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Abstract 
 

Stress (Takotsubo) cardiomyopathy is a severe form of acute heart failure (HF) with 

rapid onset, characterized by hypocontraction of the heart from the mid-left ventricle to 

apex. It is precipitated by extreme stress and plasma levels of the catecholamines 

adrenaline and noradrenaline are significantly elevated. This thesis describes the 

development of a new model of Takotsubo cardiomyopathy through rapid intravenous 

injection of a supraphysiological dose of adrenaline into anaesthetised male Sprague-

Dawley (SD) rats and real-time imaging of the heart using either 2D-echocardiography or 

cardiac magnetic resonance (CMR). This in vivo rat model was used, in conjunction with 

in vitro IonOptix video-edge detection of cardiomyocyte contractility, to firstly 

demonstrate that this syndrome results from an adrenaline-induced trafficking-switch of 

the coupling of the pleiotropic β2-adrenceptor (AR) from Gs-adenylyl cyclase (AC)-cyclic 

adenosine monophosphate (cAMP) cardiostimulant to Gi-activated cardiodepressant 

pathways. Cardiomyocyte β2AR:β1AR population ratios, determined by radioligand 

binding, suggested that an apical-basal gradient in β2AR expression accounted for the in 

vivo apical hypokinesis. Certain β-blockers can act as biased agonists of a Gi-coupled 

isoform of the β2AR in animal and human cardiomyocytes via a pathway that involves 

p38 MAPK. Administration of the clinical β-blockers propranolol and carvedilol 15 

minutes after adrenaline either enhanced or failed to reverse apical hypocontractility. In 

vitro analysis demonstrated that β2AR-Gi signalling involves p38 MAPK activation. 

However, pre-treatment with either the p38 MAPK inhibitor SB203580 or the β2AR 

blocker ICI-118,551 prior to adrenaline resulted in significant mortality, which suggested 

that the β2AR-Gs/Gi coupling switch is a cardioprotective strategy. Gi-protein is 

upregulated in chronic HF, while β1ARs are down-regulated. In contractility studies of 

chronically failing human/rat cardiomyocytes, β2AR-Gs responses were present with 

minimal active Gi-protein component. This suggested that while in acute HF β2AR-Gs 

positively inotropic responses are impaired and β1ARs are preserved, the opposite may 

be true in chronic HF.  
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1.1. Background to Stress (Takotsubo) Cardiomyopathy 

Stress (Takotsubo) cardiomyopathy, (also known as; transient apical ballooning, broken 

heart syndrome, or ampulla-shaped cardiomyopathy), was first described around 20 years 

ago in Japan in patients that presented with symptoms similar to an acute myocardial 

infarction (MI) but with normal coronary outflow (Dote et al., 1991). Clinical symptoms 

resemble those of an acute coronary syndrome (ACS) and include; an acute onset of chest 

pain, electrocardiogram (ECG) abnormalities indicative of myocardial ischemia (ST-segment 

elevation, QT prolongation, Q-waves, T-wave insertion), and conduction abnormalities such 

as a new left or right bundle branch block. Levels of cardiac enzymes (creatine kinase and 

cardiac troponin) are marginally increased and may reflect the presence of myocardial injury 

(Tsuchihashi et al., 2001;Alves et al., 2008;Lyon et al., 2008;Kawai et al., 2007). Patients 

can also present with sinus tachycardia (Dorfman & Iskandrian, 2009). Recent reports 

suggest that approximately 1-2% of cases of ACS are eventually diagnosed as Takotsubo 

cardiomyopathy (Kurowski et al., 2007). Cardiac magnetic resonance imaging (CMR), left 

ventriculography and echocardiography imaging reveal Takotsubo patients to have a 

characteristic left ventricular wall-motion abnormality that presents as hypocontraction of the 

apical, and frequently the mid-left ventricular, myocardium, whilst sparing the basal 

myocardium. The condition was termed ‘Takotsubo’ because the shape of the left ventricle 

(LV) at systole resembles that of a Japanese fisherman’s octopus pot, with a thin neck and 

rounded bottom (figure 1.1). In 2006, the syndrome was renamed ‘stress cardiomyopathy’ 

and classified as an acquired cardiomyopathy (Maron et al., 2006). Although this syndrome 

predominantly involves dysfunction of the LV, similar functional abnormalities of the right 

ventricle (RV) have been reported in approximately 26-27% of Takotsubo cardiomyopathy 

cases (Takizawa et al., 2007;Nishikawa et al., 2004;Elesber et al., 2006;Haghi et al., 

2006b;Baer et al., 2009;Korlakunta et al., 2011). This biventricular apical dysfunction is 

associated with additional hemodynamic complications, pleural effusions, worsened cardiac 

function and prolonged periods of hospitalisation (Elesber et al., 2006;Baer et al., 2009).  

An interesting feature of Takotsubo cardiomyopathy is that it is reversible. The long-term 

prognosis of patients is excellent, with most typically making a full recovery within days to 

weeks following the initial stress insult, which is indicative of myocardial stunning and 

suggests that this may be a short-term compensatory mechanism to protect the heart 

(Akashi et al., 2003). However, hospitalisation is usually necessary with reports of 

cardiogenic shock (~4%), malignant ventricular arrhythmias (1-2%), free wall rupture of the 

LV, and some mortality (2%) (Bonello et al., 2008;Akashi et al., 2004b;Elesber et al., 

2006;Donohue & Movahed, 2005). Figure 1.2 shows comparative clinical CMR images of the 
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1.2. Aetiology and pathophysiology of Takotsubo Cardiomyopathy 

Takotsubo cardiomyopathy is typically precipitated by a sudden physical (Akashi et al., 

2002;Watanabe et al., 2005) or emotional stress (Watanabe et al., 2005;Virani et al., 2007). 

A significantly large number of cases of Takotsubo cardiomyopathy were reported amongst 

survivors of the 2004 Niigata Prefecture earthquake in Japan (Sato et al., 2006). The 

syndrome has also been described in patients undergoing non-cardiac surgical operations 

(Jensen & Malouf, 2006;Berman et al., 2007) and non-cardiac medical emergencies, such 

as a hypoglycaemic attack (Saito, 2005), epileptic seizure (Benyounes et al., 2011) or 

pneumothorax (Akashi et al., 2002), to name but a few. The pathogenesis of Takotsubo 

cardiomyopathy has not been fully elucidated, although suggestions include; vasospasm of 

the coronary arteries, microcirculatory dysfunction, LV outflow tract (LVOT) obstruction and 

catecholamine-mediated myocardial stunning, which shall be expanded on in the sub-

sections below. Tsuchihashi et al., (2001) postulate that lack of a three-layered myocardial 

structure within the LV apex may render this region more vulnerable to loss of elasticity 

caused by excessive expansion. 

 

1.2.1. Coronary artery vasospasm  

It has been suggested that the limited coronary vascular supply to the apical myocardium 

may lead to localised myocardial ischemia that in turn may cause myocardial stunning and 

metabolic abnormalities, which could account for the selected akinesis of this LV segment 

(Tsuchihashi et al., 2001). The ECG abnormalities recorded in some Takotsubo patients 

(ST-segment elevation, T-wave inversion, QT prolongation and increased pre-cordial R-

wave voltages after Q-wave formation) have matched those used as markers of ischemia 

and myocardial stunning (Sharkey et al., 2008). Post-ischemia myocardial recovery usually 

spans a time-period of a few days, depending upon the duration of the initial ischemia. This 

is a similar recovery time-course duration to that observed in Takotsubo patients, which may 

add support to the theory of ischemia as a causative factor of myocardial stunning and 

dysfunction. However, multi-vessel spasm in the absence of any coronary artery stenosis 

was reported in a minority of early Takotsubo cases (Dote et al., 1991), and the incidence 

has since declined to only an average 2% (Nef et al., 2010). Additional evidence against a 

significant involvement of impaired blood flow in Takotsubo cardiomyopathy includes the 

observation that each area of abnormal LV wall motion extends beyond that normally 

perfused by a single coronary artery (Prasad et al., 2008). Furthermore, coronary 

vasospasm cannot explain the MLV and basal hypocontraction observed in variant forms of 

Takotsubo cardiomyopathy. Provocative tests, such as infusion of ergometrine or 



31 
 

acetylcholine, to measure the frequency of coronary vasospasm in Takotsubo 

cardiomyopathy, have failed to confirm whether coronary vasospasm plays a role in the 

development of myocardial stunning (Nef et al., 2010).   

 

1.2.2. Impaired blood flow  

Diffuse impairment of the coronary microcirculation has been suggested as a partial cause of 

Takotsubo-like LV dysfunction. During acute episodes of myocardial dysfunction there is a 

reported fall in coronary flow velocity reserve and shortened duration of diastolic velocity 

deceleration, which is recoverable over a matter of weeks (Ito et al., 2005;Kume et al., 

2005). Thrombolysis in MI (TIMI) frame counts, an index of coronary blood flow and 

measured using coronary angiography, are reportedly higher in all coronary arteries of 

Takotsubo patients (Kurisu et al., 2003;Bybee et al., 2004), and this perfusion impairment 

correlated with the extent of myocardial injury (Bybee et al., 2004). Although blood flow 

reportedly improves in parallel to recovering LV wall-motion (post-insult), impairment is 

sustained beyond the point of LV functional recovery (Kurisu et al., 2003;Meimoun et al., 

2008). In the study by Kurisu et al., (2003), patients with impaired multivessel coronary blood 

flow did not have flow limiting stenosis, vasospasm or systemic hypotension, which suggests 

that this perfusion impairment was a cause of the LV dysfunction and not a secondary effect 

of another abnormality. An acute reduction in coronary flow reserve, measured using serial 

Doppler transthoracic echocardiography has been reported to correlate in severity with the 

development and recovery of LV dysfunction in Takotsubo patients (Meimoun et al., 2008). 

This strongly suggests that damage to the coronary microcirculation may play a role in the 

pathogenesis of transient LV wall motion abnormalities in Takotsubo cardiomyopathy. 

Clinical 201TI and 123I-BMIPP dual-isotope myocardial single photon emission computed 

tomography (SPECT) has demonstrated impaired coronary perfusion in the apical 

myocardium of Takotsubo patients during the early phase (Ito et al., 2005;Kurisu et al., 

2003). Mitochondrial FA oxidation is decreased under ischemic conditions, which supports 

the theory that the functional LV abnormalities in Takotsubo cardiomyopathy are the result of 

a stunned myocardium and impaired coronary perfusion. Interestingly, Ibanez et al., (2006) 

proposed that Takotsubo is a form of aborted MI, as a direct result of spontaneous 

obstructive thrombus autolysis. However, a study of a selection of consecutive patients with 

Takotsubo cardiomyopathy that had undergone intravascular ultrasound did not reveal any 

evidence of plaque rupture, positive remodelling nor presumed intracoronary thrombus 

(Haghi et al., 2010). Therefore, a ruptured plaque cannot explain the presence of impaired 

blood flow in the absence of any coronary vasospasm, and the theory of aborted MI as an 

underlying cause of Takotsubo cardiomyopathy should be dismissed. 



32 
 

1.2.3. Metabolic abnormalities 

Metabolic disturbances are also reported in the myocardium of Takotsubo patients. Positron 

emission tomography (PET) scanning using radioactive isotopes 13N-ammonia and 18F-

fluorodeoxyglucose demonstrated reduced uptake of glucose in the MLV and apical 

myocardium, which is also a feature of myocardial stunning (Bybee et al., 2006). Causes of 

impaired glucose metabolism in Takotsubo cardiomyopathy include a reduction in the 

enzymes comprising the glycolytic pathway and decreased calcium sensitivity, which may 

lead to reduced translocation of the sarcolemmal glucose transporter-4, or alternatively 

catecholamine-mediated insulin intolerance (Bybee et al., 2006). Clinical 201TI and 123I-

BMIPP dual-isotope myocardial single photon emission computed tomography (SPECT) has 

demonstrated fatty acid (FA) metabolism to be impaired in the apical myocardium of 

Takotsubo patients during the early phase (Kurisu et al., 2003;Ito et al., 2005).  

 

1.2.4. Left ventricle outflow tract (LVOT) obstruction 

Obstruction of the LVOT has been reported in approximately 10-15% of Takotsubo cases (El 

Mahmoud et al., 2008a;El Mahmoud et al., 2008b), and could lead to increased stress on the 

apical and anterior wall, while increasing LV filling pressure and reducing blood pressure 

(BP). In cases of LVOT obstruction, where there is evidence of an intraventricular pressure 

gradient, septal bulge and systolic anterior motion of the mitral valve (mitral valve 

regurgitation) are very often also present (El Mahmoud et al., 2008a). The reduced LV 

volume and slack mitral apparatus of the female myocardium may predispose more to LVOT 

obstruction than in males.  

 

1.2.5. Catecholamine-mediated effects 

Our group hypothesises that the apical dysfunction in Takotsubo cardiomyopathy is the 

result of a direct action of catecholamines on cardiomyocytes (Lyon et al., 2008). Upon 

presentation at hospital, Takotsubo patients’ plasma levels of the ‘stress’ catecholamines 

adrenaline and noradrenaline are approximately 34 times higher than resting values 

(Wittstein et al., 2005), and significantly exceed those observed in MI. Adrenaline levels in 

these patients do not returning to MI levels until 7 to 10 days after the ‘stress’ trigger. It must 

also be noted that catecholamines have a plasma half-life of approximately three minutes, 

and levels measured upon hospitalisation will be significantly lower than those present 

during the initial stress trigger at around 30 minutes (>10 half-lives) prior (Lyon et al., 2008). 

A relationship between the predisposing presence of a severe physical or emotional stress 

and elevations in plasma catecholamines, would strongly implicate the sympathetic nervous 
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system as a causative factor of the Takotsubo syndrome. The surge in catecholamine levels 

leads to cardiac dysfunction reminiscent of that described as ‘myocardial stunning in the 

presence of preserved coronary blood flow’ (Lyon et al., 2008). Positron emission 

tomography (PET) imaging, using the noradrenaline analogue radioactive tracer 11C-

hydroxyephedrine, has demonstrated the presence of elevated sympathetic activity in 

segments of dysfunctional LV myocardium in a post-menopausal female Takotsubo patient 

(Prasad et al., 2009). This reduced uptake of 11C-hydroxyephedrine was reversible in parallel 

with the recovery of systolic LV function. Similarly, SPECT analysis of the myocardium of 

eight consecutive Takotsubo patients demonstrated impaired adrenergic function and 

excessive sympathetic activity within dysfunctional LV segments (Akashi et al., 2004a). 

These patients exhibited a reduced uptake of the radioactive noradrenaline analogue 

Metaiodobenzylguanidine (123I-MIBG) within synaptic terminals/vesicles located within the 

distal anterior wall, apex and interior wall of the LV (Akashi et al., 2004a). A primary role for 

cardiac adrenoceptors (AR), which mediate the effects of catecholamines, in the inducement 

of Takotsubo Cardiomyopathy has been postulated by Ueyama et al., (2002), who 

completely normalised the characteristic left ventricular wall motion abnormalities in rats 

subjected to emotional immobilisation stress, following pre-treatment with α/β-AR blockers. 

Regional and non-regional morphological and enzymatic alterations, including those 

reminiscent of catecholamine cardiotoxicity (e.g. myofilament damage, elevated troponin, 

and tissue apoptosis, fibrosis and leucocytic infiltrates (Rona, 1985)), have been reported to 

be present in some (but not all) myocardial biopsies taken from clinical (Akashi et al., 

2003;Wittstein et al., 2005;Marechaux et al., 2008), and pre-clinical (Izumi et al., 2009) forms 

of Takotsubo. These morphological abnormalities in Takotsubo-hearts are distinguishable 

from the polymorphonuclear inflammation seen with necrosis from infarcted myocardium 

(Wittstein et al., 2005). When combined, these studies strongly suggest a significant role of 

the sympathetic nervous system in the aetiology and pathophysiology of Takotsubo 

cardiomyopathy. However, while these studies cannot discriminate which branch of the 

sympathetic nervous system is responsible for the LV dysfunction, particular emphasis has 

been placed upon adrenaline as a key precipitating factor for Takotsubo development. 

Exogenous administration of high dose adrenaline into humans, such as the use of an  epi-

pen or during cardiopulmonary resuscitation procedures (Abraham et al., 2009;Winogradow 

et al., 2011;Kumar & Qureshi, 2010) and also chronic infusion of this catecholamine into 

cyanomolgus monkeys (Izumi et al., 2009), has resulted in the development of Takotsubo-

like reversible LV dysfunction. The Takotsubo syndrome has also been diagnosed in the 

context of an adrenaline-secreting pheochromocytoma, a tumour of the adrenal gland 

(Zielen et al., 2010).  
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In further support of a role of catecholamines in the pathophysiology of Takotsubo 

cardiomyopathy, intravenous administration of the synthetic catecholamine dobutamine, 

which is an agonist of both β1AR and β2AR, to clinically assess the functional response of a 

usually failing or damaged myocardium to sudden stress, has also been associated with the 

development of this syndrome (Previtali et al., 2005;Silberbauer et al., 2008;Shah et al., 

2011).  Suggested mechanisms by which high doses of dobutamine may mediate this LV 

dysfunction include; myocardial injury (Shah et al., 2011), vasospasm (Barbato et al., 2003), 

and LV outflow tract obstruction (Previtali et al., 2005;Bybee & Prasad, 2008). 

 

1.3. The sympathetic and parasympathetic nervous systems and regulation of 
cardiovascular function 

The autonomic nervous system is composed of three main branches; the sympathetic 

(thoracolumbar outflow), the parasympathetic (craniosacral outflow) and the enteric 

(gastrointestinal). The sympathetic branch (SNS) promotes a ‘fight or flight’ response 

following a sudden stress or shock, whereas the parasympathetic branch (PNS) promotes a 

‘rest and digest’ response to suppress excessive sympathetic drive and maintain a balanced 

regulation of neuronal function. The hypothalamus modifies the neuronal activity of the 

dorsolateral reticular formation of the medulla, which in turn mediates the central nervous 

system responses to emotional and physical stress. Figure 1.3 summarises the basic 

anatomy of the SNS and the PNS and their relationship to each other in the regulation of 

cardiovascular function.  

 

1.3.1. Anatomy of the sympathetic and parasympathetic nervous systems in 
regulation of the cardiovascular system 

In the heart, SNS activity leads to; an acceleration of heart rate (HR) (positive chronotropy), 

increased cardiac contractility (positive inotropy), increased rate of myocardial muscle 

relaxation (positive lusitrophy); faster electrical impulse transmission (positive dromotrophy); 

reduced venous capacitance and constriction of resistance vessels. The medullary centre 

known as the rostral ventrolateral medulla (RVLM) is the primary regulator of sympathetic 

nervous system activity and mediates a positive effect upon preganglionic sympathetic 

neurons located within the intermediolateral nucleus of the spinal column. Preganglionic 

fibres (located within the spinal cord) and postganglionic cell bodies (located in paravertebral 

ganglia) converge within an intervening synapse known as the autonomic ganglia that lies 

outside of the central sympathetic nervous system. Preganglionic fibres from the dorsal root 
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also synapse directly onto chromaffin cells of the adrenal medulla where the preganglionic 

neurotransmitter acetylcholine acts on nicotinic acetylcholine receptors to induce cell 

depolarisation and an influx of calcium through voltage-gated calcium channels. This rise in 

calcium mediates the systemic release of adrenaline and some noradrenaline through 

exocytosis of adrenaline-containing granular vesicles. The majority of noradrenaline is 

released from postganglionic fibres innervating the ventricle and sinoatrial node (SAN), 

where it predominantly acts upon postsynaptically expressed β1ARs and some α-ARs. In 

contrast, adrenaline exists largely as a circulatory catecholamine and targets β2ARs and 

β1ARs expressed upon the surface of cardiomyocytes and smooth muscle cells (Bryan et al., 

1981). Cardiac sympathetic fibres are located subepicardially and span major coronary 

arteries to form the main autonomic component of the ventricle. In normal human hearts, the 

basal myocardium receives an approximately 40% larger level of sympathetic nerve 

innervations in comparison to the apical myocardium (Kawano et al., 2003). Canine studies 

by (Mori et al., 1993) demonstrated a greater β-AR density within the apex (455 vs 341 

fmol/mg protein), and concurrent with this adrenergic responses to constant β-agonist 

infusion are reportedly greater within the apical mammalian myocardium, in comparison to 

the basal myocardium (Mori et al., 1993;Heather et al., 2009). It is possible that through an 

evolutionary process, systolic function is maintained across the LV by an increased 

responsiveness of the apex to circulating catecholamines and strong sympathetic 

innervations at the base. 

In contrast to the SNS, the PNS mediates a reduction in cardiac function (predominantly HR) 

through activation of a vagal pathway. Parasympathetic efferent preganglionic neurons 

located within the Nucleus ambiguous of the medulla oblongata project via the vagi to 

postganglionic cardiac parasympathetic neurons. Vagal parasympathetic fibres are located 

endocardially. The main post-ganglionic neurotransmitter of the PNS is aceytylcholine, which 

is released from cholinergic nerve terminals, and acts upon muscarinic aceytylcholine 

receptors (mAChR) of the M2 subtype in the heart. These 7-TM domain metabotropic M2 

subtype mAChRs couple to an inhibitory Gi-protein and mediate a decrease in intracellular 

calcium conductance, through  inhibition of voltage-gated calcium channels, and also an 

increase in potassium (K+) ion efflux that in turn inhibits cell depolarisation with each action 

potential. These actions effectively lead to a reduced contractile force of the atria and a 

slower HR through reduced atrioventricular (AV) node conduction. Very few M2 mAChRs are 

expressed within the ventricle, and thus have a minimal effect on inotropic function. 
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Figure 1.3. Outline of the structure of the sympathetic and parasympathetic nervous 
system in the regulation of cardiovascular function. Sympathetic preganglionic 
neurons originate in the thoracic and lumbar segments of the spinal column, exit via 
the dorsal roots and synapse onto either ganglionic cells or chromaffin cells of the 
adrenal medulla. These postganglionic neurons, and the adrenal medulla, release 
noradrenaline (NA) and adrenaline (A) into either the circulation or directly onto the 
ventricle and/or sinoatrial (SA) and atrioventricular (AV) nodes, which in turn 
increases cardiac inotropy and chronotropy and alters the resistance of vascular 
beds. The parasympathetic vagal nerve originates in the brainstem and mediates the 
release of aceytylcholine (ACh) as both a preganglionic and postganglionic 
neurotransmitter, which acts to suppress activity of the SA and AV nodes, thus 
slowing heart rate. Parasympathetic neurons originating in the sacral segments of the 
spinal column also act to counterbalance the effects of the sympathetic nervous 
system on arterial resistance of vascular beds. (Image layout derived from 
www.netterimages.com).  
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1.3.2. Reflex control of cardiovascular function  

The structure of the cardiovascular autonomic nervous system is such that cell populations 

comprising the efferent and afferent neuronal branches (ranging from the cerebral cortex to 

the intrinsic cardiac nervous system) are interconnected at multi-synaptic points and act 

synergistically to maintain a balanced physiological response (Armour, 2004). Sympathetic 

outflow to the heart and vasculature is regulated by cardiovascular reflexes. The 

baroreceptor reflex is one of the main homeostatic mechanisms used to suppress increased 

sympathetic activity following a surge in BP in order to maintain a balanced cardiac output 

(CO). Baroreceptors are stretch-sensitive mechanoreceptors located within the carotid sinus 

and aortic arch, innervated with the glossopharyngeal nerve and the vagus nerve, 

respectively, which in turn project to the nucleus tractus solitarus (NTS) in the brainstem. 

The NTS mediates an increase in activity of the caudal ventrolateral medulla (CVLM), which 

in turn inhibits the RVLM (the primary output of sympathetic activity). The NTS also 

stimulates an increase in activity of the vagal nuclei (Nucleus ambiguus) to induce an added 

increase in parasympathetic activity. Thus, when baroreceptors are activated by an increase 

in BP, higher centres respond not only by suppressing sympathetic outflow but by also 

increasing parasympathetic responses, which leads to a reflex bradycardia (slowing of HR) 

and normalised BP ((BP=CO x systemic vascular resistance); (CO=HR x stroke volume)). 

Conversely, a decline in carotid pulse pressure, in the absence of any alteration in mean 

pressure, reduces the firing rate of baroreceptors and induces a rise in both BP and HR. 

Additionally, afferents from chemoreceptors located in the carotid and aortic bodies also 

project to the vasomotor region of the CNS medulla. Stimulation of these chemoreceptors by 

changes in arterial pH (for example under conditions of hypoxia) can augment SNS function 

and mediate an increase in ventricular contractility and BP through vasoconstriction, with the 

possible purpose of improving blood flow in the region of chemoreceptor location, thus 

leading to a reduced stimulation of these receptors. An increase in vagal activity to the SA 

node and decline in HR, following chemoreceptor stimulation, has also been proposed to act 

synergistically with the increased peripheral and ventricular sympathetic function (Braga et 

al., 2007). However, this has been disputed by clinical studies that demonstrate this 

chemoreflex to be potentiated in chronic HF and to mediate an increase, not a decrease, in 

HR (Narkiewicz et al., 1999). Stretch receptors, located within the atria and ventricle, 

respond to distension of the chamber walls when venous return is increased. Two types of 

atrial stretch receptors exist; those that discharge during systole and those that discharge 

during filling in late diastole. The net effect of activation of these stretch receptors is a fall in 

BP but an increase in HR. Figure 1.4 summarises the key reflexes involved in maintaining a 

balanced level of cardiovascular function.  
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Figure 1.4. Integrated sympathetic and parasympathetic homeostatic mechanisms for 
the regulation of cardiovascular function. The primary reflex responsible for 
maintenance of a low (resting) heart rate and blood pressure is mediated by 
baroreceptors (mechanoreceptors) located within the aortic arch and carotid sinus. 
These receptors are activated by vessel distension, caused by a sympathetic-
mediated rise in blood pressure, and signal through afferent fibres that pass via the 
glossopharyngeal and vagus nerves to the CNS medulla and nucleus tractus 
solitarus. This effectively leads to suppression of vasoconstrictor nerves and 
excitation of vagal innervations of the heart that in turn produces bradycardia, 
vasodilation/venodilation and a fall in blood pressure. The sympathetic nervous 
system can also cause dilation of small arteries through the β2AR to maintain 
perfusion of key organs. Additional reflexes that signal through the CNS medulla to 
mediate a change in heart rate and vascular resistance include stimulation of arterial 
stretch receptors and chemoreceptors, by increases in blood volume and changes in 
blood composition, respectively.  (Image layout derived from www.netterimages.com) 
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1.3.3. Catecholamine biosynthesis 

The catecholamines noradrenaline (norepinephrine), adrenaline (epinephrine) and dopamine 

are synthesised either in chromaffin cells of the adrenal medulla and secreted into the 

circulation via the adrenal vein, or synthesised locally in neuronal cell bodies at nerve 

terminals (particularly dopamine). These catecholamines are key mediators of increased 

sympathetic activity, and are so called because they contain a catechol or 3,4-

dihydroxybenzene group. They are water-soluble and heavily (>50%) conjugate to plasma 

proteins. They have a plasma half-life of approximately 2 minutes, and are broken down into 

inactive products through methoxylation, catalysed by catechol-O-methyl-transferase, and 

then oxidisation to 3-methoxy-4-hydroxymandelic acid, catalysed by monoamine oxidase. 

The enzymatic pathway by which catecholamines are synthesised through hydroxylation and 

decarboxylation of the amino acid tyrosine is shown in figure 1.5. Tyrosine, which is derived 

either through dietary intake or from phenylalanine hydroxylase-mediated hydroxylation of 

phenylalanine, is converted into dopa by the enzyme tyrosine hydroxylase, which in turn is 

converted into dopamine by dopa decarboxylase. Cytosolic dopamine accumulates within 

granulated vesicles through action of the catecholamine-H+ exchanger VMAT1, where it is 

converted into noradrenaline by the enzyme dopamine β-hydroxylase. In some, but not all, 

catecholamine-secreting neurons and chromaffin cells, this synthesised noradrenaline exits 

the vesicles and is methylated at the primary distal amine by the cytoplasmic enzyme 

phenylethanolamine-N-methyltransferase (PNMT), which uses S-adenosylmethionine as a 

methyl donor, to produce adrenaline. The newly synthesised adrenaline then enters storage 

vesicles via VMAT1 in preparation for release by exocytosis. Both adrenaline and 

noradrenaline can negatively regulate their synthesis and release through acting upon pre-

synaptic α2ARs. 
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Figure 1.5. Outline of the sequential stages in the biosynthesis of the catecholamines 
dopamine, noradrenaline (norepinephrine) and adrenaline (epinephrine), in 
sympathetic neuronal cell bodies and chromaffin cells of the adrenal medulla. (Taken 
from: Kanagy, (2005)). 

 

1.3.4. The hypothalamo-pituitary adrenal (HPA) axis and neuroendocrine response to 
stress 

The SNS-mediated ‘fight-or-flight’ response to sudden stress also encompasses central 

nervous system (CNS) functions that act to increase metabolism of fats, carbohydrates and 

proteins and increase blood sugar, through gluconeogenesis, while also suppressing 

immune system function. This neuroendocrine response to stress occurs through activation 

of the hypothalamo-pituitary adrenal (HPA) axis. In this cascade (figure 1.6), corticotrophin 

releasing hormone (CRH) is secreted from parvocellular paraventricular nucleus (pPVN) 

neurons that originate within the median eminence region of the hypothalamus. CRH 

reaches cells of the pituitary gland via the hypothalamohypophysial tract, which is system of 

blood vessels linking the hypothalamus and pituitary. CRH stimulates corticotropes in the 

anterior lobe (or adenohypophysis) of the pituitary gland to synthesise  adrenocorticotrophin 

(ACTH) from pre-pro-opiomelanocortin (pre-POMC). ACTH released from the pituitary acts 

on high-affinity G-protein coupled 7-TM domain ACTH receptors expressed predominantly 

on adrenocortical cells of the adrenal cortex, where through activation of a Gs- protein 
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adenylate cyclase (AC)-cyclic adenosine monophosphate (cAMP)-protein kinase A (PKA) 

pathway it initiates the process of steroidogenesis and production of the glucocorticoid 

cortisol from cholesterol. This axis forms a negative feedback loop, whereby the effective 

functions (metabolism, increased respiration and BP etc) act to suppress the stress 

response and restore homeostasis. Cortisol also negatively regulates HPA axis activity 

through inhibiting the secretion of CRH from the hypothalamus and reducing the cleavage of 

POMC into ACTH and β-endorphins in the anterior pituitary, primarily through an action at 

the transcriptional level. 

The sympathetic nervous system and ACTH act synergistically to stimulate the synthesis of 

catecholamines through enhancement of the enzymatic activity of tyrosine hydroxylase and 

dopamine β-hydroxylase (Kvetnans.R et al., 1971;Axelrod, 1977). Gluocorticoids (mainly 

cortisol), secreted in high quantities in response to stress, also increases biosynthesis of 

adrenaline through directly mediating an increase in adrenal medullary PNMT activity (Betito 

et al., 1992). 

In addition to stress, a sudden inflammatory insult can also lead to HPA axis activation 

through production of cytokines. These inflammatory cytokines can act centrally to increase 

CRH release from pPVN neurons in the hypothalamus, either through activation of the 

ventral noradrenergic tract, which sends projections from the NTS to the pPVN, or by 

activation of perivascular cells of the blood-brain-barrier (BBB) that secrete soluble 

mediators (John & Buckingham, 2003).  Additionally, cytokines act directly upon the pituitary 

gland and adrenal cortex to increase the release of ACTH and glucocorticoids, respectively 

(John & Buckingham, 2003). 
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Figure 1.6. Outline of the HPA axis. Neuroendocrine neurons of the paraventricular 
nucleus (PVN) of the hypothalamus median eminence secrete the polypeptide 
corticotrophin releasing hormone (CRH), via the hypothalamohypophysial tract, onto 
the anterior lobe of the pituitary gland. CRH stimulates the corticotrope cells of the 
anterior pituitary to release adrenocorticotropic hormone (ACTH), which binds to 
high-affinity receptors on the surface of adrenocortical cells to stimulate the 
biosynthesis of glucocorticoids (mainly cortisol) from a cholesterol derivative. 
Cortisol, released from the adrenal cortex, is a major stress hormone that mediates a 
variety of metabolic functions, and also acts indirectly to negatively regulate its 
biosynthesis through suppression of the release of both CRH and ACTH at the levels 
of the hypothalamus and pituitary, respectively. 
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1.4. The cardiovascular adrenergic receptors 

Catecholamine-mediated stimulation of adrenoceptors (ARs) provides the most important 

mechanism of cardiovascular system regulation. All adrenoceptors are forms of 

metabotropic G-protein coupled receptors (GPCRs) with 7-TM spanning domains, and are 

divided into classes of α and β subtypes, based initially on their functional effects in blood 

vessels (α (excitatory) and β (inhibitory)), as determined by (Ahlquist, 1948;Ahlquist, 1948). 

This classification was later expanded by (Lands et al., 1967) who further divided these 

subtypes based on order of potency among agonists (endogenous and synthetic 

catecholamines) and later on selective antagonists. Table 1.1 summarises the key 

classification of adrenoceptors. There are two main α-adrenoceptor subtypes (α1 and α2) and 

three β-adrenoceptor subtypes (β1, β2, β3). Both the α1- and α2- adrenoceptors are further 

divided into three homologous subtypes (α1A/α2A, α1B/α2B, α1D and α2C). All adrenoceptor 

subtypes couple to an intracellular messenger system through activation of heterotrimeric 

guanine nucleotide (G)-proteins, which are composed of three distinct subtypes (α, β, and γ) 

and are anchored to the membrane through attached lipid residues. There are approximately 

20 subtypes of Gα subunit (Gs, Gi, Gq, Go etc), which essentially govern the diversity of 

intracellular signalling pathways activated by adrenoceptors (Triposkiadis et al., 2009). 

Interaction with the guanine nucleotide guanosine diphosphate (GDP) allows the Gα subunit 

to bind to the β and γ subunits, and thus forms an inactive trimer. Agonist-induced activation 

of adrenoceptors causes the Gα subunit to bind to the receptor and catalyses the exchange 

of bound guanosine diphosphate on the Gα subunit for guanosine triphosphate (GTP), 

resulting in dissociated of the Gα-GTP complex and Gβγ subunits from the GPCR complex 

which both may then activate target proteins within the cell. The GTPase activity increases 

when a target protein is bound by Gα-GTP, resulting in hydrolysis of the bound GTP back to 

GDP and a reunion of the Gα subunit with the Gβγ complex, in preparation for another cycle 

of signalling. Figure 1.7 summarises the function of G-proteins in mediating the intracellular 

response of cell surface receptors to agonist binding. 
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Figure 1.7. The function of heterotrimeric G-proteins. G-proteins comprise three 
subunits (α,β,γ), which tether to the membrane through lipid residues. Interaction of 
the α-subunit with an occupied receptor results in exchange of guanosine 
diphosphate (GDP) for guanosine triphosphate (GTP) and dissociation of the α-
subunit from the βγ-subunit complex. The free subunits interact with cellular target 
proteins to mediate functional effects. When the receptor is no longer occupied, the 
enzyme GTPase hydrolyses the α-subunit bound GTP to produce GDP, resulting in a 
reunion of the three subunits and return of the cell to a resting state. *Pertussis toxin 
(PTX) inhibits the ATP ribosylation of the Gαi subunit, such that it remains GDP-
bound and thus cannot mediate receptor signal transduction and interact with cellular 
targets. (Image is reproduced and adapted from: Rang et al., (2003)) 
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Table 1.1. Characteristics of cardio-pulmonary α- and β- adrenergic receptors. 
Abbreviations: A (adrenaline); NA (noradrenaline); ISO (isoproterenol). (Table is 
reproduced and adapted from: Rang et al., (2003)). 
 

1.4.1. α-adrenoceptors 

The α1 subtype couples to phospholipase Cb (PLCb), via Gq protein, which hydrolyses 

phosphatidlyinositol bisphosphate to generate inositol [1,4,5]-trisphosphate (IP3) and 2-

diacylglycerol (DAG), which in turn leads to activation of protein kinase C (PKC). IP3 

mediates an increase in intracellular calcium ([Ca2+]i) and DAG activates receptor potential 

channels, resulting in increased smooth muscle contraction in major vascular beds and 

regulation of BP. The α1A and α1B subtypes are also expressed in the heart but at a much 

lower level (~20%) than β-ARs (Woodcock et al., 2008), where they may contribute to 

increased cardiac function. In contrast, the α2 subtype negatively couples to AC, via Gi-

protein, and acts to reduce cAMP and calcium channel activity. Vascular α2B–ARs cause 

vasoconstriction, whereas α2A-ARs, expressed within the central nervous system, suppress 

sympathetic outflow and thus reduce BP. Pre-synaptically expressed α2A and α2C 

adrenoceptors control the release of noradrenaline from noradrenergic nerve terminals. The 

α2AR may act to dilate arteries and constrict veins.  

 

α1 α2 β1 β2 β3

Smooth muscle:
Blood vessels
Bronchi

Constrict Constrict/dilate Dilate
Constrict Dilate

Heart:
Rate
Force of 
contraction

Increase

Increase Increase

Increase

Agonist potency order NA ≥ A >> ISO ISO > NA > A ISO > A > NA ISO > NA = AA > NA >> ISO

Selective agonists Phenylephrine
Methoxamine

Clonidine
Clenbuterol

Xamoterol Salbutamol
Terbutaline
Salmeterol
Formoterol

BRL 37344

Selective antagonists Prazosin Yohimbine Metoprolol
Bisoprolol
CGP20712A

Butoxamine
ICI-118,551

Dilate

Decrease

SR59230A
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1.4.2. β-adrenoceptors  

Saturation binding studies of human ventricular myocardium demonstrates an approximate 

2:1 ratio of cardiac β1 to β2-ARs in this membrane fraction, which is consistent with the larger 

contribution of β1ARs to positive inotropic (contraction force) and chronotropic (contraction 

rate) responses (Kaumann & Lemoine, 1987;Ikezono et al., 1987). Controversy does exist 

over the relative importance of β3ARs in the heart. β3AR protein expression within the human 

heart is much less than that reported for β1ARs and β2ARs (Moniotte et al., 2001), however; 

thorough analysis of the expression and functional role of β3ARs within the heart is restricted 

by the limited availability of selective ligands for this receptor (Michel et al., 2011). The β3AR 

does reportedly contribute to increases in L-type calcium channel (LTCC) currents 

(Skeberdis et al., 2008) but this may only occur at non-physiological temperatures (Michel et 

al., 2011). β3AR agonists may induce some negative inotropy in the ventricle via a Gi-protein 

pathway, although this has not been fully confirmed (Michel et al., 2011).  

The traditional view of β-ARs is activation of the Gs-AC-cAMP cascade. The Gsα subunit 

dissociates from heterotrimeric β-AR, along with the Gβγ subunit, and binds to and activates 

the enzyme AC, which in turn, catalyses the conversion of adenosine triphosphate (ATP) 

into the second messenger cAMP. Increases in intracellular cAMP lead to activation of the 

enzyme protein kinase A (PKA), which phosphorylates key targets within the cell involved in 

metabolic regulation, growth control, muscle contraction, and cell survival or death. In the 

heart, PKA phosphorylates: 1) LTCCs and ryanodine receptors (RyRs), resulting in an rise in 

[Ca2+]i through increased calcium entry into the cell and calcium release from the 

sarcoplasmic reticulum (SR), respectively; 2) phospholamban (PLB), which once 

phosphorylated relieves the PLB-mediated inhibition of the SR-associated ATP-dependent 

calcium (SERCA) pump and accelerates SERCA-mediated calcium re-uptake by the SR with 

a net increase in the speed of cardiac relaxation; 3) troponin I and myosin binding protein-C, 

leading to a reduction in myofilament calcium sensitivity and accelerated myofilament 

relaxation (Sulakhe & Vo, 1995); 4) the hyperpolarisation-activated cyclic nucleotide-gated 

channels, which increases the rhythmic activity of cardiac pacemaker cells through 

generation of a hyperpolarization-activated cation inward current (Ludwig et al., 1998); 5) 

phospholemman (PLM), which relieves the inhibitory influence of this protein on activity of 

the sodium/potassium (Na+/K+)-ATPase pump (Despa et al., 2005). In contrast to the β1AR, 

the β2AR does not reduce the interaction of calcium with the myofilaments (Xiao & Lakatta, 

1993) or induce significant phosphorylation of PLB (Xiao & Lakatta, 1993;Xiao et al., 

1994;Zhou et al., 1997), and in some species this may account for the slower contraction 

kinetics, reduced contraction amplitude and altered calcium handling via β2ARs in 

comparison to β1ARs (Jiang & Steinberg, 1997).  
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Transverse (T)-tubules are invaginations of the sarcolemmal membrane of ventricular 

cardiomyocytes, which occur at the border of the sarcomere known also as the ‘Z-line’. 

These T-tubules are approximately 0.2µm in diameter (Sommer & Johnson, 1968) and form 

a network of branches within the cell. These structures are absent in neonatal 

cardiomyocytes but prominent in adult cardiomyocytes (Ibrahim et al., 2011). ‘Excitation-

contraction coupling’ is the process of converting the spread of action potential 

depolarisation into a mechanical response of muscle fibre contraction. Immunostaining and 

electrophysiology studies have revealed key excitation-contraction coupling proteins and 

their respective ionic currents, (specifically; LTCCs (ICa), sodium-calcium exchanger (NCX) 

(INCX), RyR and SERCA), to locate predominantly within the T-tubules, (Brette & Orchard, 

2003;Orchard et al., 2009). The T-tubules and LTCCs are the main site of calcium entry into 

the cell, which flows down an electrochemical gradient. The close proximity of the T-tubules 

(and thus LTCCs) to the RyR at junction regions known as dyads or couplons, ensures an 

efficient mechanism of calcium-induced calcium release from the SR. Calcium does enter 

the cell through channels located on the surface membrane, and despite a smaller ICa 

amplitude, the slower inactivation of surface ICa results in a larger amount of calcium entry in 

the surface region compared to the T-tubules (Orchard et al., 2009). The NCX is an anti-

porter membrane protein located within the sarcolemma and is the main mechanism for 

calcium extrusion from the myocyte during diastole by exchanging a single calcium ion for 

the import of three sodium ions. Thus, the NCX contributes to synchronised relaxation and 

T-tubule calcium autoregulation by responding to changes in SR calcium release. The 

SERCA pump and NCX compete for the handling of calcium with each action potential. In 

the reverse mode, the NCX may provide a minor contribution to calcium entry into the cell 

and promote SR calcium release (Sipido et al., 1997). Without T-tubules, which allow 

propagation of excitation into the cell, SR calcium release is desynchronised both temporally 

and spatially (Orchard et al., 2009). 

Caveolae are flask-shaped membrane subdomains enriched in cholesterol and sphingolipids 

and which express caveolin-1 or the muscle-specific caveolin-3. The cytosolic membrane-

proximal region of caveolin-1 and caveolin-3 (caveolin-scaffolding domains) act to regulate 

and propagate β-AR-AC-cAMP signals by interacting with putative caveolin-binding motifs in 

a wide range of signalling molecules, such as AC isoforms, receptor kinases, and G-protein 

α and β subunits. This structural composition also allows caveolae to selectively favour the 

local sequestration of these cytoplasmically orientated signal transduction molecules 

(Steinberg, 2004), which is of critical importance in the regulation of β-AR desensitisation 

and resensitisation (see section 1.5.3). Localisation of selected signalling proteins within 

caveolae microdomains can also dictate the intracellular pathways activated. For example, 
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the RII subunit of PKA is abundant in caveolae, whereas the RI subunit is excluded, and this 

will have an impact on the functional consequences of the cAMP signal and lead to the 

activation of distinct spectrums of target proteins (Steinberg, 2004). The presence of calcium 

channels within caveolae invaginations of the sarcolemma ensures closer proximity of these 

channels to SR RyRs and may serve as another mechanism to ensure maximal efficiency in 

coupling calcium influx to SR calcium release and trigger calcium sparks (Lohn et al., 

2000;Calaghan & White, 2006). 

Unlike β1ARs, whose cAMP/PKA effects are diffuse throughout the cell, the cellular effects of 

β2ARs are highly restricted to T-tubules in the vicinity of LTCCs (Zhou et al., 1997;Nikolaev 

et al., 2006;Calaghan et al., 2008). In chronic forms of HF, the T-tubule system of 

cardiomyocytes is disrupted and the β2AR redistributes throughout the cell to produce a 

similar location pattern as is typically observed for β1ARs (Nikolaev et al., 2010). Co-

localisation of the β2AR with Gαs, Gαi/o and cardiac type V/VI AC in caveolin-3-enriched 

microdomains (Ostrom et al., 2001;Xiang et al., 2002) may account for the suggestion that 

the β2AR more efficiently couples to Gs-AC than the β1AR (Head et al., 2005), which is 

distributed between caveolar and non-caveolar membrane fractions (Bristow et al., 

1989;Witte et al., 1995). The cAMP response observed in the particulate (membrane) 

fraction of cardiomyocytes following in vitro β2AR stimulation is reportedly ~50% of that 

produced by the β1AR (Xiao et al., 1994). These observations add support to the theory that 

the β2AR cAMP response is compartmentalised away from key functional targets of AC-

cAMP-PKA signalling. Disruption of caveolae in adult rat cardiomyocytes reportedly 

potentiates the ICa, [Ca2+]i and contraction response to β2, but not β1, adrenoceptor 

stimulation (Calaghan & White, 2006). Interestingly, the β2AR-mediated increase in total 

cellular cAMP is reportedly completely dissociated from its effects on [Ca2+]i myocardial 

contractility, with no detectable PKA-dependent phosphorylation of PLB in the SR and 

myofilament proteins, or cytoplasmic phosphorylase b-a conversion (Xiao et al., 

1994;Kuschel et al., 1999). In contrast, the cellular cAMP increase observed following 

stimulation of β1ARs closely parallels a rise in [Ca2+]i amplitude, PKA activity and 

phosphorylation of key cardiac regulatory proteins with a corresponding increase in inotropic 

response (Xiao et al., 1994;Kuschel et al., 1999). Furthermore, the β2AR (unlike the β1AR) 

failed to mediate an increase in [Ca2+]i transient and contraction kinetics in these studies 

(Xiao et al., 1994).  

β2ARs have been associated with PKA-dependent and PKA-independent modification of 

sarcolemmal LTCCs and an altered calcium transient (Xiao & Lakatta, 1993). A direct 

interaction of Gs-protein with voltage-sensitive calcium channels may provide a mechanism 

by which the β2AR can directly increase [Ca2+]i transients independently of cAMP (Yatani & 
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Brown, 1989). Additionally, β2AR-induced bicarbonate-dependent intracellular alkalinisation 

could increase inotropy through elevated myofilament sensitivity to cytosolic calcium (Jiang 

& Steinberg, 1997;Xiao & Lakatta, 1993). β2AR stimulation is also associated with a larger 

peak calcium current with a slower decay time and a prolonged action potential, which could 

also mediate the rise in intracellular calcium ([Ca2+]i) and subsequent positive inotropic effect 

observed with β2AR stimulation (Xiao & Lakatta, 1993;Magne et al., 2001). However, PKA 

activity is still reportedly necessary for the majority of β2AR-mediated positive inotropy, which 

is suggested to be due to PKA-dependent activation of LTCCs in subsarcolemmal domains 

(Kuschel et al., 1999). 

Figure 1.8 summarises functional β-adrenergic signalling within the cardiomyocyte. The 

β1ARs is considered to be the main β-adrenergic subtype responsible for mediating the 

effects of noradrenaline released from sympathetic fibres innervating the myocardium 

(Shcherbakova et al., 2007). In contrast, the β2AR is regarded as a ‘non-innervated receptor’ 

that is instead associated with mediating responses to circulating catecholamines released 

from the adrenal medulla (Bryan et al., 1981).  
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Figure 1.8. The major adrenergic intracellular signalling pathway within the heart 
involves activation of the enzyme adenylate cyclase (AC) by a stimulatory isoform of 
guanine nucleotide binding protein (Gαs) that dissociates from catecholamine-
occupied β-adrenoceptors. AC catalyses the conversion of adenosine triphosphate 
(ATP) to cyclic adenosine monophosphate (cAMP), which in turn activates protein 
kinase A (PKA). PKA mediates phosphorylation of key cardiac regulatory proteins 
within the heart to increase calcium cycling and induce positive cardiac responses. 
(See text for abbreviations and further descriptions). 
 

The β1 and β2 adrenoceptors are genetically distinct, and only share 71% of coded sequence 

within their 7-TM spanning domains, and 54% homology overall (Xiao et al., 1999). The 

intracellular portions of the adrenoceptors comprise their G-protein binding domain. Mutant 

studies of the human β2AR revealed that the N and C-terminal portions of the 3rd intracellular 

loop and proximal cytoplasmic tail were necessary for receptor interaction with both Gs and 

Gi-proteins (Liggett et al., 1991). Therefore, significant differences in the amino acid 

sequence of the G-protein binding domain between the β1AR and β2AR may be responsible 

for the unique ability of the β2AR but not the β1AR to couple to Gi-protein. 

A potential link between the β2AR and the development of Takotsubo cardiomyopathy 

became evident after several reports of asthmatic patients presenting with this syndrome 

after the use of high doses of bronchiodilatory β2AR agonists, including inhalation of 

salbutamol and subcutaneous adrenaline injections (Osuorji et al., 2009;Rennyson et al., 

2010). 
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1.5. ‘Stimulus trafficking’ of receptor signalling (biased agonism) 

Stimulus trafficking, also known as ‘biased agonism’ and ‘collateral efficacy’ was originally 

described as a form of receptor active-state based selectivity (Kenakin, 1995), and this 

model led to the dismissal of the original theory that receptors possessed one active binding 

site which controlled all cellular functions of that receptor. Under the theory of stimulus 

trafficking, some agonists demonstrate different relative potencies for various cellular 

pathways through the same receptor. 

The ability of different agonists to traffic the target receptor towards different active states, 

and thus activation of wide plethora of signal transduction pathways, becomes extremely 

significant when studying GPCRs. The wide variety of amino acid sequences that encode 

the transmembrane (TM) domains and cytosolic loops of some of these GPCRs allows them 

to pleotropically interact with more than a single G-protein and couple to multiple 

mechanisms in the cell. Activation of G-proteins following receptor occupancy results in the 

release of both α-subunit and a βγ subunit, which typically activate different targets within 

the cell. The targets of each G-protein subunit may vary between cell types, and thus some 

agonists may mediate a wide range of effects through a single receptor depending upon the 

cell system involved. The ternary complex of GPCRs has been simplified to a ‘two-state’ 

model, which refers to the spontaneously occurring ‘active’ and ‘inactive’ states of the 

receptor, denoted R* and R, respectively. Agonists will differ in their affinities for R* and R, 

and will accordingly alter the balance of equilibrium between these two receptor states. 

Agonists that promote the highest level of R* are the most efficient at forming ternary 

complexes (full agonists), with differing amounts of R* existing in equilibrium in the presence 

of agonist (Kenakin, 1995). In contrast, inverse agonists stabilise R In the absence of ligand, 

the basal reactivity of a receptor is governed by the equilibrium between R* and R.  

‘Agonist efficacy’ is a measure of the interaction between the receptor and G-protein and 

‘ligand efficacy’ can be defined as the property of a molecule which affects the interaction of 

further proteins with the receptor. The biochemical signalling pathway activated by a single 

receptor could also be dictated by the relative intrinsic efficacy of the agonist involved, with 

higher efficacy agonists activating multiple signalling pathways while agonists of low efficacy 

can only activate the most sensitive cascades. An example of this is the reported activation 

of both Gs and Gi-proteins through the α2AR by adrenaline but only α2AR-Gi activation by 

oxymetazoline, when studied in α2AR-transfected Chinese hamster ovary (CHO) cells 

(Kenakin, 1995). Furthermore, the ‘reversal of potency’ observed for some agonists acting at 

receptors expressed in different tissues could possibly be explained by differences 

availability of selected G-proteins between these tissues, and would be incompatible with the 
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presence of only one receptor active site. This theory is supported by evidence that the two 

dopamine receptor agonists quinpirole and 3-(-3-hydroxyphenyl)-N-n-propylpiperidine [(+)3-

PPP] exhibit reversed efficacies for activating dopamine D2 receptors in rat striatum and 

anterior pituitary (Meller et al., 1992). Different active states of a receptor result in different 

individual affinities of a receptor for a selection of G-protein pathways and leads to stimulus 

trafficking by agonists (Watson et al., 2000). The amount of G-protein available for receptor 

interaction will also depend upon receptor density and this will in turn alter the relative 

potencies of agonists. Under this theory, cell systems that over-express a pleotropic GPCR 

will incur changes not only in the amplitude of response but also the quality/type of 

response. For example; over-expression of the human β2AR in transgenic mice (TG4) leads 

to an increase in Gi-protein activating effects to balance the cellular effects of increased 

β2AR-Gs activity caused by the increased receptor density (Heubach et al., 2003). Similar 

receptor density-linked activation of cellular pathways have also been observed for the 

balance between inhibition of AC and stimulation of GTPase by opioid receptors (Costa et 

al., 1988) and differences in AC activation and calcium responses through changes in Gs/Gq 

coupling of calcitonin receptors expressed in HEK cells (Kenakin, 1996).  Thus, G-protein 

coupling is also dictated by the level of receptor expression, with less well coupled 

responses eliminated under conditions of low receptor density. ‘Protean agonism’ is a form 

of receptor-based functional selectivity, whereby a ligand initiates signalling from an active 

state that has a lower efficacy than the naturally spontaneously constitutive active site of the 

same receptor (Kenakin, 2007b). These protean ligands produce positive agonism in 

systems composed of spontaneously inactive receptor states and inverse agonism in 

constitutively active systems containing a high density of receptor active state by reducing 

the efficacy of active states (Kenakin, 2007b). As will be discussed in section 1.10 of this 

chapter, some β2AR antagonists are actually agonists for distinct G-protein signalling 

pathways depending upon the receptor conformation present. Figure 1.9 summarises 

agonist-induced receptor trafficking. 
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Figure 1.9. Agonist-directed receptor trafficking. Different agonists are capable of 
stimulating different biochemical pathways through the same receptor by selectively 
activating different G-proteins coupled to the receptor. (Image reproduced from: 
Kenakin, (1995)). 
 

GPCRs are also known for their allosteric nature, in that their 7-TM structure permits the 

interaction of one protein in one region of the receptor to affect protein-protein interactions in 

another separate location on the receptor. Therefore binding of an ‘allosteric modulator’ 

stabilises the receptor in a conformation for which it has an affinity, according to Le 

Chatelier’s principle, and the varying receptor conformations induced by different ligands 

may have different physiological or pharmacological functions in response to a given agonist 

which binds simultaneously to a separate site on the receptor (Kenakin, 2007a;Kenakin, 

2007b). The change in receptor conformation may be either modular-induced, whereby the 

allosteric ligand stabilises the receptor in conformation that directly alters its responsiveness 

to the agonist, or modification of the interaction of the receptor with cellular membrane signal 

transduction components, such as G-proteins, GRKs and β-arrestins (Kenakin, 2007b). This 

form of ligand-directed stimulus-trafficking or ligand-induced (indirect) biased agonism is an 

example of ‘collateral efficacy’, whereby the allosteric modulator promotes the activation 

and/or inhibition of all potential receptor functions by the endogenous agonist. An example 

includes the neurokinin-1 receptor, which activates both Gq and Gs signalling pathways in 

response to endogenous neurokinin but which in the presence of the allosteric modulator 

LP1805 enhances Gq signalling and antagonises Gs signalling (Maillet et al., 2007). Under 

this model, the relative potencies of agonists which induce different active states will vary 

with the G-protein availability of the cell system (Watson et al., 2000). Similarly, 7-TM 

receptors, including the β2AR can also couple directly to β-arrestins independently of G-
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proteins through ligand-mediated stabilisation of the receptor in multiple ‘active’ 

conformations (Drake et al., 2008;Shukla et al., 2008). These β-arrestins form scaffolding for 

signalling cascade components, including protein kinases Furthermore, β-arrestins 

themselves may adopt multiple conformations following interaction with the activated 

receptor. The distinct β-arrestin conformation adopted is dependent upon the efficacy of the 

receptor ligand involved (biased vs unbiased), and will determine whether these signalling 

molecules desensitise G-protein signalling or activate different signalling effectors within the 

cell (Shukla et al., 2008). For example, propranolol is a non-selective β-AR antagonist but 

does directly activate the β-arrestin signalling pathway independently of G-protein (i.e. direct 

biased ligand) (Azzi et al., 2003;Baker et al., 2003). It has been postulated that the differing 

efficacy (positive and negative) of antagonists at a single receptor in the presence of 

differing agonists, and thus selective agonist blockade, is due to the binding of these 

agonists to separate sites on the same receptor macromolecule and formation of different 

ternary complexes. Figure 1.10 summarises the key difference between direct biased 

agonism and ligand-induced biased agonism.   

The presence of agonist trafficking raises significant issues in the design and development 

of pharmaceuticals which aim to target one biochemical pathway out of a wide selection of 

cascades induced by a single receptor. It is theoretically possible to use the information 

gathered on agonists in selected receptor systems to design more selective agonists that 

direct signalling to the biochemical pathway of choice.     
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Figure 1.10. Comparison of direct and indirect biased agonism. Direct biased agonists 
selectively activate signal transduction molecules through a receptor independently 
of G-proteins; one example is the binding of propranolol to a 7-TM receptor site that 
mediates direct activation of β-arrestins. Indirect biased agonism occurs when a 
ligand binds to site on the receptor that is distantly located from the agonist binding 
site and alters the conformation of the receptor such that when an agonist is bound it 
can activate different G-proteins depending upon the receptor conformation adopted. 
(Image taken and adapted from: Kenakin, (2007a)). 
 

1.5.1. Agonist-mediated signalling of the β2AR and differences in receptor structural 
conformation  

The responses of the β2AR to agonist binding are believed to involve changes in the third 

and sixth transmembrane domains (TM3 and TM6, respectively), which contain amino acid 

sequences that encode the agonist binding site (Swaminath et al., 2004). Specifically, the 

Cys-295 residue located in the third intracellular loop at the cytoplasmic end of TM6 is 

important for G-protein coupling (Swaminath et al., 2004;Liggett et al., 1991). Consistent with 

the phenomenon of biased agonism, the use of quantitative mass spectrometry to measure 

residue activity within the β2AR protein structure demonstrated how a wide range of ligands 

of different chemical structure could differentially alter the conformation of the receptor and 

thus the biochemical pathways activated (Kahsai et al., 2011). Furthermore, fluorescence 

lifetime spectroscopy has demonstrated the diversity of sequential agonist-induced 

conformational states of the β2AR to be established at different rates and to be individually 

governed by specific structural components of catecholamines which interact with the 
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receptor (Swaminath et al., 2004). Specifically; interactions of the β2AR with the catechol 

ring, the catechol hydroxyls, and amine nitrogen (the latter only dopamine and 

noradrenaline) results in a rapid change in receptor conformation and Gs-protein activation 

by interacting with TM5/TM6 (stage 1) and TM3 (stage 2), respectively. In contrast, 

subsequent receptor interaction with the β-hydroxyl group of noradrenaline, adrenaline and 

isoproterenol (stage 3) is approximately 10 times slower and may be necessary for receptor 

internalisation. The variation between these latter three agonists in the slow rate of 

conformational change (stage 3) (isoproterenol > noradrenaline > adrenaline) is attributable 

to an alkyl substitutent on the amine of the agonist structure.  

A recent ground-breaking study published by Rasmussen et al., (2011) used 

crystallogenesis and particle electron microscopy to characterise the crystal structure of the 

β2AR-Gs complex. These authors prepared a relatively stable β2AR-Gs complex by mixing 

purified GDP-Gs with a molar excess of purified β2AR bound to a high affinity agonist (BI-

167107). The unstructured amino terminus of the β2AR was replaced with T4 lysozyme, and 

a Gs-binding nanobody (Nb35) bound to the G-protein between the α and β subunits allowed 

the formation of crystal lattice contacts (Rasmussen et al., 2011). The Gαs isoform consists 

of two domains, the Ras-like GTPase domain (GαsRas), which interacts with both the β2AR 

and the Gβ subunit, and the α-helical domain (GαsAH) (Sprang., 1997). The nucleotide 

binding pocket of the β2AR is formed at the interface of these two Gαs subdomains. 

Interaction of GαsRas and GαsAH is stabilised following binding of guanine nucleotide 

(Rasmussen et al., 2011). The β2AR-Gs complex is disrupted by both GDP and non-

hydrolysable GTP analogues, and the addition of a pyrophosphate analogue 

(phosphonoformate) increases the stabilisation of GαsAH (Rasmussen et al., 2011). 

Formation of the β2AR-Gs complex is suggested by Rasmussen et al., (2011) to initially 

involve movement of the carboxy terminus of the α5-helix away from the β6-strand to permit 

interactions with the β2AR. This is subsequently followed by interactions between the second 

intracellular loop of the β2AR and the amino terminus of Gαs, which would involve further 

conformational changes to β2AR and GαsRas (Rasmussen et al., 2011). Determinations of 

the active state of the β2AR revealed that the greatest change in receptor structure involves 

a 14À outward movement of TM6 with disruption to amino acids in the third intracellular loop 

(Rasmussen et al., 2011). The second intracellular loop is extended in the inactive β2AR 

structure and forms an α-helix in the active β2AR-Gs complex (Rasmussen et al., 2011). The 

active state of the β2AR is stabilized by interactions with GαsRas (Rasmussen et al., 2011). 

A selection of β2AR sequences involved in this interaction may possess some role in 

determination of G-protein coupling and add explanation for the ability of the β2AR to couple 

to both Gs and Gi protein. Of the 21 Gs amino acids present within 4À of the β2AR, only five 
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are identical between Gs and Gi protein, and these are specifically present within the 

carboxy-terminal α-helix (Rasmussen et al., 2011). These authors therefore concluded that 

the structural basis for G-protein coupling specificity involves more subtle features of the 

secondary and tertiary structures. The amino acid residue phenylalanine (Phe)-139 located 

within the second intracellular loop helix also appeared particularly important for specifying 

G-protein interactions in this study.  

 

1.5.2 Stimulus trafficking of the β2AR as a possible pathophysiological mechanism of 
Takotsubo cardiomyopathy  

Unlike β1ARs, which exclusively activate Gs-protein signalling pathways, the β2AR is able 

switch its coupling from cardiostimulatory Gs-protein at physiological concentrations of 

adrenaline, to cardioinhibitory Gi-protein at supraphysiological concentrations of adrenaline. 

Force generation within the atria and RV muscle strips of mice over-expressing the human 

β2AR (TG4) (in which Gi-protein is upregulated), is increased at low, but decreased at high, 

concentrations of either the non-selective β-AR agonist isoproterenol or the endogenous 

β2AR agonist adrenaline (Heubach et al., 2003;Heubach et al., 2004). Similarly, isolated rat 

cardiomyocytes over-expressing the Giα2 isoform demonstrate a dose-dependent negative 

inotropic response to the selective β2AR agonist clenbuterol (Siedlecka et al., 2008). This 

biphasic response is believed to reflect a β2AR coupling switch from Gs to Gi-protein 

signalling. Indeed, the downward phase of the force-[adrenaline] relationship in these mice is 

abolished through pre-treatment with the Gi-protein inhibitor pertussis toxin (PTX) (Heubach 

et al., 2003) (figure 1.11), which also increases the basal (Gong et al., 2000) and β2AR-

mediated (Siedlecka et al., 2008) percentage sarcomere shortening (SS) of isolated 

cardiomyocytes with up-regulated Gi-protein. This agonist dose-dependent Gi-mediated 

reduction in myocardial contractility was independent of selective β1AR stimulation with 

either isoproterenol or noradrenaline (Xiao et al., 1995;Heubach et al., 2003;Heubach et al., 

2004).  

As mentioned earlier, the apical myocardium is reportedly more sensitive to β-adrenergic 

stimulation by endogenous and exogenous circulating catecholamines, partly by way of a 

higher expression of β-ARs, whilst the base maintains systolic function largely through 

innervating noradrenergic nerve fibres (Mori et al., 1993;Kawano et al., 2003;Heather et al., 

2009). We hypothesise that a gradient in expression of β2AR exists within the mammalian 

myocardium, increasing in population number from basal to apical regions. These 

anatomical features, summarised in figure 1.12, will lead to an increased activity of Gi-

protein in the apical myocardium under physiological conditions of elevated adrenaline, and 
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thus may explain the apical hyperkinesis and basal hypokinesis observed in Takotsubo 

cardiomyopathy. 

 

Figure 1.11. Inotropic effects of adrenaline and noradrenaline on the contractile force 
of myocardium isolated from the hearts of transgenic mice over-expressing the β2AR 
(TG4 mice), and the effects of Gi-protein inhibition with pertussis toxin (PTX) on these 
responses. At lower doses adrenaline mediates a positive increase in contractile force 
through β2AR-Gs signalling, however; at very high concentrations this converts to a 
negative downward relationship between adrenaline dose and myocardial function, 
which is abolished in the absence of Gi-protein. Noradrenaline is incapable of 
mediating a dose-dependent positive-negative biphasic myocardial response, which 
suggests β1ARs do not signal through Gi protein. (Taken from: Heubach et al., (2004)).  
 

 

Figure 1.12. Illustrative representation of the proposed regional differences in 
expression of myocardial β-ARs and responses to high levels of stress 
catecholamines. (Modified from: Lyon et al., (2008)). 
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1.5.3. The β2AR Gs-Gi switch is mediated by receptor phosphorylation and 
endocytosis 

The switch in signal trafficking from β2AR-Gs to β2AR-Gi is thought to be initiated upon 

phosphorylation of the β2AR, by PKA and/or G-protein receptor kinases (GRKs), at sites 

within the third intracellular loop and on the cytoplasmic terminus (Fraser et al., 2000), under 

conditions of elevated β2AR-Gs pathway stimulation. A role for PKA in this switch was 

initially suggested by Daaka et al., (1997) who demonstrated both inhibition of PKA and 

abolition of the β2AR PKA phosphorylation site to prevent Gi-protein signalling. This finding 

was later supported by evidence that activation of PKA, via treatment with a cAMP analogue, 

enhances the negative inotropic effect of isoproterenol on myocardial contraction in mice 

over expressing the β2AR (TG4) (Hasseldine et al., 2003).  

The primary isoform of GRK responsible for β2AR phosphorylation and β2AR-Gi coupling is 

believed to be GRK2 (Wang et al., 2008). However, a human GRK5-leu41 polymorphism 

has been linked to stress-induced acute ventricular dysfunction through enhancement of 

β2AR desensitisation (Spinelli et al., 2010), which suggests a potential involvement for this 

GRK5 isoform in β2AR phosphorylation. Phosphorylation of the β2AR by GRKs reportedly 

involves recruitment of the scaffolding protein β-arrestin (notably β-arrestin 2) to the β2AR 

(Hammond, 1993;Baillie et al., 2003;Xin et al., 2008). β-arrestins serve as an adaptor that 

links the β2AR to a variety of signalling pathways, such as the mitogen-activated protein 

kinases (MAPKs) and non-receptor tyrosine kinases, as well as clathrin proteins necessary 

for receptor endocytosis. A study of human embryonic kidney (HEK293) cells  over-

expressing a recombinant β2AR demonstrated that ligand-occupancy of the β2AR, following 

treatment with the β-agonist isoproterenol, leads to time-related recruitment of the 

endogenous phosphodiesterase enzymes PDE4D3 and PDE4D5 to cell membranes by β-

arrestins (Baillie et al., 2003). These hydrolysing enzymes would result in increased cAMP 

degradation at membrane sites of localised PKA activity, and thus reduce PKA-mediated 

phosphorylation of key cellular targets, while also enhancing Gi-protein signalling. This is 

supported by another study which showed that expression of an inactive form of PDE4D, 

which competes for binding of β-arrestins, leads to an increase in β2AR-mediated PKA 

activity at the plasma membrane (Perry et al., 2002). Therefore, phosphodiesterases 

(PDE4D isoform) coordinate both β2AR desensitization and the quenching of PKA activity, 

thus limiting the magnitude of receptor signalling, and play a key role in both the regulation 

of β2AR-cAMP signalling and determination of the PKA phosphorylation status of the β2AR. 

Interaction of PKA with the β2AR occurs through direct binding of A-kinase anchoring 

proteins (AKAPs), notably members of the AKAP79/150 family and gravin (AKAP250), at the 

C-terminal cytoplasmic region of the receptor (Arg-329 to Leu-413) (Fraser et al., 2000;Fan 
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et al., 2001). This β2AR-AKAP-PKA complex also includes; PKC, protein phosphatase type 

2B (e.g. PP2B), GRK2 and (transiently) both β-arrestin and clathrin (Shih et al., 1999;Fraser 

et al., 2000;Lin et al., 2000). The purpose of the complex may be to organise the β2AR for a 

sequential process of signalling, uncoupling from Gs and cAMP (desensitisation), and 

receptor recycling (resensitisation). A study using human epidermoid carcinoma cells (A431) 

reported that treatment with β2AR agonist results in sequestration of the receptor in clathrin-

coated pits in essential conjunction with gravin molecules (Lin et al., 2000;Fan et al., 2001). 

This suggests that the β2AR remains associated with the complex of AKAPs and other 

protein kinases and phosphatases throughout the receptor desensitisation-resensitisation 

cycle. Thus, following phosphorylation by the kinases (PKA, GRK2) which form part of this 

gravin-receptor complex, the β2AR is sequestered through clathrin association with β-

arrestin. Resensitisation is efficiently achieved by dephosphorylation of the receptor by 

PP2B, which has continuously been kept in close proximity with the β2AR through the 

association with gravin or AKAP79/150. Dephosphorylation of the receptor leads to a loss of 

interaction with β-arrestin and clathrin and uncoupling from Gs, with subsequent trafficking of 

the receptor back to the plasma membrane (Fan et al., 2001), where it may either couple to 

Gi-protein (Wang et al., 2007;Liu et al., 2009) or lead to resensitisation of the Gs-AC-cAMP-

PKA response (Krueger et al., 1997). Figure 1.13 summarises this cycle of β2AR 

phosphorylation-dependent internalisation and recycling. In addition to β-arrestins and 

PDE4Ds, binding of the membrane fusion regulatory protein N-Ethylmaleimide sensitive 

factor (NSF) and also the PDZ domain-containing protein Na+/H+ exchanger regulatory factor 

(NHERF) to the β2AR carboxyl-terminal (Cong et al., 2001;Wang et al., 2007;Xiang & 

Kobilka, 2003) is suggested to be necessary for β2AR recycling and Gi-protein coupling. 

Interestingly, it was suggested that due to an interaction between the β1AR carboxyl 

terminus PDZ motif and postsynaptic density (PSD)-95-associated protein (PSD-95), the 

β1AR was continuously retained at the cell surface (Xiang et al., 2002). This latter 

observation could provide an explanation for the functional myocardial studies demonstrating 

the β1AR to be unable to couple to Gi-protein signalling pathways (Heubach et al., 

2003;Heubach et al., 2004).  

Trafficking of the β2AR leads to activation of some of the down-stream signalling 

components of the receptor (e.g. MAPKs) and may mediate the switch in coupling from Gs 

to Gi-protein. For example, it was reported that in both HEK293 cells over-expressing the 

β2AR and isolated cardiomyocytes, isoproterenol leads to a transient Gi-dependent 

activation of the MAPK ERK-1/2, which paralleled (in time) the PKA-mediated 

phosphorylation of the β2AR, and that this was regulated by PDE4 recruitment (Baillie et al., 

2003). Furthermore, treatment of HEK293 cells with the AKAP inhibitor Ht31 reduces both 
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β2AR phosphorylation and activation of ERK-1 (Fraser et al., 2000), which suggested that 

association of PKA with AKAP79 in these cells was necessary for β2AR signal transduction.  

A possible explanation for the reversibility of Takotsubo cardiomyopathy could involve the 

mechanism of β2AR dephosphorylation. This may occur either by endogenous phosphatase 

enzymes or following a reduction in the level of β2AR agonist, which would mediate a 

reversal in coupling of the β2AR back to a Gs-signalling pathway and restore normal systolic 

function. In vitro studies in spontaneously beating transgenic β1KO murine neonatal 

cardiomyocytes suggest that both adrenaline and noradrenaline can mediate the 

phosphorylation and trafficking of the β2AR (Wang et al., 2008). However, the Gs response 

and kinase/phosphatase enzyme kinetics observed following treatment with noradrenaline 

are slower than those produced by adrenaline, and do not result in Gi-protein activation 

(Wang et al., 2008;Liu et al., 2009). 

Figure 1.13. Desensitisation and re-sensitisation of the β2AR, and alterations in Gs 
and Gi-protein coupling, involves a cycle of receptor phosphorylation and 
dephosphorylation, mediated by protein kinases (PKA, GRK) and protein 
phosphatases (PP2B) bound to the receptor by a complex with A-kinase anchoring 
proteins (e.g. gravin) and β-arrestins. The phosphorylated β2AR is internalised 
through clathrin-coated pits in the cell membrane, dephosphorylated and uncoupled 
from Gs and then recycled back to the plasma membrane where it may either bind to 
Gi-protein or be resensitised through renewed coupling with Gs-protein. (Image taken 
from: Fan et al., (2001)). 
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1.6. Mediators of β AR-Gi signalling 

The intracellular signalling pathways that couple Gi-protein activation to reduced cardiac 

function remain debatable. Gi-protein may directly suppress the activity of AC or induce 

desensitisation of the positively intropic β1ARs (Ranu et al., 2000). Alternatively Gi-protein 

may alter the balance in intracellular calcium handling to favour a decrease in calcium 

transient amplitude, either through cross-talk with the β1AR or by a direct effect on calcium 

transporters.  

 

1.6.1. Compartmentalisation of β2AR cAMP signalling and reduced phosphorylation of 
regulatory cardiac proteins 

Inhibition of Gi-protein is associated with an increased β2AR-PKA mediated phosphorylation 

of PLB and myofilament proteins, de novo relaxant effect, and positive inotropic and 

lusitropic response (Kuschel et al., 1999;Calaghan & White, 2006). These findings are 

consistent with the theory that Gi-proteins may also be involved in the compartmentalisation 

of the cardiomyocyte β2AR cAMP signal within T-tubules and caveolae microdomains, which 

limits the ability of β2ARs to target functional proteins of the SR and myofilaments (Calaghan 

et al., 2008). Indeed, Gαi is highly localised to caveolae, whereas Gαs is distributed amongst 

both caveolae and non-caveolae membrane fractions (Steinberg, 2004). Depressed function 

of the SR and altered cardiomyocyte calcium cycling has been associated with the 

pathogenesis of Takotsubo cardiomyopathy (Nef et al., 2009b). A clinical study of ten 

consecutive Takotsubo patients revealed that in the acute phase of this syndrome there was 

evidence of; 1) a significant increase in ventricular expression of sarcolipin, which functions 

as a regulator for SERCA2a by lowering calcium affinity, 2) a decrease in PLB 

phosphorylation at the PKA-target site Ser16, which would reduce SERCA-mediated SR 

calcium uptake, and 3) an increase in the PLB/SERCA2a ratio. Although no evidence of a 

role of Gi-protein in these responses was presented, it is possible that if Gi-protein is 

involved in the pathogenesis of Takotsubo then this may be evidence of its actions on 

restricting the β2AR cAMP signalling response.  

 

1.6.2. Suppression of Gs-AC-cAMP-PKA signalling 

Gi-protein activity suppresses not only the β2AR-Gs response but also the positive 

myocardial responses initiated through the β1AR. Chronic treatment of guinea pigs with 

noradrenaline produces a Gi-dependent depression of both β1AR-mediated isoproterenol 

concentration-response curves and isoproterenol/calcium ratio in myocytes isolated from 
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these animals (Brown & Harding, 1992;Ranu et al., 2000). Similarly, studies in murine 

cardiomyocytes over-expressing the β2AR (and effectively Gi-protein) demonstrated a 

depressed (and in some cases absent) general β-adrenergic response (β1AR and β2AR), 

which was reversed in the absence of Gi-protein (Gong et al., 2000). It can be concluded 

from other evidence that these findings are not a result of Gi-protein coupling to the β1AR 

(Heubach et al., 2003;Heubach et al., 2004). However other possibilities include a 

suppressive effect of either phosphodiesterases (PDEs) or protein phosphatases, on cAMP 

production and PKA-mediated protein phosphorylation, as there is evidence that these 

enzymes are associated, although possibly not directly, with Gi-protein signalling (Perry et 

al., 2002;Baillie et al., 2003;Wang et al., 2007).  

 

1.6.3. Disruption of cardiomyocyte calcium homeostasis 

A study in isolated canine cardiomyocytes demonstrated that the β2AR actively reverses the 

increase in LTCC current (ICaL) mediated by the β1AR, and that the depression of ICaL was 

dependent upon elevated Gi-protein activity (He et al., 2005). Decreases in both ICaL and 

contractility in response to maximally-activating calcium concentrations and isoproterenol, 

respectively, have been reported in the myocardium of transgenic mice over-expressing the 

β2AR, in which Gi-protein is also known to be upregulated (Heubach et al., 1999). This most 

likely represents a β2AR-Gi mediated suppression of LTCC activity. An additional calcium-

regulator and potential target of Gi-protein is the NCX. Studies in isolated rat cardiomyocytes 

over-expressing the NCX demonstrated a reduction in isoproterenol-induced β-AR 

responses (Sato et al., 2004). This depression of contractile function was subsequently 

restored by treatment of these NCX-cardiomyocytes with the selective β2AR blocker ICI-

118,551, within a concentration range that blocks AC-cAMP-PKA signalling, and also 

following Gi-protein inhibition. At high concentrations, ICI-118,551 also mediates a reduction 

in basal contractility in the presence of elevated Gi-protein (Gong et al., 2002), and the NCX 

was found to be involved in this ICI-118,551-mediated myocardial depression (Sato et al., 

2004) on a similar response scale to that observed in Giα2-overexpressing cells (Gong et 

al., 2002). Gi-protein has also been demonstrated to mediate the adenosine-induced 

stimulation of the sarcolemmal NCX in ewe ventricular cardiomyocytes (Brechler et al., 

1990). It could not be concluded from these studies whether Gi-protein directly interacts with 

the NCX, following β2AR activation, or whether intermediate signalling proteins are involved. 

However, it is clear that β2AR-Gi signalling may reduce intracellular calcium content either 

through blocking LTCCs and reducing calcium entry with each action potential, or through 

increased calcium extrusion following increased forward activity of the NCX. This effectively 
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leads to impairment in excitation-contraction coupling within the cardiomyocyte and a 

reduction in contraction amplitude. 

 

1.6.4. Activation of mitogen-activated protein kinases (MAPKs) 

One of the most common effector signalling pathways proposed to result from Gi-protein 

activation, and in some reports used as an indicator of Gi-protein activity, are the MAPKs. 

These form a group of conserved proline-directed serine/threonine protein kinases that 

comprise two subfamilies; the stress-activated protein kinases (p38 MAPK) which are 

responsive to inflammatory cytokines and environmental stresses (Clerk et al., 1998;Liao et 

al., 2002;Johnson & Lapadat, 2002) and the p42/44 extracellular regulated kinases (ERKs) 

which are primarily associated with cell survival, meosis and hypertrophy (Bonni et al., 

1999;Johnson & Lapadat, 2002). As mentioned in section 1.5.3, GRK2 (β-ARK1) 

translocation to the cell membrane results in receptor phosphorylation and formation of 

structural signalling complexes by β-arrestins, which can then interact with transduction 

molecules such as the MAPKs. Mutagenesis studies indicate that GRK2 binds via its 

carboxyl terminus to a Gβγ subunit in order to mediate signalling (Koch et al., 1993). 

Furthermore, studies in COS-7 cells and transfected Rat-1 fibroblasts suggest that MAPK 

signalling occurs through a Giβγ complex acting on a Ras-dependent pathway (Koch et al., 

1994), and that this MAPK signalling cascade is opposed by Gα-cAMP-PKA signalling, 

indicating dual regulation by β-AR agonists such as isoproterenol (Crespo et al., 1995). 

Activation of p38 MAPK in cultured rat cardiomyocytes, using adenoviral gene transfer, leads 

to a depression in basal contractility (Liao et al., 2002). Furthermore, inhibition of this kinase 

enhances in vitro basal cardiomyocyte contractility (Liao et al., 2002) and increases 

endothelin-stimulated contractility of isolated perfused hearts (Szokodi et al., 2008). These 

positive myocardial effects of p38 MAPK inhibition were independent of L-type calcium 

currents or [Ca2+]i transients (Liao et al., 2002), and instead associated with an increased 

phosphorylation of PLB at Ser-16 (Szokodi et al., 2008). Evidence supporting the theory that 

this p38-mediated negative inotropism occurred through Gi-protein, was provided by 

Communal et al., (2000) who demonstrated β-AR mediated activation of p38 MAPK to 

protect cardiomyocytes against noradrenaline-induced apoptosis in a Gi-dependent manner. 

β2AR-mediated Gi-protein signalling has also been demonstrated to protect cardiomyocytes 

against apoptotic stimuli through activation of ERKs, phosphatidylinositol-3'-kinase (PI-3K) 

activity and Akt/protein kinase B phosphorylation (Chesley et al., 2000;Shizukuda & Buttrick, 

2002). There are also reports of an increase in PI3K/AKt signalling and activation of p44/p42 

MAPK (ERK-1/2) in myocardial biopsies taken from both Takotsubo patients during the 

acute phase (Nef et al., 2009a) and from a rat immobilisation stress model of this syndrome 
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(Ueyama et al., 2001). An anti-apoptotic role of β2AR-Gi may be an evolutionary mechanism 

to protect the myocardium against the cardiotoxic effects of excessive Gs signalling, which 

includes; activation of apoptotic pathways (Geng et al., 1999), fibrosis, necrosis, contraction 

bands, increased production of extracellular matrix, inflammatory infiltrates and myofilament 

damage (Rona, 1985;Todd et al., 1985;Zhu et al., 2001). Therefore, while a Gs-Gi switch 

may represent a cardioprotective mechanism against β1AR-catecholamine cardiotoxicity, 

exaggerated β2AR-Gi signalling suppresses Gs-mediated contractile support, 

decompensating cardiac function and contributing to the phenotype of heart failure (HF).  

It cannot be excluded that other unidentified pathways contribute to the negative inotropic 

effects of Gi-protein within the cardiomyocyte. Figure 1.14 summarises the proposed 

intracellular pathways mediating β1AR and β2AR responses. 

 

Figure 1.14. Intracellular signalling pathways of the β-ARs within the functioning 
cardiomyocyte. Both β1ARs and β2ARs couple to the Gs-AC-cAMP-PKA pathway, 
resulting in phosphorylation of key cardiac proteins and subsequent positive 
inotropic, chronotropic and lusitropic responses. However, high levels of β1AR 
stimulation can be cardiotoxic. The β2ARs also couple to Gi-proteins, which depress 
cardiac contractility while also activating anti-apoptotic pathways. Intermediate steps 
within the Gi-signalling pathway may include altered activities of the NCX and/or 
activation of p38MAPK and ERKs. (Modified from: Xiao et al., (1999)). Abbreviations 
(not in text): PDE (phosphodiesterase); PP (protein phosphatase). 
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1.7. The sympathetic nervous system and β-adrenergic responses in chronic 
heart failure 

Activation of the sympathetic nervous system is a prominent feature of chronic HF 

(Triposkiadis et al., 2009). While this increase in sympathetic drive can provide inotropic 

support during the development of HF, a prolonged increase in adrenergic activity can be 

detrimental to myocardial structure, through increased apoptosis, and also result in 

derangement of β-adrenergic signalling transduction pathways. A positive correlation exists 

between the severity of chronic HF, the degree of β-adrenergic receptor desensitisation 

(Bristow et al., 1988) and the levels of noradrenaline (Francis & Cohn, 1986;Cohn, 1989), 

which is released predominantly from sympathetic nerves innervating the myocardium. 

Although cardiomyocytes isolated from failing myocardium have a reduced response to β-

AR stimulation with isoproterenol, these same cardiomyocytes do not demonstrate any 

reduced sensitivity to maximum stimulation with calcium (Brown & Harding, 1992), which 

suggests that the depressed inotropy observed in HF is the result of alterations in β-

adrenergic signalling.  β1AR numbers appear to be selectively reduced by up to 50% in 

failing hearts, possibly reflecting overstimulation by sympathetically-released noradrenaline 

and accounting for much of the reduced inotropy and depressed cAMP responses (Bristow 

et al., 1982;Brodde, 1990;Brodde, 1991;Altschuld et al., 1995;Bristow & Feldman, 

1992;Kiuchi et al., 1993). In contrast, the number of β2ARs in failing myocardium remains 

unchanged, such that the proportion of β2ARs increases from 20% to 40% (Fowler et al., 

1986). The reduced effect of HF on β2AR expression, relative to β1AR, may reflect less 

contribution from the action of adrenaline upon β2ARs (Francis & Cohn, 1986). The 

preservation of β2AR expression in failing hearts may reflect a compensatory role of this 

receptor to provide sufficient inotropic support in the presence of β1AR down-regulation. This 

theory is supported by Altschuld et al., (1995) who demonstrated an increased adrenergic 

sensitivity of failing canine myocardium to stimulation with selective β2AR agonists. Positive 

inotropic responses, mediated through the β2AR, and corresponding increases in the peak 

amplitude and duration of intracellular calcium transients, have also been reported in failing 

human myocardium (Delmonte et al., 1993;Altschuld et al., 1995;Adamson et al., 

2000;Molenaar et al., 2007). Some studies also suggest that β2ARs couple to Gs more 

efficiently than β1ARs (Bristow et al., 1989;Witte et al., 1995). A recent study by our group 

reported that in failing rat hearts the β2AR-cAMP response redistributes from the T-tubules, 

where it is localised with LTCCs (Zhou et al., 1997;Kuschel et al., 1999;Chen-Izu et al., 

2000), to produce a diffuse cAMP signal throughout the cell that more closely resembles the 

characteristics of a β1AR response (Nikolaev et al., 2010). Furthermore, a polymorphism of 

the β2AR, which results in a loss of receptor function (β2AR-Ile-164), is associated with a 
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significant increase in the risk of mortality in HF patients (Liggett et al., 1998). Through its 

ability to couple to Gi-mediated apoptotic pathways, the β2AR also provides anti-apoptotic 

protection against cardiotoxicity caused by elevated catecholamines (Ahmet et al., 

2004;Ahmet et al., 2005;Bernstein et al., 2005). This highlights the β2AR as possessing both 

a functional and cardioprotective role in the context of chronic HF.    

Agonist-induced desensitisation of β-adrenergic responses (both β1ARs and β2ARs) may 

involve receptor phosphorylation by second messenger kinases including PKA and GRK 

(McGraw et al., 1998;Wang et al., 2008). Receptor phosphorylation leads to internalisation 

and subsequent targeting of the receptor for endocytosis or proteolytic degradation, as 

previously described in section 1.5.3. GRK2 (βARK1) is reportedly increased in terms of 

expression and phosphorylating activity in the failing myocardium (Ungerer et al., 

1994;Ungerer et al., 1993;Kompa et al., 1999). In vivo adenoviral-mediated gene transfer of 

the GRK2/βARK1 inhibitor βARKct, which is a peptide derived from the GRK2 carboxyl 

terminus, improves cardiac function and survival in acute and chronic forms of HF (Akhter et 

al., 1997;Shah et al., 2001;Williams et al., 2004). The positive myocardial functional effects 

of βARKct in failing myocardium may occur through restoration/resensitisation of β-AR-AC-

cAMP signalling (Akhter et al., 1997;Shah et al., 2001) and/or sequestration of Gβγ 

complexes that otherwise attenuate LTCCs/ICa (Volkers et al., 2011). This latter cAMP-

independent mechanism of calcium homeostasis restoration and improved inotropic function 

does not leave the cardiomyocyte vulnerable to SR calcium overload nor diastolic calcium 

leakage and toxicity (Volkers et al., 2011). It was previously reported that GRK2 forms a 

cytosolic complex with PI3K (Perrino et al., 2005), which is recruited to agonist-stimulated β-

ARs, and that targeted inhibition of GRK associated PI3K activity preserves β-AR signalling 

and improves cardiac function and survival in a murine model of HF. Additionally, increased 

levels of Giα protein have been reported in both clinical and pre-clinical models of HF 

(Feldman et al., 1988;Kompa et al., 1999), and inhibition of this elevated Giα activity is 

associated with restoration of normal systolic function (Brown & Harding, 1992;Kompa et al., 

1999). Furthermore, clinical improvements of HF patients treated with β-AR blockers are 

accompanied by normalisation of Giα expression levels (Sigmund et al., 1996). This 

increase in Gi-protein activity may be an adaptive anti-apoptotic mechanism (Ahmet et al., 

2004;Ahmet et al., 2005;Bernstein et al., 2005) to counteract the myocardial damage caused 

by excess catecholamines (Rona, 1985;Todd et al., 1985;Zhu et al., 2001). Therefore, β-AR 

desensitisation is a protective adaptation to reduce levels of cAMP and AC activity in failing 

myocardium (Feldman et al., 1987;Bristow et al., 1989;Schmidt et al., 1999) at the expense 

of a loss in inotropic and lusitropic support.  
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Defective cardiomyocyte calcium handling is one of the prime pathophysiological 

mechanisms in HF, and currently a strong focus for gene therapies in HF treatment 

(Hoshijima, 2005;Pleger et al., 2007). Failing heart muscle typically exhibits reduced function 

of the SR Calcium-ATPase (SERCA), possibly due to reduced phosphorylation status of 

phospholamban (PLB) (Schmidt et al., 1998;Schwinger et al., 1999), and also impairments in 

SR calcium release and cytosolic calcium efflux (Studer et al., 1994;Hoshijima, 

2005;Piacentino et al., 2003). These changes would result in reduced SR calcium uptake, 

elevated diastolic [Ca2+]i and prolonged diastolic relaxation, in addition to reduced calcium-

mediated activation of contractile proteins. 

 

1.8. β-blockers for the treatment of chronic heart failure 

Clinically used β-blockers are divided into three categories (first, second and third 

generations) based upon their properties (examples of each generation will be discussed in 

the sections below). For many years β-blockers were contradicted in patients with chronic 

HF owing to the negative inotropic effect of these substances and thus further impairment of 

cardiac output (Waagstein et al., 1989). However, as further understanding of the 

neurohormonal features of HF developed, focus shifted to the potential use of these β-

blockers in the treatment of HF. Chronic β-blocker treatment is associated with an increased 

survival rate, improved left ventricular performance and reduced hospitalization amongst HF 

patients (Adamson & Gilbert, 2006). β-blockers mediate these beneficial effects in the 

context of elevated sympathetic activity by;1) lowering HR and reducing myocardial oxygen 

demand; 2) blocking the cardiotoxic effects of β2AR-Gs signalling; 3) reducing the level of β-

AR desensitisation/down-regulation through reductions in the level of agonist receptor 

occupancy and blocking the activity of GRKs; 4) diastolic prolongation and increased 

myocardial tissue perfusion; 5) restoration of cardiovascular reflexes; 6) prevention of 

cardiac remodelling and 7) reducing arrhythmias (Lohse et al., 2003;Brodde, 

2007;Triposkiadis et al., 2009). The anti-arrhythmic activity of these compounds may explain 

why they are associated with fewer sudden deaths, as disruptions in calcium homeostasis in 

failing myocardium induces calcium overload, and thus predisposes to arrhythmias (Lohse et 

al., 2003).  β-blockers may also help to restore adequate function of failing myocardium 

through gene-related alterations in the abundance of calcium-regulatory proteins. A clinical 

HF study demonstrated β-blocker treatment to restore normal SERCA2a expression, 

increase the SERCA:PLB ratio, and thus increase the amplitude and speed of decay of 

[Ca2+]i transients in comparison to HF patients not receiving β-blocker therapy (Kubo et al., 

2001).  
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1.9. β-blocker classification  

First-generation compounds, such as propranolol, are non-selective with equal affinities for 

blocking β1AR and β2AR and do not possess any other property besides this β-blockade. 

Propranolol was successfully developed in the 1960s by Nobel Prize winner James W. Black 

and was introduced into clinical practice for the treatment angina in 1968. 

Second generation β-blockers, initially developed in the 1970s with the first official one being 

practolol, were considered to be cardioselective due to their higher affinity for blocking β1AR 

relative to β2AR. As β2ARs are considered to be beneficial in HF (Delmonte et al., 

1993;Altschuld et al., 1995;Adamson et al., 2000;Molenaar et al., 2007), and reduced β2AR 

blockade would theoretically reduce some of the peripheral and pulmonary side-effects 

associated with β-blockers, these second generation β-blockers were considered to be less 

detrimental than first-generation non-selective compounds (Bristow, 2000). Bisoprolol is 

approximately 120-fold more selective for the β1AR than the β2AR, whereas metoprolol has 

a 75-fold higher β1 verses β2 selectivity (Bristow, 2000). An upregulation of β1AR numbers, 

by these second-generation compounds, reduces β-AR desensitisation caused by excessive 

noradrenaline release (Gilbert et al., 1996;Bristow, 1997). Data from the Cardiac 

Insufficiency Bisoprolol Study III (CIBIS-III) (Willenheimer et al., 2005) and cross-

comparative clinical β-blocker studies (Konishi et al., 2010) has indicated bisoprolol 

treatment to improve cardiac function and reduce the mortality and hospitalisation of patients 

with both mild to moderate chronic HF and a reduced LV ejection fraction (EF).  

The third-generation β-blockers, which include carvedilol, were developed in the 1970s and 

1980s in an attempt to treat hypertension, which is a common cause and component of 

chronic HF. The prototype agent of this subgroup of β-blockers is Labetalol, which possess a 

higher affinity for blocking the α1AR than either the β1 or β2 –AR. This α1AR blockade leads 

to the vasodilatory properties of third-generation β-blockers. The reductions in BP and LV 

afterload, and also the stable cardiac output, which results from this additional α1AR 

antagonist activity allows these compounds to be well tolerated, and also counteracts the 

negative inotropy that results from β-AR blockade (Bristow, 1997;Bristow, 2000). Carvedilol 

has a potentially high selectivity for the β2AR over the β1AR (Molenaar et al., 2006). It has 

been suggested by some studies that unlike other β-blockers, such as metoprolol, carvedilol 

exerts its functional benefits through alterations in intracellular signalling and not an 

alteration in β-AR number (Gilbert et al., 1996). However, the results suggesting carvedilol to 

not alter β-AR number may be an artefact of the nature of carvedilol to remain bound to the 

receptor for a longer period of time, and thus prevent labelled receptor ligands from binding 

β-ARs in quantitative assays (Maack et al., 2000). Carvedilol also possess anti-oxidant and 

anti-inflammatory activities, which may be independent of β-AR signalling (Wang et al., 
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2006), and are protective in myocardial ischemia and aid the reversal of cardiac remodelling 

(Yue et al., 1992). These combinations of properties give the third-generation β-blockers a 

wider scope of anti-adrenergic activity than the second-generation cardioselective (β1AR) 

compounds. Consistent with the wider range of beneficial effects, clinical studies have 

reported carvedilol to be more superior to other β-blockers in successfully treating HF. The 

Carvedilol Post Infarct Survival Control in Left Ventricular Dysfunction (COPERNICUS) 

clinical trial, which involved treating 2,289 HF patients, demonstrated this β-blocker to 

significantly reduce morbility, mortality and hospitalisations (Packer et al., 2002). Similarly, 

the Carvedilol Or Metoprolol European Trial (COMET), which assessed randomised patients 

with chronic HF (New York Heart Association (NYHA) functional class II-IV), reported 

carvedilol to be more efficient than metoprolol for significantly reducing both mortality and 

incidence of death due to stroke, and producing a lower rate of hospitalisation and transplant 

requirements, with a reduced risk of secondary complications such as diabetes. 

 

1.10 β-blockers as agonists of β2AR-Gi signalling 

Previous studies in failing human tissue and transgenic mice over-expressing the β2AR 

(TG4) have highlighted β-blockers as either inverse agonists, which can act to reduce 

constitutive basal receptor activity, or neutral antagonists which competitively inhibit the 

effects of both agonists and inverse agonists (Bond et al., 1995;Gong et al., 2002;Baker et 

al., 2003). The intrinsic activity of several partial and full agonists has correlated with the 

level of receptor phosphorylation and subsequent desensitization and/or downregulation 

(Benovic et al., 1988). The initial model of this ‘biased agonism’ proposed by Bond et al., 

(1995) stated that the β2AR existed in a state of equilibrium between an inactive (R) and 

active (R#) conformations. Transgenic mice with an approximate 200-fold over-expression of 

the β2AR (TGβ2) were previously reported to have an increase in the active isoform (R#) of 

this receptor such that it could mediate an increase in Gs-AC activity in the absence of any 

agonist and with little further stimulation with isoproterenol (Milano et al., 1994). The 

selective β2AR blocker ICI-118,551 was identified as an inverse agonist that exerted a 

‘negative' intrinsic activity, secondary to excess β2ARs, by binding to the inactive 

conformation of the receptor, thus reducing tonically active R# and subsequent cAMP 

accumulation (Bond et al., 1995). Inverse agonism was thus hypothesised to depress this 

elevated basal contractility through binding to the inactive isoform (R) and thus shifting the 

equilibrium away from the active isoform (R#) to produce a decrease in AC activity (Bond et 

al., 1995). However, subsequent work with these TGβ2 mice in our laboratory (Gong et al., 

2000) demonstrated that as an adaption to the elevated spontaneous β2AR activity, Gi-
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protein had increased through raised PKA activity and subsequent β2AR phosphorylation. 

This counteractive change in phenotype limited the isoproterenol response of 

cardiomyocytes and reduced basal contraction. Furthermore, isolated treatment with ICI-

118,551 resulted in depressed basal contractility in the absence of any agonist. All of these 

effects were reversed following abolition of Gi-protein activity (Gong et al., 2000). Thus, this 

hypothesis of active (R#) and inactive (R) receptor conformations existing in equilibrium was 

later modified by Gong et al., (2002), who demonstrated that the ability of ICI-118,551 to 

depress the basal contractility of both Gi-enriched failing human cardiomyocytes and animal 

cardiomyocytes over-expressing either Giα2 or β2AR, was dependent upon Gi-protein 

activity. Work in our laboratory has demonstrated that removal of the β2AR PKA 

phosphorylation site prevents the negative inotropic response to the β2AR antagonist ICI-

118,551 in rat cardiomyocytes over-expressing the β2AR receptor (unpublished), which 

strongly suggested that β-blockers were capable of mediating this PKA-dependent switch in 

β2AR-Gs/Gi coupling. Gong et al., (2002) also demonstrated that the paradoxical effect of β-

blockers to decrease contraction was cAMP-independent and thus distinguishable from 

inverse agonism. No such negative inotropic effect was observed from non-failing hearts of 

either human or animal origin. The isolated in vitro set-up of these studies excluded any 

possible involvement of endogenous catecholamine stimulation blockade. It was instead 

proposed that in this two site model of β2AR activation the receptor exists in a state of 

equilibrium between two active conformations of firstly R*, which couples to a Gs-AC-cAMP 

pathway, and secondly R#, which couples to a Gi-protein mediated pathway. Under normal 

conditions, agonists bound to and stabilised the active Gs-protein conformation of the β2AR, 

leading to Gs-mediated activation of the AC–cAMP signalling cascade. However, in the 

presence of elevated Gi-protein, such as in the failing human myocardium (Feldman et al., 

1988;Bohm et al., 1994) or after extreme β2AR Gs-Gi protein biased agonism in the 

presence of elevated adrenaline, the excess Gi-protein will shift the equilibrium towards R# 

and away from R* (figure 1.15). These findings would re-surface the issues about the use of 

β-blockers for the treatment of HF, while enforcing the importance of carefully titrating them 

to prevent any decompensating effects. Consistent with this hypothesis of β-blocker β2AR-Gi 

agonism, ex vivo studies with isolated muscle strips from failing human heart have 

demonstrated partial agonist activities of carvedilol, and a depression of contraction following 

treatment with metoprolol at clinical doses (Maack et al., 2000). A study by Siedlecka et al., 

(2008) demonstrated the selective β2AR agonist clenubeterol, but not salbutamol, to dose-

dependently depress the contractility of rat cardiomyocytes via a Gi-signalling pathway, and 

for this negative inotropic effect to be enhanced following Giα over-expression in isolated 

cardiomyocytes. This further supports the theory of ligand-mediated activation of an active 

β2AR-Gi signalling pathway.  
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Figure 1.15. Proposed mechanism by which specific β-blockers can act as agonists of 
β2AR-Gi signalling. Under physiological conditions β-blockers act as neutral 
antagonists of β-AR-Gs signalling by competitively binding to the agonist site on the 
receptor to block transmission of agonist signal. In the presence of elevated Gi-
protein activity, as would occur either in chronic HF or following a sudden surge in 
adrenaline/β2AR-agonist levels, β-blockers with an affinity for the β2AR can also 
activate a second binding site on the β2AR that is coupled exclusively to Gi-protein. 
This form of extreme biased agonism leads to a basal suppression in contractility and 
increased activity of cardioprotective signalling pathways.  
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1.11. Current strategies for the treatment of Takotsubo cardiomyopathy and 
the clinical implications of β2AR-Gi signalling 

Takotsubo cardiomyopathy is commonly misdiagnosed as Acute Coronary Syndrome (ACS), 

which has limited the knowledge of effective therapies for treating patients in the acute 

phase, and also led physicians to be more conservative about treating patients if initially 

unable to distinguish between the two conditions. The treatment regime selected for use in 

Takotsubo patients is partly dependent upon the severity of each individual clinical case. In 

the acute phase of the syndrome, some patients with moderate LV dysfunction may only 

require supportive pharmacological therapy. Medications administered during the acute 

phase are typically those targeted at assisting general LV dysfunction, and include; aspirin, 

angiotensin-converting enzyme (ACE) inhibitors, diuretics, and calcium channel blockers. 

However, in some reports the effectiveness of chronic treatment with these drugs in 

Takotsubo patients has yielded negative results (Fazio et al., 2008). Takotsubo patients 

presenting with severe cardiogenic shock require admission into intensive care with relevant 

hemodynamic support and fluid resuscitation therapies. Such forms of hemodynamic support 

commonly used in these circumstances include either aortic balloon pump counter-pulsation, 

to remove the LVOT obstruction that can result from basal hyperkinesis, or left ventricular 

assist devices that could offer temporary support to the myocardium whilst it naturally 

recovers (Lyon et al., 2008).  

Evidence indicating elevated adrenaline to precipitate β2AR-Gi signalling, and dobutamine 

stress-testing to potentially predispose to clinical Takotsubo development (Abraham et al., 

2009), suggests that treatment with positive inotropes should be avoided. In one clinical 

report of a Takotsubo patient with a LVOT obstruction, dobutamine treatment exaggerated 

the apical LV dysfunction via production of a dynamic left ventricular mid-cavity obstruction 

(Previtali et al., 2005). Our hypothesis that selective β-blockers can act as agonists of β2AR-

Gi signalling, and thus mediate a further depression of myocardial contractility (Harding & 

Gong, 2004), suggests that despite elevated catecholamine levels these agents may also be 

inappropriate for use in patients with Takotsubo cardiomyopathy. However, there are some 

reports that β-blockers are effective for reversing apical dysfunction in a selection of clinical 

(Kyuma et al., 2002;Migliore et al., 2010) and pre-clinical (Izumi et al., 2009) cases, and 

chronic β-blocker treatment is associated with a reduction in the likelihood of recurring HF 

episodes in recovered Takotsubo patients (Prasad et al., 2008).  

In severe cases of Takotsubo, which may involve cardiogenic shock and require the use of 

mechanical devices, treatment with calcium or the calcium-sensitising agent levosimendan 

may also provide a second-line of pharmacological support. When considering that 

catecholamines are incorporated into the pathogenesis of Takotsubo cardiomyopathy, a 
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strong advantage of using levosimendan in treating this syndrome is that this positive 

inotrope works by directly acting on the myofilaments to increase their sensitivity to calcium, 

and thus does not involve βAR-AC-cAMP-PKA signalling. Indeed reports have been 

published stating that levosimendan infusion restores normal LV systolic function in 

Takotsubo patients after one week of treatment (Padayachee, 2007). 

Treatment of Takotsubo patients also focuses upon the secondary complications of the LV 

dysfunction. One clinical study reported an incidence of LV apical thrombosis in 5.3% of 

patients studied, possibly resulting from localised myocardial injury and release of 

thrombogenic substances, and which required treatment with anti-coagulant therapies 

(Kurisu et al., 2009). 

 

1.12. Sex-related differences in Takotsubo cardiomyopathy 

A very interesting fact about Takotsubo cardiomyopathy is that it is most prominent in post-

menopausal women, who comprise over 90% of reported cases (Ueyama et al., 2008). It is 

unclear why women are more vulnerable to this syndrome than men. Resting plasma 

noradrenaline levels are reportedly higher in females, whereas adrenaline levels are higher 

in men (Davidson et al., 1984), which could suggest gender-related differences in the 

synthesis, storage and metabolism of catecholamines. Alternatively, women may possess 

lower stress thresholds with a potentially stronger release of sympathetic stress hormones in 

response to a given physical or psychosocial stimulus, and an increased sensitivity of the 

adrenal medulla and/or myocardium to sympathetic stimuli. However, a more attractive 

explanation for this discrepancy is the complex cardioprotective nature of the female gender 

hormone estrogen (Ling et al., 2006). It has been noted that post-menopausal women who 

have presented with Takotsubo cardiomyopathy were not receiving estrogen hormone 

replacement therapy (Kuo et al., 2010). Women are typically less prone to the development 

of chronic HF than men, and the risk is further reduced following estrogen supplementation 

(Stampfer & Colditz, 1991). In vivo treatment with the 17β-estradiol (E2) form of this 

hormone also reduces the myocardial damage caused by coronary artery ligation in 

ovariectomised mice (Patten et al., 2004b;Patten et al., 2004a). In the mammalian 

myocardium, estrogen may directly regulate resting [Ca2+]i to moderately low (safe) levels, 

delay calcium clearance, and reduce both inotropy and contraction/relaxation kinetics (Ren 

et al., 2003). These responses may have involved estrogen-mediated inhibition of voltage 

gated calcium channels (Nakajima et al., 1999), reduced myofilament calcium sensitivity 

(Wattanapermpool et al., 2000) and/or depressed cAMP production through reduced 

reactivity of the myocardium to catecholamines (Li et al., 2000), and thus also confer some 
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anti-arrhythmic properties. Another possible explanation for the gender demographics of 

Takotsubo cardiomyopathy is an increased sensitivity of females to β2AR-Gi, which is offset 

by estrogen so as to minimise the negative inotropic effect of this signalling pathway. 

Although there is no direct link between estrogen and β2AR-Gi, estrogen also increases 

activity of the anti-apoptotic prosurvival, serine-threonine kinase, Akt in ovariectomized 

rodents subjected to acute myocardial injury (Ren et al., 2003;Patten et al., 2004b), and this 

pathway is a known target of Gi-protein signalling (Chesley et al., 2000;Shizukuda & Buttrick, 

2002) and has been linked to activity of the negative inotrope p38 MAPK (Communal et al., 

2000;Liao et al., 2002). Furthermore, women have a reportedly greater sensitivity of vascular 

β2ARs than men (Kneale et al., 2000) and in vivo chronic estrogen treatment in 

ovariectomized rodents increases the cardiac β2:β1AR ratio via down-regulation of β1ARs 

(Kam et al., 2004). An upregulation of β1ARs following estrogen loss (Chu et al., 2006) will 

predispose ventricular cardiomyocytes to increased intracellular cAMP-PKA activity, which is 

believed to mediate the switch in coupling of the β2AR from Gs to Gi signalling (see section 

1.5.3). Protein expression levels of the NCX, another potential target of Gi-protein (Sato et 

al., 2004), are significantly increased in ovariectomised rats and subsequently normalised in 

these animals following estrogen replacement therapy (Chu et al., 2006). Therefore, loss of 

estrogen during menopause may leave the female myocardium more vulnerable to the 

cardiodepressive effects of β2AR-Gi. It is well documented that stress is associated with 

alterations in gene expression in both the myocardium and central nervous system (Ueyama 

et al., 1999). In an in vivo immobilisation stress model, E2 supplementation in 

ovariectomised rats reduced the expression of the neuronal activity marker c-fos in the PVH, 

adrenal gland and myocardium, while also attenuating the LV systolic dysfunction, increased 

BP and tachycardia observed in these severely stressed animals (Ueyama et al., 2007). This 

strongly suggested that in addition to a direct effect upon the myocardium, estrogen 

decreases sympathoadrenal outflow from the brain. It could be that estrogen acts to protect 

the myocardium against the cardiotoxic effects of catecholamine-mediated β1AR-Gs 

signalling in severe stress by limiting sympathetic drive both centrally and peripherally and 

also shifting adrenergic sensitivity in favour of β2AR, and thus Gi-protein signalling. This 

might be an evolutionary adaptation to confer protection to the female myocardium during 

the heightened stress of child labour, and that once this mechanism is lost through 

menopause, susceptibility to sympathetic over-drive increases. Although men largely lack 

estrogen, their reaction to a sudden rise in catecholamines may be a lethal one, with no 

record of a cardiomyopathy.   
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1.13. Variant forms of Takotsubo cardiomyopathy 

Besides the typical ‘apical ballooning’ phenotype, reports do exist of a form of ‘inverted’ 

Takotsubo, whereby the mid-ventricular and/or basal segments are hypocontractile, while 

the apical portion of the myocardium is spared (Haghi et al., 2006a;Botto et al., 2008). These 

inverted forms of Takotsubo cardiomyopathy have been diagnosed in the setting of a 

pheochromocytoma, which strongly implicates adrenaline in the pathophysiology (Zegdi et 

al., 2008;Kimura et al., 2010). At first this would appear to contradict the hypothesis that the 

apex is more sensitive to circulating catecholamines, possibly by way of  a larger population 

of cardiac β2ARs, and that this predisposes to increased cardiodepressive Gi-signalling in 

this region of the myocardium following significantly large surges in plasma adrenaline. 

However, a possible explanation for this discrepancy is the activity of the enzyme PNMT in 

the heart, which converts noradrenaline into adrenaline. An in vivo study in rabbits 

demonstrated that adrenaline could be synthesised from noradrenaline, via PNMT, within 

cardiac sympathetic nerve terminal endings (Kuroko et al., 2007). Theoretically, this 

conversion of noradrenaline to adrenaline could be a process that occurs in the basal 

myocardium, which receives the greatest level of sympathetic nerve innervations (Kawano et 

al., 2003). Interestingly in one patient with inverted Takotsubo, the ECG patterns recorded 

during the acute phase were the opposite of what is typically seen in the apical ballooning 

form of this syndrome (specifically; a heightened T-wave as opposed to an inverted T-wave) 

(Kimura et al., 2010). This may suggest some connection between the electrical 

conductance profile of the heart and the region of the myocardium that is dysfunctional. 

Further information on the causes of variant forms of this syndrome, which share the same 

catecholamine trigger, is lacking. 
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1.14. Summary, hypothesis and aims 
 

1.14.1. Summary 

Selections of both clinical and pre-clinical studies have implicated a key role of the 

sympathetic nervous system, specifically adrenaline, in precipitating the development of 

Takotsubo cardiomyopathy, which is a form of acute HF whereby the apical myocardium is 

hypocontractile but the base is spared. However, the exact pathophysiological mechanisms 

by which this syndrome develops remain unclear. Proposed mechanisms by which 

catecholamines, including adrenaline, may mediate stunning of the apical myocardium 

include; epicardial spasm, impaired blood flow, and LVOT obstruction caused by a 

hypercontractile basal myocardium. However, I propose that adrenaline may exert this 

regional LV dysfunction by a direct action on ventricular cardiomyocytes. The apex of the 

heart is reportedly more sensitive to circulating catecholamines and β-adrenergic agonists 

than the base. Adrenaline is a strong agonist of the β2AR, which is a pleiotropic receptor that 

has the ability to couple to both a cardio-stimulatory Gs-AC-cAMP-PKA pathway under 

physiological conditions, and a cardio-depressive Gi-protein pathway in the presence of 

elevated agonist. The β1AR, activated predominantly by noradrenaline, cannot couple to this 

Gi-protein signalling. The intracellular mediators of Gi-protein remain debatable, but 

favourable candidates include; the p38 MAPK, NCX, or indirect suppression of Gs-protein 

signalling. This Gi-protein signalling is also reportedly up-regulated in chronically failing 

myocardium, amongst a complexity of changes in sympathetic and β-adrenergic function. 

Specific clinical β-blockers used in the treatment of HF can act as agonists of β2AR-Gi 

signalling through binding to a second site on the β2AR, which is exclusively coupled to Gi-

protein and leads to a reduction in basal contractility. Only two animal models of Takotsubo 

cardiomyopathy have been described in the literature thus far, which involved use of 

immobilisation stress in rats and chronic infusion of adrenaline into non-human primates. 

While the rat model clearly highlights the sympathetic nervous system in the 

pathophysiology of this syndrome it is only the primate in vivo model that successfully 

highlights adrenaline as the sympathetic effector with some specific role. Therefore, an in 

vivo rat model which could be widely used to address the role of adrenaline in Takotsubo 

cardiomyopathy, and also the therapeutic implications of β2AR-Gi-signalling, would be very 

valuable. 
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1.14.2. Hypothesis 

Based on the information collected above, I hypothesise; firstly that following a sudden 

severe stress and surge in circulating adrenaline, the β2AR undergoes a ‘stimulus trafficking’ 

switch in coupling from a Gs to a Gi protein signalling pathway that reduces contractile 

function; and that a larger population of β2ARs within the apical myocardium (versus the 

basal myocardium) could account for the regional LV dysfunction observed in Takotsubo 

patients. The base is heavily innervated with noradrenergic nerves and the hyperkinesis of 

this LV segment may reflect a large noradrenaline/adrenaline β1AR-Gs response. I predict 

that in the absence of activity of either Gi-protein or one of its key down-stream mediators of 

cardiac function, such as p38 MAPK, a sudden rise in circulating adrenaline to stress-related 

levels cannot precipitate this Takotsubo phenotype, and that the positive cardiac responses 

observed are instead reminiscent of a combined β1AR and β2AR Gs-AC-cAMP-PKA 

signalling response.  

Under the theory of β-blocker mediated agonism of β2AR-Gi signalling, I predict that β-

blockers are inappropriate for restoring normal systolic LV function in Takotsubo 

cardiomyopathy, and a more suitable treatment would be one that worked independently of 

AC-cAMP-PKA signalling, such as levosimendan.   

1.14.3. Specific Aims 

1) To develop a reproducible pre-clinical rat model of Takotsubo cardiomyopathy, using 

bolus intravenous administration of catecholamines and in vivo cardiac imaging 

techniques such as echocardiography and magnetic resonance imaging (MRI). This 

will aid understanding of the causal relation between elevated plasma adrenaline and 

the Takotsubo syndrome. 

2) To estimate, both in vivo and in vitro, the involvement of β2AR-Gi and its down-

stream signalling mediators in the negative inotropism that leads to selective apical 

suppression. 

3) To use the in vivo rat Takotsubo model to explore the therapeutic implications of this 

proposed adrenaline-mediated β2AR Gs-Gi trafficking switch in the treatment of 

Takotsubo cardiomyopathy. 

4) To analyse the β2AR-mediated response and cell signalling in LV cardiomyocytes 

isolated from failing human myocardium. This will allow for comparisons between 

β2AR functionality in acute and chronic HF.  
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Chapter 2: Materials and Methods 
 

 

 

 

 

 

 

 

 

 

 

 



80 
 

2.1. Animals 

All procedures were carried out in accordance with Home Office Regulations under the 

Animals Scientific Procedures Act, UK (1986).  

2.1.1. Sprague-Dawley rats                                                                                      

Figure 2.1. A white Sprague-Dawley rat 
 

Adult male Sprague-Dawley (SD) rats (225-350g) (Charles River, UK) were housed in 

groups of 5 or 6 per cage at 21±10C on a 12h light:dark cycle and given food and water ad 

libitum. The SD rat is an outbred albino strain from the species Rattus norvegicus developed 

by R. Dawley, Sprague-Dawley Company (Madison, Wisconsin, USA), in 1925. The SD rat 

is commonly used in biomedical research due to its calm nature and stability, with limited 

genetic variability between animals caused by inbreeding over many generations. It is a 

reliable species through which to model the cardiovascular system and disease processes. 

The typical life-span of a SD rat is 2.5-3.5 years. Figure 2.2 shows a graph correlating body 

weight with age in weeks. Normal heart rate (HR) is 250-450 beats per minute (bpm) and 

respiratory rate of 75-115 breaths per minute.  

 

Figure 2.2. Correlation between weight and age for male and female SD rats. (Taken 
from: 
http://www.criver.com/SiteCollectionDocuments/rm_rm_c_sprague_dawley_rats.pdf) 
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Animals were killed by rapid cervical dislocation. Despite leading to a surge in 

catecholamines and potentially affecting other circulating factors, this is the preferred 

schedule one method prior to heart excision. An overdose of pentobarbitone is commonly 

used for schedule one but this is a cardiovascular and respiratory depressant which can lead 

to a reduction of cellular high energy phosphates. Following cervical dislocation, the 

diaphragm was accessed by transabdominal incision and carefully cut to expose the thoracic 

cavity. The heart was cut above the aorta and rapidly excised and placed in ~50mL ice-cold 

oxygenated Krebs-Henseleit (KH) solution (119mM NaCl, 4.7mM KCl, 0.9mM, 4mM MgSO4, 

1mM CaCl2 1.2mM KH2PO4, 25mM NaHCO3, 11.5mM glucose) to arrest the heart and limit 

any ischemic injury during the period between excision and restoration of vascular perfusion. 

KH solution was originally developed by Hans Krebs and Kurt Henseleit in the early part of 

the 20th Century and is formulated to mimic the ionic composition of mammalian plasma. The 

presence of calcium and phosphate ions in KH can lead to salt precipitation and an alteration 

to solution pH. Carbon dioxide (CO2) is a useful tool for buffering the pH of solutions through 

its ability to balance the alkaline bicarbonate ions. To maintain pH at a physiological value of 

~7.4, the KH solution was and remained continually gassed with 95% Oxygen (O2)/5% CO2. 

The injectable anticoagulant, heparin, was added to the ice-cold KH (4mL/Litre) to prevent 

blood clotting upon collection of the heart. The isolated heart was trimmed free from 

adherent fat and connective tissue and then securely hung, by the aorta, on the cannula of a 

Langendorff set-up. The heart was surrounded by a heated jacket, to maintain temperature 

at 370C, and retrogradedly perfused with KH solution for 5 minutes at a steady flow of 6-

8mL/min/g to flush blood from the vasculature and allow steady contractions to be 

established. The backward pressure generated by retrograde perfusion causes the aortic 

valve to shut, thereby forcing solution into the coronary vessels, which normally supply the 

myocardium with blood. Brief perfusion with KH was followed by perfusion with a pre-

oxygenated ‘low calcium solution’ (LC) containing 12-15μM calcium (120mM NaCl, 5.4mM 

KCl, 5mM MgSO4, 5mM pyruvate, 20mM glucose, 20mM taurine, 10mM HEPES, 5mM 

nitrilotriacetic acid; 100% oxygen), for a further 5 minutes. The heart was then perfused for 

10 minutes with re-circulating enzyme solution, containing 1g/L of type-2 collagenase 

(Cooper Biomedical), 0.8g/L of hyaluronidase (Cat no.H-3506 Sigma-Aldrich, Poole, UK) and 

0.1% bovine serum albumin to separate the muscle fibres. The partially-digested heart was 

then cut down from the Langendorff cannula into a small volume of the 

collagenase/hyaluronidase enzyme solution, and the atria and right ventricle were removed. 

The LV was chopped into 2-4mm3 sections and transferred to a tube containing 10mL of the 

same enzyme solution and gently shaken for 5 minutes at 370C (100% O2). The tissue was 

filtered through 300µm nylon gauze and the supernatant discarded. Filtered tissue was re-

suspended in 10mL of the pre-oxygenated (100% O2) collagenase/hyaluronidase enzyme 
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solution and gently shaken at 370C (100% O2) for a further 30 minutes, or until the tissue had 

fully digested. The cell suspension was re-filtered through some 300µm nylon gauze, 

centrifuged at low speed for 1 minute, and the supernatant discarded. The resulting cell 

pellet was re-suspended in pre-oxygenated (100% O2) 200µM calcium ES. All rat myocyte 

suspensions, stored at room temperature (RT), typically consisted of 60-70% rod shaped, 

viable, Ca2+-tolerant cardiomyocytes (figure 2.3B).  

 

2.4. Isolation of Human Cardiomyocytes 

Approximately 1g of fat and fibrous-free LV myocardium from a heart transplant patient was 

cut perpendicular, followed by clean cuts into 1mm3 pieces. The tissue pieces were 

transferred into a sterilin pot, filled with approximately 25mL of LC solution containing 1-3μM 

calcium. Suspended tissue was warmed at 350C and gassed with 100% O2, whist stirring for 

approximately 3 minutes. The solution was filtered through some nylon gauze and quickly 

transferred to a new sterilin pot, filled with approximately 25mL of LC and gassed with 100% 

O2 at 350C for a further 3 minutes. This washing step was repeated a further 3 times, to 

ensure tissue was maintained in ‘low calcium’ for a total of 12 minutes. Tissue was then 

filtered through some 300µm nylon gauze and incubated in ~10mL of oxygenated (100% O2) 

protease solution (4 international units (IU)/mL) for 45 minutes at 350C, gently shaking 

throughout. Following protease digestion, tissue was filtered through some 300µm nylon 

gauze and re-suspended in ~10mL of collagenase solution (1mg/mL) for a further 45 

minutes at 350C with 100% O2 and gently shaking. The resulting cell suspension was filtered 

through some 300µm nylon gauze and any undigested tissue was transferred to another 

tube containing ~10mL of collagenase solution and incubated for a further 45 minutes at 

350C with 100% O2 and gently shaking throughout. The resulting cell suspension was filtered 

through some 300µm nylon gauze. Following each filtration step, the cell suspension was 

centrifuged at 600g for ~2 minutes to pellet the cardiomyocytes. The supernatant was 

removed and the cell pellet re-suspended in 5 to 10mL of enzyme solution (containing no 

enzymes). Human myocyte suspensions, stored at RT, typically consisted of 10-20% rod 

shaped, viable, Ca2+-tolerant cardiomyocytes. 
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2.5. In vitro myocyte contraction analysis using an Ionoptix set-up. 

Studies of isolated myocyte contractile performance have provided new insights into the 

cellular basis for the abnormalities in ventricular performance, observed with various cardiac 

pathologies. The advantage of studying the contraction of isolated cardiomyocytes includes 

the ability to measure cell and sarcomere contractility independently of the effects of 

extracellular matrix and of the in vivo hemodynamic and neurohormonal effects. This 

technique is also reasonably inexpensive to use and is considered an effective ‘replacement’ 

strategy for animal research as part of the ‘3Rs’.  

To maximise the chances of a cardiomyocyte surviving the duration of an experiment without 

showing signs of toxicity, the following criteria was used for the selection of cardiomyocytes: 

‐ Rod-shaped cells with clear striations and lack of any sign of hyper-contraction at the 

ends of the cell (figure 2.3B). 

‐ Quiescent in physiological Ca2+ and electrically excitable, with a stable contraction for 

approximately 20 minutes in the absence of any inotropic agonists.  

‐ Average contraction amplitude under basal conditions of 3.5-7.0% cell shortening.  

Previous results have shown median amplitudes of 4.9% (25-75% range 3.5-7%, 

n=265). However, for studies that involved assessing basal contractility under 

different conditions, cardiomyocytes of all contraction amplitudes were analysed.  

Single myocyte contractility was measured using an inverted microscope (Nikon Diaphot), 

connected to a heated KH solution-perfusion system and a peristaltic pump, as previously 

described (Harding et al., 1988). Experiments using rat cardiomyocytes were performed at a 

physiological temperature of 37±0.50C, achieved through the positioning of a heater just 

before the chamber inlet. In contrast to rat, human cardiomyocyte contraction was examined 

at a lower temperature of 32±0.50C, due to the lower stability of these cells. A few drops of 

the isolated cardiomyocytes were suspended in a Perspex chamber of an approximate 

volume of 200µl and perfused with KH solution (2ml/min), gassed at 95% O2/5% CO2 

(pH7.4) on the stage of the inverted microscope. Cardiomyocytes were paced using field 

stimulation (0.2Hz human; 0.5Hz rat) generated from two platinum electrodes running along 

the length of the chamber. Images were observed using x 20 objective magnifications and 

scanned at a speed of 120Hz by a 60-240Hz IonOptix MyoCam camera (IonOptix Corp. 

Milton, MA, USA), side-mounted on the microscope. The IonOptix MyoCam camera 

transmitted the images to a PC running Ion Wizard software (IonOptix Corp. Milton, MA). 

The camera was rotated to obtain a clear horizontal axis image of a single cardiomyocyte. 
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An edge-detection device connected between the camera and the monitor displayed a black 

and white image, which was adjusted using a charge-coupled device controller to increase 

the darkness, and therefore detection, of the outer edges of the cardiomyocyte. Two small 

rectangular windows of variable width were positioned over each end of the Ion Wizard 

computer imaged cell, for analysis by the edge-detection device (figure 2.4). The relative 

distance between each detector either side of the cardiomyocyte, which shortened and 

lengthened with each contraction/relaxation cycle, was monitored and used to calculate the 

change in unloaded cell length as an index of contraction amplitude. Baseline contractions 

were determined in the presence of either KH solution alone for concentration-response 

curves or a β-AR blocker for single receptor analysis. Drug compounds were subsequently 

perfused over the stably contracting cardiomyocytes (2ml/min, 370C, 95% O2/5% CO2), 

followed by washing with KH/blocker solution.  

 

Figure 2.4. A single cardiomyocyte imaged using an Ion Optix video-edge detection 
system and Ion Wizard software. The stage of the inverted Nikon Diaphot microscope 
is adjusted so that cardiomyocyte appears slightly out of focus with darker edges. 
These dark edges are more easily detected by software markers (red and green), 
which measure the change in cell length with each contraction. 
 

Contraction amplitude (percentage cell shortening), time to peak contraction (Peak t) and 

time to 50% and 90% baseline relaxation (R50, R90, respectively) were measured using Ion 

Wizard analysis software (IonOptix Corp. Milton, MA) (figure 2.5). One cell per plate was 

selected for sequential study of all treatment conditions. An average of 10 contraction peaks 

was made for each treatment set per cell. 
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Figure 2.5. Parameters measured from the average twitch of each recorded 
cardiomyocyte (see text for abbreviations). 
 

2.5.1. Concentration-response curve construction protocol 

A concentration-response curve to (+/-)-isoproterenol hydrochloride (isoprenaline) (cat 

no.I6504, Sigma UK), beginning at a 1x1010 molar (M) concentration and increasing in half-

log unit steps until arrhythmias were seen (approximately 3x10-8M), was constructed firstly 

for experiments that examined general β-AR sensitivity, and secondly for determination of 

isoproterenol concentrations to be used in studies of single β-AR subtype activation (100 x 

EC50). Each curve was followed by washing in normal KH solution to recover baseline 

contraction. L-Ascorbic acid (1.7mM) (Cat no. A4403, Sigma, UK) was added to the 

oxygenated KH solution, used to prepare each concentration of isoproterenol or any other 

agonistic compound, as it has proved an effective stabiliser in preventing degradation of 

these drugs in solution (Smith et al., 1984). All agonist/antagonist solutions were kept on ice 

until required. 
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2.5.2. Isolated receptor studies protocol 

All β2AR in vitro responses to submaximal concentrations of isoproterenol (1μM) were 

measured in the presence of 3x10-7M (300nM) of the selective β1AR antagonist (1-[2-((3-

carbamoyl-4-hydroxy)phenoxy)ethylamino]-3- [4-(1-methyl-4-trifluoromethyl-2-imidazolyl) 

phenoxy]-2-propanol methanesulfonate) (CGP20712A) (Cat no.C231, Sigma UK) (Delmonte 

et al., 1993) and confirmed by reversal of the observed effects with 5x108M (50nM) of the 

selective β2AR antagonist 3-(isopropylamino)-1-[(7-methyl-4-indanyl)oxy]butan-2-ol (ICI-

118,551) (Cat no.I127, Sigma UK) (Delmonte et al., 1993). At these concentrations there 

was no effect of the antagonist on baseline contraction. The ICI-118,551 was covered in foil 

to prevent it from degrading in response to light exposure. A suitable 1μM concentration of 

isoproterenol was selected for use in these in vitro β-blocker studies by multiplying the EC50 

value of a standard isoproterenol dose-response curve (~10nM) by 100. For an outline of the 

standard protocol for measuring β2AR contractility see figure 2.6. 

 

Figure 2.6. Protocol outline for the in vitro analysis of β2AR responses in isolated LV 
cardiomyocytes. The selective β1AR antagonist CGP20712A was present in the cell 
perfusate (300nM) throughout the experiment to ensure that contractility changes 
observed in response to 1μM isoproterenol occurred selectively through the β2AR. 
Confirmation that responses seen were due to β2AR activity was achieved through 
application of the selective β2AR competitive antagonist ICI-118,551 (50nM) to reverse 
the effects of isoproterenol. Cells were washed with CGP20712A alone to ensure that 
the contractile responses observed were not attributable to a changing baseline. 
 

2.5.3. Pertussis Toxin treatment for investigation of the role of Gi-protein 

The role of Gi-protein activity in the in vitro β2AR contractility responses observed was 

determined by pre-incubating freshly-isolated cardiomyocytes in 1.5µg.mL-1 of Pertussis 

Toxin (PTX) derived from Bordetella pertussis (Cat no./ P7208, Sigma UK), for 3 hours at 

370C. This PTX dose and incubation conditions have proved to be optimum for ensuring 

maximum Gi-protein inhibition in adult ventricular cardiomyocytes (Gong et al., 2000). PTX 

prevents interaction of the Gi-proteins with G-protein-coupled receptors (GPCRs) through 

catalysis of the ADP-ribosylation of the Gi α subunit, thus interfering with intracellular 
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communication (Burns, 1988). A subset of control cells were incubated under identical 

conditions, except in the absence of PTX. Inhibition of Gi-protein by PTX was confirmed by 

analysis of isoproterenol-induced contractile responses prior to and during co-perfusion with 

1μM of the cholinergic agonist, carbamoylcholine chloride (carbachol) (Cat no. C4382) 

(figure 2.7). If Gi-protein activity had been abolished, activation of the acetylcholinergic 

receptor-Gi signalling pathway would not be possible and thus no carbachol-induced 

reduction in the positive inotropic response to isoproterenol would be observed (Oostendorp 

& Kaumann, 2000).  

Figure 2.7. Outline for the in vitro protocol used to determine the presence or absence 
of Gi-protein activity in isolated LV cardiomyocytes. If PTX pre-treatment had 
successfully catalysed the ADP-ribosylation of the αi subunit of Gi-proteins, 
application of 1μM of the cholinergic agonist carbachol would not result in a Gi-
protein dependent reversal of isoproterenol (1μM)-induced adrenergic receptor-
mediated increases in cardiomyocyte contractility. Cells were subsequently re-
stimulated with 1μM isoproterenol alone to demonstrate reversal of the negative 
inotropic effects of carbachol in non-PTX cardiomyocytes, followed by a washout to 
recover baseline contractility.  
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2.6. Competitive Radioligand Binding Assay 

To determine the expression of β1AR and β2AR in both apical and basal cardiomyocytes, a 

two-site competitive radioligand binding curve for these receptors was constructed by 

Viacheslav Nikolaev. Cell membranes were prepared from apical and basal-derived adult rat 

cardiomyocytes by disrupting the cells on ice in; 5mM Tris, 2mM ethylenediaminetetraacetic 

acid (EDTA) (pH 7.4), using an Ultraturrax device with subsequent centrifugation. 

Membranes (20µg protein) were incubated for 2 hours at RT in assay buffer (50mM Tris, 

5mM MgCl2) (pH 7.4), with 0.1-10nM of the non-selective β-AR radioligand, [125I]-

cyanopindolol ([125I]-CYP) (Amersham, Freiburg, Germany), and increasing concentrations of 

the selective β2AR antagonist, ICI-118,551 (1x10-11M to 1x10-2M). Non-specific binding was 

determined in the presence of 10µM of the non-selective β-AR antagonist, propranolol. 

Reactions were terminated by vacuum filtration through GF/B glass fibre filters (Millipore, 

Schwalbach, Germany). A representative two-site competitive binding curve is shown in 

figure 2.8. For a detailed explanation of the mathematical construction of a two-site 

competitive binding curve see section 2.10.7. 

 

Figure 2.8. Representative competitive binding curve for two equally abundant sites, 
with a 10-fold (1 Log-unit) difference in EC50 values between sites. 
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2.7. Echocardiographic analysis of cardiac function 
 

2.7.1. Background and principles 

Ultrasound is a mechanical radiation that can be directed in a beam and is reflected by small 

objects. Echocardiography involves the use of high frequency ‘ultrasonic’ waves and the 

differences in sound penetration between tissues of variable densities to produce a real-time 

2D image of the contracting heart. An ultrasound transducer converts electrical energy into 

sound waves at frequencies over 20,000 cycles per second that propagate through the body 

at a transmission velocity of approx 1540m/s. Acoustic impedance is the product of sound 

velocity and physical density. At the boundary between different tissue densities there is an 

acoustic mismatch which results in some sound waves being reflected. The energy of the 

reflected components directly relates to the acoustic impedance. The greater the density 

mismatch, the more sound waves are reflected back and thus a brighter image is seen. The 

transducer detects these waves or ’echoes’ and the scan converter on the ultrasonograph 

forms an image. Figure 2.9 illustrates the essential principles of ultrasound imaging.  

 
Figure 2.9. Principles of ultrasound imaging (A); Imaging probe showing the 
transducer located inside (B). The transducer, located within the probe transmits an 
ultrasound into the animal through a gel coupling medium. Differences in acoustic 
impedance between tissues of different densities, and also depth, result in a 
backscatter or ‘echo’ of ultrasonic waves. This backscatter signal is aquired and used 
to make a single ultrasound line. As the transducer moves over the object, multiple 
ultrasound lines are acquired and combined into a real-time B-mode image. To 
acquire M-mode images, the transducer emits multiple pulses and acquires the 
corresponding ultrasound lines. 
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Echocardiography has been chosen as the technique to use for the development of an in 

vivo model of stress cardiomyopathy as it allows imaging of the entire LV and therefore any 

regional ventricular dysfunction in response to exogenous catecholamine and other drugs is 

readily notable in the in vivo context. This form of imaging is relatively inexpensive, versatile 

and non-invasive, allowing repeated measurements on the same animal. However, for this 

project all in vivo imaging was followed by a schedule one sacrifice. The impact of a drug or 

toxin on the endocardium, myocardium, and pericardium can be determined in an intact 

animal. Valves can be assayed for abnormal structure, thickness, and valve dysfunction (e.g. 

regurgitation); cavity size, indices of global and regional systolic function (wall motion score, 

ejection phase), diastolic function (deceleration time) or combined diastolic and systolic 

function (myocardial performance index) are all analysable with echocardiography imaging 

(Hoit, 2006). There are fewer health issues surrounding the use of ultrasound compared to 

other imaging techniques such as positron emission tomography or X-rays, which both rely 

on forms of hazardous radiation (Hoit, 2006). The safety and reproducibility of data with this 

imaging technique is one of the primary reasons why it has emerged as the most frequently 

used diagnostic tool in cardiology. The development of transducers operating at high frame 

rates has made this technique more applicable to use on small rodents with rapid heart 

rates. 

 

2.7.2. Echocardiography protocol 

Animals were anaesthetised with 5% Isoflurane and 3mL/min O2 and maintained on 1.5% 

Isoflurane and 1.5mL/min O2 during procedures. Anaesthetised animals were connected to a 

Bain coaxial circuit with face mask and placed in a supine position on a heated Vevo 770 

stage with their paws in contact with electrocardiogram (ECG) electrode gold plates, covered 

in ECG gel (Signa electrode gel, Parker Labs, New Jersey ref 15-60) (figure 2.3A). A rectal 

temperature probe was inserted for accurate body temperature measurements and body 

temperature was controlled by an external infrared light source focused on the animal. A 

subcutaneous incision was made above the pectoral muscle and tissue dissected to expose 

the jugular vein. A 26 gauge polyethene catheter (Hospira Inc. Lake Forest, US) was 

inserted into the vein (figure 2.10B). The jugular vein was chosen as the route of 

catecholamine administration, as it connects to the heart via the superior vena cava and thus 

would more closely resemble rapid release of these stress hormones onto the myocardium 

than if delivered into any other part of the circulation.  

Warm ultrasound scanning gel which has the same conductivity as the human body and 

couples the transducer to the skin was spread over the bare shaven chest of the animal. The 
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Figure 2.11. A 2D brightness (B) mode image of the aorta and left ventricle in the 
parasternal long axis. ECG recordings, respiratory values and temperature are 
displayed at the bottom.  
 

 
Figure 2.12. A 2D B-mode image of the left ventricle cavity and papillary muscle 
in the short-axis. 
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M-mode images which display the motion of tissue detected by one line of the B-mode 

image over time (figure 2.13) were recorded for the determination of LV chamber dimensions 

at both end-systole and end-diastole during the cardiac cycle. B-mode and M-mode images 

were recorded at the level of the apex, MLV and base in either the short or long axis, prior to 

and following catecholamine infusion over a 30 second period (figure 2.14) 

 

 

Figure 2.13. Single wall motion analysis of a section of the B- mode image (M-mode) 
was achieved by placement of the software cursor across the LV cavity and used for 
the determination of LV wall dimensions. 
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Figure 2.15. Schematic representation of the normal sinus rhythm for a mammalian 
heart as visualised on an electrocardiogram (ECG). ECGs are generated by detection 
of the electrical changes on the surface of the skin that are produced when the heart 
muscle depolarises during each cardiac cycle. At rest the charge across the cell wall 
(membrane potential) is negative. Muscle cell depolarisation occurs when the 
membrane potential decreases towards a value of 0, resulting in activation of 
processes leading to muscle contraction. During each heartbeat, a series of waves of 
depolarisations occurs, initiating within cells of the sinoatrial node (SAN) and 
spreading throughout the atria and across the ventricles via conduction fibre 
pathways. This is detected as voltage fluctuations between electrodes positioned 
either side of the heart. The ECG is a very useful tool in the diagnosis of abnormal 
heart rhythms, caused possibly by damage to the conducting tissue or electrolyte 
imbalances. Heart rate is determined as the number of R-R wave intervals within a set 
time frame. 
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2.8. Cardiac Magnetic Resonance Imaging (M.R.I) 

Although echocardiography is the most widely used technique for analysing cardiac function 

in the industrial world, higher resolution functional imaging applications such as magnetic 

resonance imaging (MRI) are also considered to be very valuable for clinical and pre-clinical 

cardiology studies (Allison et al., 1993;Grothues et al., 2002;van den Bosch et al., 

2006;Stuckey et al., 2008). 

 

2.8.1. Background and principles 

MRI was originally developed from the principles of nuclear magnetic resonance (NMR), a 

technique first described in 1938 by Felix Bloch, working at Stanford University, and Edward 

Purcell, from Harvard University. The principles of NMR are that magnetic nuclei placed 

within a magnetic field absorb and re-emit electromagnetic (EM) energy at frequencies 

proportional to the strength of magnetism and thus their position within this magnetic field. 

However, it was the scientists Paul Lauterbur and Peter Mansfield who are credited with 

further development of MR in the 1970s. Lauterbur, of the State University of New York at 

Stony Brook, introduced gradients in the magnetic field which could determine the origin of 

the electromagnetic waves emitted from the nuclei to produce spatial information and thus 

produce a two-dimensional (2D) image of the object of interest. Mansfield, from the 

University of Nottingham, used mathematical equations to speed up MRI image acquisitions. 

The first MR image was release in 1973 (Lauterbur, 1989) and both scientists were awarded 

the Nobel Prize in 2003 for the invention of MRI scanning. However, in 1970 it was the 

clinician Raymond Damadian, who demonstrated that localised NMR data could be collected 

from various intact parts of the human body (Filler, 2009). The first MRI studies performed in 

humans were published in 1977 (Damadian, 1977). 

The mammalian body is composed largely of water, which has atomic nuclei containing 

positively charged magnetic hydrogen ions or protons (H+) (magnetic moments) that will alter 

their alignment with the direction of an applied magnetic field. Altering the strength of the 

magnetic field through application of a gradient will proportionally change the frequency at 

which these protons rotate around the external magnetic field (Larmour frequency), 

producing a magnetic charge (radio signal) that aligns within the larger magnetic field 

produced by the superconducting scanner magnet. Three-dimensional spatial information on 

the proton position is obtained by detection of the differing frequencies of emitted signals 

(photons) depending upon their position within the object. Application of radio frequency 

(RF) waves provides a further electromagnetic field, in which photons absorb energy 

(resonance frequency) and flip the spin of the aligned protons in the body out of alignment 
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with the magnetic field. The frequency of the RF pulse is equivalent to the frequency of the 

protons spinning in the desired imaging location. When a proton is pulsed out of alignment 

with the applied field by RF waves, its precessional moment tends to re-orientate into 

alignment with the field (spin-lattice relaxation), returning from a high energy state to a low 

energy state and will emit the difference in energy states as a photon (RF pulse). This RF 

pulse is detected by the scanner as an electromagnetic signal and used to construct images 

because magnetic moments in different tissues return to their state of equilibrium at different 

rates. The rate at which the signal intensity decreases is termed T1 (spin-lattice) relaxation 

and the rate at which the magnetic moment breaks apart is termed T2 (spin-spin) relaxation. 

Volumes of images can be obtained by 'stacking' the individual image slices of the object of 

interest, one on top of the other. Changing the parameters on the scanner is used to create 

contrast between different types of body tissue. Figure 2.16 illustrates the basic set-up of an 

MRI scanner. 

 

 

2.8.2. Cardiac cine-MRI 

MRI is a non-invasive technique which allows repeated measurements to be made on one 

subject, for example before and after a treatment or surgical procedure and when monitoring 

the progression of a disease. However, for this research project no such reproducibility will 

be utilised as all in vivo MRI studies will be single terminal experiments. Muscle contains a 

large volume of protons, which aids in the production of high quality images of the 

myocardium.  

 

Images of both the human and rodent heart can be acquired in real-time with cardiac 

magnetic resonance (CMR) ((Buck et al., 1997;Grothues et al., 2002;Nahrendorf et al., 

2003;Tyler et al., 2006). However, due to the large scale differences between the sizes of 

the rat and human heart (several hundred fold), significantly larger magnetic field strengths 

are required to obtain an adequate signal-to-noise ratio from the rat heart, compared to 

human. The image quality of all cine-CMR is confounded by respiratory and cardiac motion. 

Thus, MRI protocols for the In vivo analysis of cardiac function were optimised by the use of 

ECG gating and rapid acquisition of images or sequencing (Keenan & Pennell, 2007). The 

use of ECG gating allows images to be acquired at each stage of the cardiac cycle over 

several heart beats, during a breath hold, and is thus synchronised to the periodic motion of 

the heart. Cine images are usually acquired using a steady state in free precession (SSFP) 

sequence. The final image is derived from averaging data acquired across these cardiac 

cycles. Rodent studies require specialist gating techniques to accommodate the faster rates 
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of heart beat and respiration (Schneider et al., 2003;Schneider et al., 2004). However, rapid 

alterations in magnetic field gradients, radio frequency pulsing, blood flow and arrhythmias 

can all produce artefacts in the acquired ECG signal (Dimick et al., 1987;Rokey et al., 1988).  

Specific applications of CMR include; analysis of myocardial mass and volume, blood flow 

velocity, screening of diseased coronary arteries, combined use with contrast agents to 

assess myocardial perfusion, aortography for non-coronary angiography of the aorta and 

central and peripheral vessels to assist in planning surgery, abnormal anatomy and cardiac 

shunts, cardiomyopathy and tumour analysis (Heatlie & Pointon, 2004). 

 

A benefit of cardiac MRI over other imaging methods such as X-rays, computed tomography 

and positron-emission tomography, is the lack of any potentially hazardous ionising 

radiation. It can acquire images in any imaging plane, without being confounded by chest 

wall anatomy or body habitus, and so can produce a full three-dimensional construction of 

ventricular volume, mass and function. Unlike M-mode or 2D (B-mode) echocardiography, 

which relies on a small acoustic window, correct positioning of the transducer and 

geometrical assumptions of the heart to produce a single image slice of the ventricle, MRI 

can produce higher resolution images of the ventricle through a continuous stack of short-

axis images (Grothues et al., 2002; Stuckey et al., 2008). However, the rate at which stacks 

of images can be obtained with MRI is considerably slower than that of echocardiography, 

which could be of critical importance if functional LV effects are observed on a time-scale of 

minutes. Furthermore, unlike echocardiography, MRI image acquisition relies on a good 

quality ECG signal (ECG gating), which could limit the efficiency of data collection with this 

technique. 
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2.8.3. Cardiac cine-MRI protocol 

The MRI machine used for this study was operated by Dr Daniel Stuckey of Imperial College 

London. 

 
Rats were anaesthetised with isoflurane (5% induction, 1.5 % maintainence) in a 1.5L/min 

mixture of oxygen and placed in a supine position within a specially-made cradle frame. 

ECG needle electrodes were subdermally inserted for monitoring HR and rhythm, and a 

respiratory balloon was used for respiration monitoring (SA Instruments, Stony Brook, NY, 

USA). Core body temperature was monitored via a rectal probe and maintained at 37°C 

using a heated-air system (SA Instruments). A 4.7 T DirectDrive Varian MRI system (Palo 

Alto, CA) with 40 G/cm gradients and a 72mm volume, quadrature driven RF coil was used 

for MRI image acquisitions. Cardiac cine-MRI was performed using ECG and respiration-

gated cine-FLASH images (1.5 mm slice thickness, TE/TR 1.6/5 ms; 17.5° pulse; field of 

view 51.2 × 51.2 mm; matrix size 128 × 128; voxel size 400 × 400 × 1500 μm; 20 to 30 

frames per cardiac cycle, 3 signal averages). Images were acquired in three short-axis 

positions, at the levels of the base, MLV and apex, prior to and every 5 minutes 

after adrenaline injection for up to 60 minutes. Data were analysed using Image J.  End-

diastolic and end-systolic cross-sectional areas (mm2) for each of the three LV regions were 

measured by manual segmentation of each slice, and values for the fractional area 

shortening for each LV region were calculated as (end-diastolic area (EDA) - end-systolic 

area (ESA)) / end-diastolic area (EDA). 

An example of short-axis cine-MRI images of the apex and base of the LV in an untreated 

rat are shown in figure 2.17. 
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Figure 2.16. Outline of the set-up of an MRI scanner unit. The animal is positioned 
supine inside the scanner, surrounded by a strong magnetic field which subsequently 
causes the positively charged protons in the animal’s body to rotate. The strength of 
the magnetic field and thus rate at which these protons rotate is altered by the 
presence of a gradient (electric currents) produced by surrounding solenoid coils. 
This gradient varies depending upon the position within the object of interest. 
Radiofrequency pulses generated from coils within the scanner force the spin of the 
aligned protons in the body out of alignment with the magnetic field. The frequency of 
the RF pulse is equivalent to the frequency of the protons spinning in the desired 
imaging location. Upon cessation of RF pulses, the protons which have absorbed 
energy revert back to a low energy state, releasing the difference in energy states as a 
radio signal (photon), which is detected by the RF detector and used to create a 
computerised image. 
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Figure 2.17. Example of cardiac cine-MRI short-axis images of the rat myocardium at 
the levels of the base and the apex under basal conditions. The heart is clearly visible 
within the thoracic cavity in both images and the liver becomes apparent in the lower 
abdomen where the apex lies. Abbreviations: LV (left-ventricle), RV (right-ventricle).   
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2.9. Hematoxylin and Eosin (H & E) staining for the histological analysis of 
myocardial tissue slices 
 

2.9.1. Background and principles 

It has been well documented that the excessive release or administration of supra-

physiological concentrations of catecholamines induces significant cardiotoxicity through a 

number of processes including; calcium overload in cardiomyocytes, myocardial necrosis, 

increased membrane permeability, myofilament damage, ischemia and oxidative stress 

(Csapo et al., 1974;Rona, 1985;Todd et al., 1985). Gi-protein is cardioprotective against the 

development of catecholamine-induced apoptosis (Communal et al., 2000;Ahmet et al., 

2004;Ahmet et al., 2005;Bernstein et al., 2005). It was therefore, important to analyse the 

hearts of animals treated with catecholamines (in excess of physiological doses) for the 

presence or absence of any myocardial damage.  

Heamatoxylin and eosin (H & E) staining, chosen for this post-catecholamine histological 

analysis, is the most widely used histology method for medical diagnosis. This type of 

staining is fast and reproducible, although it does not highlight specific intracellular or 

extracellular structures. Haematein is the product of haematoxylin oxidisation and combines 

with aluminium ions to form an active basic metal-dye complex (hemalum). Hemalum 

solutions incorporate a transparent red stain into acidic structures, such as DNA and RNA 

concentrated in the nuclei of cells, which turns blue on exposure to a liquid of either alkaline 

or neutral pH. Eosin is an acidic fluorescent red dye that results from the action of bromine 

on fluorescein. Application of aqueous/alcoholic eosin Y solution to haematoxylin-stained 

tissue results in pink, red and orange shaded counterstaining of basic eosinophillic 

structures composed of intracellular or extracellular protein (e.g. collagen, muscle fibres and 

cytoplasmic structures). Red blood cells appear intensely red after eosin staining.  

 

2.9.2. Histology preparation and staining protocol 

Neutral-buffered (10% v/v) formalin was chosen as a preservative for the freshly excised 

tissue as it is routinely used in histology and is suitable for most forms of staining including H 

& E. Formalin stabilizes cell structures by introducing covalent cross-links between amino 

groups in proteins through the formation of methylene linkages. The linkage of small proteins 

to structural proteins makes them insoluble. Formalin does not have any direct effects on 

lipids, carbohydrates, and RNAs, although they may become incorporated (preserved) into 

the cross-linked protein structures. All hearts were briefly washed of blood in sterile PBS 

before being placed in formalin and stored at room temperature prior to sectioning and 
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staining. Formalin-preserved hearts were divided into three sections of the apex, MLV and 

base. The MLV was re-suspended in a tube of formalin for further storage, and 1mm thick 

sections of the apex and base were immediately placed in individual plastic histo-cassettes. 

Histo-cassettes were subsequently placed in a sealed container of neutral-buffered 10% 

formalin. 

Tissue processing was performed by Dr Saharnaz Vakhshouri, tissue staining was 

performed by Dr Sofia De Noronha and stained tissue sections were analysed using light 

microscopy by Dr Mary Sheppard, all from the Royal Brompton Hospital, London. 

The purpose of tissue processing is to remove any water from the tissue, which is otherwise 

immiscible with the paraffin wax solidifying medium used for embedding tissue prior to 

slicing. Using Miles Tissue-Tek (Sakura, UK) tissue processor, the formalin-fixed myocardial 

tissue was dehydrated overnight by sequentially immersing in increasing concentrations of 

industrial methylated spirit (IMS) solutions. The alcohol was subsequently removed with 

washing twice in the hydrophobic clearing agent xylene for 4 minutes. Unlike water, xylene is 

miscible with the paraffin wax embedding medium. The tissue was removed from the plastic 

histo-cassettes and then infiltrated with the paraffin wax using Tissue-Tek embedding 

system (Sakura, UK) to form paraffin blocks in metallic moulds. Once the tissues had been 

embedded and cooled on an ice plate for 20 minutes, they were cut into 5µm thick sections 

using a Leica microtome 2040 (Reichert-Jung, US) and floated on a water bath (set at 35-

370C) onto adhesive glass slides (Leica Microsystems, UK). Next, slides were air-dried for 

10 minutes to remove any trace of water, and then baked at 700C on a hotplate for 30 

minutes to bond the tissue to the glass in preparation for staining.  

All tissue staining took place inside a chemical fume cupboard. Tissue sections were 

deparaffinised by twice immersing in hydrophobic xylene, for approximately 2 minutes each 

time. Sections were rehydrated by placing in a declining alcohol gradient of three 3 minute 

washes in 100% industrial IMS followed by one 3 minute wash in 70% IMS and finally 

distilled water for 3 minutes. Rehydrated sections were stained with Haematoxylin (VWR 

International, UK) for 4 minutes, followed by rinsing in tap water for 3 minutes. Tissue was 

differentiated in 1% alcohol for 3 minutes, followed by washing in water for 3 minutes and 

immersion in Scotts tap water (bluing reagent) (0.04M sodium hydrogen carbonate, 0.1M 

magnesium sulphate) to turn the haematoxylin nuclear stain a classic blue colour. After 

rinsing for 3 minutes in distilled water to remove excess bluing reagent, haematoxylin-

stained tissue sections were subsequently counterstained with 1% eosin for 4 to 6 minutes 

and washed for 3 minutes in distilled water before mounting.  
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Tissue mounting took place in a fume cupboard. Sections were twice immersed in xylene to 

remove alcohol residues from the tissue. If the xylene-treated tissue appeared glass-like 

after 10 minutes, they were re-submerged in the xylene for an extended period of time until 

that appearance disappeared. A couple of drops of DPX mountant, a colourless synthetic 

resin mounting media composed of distyrene, a plasticizer, and xylene, was placed on the 

tissue and slide coverslips mounted on top. Slides were checked under a light source for the 

presence of any air bubbles and left to dry overnight at room temperature. 

Fixed, stained tissue sections were imaged under a light microscope and examined for 

evidence of myocardial injury including the presence of contraction bands (figure 2.18A), 

fibrosis (figure 2.18B), and inflammatory markers such as infiltrated neutrophils, basophils 

and eosinophils (figure 2.18C). 

 

 
 

 
 

A B

C

Figure 2.18. High magnification images of H & E stained sections showing evidence 
of dark-red stained extracellular myocardial contraction bands (A) and blue-stained 
nuclei of infiltrated inflammatory cells (B). Low magnification image of dark-stained 
sub-endocardial fibrosis (C) (taken from; http://en.wikipedia.org; 
http://www.msd.com.) 
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2.10. Statistical Analysis    
                                                                                                                                      

2.10.1. Two-way repeated measures ANOVA 

A two-way repeated measures ANOVA was used to compare the in vivo effects of different 

pharmacological treatments on LV FS and HR across a 60 minute time-course after 

administration. This is the most suitable form of statistical analysis for these comparisons as 

it firstly assesses if there is any significantly differing effect of each treatment on FS or HR 

between groups, and secondly if these individual responses are affected by time, as multiple 

measurements were made at 5 minute intervals after treatment administration, adding time 

as another factor which may carry some variability in responses. The variability in LV FS 

between the apex, MLV and base in response to a single treatment over time was also 

determined using two-way repeated measures ANOVA. 

 

2.10.2. T-test 

Comparisons of the individual means of responses were made using a student’s t-test. This 

form of statistical test assumes that the test statistic follows a normal bell-shaped (Gaussian) 

distribution, a continuous probability distribution which is used to approximate random 

variables clustered around a single peak mean. An example includes comparing one 

parameter before and after application of a treatment. 

Where the means from two groups were of paired values, a paired t-test was used to 

analyse the mean difference between each pair of values. The t ratio for a paired t test is the 

mean of these differences divided by the standard error (SE) of the differences. A large t 

ratio equated to a small p value. Pairing individual samples across groups eliminated any 

variability introduced by uncontrollable factors prior to and after the experiment.  

If two mean responses were comprised of values that were not matched to each other, an 

unpaired t-test was used to compare the variance between the means for each group. As 

opposed to measuring the difference between paired values, the t ratio is calculated as the 

difference between sample means divided by the SE of the difference. The t value is large 

(and p value small) if the difference between sample means is large compared to the SE of 

the difference.  

The p value for both types of t-test was two tailed, as there were two hypotheses present; 

the effect observed could be either positive or negative. Except where indicated, t-tests were 

only used to compare two groups where they were not co-presented with other groups on 

the same graph. 
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2.10.3. One sample t-test 

A one sample t-test was used to compare the normalised-mean of a response to a 

hypothetical control or baseline value (e.g. control = 100%). This test assumes that the 

dependent variable is normally distributed. The null hypothesis states that there is no 

significant difference between the sample mean and the population mean. 

 

2.10.4. One-way ANOVA 

A one-way ANOVA was used to compare more than two unmatched groups presented on 

the same graph. It assumes that the populations are Gaussian, and measures the variance 

within and between sample populations as a ratio of variances (F statistic). The greater this 

ratio, the more likely it was that these samples were drawn from different populations. The 

null hypothesis states that samples in two or more groups are drawn from the same 

population. 

Due to the need to compare each data set to each other and therefore perform multiple 

comparisons, post-hoc analysis using a Bonferroni correction test was performed on the 

same group of populations. This post-hoc test is a modification of the t-test, whereby the 

difference in means between each population is divided by a value calculated from the 

residual mean square that was derived from the one-way ANOVA. The principles of the 

Bonferroni correction derive from the law of Boole’s inequality which states that the 

probability of at least one response being different does not exceed the sum of the 

probabilities of the individual responses. 

 

2.10.5. Non-linear regression 

Dose-dependent in vivo cardiac responses to different pharmacological agents were 

analysed using non-linear regression (non-sigmoidal). In vitro isolated cardiomyocyte 

concentration-response curves were analysed using non-linear regression with a sigmoidal 

curve fit, where the x axis was the logarithm of agonist concentration. This statistical test 

was chosen as the differences observed were dependent upon two individual variables 

(pharmacological agent and concentration) and did not follow a simple straight line model of 

Y = ‘slope’ multiplied by (X – ‘intercept’). The data for non-linear regression are plotted as an 

approximation of response for each concentration, fitting a mathematical model to each data 

set. Comparisons of curve values (EC50, maximum responses and minimum responses) 

were made between different data sets and a computed F-test used to determine if one 

curve assumed a different model to the other.  
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2.10.6. Fischer’s exact test 

The mortality rate for in vivo studies was recorded in a contingency table to display the 

frequency of survival and fatality observed with each treatment in a matrix format and to 

cross compare between groups. The significance of the association (contingency) between 

these two variables (treatment and mortality) was determined using a Fischer’s exact test. 

Fischer’s exact test calculates the exact significance of the deviation from a null hypothesis, 

whereas a less favourable chi-square test of frequency distribution provides only an 

approximation of the significance value through calculating a sampling distribution 

approximate to the theoretical chi-squared distribution. Fischer’s exact test is also more 

suitable for working with smaller sample numbers which is applicable to this project work 

where minimal animal numbers are used. 

 
 
2.10.7. Two-site competitive binding curve 
Competitive binding experiments were performed on cardiomyocyte membrane preparations 

and the curves constructed/results analysed using the following equation: 

 

Y=NS + (Total – NS) [(F/1+10[X]-Log(IC50_1)) + (1-F/1+10[X]-Log(IC50_2))] 

This equation has five variables: the total and non-specific (NS) binding (top and bottom 

binding plateaus, respectively), the fraction of binding to receptors of the first type of receptor 

(F), and the IC50 (concentration of unlabelled ligand required to occupy 50% of binding sites 

for each receptor).  

This equation is based upon the following assumptions: 

-There are two subtypes of a receptor present (e.g. β1AR and β2AR) 

-The unlabelled ligand has distinct affinities for the two sites (e.g. the β2AR selective blocker 

ICI-118,551 will displace a bound radioligand from the β2AR site at lower concentrations that 

it can displace the radioligand from a β1AR binding site. 

-The labelled ligand has an equal affinity for both sites (e.g. iodocyanopindolol (125I-CYP) 

has equal affinity for β1ARs and β2ARs) 

-Binding has reached equilibrium 

-A small fraction of both labelled and unlabelled ligand binds to the target.  
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For all statistical analysis, a p value less than 0.05 was considered statistically significant. 

The null hypothesis of a lack in any true mean difference was rejected, with 95% certainty 

that the differences observed between two groups were not the result of random sampling. A 

statistical p value greater than 0.05, was not considered statistically significant, and 

suggested with 95% certainty that the differences in the means were coincidental and 

unlikely to be equal to the true difference between the two means. Where the abbreviation 

‘p=ns’ is stated, statistical tests produced p values above 0.05. 
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3.1. Introduction  

One of two in vivo pre-clinical models of Takotsubo cardiomyopathy described in the 

literature thus far was developed by Ueyama et al., (2002), which involved subjecting 

conscious rats to immobilisation stress. This rodent stress model successfully highlighted a 

significant involvement of α- and β-adrenoceptors (ARs) in both the regional LV dysfunction 

(Ueyama et al., 2002) and ECG abnormalities (Ueyama et al., 2000) that are typically 

associated with this syndrome. However, this in vivo stress response encompassed both 

central and peripheral components of the sympathetic nervous system, and thus provided no 

information on the precise sympathetic mechanism responsible for these in vivo effects. 

Amongst the complex interplay of the neurohormonal features of stress, a strong body of 

clinical evidence points to elevated adrenaline as the key precipitating factor in the 

development of Takotsubo cardiomyopathy (Wittstein et al., 2005;Abraham et al., 

2009;Zielen et al., 2010). Furthermore, the second (and most recent) pre-clinical model of 

Takotsubo cardiomyopathy involved repeated intravenous infusions of adrenaline into 

cynomolgus monkeys at a rate of 10µg/Kg/min for 120 minutes (equivalent to 3x10-5 moles 

in a 5Kg monkey) (Izumi, 2010). The question that then arises is how, given its nature as 

positive inotrope, adrenaline dually mediates the apical myocardium hypocontractility and 

basal myocardium hypercontractility that is associated with Takotsubo cardiomyopathy. This 

is a question that has never been successfully answered in any pre-clinical or clinical studies 

of this syndrome. As previously described in chapter one (section 1.5), a potential 

explanation lies with the nature of adrenaline as a strong mediator of negative inotropy 

through biased agonism of β2AR-Gi signalling exclusively at high concentrations (Xiao et al., 

1995;Heubach et al., 2003;Heubach et al., 2004), and the differing sensitivity of the apical 

and basal left-ventricle (LV) segments to circulating catecholamines (Mori et al., 1993;Owa 

et al., 2001;Heather et al., 2009). We hypothesised that a larger population of β2ARs present 

within the apex would, under conditions of extreme stress-related adrenaline levels, result in 

a larger degree of Gi-protein signalling within this LV region and thus account for the apical 

ballooning observed in Takotsubo cardiomyopathy. The intracellular mediators of Gi-protein 

signalling remain largely undetermined and will be discussed further in chapter four. In 

contrast to the β2AR, selective stimulation of the β1AR, with either the β-agonist 

isoproterenol or Noradrenaline, fails to result in activation of this Gi-protein signalling 

pathway (Heubach et al., 2003;Heubach et al., 2004). Therefore, in vivo noradrenaline 

administration would serve as an effective positive control of myocardial function to be 

compared alongside animals treated with adrenaline.  

In further support of a role of catecholamines in the pathophysiology of Takotsubo 

cardiomyopathy, intravenous administration of the selective β1AR agonist dobutamine, to 
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assess the functional response of a usually failing or damaged myocardium to sudden 

stress, has also been associated with the development of this syndrome (Previtali et al., 

2005;Silberbauer et al., 2008;Shah et al., 2011).  Suggested mechanisms by which high 

doses of dobutamine may mediate this LV dysfunction include myocardial injury (Shah et al., 

2011), vasospasm (Barbato et al., 2003), and LV outflow tract obstruction (Previtali et al., 

2005;Bybee & Prasad, 2008). 

So what is the purpose of this switch in β2AR coupling from a Gs to Gi signalling pathway? In 

contrast to the cardiotoxic effect of excessive β1AR and β2AR Gs signalling pathways (Rona, 

1985;Todd et al., 1985;Geng et al., 1999;Zhu et al., 2001), β2AR-Gi signalling is 

cardioprotective (Ahmet et al., 2004;Ahmet et al., 2005;Bernstein et al., 2005). Therefore, in 

the presence of elevated catecholamine levels, such as occurs in response to a sudden 

severe stress (Wittstein et al., 2005), a Gs-Gi trafficking switch could temporarily protect the 

myocardium from the damaging effects of elevated catecholamines at the expense of 

decompensating cardiac function, and thus contributing to the phenotype of acute heart 

failure (HF). 

To understand the causal relation between elevated plasma adrenaline and the Takotsubo 

syndrome, independently of other components of the sympathetic nervous system, 

investigations using a whole animal model are essential. The aim of this set of studies was 

to develop an in vivo rat model of the LV dysfunction associated with Takotsubo 

cardiomyopathy, and to use this to explore the hypothesis of β2AR Gs-Gi biased agonism as 

a contributing factor to the pathophysiology of this syndrome. High (supraphysiological) 

intravenous doses of either adrenaline or noradrenaline were injected as a bolus to mimic 

the rapid exposure of the myocardium to elevated catecholamines that occurs following a 

sudden stress or shock. The results are in support of our hypothesis that at high 

concentrations of circulating adrenaline, as would occur under severe stress, a ventricular 

β2AR-Gi signalling pathway significantly contributes to the regional differences in LV wall 

motion characteristically observed in Takotsubo patients. 
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3.2 Methods 
 

3.2.1. Solutions 

Adrenaline, noradrenaline and dobutamine were provided by Hospira (UK); Pertussis Toxin 

(PTX) (Cat no. P7208), ICI-118,551 hydrochloride (Cat no. I127) and atropine  sulfate salt 

monohydrate (Cat no. A0257) were provided by Sigma-Aldrich (UK).  

Catecholamine solutions were freshly prepared in sterile Phosphate Buffered Saline (PBS) 

(Ca(+),Mg(+)) and stored on ice to prevent degradation at room temperature. Atropine and ICI-

118,551 were both prepared in distilled water, and PBS was prepared in sterile PBS.    

Both PTX and atropine (a tropoid alkaloid) are highly poisonous substances, extracted from 

Bordetella toxin and deadly nightshade (Atropa belladonna), respectively. Preparations of 

both compounds took place within a fume cupboard to avoid powder inhalation, and were 

never handled without use of appropriate personal protective equipment (PPE).  

 

3.2.2 In vivo catecholamine studies 

Two-dimensional (2D) echocardiography real-time images of the heart (B-mode and M-

mode) were obtained using a Vevo-770 model ultrasound machine and 710B model 

scanning probe as previously described in chapter two, section 2.7.2. LV contractility was 

measured at the apex, MLV and base and was represented as the percentage change in LV 

diameter with each heart beat ((LVEDD-LVESD)/LVEDD) x 100) (LV fractional shortening 

(FS)). HR was recorded from corresponding ECG traces.  

For the assessment of the sole cardiac effects of a single treatment of adrenaline both 2D 

echocardiography and cardiac cine-MRI were individually used on two separate groups of 

rats. ECG-gated MRI image short-axis slices were taken of the apex, MLV and base and 

measurements of end-diastolic and end-systolic cross-sectional areas (mm2) were made by 

manual segmentation of each slice and values for the fractional shortening of cross-sectional 

areas were calculated as ((end-diastolic area (EDA) – end-systolic area (ESA)) / end-

diastolic area (EDA)). Cardiac MRI was selected as a more accurate imaging tool than 2D 

echocardiography for validating the adrenaline-induced in vivo rat model of Takotsubo 

(chapter two, section 2.8.3) 

All solutions were administered via a 26-gauge cannula inserted into the jugular vein 

(chapter two, figure 2.10). For MRI studies, a section of polyethylene tubing of adequate 

length was primed with adrenaline and connected to the inserted cannula for administration 

while the animal was positioned within the MRI scanner and thus at a reasonable distance.  
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3.2.2.1. Catecholamine cumulative dose-response curves 

To determine the optimum doses at which adrenaline, noradrenaline and dobutamine 

produced significant in vivo cardiac effects, cumulative in vivo dose-response curves were 

performed for each.  

Molar concentrations were administered in single log-unit increases (1x10-7M, 1x10-6M, 

1x10-5M, 1x10-4M and 1x10-3M (adrenaline/noradrenaline)) (1x10-7M, 1x10-6M, 1x10-5M, 

1x10-4M, 1x10-3M and 1x10-2M (dobutamine)) 

A solution volume of 0.5mL was administered per 350g rat (0.14mL.100g-1 body weight 

(BW)). Each molar dose was converted into a value of the number of moles administered per 

100g BW (example: 0.5mL 1x10-7 M per 350g: 1.43 x 10-11 moles.100g-1).  

Each catecholamine concentration was administered 15 minutes after the previous dose, as 

this is the time-point at which an effect is initially observed with a single bolus. Subsequent 

analysis revealed the most significant change both to LV fractional shortening (FS) and heart 

rate (HR) occurred at 5 minutes after the injection of each dose. Therefore only the FS 

changes observed at 5 minutes post-injection were graphically presented and discussed. 

 

3.2.2.2. In vivo catecholamine bolus studies 

Adrenaline, noradrenaline or saline (0.14mL.100g-1) was intravenously administered over an 

infusion period of ~5 seconds. Measurements of LV FS were collected at 1 minute post-

injection and subsequently at 5 minute time points up to 60 minutes post-injection. 

In one subgroup of 5 rats, PTX (25μg.Kg-1) was administered intraperitoneally (i.p.) 72 hours 

prior to adrenaline injection (Cunha GM, Farias PA, Viana GS, 2002) (figure 3.1). At the end 

of each in vivo adrenaline challenge (60 minutes post-adrenaline injection) in PTX pre-

treated rats, the thoracic cavity was opened up and the heart was rapidly excised and placed 

in ice-cold oxygenated (5% O2/95% CO2) Krebs Henseleit (KH) solution (1mM Ca2+). 

Cardiomyocytes were subsequently isolated from these hearts by ex vivo enzymatic 

digestion, as previously described (chapter two, section 2.3). To confirm that the in vivo PTX 

treatment had indeed blocked all Gi-protein activity in the heart, isolated cardiomyocytes 

were perfused with KH solution (1mM Ca2+) and subjected to β-AR stimulation with 10-6M 

isoproterenol in the absence and subsequent presence of 1μM of the anti-adrenergic/ 

cholinergic receptor (Gi-protein) agonist, carbachol. If Gi-protein had been inhibited over 72 

hours with 25μg.Kg-1 PTX, no anti-adrenergic effect of carbachol would be present (for full 

protocol see chapter two, section 2.5.3). As a positive control, cardiomyocytes freshly 

isolated from the LV of normal untreated animals were subjected to the same isoproterenol-
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carbachol-isoproterenol protocol. Cardiomyocytes were continually stimulated with platinum 

electrodes and contractility was microscopically imaged using an Ion Optix video-edge 

detection system and Ion Wizard software, as previously described (chapter two, section 

2.5).   

 

Figure 3.1. Protocol outline for the determination of the effects of Gi-protein inhibition 
with 25μg.Kg PTX on the in vivo cardiac responses to adrenaline injection. 
 

The potential involvement of muscarinic Gi-protein coupled receptors in the early-stage in 

vivo cardiac responses to intravenous adrenaline were assessed through pre-treatment of a 

separate sub-group of 6 rats with the highly selective muscarinic receptor antagonist, 

atropine (figure 3.2).  Atropine was intravenously administered at a dose of 10mg.Kg-1 

(Darbin & Naritoku, 2004), 45 minutes prior to adrenaline challenge. The baseline values for 

LV FS to be used in subsequent calculations were those measured at 45 minutes post-

atropine injection (immediately before adrenaline injection). 

 

 

PTX (25μg.Kg-1) 
(i.p.)

72 hours

Adrenaline 
(4.28x10-8 moles.100g-1)(i.v.)
(72 hours)

HR and LV FS measurements taken at 1 
minute and 5 minutes post-adrenaline 
injection, and subsequently at 5 minute 
intervals up to 60 minutes.

60 minutes post-adrenaline injection:
Hearts excised and cardiomyocytes
isolated for in vitro analysis of Gi
protein activity

PTX Adrenaline + PTX In vitro cardiomyocyte
contractility studies
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Figure 3.2. Protocol outline to determine any involvement of atropine-sensitive 
muscarinic Gi-protein coupled receptors in the in vivo cardiac responses to 
intravenous adrenaline administration. 
 

In a third subgroup of animals, 1mg.Kg-1 (3.0x10-7moles.100g-1) of the selective β2AR 

antagonist, ICI-118,551, was intravenously administered 30 minutes prior to adrenaline 

challenge to assess how β2AR blockade could affect the in vivo cardiac responses to 

adrenaline administration. Previous in vitro studies have suggested that a concentration of 

50-100nM ICI 118,551 is sufficient to reverse the β2AR effect of 100nM adrenaline on 

cardiomyocytes (Gong et al., 2002). Therefore, the number of moles of ICI-118,551 

intravenously injected should be at least double that of adrenaline. Subsequent in vivo 

results suggested that 4.28x10-8 moles.100g-1 was the optimum dose of adrenaline for 

inducing cardiac effects. Therefore, a 3.0x10-7moles.100g-1 dose of ICI-118,551 (1mg.Kg-1) 

was chosen to ensure rapid binding. A higher dose of ICI-118,551 could possibly induce 

β2AR-Gi effects. Measurements of LV FS were collected at 1 minute and 25 minutes post- 

ICI-118,551 injection and subsequently at 1 minute post-adrenaline injection. The baseline 

values for LV FS to be used in subsequent calculations of the responses to adrenaline were 

those measured at 25 minutes post- ICI-118,551 injection, immediately before adrenaline 

injection (figure 3.3). 

Atropine 
(10mg.Kg-1)(i.v.)

Adrenaline 
(4.28x10-8 moles.100g-1)(i.v.)

1 min 
(atropine)

45 min 
(atropine)
(baseline)

(1 min adrenaline)

LV FS and HR measurements subsequently 
taken every 5 minutes between 0 and 60 
minutes following adrenaline injection or until 
death was observed

Baseline Atropine Adrenaline + Atropine

Measurement of LV FS and HR 
1min after adrenaline injection 
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Figure 3.3. Outline of the protocol used to assess the effect of selective β2AR 
blockade with 1mg.Kg-1 ICI-118,551 on the in vivo cardiac responses to bolus 
adrenaline. 
 

PBS (Ca(+),Mg(+)) vehicle was used as a negative control for analysing the effects of each 

catecholamine on cardiac function, when administered as a single matched volume. 

 

3.2.3. Histology Studies 

At the end of each in vivo protocol involving only single injections of adrenaline, 

noradrenaline or saline, the thoracic cavity of each animal was surgically opened up under 

isoflurane (1.5%) anaesthesia and the heart was rapidly excised and placed in formaldehyde 

(10% v/v) for tissue preservation. Myocardial tissue sectioning and staining was 

subsequently performed by Dr Sofia De Noronha and analysed by Dr Mary Sheppard, at the 

Royal Brompton Hospital, London (chapter two, section 2.9.2). Tissue was examined for 

evidence of fibrosis, contraction bands and inflammatory white blood cells (eosinophils, 

basophils and neutrophils).  

 

 

 

 

ICI-118,551 (1mg.Kg-1) (i.v.)

1 min (ICI) 25 min (ICI)
(adrenaline 
baseline)

30 min ICI
(1 min adrenaline)

Adrenaline 
(4.28x10-8 moles.100g-1)(i.v.)

LV FS and HR measurements subsequently 
taken every 5 minutes between 0 and 60 
minutes following adrenaline injection or 
until death was observed

Baseline ICI-118,551 Adrenaline + ICI-118,551
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3.2.4. Statistical Analysis 

Non-linear regression curve analysis was used to compare the dose-dependent inotropic 

and chronotropic responses of adrenaline, noradrenaline and dobutamine.  

A two-way repeated measures ANOVA was used to compare: 

- The time-dependent (0 to 60 minutes) inotropic and chronotropic effects observed in 

response to each treatment.  

- Any variability in inotropic responses to each treatment between the apex, MLV and 

base 

A one-way ANOVA and Bonferroni post-hoc analysis was used to cross-compare the means 

of different data sets presented on the same graph 

A one-sample t-test was used to compare normalised data to a hypothetical ‘baseline’ value 

of ‘0’.  

An unpaired 2-tailed t-test was used to compare cardiac responses observed at individual 

time-points across treatment groups.   

 

For presentation purposes, time-course data collected from normal rats treated with a single 

dose of adrenaline is presented on more than one graph to allow an easier visual 

comparison to the data collected from other treatment groups. 

 

 

 

 

 

 

 

 

 



119 
 

3.3. Results 
 

3.3.1. Cumulative in vivo dose-response curves for determination of optimum 
catecholamine concentrations  

Maximum changes in the fractional shortening (FS) of the LV and heart rate (HR) responses 

after the incremental increases in catecholamine concentration are shown in figures 3.4 to 

3.7. 

3.3.1.1 Apex 

The left ventricular contractile responses to increasing adrenaline (n=5), noradrenaline (n=4) 

and dobutamine (n=4), at the level of the apex are shown in figure 3.4. The percentage 

change in baseline apical myocardium FS reached a maximum of                       

-78.00±0.28% and +49.11±23.99% in response to a 1.43x10-7                        

moles.100g-1 dose of adrenaline and noradrenaline, respectively, and +57.88±2.17% at 

1.43x10-6 moles.100g-1 dobutamine. A significantly different dose-dependent effect of 

adrenaline on apical FS following individual comparison to both noradrenaline (p<0.0001) 

and dobutamine (p<0.0001) was present. No such difference was                       

observed between the curves of noradrenaline and dobutamine p=ns).
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Figure 3.4. Inotropic effect of incremental increases in concentrations of adrenaline, 
noradrenaline and dobutamine (i.v.) at the apex. Values are expressed as the mean ± 
SEM for the percentage change in baseline (untreated) apical myocardium FS, 
measured for each concentration at 5 minutes post-catecholamine injection. N=5 
(adrenaline), n=4 (noradrenaline), n=4 (dobutamine).  
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3.3.1.2 MLV 

The left ventricular contractile response to increasing adrenaline (n=5), noradrenaline (n=4) 

and dobutamine (n=4), at the level of the MLV is shown in figure 3.5. The percentage 

change in MLV FS (from baseline) reached a maximum value of -75.00±3.87% and 

+47.04±18.86% in response to 1.43x10-7 moles.100g-1 adrenaline and noradrenaline, 

respectively, and +75.96±8.23% at 1.43x10-6 moles.100g-1 dobutamine. Non-linear 

regression curve analysis revealed a significantly different dose-dependent effect of 

adrenaline on MLV FS following individual comparison to both noradrenaline (p<0.0001) and 

dobutamine (p<0.0001) but no such difference between noradrenaline and dobutamine 

(p=ns). 
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Figure 3.5. Inotropic effect of incremental increases in concentration of adrenaline, 
noradrenaline and dobutamine (i.v.) at the MLV. Values are expressed as the mean ± 
SEM for the percentage change in baseline (untreated) MLV fractional shortening (FS), 
measured for each concentration at 5 minutes post-catecholamine injection. N=5 
(adrenaline), n=4 (noradrenaline), n=4 (dobutamine).  
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3.3.1.3 Base 

The left ventricular contractile response to increasing adrenaline (n=5), noradrenaline (n=4) 

and dobutamine (n=4), at the level of the base is shown in figure 3.6. In contrast to the 

profound negative FS change observed in the apex (-78.00±0.28%) and MLV                        

(-75.96±3.87%), the maximum percentage change in FS of the basal myocardium (from 

baseline) of the same adrenaline-treated animals was -5.56±8.49% at a 1.43x10-7 

moles.100g-1 dose, although curve models did not differ between these ventricular regions 

(p=ns). At individual doses of 1.43x10-7 moles.100g-1 noradrenaline and 1.43x10-6 

moles.100g-1 dobutamine, the maximum change in basal ventricular FS was +36.86±10.17% 

and +67.63±3.74%, respectively. No significant difference in the dose-dependent basal 

myocardial effects of each catecholamine was observed when multiple comparative curve 

analysis was performed (p=ns). 

-100

-80

-60

-40

-20

0

20

40

60

80

Adrenaline
Noradrenaline
Dobutamine

-11 -10 -9 -8 -7 -6
Catecholamine Concentration (1.43 x 10 (-x) moles.100g-1)

Pe
rc

en
ta

ge
 C

ha
ng

e 
in

 F
S

(f
ro

m
 b

as
el

in
e 

le
ve

ls
)

 

Figure 3.6. Inotropic effect of incremental increases in concentration of adrenaline, 
noradrenaline and dobutamine (i.v.) at the base. Values are expressed as the mean ± 
SEM for the percentage change in baseline (untreated) left ventricular fractional 
shortening (FS), measured for each concentration at 5 minutes post-catecholamine 
injection. N=5 (adrenaline), n=4 (noradrenaline), n=4 (dobutamine).  
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3.3.1.4 Heart Rate 

The chronotropic response to increasing adrenaline (n=5), noradrenaline (n=4) and 

dobutamine (n=4) is shown in figure 3.7. Similar to the observed depression of FS at the 

apex and MLV, increasing adrenaline resulted in a steady decline in HR, which reached a 

maximum change from baseline of -22.73±7.79% at 1.43x10-7 moles.100g-1. In contrast to 

adrenaline, but consistent with the change in FS at the maximum doses studied, both 

noradrenaline and dobutamine induced a large rise in HR of 20.91±8.38% and 

23.41±15.99% (from baseline), respectively. Comparative curve analysis revealed a 

significantly different concentration-HR response between adrenaline and both 

noradrenaline (p<0.0001) and dobutamine (p<0.0001), while no significant differences were 

observed between the dose-dependent effects of noradrenaline and dobutamine on HR 

(p=ns).    
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Figure 3.7. Chronotropic effects of incremental increases in concentration of 
adrenaline, noradrenaline and dobutamine (i.v.). Values are expressed as the mean ± 
SEM for the percentage change in baseline (untreated) heart rate (HR), measured for 
each concentration at 5 minutes post-catecholamine injection. N=5 (adrenaline), n=4 
(noradrenaline), n=4 (dobutamine).  
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Out of the five animals in the adrenaline study group, only two survived at the maximum 

dose of 1.43x10-7moles.100g-1. No animals died in the noradrenaline or dobutamine groups.  

However, please note below (section 3.3.4.) where we see equivalent death rates between 

adrenaline and noradrenaline bolus groups, despite lower adrenaline concentrations  

A dose of 1.43x10-8 moles.100g-1 (2.62x10-5mg per gram body weight) was initially selected 

to be used for in vivo bolus studies, as this is the maximum concentration at which both a 

negatively inotropic ventricular effect is seen and mortality remains unaffected. However, 

initial results suggested that the negative inotropic effects of adrenaline were better 

observed at a dose half a log-unit higher, at 4.28x10-8 moles.100g-1 (approximately       

7.8x10-5mg per gram body weight, or 1.5x10-7 moles per 300-350g adult rat).   

The dose-response threshold concentration of 1.43x10-7moles.100g-1 noradrenaline was 

selected for future in vivo studies. Consistent with dose-response noradrenaline studies, the 

optimal effects of bolus noradrenaline were indeed observed at 1.43x10-7moles.100g-1 

(approximately 2.42x10-4mg per gram body weight, or 5.00x10-7 moles per 300-350g adult 

rat), thus no further alterations to noradrenaline dose were required. 

Studies with dobutamine were discontinued as this catecholamine showed no evidence of 

negative inotropy at any concentration up to 1.43x10-6 moles.100g-1. A further rise in 

dobutamine concentration would likely lead to non-specific receptor activation. 
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3.3.2. Takotsubo-like regional LV dysfunction in response to a rapid intravenous 
infusion of 4.28x10-8moles.100g-1 adrenaline but not 1.42x10-7 moles.100g-1 
noradrenaline.  

Percentage changes in the baseline (resting) FS values of apical, mid-left ventricular and 

basal myocardium and the change in baseline HR, in response to an intravenous bolus dose 

of either 4.28x10-8moles.100g-1 adrenaline (n=6) or 1.43x10-7moles.100g-1 noradrenaline 

(n=6) over a 60 minute time-course are shown in figures 3.9 and 3.13, respectively. Values 

are shown for the inotropic and chronotropic responses between 5 and 60 minutes post-

injection. Rapid reflex changes to HR and FS were observed at 1 minute post-injection and 

are separately discussed in section 3.3.5. 

 

3.3.2.1. Adrenaline  

3.3.2.1.1. Apex and MLV 

In adrenaline-treated animals, both the apical and mid-ventricular myocardium exhibited a 

positive-negative (biphasic) contractile response, with an initial increase in FS at 5 minutes 

post-infusion (apex: +28.48±8.73%, p<0.05 (vs baseline=0); MLV: +19.54±5.30% (vs 

baseline=0), p<0.05) that then declined to a peak negative inotropic response at 25 minutes 

(apex: -25.89±3.59% (vs baseline=0), p<0.01; MLV: -31.05±3.43% (vs baseline=0), 

p<0.001). Beyond this peak adrenaline-effect time-point, ventricular function at the apex and 

MLV began to recover towards resting levels at 60 minutes post-adrenaline infusion (apex: -

4.06±4.56% (vs baseline=0), p=ns; MLV:-7.68±4.53% (vs baseline=0), p=ns). No significant 

difference existed between the time-dependent (5 to 60 minutes) inotropic responses of the 

apex and MLV to adrenaline (repeated measures ANOVA p=ns).  

 

3.3.2.1.2. Base 

In contrast to the hypocontraction of both the apical and MLV myocardium in response to 

adrenaline, the basal myocardium of the same adrenaline-treated animals was 

predominantly hypercontractile in response to adrenaline (repeated measures ANOVA: 

p<0.0001 (vs apex), p<0.001 (vs MLV)). Basal hypercontraction initially occurred at 5 

minutes post-adrenaline (+17.53±5.42% (vs baseline=0), p<0.05) and persisted for a further 

15 minutes (+11.84±2.95% (vs baseline=0), p<0.05) at which point corresponding near-

maximum hypocontraction is observed at both the MLV and apex (p<0.0001 vs MLV/apex 

(20 minutes)). However, no significant change in FS of the basal myocardium was observed 

between 25 and 40 minutes post-adrenaline infusion, beyond which significant 

hypercontraction resumed at 45 minutes (+9.33±3.54% (vs baseline=0), p<0.05).  
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An example of time-related ECG recordings taken from a SD rat injected with 4.28x10-8 

moles.100g-1 adrenaline is shown in figure 3.8. The QRS complex appeared depressed 

between 5 and 60 minutes post-adrenaline injection, with an elevated T wave. This may be 

indicative of reduced excitability of the right and left ventricles and delayed repolarisation of 

the ventricles before the start of the next cardiac cycle. 

 

 

Figure 3.8. ECG recordings for one SD rat, taken at 1 minute post-adrenaline injection 
(i.v.) and then every 5 minutes from that point of measurement for up to 60 minutes. 
Yellow curve indicates respiration. 
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Figure 3.9. Individual effects of 4.2x10-8 moles.100g-1 adrenaline and   
1.43x10-7moles.100g-1 noradrenaline on contractility of the apex (A), MLV (B) and base 
(C). Values are expressed as the mean ± SEM for the percentage change in baseline 
LV fractional shortening (FS) at each 5 minute time point following injection. N=6 
(adrenaline), n=6 (noradrenaline) (*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001 vs resting 
FS = 0). Abbreviation: B (baseline). RM ANOVA (adrenaline vs noradrenaline): 
p<0.0001 (apex), p<0.01 (MLV), p<0.01 (base). 
 

B 

A Apex 

MLV 

Base 
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3.3.2.2. Adrenaline vs Noradrenaline  

Comparison of the inotropic and chronotropic effects of adrenaline and noradrenaline are 

shown in figures 3.9 and 3.13, respectively. No significant difference existed between the 

mortality rates of adrenaline and noradrenaline treatment groups (Fisher’s exact test: p=ns) 

 

3.3.2.2.1. Apex and MLV 

In comparison to the negative inotropic effects of adrenaline at the MLV and base,  1.43x10-

7moles.100g-1 noradrenaline (n=6) induced a significantly positive inotropic effect on apical 

and mid-ventricular contractility (repeated measures ANOVA: p<0.0001 (apex), p<0.01 

(MLV)). A peak positive inotropic effect of the apex and MLV in response to noradrenaline 

occurred at around 10 minutes post-infusion (apex: +31.32±6.45% (vs baseline=0), p<0.01; 

MLV: +31.62±8.53% (vs baseline=0), p<0.05), before gradually declining back towards 

resting values at around 30 minutes (apex: +2.85±6.12% (vs baseline=0), p=ns; MLV: 

+6.08±8.29% (vs baseline=0), p=ns). The gradual decline in post-maximum positive 

inotropic response to noradrenaline at the apex and MLV appeared to parallel (in time) the 

development of apical and MLV hypocontraction observed in adrenaline-treated animals. 

Time paired significant differences observed between the inotropic responses of the apex to 

adrenaline and noradrenaline were reasonably consistent with the exception of no significant 

difference at the following time points; 5 minutes, 40 minutes, 50 minutes and 60 minutes 

post-injection. Maximum difference in the changes to apical contractility produced by each 

catecholamine occurred at 20 minutes post injection (-26.50±3.08% (vs baseline=0) 

(adrenaline) vs +20.78±3.62% (vs baseline=0) (noradrenaline), p<0.00001). Changes in the 

contractility of the MLV in response to noradrenaline remained consistently different to those 

produced by adrenaline in this LV region between the post-injection time points of 10 and 35 

minutes. Maximum difference in the opposing effects of these two catecholamines on MLV 

inotropy occurred at 25 minutes post-injection (-31.05±3.43% (vs baseline=0) (adrenaline) vs 

+10.80±2.39% (vs baseline=0) (noradrenaline), p<0.00001). No significant difference 

between change in ventricular FS at the apex and MLV in response to noradrenaline was 

observed (repeated measures ANOVA: p=ns).  
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3.3.2.2.2. Base 

No significant change in FS of the basal myocardium was observed at any time point in 

response to noradrenaline treatment (vs baseline=0, p=ns). A significantly different effect of 

noradrenaline on apical and basal myocardial contractility (repeated measures ANOVA: 

p<0.01) but no differing effects on basal and mid-left ventricular myocardial contractility was 

present (repeated measures ANOVA: p=ns). A time paired significant difference between the 

inotropic effects of adrenaline and noradrenaline on the basal myocardium                        

only occurred at 50 minutes post-injection (+14.36±3.13% (vs baseline=0) (adrenaline)            

vs -0.85±3.76% (vs baseline=0) (noradrenaline), p<0.05). Overall, adrenaline induced a 

significantly larger effect on the basal myocardium compared to noradrenaline (repeated 

measures ANOVA: p<0.01). 
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3.3.2.3. LV systolic and diastolic diameter changes in response to adrenaline   

Raw values for measurements of the diameter of the apex, MLV and base at both                   

end-diastole (LVEDD) and end-systole (LVESD), prior to and following adrenaline injection 

(n=6), are shown in figure 3.10. Percentage changes in LVEDD and LVESD from individual 

baseline (rest) diameter measurements for each LV region are shown in figure 3.11. 

 

3.3.2.3.1. Apex 

At the apex, a significant change to baseline LVEDD was only observed at 40 minutes post-

adrenaline injection (6.73±1.30mm vs 6.23±1.12mm) (+7.83±2.98% (vs baseline=0), 

p<0.05). A significant decrease in baseline apical LVESD was observed at 5 minutes             

post-adrenaline injection (1.43±0.18mm vs 2.68±0.37mm) (-43.23±8.22% (vs baseline=0), 

p<0.01), consistent with the significant increase in apical FS observed at this time point 

(+28.48±9.57% (vs baseline=0), p<0.05) Significant increases in apical LVESD, from 

baseline, were observed between 20 and 40 minutes post-adrenaline injection, consistent 

with the apical hypocontraction observed between these time points (figures 3.9A and 

3.11A). A maximum change in apical LVESD was observed at 20 minutes (+48.23±10.81% 

(vs baseline=0), p<0.01). The largest average diameter of the apex at systole was at 30 

minutes post-adrenaline injection (3.80±0.39mm) (+46.66±12.30% (vs baseline=0), p<0.05). 

 

3.3.2.3.2. MLV 

A significant decrease in both MLV baseline EDD and ESD was observed at 5 minutes post-

adrenaline injection ((-18.56±3.12% (vs baseline=0), p<0.01) and (-42.51±2.90% (vs 

baseline=0), p<0.0001). The decrease in average ESD measurements (1.52±0.16mm vs 

2.68±0.32mm) is consistent with the significant increase in MLV FS observed at this           

time-point (+25.63±6.29% (vs baseline=0), p<0.05) (figure 3.9B and 3.11B). Between 5 and 

60 minutes post-adrenaline injection, a significant increase in MLV EDD was only observed 

at 35 minutes  (7.22±0.36mm vs 6.63±0.29mm) (+8.86±2.04% (vs baseline=0), p<0.01). 

Significant increases in MLV ESD were present between 20 and 40 minutes and at 50 

minutes post-adrenaline injection. The MLV ESD increased by +47.28±10.06% (p<0.01 vs 

baseline =0) to a maximum diameter of 3.99±0.46mm at 25 minutes post-adrenaline 

injection. This sequential fall and rise in MLV ESDs is consistent with the bisphasic brief 

hypercontraction and then prolonged hypocontraction observed at the MLV in response to 

adrenaline (figure 3.9B). 
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3.3.2.3.3. Base 

No significant change to baseline basal myocardium LVEDD (7.00±0.11mm) was observed 

at any time-point post-adrenaline injection (p=ns vs baseline=0). A significant decrease in 

baseline basal myocardium LVESD at 5 minutes post-injection is observed (6.67±0.26mm vs 

7.00±0.11mm) (-17.64±3.95% (vs baseline=0), p<0.01). This was consistent with the 

significant increase in basal myocardium FS at this 5 minute time-point (+17.53±5.42% (vs 

baseline=0), p<0.05) (figure 3.9C).     

Comparison of the overall percentage changes in baseline LVESD revealed significantly 

larger changes at the apex and MLV when individually compared to the base (repeated 

measures ANOVA: p<0.05) but no significant difference between the LVESD changes at the 

apex and MLV (repeated measures ANOVA: p=ns). No significant difference in the 

adrenaline-induced changes to baseline LVEDDs was observed between all LV regions 

(repeated measures ANOVA: p=ns). 

Overall, this suggests that the adrenaline-mediated negative changes to contractility of the 

apex and MLV are the result of reduced LV shortening at systole. The lack of any significant 

increase in diastolic diameter indicated that there was no LV dilation. 
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Figure 3.10. Raw measurements of the diameter of the apex (A), MLV (B) and Base
(C) at end-systole (LVESD) and end-diastole (LVEDD), before and following injection
of 4.26x10-8moles.100g-1 adrenaline (i.v.). Values are expressed as the mean ± SEM
for LVEDD and LVESD at baseline and at each 5 minute time point following
injection. N=6. Abbreviations: B (baseline). 
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Figure 3.11. Percentage changes in the systolic (LVESD) and diastolic (LVEDD) 
diameters of the apex (A), MLV (B) and base (C) from baseline (resting) 
measurements, following injection of 4.26x10-8moles.100g-1 adrenaline. Values are 
expressed as the mean ± SEM for the percentage change in LVESD and LVEDD 
from baseline at each 5 minute time point following adrenaline injection. N=6 
(*p<0.05, **p<0.01, ***p<0.001,****p<0.0001 (vs baseline = 0)).  
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3.3.2.2. Saline Control  

The left ventricular response (change in FS) to an equivalent volume of saline vehicle 

(0.14mL.100g-1 (i.v.)) at the level of the apex, MLV and base (n=4) is shown in figure 3.12. 

With the exception of a positive response at the apex at 50 minutes (+11.27±3.33% (vs 

baseline=0), p<0.05), no significant change to resting FS is observed in any myocardial 

region following saline infusion. A significant difference in the effects of saline and adrenaline 

on FS of the apex, base and MLV between 5 and 60 minutes post-infusion was present 

(repeated measures ANOVA: p<0.05). Comparison of saline and noradrenaline-treated 

myocardium between 5 and 25 minutes post-infusion revealed significant differences in 

response at the levels of the apex and MLV (repeated measures ANOVA: p<0.05) but not at 

the base (repeated measures ANOVA: p=ns).  
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Figure 3.12. Effect of intravenous saline (0.14mL.100g-1) on apical (A), mid left-
ventricular (B) and basal myocardium contractility (C). Values are expressed as the 
mean ± SEM for the percentage change in baseline LV fractional shortening (FS) at 
each 5 minute time point following injection. N=4 (*p<0.05, vs baseline = 0). 
Abbreviation: B (baseline). 
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3.3.2.3. Heart Rate (comparison of adrenaline, noradrenaline and saline) 

The time-dependent percentage changes in HR following injection of adrenaline, 

noradrenaline or saline is shown in figure 3.13. The inotropic responses to adrenaline and 

noradrenaline were both accompanied by persistent negatively chronotropic effects that did 

not differ significantly from each other (repeated measures ANOVA: p=ns). Changes in 

baseline HR in response to each catecholamine reached a near-equivalent maximum 

decline at 25 minutes post-injection (-19.21±5.56% (adrenaline) vs -19.07±2.19 

(noradrenaline) p=ns), which both differed significantly from that observed in response to 

saline at matching time points (saline: +5.52±8.66%, p<0.05 (vs adrenaline/noradrenaline). 

Minimal recovery of baseline HR was observed at up to 60 minutes following infusion           

(-16.90±5.26% (adrenaline), -11.36±10.24% (noradrenaline) (vs baseline=0)). No significant 

change to baseline HR was observed at any time point after saline injection (p=ns vs 

baseline=0). A minor non-significant increase in HR was observed at 5 minutes post-saline 

injection (+9.18±6.11% (vs baseline=0), p=ns), which could be the result of hemodynamic 

changes incurred by a sudden rise in blood volume (0.14mL.100g-1). An overall significant 

difference between the individual chronotropic effects of both adrenaline and noradrenaline 

in comparison to saline did exist (repeated measures ANOVA: p<0.05).  
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Figure 
3.13. Comparison of the effects of 4.28x10-8 moles.100g-1 adrenaline, 1.43x10-

7moles.100g-1 noradrenaline and 0.14mL.100g-1 saline on heart rate (HR). Values are 
expressed as the mean ± SEM for the percentage change in baseline HR at each 5 
minute time point following intravenous administration. N=6 (adrenaline), n= 6 
(noradrenaline), n=4 (saline). Abbreviations: B (baseline). RM ANOVA 
(adrenaline/noradrenaline vs saline):p<0.05. 

 

3.3.3. Role of Gi-protein activity in the adrenaline-induced left ventricular dysfunction 

The effect of PTX pre-treatment (25μg.Kg-1 (i.p.) 72 hours prior) on mean percentage 

change in LV FS at the apex, MLV and base and on HR following injection of 4.28x10-8 

moles.100g-1 adrenaline (i.v.) are shown in figures 3.16 and 3.17, respectively. Values are 

shown for the inotropic and chronotropic responses between 5 and 60 minutes               

post-adrenaline injection. However, the differing changes to HR and FS observed between 

individual treatments groups at 1 minute post-injection are separately discussed in section 

3.3.5. 

Prevention of any adrenaline-induced apical and MLV hypocontraction or bradycardia after 

pre-treatment with PTX suggested that the left ventricular contractile dysfunction and 

depressed HR was attributable to activation of a Gi-protein pathway. 
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3.3.3.1. Left ventricle contractility 

In contrast to negative contractile effects of adrenaline in normal animals (n=6), PTX        

pre-treated animals (n=4-5) exhibited significant apical and mid ventricular hypercontraction 

in response to adrenaline (repeated measures ANOVA: p<0.001 and p<0.01, respectively). 

Maximum difference in the FS change (from baseline) of the LV of PTX and non-PTX treated 

animals to adrenaline at the apex (+8.11±1.06% (PTX) vs -25.89±3.59% (no PTX), 

p<0.00001) and MLV (+9.71±2.49% (PTX) vs -31.05±3.43% (no PTX), p<0.001) occurred at 

25 minutes post-injection. At the base, the positive inotropic response to adrenaline was 

consistently increased between 5 and 60 minutes post-infusion in animals pre-treated with 

PTX (repeated measures ANOVA: p<0.05). Maximum difference in the positive inotropy of 

the basal myocardium of control and PTX pre-treated animals occurred at 40 minutes    post-

adrenaline infusion (+27.25±3.09% (PTX) vs +4.01±3.37% (no PTX), p<0.01). Comparison 

of both the apical and mid ventricular inotropic responses to those of the base in animals 

pre-treated with PTX, revealed a significantly larger effect of adrenaline on basal 

myocardium contractility (repeated measures ANOVA: p<0.05). No such difference was 

observed between apical and MLV contractility in PTX pre-treated animals between 5 and 60 

minutes post-adrenaline injection (p=ns).  

No significant difference in absolute percentage FS values at baseline between control and 

PTX pre-treated animals existed at the apex (56.27±4.63% (control) vs 58.64±2.08% (PTX), 

p=ns), the MLV (59.37±3.63% (control) vs 63.45±1.93% (PTX), p=ns) or the base 

(44.78±1.86% (control) vs 49.70±2.41% (PTX), p=ns). This suggests that Gi-protein has no 

basal effect upon LV contractility prior to adrenaline injection. Absolute values for baseline 

LVEDD in control animals did not differ significantly from those observed in PTX animals at 

the apex (6.23±0.46mm (control) vs 6.35±0.19mm (PTX), p=ns), the MLV (6.63±0.29mm 

(control) vs 6.71±0.28mm (PTX), p=ns) or the base (7.00±0.11mm (control) vs 7.21±0.22mm 

(PTX), p=ns). Absolute values for baseline LVESD did not differ between control and PTX 

pre-treated animals at the apex (2.68±0.37mm (control) vs 2.64±0.21mm (PTX), p=ns), the 

MLV (2.68±0.32mm (control) vs 2.45±0.19mm (PTX), p=ns) or the base (3.80±0.13mm 

(control) vs 3.64±0.28mm (PTX), p=ns).   

No significant difference in LVEDD percentage change (from baseline) was present between 

control and PTX pre-treated animals at the maximum control FS change time-point of 25 

minutes post-adrenaline injection at the apex (+7.33±5.67% (vs baseline=0) (control) vs        

-4.74±3.28% (vs baseline=0) (PTX), p=ns), the MLV (+4.24±3.22% (vs baseline=0) (control) 

vs -2.23±2.94% (vs baseline=0) (PTX), p=ns) or the base (-1.16±5.39% (vs baseline=0) 

(control) vs -5.71±3.65% (vs baseline=0) (PTX), p=ns).  
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Consistent with the contrasting effects of adrenaline on apical and MLV FS in control and 

PTX pre-treated animals (figure 3.14B), the percentage change in LVESD (from baseline) at 

the apex and MLV was significantly different between these two adrenaline sub-treatment 

groups at the prime post-adrenaline time point of 25 minutes ((Apex: +45.82±10.20% (vs 

baseline=0)(control) vs -22.11±5.17% (vs baseline=0)(PTX), p<0.001) and (MLV: 

+51.47±9.01% (vs baseline=0)(control) vs -17.85±4.94% (vs baseline=0)(PTX), p<0.001), 

respectively). 

No significant difference in basal myocardium LVESD percentage change (from baseline) 

existed between control and PTX pre-treated animals at 25 minutes post-adrenaline injection 

(-6.88±8.50% (vs baseline=0)(control) vs -23.89±4.03% (vs baseline=0)(PTX), p=ns). This is 

consistent with the lack of negative inotropy/hypercontraction observed in response to 

adrenaline in the basal myocardium of both of these adrenaline sub-treatment groups (figure 

3.14C). 

Examples of M-mode echocardiography images of the MLV taken from one normal and one 

PTX pre-treated animal at baseline and at 1, 5 and 25 minutes post-adrenaline injection are 

shown in figure 3.16. In the normal (non-PTX) animal, a clear reflex reduction in FS was 

observed at 1 minute which then reversed to hypercontraction at 5 minutes and an eventual 

decline in FS to produce a maximum hypocontraction at 25 minutes post-injection. At 

corresponding time points in a PTX pre-treated animal, this time-dependent triphasic effect 

(rise and fall in baseline contractility followed by recovery) of adrenaline on FS was absent 

and contraction increased.  

Examples of time-related M-mode echocardiography images taken from the MLV of control 

and PTX pre-treated animals injected with adrenaline, and an M-mode image taken from one 

control animal injected with saline are shown in figures 3.16 and 3.17, respectively. In 

contrast to the M-mode images taken from a control animal that received adrenaline, the 

images recorded from a PTX pre-treated animal showed no evidence of reduced MLV FS in 

response to adrenaline injection. In the saline-treated animal, no changes in MLV 

dimensions were observed at any 1, 5 and 25 minute time point post-injection.    
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Figure 3.14. Inotropy of the apex (A), MLV (B) and base (C) of both control and PTX 
(25μg.Kg-1) pre-treated animals in response to 4.26x10-8 moles.100g-1 adrenaline (i.v.). 
Values are expressed as the mean ± SEM for the percentage change in baseline 
fractional shortening (FS) at each 5 minute time point post-adrenaline injection. N=6 
(adrenaline), n=5 (adrenaline+PTX) (*p<0.05, **p<0.01, ***p<0.001 vs baseline = 0). 
Abbreviations: B (baseline). RM ANOVA: p<0.001(apex), p<0.01(MLV), p<0.05 (base). 
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3.3.3.2. Heart Rate (HR) 

The effect of PTX pre-treatment on the mean percentage change in resting HR in response 

to 4.28x10-8 moles.100g-1 adrenaline is shown in figure 3.15. In contrast to the negatively 

chronotropic effect of adrenaline observed in control animals, PTX pre-treatment resulted in 

a progressively positive time-matched (5 to 60 minutes) HR change (from baseline) in 

response to adrenaline (repeated measures ANOVA: p<0.01) that reached a peak at 45 

minutes post-adrenaline (+24.97±11.06% (PTX) vs -17.19±5.15% (no PTX), p<0.01). 

Resting (baseline) HR did not appear to be greater in PTX pre-treated animals compared to 

controls (352±5bpm (control) vs 383±18bpm (PTX), p=ns), which suggests that Gi-protein 

did not have a negative basal tonic effect on HR. 
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Figure 3.15. Chronotropic responses to 4.28x10-8 moles.100g-1 adrenaline in control 
and PTX (25μg.Kg-1) pre-treated animals. Values are expressed as the mean ± SEM for 
the percentage change in baseline (untreated) heart rate (HR) at each 5 minute time 
point post-adrenaline injection. N=6 (adrenaline control), n=5 (PTX+adrenaline).  
Abbreviations: B (baseline). RM ANOVA: p<0.01. 
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Figure 3.16. M-mode echocardiography images of sections of the MLV of one control 
and one PTX (25μg.Kg-1) pre-treated animal at baseline and at 1, 5 and 25 minutes 
post-injection of 4.28x10-8moles.100g-1 adrenaline (i.v.). All images are to matching 
scales (time: 1000ms; diameter: 12.7mm). 
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Figure 3.17. M-mode echocardiography images of sections of the MLV of one saline-
treated (0.14mL.100g-1 i.v.) control animal at baseline and at 1, 5 and 25 minutes post-
injection.  All images are to matching scales (time: 1000ms; diameter: 12.7mm). 
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3.3.3.3. Confirmation of Gi-protein inhibition in the myocardium of PTX pre-treated 
animals 

The mean percentage cell shortening of LV cardiomyocytes isolated from the myocardium of 

PTX pre-treated animals at 60 minutes post-adrenaline is shown in figure 3.18A. These 

‘PTX’ cardiomyocytes did not exhibit any significant anti-adrenergic contractile response to 

1x10-6M of the cholinergic (Gi-protein) agonist carbachol, following an initial positive inotropic 

(Gs-protein) response to 3x10-8M isoproterenol (13.87±1.78% (isoproterenol (1)) vs 

12.93±2.14% (carbachol + isoproterenol); one-way ANOVA: p=ns, n=6 cells). This is in 

contrast to the anti-adrenergic effect of carbachol on cardiomyocytes isolated from the LV of 

untreated animals and stimulated with 3x10-8M isoproterenol (8.34±0.22% (isoproterenol (1)) 

vs 4.72±0.64% (carbachol + isoproterenol); one-way ANOVA: p<0.001, n=8 cells) (figure 

3.18B). The initial pre-carbachol isoproterenol contractile response was significantly greater 

in cardiomyocytes isolated from PTX pre-treated animals compared to the response of non-

PTX cardiomyocytes freshly stimulated with isoproterenol prior to any carbachol 

(13.87±1.78% (control) vs 8.34±0.77% (PTX), p<0.01). These results suggest that a 

25μg.Kg-1 dose of PTX administered 72 hours prior to adrenaline was sufficient to inhibit 

myocardial Gi-protein activity, and that the differing myocardial effects of adrenaline between 

both animal groups are attributable to differences in Gi-protein activity. 
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Figure 3.18. Confirmation of Gi-protein inhibition by 25μg.Kg-1 PTX. Graph (A) shows 
the data collected from PTX pre-treated cardiomyocytes and graph (B) shows the data 
collected from control cardiomyocytes. In cardiomyocytes isolated from PTX pre-
treated animals the anti-adrenergic response of 1x10-6M carbachol, otherwise 
observed through activation of Gi-protein, is lost. Data are shown as the mean ± SEM 
for the raw percentage cell shortening. (* p<0.05, **p<0.01, ***p<0.001 vs basal 1mM 
Ca2+, ^^p<0.01 (vs ISO+carbachol)). (N=6 cells/ 5 animals (PTX); n=8 cells/ 8 animals 
(control)). 
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3.3.4. Effect of β2AR blockade, with ICI-118,551, on the in vivo LV responses to 
adrenaline (part 1) 

To determine if the Gi-dependent inotropic and chronotropic effects of                        

4.28x10-8 moles.100g-1 adrenaline (i.v.) on the rat myocardium (section 3.3.3.) are 

attributable to activation of β2ARs, a separate group of rats (n=5) were placed under 

isoflurane anaesthesia and pre-treated with 1mg.Kg-1 (i.v.) of the highly selective β2AR 

antagonist ICI-118,551. Adrenaline was administered after a stabilisation period of 30 

minutes following ICI-118,551 injection. Measurements were taken of baseline HR and LV 

contractility at the apex, MLV and base (before any treatments) and then at 1 minute and 25 

minutes after ICI-118,551 injection, and finally again at 1 minute after adrenaline injection 

(30 minutes after ICI-118,551 injection). The results for this study will be detailed more in 

section 3.3.6, which focuses upon the reflex changes observed within the first minute after 

adrenaline injection.  

Briefly, treatment with ICI-118,551 alone initially resulted in a reduction in baseline 

contractility across the entire LV, which only recovered back to pre-treatment levels in the 

base and MLV after a post-injection stabilisation period of 25 minutes. The cardiac 

responses observed within the first 60 seconds after injection of adrenaline did not differ 

significantly between control and ICI-118,551 pre-treated rats. 

All 5 rats pre-treated with ICI-118,551 died at approximately 4 minutes post-adrenaline 

injection. An example M-mode taken from an echocardiogram of the MLV of an animal prior 

to complete cardiac arrest is shown in figure 3.30A. For all cases, the cause of death 

appeared to involve arrhythmia and periods of acute ventricular tachycardia. Evidence of 

ECG pulse electrical activity (PEA) was also present after the myocardium of each deceased 

animal had stopped contracting (figure 3.30B).  

 

 

 

 

 

 

 

 

 



146 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.19. Example M-mode images taken from a rat pre-treated with 1mg.Kg-1  
ICI-118,551 (i.v.) for 30 minutes and subsequently injected with 4.28x10-8 moles.100g-1 
adrenaline (i.v.). Prior to cardiac arrest (at approximately 4 minutes post-adrenaline 
injection), frequent episodes of ventricular tachycardia were present (A). Following 
respiratory arrest and cessation of any myocardium contractility, ECG pulse waves 
were still present (B), suggesting the presence of pulse electrical activity (PEA). 
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3.3.5. Catecholamine-induced reflex negative inotropic responses 

Results thus far have discussed the inotropic effects of catecholamines over 5 to 60 minutes 

post-injection. During the first few minutes there were rapidly resolving effects of the 

injection, which may have related to physiological reflex changes. 

 

3.3.5.1. Saline 

Injection of saline did not produce any reflex negative change in FS at the apex 

(+2.87±1.85% (vs baseline=0), p=ns), MLV (+2.61±2.94% (vs baseline=0), p=ns) or base 

(+2.20±1.90% (vs baseline=0), p=ns) (figure 3.22). No significant change to baseline 

(resting) HR was observed at 1 minute post-saline injection (+5.83±4.28% (vs baseline=0), 

p=ns) (figure 3.23). 

 

3.3.5.2. Noradrenaline  

At 1 minute post-noradrenaline injection, baseline FS had significantly declined at the apex (-

27.50±10.69% (vs baseline=0), p<0.05), MLV (-31.49±10.35% (vs baseline=0), p<0.05) and 

base (-30.13±8.49% (vs baseline=0), p<0.05) (data not shown). No significant difference 

between these regional ventricular responses to noradrenaline was present (repeated 

measures ANOVA: p=ns (apex vs MLV, MLV vs base, apex vs base), respectively). The 

mean differences between the 1 minute post-injection inotropic responses to saline controls 

and noradrenaline were significant in the MLV (31.10%, p<0.05) and base (32.33%, p<0.05) 

but not at the apex (30.37% p=ns). A significant fall in baseline (resting) HR was also 

observed upon injection of noradrenaline (-22.55±7.53% (vs baseline=0), p<0.05), which 

partially recovered by 5 minutes post-injection (data not shown).  

 

3.3.5.3. Adrenaline 

At 1 minute post-injection, adrenaline induced a significant reduction in baseline FS          by 

-46.33±6.44% at the apex (vs baseline=0, p<0.01), -44.25±6.94% at the MLV (vs 

baseline=0, p<0.001) and -26.03±6.65% at the base (vs baseline=0, p<0.05) (figure 3.22). 

This reflex negative inotropy differed significantly from the lack of response observed in 

saline controls at the apex (49.20% mean difference, p<0.01), MLV (46.87% mean 

difference, p<0.01) and the base (28.23% mean difference, p<0.05).  Adrenaline induced a 

significant reduction in baseline (resting) HR at 1 minute post-injection (-28.03±3.59% vs 

baseline=0, p<0.001) (figure 3.22). Time-matched comparison of the initial chronotropic 

responses to adrenaline and saline revealed a significant mean difference in HR change 
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between these treatment groups (one-way ANOVA: 33.87% difference, (p<0.01) and 

28.38% difference (p<0.05), respectively).  

No significant difference between the changes in LV FS in response to adrenaline and 

noradrenaline was present at 1 minute post-injection (repeated measures ANOVA: p=ns, all 

ventricular regions).The adrenaline and noradrenaline induced bradycardia at 1 minute post-

catecholamine injection also did not differ from each other (repeated measures ANOVA: 

p=ns).   
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3.3.6. Effect of β2AR blockade, with ICI-118,551, on the in vivo LV responses to 
adrenaline (part 2) 

The percentage changes in baseline inotropy and chronotropy following injection of 

adrenaline into rats pre-treated with 3.0x10-7 moles.100g-1 (1mg.Kg-1) of ICI-118,551 are 

shown in figures 3.20 and 3.21. 

 

3.3.6.1. Left ventricle contractility 

Injection of 3.0x10-7moles.100g-1(i.v.) ICI-118,551 resulted in an immediate significant 

decrease in baseline mean percentage FS across the entire LV (apex: -23.58±4.45% (vs 

baseline=0, p<0.01); MLV: -24.15±4.81% (vs baseline=0, p<0.01; Base: -19.59±4.80%                      

(vs baseline=0, p<0.05). This suggests that β2AR-Gs signalling has a tonic stimulatory effect 

on resting LV contractility. Twenty five minutes after injection of ICI-118,551, LV FS had 

partially recovered back to pre-ICI-118,551 basal levels in all three LV regions, with non-

significant mean differences in FS of 8.08% (apex), 8.01% (MLV) and 11.56% (base) 

between pre- and 25 minute post- ICI-118,551 time points. Rapid reduction in ICI-118,551-

mediated LV myocardium FS was observed within 0-60 seconds of adrenaline injection into 

these animals (30 minutes post-ICI-118,551). This significant negative change in global LV 

contractility observed at 1 minute post-adrenaline injection in ICI-118,551 pre-treated rats 

(p<0.001 (vs 25 minutes ICI), all LV regions) did not differ significantly from the region-

matched decrease in LV contractility observed at 1 minute post-adrenaline injection in 

control rats ((apex: -46.81±6.56% (vs baseline=0) (adrenaline) vs -41.25±3.04% (vs ICI 

baseline=0) (adrenaline+ICI), p=ns); (MLV: -44.25±6.94% (vs baseline=0) (adrenaline)        

vs -46.15±7.61% (vs baseline=0) (adrenaline+ICI), p=ns); (Base: (-26.03±6.66% (vs 

baseline=0) (adrenaline) vs -38.16±5.74% (vs baseline=0) (adrenaline+ICI), p=ns)). Thus in 

comparison to normal control animals, the presence of ICI-118,551 (and therefore β2AR 

blockade) did not alter the significant reflex negative inotropy observed across the LV upon 

adrenaline injection. These results would also suggest, given the 100% fatality rate of these 

ICI-118,551 pre-treated rats to adrenaline, that β2ARs are cardioprotective against the 

cardiotoxic effects of excess catecholamines.  
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Figure 3.20.  The effects of ICI-118,551 pre-treatment (3.0x10-7moles.100g-1 (i.v.)) on 
the initial inotropic responses of the apex (A), MLV (B) and base (C) to adrenaline 
injection (4.28x10-8moles.100g-1 (i.v.)). Data are expressed as the mean ± SEM for the 
percentage change in LV fractional shortening (FS) (from individual baselines (± 25 
minute pre-treatment with ICI-118,551)) at 1 minute post-adrenaline injection. N=6 
(adrenaline), n=5 (adrenaline + ICI) (*p<0.05, **p<0.01, ***p<0.001 (vs baseline FS = 0)).  
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3.3.6.2. Heart Rate (HR) 

Injection of ICI-118,551 into normal animals resulted in a significant fall in baseline HR by an 

average of -21.80±2.50% (vs baseline=0, p<0.01) (402±23bpm (no ICI) vs 312±11bpm (1 

minute ICI), p<0.01). This was similar to the reduction in LV FS observed at this matching 

post-ICI-118,551 injection time point and would suggest a tonic effect of β2AR-mediated Gs 

signalling in the regulation of HR. At 25 minutes after ICI-118,551 injection, HR had partially 

recovered back to a level that did not differ significantly from the original baseline 

(402±23bpm (no ICI) vs 372±16bpm (25 minutes ICI), p=ns. A significant bradycardia was 

subsequently observed upon injection of adrenaline at 29 minutes post- ICI-118,551injection 

(372±16bpm (25 minutes ICI) vs 262±12bpm (1 minute adrenaline (+ICI)), p<0.01). No 

significant difference existed between the amplitudes of the instant HR changes observed in 

response to adrenaline in ICI-118,551 pre-treated rats and normal rats (-28.03±3.59% (vs 

baseline=0) (adrenaline) vs -29.36±3.04% (vs baseline=0) (adrenaline+ICI), p=ns).          
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Figure 3.21. The effects of ICI-118,551 pre-treatment (3.0x10-7moles.100g-1 (i.v.)) on 
the 0-60 seconds chronotropic response to adrenaline injection (4.28x10-

8moles.100g-1 (i.v.)). Data are expressed as the mean ± SEM for the percentage 
change in heart rate (HR) (from individual baselines (± 25 minute pre-treatment with 
ICI-118,551)) at 1 minute post-adrenaline injection. N=6 (adrenaline), n=5 (adrenaline 
+ ICI) (***p<0.001 (vs baseline = 0)).  
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3.3.7. Gi-protein involvement in the reflex bradycardia and negative inotropy following 
adrenaline injection 

In contrast to normal animals, those pre-treated with PTX did not present with any reflex 

reduction in HR or contractility in the first 60 seconds following injection of adrenaline. This 

indicated involvement of a Gi-protein dependent pathway in mediating this acute cardiac 

effect. Subsequent work involved pre-treating rats with the muscarinic receptor antagonist 

atropine, prior to adrenaline injection, to eliminate the possibility that PTX reverses the 

adrenaline mediated apex and MLV hypocontraction through removal of a Gi-protein 

mediated vagal influence of LV contractility. Adrenaline-mediated percentage changes in 

both LV FS and HR in these individual groups of either normal or blocker pre-treated animals 

are shown in figures 3.22 and 3.24. The following sections will discuss these findings in 

more detail. 

 

3.3.7.1. Left ventricle contractility 

Animals pre-treated with PTX (n=4) did not exhibit any significant change to baseline FS at 

the apex (+1.71±2.26% (vs baseline=0), p=ns), MLV (+4.65±4.13% (vs baseline=0), p=ns) or 

base (+8.91±3.88% (vs baseline=0), p=ns) within 60 seconds of adrenaline injection (figure 

3.22), and also did not differ from those present in control animals treated with saline at this 

matching time-point (one-way ANOVA: p=ns (vs saline FS change), all LV regions). These 

effects of PTX were in significant contrast to the reflex negative inotropy observed in 

response to adrenaline in normal animals at the levels of the apex (-48.04±7.55% mean 

difference, p<0.001), MLV (-48.91±9.91% mean difference, p<0.001) and base (-

34.93±4.61% mean difference, p<0.01). At 5 minutes post-adrenaline injection, the FS 

changes (from baseline) of normal and PTX pre-treated animals did not differ at the apex 

(+28.48±9.57% (no PTX) vs +8.84±1.77% (PTX), p=ns) MLV (+19.55±5.30% (no PTX) vs 

+12.46±2.17% (PTX), p=ns) or base (+17.53±5.42% (no PTX) vs +13.79±3.65% (PTX), 

p=ns). No significant differences in the inotropic responses to a combination of adrenaline 

and PTX were present between the three LV regions at both 1 and 5 minutes post-

adrenaline injection (One-way ANOVAs: p=ns (apex vs MLV, MLV vs base, apex vs base), 

respectively). Further descriptions of the effect of PTX pre-treatment on the cardiac 

responses observed at subsequent post-adrenaline injection time-points are available in 

section 3.3.3. 
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3.3.7.2. Heart Rate (HR) 

The reflex bradycardia present between 0 and 1 minute post-injection of adrenaline in 

normal animals (-28.03±3.59% (vs baseline=0), p<0.001) was not present following 

adrenaline injection in animals pre-treated with PTX, which instead responded with a 

significant increase in baseline (resting) HR (+12.46±3.10 (vs baseline=0), p<0.05) (normal 

vs PTX: -40.50±10.95% mean difference, p<0.001). HR responses to adrenaline remained 

significantly different between normal and PTX pre-treated animals at 5 minutes post-

injection (-13.59±3.01% mean difference, p<0.05). Comparison of the chronotropic effects of 

adrenaline in PTX pre-treated animals to those observed with saline in control animals did 

not reveal any significant difference at either 1 minute (+6.63±1.21% mean difference, p=ns) 

or 5 minutes (+4.77±0.98% mean difference, p=ns) post-injection. No significant difference 

between the HR change (from baseline) in PTX pre-treated animals was present between 1 

and 5 minutes post-adrenaline injection (+12.46±3.10% (vs baseline=0) (1 minutes) vs 

+4.41±4.23% (vs baseline=0) (5 minutes), p=ns). 
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Figure 3.22.  Comparison of the effects of atropine and PTX pre-treatment on LV 
contractility at the apex (A), MLV (B) and base (C) at 1, 5, 10, 15 and 20 minutes 
post-adrenaline injection. Values are expressed as the mean ± SEM for the 
percentage change in baseline fractional shortening (FS) at each post-injection time 
point. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001 (vs baseline FS = 0) n=4 (saline), 
n=6 (adrenaline), n=5 (adrenaline+atropine), n=5 (adrenaline+PTX).  
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3.3.8. Effect of Muscarinic Acetylcholine Receptor blockade on the adrenaline-induced 
reflex cardiac responses  

The lack of any immediate depressed cardiac function in response to adrenaline injection in 

PTX pre-treated animals suggests that this ‘reflex’ is dependent upon the presence of         

Gi-protein. A possible explanation for this theory is the activation of cardiac muscarinic       

Gi-protein coupled acetylcholine receptors, present within both the sinoatrial node (SAN) and 

parts of the ventricle. These muscarinic Gi-protein coupled acetylcholine receptors form part 

of the parasympathetic nervous system and act to regulate both HR and to a lesser extent 

also contractility. Intravenous injection of adrenaline acutely increases both positive 

contraction via β1AR-Gs and β2AR-Gs signalling plus vasoconstriction through activation of 

alpha (α)-1 adrenergic receptors in the vasculature with a subsequent increase in peripheral 

vascular resistance/blood pressure (BP). This BP increase could stimulate baroreceptors to 

activate the central nervous system (CNS) vagus parasympathetic pathway to the heart, 

leading to a reflex depressed cardiac output to oppose this initial rise in BP (BP=COxSVR). 

It was therefore important to determine if PTX pre-treatment prevented the adrenaline-

mediated apical hypocontraction through a reduction/blockade of the systemic vagal 

response. 

To investigate this theory further, a separate group of normal animals were intravenously 

injected with the competitive muscarinic acetylcholine receptor antagonist atropine, initially at 

a dose of 10mg.Kg-1. Adrenaline was injected into these animals at 45 minutes post-atropine 

administration.  

Injection of atropine resulted in a significant increase in absolute baseline FS at the apex 

(50.10±4.43% vs 61.91±2.01%, p<0.05), MLV (51.89±5.36% vs 63.05±3.59%, p<0.05) and 

base (49.45±4.49% vs 57.19±3.30%, p<0.05). This suggested that resting vagal tone was 

high in normal rats. Atropine alone had no significant effect upon resting HR (349±19bpm vs 

391±11bpm p=ns). By 25 minutes post-adrenaline injection, all animals pre-treated with 

atropine (n=6) had died of global HF.  The acquired 2D echocardiography images collected 

from these cases suggested the cause of death to involve a decline in HR prior to asystole 

(figure 3.23). Due to the death of an animal almost every 5 minutes, the following number of 

cases accounted for the FS and HR changes observed at each individual time point (1 

minute (n=6); 5 minutes (n=5); 10 minutes (n=4); 15 minutes (n=3); 20 minutes (n=3); 25 

minutes (n=1)).   

Results for the effects of atropine pre-treatment on the initial inotropic and chronotropic 

responses to adrenaline (1-20 minutes post-injection) are shown in figures 3.22 and 3.24, 

respectively. In contrast to PTX pre-treated animals, atropine pre-treatment failed to prevent 
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the reflex reduction in both LV FS and HR observed following adrenaline injection into 

normal (untreated) animals and also the subsequent apical and MLV hypocontractilty that 

otherwise develops at 20 minutes post-adrenaline injection in these normal animals. This 

suggested that the ability of PTX to block the reflex response to adrenaline was independent 

of muscarinic receptor Gi-protein activity. 

 

3.3.8.1. Heart Rate (HR) 

A significant reduction in baseline (resting) HR at 1 minute post-adrenaline injection was 

present in atropine pre-treated animals, although it was significantly blunted compared to 

that observed in the absence of muscarinic acetylcholine receptor blockade (-11.93±3.95% 

(atropine) vs -28.03±3.59% (no atropine), p<0.05). No significant differences in adrenaline-

mediated chronotropic responses were observed between atropine pre-treated and normal 

animals at either 5 or 20 minutes post-adrenaline injection (p=ns). The significant decrease 

in baseline HR observed in atropine pre-treated animals at 1 minute post-adrenaline 

injection was in significant contrast (p<0.01) to the positive HR change observed in PTX pre-

treated animals at this equivalent post-adrenaline injection time-point (+12.46±3.10% (vs 

baseline=0), p<0.05) (figure 3.24). This suggests involvement of another Gi-dependent 

receptor signalling pathway in mediating the chronotropic effects of adrenaline at this time 

point. Significant differences in the mean HR changes (from baseline) were also evident 

between atropine and PTX pre-treated animals at both 5 minutes (-7.45±1.86% (vs 

baseline=0) (atropine) vs +4.41±4.23% (vs baseline=0) (PTX), p<0.05) and 20 minutes        

(-19.81±4.09% (vs baseline=0) vs +7.86±5.00% (vs baseline=0) (PTX), p<0.01) post-

adrenaline injection.  

 

3.3.8.2. Left ventricle contractility 

The presence of atropine did not have any significant effect upon the negative change in 

baseline FS at the apex (-57.05±6.65% (atropine) vs -46.33±6.44% (no atropine), p=ns) and 

MLV (-60.30±3.52% (atropine) vs -44.25±6.94% (no atropine), p=ns) at 1 minute post-

adrenaline injection. However, a significantly larger negative change in basal myocardium 

FS at 1 minute post-adrenaline injection was present in animals pre-treated with atropine      

(-55.30±5.27% (atropine) vs -26.03±6.65% (no atropine), p<0.05). Significantly large mean 

differences between adrenaline-induced FS change following pre-treatment with either 

atropine or PTX existed at the apex (58.77% difference, p<0.001), MLV (64.96% difference, 

p<0.001) and base (64.21% difference, p<0.001) at 1 minute post-adrenaline injection. The 

combined effects of atropine and adrenaline at 1 minute post-adrenaline injection were 
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indicative of significant global HF when compared to the minimal cardiac effects of saline 

injection. At 5 minutes post-adrenaline injection, no significant change in FS (from baseline) 

was observed in animals pre-treated with atropine, at the apex (-0.80±15.11% vs 

baseline=0, p=ns), MLV (-0.27±16.89% vs baseline=0, p=ns) and base (+2.63±16.53% vs 

baseline=0). Independent comparison of LV responses of atropine pre-treated animals with 

those of adrenaline and saline controls at 5 minutes post-adrenaline/saline injection did not 

reveal any significant mean difference in inotropy in any LV region (one-way ANOVA: p=ns). 

At 20 minutes post-adrenaline injection, the presence of atropine did not prevent the 

hypocontraction of the apex or MLV that was otherwise observed in normal animals at this 

post-adrenaline time-point ((apex: -32.09±3.14% (vs baseline=0) (atropine) vs -27.17±3.49% 

(vs baseline=0) (no atropine), p=ns) and (MLV: -30.38±5.46% (vs baseline=0) (atropine)  vs 

-30.02±2.46% (vs baseline=0) (no atropine), p=ns)). In contrast to the hypercontraction of 

the basal myocardium of normal animals at 20 minutes post-adrenaline injection 

(+11.84±2.95% (vs baseline=0), p<0.05), animals pre-treated with atropine exhibited 

significant hypocontraction at the base at this equivalent time point (-25.00±4.28% (vs 

baseline=0), p<0.001) (p<0.001 (atropine vs no atropine)). The individual inotropic 

responses of the apex, MLV and base of atropine pre-treated animals at 20 minutes post-

adrenaline injection were in significant contrast to the minimal effects of saline on the 

contractility of all three LV regions at this post-adrenaline time point (saline vs atropine + 

adrenaline: (apex: p<0.001)(MLV: p<0.01)(base: p<0.05)). 

No significant differences in the time-matched changes to LV contractility were observed 

between the inotropic responses of  the apex, MLV and base in atropine pre-treated animals 

at 1, 5 and 20 minutes post-adrenaline injection (p=ns (apex vs MLV, MLV vs base, apex vs 

base), respectively). 
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Figure 3.23. Example B-mode (A) and corresponding M-mode (B) images of the LV of 
an atropine pre-treated animal that show the failing function of the heart immediately 
before death at 25-30 minutes post-adrenaline injection. The process of death 
appeared to involve a combination of reduced heart rate, dyssynchrony and 
hypocontractility with each cardiac cycle, culminating in severe cardiogenic shock.  
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Figure 3.24.  Comparison of the effects of atropine and PTX pre-treatment on 
adrenaline-induced changes in heart rate (HR) at 1, 5, 10, 15 and 20 minutes     post-
adrenaline injection.  Values are expressed as the mean percentage change in 
baseline (untreated) heart rate ± SEM for each post-injection time point. N=4 
(saline), n=6 (adrenaline), n=3-6 (adrenaline+atropine), n=5 (adrenaline+PTX). 
Abbreviations: B (baseline). 
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3.3.9. Mortality Rate  

Table 3.1 lists the values for the total number of animals studied per group and the relative 

mortality rates present in each. 

Study Group Survivals  
(No./ Animals)

Fatalities  
(No./ Animals) 

Total 
 (No./ Animals) 

% Mortality

Adrenaline 8 6 14 42.8 
Noradrenaline 7 8 13 53.3 
Saline 9 0 9 0.00 
Adrenaline + PTX 4 1 5 20.0 
Adrenaline + Atropine 0 6 6 100 
Adrenaline + ICI 0 5 5 100 

Table 3.1. Mortality rates for adrenaline, noradrenaline and saline in control animals 
and adrenaline in PTX pre-treated animals. (See text for statistical comparisons). 
 

Fisher’s exact test analysis revealed that both adrenaline and noradrenaline treatment 

induced significant mortality when individually compared to the 100% survival rate of   saline-

treated animals (p<0.05). No significant difference existed between the mortality rates of 

adrenaline and noradrenaline treatment groups (p=ns). No significant difference in mortality 

rate was observed in response to adrenaline between control animals and those pre-treated 

with PTX (20% fatality vs 42.8% fatality, p=ns), atropine (100% fatality vs 42.8% fatality, 

p=ns) or ICI-118,551 (100% fatality vs 42.8% fatality, p=ns). Observation of M-mode images 

suggested the prime cause of these catecholamine-induced deaths was bradycardia, 

irregular heart rhythm and negative inotropism, which is indicative of cardiogenic shock. An 

example M-mode taken from an echocardiography scan of a dying animal at 45 minutes 

post-adrenaline injection is shown in figure 3.25. 

Figure 3.25. M-mode image taken from an echocardiogram of the MLV of a dying SD 
rat at 45 minutes post-adrenaline (4.28x10-8 moles.100g-1) injection (i.v.). Minimal LV 
contraction is evident and ECG patterns show irregular heart rhythms. Respiration is 
undetectable.                                                                                                                                                  
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3.3.10. Effect of catecholamines on cardiac tissue histology 

Hematoxylin and eosin (H & E) staining of whole heart sections of cardiac tissue taken from 

the apex and base of the LV of one of three rats injected with 0.14mL.100g-1 saline (i.v.), 

1.43x10-7 moles.100g-1 noradrenaline or 4.28x10-8 moles.100g-1 (i.v.) adrenaline and 

scarificed at 60 minutes post-injection is shown at various magnifications in figures 3.26 to 

3.30. The tissue quality and architecture of both the apical and basal myocardial regions of 

adrenaline-treated rats appeared normal (figures; 3.26, 3.29 and 3.30), and did not differ 

from that observed in corresponding LV regions of saline-treated rats (figures; 3.26, 3.27 and 

3.28). The blue-stained nuclei and (at higher magnifications) the striations of each 

cardiomyocyte can be observed. No contraction bands between adjacent cardiomyocytes or 

the presence of any dark blue stained basophilic, bright red eosinophilic or neutral pink 

neutrophilic white blood cells was observed in either treatment group. Thus, this dose of 

adrenaline was not histologically cardiotoxic when assessed 60 minutes post-bolus 

administration. In only one of the three rats injected with 1.48x10-7 moles.100g-1 

noradrenaline (i.v.), H & E staining of sections of cardiac tissue subsequently revealed the 

presence of infiltrated eosinophils in the wall of the RV in two separate locations (figure 

3.31). This would suggest the presence of inflammation and possible myocardial damage; 

although no contraction bands were present. No such changes were observed in the LV of 

any of the noradrenaline-treated rats, as indicated by example in figure 3.26. 
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Figure 3.27. Histology of cardiac tissue (H & E stain) sectioned from the apex of the LV of rats injected with 0.14mL.100g-1 saline (i.v.). 
Hearts were excised at 60 minutes post-saline injection and preserved in 10% formalin before sectioning and staining. Images are of 
the anterior wall of the LV at magnifications of x2 (A), x4 (B), x10 (C), x20 (D), x40 (E). Tissue sectioning and staining was performed by 
Dr Sofia De Noronha.  
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Figure 3.28. Histology of cardiac tissue (H & E stain) sectioned from the base of the LV of rats injected with 0.14mL.100g-1 
saline (i.v.). Hearts were excised at 60 minutes post-saline injection and preserved in 10% formalin before sectioning and 
staining. Images are of the anterior wall of the LV at magnifications of x2 (A), x4 (B), x10 (C), x20 (D), x40 (E). Tissue sectioning 
and staining was performed by Dr Sofia De Noronha.  
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Figure 3.31. Histology of cardiac tissue (H & E stain) sectioned from the RV of rats injected with 1.43x10-7 moles.100g-1 
noradrenaline (i.v.). Hearts were excised at 60 minutes post-noradrenaline injection and preserved in 10% formalin before 
sectioning and staining. Images are at magnifications of x4 (A), x10 (B), x20 (C, E) and x40 (D, F. Blue dotted lines highlight two 
separate regions of the RV where evidence of eosinophil infiltation was observed. Tissue sectioning and staining was performed 
by Dr Sofia De Noronha.  
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3.3.11. Cardiac Magnetic Resonance (CMR) imaging for validation of the in vivo rat 
Takotsubo model 

As discussed in chapter two, high-resolution diagnostic techniques such as magnetic 

resonance imaging (MRI) are also widely used in pre-clinical and clinical cardiology studies. 

Cardiac Magnetic Resonance (CMR) involves rapid acquisition of real-time images at each 

stage of the cardiac cycle, through gating to an ECG signal (Keenan & Pennell, 2007). 

Therefore, we chose to repeat the optimised in vivo protocol for inducing LV dysfunction 

with 4.28x10-8 moles.100g-1 adrenaline, in animals that were imaged using CMR. All in vivo 

CMR data was collected and analysed by Dr Daniel Stuckey of Imperial College London. 

Values for the cross-sectional areas (mm2) of the apex, MLV and base at end-diastole 

(EDA) and end-systole (ESA), prior to and at selected time points after injection of 4.28x10-

8 moles.100g-1 adrenaline, are shown in figure 3.32. Percentage changes in the baseline 

(resting) fractional area shortening of the apex, MLV and base of these same adrenaline-

treated animals (n=7) are shown in figure 3.33. The results are in agreement with my 

findings using echocardiography. At the post-adrenaline injection time points of 15 and 25 

minutes there was a significant increase in ESA at the apex and MLV but not at the base. 

This corresponded firstly with a significant reduction in fractional area shortening at both 

the MLV and apex at these two time points, and secondly with the initial stages of 

hypocontractility in these regions (section 3.3.2). The results of this sub-study are 

discussed in more detail in the following sections (3.3.11.1 to 3.3.11.2). 

 

3.3.11.1. Apex and MLV 

The resting (baseline) cross-sectional ESAs observed at the apex and MLV were 

8.37±1.87mm2 and 16.43±2.35mm2, respectively. A near-significant decline in apical ESA 

was observed at 5 minutes post-adrenaline, to produce an overall cross-sectional area of 

4.12±1.46mm2 in this region (p=0.09). This would also correlate with the hypercontraction 

and decrease in end-systolic diameter (LVESD) observed at this equivalent time point 

using echocardiography (+28.48±8.73% ΔFS, p<0.05 (vs baseline=0); (1.43±0.18mm (B) 

vs 2.68±0.37mm (5 min)). However, maximum significant increases in ESA of the apex and 

MLV were not observed until 15 minutes after adrenaline injection (ESA: 16.17±3.90mm2 

(p<0.01 vs baseline) (apex), 22.60±2.31mm2 (p<0.05 vs baseline) (MLV)). This significant 

increase in ESA persisted up until 25 minutes post-adrenaline injection at the apex (ESA: 

13.00±3.43mm2 (p<0.05 vs baseline), beyond which no significant changes to ESA were 

observed across the entire LV. This reduction in apical ESA at 25 minutes post-adrenaline 

injection, corresponded in time with the echocardiography-analysis of both near-peak apical 

hypocontractility (-25.89±3.59% ΔFS (vs baseline=0), p<0.01), and an increase in baseline 
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systolic LV diameter (+45.82±10.20%Δ LVESD (vs baseline=0, p<0.001), produced by this 

concentration of adrenaline. In further support of the time-related changes to apical and 

MLV ESAs, the baseline fractional area shortening changes observed at the apex and MLV 

were significantly negative at both 15 and 25 minutes post-adrenaline injection ((apex: -

24.59±7.09%, p<0.05 (15 min); -14.51±3.56%, p<0.01 (25 minutes)) (MLV: -16.80±5.42%, 

p<0.05 (15 min); -13.07±4.31%, p<0.05 (25 min))). It was, however, surprising that the 

peak fall in fractional area shortening for both LV regions was at 15 minutes post-

adrenaline injection, which judging from echocardiography studies was only the initiating 

point for LV dysfunction (15 min: -16.54±6.98% ΔFS (vs baseline=0, p=ns) (apex); -

15.18±7.12% ΔFS (vs baseline=0, p=ns) (MLV)). 

No significant change to the baseline EDA of either the apex (33.35±2.58mm2) or the MLV 

(49.50±2.84mm2) was observed at any post-adrenaline injection time point studied. 

 

3.3.11.2. Base 

The baseline ESA and EDA of the basal myocardium were 49.06±2.54mm2 and 

16.00±1.31mm2, respectively. No significant change was observed to either of these 

measurement parameters at any post-adrenaline injection time point studied. However, a 

very near significant decline in baseline fractional area shortening was observed at the 

base at 15 minutes post-adrenaline injection (-14.64±6.10% (vs baseline=0, p=0.05)). This 

did not, however, correlate in time with any significant adrenaline-induced changes to either 

inotropy (+8.58±5.97% (vs baseline=0, p=ns) or LV dimensions of the base. 
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Figure 3.32. Left ventricle end-diastolic (EDA) and end-systolic areas (ESA) of the apex 
(A), MLV (B) and base (C), prior to and following intravenous injection of 4.28x10-8 
moles.100g-1 adrenaline. Data are represented as the mean±SEM for the EDA and ESA 
at each individual time point studied.  N=7 (*p<0.05, **p<0.01 (vs baseline = 0)). Data 
collected and analysed by Dr Daniel Stuckey of Imperial College London. 
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Figure 3.33. Time-dependent changes in left ventricle cross-sectional area at the apex 
(A), MLV (B) and base (C), prior to and following intravenous injection of 4.28x10-8 
moles.100g-1 adrenaline. Data are represented as the mean±SEM for percentage 
change in baseline EF at each post-adrenaline time point studied. N=7 (*p<0.05, 
**p<0.01 (vs baseline = 0)). Data collected and analysed by Dr Daniel Stuckey of 
Imperial College London. 



172 
 

3.4. Discussion 
 

Although the aetiology and pathophysiology of Takotsubo cardiomyopathy is still 

unconfirmed (Nef et al., 2010), a large body of previous evidence collected in both humans 

and pre-clinical studies has supported a direct role of the catecholamine adrenaline 

(Wittstein et al., 2005;Lyon et al., 2008;Abraham et al., 2009). Our group suggest that in the 

presence of stress-related levels of adrenaline, the pleiotropic β2AR undergoes a ‘stimulus 

trafficking’ coupling switch from a Gs-cAMP-AC- PKA pathway to an inhibitory Gi-protein 

coupled pathway (Hasseldine et al., 2003;Heubach et al., 2003;Heubach et al., 2004;Xiao 

et al., 2003), and that a larger population of β2AR at the apex (versus the base) of the LV 

could account for the regional LV dysfunction observed in Takotsubo patients. Thus, in the 

present study we sought to explore the theory of adrenaline-mediated biased agonism of 

the β2AR as a contributing aetiological factor to development Takotsubo cardiomyopathy, 

through the intravenous administration of supraphysiological doses of catecholamines and 

subsequent in vivo analysis of regional LV function. The primary findings are in support of 

our hypothesis that increased β2AR-Gi activity within the apical myocardium mediates the 

depressed contractility observed in response to rapid adrenaline release under stress. A 

large bolus of exogenous adrenaline in rat produced hypocontraction of the apex and MLV, 

while sparing the base. This in vivo effect was dependent upon Gi-protein activity. In 

contrast to adrenaline, the largely β1AR-selective agonist noradrenaline mediated an 

increase in apical and MLV contractility, eliminating both β1AR and α-AR involvement in the 

negative effects of adrenaline. This in vivo model did carry a significant mortality but was 

not associated with any histological abnormalities of the myocardium, consistent with the 

reported cardioprotective signalling pathways activated by Gi-protein (Ahmet et al., 

2004;Ahmet et al., 2005;Bernstein et al., 2005). 

 

3.4.1. Administration of supraphysiological adrenaline as an in vivo model of 
Takotsubo cardiomyopathy 

The development of Takotsubo-like regional LV dysfunction following an intravenous bolus 

of 4.28x10-8 moles.100g-1 adrenaline, in rat, is consistent with previous reports 

demonstrating the same myocardial effect in response to either an adrenaline overdose in 

humans (Abraham et al., 2009;Kumar & Qureshi, 2010;Winogradow et al., 2011), or 

chronic infusion of this catecholamine into non-human primates (Izumi et al., 2009). 

Surprisingly, the threshold dose of exogenous adrenaline required to induce the Takotsubo-

like LV dysfunction in these adult SD rats (~78µg/Kg or 4.28x10-7 moles/Kg) was more than 

that successfully used in these cyanomolgus monkeys (10µg/Kg or 5.46x10-8 moles/Kg). 
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Possible explanations for this dose discrepancy include the lower population of ventricular 

β2ARs in rat (Kuznetsov et al., 1995) and the different speed rates of adrenaline delivery 

(bolus (rat) versus infusion (monkey) over 120 minutes).  

The adrenaline-mediated biphasic in vivo inotropic response in rat (figure 3.9) was 

consistent with the sequential stages of a β2AR Gs-Gi trafficking switch. The initial increase 

in global LV contractility at 5 minutes after adrenaline administration represents combined 

β2AR and β1AR -Gs signalling. Thus, Gs-protein signalling would lead to an increased 

cardiomyocyte cAMP content and PKA activity, which would occur at the start of a severe 

stress insult. Previous work has implicated both elevations in cAMP and increases in 

activities of PKA and G-protein coupled receptor kinases (GRKs) (Daaka et al., 

1997;Hasseldine et al., 2003;Liu et al., 2009) in mediating the Gs-Gi β2AR trafficking 

switch, through phosphorylation of the β2AR. When also considering the rapid enzyme 

kinetics of kinases and phosphatases (Tran et al., 2007), this would explain the subsequent 

rapid development of hypocontractility and increased systolic LV volumetric area at the 

apex and MLV, 20-25 minutes after adrenaline challenge (figures 3.9 & 3.10 and 3.32 & 

3.33). In support of the theory that this LV dysfunction occurs only after a threshold stress-

level is reached, the in vivo dose-response curves constructed in the presence of 

increasing adrenaline demonstrated little change to apical and MLV contractility at lower 

doses, before a sudden decline in function at the maximum adrenaline dose administered 

(1.43x10-7 moles.100g-1)(figures 3.4 and 3.5). Furthermore, an adrenaline dose of 1.43x10-8 

moles.100g-1, which is just half a log-unit lower than the one selected for this Takotsubo 

model, produced persistent positively inotropic and chronotropic responses across the 

entire LV. These in vivo observations of the dose-dependent dual effects of adrenaline as a 

positive and negative inotrope is concurrent with in vitro studies demonstrating β2AR 

coupling to Gi-proteins to be agonist dose-dependent (Siedlecka et al., 2008;Liu et al., 

2009), and also suggests that the LV-dysfunction produced at maximum doses is a 

compensatory mechanism by β2AR to protect the myocardium against excessive 

sympathetic activity.  

The negative inotropic effects of a bolus of 4.28x10-8 moles.100g-1 adrenaline peaked 

around 20 to 30 minutes after administration, and were reversible within a time frame of 60 

minutes (figure 3.9A&B). Catecholamines typically have a half-life of a few minutes in the 

circulation, which could account for the rapid LV recovery observed following peak 

adrenaline effects. Blood samples periodically collected from a different vascular vessel to 

that through which adrenaline was administered, could provide an indicator of any 

relationship between LV inotropy and plasma adrenaline concentration during the time-

course studied. Alternatively, this LV recovery in rats could physiologically represent, on a 
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reduced scale, the unexplained reversibility of clinical Takotsubo. Systolic LV function 

usually recovers in Takotsubo patients within a few weeks to a month following the initial 

‘stress’ attack. Although, in contrast to our acute model, elevated catecholamine levels are 

unquestionably prolonged in these clinical cases (Wittstein et al., 2005), it could be 

speculated that if the LV dysfunction observed in both situations involves changes in 

intrinsic cell signalling then recovery could simply be a reversal of this process. For 

example, if β2AR phosphorylation by PKA and/or GRKs does precipitate Gi-mediated 

cardiac depression (Daaka et al., 1997;Liu et al., 2009), then receptor dephosphorylation 

by either endogenous phosphatase enzymes or clearance of circulating adrenaline would 

re-sensitize β2AR Gs-adenylate cyclase through receptor degradation/recycling, and thus 

restore normal systolic function. A study by Krueger et al., (1997) demonstrated GRK-

mediated β2AR phosphorylation and β-arrestin recruitment to result in β2AR sequestration 

into endosomes where is it is acidified and dephosphorylated by a membrane-associated 

form of protein phosphatase 2A (PP2A) before being recycled back to the plasma 

membrane in preparation for a new cycle of agonist-induced signal transduction. Thus, 

administration of a non-selective phosphatase inhibitor, such as calyculin A or okadaic acid, 

during the initial stages of adrenaline-mediated LV hypocontractility, may act to prevent the 

in vivo LV recovery in this model.  

The predominantly hyperkinetic basal myocardium of rats treated with adrenaline (figure 

3.9C) is consistent with that characteristically observed in Takotsubo patients. 

Measurements of systolic/diastolic LV dimensions, using either CMR (figures 3.32 and 

3.33) or echocardiography (figures 3.10 and 3.11) in rat, suggested that the adrenaline-

mediated regional differences in LV wall motion were attributable to a reduced apical 

systolic function and normal/increased basal systolic function, as opposed to any diastolic 

apical dilation or ‘ballooning’. The regional difference in apical and basal contractility also 

supports our hypothesis that a larger proportion of β2ARs exist within the apex versus the 

base. A significant degree of myocytolysis and structural abnormalities is reportedly present 

within the basal myocardium of both Takotsubo patients (Marechaux et al., 2008) and pre-

clinical non-human primate models of this LV dysfunction (Izumi et al., 2009). This may be 

explained by increased β2AR-Gi cardioprotective signalling within the apex relative to the 

base (Ahmet et al., 2004;Ahmet et al., 2005;Bernstein et al., 2005). On the contrary, 

significant fibrosis and endothelial cell apoptosis has been reported in the apical portion of 

the myocardium of Takotsubo patients (Uchida et al., 2010), which may be partly due to the 

presence of β2ARs on fibroblasts, and could add support to the hypothesis that the apex is 

more sensitive to circulating catecholamines, relative to the base. 
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3.4.2. A lack of negative inotropic response to noradrenaline suggests no 
involvement of β1ARs or α-ARs in this adrenaline-mediated apical dysfunction 

In contrast to the negative inotropic effects of adrenaline, a near-equivalent bolus dose of 

noradrenaline increased contractility of the apex and MLV (figure 3.9A&B), and dose-

response curves showed no evidence of any negative LV inotropy at any noradrenaline 

dose tested (figures 3.4 to 3.6). This is in agreement with in vivo canine studies showing 

short-term infusion of concentrated noradrenaline to exert a positive inotropic effect on the 

myocardium (Moss et al., 1966). Furthermore, this observation eliminated any involvement 

of β1AR or α-ARs in the adrenaline-mediated LV dysfunction, instead shining more light on 

alterations in intrinsic β2AR signalling. In further support of this, studies in isolated murine 

ventricle over-expressing β2ARs demonstrated adrenaline to induce a Gi-dependent 

negatively inotropic effect, whereas noradrenaline mediated only a Gs-cAMP-PKA 

dependent increase in contractile force that was insensitive to Gi-protein inhibition 

(Heubach et al., 2004). It was suggested by Xiang et al., (2002) that β1ARs could not 

couple to a Gi-protein signalling pathway due to an interaction between the β1AR carboxyl 

terminus PDZ motif and postsynaptic density (PSD)-95-associated protein (PSD-95), which 

retains the receptor at the cell surface. Therefore a noradrenaline bolus serves as an 

effective positive control for studying the in vivo inotropic effects of adrenaline on β-

adrenergic signalling. However, following a maximum positive inotropic response of the 

apex and MLV at 10 minutes post-noradrenaline injection, contractility remains positive but 

does decline in amplitude, parallel (in time) to the development of negative inotropy 

produced by adrenaline. This could suggest that noradrenaline may indeed be partially 

activating a β2AR-Gi signalling pathway, which tonically depresses the maximum Gs-

protein response to this catecholamine, or alternatively that the effect of the catecholamine 

is simply wearing off with time. It also cannot be discounted that noradrenaline does 

contribute to the aetiology of clinical Takotsubo. Plasma noradrenaline levels are reportedly 

raised in the acute phase of Takotsubo cardiomyopathy (within a few hours of the stress 

attack) as part of excessive sympathetic nervous system activity (Wittstein et al., 2005;Lyon 

et al., 2008;Uchida et al., 2010). Elevation in noradrenaline could produce vasospasm of 

the coronary microvessels leading to localised myocardial ischemia and stunning in the 

downstream apical portions (Uchida et al., 2010). However, this theory of coronary 

vasospasm as a causative factor in Takotsubo cardiomyopathy has been disputed (Akashi 

et al., 2003), and does not appear to be present following a single noradrenaline bolus of 

1.43x10-7 moles.100g-1 (i.v.) in anaesthetised rats.   

Interestingly, in vitro studies in spontaneously beating transgenic β1KO murine neonatal 

cardiomyocytes have suggested that saturating concentrations of both adrenaline and 

noradrenaline cause distinct β2AR phosphorylation by GRK2/PKA with subsequent receptor 
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internalisation (Wang et al., 2008). Both agonists caused an initial increase in 

cardiomyocyte beating rate. However, only adrenaline was capable of inducing sequential 

β2AR coupling to Gi-protein following receptor dephosphorylation and recycling in this 

system, with a corresponding post-maximum decline in function (Wang et al., 2008;Liu et 

al., 2009). The same authors (Wang et al., 2008) also reported that the β2AR-Gs response 

to noradrenaline was delayed in comparison to that produced by adrenaline and that this 

was attributable to slower phosphorylation and dephosphorylation kinetics of noradrenaline-

mediated β2AR activation. This in vitro time-scale of adrenaline vs noradrenaline Gs-protein 

coupling would agree with our in vivo observations showing noradrenaline to produce a 

maximum Gs-protein response at 10 minutes post-injection, whereas the Gs-protein 

response to adrenaline presented more rapidly at 5 minutes post-injection. Therefore, while 

the positive inotropic effects of a 1.43x10-7 moles.100g-1 bolus of noradrenaline in our study 

was likely to be predominantly due to activation of higher affinity β1AR-Gs, some β2AR-Gs 

activation may have occurred but with the absence of any subsequent Gi-protein signalling. 

It must be considered, however, that the in vitro studies discussed here were performed on 

neonatal murine cardiomyocytes, as opposed to the adult rat model used for our work. 

Furthermore, these authors only measured beating rate as a functional parameter, which 

would not involve β-AR mediated phosphorylation of contractile proteins, such as troponin. 

 

3.4.3. The basal myocardium exhibited a reduced sensitivity to circulating 
catecholamines in comparison to the apical myocardium and MLV 

The more pronounced, although opposing, inotropic effects of adrenaline and 

noradrenaline at the apex and MLV, compared to the base (figure 3.9), support previous in 

vivo studies of a regional difference in myocardial adrenergic nerve innervations. 

Specifically, greater sympathetic innervations and fatty-acid metabolism was reportedly 

present at the hypercontractile base, compared to the hypocontractile apex, of Takotsubo 

patients (Owa et al., 2001). This is in agreement with a greater β-AR density (455 vs 341 

fmol/mg protein) and adrenergic response to constant noradrenaline infusion in the canine 

basal, versus apical, myocardium (Mori et al., 1993). These latter authors propose that the 

basal myocardium is heavily innervated with sympathetic nerves that compensate for the 

reduced sensitivity of this LV region to circulating catecholamines, and thus maintain a 

balanced responsiveness of the LV to elevated sympathetic activity. Under physiological 

conditions, the majority of noradrenaline is released from sympathetic nerve terminals, with 

a significantly lower contribution from the adrenal medulla. In support of this, β1ARs have 

been suggested to be ‘innervated’ receptors that are associated with noradrenergic nerves, 

whereas β2ARs could be ‘non-innervated receptors’ that are instead associated with 
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mediating responses to circulating catecholamines (Bryan et al., 1981). Furthermore, it has 

been demonstrated that β1ARs accumulate at cardiac sympathetic synapses in vitro, 

whereas β2AR distribution around contacting axons was dependent upon neuronal activity, 

with internalisation of β2ARs occurring under high levels of neuronal discharge  

(Shcherbakova et al., 2007). Therefore, the minimal inotropic response of the basal 

myocardium to exogenous noradrenaline in our rat model, versus the hypercontraction 

observed in clinical Takotsubo, could be explained by the absence of any central 

sympathetic drive causing release of this catecholamine from nerve terminals innervating 

the basal myocardium.  

 

3.4.4. The regional negative inotropic effects of supraphysiological adrenaline 
involve β2AR-Gi signalling 

The results discussed thus far have strongly suggested a role for adrenaline in mediating 

Takotsubo-like LV dysfunction through stimulation of β2ARs, while also demonstrating this 

catecholamine as a positive inotrope at lower doses but a negative inotrope at higher 

doses. Consistent with our hypothesis that this negative LV inotropy in response to 

elevated adrenaline is attributable to a β2AR Gs-Gi trafficking switch, pre-treatment of rats 

with the Gi-protein inhibitor PTX completely abolished the in vivo negative effect of 

adrenaline and instead produced a global increase in LV contractility (figure 3.14). This is 

the first study to demonstrate in vivo that the negative inotropic effects of 

supraphysiological adrenaline (or β2AR over-stimulation) are dependent upon a Gi-protein 

mechanism. The results are concurrent with ex vivo and in vitro studies of myocardium 

from transgenic mice over-expressing human β2AR (TGβ4), which demonstrated both PTX 

and/or the selective β2AR antagonist ICI-118,551 to prevent the development of negative 

inotropy in response to high concentrations of either adrenaline (Heubach et al., 2004) or 

isoproterenol (Gong et al., 2000;Heubach et al., 2003), in a manner independent of β1ARs. 

Similarly, unpublished work from our laboratory has shown that in vitro treatment of isolated 

rat LV cardiomyocytes for 20 min with adrenaline decreased the positive inotropic response 

to subsequent β2AR stimulation, and this depression was abolished by Gi-protein inhibition.  

Interestingly, in this study, PTX pre-treatment significantly augmented the positive inotropy 

of the basal myocardium in response to adrenaline. This suggested that β2AR-Gi signalling 

still acts to suppress maximal positive inotropy of the base following adrenaline treatment. 

Pre-treatment of rats with atropine, to inhibit muscarinic receptor Gi-protein signalling, 

eliminated any involvement of the parasympathetic nervous system in the negative 

inotropic effect of adrenaline (figure 3.22), thus providing further evidence for a localised 

effect of ventricular β2AR-Gi.  



178 
 

Although in vivo pre-treatment with PTX demonstrated that the negatively inotropic effects 

of supraphysiological adrenaline are the result of β2AR-Gi signalling, which we propose 

occurs through PKA/GRK receptor phosphorylation (Daaka et al., 1997;Baillie et al., 

2003;Hasseldine et al., 2003;Liu et al., 2009), the intracellular pathways mediating the 

functional effects of this trafficking switch remain unclear. Gi-protein may directly suppress 

the activity of adenylate cyclase, inhibit L-type calcium channels (He et al., 2005), induce 

desensitisation of β1ARs (Ranu et al., 2000), or contribute to the compartmentalisation of 

the β2AR cAMP signal within membrane caveolae microdomains, away from functional 

proteins of the SR and myofilaments (Chen-Izu et al., 2000;Calaghan et al., 2008). Indeed, 

inhibition of Gi-protein is associated with an increased β2AR-PKA mediated 

phosphorylation of myofilament proteins and PLB, the latter of which would increase activity 

of the sarcoplasmic reticulum calcium pump (SERCA) and thus increase calcium 

availability, resulting in a de novo relaxant effect and positive inotropic response (Xiao et 

al., 1995;Kuschel et al., 1999). Furthermore, a study of ten Takotsubo patients reported 

reduced levels of phosphorylated PLB, with an associated reduction in SERCA2a activity 

and its calcium affinity (Nef et al., 2009b). Alternatively, β2AR-Gi activity may lead to 

activation of negatively inotropic factors, such as the stress/PKA-activated p38 mitogen-

activated protein kinase (p38 MAPK) (Liao et al., 2002;Szokodi et al., 2008), the sodium-

calcium exchanger (NCX) (Sato et al., 2004), or other unidentified pathways. The 

intracellular β2AR signalling cascade will be further explored and discussed in chapters four 

and five. 

It remains undetermined which Gi-protein subtype is responsible for mediating the in vivo 

negative effects of adrenaline. In support of an involvement of the Giα2 subtype, previous 

studies have demonstrated adenoviral over-expression of this Gi-protein subtype to; 

suppress isoproterenol-mediated β-adrenergic contractile responses in both isolated rat 

cardiomyocytes (Rau et al., 2003) and rabbit cardiac trabeculae (Janssen et al., 2002), and 

to also produce a de novo depressed basal (untreated) contractility in rat cardiomyocytes 

(Gong et al., 2002). Furthermore, the β2AR agonist clenbuterol produced a negative 

inotropic response in rat cardiomyocytes over-expressing Adv.Giα2 .GFP but not Adv.GFP 

alone (Siedlecka et al., 2008), which demonstrated a strong link between β2AR function 

and Giα2. If elevated adrenaline mediates the same negative response in a wild-type 

mouse, then identification of the Gi-protein subtype responsible could be explored using 

transgenic knockout mice with targeted deletions of specific Gi-protein subtypes within the 

myocardium. 

After successfully demonstrating the in vivo cardiac effects of 4.28x10-8 moles.100g-1 of an 

adrenaline bolus to be dependent upon Gi-protein activity, a separate group of normal rats 
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were pre-treated for 30 minutes, prior to adrenaline challenge, with the selective β2AR 

antagonist ICI-118,551. The dose of ICI-118,551 selected was within a dose range low 

enough to avoid direct activation of β2AR-Gi. In contrast to PTX, a combination of ICI-

118,551 and adrenaline resulted in global HF and 100% mortality within 10 minutes (figure 

3.20 and 3.21). This may not necessarily suggest that β2ARs are not involved in the in vivo 

responses to adrenaline, but instead simply highlight the cardioprotective nature of this 

adrenergic receptor in the context of elevated sympathetic activity (Ahmet et al., 

2004;Ahmet et al., 2005;Bernstein et al., 2005). Blockade of vascular β2ARs by ICI-118,551 

would prevent any vasodilatory response to adrenaline, and thus shift the balance in 

adrenergic peripheral responses in favour of vasoconstrictive α-ARs. This would result in 

an overall excessively hypertensive physiological state that would indirectly depress 

cardiac function, and could contribute to rapid terminal HF. As will be discussed in chapter 

five, ICI-118,551 is also an agonist of active β2AR-Gi signalling (Gong et al., 2002), which 

would theoretically enhance any depressive effect of this pathway on cardiac function. 

However, in vivo adrenaline responses in normal and PTX pre-treated rats indicate that 

β2AR-Gi signalling is not active in normal rats until approximately 10 minutes after 

adrenaline injection. This suggests that other mechanisms are contributing to the global HF 

and mortality observed in response to a combination of adrenaline and ICI-118,551. 

 

3.4.5. Evidence of right ventricle dysfunction in response to an intravenous bolus of 
supraphysiological adrenaline  

In addition to LV dysfunction, CMR also revealed this dose of adrenaline to produce a large 

dilation of the right ventricle (RV), with some evidence of septal flattening and bounce 

during systole and diastole, respectively. The septal change reflects both diastolic and 

systolic ventricular interaction, and also transiently higher RV versus LV pressures. RV 

dysfunction has a prevalence rate among Takotsubo patients of approximately 26-27% 

(Baer et al., 2009;Nishikawa et al., 2004;Elesber et al., 2006;Takizawa et al., 2007;Haghi et 

al., 2006b;Korlakunta et al., 2011). In a selection of clinical studies, biventricular apical 

ballooning was associated with; 1) reduced LV ejection fraction (LVEF) (Elesber et al., 

2006;Baer et al., 2009); 2) hemodynamic instability with signs of pulmonary vascular 

congestion and bilateral basal pleural effusion; 3) additional hospital complications such as 

severe congestive HF and cardiopulmonary resuscitation; 4) prolonged recovery periods 

(Elesber et al., 2006). Consistent with our CMR observations of adrenaline-mediated RV 

dysfunction, a study that examined RV function in males subjected to physical stress, 

demonstrated a significant increase in RV cavity with diastolic flattening of the septum, 

decreased LVEF, reduced systolic volume, increased RV pressure and overall reduced RV 
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function (Oxborough et al., 2011). Similarly, RV dilation and increased pulmonary 

hypertension has been reported in humans following marathons at altitudes (Davila-Roman 

et al., 1997). 'Pressure-volume loop analysis performed in rats that received an equivalent 

bolus dose of adrenaline demonstrated a sudden rise in BP within 30 seconds of 

adrenaline injection, to extremely high levels (200+mmHg), which then reduced over the 

subsequent 15 minutes as acute HF ensued (unpublished). Both the sudden hypertensive 

surger, and the secondary negative pressure change,  were accompanied by an increase in 

left ventricular end-diastolic pressure, which results in high left atrial pressure, increased 

pulmonary venous and artery pressures, right sided pressure loading and acute cardiac 

failure'. Elevated pulmonary pressure has been associated with RV diastolic dysfunction 

(Vlahakes et al., 1981), while pulmonary hypertension has also been reported in Takotsubo 

patients presenting with RV involvement (Citro et al., 2010). The significance of RV 

dysfunction in Takotsubo cardiomyopathy is unknown, and it is not clear why it presents in 

some, but not all, patients with LV apical dysfunction. One explanation for this variability 

could be a difference in RV adrenergic receptor expression or blood supply between 

patients. A greater stress insult is unlikely to be a primary causative factor, as some 

patients with RV dysfunction have only mild LV apical ballooning (Haghi et al., 2006b). It 

could be speculated that unless RV dysfunction is a direct result of LV impairment, the 

evidence of RV involvement in our adrenaline-induced Takotsubo model discourages 

acceptance of previously proposed hypothesises that Takotsubo results entirely from either 

LV outflow tract obstruction with subsequent apical ischemia and wall stress (Villareal et al., 

2001), or mid-ventricular gradients caused by reduced subendocardial blood flow (Merli et 

al., 2006). Evidence for a direct effect of adrenaline on RV cardiomyocytes was provided by 

Heubach et al., (2004), who demonstrated adrenaline (but not noradrenaline) to elicit a 

PTX-sensitive negative inotropic effect on the free wall of the RV of mice over-expressing 

the human β2AR. Alternatively, dysfunction of the RV could be caused by prolonged 

general anaesthesia and low respiration caused by elevated catecholamines. Further 

studies will be required to explore the relevance of RV dysfunction in this in vivo rat model.  

 

3.4.6. Both adrenaline and noradrenaline mediate a depression of baseline 
chronotropy independently of inotropic function 

The PTX-sensitive depression of adrenaline on HR (figure 3.15) indicated β2AR-Gi to affect 

both ventricular contractility and sinoatrial pacemaker activity. These results are largely in 

agreement with a study that demonstrated adrenaline to depress the beating rate of β1KO 

neonatal cardiomyocytes through a Gi-dependent mechanism (Wang et al., 2008). A 

previous study in atrial cells over-expressing β2ARs demonstrated the presence of a PTX-
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sensitive β2AR-mediated activation of G-protein activated inwardly rectifying K+ (GIRK) 

channels, which contribute to physiological slowing of cardiac frequency and synaptic 

inhibition (Wellner-Kienitz et al., 2001). Gi-protein activity could also mediate a negative 

chronotropic effect through reducing the availability of cytosolic calcium with each action 

potential (Asada & Endou, 2001), and thus decelerating sinoatrial diastolic depolarisation 

rate (Vinogradova et al., 2002). This impairment of calcium handling by Gi-protein could 

occur through inhibition of adenylate cyclase and L-type calcium channels, and/or 

compartmentalisation of the β2AR Gs-PKA signal away from sarcoplasmic ryanodine 

receptors or phospholamban (Chen-Izu et al., 2000). It was also speculated that the 

negative chronotropic effects of adrenaline were the result of a reflex increase in vagal 

efferent activity that would reduce HR through neuronal release of aceytylcholine and 

activation of Gi-coupled sinoatrial muscarinic (M2) receptors. However, in disagreement 

with the theory of any vagal involvement; pre-treatment with the muscarinic antagonist 

atropine did not reverse the negative chronotropy of adrenaline to the same extent as that 

observed with PTX (figure 3.24), and also resulted in 100% fatality by 20 minutes post-

adrenaline injection.  

Surprisingly, there was no initial increase in HR during the strong β2AR-Gs inotropic 

response, 5 minutes after adrenaline administration (figure 3.13). A possible explanation for 

this involves the overriding influence of a PTX-sensitive reflex bradycardia and negative 

inotropy that was noted within the first 60 seconds of catecholamine injection. A study in 

conscious dogs demonstrated PTX pre-treatment to reduce the sensitivity of the 

baroreceptors to an increase in systolic arterial pressure and HR, through the inhibition of 

reflex activation of cardiac vagal fibres (Adamson et al., 1993). In the present study, pre-

treatment of rats with the muscarinic antagonist atropine partially suppressed the rapid 

decline in HR within 60 seconds of adrenaline treatment. Therefore, an increase in vagal 

muscarinic Gi-protein activity significantly contributed to, but did not fully account for, the 

reflex bradycardia produced by adrenaline administration. Atropine did not alter the 60 

seconds reflex inotropy. An additional factor contributing to this acute cardiac response 

could be an increase in blood pressure caused by vasoconstrictive Gi-coupled α2ARs. 

Pressure volume loop analysis in rats demonstrated an equivalent dose of adrenaline                         

(4.28x10-8 moles.100g-1) to produce a significant increase in left-ventricular pressure (and 

therefore cardiac pre-load), in correlation with the compensatory bradycardia and 

hypocontraction observed with echocardiography. In support of a role of α2AR-Gi, PTX pre-

treatment of spontaneously hypertensive rats reduces the effectiveness of adrenergic 

stimulation to maintain vascular resistance (Kost et al., 1999;Zemancikova et al., 2008), 

and a direct role for peripheral α2ARs in regulation of vascular resistance in the rat been 

documented in hypertension studies (Kanagy, 2005). Positive Gs-mediated chronotropic 
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responses have been reported 5 minutes after the start of Takotsubo-inducing 

immobilisation stress in rats (Ueyama et al., 2000), and there are also reports of Takotsubo 

patients experiencing episodes of non-sustained ventricular tachycardia and atrial 

fibrillation during their hospital stay (> 2 hours post-stress insult) (Akashi et al., 2003;Nef et 

al., 2008a). This supports the theory that the initial reduction in cardiac function observed in 

this rat model is a side-effect of the method of catecholamine delivery. 

Surprisingly, the maximum noradrenaline dose of 1.43x10-7 moles.100g-1 produced a 

characteristic positive β1AR-Gs chronotropic effect when administered as part of a 

cumulative dose-response curve (figure 3.7) but not as a single bolus (figure 3.13). A 

possible explanation for this discrepancy is the potentially greater influence of reflex 

hemodynamics following a sudden large increase in noradrenaline, as opposed to a 

gradual rise in dose that could lead to some adrenergic desensitisation. The similar 

depressive effects of noradrenaline and adrenaline on HR, in the presence of their 

contrasting effects on contractility, indicate that the inotropic effects of these 

catecholamines are localised to the ventricle and not the indirect result of alterations in 

sinus rhythm. This theory of counteracting hemodynamic changes could be further explored 

in vivo by pre-treatment of rats with either the α-AR antagonist prazosin or a vasodilatory 

calcium channel blocker such as diltiazem. Simultaneous measurement of blood pressure 

with a non-invasive tail-cuff, before and after catecholamine injection, would add further 

support or dismissal to an involvement of vascular resistance in the cardiac responses.  

ECG traces collected from normal rats that received a bolus of adrenaline revealed a 

depressed QRS complex and an elevated T wave during peak Gi-protein activity, which 

indicated reduced ventricular depolarisation and delayed repolarisation (figure 3.8). These 

electrical conductance changes in the heart may also add some explanation for the time-

correlating depressed inotropy. These adrenaline-induced ECG patterns differed from the 

typical ECG abnormalities reported in Takotsubo patients as there was no evidence of 

characteristic ST segment elevations or T wave inversions. However, this discrepancy may 

be attributable to species differences in ECG signals. A previous study in rats subjected to 

immobilisation stress indicated that ST segment elevation was the direct result of raised 

sinoatrial synergistic sympathetic activity and not hemodynamic factors such as vasospasm 

or secondary ischemia (Ueyama et al., 2000). 
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3.4.7. Acute catecholamine induced heart failure is not associated with changes in 
myocardial tissue morphology 

Histological analysis of sections of myocardium taken from normal rats, 60 minutes after 

injection of adrenaline, did not reveal any structural abnormalities or evidence of 

inflammatory responses (figures 3.26, 3.29 and 3.30). This is consistent with both the 

cardioprotective nature of β2AR-Gi signalling and a previous report of a lack of any 

myocardial lesions, contraction bands or fragmentation in rats presenting with Takotsubo 

following immobilisation stress (Ueyama et al., 1999;Ueyama et al., 2002). In slight contrast 

to the normal histology of the myocardium of adrenaline-treated rats, the RV of one 

noradrenaline-treated rat (out of three) demonstrated some eosinophilic and neutrophilic 

cell infiltrates (figure 3.31). Although this is not a conclusive result, it would be consistent 

with the cardiotoxic effects of excess noradrenaline-mediated β1AR-Gs signalling (Rona, 

1985;Todd et al., 1985;Geng et al., 1999;Zhu et al., 2001;Nishio et al., 2008). Regional and 

non-regional histological abnormalities, including; contraction bands, inflammation, fibrosis 

and myofilament protein disarrangement, have been reported in clinical (Akashi et al., 

2003;Wittstein et al., 2005;Marechaux et al., 2008), and pre-clinical (Izumi et al., 2009) 

forms of Takotsubo. However, clinical CMR studies have dismissed myocarditis or 

myocardial necrosis as either a cause or result of Takotsubo development (Nef et al., 

2009b). These latter authors (Nef et al., 2008b;Nef et al., 2009a) also report myocardial 

biopsies, taken from Takotsubo patients during the acute phase, to have an increase in the 

activity of cardioprotective PI3K/AKT signalling, which is also a target of β2AR-Gi (Ahmet et 

al., 2004;Ahmet et al., 2005;Bernstein et al., 2005). Similarly, Ueyama et al., (2001) 

demonstrated an acute immobilisation stress model of Takotsubo in rats to involve rapid 

activation of p44/p42 MAPK (ERK-1/2), also an anti-apoptotic target of Gi-protein signalling 

(Chesley et al., 2000;Shizukuda & Buttrick, 2002). It must, however, be considered when 

comparing our data to that collected from both Takotsubo patients and chronic pre-clinical 

models that histological changes typically take longer than 60 minutes to develop. 

Therefore, this acute model is not reliable for comparing the cardioprotective/cardiotoxic 

effects of adrenaline and noradrenaline on tissue histology. Also, the hearts of Takotsubo 

patients will be susceptible to the combined effects of adrenaline and noradrenaline, which 

complicates the analysis of any myocardial damage in these subjects as an indicator of 

elevated Gs or Gi activity, respectively. 

Both adrenaline and noradrenaline bolus treatments were associated with equally high 

mortality rates of 42.8% and 52.3%, respectively. The prognosis for Takotsubo patients is 

usually very good, although prolonged periods of hospitalisation are often required and 

there are reports of patients suffering malignant ventricular arrhythmias (1-2%), cardiogenic 

shock (~4%) and death (1-1.5%) (Song et al., 2010;Syed et al., 2011). It was noted that the 
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majority of deaths caused by both catecholamines occurred between 30 and 50 minutes 

post-injection, which correlates with a significantly large negative inotropic effect of 

adrenaline and little inotropic support from noradrenaline. M-mode echocardiography 

images (example: figure 3.25) demonstrated moderately steep declines in HR, with 

occasional irregular heart rhythm or brief episode of ventricular fibrillation, as the 

precipitating events for complete cessation of heart function. Indeed, heightened 

sympathetic activity does reportedly contribute to fatal arrhythmias (Chen et al., 2001). 

Previous studies have indicated a causal role for β2ARs, but not β1ARs, in the development 

of ventricular fibrillation, possibly through intracellular calcium overload and development of 

delayed or spontaneous afterdepolarizations (Altschuld & Billman, 2000). Furthermore, 

cardiac-associated deaths have also been reported in asthmatic patients receiving 

treatment with β2AR agonists (Robin & McCauley, 1992), and exogenous administration of 

adrenaline into patients undergoing cardiopulmonary resuscitation increases susceptibility 

to ventricular arrhythmias and fibrillation (Bassiakou et al., 2009). Gi-protein is known to 

activate the sodium-calcium exchanger (NCX) (Sato et al., 2004), which in the forward 

mode may contribute to an arrhythmogenic transient inward current (Altschuld & Billman, 

2000). On the contrary, it has been noted in vitro that isolated cardiomyocytes pre-treated 

PTX are more susceptible to β-AR-Gs mediated arrhythmias than normal (untreated) 

cardiomyocytes. Xiao et al., (1994) reported PTX pre-treated cardiomyocytes, stimulated 

through the β2AR, to have increased (and abbreviated) SR-generated intracellular calcium 

transients and contractile waves, similar to that of a β1AR-Gs response. These β2AR-Gs 

mediated spontaneous calcium oscillations can activate depolarising membrane currents 

and alter the electrical stability of the myocardium, to an extent that predisposes to 

arrhythmia development (Lakatta, 1992). Furthermore, significant arrhythmias were 

observed prior to death in animals treated with noradrenaline, which acts predominantly 

through the β1AR-Gs signalling pathway. Therefore, it cannot be safely concluded that 

excessive Gi-protein activity impairs myocardial function (HR and contractility), and may 

predispose to abnormal heart rhythm through alterations in ion channel conductance, with 

global HF as the resulting cause of death in adrenaline-treated animals. If myocardial 

histological abnormalities and excessive Gi-protein activity are not the causes of 

noradrenaline-induced fatalities then other possibilities include intracellular calcium 

overload and indirect effects on cardiac function, such as hemodynamic influences on 

cardiac output. It must also be noted that by 30-50 minutes after catecholamine injection, 

the rats would have been under general anaesthesia for a considerable amount of time. 

Although body temperature was carefully controlled, the side-effects of prolonged 

anaesthesia include depressed cardiac and respiratory function, which may introduce 

artefacts into the results and predispose to a greater risk of mortality. 
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3.4.8. Intravenous administration of the stress-test agent dobutamine (1.43x10-6 
moles.100g-1 (i.v.)) did not produce any Takotsubo-like LV dysfunction  

Surprisingly, the cardiac stress test agent dobutamine (a potent β1AR agonist and mild 

agonist of β2AR and α1-AR) did not produce any signs of regional negative inotropy at the 

maximum dose studied on in vivo dose-response curves (figures 3.4-3.7). Dobutamine, 

which is administered to assess stress-induced regional wall abnormalities and contractile 

reserve, has also been associated with the development of Takotsubo-like apical akinesis 

and ECG abnormalities, both during the peak stress (Previtali et al., 2005;Silberbauer et al., 

2008) and in the recovery phase (Shah et al., 2011). Clinical reports of have suggested that 

this dobutamine-mediated ventricular dysfunction may occur through transient apical 

microcirculatory dysfunction, myocardial injury caused by adrenergic receptor 

overstimulation (Shah et al., 2011), or mitral leaflet regurgitation and development of a LV 

outflow tract gradient (Previtali et al., 2005;Bybee & Prasad, 2008). However, it must be 

noted that dobutamine-induced Takotsubo cardiomyopathy development is incredibly rare 

and stress-test patients usually have some additional underlying condition that could 

increase sensitivity to catecholamine stimulation. Additional explanations for the 

discrepancy between our data and clinical findings where dobutamine does induce 

Takotsubo cardiomyopathy include; firstly that dobutamine is intravenously infused (not 

rapidly injected) in patients, secondly that adrenergic receptor sensitivity may differ 

between humans and rat, and thirdly that the dose of dobutamine used in this rat study was 

not sufficiently high enough to induce this HF. Clinical doses range from 10µg/Kg/min to 

40-50µg/Kg/min (Elhendy et al., 2001), although doses above that used in this rat study 

(1.43x10-6 moles.100g-1 (~10µg.Kg-1)) may have resulted in non-specific receptor 

activation. On the contrary, the dose-dependent positive inotropy and chronotropy 

produced by dobutamine in this study is consistent with dobutamine’s affinity for 

cardiostimulatory β1AR-Gs AC-cAMP-PKA signalling, which would result in an overall 

increase in cardiac output. Furthermore, as this positive effect of dobutamine does contrast 

with the negative effects of adrenaline produced at similar doses, it adds support to our 

hypothesis that β2ARs (but not β1ARs) are involved in mediating the LV dysfunction 

observed in response to adrenaline. It must also be noted that dobutamine treatment can 

successfully alleviate the LV dysfunction in Takotsubo cardiomyopathy (Akashi et al., 

2002). Due to the lack of any Takotsubo-like regional LV dysfunction at the dobutamine 

concentrations studied, no further bolus studies were performed with this synthetic 

catecholamine. 
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3.4.9. Future studies and Limitations  

The key finding of the present study is that intrinsic Gi-protein signalling accounts for the 

negatively inotropic and chronotropic effects of high levels of circulating adrenaline. It 

cannot, however, be confirmed from the results presented here that β2ARs are involved in 

these responses. Due to the complications of using β2AR antagonists to block the in vivo 

effects of adrenaline through this receptor, the use of a transgenic β2AR knockout mouse 

may be more effective at proving or disproving a link between adrenaline-mediated Gi-

protein signalling and the β2AR. Additionally, further in vitro studies of cardiomyocyte β2AR 

signalling (discussed in chapter four) will add support to a role of this receptor in these in 

vivo findings. 

After establishment of an involvement of β2ARs in mediating the in vivo effects of this dose 

of adrenaline, targeted inhibition of candidate down-stream mediators of β2AR-Gi signalling, 

such as p38 MAPK, ERKs (Liao et al., 2002;Szokodi et al., 2008) and the NCX (Sato et al., 

2004) would broaden our understanding of both β2AR-Gi signalling and the 

pathophysiological mechanisms involved in the development of Takotsubo cardiomyopathy. 

In the present study, the hearts of animals that received a bolus of saline, adrenaline or 

noradrenaline were excised, divided into apex, MLV and base, and snap-frozen in liquid 

nitrogen, at both 30 minutes (peak hypocontraction) and 60 minutes post-adrenaline 

injection. Western blot analysis could be performed on these samples to determine the 

phosphorylation status (and therefore involvement) of selected cardiac proteins.  

The reflex changes observed in this in vivo rat model are so far unexplained. We have 

hypothesised that this is due to sudden haemodynamic changes, caused by activation of 

peripheral adrenergic receptors, and not the result of vagal reflexes. Pre-treatment with 

either an α-AR antagonist (e.g. prazosin) or a vasodilatory calcium channel inhibitor (e.g. 

diltiazem) would determine if the depressed inotropy and chronotropy observed within 60 

seconds of adrenaline injection is an indirect effect of blood pressure changes. 

Alternatively, to exclude any background involvement of haemodynamic reflexes, and thus 

prove that adrenaline mediates this LV dysfunction at the level of the cardiomyocyte, visual 

analysis of isolated whole heart responses to perfusion with this dose of adrenaline could 

be achieved using a working Langendorff preparation.    

A limitation of using intra-peritoneally administered PTX to investigate the role of Gi-protein 

is that this method results in abolition of all Gi-protein activity within the body. This would 

potentially interfere with the function of other body systems, possibly creating artefacts in 

the cardiac responses observed. A more accurate approach to determine if selective 

regional Gi-protein upregulation within the apex and MLV is solely responsible for the LV 

dysfunction observed, would be to use in vivo siRNA knockdown therapies (van Rooij et al., 
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2008) to inhibit Gi-protein signalling specifically within these myocardial regions prior to 

adrenaline challenge.   

ECG recordings were collected from all rats studied. However, the quality of the traces was 

severely impaired by the poor method of signal detection, which involved placing the 

animal’s paws on gold-plated electrodes to monitor changes in skin conductance. A more 

reliable form of ECG monitoring would be to implant telemetry devices into the rats prior to 

adrenaline challenge. 

All of the studies described in this chapter were performed on young adult male SD rats. 

Takotsubo cardiomyopathy is not commonly seen in the younger generations. In the initial 

development stages of this in vivo model, it was important to eliminate the influence of 

complicated female endocrinology. However, Gi-protein reportedly increases with age 

(Bazan et al., 1994;Kilts et al., 2002), whereas β-AR responses decrease with age (Xiao et 

al., 1998). Higher incidences of Takotsubo Cardiomyopathy have been reported in post-

menopausal women, who comprise over 90% of reported cases (Kuo et al., 2010;Ueyama 

et al., 2008). Estrogen is cardioprotective against acute myocardial injury in mice following 

coronary artery ligation (Patten et al., 2004a) and significantly attenuates LV-dysfunction in 

rats subjected to immobilization stress (Ueyama et al., 2008), in addition to increasing the 

cardiac β2AR:β1AR ratio (Kam et al., 2004). Despite the fact men lack the cardioprotective 

effects of estrogen the incidence of Takotsubo cardiomyopathy amongst men is very small. 

A far-reaching future study could utilise ovariectomized female rats to determine the role of 

sex differences in the development of Takotsubo cardiomyopathy.  Although not presented 

in this thesis, we have demonstrated through the course of this adrenaline study that 

female SD rats (both old and young) do develop similar LV dysfunction to that observed in 

the adult male rat following an equivalent bolus dose of adrenaline. However, these 

females have a significantly increased survival rate in comparison to their age/weight-

matched male subjects (54.2% (male) vs 93.7% (female), p<0.05), which supports the 

theory that estrogen is cardioprotective against catecholamine cardiotoxicity. However, it 

was later concluded that these adult females were not actually of sufficient age to be 

representative of post-menopausal physiology. Therefore, future studies will explore the 

cardioprotective effects of the female reproductive system in the context of Takotsubo 

cardiomyopathy, using both old female rats (of more accurate post-menopausal age) and 

young ovariectomized female rats. 

The primary limitation of this in vivo model is that it only represents an acute response to 

adrenaline release. The cardiac effects observed were clearly reversible within a time 

frame of 60 minutes. In contrast, Takotsubo patients remain stressed for a longer period of 
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time, with plasma catecholamine levels approximately thirty-four times resting values when 

they present at hospital a matter of hours (>10 adrenaline half-lives) after the initial trigger 

of stress (Lyon et al., 2008). Therefore, some of the changes (intrinsic, histological and 

physiological) observed in the acute Takotsubo phenotype described here may differ to 

what is present in a patient diagnosed a matter of hours after the initial stress stimulus. A 

possible solution to this limitation is to implant osmotic mini pumps into the rats, which 

following a bolus release of adrenaline, continue to administer this catecholamine over a 

longer time period. Alternatively, a similar method to that described by  Izumi et al., (2009) 

could be adopted, whereby repeated injections of adrenaline are given over a matter of 

days, with periodic measurement of cardiac function performed both during this ‘stress’ and 

following withdrawal to monitor recovery.  

A second limitation of using a single bolus of adrenaline to investigate the pathophysiology 

of the LV dysfunction observed in Takotsubo cardiomyopathy, is the lack of central 

sympathetic nervous system involvement. As mentioned earlier, Takotsubo patients 

present with elevated levels of both adrenaline and noradrenaline (Wittstein et al., 2005) 

and will have increased activity of myocardial innervating efferent sympathetic neurons, 

which may act synergistically to complete the picture of Takotsubo cardiomyopathy. A more 

accurate model of this disorder would be one similar to that described by Ueyama et al., 

(2002), which involved immobilisation stress of conscious rats. However, studying in vivo 

cardiac function after a single bolus of supraphysiological adrenaline has successfully 

demonstrated that this catecholamine alone is vitally important for Takotsubo development. 

Furthermore, this model allows us to explore how adrenaline mediates these effects 

independently of any other central sympathetic nervous system activity. 

A third limitation of this in vivo rat model is the presence of species differences in 

adrenergic function. However, previous studies have demonstrated a clear presence of 

both β1AR and β2 AR signalling on isolated rat ventricular myocytes (Xiao & Lakatta, 1993). 

Furthermore, the in vivo cardiac responses to adrenaline administration in rat are similar to 

those observed in non-human primates that received repeated intravenous injections of 

adrenaline (Izumi et al., 2009), which would suggest a degree of similarity in adrenergic 

responses to circulating catecholamines between primates and rat. The use of the mouse 

for investigating the role of adrenaline in β2AR-Gi signalling would be less suitable, as this 

species has a very low β2AR involvement in regulation of cardiac function (Oostendorp & 

Kaumann, 2000). Similarly, β2ARs are reportedly absent from guinea pig ventricles (Mugge 

et al., 1997).   
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Despite the well documented benefits of using MRI for in vivo cardiac imaging (Korlakunta 

et al., 2011), in the context of this study a strong advantage of the use of echocardiography 

over CMR was the faster speed at which images could be acquired and the lack of 

requirement for ECG gating. It took on average 2-3 minutes for each CMR image to be 

obtained, whereas with real-time echocardiography there is little delay. Therefore, the 

results collected from rats that were imaged using echocardiography provided a more 

accurate representation of the time-scale of changes in regional LV function compared to 

CMR. This would thus explain the faster LV recovery observed with CMR, as the time-

dependent LV responses of each myocardial regional were not accurately matched within 

and across CMR adrenaline studies. The increasingly widespread use of echocardiography 

has contributed to more frequent recognition of Takotsubo cardiomyopathy. The versatility 

and accessibility of this technique make it the first choice of imaging modality in clinical 

practice (van der Wall et al., 2010). Echocardiography is currently the foremost method for 

imaging the cardiovascular system in small animals. Some of the issues typically 

associated with echocardiography, such as acoustic impedence between different mediums 

(e.g. tissue and bone), are less limiting when using small rodents because of the shallow 

imaging depths that are employed. Two-dimensional M-mode echocardiography has been 

used to phenotype the cardiovascular system in a wide range of genetic mouse models in 

laboratories World-wide over the past 10 years (Hoit 2010). This technique is non-invasive, 

versatile, relatively inexpensive and thus widely available, and also suitable for serial 

studies over a wide range of ages. Data obtained with echocardiography is also very 

reproducible. All of these qualities make echocardiography a highly regarded tool to 

promote the reduction and refinement aspects of the 3R’s for the use of animals in 

research. The recent development of scanners with higher frame rates permit high-

resolution real time tomographic imaging in multiple planes, allowing the calculation of two-

dimensional LV volume and mass using standard geometric formulae, without the M-mode 

echo requirements for uniform ventricular geometry (Hoit 2010). Determination of LV 

volumes will allow quantification of ejection fraction and velocity of circumferential fiber 

shortening. Cavity size, global systolic function (ejection phase), regional systolic function 

(wall motion score), diastolic function (deceleration time), or combined diastolic and systolic 

function (myocardial performance index) are all measurable with this ultrasound technique 

(Hoit 2010). Although not applicable to the studies presented herein, echocardiography 

also allows safe, reproducible imaging of valvular structures and semiquantitative 

assessment of valvular insufficiency.   

It cannot be discounted that basal stress levels would have varied between the animals 

studied. Although every guideline set out by the Animals (Scientific Procedures) Act 1986 

was followed, induction of general anaesthesia remains a moderately stressful process for 
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any animal, and some animals would have reacted more to this than others. The length of 

time each animal was under general anaesthesia, prior to adrenaline challenge, would also 

have introduced some variability into the baseline physiological recordings, and therefore 

the extent to which cardiac function could change without resulting in mortality. Isoflurane is 

a depressant of both cardiovascular and respiratory function and in animals where it took 

longer to acquire suitable quality baseline 2D echocardiography images there was very 

often a lower degree of LV contractility and depressed chronotropy prior to adrenaline 

challenge. 

There is a possibility that the dose of PTX (25μg.Kg-1 (i.p)) used for the in vivo adrenaline 

studies did not produce a 100% inhibition of Gi-protein activity. Treatment of animals with 

PTX does result in the development of illness, and at high doses this can reach an 

extremity that does require euthanasia under the Animals (Scientific Procedures) Act 1986. 

Despite a small reduction in both food intake and body weight, none of the animals used in 

this PTX study exhibited any signs of serious distress during the 72 hours between toxin 

injection and adrenaline administration. Therefore, 25μg.Kg-1 was probably a saturating 

dose of toxin, above which animals would become too ill to be used. Contraction studies 

with cardiomyocytes isolated from PTX pre-treated animals after each adrenaline study did 

indicate a significant degree of myocardial Gi-protein abolition but a greater degree would 

most likely have been possible with a PTX dose above 25μg.Kg-1.   

 

3.4.10. Conclusion 

Overall, the results of this chapter strongly indicate that in the presence of 

supraphysiological plasma adrenaline, such as occurs in response to a severe physical or 

emotional stress, β2AR coupling undergoes a reversible trafficking switch from a 

functionally positive Gs-adenylyl cyclase/PKA pathway to an inhibitory Gi-protein pathway 

that depresses cardiac function. We propose that this is an evolutionary mechanism to 

protect the heart from damage due to severe stress. The negative cardiac effects of 

elevated circulating adrenaline raise some significant issues on the use of this positive 

inotrope for providing functional support to decompensated failing myocardium. The 

therapeutic effectiveness of β-blockers and cAMP-independent cardiotonic agents in this in 

vivo model will be explored in chapter five. 
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4.1 Introduction  

Data presented in chapter three demonstrated that when plasma adrenaline rises above 

physiological levels, left ventricular (LV) function manifests as a hypocontractile apical 

myocardium and a hypercontractile basal myocardium, by way of a mechanism that 

involves intrinsic Gi-protein signalling. A maximum intravenous dose of noradrenaline did 

not produce the same LV dysfunction, which thus excluded sole involvement of β1ARs and 

α-ARs in mediating this dysfunctional cardiac response to adrenaline. This was consistent 

with previous in vitro observations that high concentrations of either adrenaline or 

isoproterenol can switch the β2AR from positively inotropic Gs-adenylate cyclase/PKA 

signalling to negatively inotropic Gi-protein coupling possibly through phosphorylation of the 

receptor by PKA and/or G-protein receptor kinases (GRKs) (Daaka et al., 1997;Wang et al., 

2008;Liu et al., 2009), while noradrenaline or selective β1AR agonism can only mediate a 

Gs-protein response (Hasseldine et al., 2003;Heubach et al., 2003;Xiao et al., 2003). Our 

hypothesis states that this negatively inotropic Gs-Gi coupling switch of the β2AR occurs as 

a result of the direct action of adrenaline on the cardiomyocyte. Therefore, to eliminate 

involvement of hemodynamic or additional less selective targets of adrenaline in mediating 

the LV dysfunction observed in our in vivo rat model, it was necessary to demonstrate in 

vitro with isolated rat cardiomyocyte that β2AR responses involved a Gi-protein signalling 

component.  

The β2AR comprise only 5-20% of the total population of rat cardiomyocyte β-ARs 

(Kuznetsov et al., 1995), however a significant functional presence of both β2AR and β1AR 

in isolated rat ventricular myocytes has been demonstrated (Xiao & Lakatta, 1993). As 

discussed in chapter one, aside from the unique ability of the β2AR to dually couple to Gs 

and Gi signalling, the traditional view of β-ARs is activation of the Gs-AC-cAMP-PKA 

cascade (Xiao et al., 1994). However, unlike β1ARs, the β2AR cAMP signal is 

compartmentalised, possibly through Gi-protein (Chen-Izu et al., 2000), to T-tubules and 

caveolae microdomains in the vicinity of LTCCs (Zhou et al., 1997;Nikolaev et al., 

2006;Calaghan et al., 2008), where it may mediate increased and prolonged [Ca2+]i 

transients with positive inotropy, independently of cAMP (Yatani & Brown, 1989;Xiao & 

Lakatta, 1993;Xiao et al., 1994;Kuschel et al., 1999). 

We hypothesised that the regional difference in the in vivo adrenaline-mediated LV 

contractility was attributable to both a greater sensitivity of the apical myocardium to 

circulating catecholamines (Mori et al., 1993;Kawano et al., 2003;Heather et al., 2009) and 

a larger presence of β2ARs within this myocardial region. A key question that needed to be 

addressed following establishment of this Gi-dependent in vivo response to adrenaline was 

what intracellular mediators were responsible for the intrinsic Gi-protein signalling. This 
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would not only aid understanding of β2AR-Gi signalling pathways but also highlight potential 

therapeutic targets for suppression of these Gi-mediated effects. One primary candidate 

target of Gi-protein activity within the heart is p38 mitogen-activated protein kinase (MAPK). 

Targeted gene activation of p38 MAPK in ventricular myocytes induces severe 

cardiomyopathy phenotypes, with depressed systolic contractility, compromised diastolic 

function and elevated inflammatory cell infiltrate (Liao et al., 2002;Tenhunen et al., 2006). 

Acute activation of p38 MAPK (Chen et al., 2003) and gene-mediated up-regulation of the 

up-stream kinases MAP kinase-activated protein kinase (MKK)3bE (Liao et al., 2002) and 

MKK6bE (Vahebi et al., 2007) significantly depresses the baseline contractility of isolated 

ventricular myocytes. A direct link between p38 MAPK and Gi-protein was revealed in a 

study by Communal et al., (2000) who demonstrated β-AR mediated activation of p38 

MAPK to protect cardiomyocytes against noradrenaline-induced apoptosis in a Gi-

dependent manner.  

The experiments detailed in this chapter were designed to firstly confirm that selective 

activation of cardiomyocyte β2ARs involves a depressive Gi-protein signalling component. 

Secondly, we sought establish if β2AR contractile responses and expression profiles were 

more pronounced in apical cardiomyocytes compared to basal cardiomyocytes, and if this 

could provide some explanation for the regional difference in LV function observed 

following stimulation of this receptor with adrenaline in vivo. Finally, experiments were also 

carried out to determine if p38 MAPK activity formed part of cardiomyocyte β2AR-Gi 

signalling and if blocking the activity of this kinase could mimic the effects of PTX on 

restoring normal in vivo systolic function in rats that received a bolus dose of 

supraphysiological adrenaline. The results gathered supported our hypothesis that a larger 

population of β2ARs relative to β1ARs exists in apical cardiomyocytes, and the 

correspondingly increased Gi-protein signalling within this myocardial region (versus the 

base) accounts for the regional difference in contractility observed following treatment with 

supraphysiological adrenaline in vivo. Furthermore, a combination of in vitro and in vivo 

findings also supported the theory that the negative inotrope and cardioprotective mediator 

p38 MAPK is a downstream mediator of β2AR-Gi activity. 
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4.2. Methods 

Left-ventricular cardiomyocytes were isolated from the apex and base of adult SD rat (225-

400g) myocardium by Mr Peter O’Gara, following the protocol outlined in chapter two, 

section 2.3. 

 

4.2.1. Solutions 

Pertussis Toxin (PTX) (Cat no.P7208), ICI-118,551 hydrochloride (Cat no.I127), 

CGP20712A (Cat no.C231), SB203580 (Cat no.S8307), carbamoylcholine chloride 

(carbachol) (Cat no.C4382) and isoproterenol (Cat no.I6504) were provided by Sigma-

Aldrich (UK). All solutions were freshly diluted in Krebs-Henseleit (KH) Solution (1mM Ca2+) 

containing 1.7mM ascorbic acid. 

For in vivo studies, adrenaline was provided by Hospira (UK) and SB203580 was provided 

by Tocris (Cat no.1202). Both solutions were freshly diluted in sterile PBS (Ca2+/Mg2+) for 

injection. 

 

4.2.2. Cardiomyocyte isoproterenol concentration-response curves 

Contractility of isolated apical and basal LV adult male rat cardiomyocytes was assessed in 

the presence of increasing concentrations of the non-selective adrenergic receptor agonist 

isoproterenol hydrochloride (isoprenaline). Individual concentrations were added in half-log 

unit increases starting at 1x10-10M and terminating upon observation of arrhythmias 

(usually 1x10-6M). This study arm provided information on the differing sensitivity of apical 

and basal cardiomyocytes to adrenergic agonists and aided in the selection of the 

appropriate isoproterenol dose to use in the context of a β-blocker (100 x curve EC50). 

 

4.2.3. Beta-2 AR cardiomyocyte contractility studies 

The in vitro experimental protocol for selectively stimulating β2ARs in isolated 

cardiomyocytes had the same structure as was detailed in chapter two (section 2.5.2.). 

Briefly, rat cardiomyocytes were continually perfused with KH solution (1mM Ca2+) 

containing 300nM of the selective β1AR antagonist, CGP20712A, and stimulated (after a 20 

minute stable baseline) with a submaximal concentration (1μM) of isoproterenol to allow 

stimulation only through the non-blocked β2AR. Confirmation of β2AR responses was made 

by subsequent addition of 50nM of the highly selective β2AR antagonist, ICI-118,551, to the 
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cell perfusate following maximum responses. If the addition of ICI-118,551 did not decrease 

percentage cell shortening, the results of that experiment were discarded. 

Three sets of experiments were carried out that examined β2AR responses in isolated adult 

rat LV cardiomyocytes. The first looked at the hypothesised difference in the amplitude of 

β2AR contractile responses between cardiomyocytes isolated from the apex and base. The 

second experiment examined the effect of Gi-protein inhibition on the control β2AR 

responses observed in apical cardiomyocytes. Cardiomyocytes were pre-incubated for 3 

hours at 350C, with either 1.5μg.mL-1 of the Gi-protein inhibitor pertussis toxin (PTX) or just 

1mL of KH solution (control), as previously described by Gong et al., (2000). The β2AR 

responses of these two populations of cardiomyocytes were measured at 1 minute intervals 

from the start of isoproterenol stimulation up to an end point of 10 minutes or until 

arrhythmias were observed, and subsequently washed with firstly ICI-118,551 and then 

CGP20712A alone. The purpose of this time-related response was to determine if strong 

β2AR stimulation could cause an in vitro switch in receptor coupling from Gs to Gi-protein 

and thus produce a biphasic contractile response, composed of an initial increase in 

contractility followed by a subsequent Gi-dependent decline with time. This hypothesis is 

focused around previous work showing high concentrations of adrenaline (β2AR agonist) to 

cause a biphasic PTX-sensitive positive-negative inotropic effect on the left atrium of mice 

over-expressing human β2ARs (Heubach et al., 2004). 

The third set of experiments focussing on β2AR contractile responses sought to determine 

what down-stream mediators were acting to regulate the Gi-dependent β2AR-mediated 

responses of apical cardiomyocytes. The primary candidate that was examined was p38 

MAPK, which is negatively inotropic (Liao et al., 2002) and has previously been linked to 

Gi-protein activity in ventricular cardiomyocytes (Communal et al., 2000). Following a 

steady maximum β2AR response in apical cardiomyocytes, 2.5x10-5 M (25μM) of the p38 

MAPK inhibitor SB203580 was subsequently added to the cell perfusate before reversing 

any selective β2AR responses by the addition of 50nM ICI-118,551. Finally, cells were 

washed with 300nM CGP20712A alone to re-establish a normal baseline. SB203580 works 

by inhibiting the downstream p38 MAPK phosphorylation target, MKK2. An SB203580 

concentration of 25μM was selected for use on the cardiomyocytes, as it falls near to the 

optimum concentrations reported to have been used in previous cardiomyocyte studies 

using this inhibitor (Sun et al., 2008;Zhang et al., 2008). If p38 MAPK is a downstream 

mediator of β2AR-Gi signalling then any increase in β2AR-mediated contractility observed in 

response to SB203580 in control cardiomyocytes would be abolished in cardiomyocytes 

pre-treated with PTX. The basal effects of 25μM SB203580 on control cardiomyocyte 

contractility (in the absence of any β2AR stimulation) was also determined. 
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The lack of Gi-protein activity in these PTX pre-treated cardiomyocytes was confirmed 

through stimulating all cell adrenergic receptors with 1μM isoproterenol followed by the 

addition of the cholinergic agonist carbachol (1μM), which could only reverse this initial 

isoproterenol-induced positive contractility if Gi-protein was present. The full protocol for 

this anti-adrenergic in vitro test is detailed in chapter two, figure 2.7.    

 

4.2.4. Radioligand binding for the determination of β1AR and β2AR densities 

Radioligand binding studies of the density of both β1ARs and β2ARs in apical and basal 

cardiomyocyte membranes was performed for the purpose of correlating the results for the 

β2AR contractility of these cardiomyocytes with any difference in β2AR expression between 

the apex and the base. This study also aided in addressing our hypothesis that a higher 

population of β2ARs (and therefore Gi-protein activity) exists within the apex compared to 

the base, and that this may underlie the apical hypocontractility observed in Takotsubo 

patients, when adrenaline levels are raised. This work was performed by Viacheslav 

Nikolaev from the University of Würzburg, Germany. The full protocol for the preparation of 

cardiomyocyte membrane fractions and competitive radioligand binding curve construction 

is described in chapter two, section 2.6. Briefly, membranes (20μg protein) were incubated 

with 0.1-10nM of the non-selective β-AR radioligand, [125I]-cyanopindolol ([125I]-CYP), and 

increasing concentrations of the selective β2AR antagonist, ICI-118,551 (1x10-11M to 1x10-

2M). Non-specific binding was determined in the presence of 10µM of the non-selective β-

AR antagonist, propranolol. 

 

4.2.5. In vivo cardiac effects of adrenaline in the presence of p38 MAPK inhibition 

The final study formed an extension to the cardiomyocyte contractility studies that focused 

on the role of p38 MAPK in β2AR-Gi signalling. As will be later discussed in the results 

section 4.3.4, p38 MAPK did appear to form part of a suppressive β2AR-Gi pathway that 

was active following β2AR stimulation in apical cardiomyocytes. In chapter three, it was 

shown that pre-treatment of adult SD rats with 25μg.Kg-1 PTX abolished the negatively 

inotropic effects of a supraphysiological dose of adrenaline (section 3.3.3.). Therefore, to 

determine if the cardioprotective in vivo effects of PTX were ultimately attributable to an 

upstream inhibition of p38 MAPK activity, SB203580 was intravenously administered, 

initially at a previously recommended dose of 10mg.Kg-1 (Berzingi et al., 2009;Chen et al., 

2003), at 30 minutes prior to adrenaline injection (4.28x10-8 moles.100g-1 (i.v.)) in 9 adult 

male (300-350g) SD rats. Hearts were imaged throughout the experiment using 2D 

echocardiography (Vevo770 Visual Sonics ultrasound scanner and model 710B scanning 
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probe), as detailed in chapter two, section 2.7.2. Baseline measurements of LV end-systolic 

and end-diastolic diameters and also heart rate (HR) were made at the apex, MLV and 

base, before and 30 minutes after injection of SB203580. These in vivo measurements 

were repeated again 1 min after adrenaline injection and then at 5 min intervals between 0 

and 60 minutes post-adrenaline injection or until death (figure 4.1). Fractional shortening 

(FS) was calculated as ((LVEDD-LVESD)/LVEDD) x 100). Due to a significantly high 

mortality rate of SB203580 pre-treated rats upon injection with adrenaline, the dose of 

SB203580 was successively lowered by half-log units from 10mg.Kg-1 to 0.1mg.Kg-1. 

 

 
 

 
Figure 4.1. Protocol outline for determining the effects of p38 MAPK pre-inhibition 
with SB203580 (0.1-10mg.Kg-1) on the in vivo cardiac responses to 4.28x10-

8moles.100g-1 adrenaline (i.v.). 
 
 

 

 

 

 

 

 

 

SB203580 (0.1-10mg.Kg-1) (i.v.)

1 min (SB) 30 min (SB)
(adrenaline 
baseline)

(1 min adrenaline)

Adrenaline 
(4.28x10-8 moles.100g-1)(i.v.)

LV FS and HR measurements subsequently 
taken every 5 minutes between 0 and 60 
minutes following adrenaline injection or 
until death was observed

Baseline SB203580 Adrenaline + SB203580

Measurement of FS and HR at 
1 min post-adrenaline injection 
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4.2.6. Statistical Analysis 

Non-linear regression sigmoidal curve analysis and an F-test were used to analyse and 

compare the concentration-dependent inotropic effects of isoproterenol on apical and basal 

cardiomyocyte contractility.  

A two-way repeated measures ANOVA was used to compare the time-dependent (1 to 10 

minutes) β2AR-mediated contractility of control and PTX pre-treated apical cardiomyocytes.  

A one-way ANOVA and Bonferroni post-hoc analysis was used to cross-compare the 

means of different data sets presented on the same graph. 

A one sample t-test was used to compare normalised data to a hypothetical control value, 

such as when determining if the fold-change in mean response from control/baseline 

values was significant (control = 1 (100%)), or for analysing the percentage change in the 

in vivo LV FS from baseline (baseline = 0%).  

An unpaired 2-tailed t-test was used to compare the β2AR-mediated contractile responses 

of differing cell populations. A paired 2-tailed t-test was used to compare two means 

derived from the same study group.   

All data are plotted as the mean±SEM for n observations.  
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4.3. Results 
 

4.3.1. Apical cardiomyocytes exhibit a more sensitive isoproterenol concentration-
response and a larger isolated β2AR response than basal cardiomyocytes  

Concentration-response curves for the percentage cell shortening of ventricular                 

cardiomyocytes, isolated from basal and apical myocardium,                         

are shown in figure 4.2. Basal cardiomyocytes exhibited a right-ward shift of the 

isoproterenol concentration-response curve, in comparison to apical                          

cardiomyocytes, with an increased logarithmic 50% effective molar concentration (LogEC50 

(Molar)) value (-7.45±0.16 (base n=8) vs -7.89±0.09 (apex n=10); t-test: p<0.05). Maximum 

isoproterenol responses also appear depressed in basal cardiomyocytes, compared to 

apical (2.97±0.50% (base) vs 5.92±1.03% (apex), p<0.05). Non-linear regression curve 

comparison with an F-test reveals a statistically significant difference between isoproterenol 

concentration-response in basal and apical cardiomyocytes (p<0.0001). 
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Figure 4.2. Concentration-response dependencies of the contractile response to 
isoproterenol in ventricular cardiomyocytes isolated from the basal and apical 
myocardium of normal rats. Results are displayed as mean±SEM for the change from 
baseline contractility with each concentration of isoproterenol. (Apical: n=10 cells; 
Basal: n=8 cells) (n=10 animals) (F-test: P<0.0001). 
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Raw and baseline-normalised data for the unloaded β2AR-mediated percentage cell 

shortening of healthy cardiomyocytes, isolated from the basal and apical myocardium, is 

shown in figures 4.3A and 4.3B. Baseline (untreated) percentage shortening of apical 

cardiomyocytes was not significantly different from the baseline percentage cell shortening 

of basal cardiomyocytes (5.96±0.68% (apex) vs 4.47±0.54% (base), p=ns), which 

suggested that there is not a tonic β2AR-Gi activation in the apex versus the base. 

Following addition of 1x10-6M isoproterenol (determined from a 100 fold increase of the 

EC50 values of earlier concentration-response curves) resting percentage cell shortening of 

apical cardiomyocytes, in the presence of β1AR blockade with 3x10-7M CGP20712A, was 

significantly increased by 83.00±0.17% from 4.47±0.54% to 7.55±0.92% (One-way ANOVA 

(Bonferroni post-hoc analysis) of raw values: p<0.01; one-sample t-test (normalised to 

control): p<0.001 n=13 cells). In basal cardiomyocytes, addition of 1x10-6M isoproterenol, 

under identical conditions, induced an increase in cell shortening from 5.96±0.68% at 

baseline to 7.95±0.75% during peak response. However, this maximum isoproterenol 

response of basal cardiomyocytes only reached significance if peak cell shortening values 

were normalised to their matching baseline (40.11±9.14% increase vs baseline = 100%; 

one sample t-test: p<0.001) p<0.01, n=13 cells). The significantly larger β2AR-mediated 

percentage increase in cell shortening from baseline values in apical cardiomyocytes 

compared to basal cardiomyocytes (unpaired t-test: p<0.05, n=13 cells (apex and base)) 

may suggest the presence of a larger β2AR population in this region. Addition of 5x10-8M of 

the selective β2AR blocker ICI-118,551 significantly reversed this positive inotropic 

response to 4.18±0.31% (p<0.01, n=13 cells) and 5.73±0.54% (p<0.05, n=13 cells) in 

apical and basal cardiomyocytes, respectively. This would confirm that these above effects 

are indeed attributable to β2AR activation.  

 

 



201 
 

Apex

0.0
1.0
2.0
3.0
4.0
5.0
6.0
7.0
8.0
9.0 **

Pe
rc

en
ta

ge
 C

el
l S

ho
rt

en
in

g

Base

0.0
1.0
2.0
3.0
4.0
5.0
6.0
7.0
8.0
9.0

p=ns

Pe
rc

en
ta

ge
 C

el
l S

ho
rt

en
in

g

 

Base Apex
0.00
0.25
0.50
0.75
1.00
1.25
1.50
1.75
2.00
2.25

*

***

***

Fo
ld

 c
ha

ng
e 

in
 p

er
ce

nt
ag

e
ce

ll 
sh

or
te

ni
ng

(fr
om

 b
as

el
in

e 
= 

1)

 

 

 

A 

B 

CGP20712A 
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Figure 4.3. Apical cardiomyocytes show a larger increase in percentage cell 
shortening through the β2AR compared to basal cardiomyocytes. β1ARs were 
continually blocked with CGP20712A. Beta-2 AR involvement was confirmed by 
subsequent addition of ICI-118,551. Data are shown as the mean±SEM for the raw 
percentage cell shortening (**p<0.01 vs CGP baseline) (A) and the cell shortening as a 
percentage of CGP baseline values (B). (***p<0.001 vs baseline =100%; *p<0.05 apex 
vs base) (Base: n=13 cells; Apex: n=13 cells) (n=13 animals). 
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4.3.2 A significantly larger ratio of β2:β1AR expression exists in apical 
cardiomyocytes compared to basal cardiomyocytes 

To determine if the larger β2AR within the apex was the result of a larger receptor 

population, two site (β1/β2-AR response) competitive binding curves of membranes 

prepared from apical and basal cardiomyocytes were produced, as shown in figure 4.4A. 

Calculated values derived from each curve are shown in table 4.1. Both curves are 

biphasic, demonstrating the presence of both β1ARs and β2ARs. The initial phase of the 

displacement curve, at low concentrations of ICI-118,551, represents the β2AR population 

of the membrane. At higher ICI-118,551 concentrations, displacement of the non-selective 

β-AR radioligand, [I125]-CYP, from β1AR sites does occur, forming the second (lower) phase 

of the curve. The percentage of β1 and β2ARs can be calculated from the relative size of 

each fraction. In the apex, a proportionately higher level of [I125]-CYP displacement from the 

first phase of the curve (relative to the second phase), in comparison to the proportional 

displacement for basal-derived cardiomyocyte membranes, reflects a larger relative 

population of β2ARs within the apical cardiomyocytes (65.2±4.3% vs 41.1±5.4%; paired t-

test: p<0.01, n=4 experiments). Figure 4.4B shows a significantly higher β2:β1AR ratio 

within membranes prepared from apical-isolated cardiomyocytes (0.55±0.09 (2:1)) 

compared to membranes prepared from basal–isolated cardiomyocytes (1.56±0.34 (2:3)) 

(paired t-test: p<0.05 for 4 experiments). 
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Figure 4.4. A) Apical cardiomyocyte membranes exhibit higher levels of β2AR 
binding than basal cardiomyocyte membranes. Binding was determined in the 
presence of 0.1-10nM of the non-selective β-AR ligand [I125]-CYP and increasing 
concentrations of the selective β2AR blocker ICI-118,551. B) Normal apical 
cardiomyocytes exhibit a greater β2/β1AR ratio than basal cardiomyocytes. Each 
point shows mean±S.E.M. for four different experiments. (Paired t-test: *p<0.05; n=4 
experiments; n=13 animals). 
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 Apex Base 

Total binding 96.5±2.8 % 95.9±2.1 % 

Non-specific binding 1.79±2.94 % 2.99±2.10 % 

EC50 Site 1 (β2AR) 2.36 x 10-8 M 1.21 x 10-8 M 

Log EC50 Site 1 (β2AR) -7.63±0.21 -7.92±0.20 

EC50 Site 2 (β1AR) 7.57 x 10-6 M 7.98 x 10-6 M 

Log EC50 Site 2 (β1AR) -5.12±0.31 -5.10±0.14 

Table 4.1: Values calculated from the β1/β2-site competitive binding assay curve 
within apical and basal-derived membrane preparations. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



205 
 

4.3.3. β2AR contractile responses in apical cardiomyocytes involve Gi-protein activity  

Time-dependent β2AR contractile responses of freshly isolated healthy apical 

cardiomyocytes, with and without pre-incubation with 1.5μg/mL of the Gi-protein inhibitor 

PTX at 370C for 3 hours, are shown in figure 4.5A. Comparison of the maximum β2AR 

contractile responses for each cell group is shown in figure 4.5B. Time-dependent β2AR 

contractile responses of control cardiomyocytes presented as a slightly biphasic effect, with 

an initial 0.42±0.12 fold increase in percentage cell shortening upon addition of submaximal 

1x10-6M isoproterenol from 4.80±0.65% to 7.29±0.62% (n=9) at 6 minutes after infusion 

initiation and which subsequently began to fall and stabilise at a significantly lower 

contraction amplitude compared to maximum responses (6.43±0.43% p<0.05 (vs maximum 

response)) at around 10 minutes. To determine any role of a β2AR Gs-Gi switch in inducing 

this contractile transient, cardiomyocytes were pre-incubated with 1.5µg/mL PTX prior to 

selective β2AR stimulation. Inhibition of Gi-protein did not have a significant effect on 

control baseline percentage cell shortening (4.80±0.65% (control n=9) vs 5.23±0.45% 

(PTX-treated n=12); unpaired t-test: p>0.05). However, 2 minutes after the start of infusion 

of 10-6M isoproterenol PTX-treated cardiomyocytes exhibited a significantly larger β2AR 

contractile response compared to control cardiomyocytes (7.76±0.52% (PTX) vs 

5.79±0.52% (control), p<0.05) and this rose to a maximum difference of 3.09% at peak 

response (7.29±0.62% (control) vs 10.38±0.39% (PTX), p<0.001). An unpaired t-test 

reveals a significantly larger fold increase in the maximum β2AR contractile response of 

PTX-treated cardiomyocytes (2.72±0.44) compared to control (1.42±0.12) (p<0.05). No 

significant decline in β2AR contractile amplitude exists in PTX-treated cardiomyocytes 

between peak response and 10 minutes post-isoproterenol treatment initiation (10.38±0.39 

(maximum) vs 9.76±0.50% (10 min), p>0.05). A two-way repeated measures ANOVA of the 

contractile curves of control and PTX-treated cardiomyocytes between 0 and 5 minutes 

post-maximum contraction revealed that Gi-protein inhibition significantly suppresses the 

decline in contraction after β2AR-stimulation (figure 4.5) (p<0.001, n= 5 measurements).  
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Figure 4.5. Pre-treatment of cardiomyocytes with 1.5µg/mL PTX suppresses the 
transient decline in β2AR contractile response following maximum stimulation with 
submaximal isoproterenol (1x10-6M) (A) and relieves a suppressive effect of Gi-
protein activity on maximum β2AR-mediated contractile responses (B). Data are 
shown as the mean±SEM for percentage cell shortening (A) and the fold change in 
cell shortening following β2AR stimulation (B). (^^^^p<0.0001 vs baseline=1, *p<0.05) 
(Control: n=9 cells; PTX: n=12 cells) (n=6 animals (control); n=8 animals (PTX) (11 
animals total). 
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Raw values for the duration of contraction (Peak t) and relaxation (R50 and R90) of apical 

cardiomyocytes following β2AR stimulation are shown in figure 4.6. Isolated β2AR 

responses in apical cardiomyocytes do not involve any change to the duration of basal 

contraction (Peak t: 0.058±0.003 sec (B) vs 0.050±0.002 sec (ISO), p=ns) or relaxation to 

either 50% baseline (R50: 0.049±0.012 sec (B) vs 0.055±0.011 sec (ISO), p=ns) or 90% 

baseline (R90: 0.083±0.011 sec (B) vs 0.084±0.011 sec (ISO), p=ns). Pre-treatment of 

cardiomyocytes with PTX also does not significantly alter basal contraction duration (Peak 

t: 0.067±0.007 sec (B) vs 0.064±0.003 sec (ISO), p=ns) or relaxation to either 50% of 

baseline (R50: 0.052±0.007 sec (B) vs 0.052±0.009 sec (ISO), p=ns) or 90% of baseline 

(R90: 0.103±0.014 sec (B) vs 0.107±0.017 sec (ISO), p=ns). No significant differences in 

the duration of basal or β2AR-induced contraction (Peak t) or relaxation (R50, R90) are 

observed between control and PTX treatment groups (p=ns).   

In contrast to the limited ability of the β2AR to alter contraction kinetics, an analysis of the 

contractile responses of 18 healthy LV cardiomyocytes (apical and basal) co-stimulated 

through β1 and β2 revealed a significant reduction in both R50 and R90 values upon 

addition of submaximal isoproterenol (R50: 0.033±0.009s vs 0.031±0.000s; p<0.05) (R90: 

0.069±0.002s vs 0.064±0.002s; p<0.05) (data not shown). This is consistent with the 

presence of a β1AR-Gs response. No significant decrease in Peak t was observed in β1/β2 

co-stimulated cardiomyocytes (data not shown), which may be attributable to a tonic 

inhibitory effect of β2AR-Gi on the β1AR-Gs cell signalling response.  
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Figure 4.6. β2AR stimulation in apical cardiomyocytes is not accompanied by a 
reduction in the duration of relaxation (R50 (A), R90 (B)) or contraction (Peak t (C)) 
Pre-treatment of cardiomyocytes with 1.5µg/mL PTX does not alter these contraction 
variables. Data are shown as the mean±SEM for percentage cell shortening following 
β2AR stimulation. (Control: n=9 cells; PTX: n=12 cells) (n=6 animals (control); n=8 
animals (PTX) (11 animals total)). 
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To confirm that Gi-protein had been inhibited, control and PTX-treated cardiomyocytes 

were perfused with 1x10-6M of the cholinergic (Gi-protein) agonist carbachol, following a 

positive inotropic response to 3x10-8M isoproterenol (figure 4.7.). Control cardiomyocytes 

exhibited a significant anti-adrenergic contractile response to carbachol (8.34±0.22% 

(isoproterenol (1)) vs 4.72±0.64% (carbachol + isoproterenol); one-way ANOVA: p<0.01, 

n=8 cells) (figure 4.7A). Re-perfusion of 3x10-8M isoproterenol, in the absence of carbachol, 

reversed this anti-adrenergic contractile effect (4.72±0.64% (carbachol + isoproterenol) vs 

7.93±0.81% (isoproterenol (2)); one-way ANOVA: p<0.01, n=8 cells).  In contrast, 

cardiomyocytes pre-incubated with PTX exhibited no significant reduction in isoproterenol-

induced percentage cell shortening in response to perfusion with carbachol (10.17±0.91% 

(isoproterenol (1)) vs 10.05±0.87% (carbachol + isoproterenol); one-way ANOVA: P=NS, 

n=4 cells) (figure 4.7B). 
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Figure 4.7. Confirmation of Gi-protein inhibition by PTX. In control cardiomyocytes 
carbachol activates cholinergic-Gi signalling pathways to reverse the positive 
adrenergic effect of isoproterenol on percentage cell shortening (A). This anti-
adrenergic response is lost following inhibition of Gi-protein (B). Data are shown as 
the mean±SEM for the raw contractile percentage cell shortening. (^p<0.05, ^^p<0.01 
(vs ISO+carbachol); * p<0.05, **p<0.01 (vs basal 1mM Ca2+)) (Control: n=8 cells; PTX: 
n=4 cells) (n=4 animals (control/PTX)). 
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4.3.4. β2AR-Gi signalling in apical cardiomyocytes involves p38 Mitogen Activated 
Protein Kinase (MAPK) activity 

To determine if p38 MAPK, a previously reported target of Gi-protein activity (Communal et 

al., 2000), could be involved in the in vitro depressive effects of Gi-protein on β2AR-

mediated cardiomyocyte contractility, control and PTX-treated cardiomyocytes were 

stimulated with 1x10-6M isoproterenol prior to and during exposure to 2.5 x 10-5 M (25μM) 

of the p38 MAPK inhibitor SB203580. Raw and normalised data for percentage cell 

shortening are shown in figures 4.8 and 4.9. In control cardiomyocytes (figure 4.8A), 

following an initial isolated β2AR-mediated contractile response (4.60±0.36% (baseline) vs 

6.77±0.55% (isoproterenol), p<0.05 n=13 cells), the addition of 25μM SB203580 on top of 

the CGP20712A/Isoproterenol cell treatment resulted in a significant 1.33±0.06 fold 

increase in β2AR-mediated contractility from 6.77±0.55% to 8.85±0.68% (one-way ANOVA 

(raw data) p<0.05; paired t-test (fold increase) p<0.001; n=13 cells). Following the initial 

β2AR contractile response in PTX pre-treated cardiomyocytes (3.97±0.23% (baseline) vs 

8.35±0.75% (isoproterenol)) (figure 4.8B), addition of 25μM SB203580 to the cell perfusate 

(in the presence of β2AR stimulation) failed to induce a significant increase in the 

contraction amplitude (8.35±0.75% (isoproterenol) vs 8.59±0.66% (isoproterenol + 

SB203580), p=ns n=13 cells). Comparison of the fold increase in β2AR-mediated 

contractility in control and PTX pre-treated cardiomyocytes (figure 4.8) revealed a 

significant difference in the effects of SB203580 in these cell populations (1.33±0.06 

(control) vs 1.06±0.06 (PTX), p<0.01).  Significant reversal of the contractile responses 

following addition of 5x10-8M ICI-118,551 suggests that these effects are dependent upon 

β2AR activity. In a separate population of apical cardiomyocytes, the basal effect of 25μM 

SB203580 on baseline (KH (1mMCa2+) + 300nM CGP20712A) contractility was assessed. 

In the absence of any β2AR stimulation, SB203580 did not have any significant effect upon 

cardiomyocyte contractility (4.40±0.56% cell shortening (CGP) vs 4.58±0.58% cell 

shortening (CGP+SB), p=ns). The peak β2AR contraction responses of both normal and 

PTX pre-treated apical cardiomyocytes to 1x10-6M isoproterenol in the combined presence 

of SB203580, was in both cases significantly less than the maximum apical contraction 

observed on an isoproterenol (β1- and β2- ARs) concentration-response curve 

((11.33±0.91% shortening (β1- and β2- ARs, n=10 cells) vs 8.85±0.68% shortening (β2+ SB 

normal cells; n= 13 cells), p<0.05) and (11.33±0.91% shortening (β1- and β2- ARs, n=10 

cells) vs 8.60±0.66% shortening (β2+ SB PTX cells; n= 13 cells), p<0.05). This difference 

would suggest that even in the absence of the tonic inhibitory effect of β2AR-Gi-p38 MAPK 

signalling, the β2AR-Gs response does still not equate to the strength of the β1AR-Gs 

response which forms part of the isoproterenol concentration-response curve. This may 

indicate a weaker coupling of the β2AR to Gs-protein compared to the β1AR, or alternatively 
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suggest that unlike β1AR cAMP responses, the β2AR-Gs-AC-cAMP-PKA response is 

compartmentalised in microdomains away from key regulatory proteins and myofilaments 

that are essential to contractility responses. 
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Figure 4.8. p38 MAPK inhibition with 2.5 x 10-5 M (25μM) SB203580 in the presence of 
β2AR stimulation with 1x10-6M (1μM) isoproterenol increases cardiomyocyte 
contractile amplitude to a greater extent than in the presence of isoproterenol alone 
(A) Pre-treatment of cardiomyocytes with 1.5µg/mL PTX prevented any further effect 
of SB203580 on β2AR-mediated contraction amplitude (B). Data are shown as the 
mean±SEM for percentage cell shortening. (^^^p<0.001 vs CGP20712A baseline; 
*p<0.05, **p<0.01, ***p<0.001) (Control: n=13 cells; PTX: n=13 cells) (n=4 animals 
(control); n=5 animals (PTX)). 
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Figure 4.9. A significant fold increase in percentage cell shortening (from initial 
isolated isoproterenol response) following the addition of 2.5 x 10-5 M (25μM) 
SB203580 is present in control, but not PTX pre-treated, apical cardiomyocytes. Data 
are shown as the mean±SEM for the fold increase in β2AR-mediated percentage cell 
shortening following addition of SB203580. (^^^p<0.001 (vs isolated β2AR 
response=1), **p<0.01 (control vs PTX)) (Control: n=13 cells; PTX: n=13 cells) (n=4 
animals (control); n=5 animals (PTX)). 
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4.3.5. Investigation of the in vivo effects of p38 MAPK inhibition on the cardiac 
responses to supra-physiological concentrations of adrenaline 

As previously described in chapter three, a concentration of 4.26 x 10-8 moles.100g-1 

adrenaline (i.v.) produced hypo-contraction of the apical and MLV myocardium but slight 

hyper-contraction of the basal myocardium in rat (section 3.3.2.1.). As an agonist of the 

β2AR, it was hypothesised that adrenaline may reduce contractility by activating a β2AR/Gi-

protein/p38 MAPK pathway, as in vitro data suggested this to be an active pathway in 

cardiomyocytes (figure 4.8).  Following recommendations from previously reported in vivo 

studies with the p38 MAPK inhibitor SB203580 (Berzingi et al., 2009), an initial dose of 

10mg.Kg-1 was intravenously administered, via the jugular vein, 30 minutes prior to 

adrenaline injection (i.v.). However, out of 3 experimental cases, only one animal survived 

the adrenaline challenge at this SB203580 concentration. The dose of SB203580 was thus 

lowered by half a log-unit from 10mg.Kg-1 to 3mg.Kg-1. However, no improvement in 

mortality rate was present at 3mg.Kg-1 or at any subsequent half log-unit reduction in 

SB203580 dose, down to a value of 0.1mg.Kg-1. Out of a total of nine rats studied, eight 

died post-adrenaline injection, predominantly within the first 10 minutes. Fisher’s exact test 

analysis of study mortality rates revealed that SB203580 (0.1mg.Kg-1 - 10mg.Kg-1), in the 

presence of adrenaline (4.26x10-8 moles.100g-1), is significantly toxic compared to; 1) PTX 

(25μg.Kg-1) in the presence of adrenaline (p<0.05); 2) adrenaline alone (p<0.05) and 3) a 

single treatment of saline (0.14mL.100g-1) (p<0.05). As a sole treatment, SB203580 

resulted in a significant increase in baseline contractility of the apex (12.23±5.24% (vs 

baseline = 0), p<0.05) but not the base (p=ns) or the MLV (p=ns) at 30 minutes post-

SB203580 injection.  All rats studied exhibited a significant decrease in SB203580-

mediated percentage LV FS upon injection of adrenaline at the apex (-51.04±3.78% (vs 

baseline = 0), p<0.0001), MLV (-52.56±6.08% (vs baseline = 0), p<0.0001) and the base (-

45.96±6.24% (vs baseline = 0), p<0.0001). Baseline heart rate (HR) did not increase after 

establishment of a 30 minute stable SB203580-mediated baseline (p=ns vs baseline = 0), 

but did decrease after addition of adrenaline (-21.70±7.05% (vs baseline = 0), p<0.05). It 

must be noted that due to arrhythmias and acute tachycardia upon adrenaline injection, HR 

changes reported here do include unstable responses.  

An example M-mode trace taken from the echocardiogram of one SB203580 pre-treated rat 

before and at 5 minutes post-adrenaline injection is shown in figure 4.9. From this, and 

images collected from other rats subjected to SB203580/adrenaline co-treatment, the prime 

cause of death appeared to be ventricular fibrillation, acute tachycardia and some 

arrhythmias.  
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Analysis of cardiac responses of the one SB203580 pre-treated rat that survived for 60 

minutes post-adrenaline injection indicated no improvement to left-ventricular contractility at 

the apex and MLV, with reduced contraction observed at the base (data not shown). This is 

in contrast to the positive inotropy observed in all three LV regions of PTX pre-treated rats 

following adrenaline injection (chapter three, section 3.3.3). This would dispute the 

hypothesis that the beneficial in vivo effects of PTX pre-treatment, in the context of 

adrenaline challenge, occurs through inhibition of p38 MAPK and instead highlights p38 

MAPK as necessary for protecting the myocardium against the detrimental effects of supra-

physiological concentrations of adrenaline. 

 

Figure 4.9. M-mode image taken from an echocardiogram of the MLV of a dying 
SB203580 (10mg.Kg-1) pre-treated SD rat before and 5 minutes after adrenaline 
(4.26x10-8moles.100g-1) injection (i.v.). Minimal LV contraction is evident and ECG 
patterns show irregular heart rhythms. Respiration is not clearly detectable.  
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4.4. Discussion  

In chapter three, it was successfully demonstrated that a supraphysiological dose of 

adrenaline, intravenously administered as a single bolus into male SD rats, produced in 

vivo left ventricle apical myocardium hypokinesis and basal myocardium hyperkinesis, 

similar to that observed in Takotsubo cardiomyopathy patients. Furthermore in vivo pre-

treatment with the Gi-protein inhibitor pertussis toxin (PTX) revealed that this regional 

negative inotropic effect of high dose adrenaline was dependent upon Gi-protein. We 

hypothesised that this in vivo Gi-protein signalling was the result of dose-dependent 

adrenaline-mediated biased agonism of the pleiotropic β2AR (and not the β1AR). Under this 

theory, high levels of agonist occupancy induces a shift in β2AR coupling from cardio-

stimulatory Gs-protein signalling to an inhibitory Gi-protein pathway, as has previously been 

demonstrated with adrenaline but not noradrenaline in ex vivo murine cardiac studies 

(Heubach et al., 2004). However, our in vivo studies provided no information on the β2AR-

Gi-protein signalling pathways involved in this cardiac response to elevated adrenaline, or 

any direct evidence that adrenaline was indeed mediating these depressive effects through 

the β2AR.  Hence, in the present study, we firstly analysed in vitro β2AR responses in 

isolated apical and basal LV cardiomyocytes, to add explanation to the regional difference 

in LV wall motion observed in this adrenaline rat model. Secondly, we sought to 

characterise the in vitro ventricular cardiomyocyte β2AR-Gi signalling pathways, and to 

potentially apply what information was gathered to our in vivo Takotsubo rat model. The 

primary findings are that apical cardiomyocytes have a higher ratio of β2ARs relative to 

β1ARs, when compared to basal cardiomyocytes, and this receptor expression profile 

corresponded with a larger in vitro β2AR-mediated inotropic response in the apex. In vitro 

β2AR stimulation did result in activation of Gi-protein signalling, and this contributes to 

slightly biphasic contractility over time, with tonic depression of maximum β2AR Gs-

adenylate cyclase-PKA responses. The stress-activated kinase and negative inotrope p38 

MAPK appeared to be a target of β2AR-Gi signalling in apical cardiomyocytes, and was 

necessary to protect the myocardium against elevated circulating adrenaline in vivo. 
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4.4.1. Apical cardiomyocytes have a significantly greater sensitivity to adrenergic 
stimuli and a larger β2AR component than basal cardiomyocytes 

The significant right-ward shift of the isoproterenol concentration-response curve within 

basal cardiomyocytes (figure 4.2) is in agreement with canine and rodent studies, which 

demonstrated the apex to have a greater sensitivity to chronic β-AR agonist stimulation in 

terms of both functional responses and altered tissue morphology (Mori et al., 

1993;Heather et al., 2009). Mori et al., (1993) also reported that β-AR density in the apical 

region of canine myocardium was greater than in the basal region (455 fmol.mg-1 (apex) vs 

341 fmol.mg-1 (base)). The reduced in vitro adrenergic responses of rat basal 

cardiomyocytes, compared to apical cardiomyocytes, is also consistent with the lower level 

of response amplitude observed in the basal myocardium of this breed of rat in response to 

a single intravenous bolus of either noradrenaline or adrenaline (chapter three, figure 3.9). 

In comparison to the apical myocardium, the basal myocardium is heavily innervated with 

sympathetic nerves (Kawano et al., 2003) that provide sufficient inotropic support through 

release of the β1AR agonist, noradrenaline. In contrast to the β1AR, β2ARs are ‘non-

innervated’ receptors that respond to circulating catecholamines, notably adrenaline (Bryan 

et al., 1981). Basal cardiomyocytes had a higher population ratio of β1AR relative to β2 AR 

compared to apical cardiomyocytes, which instead possessed a higher population of β2ARs 

relative to β1ARs (figure 4.5B). Thus, this gradient in β2AR expression across the LV 

complements the finding of a greater sensitivity of apical cardiomyocytes to perfusion with 

β-AR agonists, and also supports our hypothesis that a larger population of β2ARs, and 

thus Gi-protein signalling, within the apex mediates the apical myocardium hypocontractility 

observed following bolus adrenaline. Indeed, under moderate levels of selective β2AR 

stimulation with isoproterenol, apical cardiomyocytes exhibit a significantly larger positive 

inotropic response compared to basal cardiomyocytes (figures 4.3 and 4.4). However, a 

significantly positive β2AR contractile component was still present in the base, which is in 

agreement with radioligand binding data showing some expression of β2AR in these basal 

cardiomyocytes. The presence of functional β2ARs (and therefore potential Gi-protein 

signalling) within the basal myocardium could provide some explanation for the significant 

increase in adrenaline-mediated positive contractility of this myocardial region in rats pre-

treated with PTX.     

Activation of the β2AR in isolated rat apical cardiomyocytes presents as a slightly biphasic 

response, with an initial increase in contraction that peaks around 5 to 6 minutes after the 

start of isoproterenol perfusion, followed by a gradual decrease and stabilisation at lower 

contractile amplitude (figure 4.6A). Treatment of these apical ventricular cardiomyocytes 

with PTX, which blocks the action of Gi-protein via ADP-ribosylation of its α-subunit, 

significantly attenuated this biphasic transient response and significantly enhanced the 
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maximum positive β2AR-Gs response observed in control apical cardiomyocytes. These 

results indicate a tonic inhibitory influence of Gi-protein on β2AR-Gs signalling, and would 

also support our hypothesis of a shift in β2AR coupling from Gs to Gi, with peak contraction 

occurring through maximum β2AR-Gs activity. This transient effect is consistent with similar 

findings for the isoproterenol response of ventricular myocytes isolated from β1AR knock-

out (KO) mice (Devic et al., 2001), and similar to the Gi-dependent biphasic effects of 

adrenaline in vivo (chapter three, figure 3.9), also suggests that this Gs-Gi trafficking occurs 

on a time-scale of minutes rather than hours. This similarity between the in vitro and in vivo 

observations of a peak Gs-protein positive inotropic response at 5 minutes post-

isoproterenol/adrenaline, which preceded a decline in inotropy, does add further support to 

the hypothesis that adrenaline mediated the in vivo LV dysfunction through the β2AR.   

It was first proposed by Daaka et al. (1997) that the β2AR-Gs-Gi switch was the result of 

cAMP-PKA-mediated phosphorylation of serine residues of the β2AR cytoplasmic carboxyl 

terminus. However, additional studies have incorporated a role for G-protein receptor 

kinases (GRK) in mediating phosphorylation of the β2AR, but not the β1AR, with 

subsequent uncoupling from Gs-protein in favour of Gi-protein, and desensitisation of 

positive cAMP-PKA responses (Zhou & Fishman, 1991;Hammond, 1993;Wang et al., 

2008). Emphasis has been placed upon GRK2 as the primary isoform for mediating β2AR-

Gi-protein coupling (Wang et al., 2008), however; a human GRK5-leu41 polymorphism has 

been linked to stress-induced acute ventricular dysfunction through enhancement of β2AR 

desensitisation (Spinelli et al., 2010). Coupling of the phosphorylated β2AR to Gi-protein is 

proposed to involve receptor internalisation, dephosphorylation by phosphatases and 

recycling to the cell membrane (Krueger et al., 1997). This β2AR recycling and Gi-protein 

coupling is proposed to involve binding of trafficking molecules to the β2AR carboxyl-

terminal, including the membrane fusion regulatory protein N-Ethylmaleimide sensitive 

factor (NSF) and also the PDZ domain-containing protein Na+/H+ exchanger regulatory 

factor (NHERF) (Cong et al., 2001;Xiang & Kobilka, 2003;Wang et al., 2007). GRKs only 

phosphorylate the β2AR under high levels of agonist site occupancy, and also require the 

presence of β-arrestin, which recruits PKA-mediator phosphodiesterases (notably PDE4D) 

to the β2AR following phosphorylation (Hammond, 1993;Baillie et al., 2003;Xin et al., 2008). 

In further support of the time-scale of in vitro β2AR Gs-Gi trafficking in the present study, as 

indicated by a slight biphasic transient contractile response, recruitment of PDE4D to the 

β2AR following isoproterenol challenge in adult rat cardiomyocytes reaches approximately 

45% of its maximum after 10 minutes exposure (Baillie et al., 2003). These same authors 

demonstrated a time-matching transient increase in extracellular regulated kinase (ERK)-

1/2 phosphorylation, which is known to be a Gi-mediated cell response (Chesley et al., 

2000;Shizukuda & Buttrick, 2002)(Chesley et al., 2000, Shizukuda & Buttrick, 2002). 
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Perhaps the presence of a PDE4D or PKA inhibitor could mimic the suppressive effect of 

PTX on the depressant phase of the β2AR-isoproterenol response.  

 

4.4.2. P38 MAPK may be involved in mediating the functional effects of β2AR-Gi and 
also protect the myocardium against the detrimental effects of elevated adrenaline in 
vivo 

It is unknown exactly how Gi-protein mediates a cardiodepressant response but the in vitro 

cardiomyocyte β2AR responses presented in this study suggest an involvement of p38 

MAPK. Inhibition of p38 MAPK, with SB203580, significantly increased the β2AR response 

contraction amplitude of control cardiomyocytes to a similar degree as the increase 

observed in PTX pre-treated cardiomyocytes (figure 4.9). The combined effects of Gi-

protein inhibition and p38 MAPK inhibition on cardiomyocyte β2AR responses were non-

additive, providing further evidence of a common effect to block Gi-dependent depression 

of the β2AR response (figure 4.10). The selective stimulation of β2AR in the absence of 

either Gi-protein or p38 MAPK produced a lower maximum contraction amplitude than non-

selective β-adrenergic stimulation with isoproterenol in both control and PTX pre-treated 

apical cardiomyocytes, thus indicating that in the absence of the tonic inhibitory influence of 

β2AR-Gi-p38 MAPK signalling the maximum isoproterenol-mediated contractile response 

could still not be reached. This difference in response amplitude suggests that treatment 

with SB203580 was selective for p38 MAPK activity and did not simply saturate the β-

adrenergic contractility response of these cardiomyocytes. It is also clear from this 

observation that a pure β2AR-Gs response is still less pronounced than a β1AR-Gs 

response in apical cardiomyocytes. This may be due to the apparent selective 

compartmentalisation of the cellular β2AR cAMP response within caveolar microdomains 

(Calaghan et al., 2008) in the vicinity of LTCCs but far from key PKA-targeted SR 

regulatory proteins, such as the RyR, SERCA, and myofilaments, which once 

phosphorylated can effectively mediate a rise in [Ca2+]i and promote an increase the 

contraction amplitude. However, if this compartmentalisation hypothesis is a true 

explanation for the lower β2AR (versus β1AR) –Gs response then, despite previous 

suggestions (Calaghan & White, 2006), this could not have involved Gi-protein. It also 

appears from these results that due to the presence of a strong maximal β1AR-Gs 

response to isoproterenol in the presence of β2AR-Gs/Gi signalling, it is unlikely that β2AR-

Gi-p38 MAPK signalling suppresses the activity of β1ARs in rat cardiomyocytes, in contrary 

to what some previous studies suggest (Ranu et al., 2000;Sato et al., 2004). Targeted 

activation of p38 MAPK has been associated with β-AR Gi-protein signalling (Communal et 

al., 2000;Aggeli et al., 2002), depression of baseline in vitro myocardial function (Chen et 
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al., 2003;Vahebi et al., 2007), and in vivo development of cardiomyopathy phenotypes with 

systolic contractile depression and restrictive diastolic abnormalities (Liao et al., 2002). 

Unpublished in vitro data on Gi-enriched failing human cardiomyocytes has demonstrated 

the negatively inotropic effects of β-blockers to be prevented by p38 MAPK inhibition (see 

chapter five). It cannot be determined from the present study how p38 MAPK activation 

mediates a depression of β2AR-Gs signalling. However, previous studies have suggested 

p38 MAPK-mediated tension depression to occur at the level of the sarcomeres, either 

through reduced phosphorylation of tropomyosin (Vahebi et al., 2007), increased 

phosphorylation of troponin-I (Berzingi et al., 2009), or heat-shock protein (HSP)-27-

mediated modification of sarcomeric scaffolding proteins, such as α-actinin and reduction of 

actomyosin ATPase activity  (Chen et al., 2003). Based on all this evidence and the 

similarities in the functional effects of PTX and SB203580 on in vitro β2AR-mediated 

cardiomyocyte contractility, it appeared that p38 MAPK may be responsible for the in vivo 

Gi-mediated depressive effects of adrenaline on apical myocardium contractility. However, 

in contrast to in vivo PTX/adrenaline studies, pre-treatment with SB203580 prior to in vivo 

adrenaline challenge resulted in a significantly increased mortality rate compared to that 

observed with adrenaline alone. This was not an effect related to the dose of SB203580 

used in vivo, as a wide range of doses were tested (0.1mg.Kg-1 to 10mg.Kg-1), and a 

previous study analysing cardiac function in rats reported successful use of an intravenous 

dose of SB203580 that fell within the dose range tested here (Berzingi et al., 2009). In only 

one animal that survived within this cohort, a persistent global HF phenotype was 

observed. The in vivo responses to a combination of SB203580 and adrenaline were, 

however, similar to those observed following a combination of adrenaline and the β2AR-

selective blocker ICI-118,551 in vivo (chapter three, section 3.3.9), with death recorded 

within a maximum of 20 minutes after adrenaline injection. Thus, these in vivo studies 

support a wealth of literature that has characterised β2AR-Gi signalling as cardioprotective 

(Ahmet et al., 2004;Patterson et al., 2004;Tong et al., 2005;Xu et al., 2010;Zhang et al., 

2010) against typical cell death-inducing excessive Gs activity (Rona, 1985;Todd et al., 

1985;Geng et al., 1999;Zhu et al., 2001), including specific reference to an anti-apoptotic 

role of Gi-activated p38 MAPK (Communal et al., 2000). Furthermore, the protective effect 

of Gi-targeted p38 MAPK against sudden rises in plasma adrenaline is in agreement with 

our hypothesis that the β2AR Gs-Gi trafficking switch is an evolutionary mechanism to 

protect the myocardium against the detrimental effects of elevated catecholamines during 

stress. Interestingly, in vivo pre-treatment with SB203580 resulted in a significant increase 

in baseline (no adrenaline) contractility of the apical myocardium but with no change to the 

basal myocardium or MLV. This would add support to the theory that p38 MAPK is 

activated by β2AR, which as receptor binding studies show; have a larger population ratio 
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relative to β1AR in the apical myocardium compared to the base. Echocardiography M-

mode traces of SB203580 pre-treated rats in the stages of death demonstrated the 

presence of ventricular arrhythmias, acute tachycardia and fibrillation (figure 4.9). Although 

the exact cause of death in these animals is unknown, it could be speculated from the 

abnormal heart rhythms that the presence of SB203580 significantly altered the normal 

balance of adrenaline-mediated ion channel conductance, thus increasing the susceptibility 

to arrhythmias. A particular role for the β2AR and adrenaline in predisposition to 

arrhythmias has been previously described (Altschuld & Billman, 2000). Alternatively, these 

abnormal heart rhythms could have been due to an unopposed Gs response, such as 

occurs during heightened sympathetic nervous system activity (Chen et al., 2001). As 

previously demonstrated in PTX pre-treated cardiomyocytes (Xiao et al., 1994), over-

activation of β-AR Gs-protein can predispose to arrhythmias through increases in [Ca2+]i 

amplitude and shortening of calcium transients that in turn produce alterations in cell 

excitability (Lakatta, 1992). A visual observation from this work is that cardiomyocytes 

treated with SB203580 and/or PTX in the presence of β2AR stimulation were more prone to 

spontaneous arrhythmic contractions in comparison to cardiomyocytes stimulated purely 

through β2AR-Gs/Gi. This is in agreement with the in vivo observations of a high incidence 

of arrhythmias in animals treated with a combination of adrenaline and SB203580, versus 

animals treated with adrenaline alone. 

Some studies have also incorporated a role for reactive oxygen species (ROS) and 

increased mitochondrial energy metabolism in the pathogenesis of Takotsubo 

Cardiomyopathy (Nef et al., 2008b) and myocardial stunning after ischaemia (Bolli, 1990). 

Activated oxygen species could impair cardiac function through; denaturation of proteins 

and enzymes, impaired permeability and function of cellular organelles caused by 

peroxidation of polyunsaturated fatty acids in the cell membrane, and reductions in SR 

calcium uptake (Rowe et al., 1983;Bolli, 1990). In further support of a role of p38 MAPK in 

Takotsubo, this kinase is activated in the heart by both ROS (Sabri & Lucchesi, 2006) and 

inflammatory cytokines (Bellahcene et al., 2006). 

Previous work has demonstrated that unlike the β1AR, β2AR-mediated increases in 

contraction amplitude are much less dependent upon an increase in membrane cAMP 

levels (Xiao et al., 1994;Altschuld et al., 1995) and do not involve any acceleration of 

relaxation (Xiao & Lakatta, 1993) or increase in phospholamban phosphorylation (Xiao et 

al., 1994). This is indeed consistent with our data showing in vitro cardiomyocyte β2AR 

responses to not involve any reduction in the time duration of cell re-lengthening (figures 

4.7A&B). It was proposed that the differences in effects of β1AR and β2AR stimulation on 

intracellular calcium handling, regulation of cAMP and SR protein phosphorylation, was due 
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to compartmentalisation of the β2AR cAMP/PKA signal in caveolae microdomains that were 

too remote to allow targeting of key regulatory SR proteins or myofilaments (Xiao & 

Lakatta, 1993). However, the β2AR stimulated PKA activity was localised to the vicinity of  

L-type calcium channels (LTCC), which may increase intracellular calcium transients 

through a mechanism of calcium-induced calcium release from the SR (Zhou et al., 1997). 

Previous studies have demonstrated inhibition of Gi-protein to not only enhance the 

positive inotropic effect of β2AR stimulation but to also unmask a β2AR-induced relaxant 

effect through PKA-dependent PLB phosphorylation (Xiao et al., 1995) and to increase 

cytosolic calcium through stimulation of remote LTCCs (Chen-Izu et al., 2000). Thus, it was 

proposed that Gi-protein is responsible for compartmentalisation of the β2AR signal, which 

effectively dampens cAMP signalling and maximum functional responses (Zhou et al., 

1997;Fan et al., 2001;Nikolaev et al., 2006). Furthermore, PKA-dependent phosphorylation 

of PLB at serine-16 is significantly reduced in myocardial biopsies taken from Takotsubo 

patients during the acute phase (Nef et al., 2009b), which may be attributable to increased 

compartmentalisation of the β2AR by Gi-protein. This is, however, in contrast to our results 

which do not show G-protein inhibition in apical cardiomyocytes to mediate any increase in 

baseline relaxation following stimulation of β2AR (figure 4.7A&B). Possible explanations for 

this discrepancy include the greater functional instability, calcium overload and 

susceptibility to arrhythmias of PTX pre-treated cardiomyocytes, which may lead to 

artefacts in the contractility responses even during apparently stable contractility amplitude 

and rate. It has been proposed that β2AR-Gi activity could locally inhibit the cAMP-PKA 

pathway in functional subcellular compartments  

A recent study by Despa et al., (2008) using mouse ventricular myocytes demonstrated 

isoproterenol to reduce [Na]i and thereby limit calcium transient amplitude through the NCX 

via a phospholemman-mediated mechanism following a maximum response. Despite this 

being a general β-AR response, it could contribute to the biphasic effect seen upon 

exposure of cardiomyocytes to isoproterenol. Indeed, previous work in our laboratory has 

demonstrated over-expression of NCX in cardiomyocytes isolated from both rat (Sato et al., 

2004) and rabbit (Ranu et al., 2002) to induce a negative inotropic response to β-AR 

stimulation, with significantly prolonged cell re-lengthening and calcium transient decay 

(Ranu et al., 2002). This was related to a reduction in sarcoplasmic reticulum (SR) calcium 

stores and low diastolic calcium levels (Ranu et al., 2002). A direct involvement of β2AR-Gi 

in the suppressive effect of NCX over-expression was highlighted by the restoration of 

control isoproterenol concentration responses following either inhibition of Gi-protein or 

application of a non-Gi activating concentration of the selective β2AR blocker ICI-118,551 

(Sato et al., 2004). However, one study found no involvement of NCX in the abnormal 
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intracellular calcium-regulation system of myocardial biopsies taken from Takotsubo 

patients in the acute phase (Nef et al., 2009b).   

 

4.4.3. Limitations of the study 

Limitations of using isolated cardiomyocytes to deduce functions of the whole ventricle 

include the heterogeneity of the myocytes. This heterogeneity may be attributable either to 

variable intrinsic factors or damage caused by the isolation procedure. Given the length of 

each individual experiment and susceptibility of myocytes to arrhythmia, only a small 

number of cells can be studied and selection of the healthiest cardiomyocytes with baseline 

contraction amplitudes of 3.5-7% cell shortening may be considered to be bias and mask 

any basal effects of the cardiac proteins studied. It is unknown if enzymatic digestion of 

cardiac tissue has any effect on receptor functionality and other cell surface proteins, which 

could potentially influence the response to inotropic agents. On the contrary, the advantage 

of studying the contraction of isolated myocytes includes the ability to measure contractility 

independently of in vivo hemodynamic and neurohormonal effects and influence of scar 

tissue, fibrosis or orientation of fibres within intact muscle strips. This is particularly 

important when focusing upon intrinsic cell signalling such as that for the β2AR. 

A large limitation of the contractile transient study discussed in this report is that in vivo 

catecholamine release is a very rapid event and so slow infusion of a β2AR agonist over 

cells does not mimic the in vivo effect.  A more accurate approach would be to rapidly 

perfuse cells at a rate that ensured the in vitro conditions (KH perfusate contents) were 

changed within a few seconds, as opposed to gradual transition over the course of 

approximately one minute. However, measurement of cell contractility for 15 minutes during 

rapid perfusion is not practical as the cells would become dislodged from the bottom 

surface of the perfusion bath.  

 

4.4.4. Future Studies 

Work is currently underway in our laboratory to further explore the in vitro β2AR-Gs-Gi 

trafficking switch by acutely exposing cells to high concentrations of adrenaline followed by 

washing and re-stimulation of contraction selectively through the β2AR. The results 

gathered from this protocol thus far are in agreement with the contractility presented in the 

current study. Specifically, treatment with adrenaline desensitised the positive β2AR-Gs 

responses in apical cardiomyocytes via a mechanism which was reversed with PTX. This 

provided a direct link between adrenaline and β2AR-Gi signalling in vitro, while adding 

further support to our in vivo findings with this catecholamine (chapter three). 
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Having successfully demonstrated β2AR-Gi signalling in rat cardiomyocytes, future studies 

will attempt to reproduce these findings in isolated mouse cardiomyocytes, which may pave 

the way for the use of transgenics to explore specific Gi-protein signalling components. 

As part of an investigation into the significance of the higher prevalence of Takotsubo 

cardiomyopathy in post-menopausal women (Ueyama et al., 2008;Kuo et al., 2010), our 

group also plan to compare this in vitro β2AR-Gi signalling response in male rat 

cardiomyocytes with those observed in isolated cardiomyocytes from both control and 

ovariectomized female rats. This would reveal any link between estrogen and increased 

susceptibility to β2AR-Gi activation. 

The in vitro data presented in the present study highlighted p38 MAPK to share a common 

functional signalling pathway to Gi-protein, however; in vivo blockade of Gi-protein with 

PTX yielded a positive cardiac response following injection of adrenaline, whereas pre-

treatment with the p38 MAPK inhibitor SB203580 was fatal if adrenaline was subsequently 

administered. It cannot be discounted that other factors besides p38 MAPK may contribute 

to the Gi-mediated depression of contractility. Thus, further in vitro studies with inhibitors of 

other candidate targets of Gi-protein (e.g. NCX or ROS), will provide further important 

information on the intracellular pathways activated in parallel to an upregulated β2AR-Gi 

activity, and possibly lead to identification of the ventricular cardiomyocyte mechanisms 

mediating the in vivo effects of adrenaline on cardiac function.  

 

4.5.6. Conclusion 

Overall, the results of the present study support our hypothesis that the in vivo apical 

myocardium hypocontractility observed in response to high levels of circulating adrenaline 

is the result of a trafficking switch of the β2AR, from positively inotropic Gs-protein signalling 

to negatively inotropic Gi-protein signalling. This Gi-mediated cardiodepression is localised 

to the apical myocardium due to the greater expression of β2ARs and increased adrenergic 

sensitivity of this myocardial region. The data presented here also demonstrates p38 MAPK 

to be a down-stream mediator of β2AR-Gi signalling, whereby it not only acts to depress 

cardiac contractility but also offers protection against the cardiotoxic effects of excess 

adrenaline.  
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5.1. Introduction 

As discussed in chapter one (section 1.10), previous studies in failing human tissue and 

transgenic mice over-expressing the β2AR have highlighted β-blockers as either inverse 

agonists, which can act to reduce innate basal receptor activity by up to 80% through 

binding to one of two β2AR isoforms, or neutral antagonists which competitively inhibit the 

effects of both agonists and inverse agonists (Bond et al., 1995;Gong et al., 2002;Baker et 

al., 2003). This model of biased agonism was initially developed by Bond et al., (1995), and 

later modified by Gong et al., (2002). These later authors proposed that the β2AR exists in 

a state of equilibrium between two active conformations of firstly R*, which couples to a Gs-

adenylate cyclase-cAMP pathway, and secondly R#, which couples to a Gi-protein 

mediated pathway. Under normal conditions, β-agonists bound to and stabilised the active 

Gs-protein conformation of the β2AR, leading to Gs-mediated activation of the adenylate 

cyclase–cAMP signalling cascade. Beta-blockers would competitively bind to this Gs-

protein coupled binding site to depress activation of this signalling pathway. However, in 

the presence of elevated Gi-protein, such as in the failing human myocardium (Feldman et 

al., 1988;Bohm et al., 1994) or after extreme β2AR Gs-Gi-protein biased agonism, the 

excess Gi-protein will shift the equilibrium towards R# and away from R*. Specific β-

blockers, with an affinity for the β2AR, bind to and stabilise this second Gi-protein coupled 

binding site, where they act as agonists of this Gi-protein signalling pathway (figure 5.1). 

These findings would re-surface the issues about the use of β-blockers for the treatment of 

heart failure (HF), while enforcing the importance of carefully titrating them to prevent any 

decompensating effects. Ex vivo myocardial studies with clinical β-blockers (Maack et al., 

2000) and in vitro cardiomyocyte studies with high doses of the selective β2AR agonist 

clenbuterol (Siedlecka et al., 2008) have added further support to the theory of ligand-

mediated activation of an active β2AR-Gi signalling pathway.  

Unpublished data from our laboratory, collected by Zheng (2002), has also demonstrated 

significantly negative basal inotropic effects of the clinical β-blockers carvedilol and 

propranolol, of similar levels to that of ICI-118,551, on cardiomyocytes isolated from human 

failing myocardium where Gi-protein levels will be raised (figure 5.2). Basal (4mM Ca2+) 

contractility of isolated human cardiomyocytes decreased by 17.6±5.9% (n=20 cells, 

p<0.05 vs baseline = 100%), in response to 1μM carvedilol. This was, however, 

significantly less (p<0.05) than the reversible decline in basal contractility observed in 

response to either 5μM propranolol (43.8±5.7% (n=7 cells, p<0.05 vs baseline = 100%)) or 

50nM ICI-118,551 (34.66±3.68% (n=14 cells p<0.001 vs baseline = 100%)). Interestingly, 

the negatively inotropic effects of both propranolol and ICI-118,551 on basal percentage 

cell shortening (2.35±0.48% (4mM Ca2+)) of these failing cardiomyocytes were abolished in 
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the presence of 3μM of the p38 MAPK inhibitor, SB203580 ((9.68±0.74% (SB+ICI) vs 

5.50±0.68% (ICI), p<0.001) and (2.59±0.63 (SB+propranolol) vs 1.26±0.23% (propranolol), 

p=0.06)). No significant change to basal contractility was observed in response to perfusion 

with 3μM SB203580 (2.35±0.48% (4mM Ca2+) vs 2.63±0.66% (SB), p=ns).This would 

suggest that both propranolol and ICI-118,551 may induce a reduction in cell contractility 

through activation of p38 MAPK, which is a highly favoured candidate for mediating the 

down-stream cell signalling responses to Gi-protein activation (Liao et al., 2002;Szokodi et 

al., 2008). 

 

 

Figure 5.1. Proposed model by which selective β-blockers act as agonists at an 
allosteric conformation of the β2AR, active only in the presence of elevated Gi-
protein. Binding of ligands to this receptor site (R#) results in an equilibrium shift 
away from the other tonically active conformation (R*), which otherwise mediates a 
Gs-protein dependent increase in cAMP and subsequent positive contractility.    
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Figure 5.2. Basal inotropic responses of failing human LV cardiomyocytes to 50nM 
ICI-118,551 (n=14 cells), 5µM propranolol (n=7 cells) or 1µM carvedilol (n=20 cells). 
Data are represented as the mean± SEM for the percentage cell shortening as a 
percentage of control (untreated) (4mM Ca2+) responses. (*p<0.05, ***p<0.001 (vs 
control = 100%)). Data produced by Zheng (2002).  
 

Data presented in chapter three demonstrated an intravenous bolus dose of 4.28x10-8 

moles.100g-1 adrenaline to reproduce, in rat, the apical hypokinesis and basal hyperkinesis 

typically observed in patients with Takotsubo cardiomyopathy. Furthermore, this negative 

LV effect of adrenaline was dependent upon Gi-protein activity. We hypothesised that 

rather than blocking the effects of adrenaline at the β2AR through their expected βAR-Gs 

antagonist actions, β-blockers which activated Gi-protein will enhance the negative 

inotropic response to adrenaline in the rat Takotsubo model. In addition, the approach of 

administering β-blockers into animals with adrenaline-induced Takotsubo cardiomyopathy 

is useful for determining the therapeutic effectiveness of these compounds in this clinical 

condition. For this study, we chose to determine the in vivo effects of carvedilol, propranolol 

and bisoprolol in our Takotsubo rat model. The β-blockers carvedilol and propranolol were 

selected partly because of the previous in vitro data, which demonstrated negative basal 

effects of both these compounds and ICI-118,551, with the suggestion (in the case of ICI-

118,551) that this was dependent upon Gi-protein activity (Gong et al., 2002). Bisoprolol 

was chosen owing to its pharmacological properties as the most clinically used selective 

β1AR blocker and therefore a potentially good comparison to the less selective β-AR 

actions of both carvedilol and propranolol. To investigate other potential approaches for the 

treatment of Takotsubo cardiomyopathy, we used our in vivo rat model to screen the 

clinically used positive inotrope levosimendan. Unlike other positive inotropes, such as 

dobutamine, which work by increasing cAMP, levosimendan avoids the β2AR-AC-cAMP-

PKA axis, so is potentially more suitable for treatment of Takotsubo cardiomyopathy. 
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The results of this chapter highlight β-blockers with an affinity for the β2AR to act as 

agonists at an active Gi-protein coupled isoform of this receptor, which results in a negative 

inotropic effect. No such effect is observed when Gi-protein is basally inactive. In contrast 

to the apparently limited therapeutic benefit of these β-blockers for the treatment of 

Takotsubo cardiomyopathy, levosimendan treatment successfully suppressed the regional 

negative inotropic effects of adrenaline independently of cAMP. 

 

5.2. Methods 
 

5.2.1. Solutions 

Adrenaline was obtained from Hospira (UK), the β-blockers Propranolol hydrochloride (Cat 

no. P0884), Carvedilol (Cat no. C993) and Bisoprolol hemifumarate salt (Cat no. B2185) 

were obtained from Sigma-Aldrich (UK), and the Levosimendan was provided by 

OrionPharma (UK). 

 

5.2.1.1. Propranolol and Carvedilol 

Propranolol is an example of a first generation non-selective β-blocker, developed in the 

1960s by the Scottish scientist and 1988 Nobel Prize winner, James W. Black. Propranolol 

was widely used in the treatment of chronic HF, hypertension, post-infarction sinus 

tachycardia, arrhythmias, obstructive cardiomyopathy (Reiter, 2004;Wang et al., 2009), and 

also more recently as a potential treatment for post-traumatic stress disorder (Brunet et al., 

2008). In addition to directly blocking β1AR and β2ARs with equal affinity, propranolol also 

has inhibitory effects on noradrenaline transporters and can stimulate noradrenaline 

release (Young & Glennon, 2009).  

Carvedilol is a racemic lipophilic aryloxypropanolamine, and a third generation non-

selective β-AR antagonist with additional α1AR antagonist activity, and a lack of intrinsic 

sympathomimetic activity (Wood, 1984). Molenaar et al., (2005) reported the potency of 

carvedilol for the β2AR (-logKB=10.13+/-0.08) to be 13-fold greater than for the β1AR            

(-logKB=9.02+/-0.07) in human right atrium. Carvedilol treatment results in a reportedly 

good prognosis for chronic HF, angina pectoris, cardiac arrhythmias and ischemic and 

dilated cardiomyopathy (Packer et al., 1996;Packer et al., 2002). 

Solution concentrations of 1x10-7M (100nM) propranolol hydrochloride (Cat no. P0884, 

Sigma UK) and 1x10-7M (100nM) carvedilol (Cat no.C993, Sigma UK) were prepared by the 
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dilution of DMSO-dissolved stock in saline. When corrected to a standard injectable volume 

of 0.5mL per 350g BW, this 1x10-7M concentration equated to 1.43x10-11 moles.100g-1. 

A concentration of 100nM was determined as appropriate for propranolol and carvedilol to 

block the effects of adrenaline at the β2AR through multiplying values for the β2AR 

inhibitory constants (Ki) for each blocker (~1nM) by 100 (see below).  

 

 

   

 

 

 

 

Figure 5.3. Example of a competitive blocker/inhibitor dose-response curve of 
radioligand binding at a target receptor. Abbreviations: IC50 (concentration of 
competing ligand which displaces 50% of the bound radioligand from the target site).  
 

The presence of a receptor blocker which competes for the same binding site on the 

receptor as the agonist (e.g. adrenaline at β2ARs) results in a right-ward shift in the dose 

response curve as a larger concentration of agonist is required to displace the inhibitor from 

the binding site and maintain 100% occupancy of binding sites. The Ki (inhibitory constant) 

is the binding affinity of the inhibitor, the concentration of competing ligand in a competition 

assay which would occupy 50% of the receptors if no ligand/agonist were present. The 

ligand/agonist is used at a low concentration and the level of specific binding of the 

ligand/agonist is then determined in the presence of a range of concentrations of inhibitor, 

to measure the potency at which it competes with the radioligand for occupancy of the 

target site. 
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The Ki of the blocker/inhibitor can be calculated by the following equation: 

                            IC50    

               Ki =   ------------ 

                      1 + ([L]/KD) 

 

where IC50 is the concentration of competing ligand which displaces 50% of the specific 

binding of the radioligand (figure 5.3); [L] is the concentration of ligand used in the assay 

and KD equals the dissociation constant of the radioligand for the receptor. 

 

The higher the Ki ratio, the more selective the blocker/inhibitor is for the receptor of interest 

and the lower the dose of that blocker/inhibitor is required to occupy the binding site. The 

reported Ki ratio values for carvedilol and propranolol at the β2AR are 1.3nM and 1.1nM, 

respectively (Smith & Teitler, 1999). To determine an effective dose for these two blockers 

that will totally block the β2AR in the presence of adrenaline, the Ki value was multiplied by 

100. From this calculation, a solution concentration of 1x10-7M was selected to be injected 

intravenously in a dose of 0.5mL per 350g rat (1.43x10-11 moles.100g-1).  

 

5.2.1.2. Bisoprolol 

Bisoprolol is a highly selective β1AR blocker (β1/β2 ratio = 19.6; Ki (β1) = 25±2nM; Ki (β2) 

= 480±100nM) (Smith & Teitler, 1999) with significant cardioselectivity (Haeusler et al., 

1986). The effectiveness of bisoprolol does vary with the severity and HF pathophysiology 

(Anthonio et al., 1999;Hu et al., 1998). It is also highly effective in the treatment of 

hypertension (Asmar et al., 1991) and for the prevention of myocardial infarction (Dickerson 

& Carek, 2000). 

The effective dose at which to study the effects of this β1AR blockade on adrenaline 

responses was determined through a calculation involving the clinical dose ratio of 

carvedilol and bisoprolol and the concentration of carvedilol already selected through Ki 

calculations. The typical oral clinical dose of bisoprolol is 2.5 – 20mg once a day. For 

carvedilol it is 25mg twice a day (50mg in total). The relationship of these doses exists in an 

approximately 2.5:1 ratio of carvedilol to bisoprolol. Therefore, while carvedilol is prepared 

as a solution concentration of 1x10-7M for injection, a lower dose of 3x10-8M of bisoprolol 

hemifumarate salt (Cat no.B2185, Sigma UK) was prepared to a level of efficiency. This 

gives an in vivo bisoprolol dose of 4.28x10-12 moles.100g-1.  
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5.2.1.3. Levosimendan 

Levosimendan, a pyridazinone-dinitrile derivative, is a novel calcium sensitising agent, 

positive inotrope and vasodilator. It acts predominantly by binding to the N-terminal of the 

myofilament protein troponin C (TnC), resulting in an increase in the affinity of TnC for 

calcium and thus stabilises the Calcium-TnC complex (Haikala et al., 1995). The peripheral 

and coronary vasodilatory capabilities of levosimendan arise through opening of ATP-

sensitive potassium channels (Yokoshiki et al., 1997). Levosimendan treatment is 

associated with an increased long-term survival rate in HF patients (Moiseyev et al., 2002) 

and restored normal LV systolic function in Takotsubo patients (Padayachee, 2007). 

Levosimendan was provided by the pharmaceutical company OrionPharma (UK).  This 

supplier reported the threshold dose for inotropy in anesthetised rats to be 0.0028 mg/kg/h 

(47 ng/kg/min) and for the maximum positive inotropic effect to be achieved at 0.28 mg/kg/h 

(4.7 µg/kg/min). Upon their recommendations, an infusion speed of 10 ml/kg/h was used. 

Solutions of levosimendan were prepared through dissolving powdered stock in DMSO and 

diluting down in 0.9% NaCl to a concentration of 28μg/ml. Intravenous levosimendan 

delivery was performed using a microinfusion/syringe pump (Aladdin – 220, World 

Precision Instruments) (figure 5.4) connected to thin polyethylene tubing that lead to a 26-

gauge cannula positioned within the jugular vein. 

 

Figure 5.4. The Aladdin – 220 model programmable syringe pump, produced by 
World Precision Instruments (WPI). 
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5.2.2. Protocol 

Each β-blocker was administered intravenously as a bolus infusion through a 26-gauge 

cannulae inserted into the jugular vein. An administration time-point of 15 minutes post-

adrenaline injection was chosen for each β-blocker, as from earlier studies it is evident that 

the negatively inotropic effects of adrenaline became apparent between 10-15 minutes 

after catecholamine injection (chapter three). Furthermore, it is important to structure the 

protocol of this study to portray a real-life clinical situation in which the patient presents with 

the condition of Takotsubo cardiomyopathy prior to receiving any treatment. Live 2D B-

mode and cross-sectional M-mode images were recorded at the levels of the apex, MLV 

and base under general isoflurane anaesthesia, as previously described (chapter two, 

section 2.7). Heart rate (HR) was taken as a measurement from an ECG trace. The first 

recording for the effect of each β-blocker in the presence of adrenaline was collected upon 

intravenous blocker injection (15 minutes post-adrenaline) and from then on at 5 minute 

intervals up to 60 minutes post-adrenaline.  

To assess the basal effects of each β-blocker on left-ventricular function, in the absence of 

any effects of adrenaline, a separate population of animals received a single intravenous 

injection of each β-blocker alone. Regional left-ventricular function in these animals was 

monitored at 5 minute intervals for a subsequent 45 minutes after injection to match the 

time duration of β-blocker treatment in the adrenaline-related studies. Figure 5.5 illustrates 

the protocol described above. 

4.28x10-8 moles.100g-1        1.43x10-11 moles.100g-1 Propranolol/Carvedilol (i.v.) 

Adrenaline (i.v.)                   4.28x10-12 moles.100g-1 Bisoprolol (i.v.)   

        

 

 Baseline 

 

                0 minutes          15 minutes                                                                    60 minutes                           

  

Figure 5.5. Time-related protocol outline for the study of the effect of intravenous β-
blockers on adrenaline-induced left-ventricular dysfunction. Beta-blockers are 
administered (i.v.) at 15 minutes post-adrenaline injection, which is the point at 
which hypocontraction of the apex and MLV begins to present. Measurements of LV 
FS were taken at 5 minute time-points between 0 and 60 minutes post-adrenaline 
administration. 
 

Adrenaline Adrenaline + β-blocker 
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5.2.3 Statistical Analysis 

A two-way repeated measures ANOVA was used to compare the results for each individual 

treatment across study groups either between 0 and 45 minutes post-therapy 

administration (15 and 60 minutes post-adrenaline injection where relevant).  

Unpaired 2-tailed t-tests were used to compare the inotropic/chronotropic responses to 

each treatment at individual time-points after injection.   

A Fisher’s exact test was used to determine the presence of any significant mortality rates 

both within and between treatment groups. 

All data are plotted as the mean±SEM for n observations.  

For graphical presentation purposes, data for each adrenaline co-treatment group are 

presented at two optimum response time-points of 30 minutes and 45 minutes post-

adrenaline injection. In vivo responses to injection of each β-blocker/levosimendan alone 

are presented on a time-scale of 0 to 60 minutes post-administration to demonstrate that 

there was no underlying time-dependent changes in LV function in response to these 

compounds alone.     

In vivo inotropic and chronotropic responses are represented as the percentage change in 

baseline (B) responses (e.g. ((%FS(x minutes) - %FS(B))/%FS (B))x100). A one-sample t-

test was used to compare normalised responses to a hypothetical baseline (untreated) 

response mean of ‘0’. 

A total of 12 rats were used for the propranolol study group (n=6 (propranolol + adrenaline); 

n=6 (propranolol alone)) 

A total of 13 rats were used for the carvedilol study group (n=7 (carvedilol + adrenaline); 

n=6 (carvedilol alone)) 

A total of 12 rats were used for the bisoprolol study group (n=7 (bisoprolol + adrenaline); 

n=6 (bisoprolol alone)) 

A total of 8 rats were used for the levosimendan study group (n=5 (levosimendan + 

adrenaline); n=3 (levosimendan alone)) 

The data relating to one group of normal rats treated with a single dose of adrenaline is 

incorporated into more than one graph in the results section of this chapter to allow for 

easier comparisons with each individual treatment group presented. This in vivo adrenaline 

time-course data is identical to that described in chapter three for the same treatment 

group.   
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5.3 Results 
 

5.3.1. Propranolol 

Percentage changes in left-ventricular FS at the apex, MLV and base in response to     

1x10-7M (1.43x10-12moles.100g-1 (i.v.)) of propranolol alone (n=6) are shown in figure 5.6. 

In contrast to saline-treated controls, progressive negatively inotropic effects of this β-

blocker were observed across the LV. In comparison to the individual inotropic effects of 

4.28x10-8moles.100g-1 adrenaline (n=6), a combined treatment of adrenaline and 

propranolol (n=6) induced a significantly greater and persistent negative inotropic effect 

across the entire LV. This difference in LV inotropy between adrenaline and 

adrenaline/propranolol co-treated animals reached the greatest level of significance at the 

base. These results are described in more detail in section 5.3.1.1 and 5.3.1.2. The effects 

of propranolol on adrenaline-mediated contractility at the prime-response time-points of 30 

minutes and 45 minutes post-adrenaline injection are illustrated in figure 5.14 and 

described in section 5.3.5. 

 

5.3.1.1. Propranolol vs Saline (LV contractility) 

The effects of propranolol alone (1.43x10-12moles.100g-1 (i.v.)) on myocardium FS were 

progressive with time, and differed significantly from the responses of saline controls 

(0.14mL.100g-1) in all three regions of the LV (Repeated measures ANOVAs (1-45min): 

p<0.01 (apex); p<0.01 (MLV); p<0.05 (base)). Maximum inotropic responses to an injection 

of propranolol alone were observed at; 40 minutes post-injection at the apex (-16.94±5.13% 

(vs baseline=0), p<0.05), 45 minutes post-injection at the MLV (-18.96±4.03% (vs 

baseline=0), p<0.01), and 35 minutes post-injection at the base (-14.78±3.94% (vs 

baseline=0), p<0.05).   

 

5.3.1.2. Adrenaline vs Propranolol+Adrenaline (LV contractility) 

In all three regions of the LV, a combination of adrenaline and propranolol induced a 

significantly larger negative inotropic response than either propranolol alone (repeated 

measures ANOVAs (1-45min post-propranolol): p<0.05 (apex); p<0.01 (MLV); p<0.01 

(base)) or adrenaline alone (repeated measures ANOVAs (1-45min post-propranolol): 

p<0.05 (apex); p<0.05 (MLV); p<0.0001 (base)). Maximum significant time-paired 

differences in negative inotropy between adrenaline controls and adrenaline/propranolol co-

treated animals occurred at 35 minutes post-adrenaline injection at the apex (-35.72±6.52% 

(vs baseline=0) (propranolol/adrenaline) vs -12.78±5.71% (vs baseline=0) (adrenaline), 
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p<0.05) and 40 minutes post-adrenaline injection at the MLV (-35.56±3.65% (vs 

baseline=0) (propranolol/adrenaline) vs -15.00±3.65 (vs baseline=0) (adrenaline), p<0.01). 

The presence of propranolol reversed the positive inotropic effect of adrenaline at the base 

to produce non-recoverable negative inotropy, with a peak difference between treatments 

observed at 20 minutes post-adrenaline injection (-31.45±3.71% (vs baseline=0) 

(propranolol/adrenaline) vs 11.84±2.95% (vs baseline=0) (adrenaline), p<0.000001). 

At the apex and MLV, the maximum FS change (from baseline) in response to a 

combination of adrenaline and propranolol was approximately equivalent to the combined 

individual inotropic responses to adrenaline and propranolol administered alone, at this 

matching time-point. This would suggest that the individual inotropic effects of adrenaline 

and propranolol, at the apex and MLV, are additive when combined as one treatment. In 

contrast, the maximum negative inotropic effect of a combination of adrenaline and 

propranolol on basal myocardium contractility does not represent an additive effect of the 

individual inotropic responses produced by each drug. Animals co-treated with adrenaline 

and propranolol exhibited a reduced recovery of inotropic function towards baseline at the 

apex, MLV and base, in comparison to adrenaline controls.  

Following addition of propranolol into adrenaline-treated animals, it appeared that the 

significant reduction in global LV contractility was predominantly attributable to an increase 

in the LV baseline systolic diameter, as opposed to any diastolic dilation. Maximum 

changes to LVESD were observed across the LV at between 20 and 25 minutes post-

adrenaline (5 and 10 minutes post-propranolol), which corresponded with the peak LV 

hypocontraction observed at these two time-points (data not shown). 

No significant differences in the inotropic responses to adrenaline/propranolol co-treatment 

existed between each ventricular region (apex, MLV and base) when individually compared 

to each other (repeated measures ANOVAs: p=ns). This indicated a loss of the regional 

variation observed in the in vivo adrenaline model. No significant differences between the 

contractility of the apex, MLV and base, in response to propranolol treatment alone, were 

observed (repeated measures ANOVA: p=ns).  
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Figure 5.6. Time-dependent effects of 1.43x10-11 moles.100g-1 propranolol (i.v.) on 
apical (A), mid left-ventricular (B) and basal myocardium contractility (C). Values are 
expressed as the mean ± SEM for percentage change in LV FS from baseline 
(untreated) levels at 1 minute and then at each 5 minute time-point following 
propranolol injection. (N=6) (*p<0.05, **p<0.01, ***p<0.001 vs baseline FS = 0). 
Abbreviation: B (baseline). 

A 

B 

C 
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5.3.1.3. Adrenaline vs Propranolol+Adrenaline (HR) 

The individual time-dependent effects of adrenaline, propranolol and adrenaline/propranolol 

co-treatment on HR are shown in figure 5.7. This dose of propranolol (1.43x10-

12moles.100g-1 (i.v.)) did not have any significant effect on basal (resting) HR when 

administered alone, and neither suppressed nor worsened the negative chronotropy 

produced by 4.28x10-8moles.100g-1 adrenaline. These results will be discussed in further 

detail in the following paragraphs. 

From the results it appears that a persistently negatively chronotropic effect of 

adrenaline/propranolol co-treatment is attributable to adrenaline alone, with no additive 

effect of propranolol.  

No significant change to baseline HR was observed at any 0-45 minute time-point following 

injection of propranolol into untreated animals (p=ns vs baseline=0). This isolated 

chronotropic effect of propranolol did not differ in time-matched comparison to that 

observed in response to saline (repeated measures ANOVA: p=ns), which suggested that 

this dose of propranolol (1.43x10-11 moles.100g-1) is not basally negatively chronotropic. 

A gradual decline in HR was observed within the first 20 minutes of adrenaline injection 

before establishment of a plateau. Addition of propranolol did not significantly alter the 

negative HR change (from baseline) observed in response to adrenaline alone between 15 

and 60 minutes post-adrenaline injection (repeated measures ANOVA: p=ns). No 

significant difference in chronotropic response existed between adrenaline and 

adrenaline/propranolol co-treated animals at any matched time-point. The initial 

chronotropic response observed upon injection of propranolol into adrenaline pre-treated 

animals was almost equivalent to a significant bradycardia (p=0.06), and did not differ from 

the chronotropic response observed in the same animals at the previous time-point            

(-8.95±3.44% (vs baseline=0) (10 minutes adrenaline) vs -8.31±3.55% (vs baseline=0) (0-1 

minute propranolol/ 15 minutes adrenaline), p=ns). Maximum negative chronotropy in 

adrenaline/propranolol co-treated animals occurred at 35 minutes post-propranolol 

injection/ 50 minutes post-adrenaline injection (-21.11±4.73% (vs baseline=0), p<0.01). 

Similar to the persistent negative inotropy observed across the LV in adrenaline/propranolol 

co-treated animals, there was no evidence of a significant HR recovery to baseline levels.   
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Figure 5.7. Comparison of the individual and combined effects of 4.28x10-8 
moles.100g-1 adrenaline (i.v.), 1.43x10-7moles.100g-1 propranolol (i.v.) on HR. Values 
are expressed as the mean ± SEM for percentage change in HR from baseline 
(untreated) levels at each 5 minute time-point following intravenous administration. 
N=6 (adrenaline), n= 6 (propranolol), n=6 (propranolol+adrenaline). Abbreviation: B 
(baseline). RM ANOVA: (propranolol+adrenaline vs adrenaline: p=ns); (propranolol 
vs saline: p=ns); (adrenaline+propranolol vs propranolol alone: p<0.01). 
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5.3.2. Carvedilol 

The percentage changes in LV FS at the apex, MLV and base in response to           

1.43x10-11moles.100g-1 carvedilol, intravenously administered alone (n=6), is shown in 

figure 5.8. The effects of carvedilol on adrenaline (4.28x10-8 moles.100g-1)-mediated 

contractility at the prime response time-points of 30 minutes and 45 minutes post-

adrenaline injection is illustrated in figure 5.14 and described in section 5.3.5. As a single 

treatment, carvedilol did not induce any change to basal (untreated) contractility across the 

LV. The presence of carvedilol did not alter the biphasic negatively inotropic effects of 

adrenaline observed at the apex and MLV, but it did reverse the adrenaline-mediated 

hyper-contraction observed at the base. These results are described in more detail in 

sections 5.3.2.1 and 5.3.2.2.  

 

5.3.2.1. Carvedilol vs Saline (LV contractility) 

The effect of a single carvedilol treatment on baseline (untreated) myocardial contractility 

did not differ significantly from the inotropic responses produced by saline injection in any 

region of the LV (repeated measures ANOVAs (apex, MLV, base): p=ns). Individual time-

point analysis revealed no significant effect of a single injection of carvedilol alone on FS of 

the apex, MLV or base under baseline conditions (p=ns vs baseline=0) between 1 and 45 

minutes post-injection. However, a significant decrease in baseline FS was observed at the 

MLV if measured at 55 minutes post-carvedilol injection (-13.48±5.24% p<0.05) (time-point 

not plotted). 

 

5.3.2.2. Carvedilol+Adrenaline vs Adrenaline alone (LV contractility) 

A combined treatment of adrenaline and carvedilol did not induce any significantly greater 

or lesser inotropic response at the apex and MLV than that produced by adrenaline alone 

(repeated measures ANOVAs: p=ns (apex, MLV). This suggested that carvedilol did not act 

synergistically with adrenaline to further depress contractility of either the apex or MLV. 

However, the time-dependent ‘biphasic’ hypocontractility of the basal myocardium, in 

response to a combined treatment of adrenaline and carvedilol, was in significant contrast 

to the time-matched hypercontractility observed in response to a single injection of 

adrenaline (repeated measures ANOVA: p<0.001). 

Significant time-paired differences in apical and MLV inotropy between adrenaline-treated 

and adrenaline/carvedilol co-treated animals occurred at 15 minutes and 40 minutes post-

adrenaline injection, respectively ((Apex: -17.32±7.20% (vs baseline=0) 

(carvedilol/adrenaline) vs +7.95±4.36% (vs baseline=0) (adrenaline), p<0.05);             
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(MLV: -26.11±3.10% (vs baseline=0) (carvedilol/adrenaline) vs -16.71±2.56% (vs 

baseline=0) (adrenaline), p<0.05). Maximum differences in inotropy of the basal 

myocardium between these two treatment groups occurred at 30 minutes post-adrenaline 

injection (-21.58±5.10% (vs baseline=0) (carvedilol/adrenaline) vs 3.63±1.88% (vs 

baseline=0) (adrenaline), p<0.01). In contrast to LV function of rats co-treated with 

propranolol and adrenaline, those treated with carvedilol and adrenaline demonstrated a 

gradual recovery of systolic function on a similar time scale to that observed with 

adrenaline alone. From this we can conclude that carvedilol did not reverse the adrenaline-

induced apical and MLV hypokinesis, but unlike propranolol, it also did not worsen it.  

Comparison of the combined inotropic effects of adrenaline and carvedilol between LV 

regions revealed no significant difference between the contractility of the MLV and apex 

and also no difference between the inotropic responses at the base and apex (repeated 

measures ANOVA: p=ns). However a significant difference in the scale of negative inotropy 

to adrenaline/carvedilol co-treatment did exist between the base and MLV (repeated 

measures ANOVA: p<0.05). No significant differences in the inotropic effects of carvedilol 

treatment alone existed between the apex, MLV and base (repeated measures ANOVA: 

p=ns (apex vs base, apex vs MLV and base vs MLV, respectively)). 
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Figure 5.8. Time-dependent inotropic effects of 1.43x10-11 moles.100g-1 carvedilol (i.v.) 
on apical (A), mid left-ventricular (B) and basal (C) myocardium contractility. Values 
are expressed as the mean ± SEM for percentage change in LV FS from baseline 
(untreated) levels at 1 minute and then at each 5 minute time-point following carvedilol 
injection. (N=7) (p=ns (vs baseline=0) for all data points). Abbreviation: B (baseline). 
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5.3.2.3. Carvedilol+Adrenaline vs Adrenaline alone (HR) 

The individual time-dependent chronotropic effects of adrenaline, carvedilol, and 

carvedilol/adrenaline co-treatment are shown in figure 5.9. The results suggest that at a 

dose of 1.43x10-11 moles.100g-1 carvedilol does not possess basal negative chronotropy 

and is unable to reverse or exaggerate the already established negative chronotropy of 

adrenaline. These results are discussed in further detail below. 

Injection of carvedilol alone did not have any significant effect upon basal HR at any post-

injection time-point (p=ns vs baseline=0) and thus also did not significantly differ from 

saline in time-matched chronotropic effect capability (repeated measures ANOVA (0 to 45 

minutes): p=ns).  

A combined treatment of adrenaline and carvedilol induced a persistently negative change 

in baseline HR. Consistent with the lack of any basal chronotropic effect of carvedilol, the 

added presence of this β-blocker did not significantly alter the already established 

negatively chronotropic response observed between 15 and 60 minutes post-intravenous 

adrenaline injection (repeated measures ANOVA: p=ns). The negative chronotropic 

response observed at 10 minutes post-adrenaline injection was not significantly altered 

upon injection of carvedilol 4 minutes later (-17.35±4.01% (vs baseline=0) (0-1 minutes 

carvedilol/ 15 minutes adrenaline) vs -17.26±3.82% (vs baseline=0) (10 minutes 

adrenaline), p=ns) in paired animals. The reduction in baseline (untreated) HR observed in 

response to carvedilol/adrenaline co-treatment peaked at 20 minutes post-carvedilol/ 35 

minutes post-adrenaline injection (-27.95±2.69% (vs baseline=0), p<0.001), which did not 

differ significantly from the maximum time-matched decline in baseline HR observed in 

response to adrenaline treatment alone (-19.61±5.36% (vs baseline=0) (p=ns vs 

carvedilol/adrenaline co-treatment)). In contrast to the recovery of systolic function in these 

same animals, there was no significant recovery of HR to baseline levels by 45 minutes 

post-carvedilol/ 60 minutes post-adrenaline injection (-21.30±5.78% (vs baseline=0), 

p<0.05). 
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Figure 5.9. Time-dependent chronotropic effects of 4.28x10-8moles.100g-1 adrenaline 
(i.v.) and 1.43x10-11moles.100g-1 carvedilol (i.v.), both alone and in combination. 
Values are expressed as the mean ± SEM for the percentage change in baseline HR 
at each 5 minute time-point following intravenous administration. N=6 (adrenaline), 
n=6 (carvedilol), n=6 (carvedilol + adrenaline). Abbreviation: B (baseline). RM 
ANOVA: (adrenaline+carvedilol vs saline: p<0.001), (adrenaline+carvedilol vs 
carvedilol: p<0.0001), (adrenaline vs adrenaline+carvedilol: p=ns), (saline vs 
carvedilol: p=ns). 
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5.3.3. Bisoprolol 

Percentage changes in left-ventricular FS at the apex, MLV and base in response to 

4.28x10-12moles.100g-1 of the β1AR-selective blocker bisoprolol, intravenously administered 

alone (n=6) are shown in figure 5.10. The effects of bisoprolol on adrenaline (4.28x10-

8moles.100g-1 (i.v.)) -mediated contractility at the prime response time-points of 30 minutes 

and 45 minutes post-adrenaline injection is illustrated in figure 5.14 and described in 

section 5.3.5. Under basal conditions, this dose of bisoprolol did not induce any significant 

change to LV inotropy. With the exception of abolishing adrenaline-mediated basal 

myocardium hypercontractility, bisoprolol did not worsen the overall effects of adrenaline on 

LV contractility. These results are described in more detail in sections 5.3.3.1 and 5.3.3.2.  

 

5.3.3.1. Bisoprolol vs saline (LV contractility) 

Intravenous administration of bisoprolol as a single treatment did not produce any 

significant change to baseline FS at the apex, MLV or base, at any 1-45 minutes post-

injection time-point studied (p=ns vs baseline =0). Similarly, no significant differences were 

observed between the overall time-related LV inotropic responses to single injections of 

either bisoprolol or saline (repeated measures ANOVA: p=ns (apex, MLV, base)).  

 

5.3.3.2. Bisoprolol+Adrenaline vs Adrenaline alone (LV contractility) 

The time-related combined effects of adrenaline and bisoprolol on FS of the apex and MLV 

did not differ significantly from either of the individual time-matched response to adrenaline 

or bisoprolol injection alone in these ventricular regions (repeated measures ANOVAs: 

p=ns). The presence of bisoprolol significantly worsened adrenaline-mediated contractility 

of the basal myocardium (repeated measures ANOVA: p<0.01). However, the inotropic 

responses of the basal myocardium, produced by a combination of adrenaline and 

bisoprolol, were never significantly different from baseline (p=ns (vs baseline = 0)), and did 

not differ in overall significance from the inotropic responses produced at the base by an 

injection of bisoprolol alone (repeated measures ANOVA: p=ns). A significant suppression 

of the adrenaline-induced negative FS change (from baseline) was observed at 10 minutes 

post-bisoprolol injection at the apex (-9.24±5.62% (vs baseline=0) (bisoprolol/adrenaline) 

vs -26.47±4.46% (vs baseline=0) (adrenaline), p<0.05). A near-significant suppression of 

adrenaline-mediated negative inotropy of the MLV, by bisoprolol, occurred at 5 minutes 

post-bisoprolol injection (-11.22±5.65% (vs baseline=0) (bisoprolol/adrenaline) vs                

-27.21±4.85% (vs baseline=0) (adrenaline), p=0.05). A maximum reduction in the 

adrenaline-mediated positive inotropy of the basal myocardium, by bisoprolol, occurred at 
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50 minutes post-bisoprolol injection (-8.89±5.95% (vs baseline=0) (bisoprolol/adrenaline) vs 

+14.36±3.13% (vs baseline=0) (adrenaline), p<0.01).  

 

No significant differences existed between the inotropic effects observed in response to a 

combined treatment of adrenaline and bisoprolol at the apex, MLV and base (repeated 

measures ANOVAs: p=ns (apex vs base, apex vs MLV and base vs MLV, respectively)). 

Similarly, no significant inter-regional variability existed across the LV for the contractile 

responses observed in response to a single treatment of bisoprolol (repeated measures 

ANOVAs: p=ns (apex vs base, apex vs MLV and base vs MLV, respectively)). 
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Figure 5.10. Time-dependent effects of 4.28x10-12 moles.100g-1 bisoprolol (i.v.) on 
contractility of the apex (A), MLV (B) and base (C). Values are expressed as the mean ± 
SEM for the percentage change in baseline LV FS at 1 minute and then at each 5 minute 
time-point following bisoprolol injection. (N=6). Abbreviation: B (baseline). 
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5.3.3.3. Bisoprolol+Adrenaline vs Adrenaline alone (HR) 

The comparative effects of adrenaline, adrenaline/bisoprolol co-treatment and bisoprolol 

treatment alone on baseline (untreated) HR are shown in figure 5.11. The results suggest 

that blockade of the β1AR with 4.28x10-12 moles.100g-1 bisoprolol does not alter basal HR 

and fails to either reverse or exaggerate the negatively chronotropic effects of adrenaline. 

These results are described in more detail below.  

Bisoprolol treatment alone did not significantly alter baseline (untreated) HR at any post-

injection time-point (p=ns (vs baseline=0)), and did not differ significantly from the HR 

changes produced by a control saline injection (repeated measures ANOVA: p=ns). No 

significant difference between the individual time-matched negative chronotropic responses 

to adrenaline injection alone and a combined adrenaline and bisoprolol treatment was 

present (repeated measures ANOVA: p=ns). The immediate chronotropic response to 

bisoprolol injection at 15 minute post-adrenaline did not differ from the chronotropic effects 

of adrenaline alone 5 minutes earlier (-35.47±10.39% (vs baseline=0) (0-1 minutes post-

bisoprolol/ 15 minutes post-adrenaline) vs -18.14±2.00% (vs baseline=0) (10 minutes post-

adrenaline), p=ns). A maximum decline in resting HR occurred immediately after bisoprolol 

injection into animals at 15 minutes post-adrenaline administration (-35.47±10.39% (vs 

baseline=0), p<0.05), although a large error bar indicated one far-outlying measurement. 

This significantly negative chronotropic response to combined adrenaline/bisoprolol 

treatment persisted up till 10 minutes post-bisoprolol/ 25 minutes post-adrenaline injection 

(-14.91±5.50% (vs baseline=0), p<0.05). In contrast to the persistent negatively chrontropic 

responses to either carvedilol or propranolol in the presence of adrenaline, 

bisoprolol/adrenaline co-treated animals did display a post-maximum response recovery to 

near-baseline HR levels at 45 minutes post-bisoprolol/ 60 minutes post-adrenaline injection 

(-8.04±3.69%, (vs baseline=0), p=ns).  
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Figure 5.11. Comparison of the individual time-dependent chronotropic effects of 
4.28x10-8moles.100g-1 adrenaline (i.v.) and 4.28x10-11moles.100g-1 bisoprolol (i.v.), 
both alone and in combination. Values are expressed as the mean ± SEM for 
percentage change in baseline HR at each 5 minute time-point following 
administration. N=6 (adrenaline), n= 6 (bisoprolol), n=6 (bisoprolol+adrenaline). 
Abbreviation: B (baseline). RM ANOVA: (adrenaline+bisoprolol vs bisoprolol: 
p<0.01), (adrenaline vs adrenaline+bisoprolol: p=ns), (saline vs 
adrenaline+bisoprolol: p<0.05), (saline vs bisoprolol: p=ns). 
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5.3.4. Levosimendan 

Results described thus far suggest that the use of β-blockers do not improve, and may in 

some cases worsen, the effects of supraphysiological adrenaline on LV functionality, and 

thus be an unsuitable treatment strategy for Takotsubo patients. Therefore, we proceeded 

with examining the therapeutic potential of the inotropic agent levosimendan in this in vivo 

model. Levosimendan primarily works by sensitising the myofilaments to calcium (Haikala 

et al., 1995), and thus may provide inotropic support to the decompensated heart without 

altering β-AR signalling.  

The first set of levosimendan studies sought to determine the amplitude and time-

dependency of the basal inotropic effects of levosimendan, using the guidelines provided 

by the supplier for the dose and infusion speed that has previously produced maximum 

positive inotropy in rats (0.28 mg/kg/h). Data obtained for the LV inotropic effects of 

levosimendan alone are shown in figure 5.12. The results suggested that this dose/infusion 

speed of levosimendan was significantly positively inotropic across the entire LV for the 45 

minute infusion time course studied but little change to baseline HR was observed in this 

time-matched period (n=3). This increase in LV contractility was observed from as early as 

the first minute after the start of infusion. The following sections (5.3.4.1. and 5.3.4.2.) will 

discuss these findings in more detail. 

Levosimendan induced a significant positively inotropic effect on the apex (+17.33±3.55% 

(vs baseline=0), p<0.05), MLV (+20.36±4.59% (vs baseline=0), p<0.05) and base 

(+14.46±2.13% (vs baseline=0), p<0.05) within the first minute after the start of infusion at 

a concentration/rate of 0.28 mg/kg/h (4.7 µg/kg/min). Each of these positive regional LV 

inotropic responses differed significantly from the minimal changes observed in each 

matching region in response to a single injection of saline at an equivalent post-injection 

time-point (levosimendan vs saline (1 minute), p<0.05 (all paired LV regions)). In time 

matched (0-45 minutes) comparison to saline controls (figure 3.9C, chapter three), a single 

infusion treatment of levosimendan induced an overall significant positive effect on 

contractility of the apex, MLV and base (repeated measures ANOVAs: p<0.05 (apex, MLV), 

p<0.01 (base)). 
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5.3.4.1. Effect of levosimendan on basal (untreated) LV contractility 

The positive effect of levosimendan on contractility of the apical and basal myocardium 

reached a peak at 15 minutes post-infusion initiation ((apex: +21.56±1.18% (vs 

baseline=0), p<0.05) (base: +24.86±4.83% (vs baseline=0), p<0.05)). A maximum increase 

in baseline (untreated) contraction of the MLV, following initiation of levosimendan infusion, 

was observed after 10 minutes of treatment (+26.30±2.73% (vs baseline=0), p<0.05). 

Significant positive inotropy was present across the LV throughout the 45 minute time 

course, and remained at a very stable level, with no significant paired differences in 

inotropy present between any time-points, when measured for each LV region. The 

greatest difference between the inotropic effects of saline and levosimendan was observed 

at 10 minutes post-treatment initiation at the apex (+21.37±3.60% (vs baseline=0) 

(levosimendan) vs +2.27±5.38% (vs baseline=0) (saline), p<0.05) and MLV (+26.30±2.73% 

(vs baseline=0) (levosimendan) vs +0.11±2.93% (vs baseline=0) (saline), p<0.01), and at 

20 minutes post- treatment initiation at the base (+24.86±4.82% (vs baseline=0) 

(levosimendan) vs +2.65±4.58% (vs baseline=0) (saline), p<0.01). 

No significant difference existed between the individual inotropic responses of the apex, 

MLV and base in response to levosimendan infusion (repeated measures ANOVA (0-45 

minutes): p=ns (apex vs MLV, MLV vs base, apex vs base). Additionally, subject-paired 

individual comparisons of the inotropic responses at each time-point per LV region revealed 

no particular time-point (post-infusion initiation) to present any significantly greater effect 

than others.  

 

5.3.4.2. Effect of levosimendan on basal (untreated) HR 

No significant change to baseline (untreated) HR was observed upon initiation of 

levosimendan infusion (+2.80±3.43% (vs baseline=0), p=ns) (figure 5.13). This lack of 

chronotropic effect persisted for the entire 45 minute time course (p=ns (vs baseline=0) all 

time-points) and did not differ from the effects of saline on HR in either individual time-

matched comparisons at any time-point (p=ns) or following overall comparison (0-45 

minutes) of these two treatment groups (repeated measures ANOVA: p=ns). 
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Figure 5.12. Inotropic effects of 0.28 mg/kg/h (4.7 µg/kg/min) levosimendan on the 
apical (A), mid left-ventricular (B) and basal (C) myocardium. Values are expressed 
as the mean ± SEM for percentage change in LV FS from baseline at 1 minute and 
then at each 5 minute time-point following the start of intravenous levosimendan 
infusion. N=5 (levosimendan) (*p<0.05 vs baseline FS = 0). Abbreviations: B 
(baseline). 
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5.3.4.3. Effect of levosimendan treatment on the inotropic and chronotropic effects of 
adrenaline across the LV 

Levosimendan induced a significant inotropic effect on the LV within the first minute after 

the start of infusion, and this response remained relatively constant for the entire time 

course. Therefore, the effect of levosimendan on the negatively inotropic and chronotropic 

effects of adrenaline could be assessed in a post-insult treatment protocol. For this reason, 

and to allow equal comparison of the inotropic and chronotropic effects of levosimendan to 

those observed with each β-blocker (described in sections 5.3.1 to 5.3.3), levosimendan 

infusion was initiated at a time-point that allowed introduction into the blood stream at 15 

minutes post-adrenaline injection. The dead space of the cannula connected to the primed 

connecting tubing containing the levosimendan was determined as ~2 minutes±40 seconds 

depending upon the calculated infusion rate for each individual case (adjusted to body 

weight). Infusion was therefore started at ~13 minutes±20 seconds, and the first 

measurements were recorded as occurring at 15 minutes post-initiation of levosimendan 

infusion. 

The effects of levosimendan on adrenaline-mediated contractility at both 30 minutes and 45 

minutes post-adrenaline injection is illustrated in figure 5.14 and described in section 5.3.5. 

Overall, a combined treatment of adrenaline and levosimendan (n=5) significantly reduced 

the isolated negative effect of adrenaline (n=6) on contractility of the apex and MLV, but it 

did not induce any significant change to the inotropic effects observed in the base. Despite 

being therapeutically beneficial in this in vivo rat model, levosimendan failed to fully prevent 

the negative effects of adrenaline on LV inotropy, as indicated by the results that show the 

presence of this catecholamine to depress the basally positive effects of levosimendan on 

LV contractility. The following sections will discuss these findings in more detail. 

 

5.3.4.4. Levosimendan+Adrenaline vs Adrenaline (LV contractility) 

The time-related combined effects of adrenaline and levosimendan on myocardium FS 

were significantly less negative than the time-matched inotropic responses to adrenaline 

injection alone at both the apex and MLV (repeated measures ANOVAs (15-60 minutes 

post-adrenaline injection): p<0.01 (apex and MLV)). With the exception of brief negative 

inotropy of the MLV at 25 minutes post-adrenaline injection, no significant change to 

baseline FS was observed at either the apex or the MLV in the presence of both adrenaline 

and levosimendan (p=ns (vs baseline=0). Consistent with the individual positive inotropic 

effects of both adrenaline and levosimendan at the base, no significant overall change in 

adrenaline-mediated basal myocardium contractility was observed in the presence of 

levosimendan (repeated measures ANOVA (15-60 minutes post-adrenaline injection): 
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p=ns). However, the basal myocardium of levosimendan/adrenaline co-treated animals was 

only significantly positively inotropic at 50 minutes post-adrenaline injection (11.84±6.46 (vs 

baseline=0), p<0.05). 

A maximum significant difference in LV FS, between animals treated with adrenaline and 

those that received a combination of both levosimendan and adrenaline, occurred 20 

minutes post-adrenaline injection (5 minutes after initiation of levosimendan infusion) at 

both the apex (-0.92±2.30% (vs baseline=0) (levosimendan/adrenaline) vs -26.50±3.08% 

(vs baseline=0), p<0.05) and MLV (-0.38±2.48% (vs baseline=0) 

(levosimendan/adrenaline) vs -27.21±4.85% (vs baseline=0) (adrenaline), p<0.01). 

Similarly, a maximal difference between the basal myocardium inotropic responses of 

animals treated with adrenaline and those receiving a combined treatment of adrenaline 

and levosimendan also occurred at 20 minutes post-adrenaline injection (+2.80±2.03% (vs 

baseline=0) (levosimendan/adrenaline) vs 11.84±2.96% (vs baseline=0) (adrenaline), 

p<0.05). 

Comparison of the isolated effects of levosimendan on LV contractility with those observed 

in the combined presence of adrenaline, revealed a significant decrease in the ability of 

levosimendan to produce positive inotropy across the LV in animals receiving both 

treatments (repeated measures ANOVA (1-45 minutes post-levosimendan infusion 

initiation): p<0.01 (apex), p<0.05 (MLV), p<0.05 (base)). The greatest significant mean 

difference in LV inotropy between levosimendan-treated and levosimendan/adrenaline-

treated animals occurred at 15 minutes post-levosimendan infusion initiation at both the 

apex (+21.56±1.18% (vs baseline=0) (levosimendan) vs -5.07±2.13% (vs baseline=0) 

(levosimendan/adrenaline), p<0.01) and the base (+24.86±4.82% (vs baseline=0) 

(levosimendan) vs -1.83±3.53% (vs baseline=0) (levosimendan/adrenaline), p<0.01). 

Maximum significant differences in levosimendan-mediated inotropy of the MLV between 

normal animals and those pre-treated with adrenaline occurred after 10 minutes of 

levosimendan infusion (+26.30±2.73% (vs baseline=0) (levosimendan) vs -9.65±3.24% (vs 

baseline=0) (levosimendan/adrenaline), p<0.001).  

No significant differences existed between the inotropic effects observed in response to a 

combined treatment of adrenaline and levosimendan at the apex, MLV and base (repeated 

measures ANOVAs: p=ns (apex vs base, apex vs MLV and base vs MLV, respectively).  
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5.3.4.5. Levosimendan+Adrenaline vs Adrenaline alone (HR) 

The comparative effects of adrenaline, adrenaline/levosimendan co-treatment and 

levosimendan treatment alone on HR are shown in figure 5.13. The results suggest that at 

a dose and infusion rate of 0.28mg/Kg/hr, levosimendan does not have any basal effects 

on HR, and does not reverse the adrenaline-mediated negative chronotropy observed 

between 15 and 60 minutes post-adrenaline injection (repeated measures ANOVA: p=ns). 

Levosimendan infusion alone did not differ in time matched comparison to the effects of a 

single injection of saline (repeated measures ANOVA: p=ns). Addition of levosimendan did 

not significantly change the basal negatively chronotropic effects of adrenaline (repeated 

measures ANOVA: p=ns). The first significantly negative chronotropic effect of 

levosimendan/adrenaline co-treatment (compared to baseline levels) occurred at 15 

minutes post-levosimendan infusion initiation (-15.27±5.13% (vs baseline=0), p<0.05). 

Peak negative chronotropy in response to the combined treatment of adrenaline and 

levosimendan was observed at 25 minutes post-levosimandan infusion initiation                 

(-19.69±6.51% (vs baseline=0) p<0.05) and did not differ from the baseline HR change 

induced by adrenaline treatment alone at this matching time-point (-19.38±5.50% (vs 

baseline=0), p<0.05) ((levosimendan/adrenaline vs adrenaline) (40 minutes post-adrenaline 

injection): p=ns). The significant negative effects of levosimendan/adrenaline co-treatment 

on HR persisted for up to 40 minutes post-levosimendan infusion initiation/ 55 minutes 

post-adrenaline injection (-17.85±5.84% (vs baseline=0), p<0.05).  
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Figure 5.13. Comparison of the chronotropic effects of 4.28x10-8moles.100g-1 
adrenaline (i.v.) and 0.28mg/Kg/hr levosimendan infusion (i.v.), both alone and in 
combination. Values are expressed as the mean ± SEM for percentage change in 
baseline HR at each 5 minute time-point following intravenous administration. N=6 
(adrenaline), n= 3 (levosimendan), n=5 (levosimendan+adrenaline). Abbreviation: B 
(baseline). RM ANOVA: (adrenaline+levosimendan vs adrenaline: p=ns), 
(levosimendan vs levosimendan+adrenaline: p<0.01), (saline vs levosimendan: 
p=ns), (saline vs adrenaline+levosimendan: p<0.01). 
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5.3.5. Comparison of the inotropic and chronotropic effects of β-blockers with those 
of levosimendan, in treatment of the rat Takotsubo cardiomyopathy model 

 

Data comparing the regional inotropic effects of 1.43x10-12 moles.100g-1 propranolol, 

1.43x10-12 moles.100g-1 carvedilol, 4.28x10-12 moles.100g-1 bisoprolol and 4.7μg/Kg/min 

levosimendan at both 30 minutes and 45 minutes post-adrenaline (4.28x10-8 moles.100g-1 

adrenaline) injection are shown in figure 5.14 and the statistical results from comparative 

repeated measures ANOVAs are listed in table 5.1. With the exception of bisoprolol, which 

did appear to suppress the effects of adrenaline on the LV, results suggest that 

levosimendan infusion was a more effective therapeutic strategy than β-blockers for 

suppressing the cardiac responses to supraphysiological concentrations of adrenaline. 

However, a lack of significant difference between the overall effects of bisoprolol and 

levosimendan on contractility of the apical and basal myocardium did exist, and is likely 

attributable to bisoprolol’s nature as a ligand of the β1AR and not the β2AR. No overall 

significant difference existed between the individual global LV inotropic effects of carvedilol 

and bisoprolol, in the presence of adrenaline. However, a combination of propranolol and 

adrenaline induced a significantly larger depression of LV systolic function than either 

carvedilol or bisoprolol (in combination with adrenaline), with the exception of 

carvedilol/adrenaline-mediated MLV contractility. The results for the regional LV effects of 

each treatment at the prime-response time-points of 30 minutes and 45 minutes post-

adrenaline injection will be further discussed in the paragraphs below. 

 

At the apex, levosimendan was the only drug to significantly alter the negative LV inotropic 

effect of adrenaline at 30 minutes post-adrenaline injection (-26.91±2.57% (vs baseline = 0) 

(adrenaline) vs -5.07±2.13% (vs baseline = 0) (adrenaline + levosimendan), p<0.001). Both 

propranolol and carvedilol produced (in combination with adrenaline) an overall significantly 

negative inotropic effect on apical contractility when individually compared to the ability of 

levosimendan to reverse the apical hypocontractility present 30 minutes after adrenaline 

injection (-33.33±7.69% (vs baseline = 0) (propranolol/adrenaline); -25.58±5.75% (vs 

baseline = 0) (carvedilol/adrenaline); -5.07±2.13% (vs baseline = 0) 

(levosimendan/adrenaline), p<0.05 (propranolol/carvediol vs levosimendan). At 45 minutes 

post-adrenaline injection, the hypocontractilty produced by a combined treatment of 

adrenaline and propranolol (-30.44±7.76% (vs baseline = 0)) was significantly greater than 

the inotropic effects observed in response to co-treatment of carvedilol and adrenaline        

(-8.75±4.96% (vs baseline = 0), p<0.05 (vs adrenaline/propranolol), and also co-treatment 
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of adrenaline and levosimendan (-11.87±6.32% (vs baseline = 0), p<0.01 (vs 

adrenaline/propranolol)). 

 

Levosimendan significantly suppressed the adrenaline-induced MLV hypocontractility 

present at both 30 minutes post-adrenaline injection (-25.72±1.89% (vs baseline = 0) 

(adrenaline) versus -1.83±4.24% (vs baseline = 0) (adrenaline/levosimendan), p<0.001) 

and 45 minutes post-adrenaline injection (-14.17±4.11% (vs baseline =0) (adrenaline) 

versus 3.31±5.50% (vs baseline = 0) (levosimendan/adrenaline), p<0.05). In contrast, at 45 

minutes post-adrenaline injection, propranolol significantly enhanced the negative inotropic 

effect of adrenaline on the MLV (-14.17±4.11% (vs baseline = 0) (adrenaline) versus -

32.71±3.95% (vs baseline = 0) (adrenaline/propranolol), p<0.01). Both propranolol and 

carvedilol produced significantly greater effects on adrenaline-mediated MLV contractility in 

comparison to levosimendan at both 30 minutes post-adrenaline injection 

(adrenaline/propranolol: -36.37±6.89% (vs baseline = 0) (p<0.01 vs 

adrenaline/levosimendan); adrenaline/carvedilol: -35.00±6.52% (vs baseline = 0) (p<0.01 

vs adrenaline/levosimendan)), and 45 minutes post-adrenaline injection 

(adrenaline/propranolol: -32.71±3.95% (vs baseline = 0) (p<0.01 vs 

adrenaline/levosimendan); adrenaline/carvedilol: -19.03±6.40% (vs baseline = 0) (p<0.05 

vs adrenaline/levosimendan)). The significantly depressive effect of propranolol at 45 

minutes post-adrenaline injection was in significant contrast to the minimal inotropic effect 

of bisoprolol on MLV contractility at this equivalent time-point (adrenaline/bisoprolol:             

-13.51±5.22% (vs baseline = 0) (p<0.05 vs adrenaline/propranolol)). 

 

Propranolol reversed the positive inotropic effect of adrenaline at the base to produce 

significantly depressed basal myocardium contractility at both 30 minutes post-adrenaline 

injection (3.63±1.88% (vs baseline = 0) (adrenaline) versus -27.92±4.30% (vs baseline = 0) 

(adrenaline/propranolol), p<0.0001), and 45 minutes post-adrenaline injection (9.33±3.54% 

(vs baseline = 0) (adrenaline) versus -26.97±4.08% (vs baseline = 0) 

(adrenaline/propranolol), p<0.0001). The depressive effect of carvedilol on adrenaline-

mediated basal myocardium contractility was significant 30 minutes after adrenaline 

injection (-21.58±5.10% (vs baseline = 0) (p<0.01 vs adrenaline alone)). Bisoprolol also 

significantly reversed the positive inotropic effect of adrenaline on basal myocardium 

contractility 45 minutes after injection of this catecholamine (adrenaline/bisoprolol:               

-6.64±6.04% (vs baseline = 0) (p<0.05 vs adrenaline alone)). The significantly depressive 

effects of propranolol at both 30 minutes and 45 minutes post-adrenaline injection were in 

contrast to the minimal changes observed to basal myocardium contractility in the 
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combined presence of adrenaline and levosimendan (levosimendan/adrenaline:                   

-1.83±3.53% (vs baseline = 0) (30 minutes post-adrenaline) (p<0.01 vs 

adrenaline/propranolol); +7.80±6.11% (vs baseline = 0) (45 minutes post-adrenaline) 

(p<0.001 vs adrenaline/propranolol)). Similarly, the negative inotropic effect of a combined 

treatment of adrenaline and carvedilol observed at 30 minutes post-adrenaline injection 

was in significant contrast to the the time-matched effect of levosimendan/adrenaline co-

treatment in this region of the LV (t-test: p<0.05 (30 minutes post-adrenaline)). The 

negative inotropic effect of propranolol on basal myocardium contractility at 45 minutes 

post-adrenaline injection was significantly greater than the minimal LV systolic changes 

observed at the base of the hearts of rats co-treated with adrenaline and bisoprolol and 

measured at this equivalent time-point (t-test: p<0.05 (45 minutes post-adrenaline)).      

 

Comparison of the chronotropic effects of levosimendan with those of each β-blocker, all in 

the presence of adrenaline, did not reveal any significant difference in time-dependent 

changes to baseline (untreated) HR (repeated measures ANOVA: p=ns (levosimendan vs 

each β-blocker). Each individual treatment combination with adrenaline produced a 

persistently negative change to baseline HR throughout the measured time-course (figure 

5.15). 
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Figure 5.14. Comparison of the inotropic effect of adrenaline alone, and in individual 
combinations with levosimendan, propranolol, carvedilol and bisoprolol, on 
contractility of the apex (A), MLV (B) and base (C). Values are expressed as the mean ± 
SEM for percentage change in baseline FS at both 30 minutes and 45 minutes post-
adrenaline injection. N=6 (adrenaline alone), N=5 (levosimendan+adrenaline), n=6 
(propranolol+adrenaline), n= 6 (carvedilol+adrenaline), n=6 (bisoprolol+adrenaline). 
(*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001 (vs baseline = 0)). 
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Figure 5.15.  Comparison of the chronotropic effects of levosimendan, propranolol, 
carvedilol and bisoprolol when intravenously administered in the presence of 
adrenaline. Values are expressed as the mean percentage change in baseline 
(untreated) HR ± SEM for each time-point, post-treatment initiation. N=5 
(levosimendan), n=6 (propranolol), n= 6 (carvedilol), n=6 (bisoprolol).  

 

 

 

 

 

 

 

 

 

 

HR 



263 
 

Treatment  
(+ adrenaline) 

Levosimendan Propranolol Carvedilol Bisoprolol 

Levosimendan  
 
--------------------- 

Apex: p<0.01 

MLV: p<0.001 

Base: p<0.001 

HR: p=ns 

Apex: p<0.05 

MLV: p<0.01 

Base: p<0.01 

HR: p=ns 

Apex: p=ns 

MLV: p<0.05 

Base: p=ns 

HR: p=ns 

Propranolol Apex: p<0.01 

MLV: p<0.001 

Base: p<0.001 

HR: p=ns 

 
 
----------------------

Apex: p<0.05 

MLV: p=ns 

Base: p<0.01 

HR: p=ns 

Apex: p<0.05 

MLV: p<0.01 

Base: p<0.05 

HR: p=ns 

Carvedilol Apex: p<0.05 

MLV: p<0.01 

Base: p<0.01 

HR: p=ns 

Apex: p<0.05 

MLV: p=ns 

Base: p<0.01 

HR: p=ns 

 

 

---------------------- 

Apex: p=ns 

MLV: p=ns 

Base: p=ns 

HR: p<0.05 

Bisoprolol Apex: p=ns 

MLV: p<0.05 

Base: p=ns 

HR: p=ns 

Apex: p<0.05 

MLV: p<0.01 

Base: p<0.05 

HR: p=ns 

Apex: p=ns 

MLV: p=ns 

Base: p=ns 

HR: p<0.05 

 

 

----------------------

Table 5.1. Repeated measures ANOVA comparisons of the regional inotropic effects 
of each treatment in the presence of adrenaline.  
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5.3.6. Mortality Rate  

Table 5.2 lists the values for the total number of animals studied per group and the relative 

mortality rates present in each. 

Study group Survival  
(No./ 
animals) 

Fatalities  
(No./ 
animals) 

Total  
(No./ 
animals) 

% 
Mortality 

Saline 9 0 9 0.00 
Adrenaline 8 6 14 42.8 
Propranol + Adrenaline 6 3 9 33.3 
Propranolol alone 7 0 7 0.00 
Carvedilol + Adrenaline 7 5 12 41.7 
Carvedilol alone 6 0 6 0.00 
Bisoprolol + Adrenaline 7 3 10 30.0 
Bisoprolol alone 6 0 6 0.00 
Levosimendan + Adrenaline 5 0 5 0.00 
Levosimendan alone 3 0 3 0.00 

Table 5.2. Mortality rates for animals treated with propranolol, carvedilol, bisoprolol 
or levosimendan both as individual treatments and in combination with adrenaline. 
Mortality values for saline and adrenaline control animals are also listed for 
reference purposes. (See text for statistical comparisons). 
 

The lack of any significant effect of bisoprolol and propranolol (in combination with 

adrenaline) on mortality compared to saline (p=ns) is likely due to a low sample number. In 

comparison to the significant mortality rate of animals treated with adrenaline alone 

(adrenaline vs saline, p<0.05), the added presence of any one of the three β-blockers listed 

here did not significantly alter the significantly fatal effect of this catecholamine (p=ns). The 

mortality rate of animals treated with a combination of levosimendan and adrenaline did not 

differ significantly from the mortality rate of animals treated with adrenaline alone (p=ns). 

However, power calculations suggest that with a larger sample number, a mortality rate of 9 

survivals vs 0 fatalities for adrenaline/levosimendan co-treatment would reveal a significant 

protective effect of this drug on the significant adrenaline-induced fatality rate. No 

significant difference in mortality rate existed between any adrenaline/therapy group or 

between treatment groups where β-blockers/levosimendan were administered alone (in the 

absence of any adrenaline) (p=ns).   
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5.4. Discussion 

Previous in vitro and ex vivo studies have shown that the non-selective β-blockers 

propranolol and carvedilol, and also the β2 selective blocker ICI-118,551 can mediate a 

reduction in the basal contractility of failing human myocardium ((Maack et al., 2000;Gong 

et al., 2002), unpublished data in figure 5.2). In the case of ICI-118,551, this was through a 

Gi-dependent and cAMP-independent mechanism (Gong et al., 2002). We therefore 

hypothesised that in addition to their direct antagonistic effects on β2AR-Gs, these β-

blockers could act as agonists at a second binding site on the β2AR that coupled 

exclusively to Gi-protein, and that this β2AR-Gi signalling is basally active in failing 

myocardium (Feldman et al., 1988;Bohm et al., 1994). In chapter three we demonstrated, in 

rat, that the apical and MLV hypocontraction caused by in vivo bolus adrenaline was 

dependent upon β2AR-mediated Gi-protein activity. Therefore, this in vivo rat model 

provided a good platform on which to further explore the theory of β-blockers as biased 

agonists of β2AR-Gi signalling and to also highlight any adverse effects of using these 

pharmacological compounds for the treatment of Takotsubo cardiomyopathy. Hence, in the 

present study, we firstly investigated the individual in vivo cardiac effects of appropriate 

intravenous doses of propranolol, carvedilol and β1–selective bisoprolol. These β-blockers 

were administered after adrenaline at a time-point which correlated with the beginning of 

apical dysfunction and therefore Gi-protein activation. Secondly, based on the subsequent 

revelation that these β-blockers worsened LV function through enhanced β2AR-Gi 

signalling, we sought to determine whether using the calcium-sensitising agent 

levosimendan, which acts independently of cAMP to increase contractility, would be a more 

suitable therapeutic strategy. The primary findings are in agreement with previous in vitro 

observations within our laboratory, which showed β-blockers with an affinity for the β2AR to 

depress basal contractility of Gi-enriched failing human cardiomyocytes. Both propranolol 

and carvedilol reversed the adrenaline-mediated positive inotropy of the basal myocardium 

to produce a depressed, yet synchronised, LV contractility. No significant changes to 

adrenaline-mediated LV contractility were observed with bisoprolol, consistent with its 

minor affinity for the β2AR. In contrast, levosimendan was highly effective at restoring 

normal systolic LV function in adrenaline-treated animals. 
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5.4.1. In vivo effects of propranolol, carvedilol and bisoprolol on adrenaline (β2AR-Gi) 
mediated cardiac function 

In both in vivo and in vitro studies, propranolol had the greatest β2AR-Gi agonism (figures 

5.2 and 5.14), and it was the only β-blocker to produce a reduction in global LV contractility 

in the absence of any adrenaline (figure 5.6), supporting a β2AR-Gi agonist effect. The in 

vitro depressive effect of propranolol on the basal contractility of Gi-enriched failing human 

cardiomyocytes was non-additive with that observed with the β2–selective blocker ICI-

118,551, suggesting a common β2AR-mediated pathway. This β2AR-Gi agonism, coupled 

with the time-progressive negative inotropic effects of propranolol under basal in vivo 

conditions, would contribute to the ability of this β-blocker to enhance and prolong the LV 

hypocontractility induced by adrenaline in vivo. These findings are supported by a recently 

published clinical case study in which a patient with an undiagnosed pheochromocytoma 

developed a symptomatic dilated cardiomyopathy and severe left-ventricular HF after 

treatment with propranolol (McEntee et al., 2011). 

The global LV negative inotropy observed in the combined presence of carvedilol and 

adrenaline (figure 5.14) is consistent with both the strong affinity of this β-blocker for the 

β2AR (Molenaar et al., 2006) and reports that clinical doses of this β-blocker depress basal 

contractility of isolated strips of Gi-enriched failing human myocardium (Maack et al., 2000). 

The lack of any further depression of adrenaline-mediated in vivo apical and MLV 

hypocontraction in the presence of carvedilol suggested that this β-blocker was a weaker 

β2AR-Gi agonist, in comparison to propranolol. 

In contrast to propranolol and carvedilol, a combined treatment of adrenaline and bisoprolol 

did not produce any significant change to baseline contractility (figure 5.14), which 

suggested some amelioration of β2AR-Gi signalling. This partial recovery of LV function, by 

bisoprolol, may have been due to reduced β1AR-Gs mediated PKA activity, which 

otherwise leads to β2AR phosphorylation and a Gs-Gi trafficking switch (Hasseldine et al., 

2003). This response was also consistent with bisoprolol’s nature as a β1AR selective 

blocker, and thus reduced capacity for β2AR-Gi agonism. No in vitro or ex vivo data of the 

basal responses of either failing or Gi-enriched tissue to bisoprolol have been reported, 

which could otherwise support or dispute the differences in β2AR-Gi agonism observed 

between bisoprolol and either propranolol or carvedilol.  

Interestingly, all three β-blockers abolished or reversed the adrenaline-induced positive 

inotropy of the base, to produce a largely synchronised level of contractility across the 

entire LV. This is most likely to be attributable to a reduction in cAMP production following 

competitive antagonism of adrenaline-mediated β1AR-Gs signalling in this myocardial 

region, which is consistent with the higher β1:β2 population ratio at the base, as indicated by 
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radioligand binding assays (see chapter four, section 4.3.2). However, it is possible that     

β-AR blockade is not entirely responsible for the negative inotropic effects of carvedilol and 

propranolol at the base (in the presence of adrenaline). This is suggested by the 

observation that bisoprolol (β1AR selective) combined with adrenaline, did not produce as 

great a depression of basal myocardium contractility as propranolol (β1 and β2). It was 

previously indicated in chapters three and four that Gi-protein activity had a tonic 

depressive effect on the ability of this concentration of adrenaline to mediate maximum 

basal myocardium positive inotropy in vivo, and also that β2AR were present on basal 

cardiomyocytes. This suggests that β2AR-Gi-protein is significantly active in the base of 

adrenaline-treated animals and is therefore a potential target for carvedilol and propranolol 

in this LV region. Furthermore, the lack of any significant effects of carvedilol and minimal 

effects of propranolol at the base under basal conditions (no adrenaline), coupled with the 

original positive inotropy observed in response to adrenaline alone, clearly indicates that 

the phenomenon of β2AR-Gi agonism does exist with selective β-blockers used in this in 

vivo model. 

The varying degree of in vivo β2AR-Gi agonism observed between carvedilol and 

propranolol would not be attributable to differences in underlying Gi-protein activity in the 

system. Animals from both treatment groups displayed very similar β2AR-Gs responses 

within the first 5 to 10 minutes following adrenaline injection and received β-blockers at 

identical time-points, which judging from adrenaline controls was during the initiation of Gi-

protein upregulation. Furthermore, the doses of carvedilol and propranolol used (both 

1.43x10-11 moles.100g-1) were carefully selected, based on Ki ratio, to target the effects of 

adrenaline at the β2AR to the same degree. The minimal effects of propranolol (figure 5.6), 

carvedilol (figure 5.8) and bisoprolol (figure 5.10) under basal in vivo conditions, is 

consistent firstly with the lack of any intrinsic sympathetic (partial β-AR agonist) activity of 

these compounds (Reiter, 2004), and secondly with observations in mouse, rat and human 

where the basal contractile state is not influenced by β2AR through either Gs or Gi (Gong et 

al., 2002). In contrast to the prolonged depressive inotropic effects of propranolol in the 

presence of adrenaline, the in vivo global LV inotropic effects of a combination of carvedilol 

and adrenaline showed evidence of reversibility on a time scale that matched that of 

adrenaline controls. This is unlikely to be due to differences in the plasma half-life of these 

β-blockers, as carvedilol reportedly takes longer to be removed from the circulation than 

propranolol (Reiter, 2004), and also the partial negative inotropic effect of propranolol under 

basal conditions appears to be progressive with time.  

It could be speculated that the significantly greater effect of propranolol on contractility, 

both in the absence and presence of adrenaline, involves additional pharmocodynamic 
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mechanisms besides (in the case of adrenaline) β2AR-Gi agonism. In addition to 

possession of an equal affinity for β1ARs and β2ARs, propranolol can also act as an indirect 

α1-AR agonist with inhibitory effects on noradrenaline transporters (Young & Glennon, 

2009). In contrast, carvedilol is reported to possess some α1-AR antagonist activity (Wood, 

1984). Thus, carvedilol can be a vasodilator through α1-AR blockade and thereby reduce 

afterload and cardiac output, but also preserve a higher ratio of positive β1AR-Gs-protein 

activity. However, the larger in vitro negative effect of propranolol on basal contractility of 

failing cardiomyocytes, compared to carvedilol (figure 5.2), excludes the involvement of 

hemodynamic mechanisms or additional neurohormonal stimuli in mediating this difference 

in inotropic response. Propranolol is highly lipophillic in nature, a property which can result 

in depressed contractility through alterations in sarcolemmal ion channels and membrane 

stabilisation. Studies in isolated perfused hearts have yielded conflicting results on the 

ability of propranolol to alter contractility via membrane stabilising effects which includes 

decreasing conduction velocity through the bundle of his and ventricular myocardium and 

prolong sinus node recovery (Dewildt et al., 1984;Stark et al., 1989). Owing to its specificity 

for the β1AR, bisoprolol is largely cardioselective (Haeusler et al., 1986) and has a profound 

effect on reducing elevated HR and thus potential treatment of tachycardias with less acute 

increase in peripheral vascular resistance than non-selective β-blockers due to the reduced 

vascular β2AR blockade (Asmar et al., 1991;Hu et al., 1998;Konishi et al., 2010). 

It is important to note that the results of this study are theoretically dependent upon the 

order in which the β-blockers and adrenaline were administered. Fifteen minutes post-

adrenaline injection was chosen as the time-point for administration of each β-blocker, as 

this corresponds with the initial stages of apical dysfunction and thus more accurately 

represents a clinical setting. However, if adrenaline (4.28x10-8 moles.100g-1) was 

administered after either carvedilol or propranolol, it would not be able to activate the β2AR-

Gs pathway, which is the precipitating event for Gi-protein activation. Theoretically, under 

these experimental conditions no significant change to LV function would be observed with 

adrenaline. However, as demonstrated in chapter three, pre-treatment of rats with the β2-

selective antagonist (and archetypal inverse agonist) ICI-118,551, at a dose that would not 

target Gi-protein, resulted in a 100% mortality rate to this equivalent dose of adrenaline. 

This observation suggested a significant cardioprotective effect of β2AR against elevated 

catecholamine levels and perhaps indicates that pre-treatment with either carvedilol or 

propranolol prior to adrenaline may only increase mortality. 

Surprisingly, the negative in vivo chronotropic effect of adrenaline was neither reversed nor 

enhanced by propranolol, carvedilol or bisoprolol (figure 5.15). This did, however, confirm 

that any significant changes to adrenaline-mediated contractility observed in the presence 
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of each β-blocker were not related to alterations in HR, thus supporting the theory of 

intrinsic cardiomyocyte signalling. It was previously demonstrated that the depressive 

effects of 4.28x10-8 moles.100g-1 adrenaline on basal HR was dependent upon Gi-protein 

activity in a manner not involving muscarinic acetylcholine receptors (chapter three, figure 

3.24), and thus suggested involvement of β2AR-Gi in HR regulation. Although activation of 

the β1AR by noradrenaline, released by nerve terminals in the sinoatrial (SA) and 

atrioventricular (AV) nodes, is the primary adrenergic mediator of human HR, the β2AR may 

significantly contribute to chronotropy under pathophysiological conditions, such as in the 

presence of elevated sympathetic responses (Brodde et al., 1989). Therefore, the failure of 

carvedilol and propranolol to significantly enhance the adrenaline-mediated negative 

chronotropy could imply that this SA β2AR-Gi signalling is saturated by the effects of 

adrenaline alone. The inability of bisoprolol to alter adrenaline-mediated HR is consistent 

with the positive effects of β1AR stimulation in the regulation of HR and the lack of any 

β2AR-Gi agonism of this β-blocker. The lack of any change to basal HR in response to 

carvedilol, bisoprolol or propranolol is consistent with both the lack of any underlying 

increased sympathetic drive in healthy rodents and the proposed theory that both β1AR and 

β2AR lack spontaneous Gs-protein activity in the absence of agonist (Gong et al., 2000).  

 

5.4.2. Mechanisms of β-blocker mediated negative inotropy in the presence of 
adrenaline 

It is unknown exactly what intracellular mechanisms or pathways mediate the negatively 

inotropic β2AR-Gi agonism of propranolol and carvedilol. Gong et al., (2002) demonstrated 

that the Gi-dependent negative inotropic effect of β2-selective ICI-118,551 on basal 

contraction of failing human cardiomyocytes did not involve changes in cellular cAMP 

content, which suggests a direct effect of Gi-protein on downstream signalling effectors as 

opposed to a negative feedback on Gs-protein activity. Previous work has demonstrated 

1µM ICI-118,551 to enhance the β2AR-Gi-dependent negatively inotropic effect of 

isoproterenol observed in rat cardiomyocytes over-expressing the sodium/calcium 

exchanger (NCX) (Sato et al., 2004). Furthermore, this depressive effect of ICI-118,551 

through the NCX reached a level nearly equivalent to that previously observed in 

cardiomyocytes over-expressing Giα2 (Gong et al., 2002). As discussed in chapter three, 

there are many potential Gi-activated pathways that could protect the myocardium against 

Gs-mediated damage (Chesley et al., 2000;Communal et al., 2000). There are reports of 

work that has eliminated Gi-linked targets such as the Na+/H+ exchanger, phosphoinositide-

3-kinase (PI3K) and nitric oxide pathways (Harding & Gong, 2004). Gi-proteins may also be 

involved in the compartmentalisation of the β2AR cAMP signal, which limits the ability of 
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β2ARs to target functional proteins of the SR and myofilaments (Calaghan et al., 2008). 

Unpublished studies on isolated failing human cardiomyocytes from our group showed the 

basally negative inotropic effects of both propranolol and the selective β2 blocker ICI-

118,551 to be abolished in the presence of the p38 MAPK inhibitor SB203580. This 

strongly suggested that this β-blocker agonism of β2AR-Gi involved activation of this stress-

activated kinase, which has reportedly negatively inotropic effects (Liao et al., 2002). 

Consistent with these observations, it was previously shown in isolated rat myocytes that 

SB203580 significantly increased β2AR-mediated contraction (chapter four). This in vitro 

effect of SB203580 was approximately equivalent to that of PTX, consistent with a common 

effect to block Gi-dependent reduction in contractility and supporting previous studies that 

have drawn a relationship between p38 MAPK and Gi-protein signalling (Communal et al., 

2000). However, a recent review (Baker et al., 2011) has highlighted that while some β-

blockers, of similar receptor targeting profiles, may share the same downstream signalling 

effectors, the upstream mediators involved may differ. For example, studies with HEK293 

cells expressing β2AR demonstrated propranolol, carvedilol, ICI-118,551 and isoproterenol 

to all stimulate β-arrestin-2/3 signalling and extracellular regulated kinases (ERK)-1/2 

phosphorylation (Azzi et al., 2003;Wisler et al., 2007), with carvedilol also inducing β2AR 

phosphorylation. These β-arrestins, which are recruited to the β2AR, have been implicated 

in the Gs-Gi trafficking switch (Baillie et al., 2003), β2AR internalisation and recycling, and 

also provide scaffolding for the activation of negatively inotropic kinases such as ERK-1/2 

and p38 MAPK (Luttrell et al., 1999). However both authors (Azzi et al., 2003;Wisler et al., 

2007) indicate this to be a Gi-protein independent effect for these β-blockers. Possible 

explanations for the discrepancy between these observations and our hypothesis include 

low basal Gi-protein levels, differing doses of β-blockers used, variability between cell 

subtypes and the added signalling complexity of studying cells that have been modified by 

receptor upregulation. 

 

5.4.3. Clinical implications of using β-blockers with β2AR-Gi agonism 

Although carvedilol, propranolol, and to a lesser extent bisoprolol, acted predominantly to 

enhance adrenaline-induced cardiac depression, no increase in mortality of this in vivo 

model was reported in the presence of any of these β-blockers.  

For some years the use of β-blockers in the treatment of HF was contradicted due to the 

resulting withdrawal of inotropic support from an already decompensated heart (Waagstein 

et al., 1989). It could now be speculated that this initial decline in cardiac output is partly 

attributable to β2AR-Gi agonism. However, while this may be a limiting side-effect of β-

blocker use in HF patients, it may contribute to the long-term survival reported with some β-
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blocker treatments through the ability of Gi-protein to be cardioprotective against raised 

detrimental sympathetic activity (Ahmet et al., 2004;Ahmet et al., 2005;Bernstein et al., 

2005). Both carvedilol and bisoprolol have been shown to be effective for improving HF and 

decreasing mortality in CIBIS II COPERNICUS and COMET trials (Willenheimer et al., 

2005;Konishi et al., 2010). These observations may be attributable to their ability to 

effectively reduce Gs-protein signalling relative to Gi-protein thus ameliorating 

catecholamine-induced cardiotoxicity (Rona, 1985;Todd et al., 1985;Geng et al., 1999;Zhu 

et al., 2001;Nishio et al., 2008) and myocytolysis reportedly present within the basal 

myocardium of patients (Marechaux et al., 2008) or pre-clinical non-human primate models 

with this LV dysfunction (Izumi et al., 2009). Indeed, carvedilol has been reported to 

possess anti-oxidant properties, which are protective in myocardial ischemia and reversal 

of cardiac remodelling (Yue et al., 1992), while also linked to Gi-protein signalling (Nishida 

et al., 2000). Congestive HF patients with an Ile-164 β2AR polymorphism that reduces 

β2AR activity have reportedly exhibited a significantly increased mortality rate compared to 

those with wild-type β2AR (Liggett et al., 1998), thus highlighting the importance of some 

functional β2AR response in contributing to survival in HF.  

Both carvedilol and bisoprolol could also arguably be effective treatments for restoring 

synchronised contraction amplitudes across the dysfunctional LV. Unlike propranolol, these 

β-blockers did not worsen the adrenaline-mediated negative inotropy of the apex and MLV. 

The hypercontraction of the basal myocardium in patients with Takotsubo cardiomyopathy 

can result in functional LVOT obstruction and increased end-diastolic pressure and 

mechanical stress at the apex (Akashi et al., 2004b;El Mahmoud et al., 2008a;Brabham et 

al., 2011). Therefore, treatment with either carvedilol or bisoprolol could remove LV 

pressure gradients and restore LV outflow where decompensation exists. Indeed, in some 

clinical Takotsubo cases, where intraventricular pressure gradients and/or coronary 

vasospasm have also been present, the use of propranolol and carvedilol (Kyuma et al., 

2002) and also β1AR-selective metoprolol (Izumi et al., 2009;Migliore et al., 2010) have 

reportedly assisted in reversing the apical ballooning. All three of the β-blockers studied 

here have also been successfully used for the treatment of hypertension (Asmar et al., 

1991;Feuerstein & Ruffolo, 1995;Reiter, 2004), which has been highlighted as a potential 

secondary effect of Takotsubo cardiomyopathy in patients presenting with either dynamic 

outflow tract obstruction (Ionescu, 2008) or hypertension during exercise stress (Dhoble et 

al., 2008).  

 

 



272 
 

5.4.4. In vivo effect of levosimendan infusion on adrenaline-induced LV dysfunction 

Due to the inability of any of the β-blockers studied to either reverse the negative inotropic 

effects of adrenaline, thus supporting our hypothesis of these compounds as agonists of 

β2AR-Gi, we chose to approach treating this LV dysfunction in a manner independent of β-

adrenergic signalling. The ability of an infusion of the positive inotrope, levosimendan, to 

completely abolish the apical and MLV hypocontraction observed in response to an 

adrenaline bolus (figure 5.14) is consistent with reports that treatment of Takotsubo 

patients with levosimendan infusion restored normal LV systolic function approximately one 

week after treatment (Padayachee, 2007). Furthermore, the 100% survival rate of 

adrenaline injected rats that subsequently received levosimendan treatment was in 

concurrence with the cAMP-independent mechanism of action of this inotrope and its 

reported ability to increase long-term survival rate in HF patients (Moiseyev et al., 2002). 

With the exception of the effects of bisoprolol at the apex, the LV inotropic responses 

observed in adrenaline-treated animals infused with levosimendan were significantly 

normal in comparison to the global negative inotropy observed in response to a 

combination of adrenaline and propranolol, bisoprolol or carvedilol (figure 5.14). This 

strongly suggests that levosimendan is a more suitable treatment for Takotsubo 

cardiomyopathy than β-blockers. Further evidence that the beneficial effects of 

levosimendan are independent of adrenaline responses is provided by the persistent 

positive inotropy that this agent produces in the absence of any exogenous catecholamines 

(figure 5.12).  

Levosimendan acts by binding to the N-terminal of the myofilament protein TnC, resulting in 

an increase in the affinity of TnC for calcium and stabilisation of the Calcium-TnC complex 

(Haikala et al., 1995). Additionally, levosimendan produces peripheral and coronary 

vasodilation through opening of ATP-sensitive potassium channels (Yokoshiki et al., 1997), 

resulting in decreases in preload, pulmonary vascular resistance and afterload, and an 

improvement in coronary perfusion. However, the inability of levosimendan to alter either 

basal or adrenaline-mediated HR responses argues against a peripheral vasodilatory effect 

of levosimendan via vascular KATP activation at the dose used. At significantly high 

concentrations (~10µmol/L), levosimendan reportedly acts as an inhibitor of 

phosphodiesterase 3 (PDE3). The solution concentration of levosimendan used in this 

study was ~100µmol/L. Inhibition of PDE3 would lead to an increase in cAMP levels and 

the phosphorylation of phospholamban, thus accelerating the rate of sarcoplasmic calcium 

uptake and producing positive lusitropic, chronotropic and inotropic effects (Szokodi et al., 

2008;Hasenfuss et al., 1998). It has been reported by Baille et al., (2003) that 

phosphodiesterases (specifically PDE4), recruited to the β2AR by β-arrestins following 

isoproterenol treatment and G-protein regulated kinase (GRK) activation, regulate the 
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receptor phosphorylation status and subsequent coupling switch from Gs to Gi  by control 

of localised membrane PKA. Previous studies have indicated PDE3 to significantly 

suppress the positive inotropic effects of β2AR stimulation through inhibition of L-type 

calcium currents, independent of any alterations to cAMP levels (Christ et al., 2009;Afzal et 

al., 2011). Furthermore, the ability of the β2AR to depress L-type calcium currents in a 

canine model of HF was dependent upon Gi-protein activity (He et al., 2005). Therefore, it 

could be speculated that at the concentration used in this study, levosimendan could 

partially restore the β2AR-Gi-mediated depressed L-type calcium channel current, through 

its ability to inhibit PDE3. Reports do claim that levosimendan possess both anti-

inflammatory and anti-apoptotic properties, which contribute to the improved contractile 

reserve and clinical status of HF patients (Paraskevaidis et al., 2005). However, this mode 

of action was unlikely to contribute towards the positive effects of levosimendan in our in 

vivo rat model, as histology of the hearts of adrenaline control rats showed no evidence of 

inflammation or cell apoptosis (chapter three, section 3.3.9). The significant suppression of 

the independent positively inotropic effects of levosimendan by adrenaline, suggests that 

while levosimendan is unable to prevent β2AR-Gi signalling it is strong enough to partially 

over-ride it. 

In comparison to LV contractility, levosimendan infusion did not induce any significant basal 

changes in HR and also failed to abolish the negative chronotropic response to adrenaline 

(figure 5.13). Consistent with both of these observations and previous reports that the 

primary effects of levosimendan are upon the contractile myofilaments (Robertson et al., 

2008;Haikala et al., 1995), human subjects treated with a levosimendan dose of 6.5µg.Kg-1 

(similar to the 4.7 µg.Kg-1 used in this study) exhibited only a modest basal increase in 

inotropy, with little change to HR both at rest and during exercise (Sundberg et al., 1995). 

However, at higher levosimendan doses (25µg.Kg-1) some positive chronotropic effects 

may be observed (Sundberg et al., 1995). 

 

5.4.5. Limitations of the study 

As mentioned in chapter three, a limitation of this in vivo rat model is that it only represents 

an acute release of adrenaline into the circulation, which has a short plasma half-life of a 

few minutes. In contrast, Takotsubo patients have a sudden major stress and then usually 

suffer a second stress from being ill. Plasma catecholamine levels of Takotsubo patients 

are approximately thirty four times resting values when they present at hospital a matter of 

hours (>10 adrenaline half-lives) after the initial trigger of stress (Lyon et al., 2008). 

Additionally, a β-blocker clinical treatment strategy in Takotsubo patients would involve 
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repetitive doses and not a single bolus. Long term β-blocker use in HF patients is proposed 

to result in receptor re-sensitisation, which is beneficial for recovery (Lohse et al., 2003). 

However, in the context of exploring the agonism of these β-blockers at a β2AR-Gi isoform 

this is likely to be irrelevant as previous results of in vivo studies of PTX pre-treated rats 

(chapter three) indicated that β2AR-Gi signalling was present for the full 60 minute time 

course following bolus adrenaline injection under identical conditions to those used in the 

studies described in this chapter.  

As for all in vivo experiments performed under isoflurane inhalation general anaesthesia, 

there will be some basal depression of cardiovascular and respiratory function. However, 

this factor is partially accounted for in the baseline measurements before any compound 

administration, and also when determining the effects of the added presence of adrenaline 

to the β-blocker responses, which was the only experimental variable to cause any 

significance between treatment groups analysed under identical in vivo conditions.  

Studies in isolated healthy human cardiomyocytes have indicated that the basally negative 

inotropic effects of propranolol and carvedilol occur through intrinsic cell signalling 

mechanisms and are thus independent of reflex in vivo hemodynamic and neurohormonal 

stimuli. However, when considering that intravenous administration of non-selective β-

blockers will result in receptors being targeted within multiple tissues, it cannot be totally 

excluded that in vivo reflex physiological changes will occur that subsequently influence 

cardiac responses and thus introduce artefacts into the results gathered. A possible 

approach to further eliminate these confounding additional responses would be to repeat 

this work using an ex vivo working heart preparation, whereby isolated hearts are 

cannulated by the aorta and perfused via the coronary arteries with adrenaline followed by 

the addition of each β-blocker to the perfusate after 15 minutes.  An additional limitation of 

this study is that the doses of β-blockers used in vivo were calculated from Ki values that 

had been obtained from isolated tissue experiments, and there may have been 

discrepancies in the effectiveness of these doses in vivo versus in vitro. 

 

5.4.6. Future work 

The results gathered thus far do strongly indicate that under conditions of elevated β2AR-

Gi, β-blockers can act as agonists of this signalling pathway to depress myocardial 

contractility. However, the in vitro and ex vivo data that has implicated a role of Gi-protien in 

the basal depressive effects of selective β-blockers has largely focused upon only ICI-

118,551. Therefore, future in vitro work in failing human cardiomyocytes and/or rat 

cardiomyocytes over-expressing Gi-protein will have to use pertussis toxin to demonstrate 
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that like ICI-118,551, propranolol and carvedilol can depress basal contractility via a Gi-

protein mechanism. 

Repeating this in vivo β-blocker/adrenaline work in PTX pre-treated animals may falsely 

indicate that these β-blockers depress the adrenaline-mediated contraction by other non-Gi 

related pathways. In the presence of a shifted equilibrium in favour of elevated β2AR-Gs, 

such as is caused by PTX, these β-blockers will theoretically only counteract the positively 

inotropic effects of adrenaline through their competitive antagonism of this active β2AR-Gs 

receptor site. 

It was shown in unpublished studies by our group that the stress-activated kinase p38 

MAPK may be involved in mediating the basally depressive effect of propranolol and ICI-

118,551 in failing human cardiomyocytes. Western blot analysis could be performed on 

myocardium tissue samples collected from treated animals, to determine the 

phosphorylation status of key candidates of the β2AR-Gi signalling cascade, including p38 

MAPK. It would, unfortunately, be impractical to explore the theory of p38 MAPK 

involvement in the β2AR-Gi agonist activity of these β-blockers as in vivo pre-treatment of 

rats with the p38 MAPK inhibitor SB203580 prior to bolus adrenaline induced 89% 

mortality, largely within the first 10 minutes after adrenaline injection (chapter three). 

Furthermore, due to the complexity of intrinsic cardiomyocyte signalling, p38 MAPK may 

not be the sole mediator of β-blocker β2AR-Gi agonism. In vitro studies on failing human 

cardiomyocytes could assess β-blocker basal negative inotropy in the presence of inhibitors 

of other candidate signalling effectors such as PD98059 for the blockade of ERK-1/2 

phosphorylation.  

 

5.4.7. Conclusion 

Overall, the results of this chapter are consistent with our original hypothesis of β2AR-Gi 

agonism, whereby selective β-blockers with β2AR affinity act synergistically with adrenaline 

to depress contractility through targeting β2AR-Gi signalling. Under physiological conditions 

the β2AR exists in an isoform that couples to Gs-protein, and thus mediates a positive 

effect on contractility (and to a lesser extent HR too). However, in the presence of 

excessively elevated plasma adrenaline β2AR-Gi coupling is increased, forcing the 

equilibrium away from β2AR-Gs. Carvedilol and propranolol both target the β2AR, acting as 

an antagonist of Gs and an agonist of Gi. Therefore, in this in vivo adrenaline model both β-

blockers depress contractility through stimulation of the already active β2AR-Gi isoform, 

whereas in the absence of any adrenaline increases (and thus balanced Gs-Gi equilibrium) 

no basal negative inotropy can be produced. In contrast, levosimendan proved more 
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suitable for restoring systolic left-ventricular function in the presence of elevated Gi-protein, 

through its ability to act independently of β-AR cAMP signalling cascades. However, if β-

blockers with agonism for β2AR-Gi can promote an increase in HF patient survival rates 

through their cardioprotective Gi-mediated effects, then they could serve as a template for 

the future design of more effective therapies for HF treatment.  
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Chapter 6: β-adrenergic 
responses in chronically failing 

myocardium 
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6.1. Introduction  

The results of this thesis have, thus far, described a primary role of adrenaline and the 

sympathetic nervous system (SNS) in mediating the cardiac dysfunction observed in 

Takotsubo cardiomyopathy, an acute form of heart failure (HF). However, prolonged 

elevations in SNS activity are also a key feature of chronic forms of HF (Triposkiadis et al., 

2009). This may initially provide some inotropic support but chronic SNS activation may 

worsen HF (Bristow et al., 1988) through catecholamine-mediated activation of apoptotic 

pathways, damage to the structure of the myocardium and myofilaments (Rona, 1985), and 

alterations in β-adrenergic signalling transduction pathways (Brown & Harding, 1992). In 

contrast to Takotsubo cardiomyopathy, where adrenaline is the key player in mediating 

abnormal systolic function, noradrenaline appears to have a much more significant role in 

the pathogenesis and severity of chronic HF (Francis & Cohn, 1986;Cohn, 1989). A strong 

effect of noradrenaline may add explanation to the selective down-regulation of β1ARs in 

the chronically failing myocardium by ~50%, such that the proportion of β2ARs increases 

from 20% to 40% (Fowler et al., 1986). This loss of β1AR function will largely account for 

the severely depressed inotropy and cAMP responses of these failing hearts (Bristow et al., 

1982;Brodde, 1990;Bristow & Feldman, 1992;Kiuchi et al., 1993;Altschuld et al., 

1995;Brodde, 1991). Thus, one clear difference between the pathophysiology of acute and 

chronic HF is that the β1AR signalling is dampened in chronic HF but preserved in acute 

HF. Defective cardiomyocyte calcium handling, possibly resulting from alterations in 

calcium regulatory protein expression or activity (e.g. reduced expression/activity of 

SERCA2a, reduced SR release, reduced [Ca2+]i transient amplitude, imbalances in calcium 

extrusion and intrusion) also contributes to the impaired function of chronically failing 

myocardium (Studer et al., 1994;Hasenfuss et al., 1998;Schmidt et al., 1999;Schwinger et 

al., 1999;Piacentino et al., 2003;Hoshijima, 2005).  

As a positive comparison to Takotsubo cardiomyopathy, increased levels of Giα protein 

have been reported in both clinical and pre-clinical models of chronic HF (Feldman et al., 

1988;Kompa et al., 1999), and as some studies suggest; this Gi-protein up-regulation may 

contribute to the depressed β-adrenergic mediated contractile function of chronically failing 

myocardium in both humans and rodent models (Brown & Harding, 1992;Kompa et al., 

1999). Similar to what I suggest for Takotsubo cardiomyopathy, this increase in Gi-protein 

level could be an adaptive mechanism to protect the heart against the cardiotoxic effects of 

noradrenaline-induced β-AR-Gs-signalling (Rona, 1985;Todd et al., 1985;Zhu et al., 

2001;Ahmet et al., 2004;Ahmet et al., 2005;Bernstein et al., 2005) at the expense of a loss 

in inotropic support. Consistent with the suggested presence of β2AR-Gi signalling in 

chronic HF, increased expression and phosphorylating activity of GRK2 has been reported 
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in failing myocardium (Ungerer et al., 1993;Ungerer et al., 1994;McGraw et al., 

1998;Kompa et al., 1999), and abolition of GRK2 down-stream effectors prevents 

desensitisation of β-AR signalling and improves cardiac recovery in a murine model of HF 

(Perrino et al., 2005). However, despite an elevation in Giα, previous reports suggest that 

due to selective β1AR-Gs signalling down-regulation, the β2AR has a very significant role in 

maintaining an adequate systolic function of chronically failing myocardium, with an 

increased [Ca2+]i transient amplitude and duration (Brown & Harding, 1992;Delmonte et al., 

1993;Altschuld et al., 1995;Adamson et al., 2000;Molenaar et al., 2007). This is particularly 

emphasised in one clinical study that revealed a loss-of-function polymorphism of the β2AR 

(β2AR-Ile-164) to predispose to a significantly greater risk of mortality in HF patients 

(Liggett et al., 1998). Furthermore, work in our laboratory has indicated that in chronically 

failing rat cardiomyocytes the β2AR redistributes from within T-tubules to produce a diffuse 

cellular cAMP signalling response that is more characteristic of the β1AR (Nikolaev et al., 

2010). In contrast to the Takotsubo syndrome, where all β2AR-Gi-signalling pathways may 

be of importance, it could be that β2AR-Gi signalling in chronic HF is more associated with 

cardioprotective mechanisms than pathways involved in mediating inotropic function.  

In summary, it appears that there are similarities between acute Takotsubo cardiomyopathy 

and chronic HF in terms of Giα up-regulation, and some discrepancy in the contribution of 

β1ARs to inotropic support. Regardless of the signalling pathway activated (Gs versus Gi) 

the β2AR appears to have a significant role in governing the inotropic function of the 

myocardium in both chronic and acute forms of HF. The aim of the present study was to 

analyse β2AR-Gs/Gi contractility responses in failing cardiomyocytes derived from the 

myocardium of human transplant patients. The results suggest that in comparison to the 

β2AR-Gi signalling reported in acute HF, the inotropic responses to β2AR stimulation in 

chronically failing human cardiomyocytes involve a predominantly active β2AR-Gs pathway. 
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6.2. Methods 
 

6.2.1. Solutions 

Pertussis Toxin (PTX) (Cat no.P7208), ICI-118,551 hydrochloride (Cat no.I127), 

CGP20712A (Cat no.C231), carbamoylcholine chloride (carbachol) (Cat no.C4382), 

prazosin hydrochloride (Cat no. P7791) and isoproterenol hydrochloride (Cat no.I6504) 

were provided by Sigma-Aldrich (UK). Adrenaline was provided by Hospira (UK). All 

solutions were freshly diluted in Krebs-Henseleit (KH) Solution (4mM Ca2+) containing 

1.7mM ascorbic acid. 

 

6.2.2. Cardiomyocytes 

Human cardiomyocytes were isolated from the failing hearts of 6 transplant patients, as 

previously described in the protocol outlined in chapter two, section 2.4. Table 6.1 lists the 

patient details for each of failing human hearts used.  Failing human cardiomyocytes were 

used for studying the in vitro contractile responses to; firstly selective β2AR stimulation (n=2 

hearts), and secondly to adrenaline treatment under both normal conditions (n=4 hearts) 

and following pre-treatment with PTX (n=3 hearts). 

 

Date 
transplanted  

Age at time of 
transplant 

Sex Underlying 
cause of 
heart failure 

VAD pre 
transplant 

16.06.2009 53yrs Male MI/IHD 
CABG 1990 

No  

25.06.2009 17yrs Male DCM No 
7.03.2010 19yrs Male DCM No  
8.03.2010 31yrs Female DCM No  
28.04.2010 24 yrs Female DCM No 
27.05.2010 56yrs Male DCM No 
Table 6.1. Patient details for transplant tissue. (Abbreviations: MI (myocardial 
infarction); IHD CABG (ischemic heart disease, coronary artery bypass graft 
surgery); VAD (ventricle assisted device)). 
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6.2.3. Beta-2 AR cardiomyocyte contractility studies 

The selective in vitro β2AR responses of isolated human cardiomyocytes were determined 

using the protocol detailed in chapter two (section 2.5.2). Briefly, cardiomyocytes were 

continually perfused with KH solution (4mM Ca2+) containing 300nM CGP20712A, to 

continuously block the β1AR. Following a stable (20 minute) baseline, 1μM of isoproterenol 

was added to selectively stimulate β2ARs. Confirmation of β2AR responses was made by 

the subsequent addition of 50nM ICI-118,551. 

 

6.2.4. Contractility responses of failing human cardiomyocytes to treatment with 
adrenaline in the presence and absence of Gi activity 

As part of the investigation into the hypothesis of adrenaline as biased agonist of β2AR-

Gs/Gi signalling, a selection of failing human cardiomyocytes were pre-incubated for 3 

hours at 350C, with either 1.5μg.mL-1 of the Gi-protein inhibitor pertussis toxin (PTX) or just 

1mL of KH solution (control), as previously described by Gong et al., (2000). 

Cardiomyocytes were continuously perfused with KH (4mM Ca2+) containing 5µM of the    

α-AR blocker prazosin. Following establishment of stable baseline contractility, sub-

maximal concentrations of adrenaline (1x10-8M/1x10-7M, determined from two 

concentration-response curves) were added to the cell perfusate and contractility was 

measured for a further 15 minutes or until the cell showed signs of arrhythmia or death. 

Due to the greater instability of human cardiomyocytes, cells were washed once with KH 

(4mM Ca2+) containing 5µM prazosin to re-establish baseline contractility. Measurements of 

contractility were taken every minute following the start of cardiomyocyte adrenaline 

treatment. Values for both peak contractility and contractility at the maximum time point (15 

min) were presented for both cardiomyocyte groups (±PTX) to demonstrate any post-

maximum response changes in non-PTX cardiomyocyte function, which could be indicative 

of a Gs-Gi trafficking switch. Determination of Gi-protein activity in each group of 

cardiomyocytes was performed by analysis of the non-selective adrenergic responses to 

isoproterenol in the absence and presence of the muscarinic-Gi agonist carbachol by a 

protocol previously described in chapter two, section 2.5.3. Due to both the short life-span 

of human cardiomyocytes and the prioritisation of functional experiments, only two cells 

were tested to demonstrate a lack of Gi-protein activity in all populations of cardiomyocytes 

pre-treated with 1.5μg.mL-1 PTX. For the reason of an n of only 2 cells, no data for this sub-

study was plotted. However, graphs that demonstrate the successful results of this protocol 

in untreated and PTX pre-treated cardiomyocytes is shown in chapter four (figure 4.7). 

Additionally, previous work within our group has demonstrated the chosen PTX 

concentration of 1.5μg.mL-1 and selected incubation conditions of 3 hours at 350C gently 
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shaken, to be optimum for ensuring maximum abolition of cardiomyocyte Gi-protein activity 

(Brown & Harding, 1992;Gong et al., 2002).   

 

6.2.5. Contractility Parameters 

For all studies involving either selective β2AR stimulation or single treatment with 

adrenaline, the contractility parameters measured for each cardiomyocyte twitch were; the 

time to peak shortening (Peak t), the time to 50% of baseline length following peak 

shortening (R50), and the percentage cell shortening. These three measurements provided 

an indication of contraction amplitude, contraction duration and cell relaxation duration.  

 

6.2.7. Statistical analysis 

A one-way ANOVA and Bonferroni post-hoc analysis was used to cross-compare the 

means of different data sets presented on the same graph. 

A one sample t-test was used to compare normalised data to a hypothetical control value, 

such as when determining if the fold-change in mean response from untreated/baseline 

values was significant (control = 1 (100%)). 

An unpaired 2-tailed t-test was used to compare the β2AR-mediated contractile responses 

of differing cell populations. A paired 2-tailed t-test was used to compare two means 

derived from the same study group (e.g. before and after treatment in the same cell 

population).   

All data are plotted as the mean±SEM for n observations.  
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6.3. Results 
 

6.3.1.  Human cardiomyocytes exhibit a significant β2AR-Gs response. 

Results for the β2AR-mediated contraction of unloaded human cardiomyocytes (n=7 cells), 

derived from the failing hearts of two transplant patients are shown in figure 6.1. Basal 

cardiomyocyte percentage cell shortening of 4.63±0.97%, in the presence of 3x10-7M 

CGP20712A, increased by 131.17±44.20% (vs baseline = 100%) to 8.56±1.12% upon 

addition of submaximal (1µM) isoproterenol (figure 6.5A) (one-sample t-test: p<0.01, when 

normalised as a fold change in baseline values, n=7 cells). The further addition of 5x10-8M 

(50nM) ICI-118,551 significantly reversed this inotropic response to 4.06±0.66% (one-way 

ANOVA: p<0.01), confirming that this effect was mediated through β2AR activation.  

Basal duration of contraction (Peak t) and 50% relaxation (R50) (figures 6.1B and 6.1C) of 

human cardiomyocytes, in the presence of 3x10-7M CGP20712A, were 0.209±0.013 

seconds, and 0.109±0.014 seconds, respectively. Following treatment with 1µM of 

isoproterenol, clear reductions in the duration of contraction (0.189±0.005 seconds (Peak 

t); p=0.07) and relaxation (0.086±0.009 seconds (R50), p<0.05) of human cardiomyocytes 

were observed.  
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Cell Shortening 

Peak t 

R50 

A(i) A(ii) 

B(i) B(ii) 

C(i) C(ii) 

Figure 6.1. Human cardiomyocytes derived from patients with chronic HF exhibit 
both a significant increase in percentage cell shortening (A) and a significant 
decrease in the duration of cell relaxation (when normalised to baseline levels) (Ci) 
but no significant decrease in the duration of contraction (Peak t) (B), in response 
to β2AR stimulation with 1µM isoproterenol in the presence of 300nM of the β1AR 
blocker CGP20712A. Data are expressed as mean±SEM for the raw (i) and 
normalised (ii) percentage cell shortening (A), Peak t (B) and R50 (C). N=7 cells (2 
hearts) (raw: **p<0.01 vs CGP, ##p<0.01 vs CGP+ISO+ICI) (normalised: *p<0.05 vs 
control = 1; #p<0.05 vs CGP+ISO+ICI).  
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6.3.2. Inhibition of Gi-protein in failing human cardiomyocytes does not significantly 
alter the effects of adrenaline on contractility. 

Mean values for the raw and baseline-normalised percentage cell shortening of failing 

human cardiomyocytes (n=6 cells (4 hearts)), under basal conditions (4mM Ca2+) and then 

at two time-points after the initiation of cell perfusion with (1x10-8M/1x10-7M) adrenaline, are 

shown in figures 6.2A and 6.3A. The effect of PTX pre-treatment on these time-related 

inotropic responses in a separate group of failing human cardiomyocytes (n=4 cells (3 

hearts)) are shown in figures 6.2B and 6.3. PTX pre-treatment did not alter basal 

percentage cell shortening (2.60±0.50% (HF) vs 3.44±0.70% (HF+PTX), p=ns). Significant 

peak increases in percentage cell shortening were observed for both untreated and PTX 

pre-treated failing cardiomyocytes in response to adrenaline perfusion (2.60±0.50% vs 

6.03±1.31%, p<0.05 (HF); 3.44±0.70 vs 6.63±0.90, p<0.05 (HF+PTX)). No significant 

difference existed between the peak adrenaline-mediated fold increases in basal cell 

shortening for these two cell populations (1.50±0.54 fold increase (HF) vs 1.27±0.73 fold 

increase (HF+PTX), p=ns). However, after an adrenaline perfusion period of approximately 

15 minutes, the mean percentage cell shortening of untreated cardiomyocytes did no 

longer significantly differ from baseline levels (2.60±0.50% (B) vs 4.37±1.31% (15min 

adrenaline), p=ns), whereas a significant increase in contractility persisted in PTX pre-

treated failing cardiomyocytes (3.44±0.70% (B) vs 5.48±0.48% (15min adrenaline), 

p<0.05). No significant difference existed in the contractility of untreated and PTX pre-

treated failing cardiomyocytes at this latter time point (unpaired t-test: 0.47±0.29 fold 

increase from baseline (HF) vs 0.82±0.41 fold increase (HF+PTX), p=ns). The effects of 

adrenaline were clearly reversible in untreated cardiomyocytes. The peak change in 

contraction amplitude of untreated cardiomyocytes, induced by 1x10-8M/1x10-7M 

adrenaline, did not differ from the maximum inotropic response to selective β2AR 

stimulation with 10µM isoproterenol in this same cell group (unpaired t-test: 1.31±0.44 fold 

increase (β2AR) vs 1.50±0.54 fold increase (adrenaline (max)), p=ns). 
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Figure 6.2. Adrenaline treatment (1x10-8M/1x10-7M) induced a significant increase in 
the contractility of untreated (A) and PTX pre-treated (B) cardiomyocytes isolated 
from failing human myocardium. Data are represented as the mean±SEM for 
percentage cell shortening under the following conditions; 1) baseline (4mM Ca2+), 2) 
the point of maximum adrenaline response, 3) 15 minutes post-treatment initiation, 4) 
50nM ICI-118,551 + adrenaline and 5) following a washout (4mM Ca2+). (N=6 cells (4 
hearts) (HF); n=4 cells (3 hearts) (HF+PTX)). (*p<0.05 (vs baseline), #p<0.05 (vs 
adrenaline maximum response). Abbreviations: AD (adrenaline). 
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Figure 6.3. Comparison of the inotropic responses of untreated and PTX pre-treated 
human failing cardiomyocytes to 1x10-8M/1x10-7M adrenaline. Data are represented as 
the mean±SEM for the fold change in percentage cell shortening (normalised to 
baseline = 1) at both the point of peak adrenaline response and at 15 minutes post-
adrenaline treatment initiation. (N=6 cells (4 hearts) (HF); n=4 cells (3 hearts) 
(HF+PTX)). (*p<0.05 (vs baseline = 1)). 
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Mean values for both the raw and baseline-normalised duration of cell shortening (Peak t) 

of untreated (n=6 cells (4 hearts)) and PTX pre-treated (n=4 cells (3 hearts)) failing human 

cardiomyocytes under basal conditions (4mM Ca2+) and subsequently at two time-points 

after the initiation of cell perfusion with (1x10-8M/1x10-7M) adrenaline, are shown in figures 

6.4 and 6.5, respectively. The basal duration of contraction (Peak t) did not differ between 

untreated and PTX pre-treated failing cardiomyocytes (0.57±0.24 seconds (control) vs 

0.25±0.04 seconds (PTX), p=ns). Addition of adrenaline (1x10-8M/1x10-7M) did not induce 

any significant change to the basal Peak t values of PTX pre-treated failing cardiomyocytes 

at either the point of maximum adrenaline-induced positive inotropy or after 15 minutes of 

adrenaline perfusion. When normalised to baseline values, a significant (and reversible) 

decrease in the duration of cell shortening to 63.41±13.79% of baseline values was present 

after 15 minutes of adrenaline perfusion in untreated cardiomyocytes (one-sample t-test: 

p<0.05 vs baseline = 1). No significant difference existed between the changes in basal 

peak t observed at the point of maximum inotropic response in untreated cardiomyocytes 

treated either with adrenaline or selectively stimulated through the β2AR with 10µM 

isoproterenol and 300nM CGP20712A (20.59±14.93% reduction (adrenaline) vs 

8.33±3.90% reduction (β2AR), p=ns) (see section 6.3.2.). 
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Figure 6.4. Raw data for the effect of adrenaline treatment (1x10-8M/1x10-7M) on the 
contraction duration (Peak t) of either untreated (A) or PTX pre-treated (B) 
cardiomyocytes isolated from failing human myocardium. Data are represented as 
the mean±SEM for the time to peak (Peak t) under the following conditions; 1) 
baseline (4mM Ca2+), 2) the point of maximum adrenaline response, 3) 15 minutes 
post-treatment initiation, 4) 50nM ICI-118,551 + adrenaline and 5) following a 
washout (4mM Ca2+). (N=6 cells (4 hearts) (HF); n=4 cells (3 hearts) (HF+PTX)). 
Abbreviations: AD (adrenaline). 
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Figure 6.5. Comparison of the effects of adrenaline (1x10-8M/1x10-7M) on the 
contraction duration (Peak t) of untreated and PTX pre-treated failing human 
cardiomyocytes. Data are represented as the mean±SEM for the fold change in Peak 
t (normalised to baseline = 1) at both the point of peak adrenaline response and at 15 
minutes post-adrenaline treatment initiation. (N=6 cells (4 hearts) (HF); n=4 cells (3 
hearts) (HF+PTX)). (*p<0.05 (vs baseline = 1)). 

 

Basal R50 values did not significantly differ between untreated and PTX pre-treated failing 

cardiomyocytes (0.633±0.338 seconds (HF) vs 0.271±0.083 seconds (HF+PTX), p=ns) 

(figures 6.6 and 6.7). The larger mean and standard error for the basal R50 of PTX pre-

treated failing cardiomyocytes was attributable to one very large outlying value of 2.316 

seconds. No significant change to R50 was observed for PTX pre-treated cardiomyocytes 

at either the point of maximum adrenaline-induced inotropic response or at 15 minutes after 

adrenaline perfusion initiation (p=ns). No significant change in R50 was observed in 

untreated cardiomyocytes at the point of maximum inotropic response to adrenaline (p=ns). 

However, after 15 minutes of adrenaline perfusion, a significant 32.28±9.37% reduction in 

basal R50 was observed for untreated cardiomyocytes (one-sample t-test: p<0.05 vs 

baseline = 100%). No significant difference existed between the changes in basal R50 

observed at the point of peak inotropic response in untreated failing cardiomyocytes either 

perfused with adrenaline or selectively stimulated through the β2AR with perfusion of 10µM 

isoproterenol and 300nM CGP20712A (unpaired t-test: 19.62±9.14% reduction (adrenaline) 

vs 19.22±4.74% reduction (β2AR), p=ns) (see section 6.3.2.). 
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Figure 6.6. Adrenaline treatment (1x10-8M/1x10-7M) did not induce a significant 
change to the duration of cell relaxation to 50% of baseline length (R50) in either 
untreated (A) or PTX pre-treated (B) cardiomyocytes isolated from failing human 
myocardium. Data are represented as the mean ±SEM for the R50 under the following 
conditions; 1) baseline (4mM Ca2+), 2) the point of maximum adrenaline response, 3) 
15 min post-treatment initiation, 4) 50mM ICI-118,551 + adrenaline and 5) following a 
washout (4mM Ca2+). (N=6 cells (4 hearts) (HF); n=4 cells (3 hearts) (HF+PTX)). 
Abbreviations: AD (adrenaline). 
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Figure 6.7. Comparison of the effects of adrenaline (1x10-8M/1x10-7M) on the duration 
of cell relaxation to 50% of baseline length (R50) in untreated and PTX pre-treated 
human failing cardiomyocytes. Data are represented as the mean±SEM for the fold 
change in R50 (normalised to baseline = 1) at both the point of peak adrenaline 
response and at 15 minutes post-adrenaline treatment initiation. (N=6 cells (4 hearts) 
(HF); n=4 cells (3 hearts) (HF+PTX)). (*p<0.05 (vs baseline = 1)). 
 

Results for the test of Gi-protein activity in both PTX pre-treated and control 

cardiomyocytes using 1µM isoproterenol and 1µM carbachol (see chapter two section 2.5.3 

for full protocol) suggested that both the dose of PTX (1.5µg.mL-1) and the selected cell 

incubation conditions of 3 hours at 350C were adequate for abolishing all Gi-protein activity 

(n=<3 cells per group).  
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6.4. Discussion  

The focus of this thesis, thus far, has been on the involvement of the β-adrenergic system 

in acute HF. However, it has also been well established that increased sympathetic 

nervous system activity and β-adrenergic desensitisation plays a major role in the 

pathogenesis of chronic HF (for review see: (Lohse et al., 2003)). Furthermore, Giα 

expression is also increased in HF patients (Feldman et al., 1988). Collective evidence 

suggests that a combination of β1AR down-regulation and β2AR signalling alteration is 

responsible for mediating the desensitised β-adrenergic responses observed in HF (Bristow 

et al., 1982;Brodde, 1990;Bristow & Feldman, 1992;Kiuchi et al., 1993;Lohse et al., 2003). 

This would form an interesting contrast to the apparently unaltered β1AR responses in 

Takotsubo patients, following a sudden increase in sympathetic activity. Hence, in the 

present study, we investigated β2AR responses and receptor trafficking of cardiomyocytes 

isolated from chronically failing human myocardium, to draw comparisons between β2AR 

functionality in acute and chronic HF phenotypes. Firstly, we sought to analyse selective 

β2AR responses of cardiomyocytes isolated from the failing LV of the hearts of transplant 

patients. Secondly, we assessed the potential involvement of Gi-protein in adrenaline-

mediated adrenergic responses of these failing human cardiomyocytes. The primary finding 

is that significant myocardial β2AR-Gs responses are present in chronic HF, although 

evidence of a Gs-Gi trafficking switch following prolonged in vitro adrenaline treatment is 

still present in this cardiomyocyte population. 

 

6.4.1. Positive inotropic responses, mediated through the β2AR, are prominent in 
failing human cardiomyocytes 

The significantly positive β2AR-mediated inotropic responses of human failing 

cardiomyocytes are consistent with an increased β2AR: β1AR ratio. A reduction in β1AR 

number and mRNA by up to 50%, with a corresponding reduction in positive inotropic 

response and sensitivity to isoproterenol but not calcium, has been reported within failing 

hearts (Bristow et al., 1982;Brodde, 1990;Bristow & Feldman, 1992;Kiuchi et al., 1993). 

This receptor down-regulation appears to be selective for β1AR, as no/little difference is 

observed to β2AR numbers. As a result, the percentage of β2ARs in failing myocardium 

increases from approximately 20% to 40% (Fowler et al., 1986). In humans, these 

alterations may be a consequence of increased stimulation of β1AR by noradrenaline 

released from sympathetic nerve terminals in an attempt to restore cardiac function in HF, 

with less contribution from the action of adrenaline upon β2ARs (Francis & Cohn, 1986). 

This reduction in β1AR number may involve internalisation and proteolytic degradation. 

However, in both human and animal forms of HF, the primary mechanisms mediating this 
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reduced adrenergic response appear to involve a combination of β1AR down-regulation and 

both phosphorylation and inhibition of β2ARs (Lohse et al., 2003). The results are also in 

agreement with human and canine studies, which have demonstrated similar positive 

contractile responses through β2AR stimulation in failing myocardium (Brown & Harding, 

1992;Harding et al., 1992;Delmonte et al., 1993;Altschuld et al., 1995), and thus suggest 

that this receptor functionally compensates for the down-regulation of β1ARs in HF. 

Furthermore, in canine studies, failing myocardium was more responsive to β2AR agonists 

than healthy controls (Altschuld et al., 1995), which suggested the presence of β2AR 

sensitisation in this tachycardia-induced HF. 

The positive inotropic effect of adrenaline in failing human LV cardiomyocytes (figure 6.2) is 

in agreement with previous studies in our lab that demonstrated a similar concentration of 

adrenaline to mediate a positive inotropic effect in failing RV human cardiomyocytes by a 

mechanism that involved activation of β2AR and not β1AR (Delmonte et al., 1993). 

Furthermore, the lack of any significant difference in contraction amplitude between failing 

human cardiomyocytes treated with adrenaline and failing human cardiomyocytes 

selectively stimulated through β2AR, reinforces the theory that adrenaline is acting through 

the β2AR. Pre-treatment of failing cardiomyocytes with PTX did not reveal any significant 

suppression by Gi-protein on the positive inotropic response to adrenaline (figure 6.2). 

Consistent with the positive inotropic effect of β2AR on failing human myocardium 

contractility, previous studies have suggested that human β2ARs couple to Gs-protein more 

efficiently than β1ARs (Bristow et al., 1989), and have also implicated Gsα-AC-cAMP/PKA-

dependent phosphorylation of key regulatory cardiac proteins in the positive inotropic 

response to β2AR stimulation in failing myocardium (Adamson et al., 2000;Molenaar et al., 

2007). A study recently published by our group in the journal Science (Nikolaev et al., 

2010), suggested that the strong β2AR response observed in cardiomyocytes isolated from 

a MI rat model of chronic HF was due to loss of compartmentalisation of β2AR-cAMP 

signalling. In this published study we used fluorescence resonance energy transfer (FRET), 

in conjunction with a scanning ion conductance microscope, to demonstrate that in chronic 

HF the β2AR-cAMP fluorescent signal redistributes from its usual location within T-tubes to 

produce a diffuse cAMP signal, which propagated throughout the entire cytosol, similar to 

that observed with the β1AR. However, the β2AR may also mediate an increase in [Ca2+]i 

transient and contractility independently of cAMP and PKA phosphorylation of SR proteins 

(Xiao et al., 1994;Altschuld et al., 1995). This cAMP-independent signalling may involve; 1) 

direct activation of L-type calcium channels (Yatani & Brown, 1989;Altschuld et al., 

1995;Steinberg, 1999); 2) a larger peak calcium current with a slower decay time and a 

prolonged action potential (Xiao & Lakatta, 1993); 3) p38 and p42/44 MAPK-mediated 

cytosolic phospholipase A(2) activation (Magne et al., 2001); 4) bicarbonate-dependent 
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intracellular alkalinisation (Xiao & Lakatta, 1993); 5) inhibition of the Na+/H+ exchanger 

(Steinberg, 1999) or; 6) direct phosphorylation of SR calcium-ATPase (SERCA) by calcium-

calmodulin-dependent protein kinase (Xu et al., 1993). 

The results of Harding et al., (1991 & 1992), which demonstrated clear β2AR responses in 

human HF, were derived predominantly from cardiomyocytes isolated from the right failing 

human ventricle, as these cardiomyocytes displayed less β-AR desensitisation than the left. 

Our data was collected from LV cardiomyocytes, therefore we may have seen an even 

more pronounced β2 adrenergic effect had the RV been used. Also, it cannot be 

guaranteed that the extent of altered β2AR functionality is consistent across different forms 

of HF and won’t be influenced by age and gender of the patient (Harding et al., 1992). This 

in turn will lead to a large degree of variability within the results.  

The presence of strong β2AR-Gs signalling in failing human ventricle is in contrast to both a 

report that Giα is up-regulated in the failing human heart (Feldman et al., 1988;Sigmund et 

al., 1996) and also the increased β-AR activity/calcium ratio observed in failing human 

myocardium following inhibition of Gi-protein (Brown & Harding, 1992). However, in the 

present study cardiomyocytes pre-treated with PTX continued to demonstrate positive 

inotropy for up to 15 minutes after the start of adrenaline treatment, whereas the 

contractility of cardiomyocytes not pre-treated with PTX reduced to near baseline levels 

after 15 minutes of adrenaline. Therefore, similar to the data shown in chapter four for the 

influence of Gi-protein on the biphasic transient response of rat cardiomyocytes to β2AR 

stimulation, the slight post-maximum decline in adrenaline response of failing human 

cardiomyocytes may reflect a Gs-Gi trafficking switch mediated by the actions of adrenaline 

on the β2AR.  

It was discussed in chapters three and four that under high levels of agonist occupancy 

β2AR coupling to Gi-protein involved receptor phosphorylation by GRKs, with strong focus 

on GRK2 (Zhou & Fishman, 1991;Hammond, 1993;Wang et al., 2008). In these studies it 

was proposed that GRK β2AR phosphorylation results in recruitment of β-arrestins to the 

receptor and subsequent receptor internalisation, dephosphorylation and uncoupling from 

Gs, before being either degraded or recycled back to the membrane where it couples to Gi-

protein. Previous studies have reported a significant increase in mRNA expression and 

protein activity of GRK2 in failing myocardium derived from both humans (Ungerer et al., 

1993;Ungerer et al., 1994) and a rat MI model of HF (Kompa et al., 1999). GRKs may be a 

strong contributor to desensitisation of both β1ARs and β2ARs in the failing heart, and thus 

a suitable therapeutic target. Inhibition of GRK2, via its carboxyl terminus peptide βARKct, 

reportedly enhanced cardiac function of failing ventricle, and also alleviated further HF 
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progression (Akhter et al., 1997;Shah et al., 2001;Williams et al., 2004). A gain-of-function 

polymorphism in the GRK5 isoform, whereby leucine is substituted for glutamine at position 

41, produces a form of ‘genetic β-blockade’ that augments β-AR desensitisation and 

confers resistance against experimental catecholamine-induced cardiomyopathy (Liggett et 

al., 2008). This cardioprotective polymorphism reportedly decreases the risk of mortality in 

patients with chronic HF and may serve the purpose of protecting the myocardium against 

the detrimental effects of excess catecholamines (Liggett et al., 2008). Interestingly, this 

L41Q GRK5 polymorphism is also associated with the clinical development of left 

ventricular apical ballooning syndrome through desensitisation of β-adrenergic responses 

(Spinelli et al., 2010). It would therefore be interesting to determine what contribution GRK 

activity makes to the reduction in inotropic responses of failing human cardiomyocytes 

following prolonged in vitro exposure to adrenaline.  

In further support of our findings that β2ARs retain a strong functional presence in failing 

myocardium, a number of studies have suggested that this receptor is cardioprotective and 

functionally important in HF. In vivo gene delivery of β2AR into the failing myocardium of 

rats with pressure-overload hypertrophy resulted in a significant improvement in LV function 

(Kawahira et al., 1998). Transgenic studies of mice over-expressing the β2AR have 

indicated that at low levels this receptor does not induce any histopathological damage, 

however; at high levels of expression β2ARs contribute to an increase in the progression 

and severity of HF (Port & Bristow, 2001). A β2AR polymorphism that results from a switch 

at amino acid 164 of Thr to Ile, reduces the receptor binding affinity for β2AR ligands, 

thereby decreasing basal AC activity and causing defective coupling to Gs-protein, with a 

resulting impairment in in vivo contractile function (Liggett et al., 1998). Although this β2AR-

Ile-164 polymorphism does not predispose to HF development, HF patients with this 

genetic mutation are at a significantly higher risk of mortality, compared to those with a 

normal β2AR genetic code (Liggett et al., 1998). These studies, and ours, indicate that at 

moderate levels of expression, the β2AR is necessary to provide functional inotropic 

support in failing myocardium, presumably as part of an adaptive mechanism to 

compensate for the down-regulation of β1ARs. 
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6.4.2. Beta-2 adrenergic responses in failing human myocardium involve an 
increased speed of contraction and relaxation 

The reduction in the duration of both contraction and relaxation of failing human 

cardiomyocytes stimulated through the β2AR with either isoproterenol (figure 6.1B&C) or 

adrenaline (figures 6.5 and 6.7) is consistent with previous studies in failing human 

myocardial tissue that also demonstrated a positive lusitropic effect of β2AR stimulation, 

with either adrenaline or selective β2AR agonists/stimulation (Harding et al., 1992;Delmonte 

et al., 1993;Kaumann et al., 1996;Molenaar et al., 2007). Furthermore, in a selection of 

these studies (Molenaar et al., 2007;Kaumann et al., 1996) the reduced relaxation duration 

was associated with increased cAMP and PKA phosphorylation of PLB, TnI and C-protein, 

similar to that observed following stimulation of β1AR. These observations are consistent 

with our recently published pre-clinical study in a rat MI model of chronic HF, whereby the 

β2AR redistributes from its predominant localisation within the T-tubules (away from SR 

proteins) to produce a more diffuse cAMP signal throughout the failing cardiomyocyte, with 

functional responses more reminiscent of the β1AR (Nikolaev et al., 2010). Unfortunately, 

there is no healthy human control in the present study to which we can compare these 

responses. Kaumann et al., (1996) did not observe any difference in β2AR-mediated 

contraction/relaxation kinetics between healthy and failing human right atrium.  

Inhibition of Gi-protein with PTX did not have any significant effect upon the rate of 

cardiomyocyte contraction and relaxation in response to adrenaline in failing human 

cardiomyocytes (figures 6.5 and 6.7). This contrasts with previous suggestions that 

compartmentalisation of β2-AR-cAMP signalling away from SR regulatory proteins was 

mediated by Gi-protein (Calaghan et al., 2008). Thus, it would appear from the contractile 

responses in the present study that the β2AR in failing human ventricle is signalling through 

a Gs-AC-cAMP pathway. Previous work in our group using failing human cardiomyocytes 

also indicated that there was no correlation between disease severity and contractility 

kinetics (Peak t & R50) (Harding et al., 1992). 

 

6.4.3. Future Studies 

Radioligand saturation binding studies of failing (and if possible also healthy) human 

cardiomyocytes could provide evidence of a larger than normal β2AR:β1AR ratio in failing 

myocardium. This could, in turn, add explanation to the significantly positive β2AR-Gs 

contractility responses observed in this cell population following selective β1AR down-

regulation in chronic HF.  
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To determine if the β2AR responses observed in the failing human cardiomyocytes were 

the result of alterations in cAMP, cardiomyocytes could be treated with the cAMP analogue 

and PKA inhibitor Rp-cAMPS, prior to stimulation of β2AR with isoproterenol or adrenaline. 

Measurement of cAMP levels by an in vitro assay is less reliable in human cardiomyocytes 

due to the instability of these cells. Depending upon the results of this study arm, further 

experiments could deduce what cAMP-dependent or cAMP-independent intracellular 

mediators were responsible for the positive inotropic effect of β2AR and the subsequent 

biphasic response observed following prolonged in vitro exposure to adrenaline. This could 

be investigated on failing cardiomyocytes in vitro, using selective inhibitors for candidates 

such as p38 MAPK and L-type calcium channels. Measurement of intracellular calcium 

currents using patch clamp electrophysiology could provide further information on the 

relationship between targeted alterations in β2AR signalling and changes in cardiomyocyte 

calcium handling. 

 

6.4.4. Limitations of study 

It is possible that during the time period between explantation of the failing human heart 

and contractility analysis of the isolated cardiomyocytes, β-adrenergic responses became 

re-sensitised due to the removal of endogenous catecholamines. However, studies in our 

lab have not found any evidence that cardiomyocyte isolations do lead to resensitisation of 

failing rat ventricular cardiomyocytes, or that β-adrenergic sensitivity of these freshly 

isolated cardiomyocytes increases with time (Harding et al., 1992). It must also be 

considered that the β-adrenergic responses of failing human cardiomyocytes may have 

been influenced by the β-blocker treatment given to the patient from whom the heart was 

removed. Treatment with these β-blockers would reduce the maximum level of β-

desensitisation and thus mask the true adrenergic response present in a failing heart. It 

was reported that HF patients treated with β1–selective β-blockers had an increased 

sensitivity to β2AR stimulation (Hall et al., 1990). In agreement with this, adrenaline was 

4.4-fold more potent at producing positive inotropic effects in ventricular tissues taken from 

patients that had received chronic β-blocker treatment (Molenaar et al., 2007). 

Noradrenaline produced a consistently level positive inotropic effect regardless of patient 

treatment history, which suggested responses through the β2AR but not β1AR are 

influenced by the exposure to β-blocker treatment (Molenaar et al., 2007). Interestingly, the 

majority of patients from which the failing myocardial tissue was removed were very young 

in age (below 35yrs), which based on evidence from pre-clinical studies (Xiao et al., 1998) 

may have led to a larger level of observed β-AR response than if the majority of ventricle 

samples had come from older patients.   
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Limitations of using isolated cardiomyocytes to deduce functions of the whole ventricle 

include the heterogeneity of the myocytes. This heterogeneity may be attributable either to 

variable intrinsic factors or damage caused by the isolation procedure. It was shown in 

chapter four that the amplitude of β2AR-mediated cardiomyocyte contractility significantly 

varied between the apex and the base of the LV. The cardiomyocytes isolated from the 

human tissue used in the present study were derived from all regions of the LV. Therefore, 

the intrinsic properties of the cardiomyocytes used in this study would not be uniformly 

consistent within treatment groups. Given the length of each individual experiment and 

susceptibility of myocytes to arrhythmia, only a small number of cells can be studied and 

selection of the healthiest cardiomyocytes may underestimate the level of β-AR 

desensitisation in a diseased heart. It may also be argued that use of unloaded 

cardiomyocytes may not be a true representation of the extent of defective contractility in a 

failing heart. It is unknown if enzymatic digestion of cardiac tissue has any effect on 

receptor functionality and other cell surface proteins, which could potentially influence the 

response to inotropic agents. The smaller cell yield of a human cardiomyocyte preparation 

may be attributable to the isolation procedure, which involves incubation in enzymatic 

solutions as opposed to perfusion of a whole heart. On the contrary, the advantage of 

studying the contraction of isolated myocytes includes the ability to measure contractility 

independently of in vivo hemodynamic and neurohormonal effects. Furthermore, with a 

study on cardiomyocytes, there is no influence of scar tissue, fibrosis, and orientations of 

fibres or release of adenosine into the extracellular space within intact muscle strips. This is 

particularly important when focusing upon intrinsic cell signalling such as that for the β2AR. 

 

6.4.5. Conclusion 

Overall, the results of the present study suggest that the β2AR maintains a functional 

presence within failing human myocardium, most likely to provide the necessary inotropic 

support and reduce mortality in the context of selective β1AR down-regulation. The 

presence of strong β2AR-Gs signalling in these chronically failing human cardiomyocytes 

does contrast with the increased β2AR-Gi activity recorded in acute HF phenotypes and 

also previous clinical and pre-clinical reports of an upregulation of Gi-protein in chronic HF. 

However, it cannot be discounted that heterogeneity between individual human myocytes 

and non-uniform chronic β-blocker treatment had an influence on the in vitro β2AR 

responses recorded in the present study.  
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Chapter 7: Final Discussion and 
Conclusion 
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7.1. Overview 

Stress (Takotsubo) cardiomyopathy is a severe but fully reversible form of heart failure 

(HF), characterised by hypercontraction of the basal myocardium and hypocontraction of 

the apical myocardium (Akashi et al., 2003). This syndrome is typically precipitated by a 

sudden severe physical (Watanabe et al., 2005;Sato et al., 2006) or emotional (Wittstein et 

al., 2005) stress. The aetiology and pathophysiology of this syndrome is not fully 

understood but a strong body of evidence has highlighted the stress catecholamine 

adrenaline as a precipitating factor. Upon hospital admission, Takotsubo patients have 

plasma adrenaline and noradrenaline levels approximately thirty-four times higher than 

resting values (Wittstein et al., 2005), and this syndrome has been reported both following 

intravenous administration of high doses of exogenous adrenaline in humans (Abraham et 

al., 2009;Kumar & Qureshi, 2010;Winogradow et al., 2011), and in patients with an 

adrenaline-secreting pheochromocytoma (Zielen et al., 2010). The primary purpose of this 

thesis was to explore the hypothesis that adrenaline mediates the left-ventricular dyfunction 

observed in Takotsubo cardiomyopathy patients through biased agonism of the β2AR, 

trafficking the receptor from a cardiostimulatory Gs-protein cell pathway towards an intrinsic 

Gi-protein cell pathway that instead depresses cardiac function; and secondly that the 

apical dysfunction was the result of a larger population of β2ARs in this region of the left 

ventricle (LV).  

 

7.2. Development of an in vivo rat model of Takotsubo cardiomyopathy 

Consistent with our hypothesis of a primary role of adrenaline in Takotsubo 

cardiomyopathy, we successfully demonstrated, using both in vivo 2D real-time 

echocardiography and cardiac magnetic resonance (CMR), that an intravenous (jugular) 

bolus of 4.28x10-8M.100g-1 adrenaline (equivalent to ~5mg in an adult human) into an 

anaesthetised rat reproduces the acute apical hypocontractility and basal hypercontractility 

that is associated with Takotsubo cardiomyopathy, in conjunction with a significant 

depression of chronotropic function. A single intravenous bolus injection of adrenaline was 

chosen to mimic the in vivo conditions of a sudden release of adrenaline onto the 

myocardium, as would occur in response to a severe stress insult. It was hypothesised that 

the localisation of contractile dysfunction to the apical and mid-ventricular myocardium was 

the result of a gradient in the distribution of β-adrenergic receptors across the ventricle. The 

apical myocardium is more sensitive to exogenous β-adrenergic agonists such as 

adrenaline or isoproterenol, whereas the basal myocardium relies predominantly on 

innervating noradrenergic fibres to maintain systolic function (Mori et al., 1993;Kawano et 
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al., 2003;Heather et al., 2009). We replicated these findings both in vitro and in vivo by 

demonstrating firstly that isolated apical cardiomyocytes are significantly more sensitive to 

increasing isoproterenol concentrations than basal cardiomyocytes, and secondly that the 

amplitudes of in vivo inotropic responses to catecholamines are greater at the apex 

compared to the base. This led us to hypothesise that adrenaline acts predominantly on 

β2ARs, densely localised within the apex, to mediate a regional difference in contractility. In 

agreement with this hypothesis, we demonstrated a significantly higher adrenergic receptor 

population ratio of β2:β1 AR on cardiomyocytes isolated from the apical myocardium of 

normal SD rat hearts, compared to the base. Furthermore, this expression profile 

corresponded with a larger β2AR-mediated contractile response in the apical versus basal 

myocardium.  

 

7.3. Biased agonism of the β2AR as a mechanism of contractile dysfunction 
following severe rapid rises in plasma adrenaline levels  

So how can adrenaline, a classic positive inotrope and strong agonist of the β2AR, impair 

systolic function and contribute to the pathophysiology of Takotsubo cardiomyopathy? 

Unlike the β1AR, which exclusively couples to a Gs-adenylyl cyclase-cAMP pathway, the 

β2AR has the ability to dually couple to both a Gs and an inhibitory Gi pathway within the 

cardiomyocyte. Previous in vitro and ex vivo studies have demonstrated both adrenaline 

and selective β2AR stimulation to depress cardiac contractility via an intrinsic Gi-protein 

signalling pathway, whereas neither noradrenaline nor selective β1AR stimulation could 

(Xiao et al., 1995;Heubach et al., 2003;Heubach et al., 2004). In agreement with these 

studies, in vivo dose-response curves did not reveal any concentration of noradrenaline, 

within a reasonable range, to be negatively inotropic when administered via the jugular 

vein. In anaesthetised rats, a maximum intravenous bolus of 1.43x10-7 moles.100g-1 of 

noradrenaline produced a significantly positive effect on apical and mid-ventricular 

myocardium contractility, with minimal change to the base. This eliminated any involvement 

of β1ARs or α-ARs in mediating the in vivo negative inotropic responses to adrenaline.  

Consistent with a β2AR Gs-Gi trafficking switch in response to elevated agonist stimulation, 

the biphasic in vivo response to a bolus of adrenaline presented as an initial increase in 

contractility after about 5 minutes (β2AR-Gs), followed by a decline in contractility that 

peaked between 20 to 25 minutes after adrenaline administration (β2AR-Gi). Left ventricular 

function was fully reversible within one hour. Under the β2AR-Gi hypothesis, the rapid 

reversal of Takotsubo cardiomyopathy could be explained either by internal degradation of 

β2ARs or a reversal of the Gi-Gs switch, following return of adrenaline levels to baseline 
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values (Pitcher et al., 1998). Consistent with the in vivo biphasic response to adrenaline, 

we also observed the presence of a biphasic transient in the in vitro contractility of apical 

cardiomyocytes selectively stimulated through the β2AR with isoproterenol. The post-

maximum decline in cardiomyocyte contraction amplitude to near-baseline levels was 

alleviated by pre-treatment with PTX, which also significant increased the maximum 

inotropic β2AR response. This strongly suggested that Gi-protein has a tonic inhibitory 

influence on β2AR-Gs.  

Involvement of intrinsic Gi-protein signalling in the negative inotropic effects of adrenaline 

was confirmed by in vivo pre-treatment of SD rats with the Gi-protein inhibitor, pertussis 

toxin (PTX). In the absence of any Gi-protein, adrenaline mediated a positive inotropic 

β2AR-Gs response throughout the ventricle. The depressive effect of Gi-protein on cardiac 

function was not attributable to any changes in vagal parasympathetic activity, providing 

strong evidence for a direct effect of adrenaline and Gi-protein on the ventricular 

cardiomyocyte and sinoatrial node. In further support of a role of β2AR-Gi in mediating a 

reduction in systolic function, the in vitro contractile responses of apical cardiomyocytes to 

stimulation through the β2AR presented as a slight biphasic transient; with a maximum 

response preceding a gradual decline towards baseline contractility. Abolition of Gi-protein 

alleviated this biphasic transient contractility, and significantly augmented the β2AR-Gs in 

vitro response, which strongly suggested a tonic inhibitory influence of Gi-protein on β2AR-

mediated inotropic function. It is hypothesised that the switch in β2AR coupling from Gs to 

Gi includes β2AR phosphorylation by PKA and/or G-protein regulated kinases (GRKs) 

(Daaka et al., 1997;Liu et al., 2009;Wang et al., 2008). 

In vivo reflex inotropic and chronotropic responses were observed within the first 60 

seconds of adrenaline/noradrenaline bolus administration. This reflex decline in inotropy 

and chronotropy in response to adrenaline was PTX, but not atropine (vagal), sensitive and 

associated with a sudden increase in LV pressure. We attributed this to the method of 

catecholamine delivery and hemodynamic responses to a sudden adrenergic pressor 

effect, possibly involving activation of α-AR-Gi signalling.  

 

7.4. Implications of β2AR-Gi signalling for the treatment of Takotsubo 
cardiomyopathy 

It was previously reported by our group that clinical β-blockers, with an affinity for the β2AR, 

could act not only as direct antagonists of β2AR-Gs but also as agonists of β2AR-Gi 

coupling (Gong et al., 2002). This extreme form of biased agonism resulted in a direct 

negative inotropic effect on basal contractility, and was only evident in the presence of 



304 
 

elevated β2AR-Gi, such as in chronically failing human myocardium. Treatment of HF 

patients with β-blockers was contradicted for many years due to the withdrawal of 

necessary inotropic support from failing myocardium (Waagstein et al., 1989). We predicted 

that administration of selected clinical β-blockers, with β2AR affinity, after adrenaline would 

enhance the Gi-mediated negative inotropic effect of this catecholamine. Indeed, 

intravenous injection of either propranolol or carvedilol during the initial stages of the β2AR 

Gs-Gi trafficking switch resulted in the development of a global left ventricular HF, with a 

total loss of positive inotropy of the basal myocardium. Propranolol had the strongest and 

most persistent β2AR-Gi agonistic activity both in vivo and in vitro, whereas carvedilol only 

worsened LV function at the base and may arguably have a beneficial use in Takotsubo 

cardiomyopathy through restoration of synchronised LV contractility. Indeed, in patients 

where there is the presence of an intra-ventricular gradient, possibly caused by basal 

hyperkinesis or a LVOT obstruction, the use of β-blockers may actually be beneficial in 

reversing the apical dysfunction (Kyuma et al., 2002;Izumi et al., 2009;Migliore et al., 2010) 

by increasing both diastolic filling time and left ventricular end-diastolic volume (Kyuma et 

al., 2002). Furthermore, chronic β-blocker treatment is associated with a reduction in the 

likelihood of recurring HF episodes in recovered Takotsubo patients (Prasad et al., 2008). 

In comparison to carvedilol and propranolol, which possess an affinity for the β2AR, the 

β1AR-selective β-blocker bisoprolol had a less significant effect on in vivo adrenaline-

mediated β2AR-Gs signalling and inotropic function. These observations were in agreement 

with a recently published report of a patient with pheochromocytoma presenting with an 

acute dilated cardiomyopathy after receiving treatment with propranolol (McEntee et al., 

2011). This collection of data supported our hypothesis that propranolol and carvedilol 

could act synergistically with adrenaline to enhance β2AR-Gi signalling and that the use of 

these compounds in the treatment of Takotsubo cardiomyopathy should be contradicted. In 

contrast, infusion of the calcium sensitising agent levosimendan, which acts independently 

of cAMP, was a far safer and more effective treatment for alleviating the LV dysfunction 

observed in this in vivo rat model. In support of these findings, reports suggest that 

levosimendan has been successfully used in the clinical treatment of Takotsubo 

cardiomyopathy (De, V et al., 2008;Karvouniaris et al., 2011). 

 

7.5. Analysis of Gi signalling pathways 

A key part of this thesis was attempting to understand how Gi-protein mediates a 

depression of cardiac function. Previous studies have suggested that increases in Gi-

protein activity directly suppress β1ARs and adenylate cyclase (AC)-cAMP signalling (Ranu 
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et al., 2000). However, our group demonstrated that the Gi-dependent reduction in basal 

contractility of failing human cardiomyocytes was cAMP-independent (Gong et al., 2000). 

Similarly other groups have highlighted the possibility that Gi-protein may compartmentalise 

the β2AR-cAMP signal within caveolae microdomains that are located away from the key 

sarcoplasmic reticulum (SR) proteins involved in the positive regulation of inotropy and 

chronotropy (Zhou et al., 1997;Fan et al., 2001;Nikolaev et al., 2006;Calaghan et al., 2008). 

Alternaltively, Gi-protein may reduce calcium transients and suppress inotropic function 

through inhibition of L-type calcium channels (He et al., 2005), and increased activity of the 

sodium-calcium exchanger (NCX) (Sato et al., 2004). Gi-protein could mediate a negative 

chronotropic effect through either reduced availability of calcium with each action potential 

(Asada & Endou, 2001;Vinogradova et al., 2002) or activation of G-protein activated 

inwardly rectifying potassium channels (Wellner-Kienitz et al., 2001). However, the focus of 

the work presented in this thesis was on an involvement of the stress/PKA-activated p38 

MAPK. P38 MAPK is a negative inotrope in vitro (Liao et al., 2002;Szokodi et al., 2008) and 

links to Gi-protein signalling were demonstrated by the ability of this kinase to mediate an 

anti-apoptotic effect on rat cardiomyocytes through a Gi-protein signalling pathway 

(Communal et al., 2000). Additionally, p38 MAPK may be activated by a PKA-dependent 

pathway involving inhibition of Ser/Thr protein phosphatases (Zheng et al., 2000), which 

may emphasise a link between p38 MAPK and PKA-dependent trafficking of the β2AR from 

Gs to Gi-signalling. Previous unpublished work in our lab demonstrated that the ability of 

selected β-blockers to depress basal contractility of failing human cardiomyocytes was 

dependent upon p38 MAPK. Furthermore, in rat cardiomyocytes the ability of a p38 MAPK 

inhibitor (SB203580) to increase β2AR-mediated contractility was similar in scale to, but 

non-additive with, that observed with PTX. This suggested that p38 MAPK and Gi-protein 

share a common β2AR signalling pathway to mediate negative inotropy. P38 MAPK has 

also been implicated in the cardiac dysfunction that results from septic shock. Specifically, 

the pro-inflammatory cytokines which mediate the cardiac depression in endotoxaemia (IL-

6, IL-1 and TNF-α) (Prabhu, 2004) are shown to be activated downstream of p38 MAPK, 

and inhibition of this kinase prevents the reduction in contractility of septic myocardium 

(Bellahcene et al., 2006). It has been suggested that the negative inotropic effects of p38 

MAPK occur through a reduction in myofilament sensitivity (Liao et al., 2002;Chen et al., 

2003;Sabri & Lucchesi, 2006;Vahebi et al., 2007). Unfortunately, the positive in vitro 

inotropic effect of p38 MAPK inhibition with SB203580 could not be reproduced using our in 

vivo rat model. In contrast to the ability of PTX to abolish the negatively inotropic effect of 

adrenaline, pre-treatment of rats for 30 minutes with 0.1-10mg.Kg-1 SB203580 (i.v.), 

followed by injection with adrenaline, resulted in a global HF phenotype and 100% 

mortality. This instead suggested that p38 MAPK was necessary for protecting the 
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myocardium against the cardiotoxic effects of adrenaline. Although in vitro studies strongly 

indicate p38 MAPK to be involved in β2AR-Gi signalling, future studies will have to address 

the issue that this is not the only intrinsic mechanism by which adrenaline may induce 

Takotsubo cardiomyopathy. However, it cannot be discounted that the in vivo dose of PTX 

used (25µg.Kg-1) did not result in 100% inhibition of Gi-protein activity and that any 

remaining Gi-protein activity was sufficient to protect the myocardium against the toxic 

effects of adrenaline. 

 

7.6. Potential evolutionary role of β2AR-Gi signalling as a compensatory 
mechanism to protect the myocardium against the effects of sudden severe 
stress     

The nature of Takotsubo cardiomyopathy as a fully reversible syndrome (Akashi et al., 

2003), led us to hypothesise that a β2AR Gs-Gi trafficking switch may actually be a 

cardioprotective strategy of the myocardium to protect itself from the damaging effects of 

excess catecholamines. This was strongly supported by the evidence that pre-treatment 

with both a p38 MAPK inhibitor and a selective β2AR blocker (ICI-118,551) resulted in 

100% mortality following exposure of the myocardium to a sudden rise in circulating 

adrenaline. It has been well documented that the β2AR has a cardioprotective function, 

through Gi-dependent activation of an anti-apoptotic phosphoinositide 3 kinase-protein 

kinase B (Akt) pathway within the cardiomyocyte (Ahmet et al., 2004;Ahmet et al., 

2005;Bernstein et al., 2005), and reducing myocardial oxygen consumption through 

depressed contractility. Furthermore, p38 MAPK has been shown to protect 

cardiomyocytes against noradrenaline-induced β-AR-Gs-mediated activation of apoptotic 

pathways. Consistent these studies documenting a cardioprotective role of β2AR-Gi, we did 

not observe any myocardial damage in the tissue sectioned from the hearts of animals that 

were intravenously treated with adrenaline. In contrast, there was some evidence of 

inflammatory infiltrates in the ventricle of one animal that received a bolus of noradrenaline, 

which would agree with the cardiotoxic effects of β1AR-Gs signalling (Rona, 1985;Todd et 

al., 1985;Zhu et al., 2001). A more prolonged period of catecholamine exposure would 

more likely have revealed potentially significant differences between the histopathological 

effects of adrenaline and noradrenaline.  

If the evolutionary purpose of Takotsubo cardiomyopathy development is to protect the 

myocardium under conditions of severe stress, then this could have a strong significance 

as to why this syndrome is most prevalent amongst post-menopausal women, particularly 

amongst those who have not been receiving hormone replacement therapy (Kuo et al., 
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2010). Estrogen is a cardioprotective hormone, and as a supplement reportedly reduces 

cardiovascular mortality in post-menopausal women by 30-50% (Stampfer & Colditz, 1991) 

and abolishes LV dysfunction in ovariectomised rats subjected to immobilisation stress 

(Ueyama et al., 2007). This is in agreement with observations in our lab that injection of 

female rats with a dose of adrenaline equivalent to that administered into adult males 

(4.28x10-8 moles.100g-1) resulted in an in vivo negative inotropic effect but this was 

associated with a significantly reduced mortality in comparison to male rats (45.8% (male) 

vs 6.4% (female)). It has thus been suggested that estrogen plays an important 

evolutionary role in protecting the pre-menopausal female against the adrenergic stress 

encountered during pregnancy and labour. Although there have been no reports of a direct 

link between estrogen, its receptor and Gi-protein, the mechanisms by which this sex 

hormone may reduce the level of stress placed upon the myocardium include; 1) inhibiting 

the ability of β-adrenergic stimulation to increase cAMP production and calcium influx via 

the L-type calcium channel (Li et al., 2000); 2) reducing maximum calcium uptake into the 

SR and prolonging calcium transient decay via a decreased expression and 

phosphorylation of SERCA protein (Bupha-Intr & Wattanapermpool, 2006); and 3) 

increased functional levels of the ATP-sensitive potassium channel (KATP), which regulates 

membrane excitability (Ranki et al., 2001). A key question that also arises is why are men, 

who lack estrogen, not as vulnerable to Takotsubo cardiomyopathy development as post-

menopausal women? There are a number of possible explanations for this gender 

difference which will be considered in turn. It could be that women have lower stress-

thresholds than men. It has been suggested that young women (high estrogen) have a 

lower sympathetic outflow and release of endogenous stress mediators in response to a 

given stimulus compared to men but that this difference became more balanced with 

increasing age and women did not tend to have a stronger response at any time (Zouhal et 

al., 2008). Gi-protein is upregulated with age (Ferrara et al., 1997;Kilts et al., 2002), and 

one possibility is that Gi-protein is more upregulated in females with age than in men. 

Estrogen may act to offset an increased sensitivity of females to β2AR-Gi and down-

regulate (maintain a safe level) of β1ARs. Thus, when estrogen is lost during the 

menopause the cardio-depression induced by strong β2AR-Gi signalling in the presence of 

elevated adrenaline becomes evident, partly through modification of cardiac substrate (e.g. 

NCX) (Chu et al., 2006) or accelerated β2AR-Gs/Gi switching caused by increased cAMP 

levels that in turn results from raised β1AR activity (Kam et al., 2004;Chu et al., 2006). It 

could be that men suffer sudden death in response to a sudden severe rise in sympathetic 

activity, and thus are never recorded as being diagnosed with Takotsubo cardiomyopathy. 

Future studies will need to address any link between Gi-protein and estrogen, and the 

relevance this has to the pathogenesis of Takotsubo cardiomyopathy. 
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7.7. β2AR signalling in acute heart failure versus chronic heart failure 

Takotsubo cardiomyopathy is not the only HF phenotype where Gi-protein is believed to 

have some significant role. Elevations in Giα mRNA and protein expression have been 

reported in both chronically failing human myocardium (Feldman et al., 1988) and in a pre-

clinical rat model of HF (Kompa et al., 1999). An up-regulation of Gi-protein in chronic HF 

may also be a cardioprotective strategy to protect the myocardium against the prolonged 

increases in sympathetic nervous system activity, either through anti-apoptotic pathways or 

down-regulation/desensitisation of β1ARs. In human cardiomyocytes treated with a 

moderate concentration of adrenaline, Gi-protein inhibition suppressed a post-maximum 

decline in contractility, similar to the ability of PTX to suppress the biphasic transient 

response seen in isolated rat cardiomyocytes stimulated through the β2AR. This may have 

indicated the presence of a β2AR Gs-Gi trafficking switch after approximately 5 minutes, 

similar in time scale to the G-protein switch observed in vivo. A role of Gi-protein in chronic 

HF would be consistent with the reported up-regulation of GRKs in failing myocardium 

(Ungerer et al., 1993;Ungerer et al., 1994), which is proposed to mediate β2AR coupling to 

Gi-protein through receptor phosphorylation and recycling (Zhou & Fishman, 1991;Wang et 

al., 2007;Wang et al., 2008). Gene therapy strategies involving in vivo delivery of a 

synthetic peptide inhibitor of GRK2 known as βARKct into failing myocardium restores β-

AR signalling and promotes a recovery of normal phenotype and increased survival rate 

(Akhter et al., 1997;Shah et al., 2001;Williams et al., 2004). However, in agreement with a 

number of previous studies (Harding et al., 1992;Brown & Harding, 1992;Delmonte et al., 

1993;Altschuld et al., 1995), the evidence collected from failing myocardium in our study 

suggests that the β2AR is necessary for providing inotropic support in the context of HF, 

possibly as a result of an increased β2AR:β1AR expression ratio in the failing heart 

following selected down-regulation of β1ARs.  

The findings of a significantly positive β2AR response and indications of a down-regulated 

β1AR response are in significant contrast to the in vivo data collected in this thesis, which 

indicated β1AR-Gs signalling to be preserved but β2AR signalling to change from positively 

inotropic Gs-protein to negatively inotropic Gi-protein. A down-regulation of β1AR-Gs 

signalling in chronic HF would lead to a reduction in cAMP levels and decline in PKA 

activity, which is necessary for inducing the β2AR-Gs/Gi stimulus trafficking switch, and this 

could partly explain why β2AR-Gi signalling is less significant in chronic HF versus acute 

HF. While Gi-protein may be increased in chronic HF, the levels may not be great enough 

to shift the equilibrium away from Gs-protein signalling. It is also possible that chronic 

treatment with β-blockers, as would have occurred for transplant patients from whom the 

tissue was isolated, could have resulted in desensitisation of β2AR-Gi signalling by way of a 
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similar mechanism of G-protein uncoupling suggested for desensitisation of β2AR-Gs 

(Wang et al., 2008). By comparison of these two HF phenotypes, it appears that down-

regulation of receptor number requires the myocardium to be exposed to high levels of 

catecholamines for a prolonged period of time and the cardiodepressive effects of a single 

rapid injection of high dose adrenaline were not the result of a change in cell number but 

instead attributable to alterations in intrinsic cell signalling. 

 

7.8. Study limitations and future directions 

A major limitation of the in vivo component of this work was the inability to prove that the 

Gi-dependent apical dysfunction was directly attributable to Gi-protein activity within the 

apex and not the indirect result of a peripheral or central Gi-protein response. As opposed 

to inducing a global abolition of Gi-protein activity with a single intraperitoneal injection of 

PTX, a more accurate way to assess apical β2AR-Gi involvement in cardiac responses 

would be to perform in vivo knock down of Gi-protein activity by injection of siRNA solely 

into the apex. Additionally, to eliminate any confounding effects of hemodynamic responses 

on the results of the in vivo effects of adrenaline, ex vivo perfusion of a working heart 

preparation with an equivalent dose of adrenaline to that used in vivo, and visual analysis 

of the regional contractile responses would provide firm evidence for or against the 

hypothesis that this is a mechanism of β2AR-Gi activity localised specifically to the apex of 

the LV. 

There are inevitable limitations associated with using rodents as pre-clinical models, with 

the potential for differences in physiology and receptor sensitivity in comparison to humans. 

However, for the investigation of β-AR signalling, the rat was the most appropriate 

accessible species for use in this research, as previous reports do indicate significant 

functionality of β-ARs expressed on rat cardiomyocytes (Xiao & Lakatta, 1993), and the 

results of this thesis support the significant presence of β2ARs.  To validate the rat model 

developed herein, future work will have to determine if the same response to 4.28x10-8 

moles.100g-1 adrenaline (i.v.) is present in mouse, and if this were to be successful it would 

pave the way for the use of transgenic mice lacking key proteins associated with Gi-protein 

signalling to investigate the intrinsic pathways involved in β2AR-Gi signalling without 

concern over the dose of protein inhibitors to be used. 

Rapid injection of a single dose of adrenaline into anaesthetised rats would potentially not 

be classified as the most accurate model of Takotsubo cardiomyopathy, as it does not 

encompass reproduction of the entire physiological response to stress, which will involve 
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central nervous system activation of noradrenergic transmission to the myocardium. In this 

study there was only a minimal response of the basal myocardium to catecholamine 

injection, which is in agreement with the reduced sensitivity of this region of the LV to 

circulating catecholamines but in Takotsubo patients there would be activation of basal 

myocardium β-ARs through release of catecholamines from centrally-activated innervating 

noradrenergic fibres. However, another key aim of this work was to explore the hypothesis 

that adrenaline alone is the key precipitating factor for Takotsubo cardiomyopathy 

development and to explore this theory an animal model involving administration of a single 

injection of adrenaline was necessary.      

To investigate the significance of gender difference in predisposition to the development of 

Takotsubo cardiomyopathy, this male rat model will have to be repeated in female rats that 

are of a post-menopausal physiology/age for rat. As the mortality data reported in this 

thesis suggests, estrogen is important for protecting against catecholamine-induced 

cardiotoxicity (arrhythmias, cardiogenic shock) and death. I hypothesise that the in vivo 

cardiac effect of adrenaline is more pronounced or occurs at lower concentrations in older 

females. It will also be necessary to repeat the analysis of β2AR-mediated contractility and 

β2AR:β1AR population ratios on apical and basal cardiomyocytes isolated from female rat 

myocardium (old and young) to determine if myocardial β2AR sensitivity does indeed vary 

between genders and with age. 

Further studies are required to unravel the down-stream mediators of β2AR-Gi signalling. 

The results of this thesis strongly suggest a role for p38 MAPK, however another potential 

candidate includes the NCX (Sato et al., 2004) and modification of LTCCs. It would 

therefore be interesting to determine the effect of in vivo pre-treatment with SEA0400, the 

specific NCX inhibitor, on the cardiac response to rapid intravenous injection of adrenaline, 

and also analyse in vitro β-AR contractility responses while simultaneously assessing 

calcium handling in cardiomyocytes pre-loaded with fluorescent markers of calcium 

transients (e.g. Indo-1). 

Ionoptix video-edge detection of cardiomyocyte contractility was a very effective in vitro 

technique for demonstrating, independently of any neurohormonal responses or 

endogenous catecholamines, that the β2AR signalled through Gi-protein and p38 MAPK 

and that a larger β2AR response was present within the apex compared to the base. 

Evidence of functional β2ARs on isolated cardiomyocytes also suggested that the in vivo 

cardiac responses observed in response to adrenaline were not solely due to β2ARs 

expressed on myocardial fibroblasts. However, demonstration of a negative inotropic effect 

of a rapid high dose β2AR agonist in vitro is limited both by the instability of isolated 
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cardiomyocytes to high doses of pharmacological compounds and the set-up of the 

apparatus used, which involves a slow rate of solution perfusion. A more rapid exposure of 

cardiomyocytes to β2AR agonists/adrenaline would more closely mimic the sudden 

exposure of the myocardium to catecholamines following a stress insult. However, if 

perfused any faster, cardiomyocytes would become dislodged from the surface of the 

microscope chamber.  

It was demonstrated that both carvedilol and propranolol could act as agonists of an active 

β2AR-Gi signalling pathway, and that this would have implications for the use of these β-

blockers for the treatment of Takotsubo cardiomyopathy. Stimulation of β2AR-Gi could also 

add an explanation to the withdrawal of cardiac support observed in HF patients upon 

treatment with selective β-blockers (Waagstein et al., 1989). However, due to the well 

documented benefits of β-blockers for the treatment of chronic HF these agents are still 

widely used. Characterisation of the mechanisms by which β-blockers interact with this 

second Gi-protein coupled binding site on the β2AR using spectrometry analysis of receptor 

structure and conformations (for an example see: (Kahsai et al., 2011;Swaminath et al., 

2004)), could provide valuable information for manipulating the chemical structure of β-

blockers so as to avoid unwanted side-effects such as activation of β2AR-Gi.  

 

7.9. Final Conclusion 

In conclusion, this work has strongly implicated elevated adrenaline as a precipitating factor 

for the development of Takotsubo cardiomyopathy, through triggering a switch in 

intracellular signal trafficking of the β2AR, from Gs-protein to Gi-protein signalling. Although 

this may be a cardioprotective strategy to protect the myocardium against the toxic effects 

of catecholamines, it is also negatively inotropic. The largest depression of cardiac 

contractility is observed within the apical myocardium, where the density of β2ARs is 

greatest. The ability of selected clinical β-blockers to act as agonists of this β2AR-Gi 

signalling may underlie the cardioprotective nature of these compounds in the treatment of 

chronic HF (in which Gi-protein is also increased) but would contradict their use in the 

treatment of Takotsubo cardiomyopathy. 
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