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Abstract 

CaMKII acts as a second messenger to Ca
2+

 signals within the cardiac myocyte.  

Cellular stresses such as ischaemia and subsequent reperfusion perturb the normal 

physiological oscillations of Ca
2+

 to cause an escalating concentration which damages 

the cell.  CaMKII has been implicated as an injury signal during such cellular 

conditions.  However, there are discrepancies as to whether CaMKII is a possible 

mechanism of ischaemic preconditioning as its inhibition can abrogate or improve the 

protective effect of preconditioning.  This thesis investigated the effects of CaMKII 

inhibition in models of ischaemia-reperfusion (I-R) injury. It was hypothesised that 

CaMKII promotes irreversible injury caused by acute myocardial infarction (AMI), but 

would also have a beneficial role in mediating cardioprotection by ischaemic 

preconditioning.  This work has demonstrated that: i) in an ex vivo rat heart model of 

regional I-R injury, CaMKII promoted irreversible injury but is not a feasible target for 

reperfusion therapy as only a pre-ischaemic intervention reduced myocardial infarction; 

ii) CaMKII activation was not a pre-requisite for protection with ischaemic 

preconditioning, although an additive protective effect of CaMKII inhibition and 

ischaemic preconditioning was possible; iii) models of simulated I-R or oxidative stress 

in the H9c2 cells did not involve CaMKII activity; iv) isolated cardiac myocytes paced 

at 1Hz and subjected to simulated I-R do not engage a significant amount of CaMKII 

activity.  These studies substantiate the involvement of CaMKII during ischaemic injury 

and establish that it does not play a substantial role in ischaemic preconditioning.  It 

highlights the characteristics of the kinase within in vitro models of I-R injury.  

Understanding CaMKII role in I-R may underpin the development of future therapeutic 

strategies for the management of AMI. 
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CHAPTER 1: 

General Introduction 
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1.1. Ca2+ Signalling in the Cardiac Myocyte 

Calcium is an alkaline earth metal that adopts a divalent cation (Ca
2+

) when present 

freely in water.  It binds readily to other molecules and has evolved into an intracellular 

signal that is essential and with diverse effects in all living cells.  The cardiac myocyte 

provides an example of the varied signalling effects of Ca
2+

.  These signalling functions 

include: muscle contraction and mechanical movement of the cell (Bers, 2000); the 

stimulation of energy production to ‘parallel’ the cell’s energy demand (Griffiths & 

Rutter, 2009); co-ordination and regulation of gene transcription and DNA synthesis 

(Bootman et al., 2009); instigation of auto digestion of organelles or promotion of cell 

death (HØyer-Hansen and Jääattelä, 2007). 

In many cases, Ca
2+

 acts as an intracellular second messenger to the numerous 

ligands that target cell membranes.  The cell receptors pick up and relay the distant 

hormonal or neuronal signals to specific molecules within the cytosol or organelles by 

means of Ca
2+

 signalling.  As its cation properties allow a high affinity towards an array 

of intracellular proteins, it can influence several physiological activities.  When bound 

to a protein Ca
2+

 can change the conformation of the molecule and thus alter its activity 

in a signalling cascade. 

Ca
2+

 signalling is accomplished when the cells distinguish the change in 

intracellular Ca
2+

 concentration ([Ca
2+

]i) for a given location (Berridge, 2009).  Whether 

the transient delivery of the ion is global or localised it can also provide a valuable 

electrochemical gradient that is used by the cells as a source of stored energy (Sheu and 

Fozzard, 1982).  Recent advances have been made in understanding how the cell 

handles small and subtle localisation of [Ca
2+

]i and the way this is interpreted by 

organelles to produce specific cellular effects (Laude and Simpson, 2009). 
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1.1.1. Excitation-Contraction Coupling 

Cardiac myocytes are excitable cells since they respond to an electrical impulse (e.g. an 

action potential) with a rapid physical contraction.  Broadly termed excitation-

contraction coupling (Sandow, 1952), Ca
2+

 has two roles to play in this process.  The 

first is during the excitation of the cells, when an action potential depolarises the 

intracellular space and allows extracellular Ca
2+

 to enter the cell via voltage-gated Ca
2+

 

channels (CaV).  The second action occurs in response to the influx of Ca
2+

, which 

releases additional Ca
2+

 from the sarcoplasmic reticulum (SR).  A global discharge of 

stored Ca
2+

 will then flood the myofilaments, leading to cell shortening and effecting 

systolic contraction of the myocardium.  For relaxation of the muscle and diastolic 

filling to occur, removal of Ca
2+

 from the cytosol is necessary to complete the cycle, by 

activation of ionic pumps and exchangers positioned on the SR and sarcolemma. 

 

1.1.1.2. The Cardiac Action Potential 

The difference in ion concentration either side of the plasma membrane creates an 

intracellular potential within all cells.  This electrical charge can fluctuate in excitable 

cells (figure 1.1) to form an action potential and provide a specific electrical stimulus.  

In ventricular myocytes, during diastolic relaxation, the resting membrane potential 

(termed phase 4) is around -80 to -90 mV (Zaza and Rosen, 2000).   

Stimulated by an action potential (or a propagating impulse) that is conducted 

throughout the heart, a sufficient amount of voltage-gated Na
+
 channels (NaV) will 

allow Na
+
 ions to enter the cell down an electrochemical gradient (145 mM to 20 mM; 

Klabunde, 2011).  This movement activates the remaining NaV to allow an inward Na
+
 

current (INa), which rapidly depolarises (phase 0) the cell.  CaV1.2 channels, also known 

as L-type Ca
2+

 channels (as it is a long lasting current, LTCC) have a threshold of 
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around -40 to -30 mV for opening and conducting an inward Ca
2+

 current (ICa.L).  Also 

acting down an electrochemical gradient (from 2.5 mM to 0.1 µM), the ICa.L is small 

enough for it not to be distinguishable in the large upward deflection of the INa (figure 

1.1). 

 

 

(C) Contraction(B) [Ca2+]i(A) AP

(1)

(2)

(3)

(0)

(4)(4)

 

Figure 1.1: Time course of excitation-contraction coupling in a rabbit ventricular 

myocyte (adapted from Bers, 2002).  (A) The shape and five phases (0-4) of an action 

potential (AP):  phase 0, rapid depolarisation; phase 1, early rapid repolarisation; 

phase 2, plateau; phase 3, final rapid repolarisation; phase 4, resting membrane 

potential.  (B) The transient [Ca
2+

]i instigated by the action potential.  (C) Cell 

contraction and relaxation corresponding with the rise and fall of [Ca
2+

]i.  

 

An early notch (phase 1), that is particularly prominent in myocytes of 

subepicardial origin, is created by a combination of the inactivation of INa and the 

activation of several outward K
+
 (particularly Ito) and Cl

-
 currents.  This rapid 

repolarisation towards 0 mV is short lived as the action potential forms a plateau (phase 

2).  This can last for several hundred milliseconds as the combination of the outward 

current (mainly Ito) and the inward current ICa.L equilibrate each other’s charges.  

The final rapid repolarisation (phase 3) is due to the inactivation of LTCC and 

the activation of other repolarising K
+
 currents (Barry and Nerbonne, 1996).  The K

+
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currents vary in their characteristics and include: the slow and rapid components of the 

delayed rectifier K
+
 current known as IKs and IKr respectively; and the inwardly 

rectifying K
+
 currents, IK1 and IKAch.  The delayed rectifier K

+
 currents (IKs and IKr) close 

at a threshold of -80 mV after repolarisation has occurred and there is a return towards 

the resting membrane potential (Phase 4).  IK1 maintains the current towards the K
+
 

equilibrium potential and is absent from sinus node and AV node cells allowing them to 

spontaneously gradually depolarize (automaticity).  IKAch is however enriched in the 

nodal cells allowing them to hyperpolarize the cell and slow the activation of action 

potentials and heart rate.  They also differ to the voltage-gated ion channels as they are 

activated by G-proteins.  Here, a signalling cascade is regulated by membrane bound 

receptors (G-protein coupled receptors, GPCR) that regulate the release of G-protein 

subunits (in this case the Gβγ subtype) that target the ion channel.   

Exchanging ions is another method for regulating ion currents.  Exchange has 

the advantage of being activated at certain ionic thresholds during the action potential.  

The Na
+
/Ca

2+
 exchanger (NCX) moves one Ca

2+
 ion across the cell membrane in 

exchange for three Na
+
 ions.  During phase 2, when there is a sudden rise in [Ca

2+
]i, Na

+
 

is exchanged for the internal Ca
2+

 via the NCX in its forward mode (Weber et al., 2003).  

A reverse mode also exists briefly during phase 1 when there is a spike in the 

intracellular Na
+
 concentration.  A Na

+
/K

+
-ATPase exists to exchange three Na

+
 ions for 

two K
+
 ions.  This is dependent on ATP to concurrently pump Na

+
 out of the cell in 

exchange for K
+
 to enter the cell (Hilgemann et al., 2006).  Working against their 

chemical gradients, this movement of ions maintains the resting potential and drives the 

difference in ionic concentrations across the cell membrane.   
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1.1.1.3. Calcium-Induced Calcium Release 

A key feature of excitation-contraction coupling in cardiac myocytes is the way that the 

extracellular Ca
2+

 is used as a trigger for release of large pools of intracellular Ca
2+

 

(figure 1.2; Fabiato, 1983).  Known as calcium-induced calcium release (CICR), several 

possible mechanisms have been proposed.  The most widely accepted hypothesis 

involves ICa.L (Bers, 2002).    Other possibilities, such as Ca
2+

 entry via the NCX, may 

have a modest effect, but are believed to be more prominent under abnormal conditions 

(Bers, 2000).   

The localisation of the LTCC and the ryanodine receptor (RYR2; cardiac muscle 

ryanodine receptor isoform), which acts as a Ca
2+

 release channel for the SR, underpins 

one of the key arguments for the CICR (Orchard and Brette, 2008).  Assisted by the T 

tubules that extend the extracellular matrix into the cell, each LTCC positioned on these 

tubules administers Ca
2+

 to 6-20 RYR2 (Bridge et al., 1999; Bers, 2002).  The 

junctional regions between the T tubule and the SR allow a short and direct interaction 

of the Ca
2+

 that enters through the LTCC.   

The RYR2 has been thoroughly characterised and revealed to make molecular 

conformational changes that release Ca
2+

 from the SR when activated by Ca
2+

 (Tunwell 

et al., 1996).  Four RYR2 monomer proteins associate to form the Ca
2+

 release channel.  

The foot region acts as a scaffolding protein which allows the binding of other proteins 

such as kinases and phosphatases close to the junctional complexes.  One of the 

proteins, called FKBP-12.6, acts to stabilise these regions.  This allows ‘coupled gating’ 

of the numerous clusters of RYR2 that then co-ordinates the release of Ca
2+

 in 

synchrony (Marx et al., 2001).  Collectively, a substantial discharge of stored Ca
2+

 

results in a spike of [Ca
2+

]i.  Contraction of the cell occurs when the surplus of Ca
2+

 

binds to troponin C.  This promotes the interaction between myosin heads and actin 
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filaments which results in rapid shortening of the sarcomere and a systolic contraction 

of the myocyte.   
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Figure 1.2: Contraction-relaxation cycle of a cardiac myocyte, with particular focus 

on the total Ca
2+

 movement and concentration of calcium-induced calcium release.  

(A) The depolarising current travels down a T. tubule allowing the LTCC threshold to 

trigger Ca
2+

 entry. (B) Ca
2+

 entry triggers further release of Ca
2+

 from intracellular 

stores such as the SR, using RYR2 causing a flood of Ca
2+

 towards myofilaments.(C) 

Relaxation can only begin with the removal of Ca
2+

 back into the SR and (D) through 

sarcolemmal transporters. (E) Other organelles such as the mitochondria play a minor 

part in buffering any excess Ca
2+

 and use it to sense the altering transients to parallel 

production of ATP with contraction.  The relative percentages of Ca
2+

 cycled per 

compartment for a human (red) and rat (blue) ventricle cell is also described (data 

taken from Bers, 2000). LTCC, L-type Ca
2+

 channel; RYR2, ryanodine receptor; PLB, 

phospholamban; SERCA2a, Sarco/Endoplasmic Reticulum Ca
2+

-ATPase; NCX, 

Na
+
/Ca

2+
 Exchanger in Forward (F) and Reverse (R) mode; CaUP, Ca

2+
 uniporter.  

http://en.wikipedia.org/wiki/Sarcoplasmic_reticulum
http://en.wikipedia.org/wiki/Endoplasmic_reticulum
http://en.wikipedia.org/wiki/Calcium
http://en.wikipedia.org/wiki/ATPase
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There are many Ca
2+

 binding proteins and buffering systems within cells that 

compete for the binding of the ion (Bers, 2000).  As such, the amount of Ca
2+

/L cytosol 

to raise [Ca
2+

]i to peak systolic concentrations of 1 µM exceeds 100 µM.  The total 

amount of Ca
2+

 transported within the ventricular myocytes of rat and human are the 

same.  However, there are significant differences between species in the extent to which 

each Ca
2+

 transport mechanism will be used.  Figure 1.2 shows some of the key ion 

exchanges.  Human and rat myocytes will cycle 70% and 92% respectively of their Ca
2+

 

with the SR.  Thus, the reduced SR Ca
2+

 uptake within the human cells will have 

consequences on their dependence for ion transporters such as the NCX to remove Ca
2+

 

from the cytosol.  

 

1.1.1.4. Cardiac Myocyte Relaxation 

To allow diastolic filling, the cardiac myocytes must relax by reducing the [Ca
2+

]i.  This 

requires removing the Ca
2+

 against its concentration gradient which is consequently 

reliant on ATP-dependent mechanisms (Bers, 2002).  The slower rate of removal and 

prolonged decline in [Ca
2+

]i (figure 1.1) demonstrates this effort. 

The SR reabsorbs the same amount of Ca
2+

 that it has released through the 

sarco/endoplasmic reticulum Ca
2+

-ATPase pump (SERCA2a, the predominant cardiac 

isoform) (Bers, 2000).  For each ATP that is hydrolysed, two Ca
2+

 ions are taken up 

(Lee and East, 2001).  A phosphate receiver known as phospholamban (PLB) can 

influence the activity of SERCA2a (Tada and Katz, 1982).  Phosphorylation of PLB 

removes the natural inhibition that it has on the SERCA2a pump allowing a greater 

influx of Ca
2+

 and a faster rate of relaxation and diastolic filling (lusitropy).  Storage of 

Ca
2+

 within the SR can reach concentrations of up to 20 mM (with 1 mM in free Ca
2+

) 
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and is aided by calsequestrin, a Ca
2+

 binding protein that can hold up to 50 Ca
2+

 ions 

(Beard et al., 2004). 

The NCX is responsible for the majority of Ca
2+

 extrusion through the 

sarcolemma (Bers, 2000).  The current matches the ICa.L (Bridge et al., 1990) and is 

dependent on the [Ca
2+

]i for activation and a stable and low [Na
+
]i to maintain the ion 

gradient (Fearnley et al., 2011).  As this relies on the Na
+
/K

+
-ATPase, the NCX is 

counted as having an energy consumption of 1 ATP molecule per Ca
2+

 ion that is 

extruded (Bers, 2000).  Thus, it is less efficient than SERCA2a.  A sarcolemmal Ca
2+

 

pump also exists to drive Ca
2+

 out of the cell; but as its transport capability is much less 

than the NCX, its role is believed to be more to do with signal transduction than the 

contraction-relaxation cycle of the cell (Cartwright et al., 2005).   

 

1.1.1.5. Modulation with β-Adrenergic Signalling  

To modify the cells’ contractile activity and cardiac output, Ca
2+

 handling proteins can 

be targeted by a variety of signalling pathways.  One of the most notable pathways is 

the β-adrenergic system responsible for the heart’s response to sympathetic stimulation.  

This enables the body to deal with increased demand by adapting the cardiac output 

with an increase in heart rate (chronotropy), contractile force (inotropy) and lusitropy. 

Stimulated by the release of noradrenaline from the sympathetic nervous system, 

the β-adrenergic receptors are linked to GPCR.  The Gαs subtype is responsible for the 

increased activity of another transmembrane protein, adenylyl cyclase (Buck et al., 

1999).  When activated, this enzyme converts ATP into the second messenger cyclic 

adenosine-3’,5’-cyclic monophosphate (cAMP).  This signalling messenger can interact 

with and release the active C subunit of protein kinase A (PKA), which phosphorylates 

many targets on Ca
2+

 handling proteins.  These include: the LTCC (Yan et al., 2011) 
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and RYR2 (Shan et al., 2010) for greater peak force of contraction with augmented Ca
2+ 

release; an increased Ca
2+

 to troponin-C interaction, that allows greater sensitivity for 

the ion (Layland et al., 2004); and Ser
16

 on PLB to increase the removal of Ca
2+

 ready 

for the next contracting cycle (Hagemann and Xiao, 2002).  

 A physiological response such as tachycardia can also stimulate a heart-rate 

induced increase in Ca
2+

 release (Grimm and Brown, 2010).  Here, kinases sensitive to 

the repetitive release and increase in [Ca
2+

]i, known as Ca
2+

/Calmodulin-dependent 

protein kinase II (CaMKII), target Ca
2+

 handling proteins to further augment the cycling 

of cytosolic Ca
2+

 (see section 1.2). 
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1.1.2. Gene Transcription and Regulation in Cardiac Myocytes 

The Ca
2+

 signalling responsible for instigating the cell cycle and gene transcription in 

the nucleus operates differently to the prominent Ca
2+

 transients needed for cell 

contraction.  Recent advances show that the nucleus has its own ‘active’ Ca
2+

 transient 

as well as having a ‘passive’ Ca
2+

 transient (Bootman et al., 2009; Ljubojevic et al., 

2011).  The passive diffusion of Ca
2+

 into the nucleus is a response to the high systolic 

[Ca
2+

]i of E-C coupling.  A minor restriction period delays the onset of the nuclear Ca
2+

 

transient and helps protect against the constant sharp rises of Ca
2+

 overload particularly 

when the cell is stimulated by inotropic agents (Genka et al., 1999).  The nucleus’ own 

active Ca
2+

 transients are regulated by a series of Ca
2+

 regulating proteins (i.e. 

SERCA2a pump and Ca
2+

 release channels) present on the nuclear envelope.  The Ca
2+

 

release channel inositol 1,4,5-triphosphate receptor (IP3R) has been shown to govern 

and mobilise independent nuclear Ca
2+

 transients (Rodrigues et al., 2009).  Stimulated 

by the translocation of the second messenger inositol 1,4,5-triphosphate (InsP3) from the 

cell membrane, the IP3R will release Ca
2+

 and generate its own nuclear Ca
2+

 transient.  

Transcription factors such as cyclic AMP response element-binding protein (CREB), 

nuclear factor of activated T cells (NFAT) and numerous other kinases and 

phosphatases stimulate gene transcription in response to the oscillating Ca
2+

, that help 

stimulate cell growth.  This gives the ligands that target the cell membrane and its 

receptors (i.e. endothelin-1 via the Gαq-coupled receptors and InsP3 release) their own 

elaborate signalling system for the mobilisation of nuclear Ca
2+

. 
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1.1.3. Cell Death and Auto-digestion 

Demaurex and Distelhorst (2003) stated “Organized life requires cell death, and 

execution of cell death relies on the very machinery of life.”  The execution of cell 

death was a reference to the cell’s ability to induce cell suicide (apoptosis) or autophagy 

(catabolic digestion) in order to defend against pathogens or maintain homeostasis in 

injured cells.  By using organelles such as the mitochondria and SR, cells have the 

machinery that will respond to genetic or environmental clues and trigger the necessary 

death signals.  Apoptosis may be controlled by extrinsic death signals that are mediated 

by receptors on the cell membrane (e.g. Fas).  However, the primary focus will be the 

intrinsic death pathway as it is regulated by the mitochondria and their regulation of 

Ca
2+

.  The mitochondria handle Ca
2+

 through the Ca
2+

 uniporter (for influx) and NCX 

(for efflux) which help stimulate energy production or buffer [Ca
2+

]i during abnormal 

Ca
2+

 load (Griffiths and Rutter, 2009).  When the sequestered Ca
2+

 reaches a threshold it 

acts as a death signal by releasing critical factors such as cytochrome c, which then 

activate proteases called caspases (Demaurex and Distelhorst, 2003).  The Bcl-2/Bax 

family are other deaths signals that are important in deciding the mitochondrial 

tolerance to Ca
2+

 or permeability of cytochrome c (Harr and Distelhort, 2011).  The 

significance and the interrelationships between the handling of Ca
2+

 by the SR, the 

mitochondria’s tolerance to Ca
2+

 or the influence of signals such as the Bcl-2/Bax 

family are strongly debated.  Autophagy, or the degradation of organelles, does not 

require caspase activation (Levine and Klionsky, 2004), but is associated with Ca
2+

 

release from the endoplasmic reticulum (ER) or the IP3R (HØyer-Hansen and Jääattelä, 

2007).  This release induces the autophagy signalling system that is usually triggered by 

the build up of misfolded proteins (ER stress) in order for them to be dealt with through 

a catabolic pathway. 
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1.2. Ca2+/Calmodulin-Dependent Protein Kinase II 

1.2.1. The CaMK Family 

A family of Ser/Thr protein kinases called the CaMKs are responsible for transducing 

the diverse Ca
2+

 oscillations that occur in the cardiac myocyte, into physiological 

actions.  The intermediary protein calmodulin (CaM) has a particular role in directing 

the activity of the CaMKs.  This occurs when four Ca
2+

 ions first bind to CaM to form a 

Ca
2+

/CaM complex.    A ‘dedicated’ CaM exists on ion channels to sense and regulate 

Ca
2+

 in a direct manner, whilst a ‘promiscuous’ CaM exists to adjust the behaviour of 

other proteins such as the CaMKs (Saucerman and Bers, 2012). 

The family of multifunctional kinases, CaMKII, CaMKK, CaMKI and CaMKIV 

have an immense number of duties to fulfil, with the latter three acting as part of a 

signalling cascade.  Other members such as the myosin light chain kinase (MLCK), 

CaMKIII (also known as eEF2-kinase) and phosphorylase kinase act specifically on one 

substrate (Wayman et al., 2011).  As they have different binding affinities for CaM, the 

kinases detect different levels of [Ca
2+

]i and specific propagations of Ca
2+

/CaM 

complexes (Song et al., 2008).  Signalling involved with cell growth or specific 

targeting in the nucleus can then be differentiated from the global Ca
2+

 signals that are 

required for E-C coupling. 
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1.2.2. Biology of CaMKII  

1.2.2.1. Isoforms and Gene Splicing 

Mammalian cells possess four CaMKII gene products (α, β, γ, δ).  The vasculature and 

cardiac muscle express the γ and δ subtypes, whilst the α and β are predominantly found 

in neuronal tissue (Schworer et al., 1993; Hudmon and Schulman, 2002).  All four gene 

products share a high degree of homology, in particular at the N-terminal catalytic 

domain, where they have up to 92% similarity (Tobimatsu and Fujisawa, 1989).  Gene 

splicing of seven exons in a central variable domain allows these four subtypes of 

CaMKII to diversify considerably both within and between the different organs and 

tissues (Tombes et al., 2003). 

The δ isoform contains 15 known mammalian isozymes, of which seven are 

expressed in the heart (Tombes et al., 2003).  Srinivasan et al. (1994) recognised that the 

δB isoform possessed a unique nuclear translocation sequence in the variable domain, 

speculating its activity might be for gene expression and cell proliferation.  This was not 

apparent in the sequencing of the neuronal specific δA or the ubiquitously expressed δC 

subtype, which were confirmed to be contained within the cytosol by 

immunofluorescence.  Other variants for the heart (δF, δG, δH, δI, δJ) are thought to be 

only conserved for neonatal and stages of development (Hoch et al., 2000).  

Interestingly, extreme pathological stimuli can bring about non tissue specific variants.  

Colomer et al. (2003) detected, after seven days of transverse aortic constriction (TAC) 

in the mouse heart, the mRNA of the skeletal muscle specific δD isoform.   

 



 

 27 

1.2.2.2. Structure and Functional Properties  

The main domains that constitute the CaMKII monomer are illustrated in figure 1.3A.  

They are: the highly conserved N-terminal catalytic domain that contains the ATP 

binding site for its targeted proteins; the central regulatory domain that contains the 

binding site for Ca
2+

/CaM; the C-terminal association domain that allows the union of a 

holoenzyme and the proximity for neighbouring kinase interactivity (Hudmon and 

Schulman, 2002).  The monomers gather into a dodecameric holoenzyme (figure 

1.3B(i)&(ii)) via the association domains’ arrangement of two hexameric rings 

(Rosenberg et al., 2006).  A combination of isozymes may compromise the 

holoenzyme, enabling varying lengths and properties (figure 1.3B(ii)) contributing to 

various amounts of allosteric control (Chao et al., 2011). 

As shown in figure 1.4A, at low [Ca
2+

]i a pseudosubstrate sequence located in 

the regulatory domain acts to auto-inhibit the kinase activity.  This basal state also 

interferes with the ATP binding site on the catalytic domain (Hoffman et al., 2011).  A 

rise in [Ca
2+

]i and the binding of Ca
2+

/CaM will render CaMKII active, as the α helix 

that arranges the kinase into an auto-inhibitory state is broken (Chao et al., 2011).  A 

rearrangement of the regulatory domain will expose a Thr
287

 (Thr
286

 for CaMKIIα) 

phosphorylation site and the ATP binding site on the catalytic domain.  Recent research 

suggests that at a high ATP concentration, it is possible that a ‘primed’ regulatory 

domain may be available to assist in the binding of Ca
2+

/CaM (Hoffman et al., 2011). 
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Figure 1.3: Biology of the CaMKII monomer and holoenzyme.  (A) The domains of a 

CaMKII monomer. The regulatory and variable domains are highlighted to depict key 

sites of activity and the possible variations in exon selection between each isoform. 

(Adapted from Tombes et al., 2003). (Bi) The CaMKII monomer forms two hexameric 

rings that combine into a dodecameric holoenzyme.  (Bii) Examples of CaMKII 

holoenzyme with different combinations of short and long isozymes, that gives varying 

holoenzyme structures and activity (taken from Chao et al., 2011).   

 

ATP Ca2+/CaM

ATP

C
a
2+ /C

aM

Ca2+/CaM

Pseudosubstrate sequence

Thr287

 

Figure 1.4A:  A cartoon of a CaMKII monomer transforming from an inactivated basal 

state to the primed and activated state in the presence of ATP, Ca
2+

/CaM or both. Once 

activated with Ca
2+

/CaM a Thr
287

 site on the regulatory domain is exposed.  (Protein 

structure adapted from Hoffman et al., 2011.) 
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If a Ca
2+

 transient increases in frequency, amplitude or duration (figure 1.4B) it will 

present two adjacent and ‘Ca
2+

/CaM active’ CaMKII.  This allows the newly exposed 

Thr
287

 site to be autophosphorylated (Meyer et al., 1992).  Moreover, the kinase gains 

an improved association with Ca
2+

/CaM, as its affinity increases by 1000 fold.  Termed 

‘CaM trapping’ this new affinity allows CaMKII to have an autonomously active status 

even in the presence of low [Ca
2+

]i (Meyer et al., 1992; Singla et al., 2001).  Even with 

the dissociation of Ca
2+

/CaM, phosphorylation of Thr
287

 prevents the regulatory domain 

from returning to an auto-inhibitory state and have further autonomy in the absence of 

Ca
2+

 (Hoffman et al., 2011). 

 

Autophosphorylation & 

CaM Trapping

P P

Thr287

High [Ca2+] Low [Ca2+]
 

Figure 1.4B: Further active states of CaMKII can be achieved with persistent Ca
2+

 

transients allowing kinase-kinase activity at the Thr
287

 site.  This slows the dissociation 

of Ca
2+

/CaM (CaM trapping) from the kinase and the likelihood of it returning to an 

auto-inhibitory state.  P, phosphorylation 

 

The phosphorylation of the Thr
306/307 

sites within the regulatory domain allows CaMKII 

to be ‘capped’ and prevents Ca
2+

/CaM from rebinding to the kinase (figure 1.4C).  

‘CaM capping’ can only be done when Ca
2+

/CaM is not associated to the region as they 

normally share a similar location (figure 1.3A).  This has been proposed to be a 

mechanism that will differentiate between the stimulated and unstimulated kinases in 

order to maintain a balance between the reactions (Colbran, 1993; Hudmon and 

Schulman, 2002).  Other states of activity have recently been discovered at the 
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Met
280/281

 sites within the regulatory domain (Erickson et al., 2008).  Oxidation of these 

sites when CaMKII is in the basal state would interfere with the binding of Ca
2+

/CaM 

and the phosphorylation of Thr
287

 (Rellos et al., 2010).  Thus, it is proposed that Ca
2+

 is 

not needed (or is required at a lower concentration) for this independent activity state of 

CaMKII. 

 

ROS

CaM Capping

ATP

Basal

Basal Oxidation

 

Figure 1.4C: Further activity states of CaMKII. (1) ‘CaM capping’ of CaMKII may 

occur in the absence of Ca
2+

/CaM and be a method of preventing its association with 

the kinase. (2) Oxidation of CaMKII at Met
280/281

 gives further activity states in the 

absence of Ca
2+

. 

 

For equilibrium, counteracting and deactivating CaMKII activity is achieved by 

phosphatases that dephosphorylate the kinase and its downstream targets (Ishida et al., 

2008).  These include the Ser/Thr protein phosphatases (classed as PPP), such as PP1 

and PP2A.  Although PP2B (calcineurin) can not directly dephosphorylate any CaMKII 

targets, an indirect relationship exists via PP2B influence on Inhibitor-1, which is a 

protein inhibitor of PP1.  A more direct regulation of the kinase is believed to come 

(1) 

(2) 
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from a class of phosphatases called CaMK phosphatases, also expressed in a nuclear 

form (Ishida et al., 2008).   

 

1.2.2.3. Pharmacological Manipulation 

Many small molecule and peptide inhibitors have been devised to uncover the 

functional capacity of CaMKII.  The organic small molecule inhibitors KN-62 and KN-

93 compete for the Ca
2+

/CaM binding site, but have been criticised for their non-

specific ion channel activity (Ledoux et al., 1999; Gao et al., 2006; Rezazadeh et al., 

2006).  The inactive analog, KN-92, is reported to also have the same non-specific 

activity (Chelu et al., 2009, Said et al., 2008, Tsung et al., 2007).  Thus, the inadequate 

association with CaMKII gives KN-92 an important role as a negative control for 

research within the field.  

The auto-inhibitory substrate that lies within the kinase has been a target for 

many of the peptides.  These include; CaMKII (281–309), CaMKII (273–302), 

autocamtide-2-inhibitory peptide (AC3-I) and the autocamtide-2 related inhibitory 

peptide (AIP) which has been developed in a myristoylated form or with an 

antennapedia transport peptide sequence to increase its cell permeability.  These 

peptides are believed to have cross activity with other Ca
2+

/CaM regulated proteins 

(Ishida et al., 2008).  Another small peptide inhibitor, CN21 (Vest et al., 2007), is based 

on a CaMKII inhibitory protein that was identified in the rat brain (Chang et al., 1998).  

The advantage of having an increased specificity to CaMKII is however limited by only 

partially inhibiting states of CaMKII activity. 
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1.2.3. Physiological Functioning in Cardiac Myocytes 

In the heart, the role of the ‘multifunctional’ CaMKII is as wide-ranging as its upstream 

activator Ca
2+

.  It primarily targets the proteins that maintain the homeostasis in Ca
2+

 

cycling, whether for E-C coupling, or in the promotion of growth and transcription 

within the nucleus.  For the ventricles of the adult mouse, the ratio of the δ isoforms are 

split 60% for the nuclear tagged δB and 40% for the cytosolic δC (Mishra et al., 2011).  

Although the study also confirmed that these labels do not confine the isoforms to these 

specific loci, much of the research in the field has followed this trend in characterising 

the physiological capability of the δ-isoform.  That is, the main interest of research has 

either been (i) CaMKIIs function as a modulator of [Ca
2+

]i during E-C coupling or; (ii) 

as a mediator of gene transcription and regulation in the nucleus.  This thesis will 

largely focus on its role within E-C coupling, with only a brief description on its 

regulatory role in gene transcription.    

 

1.2.3.1. CaMKII & Excitation-Contraction Coupling 

The components that enable E-C coupling in cardiac myocytes include multiple 

CaMKII substrates (figure 1.5).  The targets located on various ion channels indicate its 

potential to influence the action potential, while in the CICR cascade, it is involved in 

each step.  Immunofluorescence staining for CaMKII in cardiac myocytes depicts this 

strong relationship with the components of E-C coupling as it is co-localised within the 

T tubules and the Z bands of the cell (Wu et al., 1999).  These areas are enriched with 

LTCC and RYR2 and signify the key role that CaMKII has on the Ca
2+

 that enters the 

cytosol via these two ion channels. 
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Figure 1.5:  CaMKII targets within the cytosol.  Several phosphorylation sites are 

located on Ca
2+

 handling proteins of the SR and the ion channels located on the 

sarcolemmal.  (1) CaMKII assists the CICR steps via phosphorylation of the LTCC, and 

the RYR2. (2) Lusitropy is enhanced by its activities on SERCA2a and PLB. (3) Further 

modifications to E-C coupling can be made by the ion channels located on the 

sarcolemma, which can either lengthen or shorten the duration of the action potential 

(highlighted by the respective dotted line) and thus the availability and timing of the 

contracting myocyte.  LTCC, L-type Ca
2+

 channel; RYR, ryanodine receptor; PLB, 

phospholamban; SERCA, Sarco/Endoplasmic Reticulum Ca
2+

-ATPase; Na
+
 Ch., Na

+
 

Channel; K
+
 Ch., K

+
 Channel; NHE, Na

+
/H

+
 Exchange; P, phosphorylation. 

(Lengthened and shortened action potential figures taken from Anderson, 2009).  

 

http://en.wikipedia.org/wiki/Sarcoplasmic_reticulum
http://en.wikipedia.org/wiki/Endoplasmic_reticulum
http://en.wikipedia.org/wiki/Calcium
http://en.wikipedia.org/wiki/ATPase
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1.2.3.2. Regulation of the L-type Ca2+ Channel 

CaMKII is targeted to the sarcolemma by the binding site located on the regulatory β-

subunit of the LTCC (Grueter et al., 2008).  The binding sequence (486-500) parallels 

the sequence of the kinase regulatory domain (274-289), which interestingly includes 

comparable phosphorylation sites at Thr
498

 and Thr
287

, respectively.  Phosphorylation 

increases the ion channel open probability (Po) or facilitation, allowing a greater ICa.L.  

Hudmon et al. (2005) also demonstrated that the pore forming α-subunit of the LTCC 

contains various anchoring sites for CaMKII.  Not only was an active CaMKII able to 

tether and regulate the channel’s function but also its deactivated state, allowing it to 

possibly act as a detector of Ca
2+

 frequency of influx.   

The ‘positive force staircase’ is seen in cells that are repeatedly depolarised, and 

demonstrates one of the actions of CaMKII on the LTCC (Lee, 1987; Hashambhoy et 

al., 2009).  The progression in the amplitude of ICa. demonstrates the facilitation of the 

ion channel as CaMKII increases the Ca
2+

 entry and a slower rate of ion channel 

inactivation.  It may possibly compensate the Ca
2+

 dependent inactivation of the ion 

channel that occurs with increased activity (Maier and Bers, 2007).  To confirm the 

involvement of the kinase, Anderson et al. (1994) used CaMKII inhibitors to block the 

ion channel’s facilitation.  It was also observed that the presence of [Ca
2+

]i was needed 

for CaMKII involvement.  CaMKII inhibitors also had no effect upon β-adrenergic 

stimulation of the ion channel, thus defining the two signalling pathways.   

 

1.2.3.3. CaMKII and the RYR  

The technical difficulties in conducting in situ experiments for investigating the RYR2 

has made the role of CaMKII controversial.  There is contradictory evidence as to 

whether CaMKII increases the Po of the channel (Currie et al., 2004) or decreases its 
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sensitivity and subsequent release of Ca
2+

 (Yang et al., 2007).  CaMKII phosphorylation 

sites have been identified at residues Ser
2808/2809

 (Witcher et al., 1991) and Ser
2814/2815

 

(Wehrens et al., 2004).  This would imply that the ion channel is phosphorylated by 

CaMKII.  Also, studies using isolated cardiac myocytes that overexpress CaMKII 

(Maier et al., 2003) or pharmacological blockade of the kinase (Li et al., 1997) support 

its involvement in up regulating the RYR2 and increasing the release of stored Ca
2+

 

from the SR.  Kushnir et al., (2010) suggest that such activity is important for the force-

frequency relationship that enhances myocardial contractility.  But this view is also 

controversial due to the incapability of such activity to suffice loading of Ca
2+

 within 

the SR that would be required to maintain inotropy (Eisner et al., 2009). 

 

1.2.3.4. Ca2+ Uptake into SR:  PLB and SERCA2a modifications 

Any increase in [Ca
2+

]i is balanced by the efficiency in its removal.  CaMKII 

phosphorylates PLB at Thr
17

, releasing its natural inhibition of the SERCA2a pump and 

admitting Ca
2+

 into the SR (Mattiazzi et al., 2005).  There are possible sites of activity 

on Ser
38

 of SERCA2a (Narayanan and Xu, 1997) but this has not been confirmed.  

Although PLB activity is not essential for Ca
2+

 removal and subsequent relaxation of 

the cell (Li et al., 1998, DeSantiago, 2002), there is some correlation between the 

phosphorylation state of the Thr
17

 site and relaxation time (Hagemann et al., 2000).  

Some reports also suggest this might be the case with SERCA2a activity and CaMKII 

(Odermatt et al., 1996).  During times of increased stimulation, such as increased heart 

rate, a frequency dependent acceleration of relaxation is a necessity for ventricular 

filling.  Kemi et al. (2007) showed an interesting cardiac development in aerobically 

exercised mice.  Their cells/hearts had a decrease in PLB expression relative to the 
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SERCA2a pump, but an increase in Thr
17

 phosphorylation due to CaMKII.  This meant 

that the exercised mice had adapted a CaMKII dependent mechanism of Ca
2+

 uptake.  

 

1.2.3.5. Regulation of Sarcolemmal Ion Channels 

CaMKII’s ability to associate with ion channels confers its prominent role in E-C 

coupling (Anderson, 2009).  Tan et al. (2002) were the first to give a mechanistic 

explanation of how Ca
2+

 is able to disrupt the inactivation properties of the Na
+
 channel.  

They reported that interaction of the Ca
2+

 sensitive protein CaM with an IQ motif (first 

two amino acids: isoleucine, glutamine) at the Na
+
 channel’s C terminus, was essential 

in reducing its inactivation gating process.  CaMKII was found to work in a similar way 

to CaM, as it has a direct association with phosphorylation sites located on the ion 

channel C terminus (Wagner et al., 2006).  By regulating the inactivation properties of 

the channel, CaMKII can increase and prolong the INa that would also augment the 

action potential duration.  Some of the differences between the two Ca
2+

 sensitive 

proteins were investigated by Aiba et al. (2010), who showed that CaM does not alter 

the Na
+
 channel’s recovery from inactivation or the magnitude of the late current as 

CaMKII does. 

Some balance with respect to action potential duration is kept through CaMKII’s 

regulation of K
+
 channels.  Tessier et al. (1999) were the first to show that the fast 

outward current can be influenced by the CaMKII inhibitor KN-93 by allowing a faster 

Ito inactivation.  El-Haou et al. (2009) specified this regulation to the Kv4.3 with its 

associated regulatory protein SAP97 being a key attachment site for CaMKII and its 

subsequent gating effects.  Variable concentrations of Ca
2+

 also affect the gating of 

specific K
+ 

channels subtypes.  The Kv4.3 was effective during low ICa.L whilst the 

Kv4.2 became essential during increased Ca
2+

 concentrations (Colinas et al., 2006).  
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Thus, CaMKII can also shorten the action potential duration by increasing Ito, which 

will then reduce ICa.L.  This modification can be seen as a form of self regulation as it 

would subsequently limit CaMKII activity. 

CaMKII is reported to phosphorylate the NHE (Fliegel et al., 1992) although 

this has not been confirmed.  During acidosis, CaMKII can still continue its activity on 

substrates such as the SR.  This allows some contractile activity to be maintained if such 

cellular environment is achieved (Mattiazzi et al., 2007).  Thus, the ability to 

phosphorylate the NHE would also be a mechanism for restoring intracellular pH. 

 

1.2.3.6. Excitation-Transcription Coupling 

CaMKII’s role within the nucleus has a long term influence and underpins cellular 

adaptation.  CaMKIIδB, which has the nuclear translocation sequence, is the 

predominant isoform in the adult heart (Mishra et al., 2011).  It has gained much 

attention for its role in pathological cardiac hypertrophy with several genes associated 

with its activity including β-myosin heavy chain (Zhu et al., 2000), NCX (Mani et al., 

2010), ERK1/2 (Zou et al., 2001), NFκB (Kashiwase et al., 2005).  The chromatin 

repressor, histone deacetylase (HDAC) acts as the chief molecular mechanism for 

regulating transcription factors and genes.  The condensation of DNA can be alleviated 

by HDAC phosphorylation and its subsequent translocation out of the nucleus (Zhang et 

al., 2007; Lu et al., 2010).  Direct phosphorylation sites have been found on HDAC4 

(Backs et al., 2006) whilst an indirect relationship with HDAC5 exists via the Ca
2+

 

released by the nuclear IP3R (Bossuyt et al., 2008; Wu et al., 2006).  This pathway for 

releasing Ca
2+

 close to the nucleus by the numerous neurohormonal agents that increase 

the activity of the second messenger InsP3, stimulates CaMKII to relocate to the 

nucleus (Bare et al., 2005).   
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1.3. Cardiovascular Disease 

1.3.1. Current Trends 

Cardiovascular disease (CVD) is the generic term that encompasses the many acquired 

and inherited diseases of the heart and circulatory system.  With 17 million deaths 

recorded in 2008, which accounts for 31% of all mortalities, CVD is the leading cause 

of death worldwide (WHO, 2011).  In the U.K. this accounts for 191,000 deaths in 

2008, with coronary heart disease (CHD) and stroke accounting for 88,000 (46%) and 

43,000 (23%) respectively of the total cases (BHF, 2010). 

The prevalence of the diseases in society has made them common terms, with 

coronary thrombosis (or the more expressive phrase ‘heart attack’) a prime example.  

On average acute myocardial infarction (AMI) occurs in the U.K. every two minutes 

and with every six minutes, 30% of these victims will die (BHF, 2010).  Mortality 

occurs mainly from acute heart failure, as the sudden reduction in blood flow 

(ischaemia) to the myocardium, reduces cardiac output and forces the tissue to die 

(AMI).  Those that do survive the acute event face further complications as the heart is 

remodelled to compensate for the damaged tissue.  In doing so, the heart struggles to 

maintain cardiac output (chronic heart failure, CHF), which inevitably provides limited 

capability for activity and a lower quality of life. 

Scientific research on risk factors, causes and prevention of CHD has had 

favourable results on prevalence and mortality rate within western society (BHF, 2011).  

Since the 1960’s the U.K. mortality rate from CHD has decreased by around 50% 

(figure 1.6).  A greater understanding of the risk factors and public awareness to these 

dangers is reported to have contributed to 50% of the reduction, with 40% attributed to 

the advancement in medical therapies, such as reperfusion therapy (Unal et al., 2004).  

These figures demonstrate the importance of the combined effect of primary prevention 
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and medical treatments in tackling such diseases.  However, the estimated number of 

people living with heart failure is increasing rapidly (figure 1.6).  One reason for this is 

due to an aging population as the number of people aged 85 and over has more than 

doubled since 1981 (ONS, 2010).  The predicted annual mortality rate for those 

admitted to hospital with heart failure is 30% (Cleland et al., 2010).  But patients 

discharged from cardiology wards, and who have thus gained specialist care (diagnosis 

and evidence based medicine to manage the condition), are more likely to survive, than 

those discharged from general medical wards.   
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Figure 1.6: Prevalence and mortality rates of CVD in the U.K. (England, Scotland, 

Wales) population during the last 50 years.  Total deaths from cardiovascular disease 

(CVD) and in particular coronary heart disease (CHD) have gradually declined whilst 

the number of people living with heart failure (HF) has escalated (adapted from BHF, 

2011). 
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1.3.2. The Cardiovascular Disease Continuum 

Dzau and Braunwald in 1991 proposed a chain of events, known as the CVD continuum 

(figure 1.7), to explain the pathogenic process of cardiovascular events such as AMI and 

CHF.  Originating with a multitude of risk factors consisting of dyslipidaemia, 

hypertension, LVH, diabetes and smoking, it was proposed that if these factors were left 

untreated, a pathological progression would begin with atherosclerosis, and develop into 

myocardial ischaemia, heart failure and death.  It was also suggested that it would be 

possible to intervene at any stage in the development of the disease, to prevent or delay 

its occurrence and thus prolong life. 
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Figure 1.7: Cardiovascular Disease Continuum.  Manifestations of risk factors 

promote a myriad of pathological events that include atherosclerosis, myocardial 

ischaemia, arrhythmia and heart failure (adapted from Dzau and Braunwald, 1991). 

 

The risk factors contribute to atherosclerosis and vascular disease with plaque 

and fatty deposits that stenose (narrow) and harden the arteries.  Hypertension in itself is 

a prominent risk factor as it adds continued stress to arterial walls which are worsened 

with plaque deposits.  Immune cells (e.g. macrophages and T cells) and vascular smooth 

muscle cells amass over time and dress the injured walls with an accumulation of 
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cholesterol.  This growth causes stenosis (narrowing of the lumen) that limits blood 

flow and can contribute to chronic ischaemia of the surrounding tissue. 

Dependent on the location of the vascular disease, it may lead to several 

outcomes.  In the heart it is termed CHD and if a severe stenosis is formed, will cause 

myocardial ischaemia.  It becomes lethal when a coronary thrombosis is formed as the 

fibrous cap of the atherosclerotic plaque ruptures and completely blocks the arteries and 

impedes blood flow.  The extent of MI is dependent on the timing of reperfusion 

therapy (see section 1.3.3.3.).  This will shape the extent of injury and further CVD as 

remodelling of the scarred and surviving tissue has a significant effect on the 

development of arrhythmias and heart failure. 
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1.3.3. Myocardial Infarction 

1.3.3.1. Myocardial Ischaemia 

The heart acts as a mechanical pump to ensure blood enriched with oxygen and 

metabolic substrates is circulated to the tissues.  It also needs to deliver blood to itself 

via the coronary arteries.  Due to the extravascular compression, coronary flow 

opportunistically occurs during the diastolic phase of the contraction cycle (Klabunde, 

2011).  Originating at the base of the aorta are the right and left coronary arteries.  They 

lie on the epicardial surface of the heart and divide into smaller branches and a 

microvascular network.  These distal networks provide more vascular resistance than 

the coronary vessels on the epicardium and thus provide transmural pressure that 

influences the coronary blood flow.  The coronary cycle is completed by the joining of 

the capillaries with cardiac veins that drain into the coronary sinus located in the right 

atrium. 

Coronary blood flow is tightly regulated by the oxygen demand of the tissue.  As 

the basal oxygen consumption of the tissue is very high, oxygen extraction is already 

near maximal at rest (70-80% of arterial oxygen content) (Duncker and Bache, 2008).  

Under normal conditions, a balance exists between the oxygen demand of the 

contracting heart (determined by heart rate, systolic pressure and LV contractility) and 

the supply provided by the coronary blood flow.  Ischaemia will arise if this balance is 

disrupted (Klabunde, 2011). 

Myocardial ischaemia can either occur when there is an increase in the tissue’s 

metabolic demand, a decrease in the circulation of oxygenated blood or both.  A rise in 

the metabolic demand occurs with increases in heart rate, inotropy, or the blood volume 

(preload), or the resistance that the heart has to work against in circulating blood 

(afterload).  A reduced capacity to circulate blood arises with conditions such as; spasm 
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of blood vessels (vasospasm), narrowing of vessels (stenosis), or formation of blood 

clot (thrombus) that partly (non-occlusive) or entirely (occlusive) block a coronary 

artery.  A decrease in the ratio of oxygen supply/demand allows myocardial hypoxia to 

develop.  When this is sustained for a long period it gives rise to anginal chest pain.  

Management of chronic stable angina with β-blockers, calcium channel blockers and 

nitrates, reduces the oxygen demand of the tissue or improve its blood supply 

alleviating the angina symptoms (Chaitman and Laddu, 2012). 

An acute coronary syndrome is used to describe any condition of sudden 

myocardial ischaemia associated with occlusive or non-occlusive thrombus formation 

and includes a continuum of its intensity beginning with unstable angina and non-ST 

segment elevation MI (NSTEMI), to the more severe ST-segment elevation MI 

(STEMI; Overbaugh, 2009).  Unstable angina and NSTEMI usually occur from a non-

occlusive thrombus, whilst a STEMI emerges from an occlusive thrombus that leads to 

a large risk zone.  The injury usually involves a large part of the ventricular wall.  When 

this is assessed with an electrocardiogram (ECG), the electrical conductance at systole 

seems to end prematurely (due to a disrupted baseline voltage in the ischaemic tissue) 

and elevates the ST-segment (figure 1.8A).  With the QRS complex having the most 

characteristic change, ECG leads that overlie the infarct zone gave rise to the term Q-

wave infarction.  Any patients presenting to hospital with ST elevation are candidates 

for reperfusion therapy (see section 1.3.3.3.). 

There are two main types of MI: transmural infarcts, where myocardial necrosis 

is incorporated through the full thickness of the ventricular wall; or nontransmural 

infarcts where the necrosis occurs predominantly in the subendocardium.  The extent of 

injury not only depends on the location and the size of the occluded coronary artery 
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(and the amount of myocardium at risk of dying), but also the duration of ischaemia and 

the collateral blood flow of the surrounding tissue.   
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Figure 1.8:   Myocardial Infarction. (A) A coronary occlusion can disrupt the EC 

coupling of the myocardium.  This can be measured on an ECG to indicate the extent of 

injury; (i) an inverted T wave is a sign of ischaemia, (ii) ST segment elevation indicates 

injury, (iii) abnormal Q wave shows presence of infarction (adapted from Overbaugh, 

2009).  (B) Reversible damage such as stunning occurs when ischaemia lasts less than 

20 minutes. After this time point and in the absence of collaterals irreversible injury will 

extend as a wavefront from the endocardium to the epicardium: LV, left ventricle; Red, 

ischaemic tissue; Yellow, infarct tissue; Blue, non-ischaemic tissue (adapted from 

Kloner and Jennings, 2001).   

(A) 

(B) 
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Dependent on these factors, myocardial necrosis progresses as a wavefront over time, 

from the subendocardium to the subepicardial layers (see figure 1.8B; Kloner and 

Jennings, 2001).  The survival of the myocardium distal to the coronary occlusion 

depends primarily on the amount of collateral blood flow it receives and the timeliness 

of reperfusion.  Collateral flow is typically minimal in this region as coronary pressure 

is low and distributed to the outer layers by the compression of contractions. 

In the absence of significant collateral blood flow the duration of ischaemia is 

the main determinant of infarct size (Kloner and Jennings, 2001).  Ischaemia lasting up 

to 20 minutes will induce changes that can be endured by the cells.  Reperfusion therapy 

within this time frame will completely restore myocardial contractility, although the 

myocardium will exhibit some signs of temporary contractile dysfunction termed 

stunning.  The mechanisms for this reversible injury are not yet fully understood but are 

believed to centre on the generation of reactive oxygen species (ROS) and the reversible 

modification of the Ca
2+

 handling proteins (Eberli, 2004).  Due to these intracellular 

changes occurring at these later stages, stunning is seen as a form of reperfusion injury.  

On the contrary, a protective element exists within ‘stunned’ cells that have been 

subjected to ischaemia of no more than 10 minutes in duration.  Known as 

preconditioning (section 1.3.4), the cells will endure a subsequent ischaemia-

reperfusion insult better than cells that have not been conditioned in this way.  Beyond 

the ischemic threshold of 20 minutes, critical factors will drive the cells to irreversible 

injury and death (see next section).  Within 60 minutes the wavefront of tissue injury is 

extended from the subendocardium and there is nearly fully transmural infarction after 3 

hours of coronary occlusion (Kloner and Jennings, 2001). 
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1.3.3.2. Cell Injury and Death 

Termination of blood flow and perfusate to the working myocardial tissue will have 

detrimental consequences to the cellular activity of the cardiac myocytes.  The decrease 

in perfusion pressure promptly leads to hypokinesis, signified by a marked reduction in 

global LV contractility and systolic pressure (Akaishi et al., 1991).  The absence of 

oxygen drives anaerobic metabolism, a rise in catabolites and an acidic environment.  

Unable to supply the high energy demands of the cell, the loss of intracellular 

homeostasis promotes various mechanisms of injury (figure 1.9).  Mitochondrial stress 

increases the production of ROS and oxidises membrane phospholipids, proteins and 

nucleic acids.  All mechanisms contribute in driving cell death by oncosis, apoptosis 

and autophagy (Buja and Weerasinghe, 2010). 

 

The Ischaemic Cascade 

Much of the biochemical analysis of various ischaemic conditions and durations was 

performed prior to the 1990’s, with a great deal of the research coming from the 

laboratory of Jennings and Reimer.  It was revealed that the cessation of perfusion had 

immediate consequences on the cells’ metabolic activity.  Residual oxygen is exhausted 

within 10 seconds of coronary occlusion, and 90% of creatine phosphate reserve is 

depleted in the first minute (Jennings et al., 1990).  Consequently, the tissue relies 

heavily on anaerobic glycolysis to maintain ATP synthesis, although this amount is only 

one quarter of the aerobic glycolytic production (Jennings and Reimer, 1991).  A 

progressive reduction in ATP levels sees the values reach  35%, 9%, 7%, and 5% of 

control levels after 15, 30, 40 and 60 minutes of ischaemia respectively (Jennings et al., 

1978).  Irreversibly injured myocytes are characterised as exhibiting ATP levels below 

10% of control and a cessation of anaerobic glycolysis (Jennings and Reimer, 1991). 
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Figure 1.9: The cascade of intracellular events that is triggered by ischaemia and 

ends with cell death.  Anaerobic glycolysis and other components promote 

unfavourable changes in the cell. Ion transporters are particularly vulnerable and 

disrupt the intracellular and extracellular concentrations of ions. With other pro injury 

mechanisms, such as mitochondrial stress, injury and cell death are inevitable if 

ischaemic conditions continue. 
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A by product of anaerobic metabolism is acidosis and lactate production.  

Combined with the increased catabolites from the nucleotide pools (AMP, NAD, Pi 

etc.) a steadily increasing osmotic load is added to the cell.  These conditions favour 

further H20 absorption that shrinks the extracellular space (Fiolet et al., 1993).  

Adenosine and other metabolites and neurotransmitters diffuse to the extracellular fluid.  

A concomitant stimulation of adrenergic, purinergic and muscarinic receptors stimulate 

intracellular signalling systems that also stretch and cause mechanical changes to the 

tissue (Carmeliet, 1999; Kloner and Jennings, 2001).  With increased production of 

protons, the intracellular pH can reach 6.0 after just 10 minutes of ischaemia (Fleet et 

al., 1985).  Acidosis disrupts glycolysis and the contractile components of the cell, 

which contributes to an onset of contracture (and a rising end diastolic pressure) that 

generally occurs after 15 minutes of ischaemia (Allen et al., 1993). 

Ischaemia has a significant effect on the cells’ ion concentrations and currents.  

The reduced capacity to generate ATP limits the functional capability of ion transporters 

such as the Na
+
/K

+
-ATPase.  This prevents the transporting of K

+
 into the cell and 

generates a net increase in [K
+
]o and a loss of [K

+
]i.  With ATP levels declining rapidly 

a promotion of K
+
 efflux occurs by the activation of the energy sensitive IKATP (Billman, 

2008).  Promotion of further K
+
 efflux via the voltage gated K

+
 channels occurs with a 

move towards a positive membrane potential (of around -60 mV) and away from the K
+
 

equilibrium, driven by the accumulation of intracellular Na
+
 and Ca

2+
 (Carmeliet, 1999).  

Ultimately this results in a shortening of the action potential duration. 

A rise in [Na
+
]i is driven by two transporters: the deficiency of its extrusion by 

the Na
+
/K

+
-ATPase as a consequence of a dwindling ATP reserves; and an increased 

inward leak through the Na
+
/H

+
 exchanger as protons accumulate in the cell.  Increase 

in Na
+
 is shown to correlate with increases in Ca

2+
 due to the activity of the NCX (Tani 
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and Neeley, 1989).  The NCX goes into a reverse mode to counteract Na
+
 entry and 

allow more Ca
2+

 entry, although recent reports suggest that the NCX is inhibited with 

acidosis and thus is more pronounced during the early stages of reperfusion.  There are 

fluctuations in the systolic and diastolic level of [Ca
2+

]i leading to Ca
2+

 transient 

alternans, which produces fluctuations in the Ca
2+

 dependent membrane currents and the 

action potential duration (Carmeliet, 1999).  The rise in diastolic [Ca
2+

]i slightly 

precedes the development of contracture (Eisner et al., 1989).  The peak [Ca
2+

]i that can 

be generated during systole is gradually reduced due to the inability of the SR to cycle 

Ca
2+

.  Several factors present during ischaemia (i.e. acidosis, reduced ATP availability, 

oxidative stress) are thought to contribute to this deterioration (Carmeliet, 1999). 

 

Ischaemic Arrhythmias 

The dramatic changes that occur to the cell’s ionic currents and constitution increase the 

likelihood of irregular contractions and arrhythmias.  Early ischaemic arrhythmias such 

as ventricular premature beats or irregular ventricular tachycardia can take place within 

the first 10 minutes of ischaemia (phase Ia).  Advancement into a life threatening 

ventricular fibrillation (Vfib), defined as an uncoordinated depolarisation of the tissue 

with no cardiac output, is rare at this stage (Carmeliet, 1999).  At 20-30 minutes of 

ischaemia a second stage of ventricular arrhythmogenesis (phase Ib) begins.  This phase 

has an increased likelihood of Vfib and is particularly prominent in some species such 

as the dog, rat and pig. 

The mechanisms that trigger the arrhythmias are now better understood 

(Luqman et al., 2007).  Disparity in the tissue’s action potential duration, refractoriness 

and the existence of a partial or unidirectional block of conductance, will allow re-entry 

of some impulses to stimulate consecutive action potentials.  Also, ventricular cells 
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have the ability to spontaneously depolarise (automaticity) under such abnormal 

conditions.  Diastolic depolarisation, which is normally reserved for pacemaker cells,  

will occur in the presence of catecholamines by promoting K
+
 currents similar to the 

pacemaker current If ; or in Ca
2+

 overloaded cells, a slow release of Ca
2+

 from the SR 

may give a current via the NCX (Carmeliet, 1999).  Early afterdepolarisation (EAD) 

and delayed afterdepolarisation (DAD) are known as triggered arrhythmic activity as an 

external stimulus is needed for their occurrence.  During the plateau phase of the action 

potential an EAD may occur when the LTCC or NCX trigger a second depolarisation 

current and further release of Ca
2+

 from the SR.  DAD is dependent on the cell’s 

membrane potential upon repolarisation and is triggered late in phase 3 or early in phase 

4 when the repolarisation period has begun. It is thought to be manifested by a high 

[Ca
2+

]i concentration during this end diastolic phase.   

 

Cell Death 

The promotion of oncosis that leads to lytic rupture is characteristic of necrosis: during 

ischaemia, this is the pathway that the majority of cell death appears to occur through 

(Dong et al., 2006).  The rate of ATP reduction also determines whether there is death 

by apoptosis or necrosis (Sebbag et al., 1996; Buja and Weerasinghe, 2010).  To what 

extent these pathways contribute to the final infarct has been debated over the years.   

The mitochondria are central to the involvement of cellular stress and 

mechanisms in activating death signals (pro-apoptotic).  Opening of the mitochondrial 

permeability transition pore (mPTP) is thought to be a pivotal contribution to death 

signalling (Di Lisa and Bernardi, 2006; Halestrap, 2009).  Normally the inner 

membrane of the mitochondria is relatively impermeable but under cellular stress 

(increase in [Ca
2+

]i and ROS) the mPTP opens and allows mitochondrial swelling, 
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cytochrome c release and a loss of ATP.  The majority of evidence however suggests 

that opening of mPTP results in cell death by accelerated necrosis rather than apoptosis 

(Halestrap, 2009).  Release of pro-apoptotic factors such as cytochrome c etc. into the 

cytosol will promote apoptosis.  However, continued opening of mPTP is incompatible 

with generation of ATP which is essential to drive the energy-dependent apoptotic 

programme and as such its contribution to the full extent of this process is debated.   
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1.3.3.3. Reperfusion Injury 

Reperfusion therapy through techniques such as thrombolysis and percutaneous 

coronary intervention (PCI), has helped to lower the mortality rate of patients presenting 

with AMI, due to its ability to return blood flow to the ischaemic region (Keeley et al., 

2003).  Yet, over recent years it has become clear that this restoration in perfusion can 

also cause injury to the remaining viable tissue (Buja, 2005).  Research in animals has 

demonstrated that some interventions at the time of reperfusion (see section 1.3.4.2) can 

limit cell death and other forms of injury (Ferdinandy et al., 2007).  Those that have 

used infarct size as a primary end point, show that as much as 50% of the damage can 

be attributed to reperfusion (Marzilli and Huqi, 2010).  Reperfusion injury has been 

classified into four types: 

 (i) Vascular injury that disrupts the coronary flow.  Even with sufficient 

blood flow, some areas within the myocardium will have insufficient perfusion.  This is 

a result of several complications including, coronary embolism, vasospasm and/or 

inflammation (Prasad et al., 2009).  Reperfusion brings endothelial disruption by the 

inhibition of NO synthesis and endothelial blisters and blebs (Birnbaum et al., 1997).  

Long ischaemic periods of over 3 hours will also allow neutrophil ‘plugging’ to 

manifest in the microvasculature, which can cause the ‘no-reflow phenomenon’ 

(Entman and Smith, 1994). 

(ii) Non-lethal injury such as myocardial stunning.  The stunned myocardium 

will delay the recovery of systolic and diastolic function in viable tissue despite the 

presence of coronary flow.  Stunning can respond to inotropic agents and is typically 

seen with shorter ischaemic durations or in salvaged tissue (Kloner and Jennings, 2001). 

(iii) Reperfusion arrhythmias.  These occur during the early stages of 

reperfusion and develop into ventricular tachycardia and fibrillation.  Shorter durations 



 

 53 

of ischaemia promote their maximal occurrence; longer duration of 1-3 hours or more 

have a lower incidence possibly due to extensive cell death. 

(iv) Lethal injury that results in cell death.  Reperfusion causes death of cells 

that have otherwise survived the preceding ischaemic insult.  The difficulty in 

differentiating between injuries incurred by ischaemia or subsequent reperfusion periods 

created much of the early scepticism and debate (Garcia-Dorado et al., 2006a).  

Research models of reperfusion injury can not occur without prior ischaemia.  For this 

reason, use of agents during the early reperfusion period has been the main approach to 

demonstrating the existence of reperfusion injury and the potential for salvaging cells 

by inhibiting it (Birnbaun et al., 1997, Ferdinandy et al., 2007). 

Some key intracellular mechanisms that trigger reperfusion injury are beginning 

to be disclosed (see figure 1.10).  When the occluded artery is cleared, a rapid return of 

perfusate reoxygenates the cells and increases their metabolic activity.  The return of 

ATP restores the contractile activity of the cells but with excessive activation and 

hypercontracture that causes sarcolemmal rupture (Piper et al., 2004).  Generation of 

ROS from the reactivated mitochondrial electron transport chain creates a cascade 

(although non-selective in its reactivity) of pro injury events to which Ca
2+

 handling 

proteins are particularly vulnerable (Brookes et al., 2004).  The restoration of the NHE 

to exclude H
+
 for Na

+
 triggers increases of activity in the NCX but in the reverse mode 

(Talukder et al., 2009).  This contributes to a rise in [Ca
2+

]i and the mishandling of Ca
2+

 

by the SR.  Ca
2+

 overload induces the opening of the mPTP and a release of further 

ROS, cytochrome c and pro-apoptotic factors.  Other Ca
2+

-dependent molecules such as 

proteases and phospholipases endorse degradation of the cell membranes (Dong et al., 

2006).  The osmotic load and sarcolemmal rupture contribute to cell death by necrosis 
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(Di Lisa et al., 2001), although apoptosis and autophagy are prominent features in later 

stages of the reperfusion period (Murphy and Steenbergen, 2008). 
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Figure 1.10: Mechanisms that trigger cell death and survival after ischaemia-

reperfusion.  Prior conditioning or short ischaemia times favour shorter disruption to 

intracellular environment.  Longer ischaemic times enforce cell death.  Reperfusion is 

vital for cell survival but also triggers other pro-injury cascade including; ROS 

generation and ion transport favouring Ca
2+

 overload.  mPTP opening is vital for some 

cellular death as closure with pharmacological aids promotes survival.  Less osmotic 

stress and Ca
2+

 mishandling also favours restoration of normal contractile activity and 

cellular health. The degree of common mechanisms between the protective strategies is 

unknown but some elements such as mPTP closure is an end target.   
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1.3.4. Cardioprotective Paradigms 

Over the years, a range of cardioprotection models have been employed in various 

species in an attempt to prevent or lessen I-R injury (Maroko et al., 1971; Murry et al., 

1986; Zhao et al., 2003).  A few of the successful interventions have included:  

pharmacological aids such as anti-anginal drugs (Maroko et al., 1971); inert gases 

(Derwall et al., 2009); various synthetic receptor ligands (Ferdinandy et al., 2007); 

hypothermia and cardiac arrest (Tyers et al., 1977); ischaemic pre-conditioning prior to 

the injury (Murry et al., 1986); brief ischaemia in remote organs (Gho et al., 1996) and 

limbs (Schmidt et al., 2007) termed per-conditioning; or brief ischaemia immediately 

after the ischaemic insult, termed post-conditioning (Zhao et al., 2003).  Many of the 

strategies show clinical potential by improving cardiac function, by reducing the cell 

death during ischaemia and reperfusion, or reducing contractile defects and the 

incidence of arrhythmias. 

A lot of knowledge exists on the mechanisms that are involved in the protective 

effects of ischaemic or pharmacological conditioning (Ferdinandy et al., 2007; 

Hausenloy and Yellon, 2007; Jennings, 2011; Vinten-Johansen, 2011).  The stimuli and 

triggers needed to activate the favourable signalling pathways (mediators) have been 

thoroughly explored, although the end effectors of protection remain debatable or 

unknown (Garcia-Dorado et al., 2006b; Buja and Weerasinghe, 2010; Yang et al., 2010; 

Vinten-Johansen, 2011).  The end effectors have a direct role in deciding the fate of the 

ischaemic/reperfused cell and are of significance as potential pharmacological targets. 
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1.3.4.1. Ischaemic Preconditioning 

Ischaemic preconditioning (IPC) is a potent endogenous cardioprotective strategy where 

brief cycles of ischaemia-reperfusion are instigated before a longer duration of injurious 

ischaemia (Murry et al., 1986).  The initial exploration was to determine if the ATP 

utilisation and catabolic build up of several cycles of I-R had the same effect as a 

prolonged single duration of ischaemia (Reimer et al., 1986; Reimer, 1996).  When this 

was then developed to investigate whether the I-R cycles prior to an extended ischaemic 

insult would accentuate the ATP depletion and the injury, it was surprising to discover 

only a quarter of the potential infarct size had been developed.  The following studies 

suggested that IPC was capable of slowing the myocardial energy demand by reducing 

the rate of ATP depletion and thus reducing the extent of anaerobic glycolysis and the 

cellular load of catabolites (Murry et al., 1990).  Although cellular arrest is the 

mechanism that preserves the hypothermic heart (Tyers et al., 1977), with IPC, it was 

later discovered that there was much more to its nature than limiting the cells metabolic 

activity. 

The triggers of IPC protection were revealed to include the many compounds 

that accumulate in the ischaemic heart; including adenosine (Liu et al., 1991), 

bradykinin (Goto et al., 1995), noradrenaline (Banerjee et al., 1993) and opioids (Miki 

et al., 1998).  Activation of the individual receptors with exogenous autacoids prior to I-

R, induced protection comparable to IPC, whilst pharmacological blockade of the 

receptors during the IPC stimulus, prevented its protection (Ferdinandy et al., 2007).  

The release of the autacoids during the short cycles of I-R allows activation of their 

respective cell membrane receptors, of which many are linked to G proteins.  The 

receptor subtypes will determine which combinatorial interactions of G-proteins and 

their respective signalling pathway are activated.  To date, all Gαi-coupled receptors 
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(i.e. adenosine A1/A3, bradykinin B2, opioid δ-receptors) have demonstrated the ability 

to trigger the IPC phenotype through protein kinase C (PKC) activation (Goto et al., 

1995; Sakamoto et al., 1995; Miki et al., 1998; Downey et al., 2007; Yang et al., 2010).  

Typically, the Gαq-coupled receptor instigates the enzyme phospholipase C (PLC) to 

cleave a phospholipid into a diacylglycerol (DAG) and InsP3, which can then directly or 

indirectly activate PKC.  However, it was found with a series of investigations that 

although adenosine receptors (A1/A3) could couple to PLC and PKC activation (Parsons 

et al., 2000), stimulation with acetylcholine (Ach) and the other mentioned Gαi-coupled 

receptors, did so through a more complex pathway involving phosphatidylinositol-3 

kinase/Akt (PI3K/Akt), and the generation of ROS from the mitochondria (Qin et al., 

2003; Downey et al., 2007).   

The cardioprotection afforded by the ligands, even after they have been washed 

out from heart preparations an hour earlier, is thought to be maintained via ROS 

activation of PKC and is still classed as the trigger phase (Baines et al., 1997; Downey 

et al., 2007).  The IPC phenotype can be replicated by the sole exposure to small 

quantities of oxygen radicals (Baines et al., 1997) and H2O2 (Sharma and Singh et al., 

2001) prior to ischaemia; and can be abolished when ROS scavengers are present with 

the IPC stimulus (Tanaka et al., 1994; Baines et al., 1997).  Forbes et al. (2001) have 

suggested that a key mechanism for cardioprotection by increased generation of ROS 

lies with the opening of the mitochondrial ATP sensitive potassium channels 

(mitoKATP).  But this is debated as the compound used to disclose such activity 

(diazoxide) can also act through the opening of the sarcolemmal KATP channels (Garlid 

and Halestrap, 2012).  Sarcolemmal KATP channels had previously been suggested to be 

a key factor of IPC as the promotion of shorter action potentials would limit Ca
2+

 entry 

and the force of contraction, preserving valuable ATP (Gross and Fryer, 1999).   
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Costa et al., (2005) when using isolated mitochondria from cardiac myocytes 

suggested that a key link for mitoKATP opening was the cyclic guanosine 

monophosphate (cGMP) signalling pathway.  But this would only be able to occur in 

the presence of PKCε, as a cGMP-dependent protein kinase (PKG) would be too large 

to pass the mitochondrial inner membrane.  Nitric oxide and its downstream target PKG 

had formerly been implicated as a trigger of IPC, with PI3K/Akt pathway central to 

their activation (Lochner et al., 2000; Downey et al., 2007).  Although PKC is also a 

common factor for these pathways, there are differences between species as to whether 

adenosine or NO is the dominant trigger of IPC. 

Much of the work in the last decade has focused on IPC’s ability to mediate 

protection during reperfusion.  Hausenloy et al., (2005) were one of the first to focus on 

roles of the PI3K/Akt pathway and the p42/p44 mitogen activated protein kinase 

(MAPK) pathway (ERK1/2) during reperfusion.  Earlier studies showed that their 

phosphorylation activity were higher at 15 minutes of reperfusion when an IPC stimulus 

had been used (Hausenloy et al., 2004).  The IPC protection was abrogated when these 

inhibitors were present at reperfusion, demonstrating their key involvement in 

mediating protection during reintroduction of coronary flow.  Evidence for the existence 

of reperfusion injury had already gained attention in previous years when numerous 

pharmacological agents had been cited as having the capability of reducing the injury if 

applied concomitantly (Ferdinandy et al., 2007).  Many of these agents depended on 

PI3K/Akt and/or ERK1/2 for protection to occur, which was termed by Hausenloy and 

Yellon (2004) as the Reperfusion Injury Salvage Kinase (RISK)-pathway.  It has since 

included other signalling pathways such as PKA and other members of the MAPK 

pathway i.e. JAK/STAT pathway (Hausenloy and Yellon, 2006). The JAK/STAT 
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pathway has been termed Survival Activating Factor Enhancement (SAFE) pathway by 

Lecour (2006).  

The survival kinases carry the protective signal to the end effectors (Downey et 

al., 2007).  But the assortment of signal transduction pathways has created numerous 

hypotheses for the mechanism that salvages the cells.  The more established suggestions 

centre on stabilising the mitochondria and the closure of the mPTP during reperfusion 

(Javadov et al., 2003; Ferdinandy et al., 2007; Gottlieb, 2011).  Juhaszova et al., (2004) 

suggested the protection from the PKC, ERK1/2, and PI3K/Akt signalling pathways all 

act to inhibit glycogen synthase kinase-3 β (GSK-3β), as it was revealed to have a direct 

association with the mPTP and its closure.  The same study also proposed that the 

mitochondria’s threshold for ROS is reduced after hypoxia-reoxygenation and could be 

reversed with pharmacological agents such as diazoxide, also implying a role for the 

mitoKATP.  A greater tolerance to the mPTP opening by Ca
2+

 overload was also 

suggested after IPC by Argaud et al. (2004).  However, this contradicts an earlier study 

by Javadov et al. (2003), where using similar methods, they showed that preconditioned 

cardiac myocytes that were subsequently isolated, had a greater Ca
2+

 sensitivity to 

mPTP opening than the controls or hearts treated with the direct mPTP inhibitor 

cyclosporine A.  This suggested that although IPC did protect against reperfusion injury 

by inhibiting the mPTP in situ, an indirect protection must also be in place to attenuate 

Ca
2+

 overload and ROS overproduction.  Hypercontracture and sarcolemmal rupture can 

also cause cell death when the mPTP is closed (Garci-Dorado et al., 2006a).  Thus, 

physiological mechanisms that promote normal Ca
2+

 cycling and cytoskeletal integrity 

during reperfusion are also critical for cell survival.   

IPC has a window of cardioprotection that lasts one to two hours after its 

induction (Yang et al., 2010).  After this interval has passed, the protective phenotype is 
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withdrawn until a later second window of protection emerges 24-72 hours after the 

stimulus (Baxter et al., 1997).  Referred to as late or delayed preconditioning, its 

protective mechanism centres on the gene expression and protein synthesis of a range of 

cardioprotective proteins. 

Other organs have the potential for IPC (Gho et al., 1996).  This has been 

developed further to using the peripheral tissues to condition the heart prior to the re-

introduction of coronary flow (Schmidt et al., 2007).  Known as per-conditioning this 

new phenomenon is already undergoing clinical trials (Vinten-Johansen and Shi, 2011).  

BØtker et al. (2010) investigated the beneficial use of a blood pressure cuff to provide a 

‘conditioning’ stimulus to STEMI patients being transported in an ambulance.  

Incidence of mortality, re-infarction and heart failure were the same in both groups but 

myocardial salvage was much improved in the per-conditioned group.  The mechanisms 

of protection and the method of triggering remote preconditioning and perconditioning 

remain elusive, although possibly via the transfer of blood borne humoral factors, 

immune cells or an unknown small molecule, some common pathways leading to KATP 

opening and mPTP inhibition are a possibility (Vinten-Johansen and Shi, 2011). 

 

1.3.4.2. Modified Reperfusion and Postconditioning 

In the initial study on postconditioning, where repetitive bouts of ischaemia were 

introduced during early reperfusion, it was found to be as effective as IPC in reducing 

infarct size in anaesthetised open-chest dogs (Zhao et al., 2003).  Cardioprotection was 

attributed to preserving endothelial function, reducing neutrophil accumulation and 

limiting ROS activity.  The list of mechanisms quickly grew to include the triggering by 

several autacoids, the RISK signalling pathway and other components similar to IPC 

(Hausenloy et al., 2005).  An additive protective effect of IPC and postconditioning was 
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reported to be possible in anaesthetised rabbit hearts (Yang et al., 2004), but this was 

not reproduced in isolated rat hearts (Tsang et al., 2004). 

The practice of postconditioning has been described as an ‘old wine in a new 

bottle’ (Heusch, 2004) due to its similarities to a previous technique of staged 

reperfusion. This involves lowering the coronary flow during the initial stages of 

reperfusion and thus limiting post-ischaemic injury (Okamoto et al., 1986).  In doing so, 

the heart regains activity in a progressive manner and avoids a sudden alteration in the 

intracellular conditions.  One aspect of these techniques is that the gradual recovery 

from acidosis averts several mechanisms of injury.  These include: the NHE from 

triggering a reversed NCX and Ca
2+

 overload (Inserte et al., 2009, Rodriguez-Sinovas et 

al., 2009); prevention of calpain activation and degradation of proteins (Inserte et al., 

2009);   opening of the mPTP (Cohen et al., 2007); hypercontracture and the Ca
2+

 

cycling with the SR (Piper et al., 1998).  The timing of the postconditioning protocol is 

also fundamental and must occur immediately after the ischaemic period (Yang et al., 

2004). 

Argaud et al. (2005) demonstrated that the threshold for mPTP opening in the 

presence of Ca
2+

 was higher in cells that had been postconditioned or preconditioned.  

However, a later study recorded a higher Ca
2+

 content in the mitochondria of 

postconditioned cells than IPC cells (Argaud et al., 2008).  It was thus suggested that 

postconditioning increases the mitochondria’s tolerance to [Ca
2+

]i whilst IPC reduced 

the [Ca
2+

]i and the exposure of mitochondria to Ca
2+

.  This is intriguing as much of the 

injury that is proposed to occur from Ca
2+

 overload occurs during the early reperfusion 

period and that postconditioning reduces the loss in ionic homeostasis.  This was 

suggested by Sun et al. (2005) in an in vitro model of hypoxia-reoxygenation with 

postconditioning, as mitochondrial Ca
2+

 concentration, and ROS generation were much 
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lower than in controls.  Apart from the differences in models used, the method of 

measuring total Ca
2+

 compared to free Ca
2+

 could be an explanation for these 

discrepancies (Ovize et al., 2010). 

Postconditioning is a more complex phenomenon than IPC (Jennings, 2011).   

Preconditioning gives robust protection against infarction and has not been disputed 

within the literature (Cohen and Downey, 2011).  But some investigations have been 

unable to reproduce the cardioprotection gained by postconditioning in pig hearts 

(Schwartz and Lagranha, 2006), rat hearts (Dow and Kloner, 2007) or anesthetised 

rabbit hearts (Hale et al., 2008).  This means an optimum protocol is yet to be found 

(Vinten-Johansen and Shi, 2011).  But its potential in clinical use has been 

demonstrated by Thibault et al. (2008) who recorded in STEMI patients a reduced 

infarct size and an improved long term functional recovery. 

 

1.3.4.3. Pharmacological Conditioning 

For technical reasons patients that are reperfused by thrombolysis (and not PCI) would 

not be eligible for postconditioning and would thus benefit more from pharmacological 

conditioning (Ovize et al., 2010).  The list of successful agents in experimental models 

is vast with some not having a direct role in the natural phenomenon of IPC or 

postconditioning but able to trigger similar signalling pathways.  A diverse group of 

naturally occurring agents tested so far includes: natriuretic peptides, adrenomedullin, 

erythropoietin, insulin, transforming growth factor-β (Ovize et al., 2010).  A clinical 

example is the J-WIND trial which investigated the use of atrial natriuretic peptide in 

patients who had AMI (Kitakaze et al., 2007).  The patients that received intravenous 

ANP in conjunction with reperfusion treatment had lower infarct size (measured by 

creatine kinase release) and reperfusion injuries than those that received a placebo.  
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Although the experimental design received some criticism, the modest improvement 

shows potential for natriuretic peptides to be used as a pharmacological treatment 

(Burley and Baxter, 2009; Ovize et al., 2010).   

As the mishandling of Ca
2+

 is a key mechanism of cellular injury during AMI, it 

is crucial that there is the development of a therapeutic strategy for its management 

(Garcia-Dorado et al., 2012).  Pharmacological agents that target the handling of 

intracellular Ca
2+

 have had limited success in limiting I-R injury (Talukeder et al., 2009; 

Garcia-Dorado et al., 2012).  The most recent clinical trials have used caldaret (MCC-

135) that can reduce [Ca
2+

]i at time of reperfusion by possibly preventing the [Na
+
]i via 

inhibition of the NCX (Satoh and Kitada, 2004).  The drug’s specific mechanism of 

action is unknown, but is also thought to have a positive lusitropic effect on the heart by 

promoting the uptake of Ca
2+

 in the SR (Satoh et al., 2001).  However, its 

administration in STEMI patients undergoing PCI gave no limitation in infarct size or 

any improvement in ejection fraction (Bar et al., 2007; Tzivoni et al., 2009).   
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1.3.5. CaMKII and Cardiovascular Disease 

Research concerning CaMKII involvement in CVD has progressed substantially since 

Ramirez et al. (1997) reported that in rat ventricular myocytes the δB subtype had the 

ability to increase the expression of atrial natriuretic factor (ANF), a well known marker 

of pathological hypertrophy.  It was soon established that the failing human 

myocardium also had augmented levels of CaMKIIδB (Hoch et al., 1999).  Kirchhefer et 

al. (1999) reported that patients suffering from dilated cardiomyopathy had a three fold 

increase in CaMKII activity, when they compared them to ‘healthy’ hearts that were 

unsuccessfully used as transplants.  These studies opened up the possibility that 

CaMKII had some role to play in CVD, although it was yet to be established if it was an 

epiphenomenon of hypertrophy or a key mediator.  Work by Brown’s laboratory 

substantiated the latter hypotheses by creating two transgenic mouse models: one that 

targeted the nuclear δB subtype (Zhang et al., 2002); and one that targeted the primarily 

cytosolic δC subtype (Zhang et al., 2003).  Directed by a tissue specific promoter, the up 

regulation of either CaMKII isoforms supported the development of cardiomyopathy 

and abnormal functioning.  Consequently, genetic models that ablated CaMKII in the 

heart displayed less cardiac remodelling and dysfunctional phenotypes in models of 

pathological hypertrophy induced by β-adrenergic stimulation (Zhang et al., 2005) and 

pressure-overload (Ling et al., 2009).  More recently, Sossalla et al., (2010) confirmed 

that the failing human myocardium had increased levels of CaMKIIδB and CaMKIIδC.  

They also explored the effect of the CaMKII inhibitors KN-93 and AIP on primary 

isolated cells from these hearts.  The inhibitors reversed the pathological phenotype of 

the cells by improving their contractility and Ca
2+

 handling capabilities.  As non-failing 

sheep hearts exposed to the same CaMKII inhibitors showed no adverse effects in 
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contractility, the authors concluded that targeting CaMKII in patients with heart failure 

could be a therapeutic strategy for the future. 

Contractile dysfunction and arrhythmias regularly accompany maladaptation of 

the heart, as the tissue develops disrupted conduction properties and Ca
2+

 handling 

abilities (Dzau et al., 2006).  Data soon emerged that CaMKII contributes to a pro-

arrhythmic role (Anderson, 2007).  However, the involvement of CaMKII in acute 

coronary syndromes is unclear.  It was first suggested that CaMKII has a beneficial role 

in promoting the Ca
2+

 handling properties of the SR if adverse conditions of ischaemia 

and early reperfusion are present (Netticadan et al., 1999; Osada et al., 2000; Temsah et 

al., 2002).  But Mattiazzi’s group only found this benefit to exist under conditions of 

acidosis or short ischaemic durations that promote stunning (Valverde et al., 2006; 

Mattiazzi et al., 2007; Vila-Petroff et al., 2010).  Recent research indicates that if these 

changes to intracellular conditions are sustained, they permit CaMKII to promote injury 

through Ca
2+

 overload and initiation of the intrinsic cell death pathways (Vila-Petroff et 

al., 2007; Zhu et al., 2007; Salas et al., 2010).  These studies suggest that a pathological 

role for CaMKII exists but it is yet to be fully disclosed. 

 

1.3.5.1. CaMKII as a Mediator of Cell Death 

Several in vitro models of cell death provide evidence that CaMKII is instrumental in 

promoting injury.  Zhu et al. (2003) created a model of apoptosis by subjecting cardiac 

myocytes from adult mice to sustained β-adrenergic stimulation.  It was reported that 

the ICa.L stimulates CaMKIIδC to be a key mediator of cell death and not the cAMP/PKA 

pathway.  The same laboratory also overexpressed a constitutively active CaMKIIδC in 

rat cardiac myocytes (Zhu et al., 2007).  Apoptotic cell death was instigated via the 

intrinsic pathway of cytochrome c release but could be reduced if pharmacological 
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inhibitors of CaMKII were present.  In addition, adenoviral expression of a dominant 

negative CaMKIIδC (to demonstrate isoform specificity) not only abolished apoptosis in 

the cells that overexpressed a constitutively active CaMKIIδC , but also in other standard 

models of cell death, e.g. oxidative stress.  Other laboratories have established similar 

findings, with the use of angiotensin II (Palomeque et al., 2009), oubain (Sapia et al., 

2010), upregulation of the LTCC (Chen et al., 2005) and simulated I-R (Vila-Petroff et 

al., 2007), implicating CaMKII as pro-injurious.  CaMKII is not believed to directly 

target the mitochondria, but rather has the ability to promote Ca
2+

 overload through 

actions on the SR.  Odagiri et al. (2009) incubated saponin-permbealized myocytes with 

CaM and recorded (by using fluorescence microscopy) the generation of ROS, 

depolarized mitochondria and opening of the mPTP, which were all reversible with 

CaM and CaMKII inhibitors. 

An interesting study by Peng et al. (2010) revealed that CaMKIIδB is not 

associated with the same cell death pathways as CaMKIIδC.  In an in vitro model of 

oxidative stress or an in vivo model of I-R, the two isoforms had an inverse relationship 

to one another.  That is, the expression of δB isoform decreased with conditions of 

cellular stress, whilst the δC isoform increased substantially and remained high for 4-24 

hours after the insult had occurred.  When cells that overexpressed CaMKIIδB were 

subjected to oxidative stress the extent of their injury was also less than in the controls.  

Gene microarray and pharmacological manipulation suggested that the heat shock 

protein-70 family members were part of CaMKIIδB anti-apoptotic pathway.  Wu et al. 

(2006) had previously reported that activation of the δB subtype is downstream from 

Ca
2+

 released by the IP3R and the nucleus and not the global Ca
2+

 oscillations incurred 

by E-C coupling.    Knowing that PKC is a dominant target for the IP3R and has a role 
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in other cardioprotection models, it would have been interesting to see whether PKC 

had any involvement with CaMKIIδB activation. 

 

1.3.5.2. CaMKII and Ischaemia-Reperfusion Injury 

The initial studies investigating CaMKII in models of I-R measured the temporal 

activity of the kinase and the relationship between cellular Ca
2+

 handling properties and 

contractile recovery.  The protein expression during short ischaemic times in rat 

myocardium (15 minutes; Uemura et al., 2002) or gerbil cerebral tissue (5 minutes; 

Zalewska et al., 1996), suggested that a proportion of CaMKII translocates to the cell 

membrane and is restrained from autophosphorylation.  Baseline samples had higher 

expression values of CaMKII in the cytosolic fractions than in the particulate fractions, 

but during ischaemia, a significantly smaller proportion was present in the cytosol and a 

greater proportion was expressed in the cell membrane.  Ischaemic myocytes also had 

limited phosphorylation at the Thr
287 

site in the cytosolic fractions, while no 

phosphorylation was measured in the particulate fraction.  After 5 and 15 minutes of 

reperfusion, a gradual recovery of cellular location and kinase activity had begun but 

not to the same extent as pre-ischaemic values.  The authors commented that longer 

duration of ischaemia (30 minutes) resulted in irreversible damage and had prompted an 

even weaker expression of CaMKII (Uemura et al., 2002). 

Dhalla’s group investigated I-R injury in an ex vivo rat heart preparation, using 

contractile recovery as a primary end point of injury, with the analysis of isolated SR 

vesicles at specific periods to determine the tissue’s Ca
2+

 cycling abilities.  The series of 

investigations concluded that 30 minutes of ischaemia and up to 60 minutes reperfusion 

depressed the SR uptake of Ca
2+

 which contributed to the reduced contractile activity 

and cytosolic Ca
2+

 overload (Temsah et al., 1999; Netticadan et al., 1999; Osada et al., 
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2000; Temsah et al., 2002).  These studies included measurements of CaMKII activity.  

No changes occurred in the cytosol during ischaemia (Netticadan et al., 1999), but a 

significant absence was seen in the fractions that contained the SR vesicles.  This 

reduction in CaMKII correlated with the decline in active SR proteins (SERCA2a pump 

and PLB phosphorylation) and the Ca
2+

 uptake by the SR (Netticadan et al., 1999).  

Perfusion of radical scavengers (Netticadan et al., 1999), instigating IPC (Osada et al., 

2000) or altering the conditions of hypoxia and glucose deprivation (Temsah et al., 

2002) prevented the decline in CaMKII activity.  As these interventions limited injury 

to the SR and improved contractility recovery at reperfusion, it was suggested that 

preservation of CaMKII is associated with maintenance of the heart’s normal function.  

Comparable data later emerged from Benter et al. (2004) who pre-treated rats with KN-

93.  The treated heart preparations had a significantly greater deterioration in cardiac 

function after 40 minutes of ischaemia and 30 minutes of reperfusion, than did the 

controls.  These studies suggested that the molecular activity of CaMKII is influenced 

by ischaemia and gradually recovers at the onset of reperfusion.  They also suggested 

that the CaMKII reduction in activity correlates with the I-R depression in Ca
2+

 

handling by the SR and that this affected the contractile properties of the heart, which 

suffers further depression if CaMKII is inhibited. 

Mattiazzi’s laboratory has examined the influence of CaMKII on reversible and 

irreversible ischaemic injury with a particular focus on the PLB Thr
17

 site.  A detailed 

western analysis of this CaMKII substrate disclosed that it was active during the first 

minutes of ischaemia before being subdued to below control levels as ischaemic 

duration continued (Vittone et al., 2002).  But at 30 sec and 1 minute of reperfusion a 

significant transient increase in activity occurred and lasted up to the third minute.  

Hearts from PLB knockout mice in a model of stunning, had a significant deterioration 
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in functional recovery as a result of increased [Ca
2+

]i (Valverde et al., 2006).  Thus, 

PLB and its regulator CaMKII appeared to be a key mechanism to regulate [Ca
2+

]i 

during reperfusion recovery after a short ischaemic time.  Detailed western analysis also 

demonstrated that key time points in previous studies had missed a window of CaMKII 

activity.  Uemura et al. (2002) started their analysis of CaMKII activity/expression after 

5 minutes of reperfusion whereas Netticadan et al. (1999) measured it at the end of 30 

minutes of reperfusion.  Mattiazzi’s later studies used longer durations of ischaemia to 

identify this transient period of CaMKII activity (Vila-Petroff et al., 2007; Salas et al., 

2010).  Using infarct size as a primary end point, perfusion of KN-93 (2.5 µM) for 10 

minutes prior to ischaemia (45 minutes) and for 10 minutes at early reperfusion, 

significantly reduced the size of injury.  Contractile recovery, lactate dehydrogenase 

release, caspase 3 activity, cytochrome C release and Bcl-2/Bax ratio were more 

favourable in hearts treated with a CaMKII inhibitor.  The source for this CaMKII 

activity at reperfusion was suggested to be the NCX (and not the LTCC), as its 

inhibition during reperfusion limited PLB Thr
17

 phosphorylation and infarct size 

(Vittone et al., 2002; Salas et al., 2010).  Although phosphorylation of RYR2 (Ser
2815

) 

had increased significantly after 3 minutes of reperfusion, the total amount of the ion 

channel had decreased giving similar ratios to the pre-ischaemic samples (Salas et al., 

2010). 

When Erickson et al. (2008) first described the oxidative activation of CaMKII, 

their investigation also suggested this to promote I-R injury.  The genetic model 

consisted of a knockout methionine sulfoxide reductase A (MSrA) that reverses Met 

oxidation.  These mice had greater methionine oxidation at the CaMKII Met
280/281

 sites, 

increased myocardial apoptosis and a deteriorated in vivo mechanical function during 

coronary ligation.  Although infarct size was not measured, the knockout mice had a 
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reduced survival rate after MI.  Of note is the study by Zhang et al. (2005) who used 

genetic inhibition of CaMKII (promotion of an inhibitory peptide) to investigate in vivo 

the effects of sustained β-adrenergic stimulation.  When they subjected the mice to I-R 

injury, there was no reduction in infarct size, but there was a significant improvement in 

left ventricular contraction. 

To summarise, the experimental data from Mattiazzi’s laboratory suggest that 

pharmacological inhibition of CaMKII during long ischaemic times and at early 

reperfusion can prevent cell death by necrosis and apoptosis.  Shorter duration of 

ischaemia and models of stunning the myocardium require CaMKII to maintain 

contractile activity.  The discrepancies between the studies of long ischaemia are due to 

choice of analysis and the short window of CaMKII activity at early reperfusion.  These 

can either promote recovery from reversible injury or instigate death during irreversible 

injury. 

 

1.3.5.3. CaMKII in Models of Cardioprotection 

Experimental models of cardioprotection have given supplementary information on how 

CaMKII behaves under conditions of cellular stress.  The previously mentioned studies 

by Netticadan et al. (1999) and Osada et al. (2000) suggested that the presence of 

antioxidants throughout I-R or an IPC stimulus promote improved Ca
2+

 cycling ability 

via CaMKII.  Pre-treatment with a pharmacological inhibitor of CaMKII (KN-93) can 

abrogate these favourable conditions (Osada et al., 2000; Benter et al., 2005).  However, 

genetic inhibition of CaMKII in mice expressing the inhibitor peptide AIP (Zhang et al., 

2005) had contradictory outcomes.  Li et al. (2007) subjected these mice to IPC prior to 

I-R injury and demonstrated an additive protective effect to infarct limitation as a 

nonsignificant trend was present without IPC.  There was no improvement in the 
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mechanical recovery with either intervention, including the control hearts subjected to 

IPC.  But the study also focused on CaMKII’s role in triggering the IKATP, as their 

previous work (Li et al., 2006) indicated a shortening of the action potential (via K
+
 

channels) during its inhibition.  In the absence of CaMKII, the pore forming subunit 

(Kir6.2) was upregulated on the sarcolemma; IKATP was the same as that in control mice.  

When treatment with pinacidil (opener) or HMR1098 (blocker) eliminated or increased 

the size of MI between the control and AIP mice, it was concluded that CaMKII 

inhibition during IPC enhances the opening of the IKATP.  This study is interesting as 

others have suggested a role for CaMKII in promoting opening of KATP.   

Yan et al. (2009) investigated the open probability of IKATP in an in vitro model 

of hypoxia or oxidative stress.  Using pharmacological blockade of kinases (PKC, PKG 

and CaMKII) channel opening was inhibited, suggesting these signalling pathways are 

mediators of KATP opening under cellular stress.  Of interest is that KN-93 and KN-62 at 

concentrations above 1 µM and 5 µM respectively, significantly abrogated the IKATP.  

Chai et al. (2011) have also recently confirmed the ability of a different 

pharmacological inhibitor, AIP, to reduce the open probability of IKATP in rabbit 

ventricular cells.  This study suggested that CaMKII was upstream to a PKG pathway 

and that generation of ROS was a key trigger.  These methods of pharmacologically 

manipulating CaMKII contradict the suggested mechanism at work in AIP-

overexpressing mice (Li et al., 2007).  But they also suggest that an unseen protective 

element might have occurred in the studies by Osada et al. (2000) and Benter et al. 

(2005).  Furthermore, it was reported that models of intermittent high altitude hypoxia 

(IHA) develop their cardioprotection properties via the KATP channel, stimulated by 

CaMKII activity.  Six weeks of IHA treatment in rats, protected their hearts against 

models of Ca
2+

 paradox (Xie et al., 2004) and I-R injury (Yu et al., 2009).   
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Pharmacological inhibition with either KN-93 or 5-HD abolished the protective 

phenotype, implicating CaMKII and KATP channels as key mediators. 

A favourable role for CaMKII was observed if volatile anaesthetic was used as a 

cardioprotective intervention.  Desflurane-induced preconditioning (Lange et al., 2008) 

and postconditioning (Lange et al., 2009) limited infarct size in a rabbit in vivo model of 

I-R injury.  If KN-93 was administered prior to these interventions it abrogated the 

protection, but had no significant effect on outcome per se.  Desflurane protection also 

promoted PLB phosphorylation as described by Osada et al. (2000).  However, a 

selective β-adrenergic inhibitor metoprolol could confer protection by down regulating 

the Thr
17 

and Ser
16

 sites of PLB.  This would agree with Mattiazzi’s hypothesis that 

increased PLB activity during reperfusion promotes irreversible injury.   

 



 

 73 

1.4. Overview and Scope of Thesis 

The thesis interrogates the role of CaMKII in the acute conditions of myocardial I-R 

injury.  It intended to determine the consequences of using a pharmacological inhibitor 

of CaMKII at specific time points of ischaemia or reperfusion and during the 

mechanical interventions of IPC and postconditioning.  In an ex vivo rat heart model of 

regional I-R injury with infarct analysis, I determined if under these conditions CaMKII 

was involved in irreversible injury (Chapter 2).  Using a secondary cell line (H9c2 cells) 

as an in vitro model of simulated I-R and oxidative stress (Chapter 3) I tried to replicate 

the data in Chapter 2.  The Ca
2+

 handling abilities of primary isolated cardiac myocytes 

(Chapter 4) were also measured and analysed under conditions of simulated I-R in order 

to further investigate the effects of pharmacological blockade of CaMKII. 

1.4.1. Questions Addressed in this Thesis  

The thesis sought to provide answers to the following questions: 

i) Is CaMKII involved in promoting irreversible injury caused by acute 

myocardial infarction? 

ii) Does the phenomenon of IPC and postconditioning involve CaMKII? 

iii) Under conditions of simulated I-R, what effect does pharmacological 

blockade of CaMKII have on the Ca
2+

 handling properties of the cells? 

 

1.4.2. General Hypothesis  

CaMKII promotes injury in conditions of I-R injury by promoting Ca
2+

 overload.  

However, when these abrupt changes in intracellular conditions are subdued, CaMKII 

has a beneficial role in mediating the protection of IPC. 
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CHAPTER 2:  

    Involvement of CaMKII in I-R Injury 
and Models of Cardioprotection 

 

 

 



 

 75 

2.1. Introduction 

2.1.1. Mechanical Interventions for I-R Injury 

Animal models of I-R injury have been essential in developing knowledge of the 

pathophysiology of ischemic heart disease and in allowing the exploration of possible 

therapeutic interventions.  Within a couple of years of postconditioning’s discovery in 

anaesthetized dogs (Zhao et al., 2003), small scale clinical trials were undertaken in 

patients who required revascularization by PCI (Laskey et al., 2005; Staat et al., 2005).  

The benefits of IPC can not apply to a patient with an acute coronary syndrome, but 

there would be a use if I-R is prescheduled e.g. organ transplants and CABG, (Yellon et 

al., 1993; Tomai et al., 1999).  Also, IPC’s ability to limit infarction has led to the 

discovery of pharmacological agents that can be used at reperfusion (Cohen and 

Downey, 2011). 

The optimum protocol for these mechanical interventions is still unknown.  

Sandhu et al. (1997) reported that the rabbit heart had a 'dose-dependency' of IPC when 

they compared one cycle of 5 minutes I-R to three cycles.  The increased number of IPC 

cycles reduced infarct-risk area to 4%, in comparison to 32% with the lower number.  

Liu and Downey (1992) had previously recorded that the rat heart needed more than one 

cycle of IPC (5 min I-R) for infarct limitation, although the single cycle did protect 

against arrhythmias.  But other studies have not been able to show an additional 

improvement in contractile recovery if increased cycles of IPC were implemented 

(Baker et al., 1999).  It is important, however, to achieve an acceptable balance between 

a preconditioned phenotype and the degree of myocardial stunning that accompanies 

brief periods of ischaemia.  Shorter cycles lasting up to 5 minutes are the norm for 

instigating the IPC phenotype as periods lasting above 15 min go beyond the threshold 

of reversible injury (Kloner and Jennings, 2001).  The animal studies that used 
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pharmacological antagonists to abrogate the IPC phenotype established that blocking 

only one of the GPCR can abolish the protection of a single IPC cycle (Goto et al., 

1995; Downey et al., 2007).  If multiple preconditioning cycles were used in the 

presence of the drug, the cardioprotected phenotype could be salvaged as further 

generation of the autacoids would harness protection.  It became apparent with studies 

on postconditioning that shorter cycle durations favoured the hearts of smaller species 

such as the rat (Crisostomo et al., 2006).  The interventions used on human myocardium 

have ranged between 2-6 cycles with 30-90 seconds in cycle duration (Yetgin et al., 

2010), whereas the rat heart requires 3-6 cycles of 10-30 sec in duration (Crisostomo et 

al., 2006). 

 

2.1.2. Involvement of CaMKII in IPC and Postconditioning 

Research investigating the contribution of CaMKII to myocardial I-R injury is limited 

in comparison to the numerous studies that have focused on its role in pathological 

hypertrophy and arrhythmia.  Very few studies have focused on its relationship with 

IPC and none have investigated whether CaMKII might have any involvement in 

postconditioning.  What has been gathered so far is contradictory.   

Some of the benefits of IPC are evident at reperfusion.  These include an 

improved Ca
2+

 cycling ability, resistance to Ca
2+

 overload and oxidative stress, and the 

positive conditioning of the mitochondria by various signalling pathways (Yellon and 

Downey, 2003).  Thus, as CaMKII is a regulator of [Ca
2+

]i, the first studies suggested 

that the IPC phenotype was associated with enhanced CaMKII activity (Osada et al., 

2000).  The improvements to the SR handling of Ca
2+

 can be removed if 

pharmacological inhibitors of CaMKII are present, which also deteriorate the contractile 

recovery usually seen during reperfusion (Osada et al., 2000; Benter et al., 2005).  In 
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addition it was established that ischaemia has an influence on the activity of CaMKII, 

stimulating its translocation to the sarcolemma and reducing its autophosphorylation 

status (Uemura et al., 2002).  How an IPC stimulus would later maintain an 

improvement in CaMKII activity during ischaemia or at reperfusion is unknown.  But it 

was confirmed that shorter periods of ischaemia that cause stunning of the myocardium, 

favour the preservation of CaMKII activity on targets on the SR such as PLB (Vittone et 

al., 2002).  A protective element of CaMKII might even go beyond the SR handling of 

Ca
2+

 and engage sarcolemmal ion channels such as KATP.  In vitro models of oxidative 

stress have recently demonstrated an involvement of CaMKII with the IKATP (Yan et al., 

2009; Chai et al., 2011).  The shortening of the action potential duration that occurs 

during ischaemia could serve as an intrinsic mechanism by which CaMKII activity is 

limited, by reducing the availability of the ICa.L.  However, AIP transgenic hearts in 

which CaMKII activity is reduced offer contradictory data to this possibility.  This 

method of CaMKII abrogation enhanced the IKATP and was the suggested cause for an 

additive infarct limitation when an IPC stimulus was implemented (Li et al., 2007). 

Two key differences in the current models investigating CaMKII are the 

duration of I-R and the timing of intervention.  The genetic mutant models (Li et al., 

2007) and Mattiazzi’s studies (Vila-Petroff et al., 2007) maintain CaMKII inhibition 

during the early reperfusion period, whilst earlier work focused primarily on pre-

ischaemia treatment.  It is suggested that an increase in PLB phosphorylation of the 

Thr
17

 site and the SR Ca
2+

 load occurs during reperfusion and this window of activity 

promotes cellular injury if a long period of index ischaemia is used (Vila-Petroff et al., 

2007; Salas et al., 2010).  Pharmacological inhibitors or genetic manipulation of 

CaMKII in in vitro and in vivo studies of sustained cellular stress can limit cell injury 

and death (Zhang et al., 2005; Zhu et al., 2007).  The key mechanisms during these 
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conditions have also been suggested to be the impaired handling of Ca
2+

 by the SR and 

the effects that this has on the mitochondria (Odagiri et al., 2009).  Similar mechanisms 

are thought to be at work with reperfusion injury by opening of the mPTP under 

conditions of increased [Ca
2+

]i, and oxidative stress.  The presence of a pharmacological 

inhibitor of CaMKII before and during reperfusion inhibited cell death by apoptosis and 

necrosis, as the NCX in reverse mode failed to trigger further loading of Ca
2+ 

into the 

SR (Vila-Petroff et al., 2007; Salas et al., 2010).  Other studies that suggest CaMKII as 

a mediator of cell death have included abrogation of CaMKII throughout the I-R period 

(Erickson et al., 2008).  However, Lange et al. (2009) found no limitation to infarct size 

when rabbit hearts were subjected to 30 minutes of CAO and received a bolus of KN-93 

only during the reperfusion period.  This treatment did abolish desflurane induced 

postconditioning, suggesting that CaMKII is involved in this form of postconditioning.  

This window of CaMKII activity during reperfusion might also be a critical element of 

mechanical postconditioning.  A gradual recovery from acidosis and the limitation of 

abrupt activation of the NHE and NCX is one of the suggested mechanisms of 

postconditioning protection.  But how CaMKII would react to such conditions and if it 

is a vital component for restoration of intracellular conditions are unknown. 
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2.1.3. Hypothesis 

The aim of these studies was to explore the role of CaMKII in I-R injury and whether it 

had any involvement in the phenomena of IPC and postconditioning.  Using the rat 

isolated heart as a model the study was to determine whether a pharmacological 

inhibitor of CaMKII (KN-93) would have any effect on irreversible injury caused 

during ischaemia or at early reperfusion.  The study also investigated the infarct 

limitation associated with various IPC or postconditioning protocols and whether there 

was any contribution by CaMKII. 

 

It was hypothesised that: 

i) Under control conditions, CaMK II activation beyond a certain threshold occurs at 

reperfusion and promotes irreversible injury.  

ii) Under preconditioning and postconditioning conditions, CaMKII promotes 

cardioprotection. 

2.1.4. Specific Objectives 

(1). Develop a model of cardioprotection in an ex vivo model of I-R, using the 

mechanical interventions of IPC and postconditioning. 

(2). To examine the effects of perfusing a pharmacological inhibitor of CaMKII during 

key stages of I-R and the cardioprotective interventions, with infarct analysis used as a 

primary end point of injury.  This would be broken down into smaller studies 

investigating:  

(A) CaMKII inhibition during normal I-R conditions  

(B) CaMKII inhibition during IPC  

(C) CaMKII inhibition during postconditioning. 
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2.2. Materials and Methods 

The CaMKII organic inhibitor KN-93 (water soluble) and the inactive analog KN-92 

were purchased from Calbiochem (Nottingham, UK).  As a 

methoxybenzenesulfonamide compound, KN-93 competes for the CaM binding site on 

CaMKII with an inhibition constant of 0.37 µM (Sumi et al., 1991).  KN-92 is a 

structural analog of KN-93 devoid of activity on CaMKII at concentration below 25 M 

(Anderson et al., 1998; Singh et al., 2009).  The only difference between the two 

compounds is that KN-93 possesses a 2-hydroxyethyl moiety. As KN-92 is not water-

soluble, it was dissolved in DMSO (final DMSO concentration in the Krebs-Henseleit 

buffer 0.05%). 

 

2.2.1. The Isolated Perfused Heart 

The Langendorff isolated perfused heart has been a fundamental tool for investigating 

models of I-R injury (Verdouw et al., 1998; Skrzypiec-Spring et al., 2007).  It was 

devised by Oscar Langendorff in 1895 to allow investigation of the mechanical activity 

of the isolated mammalian heart (Doring and Dehnert, 1988).  The original design 

(figure 2.1(A)) involved an injection cannula inserted into the aorta of the heart.  By 

connecting it to a container full of defibrinated blood, a pressurised air bottle forces the 

perfusate through the cannula.  This closes the aortic valve (as occurs in the in situ heart 

during diastole) and directs the blood through the ostia of the right and left coronary 

arteries (Zimmer, 1998).  Known as retrograde perfusion, only hearts perfused in this 

way may be termed the ‘Langendorff heart’ (Doring and Dehnert, 1988).  A string 

attached to the apex of the heart and a membrane of a Marey capsule, enabled the 

contractions to be transferred by air pressure to a kymograph (Zimmer, 1998). 
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Figure 2.1:  The Langendorff perfused heart. (A) The original drawing and design of 

apparatus described by Oscar Langendorff in 1895. Blood flowing retrogradely into the 

aorta is driven by the pressure air bottle. Shortening of the heart is recorded by the 

attachment of string to a Marey capsule and kymograph (taken from Zimmer, 1998). (B) 

The constant hydrostatic pressure in this study is created by positioning reservoirs 

containing Krebs-Henseleit buffer 100 cm (73 mmHg) above the cannulated heart. A 

Baker warming coil is kept at 37
o
C by a circulator and allows the passing perfusate to 

be heated. A latex balloon that is connected to a pressure transducer and computer is 

inserted into the left ventricle in order to measure the cardiodynamic data. 

(A) 

(B) 
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Over the last century the Langendorff preparation has helped to develop our 

understanding of myocardial function, regulation of coronary blood flow and cardiac 

metabolism in healthy and pathological conditions.  Some of Langendorff’s first 

observations were that the heart retained its automaticity when perfused with a nutrient 

fluid such as blood; and that high temperature or low temperature led to patterns of 

tachycardia and bradycardia respectively (Zimmer, 1998).  The model has since been 

used to test an array of cardiovascular drugs and the effects of gene alterations on heart 

physiology (Skrzypiec-Spring et al., 2007).   

Various modifications have been made over the years to suit particular studies.  

Katz (1939) developed a technique of using constant flow to deliver perfusate instead of 

constant pressure (Skrzypiec-Spring et al., 2007).  This method overrides the 

autoregulatory mechanisms of the coronary arteries and delivers the perfusate regardless 

of heart function and changes in vessel radius.  The changes in the vessel radius will 

however be inversely proportional to the changes in the coronary perfusion pressure.  

As the two key measurements needed to calculate flow resistance are the perfusion 

pressure and the coronary flow rate (CFR), if one of these variables is made constant the 

other variable could be used to calculate the flow resistance.  Katz realised that the 

readings in coronary pressure were much easier and more sensitive than those of timed 

collection with coronary flow.  Thus Katz and colleagues used this method to evaluate 

the vasoactive properties of many drugs.  In Chapter 4, the constant flow technique is 

used to isolate primary cardiac myocytes by perfusing low Ca
2+

 solutions and enzymatic 

digestion of the extracellular matrix.  This provides a constant flow regardless of the 

deterioration in heart function and vasculature.  Within this chapter the constant 

pressure is the preferred method as it is more physiologically relevant and allows the 

changes in vessel radius to produce the consequent changes in CFR. 
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The Langendorff isolated heart is limited by its lack of humoral and neuronal 

background.  The ex vivo preparation continually deteriorates but can remain viable for 

several hours (Sutherland and Hearse, 2000) to measure biochemical, physiological and 

pharmacological indices.  The rat heart has become a popular choice for Langendorff 

perfusion preparations and is the best characterised (Sutherland and Hearse, 2000).  

Ease of handling, animal cost, low volume of perfusion fluids and the size of hearts (in 

comparison to that of the mouse) are key advantages.  With regard to I-R studies, the rat 

has minimal collateral vessels allowing the study of regional ischaemia without the need 

to measure and correct for collateral flow.  There are key physiological differences 

between the rat heart and the human heart i.e. the shorter action potential duration and a 

dominant Ca
2+

 handling by the SR that need to be considered when evaluating the 

experimental data. 
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2.2.1.1. Perfusion Protocol for the Rat Heart 

Male Sprague Dawley rats (300-450 g) obtained from Harlan UK Ltd. (Oxon, UK) or 

B&K Universal Ltd. (Hull, UK) were used for the studies.  Animals were acclimatised 

in the animal house for a minimum of 7 days and subjected to 12 hour light-dark cycles.  

The water and feed (4% fat, 18% protein) were available ad libitum.  All care and use of 

animals were in accordance with the UK Home Office guidelines. 

The rats were anaesthetised with a mixture of sodium pentobarbital (65 mg/kg) 

and heparin (300 units) given concomitantly by i.p injection.  Once the rat was 

unconscious and evoked no reflexes the thoracic cage was opened to expose the heart.  

The excised hearts were promptly cannulated via the aortic stump (figure 2.1) and 

perfused at a constant pressure of 100 cm H20 (78 mmHg) with Krebs-Henseleit buffer 

(in mM: NaCl 118.5, NaHCO3 24.8, d-Glucose 11, KCl 4.7, MgSO4.7H20 1.2, KH2PO4 

1.2, CaCl2.2H2O 1.25) that was pre-heated to 37
o
C and aerated with 95% O2/5% CO2 

(pH 7.3-7.5 at 37
o
C).  A warm jacketed chamber surrounded the heart and a temperature 

gauge inserted into the tissue of the right atrium was used to monitor the temperature, 

which was maintained in the range of 36.5-37.5
o
C.  A latex balloon was introduced 

through the left atrium after removal of the atrial appendage and positioned within the 

left ventricle to measure its contractile force.  The balloon filled with purified water and 

connected to a polypropylene cannula, enabled isovolumetric pressure to be measured 

by a transducer that was linked to a data capture programme (Powerlab, Chart 4.0).  A 

mercury sphygmomanometer was used to calibrate the transducer beforehand. End 

diastolic pressure (LVEDP) was set at 5-10 mmHg by adjusting the balloon volume.  

The experiments began with a stabilisation period of 15-30 minutes in duration.  

Haemodynamic measurements were taken at time points that included an initial reading, 

after 10 minutes (designated baseline reading) and at one minute before an intervention.  
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The readings included; heart rate (HR; beats per minute, bpm), LVEDP, left ventricular 

systolic pressure (LVSP), total developed pressure (LVSP - LVEDP), rate pressure 

product (HR x LVSP) and coronary flow rate (CFR), measured by timed collection of 

the coronary effluent.  This period allowed an evaluation of the heart’s contractile 

performance ensuring it was stable (from any defects).  The several decades of research 

on the isolated perfused rat heart, have allowed the normal physiological properties and 

characteristics to be highly predictable (Doring and Dehnert, 1988; Bell et al., 2011).  

Within this laboratory (Baxter and Yellon, 1993; Burley and Baxter, 2007) 20 years of 

experience of this preparation has led to the development of the following inclusion 

criteria: 

 Normal sinus rhythm devoid of bradycardia/tachycardia, numerous ectopic beats 

or an episode of Vfib;   

 HR between 200 and 400 bpm.  The in vivo heart rate can reach 500 bpm but 

withdrawal of the autonomic influences subdues this rapid rate.  A bradycardic 

response below 200 bpm is generally a sign of injury;   

 A developed pressure of above 60 mmHg ensuring an acceptable inotropic 

response to the perfusate and hydrostatic pressure;   

 CFR above 10 ml/min.  Perfusion of hearts with saline solutions will entail 

greater coronary flow than blood perfusion.  For the size of the adult rats used in 

this study an initial flow rate below 10 ml/min indicates deterioration in the 

vasculature. 

Any hearts not meeting all of these criteria during stabilisation were excluded from 

further experimental manipulation.   
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2.2.1.2. Executing MI and Measurement of Infarct Size 

Rat hearts have a consistent and prominent left anterior descending artery.  This enables 

consistency in locating the vessel and inserting a 3-0 silk suture (Ethicon, UK) around 

it.  A snare was formed by passing the two suture strands through a modified pipette tip.  

The left coronary artery was then occluded (CAO) by pulling gently on the silk threads 

whilst pushing with the plastic tip to compress the artery and surrounding tissue.  A 

second plastic pipette tip locked the suture in place for the remainder of the ischaemic 

insult, which lasted for precisely 35 minutes.  When competent with this technique, this 

method of instigating CAO is highly reproducible.  Measuring the CFR during the 

initial ischaemic period will determine the extent of CAO achieved.  A reduction in 

CFR by less than 30% indicates a poor occlusion of the artery and/or small risk zone 

and would not be sufficient to induce an adequate ischaemic insult to the tissue.  

Releasing the locked pipette tips enabled reperfusion of the ischaemic region.  After 120 

minutes of reperfusion the silk suture was tied tightly before Evans Blue dye (0.4%) 

was infused through the heart.  This stained the non-ischaemic tissue as it entered the 

regions that were perfused by vessels other than the left anterior coronary artery.  Once 

sufficient staining was achieved the heart was removed and stored immediately at -20
o
C 

for a maximum of 72 hours.   

The frozen hearts were allowed to thaw for a few minutes before being cut into 

transverse sections, 2 mm thick, from the apex to the base.  After the cut sections had 

thawed for a further 2 minutes, they were then incubated at 37
o
C in triphenyltetrazolium 

Chlorite (1% w/v), for 20 minutes with frequent agitation.  The stained sections were 

then fixed in 10% formalin for 24-48 hours to enhance contrast between stained and 

non-stained regions before their images were scanned into the computer for planimetry 

analysis by the author. 
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By using ImageJ (v1.38; Wayne Rasband, National Institutes of Health, USA), 

each heart slice was characterised by three subdivisions depending on the staining 

obtained (figure 2.2).  The areas stained with Evans Blue were regarded as non 

ischaemic tissue; the red areas were the ischaemic regions but with viable tissue; 

white/yellow areas were measured as the infarct tissue.  If there was poor staining of the 

heart slices and not enough delineation between the regions, particularly the ischaemic 

and non-ischaemic areas the hearts were excluded from analysis.  The definition of a red 

and viable tissue or a white and presence of infarction is further complicated by the 

regions known as peri-infarction (sometimes pink in colour) which separates the two 

regions.  It is thus up to the analyst to decide whether to exclude or include these 

regions as viable tissue.  The peri-infarct areas were included consistently as an infarct 

area within this study.  If the experimental groups are known and thus predicted due to 

the hypothesis, subjectivity of the peri-infarct area can also determine the outcome of 

the analysis.  As such, all analysis was done blind by coding each heart after the 

experiment with a sequence (date and alphabetical) that was not related to the treatment 

group.  One method of overcoming such subjectivity is using an independent person, 

who is also blind to the experimental groups, to analyse the regions.  This ‘double-

blind’ method was not chosen in this study due to the workload and the consistency (i.e. 

same person needs to analyse all experimental groups) required for these studies over 

several months.  

The volume of each heart section was also calculated by multiplying the areas 

by their thickness (~2 mm).  Myocardial infarct size was expressed as the volume of 

infarct tissue/volume at risk x 100%.  The volume of myocardium at risk was also 

calculated as a ratio of the whole heart volume. 
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Figure 2.2: Stained transverse sections of rat hearts.  Evans Blue and tetrazolium 

staining was used to distinguish the non ischaemic tissue (Blue) from the ischaemic 

tissue (Red), with enzyme washout from the infarct tissue (White/Yellow) indicating the 

total extent of irreversible injury.  Upper sections are from controlled experiments and 

demonstrate considerable infarct areas; Lower sections are hearts that have been 

protected by an intervention that reduces irreversible injury. 
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2.2.1.3. Treatment Groups 

After a period of haemodynamic stabilisation (15-30 minutes), each isolated rat heart 

was subjected to CAO of the left descending artery (35 minutes) followed by 

reperfusion (120 minutes).  Study 1 investigated the mechanical interventions of IPC 

and postconditioning, using infarct limitation as a primary end point.  The groups varied 

in the duration and number of cycles that were used to trigger the cardioprotective 

phenotype.  Study 2(A) investigated the effect of CaMKII inhibition on ischaemia and 

reperfusion injury.  The two periods of injury were defined by the separation in 

treatment periods, pre-ischaemia or at reperfusion alone, of the pharmacological 

inhibitor (KN-93).  The inactive analog of the organic inhibitor, KN-92, was used as a 

negative control.  Study 2(B) investigated the effect of a CaMKII inhibitor on IPC.  

Treatment of KN-93 during the IPC cycles or at reperfusion intended to separate the 

two trigger phases of the intervention.  Study 2(C) investigated the effect of CaMKII 

inhibition during the initiation of the postconditioning cycles.  All experiments were 

randomised and the treatment groups are further defined below. 

 

Study 1: Effect of mechanical interventions on I-R injury 

The mechanical interruption in coronary flow to effect IPC or postconditioning was 

instigated by closing a tap above the cannula.  This initiated global no-flow ischaemia 

and prevented the risk of damaging tissue around the coronary artery.  The loss of heat 

supplied by the perfusate was counteracted by bathing the heart in pre-heated Krebs-

Henseleit.  As the two IPC groups differed in the intervention duration (total of 27 or 33 

minutes including stabilisation period) the control group was randomised to receive a 

stabilisation period of either 20 or 30 minutes in duration.  Figure 2.3 outlines each 

experimental protocol.  
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  Study 1 

Stab.                    CAO                      Reperfusion

1. Control

2. IPC x2

3. IPC x3

4. Postcon 6x10

5. Postcon 3x30

6. Postcon 10-3x30

1st      Baseline            -1  0    5      15           34      36             65           95             125           155 
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& Frozen -20oC

Haemodynamic 

Measuremnets
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Figure 2.3: Timeline of the experimental procedures used for the groups in Study 1.  

All groups received a stabilisation period, followed by 35 min of regional ischaemia 

and 2 hours of reperfusion (1. Control). Groups 2 and 3 included the IPC intervention 

of 3 minutes global ischaemia and reperfusion, for either 2 or 3 cycles respectively.  

Groups 4-6 received the intervention of postconditioning at reperfusion, with varying 

cycle duration and numbers (described in text).  Haemodynamic measurements were 

made at specific time points throughout the experiments (time line not to scale).  Stab. 

Stabilisation period; CAO, Coronary Artery Occlusion; IPC: Ischaemic 

Preconditioning; Postcon: Postconditioning. 

 

 

Group 1, Control: Perfused with Krebs-Henseleit buffer and subjected to 20-30 min 

stabilisation period, 35 min CAO and 120 min of reperfusion. 

Group 2, IPC (2 cycles): 15 min of stabilisation, 2 cycles of 3 min global ischaemia 

followed by 3 min reperfusion, 35 min CAO and 120 min of reperfusion. 

Group 3, IPC (3 cycles): 15 min of stabilisation, 3 cycles of 3 min global ischaemia 

followed by 3 min reperfusion, 35 min CAO and 120 min of reperfusion. 
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Group 4, Postconditioning (6 x 10 sec cycles): 20 min stabilisation and 35 min CAO, 

immediately followed by six 10 sec cycles of reperfusion and global ischaemia.  The 

first cycle was considered the start of the reperfusion period although haemodynamic 

data were recorded at 1 min after the last cycle. 

Group 5, Postconditioning (3 x 30 sec cycles): The postconditioning protocol was 

altered to three 30 sec cycles of reperfusion and global ischaemia. 

Group 6, Postconditioning (10 sec reperfusion, then 3 x 30 sec cycles): An initial 10 

second reperfusion period was followed by three 30 seconds of global ischaemia and 

reperfusion. 

 

Study 2: The effect of using a CaMKII inhibitor on I-R injury and the mechanical 

interventions, IPC and postconditioning. 

A drug reservoir was placed at the same height as the normal Krebs-Henseleit reservoir 

(figure 2.1B) and connected to the system by a three way tap.  Stock concentrations of 

the drugs, KN-93 and KN-92, were added to a precise volume of Krebs-Henseleit buffer 

to attain a final concentration of 2 μM.  This is the concentration used throughout the 

thesis and was based on concentrations reported in the literature; i.e. Dhalla’s group (1 

µM) and Mattiazzi’s group (2.5 µM), and is 7-fold higher than the inhibition constant, 

Ki of 0.37 µM (Sumi et al., 1991).  Perfusion times in each treatment group are depicted 

in figure 2.4 and defined further in the following text: 
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Study 2 

Stab.                    CAO                      Reperfusion

1. Control

Study 2A

2. KN-93 Pre-Isch

3. KN-92 Pre-Isch

4. KN-93 @ Reper

Study 2B

2. IPC x 3

3. IPC & KN-93 Pre-Isch

4. IPC & KN-93 @ Reper

Study 2C

2. Postcon

3. Postcon & KN-93

4. KN-93 @ Reper

1st        Baseline      -1    0    5      15            34     36              65        95             125           155 

Haemodynamic 

Measuremnets

Evans Blue 

Staining

& Frozen -20oC

 

Figure 2.4: Timeline of the experimental procedures used for the groups in Study 2. 

The study explored CaMKII inhibition during; (A) normal ischaemia-reperfusion 

protocol, (B) IPC intervention and (C) Postconditioning intervention.  All groups 

received an initial stabilisation period (15-30 min), followed by regional ischaemia (35 

min) and reperfusion (120 min).  Drug perfusion prior to ischaemia was limited to a 

total of 12 min including the IPC intervention; and 15 min in total at reperfusion.  Time 

line not to scale. Stab. Stabilisation period; CAO, Coronary Artery Occlusion; IPC: 

Ischaemic Preconditioning; Postcon: Postconditioning; Pre-Isch, Prior to Ischaemia; 

@ Reper, during early reperfusion.   
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Study 2(A): CaMKII inhibition during ischaemia or reperfusion 

Group 1, Control: Perfused with Krebs-Henseleit buffer and subjected to 20-30 min 

stabilisation period, 35 min CAO and 120 min of reperfusion.   

Group 2, KN-93 perfusion pre-Ischaemia: After 20 min of stabilisation, KN-93 was 

globally perfused into the heart for 12 min before the 35 min CAO and 120 min of 

reperfusion. 

Group 3, KN-92 perfusion pre-Ischaemia: An analog of KN-93, KN-92 (2 μM) was 

perfused in the same manner as group 2.    

Group 4, KN-93 perfusion at reperfusion: 5 min prior to the reperfusion period, KN-

93 (2 μM) was perfused globally into the heart.  This ensured the drug was present at 

the opening of the ligated artery.  Drug perfusion was continued for further 10 min into 

the reperfusion period. 

 

Study 2(B): CaMKII inhibition during ischaemic preconditioning 

To limit variability, study 2(A) and study 2(B) were completed side by side and in 

doing so incorporated the same control group. 

Group 1, Control: randomly allocated as previously described.  

Group 2, IPC (3 cycles x 3 min): Three cycles of 3 min IPC were initiated before the 

CAO. 

Group 3, KN-93 perfusion during IPC: 3 min prior to the IPC stimulus (3 cycles), 

KN-93 (2 µM) was perfused globally into the heart.  Once CAO had been secured, 

drug-free Krebs-Henseleit perfusate was returned to the heart. 

Group 4, KN-93 perfusion at reperfusion after IPC: The same IPC protocol as group 

2, except that KN-93 (2 µM) was present at reperfusion as previously described. 
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Study 2(C): CaMKII inhibition during postconditioning 

Group 1, Control: As the other described control groups.   

Group 2, Postconditioning: 20 min stabilisation and 35 min CAO was immediately 

followed by six, 10 sec cycles of reperfusion and global ischaemia.   

Group 3, KN-93 perfusion with postconditioning: 5 min prior to reperfusion and the 

postconditioning stimulus of 6 x 10 sec, KN-93 (2 µM) was perfused into the heart.  A 

further 10 min of drug perfusion was added during reperfusion.  

Group 4, KN-93 perfusion at reperfusion: 5 min prior to the reperfusion period, KN-

93 (2 µM) was allowed to perfuse into the heart and continued for another 10 min 

during reperfusion. 

 

2.2.3. Statistical Analysis 

For infarct size determination in this experimental model, previous work determined 

that the expected difference between control and primary intervention is typically 50-

60% reduction in infarct size. The standard deviation in such experiments is 10-12%. 

The conventional criterion of statistical significance (5%) and statistical power at 85% 

were adopted. With factorial design and random allocation, the minimum number 

required in each experimental group is 4, with randomisation to control groups 

increasing the number of control experiments.  All numerical data are presented as 

mean values ± SEM.  The statistical software PRISM® version 5.00 was used to 

analyse all data.  One way-analysis of variance (ANOVA) was used to compare the 

mean infarct size of the groups within each study.  A repeated measures ANOVA was 

used to analyse the haemodynamic measurements of CFR, HR, developed pressure and 

RPP between each group.  A post hoc analysis (Newman-Keuls test) was used, and a 

probability level of 5% (p< 0.05) was defined as the level of statistical significance. 
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2.3. Results 

2.3.1. Exclusion Criteria 

Hearts were excluded from the study if during the stabilisation period any of the criteria 

of steady sinus rhythm, HR above 200 bpm, developed pressure above 60 mmHg or a 

CFR above 10 ml/min were not met.  Other exclusions included; insufficient reduction 

in CFR during the first 15 minutes of ischaemia, or failure of the hearts to reperfuse 

after releasing the coronary ligature.  Exclusion of hearts during the analysis included: 

insufficient risk zone delineation by the Evans Blue, insufficient tetrazolium staining. 

In study 1 a total of 70 hearts were used, with 50 successfully completed and 

further reported in this chapter.  Study 2A and 2B had a total of 69 hearts, with 53 

experiments reported.  Study 2C had a total of 41 hearts, with 21 experiments reported. 

 

 

Table 2.1:  Total No. of hearts excluded and reported in studies 1-2 

Study Excluded:  Reported 

 Experimental Analysis  

1 12 8 50 

2A & 2B 8 8 53 

2C 10 10 21 
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2.3.2. Baseline Cardiodynamics 

None of the treatment groups within the studies were significantly different in their 

baseline cardiodynamic data or their regions at risk of infarction (table 2.2).  The hearts’ 

initial contractile performance and CFR recorded after 10 minutes of stabilisation were 

consistent between all treatment groups.  The control and postconditioning group of 

study 2(C) had the highest mean CFR (15.6 ± 1.2 ml/min and 15.4 ± 1.2 ml/min 

respectively) although this did not appear to be influenced by the rats’ body weight.  

The mean risk zone volume was also greater in these two experimental groups (0.49 ± 

0.03 cm
3
 and 0.48 ± 0.04 cm

3
 respectively) for this study.  This corresponds to a larger 

risk-total area (64.8 ± 4.1% and 65.6 ± 5.0% respectively) indicating a higher 

proportion of the left ventricle was occluded, although this was not significant within 

the study.  The risk-zone volume is consistent between the experimental groups in their 

respective studies and thus indicates similar magnitude of coronary ligation was 

implemented.



 

 

 

Table 2.2: Baseline cardiodynamics (Mean ± SEM) and number of hearts used for each of the studies. Including; contractility and 

coronary flow data taken at 10 minutes stabilisation, the delineated risk zone volume after coronary ligation and its proportion to the total 

heart volume.    

CFR, Coronary CFR, Coronary flow rate; HR, heart rate; LVDP, left ventricle developed pressure.  

 

Treatment Group 

 

N 

 

Weight (g) 

 

CFR (ml/min) 

 

HR (bpm) 

 

LVDP (mmHg) 

Risk Zone  

Volume (cm
3
) 

Risk-Total 

Area (%) 

Study 1        

Control 14 350 ± 7 13.5 ± 0.7 294 ± 14 80.1 ± 4.3 0.36 ± 0.02 49.5 ± 2.6 

IPC 2 x 3 7 356 ± 7 14.5 ± 0.7 288 ± 14 93.3 ± 4.6 0.36 ± 0.03 44.3 ± 3.4 

IPC 3 x 3 4 406 ± 23 12.4 ± 1.0 255 ± 22 92.0 ± 5.3 0.33 ± 0.03 40.6 ± 2.0 

Postcon 6 x 10 11 360 ± 6 13.2 ± 0.6 282 ± 14 71.2 ± 3.9  0.36 ± 0.02 45.1 ± 2.5 

Postcon 3 x 30 4 364 ± 25 13.0 ± 1.0 269 ± 14 89.5 ± 10 0.33 ± 0.04 40.2 ± 2.2 

Postcon 10-(3 x 30) 10 372 ± 11 13.5 ± 0.6 287 ± 9 80.8 ± 3.5 0.34 ± 0.02 47.1 ± 2.6 

        

Study 2 (A) and (B)        

Control 12 385 ± 12 12.6 ± 0.5  265 ± 8 83.2 ± 6.9 0.40 ± 0.02 49.8 ± 2.4 

KN-93 pre-Ischaemia 6 391 ± 12 13.4 ± 0.6 298 ± 27 84.5 ± 3.9 0.37 ± 0.03 48.0 ± 3.8 

KN-92 pre-Ischaemia 7 383 ± 7 13.1 ± 0.6 281 ± 12 89.9 ± 8.6 0.42 ± 0.02 49.8 ± 2.6 

KN-93 @ Reperfusion 7 417 ± 27 13.6 ± 0.6 266 ± 12 95.0 ± 10.9 0.40 ± 0.02 47.6 ± 2.0 

IPC x3 10 400 ± 13 13.3 ± 0.6 261 ± 11 89.1 ± 6.1 0.38 ± 0.02 47.3 ± 1.3 

IPC & KN-93  5 377 ± 17 14.3 ± 1.5 289 ± 16 82.0 ± 5.2 0.38 ± 0.03 53.0 ± 3.7 

IPC & KN-93 @ Reperfusion 6 414 ± 22 14.3 ± 0.3 252 ± 10 76.8 ± 3.3 0.38 ± 0.02 47.3 ± 3.1 

Study 2(C)        

Control 7 375 ± 29 15.6 ± 1.2 288 ± 12  90.6 ± 8.6   0.49 ± 0.03 64.8 ± 4.1 

Postcon 6 x 10 6 374 ± 37 15.4 ± 1.2 291 ± 23 77.2 ± 6.6 0.48 ± 0.04 65.6 ± 5.0 

KN-93 @ Reperfusion 4 346 ± 18 12.3 ± 2.3 300 ± 21 82.3 ± 7.5 0.44 ± 0.03 65.2 ± 4.8 

KN-93 & Postcon 4 339 ± 13 12.0 ± 0.7 295 ± 25 64.8 ± 7.3 0.40 ± 0.04 55.0 ± 5.4 
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2.3.3. STUDY 1:  

The use of Mechanical Interventions for Cardioprotection 

Study 1 examined what effect short periods of global no-flow ischaemia and reperfusion 

would have, if they were instigated before (IPC) or after (postconditioning) in the rat 

heart.  It also characterised whether the number and durations of the ischaemic cycles 

influenced efficacy. 

 

Infarct size data 

The primary endpoint of this study was myocardial infarct size expressed as a 

percentage of the risk zone volume (figure 2.5).  Infarct size was 41.0 ± 3.6% in control 

experiments.  Initiating two (IPCx2) or three cycles (IPCx3) of IPC before 35 minutes 

of CAO, significantly reduced the infarct size to 25.1 ± 2.0% and 18.1 ± 2.0% 

respectively.  A 39% and 56% relative reduction suggests there is increased 

cardioprotection with an additional IPC cycle, but no significant difference existed 

between the two.  None of the postconditioning groups’ infarct size was significantly 

different to the controls.  Postconditioning with six short duration cycles (Postcon-6x10) 

produced a lower mean infarct size (35.6 ± 4.7%) than postconditioning with three 

longer duration cycles (Postcon-3x30, 50.2 ± 6.0%).  An initial 10 sec period of 

reperfusion followed by three longer cycles of global I-R (Postcon-10/3x30), had a 

comparable infarct size to the six short cycles (Postcon-10/3x30, 37.3 ± 4.2% vs. 

Postcon-6x10, 35.6 ± 4.7%).  The SEM for the two IPC groups was less than the three 

postconditioning interventions, indicating a smaller extent of variability in infarct size 

when a prior intervention is used. 
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Figure 2.5:  The infarct size expressed as a percentage of the risk zone volume for 

Study 1.  Both IPC interventions significantly reduced the infarct size when compared 

to control.  None of the postconditioning interventions could effect a significant 

limitation in infarct size.  N number for each experimental group is given in table 2.2.   

* Significantly different from Control (P<0.05, One way-ANOVA + Newman-Keuls 

post-hoc) 

 

 

Coronary flow and contractility data 

The hearts subjected to an IPC intervention had a moderate increase in CFR prior to the 

CAO (data not shown).  This did not affect the reduction in CFR at the onset of 

ischaemia, as all the groups fell below 62% of their baseline readings (figure 2.6A).  

The reduced CFR remained stable until the ligature was released for reperfusion.  This 

restored the CFR to between 82-102% of the baseline readings, with Postcon-3x30 

hearts having a significantly greater CFR than hearts treated to Postcon-10/3x30.  All 

groups had a gradual run down in their CFR during the course of reperfusion.   

However, the IPCx3 hearts had a significantly better compensated CFR compared to 

some of the other groups after 30 minutes (vs. Postcon-10/3x30) and 60 minutes (vs. 
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Control, IPCx2, and Postcon-10/3x30) of reperfusion.  At the termination of the 

experiment the significance in the improved CFR after IPCx3 (63.0 ± 5.0%) was lost, 

with the groups averaging a CFR of 48-54% of their initial capacity. 
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Figure 2.6: Time course of (A) Coronary Flow Rate, (B) Heart Rate (C) Developed 

Pressure and (D) Rate Pressure Product, expressed as a percentage of the baseline 

values during ischaemia and reperfusion.  Each point represents mean values for the 

treatment group in Study 1 taken during Stabilisation (-20 to -1 min), Ischaemia (5 to 

34 min and shaded area) and Reperfusion (36 to 155 min).  For clarity the SEM bars 

were withdrawn from the figures and is stated in the text.  N number for each 

experimental group is given in table 2.2. * p<0.05 (repeated measures ANOVA) to a 

given group described in text. P, primary reading; B, baseline reading.    

(A) (B) 

(C) (D) 
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When hearts received an IPC intervention, the short periods of reperfusion that 

followed global ischaemia, instigated a variable inotropic and chronotropic response 

(data not shown).  That is, some hearts recovered with a contractile force beyond the 

preceding DP readings, whilst others were slightly depressed with each cycle that was 

initiated.  Regional ischaemia produced no significant changes in the experimental 

groups’ heart rate; albeit a minor rundown was evident (85-95% of baseline) after 34 

minutes of ischaemia (figure 2.6B).  However, the DP and subsequently the RPP of the 

left ventricle, in all treatment groups, were quickly depressed to at least half basal 

values (figure 2.6C & 2.6D).  The hearts’ contractile force responded positively as the 

ischaemic index continued; except in the IPCx2 group, which was significantly different 

to the control group (IPCx2, 49.4 ± 3.6% vs. Control, 74.1 ± 6.2%).  This significance 

was not apparent when it was calculated as total myocardial work as RPP (IPCx2, 48.2 

± 3.5% vs. Control, 62.3 ± 3.6%). 

The return of reperfusion induced many changes to the contractility of the 

ventricles.  All groups except for the Postcon3x30, had incidences of uncoordinated 

contractile activity (Vfib) during the first minutes of reperfusion.  Moderate bradycardia 

accompanied a positive inotropic response for most hearts, but notable in figure 2.6B 

and 2.6C is the hyperdynamic state (twice the DP of baseline values) and severe 

bradycardia of the IPCx3 group, although, when represented as RPP (figure 2.6D) it is 

comparable to pre-ischaemic readings.  However, the small N numbers (n = 4) 

completed in the IPCx3 group and an incidence of Vfib in two of the hearts, skews the 

data and no statistical analysis was performed.  After the first minute of initiating 

Postcon-6x10 there was one episode of Vfib and a significant preservation in heart rate 

(vs. Control and IPCx2).  This chronotropic effect was significant for the Postcon6x10 

group at 90 min of reperfusion in comparison to the Controls.  Interestingly, this 
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significance was not conveyed to overall contractility and RPP in the Poscton6x10 

group, but did so for the IPCx3 group when compared to the controls (IPCx3, 77.9 ± 

12.0% vs. Control, 49.0 ± 3.5%).  At termination of the experiments the IPCx3 (68.8 ± 

10.6%) and Postcon6x10 (60.3 ± 6.7%) hearts had the highest mean contractility, but 

were not significantly different to any other of the treatment groups and the controls 

(56.4 ± 3.2%). 

 

2.3.4. STUDY 2(A):  

Inhibition of CaMKII During I-R Injury 

Study 2(A) examined the effect of treating a rat heart to a pharmacological inhibitor of 

CaMKII (KN-93), before instigating I-R injury or concomitantly during the reperfusion 

period.  An inactive analog of the inhibitor (KN-92) was also used as a negative control. 

 

Infarct size data 

The primary endpoint to this study was the measurements in myocardial infarct size 

expressed as a percentage of the risk zone volume (figure 2.7).  Infarct size was 41.1 ± 

3.9% in control experiments.  Hearts pre-treated with KN-93 (2 µM) significantly 

reduced infarct size by 57% (17.6 ± 2.9% p<0.05) when compared to the controls.  KN-

92 (2 µM), the inactive analog of KN-93, also had a tendency to reduce the total infarct 

by 27% (30.0 ± 4.1%), but this was not significantly different to the controls.  When 

KN-93 (2 µM) was perfused specifically at reperfusion there was no change to infarct 

size (47.7 ± 5.5%) compared to the controls. 
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Figure 2.7: The infarct size expressed as a percentage of the risk zone volume for 

Study 2(A).  Hearts pre-treated with the CaMKII inhibitor KN-93 (2 µM) had a 

significant amount of infarct limitation when compared to the controls.  Perfusion of the 

CaMKII inhibitor during reperfusion had no effect on infarct size.  KN-92 (2 µM) an 

analog of KN-93 that does not inhibit CaMKII had a non-significant trend of lowering 

the infarct size.  N number for each experimental group is given in table 2.2.                   

* Significantly different from Control (P<0.05, One way-ANOVA + Newman-Keuls 

post-hoc) 

 

Coronary flow and contractility data 

Pre-treatment of either KN compound increased CFR prior to CAO.  After 5 minutes of 

ischaemia (see figure 2.8A), hearts treated with KN-93 (PreKN-93) had a significant 

increase in CFR.  The vasodilator effect of the compound was reversed by the 15
th

 

minute of ischaemia.  This allowed all experimental groups to have a comparable CFR 

at this time point, which was below 60% of the baseline readings.  When hearts were 

perfused with KN-93 5 minutes before the reperfusion period (ReperKN-93), there was 

a significant increase in the CFR when compared to the controls (mean difference of 

15.5%).  However, all groups had an equivalent CFR when the ligature was released at 

the start of reperfusion and at termination of the experiments. 
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Figure 2.8: Time course of (A) Coronary Flow Rate, (B) Heart Rate (C) Developed 

Pressure and (D) Rate Pressure Product, expressed as a percentage of the baseline 

values during Study 2(A).  Each point represents mean values for the treatment groups 

taken during the periods of Stabilisation (-20 to -1 min), Ischaemia (5 to 34 min and 

shaded area) and Reperfusion (36 to 155 min).  For clarity the SEM bars were 

withdrawn from the figures and is stated in the text.  N number for each experimental 

group is given in table 2.2. * p<0.05 (repeated measures ANOVA) to a given group 

described in text. P, primary reading; B, baseline reading. 

 

The pre-ischaemic perfusion of KN-93 and KN-92 had a brief (3-5 minutes) 

effect on the hearts’ basal contractility.  This is demonstrated in study 2B, figure 2.10 A 

& C (p108) when the haemodynamic measurement was included during drug treatment.  

(A) (B) 

(C) (D) 
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The hearts produced a minor positive inotropic and chronotropic response before 

returning back to basal levels for the remainder of the treatment.  Some hearts perfused 

with KN-93 also responded initially with negative inotropy that lasted for one or two 

minutes.  This was a distinct behaviour of the drug when it was perfused during the last 

5 minutes of ischaemia. 

 The depressed contractile activity (RPP, figure 2.8D) associated with ischaemia 

was more pronounced in PreKN-93 hearts.  After 34 minutes of CAO, this was 

significant when the RPP of the PreKN-93 group (36.0 ± 5.2% of baseline) was 

compared to the ReperKN-93 group (67.7 ± 4.1%).  The main component for this 

depression was the decreased HR (figure 2.8B) rather than the decreased LVDP (figure 

2.8C), although none were significantly different as sole parameters.   

Reperfusion brought a momentary period of bradycardia which was significantly 

greater within the PreKN-93 group than ReperKN-93 group.  Some compensatory 

positive inotropy meant that overall myocardial work (RPP) for all groups was similar.  

Both KN-93 groups had one incidence of Vfib during reperfusion, whilst none were 

instigated with the PreKN-92 group and four incidences occurred within the Control 

hearts.  During further reperfusion, the preKN-93 group’s heart rate did not recover to 

the same degree as the Control heart rate (significant mean difference of 21.6% at 90 

min and 23.1% at 120 min reperfusion) or the preKN-92 group (significant mean 

difference of 24.9% at 90 min reperfusion).  However, the preKN-93 group RPP was 

comparable to the other groups at end of the experiments due to a non significant 

improvement in the contractile force.  
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2.3.5. STUDY 2(B): 

Inhibition of CaMKII During Preconditioning 

Study 2(B) examined the effect of treating heart with a pharmacological inhibitor of 

CaMKII (KN-93), during IPC stimulus, or at reperfusion in preconditioned hearts. 

 

Infarct size data 

The primary endpoint of this study was myocardial infarct size expressed as a 

percentage of the risk zone volume (figure 2.9).  Infarct size was 41.1 ± 3.9% in control 

experiments.  An IPC intervention (3 x 3) significantly reduced the infarct size to 18.8 ± 

3.7%, a reduction of 54% when compared to controls.  The presence of KN-93 (2 µM) 

during the IPC intervention (preKN-93&IPC) produced a reduction in infarct size to 

10.5 ± 2.5%, a relative reduction of 74% when compared to controls.  IPC maintained a 

low infarct size of 22.1 ± 4.2% (a 46% reduction) when KN-93 (2 µM) was present 

during the reperfusion period (IPC&reperKN-93).  An added protection was suggested 

when the hearts were pre-treated with KN-93 and IPC, but this was not significantly 

different to IPC alone. 
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Figure 2.9: The infarct size expressed as a percentage of the risk zone volume for 

Study 2(B).  Hearts subjected to an IPC intervention in the presence of KN-93 (2 µM) 

maintained their cardioprotective phenotype.  Perfusion of KN-93 (2 µM) at 

reperfusion, after an IPC protocol had been initiated also maintained significant infarct 

limitation.  N number for each experimental group is given in table 2.2.  * Significantly 

different from Control (P<0.05, One way-ANOVA + Newman-Keuls post-hoc) 

 

Coronary flow and contractility data 

In the preKN-93&IPC group, a final haemodynamic measurement was made during the 

stabilisation period (at 14 minutes), in the presence of KN-93 (2 µM). This pre-

treatment prior to an IPC intervention significantly increased the CFR (129.2 ± 12.2%) 

above baseline values and the other treatment groups (figure 2.10A).  This significance 

was maintained after 5 minutes of ischaemia but was reversed by the 15
th

 minute as 

CFR fell to 55.1 ± 3.5% of baseline readings.  A non-significant increase in CFR was 

measured when KN-93 was perfused 5 minutes before reperfusion (mean difference 

17.8% with Controls).  All groups had an equivalent CFR when the ligature was 

released and at termination of the experiments. 
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Figure 2.10: Time course of (A) Coronary Flow Rate, (B) Heart Rate (C) Developed 

Pressure and (D) Rate Pressure Product, expressed as a percentage of the baseline 

values during Study 2(B).  Each point represents mean values for the treatment groups 

taken during the periods of Stabilisation (-20 to -1 min), Ischaemia (5 to 34 min and 

shaded area) and Reperfusion (36 to 155 min).  For clarity the SEM bars were 

withdrawn from the figures and is stated in the text.  N number for each experimental 

group is given in table 2.2. * p<0.05 (repeated measures ANOVA) to a given group 

described in text. P, primary reading; B, baseline reading. 

 

  

 

 

(D) 

(B) (A) 

(C) 
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The final stabilisation measurement within the preKN-93&IPC group (figure 

2.10) demonstrates the enhancement in contractile function when there is an increase in 

coronary flow (Gregg effect).  The magnitude of increased myocardial workload (RPP, 

figure 2.10D) was variable amongst these treated hearts.  As such, the groups’ 

contractile parameters were not significantly different to one another (RPP of preKN-

93&IPC, 126.6 ± 10.6 vs. RPP of Control, 96.6 ± 5.2%). 

 No further significance was found between the hearts of IPCx3 or the hearts 

subjected to IPC and KN-93 treatment prior or after the CAO.  The perfusion of KN-93 

at end of ischaemia had a negligible rise in contractile activity, whilst the pre-ischaemic 

treatment of KN-93 kept the overall RPP to 40.2 ± 2.9% of baseline values.  The 

incidences of Vfib during the first minute of reperfusion were more frequent within this 

study with: Controls 4/12; IPCx3 4/10; preKN-93&IPC 2/5; IPC&KN-93reper 3/6.  All 

parameters at the end of the experiments were comparable to one another. 
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2.3.6. STUDY 2(C): 

Inhibition of CaMKII During Postconditioning 

Study 2(C) examined the effect of treating the heart with a pharmacological inhibitor of 

CaMKII (KN-93), in parallel with a postconditioning intervention (6 x10 cycles). 

 

Infarct size data 

The primary endpoint of this study was myocardial infarct size expressed as a 

percentage of the risk zone volume (figure 2.11).  Infarct size was 30.1 ± 2.6% in 

control experiments.  There was no significant difference in the infarct size of hearts 

that underwent a postconditioning intervention of 6 x10 cycles (24.8 ± 2.7%).  

Inhibition of CaMKII with KN-93 during reperfusion also resulted in infarct size (25.5 

± 5.4%) comparable with the controls and postconditioning group.  Postconditioning in 

the presence of KN-93 had no significant effect on infarct size (39.5 ± 6.2%).  In fact, a 

trend towards an increase in infarct size (additional 55-60%) was seen when these two 

interventions were combined although some variability existed in the group. 
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Figure 2.11: The infarct size expressed as a percentage of the risk zone volume for 

Study 2(C).  Postconditioning or the treatment of KN-93 at reperfusion has comparable 

infarct size to controlled experiments.  Combining postconditioning and KN-93 

treatment had a non significant increase in infarct size. N number for each experimental 

group is given in table 2.2. 

 

 

Coronary flow and contractility data 

The CFR for all groups was comparable during stabilisation and CAO (figure 2.12A).  

An non-significant rise occurred with KN-93 treatment prior to reperfusion.  When this 

was combined with postconditioning a significant but variable rise to 123.8 ± 13.3% of 

baseline levels occurred.  This was reversed by 30 minutes of reperfusion, with all 

groups having comparable CFR at termination of experiment. 

  The primary RPP reading (figure 2.12D) of the hearts subjected to 

postconditioning and KN-93 treatment (postconKN-93) was significantly less than the 

hearts subjected to postconditioning alone.  KN-93 treatment at the end of ischaemia 

brought a significant increase in overall contractility to hearts in the postconKN-93 
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group, but only a non significant rise in the heart rate of those treated only to KN-93 

(KN-93reper). 
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Figure 2.12: Time course of (A) Coronary Flow Rate, (B) Heart Rate (C) Developed 

Pressure and (D) Rate Pressure Product, expressed as a percentage of the baseline 

values during Study 2(C).  Each point represents mean values for the treatment groups 

taken during the periods of Stabilisation (-20 to -1 min), Ischaemia (5 to 34 min and 

shaded area) and Reperfusion (36 to 155 min).  For clarity the SEM bars were 

withdrawn from the figures and is stated in the text.  N number for each experimental 

group is given in table 2.2. * p<0.05 (repeated measures ANOVA) to a given group 

described in text. P, primary reading; B, baseline reading. 
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Return of reperfusion instigated Vfib in all groups and was more prevalent in this study, 

with every heart in the postconditioning group (6/6) and majority of the control group 

(4/7) developing Vfib.  Although sample numbers were low, KN-93 limited the Vfib 

occurrence to one out of four hearts.  Thus, no contractile data was available for the 

postconditioning group at 1 min of reperfusion and is marked as zero on figures 2.12(B-

D). Overall myocardial work for postconKN-93 was high during the early stages of 

reperfusion.  Interestingly, whilst significant improvement was maintained during the 

first 30 minutes of reperfusion, the HR continued to drop to significant levels at 60 

minutes.  The KN-93reper and postconKN-93 had similar HR at termination of 

experiment, 20% lower than the controls and postconditioning group.  Overall 

contractility (RPP) for the groups was the same. 
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2.4. Discussion 

The studies’ major findings are summarised as follows:   

- The CaMKII inhibitor KN-93 is protective against ischaemia-reperfusion injury, if 

administered before ischaemia but not during reperfusion.  This suggests that CaMKII 

at some stage in ischaemia promotes cellular injury. On these grounds, the first 

hypothesis that CaMKII activation at reperfusion promotes irreversible injury can be 

rejected.  However, the KN compounds could have non-specific activity and this 

warrants further investigation as the inactive analog, KN-92, demonstrated some degree 

of protection when perfused prior to ischaemia. 

- Postconditioning is not as robust as IPC in limiting infarct size in a rat isolated heart 

model of acute myocardial infarction.  The inhibition of CaMKII with KN-93 does not 

abrogate the protective effect of IPC when administered at the time of the IPC stimulus 

or at reperfusion, although an additive protective effect of IPC and CaMKII inhibition is 

possible.  These data suggest that cardioprotection by IPC does not require a functional 

CaMKII, and thus leads to rejection of the second hypothesis that under IPC conditions, 

CaMKII promotes cardioprotection.  No significant protection was conferred with a 

postconditioning intervention, although, the addition of a CaMKII inhibitor during the 

intervention seemed to promote further injury.  Further studies are needed to investigate 

the activity of CaMKII during postconditioning. 
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2.4.1. CaMKII Promotes Cellular Injury During Ischaemia 

The basis of the first hypothesis lies in previous research demonstrating that I-R and 

other pathological diseases involve CaMKII activity to promote cellular injury (Zhu et 

al., 2003; Li et al., 2007; Vila-Petroff et al., 2007).  Study 2A, confirms this general 

perception of CaMKII since the presence of KN-93 during ischaemia significantly 

reduced infarct size.  This is in agreement with research that used genetically modified 

CaMKII (Li et al., 2007; Yang et al., 2006) or pharmacological inhibition of the kinase 

(Vila-Petroff et al., 2007; Salas et al., 2010) to prevent I-R injury.  However, a disparity 

exists with the conclusion of Mattiazzi’s studies (Vila-Petroff et al., 2007; Salas et al., 

2010) that pharmacological inhibition of CaMKII, with KN-93 (2.5 µM), prevents 

reperfusion injury.  In study 2A, the treatment of the same inhibitor at a similar 

concentration did not prevent irreversible injury if it was only administered at 

reperfusion.  This confirms the findings of Lange et al. (2009) which used a bolus of 

KN-93 when reperfusion was initiated.  A slightly different model of 45 min global 

ischaemia was used by Vila-Petroff et al. (2007) and Salas et al. (2010), but their 

protocol also involved a 10 minute pre and post-ischaemic treatment with the inhibitor.  

This suggests that KN-93 must be present during early ischaemia for any protection to 

occur.  

Mattiazzi’s detailed western blot analysis suggested the window of CaMKII 

activity (measured by phosphorylation of the PLB Thr
17

 site) during the first minutes of 

reperfusion was the cause of irreversible injury.  Uemura et al. (2002) also reported that 

there was a restrained autophosphorylation state of CaMKII under ischaemic conditions 

and at reperfusion.  But, Mattiazzi’s studies were not conclusive on whether treatment 

with KN-93 specifically conferred protection during reperfusion.  A NCX inhibitor, 

KBR7943 administered in a similar protocol to KN-93, limited PLB Thr
17 
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phosphorylation at reperfusion, but no evidence for the actions of KN-93 treatment was 

given.  Thus either KN-93 is ineffective in competing with CaMKII during the short 

window of its activation at reperfusion; or CaMKII augments injury that has already 

been sustained during the ischaemic period.  The latter concept would have to consider 

the lack of phosphorylation reported on the Thr
287

 site during ischaemia.  Another 

CaMKII status (i.e. oxidation at Met
280/281

) could be responsible for the injury. 

The significant amount of salvaged tissue with pre-ischaemic treatment of KN-

93 did not improve the hearts’ overall contractility or CFR at the end of 

experimentation.  The hearts showed signs of bradycardia with KN-93 treatment but not 

with KN-92 treatment, indicating that this reduced rate was a product of CaMKII 

inhibition.  If cardiac function had been used as the end point of injury, as measured in 

the studies by Dhalla’s group (Osada et al., 2000) and Benter et al. (2004), then the 

studies on CaMKII inhibition during ischaemia would not have shown any beneficial 

effect.  Yet, CaMKII is a vital component of E-C coupling and this outcome would be 

expected.  One interesting observation was that the RPP at the end of ischaemia was 

lower after pre-treatment of KN-93, than in all other groups in study 2A and study 2B.  

A limitation in ATP utilisation during ischaemia with CaMKII inhibition can not be 

ruled out as a possible mechanism of its cardioprotection.  However, it needs to be 

emphasised that functional measurements in the present model are subsidiary to infarct 

size.  Regional ischaemia models do not have sufficient sensitivity to reliably determine 

changes in global LV contractility.   



 

 117 

2.4.2. The Non-specific Activity of the KN Compounds 

The negative control, KN-92, demonstrated some degree of cardioprotection (27% 

lower infarct than controls) when perfused prior to an ischemic insult (study 2A).  It 

matched the KN-93 increase in CFR during the stabilisation period and incurred no 

incidences of Vfib during the first minute of reperfusion.  KN-93 and KN-92 are 

structurally similar, but differ in that KN-93 can compete with CaM for the binding site 

of CaMKII regulatory domain.  Studies have revealed that the KN compounds can 

specifically inhibit the activity of the LTCC (Gao et al., 2006) and the Kv channels 

(Rezazadeh et al., 2006).  This could be one explanation for the anti-arrhythmic 

activities of KN-92 during reperfusion.  The vasodilator effect of the KN compounds 

could also be due to effects on the LTCC, as demonstrated by the active hyperaemia 

associated with LTCC blockers.  However, KN-92 did not match the bradycardia 

initiated by KN-93.  This suggests that the concentration used in this study was not 

sufficient to prolong action potential duration (via the inhibition of the Kv channels) and 

that it was specifically an inhibitory role of CaMKII. 

The potency and permeability of KN-93 has made it a favoured pharmacological 

inhibitor of CaMKII in this study and several other published studies.  Other research 

has not revealed the same degree of activity for KN-92.  Contradicting the anti-

arrhythmic activities in study 2A, it failed to emulate KN-93 in reducing atrial 

fibrillation (Chelu et al., 2009) and post-acidosis arrhythmias (Said et al., 2008).   

Research specifically looking at cell death has also reported no significant effect of KN-

92 in models of liver I-R injury (Tsung et al., 2007), neuronal cell death (Takano et al., 

2003) or oxidative stress (Palomeque et al., 2009). 
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2.4.3. Postconditioning is Not as Robust as IPC in Limiting Infarct Size 

Although the widespread notion is that postconditioning of the heart can limit I-R injury 

(Zhao et al., 2003; Hausenloy and Yellon, 2006), the data presented here are in 

agreement with other recent research (Dow and Kloner, 2007; Manintveld et al., 2007) 

that has failed to emulate the current trend.  IPC successfully reduced infarct size by up 

to 56% when compared to controls confirming that a mechanical intervention prior to an 

ischaemic insult is robustly cardioprotective in rat hearts ex vivo.  A 39% reduction in 

infarct size was obtained in the 2 x 3 min IPC group and an additional IPC cycle (3 x 3 

min) limited infarct by up to 56% in comparison to the controls.  While the two IPC 

groups were not significantly different to one another a 'dose-dependency' of 

preconditioning has been described previously (Sandhu et al., 1997).  The IPC stimulus 

increased the CFR prior to the CAO (data not shown) which is reported to be an effect 

of adenosine release and KATP channel opening (Akatsuka et al., 1994).  Only the 3 

cycle stimulus caused a significant improvement in CFR after 30 min and 60 min of 

reperfusion, which was then lost at the end of the protocol. 

Postconditioning with the 6 x 10 sec intervention showed a minor trend towards 

protection (13-26% reduction in infarct size), but this was not significant.  Several 

studies, reviewed by Crisotomo et al. (2006) demonstrated that the cardioprotective 

effect of postconditioning is less than that of IPC, but the degree of protection reported 

was a minimum of 36% relative to the controls.  A large variance (infarct size range 6-

50%) within the groups could indicate that either a variable amount of irreversible 

damage was caused during ischaemia or that postconditioning only salvages tissue 

under meticulous conditions that have yet to be established. 

The optimum duration of the occlusion and subsequent reperfusion during 

postconditioning is unknown, but data here and in the literature do indicate that shorter 
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cycle durations favour the hearts of smaller species such as the rat (Crisotomo et al., 

2006).  The infarct size was 44% less when postconditioning with 6 x 10 sec was used, 

than when the longer occlusion duration of 3 x 30 sec was used.  But due to the variance 

within each of these groups, this difference did not reach statistical significance.  The 

brief increase in CFR after postconditioning with 6 x 10 sec also suggest the release of 

autacoids such as adenosine were in effect, but did not mediate further protection. 

 

2.4.4. Inhibition of CaMKII Does Not Abrogate the Protective Effect of IPC 

IPC successfully protected the heart from subsequent I-R injury.  However, the original 

hypothesis that IPC is mediated by CaMKII can be rejected, as perfusion of the CaMKII 

inhibitor KN-93 either during the trigger phase of IPC (10.5 ± 2.5%) or during the early 

reperfusion period after an IPC stimulus (22.1 ± 4.2%) did not abolish this protection.  

Instead, an added protection occurred when the drug was perfused in conjunction with 

an IPC stimulus.  Li et al. (2007) have also reported additive cardioprotection with IPC 

and CaMKII inhibition during I-R, although their model used mutant mice.  This 

contradicts Osada et al. (2000) and Benter et al. (2004) who used KN-93 to abrogate the 

protection afforded with IPC.  The treatment protocols varied slightly to the ones used 

in study 2B, in that treatment of KN-93 was given prior to the IPC rather than during 

the IPC cycles or at reperfusion.  This pre-treatment eradicated the improved contractile 

recovery of IPC in both studies, which also correlated well with the SR Ca
2+

 uptake 

reported by Osada et al. (2000).  As seen with the data in study 2A, KN-93 can 

influence the cardiodynamics of the heart, but when using infarct as a final end point of 

injury, this modification is cardioprotective.  The cardiodynamic data for the IPC 

groups did not improve in study 2B, but did so at occasions during reperfusion in study 

1 further demonstrating that these surrogate measures of injury are unreliable.  Also, 
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IPC did not reduce the incidence of Vfib even with KN-93 treatment, indicating that an 

unknown pro-arrhythmic mechanism was in place at the return of reperfusion. 

IPC is known to protect with a range of triggers and mediators such as activation 

of the KATP channel and the RISK pathway.  As CaMKII inhibition during ischaemia 

limits irreversible injury, it could be speculated that IPC might also protect against I-R 

injury by limiting CaMKII activity.  The added protection with IPC and KN-93 

treatment could also indicate that a dose dependent limitation in CaMKII activity 

occurred.  However if KN-93 at 2 µM concentration completely abolishes CaMKII 

activity, then it might suggest that there are separate mechanisms of protection at work.  

Further research is needed to determine if these stimuli work together or are different to 

one another in achieving protection from I-R. 

Inhibiting CaMKII during postconditioning, although not significantly different 

to the other groups, had a moderate adverse effect on the intervention.  The infarct size 

after postconditioning in study 2C ranged between 15-32% whereas the presence of 

KN-93 increased this to between 28-56%.  One documented mechanism of 

postconditioning protection is its effect on the Ca
2+

 handling of the SR.  Whether 

CaMKII inhibition by KN-93 would limit this beneficial activity remains to be seen in 

models that show significant protection by a postconditioning intervention.  In the 

absence of a successful postconditioning protocol in these studies, further investigations 

were not implemented. 
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2.5. Conclusion 

The data reported here suggest that CaMKII has a pro-injury role during ischaemia but 

is not a potential pharmacological target during the early reperfusion period.  However, 

caution is needed when using KN-93 as non specific activity of the drug could 

contribute to the outcomes.  This makes its analog KN-92 an essential tool as a negative 

control.  IPC could mediate some of its protection by regulating CaMKII rather than 

supplementing its activity.  It is possible that the two interventions are mechanistically 

distinct as the combination of the two is additive.  Postconditioning is not as robust as 

IPC in limiting infarct size.  In my hands, postconditioning was ineffective and it 

remains to be seen if CaMKII plays any role in this phenomenon.   
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CHAPTER 3:  

In Vitro Model of I-R with H9c2 cells 
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3.1. Introduction 

3.1.1. In Vitro Models of Ischaemia-Reperfusion Injury 

In vitro models of I-R have been developed to simulate the pathological state of cellular 

injury.  In doing so, several advantages are gained over whole heart models (Marber et 

al., 2000).  These include:  the manipulation of the extracelluar environment; isolation 

of cells from the influence of vascular, hormonal and neuronal components; prevention 

of interaction with other cells of a different type; description of pharmacological actions 

at a single cell level; genetic manipulation; and increased specificity in targeting the 

signalling pathways.  The disadvantages with the in vitro studies are that they lack all 

the components of in situ conditions of I-R insult; and the cell phenotype may not match 

those of the whole heart level. 

The current models that mimic I-R injury are based on depriving the cells of 

substrates.  This has been done by limiting glucose in the medium (Matsui et al., 2007; 

Lynn et al., 2008); arresting glycolis with the substitution of compounds such as 2-

deoxyglucose (2-DG, Agnetti et al., 2005); or lowering the oxygen levels to conditions 

of hypoxia/anoxia (Hwang et al., 2008; Lynn et al., 2008).  Matching the composition of 

extracelluar ischaemic conditions with high sodium and lactate concentrations, or a 

decreased pH level can also add to the models’ authenticity (Esumi et al., 1991; Lee et 

al., 2007).  A large amount of oxidative stress is generated during I-R injury, and thus 

studies have replicated this by treating cells with H2O2, which is a direct product of 

superoxide from the mitochondria (Brookes et al., 2004).   

The phenomena of IPC and postconditioning have also been simulated at the 

cellular level (Budas et al., 2004; Sun et al., 2005).  This has confirmed that the 

protection afforded by such strategies is inherent to cardiac myocytes (Diaz and Wilson, 
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2006).  Many methods have been developed to determine the cells’ viability after these 

cardioprotective strategies.  The advantage of using a cell based model is that it can 

differentiate between cell death by necrosis or apoptosis.  The latter process will require 

a longer duration for it to become apparent in order to allow such hallmarks as DNA 

fragmentation to occur (Diaz and Wilson, 2006).  In doing so, the ends of the nucleic 

acids can then be labelled by terminal deoxynucleotidyl transferase dUTP nick end 

labeling (TUNEL).  However, more rapid determination of cells that are permeable to 

staining dyes, such as trypan blue or propidium iodide can be done if the sarcolemma is 

damaged.  The uptake of dyes allows the damaged cells to be quantified by microscopic 

examination.  A colorimetric assay can also be used to determine the quantity of 

enzymes such as creatine kinase or lactate dehydrogenase (LDH) that have been 

released into the extracellular medium as a result of cell death.  Alternatively, a 

reducible reagent (MTS, see section 3.2.4.2) can be specific for intracellular 

dehydrogenase enzymes that will determine if the cells are still viable or not.  All in all, 

in vitro models and measurements of cellular injury and viability have become common 

methods in assessing various cardioprotective strategies.  Combined with other 

molecular, genetic, biochemical and pharmacological techniques they can help to 

elucidate key mechanisms and signalling components that are at work in limiting or 

stimulating cellular injury. 

 

3.1.2. In Vitro Models of Cellular Injury by CaMKII Activity 

A variety of in vitro models have investigated the possible role of CaMKII activity in 

promoting cellular injury.  Chronic exposure of cardiac myocytes to angiotensin-II, 

oubain, β-adrenergic stimulation and H2O2 are all reported to have caused cell death by 

the uncontrolled activity of CaMKII (Zhu et al., 2003; Palmoeque et al., 2009; Sapia et 
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al., 2010).  These studies have suggested that pathological conditions that continually 

subject cells to an enhanced Ca
2+

 entry (via LTCC or the reverse mode NCX) or its 

mishandling by the SR lead to various cell death pathways.  Yet, if CaMKII inhibitors 

are present in these models, a significant amount of damage can be prevented.  

Accordingly it has been proposed that CaMKII is a key mechanism for these 

pathological pathways.  However, an interesting exception has been suggested by 

Palmoeque et al. (2009).  That is, the generation of oxidative stress by continued 

angiotensin-II stimulation can lead to CaMKII activity and apoptosis at subdiastolic 

[Ca
2+

]i.  Twenty four hours of angiotensin-II stimulation in quiescent rat cardiac 

myocytes led to cell death in the absence of changes to the [Ca
2+

]i.  Various conditions 

were altered to demonstrate that CaMKII was the key mechanism of apoptosis and not 

[Ca
2+

]i, including compartmentalised Ca
2+

 (via activation of the IP3R), phosphatases or 

ROS.  Further analysis suggested that the downstream trigger for apoptotic cell death 

was CaMKII regulation of p38MAPK and its disruption of the Bax/Bcl-2 proteins.  

Other studies have confirmed that the activation of CaMKII is promoted with prolonged 

H2O2 treatment (Zhu et al., 2007; Peng et al., 2010).  Peng et al. (2010) have recently 

suggested that it is isoform specific as overexpression of CaMKIIδB promoted cell 

viability during H2O2 treatment whilst overexpression of CaMKIIδC exacerbated cell 

injury.  

Few in vitro models have investigated CaMKII with regard to simulated I-R 

injury.  Vila-Petroff et al. (2007) subjected isolated cardiac myocytes to an acute period 

(45 minutes) of simulated ischaemia solution (high sodium-lactate, high K
+
, acidosis, no 

glucose).  When the cells returned to normal physiological solution, cell death was 

accompanied by hypercontracture and Ca
2+

 overload, which CaMKII inhibitors, KN-93 

and AIP, were successful in preventing.  Zhu et al. (2007) used a variety of extracellular 
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conditions to challenge cardiac myocytes expressing a dominant negative CaMKIIδC.  

Twenty four hours of chronic stimulation with H2O2, acidosis or hyperkalaemia 

promoted apoptosis.  But when CaMKII was suppressed, a significant reduction in 

TUNEL-positive cells was measured. 

Due to the reported non-specific activity of the KN compounds, corroboration of 

another inhibitor is usually used to confirm a CaMKII role.  Peptides are inefficient in 

passing the cell membrane when perfused in the Langendorff heart.  However, in a cell 

culture model there is sufficient time for the peptides to penetrate the cell membrane 

due to uptake through lipophilicity.  Also, higher concentrations can be more effectively 

and economically achieved.  A more specific inhibitor of CaMKII, AIP (Ishida et al., 

1995) can thus be adopted.  CaMKII is also involved with multiple targets within the 

cell and several key hypotheses can be raised and tested within an in vitro model.   Thus 

the aim of this chapter was to replicate the conditions of chapter 2 within an in vitro 

model and test the effects of two separate pharmacological inhibitors of CaMKII.   
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3.1.3. Hypothesis 

The aim of these studies was to develop an in vitro model of I-R injury and to 

investigate whether the pharmacological inhibitors of CaMKII afforded protection at 

this cellular level.  Using the H9c2 cell line, two models of cell death was used.  The 

first involved the simulation of the ischaemic extracelluar conditions (high lactate, high 

K
+
, acidosis) and reperfusion.  The second study involved prolonged exposure to 

oxidative stress and glucose deprivation.  Two pharmacological inhibitors of CaMKII, 

KN-93 and AIP, were used in order to determine the involvement of CaMKII activity.  

The inactive analog of KN-93, KN-92 was also used as a control for the unspecific 

activity of these compounds. 

 

It was hypothesised that:  

CaMKII inhibitors will promote cell viability in a model of cellular injury by simulated 

I-R or by oxidative stress.   

 

3.1.4. Specific Objectives 

(A) Develop an in vitro model of cell death and injury that simulated the conditions of 

ischaemia.   

(B) Test whether CaMKII inhibition with KN-93 or a more specific inhibitor, AIP, 

protected against cell death within the model and use KN-92 as a negative control. 

(C) Further investigate possible downstream mechanisms of protection with CaMKII 

inhibition. 
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3.2. Materials and Methods  

The organic CaMKII inhibitor KN-93 (water soluble), the inactive analog KN-92 and 

the cell permeable autocamtide-2 related inhibitory peptide II (AIP) were purchased 

from Calbiochem (Nottingham, UK).  KN-92 and AIP were dissolved in DMSO (final 

DMSO concentration in the solution was 0.07% and <0.03% respectively). 

 

3.2.1. The H9c2 Cell Line 

H9c2 cells are derived from embryonic rat heart.  They can proliferate into myoblasts or 

differentiate into non-proliferating myotubes if the serum, that contains natural 

differentiating inhibitors, is withdrawn from the medium (Kimes and Brandt, 1976).  

The cells have been thoroughly characterised since their first isolation by Kimes and 

Brandt (1976) and have maintained many of the functional properties found in adult 

cardiac myocytes (Hescheler et al., 1991; Sipido and Marban, 1991; Lax et al., 2005).  

They can simultaneously contract and produce action potentials (Kimes and Brandt, 

1976), which are characteristic of the cardiac action potential (Hescheler et al., 1991; 

Sipido and Marban, 1991).  The mitochondria are sensitive to the intracellular Ca
2+

 

pools and respond to agents that release Ca
2+

 from the SR (Lax et al., 2005).  A skeletal 

muscle isoform of the α1S subunit of the LTCC is adopted upon differentiation into 

myotubes, although this is reversible with retinoic acid stimulation (Menard et al., 

1999).  Some other characteristics of skeletal muscle cells have also been compared to 

the H9c2 cells. These include a smaller t-tubule system and an acetylcholine response 

that is characteristic of skeletal myocytes rather than cardiac myocytes (Kimes and 

Brandt, 1976).  The authors concluded that muscle cell lines that are in long term 
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culture will tend to have similar characteristics as they are all derived from the 

embryonic mesoderm. 

The cell line has been used in several studies that have investigated I-R injury at 

the cellular level.  When introduced to models of hypoxia-reoxygenation and serum 

withdrawal, loss of mitochondrial function and the up-regulation of pro-apoptotic 

factors such as caspases and Bax accumulation induced cell death by apoptosis 

(Bonavita et al., 2003).   In a similar model, Hou and Hsu (2005) used GFP to monitor 

the translocation of the Bax protein to the mitochondria, allowing further analysis of 

this apoptotic pathway.  When the cells were introduced to the metabolic inhibitor 

rotenone (5 µM), they quickly adopted features of necrosis (rupture of cytoplasmic 

membrane) that was independent of caspase activation (Yaglom et al., 2003).   This 

mode of cell death that occurred within a 4 hour time frame was preceded by the 

generation of ROS and the depolarisation of mitochondrial membranes.  Sardao et al. 

(2007) have also reported that oxidative stress (by tert-butylhydroperoxide treatment) 

alone generated sufficient ROS to cause cell death that had characteristics of membrane 

blebbing and Bax accumulation around the mitochondria.  The cells also possess 

endogenous capabilities of protection.  Preconditioning with cycles of hypoxia-

reoxygenation (Sakamoto et al., 1998; Jiao et al., 2008) or metabolic stress (Kabakov et 

al., 2002) have all been reported to limit cell injury and promote cell viability.  Also, 

postconditioning models that include short cycles of hypoxia-reoxygenation at the end 

of the ischaemic insult have recently been described (Mykytenko et al., 2008;  Zhu et 

al., 2011).   

Hoch et al. (1998) reported that various isoforms of CaMKII (δC, δB, δD, δI) are 

expressed in H9c2 cells.  The isoforms were revealed to be dependent on the 

differentiation state of the cell line, with the exception of the δC isoform which always 
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preserved a dominant expression.  The sub-cellular localization of CaMKII was 

identified to such structures as the plasma membrane, SR and the perinuclear region.  

These loci are similar in adult cardiac myocytes, although the translocation of 

CaMKIIδB to the nucleus was weak.  However, when hypertrophy was stimulated in the 

cells by IGF-II treatment, the increase in cell size could be reversed with a CaMKII 

inhibitor cocktail (Chu et al., 2008).  Up regulation of genes after vasopressin 

(Woischwill et al., 2005) or digoxin (Chen et al., 2011) treatment has also been reported 

to be CaMKII sensitive.  Whether CaMKII is involved in simulated I-R injury in H9c2 

cells has not been investigated. 

 

3.2.2. Cell Maintenance 

H9c2 cells were purchased from the European Collection of Cell Cultures and grown in 

75cc vented flasks, with high glucose Dulbecco’s modified Eagle’s medium (DMEM, 

Invitrogen, components listed in appendix 1.1) that was supplemented with 10% fetal 

calf serum (HyClone, Peribo) at 37
o
C, 5% CO2.  To maintain the myoblast phenotype 

the cells were split when they reached a confluence of 60-70%.  This was done by: 

washing the cells briefly with phosphate buffered saline (PBS; Invitrogen, components 

listed in appendix 1.2), trypsinizing the adherent cells by adding 3 ml of TrypLE 

Express (Invitrogen) and incubating the cells for 2 minutes to dissociate the cells from 

the flasks, re-suspending the cells in DMEM and then transferring appropriate aliquots 

to new culture flasks.  Each passage was recorded numerically with the addition of 1 

point to every splitting procedure.  All experiments involved cells with passage numbers 

up to 20, with 0 considered as the original purchased passage number. 
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3.2.2.1 Cell Preparation/Subculture 

Several culture flasks were used to harvest cells for each experiment.  After the addition 

of trypsin, the cells were centrifuged (at 110 x g for 5 min) and re-suspended into a 

smaller volume of medium.  Counting the cells with a haemocytometer allowed seeding 

densities to be approximated prior to each experimental investigation.  All cells were 

seeded at a density of 3x 10
4
 (unless stated), in a 24 well plate.  Each treatment group 

contained three wells and the plates were left overnight in growth medium before the 

investigation. 

 

3.2.3. Characterisation of the Cells 

3.2.3.1. Dual Labelled Imaging 

Cells were seeded (1x 10
5
) overnight in a 35 mm glass bottom culture dish (MatTek 

Corporation).  After washing with PBS, cells were fixed in 2% paraformaldehyde (in 

PBS) for 15 min.  Cells were then washed with PBS prior to 10 min incubation with 

Triton X-100 (0.1%).  PBS containing Rhodamin-Phalloidin (1 µg/ml) and Hoechst 

33342 (0.5 µg/ml) were used for the staining (15 min room temperature) of the 

myofilaments and nucleus respectively.  The fluorescent imaging was done with a 

widescope microscope (Leica, DMIRB) at x63 magnification. 
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3.2.4. In Vitro Models of Cell Injury 

3.2.4.1. Experimental Design and Treatment Groups 

Two methods were used to induce cell death and injury.  The first study used the 

metabolic inhibitor 2-deoxyglucose (2-DG) and an ionic composition similar to that of 

extracelluar ischaemic conditions (Esumi et al., 1991).  This was composed of (in mM), 

NaCl 137, KCl 12, MgCl2 0.49, CaCl2 0.9, HEPES 4, 2-DG 10, sodium lactate 20, 

adjusted to a pH of 6.5 (with NaOH).  The removal of glucose and its replacement with 

its analogue 2-DG was intended to arrest metabolism by inhibiting hexokinase (Horton 

et al., 1973).  The addition of sodium lactate, lowering of the pH and the high K
+
 

content (hyperkalemia) imitates the extracelluar conditions in the heart exposed to 

ischaemia (Brar et al., 2000).  Lack of blood and oxygen are needed for the term 

‘ischaemia’ to be used, strictly speaking, but this solution was designated as ‘ischaemia-

mimicking’ within this study.  A modified Krebs-Henseleit solution (in mM, NaCl 137, 

KCl 3.8 mM, MgCl2 0.49, CaCl2 0.9 mM, HEPES 4, D-Glucose 10) adjusted to pH 7.4 

(with NaOH), was used as the physiological buffer.  This was given to the control group 

as a time-matched control, as the pre-treatment solution and for the ‘reperfusion’ period 

where metabolism was restored for 2 hours (designated restoration period).  Both 

solutions were prepared prior to each experiment, sterilised with 0.2 µm syringe filter 

(Corning) and pre-heated to 37
o
C.  Preliminary studies without replication over a period 

of 2 to 24 hours (data not shown) had determined that a minimum of 14 hours of the 

ischaemic solution and 2 hours of restoration were needed to reduce the cell viability 

(assessed with an MTS assay) to below 50%.  

The second study involved mimicking the oxidative stress that occurs during an 

I-R insult.  Large generation of oxidative stress can lead to necrotic and apoptotic cell 

death (Brookes et al., 2004).  A longer period of 24 hours was used to mimic other 
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investigations with no restoration period (Zhu et al., 2007).  A manufactured DMEM 

medium that had the exclusion of glucose, pyruvate and serum with the addition of 

H2O2 was used to induce cell injury.  The control group for this study was the no 

glucose/serum DMEM that excluded the H2O2, as preliminary investigation revealed a 

50% reduction in cell viability by substrate withdrawal alone.  The addition of H2O2 

further reduced cell viability.  The H2O2 concentration reported within the literature that 

inflicts cell damage ranges between 20 µM to 200 µM or even higher (Zhu et al., 2007; 

Peng et al., 2010).  A concentration gradient within the ranges used by Zhang et al. 

(2007) of 20-50 µM was initially investigated and it was determined that 40 µM was 

sufficient to reduce cell viability by another 50%.  Further details of the treatment 

groups and the concentration used for each of the drugs are given below.  All solutions 

were prepared in sterile tubes and pre-heated to 37
o
C.   

 

Study 1: Metabolic inhibition and ischaemia-mimicking solution 

All cells including the controls were washed once with PBS prior to an hour of pre-

treatment with a physiological buffer and the respected agents.  The physiological 

solution was replaced with the ischaemia-mimicking solution for 14 hours.  Restoration 

of metabolism was initiated by the replacement of a physiological buffer and included 

changes for the control.  The drug treatments included (figure 3.1): two concentrations 

of the CaMKII inhibitor KN-93 (1 and 5 µM), its inactive analog KN-92 (5 µM), two 

concentrations of AIP (40 and 200 nM), and a DMSO control equivalent to the highest 

dissolved concentration (0.07%).  Cell viability was assessed by a colorimetric assay 

and involved an MTS reagent added to all wells for 2 hours, before being analysed by a 

multiplate reader (see section 3.2.4.2). 
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Figure 3.1:  Timeline of the experimental procedures for study 1.  Cells were seeded 

in three wells (all treatment groups were on one 24 well plate) for each treatment group 

the day before the experiments.  All groups were washed and subjected to their 

respective 1 hour pre-treatment in physiological solution. The ischaemia-mimicking 

solution including the respective treatment drugs or controls were applied to the cells 

for 14 hours. Restoration of metabolism was instigated for 2 hours prior to the addition 

of the MTS reagent for a further 2 hours. This enabled the measurements of activity of 

dehydrogenase enzymes to determine cell viability. The experiment was performed on 

three separate occasions.  

 

Study 2: Oxidative Stress and Glucose Deprivation 

A 10 mM H2O2 solution was freshly made with the no glucose DMEM, from a 30% w/v 

H2O2 stock solution (Fisher Scientific).  Stock concentrations of the drugs and the 10 

mM H2O2 solution were then added to the no glucose DMEM to make a final 40 µM 

H2O2 solution with the treatment groups (figure 3.2) respective drug concentrations.  

After one wash with PBS the cells were incubated for 24 hours with the oxidative stress 

solution.  The MTS assay was then performed as described below.    
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Figure 3.2:  Timeline of the experimental procedures for study 2.  Cells were seeded 

in three wells of a 24 well plate the day before the experiments.  After washing the cells, 

the respective drug treatments and the H2O2 solutions (40 µM) in no Glucose DMEM 

were added to the cells for 24 hours.  The MTS reagent was then added for a further 2 

hours before being assayed.  The drug concentrations mimicked those for study 1 except 

that only the highest concentration of KN-93 (5 µM) was tested. The experiment was 

performed on three separate occasions.  

 

3.2.4.2. Assessment of Cell Viability (MTS assay) 

To measure cell viability a tetrazolium compound [3-(4,5-dimethylthiazol-2-yl)-5-(3-

carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium, inner salt; or MTS] was 

added to the cells using the commercially available CellTiter 96® AQueous Non-

Radioactive Cell Proliferation Assay (Promega).  For each 100 µl of solution in the 

wells, 20 µl of reagent was added and incubated for 2 hours at 37
o
C.  The principle of 

the assay is that MTS is reduced into formazan in the presence of dehydrogenase 

enzymes, which are only present if the cells are metabolically active.  The quantity of 

the formazan is then measured according to its 490 nm absorbance (optical density, OD) 
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by a plate reader (Dynex Technologies, UK).  A blank well that contains no cells and 

thus no dehydrogenase, is created to measure the background absorbance of the culture 

medium or the solution that the cells are present in.  The equation below was then used 

to calculate the cell viability for each of the treatment groups by comparing them to the 

time-matched controls. 

 

Mean OD of treated cells – Mean OD of blank  (x 100)   =      Cell Viability  

Mean OD of control cells – Mean OD of blank    (as a % of control) 

 

To determine the efficacy of the MTS assay in measuring cell viability and 

death, a supplementary study was performed.  This involved a comprehensive analysis 

of cell death and viability during three similar time periods (14, 15 and 16 hours) of 

simulated ischaemia used in study 1.  These time periods identify a threshold of injury 

for the H9c2 cell line, as extending the ‘ischaemic’ period by one or two hours 

substantially increased the injury sustained by the cells.  Figure 3.3 shows a timeline of 

the cells subjected to 14, 15 or 16 hours of the ischemia-mimicking solution and then 

two hours of restoration.  Three measurements were then undertaken for these cells.  

The MTS assay as previously described was initiated in three wells with a sample from 

each of these wells also being used for the LDH assay (see next section).  Three more 

wells undergoing the same treatments were kept for measurements of the cells by 

Trypan blue exclusion (described below). 
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Figure 3.3: Timeline for the cell viability and death comparison.  Cells were treated to 

same ischaemic solution as study 1 for 14-16 hours and then 2 hours of restoration.  

Three measurements were used to determine the extent of cellular injury inflicted by the 

different indexes.  The MTS and LDH assay were performed from the same wells whilst 

additional wells were plated for the trypan blue count. 

 

3.2.4.3. Trypan Blue Exclusion 

A viable cell will hold an intact cell membrane and thus will exclude dyes such as 

trypan blue.  Although it is an indirect measurement of cell viability, as the cell may 

have lost its capacity to function even though the membrane is intact, it is a popular 

method to count the number of viable cells within a population.  Three wells were 

designated for this measurement.  The medium and cells for each individual well was 

collected (by adding 250 µl TrypLE Express) and centrifuged at 18000 x g for 5 min.  

The supernatant was discarded and the cell pellet was re-suspended in 50 µl medium 

without serum.  50 µl of trypan blue (0.4%, Sigma-Aldrich) was then mixed with the 

cell suspension and left for precisely 3 minutes.  A cell count was then initiated on a 

microscope using a haemocytometer.  The unstained (viable) and stained (nonviable) 

cells were then counted and calculated as a percentage of viable cells.  After 

centrifugation and resuspension, the total number of cells counted within the wells 

treated to the ischaemic-mimicking solution was approximately 15% lower than the 

wells treated with the physiological solution.  This indicates that a portion of the cells 
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had been completely degraded or were otherwise non-collectable and were not 

accounted for within this analysis. This is an inherent limitation of the technique since 

the cells that are counted are always still intact.   

3.2.4.4. LDH Assay 

When the sarcolemma is ruptured during necrotic cell death a stable cytosolic enzyme 

lactate dehydrogenase (LDH) is released into the solution.  The CytoTox 96® Non-

Radioactive Cytotoxicity Assay (Promega) measures the released LDH by reduction of 

a tetrazolium salt into a red formazan product.  As a positive control, lysis buffer (to 

stimulate 100% cell death, 9% v/v Triton X-100) is added to one group of time-matched 

controls.  After the 2 hour restoration period, 50 µl was taken from each well and added 

to a 96 well plate.  A further 50 µl of the LDH assay was added to each well for 30 

minutes before the reaction was terminated by another 50 µl of stop solution (1M acetic 

acid).  The absorbance (490 nm) of each well was then recorded on a plate reader and 

expressed as a percentage of the positive control (or complete cell death). 

 

3.2.5. Statistical Analysis 

All numerical data are presented as mean values ±SEM.  The statistical software 

PRISM® version 5.00 (Graphpad) was used to analyse all statistical data; with the 

spreadsheet Excel (Microsoft) used for some of the data handling.  Linear regression 

analysis was performed to determine the relationship between the MTS assay and the 

LDH assay or trypan blue counted cells.  A one-way ANOVA compared the mean 

scores of all treatment groups within each study, followed by a post hoc analysis 

(Newman-Keuls test).  A probability level of 5% (p<0.05) was defined as the level of 

significance. 
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3.3. Results 

3.3.1. Characterisation of Cells  

Imaging of H9c2 cells 

Bright field and dual labelled images (nucleus and myofilaments) of the H9c2 cells 

were captured on a widescope microscope (figure 3.4).  The bright field images depict 

the mononucleated myoblast as a flat two dimensional cell with an outer membrane.  

Figure 3.4A also shows that they link to each other by cytoplasmic bridges when 

grouped close to one another.  As originally described by Kimes and Brandt (1976), the 

nucleus contain two to four prominent nucleoli.  Staining for the actin filaments with 

rhodamine-phalloidin enhances the structural dimensions of the cell.  It makes obvious 

the spindle-shaped structure of the cells which also organise in linear parallel array 

when grouped together.  Nuclear staining brings out the single nuclei in each myoblast.  

Figure 3.4C is an example of the myoblasts immediately after cell division.  These cells 

have lost their spindle shaped structure and appear more like embryonic cardiac 

myocytes. 
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Figure 3.4: H9c2 cells fixed and dual labelled with Rhodamin-Phalloidin and 

Hoechst 33342.  (A) Brightfield image of two H9c2 myoblasts. (B) H9c2 cells grouped 

together or (C) after proliferating, captured by (1) brightfield image, (2) Rhodmain-

Phalloidin stained for actin filaments, (3) Hoechst 33342 staining for the nucleus, (4) 

merged fluorescence images.  All captured on a widescope microscope (Leica, DMIRB) 

x63 magnification. White bar measures 15 µm.  
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3.3.2. Extent of Cell Injury After Periods of Simulated I-R Injury 

Three different techniques were used to determine the viability of the cells after being 

subjected to a period of simulated I-R.  Preliminary investigations indicated that the 

cells had a critical threshold for cellular injury when introduced to the ischaemic 

solution (high sodium lactate, high K
+
, acidosis and 2-DG).  As shown in figure 3.5A, 

this threshold time was 14 hours of simulated ischaemia.  When the mean data for the 

four separate experiments were analysed, the viability of the cells as determined by the 

MTS assay revealed that 14 hours (24.7 ± 13.5%) and 16 hours (24.5 ± 14.7%) of 

simulated ischaemia were comparable in effect.  When the cells were subjected to 

trypan blue staining, which discloses the cells that do not have an intact cell membrane, 

there was also only a small rise in cellular injury after the additional 2 hour period (62.7 

± 16.4% vs. 73.8 ± 17.0%, not significant).  The LDH assay, which measures the extent 

of cells that have released their intracellular content, had a considerable increase during 

the additional couple of hours (28.5 ± 6.7% vs. 63.0 ± 16.0%, p = 0.0943).   

What is also evident from these data sets is the extent of variability that was 

present within the cell preperations.  A high MTS assay score of 64-67% was recorded 

for one out of the four experiments in each of the time periods.  This corresponded to a 

lower amount of released LDH (10-17%) or the trypan blue counted cells (14-46%).  

Thus, linear regression analysis was performed to compare the viability of cells 

measured by an MTS assay with the two measurements of cell membrane integrity 

(figure 3.5B).  The LDH assay (r
2
 = 0.6203, p<0.0024) and the trypan blue count (r

2
 = 

0.8630, p<0.0001) had a significant correlation with the MTS assay.  The negative 

relationship indicates that when the MTS assay was reported to be low, it corresponded 

with a high proportion of released LDH and an even higher proportion of trypan blue 

staining.
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Figure 3.5: The viability of H9c2 cells was determined after 14-16 hours of simulated 

ischaemia and 2 hours restoration by MTS assay, LDH release and trypan blue 

exclusion.  Cells were seeded in 24 well plates and subjected to the I-R protocol the day 

after.  Three wells were used for each analysis that was performed on four separate 

occasions. (A) Mean ± SEM data from four experiments for each of the ischaemic time 

periods.  (B) Linear regression of the cell viability determined by an MTS assay and the 

trypan blue uptake (r
2
 = 0.8630) or LDH release (r

2
=0.6203) in each individual 

experiment.   

(A) 

(B) 
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When the cells maintained considerable viability, the cell membrane also maintained its 

integrity.  Stages of cell injury are also apparent within the data.  When the metabolic 

activity of the cell is low, the first sign of further injury is the uptake of trypan blue 

staining.  This is then followed by the complete rupture of the membrane that would 

have allowed the release of intracellular contents such as LDH.  The critical time point 

for this complete rupture was at 14-15 hours of simulated ischaemia.  The extent of 

injury after 16 hours was considered too lethal for the cells with 15 hours also 

containing much variability.  As such, 14 hours ischaemia was considered as a suitable 

index insult to reduce cell viability and produce a significant amount of sarcolemmal 

injury, but with little variability in the LDH release. 

 

3.3.3. Inhibition of CaMKII During Simulated I-R Injury 

The H9c2 cells were subjected to 14 hours of simulated ischaemia with 2 hours of 

restoration, in the presence or absence of CaMKII inhibitors/KN-92 (figure 3.6).  The I-

R control (38.67 ± 13.8%), KN-92 treated cells (40.27 ± 13.6%) and the control for 

DMSO (38.73 ± 14.7%) showed similar cell viability.  There was some variability 

within these groups as demonstrated by the high SEM.  A one-way ANOVA did not 

detect any significant difference between these controls and of those cells treated with 

the CaMKII inhibitors KN-93 or AIP.  The two concentrations of KN-93 at 1 µM 

(42.60 ± 6.3%) and 5 µM (45.77 ± 5.4%) did not result in any difference to the controls 

but were associated with less variability.  The presence of AIP (40 nM) had the lowest 

variability of all the treatment groups (54.17 ± 2.3%) and had a mean difference of 

15.5% in its cells viability when compared to the I-R controls, but this was not 

significant.  Treatment with the higher concentration of AIP (200 nM), also resulted in 
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increased cell viability (51.10 ± 14.3%) after the I-R insult, but was associated with the 

same high variability as the controls.   

 

 

C
ontr

ol

I-R
 C

ontr
ol

M
)



K
N
-9

3 
(1

M
)



K
N
-9

3 
(5

M
)



K
N
-9

2 
(5

D
M

SO
 C

ontr
ol

A
IP

 (4
0n

M
)

A
IP

 (2
00

nM
)

0

50

100

C
e
ll
 S

u
rv

iv
a
l

(%
 o

f 
C

o
n

tr
o

l)

 

 

Figure 3.6: Viability of H9c2 cells after 14 hours of ischaemic mimicking solution 

and 2 hours restoration with/without the presence of CaMKII inhibitors. H9c2 cells 

were seeded in 24 well plates overnight. After pre-treatment for 1 hour with 

physiological buffer and their respective treatment drugs, the cells were introduced to 

14 hours of ischaemic solution and 2 hours restoration also in the presence of the 

CaMKII related agents. Cell viability was then determined by an MTS assay.  A one-

way ANOVA detected no significant difference between the I-R control and the drug 

treatments. The data are for three separate experiments (N = 3).  
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3.3.4. Inhibition of CaMKII During Oxidative Stress 

A preliminary investigation determined that H9c2 cells treated with a medium 

containing no serum and glucose (XG DMEM) for 24 hours reduced the viability 

(determined by an MTS assay) of the cells to 46.9% (figure 3.7A).  Injury was 

augmented by the addition of H2O2 (40 µM).  This is presented in figure 3.7B as a 

percentage of the cells treated with only XG DMEM.  As such, the viability of these 

cells within the new injury control group was halved (48.7 ± 5.4% of XG DMEM) by 

the additional treatment with oxidative stress. 

The presence of the CaMKII inhibitors did not prevent any significant amount 

(determined by one-way ANOVA) of cellular injury, as a high concentration of KN-93 

(5 µM) had a similar survival rate (47.8 ± 6.3%) to the injury control, whereas the AIP 

treated cells were also not different.  However, when all the groups means were 

compared to one another (one-way ANOVA), the cells treated with both concentrations 

of AIP were significantly less injured than the KN-92 (5 µM) treated cells.  AIP at 40 

nM also had the highest mean score (62.0 ± 4.7%) of all treatment groups, whilst a 5-

fold increase in AIP concentration (200 nM) produced a similar cell viability, but with 

lower variability (59.3 ± 1.3%). However, although AIP-treated cells had higher 

viability than the Injury Control cells, the differences were not statistically significant. 

The DMSO control was not significantly different to any of the treatment groups (53.6 

± 2.7%). 

 

 

 

 

 



 

 146 

 

Figure 3.7: The viability of H9c2 cells determined by MTS assay after 24 hours of 

H2O2, glucose/serum deprivation and CaMKII related agents.  Cells were seeded in 24 

well plates (3 wells per group) and subjected to oxidative stress and glucose/serum 

deprivation (XG DMEM) for 24 hours.  (A) Cell viability with the XG DMEM (n=2 

seperate experiments). (B) Cell viability, expressed as a percentage of  viability in the 

XG DMEM group, is further reduced with the addition of 40 µM H2O2 (injury control).  

CaMKII inhibitors KN-93 and AIP did not limit injury when compared to the injury 

control.  But both AIP concentrations were significantly different to the KN-92 treated 

cells (n = 3 seperate experiments). XG DMEM, no glucose DMEM.  (*P<0.05 one-way 

ANOVA followed by Newman-Keuls post test). 

(B) 

(A) 
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3.4. Discussion  

The study’s major findings can be summarised as follows:  

- The small molecule CaMKII inhibitor, KN-93, or the more specific peptide inhibitor, 

AIP, did not promote H9c2 cell viability after periods of simulated I-R or oxidative 

stress.  Thus, the original hypothesis that CaMKII inhibition would promote cell 

viability in an in vitro model of cellular injury can be rejected.   

- The cells treated with 40 nM AIP attained a higher mean viability score than all the 

other treatment groups in both models of cellular injury, but this was deemed 

statistically non-significant.  This could indicate that some of the cellular stress might 

have involved CaMKII activity, but as a high concentration of KN-93 did not match 

such readings, further investigations and different methods of analysis would be needed.   

- There was more variability (demonstrated by an increase in SEM) when the H9c2 cells 

were treated to simulated I-R than when they were treated with oxidative stress.  This 

was not due to the methods used to analyse cell viability as three separate techniques 

demonstrated similar amount of variability. As some of the treatment groups that 

included CaMKII inhibitors reduced the variability, it is possible that an intracellular 

signalling component contributed to these differences. 
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3.4.1. CaMKII Inhibition Does Not Promote H9c2 Cell Viability 

The two models of cellular injury used in this study were designed to mimic the 

conditions that occur in the in situ heart during ischaemia and subsequent reperfusion.  

In doing so it was hypothesised that CaMKII activity and cellular injury would be 

promoted and that they were both related.  The conditions used in the studies have 

previously been documented to promote cell injury and death (Esumi et al., 1991; Zhu 

et al., 2007).  This was replicated within these studies as less than 50% of the cells were 

viable at the end of the experiments.  However, the same pathological conditions have 

been reported to exacerbate cellular injury through the activity of CaMKII (Vila-Petroff 

et al., 2007; Zhu et al., 2007).  This was not repeated in these models as the presence of 

two different CaMKII inhibitors throughout the periods of cellular injury did not 

promote a significant increase in cell viability.  Thus, it can be concluded that when 

H9c2 cells are exposed to simulated I-R or the combination of oxidative stress and 

substrate deprivation, there is no involvement of CaMKII activity in the cellular injury.   

The previous studies that have suggested a pro-injurious role of CaMKII during 

cellular stress have not used the H9c2 cell line.  Cells are either derived from the adult 

(Zhu et al., 2007; Sapia et al., 2010) or neonatal hearts (Peng et al., 2010).  The detailed 

study by Hoch et al. (1998) demonstrated that CaMKIIδC is the prominent isoform in the 

H9c2 myoblasts. CaMKIIδC targets the Ca
2+

 handling proteins in the cytosol and has 

been made accountable for instigating cell death (Zhu et al., 2007; Peng et al., 2010).  

Thus, as H9c2 cells maintain their ability to contract (Kimes and Brandt, 1976) and 

respond to different Ca
2+

 agents that can stimulate apoptosis (Lax et al., 2005; Lax et 

al., 2006) an active CaMKIIδC could have been expected in these cells.  Nevertheless, as 

the cells were unstimulated during the study, the lack of E-C coupling and Ca
2+

 cycling 
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activities might have made this isoform less active in comparison to cells that are 

isolated from the whole heart. 

If the cells did possess sufficient protein levels of CaMKII, the cellular stress 

instigated within these studies would be expected to activate the kinase.  Acidosis, 

hyperkalemia and oxidative stress are known activators of CaMKII (Zhu et al., 2007).  

When compared to the injury controls there was an insignificant increase in mean cell 

viability when cells were treated with AIP (40 nM) after I-R (mean difference of 15.5%) 

and oxidative stress (mean difference of 13.33%).  These differences were above the 

protective ranges demonstrated by the CaMKII inhibitors of Zhu et al. (2007).  They 

reported that KN-93 (2 µM) and AIP (5 µM) prevented apoptosis (<10 % of TUNEL 

positive cells) in cardiac myocytes isolated from 2-3 months old rat hearts that were 

subjected to 24 hours of acidosis (pH 5.5), hyperkalemia (K
+
 60 mM) or oxidative stress 

(H2O2 20 µM).  Except for the concentration of H2O2, the individual components chosen 

by Zhu et al. (2007) were more extreme than the conditions chosen in this study and 

were more reliable in producing cellular injury.  On the other hand, the H9c2 cells had 

acquired sufficient cell injury within the models used in this study. But the variation 

between experiments deemed the results not statistically significant.  The only 

exception was with the KN-92 treated cells which had a significant decrease in cell 

viability after treatment with H2O2 if compared to the AIP treated cells.  As the cells 

were also treated with a high concentration of KN-93 (5 µM) and showed no clear 

relationship between or within the pharmacological modulators of CaMKII, it would 

support the fact that CaMKII could not have been a major factor for cellular injury 

within the H9c2 cells. 
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3.4.2. The H9c2 Cells as a Model of I-R Injury 

After 14 hours of simulated I-R injury the viability of the H9c2 cells had been reduced 

to 38.67 ± 13.8% when measured by MTS assay.  Measuring viability by trypan blue 

exclusion or by LDH assay had determined that although some cell membrane integrity 

had been lost, the majority of the cells had not undergone complete rupture that is 

characteristic of cell death by necrosis.  The MTS assay had a strong correlation with 

the trypan blue measurements and would have been sufficient to demonstrate if the cells 

had irreversible damage.  Thus if the kinase had any significant involvement with the 

resulting cell injury, this should have been detected in the measurements of cell viability 

used in the study.  Whether these measurements were also sensitive enough to 

determine if the CaMKII inhibitors were protective against apoptotic signalling 

pathways would require further investigations.   

Secondary cell lines and immature cardiac myocytes are more resistant to 

cellular stress than adult cardiac myocytes (Marber, 2000).  It has also been suggested 

that programmed cell death in embryonic cells is caspase dependent and that as they 

develop to terminally differentiated cardiac myocytes they move to a caspase-

independent death pathway (Bahi et al., 2006).  Although this theory challenges many 

studies that have shown at the cellular (Uchiyama et al., 2004; Stephanou et al., 2001) 

and the whole heart level (Mocanu et al., 2000; Holly et al., 2002) that adult cardiac 

myocytes can instigate significant cell death through caspases, it could be suggested that 

cell injury in this study was different to those that have previously investigated the 

involvement of CaMKII through a caspase dependent pathway.  The H9c2 cells have 

shown to have both a caspase-dependent and a caspase-independent pathway to cell 

death (Bahi et al., 2006).  As the models used in this study included several factors that 

could have determined cell viability it can not be certain which mechanisms were 
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relevant to cell injury.  There is some inconsistency reported in the literature as Uetani 

et al. (2009) prevented H9c2 cells from apoptosis during hypoxia treatment with a 

caspase-3 inhibitor, but Aki et al. (2001) who used similar conditions saw no effect with 

a pan-caspase inhibitor.  When Yaglom et al. (2003) subjected H9c2 cells to a metabolic 

inhibitor rotenone, rapid ATP depletion and cell death (within 4 hours) could also not be 

prevented by caspase inhibitor and were characteristic of necrosis.  But the inhibition of 

the JNK pathway was capable of reducing rapid cell death by limiting the extent of 

mitochondrial depolarisation.  Jung et al. (2007) also used 2-DG and hypoxia to report 

that JNK and p53 are the main effectors of H9c2 viability.  CaMKII has been associated 

with the p38MAPK pathway during conditions of oxidative stress in adult cardiac 

myocytes (Palmoeque et al., 2009), but it has not been determined if it has any 

involvement with the JNK pathway.  Yet, when H9c2 cells were treated with H2O2 it 

was reported to stimulate cell death through a caspase-dependent pathway (Youn et al., 

2005).  Although this model of cellular injury showed the strongest trend of protection 

by the CaMKII inhibitor AIP, in this study, it was surprising to see how little influence 

the CaMKII inhibitors had over the fate of the H9c2 cells.  
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3.5. Conclusion  

The presence of the CaMKII pharmacological inhibitors KN-93 or AIP did not promote 

the viability of the H9c2 cells when they were subjected to simulated I-R or oxidative 

stress.  This would suggest that the patterns of injury sustained by the cells in both these 

models were not promoted by CaMKII activity.  Similar models of cell injury have 

found the same pharmacological inhibitors of CaMKII to promote cell viability.  But 

these studies used primary cell lines and not a secondary cell line that lacks contractile 

activity.  Further studies determining the levels of CaMKII activity are needed to 

determine whether the H9c2 cell line would be a suitable model in investigating the role 

of CaMKII and cellular injury.   
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CHAPTER 4:  

The Measurement of Ca
2+

 Transients in Adult 
Rat Ventricular Cells During Simulated I-R 

and CaMKII Inhibition 
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4.1. Introduction 

4.1.1. Ca2+ handling During Ischaemia-Reperfusion 

A key feature of I-R injury is the failure to maintain intracellular Ca
2+

 homeostasis that 

can trigger arrhythmic activity and cell death (Piper et al., 1999; Dong et al., 2006; 

Luqman et al., 2007).  During ischaemia, Ca
2+

 overload will occur just prior to the onset 

of contracture (Barry et al., 1987; Eisner et al., 1989).  Imbalances in ion transport 

through the Na
+
/K

+
-ATPase, NHE and NCX are thought to be central to the 

accumulation of Ca
2+

 (Talukder et al., 2009) that is always preceded by a rise in [Na
+
]i.  

The conditions at reperfusion also favour mishandling of Ca
2+

 which increases the 

likelihood of arrhythmic activity (Murphy and Steenbergen, 2008; Talukder et al., 

2009).  In both circumstances, the relationship between the SR and the mitochondria is 

critical to how the cells will handle [Ca
2+

]i (Dorn and Scorrano, 2010; Ruiz-Meana et 

al., 2010).  Both organelles act as buffering sinks to the rising [Ca
2+

]i, but if the 

mitochondria are compromised too much, opening of the mPTP and cell death is 

inevitable (Halestrap, 2009). 

It has been established over many years that Ca
2+

 uptake by the SR is impaired 

during I-R (Lee et al., 1967; Toba et al., 1978; Osada et al., 2000).  Models that have 

genetically modified SERCA2a (either through abrogation or gain-of-function) 

demonstrate that if uptake of Ca
2+

 into the SR is promoted, a reduced [Ca
2+

]i, better 

contractile recovery and infarct limitation are possible (Talukder et al., 2009; Shintani-

Ishida and Yoshida, 2011).  However, it has also been noted that this sequestered Ca
2+

 

may encourage cell death and hypercontracture, as it is released by the SR during the 

next oscillation (Piper et al., 2006).  A recent study by Valverde et al. (2010) has shed 

new light on the changes that occur to the SR Ca
2+

 handling ability during I-R.  By 
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using pulsed local field fluorescence, intracellular Ca
2+

 measurements were recorded in 

the in situ mouse heart during global ischaemia (12 min in duration) and reperfusion.  It 

was revealed that the Ca
2+

 content of the SR gradually increases during ischaemia.  

Then at reperfusion, the overloaded SR releases its Ca
2+

 content contributing to Ca
2+

 

overload in the cytosol. 

Many cell based models have suggested that the SR has a physiological 

threshold for sequestration of Ca
2+

 (Lakatta, 1992; Jiang et al., 2004; Eisner et al., 

2009).  When this upper limit of Ca
2+

 content is surpassed, diastolic events of 

spontaneous Ca
2+

 release will occur from the RYR2 in the form of Ca
2+

 ‘sparks’ and 

propagating Ca
2+

 waves (Eisner et al., 2009).  The generation of Ca
2+

 ‘sparks’ from the 

SR are believed to be caused by a small group of RYR2 or IP3R.  These local Ca
2+

 

events can raise the cytosolic [Ca
2+

]i to ~200 nM (Cheng and Lederer, 2008).  

Numerous sparks can propagate an event of CICR through the cell that emerges as a 

Ca
2+

 wave (Bootman et al., 2001).  If the Ca
2+

 activity is enough to generate an inward 

current through the NCX it can lead to a pro-arrhythmic event such as an 

afterdepolarisation (Eisner et al., 2009).   

There has been much debate with respect to the interrelationship between the SR 

Ca
2+

 load, its sequestered threshold and the activity of the RYR2 open probability (Po) 

that is needed to stimulate a diastolic event.  Many factors present during ischaemia, 

such as oxidative stress and acidosis, have also been shown to limit the release rate of 

Ca
2+

 through the RYR2 (Xu et al., 1996; Choi et al., 2000).  An interesting study by 

Yang and Steele (2001) measured the Ca
2+

 spark activity of rat ventricular myocytes in 

an environment of reduced ATP content.  They measured a reduction in the Ca
2+

 spark 

frequency that subsequently caused an increase in the SR Ca
2+

 content.  Thus, although 

Ca
2+

 load in the SR was increased, ATP was a strong determinant of the spontaneous 
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Ca
2+

 release through the RYR2.  Similar findings have been reported in a model using 

metabolic inhibitors (Overend et al., 2001).  These studies could explain why the 

abnormal loading of Ca
2+

 into the SR was measured in a model of global ischaemia by 

Valverde et al. (2010).  However, what was also suggested by Yang and Steel (2001) 

was that although the frequency of Ca
2+

 sparks was decreased, the magnitude of the 

diastolic event to trigger arrhythmic activity (i.e. ischaemic arrhythmias) would be 

greater.  Accordingly, the various facets of ischaemia influence the activities of the SR 

and its Ca
2+

 handling ability but it is still to be determined whether promoting or 

discouraging these activities is beneficial under such conditions. 

 

4.1.2. Ca2+ Handling by CaMKII During I-R 

CaMKII could be foreseen to influence several factors during I-R injury, but its activity 

on the cell’s Ca
2+

 handling ability is currently the best described (Hudmon and 

Schulman, 2002; Maier and Bers, 2007).  Yet, there is a lack of research on how 

CaMKII influences the Ca
2+

 handling properties of cells during I-R.  Dhalla’s studies 

suggested that deterioration in CaMKII activity during I-R matched the same decline in 

the Ca
2+

 handling ability of the isolated SR vesicles (Netticadan et al., 1999; Osada et 

al., 2000).  However, the significant reduction in infarct size with KN-93 pre-treatment 

in Chapter 2 and the work of others (Vila-Petroff et al., 2007; Erickson et al., 2008) 

suggest that CaMKII activity during I-R promotes irreversible injury.  Mattiazzi’s 

studies suggested that CaMKII activity through the reverse mode of the NCX causes 

cellular injury during the first minutes of reperfusion.  The study by Vila-Petroff et al. 

(2007) used the fluorophore Indo-1 to record the Ca
2+

 activity of quiescent cardiac 

myocytes subjected to simulated I-R protocol.  Treatment with the CaMKII inhibitors 

KN-93 (1 µM) or AIP (1 µM) prevented reperfusion injury by limiting the occurrence 
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of large and spontaneous Ca
2+

 oscillations that would have otherwise caused membrane 

rupture and cell death.  The key mechanism of protection with CaMKII inhibition was 

suggested to be prevention of the phosphorylation of the Thr
17

 site on PLB.  

Phosphorylaton would increase SERCA2a activity and promote SR Ca
2+

 overload.  

There was no reference to the Ca
2+

 handling properties during ischaemia and whether 

Ca
2+

 overload prior to reperfusion was also prevented.  Yang et al. (2006) reported 

similar findings to Mattiazzi’s studies with their genetically modified AC3-I mice.  This 

method of targeting CaMKII activity reduced the SR Ca
2+

 content making them less 

susceptible to MI induced apoptosis.  As PLB ablation (and increased SERCA2a 

activity) removed the protection, it was strongly suggested that this was CaMKIIs’ 

primary target.  Other in vitro models of sustained CaMKII activation have also 

supported the hypothesis that promoting SR Ca
2+

 uptake and overload is a key 

mechanism of cellular death (Zhu et al., 2003). 

Whether uncontrolled activity on the RYR2 can contribute to cytosolic Ca
2+

 

overload during the ischaemic period is questionable, but studies have focused on the 

RYR2 as a pro-arrhythmic target for continued CaMKII activity.  In conditions of 

systolic dysfunction such as heart failure, increased RYR2 activity would promote 

unregulated Ca
2+

 release.  An interesting observation is that by preventing CaMKII 

activity, either pharmacologically or by genetic manipulation, a reduced Ca
2+

 spark 

frequency (and subsequently the occurrence of arrhythmias) have resulted in an 

increased SR Ca
2+

 load (Ai et al., 2005; Sag et al., 2009).  However, an earlier 

investigation reported that under controlled conditions CaMKII inhibition with KN-93 

reduced the SR Ca
2+

 load (Li et al., 1997). 

An important element to these studies is the proportion or the fractional release 

of Ca
2+

 into the cytosol to any given SR Ca
2+

 load (Trafford et al., 2001).  In conditions 
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such as heart failure the sustained CaMKII activity may reduce the total Ca
2+

 content of 

the SR, but it will (at least initially) also allow an augmented release of Ca
2+

 to maintain 

the transients’ amplitude (Kohlhaa et al., 2006; Toischer et al., 2010).  This can be 

achieved via CaMKII facilitation on the LTCC and the RYR2.  With subsequent 

CaMKII inhibition, the SR fractional release of Ca
2+

 can be normalised due to limited 

activities of these CaMKII targets.  This is also the case when there is an increase in the 

SR Ca
2+

 load.  Although Ai et al. (2005) demonstrated the ability of KN-93 to 

significantly increase the SR Ca
2+

 load, only minor inotropic effects and Ca
2+

 release 

were measured as CaMKII targets on ion channels were also subdued.  Thus, during 

ischaemia the many factors (such as the NCX, LTCC and the SR) that force the 

disproportionate cycling of Ca
2+

 and a rise in [Ca
2+

]i will only have minor influence in 

cells where CaMKII is inhibited.  Whether CaMKII inhibition limits the initial rise in 

[Ca
2+

]i during ischaemia or whether it allows the cell to better handle this incursion 

remains to be seen. 
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4.1.3. Hypothesis 

The aim of these studies is to elucidate the protective role of CaMKII inhibition during 

I-R injury and further characterise the pharmacological tools used in the thesis.  By field 

stimulating freshly isolated adult rat ventricular myocytes, their Ca
2+

 transients were to 

be recorded under the influence of CaMKII inhibition, either during normoxic 

conditions or in a model of simulated I-R injury.  A new multi-parametric analytical 

tool would analyse the activity of the baseline [Ca
2+

]i and the Ca
2+

 transient’s 

morphology, amplitude and kinetics in order to discriminate the cells Ca
2+

 cycling 

ability under these conditions. 

 

The main hypothesis: 

Simulated ischaemia will have an adverse effect on intracellular Ca
2+

 homeostasis, 

which will lead to a rise in the diastolic Ca
2+

 concentration. 

 

It was also hypothesised that: 

(i) The CaMKII inhibitor KN-93 and the peptide inhibitor AIP will have comparable 

effects on the cells Ca
2+ 

handling ability.   

(ii) The non-specific activity of the KN compounds will have a comparable limitation on 

the cells Ca
2+ 

handling ability.  

(iii) CaMKII inhibition during simulated ischaemia will promote cell viability and limit 

the rise in diastolic Ca
2+

 concentration. 
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4.1.4. Specific Objectives 

(A) Freshly isolate adult rat cardiac myocytes and determine suitable conditions that 

would allow field stimulation to regulate their contractile activity.  

(B) Load the cells with a suitable fluorophore in order to measure the cardiac myocytes’ 

Ca
2+

 transients. 

(C) Find a suitable model that would allow the characterisation of the cells’ Ca
2+

 

transients during a prolonged period of time. 

(D) Develop a cell model of simulated I-R injury that would assess the interventions of 

pharmacological CaMKII inhibition under such conditions. 

(E) Use a new multi parametric analytical tool to analyse and characterise the cells’ 

Ca
2+

 transients. 
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4.2. Materials and Methods 

The CaMKII organic inhibitor KN-93 (water soluble), the inactive analog KN-92 and 

the cell permeable Autocamtide-2 related inhibitory peptide II (AIP) were purchased 

from Calbiochem (Nottingham, UK).  KN-92 and AIP were dissolved in DMSO (final 

DMSO concentration in the solution was 0.05% and <0.006% respectively). 

 

4.2.1. Isolation of Adult Rat Cardiac Myocytes 

The isolation and culture of viable adult rat ventricular myocytes were radically 

advanced in the late 1970’s.  By using crude collagenase it became possible to 

dissociate, with a greater viability of the cells, the strong and physically connected 

intercalated discs and extracellular matrix (Powell and Twist, 1976).  Prior to this, 

trypsinisation that has no selectivity towards extracellular proteins and mincing of 

younger hearts, including embryonic cardiac myocytes, was the method for harvesting 

the cells (Harary and Farley, 1960).  Embryonic and neonatal cells had an advantage in 

allowing longer term culture but a key drawback was that they were physiologically 

immature.  This differentiation in their physiology and response to conditions such as 

ischaemia were soon identified (Marber, 2000).  The standard technique used in this 

chapter was developed within the laboratory using the protocol from Sian Harding’s 

laboratory (Jones et al., 1990). 

 

Cell Isolation Procedure 

All procedures leading to the excision of hearts from male Sprague Dawley rats (300-

400g) and their immediate cannulation on the Langendorff perfusion apparatus are 

described in Chapter 2.  The rig was modified with a peristaltic pump (Watson-Marlow, 
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Falmouth) that provided a constant volume of perfusate (10 ml/min), primarily to 

regulate the flow rate during the enzymatic digestion of the connective tissue.  The 

raised reservoirs that supplied the constant pressure of perfusate in Chapter 2 were 

replaced with 50 ml centrifuge tubes bathed in a 37
o
C water bath.  The protocol then 

followed similar methods described by Jones et al. (1990):  

 5 minutes perfusion with Krebs-Henseleit buffer (see Chapter 2); to resume 

normal contractile activity and stabilise the heart.  

 5 min of a low Ca
2+

 perfusate (in mM: NaCl 120, D-glucose 20, KCl 5.4, 

MgSO4 5, pyruvate 5, taurine 20, HEPES 10, nitrilotriacetic acid 5, CaCl2 

0.014); bubbled with 95% O2 and 5% CO2.  The combination of the Ca
2+

 

chelator, nitrilotriacetic acid and the lowered CaCl2 concentration (predicted free 

Ca
2+

 concentration of 0.9059 µM when calculated using a program for 

determining free metal concentration  http://maxchelator.stanford.edu) stops the 

heart from contracting and lowers the intracellular Ca
2+

 concentration.  

 Minimum 10 min enzymatic digestion with recycled low dispase Liberase 

(0.13 mg/ml, Roche Applied Science); contained in a similar perfusate to the 

‘low Ca
2+

’ solution with the exception of a higher Ca
2+

 concentration (200 µM) 

and the absence of nitrilotriacetic acid, (in mM: NaCl 120, D-glucose 20, KCl 

5.4, MgSO4 5, pyruvate 5, taurine 20, HEPES 10, CaCl2 0.2). 

 

As soon as the heart was transferred to a petri dish inside a ventilated hood, all 

conditions and materials were kept sterile.  The right ventricle was removed and the 

remaining left ventricular tissue was dissected into smaller pieces.  Fresh enzyme 

solution was passed through a 0.22 µm micro filter (Corning, USA) and added to the 

sliced tissue before a magnetic stirrer separated the remaining suspension of cells at 200 
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rpm.  As the supernatant from the first 5 min of stirring presented a large proportion of 

rounded cells, it was discarded.  The remaining tissue was then dissociated with a 

further 15-30 minutes of stirring in new enzyme solution.  Filtered through a wire sieve, 

the second harvest contained the highest percentage of rod shape cells.  This was 

centrifuged for 1 minute, 1000 rpm at room temperature to form a pellet of dissociated 

ventricular cells.  The cells were then re-suspended in 3 ml of (1X) M199 media 

(components listed in appendix 1.3; Sigma-Aldrich) containing additional metabolites 

and antibiotics (in mM; pyruvate 2.5, creatine 5, taurine 5, insulin 10
-7

 M, penicillin 50 

I.U.).  As the Ca
2+

 concentration within the medium is 1.85 mM, this method rapidly re-

introduces Ca
2+

 to the cells.  This eliminates the non-healthy and marginally Ca
2+

 

tolerant cells.  With this protocol a 40-50% population of rod shaped cardiac myocytes 

was counted on a haemocytometer (from a total that included rounded cardiac 

myocytes), which allowed the estimation of further seeding densities. 

 

4.2.2. Confocal Laser Scanning Microscopy 

The Leica TCS-SP5 RS Confocal Laser Scanning Microscope, based on a Leica DMI 

6000 inverted microscope system, provided the platform to acquire detailed images of a 

contracting myocyte and its Ca
2+

 oscillation.  As shown in figure 4.1 the exciting laser 

light will pass an acousto-optical tuneable filter (AOTF) and an acousto-optical beam 

splitter (AOBS).  This ‘tuneable’ device provides greater selectivity of the excitation 

light (or wavelength) and enhances the resolution of the sample to be imaged.  The 

objective lens determines the field of view, magnification and resolution by focusing the 

light transmission on the sample.  The emitted light is then passed through a pinhole 

that is conjugated to the determined focal point.  This allows only the focused light to 

reach the photodetection system, limiting the amount of blurring that is generated by the 
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out of focus light.  A resonant scanner can oscillate mirrors that reflect the light at high 

speed in order to scan or change the light direction.  This enables fluorescent live cell 

images to be captured at a rapid acquisition rate. 
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Figure 4.1: Schematic diagram of Leica TCS-SP5 and the principal of confocal 

imaging.  (A) The Leica TCS-SP5 has acousto-optical components that can channel 

(AOTF) and split the laser beams.  The mirror arrangements can change the line scan 

direction.  With a resonant scanner this can be done at high-speeds that is suitable for 

live cell imaging.  The objective focuses the laser onto the sample and the emitted light 

is captured on a photodetection system.  (B) The key principal of a confocal microscope 

is the ability to match the light excited by the objective with a pinhole.  This limits the 

amount of unfocused light emitted by the sample to be captured by the detector allowing 

an enhanced resolution of the image (adapted from Demchenko, 2009). 

(A) 

(B) 
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Set-Up of the instrument 

All experiments were recorded using: 40x oil-immersion objective (numerical aperture 

= 1.4) in two dimensions (x,y) with time, 1280 x 256 pixels (pixel size: 189.39 nm x 

189.95 nm), at a sample rate of 1 image per 49 ms.  A large pinhole of 249.82 µm 

compromises the ‘confocality’ of the microscope, but gives a deeper Z-slice and 

provides the absorbance of Ca
2+

 to be conducted at a greater depth of field throughout 

the cell.  The 488 nm laser line from a class IIIb Argon laser running at 30% power was 

selected to excite Fluo4 (Invitrogen) and the AOTF attenuated to 8% of the laser power 

was selected whilst the photomultiplier tube (PMT) gain remained within the range of 

820-860 V. 

Choice of fluorophore  

Fluo4 is a Ca
2+

 selective fluorescent probe favoured for its rapid imaging capabilities 

(i.e. kinetics of Ca
2+

 binding/unbinding, high signal to noise range) and its excitation at 

a single wavelength (488 nm) which is matched to the argon laser line.  It was chosen as 

the Ca
2+

 indicator, as it is an enhanced version of its predecessor Fluo-3.  This includes 

a brighter emission at equivalent concentration and a faster loading time.  The Kd (Ca
2+

) 

is 345 nM and is ideal in quantifying cytosolic Ca
2+

 in the 100 nM to 1 µM range (Gee 

et al., 2000).  The high affinity for Ca
2+

 is based on the compound’s possession of a 

calcium-specific polyaminocarboxylic acid, (1,2-bis(o-aminophenoxy)ethane-

N,N,N',N'-tetraacetic acid; BAPTA).  However, one disadvantage of using such a 

fluorophore is that the fluorophore can be saturated at low [Ca
2+

] that would then give 

errors in Ca
2+

 estimation (Takahashi et al., 1999).  Calibration to known quantities of 

[Ca
2+

] was not implemented in these studies as they were designed as proof of concept 

although semi-quantitative analysis could still be predicted, as the values are based on 

the dissociation constant (Kd).  A nonratiometric indicator will also not be able to 

http://en.wikipedia.org/wiki/Calcium
http://en.wikipedia.org/wiki/Polyamino_carboxylic_acid
http://en.wikipedia.org/wiki/Amine
http://en.wikipedia.org/wiki/Amine
http://en.wikipedia.org/wiki/Ethane
http://en.wikipedia.org/wiki/Acetic_acid
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correct for artefacts due to bleaching, laser intensity or probe loading.  However, 

Fluo4’s properties permit rapid acquisition of images (including Ca
2+

 sparks) making it 

superior over other fluorophores. 

 

4.2.3. Experimental Protocol 

The experiments involved pacing cardiac myocytes with an electric field stimulator 

whilst superfusing Tyrode’s solution or an ischaemic mimicking solution (see section 

4.2.3.3) containing modulators to CaMKII.  To replicate the experimental conditions in 

each culture dish a removable ‘pod’ (figure 4.2) was devised to: a) embrace carbon 

electrodes in the centre of the dish; b) provide delivery and removal of the desired 

perfusate; c) present an enclosed environment that could be flushed with nitrogen. 

 

N2
Perfusate

IN

Perfusate

OUT

Crocodile Clips 

‘Pod’ & Tubing

Leica Microscope

Leica Temperature Stand
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Figure 4.2: Assembly and structure of the experimental ‘pod’. (A) The main 

components included; a modified rubber piston from a 50 ml syringe, with a roof made 

from clear Perspex fixed in place with nontoxic silicon filler (Geocel, Plymouth), two 

carbon electrodes parallel to one another and attached to platinum wires, tubing and 

pipette tips for delivery and removal of perfusate and Nitrogen gas.  (B) Cross section 

schematic of the experimental pod. (C) Digital photograph of the pod used in an 

experiment. 

(A) (B) 

(C) 
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4.2.3.1. Preparation of Cells 

A manufactured 35 mm petri dish (MatTek Corporation) containing an 11 mm glass 

cover slip in the centre of the base was used to culture the cells.  After pre-coating with 

murine extracellular matrix (0.42 µg/µl; Sigma-Aldrich), 2 x 10
3
 rod shape cells were 

seeded with 2 ml of the supplemented M199 medium.  Before commencing the first 

experiment, cells were settled for 30 min in a 37
o
C, 5% CO2 incubator with all other 

experiments completed within the same day of isolation. The cells were washed twice 

with Tyrode’s solution (in mM; NaCl 135, KCl 5, HEPES 5, glucose 10, MgCl2 1.2, 

CaCl2 1.25, pH 7.4) prior to loading with the fluorophore at room temperature.  To 

enhance membrane penetration, an acetoxymethyl (AM) ester derivative of Fluo4 was 

used.  Once inside the cell, esterases cleave the ester creating an indicator that is 

membrane impermeant.  However, AM has a low affinity to aqueous solutions and 

needs to be solubilised in DMSO.  An initial concentration and loading time of 5 µM 

for 10 minutes was used to load the cells in some of the initial time control experiments 

of study 1 and 2.  This was then modified to 2.5 µM for 15 minutes in all other 

experiments to conserve the fluorophore and reduce the final concentration of the 

solvent, DMSO, from 0.5% to 0.25%.  Cells were washed three times with the Tyrode’s 

solution and allowed 15 min at room temperature for the de-esterification of the 

fluorescent probe. 
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4.2.3.2. Field Stimulation and Criteria for Cell Selection 

The studies that have investigated electric field stimulation of cardiac myocytes have 

noted the promotion of electrolysis at the site of the electrodes, particularly when high 

stimulus voltage (above 50 V) is applied (Heller et al., 2003).  The accumulation of 

oxidation products can influence cell viability and as such would be a critical artefact of 

the experimental protocol in a model of simulated I-R injury (Maddaford et al., 1999; 

Heller et al., 2003).  To avoid this, choice of material and configuration of the 

electrodes were of utmost importance to limit any confounding injury to the cells.  

Tandon et al. (2009) describe methods for stimulating cardiac myocytes with minimum 

generation of electrolysis by using carbon rods and platinum wire.  This set up was 

replicated in these experiments with two 10 mm carbon rods (Goodfellow Cambridge 

Ltd, Huntingdon) placed parallel to one another at a distance of 10 mm.  For stimulation 

efficiency, electrodes must be placed at the bottom of the dish and at the diameter of the 

dish, with adequate medium to cover the electrodes in order to constrain the field lines 

between them (Tandon et al., 2009).  Holes (0.5 mm diameter) drilled at opposite ends 

not only allowed the attachment of platinum wire (Goodfellow Cambridge Ltd, 

Huntingdon) but also assisted in balancing the opposing polarity of the electric fields.  

Steel rods with crocodile clips allowed easy attachment between the field stimulator and 

the platinum wire.  Square-wave pulses were delivered to the cells at a frequency of 

~1Hz, 5ms in duration at 25 volts.  The stimulation frequency and the pulse duration of 

Ca
2+

 transients are the best understood regulators of CaMKII activation (Couchonnal 

and Anderson, 2008).  De Koninck et al. (1998) reported that pacing frequencies above 

1Hz would stimulate the autophosphorylation site of Thr
287

 site.  Thus, to prevent this 

artificial activity, a low pacing frequency was selected.  A slower pacing rate also 

enables a period of resting diastolic phase between each Ca
2+

 transient.  This allows any 
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‘inter-transient activity’ such as Ca
2+

 sparks to also be recorded (see section 4.2.4.3).  

Before the first recording was initiated, a 15 min stimulation period was used to exclude 

any of the rod shape cells that showed any irregular contractile activity.  Other selection 

criteria included visible striation patterns and absence of membrane blebbing or other 

signs of injury.   

4.2.3.3. Simulation of Ischaemia and Reperfusion 

When compared to quiescent cells, electriclly stimulated cells exhibit a more frequent 

and severe dysfunction when they are exposed to the same hypoxia protocol 

(Maddaford et al., 1999).  This is due to the contractile activity increasing metabolic 

demand of the cell, which increases the demand for oxygen.  Ischaemic conditions can 

be mimicked by manipulating the Tyrode’s solution to exclude glucose and oxygen, an 

acidic pH and an increased K
+
 concentration.  A solution with a high K

+
 concentration 

was not employed owing to the effects on the specific signalling mechanisms that 

CaMKII is involved with.  The simulated ischaemia solution contained (in mM: NaCl 

125, KCl 5, MgCl2 1.2, HEPES 10.4, CaCl2  1.25), pH 6.0.  In contrast to the ischaemic 

solution used in Chapter 3, the removal of glucose was not replaced by the metabolic 

inhibitor 2-DG or sodium lactate.  The latter has been shown to quickly enforce severe 

irreversible injury and allowing the cells to generate their own intracellular lactate is a 

better simulation of ischaemic conditions (Maddaford et al., 1999).  With the removal of 

glucose a replacement was needed to maintain osmolarity.  This was done by adding a 

higher HEPES content (Tyrode’s solution, 288 mOsm vs. Ischaemic mimicking 

solution, 276 mOsm).  The pH was lowered to 6.0 (with NaOH) to simulate the 

extracellular pH conditions and has been shown to induce a [pH]i of ~6.7 (Zheng et al., 

2005). 
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 Hypoxic solutions were prepared by vigorous bubbling (4 L/min) of the 

ischaemic mimetic solutions with nitrogen gas (oxygen free, BOCs) for a minimum of 

60 min.  By introducing this gaseous environment to the perfusate a passive diffusion of 

oxygen down its partial pressure gradient will make the solutions hypoxic.  The partial 

pressure of oxygen (pO2) was not measured during the experiments as a microelectrode 

could not be used in conjunction with the gas pod.  However, using a similar 

preparation in another setting, the changes in pO2 were recorded as proof of concept.  

By assuming that the oxygen tension of a normoxic solution is 150 mmHg (21% of 

normal atmospheric pressure), a ProCFE 5 µm  low noise polarised carbon fibre 

microelectrode (Dagan corporation, Minneapolis, USA), recorded an 85-91% reduction 

in the oxidised electrical current (using a VA-10 npi voltammetric/amperometric 

amplifier; Scientifica, Sussex, U.K.).  This converted the oxygen tension within the 

solution to a pO2 of 14-23 mmHg.  Equilibrating the solutions with nitrogen reduced 

their temperature to 16
o
C, in comparison to the normal Tyrode’s solution of 21

o
C.  This 

was corrected by placing the glass container in a pre-heated tub at 25
o
C.  Tubes running 

from the glass container to the water tub acted as a pressure vent to allow the nitrogen 

gas to escape and prevent an increase in ambient pressure.  Peristaltic pumps (Watson-

Marlow, Falmouth) controlled the delivery and removal of the perfusate to 5 ml/min.  

To prevent diffusion of atmospheric oxygen to the hypoxic solutions during 

superfusing, the ‘Gas Pod’ received a jet of Nitrogen (1 L/min) throughout the 

simulated ischaemia period. 
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4.2.3.4. Treatment Groups 

Study 1: The effect of a short pacing period and CaMKII inhibitors  

This study intended to monitor the cells’ baseline Ca
2+

 transients under normoxic 

conditions.  It was to determine how the Ca
2+

 transients would be affected after a short 

period of pacing (10-15 min), with or without the CaMKII related agents.  To capture a 

full description of the cells’ Ca
2+

 cycling ability, the images were recorded for 1 min at 

a rate of 49 ms per image.  Two time points (figure 4.3) were selected and labelled as 

‘pre-treatment’, for the first recordings and an ‘after-treatment’, following the 10-15 

min of pacing and drug perfusion.  To gain a greater representation of the population of 

cells in every culture dish, each experiment consisted of selecting and recording 3 cells 

within close proximity of each other.  This meant that a total of 5 min was given to 

complete three cell recordings.  The specified treatment time commenced after the last 

cell recording and included (see figure 4.3):  

(1) Only Tyrode’s solution  

(2) CaMKII inhibitor, KN-93 (2 µM) 

(3) Inactive analog of KN-93, KN-92 (2 µM)  

(4) CaMKII inhibitory peptide, AIP (10 nM)  

(5) CaMKII inhibitory peptide, AIP (40 nM)   

After 10 minute treatment, the same recording process was repeated (after-

treatment) but in the presence of the respective intervention.  This method forfeited the 

cell recordings at precise time intervals of pacing and drug intervention, for a better 

representation of the cell population. 
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Figure 4.3: Timeline of the experimental procedures used for the groups in Study 1.  

Each cell received 15 minute of electrical field stimulation prior to their 1 minute pre-

treatment recording.  After the last cell recording the groups had a minimum of 10 

minute treatment.  Then another 1 minute after-treatment recording was taken for each 

of the cells. 

 

Study 2: The effect of simulated I-R with or without the CaMKII inhibitors 

One cell was selected during the 15 minutes normalisation period on the same criteria as 

study 1. Challenging the cells to simulated I-R required a total of 50 minute period and 

thus involved subjecting the cells to a longer exposure of the laser treatment.  The 

imaging time was reduced to 10 seconds, for every minute of the experiment in order to 

minimise phototoxicity.  The first group of experiments included a time control lasting 

50 minutes under normal conditions to evaluate the degree of cellular damage.   The 

second group were subjected to the standard I-R protocol that included; (1) 10 minutes 

of a stabilisation period with Tyrode’s solution (5 ml/min) to characterise the Ca
2+

 

oscillations under stable conditions. (2) A 30 minute ‘simulated ischaemia’ challenge 

with a hypoxic and modified Tyrode’s solution.  (3) 10 minutes of restoring the 

metabolism with normal Tyrode’s solution.  The treatment groups included the addition 
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of pharmacological agents 5 minutes prior to the ischaemic challenge, throughout the 

ischaemic challenge, and during the first 5 minute period of restoration.  Figure 4.4 

depicts the timeline for the experimental groups and included: 

1) Time controls- 50 minute of imaging the cells with normoxic Tyrode’s solution. 

2) Ischaemic controls – 10 minute stabilisation, 30 minute of simulated ischaemia, 

10 minute restoration of metabolism.  

3) Ischaemia and drug perfusion - 5 minute of stabilisation, 5 minute of drug 

perfusion under normoxic conditions, 30 minute of simulated ischaemia 

including presence of drug, 5 minute reoxygenation including the drug, 5 minute 

of normoxic conditions without the drug. 
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Figure 4.4: Timeline of the experimental procedures used for the groups in Study 2.  

After 15 minutes of field stimulation one cell was selected for either; (1) 50 minute time 

control experiment, (2) simulated ischaemia and restoration of metabolism, (3) 

simulated ischaemia and restoration of metabolism in the presence of CaMKII 

inhibitors. Every minute Ca
2+

 transients were recorded by 10 seconds of imaging at 49 

ms/frame. 



 

 174 

4.2.4. Analysis of the Ca2+ Oscillations 

4.2.4.1. Converting the Images to Raw Data in an Excel Spreadsheet 

The LAS AF Lite software (Leica, version 2.3.5) was used to convert the recorded 

images of specific regions of interest (ROI) to raw numerical data in Excel (Microsoft).  

Each ROI measures the mean intensity of the gray-scale values and to avoid X/Y 

dimensional bias, square ROI with the dimensions 7.5 x 7.5 µm were selected to capture 

the sufficient numbers of pixels.  Avoiding any nuclear regions or the fringes subjected 

to cell shortening, each image was mapped with five ROI (figure 4.5A).  Although one 

ROI would have been sufficient to measure the cell’s Ca
2+

 transient, additional boxes 

allowed more scrutiny and the synchronicity of the intracellular events.  For each ROI a 

10 sec or 1 min experimental recording would produce 205 or 1225 consecutive data 

points respectively.  This enabled a comparable timeline in the changes in fluorescence 

(∆F) to represent the cell’s Ca
2+

 oscillations (figure 4.5B).  The cell length (um) during 

cell shortening and its subsequent non-stimulated resting period were also recorded at 

given time points by using the ruler supplied by the software.  This represents the cell’s 

contractile capability and is calculated by the change in cell length relative to the non-

stimulated length (%).  

 

4.2.4.2. Analysis of the Ca2+ Oscillations by SALVO Software 

Synchrony – Amplitude – Length – Variability of Oscillation (SALVO) is a new multi-

parametric analytical tool that has been developed by Dr. Chris George and Dr. Nicole 

Sylvester (Welsh Heart Institute, Cardiff University).  Using Python programming, the 

software is designed to use algorithms to analyse a Ca
2+

 transient’s morphology, 

amplitude and kinetics.  As shown in figure 4.5C, the data entered into SALVO is 
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fashioned with transient ‘peaks’ and ‘valleys’ that have been automatically detected by 

the software.   

 

 

Figure 4.5: An isolated adult rat cardiac myocyte and a recording of its mean 

fluorescence intensity against time, which was then measured for Ca
2+

 transients’ 

peaks and valleys by the SALVO software.  (A) Image of a cardiac myocyte and its real 

time Ca
2+

 fluorescence (green pixels), that were measured by five square region of 

interest (coloured boxes). (B) The mean intensity of each ROI were converted to data 

points plotted against time to depict the oscillations of Ca
2+

. (C) Using specific 

algorithms the SALVO software measures each characteristic data point to allow 

analysis of specific parameters.  Ti, transient initiation point; Tp, transient peak; Te, 

transient end.   

 

(A) 

(B) 

(C) 
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A transient initiation point (Ti) will be detected at a ‘valley’, when a negative 

gradient (i.e. reduction in Ca
2+

-dependent fluorescence) is followed by a positive 

gradient (i.e. increase in Ca
2+

-dependent fluorescence over a designated threshold). 

Peak transient (Tp) will be determined when the positive rise of an oscillation returns to 

a negative gradient.  The end of a transient (Te) is detected upon another distinguished 

positive change in gradient.  Triangulation between these points allows the calculation 

and determination of a myriad of parameters, which characterise an oscillation and the 

Ca
2+

 handling properties of the cell.  Such an auto detection method has limitations as it 

is prone to error when the fluorescence signal to noise ratio is low, and thus needed to 

be proof read and modified to limit any anomalies that might distort the data output.  

Modifications and corrections were needed for: (i) the start and end of a trace, to ensure 

they were matched to baseline values and not during a transient; (ii) any multiple Te 

points that were detected on a transient (due to noise) but did not signify the end of the 

transient was deleted; (iii) only one Tp was allowed per transient, and included the 

deletion of a second Tp during Ca
2+

 dysfunction such as an EAD. 

 

4.2.4.3. SALVO Parameters 

The SALVO parameters dissect the transient’s recordings and their recurring phases 

into specific data sets that can then describe the cellular Ca
2+

 profile.  This includes; a 

systolic phase which considers the magnitude of the Ca
2+

 oscillation and the kinetics at 

which this fluctuation occurs; a diastolic phase, where the cells ‘inter-transient activity’ 

would be inspected for its fluorescent intensity and non stimulated Ca
2+

 events such as 

Ca
2+

 sparks; and other parameters such as synchrony and the regularity of Ca
2+

 

transients height that describe the organisation and robustness of each oscillation.  The 

definitions of the SALVO parameters that are used to scrutinise each Ca
2+

 transient are 
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listed below.  Black arrows and lines are examples of the measurements undertaken to 

calculate each parameter; ΔF, change in Fluorescence; Fo, baseline Fluorescence.  

 

Morphology of Transient 

Height (units = ΔF/Fo):  

The average height or peak amplitude of all the transients in a 

trace.  Reflects the SR Ca
2+

 load, the aptitude of the RYR2 and the 

cells Ca
2+

 buffering capability.  

  

Length (sec):  

The average length of a Ca
2+

 transient in a trace.  Represents the 

duration of the released Ca
2+

 and its subsequent removal from the 

cytosol. 

  

Standardised Area (arbitrary units, a.u.): 

Calculates the area within a Ca
2+

 transient and standardises to the 

baseline value.  It demonstrates the magnitude and the duration of 

a global Ca
2+

 event.   

  

Mean Intensity (a.u.):  

The mean fluorescence intensity of the ROI throughout the 

recording period.  It accounts for the cell’s basal Ca
2+

 fluorescence 

and the global Ca
2+

 transients’ intensity.  
 

 

Transient Kinetics 

Rate Up (ΔF/s):  

The rate of the Ca
2+

 transient to reach its peak.  Represents the 

open probability and the conductance of the releasing channels.  

 

 

Rate Decay (ΔF/s): 

The rate of the Ca
2+

 transient to reach its end point.  Represents 

the removal of Ca
2+

 from the cytosol, both into the SR and through 

the sarcolemmal ion transporters.   
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Inter-Transient Noise (ITN) 

The ITN is the basal parameter that measures the activity of the point-to-point 

difference in the fluorescence intensity between each Ca
2+

 transient.  ITN is associated 

with localised low-amplitude Ca
2+

 events that occur during the resting period.  The ITN 

parameters include:  

Average Magnitude; ITNAvMag (a.u.): 

The average magnitude of the signal variability that occurs in-

between each Ca
2+

 transient.  Represent the small diastolic Ca
2+

 

release events or Ca
2+

 sparks and other Ca
2+

 quanta. 

 

Average of the mean base value, ITNamb (a.u.): 

The ITNAvMag normalised to the baseline fluorescence.     

 

Length; ITNlength (a.u.): 

The total length of time for the ITN.  The length of time that 

ITN activity is continued within a transient. 

 

Total; ITNTotal (a.u.): 

The total sum of ITN within a recording.  Includes the 

magnitude and the length of time that ITN continues for in a 

trace. 

 

 

Length

Magnitude

Diastolic period

ITN

Inter-Transient Noise

                   

 

Synchrony and Conformity 

Synchrony (%, where 100% is perfect synchronisation):  

Calculates the juxtaposition of the transients’ peak amplitude from 

all the ROI.  Demonstrates synchronisation of Ca
2+

 release across 

the cell. 

 
 

Height Regularity:  

The cumulative standard deviation of each transient’s peak 

amplitude.  Reflects Ca
2+

 transient control.  As height regularity 

tends to 0, the height of the transients becomes perfectly 

consistent. 
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4.2.4.4. Incidences of Ca2+ Dysfunction and Stunning 

Each recording was checked for incidences of Ca
2+

 dysfunction, such as Ca
2+

 waves, an 

afterdepolarisation or stunning as these occurrences are not accounted for as a specific 

parameter in the SALVO software.  A cell generating a Ca
2+

 wave was characterised as 

a non-synchronised release of Ca
2+

 that spread throughout the cell moving concurrently 

from one ROI to another.  Other Ca
2+

 dysfunction events were characterised as an 

uncoordinated release of Ca
2+

.  Stunning is defined within this chapter as an event 

where no Ca
2+

 transients were generated by the cells.  Examples of these occurrences 

are given in figure 4.12.  

 

4.2.5. Statistical Analysis 

All numerical data are presented as mean values ± SEM, unless otherwise stated.  The 

statistical software PRISM® version 5.00 (Graphpad) was used to analyse all statistical 

data, with the spreadsheet Excel (Microsoft) used for the initial handling of the SALVO 

data output.  A one-way ANOVA followed by post hoc Newman-Keuls test) was used 

to compare baseline (pretreatment) values between the treatment groups for study 1 and 

study 2.  A two way repeated measures ANOVA followed by the Bonferroni post hoc 

test was used to analyse the cells’ baseline recordings (pre-treatment) with the post 

treatment recordings in study 1.  A two-way ANOVA followed by Bonferroni post hoc 

test was used for all other statistical analysis.  P<0.05 was considered statistically 

different.   
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4.3. Results 

4.3.1. Exclusion Criteria 

The cardiac myocytes were selected for experimentation based on their structural 

integrity and response to electric field stimulation.  Further exclusion was put in place 

during supplementary analysis to eliminate the cells that had unobserved defects in their 

Ca
2+

 handling abilities.  This scrutiny involved analysis during the first 10 minutes of 

the stabilisation period and consisted of: a) any rise in the diastolic baseline 

fluorescence; b) signs of arrhythmia; c) poor fluorophore measurements; d) any 

considerable cell movement out of the original focal plane. 

 Using these criteria, there was a completion of 22 experiments in study 1 and 26 

experiments for study 2, of which there were four exclusions in each of the studies 

during further analysis.  Thus, data for the normoxic study is represented by 8-15 

different cells per experimental group that have come from 3-5 rat hearts.  The data for 

the simulated ischaemia-restoration study is represented by 5-6 cells per experimental 

group, which have come from 4-5 rat hearts. 
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4.3.2. Characteristics of the Adult Rat Ventricular Myocytes  

To determine whether there was homogeneity amongst the cells prior to 

experimentation, the first recordings for all groups in study 1 and 2 were analysed with 

an ANOVA test.  The cells descriptive data, such as resting length, field-stimulated 

length and their respective baseline and mean intensity fluorescence readings are 

described in table 4.1.  Statistical analysis determined no significant difference between 

the mean values of these parameters, suggesting that each group had similar baseline 

values prior to experimentation.  The cells had a baseline fluorescence score of 22.5 ± 

2.5 a.u. allowing a resting cell length of 100 ± 5.0 µm.  Upon electrical stimulation the 

cells contracted and shortened by 5.0 ± 0.5%.  The cellular response to this electrical 

impulse created the greatest variability between the groups as the mean intensity for 

each Ca
2+

 transient varied between 35.2 and 53.3 a.u.  Analysis of additional parameters 

that describe the Ca
2+

 transient and inter-transient activity is given in figure 4.6.  A 

statistical difference was identified between the duration of a Ca
2+

 transient in the time 

controls (0.67 ± 0.01 s) of study 2 and the AIP group (0.79 ± 0.02 s) of study 2 (figure 

4.6).  The pacing rate on the field stimulator could have caused this as it was set with a 

changeable dial and not a definitive setting of 1 Hz.  However, the pacing rates 

described in table 4.1 (measured by the frequency in peak transients) were not 

significantly different.  The most likely cause for this discrepancy is that the higher 

Fluo4 concentration (5 µM) originally loaded in some of the cells within the time 

control group, created a larger signal-to-noise fluorescence.  This was automatically 

detected by the SALVO programme as an earlier formation of a ‘valley’ and thus an 

earlier endpoint to the Ca
2+

 transient.  A non-significant trend can be detected in the 

transients length of time controls in study 1 (0.69 ± 0.01 s), which also included cells 

subjected to a higher fluorophore concentration. 



 

Table 4.1 – Descriptive data (Mean ±SEM) of the cells first recordings prior to the normoxic (study 1) or  

simulated ischaemia (study 2) experiments.  

 

Experimental 

Groups 

 

n 

(cells/hearts) 

 

Cell Length 

(µm) 

 

 

Rate  

(Hz) 

 

Cell Shortening 

(%) 

  

Baseline 

(a.u) 

 

Mean Intensity 

(a.u) 

Study 1       

Control 14/5 98.8 ± 4.4 1.10 ± 0.02 6.4 ± 0.3 26.6 ± 3.9 53.3 ± 8.1 

KN93 (2 µM) 12/4 103.2 ± 3.1 1.03 ± 0.04 7.8 ± 0.7 22.8 ± 3.2 51.4 ± 8.3 

KN92 (2 µM) 8/3 105.6 ± 5.6 1.04 ± 0.04 6.7 ± 0.8 17.0 ± 1.0 35.2 ± 1.8 

AIP (10 nM) 8/3 103.0 ± 5.8 1.03 ± 0.05 6.6 ± 0.6 19.3 ± 1.6 35.2 ± 2.2 

AIP (40 nM) 7/3 94.1 ± 2.2 1.02 ± 0.02 4.5 ± 0.6 24.3 ± 1.6 45.3 ± 5.9 

       

Study 2       

Time Control 6/4 102.3 ± 3.1 1.04 ± 0.05 6.1 ± 0.9 26.7 ± 2.3 47.3 ± 3.8 

Ischaemic Control 6/5 96.0 ± 3.4 1.06 ± 0.03 6.8 ± 1.2 23.1 ± 3.0 45.3 ± 6.0 

KN93 (2 µM) 5/5 105.6 ± 3.9 1.03 ± 0.03 6.3 ± 0.8 19.8 ± 3.5 38.0 ± 6.3 

KN92 (2 µM) 5/5 100.2 ± 4.8 1.03 ± 0.04 6.2 ± 0.9 22.8 ± 2.1 44.0 ± 2.5 

AIP (40 nM) 5/5 100.2 ± 6.9 1.00 ± 0.03 5.0 ± 0.5 23.6 ± 2.5 41.7 ± 4.6 
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Figure 4.6: Mean data (±SEM) from all the cells first recordings of the Ca
2+ 

transients’ parameters identified by SALVO.  White bars indicate the one minute 

recordings from the normoxic experiments in study 1. Shaded bars indicate the first 10 s 

recordings from the simulated ischaemia-reoxygenation protocol in study 2.  Dashed 

lines specify mean score between the groups. (*p<0.05 by One-way ANOVA). N number 

for each experimental group is given in table 4.1.   
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The SALVO measurements in the inter-transient noise activity (ITNamb) also 

suggest a higher amount of signal-to-noise fluorescence was recorded within the time 

controls of study 2.  Other parameters of the Ca
2+

 transients, such as height, 

standardised area and the rate of Ca
2+

 release, follow a similar outline of intensity 

between the groups.  A quicker rate of Ca
2+

 release is in concert with the height of the 

Ca
2+

 transient and its standardised area.  The KN-93 group in study 1 for example, has a 

Ca
2+

 transient with a peak height (5.7 ± 0.35 a.u.), rate up (1377 ± 238 ∆F) and 

standardised area (1.3 ± 0.16 a.u.) greater than any other group.  Interestingly, the rates 

of Ca
2+

 transients decay (or Ca
2+

 removal) are ~10-20% slower than the Ca
2+

 rate up (or 

Ca
2+

 release); demonstrating the difference between the passive transport of Ca
2+

 

through ion channels to its uptake against a concentration gradient with ion transporters 

such as SERCA2a.  Synchronicity between the Ca
2+

 transients’ recorded in five ROI, 

average 84.8 ± 4.6% homology.  The shorter 10 second recordings in study 2 have a 

trend in maintaining a lower deviation in height regularity than the longer recordings. 

To summarise, the first recordings in all experimental groups are not 

significantly different to one another, indicating that the experiments to start with are 

using functionally similar cells.  The cells that underwent the longer period of laser 

scanning were not different to the shorter period indicating the shorter 10 second period 

was sufficient to capture enough data.  Data for some of the parameters in further 

analysis is normalised to these first recordings in order to standardise the effects of 

treatments. 
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4.3.3. Effect of the CaMKII Inhibitors Under Normoxic Conditions 

Study 1 investigated the response of the field stimulated ventricular myocytes to short 

term normoxic drug perfusion or an equivalent time period in the controls.  Thus, each 

experimental group had their pre-treatment recordings (first recordings) compared to 

their respective post-treatment recordings.  A two-way ANOVA also tested whether 

there was any interaction between the treatment groups and time course. 

 

Cell size measurements 

The cell length measurements during the resting diastolic phase (figure 4.7A) and 

during cell shortening (figure 4.7B) showed no significant interaction effects (i.e. where 

one of the variables is affected by the other) between the treatment groups and the two 

time recordings.  A post-hoc test of the mean myocyte length and their subsequent 

shortening capability before and after the respected drug treatment, also detected no 

significant difference had occurred to these cell dimensions.  Of note was that the cells 

treated with KN-93 or KN-92 had a minor reduction in their cell shortening as they 

were measured at 88.5 ± 6.4% and 91.0 ± 11.9% respectively, of their basal recordings.  

This was not demonstrated in the time-matched controls.  The cells treated with AIP (40 

nM) had also reduced to 87.0 ± 2.8 µm (or 92.4 ± 2.9% of its basal length) and had a 

non significant weaker reduction of 3.3 ± 0.3% of its cell length.  When the cells were 

subjected to a lower concentration of AIP (10 nM), the post-treatment cell length was 

similar to basal measurements (101.0 ± 6.1 µm or 98.1 ± 5.9% of basal) and the 

contractile activity had also been maintained to 6.8 ± 1.1% of the resting cell length. 
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Figure 4.7: Cardiac myocytes length measurements at rest (A) and after electrical 

stimulation (B), before and after the treatments of study 1.  Two-way repeated 

measures ANOVA detected no significant interaction between the treatment groups and 

the time periods. Further comparisons of the treatment groups’ individual mean 

measurements detected no significance in the cells post-treatment measurements. n = 7-

14 cells from 3-5 hearts. 

 

 

Incidences of Ca
2+

 dysfunction 

Most of the Ca
2+

 transients responded to the post-treatment recording without any 

observable changes.  However, there were incidences of Ca
2+

 dysfunction.  There was a 

noticeable increase in the frequency of contractile defects when the CaMKII inhibitor 

peptide AIP (40 nM) was present.  After 45 s of imaging, 4 out of 7 cells developed 

irregular fibrillatory beating that had not recovered by the end of the 1 minute 

recording.  This was visible on the transient recordings as a chaotic event of diastolic 

Ca
2+

 release (figure 4.8E) in three of the traces and an occasional aberrant beating in the 

other. 

 

 

 

(A) (B) 
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Time:  0                                                        60 sec

 

Figure 4.8:  Examples of the incidences of Ca
2+

 dysfunction during the one minute 

post-treatment recordings. The mean intensity of each ROI is plotted against time and 

overlaid on top of each other. Different colours signify each ROI although only one 

colour is prominent due to the synchronicity between regions.  (A) Time control (B) KN-

93 treatment (C) KN-92 treatment (D) AIP 10 nM treatment (E) AIP 40 nM treatment. 

Highlighted in the rectangular boxes are the incidents of Ca
2+

 dysfunction. 

 

(A)  Time Control 

(B) KN-93 

(C) KN-92 

(D) AIP (10 nM) 

(E) AIP (40 nM) 
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A lower concentration of AIP at 10 nM was not as arrhythmogenic, yet there was one 

similar event of non recoverable diastolic Ca
2+

 release (t = 38 s) and one event of 

ectopic beating that responded with positive inotropy (figure 4.8D).  Treatment with the 

organic CaMKII inhibitor KN-93 had one incidence of Ca
2+

 dysfunction (figure 4.8B).  

The cell had a prolonged period of removing Ca
2+

 that resulted in a missed contraction 

before responding with a positive inotropic effect.  The 14 cell recordings in the time 

control and the 8 cells in the KN-92 group remained in synchrony with the field 

stimulator. 

Parameters selected by SALVO  

Two-way repeated measures ANOVA revealed that none of the Ca
2+

 handling 

parameters measured by the SALVO software showed any significant interaction 

between time and treatment.  When comparing only between the two time periods (first 

recordings vs. post recordings) rate up, rate decay and height regularity were revealed to 

be significant during the post treatment recording (see 4.10).  This indicates that some 

cells experienced alterations in their Ca
2+

 transients’ morphology during treatment but 

there was no consistent pattern of difference between treatment groups.  This is further 

illustrated in figure 4.9A (height of Ca
2+

 transient) where a small decrease in ΔF was 

observed within all post-treatment recordings (chequered bars). Although ANOVA 

suggested a significant effect (F(1,18) = 8.78, p = 0.0083), post hoc testing did not 

reveal where the statistical difference lay.  When the means of other parameters were 

further analysed within the individual treatments by post hoc analysis, some differences 

were significant within groups.  KN-93 and KN-92 treatment significantly limited the 

rate of Ca
2+

 released (rate up) into the cell by 11.2% and 19.5% respectively.  The rate 

of Ca
2+

 removal (rate decay) was only significantly restricted (by 10.4%) after KN-93 

treatment.  The steady state of the Ca
2+

 transients were all affected after drug treatment, 
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but more so with AIP (40 nM) treatment.  There was a 44% increase in the height 

regularity of this group that reflects the significant amount of Ca
2+

 dysfunction that 

occurred during the post-treatment recording.  Similar distortion was observed with the 

lower concentration of the drug but was less consistent and not significant.  Despite the 

amount of dysfunction that occurred after AIP treatment, there was no disruption to the 

synchrony of these occurrences in the ROI, indicating they were a global cellular event.   
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Figure 4.9:  Comparison of the cells Ca
2+

 transient recordings before and after 

treatment in study 1.  (A) Height (B) Length (C) Standardised Area (D) Inter-transient 

activity. Two-way repeated measures ANOVA revealed no significant interaction 

between the treatment groups and time periods.  Although Height (A) of the Ca
2+

 

transient was lower in all treatment groups at the end of the post-treatment period, post 

hoc testing revealed no significant differences for any parameter. White bars are first 

recordings, chequered bars are post-treatment recordings, and shaded bars are time 

control recordings from study 2 (taken at 0 and 10 min). n = 7-14 cells from 3-5 hearts. 

 

(A) (B) 

(C) (D) 
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Figure 4.10:  Comparison of the cells Ca
2+

 transient recordings before and after 

treatment in study 1. (A) Rate Up (B) Rate Decay (C) Synchrony (D) Height Regularity. 

Two-way repeated measures ANOVA revealed no significant interaction between the 

treatment groups and time periods. There was significance when comparing the two 

time periods with respect to Rate Up (A) Rate Decay (B) and height regularity (D). A 

post test of the first recordings and the post-treatment means within each group 

revealed significant changes had occurred in some parameters after KN-93 (Rate Up 

and Rate Decay), KN-92 (Rate Up) and AIP 40 nM (Height regularity) treatment. White 

bars are first recordings, chequered bars are after treatment recordings, and shaded 

bars are time control recordings from study 2 (taken at 0 and 10 min). * p<0.05 when 

comparing within treatment groups. n = 7-14 cells from 3-5 hearts. 

(A) (B) 

(C) (D) 
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4.3.4. Response to Simulated Ischaemia and Reperfusion 

Study 2 investigated the myocytes’ response to an environment that simulated acute 

ischaemia (low pH, glucose deficit and hypoxia) followed by a sudden return of normal 

superfusate to promote reperfusion injury.  A shorter 10 s recording, for each minute of 

the experiment, was designed to capture sufficient information to summarise the cells’ 

Ca
2+

 handling ability, whilst limiting their cells exposure to phototoxicity.  Any rise in 

[Ca
2+

]i during simulated ischaemia and loss in Ca
2+

 handling ability was used as 

markers of cell injury. 

 

4.3.4.1. Changes in Cell Dimensions 

All cells that underwent the simulated I-R protocol survived.  At termination of the 

experiment they had maintained their cellular structure and had some degree of 

rhythmicity.  In spite of this, marked changes in cell length, contraction and Ca
2+

 

handling ability occurred during both the simulated ischaemia and the restoration 

period. 

The minor reduction in cell length measured in study 1 was consistent with the 

first 10 min of stabilisation in study 2 (figure 4.11A).  Although the osmolarity of 

ischaemic buffer was matched to the Tyrode’s solution, this gradual decline in resting 

length was reversed in the new environment.  A two-way ANOVA revealed no 

significant interaction between the time course and treatment groups.  A post hoc 

analysis of the means determined that the swelling in the I-R controls was significant to 

the time controls at 30 and 40 min of experimentation (mean difference, 7.3% and 

10.3% respectively).  When the normoxic Tyrode’s buffer was restored, the cells had 

returned to a length comparable to the time controls by the end of experimentation.   
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Figure 4.11: Time course of the effects of simulated I-R on resting cell length (A) and 

cell shortening (B) in the presence and absence of CaMKII inhibitors. A two-way 

ANOVA compared each treatment groups mean scores at specific time periods of the 

experiment. A significant interaction was found in the variables of the cell shortening 

data. Whilst both cell length and cell shortening data had a significant difference when 

all treatment groups were compared during the two time periods. This was due to the 

deviation of the cell size measurements under ischaemic conditions to the time controls. 

None of the treatment drugs changed the course of the cells morphology or contractile 

activity when compared to I-R controls. The data sets (±SEM) have been separated at 

the x axis for clarity. Shaded area denotes period of ‘ischaemia’. * p<0.05 when 

comparing time controls with the I-R controls. n = 5-6 cells from 4-5 hearts.  

 

 

(A) 

(B) 
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None of the drug treatments significantly altered the fluctuation in cellular dimensions 

that was instigated by the ischaemic solution, although the cells treated with KN-92 

incurred the greatest variability and were not deemed to be significant to the time 

controls at any time point.  Dimensions of the AIP treated cells were only significant to 

the time-matched controls at 40 minutes of experimentation.  

Cell contraction (figure 4.11B) was abolished throughout the ischaemic period 

in all treatment groups and an instant recovery of mechanical function emerged in 

conjunction with the return of normal superfusate.  Two-way ANOVA deemed these 

changes as having a significant interaction, which was also of significance when only 

the treatment groups or time periods were compared.  At the termination of the 

experiment, recovery in contractile activity within the I-R control group (129 ± 17.6%) 

and those treated with KN-93 (131 ± 7.9%) was at a significantly enhanced capacity to 

the timed controls (72 ± 18%).  The KN-92 (103 ± 20.9%) and AIP (120 ± 36.0%) 

groups, although not statistically different to the I-R groups or time controls, were more 

variable (large SEM) in their return to mechanical function. 
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4.3.4.2. The Effects of Simulated I-R on Cellular Ca2+ Handling  

Cellular Ca
2+

 transients were evoked during the ischaemic period even though there was 

an absence of contractile activity (see next section for SALVO analysis).  Only when 

the cells were ‘stunned’, which occurred in some cells at later stages of ischaemia was 

there a lack of Ca
2+

 cycling activity.  In the presence of normoxic Tyrode’s solution, the 

combination of 50 min electrical stimulation and intermittent laser scanning admitted a 

minor and progressive depression of the amplitude of the Ca
2+

 transients (figure 4.12A).  

Each oscillation was characterised by a sharp release of Ca
2+

, followed by a 

characteristic decay phase prior to the subsequent oscillation.  At the onset of the 

simulated ischaemia, a significant transformation occurred to the Ca
2+

 handling ability 

(figure 4.12B).  This included an abrupt decline in transient amplitude, and a moderate 

rise in diastolic [Ca
2+

]i within some cells.  The return of normoxic superfusate to the 

cells, reinstated the magnitude of each Ca
2+

 transient and returned the diastolic [Ca
2+

]i 

towards the baseline levels.   

As noted in figure 4.12 C-D and quantified in figure 4.13 the cells had episodes 

of mishandling Ca
2+

.  These were either aberrant Ca
2+

 dysfunction amongst the Ca
2+

 

transients, large propagation of Ca
2+

 waves, or no Ca
2+

 activity at all (‘stunning’).  To 

summarise the figures: 

- In the time controls two cells had an episode of Ca
2+

 dysfunction after 35, 40 or 45 

minutes of experimentation.  There were no incidents of Ca
2+

 waves or stunning.  

- Subjecting cells to 30 minutes of an ischaemic mimetic solution did not incur 

much Ca
2+

 dysfunction in any of the treatment groups.  Such contractile defects 

were generated with the return of the normoxic superfusate. 

 



 

Time Control 0                                                            30 50

Stabilisation RestorationI-R Control Simulated Ischaemia10                                                         30 40 500 Stabilisation RestorationI-R Control Simulated Ischaemia10                                                         30 40 500

t = 0 min t = 30 min t = 50 min

t = 0 min t = 30 min t = 50 mint = 0 min t = 30 min t = 50 min t = 41 mint = 41 min

t = 14 mint = 14 min t = 24 mint = 24 min

t = 50 mint = 50 min

 

Figure 4.12: Example of Ca
2+

 transient recordings (mean intensity vs. time) at selected time points during study 2.  (A) Time control 

recordings at 0, 30 and 50 min of experimentation.  (B) I-R control experiment at 0, 30 and 50 min of experimentation. (C) Examples of a 

stunned cell responding with an episode of hypercontracture (left); and a Ca
2+

 wave being generated whilst maintaining Ca
2+

 transient 

activity (right). (D) Ca
2+

 waves occurring during the first minute of reoxygenation (top) and arrhythmic activity at the end of the 

experimentation (bottom).  Each recording shows the overlaid traces of five ROI from one cell.  ‘t’ denotes the time point when the 

recording was taken. 

(B) 

(C) 

(D) 

(A) 
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Figure 4.13: A tally of the episodes of Ca
2+

 dysfunction (A), Ca
2+

 waves (B) or 

stunning (C), that occurred in the cells subjected to simulated I-R at specific time 

periods of the experiment.  None of the drug treatments abolished any Ca
2+

 

dysfunction.  AIP had the lowest number of cells that generated Ca
2+

 waves during 

simulated ischaemia although this phenomenon also occurred during the restoration 

period.  The KN-93 treated cells had the lowest incidences of Ca
2+

 dysfunction at end of 

experimentation.   

(A) 

(B) 

(C) 
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- None of the treatments protected the cells against episodes of Ca
2+

 dysfunction at 

the restoration stages, but the cells treated with KN-93 incurred the fewest (one 

cell) during the last 5 minutes of experimentation. 

- The generation of Ca
2+

 waves was more apparent in the latter stages of the 

ischaemic period, although treatment with KN-92 and the I-R control had one cell 

propagating waves within 10 minutes of simulated ischaemia and continued to do 

so until the restoration of normoxia.  Over half the cells in the I-R control, KN-93, 

and KN-92 treated cells generated Ca
2+

 waves at the end of the ischaemic period.  

AIP treatment incurred the fewest incidences during the ischaemic period, but two 

cells responded in this way during the restoration period. 

- One cell from each of the KN treatment groups reacted instantly to the ischaemic 

buffer and failed to generate Ca
2+

 transients.  This was combined with the 

generation of many Ca
2+

 waves in the KN-92 group.  Stunning in other groups 

occurred at the end of the ischaemic period but was not a universal behaviour.  

During restoration one cell from the AIP treatment failed to generate any Ca
2+

 

transients but this did recover. 
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4.3.4.3. SALVO Analysis of the Cellular Ca2+ Handling 

As many aspects of the Ca
2+

 transients were changed in study 2, the parameters 

analysed by the SALVO software are further categorised into four groups that best 

describe features of the cells’ intracellular Ca
2+

 handling ability: (1) the shape of each 

Ca
2+

 transient; (2) the rate at which the Ca
2+

 is cycled; (3) the inter-transient and 

diastolic activity; (4) the synchrony and conformity of each ROI to portray the 

intracellular harmony throughout the cell. 

 

1. Transient morphology and volume of Ca
2+

 cycled in the cytosol 

As shown in figure 4.14, when ischaemia is initiated the morphology of the Ca
2+

 

transients changes.  Error bars have been removed for clarity (and are included in the 

appendices), and key time points have been selected to describe some of the parameters.  

A two-way ANOVA detected significance within the drug treatments and in the time 

period.  These differences between the time control and the I-R control can be 

summarised as follows: 

- The first minute of ischaemia confines the cell’s standardised area measurements to 

around half of its Ca
2+

 cycling proficiency (48.2 ± 9.3% of the first recording).   

- This is due to the reduction in the height of each Ca
2+

 transient (figure 4.14C) as the 

length (figure 4.14B) remains relatively constant throughout the experiment. 

- The height and standardised area of the transients continue to fall (to below 25% first 

recording) until normal superfusate is restored.   

- Reoxygenation rapidly restores 53.0 ± 11.7% of the Ca
2+

 transients’ standardised area, 

which by the end of experimentation reaches comparable levels to the matched time 

controls (time control, 66.2 ± 12.4% vs. I-R control, 69.9 ± 11.1%). 
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Figure 4.14: Time course of the SALVO parameters (Mean only) that describe the cells Ca
2+

 transients’ morphology, when subjected to 

simulated I-R.  (A) Standardised Area (B) Length of Ca
2+

 transient (C) Height of Ca
2+

 transient (D) Mean intensity of [Ca
2+

]i.  All data, 

except for length, is normalised (%) to the first recording.  (B-D) are selected time points through the time course. In all parameters, two-

way ANOVA detected no significant interaction between the treatment groups and time. The significance between the treatment groups is 

described in text. Shaded area indicates period of ischaemia. * p<0.05 when comparing I-R Control vs. Time Control, 
#
 p<0.05 I-R 

Control vs. the labelled drug treatment. n = 5-6 cells from 4-5 hearts. 

 

(A) 

(B) (C) (D) 
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- The mean intensity (figure 4.14D) for each recording includes the cell’s diastolic 

fluorescence (see next section).  This gradually rises after the onset of ischaemia to 

reach peak intensity at the first minute of reoxygenation, before returning to comparable 

levels as the time control by the end of experimentation. 

None of the drug treatments, when statistically compared to the I-R control, 

significantly altered the course of the Ca
2+

 transients’ morphology, standardised area or 

mean intensity.  However, some aspects were distorted with drug treatment and are 

summarised as follows: 

- The incidences of Ca
2+

 waves and the large discharge of Ca
2+

 within the cytosol are 

reflected in the standardised area measurements by the divergence of the mean data for 

the treatment groups KN-93 and KN-92 during ischaemia. One cell in particular from 

the KN-92 group continuously propagated Ca
2+

 waves and forced the large error bars 

within the data set (see appendices 1). 

- The measurements in the Ca
2+

 transient length also reflect these arrhythmic 

occurrences.  One cell from each of the KN treated groups exhibited an episode of 

hypercontracture and a large release of Ca
2+

 (lasting 2.5 sec in KN-93 group).   

- AIP prevented any of these large releases of Ca
2+

 during ischaemia. 

- During reoxygenation KN-93 treated cells responded with the largest measurements in 

the Ca
2+

 transients’ standardised area (KN-93, 85.0 ±8% vs I-R control, 69.9 ±11.1%), 

although this was not significant.  

- The length of the Ca
2+

 transients peaked during the first minute of reoxygenation 

possibly signifying the occurrences of arrhythmic activity.   

- An interesting observation with the KN-92 group was a dip in the standardised area 

measurements at 46 min when the drug was removed. 
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- AIP was more variable with its standardised area during the later stages of restoration 

due to some occurrence of Ca
2+

 dysfunction. 

- The mean intensity for the KN-92 group matched the I-R control whilst KN-93 and 

AIP remained low until reoxygenation. 

 

2. Rate of intracellular Ca
2+

 cycling 

As the onset of ischaemia inflicted changes to the magnitude of Ca
2+

 cycled in the 

cytosol, it also affected the rate at which this occurred (figure 4.15).  A two-way 

ANOVA revealed a significant interaction only in the rate of Ca
2+

 removal, but both 

treatment and time had significant effects on the kinetics of these Ca
2+

 transients.  These 

changes are summarised as follows: 

- In the I-R controls the first minute of ischaemia reduced the Ca
2+

 release and removal 

rate to 50.8 ± 5.3% and 55.3 ± 6.0% respectively of their first ability.  Both rate up and 

rate decay were significantly reduced (compared to time controls) throughout the 30 

min ischaemia reaching levels as low as 21.1 ± 3.5% and 40.7 ± 9.8% respectively.  

Reoxygenation immediately reversed the transients’ kinetics although at 41 min the rate 

of release (33.9 ± 3.4%) was slower to recover than the rate of decay (66.3 ± 11.1%).  

At the end of experimentation the rate of Ca
2+

 release did not return to levels 

comparable to those of the time control (48.7 ± 5.8% vs. time controls 70.0 ± 9.7%) 

although this was not significant. 

- None of the treatment groups significantly altered the Ca
2+

 transients’ kinetics during 

the time course of I-R.   

- The first 5 minutes of drug treatment during normoxic conditions did not replicate the 

significant changes seen in study 1.  This could either mean that the pre-treatment time 

was too short, the recording time was not sufficient or that one of the analyses was 

anomalous.    
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Figure 4.15: Time course of the SALVO parameters (Mean only) that describe the Ca
2+

 transients’ kinetics, when subjected to 

simulated I-R.  (A) Rate of Ca
2+

 released into the cell. (B) Rate of Ca
2+

 removed from the cytosol. Data are normalised (%) to the first 

recording.  A two-way ANOVA detected no significant interaction between the treatment groups and treatment time during Ca
2+

 release 

but it was of significance during Ca
2+

 removal. Further significance between the treatment groups is described in text. Shaded area 

indicates period of ischaemia. (* p<0.05 when comparing within the treatment groups). n = 5-6 cells from 4-5 hearts. 

(B) 

(A) 
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- The KN-93 treated cells recovered the highest rate of removal (75.7 ± 17.0%) after the 

first minute of reoxygenation although this was variable.  KN-93 recovery of height and 

standardised area for each Ca
2+

 transients corresponds to this removal rate  - The dip in 

KN-92 standardised area at 46 min is also matched with its removal rate.  

- AIP and KN-92 were slower to recover their rate of release and were significantly 

different to the time controls at 41 min and 42 min. 

 

3. Inter-transient and diastolic activity 

Mean baseline fluorescence and inter-transient activity were categorised and quantified 

into four key parameters by the SALVO software (figure 4.16): a) the average baseline 

intensity of the inter-transient fluorescence readings; b) the average magnitude of the 

Ca
2+

 released (including Ca
2+

 sparks) in-between the transients (ITN Av.Mag); c) the 

total duration of inter-transient activity (ITN Length); d) the total sum of the absolute 

difference in magnitude for the inter-transient Ca
2+

 activity (ITN Total).  None of the 

parameters when analysed by two-way ANOVA, displayed any significant interaction 

between the treatment groups and time period.  All treatment groups subjected to 

simulated I-R expressed large SEM bars (appendices 3) and as such the data exhibited 

little statistical difference when the treatment groups’ means were compared at 

individual time points.  This demonstrates that there was a heterogeneous response to 

these I-R conditions. Generally, half the cells were vulnerable to a rise in [Ca
2+

]i and 

ITN activity (I-R control 3/6 cells, KN-93 3/5 cells, KN-92 3/5 cells, AIP 2/5 cells). 
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Figure 4.16: Time course of the SALVO parameters (Mean only) that describe the baseline and inter-transient activity of the cells when 

subjected to simulated I-R.  (A) Baseline fluorescence (B) Average magnitude of ITN (C) Length of ITN (D) Total amount of ITN. Data are 

normalised (%) to the first recording.  None of the parameters had any significant interaction between the treatments and time periods. 

Baseline, ITN Length and ITN Total had significant effects within the treatment and time periods, but average magnitude of ITN did not. 

Further comparison between the treatment groups means at specific time periods are described in text. Shaded area indicates period of 

ischaemia. (* p<0.05 when comparing within the time controls). n = 5-6 cells from 4-5 hearts. 

(A) 

(B) (C) (D) 
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The data in figure 4.16 can be summarised as follows:  

(a) Baseline Intensity   

- The rise in baseline [Ca
2+

]i was more prominent in the I-R controls and the KN-92 

treated cells, peaking at 160.6 ± 22.8% and 151.4 ± 25.8% respectively at 40 min.  KN-

93 and AIP groups showed a moderate rise in [Ca
2+

]i (114.6 ± 30.3% and 113.1 ± 

11.5% respectively), with their mean values matching the time controls at this time 

point (114.0 ± 13.3%).  Reoxygenation returned the [Ca
2+

]i towards the baseline 

readings, with some cells treated with the CaMKII inhibitors displaying intensities 

below the time control group and their baseline readings.  This removal rate 

corresponds with the Ca
2+

 transients’ kinetics as there is an imbalance between the rate 

of Ca
2+

 removal and its release. 

 

 (b) ITN Average Magnitude 

- The mean data for the ITN Av.Mag suggests that there was no significant difference 

between the magnitudes of the localised Ca
2+

 events (i.e. Ca
2+

 sparks and other Ca
2+

 

quanta) generated with the time controls and the I-R protocol.  At 40 min, a small 

consistent rise under normoxic conditions (113.1 ± 2.7%) was comparable to the 

ischaemic groups; I-R controls (121.8 ± 15.0), KN-93 (125.3 ± 17.3%), KN-92 (126.8 ± 

18.7%), AIP (114.4 ± 9.4%). 

- At the end of reoxygenation the magnitude of the Ca
2+

 sparks had gradually reduced 

towards baseline values, although the AIP group maintained some of this activity. 

 

(c) ITN Length 

- The total length of time for the ITN activity increased and peaked in all I-R groups at 

40 minutes of experimentation; I-R controls (225.0 ± 57.0%), KN-93 (234.7 ± 61.9%), 
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KN-92 (245.9 ± 51.4%), AIP (230.4 ± 66.9%).  The large variability came with the cells 

that were stunned or generated little Ca
2+

 transients.  When compared with the time 

control, only KN-92 was deemed significant at 30 minutes of experimentation.   

- The return of Ca
2+

 transients (at 41 min) reduced the time available for ITN activity 

and thus the length of ITN.  The Ca
2+

 dysfunction generated within the AIP group 

during the last minutes of experimentation forced a high measurement in ITN length.   

 

(d) ITN Total  

- The total amount of ITN was predominantly shaped by the length of time for each ITN 

activity.  Only the cells treated with KN-92 and I-R control had a total ITN activity 

significantly different to the time controls (time control, 104.4 ± 7.0% vs. KN-92, 307.8 

± 102.0% and I-R control, 310.3 ± 105.8%).  The KN-93 (253.3 ± 48.0%) and AIP 

(247.6 ± 78.9%) contained large amount of variability and were not significantly 

different to the I-R controls.  Return of normoxic perfusate and Ca
2+

 transients reduced 

the total amount of ITN, except for the AIP group. 
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4. Synchrony and conformity within the cells  

The five ROI selected within each cell were analysed for the intracellular synchrony of 

Ca
2+

 release.  This harmony is critical for E-C coupling.  There was no significant 

interaction between the measured variables (two-way ANOVA).  However, there was 

significance amongst the treatment groups and between the time periods.  There was a 

gradual deterioration between the ROI synchronicity as time progresses through 

normoxic and ischaemic conditions (figure 4.17A).  The initial ischaemic decline in 

Ca
2+

 transients shape and kinetics did not disrupt the cells global release of Ca
2+

.  

Nevertheless, during the latter stages of ischaemia (last 5 minutes) and at early stages of 

reoxygenation there was a modest disruption when compared to the time controls.  

Although all groups deviated from the time controls during the 40
th

 minute only the I-R 

controls were significantly different (time control, 75.1 ±5.8% vs. I-R control, 42.3 

±14.1%).  A slow recovery in each ROI harmony was restored in all treatment groups 

by the end of experimentation. 

The deviation between each of the Ca
2+

 transients’ height was used as a 

measurement of regularity and steady state.  It would also signify whether there was any 

mechanical alternans as any score away from 0 would indicate less regularity.  A two-

way ANOVA did not detect any interaction between these variables, but there was 

significance amongst the treatment groups and between the various time periods.  The 

Ca
2+

 transients did not lose their steady state during ischaemia, but the smaller height of 

each transient did moderately reduce the overall deviation.  The only significant 

deviation (compared to all groups) was with KN-93 treated cells.  The first was during 

the early ischaemic period, triggered by a sole episode of hypercontracture, and the 

other was during the first minute of reoxygenation.  The restoration period manifested 

the highest degree of mechanical alternans with all treatment groups except for KN-92 
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generating more than the time controls.  At the end of experimentation KN-92 

maintained this lower degree of deviation although this was not deemed significant to 

the other treatment groups.     
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Figure 4.17: Time course of the SALVO parameters that describe the synchronicity 

amongst the cells ROI and regularity of the Ca
2+

 transients. (A) Synchrony of ROI (B) 

Regularity of Ca
2+

 transient height. A two-way ANOVA determined none of the 

parameters had any significant interaction between the treatments and time periods. 

Both synchrony and height regularity had significant effects within the treatment and 

time periods. Further comparison between the treatment groups means at specific time 

periods are described in text. Shaded area indicates period of ischaemia. (* p<0.05 

when comparing the time controls with I-R controls, # p<0.05 when comparing KN-93 

treated cells with all other treatment groups).  n = 5-6 cells from 4-5 hearts. 

(A) 

(B) 
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4.4. Discussion 

The studies’ major findings are summarised as follows:  

- Under normoxic conditions the CaMKII inhibitor KN-93 limited the rates of Ca
2+

 

release and removal from adult rat ventricular cells when field stimulated at 1 Hz.  The 

rate of Ca
2+

 release might be due to the non-specific activity of the KN compounds as 

KN-92 also demonstrated these effects.  On these grounds, the sub-hypothesis that the 

non-specific activity of the KN compounds will have a comparable limitation on the 

cells Ca
2+ 

handling ability can be accepted. 

- It was also hypothesised that the CaMKII inhibitor KN-93 and the peptide inhibitor 

AIP will have comparable effects on the cells Ca
2+ 

handling ability.  This was not 

verified during the short exposure times of study 1, or parameters selected by SALVO 

measured in study 2.  Only by limiting the rise in [Ca
2+

]i during ischaemia, were there 

any comparable effects, but these were not significantly different to the controls.  On 

these grounds, this sub-hypothesis can be rejected. 

- Simulated I-R had a substantive effect on the cells’ Ca
2+

 handling, contractile 

performance and cell dimensions.  This adverse effect on intracellular Ca
2+

 

homeostasis was hypothesised.  The parameters measured by the SALVO software 

disclosed no significant changes between the cells treated with the CaMKII inhibitors 

and the controls.  This indicates that CaMKII had no significant activity on these 

functional characteristics. 

- It was hypothesised that simulated ischaemia would lead to a rise in the diastolic Ca
2+

 

concentration.  Despite the marked intracellular changes in Ca
2+

 handling, only 50% of 

the I-R controls had a substantial rise in [Ca
2+

]i.  There was only a minor rise in [Ca
2+

]i 

in the presence of the CaMKII inhibitors KN-93 and AIP, but with the inconsistent rise 
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in the control group and the KN-92 treated cells this meant that there were no 

significant difference between the treatment groups. 

- The presence of the CaMKII inhibitors did not abolish the occurrence of Ca
2+

 

dysfunction during simulated I-R.  The inhibitory peptide AIP had the lowest 

occurrence of Ca
2+

 waves during simulated ischaemia, whereas during the last 5 

minutes of experimentation KN-93 treated cells had the lowest occurrence of Ca
2+

 

dysfunction. 

 

4.4.1. The Similar Effects of the KN Compounds on Ca2+ Handling  

Under normoxic conditions, study 1 revealed that the cells treated with KN-93 or KN-

92 had a significant reduction in their ability to release Ca
2+

 (figure 4.10).  Gao et al. 

(2006) demonstrated that both KN-93 and KN-92 can limit the ICa.L without affecting 

CaMKII activity.   As the [Ca
2+

] outside the SR (provided by the ICa.L,) is one element 

that can influence the Po of the RYR2 (Fabiato, 1983), the non-specific activity of the 

KN compounds could be suggested to have been demonstrated in this study.  However, 

the rate of Ca
2+

 release from the RYR2 is also proportional to the total rise in [Ca
2+

]i 

(Eisner et al., 2009).  There was no significant reduction in the height of the Ca
2+

 

transient after any of the KN treatments.  Comparative measurements with known 

inhibitors of LTCC and K
+
 channels would further disclose if these occurrences are due 

to the drug treatments or artefacts of the experimental design and analysis. 

The significant reduction in the Ca
2+

 transients rate of decay after KN-93 

treatment (figure 4.10) was not matched by any of the other groups in study 1 and in 

particular, in the presence of KN-92.  This replicates the findings of others but in 

particular those of DeSantiago et al. (2002).  Using rat ventricular myocytes that were 

stimulated at 1 Hz (23
o
C), they demonstrated that 10 minutes treatment of KN-93 (1 
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µM) could significantly limit the rate at which the Ca
2+

 transients decline.  They also 

used the CaMKII inhibitory peptide AIP (20 µM) to replicate this limited uptake of Ca
2+

 

and other measurements, such as the Ca
2+

 transient height to signify a CaMKII specific 

role.  The much lower concentration of AIP used in this study did not replicate these 

findings, but another component to their experiments was the cessation of field 

stimulation during drug treatment in order to de-phosphorylate CaMKII.  To match 

physiological conditions and those of chapter 2, this was not replicated in these studies. 

The rate of contraction used in this study is arguably not physiologically 

relevant for the rat cardiac myocyte, but it was intended to prevent the artificial 

stimulation of CaMKII and allow the measurements in ITN activity.  Any rates above 1 

Hz would activate Ca
2+

 transients that lead to autophosphorylation CaMKII (De-

Koninck and Schulman, 1999).  This limitation was avoided to ensure that the I-R 

experiments were initially void of autonomic CaMKII activity.  This could also explain 

why only minor reductions were seen in study 1 in the presence of the CaMKII 

inhibitors.  Studies by Vila-Petroff et al. (2007) have also demonstrated no change in 

Ca
2+

 transient activity when the cells were stimulated at 0.5 Hz in the presence of KN-

93 (1 µM) and AIP (1 µM).  At this rate of field stimulation this was also the case with 

DeSantiago et al. (2002), as 1 Hz was the minimum rate at which any detectable 

changes could be seen in Ca
2+

 transient activity when CaMKII was inhibited.  As no 

other aspects of the Ca
2+

 transients and inter-transient activity were significantly altered, 

future studies would benefit from a higher pacing frequency.   
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4.4.2. The Arrhythmic Activity of the CaMKII Inhibitory Peptide  

The 40 nM concentration used for AIP was determined by its inhibitory potency (IC50 = 

4 nM).  At this concentration, AIP under normoxic conditions of study 1, promoted an 

uncontrolled arrhythmic activity in 4/7 cells.  The SALVO parameters signified these 

occurrences within the regularity of the height of the Ca
2+

 transient (figure 4.10).  The 

chaotic release of Ca
2+

 demonstrated in figure 4.8 was absent from all other treatment 

groups during study 1, with only one incidence generated at the lower AIP 

concentration of 10 nM.  The cells lost their Ca
2+

 handling ability after 45 seconds of 

imaging and the observations of the surrounding cells revealed that this was a specific 

event to the cells being recorded.  The viability of cells can be compromised with 

fluorescence imaging.  Knight et al. (2003) exposed isolated chondrocytes that had been 

loaded with Fluo-4 (5 µM) to 1 hour of confocal imaging (0.8 sec of exposure time 

every 10 sec).  The reduced viability of the cells 24 hours later was reported to be due to 

the generation of ROS when the light interacted with the fluorophore.  Why only the 

AIP treatment stimulated such activity in study 1 is unknown, but the combination of 

the peptide, field stimulation and confocal imaging forced the cells to react in a way that 

has not been previously reported.  When the imaging was limited to shorter durations in 

study 2 (10 seconds every 1 minute), although the total duration stimulated by the 

confocal laser was greater, it incurred little Ca
2+

 transient abnormalities in the time 

control cells until later stages of the experiment.  The short 10 second period was also 

sufficient to capture enough data about the Ca
2+

 handling properties of the cells (figure 

4.6) and would thus also be a suitable approach for future studies under normoxic 

conditions.   
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4.4.3. Simulation of I-R conditions  

The main focus of the study was to analyse the Ca
2+

 handling ability of field stimulated 

cardiac myocytes during simulated I-R in the presence of two different CaMKII 

inhibitors.  The analysis of the Ca
2+

 transients with a multi-parametric tool was to 

thoroughly define the involvement of CaMKII under such cellular conditions.  To 

simulate ischaemic conditions there were three key changes to the extracellular 

environment.  Removal of glucose and lowering the O2 content of the perfusate was 

designed to challenge the metabolic activity of the cells, whilst acidification was 

intended to rapidly mimick anaerobic conditions.  The cells reacted instantly to the new 

environment with the loss of physical contraction (figure 4.11B), a 50% reduction in the 

Ca
2+

 transients’ morphology (figure 4.14) and an increase in length indicative of 

swelling (figure 4.11A).  Generation of Ca
2+

 waves, a rise in [Ca
2+

]i and Ca
2+

 

dysfunction were all indicative of cellular stress.  With complete cessation in contractile 

activity, it can be suggested that the ischaemic factors had managed to dissociate E-C 

coupling.  As reported by Maddaford et al. (1999), with changes in cell morphology, 

Ca
2+

 transient morphology and cessation of contraction, it can be assumed that the cells 

were enduring an ischaemic environment. 

Such actions can be explained by the known inhibitory effect of acute hypoxia 

on the LTCC (Hool, 2000) and the fact that acidosis can decrease the sensitivity of the 

contractile apparatus to Ca
2+

 (Crampin et al., 2006).  The latter constituent combined 

with a restricted ICa.L. has also been described to lower the systolic Ca
2+

 transient, 

restrict the opening probability of the RYR2 and thus the rate at which Ca
2+

 was 

released globally in the cell.  When acidosis alone inhibits the opening of the RYR2 it 

allows further loading of Ca
2+

 into the SR that is subsequently released (Choi et al., 

2000).  But under the conditions used in study 2, there was no noticeable recovery in the 
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peak Ca
2+

 transients during the ischaemic conditions.  This suggests that either the 

loading of Ca
2+

 into the SR was not sufficient to install a recovery in peak systolic Ca
2+

 

or, the mechanisms that induce CICR were continuously subdued.  Only the generation 

of Ca
2+

 waves at later stages were indicative of an overloaded SR.  The [pH]i was not 

measured during the study but the onset of cell swelling and the limited contractile 

activity would suggest that intracellular acidosis was attained. 

 It was hypothesised that the cells not exposed to the CaMKII inhibitors would 

significantly increase their [Ca
2+

]i.  Using only hypoxic Tyrode’s solution, Budas et al. 

(2004) recorded cell death with Ca
2+

 overload in paced (0.5 Hz) guinea-pig ventricular 

cells, within 16.8 ± 2.8 minutes of experimentation.  Subjecting cardiac myocytes 

isolated from the rat heart to a hypoxic and ischaemic mimicking solution (high K
+
, low 

pH and high sodium-lactate), can also compel the cells to Ca
2+

 overload (defined as 

135% of baseline values) within a 20 minutes time frame (Chen et al., 2005).  The 30 

minutes ischaemic period was chosen for study 2 to emulate the index of ischaemia in 

chapter 2 and to limit the exposure time of the cells to the confocal imaging.  Why there 

was discrepancy within these data sets is unidentified.  All experimental conditions 

were designed to be controllable (i.e. constituents of the solution, the perfusion flow 

rate, nitrogen flow rate and temperature) and thus reproducible.  Acidosis alone is 

known to stimulate a rise in [Ca
2+

]i (Orchard et al., 1987).  This was a controllable 

element of the solutions and thus had to include another condition.  The only unknown 

extracellular component was the pO2 of the ischaemic solution.  Measuring the pO2 

during the ischaemic period would have eliminated the possibility of it being a variable 

condition, but this was not technically feasible.  Several steps are taken to prepare the 

isolated cardiac myocytes for Ca
2+

 imaging.  Dissociating cells from the tissue, re-

introducing Ca
2+

, their short term culture and loading with the fluorophore all contain 
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agents that can be predicted to enhance or deteriorate the integrity of the cells (taurine, 

DMSO, penicillin etc.).  But as all cells underwent similar conditions, this should not 

have been a significant factor.  It is known that at a cellular level there is more of a non-

deterministic nature (stochasticity) to the cells, where as tissue and organ preparations 

have more of a deterministic nature (Perc et al., 2008).  One possibility is that individual 

cells could have reacted differently to the combination of simulated ischaemia and the 

artefacts of the confocal laser such as the generation of ROS.  Whilst some cells could 

have an adverse effect, others might even have been preconditioned by the consistent 

short laser treatments. 

 

4.4.4. Involvement of CaMKII During Simulated Ischaemia  

At the end of simulated ischaemia there is a non-significant separation in the mean 

values of the baseline fluorescence between some of the treatment groups (figure 4.16).  

The time controls (113.9 ± 13.3%) and the treatment by both CaMKII inhibitors (KN-

93, 114.6 ± 30.3% & AIP, 113.1 ± 11.5%) are lower than the I-R control (160.6 ± 

22.8%) and the KN-92 treated cells (151.4 ± 25.8%).  Despite the variability it could be 

suggested that CaMKII inhibition does confine the rise in [Ca
2+

]i when cells are 

subjected to electrical stimulation and an ischaemic mimicking solution.  However, 

there is nothing in the Ca
2+

 transients’ morphology, kinetics or their conformity to 

suggest that CaMKII inhibition had improved these aspects of the cells’ Ca
2+

 handling 

ability.   

Pedersen et al. (2009) measured a greater reduction in peak Ca
2+

 transients with 

KN-93 when cells were stimulated at 0.5 Hz and subjected to 5 minutes of acidification.  

It was also suggested that further loading of the Ca
2+

 into the SR and the incidence of 

Ca
2+

 waves were CaMKII dependent.  But the Ca
2+

 waves that were generated in study 
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2 were frequent after 25 minutes of simulated ischaemia and were not prevented with 

KN-93 treatment.  Only the inhibitory peptide AIP showed signs of reducing such 

uncoordinated release of Ca
2+

.  Under ischaemic conditions the accumulation of Ca
2+

 in 

the SR would have also been determined by other factors that prevent the release of 

Ca
2+

 from the RYR2 (Yang and Steele, 2001; Valverde et al., 2010).  These conditions 

would have been suited to propagate further Ca
2+

 waves.  However, as these 

occurrences were subdued until the latter stages it can only be suggested that the same 

conditions would have limited the activity of CaMKII.  Whether this was associated 

with the continued suppression of the Ca
2+

 transients or the change in metabolic 

conditions is unknown, but further studies looking at each individual component are 

needed.  As the CaMKII inhibitors did not prevent the increase in cell size that occurred 

in the presence of the ischaemic solutions, it can be suggested that the prevention of 

intracellular acidosis and a rising [Na
+
]i that would have triggered oncotic swelling, are 

not within the capacity of the CaMKII inhibitors.  Whether or not the reverse mode of 

the NCX was triggered is unknown, and would have been dependent on other factors 

including the extent of the diminishing ATP pool in maintaining a functional Na
+
/K

+
-

ATPase.  It could be that these variables would have been a better predictor of cellular 

stress than the rising [Ca
2+

]i and possibly have further explained the discrepancies that 

occurred between the treatment groups. 

 

4.4.5. Involvement of CaMKII During Restoration of Metabolism 

The return of the normoxic Tyrode’s solution reversed the increase in cell length and 

restored many components of the E-C coupling that were comparable with the time 

controls.  These included: contractile activity; the height of Ca
2+

 transients; the rate of 

Ca
2+

 removal; their synchronisation amongst ROI and the lowering of [Ca
2+

]i to pre-
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ischaemic values.  There were signs of cell injury in the parameters that did not match 

the time controls (i.e. rate of Ca
2+

 release, height regularity) and the occurrence of Ca
2+

 

dysfunction.  There were no signs of hypercontracture (defined by Dworschank et al., 

2005, as a cell contraction beyond 55% of the resting cell length) and no cell membrane 

rupture that would have resulted in cell death.  Reperfusion injury is also characterised 

by Ca
2+

 overload (Vila-Petroff et al., 2007), but this was not present in this model.   

The mean baseline fluorescence for all treatment groups was maintained for one 

minute post reperfusion (figure 4.16), before returning to an equivalent value to the time 

controls by the 45
th

 minute of experimentation.  All cells had a similar rate in reducing 

their baseline fluorescence allowing the cells treated with CaMKII inhibitors to have an 

overall mean value lower than the time control.  This suggests that the exchanges in 

extracellular environment had stimulated the cells to an enhanced capacity for removal 

of Ca
2+

 from the cells.  Other investigations have shown a rapid decline in Ca
2+

 after 

short duration of ischaemia (Marban et al., 1990).  But when ischaemic duration lasts 

for more than 20 minutes in the ex vivo heart (Miklos et al., 2003) or 45 minutes in a 

cellular model (Vila-Petroff et al., 2007) cellular injury is associated with a high [Ca
2+

]i.   

The rate of Ca
2+

 removal in all treatment groups was matched to the time 

controls within two minutes of reperfusion (figure 4.15).  This is interesting as CaMKII 

activity was not needed for such recovery.  Rat derived cardiac myocytes cycle 92% of 

the [Ca
2+

]i through the SR (Bers, 2000).  As such these cells would have been an ideal 

model to disclose if CaMKII inhibition had any ability in reducing the cells capacity to 

remove Ca
2+

.   Surprisingly, KN-93 treated cells had a much improved rate of Ca
2+

 

decay compared to the other treatment groups at 1 minute of reperfusion.  Whether this 

was due to an increased rate constant as they were also the first to react with greater 

peak of Ca
2+

 transients is unknown.   
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The rate of Ca
2+

 release was not maintained to the same degree as the time 

controls or the pre-ischemic values (figure 4.15).  This was in conjunction with a 

normal return of the peak Ca
2+

 transients, indicating that the amount of Ca
2+

 released 

had been maintained.  This is a sign of cellular injury and has been noted in ex vivo 

models of I-R injury (Miklos et al., 2003).  The ROS generated during the restoration of 

metabolism may target the large number of sulfhydryls groups on the RYR2 (Eu et al., 

1999).  How the RYR2 react to the ROS is thought to depend on their concentration as 

small amounts have been shown to increase Po of the RYR2, whilst larger quantities 

could produce irreversible damage to the ion channel (Zima and Blatter, 2006). 

However, such cellular injury was not reduced by the CaMKII inhibitors.   

 The cells treated with KN-93 produced the highest recovery in height of each 

Ca
2+

 transient (figure 4.14).  This was also evident in the standardised area of the Ca
2+

 

transient.  This had occurred by the first minute of restoration and was maintained at a 

higher mean value than all groups including the time controls throughout the 

reperfusion period.  The height of a Ca
2+

 transient is indicative of a greater load of Ca
2+

 

within the SR (Eisner et al., 2009).  This could lead to KN-93 increasing the SR Ca
2+

 

load and explain why there were incidences of Ca
2+

 waves during the later stages of 

ischaemia.  But the KN-93 treated cells that had recorded incidences of Ca
2+

 waves 

during ischaemia had no arrhythmic activity during the restoration period.  Possibly in 

these cells the release of Ca
2+

 from the SR had succeeded in relieving some of the 

demands that were placed on the cells.   

If signs of Ca
2+

 dysfunction during the latter stages of the experiment were to be 

used as a marker of injury, the KN-93 treated cells showed better signs of recovery than 

any other treatment group (figure 4.13).  However, the height regularity and thus the 

steady state of the Ca
2+

 transients were more variable with the CaMKII inhibitors 
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(figure 4.17).  KN-93 in particular had incidences in the first minute of reperfusion, 

whilst treatment with AIP triggered such activity after three minutes of reperfusion.  An 

interesting observation is that the KN-92 treated cells had matched the time controls 

variability in height of the Ca
2+

 transients.  Thus, although some aspects of Ca
2+

 

handling were improved by CaMKII inhibition not all were beneficial. 

 

4.5. Conclusion 

The study was to determine whether CaMKII inhibition would improve the cells’ Ca
2+

 

handling ability during an episode of simulated ischaemia.   As Ca
2+

 overload is a 

known marker of cell injury and both CaMKII inhibitors limited the rise in [Ca
2+

]i, it 

can be suggested that CaMKII inhibition during simulated ischaemia had improved 

some aspects of the cells’ Ca
2+

 handling ability.  However, the evidence presented is not 

conclusive, due to the variability that occurred with [Ca
2+

]i in a number of cells that 

were not treated with a CaMKII inhibitor.  Also, other global Ca
2+

 events and 

parameters were shown not to have a significant amount of CaMKII activity.  Thus, 

how two different CaMKII inhibitors can limit a rise in [Ca
2+

]i during simulated 

ischaemia, without interfering with the cells’ global Ca
2+

 events warrants further 

investigation.   It could be that measuring other artefacts of ischaemia, such as [Na
+
]i or 

ROS, would associate better with the effects of the CaMKII inhibitors.  Other aspects of 

the cells’ Ca
2+

 handling ability, such as Ca
2+

 dysfunction in the presence of KN-93, 

were improved with CaMKII inhibition.  But which parameter is chosen as a marker of 

cellular health can also determine the outcome.  KN-92 also showed an ability to 

improve the steady state of Ca
2+

 transients that were better than the CaMKII inhibitors.   
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4.6. Study Limitations 

There are some limitations that need to be considered with this study.  The first is the 

constraints placed on the isolated cells due to the nature of the experiments. The 

temperature and the rate of stimulation were much lower than those expected for a 

cardiac myocyte from a rat heart.  The limited activity of CaMKII at 1 Hz has 

previously been mentioned, but the lower temperature could also have been a key factor 

and can be seen in two ways.  Either it would have promoted a quicker rate of CaMKII 

autoinactivation (Jama et al., 2009), thus limiting CaMKII activity, or it could have 

restricted the phosphatase activity (Valverede et al., 2005), thus promoting the activity 

of the CaMKII substrates.  The simulation of ischaemic conditions could also not have 

truly emulated the pathological condition.  Hyperkalemia was intentionally left out of 

the ischaemic solution, whilst the build up of the metabolites that is common to 

ischaemia, could not have been reproduced within a model that uses a high flow rate. 

Although minimal photobleaching is predicted with the use of Fluo4 (Knight et 

al., 2003) there are other limitations in using an ion sensitive fluorophore.  These 

include compartmentalisation, phototoxicity and sensitivity to acidosis.  All of these 

factors could have distorted aspects of the cells’ Ca
2+

 handling ability.  The 2D confocal 

imaging could not have captured the true spatial distribution of Ca
2+

, whilst the data 

acquisition was only set to record 1/6
th

 of the whole experiment time.  Despite such 

limitations, with time permitting the model would be a useful tool to answer further 

questions about the ability of pharmacological inhibitors to offset the injury instigated 

by simulated ischaemia and reperfusion. 
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CHAPTER 5: 

General Discussion 
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5.1. Principal Findings 

The principal findings of the thesis are:   

(1) In an ex vivo model of regional I-R injury, CaMKII promotes 

irreversible injury.  Chapter 2 demonstrated that a pharmacological inhibitor of 

CaMKII, KN-93, can limit infarct size if it is used prior to index ischaemia.  Treatment 

of the drug only during reperfusion had no effect on limiting irreversible injury.  This 

would indicate that CaMKII activity at reperfusion does not promote irreversible injury.  

However, it cannot be ruled out that activity of CaMKII at reperfusion may still 

promote irreversible injury and that the KN-93 inhibitor is ineffective within this short 

time frame.   

(2) The mechanical intervention of IPC does not require functional 

CaMKII for cardioprotection.  In chapter 2 the presence of a CaMKII inhibitor KN-

93, either during the trigger phase of IPC or during the mediator phase of reperfusion 

did not abrogate the protection of the intervention.  The combined treatments of IPC and 

KN-93 had an additive protective effect against myocardial infarction.  This could 

indicate that two distinct cardioprotective signalling pathways were instigated or that 

there was an accumulative regulation of CaMKII activity. 

(3) Models of cellular injury in the H9c2 cells do not involve CaMKII 

activity.  In chapter 3, the two models of cellular injury, simulated I-R and oxidative 

stress, subjected to the embryonic cell line H9c2 did not involve CaMKII.  The 

inhibition of CaMKII by two different pharmacological inhibitors was used to confirm 

this.  Although there were some minor differences between the cells treated with the 

CaMKII inhibitory peptide AIP, it would suggest that the pathway to cell injury in H9c2 

cells was independent of CaMKII activity. 
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(4) Cardiac myocytes paced at 1Hz and subjected to simulated I-R do not 

involve a significant amount of CaMKII activity in relation to Ca
2+

 handling.  

Chapter 4 disclosed that there was no significant involvement of CaMKII in the cellular 

Ca
2+

 signals analysed by the SALVO software, when the cells had been subjected to 30 

minutes of simulated ischaemia and 10 minutes of restoration.  Under normoxic 

conditions KN-93 treatment had some capacity to limit the cells’ rate of Ca
2+

 release 

and Ca
2+

 removal.  This was not replicated by either of the two CaMKII inhibitors, 

during conditions of simulated ischaemia when a substantial decline in Ca
2+

 regulation 

had been instigated in the cells, or after the Ca
2+

 transients were restored to the cells.  

There was a trend in the cells treated with the two CaMKII inhibitors not to raise their 

diastolic Ca
2+

, as occurred within some of the control cells and the KN-92 treated cells.  

For the non-SALVO analysis of Ca
2+

 abnormalities, treatment of cells with the inhibitor 

AIP had the lower incidence of Ca
2+

 waves by the end of simulated ischaemia, whilst 

the KN-93 treated cells had a lower incidence of Ca
2+

 dysfunction at the end of 

restoration period.  The rate of Ca
2+

 release was also altered in cells treated with an 

inactive analog of KN-93, KN-92, during the normoxic studies and indicates some 

unspecific characteristics of these compounds. 
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5.2. The Work in Context 

The multifunctional CaMKII is widely thought of as a key mediator of several 

cardiovascular diseases as it has been shown to be pro-hypertrophic and pro-arrhythmic.  

However, its involvement in AMI is less clear.  Previous experimental data, primarily 

from the laboratory of Mattiazzi, suggest that pharmacological inhibition of CaMKII 

during long ischaemic periods and at early reperfusion can prevent cell death by 

necrosis and apoptosis.  Several more studies using in vitro models of chronic cellular 

stress support this notion, as cell death can be limited if the mishandling of Ca
2+

 by 

CaMKII is abrogated.  Yet, shorter durations of ischaemia and models of myocardial 

stunning are believed to require CaMKII to maintain contractile activity.  With 

interventions such as IHA and volatile anaesthetics also reported to require an active 

CaMKII to instigate cardioprotection from I-R injury, the role of CaMKII remained to 

be determined. 

 The data presented in chapter 2 support the concept that CaMKII has a pro-

injury role during I-R.  When a pharmacological inhibitor of CaMKII was present 

during index ischaemia the extent of myocardial infarction was limited.  This replicates 

the findings of Vila-Petroff et al. (2007) and Salas et al. (2010).  Chapter 2 dissociates 

from these two studies however, as it also questions the timing of the intervention.  This 

disclosed that CaMKII inhibition is only effective against irreversible injury when it is 

used as a pre-ischaemic treatment.  Consequently, as AMI is in the majority of cases an 

unpredictable occurrence, it seems that CaMKII inhibition may not be an appropriate 

strategy during reperfusion therapy.  But operations such as organ transplant and CABG 

do have a scheduled period of I-R and could thus benefit from pharmacological 

inhibition of CaMKII.  The data in chapter 2 also support a strategy where a prior 

intervention such as IPC can be further enhanced if it is combined with a CaMKII 
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inhibitor.  This confirms what was seen with the hearts of mice by Li et al. (2007) in 

their model of a GM CaMKII.  The previous studies in the rat heart suggested that 

CaMKII is a mediator for the IPC improvements in contractile activity (Osada et al., 

2000; Benter et al., 2005).  Chapter 2 is the first to propose that within these species 

CaMKII activity is not a pre-requisite for cardioprotection by IPC, if infarct is used as a 

final end point of injury.  Thus it can be concluded that CaMKII is a mechanism that 

supports irreversible injury. 

 Interventions that target early reperfusion are used to disclose the signalling 

pathways that mediate their effects during this critical period.  Although the model used 

by Vila-Petroff et al. (2007) and Salas et al. (2010) had pre-treated hearts with KN-93, it 

is believed that CaMKII activity during reperfusion (via the NCX and the SR) promotes 

necrosis and apoptosis.  The data from chapter 2 questions this assumption.  Chapter 3 

and 4 were designed to recreate the findings of chapter 2 in cell model in order to 

interrogate these hypotheses further by using methods that are unavailable in the 

Langendorff model.  Chapter 3 revealed that the H9c2 cell line subjected to injury by 

simulated ischaemia or oxidative stress does not involve CaMKII activity.  This study 

was the first to interrogate CaMKII within this cell line using such models, as previous 

studies have tended to use primary cells.  Whether the lack of reversible injury was due 

to different mechanism of injury or a deficient CaMKII expression was not further 

pursued.   

Consequently, chapter 4 used field stimulated primary ventricular myocytes 

from the rat heart in order to analyse their Ca
2+

 handling properties with and without the 

CaMKII inhibitors.  Although the model followed similar conditions used in previous 

studies, this study was distinctive in its characterisation of Ca
2+

 activity during the 

simulated ischaemic period.  A detailed analysis of these variables by the SALVO 
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software revealed no significant involvement of CaMKII.  Under normoxic conditions, 

the CaMKII inhibitors had minimal influence on the Ca
2+

 transients suggesting that 

there was negligible CaMKII activity when the cells were paced at 1Hz.  This confirms 

the findings by DeSantiago et al. (2002) and Vila-Petroff et al. (2007).  The decision to 

analyse inter-transient activity for low-amplitude Ca
2+

 events constrained the use of a 

higher pacing rate.  With a significant depression also occurring to the cells Ca
2+

 

handling properties during simulated ischaemia, it could be speculated that within this 

model CaMKII activity would have been continually suppressed.  This would imply that 

ischaemia does not promote the kinase’s activity.  Such conclusions were made by 

Netticadan et al. (1999) and Osada et al. (2000) who measured alterations in CaMKII 

activity contained within the SR vesicles during I-R.   

With these findings in mind, why do the studies in chapter 2 and those within 

the literature need pre-treatment of a pharmacological inhibitor of CaMKII (or a GM 

CaMKII) for cardioprotection?  In chapter 4 there was no rise in [Ca
2+

]i when cells were 

treated with the CaMKII inhibitors.  Was this a favourable condition instigated by the 

CaMKII inhibitors?  As not all cells within the two control groups responded with a 

rising [Ca
2+

]i it can not be concluded that this was a CaMKII-mediated event.  Also, 

CaMKII is regulated by ATP, Ca
2+

/CaM, and oxidative stress; these are all present 

during the reperfusion period.  Thus the only conclusion that can be drawn is that the 

inhibitors are ineffective within the short time period of early reperfusion, to effect the 

favourable changes needed to salvage reperfused myocardium.   

There was also a trend for some protection in chapter 2 when the inactive analog 

KN-92 was used as a pre-treatment.  This indicated that the non-specific activity of the 

compound could be at work with KN-93.  Chapter 4 indicated that this could be the rate 

that Ca
2+

 is released in the cell, which would correlate with what is already known about 
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their activity on specific ion channels.  Where the two KN compounds differed, was that 

KN-92 showed similar signs to the I-R control group in subjecting some cells to a rise 

in intracellular Ca
2+

 during ischaemia. 

CaMKII is up-regulated during pathological hypertrophy and has recently been 

described as having therapeutic potential (Sossalla et al., 2010).  It is plausible that in 

the future patients will be treated chronically to suppress CaMKII activity.  On the basis 

of the data in this thesis such pre-treatment could also be beneficial to conditions of 

acute coronary syndromes and justify further research in the field.   

 

5.3. Limitations of the Thesis and Future Outlook 

Whether pre-ischaemic treatment of KN-93 abrogates the activity of CaMKII at 

reperfusion, would have answered some key questions in this thesis and in the literature.  

A detailed western analysis on CaMKII activity during such conditions was attempted, 

but the inability to find suitable conditions for the antibodies limited the data that was 

able to be presented.   

With time permitting the data from chapter 4 could be expanded with some 

modifications of the model.  The rate at which the cardiac myocytes were paced, 

physiological temperature and prolonging the duration of simulated ischaemia could all 

be further investigated.  The aim was to have additional treatment groups of 

pharmacological inhibitors during simulated ischaemia and at the beginning of the 

restoration period.  Such interventions can not be performed within whole hearts and 

this justifies the use of in vitro analysis to interrogate CaMKII activity during 

ischaemia.  With hindsight, a detailed analysis of the Ca
2+

 handling parameters with the 

SALVO software should be implemented once a successful strategy is determined.  This 

would also enable several methods (such as other ion fluorescent indicators) to be 
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instigated at a key time point rather than throughout the protocol.  As CaMKII is a 

multifunctional kinase, understanding its role holds great potential within an 

environment such as I-R.  The use of healthy hearts within these studies also fails to 

capture the progression of CaMKII that occurs with CVD, which would add further 

complexity (or even normality) to such future investigations.  Indeed, the absence of 

common comorbidities, such as hypertension in most I-R models is now recognised as a 

major general limitation (Ferdinandy et al., 2007). 

And a major limitation is the reliance on pharmacological inhibitors.  Ideally, a 

fuller approach would complement the pharmacology with molecular genetic 

approaches e.g. siRNA, knock out, dominant negative mutants etc.  
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5.4. Concluding Remarks 

The research in this thesis confirms the notion that pharmacological inhibition of 

CaMKII during AMI can prevent irreversible injury.  It also confirms that an early 

intervention such as IPC does not require a functional CaMKII to mediate its 

cardioprotection.  Thus, the potential for salvageable tissue during AMI will be 

enhanced in the absence of CaMKII activity.  It raises questions on whether an 

intervention targeting CaMKII during reperfusion therapy can be successful; and the 

nature of the cells or the conditions required for CaMKII to mediate cellular injury.  As 

stated in chapter one the thesis sought to provide answers to the following questions: 

i) Is CaMKII involved in promoting irreversible injury caused by acute myocardial 

infarction? 

ii) Does the phenomenon of IPC and postconditioning involve CaMKII? 

iii) Under conditions of simulated I-R, what effect does pharmacological blockade 

of CaMKII have on the Ca
2+

 handling properties of the cells? 

 

The net result of the thesis is that it establishes CaMKII as having deleterious 

consequences during I-R and that a natural phenomenon such as IPC does not recruit 

CaMKII activity.  Thus it answers the first two proposed questions of the thesis.  Only 

some conclusions can be drawn about the effects of the pharmacological inhibitors on 

Ca
2+

 handling, but the information provided gives further details about the 

characteristics of the kinase within the current in vitro and ex vivo models of I-R.  I 

conclude that CaMKII is an intricate regulator of cellular signalling, that promotes 

injury under conditions of I-R injury.  As such, understanding its role in I-R may 

underpin the development of future therapeutic strategies for the management of AMI.   
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Appendices 
Appendix 1.1: Components of High Glucose DMEM, Invitrogen 
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Appendix 1.2: Components of PBS, Invitrogen 

  

 

 

Appendix 1.3: Components of M199 medium, Sigma-Aldrich 
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Replica of Figure 4.14: Time course of the SALVO parameters (Mean ± SEM) that describe the cells Ca
2+

 transients’ morphology, when 

subjected to simulated I-R.  (A) Standardised Area (B) Length of Ca
2+

 transient (C) Height of Ca
2+

 transient (D) Mean intensity of [Ca
2+

]i.  All 

data, except for length, is normalised (%) to the first recording.  (B-D) are selected time points through the time course. In all parameters, two-

way ANOVA detected no significant interaction between the treatment groups and time. There was a significance detected with treatment and 

with time. The significance between the groups is described in text. Shaded area indicates period of ischaemia. * p<0.05 when comparing I-R 

Control vs. Time Control, 
#
 p<0.05 I-R Control vs. the labelled drug treatment. n = 5-6 cells from 4-5 hearts. 

(A) 

(B) (C) (D) 
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Replica of Figure 4.15: Time course of the SALVO parameters (Mean ± SEM) that describe the Ca
2+

 transients’ kinetics, when subjected to 

simulated I-R.  (A) Rate of Ca
2+

 released into the cell. (B) Rate of Ca
2+

 removed from the cytosol. Data are normalised (%) to the first 

recording.  A two-way ANOVA detected no significant interaction between the treatment groups and time during Ca
2+

 release but it was of 

significance during Ca
2+

 removal. Further significance between the treatment groups is described in text. Shaded area indicates period of 

ischaemia. (* p<0.05 when comparing within the treatment groups). 

(A) 

(B) 
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Replica of Figure 4.16: Time course of the SALVO parameters (Mean ± SEM) that describe the baseline and inter-transient activity of the 

cells when subjected to simulated I-R.  (A) Baseline fluorescence (B) Average magnitude of ITN (C) Length of ITN (D) Total amount of ITN. 

Data are normalised (%) to the first recording.  None of the parameters had any significant interaction between the treatments and time periods. 

Baseline, ITN Length and ITN Total had significant effects within the treatment and time periods, but average magnitude of ITN did not. Further 

comparison between the treatment groups means at specific time periods are described in text. Shaded area indicates period of ischaemia. (* 

p<0.05 when comparing within the time controls). 
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Replica of Figure 4.17: Time course of the SALVO parameters (Mean ± SEM) that describe the synchronicity amongst the cells ROI and 

regularity of the Ca
2+

 transients. (A) Synchrony of ROI (B) Regularity of Ca
2+

 transient height. A two-way ANOVA determined none of the 

parameters had any significant interaction between the treatments and time periods. Both synchrony and height regularity had significant effects 

within the treatment and time periods. Further comparison between the treatment groups means at specific time periods are described in text. 

Shaded area indicates period of ischaemia. (* p<0.05 when comparing the time controls with I-R controls, # p<0.05 when comparing KN-93 

treated cells with all other treatment groups). 

(A) 

(B) 
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