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Abstract

Proinflammatory cytokines such as TNF I MR LI{NB A YL AOF GSR Ay |
inflammatory disease states such as sepsis. In sepsis, myocardial depression is a leading
cause of death. To design novel therapeutic targets, it is essential that we understand how
these cytokines mediate the cellular basis of this cardiac dysfunction. Previous studies,
includingGreensmith and Nirmalan (28}, demonstrate that perturbed intracellular calcium
handling and contractility can account for many aspects of myocardial depression. However,
many of these studies suffer important limitations in that (A) small mammal models were
used in which thdranslational relevance is questionable and (B) it remains unclear how
proinflammatory cytokines affect certain key aspects of cellular function. To address this, we
re-characterised the effects of TMF | YMR L2y A Y G NI OSft f dzf | lheOl £ OA
animal model then investigated their effects on the ryanodine receptor (RyR) and

myofilament sensitivity to calcium.

Sheep ventricular myocytes were used for all experiments. All procedures used accord with
the Animals (Scientific Procedures) AdK,11986 and Directive 2010/63/EU of the European
Parliament. Intracellular calcium and contractility dynamics were measured by epi
fluorescent photometry and video sarcomere detection respectively. In all experiments, cells
were separately exposed to 50/mg TNFh | R LI{Odzii St @ d 2 KSy NBIjc
excited using field stimulation at a rate of 0.5 Hz. To indicate changes to RyR properties,
intracellular C&" waves were facilitated using 0.3 mM Ouabain and 5 mNI" 3R CA

content was estimated sing the amplitude of 10 mM caffeirevoked C& transients.

TNF | yWR LH S ONX F &obtént by 87 andl41 % respectively accounting for a 17

and 24 % decrease of systolic calcium. Only with-TNFRA R (G KA & NBRUzOG A 2
translate toreduced systolic shortening (20 %). We observed no negative effect on the rate

of systolic or caffeinevoked C& decay. TNE | ywR LR S O N¥Bwawe SRplitide by

46 and 34 % and increased frequency by 38 and 28 %. Both cytokines reduced SR Ca
threshold for waves. In saponpermeabilised cells the degree of sarcomere shortening over

equivalent calcium ranges was attenuated.

XiX



These findings confirm that in sheep, FNF I YW LR S O NB?t carient {eading tb
reduced systolic G4 The increse of C& wave frequency and decrease of amplitude
suggests both cytokines increase ryanodine receptor open probability; confirmed by a
decreased SR €ahreshold for waves. So while the reduction of SR" €antent does not
appear to be SER&pendentincreased RyR leak may contribute. The loss of contractile
response to increased Easuggests that both cytokines reduce myofilament'Gansitivity.
These findings advance our understanding of cytokiregliated cardiac intracellular €a

dysregulation and provide additional cellular substrates for myocardial depression in sepsis.
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Chapter 1

Generalintroduction



1.1 Sepsis

Sepsiss theinflammatory response to systemic infectidn.a localised infection, leukocytes
congregate at the site of infection and the production of cytokines at this site increases. This
local inflammabry responseis necessary to mediate the immune response against the
infection. In sepsis, the increasegtakine production is elevated furthemgenerating a
cytokine storm which is widespread across the body. Instead of aiding the immune
response, inflammation becomes an additional burden and cafuce multiple organ
dysfunction including heart failureln severe cases, sepsis daad to death.Even in those

who survive sepsis, some forms of organ dysfunction can be permdAerfumar et al.,

1996)

1.1.1 The burden of sepsis

Fleischmann et al. (2®) used reports of hospitareated sepsis acquired between 2005 and
2015 to predict the global impact of sepsis and estimated that there are 31.5 million
incidences of sepsis each year. 19.4 million of these cases were deemed severe and 5.3
million led to death. However, the study acknowledgedthat these figures may under
represent the true global impact of sepsis due to various limitations. One liontadilack of
publicationsq and therefore data acquired from lower income countries, aBigh-income
countries only amount to 13 % of the global population. Another limitation is international
classification of diseases (ICD) miscoding and differences defining of sepsihdspital
administrative reports, as it is believed some cases ofsisehave been overlooked or
misdiagnosedWhat is clear, is sepsis remains a leading causaarbidity and mortality

worldwide.

In the UKalone current estimations indicate that approximately 260,000 cases of sepsis
occur annually, resulting in 44,000 fataliti@@aniels et al., 2017Based on these incidence

figures, it was estimatedhiat the total cost of sepsis in the United Kingdom (UK) on the
National Health &vice (NHSj)s £11.25 billion each year. This figure includes direct costs

such as hospital costs and letegm complications in survivors. Amputation, kidney



dysfunction and the impact on mental health, were estimated at approximately £1.5 billion,
in addition to finarial losses due to legal action and loss of productivity. Whilst the
resistance or sensitivity to antibiotics does not impact the proportion of patients affected by
sepsis, the burden and cost of hospitalization is greater with antibiotic resistant sttags

to the additional treatment required and longer hospital staggilberberg, Nathanson,
Sulham, Fan, & Shorr, 2017)

1.1.2 Epidemiology of sepsis

The prevalence of sepsis within a population can be determined by the regioe tothe
level of exposure to pathogenk developing countriesr warmer climatesvhere exposure
to a wider variety ofpathogensis possiblethis increasea the susceptibility tanfection and
sepsis in those who live ther@eparrukkul, Hantrakun, Day, West, & Limmathurotsakul,

2017; Vugia et al., 1993)

A number of host factors can impact susceptibility to development of sepsis as well as
severity and mortality. Age is an important factor detening vulnerability to sepsis.
Increased age in adults with sepsis is associated with increased mortality, earlier fatalities
and an increased need for continued care in survigbtartin, Mannino, & Moss, 2006 he

risk of sepsis development is 13.1 fold greater in individuals over the age of 65, with a 1.54
fold increase in the likelihood of deathiang, 2016)Martin et al. (2006yeported that over

2 decades in the United States (US), 64.9 % of hospitalised patients with sepsis wereover th
age of 65. The occurrence of conditions associated with sepsis development such as urinary
tract infections (UTI) and pneumonia are also higher in the elderdng, 2016)At any age,
individuals ¢ predominantly males¢ with a history of gout, frequent UTIs or renal

dysfunction are also more likely to develop severe sepsis or septic dheelet al., 2016)

Bacteria(see 1.1.3plreadypresent in the genital tract in health can become pathogenic i
sepsis in immuocompromised individuals opregnant women(Kalin, Acosta, Kurinczuk,
Brocklehurst, & Knight, 20155epsis can encourage complications in pregnancy such as

preterm birth and severe preclampsia and contributes to maternal morbidity and mortality



globally. In high income countriesepsisas a result of genital tract infection leads to 2.1 %
of maternal deathgAmsta, Bhattacharya, Tuffnell, Kurinczuk, & Knight, 2012; van Dillen,
Zwart, Schutte, & van Roosmalen, 2Q18gvere sepsis is the cause of ~14.4 % of maternal
critical care admissions in the UK with ~10.6 % developing septic Shaekoung age of the
mother (under 25 years old) is @&k factor forante- or postnatal sepsisdevelopment
Additional risk factes includeobesity, delivery by caesarean section and multiple births
(Acosta et al., 2012; Acosta et al., 2016)

New-borns have a high risk of infection and sepsis. This risk cblatet sepsis development

is elevated further in premature infants with a gestational age below 32 weeks and lowe
birth weights, especially those who require a central venous cath@ehseny et al., 2018;
Stoll et al., 2002)

Individuals with a compromised immune system or prior health conditions are vulnerable to
infection and thus sepsis. The immune system can also be suppressed by a secondary
infection, as is the case inuman immunodeficiency virus (HIV) positive individuals.-HIV
positive individuals have an increased risk of developing sepsis, especially fungal sepsis,
when compared to those who are HIV seronegative-inBection with HIV also increases the

likelihood of afatal outcome in those with seps{¥ugia et al., 1993)

Surgery to treat existing conditions can increase patient vulnerabilitgfeection. Following
colorectal surgery, patients have a high predisposition for sepsis and septic shock. In this
patient group severity is higher in females and adults over the age ofSteka, Tevis, &
Kennedy, 2016)

Due to thehigh severity and mortality of sepsis in the UK and worldwide, and the impact on
vulnerable groups, it is important to increase understanding of the events that occur in
sepsis, as this may further establish a clinical definition of sepsis and aid treatimeugh

providing novel targets for therapeutics to be used alongside those fighting the causative

infection.



1.1.3 Aetiology of sepsis

It is important to note that gpsisis theresponseéo infection. As such, there is no definitive
causative organism ando any bacterial, fungal or viral infectiocan lead to sepsidf
pathogen invasion ceases to bdocalisedand becomes systemic, sdoes the immune
response. It is this widescale andoverwhelmingimmune response that results in multi

organfailure, which shall be discussed further in section 1.1.5

Although it is true that sepsis can develiopm any pathogenic infectionggsis is commonly
associated with an acute respiratoryacteral infection, especially pneumonieausing
bacteria such aStreptococcus pneumorgand Klebsiella pneumonia@pal et al., 2003)in

the elderly pneumoniaassociated grammegative bacterial sepsis partcularly prominent
(Martin et al., 2006)In developing countries, sepsis caused by rarer bacterial pathogens

such agickettsiaandleptospiraare also foundVugia et al., 1993)

Urinary tract infections areanother common cause of sepsis. When caused by bacteria
belonging to the enterobacteriaceae familg including Escherichia coli, Klebsiella
pneumonia, Klebsiella oxytoca, Enterobacter cloaradEnterobacter aerogenesthe risk

of severe sepsis or septic shad&velopment is greater. Some enterobacteriaceae can also
cause pneumonidlLee et al., 2016; Opal et al., 2003; Zilberberg et al., 20%a9toperative

UTl resulting from early removal of the catheter following colorectwirgery, also

contributes to eleveed riskof bacteraemia and septic shofRheka et al., 2016)

In pregnant women, respiratory infections and genital tract infections are the most common
causes of sepsis. There are many causes of maternal sepsis hd@wempcoccus pyogenes
and Streptococcus agalactiaare commonly involved in progression to severe $eps
Maternal deaths however are most commonly associated with pneumonia respiratory

infections(Acosta et &, 2016; Kalin et al., 2015; van Dillen et al., 2010)

Grampositive infections are more common in premature nbarns, particularly
Streptococcumfection, and increases mortality of sepsis more than 2 (Skbll et al., 2002)

In the UK Streptococcus agalactiasthe highest cause of neonatal sepsis, howe@andida



albicansinfection, a yeast infectionis another major causespecially in the formfoat UTI

(Kalin et al., 2015; Mohseny et al., 2018)

The type of the microorganism causing sepsis can determine patient mortality. Recorded
incidence is highest for gram positive and negative bacterial sepsis (at 25.2 and 23.8 %
respectively), both witha mortality of approximately 30 %, while fungal infecBaausing
sepsisare less prevalenbut have a highemortality. Infections withCandidaspecies are the
predominant cause of fungal sepsis and contribute to increased morta@légpdidanfection

Is opportunistic asCandidaspecies are present in normal flor&he majority of the
remaining invasive fungal infections are caused\bpergilluspecies, which can also lead to

sepsis, especially in immunocompromised individg@kslaloye & Calandra, 2014)

Sepsis can also be produced by a viméction; however,data suggests the incidence of

viral infection may be lower than other causes. In addition to the systemic dysregulation
which occurs in sepsis, viruses @sodirectly cause tissue damage. Common viral causes of
sepsis include influenza viruses, enteroviruses and Herpes simplex virus (HSV). Once again
immunosuppressed individuals such as those with-gxisting conditionsneonates, the
young, the elderly and pregnant women, are more susceptible to viral séfiss.sepsis is

also more common in South Asend Dengue viruses are a primary cause of viral sejpsis
these tropical regions(Lin, McGinley, Drysdale, & Pollard, 2018; Shane, Sanchez, & Stoll,
2017; Teparrukkul et al., 2017; "Vaccines against influenza WHO position-gdpeember

2012," 2012)

As suchgdetermining the primary cause of sepsisasimportant as is its treatment. In the UK
an intervention described bypaniels, Nutbeam, McNamara, and Galvin (20143 been
implemented. This requires blood cultures to be acgdiand antibiotic treatment given

within an hour of diagnosis to improve patient prognosis.



1.1.4 Classification of sepsis

The definition and classification of sepsis is importanthéscan lead to variation in reports
which determine incidenceral mortality. Whilst sepsis has long been known to exist, the
definition and criteria for diagnosisraried considerablyuntil the first internationally
recogniseddefinition of sepsis was provided Bone etal. (1992) Bone et al. (1992)
described sepsis as the development of systemic inflammatory response syndrome (SIRS) in
response to infection. At this timt#he clinical diagnosis of sepsis solely required patients to
meet 2 of the 4 SIRS criteria; abnormal body temperature, tachycardia (>90/min), elevated
white blood cell count (>12 000/m¥nand respiratory rate (>20/min). SIRS criteria remain
important for diagnosis of sepsis howeveevy et al. (2003ddressed that both tachycardia
and elevated white blood cell count were also present in the absence of infection and
therefore do not distinguish sepsis from other inflammatory conditions.révicecently,
Singer et al. (2016)ighlighted improved understanding of the pathophysiology of sepsis and
the preference of previous definitions to focus entirely on inflammation. Sepsis is now

accepted to involve both proinflammatory and airtflammatory responses.
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manifests differently between patients, as such the site and magnitude of dysfunction can
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and persists despite fluid resuscitatigBone et al., 1992)Septic shock presents in two
stages; the first stage is determined by high pulse rate, cardiac output and warm extremities.

In some individualghis can progress to a hypovolemic stage, which presents as low cardiac
output and cold, moist skin. Both stages result in high lactate and metabolic acidosis, further
contributing to cardiac dysfunction. Patients with a high cardiac performance (candiex

> 2.8 L/min/nf) have a higher chance of survival, as progression to hypovolemia has been
associated with increased mortalifClowes, Vucinic, & Weidner, 1966; MacLean, Mulligan,

McLean, & Duff, 1967)

Current management of sepsis in the UK implements the Sepsis 6 intervention developed by
Daniels et al. (2011)Since implementationmortality has decreasedby two-fold andthe

average éngth of hospitalisation (fosurvivorg hasreduced considerably This intervention



prioritises medical procedures which can be used to assess the stage of sepsis and treat
symptoms. These therapeutic interventions include measurement of serum lactat@sas

known to be high in septic shock it can determine sepsis severity. Oxygen is administered to
allow for elevated respiratory rate and prevent metabolic acidosis. In order to manage blood
pressure, urine output is monitored wht an intravenous dp allows fluid resuscitation

(Bone et al., 1992; Daniels et al., 2011; MacLean et al., B}gka et al., 2016)

1.1.5 General organ dysfunction in sepsis

As per 1.1.3, respiratory infection is a leading cause of sepsis. As such ntigmyspaith

sepsis often present with acute respiratory distress syndrome (ARDS). ARDS can also be
induced by norseptic lung injury such as trauma, however the risk of ARDS development
and mortality are increased in sepsissociated ARDS. The charactarssof ARDS are
similar in septic and noseptic patients(Sheu et al., 2010)rapidly presenting with
pulmonary oedema and severe hypoxaamPa@FO, ratio <200). Diagnosis of ARDS
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influenced in sepsis by pulmonary infiltrates and left ventricular failure, which are associated
with increased left atrial presure (EnriquezSarano, Rossi, Seward, Bail&y Tajik, 1997;
Wheeler & Bernard, 2007)

Acute kidney injury (AKI), a form ofn@ dysfunction, while not specific to sepsis, is another
common manifestation. During sepsis, renal volume increases, largely attributed to oedema,
by which capillary leakage and immune cell infiltration are thought to contril§8tesaguri,
Yamaguchi, Nakazono, Mizuguchi, & Irie, 20B6yeduction in blood pressure is found in
approximately 80 % of sepsassociated AKI cases, a possible result ofedsgd cardiac
output from myocardial depression. Loss of contractility in the left ventricle results in an
elevated enddiastolic ventricular volume thus cardiac preload, which can stimulate
sympathetic nerve activity and release of vasoconstrictive homsonThe resulting
vasoconstriction and decreased blood pressure may further contribute to AKI development,
through ischemic damage and renal hyperfusion, leading to reduction in glomerular

filtration rate and renal blood flowBougle & Duranteau, 2011; Wang et al., 2002)



Neurological dysfunction such as sepm$sociated encephalopathy (SAE) and sepsis
associated delirium (SAD), conditions responsible for confusion, cognitive impairment and
seizures, present in a large proportion of severe sepsis patients and correspond with an
increased mortality. While inflammation is thought to contribute to SAE, dysiom can be

induced by decreased blood pressure and the resulting lower cerebral perfusion. Cerebral
vasoconstriction has been associated with SAE, and its presence increase the risk of SAD. The
cardiovascular autoregulation required to respond to chanigeblood pressure are often
impaired in SAD, promoting further inju@i?ierrakos et al., 2014; Schramm et al., 20T2)e
longterm psychological impact of sepsis on its survivors are also evident, with development

of anxiety, depression and pestaumatic stress disordelike symptoms including delusions

(Jones & Giriffiths, 20123)

In addition to vasoconstriction, decreased perfusion and tissue injury can also be influenced
by enhanced coagulation. In response to endotoxin release in sepsis, coagulative pathways
are pranoted while anticoagulation is simultaneously downregulated, inducing
disseminated intravascular coagulation (DIC). DIC describes thrombosis formation in small
vessels across the body. This reduces blood perfusion to tissues, leading to injury and organ
failure. Activation of complementlerived C5a also contributes to clot formation, by inducing
aggregation of neutrophsland other leukocytes. Attempts to treat DIC with aodiagulators

to lyse clots have been dangerous, encouraging bleeding and in some cases further
promoting coagulation through platelet agglutinatiofHardaway, Williams, & Vasquez,

2001; Parrillo, 1989; Tsao, Ho, & Wu, 2015)

While sepsis can lead to multiple organ dysfunction as detailed above, many sepsis related

deaths are due to cardiac complications.

1.1.6 Myocardial depression in sepsis

A common manifestation of cardiac dysfunction in sepsis is myocardial depression.

Myocardial depression involves both diastolic and systolic dysfunction.



1.1.6.1 Diastolic dysfunction

Diastolic dysfunction irmyocardial depression includes ventricular dilation and reduced
compliance. This reduction in compliance means that the myocardium is less able to distend
during diastole in response to increased blood flow. Systolic dysfunction takes the form of
depressé contractility resulting irareduced ejection fractiorfOgnibene, Parker, Natanson,
Shelhamer, & Parrillo, 1988)

Diastolic dysfunction in severe seps@sassociated with increased mortalitClancy et al.,
2017) Impaired ventricular filling is the result of diastolic dysfunction in the left ventricle. In
sepsis this left ventricular dysfunction is associated with both impaired relaxation and
decreased compliancéMeierhenrich, Schutz, & GausX)08) Left ventricular relaxation is
impaired in ~ 20 % of patients with septic shock, although this is reversible upon recovery
(Bouhemad et al., 2008Reduced diastolic compliance in sepsis can be improved by fluid
resuscitation¢ a common practice following the diagnosis of semsi®oweve this has no
effect on C&" handling mechanisms or contractilifpaniels et al., 2011; Zhong, Adams, &
Rubin, 1997)

Sepsis kers the relationship between compliance and contractility, causing a downward
shift in the FrankStarling curve. Therefore any small elevation in end diastolic volume is
unable to induce an increase in left ventricular performance to the same ex@gibene

et al., 1988) Whilst enddiastolic volume increases in sepsipossibly as a compensatory
mechanism to maintain cardiac outpgtthis is also an indicator of worsening myocardial

relaxation and poor prognos(€lancy et al., 2017)

In sepsis cardiac dysfunction can also occur in the right ventricle. As with the left ventricle,
diastolic right ventricular dysfunction can take form of ventricular dilation and loss of
ventricular compliance. The latter impairs the relationship betweghtratrial pressure and
right ventricular end diastolic volumgourt, Kumar, Parrillo, & Kumar, 2002; Kimchi et al.,
1984) In sepsis the right ventricular estlastolic volume can become increased due to

elevated pulmonary vascular resistance, as a result of acute lung injury. This pulmonary
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vascular resistance to low cardiac outmiage of septic shock and is associated with high

mortality (Kimchi et al., 1984; Sibbald et al., 1978)

1.1.62 Systolic dysfunction

Systolic dysfunction in myocardial depression is clinically defined by the reduced left
ventricular ejection fraction (LVEF). This LVEF occurs due to depressed contractility and
results in a lower cardiac output and a reduction in left ventricular stredd@me In the

acute phase of sepsis LVEF is reduced to 25 %, during recovery this is restored to 50 %. With
reduced LVEF the erdiastolic volume increases. In survivors of sgpsardiac function is

fully recovered following 1@ 28 days(Ognibene et al., 1988; Parker et al., 1984; Parrillo,
1989)
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adrenergic stimulation.Archer and Black (1975pund that the effect of drenaline
application on contraction and relaxation was depressed in an endctkministered

model of septic shock in the heart.

Systolic dysfunction such as decreased right vemtarcejection fraction (RVEF) a@ind in
some patients with sepsis,ther alone or as a part of biventricular dysfunction. RVEF can
occur during both the high and low cardiac output stages of septic shock. This right
ventricular dysfunction can occur due to either direct right ventricular myocardial depression

or high endright ventricular diastolic volumgCourt et al., 2002; Kimchi et al., 1984)

The type of cardiac dysfietion can predict patient outcome, myocardial depression is
associated with increased mortality. Some manifestations, such as left ventricular dilation
and decreased ejection fraction, are more prominent in patients who go on to survive sepsis.
It has be@ suggested that ventricular dilation helps to partially compensate for reduced
ejection fraction. Survival is also higher in those presenting with an increased end diastolic
volume index, resulting in a more distended ventricle during diastole and reduced

compliance, whereas in nesurvivors, cardiac performance is more likely to be maintained
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initially, despite cardiac dysfunction. While these aspects of myocardial depression appear to
facilitate survival, the decreased cardiac performance and therefeckiced cardiac output,
lead to hypotension and ischemia which can contribute to dysfunction throughout the body

(Court et al., 2002; Parker et al., 1984; Parker et al., 1989; Parrillo et al., 1990)

Although sepsis can induce injury in multiple organs due to infection and inflammation, the
depressive effect of sepsis on the myocardium is important, as not only is it a common
injury, but this canfacilitate progression of damage in other organs, cdmiting to
hypoperfusion, vasoconstriction and the resulting ischemia. Hypotension is responsible for
76 % of deaths in sepsis, contributed to by both myocardial depression and low systemic
vascular resistance, with remaining deaths as a result of mubiglan dysfunctior(Parrillo,

1989) Myocardial depression in sepsis is not caused by ischem@yrason, Schaer, Parker,
Natanson, and Parrillo (198&und that coronary blood circulation and oxygen supply to

the myocardium is maintained.

1.1.7 Cardiaalysfunction in other inflammatory conditions

In addition to sepsis, reversible myocardial depression can occur as a result of other
inflammatory conditions, such as anaphylactic sh@Rkper & Fisher, 1988br in heart
failure. Mediators of myocardial depression have been identified in the blood of heart failure
patients with acute renal failure. Removal of these substances through haemodialysis has
beencited as a means to improve cardiac functi@lake et al., 1996)in coronary artery
disease haemodialysis is also a common treatment. Frequent use of haemodialysis can
howeverlead toischemic cardiomyopathy. Myocardial depression appears sporadically with
regular ischemic injury. As with sepsis, myocardial depression presents with reduced LVEF,
and contributes to hypotension. While myocardial depression is still reversible in these
cases, prolonged myocardial injury can lead to more permanent injury such as figktsas,

Mattsson, & Magnusson, 2018; Burton, Jefferies, Selby, & Mclintyre, .2009)

Cardiac dysfunction in heart failure (H&lso shares some similarities with myocardial

depression in sepsis. Chronic HF is classified by LVEF, ejection fraction (EF) is either
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preserved, reduced (<40 %) or within a rachge (4649 %) Tschope et al., 2019The levels
of morbidity and mortality are similar between these HF classificat{@wlaug & Paulus,
2011) HF with preserved EF presents with diastolic dysfunction, while HF with reduced EF

favours systolic dysfunicin (van Heerebeek et al., 2006)

In HF with preserved EF systolic left ventricular performance is normakveswelaxation is
slower and diastolic stiffness is elevated. Reduced rate of relaxation contributes to
decreased stroke volume, especially at higher heart rates. Passive diastolic stiffness can be
induced by collagen deposition in trextracellular matx ECM or up-regulation of titin.

Blood pressure and end diastolic volumes are also increased in HF with preserved EF

(Borlaug & Paulus, 2011)

HF with a reduced EF occurs due to reduced ventricular contractilitylddds tca decrease

in stroke volume and elevated estiastolic volume. The loss of contractility found with this
form of HF is caused by an initial injury, in 2/3 of cases this injury results from coronary
artery disease. Myocardial injury induces sedary responses including increased cytokine
production and release of ROS and NO. HF is generaillidefl, however rightided HF can
develop(Bloom et al., 2017)

Given that myocardial depression and similar cardiac dysfunction presents in a number of
conditions, it is therefore important to improvainderstanding of the mediators of

myocardial depression.

1.1.8 Mediators of myocardial depression in sepsis

Parrillo et al. (1985)nvestigated a negative inotropic agent responsible for myocardial
depression. The circulating myocardial depressant substance identified was a low molecular
mass (10 KDa) macromolecule with protein characteristics. It is now accefhtaidthe
elevated presence of cytokines especially proinflammatory cytokinesin septic serum

mediates myocardial depressididha et al., 1993; A. Kumar et al., 1998¢active oxygen
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species (ROS) are aldmown to mediate myocardial depression and contribute to

cardiovasculadysfunction in septic shodPotz, Sellke, & Abid, 2016)

1.1.8.1 Reactive oxygen species and oxidativest

Oxidative stress occumghen production of reactive oxygen species exceeds the capacity of
antioxidant enzymes. There are many forms of ROS including super&ide l{ydrogen
peroxide (HO,) and nitric oxide (NO). ROS production is increased in sepsis and high ROS
levels are associated with cardiovascular dysfunction including myocardial depr&d&oin.
Riezzo, Pomara, Schiavone, & Turillazzi, 2016; &o#d., 2016) Oxidative stress is also
known to play a role in HF, promoting the formation of bridges within the titin molecule,

limiting elasticity in HF with preserved @oérlaug & Paulus, 2011)

In health ROS ioluding NO produced by €alependent NO synthaseaid regulation of

blood pressure, however when ROS levels become high leading to oxidative stress, oxidative
damage is induce(\eri et al., 2016; Schulz, Nava, & Moncada, 199R)h RO8an impair

blood flow reducing oxygerdelivery to organs, whilst also affecting metabolism. The
resulting hypoxia and decreased energy production contributes to organ da(Rage et al.,

2016)

NO synthase is the enzyme responsible for NO production. NO acts as a messenger and
effector molecule. In responseotinfection NO levels increase, this is thought to be a
defensive mechanism against pathogens due to the bactericidal properties of NO. As such
NO synthase activation increases in septic si{¢kbunde & Coston, 1995; Netial., 2016;

Schulz et al., 1995)

Prolonged exposure to TNF | yiRi LI O (i #'dhdepehdent hifric oxide synthase
expression in the left ventricular wall leading to an increase in NO production. Increased NO
production has been implicated in the hypotension and impaired cardiac function found in
septic shocKNeri et al., 2016; Schalet al., 1992; Schulz et al., 199B)0 synthase is not
solely responsible for myocardial depressionKésbunde and Coston (199%und that the
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use of NO synthase inhibitors did not improve left ventricular function. Additionally, whilst

NO synthase is induced at higher concentrations of TNF Y& 2 OF NRA I f RSLINE:
at the lower concentrations found in septic serum. INF Y dza (i elb& &K1 Maubd
myocardial depression without stimulation of NO synth&btiller-Werdan, Engelmann, &
Werdan, 1998)Yokoyama et al. (1998¢flected that the reduced myocyte contractility and
systolic C& resulting from perfusion with TNF 61 & LINA Yl NAf & RdZS (2
handling rather than an indirect effect on protein synthesis or NO production, although the

effectof TNP 2 v ickc® waslInot further investigated.

Although this studywill not be directly measuring the effects of oxidative stress on
ventricular myocytes, proinfammatory cytokines have been associated with increased NO
and ROS production. It stands to reason that these molecules may be involved in the effects

these cytolknesmediate in the heart.

1.1.8.2 Cytokines

TNFh | y-Ni LHNB St S@I S Bnd ingfeasairS dalicénttatiod dveN irye >
(Vincent et al., 1992Dther cytokines such as interferon gamma and interleukins4, -6, -

8, -10) are also elevated in septic seruf. Kumar et al. (1996pund that these cytokines

do not produce the same magnitude of myocardial depressant effect ad' TNF VMR db [
TNFh A& faz2z StS@liSR Ay (MullerkMeman Btyalk 198YNrHe (i 2 NEB
TNF can reduce stroke volume in humans with sepsis. This was demonstrated by improved
left ventricular functiom in patients treated with andTNF antibodies, although treatment

only improved survival if administered ear{y/incent et al., 1992)This has also been
demonstrated inanimal models, with TNF" reducing theventricular ejection fraction in

dogs(Muller-Werdan et al., 1998)

In dudies investigatig the effect of cytokines on isolatedhele hearf smultaneous TN##
and Il=m i S E \wasdadatld temporarily increaseardiac work, output and peak systolic
pressure, prior to a substantial reduction in coronary flow and cardiac work with prolonged

exposure(Schulz et al., 1995)

15



Previous workin rat ventricular myocytes haalso determined that TNF and Im i are

capable of producing myocardial injury and impairing contrac{@reensmith & Nirmalan,
2013; Radin, Holycross, Dumitrescu, Kelley, I&cAuld, 2008) These proinflammatory
cytokines have been shown to synergistically indeoacentration and time dependant

myocardial depession(A. Kumar et al., 1996)

Another component of septic serum is histamine; an endogenous mediator of infkiom
elevated on a time depende basis in sepsis. The outcome of histamine is dependent on the
receptor activated. Kl receptor activation depresses cardiac function via adrenergic
response inhibition, while activation of;tnd H receptors contributes to multiple organ
dysfunction and enhanced TNF | ¥R LUINR RdzOG A2y ® | Aalas ¥AYy S
myocardial depressant substance while -niggulating further myocardial depressant

substances in the form of cytokin@dattori et al., 2016; X. Li et al., 1998)

It is well characterised that TNF | ¥R LI{NBE Y&2O0l NRAI f (QRELINS & &

1993; Vincent et al., 1992 he mechanism by which cytokineparticularly TNP | ¥R L [
¢ induce myocardial depression is not yet fully understood. Previous wor&rbgnsmith

and Nirmalan (2013}§lid however find that TNE O 2 yfe§ MAnyocardial depression
through alteredC&" handling. @tokinesandtheir cellular effectsshall be discussed further,

in more detail in section 1.3n order tounderstand howcytokines alterventricular myocyte

function, cell function in health must first bendersiod.

12 Excitatiorcontraction coupling

Themammalianheartis composed of four chamberthe right and left atrium and ventricles
respectively The contractiorand subsequent relaxation oi¢ heartoccurs ove phasesn
a cardiac cycle. Duringdral systolethe atria contract expéing blood into ventriclesthis is
followed byventricular contractionand ejectionin ventricular systolereleasingblood into
system During dastolethe myocardium is in a state oélaxation allowing the chambers to

refill with blood. Myocardial contraction is essential for cardiac function as it produces
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stroke volume and regulates cardiac outpahange to force 6 contracility alters cardiac

output (Jacob, Dierberger, & Kissling, 1992)

The contraction of the whole myoddium is due to the synchronousontraction of
individual myocytesfrom which it is formed As suchin order to understand how the
myocardiumcontracts, we need to understand the cellular basis of contraction. Cellular
contraction is dependent on excitatiezontraction coupling(ECC)ECGs responsible for
translating excitation of a myocyte from an axti potential to cellular contractionSeveral

ion channels and transporters regulate ECC and will be discussed in turn below.

1.21 The importance of Ga

The experiments oRinger (1883were the first todemonstratethat C&* is essential for
cardiaccontraction Those experimentdetermined thatthe heart was only able to contract
when C&" was present As such, wen perfused with blood or a €abased solutionthe

heart will continue to beat for hoursx vivo

Cd&" is an important secondary messenger involved in the regulation of multiple cellular
pathways (Clapham, 2007)C&" is required to activate myofilaments and therefore is
important for contraction. In heart cells, the presence of extracelluldi’ @éows the rise

and fall of [C&]; required for cell contraction then relaxation respectivéisner, 2018)

During diastoleintracellular C&£* ([C&];) remains low as Gais stored primarily in the
sarcoplasmic reticulum (SR); an intracellular compartme@&* is also present in
extracellular matriXEOM). The movement oC&* between the SR,@ and sarcoplasm is
controlled in order to regulate this contractiohe speedand effectivenes®f C&"* as a
signalling moleculguts it at an evolutionary advantage when compared to other signalling
mechanisns such as phosphorylatiofClapham, 2007 he cyclic rise and fall of €aouples
excitation to contraction and relaxation. This proces&nown asexdtation-contraction
coupling (ECCY, is reliant on a series of €achannels, pumps and exchangefssummary

diagram for ECC will be provided in Fg. 1
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Whilstintracellular [C4T; regulates ECC, the majority (~99 %) of cytoplasnfiti€hound to
0dzFFSNEZ (GKSAS Ay Of dzRosdtradtik froteinsantdothdr iRxhasErge | ¢t |
[C&Y;is the C& available to bind to myofilamentsind also fluorescent dye, as suctsing
fluorescence aloneonly free [C&T is measured C&" buffering can be alteredhrough
changeto the presence of these buffers ithe cytoplasm.for example change iprotein
expressionand the affinity of these buffersfor C&*. A change to Cabufferingalters the
proportion of free [C&]; available whilst the total cytoplasmic [G§; remains the same

(Smith & Eisner, 2019)

122 Excitation

The wave of excitation that ultimately excites each myocardial cell originates in the sinoatrial
node (SAN). The membrasef cells within the SAN undergo spontaneous depolarisation to
threshold by virtue of inward N& current () from hyperpolarizatioractivated cyclic
nucleotidezgated (HCN) channelgienerating the nodal action potentigLarsson, 2010;
Shinagawa, Satoh, & Noma, 200Thiswave of excitationspreadsthrough the atrum via
intermodal pathwaydefore it isslowedfor ~100 mdy theatrioventricular AV) nodein the
bottom of the right atria This allows depolarisation and thus contraction to occur in the
atria, prior to the ventriclesThe signal continues tpropagatedown through thebundle of

His then along the Purkinje networkuntil the wave of excitationreachescells of the
ventricles Propagation of the action potentiacross a sheet of myocardiumm aided by

coupling of myocytes to adjacent cells via gap junctigtehr, 2004)

Once the action potential reaches the surface membrane of ventricular myocytes it is able to
propagate down sarcolemmal invaginations called transversg t{ibules (Fearnley,
Roderck, & Bootman, 2011; Santana, Cheng, & Lederer, 2010; van Weerd & Christoffels,
2016) This takes the cells own mmbrane to threshold potential, thereforewvoking a

cellular action potential.

The ventricular action potential has 5 phasEg (-1). During phase 0 rapia’ influx raises

the diastolic membrane potential fror®0 mV to +50 mV depolarizing the membrane. Phase
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1 ceases following N&hannel inactivation with inducing a brief repolarisation from +50 mV
to +30 mV this iscalled a repolarisation notcljphase?2). Depolarisationalso activates
voltage gated channels calledytpe C&* channels (LTCC), (which shall be discussed further
in 12.3.1) (Fearnley et al., 2011; Rohr, 2004; Santana et al., 204€Ye, LTCC opening and
the resulting C& influx produces the characteristic plateau (pha3efound in cardiac
myocytes(Cooper,Soeller, & Cannell, 2010; Santana et al., 2GETCA" influx balances K
efflux via K channels. Following LTCC inactivation” Kfflux dominates producing
repolarisation (phase 4). This restemiastolic resting membrane potential 90 mV, which

remains constant in phase 4 until membrane depolarisation occurs g&antana et al.,
2010; W. Zhu, Mga, & Silva, 2016)

50 w (d)
>
S (b) (e)
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>
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- 90 e
>
Time

Figurel-1. The ventricular action potential: (a) phase 0, (b) phase 1 depolarisation, (c) phase

2 notch (d) phase 3 plateau and (e) phase 4 repolarisation.

The morphology and duration of the ventricular action potential vary, but are generally
muchlonger that of skeletal muscles, spannirg00Oms. The duration andfrequency of the
action potentialcan impactC&* handling mechanismsThe action potentiaktimulation

frequencydeterminesheart rateandis determined by theéSANaction potential firing raten

vivo (Santana et al., 2010)
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1.2.3 Sarcolemmal Gaentry

As previously discussedstubule depolarisation activates the LTCC contributing to the
plateau of the action potential. This process also brings a saratbuntof calcium into the

cell via C&entry and is the important first step of the €aycle that produces contraction.

12.3.1 L-type C4" channels

LTCCare voltagegated channels that are selectively permeable to €aTheir high
conductance (125 pS)nd the fact that there exists a 10,000 fold*Cgradient across the
sarcolemma measthat, when open, thee channelsllow C&" entry via an eleab-chemical
gradient (Bean, 1989; Zahradnikova & Zahradnik, 2012)

Ca/1.2 is thepredominantcardiac form of LTCCa,1.2is heterotetramericand each of itgl
subunitsch m®XE + I | ¢ hiaw & different role.¢ K S -stiburl is composedof 4
domainseach with 6 transmembrane segment®f these segments, 2 contribute &opore
formation with 0.6 nm diametercore, whileli K Ssubinitsegment actss a voltage senspr
also knavn as adihydropyridinereceptor (DHPR(Shaw & Colecraft, 2013; Zalginikova,
Zahradnik, Gyorke, & Gyorke, 1998pth theh H andi & dz aldyrdgiilation of LTCC
gating by altering the dependence of activation anddtivation on voltagg¢Buraei & Yang,

2010; Shaw & Colecraft, 2013)

LTCC are categorised by their large conductance, as opposé/pe T4 channels which
have a loweror tiny conductance LTCC also remain open for longer at ~500(N@vycky,
Fox, & Tsien, 1985; Treinys & Jurevicius, 2008jle Ftype C&" channels are also present
in cardiac muscle, LTCC have a much larger role?frin@lax. LTCC activity varies between
cell types; the rate of activation aridactivation is 10 fold higher in cardiac myocytes when

compared to that of skeletal musc{Bean, 1989)
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123.2 Voltagedependentactivation of Ltype C&" channels

In response to an action potential the membrane depolarises. As LTCC are voltage
dependent, this depolarisation activates the channel permiti@ag’ entry and so generating

the calcium current The voltage sesing domain $4)is activated once the membrane
potential exceeds a threshold 680 m\/ Collective activation of these domains provides
pore stability when LTCC is op@etzenhauser & Marks, 2010; Fearnley et al., 2011; W. Zhu
et al., 2016) Depending on species, the optimal activation voltagei® Vresultingin the
characteristicbell-shaped relationshigpetween Ic; and voltage shown ifrig1-2. The time

taken to reach peaklcy is also voltage dependent, following the same {sbldped

relationship(Pelzmann et al 1998)

V. (mV)
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Figurel-2. Voltage dependence oftiype C&" current; the FV relationship Adapted froma
figure by Pelzmann et la (1998)
1233 Inactivation of Ltype C&*channels
Inactivation of LTC& dependent on[C&"]; and voltage.The C& dependency of GA.2

accounts for 80 % of inactivation, while voltage dependent inactivation accounts for ~20 %

(Lacinova & Hofmann, 2005)
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Ccd" dependent inactivation is mediated largely by calmodulin (CaM). CaM has Biting

sites. At low [CE]; CaM is able tdind to C4" with a high affinity however not all 4 binding

sites will be associated to €aThe elevated Garesulting from C# influx enables increased

Cd" bindingto CaM. The €d 842 0A 4GSR /la o0AYyRa&a (2 -y L\
subunit of LTCC. Further Tanflux ceases due to the subsequent inactivation of LTCC
(Peterson, DeMaria, Adelman, & Yue, 1999)

Current decaycontributes to voltage dependent GA.2 inactivation.This occurs aring
phase 3 of the ventricular action potentiathen elevatedoutward K drivesrepolarisaton.
The resulting reduction ithe membranepotential increases the proportion of LTCC which
are inactivated. Full inactivation cannot occur betwe4h and 40mV, however all LTCC are
expected to be closed below 40 mV, as this isttireshold for LTCE&ctivation(Pelzmann et
al., 1998; Santana et al., 2010)

Both forms of LTCC inactivation are time dependésitowing a biphasic inactivation time
course oflc, With an initial fast phase followed by a slower phase of recovery. The fast
phase has no dendency on membrane potentidipwever the slow phase is highly voltage
dependent, withmaximum inactivation occurring &0 mV.At 20 m\, Ica_ is high andlocal
[C&; is increasedapidly, thereforeC&* dependent inactivation occurs at a faster raten

at other membrane potential§Pelzmann et al., 1998)

C&"influxvia LTCC is not sufficientpooducecontraction. It does however result in a much
larger release of Gafrom the SR in a process known @aciuminduced calciunreleases
(CICR). To understand CICR westrfisst understandthe structural organisation of cell that

permits it.

124 Sarcoplasmic reticulum

The sarcoplasmic reticulum (SR)aisspecialised form of endoplasmic reticulum atie
primary intercellular C&" store. As the primary source of systolic ‘athis reserve

represents thatvhich isrequired for intracellular GCdmodulation (see section 1.2.8).
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125 C&*-induced C&-release

Cc&" influx from LTCC isot sufficientto increase globa[C&']; enough to fully activate
myofilaments I, can raise local [¢; initiating C&*-induced C&-release(CICRjrom the
SR. The SR Taeleaseresulting from CICR is much larger than L-f@@iated C4&" influx
and leads to a much greater rise global [C&]; enabling myofilament activatiofChung,
Biesiadeki, Ziolo, Davis, & Janssen, 20I8)e structures involved in thpgocessshallnow

be discussedn further detail.

1251 The yanodine receptor

Ryanodine receptors (RyR) are channels responsible for SRel@ase, playing a large role

in CICR. RyR is the largest known ion channel at over 2 MDa and has a homotetrameric
structure. 3mammalian RyR isoforms exist however expression of each differs between
different mammalian striated muscles and as well as parts of the body. iRyfResent in
skeletal muscle and RyR found the brain, while RyRs the cardiac form of the ryanodine
receptor(Lanner, Georgiou, Joshi, & Hamilton, 2010) the heartCICR is more sensitive to
increased [CH]; than skeletal muscle, suggesting RyRs a greater CGa sensitivity than

other RyR isoform@~abiato & Fabiato, 1978)

RyRis made up of 2 domains; cytoplasmic and transmembrgik & Copello, 2002)The
structure of these domains alters when the channel opamsl closes. The cytoplasmic
domain, also known as the central domain is composed of 10 sub domains. These sub
domains are collectively responsible for regulation of receptor function through binding of
modulators; as such it holdsultiple binding regiois for C4", caffeine and ATRNalpoth &
Erman, 2015)Binding to these regions initiates conformational changes which increase the
open probability of the channel. Both €and caffeine can bind to the-@rminal while ATP

has specialised binding motif. AisRcapable oactivatingRyR under physiological conditions
and thus the ATP binding motif has been implicated ifi ilBak from the SRBlayney et al.,
2013; des Georges et al., 2016; Peng et al., 20lb@) 4 homologous subunits of Ry&ach

have a C&" binding site,thus 4 C&" are required to bind in order to activate a single RyR.
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The binding of these Gainitiates a conformation change which opens the channel. RyR
activation has a time constantf ®.070.27 ms(Zahradnikova et al., 1999)he remaining
FAFGK 2F G(GKS LINE HEelkyrandmérabfadeRianyams spaits tHe SR l@nien ¢
and membrane, forming the 3 A wide ion conducting pore or channel do(félr& Copello,

2002; Lanner et al., 2010; Tunwell et al., 1996)

1.2.5.2 Organisation of excitatiogontraction coupling structures

The arrangement of cellular structures including”Caandling proteins and contractile
machinery determines the efficiency of excitatioantraction coupling. Excitation reaches
the inner points on the cell throughtubules. $nall structural differences exist between the
arrangement of #ubules and SR in large and small mammals. Ventricular myocytes from
larger mammals have a less robudtibule network and lower-tubule density than small
mammals. Larger mammal myocardidalbules also have a wider diameter, witht-fubule
diameter of ~350 nM in humansTtubule density can be further impaired in
cardiomyopathies and heart failui@iesmans et al., 2011; Jayasinghe, Crossman, Soeller, &

Cannell, 2012)

In addition to the involvement of SR in CICR, the SR also forms a network across the myocyte
interacting with the contractile machinery. SR junctions in dyadic structures are also closely
associated \h myofilaments. Luminal [G§ varies throughout the SR with [ER~50 %

higher at junctions. Carelease is also highest at SR junctions, however this increases the
magnitude and rate of Ghrelease at neighbouring regions less associated witibtles

Non+junctional SR regions primarily serve as a reservoir Sf(B&ht et al., 2011)

1253 The sib-cellular organisation of LTCC and RyR allows CICR

RyR are present on the SR membrane at SR junctions adjacentholés. C&' signalling is
localised to dyadic cleft in which RyR are coupled to LdW&Cto their close proximity

(Zahradnikova & Zahradnik, 2012Jhe proximity to LTCC aids RyR activatas [C4]
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increases locally to RyRhis amplifies Gasignalling to promote activationf myofilaments.

RyR are arranged in clusters, there are varying reports of the number of RyR within a cluster.
Zahradnikova and Zahradnik (20K&2iggested a cluster is composed of 40 RyR on average,
while Fill and Copello (2003uggested the numbesf RyR present in a cluster was between

10 and 30. RyR arrangement varies between species with human myocardium having a

smaller cluster density when compared to smaller mamni#dgyasinghe et al., 2012)

The presence of dyadjunctions between the sarcolemma and terminal cisternae of the SR
is keneficial to CICRThese dyadic junctions are small, narrow areas of cytoplasm, ~ 15 nm
wide. These junctions provide high -ocalisation of LTCC and RyR clusiéagasinghe et al.,
2012) In cardiac muscle RyBreatly outnumber the quantity of LTCC, with a single LTCC for
every 510 RyR channels (Zahradnikova & Zahradnik, 2012pue to the contained
environment, dyadic junctions allow small influxes irf'Ga rapidly incease in local [C4;

and activate RyR(Jayasinghe et al., 2012; McDonald, Cavalie, Trautwein, & Pelzer, 1986)
While individual Ryfhave a low conductance, the association of ~ 3;RitBters within the
same dyadic clefforms a C& releasing unit with a much largereh conductance
(Zahradnikova & Zahradnik, 2012)

Multiple subpopulations of RyR exist based on their position in the myocyte midjerity of

RyR clusters are associated wittubules, although this is not always the case, with 16 % of
dyads forming with LTCC on the surface sarcolemma. While surface sarcolemmal dyads still
have close proximity of RyR and LTCE,ifffux occurs athe myocyte§periphery requiring

more C&" to diffuse inward across the cell. Dyads associated witibtles are therefore

beneficial for activation of myofilamen{8iesmans et al., 2011; Jayasinghe et al., 2012)
The association between RyR and LTCC permifs &tfe localrise inC&*is much greagr

than if the same amount of Gahad diffused across the cells. This allows small influxes of

Cd" to activate the RyR.
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1254 Cd*-dependent activation of RyR

Open probability B) is the likelihood that @hannelq in this case RyR; will be open at a
single point in timeApproximately 3550 % of the SR Ezontent is released during systole
(R. A. Bassani & Bers, 199 ysiologicallythe degree of fractional release is dependent on
the two major regulators oRyRP,; SR Cd content and cytoplasmifC&]. Free calcium in
the SR lumen is able to regulate SR*Celease via RyR and modify fGa At rest, the
mammalian cardiac SR contains ~1 mM*Cas such Carelease would be lowFill &
Copello, 2002; Picht et al., 201The dependence of RyRon cytoplasmic Cais important

in orderto understand CICR, as“aflux via LTCC will primarily alter local {;anot SR
C&*content.

1.2.5.5 Cd" sparks

Local C# release from the SR can occur spontaneously when cell is at rest; these are termed
C&" sparks. A CGaspark occurs as a result of summation of ‘Gelease events from 2-:20
RyR. The spatially proximity of these RyR contributes to local net increasé’irDGang
diastole the open probability of RyR is low as’[f;& also low at 5150 nM, C& sparks
therefore occur at a low frequency. Duriagsingle C& spark the local Garises to 206800
nM in approximately 10 ms. €arelease as a result of sparks mescruit adjacent RyR
within the same clusterthrough increasing theirP, (Betzenhauser & Marks, 2010;
Zahradnikova & Zahradnik, 2012puring a Cd spark RyRP, decreases over the 2 s
following peakP, (Gyorke & Fill, 1993}his is attributed to rapid diffusion of €zaway from
the dyadic cleftreducing local [Cdli and therefore tle C&" gradient is only briefly
maintained(Fill & Copello, 2002)

During systole sarcolemmal €anflux current driven by membrane depolarisation leads to
an in increase in local [€3 within dyadic clefts across the cell as a result of* ®dux from
LTCC. The elevated faincreases RyR, contributing to synchronised RyR openiffill &
Copello, 2002; Zahradnikova et al., 1999R Crelease via RyR usually occurs <15 ms after

membrane depolarisatiofNeco et al., 2010RyR activation requires local f¢Jato increase
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to 0.3¢ 10 pM. At steady sta the range of Cd concentratons required to activate RyR are
narrower at 0.5¢ 5 uM. l:type C&" influx increases local [E% to 10-30 uM within the cleft,
at these concentration®, is between 550 %. Open RyRre capable of transporting 1000
uM C&'s (Fill & Copello, 2002; Zahradnikova et al., 199%§" release from the SR during
systole elevateglobal[C&"]; from approximately 100 nM to 1pNChung et al., 2016)

1256 Inactivationof RyR

RyR inactivation is important asnitediates cessation of SR*0®lease and therefore allows
SR refilling following systole. This enableg* removal to decrease [G5; allowing

relaxation, andSR C& content to be sustained during ditole.

While low C& concentrations activate the RyR (03 10 pM), much higher G&
concentrations (110 mM) bind to an inhibition site leading to Taependent inactivation
(Fill & Copello, 2002)Inactivation of RyR also requires dissociation of‘JCom the
binding sites causing the channel to cl¢gahradnikova et al., 1999Full RyRnactivation
has a time constant of-6 ms. Decrease ilocal [C&]; aids C&' dissociation and therefore
Ccd&" dependent inactivation. Local [ER is reducedthrough C&" removal from the
cytoplasm contributingto reduced RyRP,. The rate ofRyR inactivations dependent on
activity of C4' removal mechanismsalthoughrate of C&" decay and inactivation are not
equal Rate ofRyR inactivatioris 10 fold slower than rate of €aemoval (Fill & Copello,
2002)

126 Cdciumremoval

The removalof calédum from the cytoplasm is important following systole to lower{G4o
diastolic levels, enablinglaxation.The majority of cytoplasmicC&* is returned to the SR via
the srcoplasmic/endoplasmic reticulum €aTPase (SERCAZ" efflux into the EM
occurs primarily vidhe sodium-calcium exchanger (NCX)&" uptake by SERCA igtJold
faster than NCXnediated C4' efflux. The faster speed of Eauptake when compared to
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Cd" extrusion explains why the majority of € taken up by SERCArig relaxationR. A.
Bassani, Bassani, & Bers, 199&hile aher C&* removal mechanismsexist, they do not
contribute to the same extenas SERCA and NCX do to net'@moval following systole.
The reduction of [Cd]; following contraction regulates the transition between systole and

diastole.

126.1 Thesarcoplasmi@ndoplasmic reticulum Ga&ATPas¢éSERCA)

Sarcoplasnutiendoplasmic reticulum C&-ATPase (SERCA&) a C& pump on the SR
membrane, responsible for SR*Captake. In rodents SERCA accounts for ~ 90 % %f Ca
removal (Milani-Nejad & Janssen, 2014ywhereas human and sheep SERCA activity is
responsible for 76 and 81.5 % of*Caemoval respectively(Dibb, Rueckschloss, Eisner,

Isenberg, & Trafford, 2004; Piacentino et al., 2003)

SERCH#s the primary C4 removal mechanismesponsible for lowering [¢4; to diastolic
levelsfollowing systole There are three SERCA isoformsvbfch SERCAZ2 is most prevalent
in the heart Of the 3 SERCAZ2 variaqt2a, 2b and 2e both SERCA2a and SERCAZ2c are
found in cardiac muscle. SERCA2a plays a large 6 ihandling and has high affinity

to C&" (Kranias & Hajjar, 2012Fhe removal of Gafrom the cytoplasm via SERCA enables
relaxation of the myofilaments, whilst SR loading replenishes $R@uent for subsequent

systolicC&" release

At steady stateC&" release from the SR is fractional, thus the SR is not completely emptied
and remains at a higher concentration than that of cytoplasmit & A. Bassani & Bers,
1995) C&* uptake into the SR therefore requires®>® move against a steep concentration
gradient. SERCAas a high affinity biding site for ATP andsesATP hydrolysis to enable
Cd" uptake via active transport(Takenaka, Adler, & Katz, 1982ATP hydrolysis
phosphorylates SERCARaming a phosphoprotein. Thiseaction alters the structure of
SERCA2#fansporting the C# into the lumen of the SRReddy, Jones, Pace, and Stokes
(1996)found that2 C&" bind to SERCA2a at onaed are transported with the hydrolysis of

a single ATP molecul&@he maximum CGawhich can be taken up by individual SERCA in a
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second is estimated to be between 10 and C&" (Levitsky, Benevolensky, Levchenko,

Smirnov, & Chazov, 1981; Shigekawa, Finegan, & Katz, 1976)

The rate of C4 uptake by SERCA is similar across the SR netwonktiwie constants
between 140¢ 159 ms.(Picht et al., 2011)lts important role in Cd handling means that in
the absence of SERCA2a cardiac function woulced&aanias & Hajjar, 2012)

126.1.1 Regulation of SERCA

SERC/s always activehowever the level of activity can change under different conditions,
therefore alteringthe rate of SR C& uptake Direct modulation of SERCA is typically not
possible as SERCA activity is not affected by direct phosphory(@eafdy et al., 1996)

SERCA activity must therefore be modulated by another means.

The low molecular weight protein, phospholamban (PL#&l)an important inhibitory
accessory protein and i@egulator of cardiac activity. In its monomeric inhibitory form, PLN
forms a complex with SERCA2a this formPLNreduces the Ca affinity of the pump,
inhibiting SERCAZanction by 50 % and the reducimgte of C&* uptake into the SR lumen
by halffollowing relaxation The SERCA®LNcomplexalters therate of C4" transport ()
from ~0.3 to ~1 UMPLN does not have any effect on SR [gaknias & Hajjar, 2012; Reddy
et al., 1996)

PLN has a hydrophobic SR membraoend region and a hydrophilic cytosolic domain
contain sites for phosphorylatiolPLN can be modulated by phosphatydon at a non
inhibitory cytoplasmic domain encouraging dissociatioom SERCA2&hese dissociated
PLNmonomers combine toform much less active or inactive gdimers, predominantly
pentamers(Kranias & Hajjar, 2012; MacLennan, Kimura, & Toyofuku, 1BB8%phorylation
prevents PLN from sypessingthe rate of C&" uptake therefore stimulating SERCA2a
activity. This phosphorylation reverses the Rhtluced C&' affinity shift, increasing th€&*

affinity of the pump and thusrate of C&* removal from the cytoplasmAs aresult
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phosphorylation of PLIdccelerates the rate of relaxatigiiKranias & Hajjar, 2012; Reddy et
al., 1996)

PLN is more effective at loj€&"]; ashigh [C&’]i can induce PLN dissociation from SERCA2a
in the absence of phosphorylation through?Cainding to an inHiitory transmembrane
domain(MacLennan et al., 1998klevated [C%i]i has a proportionapositive effect on rate

of C&"* uptake by the SRn response to systolic [Eh C&" transport into the SR is 16200

UM C&'/s (R. A. Bassani & Bers, 1996}h a maximum rate of GAuptake peak at 160
nM/min/mg (Wimsatt, Hohl, Brierley, &ltschuld, 1990Q)At rest [C&]; is low as is rate of
Cd" uptake by SERCA at ~21 pMhsistlow C&' uptake is able to account for any diastolic
SR C4 leak (R. A. Bassani & Bers, 199%he freeluminal [C&"] also plays a part is
determining rate of C& uptake by SERCA through altering the concentration gradiinht
etal., 2011)

Rate of ATP hydrolysis to ADP is much higher than the rate of the reverse reaction
phosphorylation of ADP to ATP. While both the rateh&f torward and reverse reaction are
increased at higher [G5;, the forward reaction is increased to a greater exté¢Reher,
1984) At steady statdor every~45 C4&' taken up by the SR, E&fflux is ~40 C4, with > 80

% of SR Ghbeing exchanged with cytoplasmica his results in net Gauptake by the SR
(Feher, 1984; Takenaka et al., 198t)e reverse reaction or ATP formation is thought to be
driven byMg?* due to its involvementn the release of Hrom phosphoprotein(Shigekawa

et al., 1976)

1.26.2 The sodiumcalciumexchange(NCX)

Na' - C&* exchanger (NCX§ a membrane proteinesponsible for the majority of Gaefflux.
Binding sites on NCX enable transport of'@ad N4&. Data shows that3 N4 are exchange
for 1 C&" this 3+ charge influx and 2+ charge efflux contrilsute a 1+ net ncrease in
intracellular charge and sas electrogenic(Brini & Carafoli, 2011; Schillinger, Fiolet,

Schlotthauer, & Hasenfuss, 2003)
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NCX belongs to a family of 3 isoforms; NOWCX and NCX NCX is the most abundant
isoform in cardiac sarcolemmgsclillinger et al., 2003)NCX is the main mechanism by
which sarcolemmaCg* efflux occursaccountingfor 1535 % of C& removal following
systole(R. A. Bassani et al., 1992; Dibb et al., 200d¢ ransportbinding sites oNCX bind

to C&" with a low affinity aiding the rapideturn of [C&]; to diagolic concentrationgBrini &
Carafoli, 2011)Physiologically both [éa and [Nd] are much lower in the cytoplasm than in
the ECM. Duringystole [C&']iis ~100610000 fold lower than external €zoncentrations,
this creates a Gagradient(Miura & Kimura, 1989; Philipson, Bersohn, & Nishimoto, 1982)

This drive<C& removal allowing relaxation to occur.

In addition to transport binding sites for Nand C&", NCX has high affinity C&" regulatory
bindingsite. This regulatory sitéound on the intacellular surface of NCand is important
for determining the magnitude of both &anflux and effluxLevitsky, Fraysse, Leoty, Nicoll,
& Philipson, 1996; Schillinger et al., 2008€" influx via NCX is also possible due to
reversible ion transport with an outward current resulting in"Ndflux (Miura & Kimura,

1989)

126.2.1 Regulation of thesodiumcalciumexchanger

NCX are primarilyresponsible for sarcolemmal Efflux and ifimpairedcellular relaxation
can be prolongedNeco et al., 2010NCX activity is dependent on Nend C&" binding to
NCX transport binding sites. Activation of forward mode NCX activity is depend@Nadn
and [C&"].. The inward Nagradient drives Ca removal, even against its concentration

gradient(Miura & Kimura, 1989)

Intracellular C&' regulates NCX activity through binding to one of 2 high €aaffinity
regulatory binding sitesdistinct from the N& and C&' transport binding site. A
conformational change occurs to NCX oncé"®ads to this regulatory site, this reduces
inhibition of N& /C&* current. [C&"]; therefore has a concentration dependent effect on
ca" efflux, with hgh [C&";is therefore able to stimulate Gaefflux (Levitsky et al., 1996;
Miura & Kimura, 1989)
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As discussed in section 1.2.5C" sparkscan occur due taliastolic SR Galeak. Primarily
C&" is released from RyR however SERCA can also add tee&a Spark amplitude and
duration are dependent of rate of SR°Ceaelease and rate of Garemovd or diffusion away
from the dyadic cleft. This diastolic rise f§anust either be taken up by SERCA or extruded
from the cell. The sensitivity of NCX to high locaf {[3#etermines rate of Cédremoval and
with that C&" spark dynamicgBiesmans et al., 2011; Neco et al., 2010)

In addition to the primary role of NCX in“axtrusion, NCX are able to exchangé*@ad
Na'in reversedriving C&" influx. Thomas et al. (2003heasured C& current from reverse
mode NCX activity at 90 mV.*Cmflux from reversemode NCX activity is not able to induce
SR CH4 release alonebut primes the dyadic cleft with a small increase[@€]. When
combined with the CZ influx from LTCC in response to a cardiac action potential it increases
the efficiencyof CIR@nd therefore magnitude of SR Earelease, regardless of SRF0aad.
Reversemode NCX activitypr outward currentis only activatd when [N4&]; is high and
therefore [Nd]; regulates amplitude and rate of SR*Ceelease through synergy between
NCX and LTCC. High TNenhances CICR via reversede NCX activity, reducing [iathe
now low [Nd]; drives NCX activity, elevatingethiate of C&" efflux. This influence of [NR
helps maintain the equilibrium between sarcolemma Gaflux and efflux(Miura & Kimura,
1989; Neco et al., 2010; Ramirez, Sah, Liu, RoSackx, 2011)Through altering Gaand
Na' concentrations in the ECM, NCX activity can also reguldten@adling in neighbouring
cells(Thomas et al., 2003)

Change to the membrane potentiahd heart rateimpacts the proportion®f reversed and
forward NCXactivity which occur throughout the cardiac cycle. This also altersréitetive
contribution of NCX to Garemoval following systole. Increased duratiofi the action
potential enhances the contribution akeversed mode NCX activignd C4&" influx, while
reducing the duration of Gaefflux viaforward mode NCXctivity. Increase irheart rate
produces the opposite effect, prolongirige duration offorward modeNCX activity during
diastole The relative contribution of NCX to €aemoval is higher, enhancing Cafflux.
This reduces upke of C&* via SERCA and contributes to decreased $Rc@atent. The

effect of increased heart rate on SR*Ceontent explains why Ca transient amplitude is
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reducedwith elevated frequencyThisrelationshipcan however differ between specié€R.

A. Bassani et al., 1992; Schillinger et al., 2003)

Intracellular pHcanalter the exchange of Nand C4&' via the NCX in either direction. illity
decreases Na/C&" current, ceasing flux completely at below pH 6, while alkalosis
stimulates NCX activity. This qoldpendency on NCX activity is highest at lower intracellular
[C&Y] and [Nd] and is thought to occur due to competitive binding of il the place of
either C&" or Na' to intracellular ion binding sites on NQ&hilipson et al., 1982)

Prolonged exposure to high [Nainduce N&-dependent inactivation NGXThis enables
inactivation of the exchanger once g¢J; has been reduced to normal diastolic levels.
Increased [CH]; slows the rate of NCX inactivatigHilgemann, Matsuoka, Nagel, & Collins,
1992) Exchange activity isiodulatedby ATP. At physiological concentratsoMg-ATPcan
increase the rate of recovery from Nadependent inactivation and reactivation of
inactivated N&C&" exchangeThis pathway alters the sensitivity of NCX t6*@acouraging
cd" efflux to lower [C&7].. If [C&"]i remains high during diastole this mechanism prevents
Cd&" overload when intracellular Nas high. C& accumulates in the ECM in preparation for

the next C4&' cycle(Collins, Somlyo, & Hilgemann, 1992; Hilgemann et al., 1992)

126.3 Other C&' removal mechanisms

Plasma membrane €aATPase (PMCA) and mitochondriaf ‘Geptake are responsible for
the remainder of C& extrusion, collectively contributing to less than 1 % of totaf*Ca
removal from the cytoplasm in human$MCA ad mitochondrial C& uptake are
respectively 37 and 50 fold slower than that of N&XA. Bassani et al., 1992; Piacentino et
al., 2003)

PMCAis a sarcolemmal proteifound in numerous cell types. It has a low activéte and as
such a low rate of C& removal (Brini & Carafoli, 2011; Caride, Rega, & Garrahan, 1986)
There aremultiple isoforms of RMCA; PMCAlb and PMCA4b are thought to have the

greatest nvolvement withC&* removal inthe heart (Dally et al., 2006)Despiteits high
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affinity for C&", PMCA transpostC&" at approximately 1uM/s, this low contribution &a
efflux can be #ributed to the Sy T & Yo rapacity forC&*. If PMCA alone was
responsible for C4 efflux relaxation would take approximately 6QR. A. Bassani et al.,
1992; Brini & Carafoli, 20L1PMCA expression is uegulated in somecardiomyopathies
increasingbeyond that of SERCA2#n these cardiomyopathiethis drives C&* efflux,
contributingto reduced SR &acontent and C# transient amplitudegDally et al., 2006)

PMCAactivity is dependent on phosphorylation by Af®aride et al., 1986ATP hydrolysis
coupledto C&" extrusionwith low efficiency and therefore is dependent on the availability
of ATP1 C&'is transported per ATP hydrolysis with a stoichiometry transport ration of 1:1.
PMCA act as a pump exchanging'®a H" (Brini & Carafoli, 2011; FilomatdiRega, 2003)

Phosphorylation of PMCAis C&™-dependent increased [CZ] elevates both rate and
magnitude of phosphorylation by ATP.?Chindsto the activation site on PMCA able to
displace any Mg already bound there. Mg is not required for phosphorylation to occur,
however its presence in the uM rangan also accelerate the rate of phosphatybn and
thus PMCA activatiorinhibition of PMCAis mediated by dephosphorylatiotf Mg?* were
present during phosphorylationhe presence of Mg during dephosphorylatiorcan also

increaserate ofdephosphorydtion up to a saturation poin{Caride et al., 1986)

1.2.7 Contraction

The cyclic ise and fall of[C&"] produces contraction and relaxation. €abinds to

myofilaments enabling crodsidges to form between them. Contractiamtcurs when these
crossbridgesallow myofilaments to slide past each other in parallés [C4T; increases, as
does the activation of myofilaments and the resulting cellular contracWgith dissociation

and removal of Cé from the cytoplasm the contractile unit relaxes.
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1.27.1 Myofilaments

In @ mammaliareft ventricular myocytecontractile components called myofilamentsake
up ~54% ofthe cell volumgBossen, Sommer, & Waugh, 198Wyofilaments arearranged
in aspecificparallel overlappingtructure, forming contractile unis calledsarcomers. The
approximatelength of the sarcomereat restis 1.8 ¢ 1.9 um (Hanft, Korte, & McDonald,
2008; Jayasinghe et al., 2012)

The organisation of filamas within the sarcomere and their role in contraction were first
identified by A. F. Huxley and Niedergerke (19%4)d H. Huxley and Hanson (1954he
collective arrangement of sarcomeres leads to the overall striated appearance of the cardiac
myocyte with the alternating dark Aands and light-bands At either end of the sarcomere
Z-discsanchorthe sarcomereto adjacent sarcomeres and structur@toskeletal filaments.

Thin actin filaments protrude from th&lines towards the centre of the sarcomesading at

the Hzone Actin filaments arehelical and double stranded, composed of polymerised
globular actin monomers These thinfilaments run parallel to the myosin filaments
overlapping over &5 pm region(Hanft et al., 2008)The nonoverlapping region®f actin

make up the-bandwhich becomes narrower with contractiaasthe overlap betweeractin

andmyosinbecomes large(A. F. Huxley & Niedergerke, 19%d¢eFig 13).

The Aband spans the width of the yosin filament tails, in addition to theverlappingactin
regions As the length of myosin remains the same during contraction, thanl widthis
constant (H. Huxley & Hanson, 1954)he tail ends of two coiled yosin heavy chains
composed of 300 monomers, make up the thick filam@danft et al., 2008)Myosin is
arranged in a hexameric structuneith two myosin light chains for each heavy chain
Globularmyosin headgrotrude from the myosin filament tails andre responsiblecross
bridge formation between the myosin and actin filamentslyosin heads have both an actin
binding domain anda site for ATP hydrolysi$n the centre of the sarcomere, myosin
filaments are conected by Mprotein and myomesin(Spudich, 2001; Warrick & Spudich,
1987)
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Everyseventhactin monomer is dheredto a troponin complex. Troponin (Tn) c®@mprised
of 3 subunits each with a spafic function TnC, Tnl and TnT. TisGhe C&’ binding site
while Tnllowersthe affinity of TnC for G4 with a role in inhibition Tropomyosin(Tm)is a
short helical polymer found between the actin strand$Tbinds to Tm, allowing Tn to

bridge actin with TnfMoss, Razumova, & Fitzsimons, 2004; Solaro, Moir, & Perry,.1976)

Titin is a structural proteifound adhered to the dine. In this position titin can at as a
scaffold to support myosin during contraction. Titeterminesthe stiffnessor elasticity of
the cell and thereforets ability to distend(Brady, 1991)High titin compliance increases
both the length of a sarcomere arttie strength of the interactions between myosin and
actin. As such sarcomere length regulatesyofilamentsensitivityto C&*and the maximum
possible force which can be generat@€ L. Li et al., 2018)he sarcomeras able to stretch
to extendup to ~2.3 um in length withncreased cardiac loadingpntributing to length

induced activation of myofilaments and a stronger contractile fqidanft et al., 2008)
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Figure 13. The basi@rrangement of myofilaments within the sarcomere. (A) during

relaxation. (B) during contraction.
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12.7.2 Myofilament C&" binding and crosbridge cycling

The dyadic junctions where CIRC occurs due to connections between the Siulanigg
are alsoassociated with the sarcomere. The regions of the SR Hpmar2 compartments
closest to the Zine, as such the amplitude of Eaelease is highest here. Nganctional SR
crosses the remaining compartments of the sarcomere more closely associated wittth
line. The rate of SR €aelease is elevated with increased distance from thdiri, with

Cd&" release 8 ms faster at thelibe (Picht etal., 2011)

[C&Y;is able to regulate the level of contractile force generatsd sarcomeresAt low
diastolic[C&"]; the interactions between Tnl and acfiand TnT and Tmare strong, holding
tropomyosin in place. e postion to tropomyosin blocksactin binding sitegpreventing
myosin from interacting with actinthusthe number of cros$ridges which are able to form
are limited.Strong cros&ridge formation makes it possible for some contraction to odour
the absenceof C&", however the magnitude of contraction would be minin{doss et al.,
2004)

Tn and Tm collectively reguéamyofilament activationThe systolic rise ifiC&’]; due to
CICRincreases the Ghavailable to bind to TnGC&* binds to TnC with a low affinity
inducinga conformational change in Tn. This manoeuvres Tm unblocking the actin binding
site and increasing sensitivity to ¢.a This activates myofilaments ebling myosiractin
interactions (Moss et al., 2004)During contraction ~ 30 pM &ais bound to TnGJ. W.
Bassani, Yuan, & Bers, 1995)

The myosin heathas 2 domains; S1 an@.SS1binds to actinforming the crosdridge. S1
acts as amotor; in response to phospholgtion by a single ATP molecu#d undergoes
conformation changeThis reactioradjusts the angle of the myosin headriving thepower
stroke. An individuapower stroke results in a ~55 nm shortening stegfMoss et al., 2004;
Spudich, 2001)During maximal activationcontraction of the sarcomere can shorten up to
~65 % of resting length, at this pomB80 % of croslsridges interactit onceandthe lband is

no longer visibldHanft etal., 2008; H. Huxley & Hanson, 1954)
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Deactivation of myofilaments requires dissociation of crobsidges and prevention of
further myofilament activation through removal of £€drom the cytoplasm(Chung et al.,
2016) In addition, other factors can influence rate of deactivati®@rcomere shortening
can inducedeactivation. As the sarcomere contradtee number offurther strong cross
bridges that can form areeduced and C&" dissociates from Tnét a higher ratgMoss et

al., 2004)

ATP availability also impacts ragéactivation and deactivation of myofilamentdust as the
presence of ATP can drive the power stroke, accumulatid® eficourageseversal of the
power stroke Thisacceleratescrossbridge deactivationand drives relaxationHanft et al.,
2008; Moss et al., 2004Jhe rateof contractionand relaxatioralterswhen the rate of C&
association and dissociation to TnC change byakgmounts in one direction. This does not
impact theextent of sarcomere shortening unless the changes in rate are un¢Guang et

al., 2016)

12.7.3 Regulatiorof contraction

Myofilamentsensitivityto C&" is the sigmoidalrelationship betweerthe availability ofC&*
to bind to TnC and theesultant force generation by the myofilamest(Fig 1-4). This
relationship can shift in response to change in myofilament sensitivity f6. Bdeft shift
indicates increasg C&* sensfivity, therefore a greater force will be generated with the
same [C&"].. Decreasel C&" sensitivity is denoted by right shifin relationship. With a
decreased myofilament sensitivity to €aa larger [C&]; is required to maintain a given

force (Chung et al., 2016; Moss et al. 020

Equivalentchanges in rate of association and dissociation &f €am TnC can alter rate of
contractility. Lhequalor oppositechanges irrate of C4" association and dissociation from
TnC alter the ratioky) between them leading to one outweighing the otheontributingto
change in myofilament sensitivity to €alncreasedC&" sensitivityresults from either an

elevated rate of association or reduced rate of dissociation. Biettreaseky and increase
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the force generatedht a given [CH];, the formerincrease the rate of shortening, while the

latter would slow relaxatiofChung etl., 2016)

Cd" sensitivity isaltered bythe availability of ATP and ADBlevated cytoplasmic [MgADP]
increases the strength of crobsidges. As the crodwsidges formed are strongethe rate of
dissociation is reduced and therefore myofilament sensitivity t6* @GaincreasedMoss et
al., 2004)

The pH of the cytoplasm can change under both physiological and pathological conditions
and affect myofilament sensitivitgo C&*. Acidosishas a depressive effect of myofilament
contractility, through decreased &asensitivity A lower pH shifts thdC&*]; and contractile
force relationship to the rightthus a greater threshold of free €as required togenerate

the same level of contdile force, reducing the rate of contractiomhe maximumforce
generakd at saturating levels dfee C&"is limited with decreased pHhe afore mentioned
effects of acidosis on SB&" uptake and releasare thought to further exacerbate the
depressive effect on myofilamentirough reducing available €a(Fabiato & Fabiato,
1978)

1.2.8 Regulation and control of systolza"

The above explains the fundamental way in whicli*@aes and falls during systoléhen
diastole. Mrmal heart functionrequiresthat this process is regulated to maintain a stable
level of inotropy for a given metabolic demands inotropy must also adapt to meet

changes in metabolic demand, the process must be controllable.

1.2.81 The elationship between systolic €and force of contraction

The C&' transient amplitude regulates inotropy as the rise in globaf{fJacreases the free
Cd" available to activate myofilamentg#nything that increases systolic Cavill result in

increased force of contractioriThe relationship between [€3 and contractile force is
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sigmoidal (Fig-#). The binding affinity of €ato TnC increases as more crasi&lgesform,
this increasesthe strength of subsequent crodsridge formations. The contractile force
generated increases exponentially after initial myofilament activation. At highef’][Ca
saturating levels are reached and the force of contraction cannot increase any f(iioss
et al., 2004) The force of contraction is therefore highly dependent on systoli¢".Ca
Autoregulation prevents beato-beat variability in systolic a in order to maintain a

steady statethis shall be discussed in section 1.2.8.3

Force of contraction

[Caz+]i

Figure 14. The sigmoidal relationship between free cytoplasmié‘@ancentration and

force of contraction

1.2.8.2 What determines the amplitude of systolica

The amplitude of systoli€&*is dependent on the amount a@&" that leaves the SR during
systole. As the concentration @@&" inside the SR is always much greater than in the
cytoplasm,C&* will flow into the cytoplasm when the RyR open during CIER1£.5.5.
However, it is never the case thatl SRC&" is released during systole rather a fraction;

termed fractional SR & release.

Fractional SR&" release is dependent on two fundamental phenomenon. (1) the amount of

Ccd" stored in the SR (SR&" content) and (2) pealC&" influx on Ica. For all other
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parameters being equal, if either increases then so will fraction@&Release thus systolic
C&". To understand why these relationships exist, it is important to remember Ry P

dependent on cytoplasmic and int@R (luminalC&".

It is convenient to consider the effect of pekls first. As persection1.2.55, mass systolic
SRC#" release occurs as a result of summationQaf* sparks. This is because during CICR,
Cd*influx viavoltage gated G channels, primarily LTCélevates local (to the RyR) dyadic
Cd" increasing RyR,Ro that enough will simultaneously open to produce massC&R
release. Peakq represents the greatest poirh-time C&* flux viaLTCGnd so the greatest
increase in dyadicC&" concentration. Increasing peaka. means higher dyadicCa&*
concentrations are reached during CICR further elevating BRyBnBer these conditions,
stochastically, more will happen to open simultaneously timeseasing mass SEf* release
(Fill & Copello, 2002; Gyorke & Fill, 1993; Zahradnikbteh, 1999)

The dependence of fractional SR release on SKC&" content is due to the fact that
increasing SR&" also elevates RyR,F-Compared to the time course 6 influx via LTGC
SRCd"is relatively stable, so SRt sets the basal RyR.Rncreasing SR&" elevates that
basal B and so presensitisation such that during CICRyigenpeaklc, results in increased
simultaneous RyR opening thus massCeR release(Ching, Williams, & Sitsapesan, 2000)
SR CH4 content itself isregulated by the rate of Gauptake. The rate of SERCA activity can
therefore also impact inotropy, in addition to other Calynamics, such as diastolic fGa

(Kranias & Hajjar, 2012)

The dependence of fractional SRt* released on SR&* content is cubic making SBE*
content a powerful modulator of iotropy. This also means that in the steady state (2R

content must be tightly contrééd via a process known as autoregulation.

1.2.8.3 Autoregulation

Autoregulation is the feedback mechanism by wh&R C4 content is modulated in order

to ensureC&*transient amplitude and the resultant inotromre maintained at steady state.
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Autoregulation is important as instability in €&andling can lead to bedb-beat variations

in cardiac contractilit{Eisner, Choi, Diaz, O'Neill, & Trafford, 2000)

Alterations to the activity of a single component off#andling cannot induce a prolonged
effect on fractional SR €aelease and thus inotropyn the absence of a change to tkaf"
trigger, alteration ofRyRP, alone has only a fleeting effect onoimopy. Increased RyR,
elevates SR Carelease, resulting in briefpitial increasein systolicC&", lastingfor a single
beat. The highC&"* during systole therincreased forwaremode NCXactivity driving a larger
proportion of C&" efflux. Due tothe dependency of LTCC inactivation on?[{;athe high
C&" during systole alsincreases the rate of Gainduced inactivation of LTC@ducing C&
influx (Pelzmann et al., 1998As C# efflux exceeds influx, this resuiits reduced[C&"]; for
subsequent beats. ARCE']; is low, less CAis available forSR C& uptake via SERGA
leading toa decreased rate of Gauptake and aeduced SR Gacontent (Kranias & Hajjar,
2012) As describedn section 1.2.8.2SR C4 content is one of the main determinants of
systolic C&", thus a reduction in B C& content and reduced Ica (or C&' trigger)
compensatefor the increagd RyRP,. This allowsteady stateC& " transient amplitude, and
the resultinginotropy, to berestored and maintainedEisner et al., 2000; Miura & Kimura,

1989)

If RyRP, is reduced SR Cd release is reducednd thus systolic [G§; is briefly reduced.
[C&Y; increases due to low N@¥Xediated C& extrusion and a reduced rate of €a
dependent LTCC inactivatioRligh[Na']; resulting from the previously higher rate of NCX
mediated C& extrusion can also drive reverse mode NCX activity. ligi§C&"]; promotes
SR C4 uptakevia SERCand thusincreases SR Eaontent. In both casesSR C& content

is therefore altered to compensate fdhe change to Ry®, (R. A. Bassani & Bers, 1995;
Eisner et al., 2000; Ramirez et al., 2011)

Though SR &acontent and therefore inotropy are tightly regulated in the steady state,

OStftdzAf  NJ AY2UNRLR Ydzzald o6S Fof S (2 -adrddérdidgd (2

stimulation therefore alters the inotropic sqtoint which autoregulation then maintains.
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1.284 Betaadrenergic stimulation

During physiological conditions such asxercise and stress, -adrenergic stimulation
increases the production of cyclic AMP (cAMP), and therefore the activation of protein
kinase A (PKA). PKA is able to phosphorytaitiple C&" handling and regulatory proteins
including PLN, LTCC and Tnl. This phosphorylation incréesesagnitude andforce of
contraction and rate of relaxatioleading to sustained overall positive inotrofBers, 2002)

As previously discussed in section 1.2.8.2, SR rélease, and the resulting changes to
systolic C& and inotropy, are dependent onatth Icaand SR Cacontent. Bothlcgand SR
Cd&" content can therefore be modulated to produce a change to inotropy. Positivedpptr
occurs either through direct phosphorylation of LTQ@sulting in an increase in pe#k, ¢

or phosphorylation of PLNthe mediator of SERCA activityncreasing SR €doading

[ ¢/ / A& |-afere@id Sirkulatiod altéring the I/V relationship. Tlagachieved at
each change in membrane potential increases. This follows the batheurved relationship

as shown irFigl1-2, with inward CEOdzNNB y i | £ a2 La8renraio/simulation m n

therefore contributes to increase €anflux (Pelzmann et al., 1998)

i -adrenergic stimulation require®LNto medate its effects on SERCA activisAMPR
dependen phosphorylation of PLN promotes dissociation from SERG#/calmodulin
dependent protein kinase Il (CaMKII) can also act on, Rhdépendent of PKA. PLN
dissociation increases the rate of SR 'C@take by SERCAriving SR Ghloading and rate
of relaxation. The effect of phosphorylation PLN is revergitanias & Hajjar, 2012; Reddy
etal., 19969 t [ b T2 N¥a Li&grénergicStidulatiBnd2Nid tifeddissociation of
PLN from these pentamers which enabld®em to reassociate with SERCAnce the
monomers are associated with SER®AN returns to its inhibitory rol@MlacLennan et al.,
1998)

RyR is also target from phosphorylation by PKA. This alters RyRroducing a shorived
increase in SR €aelease(Kranias & Hajjar, 2012)\s previouslynentioned the effects of
RyR potentiation on inotropy are not sustainable. The impact of LTCC phosphorylation on

c&" influx would however, have the same overall effect, driving ¢BeRs, 2002)
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i -adrenergic stimulation can also impact myofilament sensitivity to?* Chrough
phosphorylation of myofilamenrassociated proteins, such as Tn. This does not altét Ca
handling but can impact inotropyn response td -adrenergic stimulation phosphorylation

of Tnl regulates cardiac activity in different ways dependent on site and the degree of
phosphorylation. High PKA phosphorylation of Tnl improves the affinity ofafnC£* and
increases rate of association, thus the force of contractility is increased. Tnl phosphorylation
can reduce the sensitivity of the myosin ATPase t6 €acouraging Cadissociation and
therefore rate of relaxation. This allows for a steadgte of contraction and relaxation to

be reachedat higher heart rates it is beneficial for new“aycles to begin more rapidly
(Bers, 2002; Solaro et al., 1976)

The average batheart rate varies in different mammals however the heart rate of sheep is
similar to humans when compared to smaller mammal models such as rats. On average, the
human myocardium beats at approximately 72 beats per minute (BPM), this is within the
range d sheep at 6@; 120 BPM. Rat myocardium beat at a much faster pace-4230BPM)
(Milani-Nejad & Janssen, 20X#)adrenergic stimulation acts on the SA node contributing to
increased firing ratemodulated by increased SR*Ceelease in pacemaker celldu & Allen,

1999) At a higher heart rate relaxation time is reduced, decreasing the time foru@take

by the SR. A reduction in SR'Gaading contributes to decreased amplitude of subseqt

Cd' releases at steady staf&antana et al., 2010; Schillinger et al., 2003)

1.2.8.5 Modulation of C&" handling by physiological agents

While rapid changes in [€3 are primarily responsible for regulation of RydRtivation and
inactivation, RyR are not solely sensitive t6'Cather physiological agentsMg”*and ATR;
have the ability to furtheralter P, and modulateRyR, determining how RyR respond to

changein C&". This impacts the rate and magnitude of SR’ @dease

Mg?*is capable of competitively binding to the nspecific high Gainhibition site of RyR
(Fill & Copello, 2002)Vhen compared to other RyR isoforms, Ry&s a reduced sensitivity

to Mg?*. High [M§'] at mM concentrations stilhave an inhibitory effect on RyBecreasing
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P, (Tunwell et al 1996; Valdivia, Kaplan, EDsvies, & Lederer, 1995Rate of RyR
activation is reduced wit Mg®* as RyR is less sensitive to elevated cytoplasnfic ®af"*
also impacts the decay time d%, following C4&' release, therefore once activated the
channel can remain open longer, although with®gactivation can occur at a lower [€R
as suctinactivation is 10 fold faster in the presence of ¥gFill & Copello, 2002; Valdivia et
al., 1995)

RyRactivation does not require the presence offAflowever the sensitivity of RyR to’0a
increased when RyR is bound to ATP. RyR increased at a lower [€3with ATP and so
less [C&]; is required to open the channel. With a higher rate of RyR activation, SR Ca
release is greater. A largeajority of cytoplasmic ATP is bound to Mgonly free ATP can
bind to RyR(Fill & Copello, 2002; Rousseau, Smith, Henderson, & Meissner, 1986)

Exposure to these physiological agents can alter Ryfhus SR Garelease and degree of
shortening.This modulation of RyR has no leiagting effects on inotropyFill & Copello,
2002)

1.29 Impaired regulation of Gahandling in disease

The regulation of GAhandling mechanisms can becordgsfunctional in diseaseA major
systolic dysfunction incardiomyopathies is negative inotropy due to reduced SR Ca
content. Elevated éhstolic SR Ghleak is thought to decreas8R C& content in heart
failure. This may therefore contribute to loss of contracti{iisner et al., 20005R C& leak
can also occur as a result of acidosis due to ischeiiale pH is not a physiological trigger
of RyR, acidosiscan increase the sensitivity of Ryt® C&* during relaxation, contributingp
reduceddiastolic SR Gacontent (Fabiato & Fabiato, 1978)

At physiological concentrations ATP is usually in excess; however impaired metabolism in

disease can reduce ATP levels. SERCA is an ATPase requiring which couples ATP hydrolysis t

Cd&" uptake. Low [ATP] can promote less efficient, uncoupled reactions, leading to a
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reduction in rate of C& uptake. This also contributes to negative inotropy due to a

reduction in SR GaContent(Feher, 1984; Takenaka et al., 1982)

The loss of contractile force present in nyacardiomyopathies is often still able to maintain
a stroke volume due to increased eddstolic volume (Jacob et al., 1992)This
compensatory mechanism isowever hindered by diastolic dysfunction such as loss of

compliance(Maurer, Spevack, Burkhoff, & Kronzon, 2004)

C&" handling instability and delayed autoregulation can lead to the occurrencéerhans
Alternans arealternating short and large &atransient resuling from change in beab-
beat change in SR €a@ontent (Eisner et al., 2000).eft ventricular alternans are associated

with left ventricular dysfunction in cardiomyopathies, as well asdronary artery disease

and systemic hypertensiofiNguyen, Cao, Tran, Movahed, 2013)
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Figure 15. Adiagram providing an overview of excitatiwontraction coupling. The
movement of C& has been indicated by red arrows @yentricular action potential
activates LTCC leading to a smaff’ @dlux. (b) the rise in local [E% leads to SR &a

release via RyR. (itje increase in global [€% activates myofilaments initiating contraction.
(d) the majority of cytoplasmic Ghis taken up by SERCA to replenish SRoBatent. (€)
sarcolemnal proteins, primarily NCX, remove the remaining'Caiding relaxation.

46



1.3 Cytokines

131 What are cytokines?

Cytokines are small soluble peptidesAQ<kDa) which act as cell signalling molecules
mediating autocrine, paracrine or endocrine signalling. Cytokines also have an important
role in modulation of the immune response, hematopoietic developmental pathways and
inflammation (D. Chen, Assadottner, Orrego, & TorrAmione, 2008; Chousterman,
Swirski, & Weber, 2017; Oppenheim, Matsushjivfoshimura, Leonard, & Neta, 1989; Ozaki

& Leonard, 2002)

Cytokine release is stimulated by the presence of exogenalgsaccharides obacterial
endotoxins, causing levels to Ibaised in response to infection, however following recovery
cytokines levels reduce to the basal level in hed@narello, 2007) The high potency of
cytokines means that only low concentrations are required to mediate an efiieaChen et

al., 2008) These effects can be amplified by simultaneous release of different cytokines
working synergisticall{Oppenheim et al., 1989)The function of different cytokines can
overlap due to similarity of the binding motifs on some receptors, enabling these cytokines

to share a single signalling pathw@zaki & Leonard, 2002)

There aremany different forms of cytokines which includetumour necrosis factors,
interleukins, growth factors, interferons and chemokines. The rat@rofiuction, release
and the longevity btheir effects differs between cytokine@Chousterman et al., 2017;

Oppenheim et al., 1989)

As the biochemical structure of cytokines differs, they are each able to bind to different
receptors. The majority bind only to their own cell membrane receptors in order to activate
specific cell signalling pathwayBinarello, 2007; Oppenheim et al., 198%ome cytokines

are pleiotropic; able to activate multiple signalling pathways, and therefore able to carry out
various roles. This pleiotropy can be due to either activation of multiple receptors or
activaion of receptors capable of activating multiple pathwdis Chen et al., 2008; Ozaki &
Leonard, 2002)
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1.32 Role of cytokines ithe immune response

The primary role of cytokinas to protect the host, through preventing or fighting infection,

by mediating an inflammatory or immune response. The expression of cytokines varies in
response to different viral and bacterial infections, and some cytokines are present in the
absence ofinfection. TNFP | YR Ly (i SINF SNBRVWR SEILINBER AAZ2Y Ay
known to be protective against viral infections such as influenza, through preventing
replication and viral load from increasifigoshino et al., 1983; Seo & Webster, 200EN

also plays a role in prevention against bacterial infec{®awai et al., 1999)

Pranflammatory cytokines including TNFX -6, Ul{m i FYy-R LRB (y28y G2
intracellular and extracellulaROS on a time and dose dependent basis. Cytokine induced
ROSgeneration can occur through the mitochondria electron transport chain or by
nicotinamide adenine dinucle@me phosphate (NADPHXidase 2 (Nx2) (Agharazii et al.,

2015; D. Yang et al., 200MROS generation, particularly those derived fromx2y can
prevent infection and aid pathogen removal. ROS act tghoeither direct oxidative damage

to pathogens, activating other host immune responses or promotion of cell death pathways

in microbes and infected host ce(Baiva & Bozza, 2014)

In health cytokines are present in serum at much lower concentrations. Chandessab
serum cytokine cocentrations occur with age, with many cytokines increasing in the elderly.
With increased age, various interleukins increase in serum by40l@old, while TN

maintains a stable concentration in serum throughout the lifes(facheinert et al., 2015)

1.33 The role of cytokines in inflammation and disease progression

While cytokines can be beneficial in fighting infection, if serum cytokine concentrations
remain high following recovery from infection, this can lead to autoimmune diseaseh TNF

Is the dominant cytokine present in autoimmune disead@marello, 2007)Some cytokines

are associated with specific disease state<l,I-13, and IE5 which all mediate the chronic
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inflammatory response involved in vari®wallergic diseases including asthifiNgoc, Gold,

Tzianabos, Weiss, & Celedon, 2005)

Cytokines can also contribute to infectious disease pathogenesis. Duration of exposure can
impact the overall effect a cytokine has on the body and whether it is negative or positive on
health. IFN AYAGAFff & LINSOSyYyGa LINP BeNdBhaciek pyori 2 F
through decreasing the magnitude of colonisation. Prolonged exposure to IFNK | & 6 S S
shown to also contribute to the gastric inflammation and exacerbate symp{@awai et al.,

1999)

Many pleiotropic cytokines have both positive and negative effects, such as association with
both regulation of host response and disease progres¢idinarello, 2007)Carswell et al.
(1975)found that TN A & Oe(2G2EA QO G2 {Gdzvy2dzND OfIf & a1 K2
found to pronote cell growth. Similarly, pmflammatory cytokines including -B are
elevated in breast and pancreatic canceith the additional involvement of TNF | yvR L [
in the latter. Increased 16 expression has been suggested to be involved in tumour
progression, metastases and a poorer clinical outcome, although there is also evidence that
IL-6 can mediate a tumousuppressive host respong€arajzadeh Valilou, Keshavdiathi,
Silvestris, Argentiero, & Rezaei, 2018; Zhang & Adachi, .199®ough cytokines are
classified into preand antiinflammatory, some cytokines, such asSiLhaveproperties of

both. I11-6 is primarily proinflammatory but can drive aitflammatory pathways by down

regulation of both TN | y1Rand.upregulation ofll-1Ra(Thakur et al., 2002)

It is not only prinflammatory cytokines which have this dual role in disease prevention and
progression. The anitnflammatory cytokine H10 has varying &fcts on tumour migration
and is capable of both preventing angiogenesis and encouraging cell prolifefiatibnet al.,
2017) Similarly, H2 has a important role in immunity, responsible for cytotoxiccéll
production, however following organ or tissue transplantatios? loromotes grafiversus

host diseaséDinarello, 2007)

In order to mediate the inflammatory response, the proportions of proinflammatory or anti

AYFELEYYFG2NE Oed21AySa OFry OKFy3aSed 2KSy ol f
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whereas if the proportion of one uwiweighs the other, this determines the overall
inflammatory response. If this response is excessive this can bring about dysfunction.
Infection or injury initially drives proinflammatory cytokine producti@rhakur et al., 2002)

(A. Kumar, Kumar, Paladugu, Mensing, & Parrillo, 200fg ratio of proinflammatory
cytokines such as TMF | y6Rto thg antiinflammatory 110 can determine the ovall
inflammatory response. Higher TMF | yt@Rreldtije to K10 can indicate an excessive
inflammatory response in systemic inflammation. The compensatory increased release of
anti-inflammatory cytokines however, can raise ncentrations beyond that of
proinflammatory cytokines. This can lead to aimflammatory response syndrome following

systemic inflammatiorfJerin et al., 2003; Mannick, Rodrick, & Lederer, 20@lipfection IL-

M | f SpSta AYyONBlIasSsz GKAa Oeid21AyS Aa | @SN
The ratio between the proinflammatory -hu i YR (KS O2YLIRakanA @S
determine whether a proinflammatory response is generated. The proportibmisn i G2 LJ

1Ra can indicate disease severity, with excesERH reducing severit{Dinarello, 2007,

Mannick et al., 2001; Thakur et al., 2002)

The proportion of different individual cytokines expressed is important as imbalamaue

solely between proinflammatory and artiflammatory cytokines, but also those with
contrasting roles; can result in disease development. Oestrogen is kntovregulate the
expression of various proinflammatory cytokines to promote bone remodellinghTRR L |

and |6 encourage bone resorption with a concentration dependant effect on loss of bone
density. In the absence of oestrogen, the production of theg®kines is increased to
beyond that of Interferor ¢'LICbl YR f Sdzl  SYAl AYyKAOAG2NER T
of bone resorption. In this case imbalance of cytokines leads to development of

postmenopausal osteoporosfZheng et al., 1997)

The accumulation of ROS due to increase in ROS production by proinflammatory cytokines or
reducedexpression of antioxidant enzymeleads to oxidative stress which contributes
inflammation in disease. ROS can also modulate on some downstream signalling pathways
which can lead to further complications in diseg@egharazii et al.,, 2015; D. Yang et al.,
2007) At high levels mitochondrial ROS can act on signalling pathways which further
promote release of proinflammatory togkines including TNF, -Mi X-6 dn@l [EL8,
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amplifying the signalNaik & Dixit, 2011)While ROS can be beneficial to fighting infection,

some pathogens favour oxidative stress conditififgiva & Bozza, 2014)

1.3.4 TNFh YR LI[NS YIF 22NJ NB3dzA F 62NBR 2F Ay Tt

Tumour necrosis factealpha (TN 0 | Y R in-ybétsSMNEiSdz] | NB LINRPAY T
cytokines which exert very similar effects on cells. They share important roles in both host
response to an infectious stimulus and tissue repair following injtgnn & Young, 1994,
Oppenheim et al., 1989)

1.3.41 Tumour necrosis factealpha

TNFh 5 £ a2 NBEFSNNBR (G2 | a CalsvieKe Q.010F5ENFy I Ba F A
sourced from macrophages, as well as simmune cells sch as endothelial cells and
myocytes under some conditions. This release is induced by exposure to endotoxins and can
mediate the cytotoxicity of activated macrophages. The protein structure offTNFA & Y I RS
up of 17 KDa monomers which unite to form a tin{Blum & Miller, 2001; Eck & Sprang,

1989) TNFh  LINA Yl NAf & AydSN}IOGta sAGK I OSfft GKN
including the 55 kDa TNF receptbr(TNFR1) and 75 kDa TNF recetdNFR2) with
different effects, but is also able to bind to other recept@idriss & Naismith, 2000; Kelly et

al., 2010; Monden et al., 20Q7)

1.3.42 Interleukin-1-beta
ILmi = Ftaz 1y2éy la OFLdro2tAysSs Aa NBfSHAaSR
and nonocytes. The 31 kDa inactive-MLU LINSOdzNBE2NJ 6S02YSa | O

molecules released from dead cells and pathogens, such as endo(Bkims & Miller, 2001,

Chaudhry et al., 2013; Lop€&€astejon & Brough, 2011)
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ILmi £ a2 KFa YdzZ (A LI r8cepiaB(RIR)IENG thNEtype |iHkeepidrd LIS L
(IL-2RM). LRI is found onhe surface of multiple cells, however the effect of cytokine
exposure is dependent upon the target cellMl. 6 A Y RURYhAs béed askofiated with

stress and immune responseg®©ppenheim et al., 1989; Subramaniam, Stansberg, &
Cunningham, 2004)IL-1RI are not in abundance, however very few interaciigrer cell

(<10) with either imh  2vNJ LF[NB NBIjdzA NBR (G2 | OKAS@S | ai
activation of multiple pathways, promoting inflammation. Competitive inhibition ef1 iL

and 1lm ] 0 A Y RA Y 31RI (bg thel Kl Sreceptpr antagonis (IL-1Ra) prevents
inflammation. IELRII, found predominantly on immune cells, provides a negative feedback
mechanism through binding and neutralisingl. LINB OdzNE 2 NX» ¢ KA A& Ay KA
pathways from LRI bindindChaudhry et al., 2013; Subramaniam et al., 2004)

1.3.5 The role of cytokines in sepsis

In responseto infection, pathogen associated molecular patterns (PAMPS) lzaderial
endotoxirs present in serum or at the site of infectiopromote increased cytokine

production

This cytokine recruitment is meant to hetpordinate the immune responsand thus ight

the infection. As infection and inflammation is systemic in sepsis, the cytokine response is
overwhelming, this is known as a cytokine storAt these concentrationssytokinesare
harmful, initially promoting fever in patients and mediating direct gan dysfunction
(Chaudhry et al., 2013; Markel et al., 2007)

Circulation of both prmmflammatory and antinflammatory cytokines icreases in sepsis. The

main prdnflammatory cytokines increased includedLIl-8, I1-12, 118, IFN' = -t bICY R L |
Mi ® -he bICyRI LB aLlR2yasSa | NE  Yvied komaahed to (sytddicA y &
inflammation resulting from a noinfection associated injury, both are associated with
cardiac dysfunction in sepsis. Due to their ability to work synergistically, low concentrations

are effective.Other pranflammatory cytokine presem are responsible for recruitment of

inflammatory cellsfurther promoting inflammation(Chaudhry et al., 2013; Jerin et al., 2003;
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A. Kumar et al., 1996; Mera et al., 201Due to the excessive inflammation which occurs in
sepsis, antinflammatory therapes targeting prsmflammatory cytokines, particularly TNF
andlmi ¥ KIF @S 0SSy Ay@SadAardFR KRalLRygaaoDSSY
induce a modest reduction in the mortality of patients with sepsis. The results of combined
anti-inflammatory therapies targeting both TMF | yW\R LIH{OGA @A G& Aa RSLIS
mortality risk, only effective in patients with a high risk of deéifichacker et al., 2002; P.

Qiu et al., 2013)

IL-10 is an important antinflammatory cytokine elevated in septic seru. Kumar et al.,
1996) IL-10 is a known deactivator of cytokine synthesis,eatd suppress mduction of
proinflammatory cytokines including-lL, 11-6, 11-8, 1:12 and TN# (Chaudhry et al., 2013;
Mera et al., 2011)IL-4 and IE13 release is also greater gepsis(Fernandez et al.,(®3; A.
Kumar et al., 1996)L-13 is able to inhibit cytokine expression and production including that
of TNFh @®-4 anfl IE13 have similar anihflammatory effects andhe role of both unclear in
sepsis as neither appears to be involved in host defence response agpaiestion
(Chaudhry et al., 20123)

While the concentration of many cytokines is unchanged regasdté the stage and severity

of sepss, some relative cytokineoncentrations can be used as indicators of sepsis severity
and prognosis. A reduction in circulatinglis an indicator of good prognosis, while high IL

10 levels are associated with increas mortality (Chaudhry et al., 2013)There are
conflicting reports on which stage of sepsis is¢ated by high H10; Fernandez et al. (2013)
found high ILL0 in patients with septic shock, whiMera et al. (2011jeported high levels

of IL-:10 in the serum of patients with less severe sepsis. Septic shock is also denoted by

elevated levels of 16 and IE13 (Fernandez et al., 201.3)

Severe sepsis presents with low2land high H8 in septic serum. The persistent hilgvels
of certain cytokines such astJ 26, I8 I:12, IFN' and 11-:18 correlatewith elevated risk
of death. IL8 is further elevated in nosurvivors(Mera et al., 2011)This large elevation in
IL-8 as an indicator of death was confirmed in a larger cohort of patients with-qogical

associated sepsis ernandez et al. (2013)
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In some patients with sepsis, death occurs from secondary causes which are not associated
with hyperinflammation. This suggests that in some individuals, defective cytokine
production folows the excessive inflammatory phase in severe sepsis. This may also occur as
a result of excess aniflammatory cytokine production, leading to compensatory anti
inflammatory response syndrome. The immunosuppression in these individuals may allow
the initial infection causing sepsis to thrive and make the patient vulnerable to further

infection from opportunistic pathogen@oomer et al., 2011; Mannick et al., 2001)

1.35.1 The ole ofcytokinesin myocardial depression isepsis

Cytokines areknownto be elevatedin sepsisasdiscussed above, in sectidn3.5. This has
beendirectly associatedwith myocardial depressionlhe diastolic and systolic features of
myocardial depression were discussed in sections 1.1.6.1 and 1.1.6.2. An important aspect of
myocardial depression is a reduced LVEF. In sepsis, this decrease in LVEF, and on occasion
also redued RVEF, is due to reduced myocardial contractility. This contributes to decreased
cardiac output and increased estlastolic volume(Court et al., 2002; Kimchi et al., 1984;
Ognibene et al., 1988; Parker et al., 1984; Parrillo, 1989)er section 1.8.2, TN K| a
been shown to reduce the ventricular ejection fraction in patients and animal models
(Muller-Werdan et al., 1998; Vincent et al., 199ZNF" | yWR LY ELJ2 4 dzNB K| &
shown to induce an ultimate reduction in cardiac work and coronary flow. The latter would

be expected with a reduced LVE€hulz et al., 1995)

Impaired relaxation andoss ofcompliancehasalsobeen identifiedin many patients with
septic shock(Bouhemad et al., 2008; Meierhenrich et al., 2008hese may also be
associated with TNF | yaRi L3 ELI2 4dzNBd ¢KS (y2ey OSt € dzf |

particularly altered ECC, shall be discussed further in section 1.3.7.
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1.3.6 Cytokines in heart failure

Cytokines are released to aid recovery from myocaidjaty, howeverthey can also play an
important role in the development and progression of heart failure due to the resulting
inflammatory responséD. Chen et al., 2008; Gullestad et al., 2012; Monden et al., 2007)
both HF with both reduced and preserved EF the circulating concentrations of
proinflammatory cytokine§NFh =-m L [ | % &e eleJated(Gullestad et al., 2012Heart
failure with reduced EF can be induced by overexpression of these cytokines, as w&l] as IL
can also induce biventricular dilatation. This cardiac depression can result in premature

death(Blum & Miller, 2001; Bryant et al., 1998)

TNFh | Y-8 comtroute to the development of chronic heart failure and acute
decompensated heart failure with preserved EF. WhileTNFA & ISy SN} f f & KA 3|
failure patients, IL6 is elevated further in acutely decompensated heart failure.-TNF|- y' R

IL-6 are therefore useful biomarkers for severity and outco(dernethy et al., 2018; D.

Chen et al., 2008)

Injury from myocardial infarction (MI) increases thekrigeart failure development. ROS and
dangerassociated molecular patterns (DAMPS) are released due to ischiepeafusion
injury and mechanical stress in MI. P&k, both ROS and DAMPs promote cytokine release
including TNF Z-mL [ | % i the myocedium (Gullestad et al., 2012; Monden et al.,
2007)

Following a cardiac event such as MI, ischemia or another form of myocardial injury, TNF
levels rise and bind to available soluble TNF receptors. The proportion of these receptors
circulating changes in heart failure and can be used to determine progftesitestad et al.,

2012; Kelly et al., 2010; Monden et al., 200TNF' 6 A Y RA y 3 (okes cardigwm  LJ
remodelling, this is a mechanism by which the heart can adapt to decreased cardiac output,

as is partially accomplished in HF with preserved EF. If this fails hqwheeability to

provide adequate cardiac output may decrease further, aslinwith reduced E@Mann &

Young, 1994; Monden et al., 200Different types of cardiac remodelling occur in HF, wall

thickness is increased in HF with preserved EF, while apoptosis and fibrosisragrilaped
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in HF with educed EHGullestad et al., 2012)interaction with the TNFR1 alsoncde
detrimental to recovery, inducing reversible contractile dysfunction and dilation, particularly

in the left ventricle, associated with and time and TNF O2 Yy OSY (i NI G A2y RSLIS
in systolic C4. This receptor also activates signalling paalys further elevating production

of other proinflammatory cytokine¢D. Chen et al., 2008; Kelly et al., 2010; Monden et al.,
2007; Yokoyama et al., 1993Jhis effect on ventricular dysfunction is lessened with-TNF

bound to TNFR2, encouraging improved myocardial function, decreased apoptosis and
reduced damaging cardiac remodelling, aiding both survival and rec{kelly et al., 2010;

Monden et al., 2007)

Anti-inflammatory cytokines also have important roles in HFLALcontributes to diastolic
dysfunction in through pymoting biventricular dilatation(Blum & Miller, 2001) The
presence of tansforming growth factef m @ ¢MMC KIF & 020G K LI2aAAGADS
on HF. TGFm Ol Yy LINB @Sy dardigdeprepeinRefterSof prigfl&nmatory
cytokines, including TNF | VR 3L [2Y | R234S RSESLIOYRSKR2 655N
encoumage fibrosis and ECM remodellif@ullestad et al., 2012; A. Kumar et al., 2007)

The dual function of proinflammatory cytokines in both supporting and worsening health,
may suggest why there has been a mixed response tecgikine treatments such as TNF

h | yRi LAY KA 0 A Inixciarditisyandiisisemid ikfigramatiqiEichacker et al.,
2002; Monden et al., 200R. Qiu et al., 2013)

1.37 Role of cytokines in perturbed EC coupling

Given that cytokineg especially TNF and Im i ¢ are associated with negative inotropy
and diastolic dysfunction in the whole heart, it is important to determine how these

cytokines effect Gdhandling and contractility on a cellular level.

While in sepsis cardiac dysfunction can occur athbventricles, LV dysfunction is much
greater than in the RV in myocardial depression. In response to endotoxin release from

pathogens in sepsis, cytokine levels and cytokine receptor expression increases in the heart.
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The distribution of cytokines and diir receptors in tissues varies, as such the proportion of

TNFh NBt S| asS A a (MarkeBet al., 2007; Dypenbeiitet alv, 41989parkel et al.
(2007)demonstrated that the RV may be more resistem TNFR1 signalling than the LV. The
TNFR1 resistance and elevated ?NF f S@St & |yR ¢bCwH SELINBA3
signalling, driving recovery through activation of protective signalling cas¢di@sden et

al., 2007)

1.3.71 Global [C4] and contractility

Greensmith and Nirmalan (2018judied the effect of TNF 2y NI 0 @ Sdi NA Odz
They found that 50 ng/ml TNF RS ONX’ tiafsient Antplitude by 31 % and
contractility by 19 %This provides a cellular badm systolic dysfunction in myocardial
depression in sepsisA myocardial depressant effe has also been observed irat
ventricular myocytesvhich were exposed to serum containing elevated proinflammatory
cytokines including both TN | yalRi L [¢ KS & SNHzY Ay RdzOSR | H
transient anplitude resultingin reduced myocyte shortenin@FernandezSada et al., 2017)

While the relative decrease in €aransient amplitude and contractility is not to the same
magnitude as found breensmith and Nirmalan (2013jhe serum used contained a lower
concentrationof TNE X | f 2y 3aARS 20GKSNJ O2YLRyYySyia adzOK

IbLmi A& faz2 LINRGSYy (2 KF@S I+ yS3l ( dsingh y 2 i N

a 30 minute incubation with 10 ng/miL-m i 2"/

amplitude was reduced and contractility
was depresseqRadin et al., 2008) Leptin was also high in the serum usedHgynandez
Sada et al. (2017while leptin has a small negative inotropic effect on its own, it has been
shown to inteact with Ikmi  LING @@ yniduced Inyokafdial depressigiRadin et al.,

2008)

TNFh | R LKblead $ound to worksynergisticallyin rat ventricular myocytes. With
prolonged (3 hour) simultaneous application, INF 6 n ®np Y-k Y6 B VYV HIRYL(
a 40 % de@ase in C4 transient amplitude and 46 % reduction is cell shorter{Bgncan,

Yang, Hopkins, Steele, & Harrison, 2010)
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Less evidence has been identified which could provide a cellular basis for diastolic
dysfunction in the heartBoth Greensmith and Nirmah (2013)and Duncan et al. (2010)

AN

found no change to resting cell length, with TNE 2 NJ O2 Y0 A MR & KEI G YSY

1.3.7.2 SR C4 content and CICR

Negative inotropy can be caused by a reduction if* @dlux. Both TNEE | LILIE A OF ( A 2
prolonged (24 hour) Wi  SELIR &dzNB f SFRa (G2 NILAR Ayl OGA
Ltype C&' current density, reducing CGa influx (El Khoury, Mathieu, & Fiset, 2014;
Greensmith & Nirmalan, 2013)The impact of Hw | 2 Yy wasslighgested to be a
combination of ROS signalling and protein kinase C (PKC) acti(itighoury et al., 2014)

In both cases, the cytokinmediated decrease in &ainflux would also contribute to

myocardial depession, through its impact on CICR

In work byGreensmith and Nirmalan (2018)e decrease in Gatransient amplitude was
attributed to a 14 % decrease BRC&" content. This is contrary to work iha et al. (1993)
who reported that SR Gacontentwas unaffected in dog hearts perfused wHtoli-related

septic serum.

There is also evidence that Rgimay be altered with these cytokines, which would provide

a possible mechanism for decreased SE @mtent Spontaneous Carelease from the SR

has been identified in a rat model of sepefs Zhu et al., 2005 rat myocyteuncan et al.
(2010)demonstrated that this SR €deak can be indud through synergistic treatment

with TNFh | yWR L [¢ KS&aS Oeidz21AySa Kygpakdoy mdSe tiak S F 1
four-fold. During electric stimulation, the distribution of €aelease was uneven across the
myocyte due to depolarisation by N@xediated CA" removal. Ikm ] I fa2 AYRACK
increases spontaneous Eaelease from the SR in mice ventricular myocyfé®nnerat et

al., 2016) While this evidence supports that cytoks@articularly TN | ywR 3L [O dza S
Cd" leak, another study byha et al. (1993jound that C&' release from the SR was not

impaired by exposure to septic rsam.
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Proinflammatory cytokine exposure, including TNFh | yeNRI dbe$ not only induce
myocardial depressant effects. The impaired®’Gaandling can also be a precursor for
ventricular arrhythmia in those with existing medical conditions, such asafierngs with

sepsis, where the prevalence of ventricular arrhythmias incregdBesnandezSada et al.,

2017; Shahreyar et al2018) Both TN | vy LKl &S 06SSy | 4a20A G-
frequency of spontaneous waves due to propagation of €parks and thus increases the
likelihood of arrhythmia developmer{fDuncan et al., 2010; Monnerat et al., 2016; Shahreyar

et al., 2018)

The effects of TNF | yiNRi L yYP, sha@llvbe discussed and investigated further in
chapter 5.

1.3.73 C&* removal mechanismand relaxation

Both Greensmith and Nirmalan (2018pd Duncan et al. (201Gpund no recorded change in
diastolic function, including rate of &alecay or rateof relaxation in response to application
of INFh | f 2 y S Z-miZIN3 saghestk that the combined*Ceemoval mechanismg
SERCA and NGXwere unaffected by these cytokine treatment$hese studies could
therefore not yet provide a cellular bags account for diastolic dysfunction alsogsent in

myocardial depression.

FernandezSada et al. (2017)id find diastolic dysfunction in the form of increased*Ca

decay time and subsequent myocyte relaxation in response to septic serum. It is possible
that another component of the serum besislENFh = LJ2 &M A0 Y8l &L [0 S NB a LJ2
the increased elaxation time, this warrants further investigatiorRadin et al. (2008)
confirmed that Itmi 02 dzf R NB R'dethéval Bidd inSuceZpfolonydd relaxation.
Bouhemad et al. (2008pund that in ~41 % patients with septic shock, expression of the
cytokines; TNF X -8 Brd IE10, and the cardiac contractile regulatory protein Tnl were
elevated. This was associated with reversible diastolic dysfunction through impaired LV
relaxation, as well as systolic dysfunction, especially in individuals where Tns&rpréad

increased by >50 %his may also allude toossible mechanism fahangein myofilament

59



sensitivity to C&. While some studies have investigated the effects of these cytokines on

myofilament sensitivity to C3 this shall be disused further in section 5.1.3.

1.4 Main aims

While current evidence supports that TRF | yNR L2y G NA6dziS G2 Yeéez20
through altered C& handling, the reported changes to €&andling are variableMany of

these studies have investigatéke effects of intact septic serum or the combined effects of
multiple cytokines on ventricular myocytes, the numerous cytokines or other components

present make it difficult to distinguish the individual effects of NF I yMR db [

Of the studies whichave attempted to characterise the individual effects of these cytokines
on intracellular C& handling, many have not used amegrative approachfor instance by

not measuring the simultaneous effects of these cytokines on contractility. The majority of
previouswork has also been carried out small mammal modse] and as sucimay not be
entirely representative of the condition in large mammals such as hunTdms.work aims to
initially investigate whether the findings ofsreensmith and Nirmalan (2013re
reproducible in a large mammal model. The effect afilL.  2*Yhandling in large mammal

left ventricular myocytes will also be investigated, as few studies have looked at the

individual effectsof imi = Ay UGKA& gl &d

The f' beat increase in systolic Eaamplitude with application of TNF previously
acknowledged ®» Greensmith and Nirmalan (2013)ill also be investigated further,
alongside a more thmugh, robust determination of the individual effects of both TNF | y R

IL-m i 2\ wew

Whilst some work has explored the efts of these cytokines omyofilament sensitivityto
Cd", once again many used small mammal models, and very few studied the effecta of IL
alone. As such, the effects of both cytokines on myofilament sensitivity {6 sball be
characterised in a large mammal modal.better understanding of the impact elevated

TNFh | VR Isdpgis onall aspects of ECI@ ventricular cardiac myocytes may aid
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treatment of myocardial depression. Thsay also be preventative ofufther damage to

other organs and systems.

In heart failure, cytokineg including TN¥ ¢ are also elevated and in some cases aspects of
myocardial depression feature in heart failure patients. This study shall also investigate the
effects of TNF  del§ isolated from a large mammal heart failure model and a heart failure

5 week recovery model, and whether the magnitude of these changes differs from the
young, healthy model. This could potentially indicate whether heart failure patients, or those

in recovery, are more or less susceptible to the myocardial depressant effects &f TKHE

study may also reveal if the effects of TNF KI @S | t NS R& 0SSy al dz
effects on C& handling and contractility iteart failure and possible prious exposure to

high TNFP 2 SNXzy O2y OSY iGN} GA2Yyad
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Chapter 2

General methodology
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2.1 Primary myocyte isolation and preparation

2.1.1 Animals, tissue preparation and ethics

Mid-myocardial left entricular myocytes and tissue were isolated from young control sheep
at approximately 18 months old and in good health at the University of Manchester. Other
experimental ovine models used were a tachypaced induced heart failure model leeait
failure recovery modelin which tachypacy was ceasBdveeksprior to sacrifice, to enable

potential recovery to occur.

All surgical procedures involved in the development of Heart failureand heart failure
recoverymodels were carried out undeanalgesiaimeloxicam, 0.5 mg/kg) andnaesthesia
(isoflurane, 14 % in oxygen)lhe antibiotic (enrofloxacin 2.5 mg/kg) asalso administered
to prevent infection. The sirgicalprocedureinvolved implantation of a pacemaker in the

right ventricle, this shall be digssed further in section 6.2.1.

2.1.2 Ethics

All procedures accord with the Animals (Scientific Procedures) Act, UK, 1986 and Directive
2010/63/EU of the European Parliame(iiome Office, 1986)Ethical approval was also
sought fromboth the University of Salford ethical review boawll procedures were carried

out at TheUniversity of Manchesteand as such were also approved by The University of

ManchestelWelfare and Ethical Review Board.

2.1.3 Isolation of sheep left ventricular myocytes

Sheep were given heparin (B® ml) intravenously and thekilled by lethd injection of
sodium pentobarbitone (200 mg/kg). The administration of heparin was required to prevent
formation of blood clots. Cardiothoracic incisions were made to gain access to the heart and

enable rapid removal. The heart was then rinsed and bristiyed in C&' free isolation
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solution (see table 4 for components) to remove excess blood and prevent tissue

deterioration.

The ventricles were cut away from the rest of the heart to allow sole isolation of ventricular
myocytes. The left ventricle waken cannulated via the coronary artery onto Langendorff
appaatus, as showmn Fig2-1. The tissue of the left ventricle was perfused witHf Geee
isolation solution for 10 minutes removing blood from the tissue, and enabling control over
components present during the initial heart isolation and subsequent digestion. This also
serves to prevent clots and thus maximising the perfused regioheiéft ventricle. Flow

rate of solution and pressure within tubing and circulatory vessels was regulated with a

peristaltic pump (Fig-2).

To facilitate cell disassociation from the tissue, collagerigpe | (Worthington) (0.096

0.108 mg/m) and protease (Sigmaj~ 0.022 mg/mlwere then added to the perfusate in
order to digest the collagen fibres and other extracellular matrix (ECM) proteins involved in
cell adhesion. Enzyme concentration and perfusion times (typically within a rangd®f 5
minutes)were adjusted to optimise cell quality and yield. Tissue digestion was determined
by several observations; increased tissue translucency and viscosity of perfusate. All
solutions used were preheated to 37°C in a water bath, which is within the optimal

temperature window for the digestive enzymes used.
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Figure 21. Langendorff apparatus set up for myocyte isolation. (a) heat exchanger (b) cork
sealing the coil within the heat exchanger. (c) peristaltic pump. (d) +walyi taps. (e)
cannula. (f) cannutad sheep ventricle. (g) E#ree isolation solution. (h) low Exaurine

solution. (i) water bath.
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Table 21 ¢ Components of the CGhfree isolation
solution

Ingredients Concentration (mM)

BDM 10

NaCl 133

HEPES 10

Glucose 111

BSA 7.5

KCI 4

MgSQ 1.2

NakhPQ 1.2

The pH ofwasadjusted to 7.34 at room temperatur
(~22°C) through addition of either 1 M NaOH or 1
HCI prior tovolumizing.

All components sourced from Sigmddrich or Fisher

Following digestion, the perfusate wasvitched to a low C& (0.1 mM) aurine (50 mM)
containing solution for 20 minutes. This served as a wash to remove atsdayme. As
described in table -3, taurine suppow restoration of contractile function with the
reintroduction of C&" and preventC&" overload. The digested area of the left ventricle was
then dissected,and the epicardium and endocardium were removed. Remaining tissue was
minced and agitated using a pasteur pipette in fresh taurine solution, then filtered through a

net mesh (200 m pores).
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Table 22 ¢ Components of the low Cataurine

perfusion solution

Ingredients Concentration (mM)
BDM 10
NaCl 108
HEPES 10
Glucose 111
BSA 7.5
KCI 4
MgSQ 1.2
NakPQ 1.2
Taurine 50
Cadl 0.1

The pHwas adjusted to 7.34 at room temperatur
(~22°C) through addition of either 1 M NaOH or 1 M

prior to volumizing.

All components sourced from Sigmddrich or Fisher




Table 23 ¢ Importance of solution components to cell survival during isolation

Component

Importance

cg’

The absence of €ais known to weaken celadhesion
promoting the release of myocytes during enzymg
digestion(Dolara, Agresti, Giotti, & Pasquini, 1973; Veme
et al., 2011; Yates & Dhalla, 1976 " increases collagenas
activity, therefore in its absence there is a reduced the ris
overdigestion (Head & Yankeelov, 1976C&" must be
reintroduced promptly following digestion, as prolonged?C
free perfusioncontributes to structural damage and loss

function (Yates & Dhalla, 1975)

BDM

Cardioprotective against the effects of hypoxia and ischel
Inhibits contraction by ~82 %, delaying hygentracture
during myocyte isolation (Zimmermann et al.,, 1996
Enhances the yield of viable, Ctolerant cells, prevents blel
formation and slow the rate of degradatiofKivisto et al.,
1995; Thum & Borlak, 20Q1Not included in experimentg

solution due to its negative inotropic nature.

Taurine

Slows the rate of Garelease from myocytes when perfuse
with C&" free solution. Helps maintain osmotic pressure &
prevents C& overload, promoting contractile recovery upg
C&" reperfusion (Hansen, Andersen, Birkedal, Cornett,
Wibrand, 2006; Suleiman, Rodrigo, & Chapman, 1992)

BSA

Prevents tissue damage thugh oedema during isolation, b
maintaining colloid osmotic pressur€Suelter & Deluce
1983)

HEPES

Used to buffer pH. This has a higher efficiency than o]
traditionally used bicarbonate buffers due to its reduc
influence from fluctuations in carbon dioxide fro

metabolism(Baicu & Taylor, 2002; Good et al., 1966)

Glucose

Provides an energy source to enable metabolism, t

extending thesurvival of the isolated myocytésocke, 1895)
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2.1.4 Myocyte storage and loading with €andicators

Freshly isolated cells were viewed at 40 x magnificatisimg oil immersionGood quality,
viable cells were identified by their characteristiorphological features; a distinctive rod
shape and striated structure. Dead or reiable cells were identified by their round shape
due to hypercontracture (Kivisto et al., 1995)Cells were suspended in freshigoon,

allowing them to be diluted or concentrated, dependent on the yield of viable cells.

Prior to experimentation, cells were stored at room temperature and loaded in an
intermediate solution, gradually elevating the®Ceoncentration to that of the experimental
solution in under to prevent Goverload, which could result in cellular damage. In the
majority of experiments the desired Eavas 1.8 mM, and therefore cells were stored in a

(50:50) taurineTyrodes solutiongpproximately 0.95 mM GJ.

Preparation of the stock solution for the €andicator, Fura2, was carried out by a
reconstituting 1 mg of desiccated Fu2an its cellpermeant acetoxymethyl (AM) ester form
(Thermofisher) in pluronic-E27 (20 % solutioin DMSOQO). The stock was stored in the dark

at -20°C for use within the following month.

An alloguot of cells suspended in the afereentioned taurineTyrodes1:1 storage solution

(3-4 ml) were loaded with Fura-AM (final concentration 0.1 mMifor 10 minutes. Loading

was effectively stopped by addition of excess solution. These cells were left for at least ~25
min to allow deesterification of Fur®. The attachment of AM ester to the Fta
neutralises the indicators charge allowing intracktuloading through passive diffusion
across the membrane. Esterases present in the cytoplasm cleave the AM esters by hydrolysis
preventing the now charged, hydrophilic fluorophore from leaving the cell in its
pentacarboxylate form. Loading was ceased bytithg the cells further, thus reducing the
indicator concentration(Takahashi, Camacho, Lechleiter, &ridan, 1999) Unlike some
other fluorphores Fur&-AM is fluorescent prior to cleaving of the AM, as such cells were re
suspended to remove residual Ft2a Throughout and after loadinghe vial of cells &s

surrounded by foil to prevent photobleachirfiggm exposure to light.
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2.2 General procedures and equipment

2.2.1 Standard experimental solution

C&8NRPRSQa az2fdziAzy Aa |y A&az2G2yA0 azftdzirazy
I RFLIWGAZ2Y 2F wAYISNRAE &2t dzi hozkg 1898) Mnlikd S Y I
LINERSOSaa2NARZ ¢&8NRPRSaQa azfdziAzy O2yialAya v
(table 24) and all other experimental solutions used in this study, Mg&@icentration was
kept constant as variability in magnes concentration can impact Fufa emission

intensity (Grynkiewicz, Poenie, & Tsien, 1985)

Table 24 ¢ Components of standard experimentlution

Ob2NXIf ¢&8NRRSQaU

Ingredients Concentration (mM)
NacCl 140

HEPES 10

Glucose 10

BSA 15

KCI 4

MgCh 1

Cad 1.8
Probenecid (dissolved in 2

NaOH)

The pHwasadjusted to 7.34 at room temperature (~22°
through addition of either 1 M NaOH dr M HCI prior to

volumising

All components sourced from Sigeddrich, Fisher or Fluk

Tyrode® solution was stored for up to 5 days at@, without Caglnd glucose to reduce

the risk of bacterial growth. Both were added on the day of use. While the solutions used in
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myocyte isolation contained BSA to maintain colloid osmotic pressure (as described in table
2-3), a higher concentration of BSA (0.1 %, M)mwas added to experimental solutions to
serve an additional purpose. BSA adsorption to the inner surface of tubing, through either
priming tubing with BSA or addition to carrier solutions, is a traditional and effective method
of preventing norspecificinteractions between the surface and other proteins in solution
(Suelter & DelLuca, 1983)

While Fura2 in its pentacarboxylate form is unable to passively diffuse across the
membrane, Fur& is an organic anion, and thus efflux can be carried out via organic anion
transporters. The rate of indicator secretion of from the cell is slower at temperatures below
37 °C. While loaded cells were stored at room temperature (%2} pror to use, during
experiments solutions are heated to 3T in order to remain physiologically relevant.
Through a similar mechanism the indicator can also accumulate in intracellular
compartments such as vesicles and organelles, with the potentialad te cytotoxicity.

Both Fura-2 efflux and accumulation can disrupt the fluorescent signal. A known inhibitor of
organic anion transport is probenec{di Virgilio, Steinberg, & Silverstein, 1980)e to the

low solubility of probenecid, it was first dissolved in a small volume NaOH. pH adjustment
gl & OFNNASR 2dzi FF3GSNJ LINPoSYSOAR 41 & | RRS
sdution due to the alkaline nature of NaOWs cells were loaded in taurin@TNB RS Qa
solution 1:1, ~1 mM probenecid was present, this was advantageous as probenecidtpreve
clearance of &ra-2 from the cell The deesterification process and intracellula€&”

concentration, both at rest and when field stimulated, are unaffected by the presence of

probenecid(Di Virgilio, Steinberg, Swanson, & Silverstein, 1988)

2.2.2 Preparation of cytokine solutions

Human, recombinant TNF | y&Ri LPo2GK 2060 AAMDEBdR) werlR Y
reconstitutedin 0.1 % BSA in phosphateffered saline (PBS) and stored in aliquots with a
stock concentration of 100 pg/ml, a0 °C. The BSA was added to prevent cytokine

adsorption to tubing, which would otherwise result in a decreased final concentration
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reachingthe cell. This is especially important given the low concentrations being used of

both TNFh | yWR LAlY SELISNAYSyida opn y3IkYtoo

2.2.3 Preexperimentalpreparations

Following the loading protocol, cells were allowed to settle in a cell bath for ~hQtes.

Cells were viewed again, using an -Bporescent inverted microscope under x 40
magnification. Immersion oil was used to improve resolution. The previously described
characteristic appearance of viable myocytes was used to select cells for exptiine.
Those with a granulated appearance, evidence of a disrupted membrane, or cytoskeletal

damage such as blebbing, were avoided.

Through perfusion of the cell bath with experimental control solution and field stimulation,

it was possible to determineshether contractile function had returned. This was especially
important given their previous exposure to BDM. The flow through the bath also aided
clearance of debris and dead cells. Some cells began oscillating with the reintroduction to
Cd" at physiobgical concentrations; these cells were treated as-mi@ble due to their low

tolerance to C4.

Once a viable cell had been identifigdwas positioned into the centre of the window with
aid of the eyepiece and the imaging provided by an lon Optix MyeE&€D camera. Blinds
were used to isolate the single cell from nearby cells and debris, to ensure the signal

recorded belonged solely that cell.

2.2.4 Control of perfusion

In order for experiments to be physiologically relevant, temperaturalbtolutions were
kept at 37°C. To mitigate bubble formatignlutions were preheated using BubbleStop and
the inline heating element, ThmoClamp™-1 (AutoMate Scientific). This controlled

temperature of solutions to within 1C of 37C during experiments.
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A ValveLink system (AutoMate Scientific) was used to control perfusion by enabling
switching between solutions. Flow rate was congdllby (1) reservoir height and (2) the
solution level in the reservoir. To ensure rapid solution switching the perfusion pencil was
placed in close proximity to the cell of interest using -@irBensional axis mechanical
micromanipulator (Narishige). Soluth in the cell bath was removed a peristaltic pump,

outflow rate was adjusted to match the rate of solution inflow to maintain a stable bath

level.
2.2.5 Measurement of intracellular calcium
2.2.5.1 The fluorophores

Fura2 is a dual excitation indaor with maximum absorption peaks at 335 and 363 nm for
maximum and minimum bound &aespectively. When bound to &€aand excited at either
wavelength Fur& emits at 510 nm, described as blue emissfdakahashi et al., 1999)
Through measurement of th&10 nm emitted light in response to the both excitation
wavelengths, two traces can be formdcbm, with a positive and negative response to
increased Cd respectively The ratio between these signals is unaffected by any loss of
signal due to reduced indicator concentration or photobleaching, unlike other- non
ratiometric fluorophores, such asuek3. When using Furd it is therefore possible to
estimate intracellular G concentration from these wavelength measurements. In addition
to being a ratiometric indicatoiura-2 also has a high emission intengi@rynkiewicz et al.,
1985)

2.2.52 Apparatus configuration

As the equipment measures relative changes irf{Cié was important to limit light from
other sources, as such the microscopesveancealed in a large case with a blackout curtain
covering the front, and additional lights were switched off during an experiment to reduce

the noise in the emission signal.
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LED light sources excited the cell at both 340 and 380 nm consecutivelyatitgrat a
frequency of 200 Hz regulated by Multistream Pro (Cairn). These wavelengths are routinely
used for excitation of Furd. The microscope configuration and begaith are shown in Fig

2-2. Bandpass (BP) excitation filters for 340 and 380 nm resipely were placed in front of
each of these LEDs. A 370 nm lgrags (LP) dichroic mirror allowed the 380 nm light beam

to pass through, while deflecting the 340 nm light beam, causing beams to converge. 425 nm
and 500 nm LP dichroic mirrors were usedrédlirect the converged 340 nm and 380 nm
beams through the objective lens, whilst also eliminating the influence of any light from
higher wavelengths. Once the cell had been excited at both 340 nm and 380 nm, emitted
light at 510 nm, passed back throudhetobjective lens and through the 500 nm LP dichroic
mirror. A series of standard mirrors thesteflect the emitted light. Blindsvere used to
isolatethe cell in the field of viewprevening emitted light from the surrounding cells and
solution from beingprocessed. A final 600 nm LP dichroic mirror directs this into the photo
multiplier tube (PMT). The PMT both detects and amplifies the emitted fluorescent signal.
The emitted light from the 340 nm and 380 nm excitation waves length was separated into 2

traces through lonWizard fluorescent acquisition (lon Optix) software.

A camera (Myocam) was used to allow the cell to be viewed intiraal, thus aiding with
placement of the blinds and measurement of contractility (which shall be discussed further
in section 2.2.6). To prevent this from interfering with the beam bath of the emitted light,
white light from the microscope passed through a 700 nm LP filter, before reaching the cell.
This then passed though the objective lens, converging with the emittechBi0ght, and

was redirected by the same 500 nm LP dichroic mirror and standard mirrors. As the light
from the microscope light was now sole >700 nm, it was able to pass through the final 600
nm LP dichroic mirror, separating the light from the emitteghtiand allowing its detection

by the camera.
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Figure 22. Epifluorescent microscope apparatus configuration. (a) 600 nm LP dichroic
mirror. (b) 700 nm LP filter. (c) objective lens. (d) 340 nm BP excitation filter. () 380 nm BP
excitation filter. (/370 nm LP dichroic mirror. (g) 500 nm LP dichroic mirror. (h) 425 nm LP

dichroic mirror. (i) standard mirrors.

2.2.5.3 Standard settings

The emitted light signal was optimised in two ways. The gain determines magnitude of the
signal amplification byhe PMT, this could be adjusted however was kept fairly consistent as
with increase in gain also amplifying background noise. Alternatively, the intensity of each
excitation wavelength was adjusted on a dsficell basis, using the dual optoled power

supply (Cairn). This was a common adjustment as the uptake of indicator varied between

cells. While increasing the excitation intensity will increase the light signal emitted, in excess
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it will lead to photobleaching and loss of signal. Photobleaching occuinsaliindicators

and is proportional to light intensity and length of exposure.

2.2.6 Measurement of contractility

Changes to sarcomere length were measured as a parameter of contractility via video
detection using an lon Optix MyoCéasnhigh speed digl camera with a chargeoupled
device (CCD). This data was acquired using thetirealby the SarcLen Sarcomere Length
Acquisition Module (lon Optix) integrated with the lonWizard 6.5 system. The myocyte was
positioned to the centre of the video displand aligned so that the striations fell vertically.

If necessary, image gain and offset could be altered to increase contrast to view striations
clearly. A box was manually placed around a series of striations, or sarcomeres (minimum of
7), on the screenThis outlined region determined where sarcomere length was measured
from and this produced a density trace. As further sarcomeres edttre identified region

of interest during contraction, to reduce the impact of inconsistency at the region etiges
central sarcomeres contributeshore to the sarcomere length estimate. The peak produced

in the density trace was used to indicate sarcomere length as sarcomeres per pixel, which
was automatically converted to pixels per sarcomere by the software. A loaendary

power spectrum bar could be used to eliminate noise prior to the peak.

2.2.7 Field stimulation of ventricular myocytes

Cells were stimulated using a DS2A constant voltage isolate stimulator (Digitimer Itd). The
voltage and polarity wre controlled by a Constant Voltage Isolated Stimulator (model DS2A,
Only the minimum voltage required to produce excitation was used; typically between 40

70 V, with a pulse width of 10 ms. A Train/delay generator (model DG2A, Digitimer Itd) was
used to controlthe frequency at which cells were paced. The standard pacing frequency
used was 0.5 Hz (unless otherwise stated); the pacing frequency was adjusted for specialised

experiments.
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2.3 Data analysis

2.3.1 Measurement of diastolic and systolic’Ca

Tocreate a representative Gatransient of steady state and limit the influence of any noise
in the signal, 5 GAtransients at steady state were averaged to produce a meafi Ca
transient. Once exported from lonWizard (lon Optix) software, analysis of n@sh
transient was carried out using Ca Multi; a excel based program developed and described by
Greensmith (2014)Following each experiment, the cell was moved out of the imaging
window to record background signal from the surrounding medium. A trace region from this
Wy 2 @) Sthaté was als€ exportechd input into the Ca Multi program. Both the 340 and
oyn YyY Wyz2 O Stefagedand tHeyréstiting valgeNEBs subtracted from the
remaining fluorescent traces respectively. The ratio between the 340 and 380 nm
wavelengths was calculated 340/38@dicating proportional change in [Eh (Grynkiewicz

et al., 1985) Cursors controlled via scroll bars were used to define the resting aa#é p

fluorescent signal, from this the €amplitude could be calculate@Greensmith, 2014)

2.3.2 Measurement of sarcomere shortening

In order to measure diastolic and systolic contractility, the corresponding 5 sarcomere
sweeps at each steady state were averaged and exported in the same manner as described
for the fluorescent data in section 2.3.1. Resting sarcomere length and peak shortening were
measured using the Ca Multi prograi@reensmith, 2014)which when combined allowed
measurement of the amplitude of contraction (or systolic sarcomere shortening). This
required used of cursors to identify the maximum or minimum sarcomerggtles,
respectively, and a negative deflection was used given that the sarcomere signal moves in

the opposite direction to the Gésignal.
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2.3.3 Measurement of rate of sarcomere relaxation and shortening

The rates of sarcomere relaxation and shoitey were determined by the time taken to 50

% of the total incline or decline in sarcomere length respectively. This is otherwise referred

to as the 50 % decay time. This was calculated through use of the@kceél SR LINE I NJ Y
AAYy3ES HAamMno reguireddmaniuél Andicatibnf ¢f the maximum or minimum

sarcomere lengths, using cursors.

2.3.4 Measurement of rate of Garemoval

Rate of C&# removal was measured based on the single exponential rate constant (RC) of
decay of the representative medd&” transient. The RC of a mean*Osansient at steady
state was termedksys referring to systolic Garemoval and thus the total rate of &a
removal from the sarcoplasm via all mechanisms combined. As caiéi@etively inhibits
SERCACE" decay(kear) following caffeine applicatiofs primarily due to removal byNCX
Through subtractindas from ksys the rate of SR Ghuptake and thus SERCA activitsekch

can be measuredfhe 9010 % of Cd decay was measureglas described in respect tate

of relaxation in section 2.3.8 as an alternative way of measuring the rate of change in the

fluorescent signal and thus rate of Ceemoval.

2.3.5 Statistics

Following data extraction and primary analysis, raw data was compiled into an Excel
(Microsoft) spreadsheet. For each parameter recorded, data was also normalised against
that of the control steady state. Data were statistiganalysed sing SigmaPlot 12.5 (Systat
Software Inc). The statistical tests used were dependent ore#tperiment In the majority

of experiments, a onavay ANOVA was used to compare the parameters at steadg sta
during the control period, with cytokine treatment and during washoét.oneway ANOVA

was also used to allow comparisons between the experimemiadels. In the experiments

involving induced GAwaves, measurements were taken from set time points, as such a
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one-way repeated measures ANOVA was used to test significance. As per chapter 5, in order
to compare the effects different €aconcentratiors on sarcomere length in untreated and
cytokine treated cells, a twavay ANOVA was used. Any additional statistical tests used will
be stated in their respective chapterShe Wy Q LINE GARSR NBFSNAR (2
experiments carried out, however thescells were isolated from multiple animals The

number of animals used will also be provided in the figure legends.
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Chapter 3

The effects of TNF | yWR  LZVhandling and

contractility in sheep left ventricular myocytes
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3.1 Introduction

As previously discussed in section 14,.8 is commonly accepted that the proinflammatory
cytokines TN® | yWR LI NBE Ye2O0IF NRAIFIf RSLINBaalyd &dzo:
elevated serum concentrations in inflammayoconditions including seps{uller-Werdan

et al., 1998; Odeh, 1993; Radin et al., 2008; Vincent et al., 1Bl@ever, the cellular basis

of how TNFP | y-iRi LAY RdzOS Yeé&2O0l NRAIf RSLINBaairzy
evidence suggests they act by altering intracellulaf” @andling (as described in section

1.3.7), though here too, the prase mechanisms remain unclear.

Many previous studies have investigated the synergistic effect of bothhTNA- y:NRi L [
(Duncan et al., 2010; Schulz et al., 1996)the effect of septic serum containing TNF | Y R
ILmi  AY | RRA A 2 y(FeingndezSada StNI260 8 dha $t &aly Ba3Tommon
observations included loss of left ventricular contractile force ama whole heart studieg
reducedcardiac output(Jha et al., 1993; Schulz et al., 1995; Vincent et al., 1992) effect

on SR Ca content is unclear, agha et al. (1993)ecorded no change with septic serum,
whilst Duncan et al. (2010jound evidence of increased diastolic SR*Galease with

combined TNE® | yWR LNBSF GYSy G o

While these previous studies have contributed to the understanding of the dweffatt of
cytokines in sepsis, they have been unable to determine the individual impact 6f TNF y' R
IbLmi @ hT (K2&aS &aidRASa GKIG KIFIGS Ay@Saidaal af
have not taken an integrative cellular approach. For exammany have only looked at

certain aspects of ECC in isolation. While highly reductionist, this does not take into account
the fact that ECC is a dynamic process and highly dependent on the interaction of-all sub

cellular mechanisméEl Khoury et al., 2014; Trafford, Diaz, O'Neill, & Eisner, 2002)

Some limitedstudies have used an integrative approach to study the effect of TNA- ¥ R L [
M 2 ¥ and tontractility dynamics simultaneousl@reensmith and Nmalan (2013)
performed this analysis for TNF | Ba&in et al. (2008jpor ILmi @ { (G dzZRA Sa & dzO|
have considerably advanced our understanding of the cellular basis of cytokine induced

myocardial depression. For exampl@reensmith and Nirmalan (2018emonstrated that
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TNFh RS ONXB | & 8drtent, leadirglto reduced systolic Tahence contractility.
Interestingly, no alterations to diastolic dysfunction were obsenkadin et al. (2008pund

thatl-mi  Ff a2 RSONBIFASR OSftf &Kz NG ik yha studlydzS  { :
did not the effectof Itmi 2 Yy * dontent/ they demonstrated that#ai NB RdzOSR i K
of C&" removal and cell relaxation. However, both studies suffer the limitation that a small
mammal model (rat) was used. This is important as large mammal models better represent
the human condition and it is currently unknowwhether in these models these
observations arereproducible Sheep hearts are very comparable model to humai® to

their similar heart raés; 66120 bpm in sheep and ~72 bpm in humaPRseviously used

models, particularly rodents, have a faster heart rate and as such have a muchrshorte
ventricular action potential durationSheep and humans also have a similar proportion of

c&" handling proteinsand rely on both SERCA and NCX activity f6f i@moval, unlike

rodents which are more reliant on SERCA alqiilani-Nejad & Janssen, 2014)
Furthermore certain key components of ECC were not studied; namely the RyR and
myofilament sensitivity to G4 and so it is unclear how they are affected by TNF | Y R L |
Mi @

Though the effectof TNF | yWR LY GKS NEBIFY2RAYS NBOSLI 2 NJ
to C&* will be addressed specifically in chapter 4 ané&pectively, it should be pointed out

that in rat, Greensmith and Nirmalan (2018pserved a transient potentiation of systolic

C&" upon application of TNF® 2 KAf S y20 RSTFAYAGADLSET (KA
potentiation (Greensmith, Galli, Trafford, & Eisner, 201&pwever (1) Greensmith and
Nirmalan (2013)did not thoroughly investigate this phenomenon (2) as this is the first

reported observation of the phenomenon it is not known if it occurs in sheep.

3.1.1 What is a pathologically relevant cytokine concentration

Previous studies have used a wide range of concentrations when investigating the effects of
TNFh FyRl LFy aAy3afS yvYez20e@iS jaAmadol, Newkoeki, BestK S I NJ
Belpomme, Pavoine, & Pecker, 2002; Cailleret et al., 2004; Combes et al., 2002; Duncan et
al., 2010; El Khoury et al., 2014; Greensmith & Nirmalan, 2013; Ing, Zang, Dzau, Webster, &
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Bishopric, 1999; Kaur, Sharma, Dhingra, & Singal, 200&Hau, & Kennedy, 1999; Maass,

White, & Horton, 2002; McTiernan et al., 1997; Y. Qiu, Liao, & Zhang, 2009; Rozanski & Witt,
1994; Schreur & Liu, 1997; Schulz et al., 1995; Skayian & Kreydiyyeh, 2006; Stamm et al.,
2001; Sugishita et al., 1999; Tatsumi ket 2000; Tsujino et al., 1994; Yokoyama et al., 1993)
Mean concentrations used were 17 + 3ng/ml ™NF 6y T Ho 0 | YR-MMn 0T mdy

over a range of 0-50 ng/ml and 0.1100 ng/ml respectively.

In previous data (Nirmalan et al, unpublished), sple and intrecardiac cytokine
concentrations were measured in patients with sepsis. The latter revealed median levels of
102pg/mI TNFh | ypg/mhllymi G GKS O2NRYFNEB &dAydzax |
1060pg/ml and 20420pg/mifor TNFr | yWR LINB A LSOO A @St e d ¢KAA Rz
cytokine concentrations, which at the site of productiqrfor example leukocytes in the

heart (Neumann et al., 1995 would be assumed to be much higher. The 50 ng/mi
concentration of used for TNF | y-®i LAYy GKA& &adGdzReé | ff26SR

individual efects of each cytokine to be determined.

3.1.2 Aims

(1) Separately characterise the effects if FNF | yMR LAY | &AKSSLI dzaA Ay =
approach

(2) Establish if the effects of TNMF | YWR LAlyY &aKSSLJ I NB t AYAUSR

(3) Ascertain whetherjn sheep,there exists a temporary potentiation of systolic’Ca
following application of TNF | YR db [

3.2 Methods

Left ventricular myocytes were isolated from young control sheep (aged approximately 18
months) and paced at 0.5 Hz using field stimulatisee cection2.2.7). Cells were perfused
with a control solution gee section2.2.1) until a steady state was reached at which point 50

ng/ml TNFP  2-MJ LPESNB | LILIX A SR A Y RAehdodrtréctliy werey R~ O
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tracked to steady state. Subsaently, the reversibility of the effects of these cytokines was
tested by switching back to control solution. The relative change to $Rc@atent was

estimated by the amplitude of 10 mM caffeivoked C& transient éee section2.3.4).

Unless statedas otherwise data shown represents mean + standard erfar steady state
control, cytokine therwash for a given parameter. All data for each cell were normalised to
each cell®own control value as this study measures fluorescence and not” @aectly,
normalisation allows relative change to be measurehere is dargevariation inthe quality

of cells obtained from enzymatic digestipnormalisationalso allows for baseline changes in

the day-to-day quality of cells.

Data were analysed using custommitten software (Greensmith, 2014as per gection2.3).
Statistical significance (p<0.05) was tested using-wag analysis of variance (ANOVA)
(parametric data) or ANOVA on ranks (rmarametric data). Individual comparisons

between groups were tested using Dunn's, Hé&imdak or Tukey po$toc tests as

appropiate.
3.3 Results
3.3.1 The effect of 50 ng/mI TNF 2y A y (i Klew@S anfl czhtdadulity/ |

The specimen records of Figld and 31C demonstrate the effect of TMF 2y A Y (i NI OS
C&" levels. The effect of TNF 2 y & &'avésrdpd abd stidtained. On average, in the
steady state TNF? A NNB @ S NBA X'arandientNaBpinzd $yR16.791+ 3.16 % (n=28,
p<0.05) (Fig-2A). On averagaliastolic C& decreased by 4.35 + 1.67 % (n=28, p<0.05) (Fig
3-20).

The effects of TNF 2 yftrad@iligy are shown in the specimen records of FigiB8and 31D.
TNFh OF dzASR | YSIFY RSONBIAS Ay &l NO2YSNB Y
(n=24, p<0.05) (Fig2B), and a mean decrease in resting sarcomere length by 0.46 £ 0.1 %

(n=24, p<0.8) was found (Fig-3D). With the exception of the effect on sarcomere
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shortening which recovered to control levels (n=17, p>0.05), no other measured parameter

reversed during washout.

The specimemecord of Fig 31E is an example of the effect of FNIBn rate of contractility

and relaxation. TNF | LILJt AOF GA2y RAR y2i OKFIy3aS (GKS NI
0.056) (Fig 2E) or the rate of relaxation (n=23, p>0.05) (F&F3 Following washout, the

rate of sarcomere relaxation increateas he 50 % decay time decreasby 18.92 + 7.11 %

(n=17, p<0.05).
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Figure 31. Specimen records of the effectof TNF 2y O & (i 2" had toatrdctili®y in/ |

left ventricular mycytes from young control sheefA) specimen record showingCa

transients. (B) specimen record showing sarcomere shortening. (C) specimen rigan Ca

transients for the periods highlighted in A. (D) specimen mean sarcomere shortening traces

for the periods highlighted in B. (E) specimen sarcomere shortening tracteefperiods

highlighted in B, with normalised diastolic and systolic levels.
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Figure 32. The effects of TNE 2y O & (i 2" ol boatrddtildy in/left ventricular
myocytes from young control sheep, and wash@ut 28 cells from 10 animalgA) mean
Cd" transient amplitude. (B) mean sarcomere shortening. (C) mean diastéliqBamean
resting sarcomere length. (E) mean 50 % sarcomere shortening time. (F) mean 50 %
sarcomere relaxation timé.indicates p <0.05, NS denotes nsignificance (p >05), SS =

steady state
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