraction using Quiagen Mini kit

RNA was extracted from each tissue section usiegRNeasy Mini kit (Quiagen) which
included pre-prepared buffer solutions. The protowas a modified version of the

manufacturer’s instructions (J. Tellez, personahcwnication). A series of buffers and
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mechanical disruption were used to denature cellptateins, including RNases, and
break-up cell membranes in order to release the RNiksh could then be extracted using

silica columns.

Firstly, the cryotubes of tissue were removed friln@ freezer and placed on ice. RLT
buffer (Quiagen) was heated to 45°C in a waterhaththen 1Qul of -mercaptoethanol
(Sigma) added per 1ml of RLT. Next, 3800f RLT+mercaptoethanol were added to each
tissue sample which was immediately homogenise@@meconds using an Ultraturrax T8
Homogeniser (VWR). Then, 648 of molecular grade water (Sigma) was added tt eac
sample followed by 19 of proteinase K (Quiagen). Each sample was wedeand
incubated at 45°C for 1hr or until each sample apgzkclear.

The contents of each cryotube were then transfeiwedppendorfs and centrifuged at
13000 rpm for 15 minutes. The fatty deposit onghdace of each tube was discarded and
the remaining supernatant transferred into 15 tés$u By this stage the vast majority of
proteins including RNAses should have been degraded of RLT+mercaptoethanol was
then added to each tube and vortexed. This inesgh® salt concentration to favour RNA
over DNA precipitation after the addition of alcdhdNext, 1 ml of 100% ethanol (BDH)
was added to each tube and vortexed. This pronbatdang of the RNA to the silica. 730
ul from each tube was placed onto individual sibkcdumns (Quiagen). Each column was
centrifuged at 13000 rpm for 15 seconds, the flokugh discarded and a further 730
added to each column. This was repeated untithallsamples had run through their
columns. 70Qul of RW1 buffer (Quiagen) was then added to eadbnon to wash away
any remaining proteinase K. The tubes were cewgeidl for 15 seconds at 13000 rpm and

the flow through discarded. This was repeated omoes.

150 ul of DNase (Quiagen) was added to 1QB6®f RDD buffer (Quiagen) and kept on
ice. 78ul of RDD+DNase was added carefully to cover thieailn each column and left
for 1 hour. This digested any residual genomic DMAich would contaminate a
subsequent PCR reaction. 7@p0of RW1 was added to each column which was then
centrifuged for 15 seconds at 13000 rpm and th& flwough discarded. 5040 of RPE
buffer (Quiagen) was added to each column which thas centrifuged again for 15
seconds at 13000 rpm and the flow through discardeatbther 50Qul of RPE was added

to each column, centrifuged for 2 minutes at 13Gf@ and the flow through discarded.
The columns were spun again for 15 seconds at 13p60 and any flow through

discarded. The columns were then placed in neleatolg tubes and 50l of molecular
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grade water was added to elute the RNA from theasilThis was left for 1 minute before

centrifuging for 1 minute at 13000 rpm and the flthwwough collected. This last step was
repeated using another fDof water. 9.6ul of 3M sodium acetate (Sigma), pH 5.4, was
added to each tube and vortexed. Then #@48f ethanol and 0.1l of glycogen (Roche)

were added to precipitate the RNA from the wafne tubes were left overnight at -20°C.

Each tube was centrifuged for 30 minutes at 13000ap 4°C. The RNA forms a small
pellet on the bottom of the tube. The supernata® removed from each tube and 800
of 70% ethanol added carefully without disturbihg RNA pellet. Each tube was spun for
5 minutes at 13000 rpm at 4°C. The supernatants reenoved, another 3Q0 of ethanol
added to each tube and the tubes centrifuged asebeflhe supernatants were removed
and each pellet left to air dry at room temperatineat least 30 minutes. 14 of

molecular grade water was added to each pelletrenBNA was then stored at -80°C

3.3.1.3.3 RNA quality control and quantifying

In order to achieve reliable quantitative PCR nssitilis necessary that high quality RNA
is used i.e. non degraded RNA, as this will engax@d quality cDNA representative of the
extracted RNA. It is also important to measuredbecentration of RNA extracted from
the tissue so that equal amounts of RNA can be asetemplates for generating the
cDNA.

Spectrophotometry was used to asses both the yjaalit quantity of extracted RNA. The
concentration of RNA extracted from each sample maasured using a NanoDrop ND-
1000 Spectrophotometer (260nm). Ll2of each sample was placed in turn onto the
sensor after blanking with molecular grade watéhe sensor was cleaned between each
sample. The quality of the RNA extracted from tissue was assessed by first ensuring a
clean peak absorbance at 260 nm and also by camgpéwe absorbance at 260 nm versus

280 nm to look for protein impurities.

Eight samples (four from nofi-blocked and four fronf-blocked patients) were also
assessed by looking for 18S and 28S ribosomal RiEAd$® after electrophoresis on a
formaldehyde-agarose gel. Ribosomal RNA (rRNANisch more abundant than mRNA
and can therefore be more easily detected. rRN#Sists of two main components 28S
and 18S which are 5 and 2 kb respectively. Theatien of crisp bands at these molecular

weights is considered to be an indication of int&tA.
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The gel was prepared by first heating 9mls of 1088 buffer, pH7 (Eppendorf) to 55°C

in a waterbath. An RNase free gel mould and coratewplaced in a cold room. 0.9g of
agarose (Nusieve) and 79 mls of deionised watee Weated until the agarose dissolved.
The solution was then placed in a water bath td w&5°C. The warmed 10xMOPS and
1620 ul of deionised 36.5% formaldehyde (Sigma) were thdded, the gel poured and

left to set in the cold room.

The samples were prepared by making a master mitaicang: 100ul of deionised
formamide (Sigma); 33.pl of deionised formaldehyde; 32 of RNase free water and 25
ul of 10xMOPS+ethidium bromide mix [4d of 10xMOPS + 1Qul of 10 mg/ml ethidium
bromide (Sigma)]. 1%l of the master mix were added tal bf RNA from each of the
eight samples, vortexed and heated to 55°C foribbites. 2ul of loading buffer (43.5 %
glycerol, 2M EDTA, 0.02 % bromophenol blue) wereled to each sample, centrifuged at
13000 rpm for 1minute and then loaded into the svallthe gels. One lane of the gel was
loaded with a 0.24-9.5kb RNA ladder (Invitrogen).

The gel was covered with a running buffer consgstf 70 ml of 20xMOPS, 617 ml of
deionised water and 12.6 ml of deionised formaldehy The samples were
electrophoresed for 30 minutes at 130 mA. Theagal then removed and the RNA bands
visualised using a UV illuminator (BIORAd Gel DodQEsystem). This was possible
because the ethidium bromide intercalates withRINA and emits fluorescence when

exposed to UV light. No quantification of the RN&nds was performed.

3.3.1.4 Reverse transcriptase

The RT reaction produces the first strand of cDNX#f the extracted RNA. This is then
used as the template for the real time PCR react®mors introduced at this stage will
result in inaccurate quantification of the mRNA tat of the tissue samples and several
steps were taken to try to reduce or eliminatersrr@he same amount of RNA from each
tissue sample was used for the RT reaction anshaatiples underwent the RT reaction at

the same time using the same master mixes of erszgnereagents.

All the reagents for the RT reaction were suppbgdnvitrogen. A master mix was made
containing 17.9 of 10mM dNTPs, the building blocks for making t@NA copy of the
input RNA and 17.9u of random hexamer primers. These random hexgmerers are

short, 6 nucleotide, sequences of cDNA which wilhdoto different complementary
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sequences of RNA and act as the starting poirthioreverse transcriptase enzyme to then
extend. Random hexamer primers were chosen over gygecific primers as they should
result in a copy of all the tissue mMRNA which chart be used to look at the expression of
multiple different genes. Random hexamer primeesewchosen over oligo dT primers
which bind to the poly A tail of RNA because of thek of producing an incomplete
MRNA copy due to possible of degradation of they@otail or disruption of the copy due
to secondary structures in the mRNA interferinghwtiie reverse transcriptase reaction.
Oligo dT primers would not result in a copy of #&NA which could not then be used in
the analysis of the PCR reaction. A second masi@r of RT enzyme and buffers
(RT/buffer) was prepared containing: 3pl80f 10xRT Buffer; 71.@l of 25m MgC} (co-
factor for the RT polymerase); 358 of 0.1 M DTT (Dithiothreitd); inhibits RNAse
activity); 17.9ul of RNAse OUT (an RNAse inhibitor) and 17,8 of SuperScript Il
(reverse transcriptase). Superscript Ill was chdsecause it is a mutated version of the
M-MLV (Moloney-murine leukaemia virus) enzyme whidtas less RNase H activity,
helping to prevent degradation of the mRNA tempéatd increasing the cDNA vyield. It

also has a high degree of thermal stability.

Dilutions of each RNA sample were prepared usindemdar grade water (2g of RNA

in 8 pl of solution). 2ul of the hexamer/dNTPs master mix were added & thortexed
and briefly spun for 15 seconds at 13000 rpm. S&mples were than heated to 65°C
using a PCR thermo-cycler (ThermoHybaid PCR Exprigssrder to denature the RNA.
The samples were then immediately put on ice fariutes. While on ice, 10l of the
RT/buffer master mix was added to each sample. sEmeples were then incubated at
25°C for 10 minutes in the PCR machine in ordertlier primers to anneal. The samples
were next incubated at 50°C for 50 minutes duringchv the reverse transcriptase
elongated the primers to make the cDNA. A furtineubated at 85°C for 15 minutes to
stopped the reaction and separated the cDNA framRNA. The samples were then
removed from the PCR machine and a 1:10 dilutiodenssing 3ul of each sample to use
as a working concentration. This was kept at 209t required while the remaining neat
cDNA was stored at -80°C.

3.3.1.5 Quantitative Real time PCR

3.3.1.5.1 Reagents

In order to quantify the abundance of mMRNA for $fi@n channel subunits in each

tissue sample, the corresponding cDNA has to itledtand amplified. This requires gene
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specific primers, a DNA polymerase enzyme, dNTRbsthe necessary co-factors. The
details for the primers used are shown in tablésaBd 3-2. The primers for 28s and
Kv4.3 were designed, tested and optimised by &ZelRAll other primers were purchased
as part of an optimised assay (QuantiTect) andohedously been used by J Tellez and
colleagues. KChIP2 primers [KChIP2 (2)] were gisiochased from Applied Biosystems.
The DNA polymerase used was AmpliTaq Gold (AppBedsystems, Power SYBR Green
PCR Master Mix). This enzyme is a modified versodthe recombinant AmpliTaq
enzyme which is based on the naturally occurring (Tdhermus aquaticus) enzyme. One
key modification of this enzyme is that it is inaetat relatively low temperatures. This
ensures that the elongation phase of the PCR dgels not begin until the reaction
conditions are optimised, resulting in increaseddyiincreased specificity of end product
and allowing the reagents to be assembled at reopdrature -“Hot start PCR”. In order
to quantify the amount of amplified cDNA producedie PCR reaction, a fluorescent dye
called SYBR Green was used. Like ethidium brom&¥BR green is a non-specific DNA
dye which binds to DNA and only fluoresces wheis ibound to double stranded (ds)
DNA (see figure 3-2). SYBR Green has the advantddpeing much less toxic than
ethidium bromide. The amount of fluorescence atethd of each cycle is therefore a
measure of the amount of ds DNA formed. Becauisesitnon-specific DNA dye, SYBR
green will bind to all newly formed ds DNA and sdlwneasure any DNA that has been
amplified by a non-specific primer reaction. Tb@ be minimised by trying to avoid any
contamination of the cDNA samples with environméotataminants and ensuring the
primers have been designed to avoid non specicti@ns with other genes and cross
reactivity with each other to form primer dimers.

3.3.1.5.2 Real time QPCR protocol

A master mix was made up for each new primer comgi252ul of Power SYBR Green
PCR Master Mix (Applied Biosystems) which contafspliTag Gold, dNTPS, MgG)
SYBR Green dye and a passive reference dye in aimispd buffer. To this, 50.4l of
one the specific 10x QuantiTect primer assays wdg@ or 20.21 of the forward primer
and reverse primers for either 28S (11,@8) or Kv4.3 (7.5uM). 453.6ul of molecular
grade water was then added to the master mix ameixeal. For each new primer reaction,
1ul of cDNA from each tissue sample andgi9f the appropriate master mix were placed
in three separate wells (i.e. in triplicate) of acMAmp optical 96-well reaction plate
(Applied Biosystems). For each new primer reactiph of water and Qul of master mix
were placed in two wells of the plate to act asrtbgative controls. The plates were then
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Target Accession Primer sequence 5’-3’ Fragment

transcript number length (bp)

28S AF460236 GTTGTTGCCATGGTAATCCTGCT | 133
CAGTACGTCTGACTTAGAGGCGT
TCAGTCATAATCCC

Kv4.3 NM 004980 TGGCCTTCTACGGCATCCTGCTC | 84

GGCGTTCTCCCTCT

Table 3-1Primer details. Primers designed by J Tellez.
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Target transcript Assay details
hGAPDH QT01192646
hKChIP2 (1) QT00016254
hKChIP2 (2) Hs00752497s1
hKChAP QT00053158
hKvp1 QT00031136
hKv32 QT00051961
hKvp3 QT00056931
hFrequenin QT00038598
hDPP6 QT00080598
hKv4.2 QTO00006083
hKv1.5 QT01003177
hKir2.1 QT00001022.
hKir2.2 QT01003296
hTWIK-1 QT00039396
hCavl.2 QT00053480
hNCX1 QTO00075376.

Table 3-2Primer details. The primers were purchased asgpaptimised assays
(Quantitect).
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SYBR green
'/

ds DNA

Figure 3-2 SYBR green reaction. SYBR green does not flu@eglcen bound to single
stranded DNA or when freeAf but does when bound to double stranded DN (
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spun for a 15 seconds (Mulitfuge 35 R Heraeus) @nered with an optical adhesive

cover (Applied Biosystems).

Each PCR reaction was performed using the 7900H3t Raal-Time PCR System
(Applied Biosytems). Each plate was heated to 98%C10 minutes to activate the
polymerase followed by 40 cycles of 15 seconds&€%nd 1 minute at 60°C to denature
and anneal/elongate the primers. This was folloled5 seconds at 60°C and 15 seconds

at 95°C to generate melting curves of the reagiroducts

3.3.1.5.3 Melting curves

SYBR Green will bind to all ds DNA, therefore, poti@lly, measuring any non specific
amplified DNA including primer dimers in addition the specific amplified target gene.
At the end of the PCR cycles the ds DNA productednh well are denatured to generate
melting curves and the amount of fluorescence naatly measured as the temperature
increases. From these curves, melting peaks donatically calculated by taking the
first negative derivative of the melting curve. BMNf different molecular weights and
nucleotide compositions will melt at different teengtures. It is possible to compare the
melting curve of the actual DNA product with itspexted melting point to check the
identity of the actual DNA product. However, ingtstudy the presence of one discrete
melting peak for each new primer reaction was tdkendicate the formation of a specific

amplified DNA product.

3.3.1.6 Analysis

The efficiency (E) of each primer PCR reaction \watermined from the fluorescence (F)
recorded at the end of each elongation step uemfptlowing equation where n is the

cycle number.
E =VF/F-,

This was done for each primer reaction in eaclu¢éissample and used to calculate the

mean efficiency for each primer reaction.
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The relative abundance of each primer product vedsulated by first averaging therC
values for each tissue sample from the triplicaactions. TheACr values were then
calculated by subtracting the averagev@lue for one of the tissue samples in the same
PCR reaction from each of the other mearv@lues. The same tissue sample was used as
the internal control or calibrator for each newnger reaction. The abundance of each
primer product including 28S and GAPDH was thencwalted using the following

equation;

Abundance = £

The abundance of the ion channel subunit in easludi sample (a) was expressed relative
to the abundance of 28S or GAPDH or the mean oéthumdance 28S and GADPH in the

same tissue sample (b). This was done usingtleving equation;

Relative abundance = £4/EH*“"

The mean expression of each ion channel suburthiartissue samples from the npn
blocked and3-blocked patients was calculated from th&C; values and compared using

either a Student’s t-test or Mann Whitney test deljpgg on the distribution of the data.

To compare the expression of ion channel subueittive to each other, the mean C
values were not expressed relative to the intecasmitrol. The equations were thus

modified to:

Abundance = E

ta

Relative abundance = EBE

3.3.2 Quantification of proteins by Western blotting

3.3.2.1 Obtaining and storing tissue

Right atrial appendage tissue was obtained froms@uting patients in sinus rhythm
undergoing cardiac surgery. The tissue was cunhtgpsmall chunks and homogenised
using an Ultraturrax T8 Homogeniser (VWR) in 1 nfl mrotease inhibitor solution

containing: 15ul protease inhibitor (Sigma P8340), NaCl 150 mM, Gt mM, MgC}
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1.2 mM, NaHEPES 5 mM, Glucose 10 mM, CAQ mM, pH7.4 with HCI. The tissue
was then stored at -80°C.

Rabbit brain and lung tissue was obtained from & Kealand White rabbit that was being
sacrificed for other experiments. The tissue watsioed with the kind assistance of Mr
Mike Dunn. Rat brain tissue was kindly providedMss Aileen Rankin from Wistarats
being sacrificed for other experiments. All aniriabue was treated in the same manner

as the human tissue.

3.3.2.2 Measuring protein concentration

The concentration of protein in the tissue samplas measured using a modified version
of the Bradford Assay. This assay uses Coomassee®250 which changes from a red
dye with an maximum absorbance of 470 nm to a tygewith a maximum absorbance of
590 nm when it binds to the arginyl and lysyl resisl of proteins. The increase in
absorbance at 590 nm can be measured using aggesttvmeter and is a function of the
protein concentration. The concentration of proten an unknown sample can be
determined by comparing its absorbance with thokerotein standards of known

concentrations.

A set of nine dilutions of standard concentratiarisa bovine serum albumin (BSA)
solution (Pierce) were prepared at 0, 25, 125, 880, 750, 1000, 1500, and 200g/m|
using the protease inhibitor solution as the ditutelOul of each solution were then added
in triplicate to a 96 well microplate. Dilution$ each tissue sample were prepared using
the protease inhibitor solution and added in trgde to separate wells of the microplate.
300ul of Coomassie reagent (Coomassie Plus, Piercepd@ed to each well starting with
the first of every set of triplicates followed blget second and finally the third. The
microplate was then placed in the spectrophotonm@teermo Labsytems Multiskan EX)
and mixed for 30 seconds. The absorbance of e&éhdBandard and the unknown protein
dilutions were measured at 595 nm using the waeltaining the Qug/ml BSA solution as

a blank. The absorbance of the BSA standards y@sucentration was plotted and non
linear regression analysis performed using a patynal fourth order equation (GraphPad
PRISM) to generate a standard curve. The condamtsaof the tissue dilutions were then
determined using the standard curve and a meareotvaton for each tissue sample was
calculated from the triplicate values.
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3.3.2.3 Basic Principles of Western blotting

Western blotting, also known as immunoblottingaisechnique which can be used for
detection and identification of proteins and can dsapted to allow the relative
quantification of proteins (187-189). The techmquas first described in 1979 and was
developed following methods used to detect DNA (Beun) blotting and RNA (Northern)
blotting (190). The basic principles of the Westdlotting are described below and
illustrated in figure 3-3 and | am grateful to &4Russell for teaching me this technique.

Western blotting makes use of sodium dodecyl stéppalyacrylamide gel electrophoresis
(SDS-PAGE) in which a mixture of proteins can bpasated strictly on the basis of size.
SDS is an anionic detergent which binds to proteiifsproteins are reduced, the same
amount of SDS will bind to them per unit of weiglggardless of their amino-acid
composition. This ensures that all proteins wédlvé the same amount of charge/unit of
weight and can be separated on the basis of weigtér the influence of an electric

current.

The proteins are loaded onto a polyacrylamide dethvis formed from polymerisation of
acrylamide and bisacrylamide. These gels cons$isv@ parts, a stacking gel with large
pore sizes which allows the proteins to concentirgte sharp bands and a separating gel.
The relative amounts of the chemicals within thehgdps determine the size of the pores
through which the proteins migrate and the commosibf gels can be varied to allow for
optimal separation of proteins of different weighiBhe molecular weight of the proteins
loaded onto the gels can be determined by compamsth the migration of calibration

proteins of known molecular weights electrophoresethe same gel.

The separated negatively charged proteins can libeglectrophoretically transferred, or
blotted, onto nitrocellulose paper. Blotting allbwhe proteins to be transferred while
maintaining their relative positions and resolutaord the use of an electric current allows
this to be done quickly and efficiently. The puspmf blotting is to allow the subsequent
detection of specific proteins using molecular g®lbr antibodies which is difficult to do

while the proteins remain in a gel.

The detection of the proteins bound to the nitlodete paper is usually performed using a

specific primary antibody which recognises singlenultiple epitopes specific to the
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Figure 3-3 The basic steps involved in Western Blotting.
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protein of interest. Before this can be donesiheécessary to block binding sites on the
membrane to which the antibody may bind in a naedjg fashion, potentially
overwhelming or obscuring the protein-specific teac This can be done using a

blocking solution containing an inert protein amddon-ionic detergent.

Once the protein-specific antibody has bound topitmtein of interest on the membrane
and any excess, unbound antibody removed or wasffiedl has to be detected. This can
be done in a number of ways, one of which is toaisecond antibody which recognises
an epitope within the conserved portion of the anynantibody and is conjugated with an
enzyme which can be used to indicate the locatidheoprotein. In these experiments any
bound secondary antibody was detected using a tlmamescent substrate which, when
catalysed by the enzyme on the bound secondarpoalyti emits light that could be

detected using film.

3.3.2.4 Protein electrophoresis and transfer

All solutions and equipment described were purcthdsem Invitrogen unless otherwise
stated.

Tissue samples were thawed and diluted using filteaed water. Various dilutions of the
tissue samples were made to allow different amoaht®tal protein to be loaded onto
each gel as specified in the results. Once diJut@gu of each tissue sample were added
to 3.75ul of Nu PAGE LDS Sample Buffer and 1% of Nu PAGE Sample Reducing
Agent, mixed and then heated to@dor 10 minutes. The samples were then centridfuge
at 1000 rpm for 1 minute to allow all the contenfseach eppendorf to collect at the
bottom before loading onto either a 12 or 15 wall RAGE [gradient (4-12%)] Bis-Tris
Gel. Two molecular weight markersuBof See Blue Plus 2 Pre-stained Standard anid 1
of Magic Mark Western Standard, were added toull@f sample buffer and, in most
experiments, loaded into one or more lanes of #le ghe See Blue marker could be
visualised on both the gel and the nitrocellulosmrane and so could be used to help
monitor the progress and efficiency of the eledtmpsis and transfer. The Magic Mark
marker could be visualised on the film after expedo the chemiluminescent agent and so

could be used to measure the molecular weight ybands detected.

Electrophoresis was performed at 200 V, 200 mA5S@rminutes using XCell Sure lock
and PowerEase 500 Supply. The duration of thdrelgworesis was initially determined
by the time taken for the bromophenol dye in the@a buffer to reach the bottom of the
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gel. The running buffer used for the electrophisresnsisted of 50 ml of Nu PAGE SDS
MOPS Running Buffer in 950 ml of ultra-filtered weatwhich was used to fill the outer
well of the XCell Sure Lock. The central well ¢fet Xcell Sure lock was filled with 200
ml of running buffer containing 0.5 ml of Nu PAGE#oxidant.

A nitrocellulose membrane (0.45m pore) in a filter paper sandwich was prepared by
soaking for 2-3 minutes in transfer buffer. Thansfer buffer consisted of 100 ml of
methanol, 0.5 ml of Nu PAGE Antioxidant, 50 ml otiNNAGE Transfer Buffer and 850
ml of ultra-filtered water. The membrane was pthoa the protein side of the gel with
one piece of filter paper placed on top and themtimderneath the gel ensuring that there
were no air bubbles which would prevent the transfehe proteins. This sandwich was
then placed between transfer pads soaked in trabsféer and into the XCell 1l Blot
Module. The blot module was placed inside the XGeire Lock and then filled with
transfer buffer. Water was placed in the XCelléSuock around the outside of the blot
module. The protein was transferred to the mengear30 V, 200 mA for 75 minutes.

The conditions for transfer were optimised by JRigssell and checked by ensuring the
transfer of the See Blue marker. On one occas®ipart of this study, the gel was stained
to look for residual proteins to check the effiagrof the transfer. The gel was rinsed
three times for 5 minutes each time in approxinyaf€l0 ml of ultra-filtered water and

then stained by gentle shaking in Simply Blue S&tten for one hour at room temperature.

The gel was washed again in 100 ml of ultra-filteweater. No protein was detected on the
gel.

3.3.2.5 Immunodetection of Kv4.3

3.3.2.5.1 Standard protocol for using a polyclonal anti-Kvgr8nary antibody

All solutions and antibodies used were part of lingtrogen Western Breeze Kit unless
otherwise specified. All washes and incubationghviilocking solution or secondary
antibody were carried out on a rocker (HeidolphyRax 1040) at room temperature. The
membrane was removed from the blot module and @lpogtein side up in a flat container
approximately 10 cfand washed in 20 ml of ultra-filtered water for 5notes. The
membrane was then blocked for 2 hrs with 10 mllotking solution made up of 7 ml of
ultra-filtered water, 2 ml of Blocker A and 1 ml Bfocker B. The membrane was washed
again in 20 ml water for 5 minutes before beingubated overnight at'@ in 10 ml of
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polyclonal anti-Kv4.3 primary antibody (8 mg/ml, btat 1gG, Alamone) diluted in
blocking solution. Various concentrations of primantibody were used as detailed in the
results section. The membrane was then washedtifoes in 15 ml of wash solution
diluted (1:15) in ultra-filtered water and then uihated for one hour in secondary antibody
[anti-rabbit 1gG conjugated to alkaline phosphaté&eP)]. The membrane was then
washed again four times in diluted wash solutiod #wee times in ultra-filtered water.
The membrane was placed on a transparent plastet €ind covered with 2.5 ml of
chemiluminescent substrate solution made up of 3B Hf chemiluminescent substrate
and 0.125 ml of chemiluminescent substrate enhaioced minutes. After this, excess
substrate was blotted off with filter paper and theo transparent plastic sheet placed on
top of the membrane which was then exposed to Xihay(Kodak BioMax Light Film,
Sigma) in a dark room. The films were developethgisa Kodak X-OMAT 1000

processaor.

3.3.2.5.2 Modified protocols for using polyclonal anti-Kv4@imary antibody

The above protocol was modified in a number of wayiselp determine the identity of the

bands detected with the primary antibody.

The specificity of the secondary antibody was tk&te cutting the membrane in half after
the transfer so that half of the lanes could belated with both primary and secondary
antibody as indicated above and half could be iated with secondary antibody alone.
Each half of the membrane was blocked as descrbede and, while one half was
incubated in the primary antibody diluted in blagisolution, the other half was incubated
in fresh blocking solution. Both halves of the nieeme were incubated in secondary

antibody and developed side by side and at the sameusing the same film.

A different, more sensitive, detection system EGkance (Amersham) was also used
with this primary antibody. This detection systesquired the use of a different blocking
solution of tris buffered saline (TBS: 140 mM NaQD mM Tris HCI; pH 7.6; Sigma)
containing 0.1% Tween 20 (Sigma) and 2% blockingnhdECL-advance, Amersham)
The secondary antibody used was a horseradish idas@xconjugated anti-rabbit IgG
(Amersham) diluted in blocking solution as spedifia the results. After incubation with
both primary and secondary antibodies the membresewashed once for 15 minutes and

then three times for 5 minutes each in TBS with%®.Tween 20. 5 ml of the
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chemiluminescent substrate solution (ECL-advanaege&sham) was incubated with the

membrane for 5 minutes before the membrane wassegdo the X-ray film.

3.3.2.5.3 Standard protocol for using a monoclonal anti-KvdriBnary antibody

The monoclonal anti-Kv4.3 primary antibody (Neurdohaas raised in mice and so the
only change required to the standard protocol wiseng this antibody was to change the
secondary antibody to an ALP-conjugated anti-madg&e(Invitrogen anti-mouse Western

Breeze Kit)

3.3.2.5.4 Protocol for pre-incubation of primary antibody wantigen

For these experiments antigenic peptide was olddireen Alomone (0.4 mg/ml). The
peptide was added to the primary antibody along) pitosphate buffered saline (PBS: 9.1
mM NaHPQ,; 1.7mM NaHPQ,; 150 mM NaCl; pH 7.4, Sigma) at concentrations and
volumes detailed in the results section. The tady alone” solution was made using the
same concentration of primary antibody as for theganic peptide containing solution
and an appropriate volume of PBS so that the tathimes of both solutions were the
same. Both solutions were then incubated on thekerofor two hours at room
temperature. 10 ml of the blocking solution (Inegen Western Breeze kit) was added to
each of these solutions. The diluted antigen-adijtsolution was then added to one half
of a blocked membrane while the diluted antibodynal solution was added to the other
half of the blocked membrane and both halves ingbavernight at 4°C. The membrane

was then treated according to the standard prottesiribed in section 3.3.2.5.1.

3.3.2.5.5 Quantification of protein concentration from West&lots

Once developed the films of the Western Blots veesnned using Fluor-S™ Multilmager
(BIO RAD). The digital images were then analyssthg Quantity One analysis software
(BIO RAD) in order to measure the optical densitythee bands. The optical density of
each band was normalised to a background opticedityeof an identical sized area within
each lane of the gel where there were no bands.optical densities for all ngitblocked

and B-blocked tissue samples were normally distributed @éhe mean + sem were

calculated by Student’s t-test using GraphPad Prism

The molecular weights of the bands detected weleuleded relative to the molecular
weight markers by measuring the distance each Wt run using Quantity One,

calculating the relative front of each band andhtpietted this against the log of molecular
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weights of each marker to calculate the valueshefunknown bands using Graph Pad
Prism. This was done by Julie Russell.

3.4 Results

3.4.1 Effects of chronicp-blockade on ion channel mMRNA expression

3.4.1.1 Patient characteristics

The characteristics of all 16 patients from whossue samples were obtained and used for
MRNA analysis are described in table 3-3. It carséen that the two patient groups were
very similar with the exception of the mean heaté which, as expected, was lower in the
B-blocked patient group although this was not diati8y significant. There was one
patient in thep-blocked patient group from whom a pre-operativarheate was not

obtained.

3.4.1.2 Assessing the concentration and quality of extracteRNA

The concentrations of RNA extracted from each #@ssample and measured by
spectrophotometry are shown in table 3-4. All saenples had a ratio of,&/A250>1.9
indicating a satisfactorily pure RNA sample. Theeentration of sample 1 is lower in
comparison to the others because only the second &ntaining RNA eluted from the
column was collected. The first 20 was accidentally discarded. Despite this, we fel
there was still enough RNA to perform RT-PCR usihig tissue sample. Generally the
RNA yields were high within the other samples. Thean RNA concentrations for the
non B-blocked (n = 8) an@-blocked patients (n = 8) were 1268 + 195uh@hd 1602 +
145 nglul respectively, p=0.19.

Eight of the samples of RNA were also assessegebglectrophoresis to look at the 18S
and 28S rRNA bands as shown in figure 3-4. Sarh@ppears very faint partially due to
the lower concentration of RNA but also becausegdlewas thick and was only imaged
from one side. Each of the other samples has tstondt bands corresponding to 18S and
28S indicating that the RNA was not degraded.
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Patient Non B-blocked B-blocked Total
Characteristics patients patients patients
n (%) n (%) n (%)

No of patients 8 8 16
Male patients 7 (87.5) 5 (62.5) 12 (75)
Mean age (yrs) 64.8+2.8 65.5+1.6.
Mean heart rate 74.3+4.0 65.1 +4.1*
(beats/min)
Surgery:
CABG alone 6 (75) 7 (87.5) 13 (81.3)
AVR alone 2 (25) 1(12.5) 3(18.3)
Pre-op Drugs:
B-blockers
- atenolol 0 (0) 5 (62.5) 5 (31.5)
- bisoprolol 0 (0) 2 (25) 2 (12.5)
- carvedilol 0 (0) 1(12.5) 1(6.3)
ACE inhibitors 4 (50) 5 (62.5) 9 (56.3)
CCBs 4 (50) 3 (37.5) 7 (43.8)
Nicorandil 6 (75) 3 (37.5) 9 (56.3)
Statins 7 (87.5) 8 (100) 15 (93.8)
Digoxin 1(12.5) 0 (0) 1(6.3)
Amiodarone 0 (0) 0 (0) 0 (0)
Pre-op disease
M 2 (25) 2 (25) 4 (25)
Angina 8 (100) 8 (100) 16 (100)
LVSD

- unknown 1(12.5) 0 (0) 1(6.3)

- mild 1 (12.5) 1 (12.5) 2 (12.5)
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LVSD (cont)
- moderate 1(12.5) 0(0) 1(6.3)
- severe 0 (0) 1(12.5) 1(6.3)
Hypertension 3 (37.5) 6 (75) 9 (56.3)
Diabetes 2 (25) 2 (25) 4 (25)
Post —op AF 3 (37.5) 0 (0) 3 (18.8)

Table 3-3Characteristics of patients treated or not trewiti¢ll -blockers prior to cardiac

surgery in whom ion channel mRNA expression wassues.

CABG = coronary artery bypass graft, AVR = aortaiwe replacement, Pre-op = prior to
surgery, ACE = angiotensin converting enzyme, CCBakium channel blocker, Ml =
myocardial infarction, LVSD = left ventricular spéit dysfunction, Post-op = within 1 to

7 days after cardiac surgery.
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Sample RNA concentration (ng/ pl)
1 214
2 1805
3 1608
4 1194
5 1059
6 2000
7 1204
8 1063
9 1551
10 1607
11 1439
12 1796
13 1632
14 1303
15 2443
16 1042

Table 3-4 Concentration of extracted RNA from tissue sampl&amples 1-8 are from

non pB-blocked patients and samples 9-16 are frofiiblocked patients
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RNA
samples

Figure 3-4 Electrophoresis of RNA samples and a ladder (matestrating the presence
of 18S and 28S rRNA band
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3.4.1.3 Quantifying the expression of 28S rRNA and GAPDH mRIA

The mean abundance of 28S rRNA in the tissue sanfies nonp-blocked (n = 6) an@
-blocked (n = 8) patients relative to an intern@ngard is 0.94 + 0.07 vs 0.83 = 0.10
respectively, p=0.41. The mean relative abundafic®@APDH mRNA is 1.74 £ 0.19 vs
1.85 £ 0.38, p=0.81. These results are showrgurd 3-5. 28S was the most abundant of
all the primer products measured with lowen@lues than either GAPDH or any of the
ion channel subunits. The change in fluoresceocedch PCR cycle for 28S and GAPDH

are shown in figure 3-6.

When all eight of the nofi-blocked tissue samples are analysed there was greeter
variability in G values for 28S than within thgblocked samples. If the two outlier
samples (1 and 6) were included in the analysB3& abundance, the data for the fien
blocked samples became non normally distributedh wvat median value of 0.97
(interquartile range 0.78 to 1.06) compared to aiareof 0.80 (0.59 to 0.95) for the
blocked samples. There remained no significarfeihce between these groups, p=0.23
(Mann Whitney test). The reason for these outliggrobably due to an error resulting in
different concentrations of input cDNA for samplesind 6 being used at the start of the
PCR reactions. This effect is most obvious for2B& PCR reaction as this is by far the
most abundant primer product tested. If theresageificant differences in the amount of
cDNA used at the start of PCR reaction the efficyeaf the reaction may differ between
samples making direct comparisons potentially uaipéd. For this reason samples 1 and 6
were excluded from the analysis. It should be ahot®wever, that for these samples, as
for all of the samples there was only a single mglpoint for 28S and all the other primer
products indicating the same, pure PCR DNA produas amplified from each sample
(see figure 3-7). Figure 3-7 also shows the mgltarves for GAPDH are consistent for
all samples but, as expected, are different froosehfor 28S. In the PCR reaction for
GAPDH, no cDNA was detected in the water contrals low levels of cDNA were
detected in the PCR reaction for 28S, as seentim the amplification plots and melting
peaks. However, the melting peaks for the watetrots are different from those of 28S
in the tissue samples and it is likely that the éDIN the water control is the result of

amplified primer-dimers.

3.4.1.4 Quantifying the expression of Kv4.3 mRNA and relatd accessory subunits.

The abundance of mMRNA for Kv4.3 and its accessabusits in each tissue sample was

expressed relative to both an internal standardtl@anean of the relative abundance of
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Figure 3-5Mean + sem abundance of 28S rRNA and GAPDH mRNAssue from non

B-blocked [1) and3-blocked M) relative to an internal standard infe®&CR reaction.
P>0.05
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Figure 3-6 Amplification plots showing the change in fluoresce per PCR cycle for all
tissue samples and water controls using 28Sa6d GAPDH B) primers. The threshold

line is shown in red.
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Figure 3-7 Melting peaks derived from melting curve for cDN#Aplified in all tissue
samples and two water controls using 285dnd GAPDH B) primers.
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28S and GAPDH within the same tissue sample. Teanmelative abundances of each
ion channel subunit for the tissue samples from fitbiocked (n = 6) an@-blocked (n =

8) patients are shown in figure 3-8. The meantix&abundance of Kv4.3 mRNA in the
tissue from the norp-blocked andp-blocked patients is 2.09 + 0.61 vs 1.83 = 0.14
respectively, p=0.38. If all eight nghblocked samples are included in the analysis there
remains no difference in the median values for tidaKv4.3 abundance at 2.03
(interquartile range 1.63 to 2.25) vs 1.70 (1.52401), p=0.51. There was no difference
in the mean relative abundance of mRNA for the s®mmey subunits associated with
Kv4.3: KChIP2 (2.23 + 0.38 vs 2.48 + 0.32, p=0.6Ryp1 (3.20 + 0.53 vs 3.75 + 0.20
p=0.30); K2 (1.99 + 0.27 vs 1.85 = 0.15, p=0.65); KChAP (2446.32 vs 2.46 * 0.15,
p=1.0) and Frequenin (2.04 = 0.24 vs 1.98 + 0.180.83) n = 6 and 8 patients
respectively. The mean abundance mRNA for Kv4 @ e accessory subunits did not
differ between the tissue samples from nilocked or B-blocked patients when
expressed relative to an internal standard ando28%or an internal standard and GAPDH
only as shown in table 3-5

When PCR was first performed using KChIP2 primeosnf Quantitect the Gralues were
either not identified or too high to be accurateéha majority of the tissue samples. The
results shown in this thesis are from a subsegB@mr reaction performed using KChIP2
primers (Applied Biosytems) by James Tellez. PG also performed using primers for
Kv4.2, Kv33 and DPP6 but the;@alues were again not identified or too high to be
accurate in the majority of the tissue samples smdurther analysis for these primer
products was not possible.

The mean abundance of Kv4.3 mRNA and its accessobynits was also calculated
relative to 28S but not an internal control as dbsd in the methods. As no difference
was demonstrated in the expression of these ionnehaubunits between tissue from non
B-blocked andp-blocked patients, the mean abundance of each gubiurall tissue

samples was calculated. This allows for a diremingarison between the relative
abundance of each ion channel subunit. It canelea $rom figure 3-9 that Frequenin,
Kv4.3 and KChAP were the most abundant of the lbancel subunits. However, this
method of analysis is not as accurate, as theislatat normalised to an internal standard

and only limited conclusions should be drawn frims.t
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Figure 3-8 Mean + sem relative abundance of mMRNA of Kvai@l various related ion

channel subunits in tissue from n@iblocked [ ) and-blocked l ) patients.
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lon channel Mean + sem abundance Mean + sem abundance
subunit relative to 28S relative to GAPDH
(BB No Vs BB Yes) (BB No Vs BB Yes)
Kv4.3 2.82+0.41vs2.60+0.14 1.54+0.15vs 1.35+0.13
p=0.58 p=0.36
KChiP2 3.37+0.63 vs 3.87 £0.49 1.83+0.28 vs 1.95 +0.28
p=0.58 p=0.77
KChAP 3.60+£0.52 vs 3.83 £0.37 2.34+£0.54 vs 1.93 +0.13
p=0.79 p=0.84
Kvp1l 5.12+1.10vs 5.73 +0.34 2.81+0.43vs2.94+0.19
p=0.31 p=0.33
Kv2 2.60+0.43vs 2.83+0.26 1.58 +0.24vs 1.45 +0.12
p=0.85 p=0.50
Frequenin 3.00£0.57 vs 3.04 £0.25 1.58+0.14vs 1.54 +£0.12

p=0.96

p=0.66

Table 3-5. Mean + sem abundance of mMRNA of ion channel subumtissue from nofi-
blocked (BB No) an@-blocked (BB Yes) patients relative to an interstaindard and
either 28S or GAPDH, n = 6 and 8 respectively..
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Figure 3-9 Mean + sem abundance of mMRNA for Kv4.3 and related channel
subunits in all human atrial tissue samples (n padents) relative to 28S but not an

internal standard.
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3.4.1.5 Quantifying the mRNA expression of other ion channkesubunits

The mean abundance of Kv1.5 mRNA, relative to tleamof the abundance of 28S and
GAPDH, in tissue from nofi-blocked (n = 6) an@-blocked (n = 8) patients, was 1.28 +
0.10 vs 1.33 + 0.13 respectively, p=0.75. Thetretamean abundance of Kir2.1 was
significantly different (1.90 £ 0.21 vs 2.56 = 0,3#0.05). However, when the relative
abundance of Kir2.1 was expressed relative to 288 0.38 vs 3.99 £ 0.45, p =0.07) or
GAPDH alone (1.54 £0.16 vs 2.00 £ 0.17, p=0.0@)difference between the two groups
just lost statistical significance. The relativean abundance of TWIK1 was not different
(2.04 £ 0.29 vs 2.31 £ 0.22, p=0.47) nor were #lative mean abundances for Cavl.2
(2.34 £ 0.38 vs 2.03 £ 0.26, p=0.50) or NCX1 (2¢30.31 vs 2.0 £ 0.18, p=0.40) when all
were expressed relative to 28S and GAPDH. Thessdtseare shown in figure 3-10. With
the exception of Kir2.1, none of the results fa tther ion channels changed when the
abundance was expressed relative to 28S or GAPBi¢alQuantitative real time PCR
was also performed to look at the abundance of. Kip2it the Ct values in five of the
samples (three from ndghblocked and two fron-blocked patients) were too high to be

accurate, suggesting low expression of this subunit

3.4.2 Effects of chronicp-blockade on Kv4.3 protein expression

3.4.2.1 Patient characteristics

The characteristics of all 20 patients from whossue samples were obtained for protein
analysis are described in table 3-6. It can be #eat there is a significantly lower heart

rate in theB-blocked patient group as would be expected.
3.4.2.2 Total protein concentration of all human atrial tissue samples

The concentrations of total protein in the 20 sampif right atrial appendage tissue, as
measured using a modified Bradford’s assay, arevisho table 3-7. The mean protein
concentration for the tissue from the npiblocked patients (n = 10) was 4.25 + 0.56
mg/ml compared to 4.65 + 0.37 mg/ml for the tisboen B-blocked patients (n = 10), p =
0.56.
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Figure 3-10Mean * sem relative abundance of mRNA for Kv1.52K, TWIK1, Cavl.2
and NCX1 in tissue from noprblocked [1) and3-blocked M) patients. P>0.05 for all
except Kir2.1 when p=0.05.
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Patient Non B-blocked B-blocked Total
Characteristics patients patients patients
n (%) n (%) n (%)
No of patients 10 10 20
Male patients 6 (60) 6 (60) 12 (60)
Mean age (yrs) 66.7+3.2 66.3+2.1
Mean heart rate 74.3%£3.6 52.9+2.7*
(beats/min)
Surgery:
CABG alone 9 (90) 10 (100) 19 (95)
AVR alone 1 (10) 0 1(5)
Pre-op Drugs:
Beta-blockers
- atenolol 0 (0) 10 (100) 10 (50)
ACE inhibitors 5 (50) 5 (50) 10 (50)
CCBs 6 (60) 4 (40) 10 (50)
Nicorandil 5 (50) 7 (70) 12 (60)
Statins 10 (100) 10 (100) 20 (100)
Digoxin 0 (0) 0 (0) 0 (0)
Amiodarone 0 (0) 0 (0) 0 (0)
Pre-op disease
MI 8 (80) 4 (40) 12 (60)
Angina 9 (90) 9 (90) 18 (90)
LVSD
- unknown 0 (0) 1(10) 1 (10)
- mild 4 (40) 1 (10) 5 (50)
- moderate 1 (10) 2 (20) 3 (30)
- severe 0 (0) 0 (0) 0 (0)
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Hypertension 5 (50) 7 (70) 12 (60)
Diabetes 5 (50) 1 (10) 6 (30)
Post —op AF 1(10) 4 (40) 5 (25)

Table 3-6 Characteristics of patients treated or not treatéti p-blockers prior to

cardiac surgery in whom Kv4.3 protein expressios weasured.

CABG = coronary artery bypass graft, AVR = aortadwe replacement, Pre-op = prior
to surgery, ACE = angiotensin converting enzymeBGCcalcium channel blocker, Ml
= myocardial infarction, LVSD = left ventricular stplic dysfunction, Post-op = within
1 to 7 days after cardiac surgery. * indicatesgaificant different from nois-blocked
patients (p<0.05, Students t-test)
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Sample number Total protein concentration (mg/ml)
1 3.3
2 6.8
3 3.0
4 3.4
5 5.0
6 4.2
7 3.7
8 4.0
9 7.5
10 1.6
11 3.0
12 3.4
13 6.1
14 6.0
15 6.1
16 5.0
17 3.9
18 5.0
19 4.5
20 3.5

Table 3-7 Total protein concentrations of the tissue sampfeswhich Kv4.3 was
measured. Samples 1-10 are from wfieblocked patients and samples 11-20 frfm
blocked patients
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3.4.2.3 Characterisation of a polyclonal anti-Kv4.3 primary antibody

Western blotting was performed on a human atrisgug sample using the standard
protocol for the polyclonal anti-Kv4.3 antibody @khone) on one half of a membrane and
compared with secondary antibody alone on the dtakrof the membrane (see protocols
in methods sections). Approximatelyd of total protein was loaded into the four marked
wells of the gel and the primary antibody was uaed dilution of 1:800. The resulting
film is shown in figure 3-11A. It can be seen thhe combination of primary and
secondary antibodies detected a dense band bet@Geand 60 kDa along with two other
distinct bands, one just above 80 kDa and anotistrgbove 40 kDa. The band between
50 and 60 kDa was also detected with the secoratdityody alone indicating that somk,
not all, of this band was the result of non-speciiecondary antibody binding i.e. the
secondary antibody was binding to something othan tthe primary antibody. There are
also several other very faint bands detected bets8eand 80 kDa. In an attempt to help
clarify the nature of these bands, a pre-incubagiqmeriment was performed. One half of
the membrane was treated with primary antibody twhad been incubated in 1ml of
blocking solution. The other half of the membraves treated with primary antibody that
had been pre-incubated in antigenic peptide made tml in blocking solution. The final
dilution of primary antibody used to treat both ves of the membrane was 1:533 (a
slightly higher concentration than in figure 3-11#0d the ratio of antigen to antibody was
10:1 (further details in the modified protocols ts@t of methods). 1Qg of total protein
from the same human atrial sample was loaded imth ef the wells of the gel although
this was a different tissue sample than used urd@-11A. The results of this experiment
are shown in figure 3-11B and it can be seen thatinrubation with antigen does not
cause any change in the bands at 80 or 50-60 Kbare may be a slight decrease in the
intensity of in the bands around 40 kDa in the plaees of the pre-incubated half of the

gel but it is far from convincing.

A number of other experiments were performed irasempt to clarify the nature of the
bands detected with this primary antibody and te wsdether any bands representing
Kv4.3 were being missed from these early results @uthe low concentration of this
protein in the tissue samples. Different concéimng of primary antibody and a different,
more sensitive, detection system incorporatingfferéint secondary antibody and blocker
were used. Figure 3-12A shows the result of usivig higher concentrations of primary
antibody to see whether any new bands could bectgete It can be seen that there is
clearly a double band around 40 kDa which was faisgen on the previous films and a

further two bands between 30 and 40kDa. All theeobands detected on previous films
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Figure 3-11 Western blots characterising the polyclonal &w4.3 antibody (Alomone)
in human atrial tissue (HA). 1A, the left half of the membrane was treated witkhbo
primary (1°Ab) and secondary (2°Ab) antibodies dhd right half with only 2°Ab
(Invitrogen). InB, the left half of the membrane was treated wiimpry antibody and the

right half with primary antibody pre-incubated withntigenic peptide (Alomone).
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Figure 3-12 Western blots characterising the polyclonal &w.3 antibody (Alomone)

in human atrial tissue (HA). A, the membrane was incubated with high concentratio
of 1°Ab, 1 = 1:160 dilution, 2 = 1:100 dilution. B, the 1°Ab was detected using two
dilutions of a different 2°Ab, 1 = 1:20000 and 2140000, (Amersham) and the bands
detected using the more sensitive chemiluminesdetéction system (ECL advance,

Amersham)



Gillian E. Marshall 2008 154

appear darker in this film. Because of the higtensity of the bands in this film the
development time was reduced to one minute. Evéimsashort exposure time the bands

still appear very intense.

Other experiments were performed to test the eVieoess of different blocking agents
including BSA and Blotto A. These experiments weeeformed by Julie Russell prior to
the work presented in this thesis and are not testihere. The most effective blockers
for the antibodies used in this work are the onescdbed in the methods ie Invitrogen

Western Breeze blockers.

The results of using the same polyclonal primary Ewn4.3 antibody at a 1:800 dilution,
the more sensitive ECL-advance detection systemgalath two different concentrations
of secondary antibody are shown in figure 3-12Bre€ distinct bands were detected for
each antibody concentration, one at just aboveD®) kne large band between 50 and 60
kDa and one band just above 80 kDa. Additionaldsasbove 80 kDa were also clearly
visible when using the highest concentration ofosdary antibody, although, at this
concentration, the other bands started to blurthmgendicating that the concentration of
antibody was too high. Several other concentratioinprimary and secondary antibody
were used with this detection system the resultstoth are not shown but this detection
system did not seem to offer any benefits compé#wetthe standard Invitrogen Western

breeze system.

In an attempt to establish the nature of the batelscted with this polyclonal primary
antibody, particularly the bands around 80 and @8, ka positive control was required. It
was not possible to purchase a pure source of fgioamt Kv4.3 protein to use as a
positive control. Attempts to obtain a plasmid teaming the cDNA for Kv4.3 in order to

transfect cells and isolate Kv4.3 protein also pobunsuccessful. Kv4.3 is known to be
highly expressed in brain and its expression inglaissue is thought to be minimal

(105;191). Rat and rabbit brain tissue along wihbit lung tissue brain tissue were

resulting bands compared. The polyclonal primaryibady was reported to recognise

Kv4.3 in these species as well as in humans (Al@nproduct information).

An example of Western blot of using these tissuapdes is shown in figure 3-13. One
half of the membrane was treated with the polydigmamary antibody (1:800 dilution)

according to the standard protocol and the othétieated with secondary antibody alone
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Figure 3-13 Western blot comparing the polyclonal anti-Kva°2\b (Alomone) in human
atrial tissue (HA) with rat (rb) and rabbit braiRE) and rabbit lung (RL). Non specific
bands (?) due to 2°Ab binding were demonstratettdating half of the membrane with

2°Ab alone (Invitrogen). Potential bands reprasgnkKv4.3 are labelled “?Kv4.3".
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(Invitrogen Western Breeze kit). Approximately dg of total protein was loaded onto the
gel for each tissue sample. Distinct bands caselea in both brain samples at just above
60 and 40 kDa which were not detected by speciimgry antibody binding in the rabbit
lung tissue. This would suggest these bands représ/4.3. However, no identical bands
were detected in the human atrial sample. TheseaMaand detected around 40 kDa in a
similar, although not identical, position to thatthe positive controls which may represent
Kv4.3. No clear band was clearly detected arouh&m®a in the human tissue, although a
band at this position was detected faintly in soMesterns using this antibody. In rat
brain tissue, another band was detected betweem@®@l0 kDa which was not present in
the rabbit brain. In the human tissue, two bandeevdetected between 30 and 40 kDa, the
darker of which is at a very similar position teetband in rat brain. This raises the
possibility that these bands may also represent3v4A further band at around 80 kDa
was detected in the human tissue which did notespond to any band detected in the
animal samples and the nature of this is uncléarrabbit brain, lung and human atrium
there is a dense band between 50 and 60 kDa whielso present with the secondary
antibody alone. The identity of this band is nietac but it is unlikely that it consists only
of Kv4.3 protein given the non-specific interactwiih the secondary antibody. There are
numerous bands detected below 50kDa in the raintgt &ll of which are present with the
secondary antibody alone. In summary, the bandst fik@ly to represent Kv4.3 in the
brain tissue are those at 40 and just above 60addapossibly one between 30 and 40
kDa. Of these, only the band at 40 kDa is comparaith a band detected in the human

atrial tissue

3.4.2.4 Characterisation of a monoclonal anti-Kv4.3 primary antibody

A monoclonal antibody against Kv4.3 was obtainednfNeuromab. Figure 3-14 shows a
Western blot of human, rat and rabbit brain anditalong tissue (1Qug of total protein
was loaded for each sample) using this primarybadiy at a 1:100 dilution and compared
to secondary antibody alone. Using this primaryibaay two very dark bands were
detected in the human tissue, one between 50 aki&@nd another between 20 and 30
kDa, both of which are detected with the secondarybody alone. This secondary
antibody is different from that used with polyclbmaimary antibody being anti-mouse
IgG (Invitrogen). In the human atrial tissue, thes also a distinct band just above 60 kDa
which corresponds to a much darker band seen attine molecular weight in the rat and
rabbit brain tissue. This band is barely visilvlghie rabbit lung tissue and not detected by
the secondary antibody alone. This monoclonal @rynantibody also detects a very faint
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Figure 3-14 Western blot characterising a monoclonal anti-Rv4°Ab (Neuromab) in
human atrial tissue (HA), rat (rb) and rabbit bré®B) and rabbit lung (RL). The left half
of the membrane was treated with both 1°Ab andrdinaouse 1gG 2°Ab (Invitrogen)
while the right half was treated with 2°Ab alonedentify bands due to non-specific 2°Ab

binding labelled “?”.
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band around 40 kDa in the human atrial and animahlissue in addition to two very
faint bands around 80 kDa in the human atrial @ssu

If figures 3-13 and 3-14 are compared, it can benstat both the polyclonal and
monoclonal anti-Kv4.3 primary antibodies deteciaadbat the same position just above 60
kDa in the animal brain tissue. In an attemptuidhfer characterise the nature of this band
a pre-incubation experiment was planned in whi@dpecificity of the primary antibody
would be assessed by pre-incubation with antigpaptide. If a saturating concentration
is used, the antigen should bind all of the primanyibody and, therefore, prevent the
primary antibody from binding to any Kv4.3 on thembrane. Unfortunately, the only
antigenic peptide that could be obtained was froencompany from which the polyclonal
primary antibody was purchased (Alomone). This dat contain the same epitope
recognised by the monoclonal antibody and, unssirgiy, an experiment in which this
antigenic peptide was pre-incubated with the mayaall primary antibody (Neuromab) at
a ratio of 100:1 did not show any difference in tifethe bands detected (results not
shown). A pre-incubation experiment was also paréa using the polyclonal antibody
and antigen in animal brain tissue. (@ of total protein was loaded into each well of the
gel with duplicates for each sample. One halfled membrane was treated with the
polyclonal primary antibody which had been pre-imated in 0.5ml of PBS and the other,
treated with primary antibody that had been pretrated with antigenic peptide made up
to 0.5ml in PBS. The final dilution of primary @mdy used to treat both halves of the
membrane was 1:1600 and the ratio of antigen tba@ay was 10:1. Both halves of the
membrane were treated identically thereafter. rEsalting film is shown in figure 3-15.
It can be seen that pre-incubation with antiger@ptige prevented the primary antibody
from binding to protein at 60 and also 40 kDa ie tirain tissue from both the rat and
rabbit.

Based on these experiments, the band just abovieD@0detected with the Neuromab
monoclonal primary antibody in human atrial tisssidikely to be Kv4.3 and, when its
position was compared to the molecular weight markés molecular weight was
confirmed as being 65kDa.

3.4.2.5 Characterisation of a monoclonal anti-GAPDH primary antibody

A preliminary Western blot of varying protein loagishuman atrial tissue (30, 25, 20, 15,
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Figure 3-15 Western blot characterising the nature of the bdetdcted at just above 60
kDa using with the polyclonal anti-Kv4.3 1°Ab int i@b) and rabbit brain (RB) tissue.
The left side of the membrane was treated with potiiclonal 1°Ab and 2°Ab whereas the
right side was treated with an identical concerdrnabf polyclonal 1°Ab pre-incubated

with antigen (Ag) in addition to 2°Ab.
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10, 8 and 71ug) treated with a monoclonal anti-GAPDH primaryilaodly (1:1000 dilution)
was performed in order to confirm the position lné band(s) detected with this primary
antibody. This was compared with a previous Westéwt of the same human atrial tissue
sample (10ug total protein loaded in two lanes of the gel)aoidition to animal tissue,
treated with the same secondary antibody but nmamsi antibody. This allowed the
identification of any bands detected as a resullaaion specific secondary antibody
reaction. Films of these blots are shown in fig8#E6. It can be seen that the combination
of primary and secondary antibodies resulted inditection of three bands; one between
50 and 60 kDa, one just below 40 kDa and one betwatkand 30 kDa. There are
additional very faint bands at 30, 40 and sevam@liad 80 kDa. The secondary antibody
alone detected similar bands between 50 and 60 &fh between 20 and 30 kDa,
suggesting the only band detected as a resulspgaific primary antibody reaction is the
band just below 40 kDa

3.4.2.6 Establishing a linear relationship between opticadensity and total protein
for GAPDH and Kv4.3

In order to compare the relative amounts of Kv4@tgin between tissue samples from
non B-blocked andp-blocked patients, the conditions for Western bigtthad to be
optimised such that the relationship between th& fwrotein load and optical density of
the bands of interest was linear. The main vaemlthat determine band intensity are the
amount of protein, concentration of antibodies dith exposure time. Preliminary
experiments comparing different films developeeaflifferent exposure times established
that the optimum exposure was 10 minutes (reswitsshown) and this was used for all
films unless stated otherwise. The concentratibrthe secondary antibody remained
constant as this antibody was supplied pre-dilaedpart of the anti-mouse Invitrogen

Western Breeze Kit.

Preliminary experiments using wide ranges of tptakein loads (2 - 5Qg) and different

primary antibody dilutions helped to established tonditions at which, either no bands
were detected, or at which, complete saturationiwed i.e. no change in optical density in
relation to changes in protein load (results nowsh). Based on these initial experiments,
further Western blots were performed to establish range of protein load and primary
antibody dilution at which a linear relationshiptween protein load and optical density
occurred. Four Western blots were performed u#iegsame range of total protein loads
from tissue from two nor-blocked and twdB-blocked patients. After blocking, each
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Figure 3-16 Western blot characterising the nature of thedbadetected using a
monoclonal anti-GAPDH 1°Ab in human atrial tisst#Aj. In A, different total loads of
protein were treated with monoclonal anti-GAPDHilaody (Abcam) and 2°Ab (anti-

mouse IgG Invitrogen). IB, 2°Ab alone was used to identify non specific bdatielled
H?H.
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membrane was cut vertically into three sectionghstd the same range of protein loads
could be incubated with three different dilutionfspsimary antibody as detailed in the
legend of figure 3-17. The three sections of eaeimbrane were then treated identically
and developed at the same time. The optical degssif the bands just above 60 kDa and
just below 40 kDa were measured in the membraease with either anti-Kv4.3 or anti-
GAPDH antibodies respectively. The results of ¢hesperiments are shown in figure 3-
17. It can be seen from figures A and B that admrelationship between optical density
and protein load for the GAPDH antibody only exist$oads <1Qug of total protein and,
for both tissues, the optimal antibody dilution eprs to be 1:20000. Figures C and D
demonstrate that a linear relationship exists dweisame range of protein loads for Kv4.3
in both tissues for all the antibody concentratio$he exception was the 1:200 primary
antibody dilution using tissue from tigeblocked patient, in which the bands were partially
obscured by damage to the membrane and the opt&radities could not be reliably

measured.

3.4.2.7 Comparing the relative amounts of Kv4.3 protein intissue from nonp-

blocked andp-blocked patients.

All the tissue samples were pre-diluted to a cotraéion of 1 mg/ml, blinded and
randomised so that two samples from fevlocked ang-blocked patients were loaded in
a random order on each gel. Five Western blote wesn performed using three proteins
loads for each tissue sample of 10, 7.5 andy%nd a dilution of 1:20000 for the anti-
GAPDH antibody and 1:133 for the monoclonal antdkd/antibody. Each membrane was
cut in half horizontally between the 40 and 50 kbDarkers after the blocking stage so the
lower half could be incubated in the anti-GAPDHilaody and the upper half in the anti-
Kv4.3 antibody. Both halves of the membrane wéenttreated identically thereafter.
The identity of each tissue sample was not knowtil after the optical densities of the

bands had been measured.

The film of one of these Western blots is showrfigure 3-18. It can be seen that the
density of the bands for both the Kv4.3 and GAPD&hds decreased as protein load
decreased. There is no marked visual differencegh@ intensity of the bands of
corresponding protein loads for GAPDH or Kv4.3 betw the norf-blocked andp-
blocked tissue samples. The optical densitiesaoh@f the bands in this figure are shown
in figure 3-19 along with the ratio of the opticdé¢nsities of Kv4.3 protein relative to

GAPDH in each sample. It can be seen from figéresd B that, in each of the samples
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Figure 3-17 Establishing the linear range of optical densigrsus total protein for
GAPDH and Kv4.3 primary antibodies. Figures A @dhow the relationship between
optical density and total protein in tissue froom@n p-blocked (A) andB-blocked (B)

patient using different dilutions of GAPDH primaamtibody @ = 1:50005 =1:10000<

= 1:20000). Figures C and D show the relationdlepveen optical density and total
protein in tissue from a nof-blocked (C) andB-blocked (D) patient using different
dilutions of Kv4.3 primary antibodyM =1:107\ =33, + =1:200).
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Figure 3-18 Western blot of Kv4.3 and GAPDH in human atrianples from two nof-
blocked (BBNo) and tw@-blocked (BBYes) patients.
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for both GAPDH and Kv4.3, the optical density dased with decreasing protein load in
a linear fashion with the exception of Kv4.3 firblocked sample 2, where the optical
density is slightly lower at the 1f)g protein load than at 7.5. When the expression of
Kv4.3 is normalised to that of GAPDH in figure Getrelationship between optical density
and protein load is reversed for this ghblocked tissue sample and the relationship is no
longer logical. This sample was, therefore, exetuftom further analysis.

The optical density versus protein load was ploftedooth GAPDH and Kv4.3 in all the
remaining tissue samples. In one otpdrlocked sample the bands for both GAPDH and
Kv4.3 were too faint to analyse and, therefores gample also had to be excluded from
further analysis. There was no difference in tbgi@ mean optical densities of GAPDH
as measured at a protein load of (fgain the tissue from nofrblocked (n = 10) compared
to the tissue from thp-blocked (n = 8) patients (10.66 + 1.61 vs 9.56.#000Du/mn;,
p=0.57). These results are shown in figure 3-20Ae data was also analysed to compare
the mean gradients of the best fitting straighedifor GAPDH optical density versus total
protein load in each patient group and, againethvaas nadifference (0.78 £ 0.15 vs 0.7+
0.10, p=0.80). When then optical densities ofKnd.3 bands were measured, there was
no difference demonstrated in the mean opticalitesst a total protein load of 7. in

the tissue samples from n@rblocked (n = 10) an@-blocked (n = 8) patients (11.57 +
1.31vs 11.44 + 1.03, p=0.94) (see figure 3-20Byain, there was no difference when the
mean gradients were analysed (0.99 + 1.15 vs 1.0814, p=0.38). When the optical
density of Kv4.3 was normalised to that of GAPDHeath of the three protein loads, the
mean optical densities at a total protein load .6fu§ were 1.30 £ 0.27 vs 1.24 + 0.13,
p=0.86 in the tissue samples from rf3blocked (n = 10) an@-blocked (n = 8) patients
respectively. These results are shown in figu20B- The normalised mean gradients
were no different (0.02 + 0.006 Vs 0.03 + 0.01, {340.

3.5 Discussion

The experiments in this chapter describe the effetthronic treatment of patients wijth
blockers on the expression of" Kon channel pore-forming and accessory subunits.
Despite the reduction in the current density ®f deen in association with chronfc
blockade, there was no change in the level of mRbIAKv4.3, the pore-forming ion
channel subunit responsible for conducting thisentr Nor was there any change in the
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level of MRNA expression for the accessory subuKi@hlP2, KChAP, Kg1-3, or
Frequenin, all of which can affect Kv4.3 functiondéor expression. This indicates that
ion current remodelling in this situation is noktlnesult of altered ion channel gene
expression. As expected, given the lack of chandesus, there was no change in the
MRNA expression for the pore-forming subunit foistehannel, Kv1.5. There was an
increase in the mMRNA expression for Kir2.1, onetloé pore-forming ion channels
responsible ford, in contrast to the reduction seen in this curessociated with chronic
B-blockade. This reduction persisted, but was tatistically significant, in all when
normalised to individual “housekeepers” raising sotoncerns about the strength of this
result although the relatively small number of skapmay partially account for this.
Chronic B-blockade was not associated with any change inléhel of Kv4.3 protein
expression indicating that ion current remodelliugs not the result of a reduction in

translation.

3.5.1 lon channel mMRNA expression in human atrium

3.5.1.1 A comparison with other studies

This study is the first to examine the effects dfomic B-blockade on ion channel
expression in human atrial tissue. Many of theistilooking at ion channel expression in
human atrial tissue have been performed to loolkcfanges in MRNA levels associated
with cardiac disease or other patient charactesisind, therefore, it is very difficult to
make any direct comparisons with this study. The product of a RT-PCR reaction is
often not representative of the entire mRNA segeesfca gene and therefore the size or
melting peaks of the products are not comparabiedsn studies. One possible area of
comparison between this study and others, is thetive abundance of ion channel
subunits in atrial tissue although this measuremepften not the primary aim of many
studies including this one. It should be rememtbéinat the analysis of relative abundance
of each ion channel subunit does not incorporatenalisation to an internal standard and,
therefore, does not take into account any diffegenic polymerase efficiency between
different tissue samples.

In this study the abundance of Kv4.3, KChAP, andgbeenin mRNA were more highly
than K2, Kvgl and KChIP2 which were all expressed at relatively levels. These
results would appear to conflict with one studytthsed RT-PCR along with a slightly
different method of analysis, specifically to loakthe relative abundance of groups of ion

channel subunits in left atrial tissue samples fownor hearts (192). It showed found that
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KChIP2 was highly expressed in atrial tissue and significantly more abundant than
either K\B1 or Kw2 with KvB1 being the more abundant of thgseubunits. It did not
directly compare the abundance of Kv4.3 with thesgeunits. There are several possible
explanations for this difference. Firstly, the huls of analysis were different and all
samples in the study by Ordog et al were normaltedtlactin. In that study, data was
collected from left as opposed to right atrial apgege tissue and the clinical
characteristics of the patients were not identicghose in this study which may result in
different ion channel and housekeeping gene express The difference in KChIP2
expression is however is quite striking and sevetlaér studies have suggested KChIP2
expression is relatively highly expressed. KChHRNA has been detected in human
cardiac tissue using less sensitive techniques thamtitative RT-PCR and there is
sufficient protein expressed to be detectable bystéra Blotting (108;110;116;117).
KChIP2 has at least 18 splice variants (97;1171R®),. The Quantitect primer that was
first tested in this study detected extremely lawvels of KChIP2 and, when it was
compared to the genomic sequence of KChIP2 andoth#s major splice variants, this
primer was found not to detect the ones reportdmbtmost abundant in human atrial tissue
(117). A different primer was designed (Appliedo8ystems) and targeted to recognise
regions common to the most abundant splice variamtggher levels of KChIP2 were
detected with this primer and these are the reshitsvn in figures 3-8 and 3-9 but the
overall abundance remained low. It is possiblé skane splice variants were not detected
and the abundance of KChIP2 was underestimatets, therefore, also possible that any
possible effects of chronigd-blockade on KChIP2 expression could have been

underestimated.

Interestingly, this study suggests Frequenin iatiely highly expressed in human atrial
tissue suggesting it may have quite a significamicfional role. There is very little
information about the role or expression of Freguém cardiac tissue. It has been shown
to interact with Kv4.3 in expression systems anstigcturally related to the KChIP family
but other studies have suggested its role is moitdd to modulation of ion channel
function or expression. It is likely to be invell in a number of signalling and regulatory

intracellular pathways via involvement with cAMPdaphosphoinositide production (193).

There is very little information regarding the tela expressions of KChAP and the [Kv
subunits in human cardiac tissue. In this studgyesal other ion channel subunits
including K3z, DPP6 and Kir2.2, either could not be detectedllabr were not detected
at a high enough level to yield reliable resuEsr these subunits, this was the case within
all the tissue samples. There are reports of tR&lAfor these subunits being detected in
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human cardiac tissue (124;134;137;192;194) althoegpression of Kir2.2 has been
shown to be relatively weak in comparison to Ki(237). The reasons for these
discrepancies may include different methods of R#¥&action and quantification, the use
of different primers, variable expression in difflet cardiac chambers, and variable

expression according to different patient charésties.
3.5.1.2 RT-PCR compared to Western Blotting

Various techniques can be used to study ion chaxmkssion, including, microarrays to
look at large number of genes and RT-PCR, nortiwoits and ribonuclease protection
assays to look at mRNA of individual genes. A tegbe like real time RT-PCR has a
significant advantage over Western blotting in thas much more sensitive and better
able to measure ion channels which are often egpdeat a much lower level than many
structural or regulatory genes. The reaction betwgimer and mRNA/cDNA in an RT-
PCR reaction can be manipulated to be dependerg onique piece of genetic code,
whereas, the reaction between antibody and proteanNestern reaction is dependent on a
number of features including conformation shape a&hdrge therefore, controlling
specificity is more difficult. The use of microps, the speed of the PCR reaction and the
help of Mark Boyett's research group, who had alyegested the different primers,
allowed RT-PCR to be used to look at many moredioannel subunits than just Kv4.3.
However, it should be remembered that Westernibiptind RT-PCR are techniques that
look at different aspects of ion channel expressiddy examining protein expression

Western blotting comes closer to studying the fismet impact.

3.5.2 Kv4.3 protein expression in human atrial tissue

In this study Kv4.3 protein was detected at 65 kbDahuman atrial tissue using a

monoclonal primary antibody. To my knowledge, tigsthe first report of Western

blotting using this antibody in human atrial tissaied, therefore, a number of control
experiments were performed to confirm the naturthefbands detected by this antibody.
The band at 65 kDa was of similar molecular weigh& band detected at a high intensity
in rat and rabbit brain tissue which were used @stipe controls because of the high
levels of expression of Kv4.3 in these tissues (195). This band was virtually absent in
rabbit lung tissue which has minimal Kv4.3 expressand was, therefore, used as a
negative control (105;191). Although the structuwk Kv4.3 is highly homologous

between species and, therefore, should be of mntiolecular weight in different tissues

and species this is not necessarily the case angasential weakness of using these types
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of control. Different splice variants of Kv4.3 eki although reports suggest that the two
currently identified are expressed in both braid eardiac tissue (105;191). It is possible
that other variations in Kv4.3 may exist betweemrcsps and tissues e.g. in tertiary
structure, glycosylation etc which may alter theleonalar weight of the Kv4.3 protein.
Non or partially reduced forms of the protein alavith partially degraded forms may also
result in different bands being detected in différgpecies or tissues by Western Blotting
all of which may still represent Kv4.3 protein. éflbands at 65 kDa, detected in animal
brain tissue using the monoclonal antibody, wemamarable to bands detected with the
polyclonal antibody (Alomone) in this tissue. Rmeubation with antigenic peptide
prevented the binding of the polyclonal antibodytie band at 65 kDa in animal brain
tissue helping to confirm the specificity of thetibody-protein interaction resulting in the
detection of this band. This experiment could betperformed using the monoclonal
antibody as no antigenic peptide for this antibadg available. Ideally, a further positive
control the monoclonal antibody and a pure sourc&\al.3 protein e.g. recombinant
Kv4.3 would have been performed for comparison whthhuman atrial tissue, however, it

was not possible to obtain any recombinant Kv4.3.

The band detected at 65 kDa was demonstrated tdeberted as a direct result of
monoclonal primary antibody binding and was not ttuaon-specific secondary antibody
binding which seemed to be responsible for two otiends detected in human atrial
tissue, one between 50 and 60 kDa and one betw@ean@ 30 kDa. The secondary
antibody used with the monoclonal anti-Kv4.3 redsgd mouse IgG and it is possible that
it is cross-reacted with human 1gG in blood witlmthe cardiac tissue samples. The
molecular weight of IgG heavy chains is 50 kDa &gt chains are 25kDa, consistent
with the bands detected by the secondary antibtmhea It remains possible these bands
could contain some variant of Kv4.3, in additionig&, and, by not including the optical
density of these bands in the analysis, informatiorthe expression of Kv4.3 protein may
have been missed.

As discussed above, it is possible to detect mealirariants of Kv4.3 by Western blotting.
In addition to the band at 65 kDa, the monoclomahary antibody also detected a much
fainter band just above 40 kDa which was presetramn tissue and was not due to non-
specific secondary antibody binding. It is possibtherefore, that this band also
represented another variant of Kv4.3. Howevesg band was not detected when Western
Blotting was performed using all the human atriinples because each membrane was

cut around this position in order to detect Kv4t3a kDa and GAPDH in each tissue
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sample. Therefore, it is possible that some amthdi information on Kv4.3 expression

could have been missed.

3.5.2.1 A comparison with other studies

There are very few reports of Western BlottingKe#.3 in human atrial tissue. This may
reflect the difficulty in obtaining human tissue fexperimental work but may also reflect
difficulties in actually detecting this protein ogi this technique, particularly, with
relatively small amounts of tissue. There are sd@veeports of Kv4.3 protein being
detected around 70 kDa in Western blots of humaal gissue. In one study Kv4.3 was
detected in explanted human hearts using a custane mprimary antibody at 74 kDa
(104). Under experimental conditions of that stuthe position of the Kv4.3 band in
human atrium was consistent with a band detectechlit atrium and rat brain and
disappeared with pre-incubation with antigen. Tétady also reported bands around 45
kDa in both human and rabbit atrial samples whenguthe anti-Kv4.3 primary antibody.
Other studies have successfully used a polyclonatgoy antibody from Alomone to
detect Kv4.3 in human cardiac tissue. One studlygushis antibody describes Kv4.3 in
human atrial tissue as a band at 72 kDa (111). evew this study did not show whole
membranes of the Western blots or molecular weightkers and did not mention the
presence of any other bands detected. What is, tieee showed no evidence of positive
or negative controls to help confirm the identifytioe band they had detected with this
antibody and no further information was providedwithe primary antibody to confirm it
was the same antibody as was used here. Anotray stported a band at 79 kDa using a
polyclonal anti-Kv4.3 primary (Alomone) in humanriat tissue although, again, only
partial membranes were shown with no controls amdunther details about the primary
antibody were provided (195).

Kv4.3 protein has also been detected in human icerdr tissue by Western blotting. In
one study using tissue from explanted hearts, Kwia8 detected as a very faint band
around 75 kD using a polyclonal primary antibodyofAone) (108). This band was not
present when the antibody was pre-incubated withgem and was comparable in
molecular weight to a band detected using recommibik®4.3 isolated from transfected
CHO cells. Interestingly, in this positive contralband was also detected around 43 kDa.
Another study demonstrated a band at 76 kDa inriceshdr tissue using a polyclonal anti-
Kv4.3 primary antibody (Alomone) but showed onlgraall section of membrane with no
molecular weight markers although they did state the band was not detected when the

antibody was pre-incubated with antigen (109). uAHer study using a different primary
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antibody (Chemicon), detected Kv4.3 at 75 kDa inmho ventricular tissue but at a
slightly lower molecular weight (70kDa) in the caeitissue. Interestingly, a study in
rabbits, detected Kv4.3 at two molecular weightsan@ 68 kDa when using either the
Chemicon primary antibody or a custom made antilsmbcific for the long splice variant
Kv4.3 (138). The specificity of the Neuromab anbbrAone primary antibodies is not

known.

All the studies described above detected Kv4.3 gligatly higher molecular weight than
reported here using a monoclonal primary antibodythere are several possible
explanations for this. Firstly, the weight of abgnd detected on a Western blot is
determined by comparison with molecular weight reesk Small variations in the weights
of different types of markers may exist and vaoiasi in the type of gel, buffers, and
electrophoresis protocol may also influence howhkibe markers and samples migrate
through a gel. When three other molecular markessee compared, the weight of this
band was found to be 62kDa (Amersham ECL markeiNZAHP7), 67 kDa (Sigma,
MO0671) and 80 kDa (Pierce Blue Ranger, 26651), lteswt shown (Julie Russell,
personal communication). Secondly, different ardibs detect different epitopes of
Kv4.3. If several “variants” of Kv4.3 of differemholecular weight can exist, as suggested
by some of these studies and indeed my own woek thfferent antibodies may recognise
different variants of Kv4.3. At least two of theigies support the possibility that the band
detected just above 40 kDa with the monoclonal arjmantibody may also be Kv4.3. The
reported molecular weight of Kv4.3 can thereforg/dire used as a guide to identifying the
protein on a Western blot and evaluation of the leshmembrane along with controls is

important.

When using the polyclonal anti-Kv4.3 antibody (Alone) in the initial experiments
outline in this chapter, two bands were detectéatively near to the molecular weight of
Kv4.3 as reported by other studies using this adigb In figure 3-11A there is a faint
band just above 60 kDa. This band was not cleasipple when either high concentrations
of the primary antibody or a more sensitive detec8ystem were used as shown in figure
3-12. The band was not clearly present in the muataal sample that was compared
correspond the animal brain positive controls guffe 3-13. The polyclonal antibody also
detected a band at just above 80 kDa, howeverptmis also did not correspond to any
bands detected in animal brain tissue. Neithedldisappeared with when the primary
antibody was pre-incubated with antigen as showiigure 3-11B. It may be that the ratio
of antigen-antibody was too low and there was ifi@aht antigen to bind all the antibody

although this ratio of antigen:antibody did seenprievent binding of the primary antibody
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to animal brain tissue. Another possibility is tthhe antigenic peptide only bound a
subpopulation of the polyclonal antibody leaving ttemaining subpopulations, which
recognised different epitopes of Kv4.3, able todbio the human protein. This lack of
specificity for just one epitope of an antigenhie hallmark of a polyclonal antibody. This
means this type of antibody can detect the mangiplesvariants of this protein which
may exist and can be separated by gel electropbordisis possible, therefore, that both
the bands at 65 kDa and 80 kDa detected with thgclomal antibody could both be
variants of Kv4.3, however, the difficult in confilng the nature of these bands led to this

antibody being abandoned in favour of the monodlpriemary (Neuromab).

3.5.3 The role of normalisation in analysis of Western Bits and
guantitative RT-PCR.

In both Western blot analysis and quantitative RORPthe expression of the ion channel
subunits was normalised to the expression of GAPDHthe Western Blots this is meant
to correct for any variation in the amount of tqiabtein loaded into different wells of the
gel from different tissue samples. This may afieen inaccurate assessment of the total
protein content of the tissue samples or pipetémgrs in making the sample dilutions or
in actually loading the gels. Normalising to GAPD this way is only valid if the
expression of this protein does not vary betweertigsues from the ndgiiblocked and3-
blocked patients. This was shown to be the cd3$® mMRNA expression of GAPDH was
also shown to be similar between these groups wdthohis was measured in tissue from

different patients.

In the quantitative real time RT-PCR experiments types of normalisation were used.
Firstly, the G values for each primer product were normalisedn® sample to correct for
any variations in the efficiencies of the reactimetween the different tissue samples or
pipetting variations in distributing the master rbetween samples. Secondly, each primer
product was normalised to the mean of two “normadili;m markers” of total cellular
content from the same sample to account for arfgréifices in the amount of RNA used at
the start of the RT-PCR reaction. RT-PCR is ameax¢ly sensitive technique that can
detect very small differences in gene expressienetbre any variables in the expression
of the “normalising marker” can have a much biggepact than it might in Western
Blotting. The expression of so called referencaausekeeper genes like GAPDH are not
always stable and can be influenced by a numbé&rabbrs including heart failure which

could potentially skew any data normalised to tiesmie alone (196). Another common
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method of normalisation is to normalise to total&RN which usually a marker of rRNA,

either 18S or 28S, is used. This is not withositpitoblems as it cannot control for any
errors introduced at the RT step of the PCR reaai also assumes the rRNA:mRNA is
the same for all samples. By normalising to thamexpression of 28S and GAPDH there

is less chance of a systematic bias but it caremobve this possibility completely.

In this study the expression of neither 28S nor GARvas significantly different between
the tissue samples from n@rblocked orp-blocked patients. There was however, greater
variability in the expression of 28S when all eigtitthe nonp-blocked tissue samples
were analysed. The two tissue samples resporfsibkbis were samples 1 and 6 which
had lower and higher amounts of 28S product resdgtthan the other samples from the
non B-blocked patients. In order to accurate compaere é¢hd products of the PCR
reactions equal amounts of cDNA from each sampbeilshhave been used at the start of
the PCR reaction. For all the primer productsstiggoduct was consistently found in
sample 1 and most in sample 6. This suggestsaheeatrations of cDNA in the stock
solutions of these samples were different to tHathe other tissue samples although a
genuine difference in the amount of 28S relativeotioer the primer products in these
samples cannot be completely excluded. An erratdcbave occurred at a number of
stages. It was known that a lower concentratioRNA was obtained from sample 1 as
some of this sample was accidentally discardednduthe RNA isolation step. It is
possible, therefore, that the measurement of RNAceoatration in this sample was less
accurate potentially affecting the subsequent idihgt of RNA and cDNA. For sample 6,
the results of both the spectrophotometry and gealyais of RNA concentration were
consistent making it more likely that an error niwe occurred in either the calculation
or pipetting steps involved in making the RNA amdYDNA dilutions. For these reasons

samples 1 and 6 were excluded from all analyses.

3.5.4 What do mRNA and protein expression actually tell s about

functional ion channels?

In this study both Kv4.3 mRNA and protein expressigere measured whereas only
MRNA was measured for Kv4.3 accessory subunitsoéimelr ion channels. By measuring

MRNA levels for different ion channel subunitssitgossible to compare the levels of gene
expression of these subunits in different tissuepdas. Increased mMRNA should indicate
increased transcription of the corresponding gerteveould suggest increased translation

resulting in increased protein levels. Howevers i not necessarily the case. While
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translation of MRNA generally occurs at a constate, considerable processing of mMRNA
occurs. This can result in different splice vatsamf a protein which may vary
considerably in structure and function. Alternaidn mMRNA levels do not just indicate
altered gene transcription but may also refleciati@mns in the stability of the mRNA.
Increased mMRNA degradation under the influenceAde has been shown to result in
decreased expression of the ion channel proteinIKwila cell line (197). Two different
MRNA transcripts with different stabilities haves@lbeen detected for another ion channel
Kvl.4 (197).

Changes in mRNA expression are not the only wayvimch protein expression can
change. Proteins undergo further processing imojudtructural modifications that may
include folding, glycosylation, phosphorylation, darassociation with other proteins
including accessory proteins to form a functiorm channel. Any or all of these steps
may be necessary to produce not only a functionaep but also to prevent protein
degradation. While some of the accessory proteiaasured in this study can alter the
functional properties of Kv4.3 some, in particullChAP, can also modify trafficking of

Kv4.3 and therefore modify the expression of exgimsof Kv4.3 at the cell membrane. It
should be remembered that simply measuring the amofuKv4.3 in a cell does not

necessarily provide information on whether thaterois functional.

This study shows that chronfieblockade does not affect the expression of Kv4R3NA

or protein but what it cannot do is show whether itv4.3 expressed in the tissue from
each group of patients is functionally identicdt. should also be remembered that the
MRNA and protein for Kv4.3 were not measured isues from the same patients due to
the different requirements for storage and proogssif the atrial tissue. While the
characteristics of the two patients groups are lamin both the protein and mRNA
experiments, they are not identical and variousepatharacteristics including sex, age,
drugs, heart failure and myocardial ischaemia haeen shown to affect ion channel
expression. It is possible that small variatiomghe patient characteristics both between
the non B-blocked andp-blocked groups and also between the protein andNAR

experiments may mask any influence of chrghldockade on ion channel expression.

This study also shows no change in the mRNA exmessf various Kv4.3 related
accessory subunits and several other ion chanmnelfpoming subunits. As outlined above
this does not necessarily mean chrdpiolockade does not affect protein expression of
these subunits. There was a significant difference’lRNA expression of Kir2.1 with

higher expression in the tissue fropablocked patients compared to ngAblocked
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patients. This could suggest chrofiitblockade may increases Kir2.1 gene expression or
change the stability of the mRNA. It does not ssegily mean that there is increased
functional Kir2.1 protein expression. There areesal instances of changes in ion channel
MRNA expression that have not been accompaniedhlaypges in protein expression
(111;198).

3.5.5 Can the adrenergic system influence ion channel esgssion?

There is very little evidence looking at the effeof3-blockers or the adrenergic system in
general, on ion channel expression. To my knovdetth@ only direct evidence that the
adrenergic system may play a role in the regulatiopotassium ion channel expression is
from a study in adrenalectomised and catecholangpdeted rats in which there is a
decrease in Kv4.2 and 4.3 mRNA (58). This is d¢jeardifferent scenario than that of
chronic treatment of patients wifhtblockers and it is perhaps not surprising, tha th
results of this study do not support my findingEhere is some evidence to sugggst
blockers can modify the expression of calcium hisugdproteins. The treatment of heart
failure patients witlg-blockers has been shown to increase the expreskgarcoplasmic-
reticulum calcium ATPase (SERCA) and phospholan{i&d;200). One of these studies
also looked at NCX expression and found it unchengleich is in keeping with the results
of this study although clearly the patient popwlas are different (199). There is also
evidence to suggegt-adrenergic stimulation can increase the expressio@avl.2 in
cultured cardiac myocytes and this can be prevemyadse of g-blocker (201;202). Itis
difficult, however, to make any direct comparisdregween these findings and the lack of

any change in Cavl.2 mRNA expression associatddachitonicp-blockade.
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CHAPTER 4

GENERAL DISCUSSION
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4.1 Electrophysiological and molecular effects of chroie -

blockade on human atrial potassium currents

In this work, the electrophysiological and moleculeonsequences of chronig-
adrenoceptor antagonist therapy on potassium dsrrgn human atrial tissue were
examined. Chronic treatment of patients viiithlockers was found to be associated with a
reduction in {0 current density in isolated atrial myocytes, by density remained
unchanged. A reduction iRqlcurrent density was also demonstrated but onig2@ mV
and the physiological significance of this changékely to be minimal. The reduction in
I+o density was not due to any changes in its voltlgeendency and was not accompanied
by any change in the time dependent inactivatiorihef current. This reduction may
contribute to the prolongation of the human ataction potential duration seen in patients
chronically treated wittg-blockers. The preservation of thg Ireduction even at rapid
stimulation rates may be an important contributiagtor to the ability of3-blockers to
prevent AF. The mechanism underlying the reductiotyo current density associated
with chronic B-blockade remains unclear. Unlike other examples iai current
remodelling, in this case, the reduction 48 Was not due to a reduction in Kv4.3 protein
or mRNA, nor was it due to changes in expressiomBNA encoding accessory proteins

known to modify Kv4.3 expression and/or function.

4.2 Do ion current changes always mirror changes in ion

channel expression?

Remodelling of ion currents associated with alteoetdchannel expression is described in
a number of different cardiac pathologies includittg myocardial infarction, hypertrophy
and heart failure (97;99;203). However, it does metessarily follow that changes in ion
currents always reflect a change in expressiommichannel components. Not all studies
of these cardiac diseases have demonstrated rdingds#lion channels. Some studies of
AF remodelling have not consistently demonstratednges in dur current and ion
channel expression (2;12;111;112) while othersatareport changes in the expression of
the main ¢4, pore-forming subunit (204;205), despite evidemzidating ko remodelling
(2;9). In heart failure, remodelling of;ldoes appear to occur but reports of corresponding
remodelling of k; ion channel expression are variable (115;137;188203). Some
studies have looked only at ion channel expressi@htherefore it is not clear whether the

lack of remodelling of ion channels is accomparbgdalterations in ion currents. There
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are often many differences between studies of relgleysiological remodelling in cardiac
disease including the type and species of cardigocytes studied, the pathological
process underlying the cardiac disease along wittthodological differences in

experimental protocols used to study ion current$ ian channel expression. It can be
argued that these reasons may account for anyegesacies in ion current or channel
remodelling between studies. In general, howenmst studies of electrophysiological
remodelling in cardiac disease do support ion ctinremodelling as a result of altered ion
channel expression. In particular, changes ineeiffore forming or accessory subunit

expression are consistently described in situatidmere there is remodelling ofol

No other studies have lookedfablocker induced ion current remodelling but asteane

study has shown involvement of the sympathetic amesvsystem or endogenous
catecholamines in potassium current and channebdeling. This study suggested
reduced expression of Kv4.3 and 4.2 was the uniderignechanism responsible for the

reduction in +o current density in this setting (58).

4.3 What is the mechanism underlying-blocker induced |0

reduction?

There are several possible explanations for theatexh in ko current density seen in the
cells from patients chronically treated wjitblockers. Direct channel block by the drug is
one possible mechanism although, as discussedaptah?2, it seems unlikely that drug is
still present and actively blocking channels afteolation of the cells from atrial
appendage tissue. Testing the acute effect8-ldbcker application on isolated atrial
myocytes from nomfi-blocked patients may give some idea of whetheteacliannel block
is possible however, this would not be represergatif the situation of a chronically
treated patient. As discussed in chapter 3, anqgtbssibility is that there is altered
accessory subunit expression at a protein levidataig changes in translation rather than
gene transcription. There are also a number ofsvilmywhich the function of either the
pore-forming or accessory proteins could be modifigthin the cell without altering their

level of expression.

Direct binding of a ligand, ion or other proteinan ion channel either on the intracellular
or extracellular side may directly influence thadtion and activity of the channel. Some
potassium channels are modulated by direct ligatetaction egdate and kacn Which are

non voltage dependent potassium currents thatmatnilsute to repolarisation. The former



Gillian E. Marshall 2008 181

is inhibited by the binding of intracellular ATP Wé the latter is activated by
acetylcholine binding to coupled G proteins. Howamrthere is no real evidence to support
the role of a binding ligand as necessary for timection of Kv4.3 distinct from its
accessory proteins. tdi, as studied in this work, is a calcium independantent and
therefore not directly modulated by the bindingcaicium ions as are some channels
particularly in non excitable cells. However,dtpossible that calcium ions may influence
I+o by binding to accessory proteins like KChIP aredjfrenin which have calcium binding
motifs (96). The effects of calcium on the funatiof these accessory proteins and the
resultant effect ontg are unclear although the ability of frequeninriorease o density

appears, in expression systems, to be calcium depée(R206).

Other common mechanisms by which the function daftens, including ion channel
proteins, can be altered or regulated are througimges in pH, intracellular redox state
and by post-translation modification. A reductiano density has been shown in animal
ventricular myocytes in association with inhibitiasf major redox pathways which
correlated with decreased Kv4.2 mRNA expressiorV20Exposure to TNk has also
been shown to reduceol via down-regulation of Kv4.2 expression. Thiseeff was
thought to be mediated via the induction of indleibitric oxide synthase and the
generation of reactive oxidant species (208). Téregation of reactive oxidant species is a
common feature of many pathological disease statelsiding myocardial ischaemia,
infarction and heart failure (209) however the derice of these diseases in this study was
similar between th@-blocked and nom-blocked patient groups. It is possible that the
levels of circulating free catecholamines may hlbagen affected by the chronic usefef
blockers and excess catecholamines have been skowmdergo auto-oxidation to
produce free radicals (209). However, it is urlijken altered intracellular redox state is
the underlying mechanism accounting for the chrghldocker induced b reduction
since modulation oftb via oxidant species seems to involve altered esgowa of ion
channel genes which was not found to be the cathesiistudy.

4.3.1 Post-translational modification

Common mechanisms of post-translational modificatbproteins include palmitoylation
(attachment of fatty acids to cysteine residues aofprotein), glycosylation and
phosphorylation. These processes can help deterrpiotein folding, transport,
localisation and turnover at the cell membrane #metefore may directly affect the
function of pore-forming and or accessory proteif®st-translation modification of ion
channel proteins may be important in determiningirthocalisation to lipid rafts or
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microdomains within the cell membrane where thay daster and interact with other cell
membrane-bound proteins, receptors, signalling cutds and intracellular anchoring
proteins (210). Post-translational modification Kf4.3 has not been studied in great
detail. Palmitoylation of KChIP has been reportedl may be an important factor in
determining localisation of KChIP:Kv4.3 complexesiie cell membrane (96;211). There
Is not much evidence to support an important roteglycosylation in modifying Kv4.3.
Kv4.x channels do not appear to have the structuatifs for attachments of N-linked
oligosaccharides and there are no known structmaifs for O-linked glycosylation.
However, one study has suggested that the remdwahegatively charged sugar residue

from ventricular myocytes results in a reductioni(96).

Post translational modification of Kv4.3 by the dd of sugar or fatty acid residues
could significantly affect its molecular weight atiterefore affect detection by techniques
like Western blotting. If chroni@-blockade altered the degree of post-translational
modification of Kv4.3 this would not necessarilyveabeen detected by experiments
performed in this study. Further experiments peshdesigned to look at all the bands
detected by the anti-Kv4.3 antibodies and or tles@mce of additional structural elements
within the bands detected could be considered ditiad to looking at the expression of
accessory proteins. Studies could also be perfotméabk for possible differences in the
location of Kv4.3 protein within cells frof-blocked and nofi—blocked patients perhaps
using confocal microscopy of cells stained withofiescent labelled antibodies. This could
help determine both the extent of cell surface esgipn of the Kv4.3 in addition to its co-

localisation with other accessory proteins, andh@psp-adrenoceptors.

4.3.1.1 Phosphorylation

The most common and widely studied mechanism fguleging protein function is that of

phosphorylation. The addition or removal of phadphHrom amino-acids tyrosine, serine
and threonine are performed by kinase and phosghatazymes respectively. There is
considerable evidence indicating ion channel agtivan be modulated by protein kinases
and phosphatases involving either (de)phosphooyladif the channel itself or of second
messenger systems involved in regulating chanmedtion. Altered phosphatase activity
has been proposed as an alternative mechanisnm tthemnel remodelling to account for
IcaL remodelling in AF(212). Phosphorylation also seem be an important regulatory
mechanism of tb. The long splice variant of human Kv4.3 contaars amino acid

sequence suitable for interaction and phosphooyldby protein tyrosine kinase C (PKC)

(191) and activation of PKC has been shown to redlie current density when this splice



Gillian E. Marshall 2008 183

variant was expressed in a cell line (154). Bo# R and Kv4.3 have sites for interaction
with other protein kinases and there is experimlesdaence that interaction with these
enzymes can also have functional effectstgn Activation of protein kinase A (PKA) has
also been shown to reducg by affecting Kv4.2 channel opening in neurons &nid
thought this effect is mediated via other proteinakes belonging to the ERK/MAPK
(mitogen activated protein kinase) signalling cdsceather than via direct action of PKA
on the ion channel. Modulation ofcl by Kv4.2 phosphorylation via this pathway is
dependent on the interaction of Kv4.2 with KChiBwuits (213).

The calcium-calmodulin dependent protein kinase tyfCaMKIl) is a calcium activated
kinase that is highly expressed in heart tissue @ags an important regulatory role in
intracellular calcium handling and excitation catron coupling (214). CaMKII has also
been shown to be an important modulator of ion oklEn(215). CaMKIl can alter
inactivation of o and inhibiting this enzyme has been shown to asxethe rate ofrd
inactivation in both cell lines and human atrialouytes (216;217). Increasing the rate of
Ito Inactivation would reduce the amount of currentikable for repolarisation and
potentially prolong APD. However, in this work ndange in Jo inactivation was
demonstrated. In contrast, another study in rabaytes showed increasegb ldensity
associated with chronic CaMKII inhibition which rhigsuggest CaMKII activation could
reduce {o. (218). That study did not examine other changesurrent characteristics but
did note that the change inplwas not associated with any significant increaséon
channel associated genes or proteins. The incneaggresulted in net shortening of APD

despite the increase ip,] that also occurred.

While activation of protein kinases has been shoovbe important in the regulation of
gene expression, including recently KChIP2, (219kia distinct possibility that direct
phosphorylation of either Kv4.3 or a related acogsgrotein by these enzymes could
underlie the reduction ofrd in this study. The detection of phosphate resdwéhin
Kv4.3 bands detected by Western blotting may beiptes Antibodies to phosphorylated
Kv4.2 have been used in brain tissue to look fetritiution of phosphorylated Kv4.2 and
it may well be feasible to use similar antibodies Kv4.3 to look either at sectioned atrial
appendage tissue or isolated cells. However, akphorylation of Kv4.3 or its accessory
proteins is the mechanism by which lis reduced in this study how does this link with

chronicp-blockade?
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4.3.1.2 Phosphorylation andp-adrenoceptors

There are three types @fadrenoceptorsp¢ARs) with B-AR; and B-AR;, being the
predominant subtypes expressed in the human h&ae.ratio of-AR1:f-AR2in human
atrial tissue is approximately 70:30 (220). ThARs are seven transmembrane spanning
G-protein coupled receptors. Stimulation of theseeptors leads to activation of
stimulatory G-proteins resulting in production ofcic adenosine 3’5" monophosphate
(cCAMP) (221). CAMP-dependent PKA then phosphosdat variety of downstream,
target proteins that can affect myocyte excitatiod contraction. However, the signalling
mechanisms resulting from activation ARs are more complex than this simple linear
signalling pathway.p-ARs can associate with multiple G-proteins anather signalling
pathways particularly when the receptors are cleadlyi activated. Chronic activation of
B-AR; results in desensitisation of cCAMP-PKA signalliagd activation of CaMKII. In
contrast, chronic stimulation ¢f-AR; results in a cCAMP-PKA dependent switch from
stimulatory to inhibitory G-protein coupling whiclean result in activation of a
phosphoinositide 3-kinase (PI3K) signalling pathw#ye ERK branch of the MAPK
pathway and can inhibit PKA mediated phosphorytatidn contrast t@-AR signalling,
agonist activation ofa-adrenoceptors ofARS) results in the production of inositol
triphosphate and activation of PKC (221).

In chronicallyp-blocked patients treated wifly selective blockers there will be residual
activation off-AR; receptors and-ARs by endogenous catecholamines. This poteptiall
will result in activation of PKC and ERK (althougiot via PKA activation) via chronic
activation of these receptors. This could theeefessult in a reduction ird in this patient
group. However, in the nditblocked patients this reduction irplmight be expected to
be enhanced by CaMKII activation via chrorfieAR; stimulation although, to my
knowledge, there is no direct evidence that CaMi€tivation would have this effect.

The signalling pathways involved AR signalling are extremely complex and there is
interaction at several levels between differenhyatys from both the same and different
receptor subtypes. Clearly there is scope foerkfit signalling pathways to be activated
in both acute and chronic stimulation and thesbways have the potential to result in the
direct phosphorylation of Kv4.3, and possibly otlaecessory proteins which can affect
lto. These processes may be further complicateddpalksible downregulation ffAR
expression as a consequence of chronic exposucatécholamines in cardiac disease
(220). Linking the reduction inrd seen in the cells from chronicafyblocked patients in
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this study to a specific and single signalling pais is difficult and probably an over

simplification.
4.3.2 p-adrenoceptors, ko and calcium

The reduction in{p demonstrated in this work may well be the end Iteslunumerous
interacting factors within the cell which may affgxotein trafficking, localisation on the
cell membrane, phosphorylation and could still eeffl changes in the expression of
accessory genes which have yet to be discoveres. likely however that, regardless of
the mechanism, there is a strong link between ¢lgelation of o and calcium handling
within the cell. A reduction intb would be expected to increase the net influx éficen
ions during an action potential due to prolongetivation of ;.. This will then have
knock on effects on intracellular calcium handlingcluding activation of calcium
dependent enzymes like CaMKII which, in additiorh&dping regulaterb, also modulates
calcium release and re-uptake from the sarcoplageticulum. This in turn helps
determine the activity of the sodium calcium exdwnwith the resulting current
contributing directly to terminal repolarisationdatherefore APD.B-ARs can potentially
interact with this chain at a number of points. i/they may directly affectd as already
discussed it has been long recognised that they glacrucial role in modulating
intracellular calcium. This occurs in a numbematys most classically via CAMP-PKA
mediated phosphorylation of the L-type calcium ciemesulting in increased €antry.
Although k4. current density has been shown not to changeearsétting of chronig-
blockade (29;151B-AR signalling does affect both calcium related yenes and the
expression of calcium handling proteins like SERQ®9). What comes firsf}-AR
signalling or its block, changes in intracellulaaum or ko is unclear and very difficult

to dissect in a human model.

4.4 A clinical perspective

The mechanism of action ofd reduction associated with chrorfiecblockade may remain
unclear but this does not detract from the clinics#fulness of this class of drug. Another
guestion that remains unanswered is to what extemtelectrophysiological changes
demonstrated in this work explain the anti-arrhyithiaction ofp-blockers in preventing
AF and how might this be exploited?
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This work has shown that chrorfieblockade can reduced over a range of stimulation

rates including those equivalent to the rapid ktates achieved in atrial fibrillation. This

occurs both at steady state in the rate dependexmgriments outlined in chapter 2 but
also following a post rest current as demonstrdigihg the reactivation experiments. If
this ko reduction results in prolongation of the atriai@t potential and ERP at all rates,
it would result in an increase in the minimal wargjth for re-entry and should be anti-
arrhythmic. Potentially this could help preventgigtent AF from occurring secondary to
either short bursts of paroxysmal AF or followingirmponary vein ectopics. This may help

to explain the benefits @fblockers in preventing recurrence or initiationAds.

The potential anti-arrhythmic effects d¥blocker induced 1 reduction and APD
prolongation initially seem to be at odds with ge-arrhythmic, electrophysiological
remodelling that occurs in AF where a reductiomtnis associated with shortening of the
APD. The key lies in the changes that occur t@iotbn currents in AF, in particular, the
reduction in ¢, and increase inkd (2;9) which have not been convincingly demonstrated
in the setting of chronif-blockade. This study has not examined the effeicthronicp-
blockade on ion currents or indeed action potentiedm patients in AF. It would be
interesting to see wheth@rblockers counteract the electrophysiological reefiaty of
AF in any way. This might be over optimistic givétrat the clinical efficacy g8-blockers

is to prevent AF or its recurrence rather than ioaetting persistent or permanent AF
(19).

Another aspect to consider is that APD prolongaigomot always anti-arrhythmic. APD
prolongation is seen in both heart failure and IQigsyndromes which are associated
with increased risk of ventricular (and sometimemhg arrhythmias. APD prolongation
can result in early after-depolarisations which pesduce premature impulses increasing
the risk of developing re-entrant arrhythmias.

It is likely that ko reduction and APD prolongation are not the only-arrhythmic
mechanisms df-blockers. By blocking the actions of endogenaatecholamines of-
adrenoceptorg-blockers can prevent their potentially pro-arrimyit actions including
enhanced automaticity, shortening of the actioemtil!, increased heterogeneity of
repolarisation, calcium overload, cardiac cell He@ibrosis and ischaemia (222). The
contribution offf-blocker induced APD prolongation to the preventdAF is therefore
likely to depend on the individual patient, thdincal condition and risk factors for

developing AF. This perhaps explains why pre-operachanges in electrophysiology in



Gillian E. Marshall 2008 187

B-blocked patients are not associated with a redncti the incidence of AF following
cardiac surgery despifeblockers being protective against AF in this seti{151). High
levels of endogenous catecholamines due to thesstfesurgery, acute cardiac ischaemia
and the use of inotropic drugs are likely to berntagor risk factors for post-operative AF
and probably outweigh any potential benefit frora-pperative APD prolongation. It
should also be remembered tfdilockers only have a modest anti-arrhythmic effiect
preventing AF and sa¢ reduction and APD prolongation must have, at l#estpdest

role to play in the management of AF. Howevererhains important to establish the long

term electrophysiological consequences of suchraanly administered drug.

| suspect that exploitation ofd reduction as an anti-arrhythmic treatment for AF i
therefore a long way from becoming reality. Itsi-@nrhythmic contribution in a real

world setting is uncertain. It is far from cleah&ther {o reduction is indeed the crucial
step in the interaction between chropiblockade and APD prolongation. It is possible
that it simply reflects or is secondary to, yetagagnised changes in other currents or
perhaps calcium handling. Atrial myocytes do nasten isolation out with an
electrophysiology experiment and the net effectisath ko reduction and chronig-
blockade on whole chamber and indeed whole hesrtsrknown. However, the burden
of AF to both patients and doctors is significamd & set to increase in the future and only
by increasing our understanding of both the medmasiof this arrhythmia and the actions

of anti-arrhythmic drugs can we hope to impacthos.t
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