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Abstract 

 

This thesis aims to investigate differential changes in Ca2+ and Na+ regulation during the 

development from cardiac hypertrophy to heart failure (HF) between sexes. Clinical evidences show 

females are more resistant to the development of cardiac hypertrophy and have better survival in HF 

than males. Oestrogen is postulated to provide cardioprotection although this is still under debate. 

This work used guinea pigs (GPs), a species with electrophysiology akin to human, that were 

subjected to aortic constriction (AC) to study the progression from pressure-overload cardiac 

hypertrophy to HF between sexes. Selected female animals underwent ovariectomy (OVx), 

mimicking postmenopausal status, to examine the effects of long-term deprivation of ovarian 

hormones. The effect of oestradiol supplementation was also investigated.  

 

Ventricular myocytes isolated from hearts at cardiac hypertrophy had prolonged action potential 

duration (APD), increased Ca2+ transient amplitudes and SR Ca2+ content, reduced Na+/K+ ATPase 

(NKA) function and increased late sodium current (INa,L). Fractional shortening (FS) remained 

unchanged in these hearts. Compromised FS with detrimental Ca2+ handling, more reduced NKA 

function and enhanced INa,L were noted at HF. Males showed earlier declined NKA function, more 

compromised FS and more detrimental Ca2+ handling than females at HF. 

 

Ventricular myocytes from OVx animals showed increased L-type Ca2+ channel current with gating 

shifts and larger window current, larger Ca2+ transient amplitudes, greater SR Ca2+ content, and 

increased Ca2+ sparks and waves. OVx myocytes showed more early and delayed 

afterdepolarisations (EADs and DADs) with DAD-induced extrasystoles following β-adrenergic 

stimulation. AC with OVx GPs showed more reduced FS, more dysregulated Ca2+ handling, more 

reduced NKA function and larger INa,L than AC females.  

 

In conclusion, females were more resistant to pressure-overload. Long-term deprivation of ovarian 

hormones abolishes the slower onset of HF in females, and provides pro-arrhythmic substrates to 

females. Oestradiol supplementation offered protective effects on OVx GPs. 
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1 Introduction 

1.1 Excitation-contraction coupling 

Ca2+ plays an important role in cardiac excitation-contraction (E-C) coupling (the process from 

electrical excitation of the myocytes to contraction of the heart) and relaxation1 (Fig. 1)2. Ca2+ influx 

occurs through L-type voltage-dependent Ca2+ channels (L-VDCC), which are located primarily at 

transverse tubules (T-tubules) and in close contact with the sarcoplasmic reticulum (SR). Ca2+ influx 

through L-VDCCs triggers Ca2+ release from the SR Ca2+ release channels, ryanodine receptors (RyRs), 

a process known as Ca2+-induced Ca2+ release (CICR). This raises the intracellular Ca2+ concentration 

([Ca2+]i), allowing Ca2+ to bind to the myofilaments and produce contraction. For relaxation to occur, 

[Ca2+]i must be rapidly removed from the cytoplasm, causing Ca2+ dissociation from the myofilaments. 

Among the routes involved in the removal of Ca2+, the sarcoplasmic reticulum Ca2+ ATPase (SERCA), 

sequesters Ca2+ into the SR, and the sarcolemmal Na+/Ca2+ exchange (NCX) extrudes Ca2+ from the 

cell, contributing about 70 % and 25 % towards relaxation, respectively. This dynamic increase and 

decrease in [Ca2+]i is generally referred to as the Ca2+ transient and in steady-state conditions, the 

amount of Ca2+ leaving the cell is equal to the amount entering. Ca2+ regulation is linked with Na+ 

regulation via NCX. Positive membrane potentials and high [Na+]i  favour Ca2+ influx by reversing the 

mode of NCX which moves Na+ out in exchange - so called reverse mode. 

 

Figure 1-1. E-C coupling in a ventricular myocyte. 
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1.1.1 Action potential in ventricular myocytes 

The action potential, determined by interactions of ion channels and transporters, initiates E-C 

coupling1. The shape of action potential represents the influx and efflux of mainly Na+, K+, Ca2+ and 

Cl- ions mediated by ionic channels and transporters. The action potential in ventricular myocytes 

has a longer plateau phase than that in pacemaker cells or atrium cells1.  

The action potential in ventricular myocytes consists of 5 phases3 (Fig. 1-2 ) with different major 

contributing currents (Table 1-1):  

• Phase 4: resting potential. 

• Phase 0: rapid depolarisation of the membrane potential. 

• Phase 1: early rapid repolarisation producing a “spike” shape on the action potential. 

• Phase 2: plateau phase marking the phase of Ca2+ entry. 

• Phase 3: slow then rapid repolarisation that restores the membrane potential to its resting 

value to enter phase 4. 

 

Figure 1-2. Action potential in a ventricular myocyte from GP. 

The 5 phases of action potential in a ventricular myocyte from GP. 

 

 Inward current Outward current 

Phase 0 INa Na+ current INCX NCX outward current 
Phase 1 ICa,L Ca2+ current, L-type Ito,f Transient outward current, fast 

   Ito,s Transient outward current, slow 
   INCX NCX outward current 

Phase 2 ICa,L Ca2+ current, L-type IKr Delayed rectifier, fast 
 INCX NCX inward current IKs Delayed rectifier, slow 

Phase 3 INCX NCX inward current IKr Delayed rectifier, fast 
   IKs Delayed rectifier, slow 
   IK1 Inward rectifier 

Phase 4 INCX NCX inward current IK1 Inward rectifier 
 

Table 1-1. Cardiac action potential major contributing ion currents in mammalian 
ventricular myocytes. 
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1.1.1.1 Phase 0  
The rapid upstroke depolarisation in phase 0 is driven by Na+ influx through Na+ channels. The NaV1.5 

channel, encoded by the gene SCN5A, is the dominating Na+ channel in the human heart, and is 

much less sensitive to block by tetrodotoxin, which blocks many neuronal Na+ channels. The positive 

feedback of regenerative activation of Na+ channel produces a very fast depolarisation. The 

depolarisation also inhibits IK1, which sets and stabilise the rest membrane potential in the phase 4. 

The transient increase in Na+ influx lasts only 1 to 2 ms. As the [Na+]i and positive intracellular 

charges increase, the driving force for Na+ decreases, so when the membrane potential reaches 

equilibrium potential of Na+, there is no more Na+ influx. However, Na+ channels can also exhibit 

some persistent slow inactivation which would contribute to prolongation of APD4. Type 1 

antiarrhythmic agents, including 1A: quinidine, procainamide, 1B: lidocaine, dilantin, mexiletin and 

1C: flecanide, propafenone, which prolong, shorten or do not change APD, respectively, inhibit the 

cardiac Na+ channel. Mutations in the gene that encodes the channel (SCN5A) are associated with 

long QT syndrome (LQTS), Brugada syndrome, primary cardiac conduction system disease, and 

dilated cardiomyopathy5-7.  

1.1.1.2 Phase 1  
The phase 0 depolarisation is followed by a small and early repolarisation which is caused by 

inactivation of Na+ channels and activation of transient outward K+ currents, Ito (Ito 1 and Ito 2). Ito is the 

major contributor to this early repolarisation which also called the action potential “notch”. 

Functionally, the early repolarisation in phase 1 contributes to increasing the driving gradient for 

Ca2+ into the cardiac myocytes. Atrial myocytes, rat and mouse ventricular myocytes have relatively 

larger Ito; and consequently, larger early repolarisation and shortening of their action potentials in 

comparison with the GP8-10. The Ito quickly inactivates and is also overcome by inward Ca+ currents 

flowing through L-type and T-type Ca2+ channels. Reduction in Ito causes the notch to disappear in 

phase 1 and a more positive membrane potential in early phase 2, and usually a prolonged APD, 

which affects Ca2+ handling.  

1.1.1.2.1 Ca2+ influx via Cardiac L-VDCC 
The L-type voltage-dependent Ca2+ channels, which mediate Ca2+ influx, play an essential role in 

regulating APD and triggering myocyte contraction. The L-type Ca2+ channels (L stands for “L”ong 

lasting) are historically  termed dihydropyridine receptors (DHPR) due to their sensitivity to various 1, 

4-dihydropyridines, such as nifedipine (antagonist) and Bay K 8644 (agonist), which inhibit or 

enhance Ca2+ current through L-type Ca2+ channels. 
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1.1.1.2.1.1 Molecular characterization of cardiac L-VDCC  
There are four protein subunits found to constitute the cardiac L-VDCC (α1, α2, δ and β). The 

α1 subunit is the primary structure of the pore-forming element, which is composed of 4 repeating 

domains (I - IV), each with 6 transmembrane helices (S1 - S6). Four isoforms for the α1 subunit have 

been identified: Cav1.1 (α1S), 1.2 (α1C), 1.3 (α1D) and 1.4 (α1F). The primary cardiac α1 subunit isoform 

is α1C and is highly expressed in cardiac muscle11. c-AMP mediated protein kinase A (PKA) 

phosphorylation of α1 plays an important regulatory role. Several potential phosphorylation sites 

near the C terminal tail of α1C by cAMP-dependent PKA have been discovered12. The β subunit of the 

channel complex has four isoforms (β1 - β4), is on the intracellular part of the protein and can be 

phosphorylated. The β2 subunit is the main cardiac isoform13. It can interact with α1 to modulate 

channel activity and gating12. Co-expression of β2 and α1c produces increased calcium currents with 

accelerated activation and inactivation of the channel14. 

1.1.1.2.1.2  L-VDCC regulation 
β-adrenergic stimulation activates cardiac L-VDCC via a classic c-AMP/PKA-mediated channel 

phosphorylation pathway, in which the cAMP-dependent PKA is activated by increased cAMP 

concentration11. The β-adrenergic receptors (βAR) are G protein-coupled, and stimulate adenylyl 

cyclase (AC) to increase cAMP. The binding of cAMP to the regulatory subunit of PKA liberates the 

catalytic subunit of PKA to phosphorylate various substrates, including the cardiac L-VDCC. This PKA-

mediated phosphorylation of cardiac L-VDCCs results in a 2 - 4 fold increase in basal ICa,L, and shifts 

the voltage-dependence of activation and inactivation of the L-type channel to more negative Em
15,16.   

The PKA-dependent phosphorylation of the α1C pore-forming occurs at residue Ser-192817 and Ser-

170018. In addition, PKA phosphorylates the auxiliary β2 subunit of the Ca2+ channel at three sites, 

Ser-459, Ser-478, and Ser-47919.  

 

The decay of ICa,L during depolarisation is both Ca2+- and voltage-dependent. In cardiac myocytes 

voltage-dependent inactivation (VDI) was thought to occur slowly and the Ca2+-dependent 

inactivation (CDI) (resulting from CICR) provided an automatic negative feedback mechanism to limit 

Ca2+ entry and the contribution of ICa,L to the action potential. Biphasic decay of ICa,L in cardiac 

myocytes has been traditionally assigned to the separate processes of CDI (fast decay) and VDI (slow 

decay). CDI signalling is predominantly mediated by CaM binding to an IQ motif at the proximal C-tail 

of the α1c subunit of Cav1.2. However, there are studies reporting that rapid VDI inactivates Cav1.2 

before CDI can become effective. Rapid VDI can be turned on by membrane depolarisation and can 

be turned off by β-adrenergic stimulation20.  
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1.1.1.3 Phase 2  
The long-lasting depolarised plateau in phase 2 is caused by a close balance between outward IK (IKr, 

IKr, and IKs)21,22 and inward ICa (mainly ICa,L). IKr increases as repolarisation progresses, and IKs activates 

more slowly on depolarisation. Mutation in hERG or KCNQ1, the IKr and IKs coding genes respectively, 

cause congenital LQTS in human21,23-25. The Ca2+ influx via L-type Ca2+ channels initiates CICR from SR, 

triggering muscle contraction. Depending on the [Na+]i, the Ca2+ influx in the very early part of phase 

2 can also be contributed by NCX. Phase 2 is terminated by a voltage- and Ca2+/calmodulin (CaM)-

dependent slow inactivation of ICa,L combined with the simultaneous activation of K+ currents. L-type 

Ca2+ channels will be discussed in later section.  

1.1.1.4 Phase 3 
Phase 3 represents the repolarisation from the plateau phase to the resting membrane potential. 

IKr, IKs, and IK1 mediate this repolarisation. IKr activates relatively slowly, but more rapidly than IKs, 

followed by a fast inactivation in the end of phase 326. IKs opens at membrane potentials positive to -

20 mV, and activates and inactivates very slowly. IK1 is important for setting the resting membrane 

potential and is responsible for shaping the final repolarisation of the action potential27. Ventricles 

with high IK1 expression have a resting potential of -80 mV, while the maximum diastolic potential in 

pacemaker cells which lack IK1 is about -50 mV. The NCX transports Ca2+ out of the cell creating an 

inward current (forward-mode) in phase 3 and phase 4. The NCX can also bring Ca2+ into the cell 

creating an outward current (reverse mode) in phase 0/1, and can expel Ca2+ out of the cell creating 

an inward current (forward-mode) in phase 2 and 3.  

1.1.2 Ca2+ transient 

Ca2+ transient is the dynamic increase and decrease of [Ca2+]i, consisting of CICR from SR and Ca2+ 

removal from cytoplasm by various transporters.  

1.1.2.1 CICR 
A microdomain architecture exists between the T-tubules and SR, constituting the so-called dyadic 

cleft that forms a highly efficient region for CICR. The SR Ca2+ release ryanodine receptor (RyR) is a 

homotetrameric channel that is situated in close proximity to adjacent L-VDCCs in the T-tubules, 

forming a functional Ca2+ release couplon. Ca2+ influx through L-VDCCs causes a local increase in 

[Ca2+]i within the dyadic cleft micro-domain between L-VDCCs and RyRs. The Ca2+ influx activates and 

rapidly opens RyRs, inducing a large release of stored Ca2+ from the SR into the cytoplasm, termed 

CICR. In this way a small influx of Ca2+ produces an amplification of its signal and creates a large 

release of Ca2+ into the cytosol. If each couplon activates at the same time there is an efficient global 

(cell-wide) increase in cytosolic [Ca2+] that initiates cardiac contraction. The gain of the amplification 
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mechanism can be described as the amount of Ca2+ released from the SR divided by the amount of 

required Ca2+ entering through the L-VDCCs.  

1.1.2.2 Removal of intracellular Ca2+  
The increased intracellular Ca2+ is removed from the cytoplasm by SERCA, NCX and other slower 

transporters such as the plasma membrane Ca2+ ATPase (PMCA) and mitochondria Ca2+ uniporter, 

causing Ca2+ dissociation from the myofilaments and subsequent muscle relaxation .  

1.1.2.2.1 SERCA 
SERCA is the major relaxation contributor, and generally accounts for about 70 % of relaxation 

although there are variations between species28. SERCA2a is the cardiac isoform, in which two Ca2+ 

ions are transported for each ATP consumed. In contrast to skeletal muscle SERCA, SERCA2a activity 

is modulated by a regulatory protein, phospholamban (PLB), which tonically inhibits the protein. The 

concentration of PLB is comparable to the concentration of the SERCA. PLB can be phosphorylated 

by PKA at Ser-16, which reverses the tonic inhibition of SERCA, thus increasing the SR Ca2+ uptake 

rate. PLB can also be phosphorylated by CaMKII and PKA at Thr-17 and Ser-10 to enhance or 

decrease the function of SERCA, respectively29.    

1.1.2.2.2 NCX 
In cardiac myocytes, NCX is located mostly in the T-tubules. NCX can account for up to 30 % of the 

decay phase of the Ca2+ transient30.  The “downhill” energy gradient provided by the high 

extracellular [Na+] allows the efflux of Ca2+ from the cell against its large electrochemical gradient. 

The stoichiometry of NCX is 3 Na+: 1 Ca2+. Thus, NCX is directly involved in the regulation of both 

intracellular Ca2+ and Na+ and is sensitive to Em.  NCX operates in reverse-mode (ie Ca2+ in/Na+ out 

when the membrane potential is more positive than its reversal potential. Usually, NCX works in 

forward-mode when membrane potential is more negative than the reversal potential. Both 

Ca2+ influx and Ca2+ efflux activate NCX transport dynamically.  When [Ca2+]i  is relatively high, Ca2+-

dependent activation stimulates Ca2+ extrusion by NCX. However, Ca2+-dependent activation can also 

stimulate greater Ca2+ influx via NCX when conditions favour this direction, such as higher [Na+]i
31, in 

which the increased Ca2+ influx via NCX could in turn increase SR Ca2+ content32,33. Although Na+-

dependent inactivation could prevent Ca2+ influx via NCX, the mechanism requires very high [Na+]i to 

observe, which rarely occurs in physiologically-relevant conditions34.  

1.1.3 Ca2+ sparks and waves 

Ca2+ sparks are visualised microscopic Ca2+ release events that occur generally at couplons and arise 

through the spontaneous or triggered release of Ca2+ from RyRs.  Sparks were first observed by 

Cheng et al35 and, although still the subjects of fierce debate, are thought to represent the combined 
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openings of several RyRs. The number of RyRs in a cluster act in unison to constitute the functional 

unit of Ca2+ release (the so-called Ca2+ release unit (CRU)). These CRUs create the “building block” of 

E-C coupling because their combined activation produces a synchronised global release of Ca2+ - the 

Ca2+-transient.   

 

For reasons that are unclear at present, clusters of RyRs can activate in unsynchronized ways and 

cause local increases in [Ca2+]i that, under certain conditions, cause CICR from neighbouring CRUs 

which propagate through the cells rather like a cluster bomb eventually forming Ca2+ waves. The 

amount of Ca2+ release during a Ca2+ wave may induce sufficient inward current via the activation of 

Ca2+-sensitive currents, particularly forward-mode NCX. These currents produce delayed 

afterdepolarisations (DADs) of the cardiac cell membrane that may produce triggered beats under 

certain conditions36. Alterations in RyR function can affect the occurrence of spontaneous Ca2+ 

release and the propagation of Ca2+ waves, promoting triggered arrhythmias. Mechanisms including 

hyperphosphorylation of RyRs by PKA or CaMKII and regulation of RyRs at luminal or cytoplasmic 

sites have been reported to alter RyR function37-40. The frequency of spontaneous Ca2+ sparks and 

waves may increase when the SR Ca2+ is overloaded41. Excessive SR Ca2+ load is proposed to alter 

RyR2 Ca2+ sensitivity at luminal regulatory sites38 or directly at the store-sensing gate in RyR239, and 

underlies a potentially arrhythmic mechanism termed store-overload-induced Ca2+ release (SOICR)42.  

1.1.4 Na+/K+ ATPase 

1.1.4.1 Subunits and isoforms 
The Na+/K+ ATPase is composed of three subunits, α, β, and ϒ43 (Fig. 1-3). The α subunit is a 10 

transmembrane α-helix structure, containing binding sites for Na+, K+, ATP and cardiac glycosides. 

The smaller β subunit spans the membrane only once and forms a large extracellular structure that 

sits on top of the external surface of the α subunit. The β subunit helps the insertion and 

stabilisation of the pump in the membrane, and facilitates ion-binding and transport. The ϒ subunit 

is one of the FXYD family proteins (FXYD1). This regulatory protein affects the Na+ affinity of Na+/K+ 

ATPase.  The α-subunit has 4 isoforms, namely α1, α2, α3, and α4. The β subunit has 3 isoforms, β1, 

β2 and β3. Table 1-2 shows species variation of Na+/K+ ATPase α-subunit isoform expression. Human 

heart expresses α1, α2 and α3 isoforms, together with the β1 isoform of the β subunit44. Rat heart 

expresses α1, α2 and α3 isoforms (α1 and α3 in neonatal rat, and α1 and α2 in adult rat) but GP and 

mouse hearts express α1 and α2 isoforms45,46. In dog hearts, the α1 and α3 isoforms are present44. In 

humans the α1, α2, and α3 isoform ratio is 55 - 62 % : 15 - 18 % : 23 - 27 %, respectively32,47. In GP, 

the α1 and α2 ratio is 50 - 82 % : 18 - 50 %32,45. The α1 isoform has been reported to be evenly 

distributed over the sarcolemma, while α2 isoforms have been shown to be more localised in the T-
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tubules48,49.  Both α1 and α2 have been suggested to be co-localised with NCX50,51, which may 

indicate that  α1 or α2 isoforms can locally regulate the function of NCX by modulating the local 

[Na+]. 

 

Figure 1-3. Crystal structure of the Na+/K+ ATPase. 

The Na+/K+ ATPase consists of α- and β- subunits, and a FXYD protein. Three Na+ ion-binding sites (I-III) 

are identified in the transmembrane region (Toyoshima et al, 2013). 

 

 α1 α2 α3 

Human ✓ ✓ ✓ 

Guinea pig ✓ ✓  

Dog ✓  ✓ 

Rat (adult) ✓ ✓  

Rat (neonatal) ✓  ✓ 

Mouse ✓ ✓  

Table 1-2. Species variation of Na+/K+ ATPase α subunit isoform expression. 

 

1.1.4.2 Function of Na+/K+ ATPase 
The Na+/K+ ATPase maintains the ionic gradients of Na+ and K+ across the myocyte surface 

membrane that determine the resting membrane potential by pumping Na+ out of cell and K+ into 

cell against their concentration gradients. The coupled movement of the ions occurs with a 

stoichiometry of 3Na+:2K+ and an energy consumption of 1 molecule of ATP. The Na+/K+ ATPase is 

therefore not electroneutral because each cycle produces a net outward positive charge that creates 

a pump current. The main regulators of Na+/K+ ATPase are [Na+]i and [K+]o. The activating Kms for 

[Na+]i and [K+]o are about 10 mM and 1.5 mM, respectively. With 6 mM [K+]o or 30 mM [Na+]i, the 

Na+/K+ ATPase is almost maximally activated52-55. Inhibition or reduction of the Na+/K+ ATPase leads 

to an accumulation of [Na+]i.  
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1.1.5 Transverse tubules 

T-tubules are highly branched invaginations of the sarcolemma, which are rich in ion channels and 

transporters and account for up to 21 - 33 % of total sarcolemma area56. The T-tubules penetrate 

from sarcolemma deep into the centre of the cell, which develop around myofilaments, anchoring to 

Z-discs through costameres57. These structures not only run in the transverse direction 

(perpendicular to myocyte longitudinal edges) but stretch in the axial direction58 leading to the term 

transverse-axial tubular system (TATS)59. Soeller et al reported the ratio between transverse and 

axial elements is up to 60 to 40 %60. Organised T-tubules structure is critical for normal E-C coupling 

and cardiac function61. L-type Ca2+ channels are located primarily on T-tubule membrane, which are 

in close proximity to the RyRs on the SR terminal cisternae, forming dyadic cleft where CICR takes 

place.  

 

T-tubule invaginations are not only formed by straight and smooth sarcolemma but have layered 

membrane microfolds62. The BIN1, a membrane scaffolding protein, generated microfolds, which are 

mainly located at the neck of the T-tubules. The BIN1-dependent microfolds are enriched with L-type 

Ca2+ channel-RyRs dyads, which imply the role of BIN1 in organising cardiac dyads63. Caveolae, 

organised by the plasma membrane binding protein caveolin-3, are flask-shaped membrane 

invaginations, which are found in sarcolemma and also in T-tubules at the neck. It has been 

postulated that caveolae may not only be developmental precursors of T-tubules but were critical in 

concentrating β2AR signalling for the reason that β2ARs were reported to localise predominantly in 

caveolae64. The T-tubules structure also plays an important role in Ca2+ removal from the cytoplasm. 

Another membrane scaffolding protein, ankyrin B, has been reported to be essential in the 

formation of the complex of Na+/K+ ATPase, NCX and inositol trisphosphate receptor (InsP3). Within 

T-tubules, Na+/K+ ATPase co-localises with NCX at the ankyrin B microdomains, contributing to the 

regulation of CICR by removing Ca2+ from the luminal clefts between the T-tubules and junctional SR 

membrane through NCX, facilitating Ca2+ transient decay during muscle relaxation65.  

1.2 E-C coupling in cardiac hypertrophy and HF 

HF remains a leading cause of death among an aging population worldwide, especially in 

industrialised nations66. The estimated prevalence of HF in people > 45 years old is 2.2 % and 8.8 % 

in a population > 65 years old67. The median survival following diagnosis with HF is less than 3 years, 

and 5-year survival is only 32 % in patients with systolic dysfunction and 35 % in patients with HF but 

with preserved ejection fraction67. Generally, there are two fatal pathways in patients with heart 

failure: 1) pump failure due to progressive decline in contractility and 2) sudden cardiac death due to 

arrhythmias68. The underlying causes of HF are gradually being pieced together but are still not well 
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understood. The failing heart attempts to compensate for its poor function by various mechanisms, 

such as increasing the size of its myocytes producing myocardial hypertrophy, increasing its filling 

pressure, and enhancing whole body neurohumoral signals. Cardiac hypertrophy can be initially 

viewed as an adaptive process, maintaining strength of contraction, and allowing the cardiac output 

to meet the needs of the body. For unclear reasons the hypertrophy response becomes inadequate 

and the heart enters a decompensated stage that signals the progression towards HF69. The 

signalling pathways involved in the hypertrophic remodelling response include mitogen-activated 

protein kinase (MAPK) pathways70 and calcineurin pathways71. The hallmark features of HF are 

mechanical dysfunction and arrhythmias, in which defective E-C coupling plays a crucial role.  

1.2.1 Remodelling of electrophysiology in hypertrophy and HF 

1.2.1.1 Prolongation of APD leading to arrhythmogenesis 
Prolongation of the APD has been widely shown in both human and animal models of cardiac 

hypertrophy and HF72-78. The changes in action potential profile result from alterations in the 

functional expression of inward and outward currents. Therefore, increases in inward currents, such 

as ICa,L, INa,L and INCX, promote the prolongation of the APD. On the contrary, a reduction in outward 

currents, including Ito, Ikr and IK1, can also contribute to the prolongation of APD79. Increased inward 

NCX current may occur in response to an increased [Ca2+]i and decreased Ca2+ uptake of SERCA in 

HF80, which contribute to prolongation of APD and is related to arrhythmogenesis.  

 

There is good evidence for enhanced INa,L in HF and prolongation of APD, which we will discuss in a 

later section. EADs, a pro-arrhythmic substrate, are likely to develop with prolonged APD due to the 

long action potential plateau favouring reactivation of Ca2+ channels81. Decreased density of Ito plays 

an important role in the prolongation of APD in cardiac hypertrophy and HF82. Reduced Ito also 

results in reduced phase 1 early repolarisation, which in turn decreases the driving force for Ca2+ 

influx. However, there is species variation of the density of Ito. While mice and rats have noticeable 

Ito, human, dog and GP have smaller Ito, which may have a relatively small effect on APD in HF. IK1 is 

responsible for shaping the final repolarisation of the action potential. While decreases in IK1 may 

contribute to action potential prolongation, it would be mainly in the very late phase of final 

repolarisation. Since the IK1 play an important role in stabilising rest membrane potential, alteration 

of IK1 may increase the probability of arrhythmogenesis27. 
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1.2.2 Na+ and Ca2+ homeostasis in hypertrophy and HF 

1.2.2.1 Ca2+ handling in cardiac hypertrophy and HF 
Dysregulation of Ca2+ is the basis of contractile dysfunction and arrhythomogenesis in HF (Fig. 1-4). 

Smaller Ca2+ transients contribute to systolic dysfunction in HF. Studies have reported that reduced 

SR Ca2+ content may be responsible for the decline in Ca2+ transient size, because  the triggered L-

type Ca2+ current has been generally found to remain unaltered83-85 though there are some studies 

that do not fit this consensus86. There are three major possible factors that may explain a reduction 

in SR Ca2+ content in HF: (a) reduced SERCA function, (b) increased expression and function of NCX, 

and (c) enhanced diastolic SR Ca2+ leak. Studies show varied relative contributions of each factor87,88. 

While NCX was shown to be unaltered or up-regulated in HF studies89-91, the most consistent finding 

is a down-regulation of the SERCA.  

 

 

Figure 1-4. Dysregulation of Ca2+ handling in HF. 

In early HF, elevated INa,L not only contributes to the prolongation of APD but may increase Ca2+ influx 

via NCX. The reduced function of SERCA and increased Ca2+ leak from RyR2 can lead to depletion of 

SR Ca2+ content and reduced Ca2+ transient, causing systolic dysfunction. Diastolic dysfunction results 

from inefficient Ca2+ removal from cytoplasm. The elevated [Ca2+]i is attributed to reduced Ca2+ 

uptake by SERCA and Ca2+ leak into cytoplasm from SR. Up-regulated NCX transports the excess 

[Ca2+]i out of cell, which causes further depletion of SR Ca2+ and depolarisation of the membrane 

potential, leading to arrhythmogenesis. 
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1.2.2.1.1 Reduced SERCA function 
The expression and function of SERCA, and its mRNA are decreased in most animal HF models92-95. 

The SERCA mRNA, however, was found to be unaltered or even up-regulated in cardiac hypertrophy 

followed by down-regulation in HF, and this switch may mark the transition from hypertrophy to 

HF95,96.  Not only may the SERCA protein itself be down-regulated but there is also evidence 

suggesting that the amount of its regulatory protein phospholamban may be diminished or its 

phosphorylation state reduced in HF92,97. The reduced SERCA function slows the Ca2+ transient decay 

and myocyte relaxation and this poor function can be rescued by adenoviral gene transfer of SERCA 

into myocytes. This increases SERCA expression and the result is an acceleration of Ca2+ reuptake 

and myocyte relaxation94,98,99. Modifying cellular Ca2+ regulation by overexpressing SERCA also 

reduces ventricular arrhythmias100 and improves haemodynamic, echocardiographic and molecular 

biology assessments of cardiac function94.  

 

Rescuing SERCA function has been achieved by adenoviral gene transfer of SERCA into cardiac 

myocytes isolated from failing human hearts and into whole hearts in vivo and this therapy 

underwent phase II clinical trials99. However, the phase IIb trial did not confirm the beneficial clinical 

outcomes that were initially reported in phase I trial101. While the exact reason for this outcome is 

not fully understood, further studies are required, including assessing the efficiency of intracoronary 

delivery of the AAV1 vector, which may not have resulted in efficient transduction of 

cardiomyocytes101,102. 

1.2.2.1.2 Roles of NCX in HF 
Increased NCX mRNA has been reported in rodent models of HF and in human HF84,87,103 and there is 

evidence of increased expression of the exchange protein104-106. As detailed earlier, when [Na+]i is 

elevated, the amount of Ca2+ influx increases through reverse-mode NCX, which can improve the 

cellular and SR Ca2+ content and result in larger Ca2+ transients and therefore enhanced 

contractility31.  However, in the face of poor SERCA function in HF the SR loading effect may be 

compromised leading to an increase in cytosolic [Ca2+].  If NCX increases in amount this may 

exacerbate the formation of large delayed after-depolarisations and intensify pro-arrhythmic events.  

1.2.2.1.3 Ca2+ leak from the SR 
Diastolic SR Ca2+ leak contributes to depletion of SR Ca2+ content in HF107. The hyperadrenergic state 

in failing hearts may cause RyR2 hyperphosphorylation at Ser-2808 via the PKA pathway108, resulting 

in dissociation of the FK-506 binding protein (FKBP12.6) which stabilises RyRs in the closed state. As 

a result, the open probability of RyRs increases, augmenting the normal random spontaneous SR 

Ca2+ leak from RyRs during diastole109. Increased SR Ca2+ leak can also result from phosphorylation of 
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RyR2 at Ser-2814 by CaMKII, a kinase that can be activated by an increase in diastolic [Ca2+]i
 . CaMKII 

blockade was shown to reduce SR Ca2+ leak and increase SR Ca2+ content in a HF rabbit model110. 

1.2.2.2 Na+ regulation in cardiac hypertrophy and HF 
Both down-regulated Na+/K+ ATPase and increased INa,L have been shown in HF68,111-113.  The 

combination of these changes will tend to increase [Na+]i and may decrease Ca2+ efflux (or increase 

Ca2+ influx) via NCX and result in an increased SR Ca2+ content in early stage of HF33. An increase in 

[Na+]i is a general finding associated with cardiac hypertrophy114,115 and HF116-119. Na+/K+ ATPase 

inhibitors like cardiac glycosides have a positive inotropic action on cardiac muscle. Indeed, 

glycosides like digoxin were the among the earliest treatments for the failing heart following the 

work of Withering120,121 who, in 1785, described the advantages of administering extracts of the 

foxglove, digitalis purpurea, to patients with HF.  However, as described earlier in this chapter, an 

increase in [Na+]i may also encourage the formation of DADs and so the ventricular cell is presented 

with an interesting predicament in which an increase in [Na+]i can provide compensatory support for 

contraction yet encourages the evolution of a pro-arrhythmic substrate. 

1.2.2.2.1 Na+/K+ ATPase 

1.2.2.2.1.1 Expression and function of Na+/K+ ATPase in HF  
There is little consensus about what happens to protein expression of Na+/K+ ATPase isoforms in HF.  

The expression of α1, α3 and β1 isoforms appears to be reduced in human HF90 while the mRNA 

coding for the α1, α2, and α3 isoforms remains unaltered122. The α1, α2, and α3 isoforms also 

showed reduced expression in myocytes from a HF rabbit model123. In contrast in rat HF models, α1 

isoform protein was unaltered as was the amount of its mRNA, but both α2 mRNA and protein 

expression were found to be reduced by about 50 %32. In a GP abdominal AC cardiac hypertrophy 

and HF model, α1 isoform mRNA and protein expression were unchanged at the hypertrophy 

stage124. Conversely, α2 isoform mRNA and protein expression increased at the hypertrophy stage, 

but then declined in HF compared with the hypertrophy stage124.  

 

A limited number of functional studies have been carried out.  No significant changes in current and 

Na+ extrusion rate were found in a HF rabbit model116 and in a compensated hypertrophy dog 

model125, but a decrease in Na+/K+ ATPase current was seen in a MI rat model126. Smaller Na+/K+ 

ATPase current, resulting mainly from a reduced current carried by the α2 isoform, was shown in a 

SERCA2 gene knockout mice HF model127. Reduced Na+/K+ ATPase current with unaltered pump 

protein expression was found in an AC cardiac hypertrophy mouse model128. However, it is difficult 

to directly correlate biochemical findings with Na+/K+ ATPase function because Western blotting 

methods cannot determine differences between functional and inactive Na+/K+ ATPase89. 
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Furthermore, the function of the Na+/K+ ATPase may affected by phospholemman (PLM) protein 

expression or its phosphorylation status.  

1.2.2.2.1.2 PLM  
While the PLM regulation mechanism in HF is still not fully understood, hypophosphorylation of PLM 

was found in a mouse HF model and in human HF, resulting in inhibition of Na+/K+ ATPase and 

reduced Na+/K+ ATPase current with elevated [Na+]i while the expression of Na+/K+ ATPase remained 

unaltered128,129. Expression of PLM was reduced together with higher fraction of phosphorylated 

PLM and reduced Na+/K+ ATPase expression in human HF and a rabbit HF model123. In this study the 

authors concluded that the reduced Na+/K+ ATPase expression in HF may be functionally offset by 

lower inhibition by PLM which resulted from reduced PLM expression and higher PLM 

phosphorylation. 

1.2.2.2.2 Late Na+ current 

Persistent or late Na+ current (INa,L) is a small component of INa that flows during the plateau of the 

action potential and contributes to prolongation of the APD130. It is caused either by a different form 

of Na+ channel or the same Nav1.5 form that inactivates with slower kinetics, or even reopens4. 

Although these channels carry a small inward Na+ current (usually less than 1 % of the peak INa), this 

persists during the plateau phase so that the integral of the current is of similar value to the brief 

peak INa
131. Importantly, the long persistence characteristic of INa,L allows a substantial contribution of 

Na+ influx throughout the action potential that is sufficient to prolong APD when INa,L enhances. 

 

INa,L is found to be increased in several cardiac pathological conditions including 

ischaemia/reperfusion (I/R), myocardial infarction (MI), and HF111,112,132-134. The prolonged plateau of 

the action potential may allow more Ca2+ influx via L-type Ca2+ channels111,135 because the longer 

time the Em stays depolarised, the higher likelihood are the L-type Ca2+ channels to activate or 

reactivate, hence allowing more Ca2+ influx136,137. As discussed earlier in this chapter, the elevated 

[Na+]i may cause more Ca2+ influx via NCX. Therefore, in a way, it could be inotropic. However, INa,L 

was found to contribute to accumulation of [Ca2+]i, which could be arrhythmogenic21,138, causing 

more pro-arrhythmic events in chronic HF134,139.  

 

Coppini and coworkers140 investigated electromechanical dysfunction of ventricular myocytes from 

hypertrophic cardiomyopathy (HCM) patients, and proposed that INa,L may also play a major role in 

modulating CaMKII pathways, causing alterations in Ca2+ handling in those HCM patients. However, 

alternatively, CaMKII can phosphorylate Na+ channel to regulate the magnitude, and other 

properties, including INa,L inactivation and recovery from inactivation141. Some potential CaMKII 
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phosphorylation site has been reported in the Nav1.5 DI-DII linker, Ser-571142,143. Alterations in Ca2+ 

regulation can be partially reversed by inhibiting the INa,L using ranolazine, which eliminates [Na+]i 

overload and thus may shorten the APD and reduce enhanced reverse-mode NCX which contributes 

to intracellular Ca2+ overload. Ranolazine is a selective INa,L inhibitor although it was found to have 

inhibition effect on other currents, including ICa,L (IC50=296 µM) and Ikr (IC50=11.5 µM)144. 

1.2.2.3 Na+ and mitochondrial function 
The potential aggravating effects of increased [Na+]i are not limited to sarcolemmal ion movements.   

O’Rourke and others have demonstrated that such increases affect mitochondrial function145,146. 

Increases and decreases in myocyte cytoplasmic Ca2+ are mirrored in changes of mitochondrial 

matrix Ca2+ ([Ca2+]m). Increases in [Ca2+]m activate dehydrogenases and phosphorylation enzymes and 

match cell respiratory capacity and oxidative phosphorylation to energy requirements on a beat-to-

beat basis. Mitochondrial Ca2+ homeostasis is a balance of Ca2+ influx through the mitochondrial 

uniporter and efflux through the mitochondrial NCX. An increase in cytoplasmic (extramitochondrial) 

[Na+] causes a decrease in [Ca2+]m and reduces oxidative phosphorylation during periods of increased 

work.  Energy production is limited, with net oxidation of NADPH and increases in intracellular 

reactive oxygen species that contribute to cell damage145-148. In an animal model of HF, inhibiting the 

mitochondrial NCX preserved cardiac function, slowed the hypertrophic remodelling and halted the 

increase in mortality from sudden cardiac death149.  It is also important to note that ACE inhibitors, 

drugs with established benefit in the treatment of HF150, stimulate the Na+/K+ ATPase by an unknown 

mechanism151 and lower [Na+]i. 

1.2.3 T-tubule remodelling 

Maron et al identified irregularly shaped or dilated T-tubules in hypertrophied cells and loss of T-

tubules in degenerating cells from human hypertrophied cardiomyocytes152. Ion channels, 

transporters and signalling molecules at T-tubules are reported to be either reduced or redistributed 

elsewhere to non-T-tubule sarcolemma. For example, the remodelling of T-tubule organisation alters 

the spatial relationship between L-VDCCs and RyRs, leading to decreased E-C coupling efficacy and 

increased dyssynchrony of SR Ca2+ release. Generally, there are four common characteristics of T-

tubule alterations: (1) loss of T-tubules; (2) disorganisation of T-tubule network; (3) a decrease in 

transverse elements and an increase in longitudinal elements; and (4) T-tubule dilation61. The T-

tubule system undergoes progressive deterioration from compensated hypertrophy to advanced HF. 

In other words, remodelling of T-tubule may be an early event driving cardiac hypertrophy towards 

failure. Furthermore, T-tubule integrity highly correlates with cardiac ejection fraction61,153. While 

Junctophilin-2 (JP2), BIN1, caveolin-3, telethonin (Tcap) have been implicated in formation or 
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remodelling of T-tubules61,154-156, the roles of these proteins in cardiac T-tubule development and 

pathogenesis are not fully understood and remain to be determined (Fig. 1-5). 

 

 

Figure 1-5. T-tubule remodelling. 

Remodelling of T-tubule may be associated with reduction of JP2, BIN1 or caveolin-3 (Fu et al, 2017).  

 

1.3 Sex differences in HF 

1.3.1 Clinical manifestation between sexes 

Sex disparities appear in clinical data describing (a) the progression of cardiac hypertrophy towards 

HF, (b) outcomes after MI, and (c) outcomes after valve replacement157,158. In HF particularly, 

differences in clinical course, aetiology and function of the left ventricle between men and women 

have been described. Data from the Framingham heart study show that the age-adjusted incidence 

of HF is higher in men compared with women, as is the prevalence at the ages of 40 - 59 and 60 - 79 

years (1.9 % versus 0.8 % and 9.0 % versus 5.4 %, respectively)159. However, the prevalence of HF is 

similar in both sexes over the age of 80 years (11.5 % versus 11.8 %)159. In studies including the Euro 

Heart Failure Survey systolic HF was found predominantly in men, whereas more women presented 

with HF with preserved ejection fraction160-163. Furthermore, women tended to have HF with 

preserved left ventricular function almost twice as often as that of men161. The distribution of risk 

factors for HF differs between sexes and these may play a part in producing different outcomes. 

Men with HF have more coronary artery disease and dilated cardiomyopathy, whereas in women, 

hypertension, diabetes and valvular heart diseases are the most prevalent risk factors164-166. Women 

appear to have better survival than men, but the reasons are not entirely clear167-170. Women were 

also less likely to be admitted to cardiology wards, or have an assessment of left ventricular 

function167. The Framingham study showed that the prognosis in women is significantly better than 

in men after the onset of HF171. In advanced HF, females still have a mortality advantage172.  It 

remains a challenge for all clinicians to ensure suitable treatment for men and women with HF. 

Therefore, it is important that clinicians are aware of the differences between sexes while managing 
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men and women with HF. Male and female patients respond to HF treatment with variations; 

therefore, sex based treatments are gaining attention157,165,173,174. 

1.3.2 Ovarian hormones and cardiovascular disease 

The mechanisms behind sex differences during the progression towards HF are still not fully 

understood. Some evidence suggests that oestrogen is linked to cardiovascular protection in 

premenopausal women175-178. The incidence of cardiovascular disease, including HF, increases 

dramatically after menopause158,179. Postmenopausal women are much more vulnerable to 

arrhythmia-related sudden cardiac death compared with premenopausal women180,181. 

Premenopausal women with ventricular premature beats (VPBs) which mostly originate from the 

right ventricle outflow tract (RVOT), showed a decrease in beat frequency near the period of 

ovulation when serum oestradiol reaches its peak182. Furthermore, postmenopausal women who 

have idiopathic outflow tract ventricular arrhythmia had lower serum oestradiol levels than 

postmenopausal women without such arrhythmia, and the occurrence of ventricular arrhythmia 

events was lower in women with oestrogen replacement183. 

 

Studies have shown dysregulation of cellular Ca2+ handling following ovariectomy (OVx), which is 

rescued by oestrogen supplementation184-186. An ovariectomised rat model showed increases in 

susceptibility to adrenaline-induced arrhythmias compared with gonad-intact female animals187.   

The above evidence suggests a cardioprotective role of oestrogen while deprivation of female sex 

hormones may be linked to arrhythmogenesis.  

 

There are studies that have investigated the effects of ovarian hormones on cardiac contractility.   

Two OVx rats studies showed an increase in contractility in the OVx groups after 3 - 6 weeks of 

steroid withdrawal188,189. Conversely, contractions were reported to be decreased in OVx rat 

myocytes 9 - 10 weeks after OVx190,191. These latter effects of OVx on cardiac contractile force were 

reversed by 17β-oestradiol supplementation. The conflicting results may be explained by the 

different time frames of ovarian hormones deprivation. 

 

While clinical findings and animal studies suggest ovarian hormones may play a role in reducing the 

incidence of cardiovascular events and may provide some of the protective effects175-178, hormone 

replacement therapy (HRT) showed no cardiovascular benefit192. These conflicting results have led to 

a timing hypothesis that the start time of hormone therapy may influence the cardiovascular 

outcome193. Pathways, including calcium handling, nitric oxide synthases (NOS), regulation of 

collagen and oestrogen/oestrogen receptor-beta axis may be involved in the oestrogen-related 
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protective effect (Fig. 1-6)176,179,194-198. The details of the mechanisms are still undergoing 

investigation. While the wealth of evidence suggests some cardioprotective effect of oestrogen, 

conversely, oestrogen may provide a pro-arrhythmic substrate in some conditions. In acquired LQTS, 

drug-induced QT prolongation is more pronounced and the risk for polymorphic ventricular 

tachycardia is higher when oestradiol serum levels are high during the oestrous cycle  

199.  This observation is strengthened by the fact that HRT may have detrimental effects on 

cardiovascular function175,192.  

 

 

Figure 1-6. Oestrogen-mediated cardiac hypertrophy signalling pathway. 

Non-genomic pathway: Oestrogen binds to ER which activates the PI3K-Akt pathway. This induces 

physiological hypertrophy and attenuates pathological signalling cascades that include activation of 

ERK, CN, PKC and P38α. Oestrogen is able to induce ubiquitination of CN which is then degraded by 

the proteasome. Genomic pathway: ERs enter the cell nucleus to alter gene expression and regulate 

cardiac hypertrophic responses (Ang II: Angiotensin II, ANP: Atrial Natriuretic Peptide, BNP: B-type 

Natriuretic Peptide, CN: Calcineurin, ER: Oestrogen Receptor, ERK: Extracellular Regulated Kinase, ET-

1: Endothelin-1, GPCR: G Protein-Coupled Receptor, IGF1: Insulin-like Growth Factor 1, IRS1: Insulin 

Receptor Substrate 1, PI3K: Phosphoinositide 3-Kinase, PKC: Protein Kinase C, Ub: Ubiquitin) 

(Bernardo et al, 2010). 
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1.3.3 Differences in myocardial remodelling in HF between the sexes 

Women are better protected against the development of cardiac hypertrophy than men. Animal 

studies showed that males respond to pressure-overload with an increased degree of hypertrophy 

compared with females194. In general, women develop a more concentric form of left ventricular 

hypertrophy than men and present smaller ventricular diameters and less ventricular dilatation162,200-

204. Rodent animal models have shown that male and female hearts may adapt differently in 

response to cardiac stress (Fig. 1-7)205. In rats with ascending AC, an earlier transition to left 

ventricular dilation and depressed systolic function occurred in males compared with females206. 

FKBP12.6, an intracellular receptor for the immunosuppressant drug FK506, can bind and stabilise 

the RyR2 channel. One transgenic mouse study showed that disruption of the FKBP12.6 gene in mice 

results in cardiac hypertrophy in male mice, but not in females, despite the fact that male and 

female knockout mice display similar dysregulation of Ca2+. The protection from developing cardiac 

hypertrophy was abolished by treating the female with tamoxifen, an oestrogen receptor antagonist. 

The female mice given tamoxifen then developed cardiac hypertrophy like the males195. OVx 

augments pressure overload-induced hypertrophy associated with changes in Akt and NOS signalling 

pathways in female pressure-overload ovariectomised rats207, also strengthening the evidence that 

female sex hormones attenuate the development of cardiac hypertrophy. Further, a transgenic 

study using oestrogen receptor β (ER β) knock-out mice showed that cardiac hypertrophy and 

fibrosis was more severe in male wild types (WT) following AC than in female WT AC.  This difference 

was abolished in ER β gene knockout mice. ER β knockout mice with AC showed more hypertrophied 

cardiomyocytes in both sexes compared with their WT AC groups203. The authors concluded that in 

females the ER β may play a role in attenuating the development of fibrosis and apoptosis, thus 

slowing the progression to HF203.  

 

Gene expression analysis shows that genes can be regulated in a sex-specific manner. In a pressure-

overload mouse model, modulation of gene expression occurred early on after the pressure-

overload operation despite changes in cardiac morphology and function occurring at a later time 

point208. Female hearts responded to pressure-overload with a better adaptation in cardiac energy 

metabolism. Genes encoding for mitochondrial function and fatty acid oxidation were less down-

regulated in female hearts, while a relative up-regulation in matrix remodelling and ribosomal genes 

in males was reported208. 
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Figure 1-7. Myocardial remodelling in rodent between sexes. 

Male and female rodent hearts may adapt differently in response to overload stress or drug stimuli. 

While left ventricles of both sexes increase in size in response to increases in metabolic demand, male 

hearts are more likely to develop fibrosis, apoptosis and progress towards HF (Blenck et al, 2016). 

 

1.3.4 Sex-dependent Ca2+ regulation in hypertrophy and HF 

Sex differences exist in the changes in Ca2+ regulation and E-C coupling in response to cardiovascular 

disease (CVD). A transgenic mouse study showed that overexpression of NCX increased I/R injury in 

male mice but not in females, suggesting that females may be less prone to injury when Ca2+ 

regulation is perturbed209. In pig hearts there were no differences in basal INCX and β-adrenergic 

responsiveness between males and females. However, in failing pig hearts there was increased INCX 

and reduced β-adrenergic responsiveness in the male HF group compared with the female group210. 

Thus, the increased NCX activity could impair contractile function by depleting SR Ca2+ content and 

promote unstable repolarisation with EADs/DADs in male. On the contrary, smaller NCX current and 

the preserved β-adrenergic regulation in female might contribute to the better survival in females 

with HF. 

 

Following AC in the rat, the SERCA mRNA level was reduced in the male but not in the female 

hypertrophied heart206. While the NCX mRNA level increased in both male and female left ventricle 
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similarly in an AC mice model, oestrogen treatment restored ejection fraction and improved cardiac 

haemodynamics in both male and female mice211. SERCA mRNA expression was significantly down-

regulated in the HF mice and partially restored by oestradiol treatment211. Thus oestrogen may have 

influence on the expression of SERCA.  

 

Modulation of the SERCA regulatory protein, PLB has been reported in many CVD animal models. 

I/R-induced phosphorylation of PLB is proposed to be a protective mechanism212. Cross et al showed 

that PLB ablation increased ischaemic injury in both sexes, however females were less susceptible 

compared with male hearts, an effect that was reported to be NOS-mediated213. Male mice with 

overexpression of PLB developed ventricular hypertrophy and showed high mortality at 15 months, 

but females did not show these phenotypes at this age214. Reduction in Ser-16 PLB phosphorylation 

is one major factor determining the reduced SERCA2a activity in HF97,215. In a human HF model, 

cardiac myocytes from both male and female patients show significantly reduced SERCA protein 

while the PLB and calsequestrin levels were not altered. However, a reduction in phosphorylation of 

Ser-16 at PLB occurred only in male hearts when compared with their control groups216. 

 

In a human cardiac hypertrophy and HF study217, there were comparable changes in Ca2+ cycling 

properties, including diastolic Ca2+ levels, Ca2+ transient amplitudes and SR Ca2+ load in hypertrophic 

hearts between sexes. Spark frequency and spark-mediated SR leak was also not different. In HF, 

while both sexes showed increased spark frequency and spark-mediated SR Ca2+ leak compared with 

hypertrophic heart groups, males showed more pronounced spark frequency and spark-mediated SR 

leak compared with females217. Thus sex differences may also play a role in regulation of RyR2 

channel open probability.  

 

In conclusion, this chapter has highlighted the changes that occur to proteins involved with cardiac 

E-C coupling and ionic regulation in response to pathological stimuli. Some of these changes may be 

sex-dependent and there may be a modulatory role of oestrogen in Ca2+ and Na+ regulation. 
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1.4 Hypothesis 

The central hypothesis of the work detailed in this thesis is that there are sex differences in 

electrophysiology and Na+ and Ca2+ homeostasis in the progression from cardiac hypertrophy to HF. 

It is proposed that, in the failing heart, males experience greater alterations to their intracellular Ca2+ 

handling and Na+ regulation than that of females, causing more compromised cardiac function. It is 

hypothesised that oestrogen provides protective effects against dysregulated Ca2+ and Na+ during 

the progression towards HF in female. In addition, it is hypothesised that long-term deprivation of 

female sex hormones provides a pro-arrhythmic substrate by causing dysregulation of Ca2+ handling. 

1.4.1 Main aims 

(1) To investigate if sex differences exist in the cardiac responses to AC and are associated with 

differential dysfunction of cellular Ca2+ handling mechanisms. 

(2) To investigate if oestrogen is associated with modulation of Ca2+and Na+ regulation and 

provides a cardioprotective effect. 

(3) To investigate if long-term deprivation of female sex hormones causes dysregulation of Ca2+ 

and Na+, which may provide pro-arrhythmic substrates. 

1.4.1.1 Aims 
(1) To assess the changes in physical characteristics and cardiac function in the progression 

towards HF in AC GPs model. 

(2) To assess the changes in APD in response to pressure-overload. 

(3) To evaluate changes in cellular Ca2+ handling properties including Ca2+ transient, SR Ca2+ 

content and ICa,L in the progression to HF. 

(4) To determine the spontaneous Ca2+ spark frequency, morphology and spark-mediated SR 

Ca2+ leak in sham and HF groups. 

(5) To assess the changes in Na+ regulation including Na+/K+ ATPase expression, current and 

function and INa,L at the stages of cardiac hypertrophy and HF. 

(6) To assess the differences between sexes in the physical characteristics of the heart, the  

function of the heart and intracellular Ca2+ and Na+ regulation in response to AC. 

(7) To assess if long-term deprivation of ovarian hormones alters Ca2+ regulation in ventricular 

myocytes and leads to more arrhythmogenic events.   

(8) To assess if long-term deprivation of ovarian hormones alters Ca2+ and Na+ regulation in AC 

GPs.  

(9) To test if oestrogen supplementation confers cardiac protection and modulates Ca2+ 

handling and Na+ regulation in ovariectomised GPs. 
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2 Methods 

General methods used throughout the project are described in the following sections. Any variation 

in techniques or protocols for specific experiments will be detailed in the relevant chapter. 

2.1 Animals 

All animal studies were carried out with the approval of the Home Office, United Kingdom and in 

accordance with the United Kingdom Home Office Guide on the Operation of the Animals (Scientific 

Procedures) Act 1986 under assurance number A5634-01. 

 

Dunkin-Hartley GPs were used as the experimental animal model. In many relevant physiological 

aspects, GPs display similar features to the human. The relative amounts of trans-sarcolemmal Ca2+ 

influx and SR Ca2+ release in their cardiac myocytes, and the roles of Ca2+ uptake and efflux proteins 

(SERCA and NCX) are almost identical to that of human, in contrast to the corresponding fluxes in rat 

or mouse which are far removed from the human situation because of their very “high gain” EC 

coupling system1. Most ionic currents shaping the ventricular action potential of the GP are similar 

to human and very dissimilar to rat or mouse218,219. In terms of sex hormone balance and 

steroidogenesis, again the GP is similar to the human220,221. Throughout the study, the animals were 

housed at 21 ± 1 °C in a controlled lighting environment (12 h light-dark cycles). 

2.1.1 Ascending AC animal model  

Male or female Dunkin-Hartley GPs weighing 350 - 450 g underwent surgical procedures. Animals 

were randomly selected to have an AC or sham operation. The AC model is characterized by an initial 

phase of compensated hypertrophy that is followed by a transition to HF, mimicking human pressure 

overload-induced HF in a number of aspects222,223. Any study of HF requires reliable and relevant 

animal models to examine the chronic changes in myocardial structure and function taking place and 

to follow their progression toward HF. AC is a well-established surgical technique for induction of LV 

chronic pressure-overload and hypertrophy with transition to failure in rodents224. Furthermore, the 

AC GP model also has similarities to human HF with respect to the changes in calcium cycling, E-C 

coupling and myocardial function. HF induced by AC takes place slowly over 150 days, and so models 

a gradual and more chronic disease process222.  

2.1.1.1 Anaesthesia and medication 
Animals were given premedication of atropine sulphate (0.05 mg/kg sc; Atrocare, Animalcare 

Limited) to reduce saliva secretions followed by prophylactic antibiotic (enrofloxacin, 5 mg/kg sc; 

Baytril, Bayer), analgesic (carprofen, 4 mg/kg sc; Rimadyl, Pfizer) and narcotic analgesic 

(buprenorphine, 0.05 mg/kg sc; Vetergesic, Alstoe Ltd) (Fig. 2-1. A). Animals were anaesthetised with 
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2 - 4 % isoflurane (Isoflo, Abbott)/ 95 % oxygen mix inhalation (Fig. 2-1. D). Lidocaine spray 

(Xylocaine 10 %, AstraZeneca) (Fig. 2-1. A) was applied to the oral cavity prior to endotracheal 

intubation. Intubation was accomplished with 14 G x 64 mm intravenous catheters (Surflo® I.V. 

Catheters, Terumo, UK) (Fig. 2-1. C), and anaesthesia was maintained using isoflurane inhalation, via 

the catheter, through a Zoovent Mini ventilator (Triumph Technical Services, Milton Keynes, UK) at 

70 ml/kg and 70 cycles/min (Fig. 2-1. B). Peripheral oxygen saturation and pulse rate were 

monitored with a pulse-oxymeter (SurgiVet, Smiths Medical). A heating pad was used to prevent 

hypothermia (Fig. 2-1. B). Before incision, a local anaesthetic (Bupivacaine, 2mg/kg sc; Macaine 

Polyamp, AstraZeneca) was injected around the incision site.  

 

Figure 2-1. Medication and surgical equipment 

A: Premedications (above), lidocaine spray (below) and Isoflurane with anaesthesia machine (D). B: 

Surgical platform with equipment including anaesthesia setup, ventilator, pulse oximeter, oxygenator, 

suction system, instrument and drapes. C: A 14 G x 64 mm intravenous catheter with a guiding wire 

for intubation and a paediatric laryngoscope for trachea access. 
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2.1.1.2 Surgical procedures 
Animals were put in a right-lateral supine position with retraction of the left forelimb towards the 

head to allow access to the left chest wall. Fur was shaved and skin sterilized with povidone-iodine 

(Videne Alcoholic Tincture, Adams). Sterilized drapes were used to cover the animal and only the 

operative area was exposed (Fig. 2-2. A). Surgical instruments were sterilised using an autoclave 

prior to operation. Thoracotomy was performed via a 5 cm skin incision on the left chest wall. 

Muscles above the ribs were separated and the left chest was opened through the second 

intercostal space. The pericardium was opened and the thymus tissues were dissected to identify 

and isolate the ascending aorta. The aorta was constricted by a 2 mm ID polytetrafluoroethylene 

(PTFE) ring just below the first branch of aortic arch (Fig. 2-2. B). A 20 G intravenous catheter was 

placed as a chest drainage tube and the intercostal incision was closed by 3-0 Vicryl sutures. The 

muscle and skin were subsequently sutured layer by layer with 3-0 Vicryl and 4-0 Nylon sutures, 

respectively. Isoflurane was discontinued when the suturing was completed. Residual air was 

drained out via the chest tube to recover the collapsed lung. After recovery of muscle tone and 

spontaneous breathing, the endotracheal tube was removed. Animals were then transferred to a 

recovery chamber heated to 32 °C and oxygen was delivered around the nose of the animal via a 

face mask.  After recovery from anaesthetics, it was returned to a cage for post-operative 

observation and care. The total operation time was around 50 ± 10 min. Sham operations were 

performed with the same procedure without constriction of the ascending aorta. 

 

 

Figure 2-2. Operative area and aortic PTFE clip. 

A: The anaesthetized animal was covered with drapes and only sterile operative area was exposed. B: 

The ‘’tau’’ shape self-designed PTFE clip was 2 mm ID that contained a tail to facilitate aorta looping. 
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2.1.1.3 Post-operative care 
Post-operation, the GPs were allowed water and a standard casein-based diet ad libitum. Wooden 

tongue depressors were introduced for the animals to chew, preventing them from biting their 

wound sutures that was a usual occurrence. Carprofen (15 mg in 300 mL water) was given orally for 

3 days to maintain post-operative analgesia. The surgical wound was checked daily for the first 3 

days after the operation. The primary healing of the wound was usually complete within 7 - 10 days 

after the operation. If required, re-suturing was performed under the project license 30/3288 if 

sutures became dislodged. On occasion, needle aspiration was carried out for subcutaneous 

hematoma or fluid accumulation. Antibiotic treatment was given on the advice of the veterinary 

surgeon if wound infection had occurred. GPs were sacrificed for experiments approximately 60 or 

150 days after the operation or when a humane endpoint was reached. Humane endpoints are when 

animals developed severely compromised cardiopulmonary function with symptoms including 

dyspnoea and cyanosis, or uncontrolled wound infection causing severe pain and distress. 

2.1.1.4 Complications 
Overall, 110 operations, including 67 sham and 43 AC operations were performed. The surgical 

mortality rate for AC surgery was 16.2 %. Complications are detailed in Table 2-1. The animals with 

wound dehiscence all underwent wound re-suturing and wound hematomas subsided after needle 

aspiration. Fatal complication rate of males and females AC operation was no difference.  

 

 Sham (%) AC (%) 

Fatal complications M F T M F T 

Anaesthetic cause or ventilation issues 2 1 3 0 2.3 2.3 

Intra-operative bleeding 0 0 0 2.3 0 2.3 

Acute heart failure 0 0 0 4.7 6.9 11.6 

Lung injury 1.5 0 1.5 0 0 0 

Intubation trauma 1.5 0 1.5 0 0 0 

              Total Fatal complication 5 1 6 7 9.2 16.2 

Minor complications       

Wound dehiscence 2 1 3 2.3 0 2.3 

Hematoma formation 1.5 1.5 3 2.3 2.3 4.7 

              Total minor complications 3.5 2.5 6 4.7 2.3 7 

M: Male, F: Female, T: Total.       
 

Table 2-1. Complications of AC and sham surgery. 
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2.1.1.5 The challenge of AC surgery and technical refinements 
Dr Hung-Yen Ke, a previous Ph.D student in our research group, mainly performed surgery on male 

GPs revealed that the occurrence of acute HF was reduced to < 15 % by using small GPs with body 

weight 350-450g. The smallest size of Portex non-cuffed endotracheal tube (ID 2.0 mm, OD 3.0 mm) 

was however too large for smaller female GPs. A 14 G x 64 mm intravenous catheter was 

successfully used fitting all GPs well, and causing no ventilation problems during anaesthesia. On 

occasion, GPs bit the endotracheal tube when recovering from anaesthesia before extubation. No 

serious complications were noted when the catheters were removed from the GPs.  

2.1.2 Bilateral ovariectomised GPs 

The GP is polyoestrus all year round with a 16-day ovarian cycle and a full luteal phase, similar to 

women225. The serum levels of ovarian hormones were markedly reduced after OVx226. For these 

reasons, it is suggested that the GP is an appropriate species in which to examine the influence of 

ovarian hormones on ionic regulation in E-C coupling225,227. 

2.1.2.1 Anaesthesia and medication 
Animals were given premedication of atropine sulphate followed by prophylactic antibiotic as 

described in section 2.1.1.1. Animals were anaesthetised with a 2 - 4 % isoflurane / 95 % oxygen mix 

delivered with a rodent mask (Rodent Mask Delivery System, Vet-Tech Solutions Limited, UK) (Fig. 2-

3). Peri-operative monitoring and post-operative medication were as described in section 2.1.1.1 

and 2.1.1.3. 

 

Figure 2-3. GP mask delivery system. 

2.1.2.2 Surgical procedure 
Ovaries were removed through bilateral flank incisions under sterile surgical conditions228. Animals 

were put in a prone position. Fur on the back was shaved and skin was sterilized with povidone-

iodine. The point of reference for incision of the skin was the flank region 1.5 cm from the line of the 

last cartilaginous rib and 1.5 cm from the line of the lateral vertebral processes. The incision line 
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bisects the angle formed by these two lines, with a craniocaudal and dorsoventral direction. The 

subcutaneous tissue was bluntly dissected until the external oblique abdominal muscle was exposed. 

The muscular walls including the external oblique abdominal muscle, the internal and the transverse 

laminar abdominal muscles were bluntly dissected with scissors, until the abdominal cavity was 

entered. The ovary and the proximal tract of the uterine horn were exposed with gentle traction of 

the exposed fat. Ligation of the ovarian artery was performed and ovary was dissected free from the 

surrounding fat tissue. The proximal end of the uterine horn was then repositioned into the 

abdominal cavity. The muscular walls were sutured in one layer. The skin was sutured and the 

surgical approach was then repeated on the contralateral flank. A sham operation was performed by 

exposing the ovaries without removal. 

2.1.2.3 Post-operative care 
Post-surgery, the GPs were provided with water and a casein-based, soy-free diet to minimize the 

uptake of phytoestrogens ad libitum. The principle of wound care and post-operative analgesics 

usage were as described in section 2.1.1.3. GPs dorsal skin was thicker, tougher with higher tension 

than ventral skin.  In the case of wound dehiscence, the wound was treated with hydrogel 

(INTRASITE Gel, Smith & Nephew, UK) to allow secondary wound healing instead of re-suturing. 

Operated GPs were housed up to 150 days before use.  

2.1.3 AC GPs combined with bilateral OVx 

To address the question whether females lose their protection against CVD after menopause, 

animals with OVx combined with AC surgery were needed. GPs initially underwent an OVx operation 

followed by AC surgery, detailed in section 2.1.1.2, separated by a 5 - 7 days recovery period.  Post-

operative care was performed as described in section 2.1.1.3.   

2.1.3.1 Complications 
In total 18 GPs underwent OVx combined with AC surgery. There were 3 cases of fatal complication, 

including 2 acute HF and 1 intra-operative lung injury, giving a mortality rate of 16.6 %. No minor 

complications were noted.  

2.1.4 17β-oestradiol pellet implantation 

Pellets (60-day release) containing 1 mg 17β-oestradiol (E2) (Innovative Research of America) were 

implanted subcutaneously in the back region of selected OVx animals 90 days post-OVx surgery. The 

anaesthesia procedure was analogous to the OVx surgery detailed in section 2.1.2.1. Animals were 

put in a prone position. Skin on the upper back was shaved and sterilized with povidone-iodine. 

Subcutaneous dissection in the caudal direction was done via a small skin incision to create a space 

for the pellet. After implantation, the skin wound was closed with 4-0 nylon sutures. Post-operative 
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care was as section 2.1.2.3.  In total, 21 GPs, including 14 OVx and 7 OVx+AC GPs, underwent 

oestradiol pellet implantation. The first 2 GPs received the pellets using 10 G trocar (Innovative 

Research of American). The blind skin penetration of the trocar caused marked subcutaneous 

hematoma with subsequent infection in the 2 GPs. An open method was preferred for the remaining 

19 GPs, reporting no wound complications. 3 of the 19 GPs developed a decrease in activity and 

appetite with oedema on the ventral side 10 - 14 days after implantation. These 3 GPs recovered 

without complications after one week. The suspected reaction was from pellet-related acute 

inflammation or infection. 

2.2 In vivo Echocardiography study 

M-mode echocardiography was performed by using an HP Sonos 5500 echo machine with S-12 

paediatric probe. The depth was set at 2 cm for small young GPs or 3 cm for large old GPs. For AC or 

sham operated animals, echo scans were carried out pre-operatively and post-operatively at  60 

days and 150 days to longitudinally assess the cardiac function during the progression from 

hypertrophy to HF after AC surgery.  Echo studies were performed on OVx animals pre-operatively 

and 150 days after OVx. The echo scans were performed on unanaesthetised GPs to avoid 

anaesthetic effects on heart function. The left ventricular internal diameters in diastole (LVIDd) and 

systole (LVIDs) were measured to calculate fractional shortening (FS) (Fig. 2-4). FS = (LVIDd - 

LVIDs)/LVIDd. Images were recorded in VHS tape for off-line analysis. 

 

Figure 2-4. Image of M-mode echocardiography on a GP. 

Echo scans were performed on an unanaesthetised GP. M-mode echocardiography allows measuring 

left ventricular LVIDd and LVIDs (see above image) which are used to calculated FS. 
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2.3 Isolation of GP cardiac myocytes 

2.3.1 Cardiomyocytes isolation protocol 

Cardiac myocytes were enzymatically-dissociated by using a collagenase/protease blend enzyme 

(Liberase TL 5 mg, Roche) and a Langendorff perfusion system with a constant-flow roller pump (Fig. 

2-5. A) as previously described229. Firstly, the GP heart was removed under non-recovery anaesthesia 

or by a schedule 1 method (when reaching a humane end point). The heart and lungs were removed 

together and were immediately placed in ice-cold Krebs-Henseleit (KH) solution, containing heparin 

(10 U/ml) to prevent blood clotting. The heart was trimmed free from adherent tissues and the aorta 

was tied to a 12 G Luer lock cannula which was then connected to a Langendorff setup (Fig. 2-5. B). 

The heart was surrounded by a heated jacket, to maintain temperature at 37 °C, and retrogradely 

perfused with a pre-oxygenated KH solution for 1 - 2 min at a steady flow of 6 - 8 mL/min/g. The 

perfusate was switched to low Ca2+ solution (LC) for 4 - 5 min before adding Liberase TL enzyme (5 

mg in 50 ml enzyme solution (ES)) for 6 - 10 min. The heart was then removed from the cannula that 

supplied the retrograde perfusion, and the left ventricle was chopped into 2 - 4 mm size tissues. The 

tissues were transferred to a small jar containing the same ES, shaken gently and oxygenated. The 

content of the jar was filtered through a piece of nylon mesh (opening size: 300 µm) and the residual, 

undigested tissues returned to the jar for further digestion.  This cycle was repeated every 3 min 

until the digestion was complete. The flow-through from each filtering cycle was centrifuged at low 

speed (400 rpm) for 1 min. The resulting cell pellet was re-suspended in fresh ES in the absence of 

Liberase TL enzyme. Finally, myocytes were stored in Dulbecco’s modified Eagle’s medium solution 

(DMEM, containing 1 g/L D-glucose, 0.584 g/L L-Glutamine, 25 mM HEPES, 0.11 g/L pyruvate and 1.8 

mM Ca2+, Gibco BRL, Life Technologies) at 20 - 22 °C room temperature (RT) and were used within 6 

to 8 h. 
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Figure 2-5. Langendorff perfusion system (A) and a cannulated heart (B). 

Solutions, oxygenated and kept in a warm bath, were pumped to a bubble trap container before 

reaching the heart. In order to perfuse the heart at 37 °C, the temperature of the warm bath was set 

to 42 °C to overcome heat loss from the uninsulated tubing.  

 

2.4 Cellular electrophysiological measurements 

Action potential, NCX inward current and ICa,L were recorded by using a switch-clamping system with 

high resistance microelectrodes to minimise cell dialysis so preserving the intracellular milieu230,231.  

Sharp microelectrodes with resistances of 20 - 40 M were made by a microelectrode puller (DMZ 

universal electrode puller, Zeitz-Instruments, Germany). Na+/K+ ATPase and late Na+ current (INa,L) 

were measured by using the whole-cell patch clamp technique to improve cytoplasmic ionic control. 

Whole-cell patch was performed by using the conventional method of applying gentle, negative 

pressure232 to encourage formation of a high resistance (giga-ohm) seal between glass pipette and 

cell membrane. The resistances of the patch-pipettes were 4 - 7 M. Glass capillaries for sharp 

electrodes and patch pipettes had thick walls with an internal glass filament and diameters of 1.5 

mm OD and 0.86 mm ID (Borosilicate glass capillaries, GC150F-15, Harvard Apparatus, USA). 

Experiments were carried out at 37 °C. Techniques involved in action potential recording, 

assessment of SR Ca2+ content and Ca2+ transients recording from Fluo-4 AM loaded cells have been 

well described and are currently in use in the laboratory233-235. Refinements to these techniques are 

detailed below.  
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2.4.1 Setup for electrophysiological measurement 

A low profile open diamond recording chamber (RC-26GLP, Warner Instruments) was mounted on 

the stage of an inverted Nikon microscope. A 40x oil immersion objective was used. A superfusate 

switching system (solenoids) was used to allow fast switching between solutions. Microelectrodes 

were attached to a HS-2A x0.1LU headstage which was connected to Axoclamp 2B amplifier 

(Molecular Devices, Sunnyvale, CA, USA). The required signals (transmembrane voltage and current) 

were recorded with Axoclamp-2B amplifier in conjunction with Digidata 1440A and Clampex 10.3 

acquisition and analysis software (MDS Analytical Technologies). 

2.4.2 Measurement of action potential 

Cells were loaded into a chamber using a pipette following the application of 2 μl mouse laminin (1 

mg/ml, Gibco, Life technologies) to the base, allowing cells to adhere to the coverslip. Cells were 

superfused with NT solution. In current clamp mode, action potentials were elicited with 3 ms 

current pulses (typically 1.5 - 2.5 nA) applied at a rate of 0.5 Hz or 1 Hz (Fig. 2-6). After reaching 

steady-state, normally around 20 times current pulses, 10 action potentials were recorded for signal 

averaging. APDs were expressed as the time to 10 % and 90 % repolarisation (APD10 and APD90, 

respectively).  

 

Figure 2-6. Typical action potential recording. 

A typical action potential from an isolated GP left ventricular cardiac myocyte elicited by applying a 

1.5 nA positive pulse of current through the recording electrode. 
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2.4.3 Cell capacitance 

Membrane test, a built-in system in Clampex 10.3, was used to measure cell capacitance. Cells were 

superfused with NT solution. In voltage clamp mode, the membrane test was used to assess the 

integral of the current changes (two capicitative spikes) in response to short period voltage steps of 

10 mV for 20 ms at 100 Hz from a holding potential of -75 mV. Ionic currents obtained from cells 

were normalised by corresponding cell capacitance. 

2.4.4 Assessment of SR Ca2+ content 

Sarcoplasmic reticulum (SR) Ca2+ content was assessed by integrating the inward NCX current 

induced by fast application of 10 mM caffeine to voltage-clamped cells as previously described (Fig. 

2-7)236. Firstly, cells were voltage-clamped at -80 mV with NT superfusion. Prior to caffeine 

application, the cells were subjected to a SR Ca2+ loading protocol consisting of a train of action 

potential clamp at 1 Hz for 20 s. After the loading train, stimulation was stopped and the superfusate 

was rapidly changed to NT solution containing 10 mM caffeine. The rapid and continuous application 

of caffeine activates and maintains RyR openings, leading to a sustained release of SR Ca2+. The 

released Ca2+ is predominately removed from the cell by the NCX. Only a little amount of the 

released Ca2+ (less than 2 %) is removed by slower Ca2+ transporter including PMCA and 

mitochondria Ca2+ uniporter, which is negligible in this setting28,237. Therefore, SR Ca2+ content can be 

calculated by integrating the inward NCX current [Integral of inward NCX current (pC) / Faraday 

constant (-96.485) / Mean cell volume (cell capacitance/5) x accessible volume (1.125)]. 

 

Figure 2-7. Typical recording of caffeine-induced inward NCX current and the 
corresponding current integral trace. 

Inward NCX current was elicited by rapid application of 10 mM caffeine when voltage-clamped at -80 

mV (A). The SR Ca2+ content was calculated by integrating the inward current (B).   
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2.4.5 Measurement of ICa,L 

ICa,L was recorded in discontinuous single electrode voltage clamp mode (gain 0.5 - 1.5 nA/mV and 

switching rate 4 - 6 kHz) in the presence and absence of 200 µM cadmium. ICa L was evoked from a 

holding potential of -40 mV by 200 ms steps from -45 to +55 mV in 5 mV increments (Fig. 2-8). 

Steady-state inactivation of ICa,L was assessed with double pulse protocols in which conditioning 

pulses of 200 ms duration and ranging from -45 to +55 mV were followed by a 5 ms step to -40 and a 

200 ms step to +5 mV (Fig. 2-8. A). ICa,L was determined by subtracting the trace in the presence of 

cadmium (Fig. 2-8. B) from the original trace at each voltage (Fig. 2-8. C). The current-voltage 

relationship (I-V) was drawn from the subtracted ICa,L traces.  

 

 

Figure 2-8.  ICa,L recordings with the corresponding voltage steps protocol. 

 ICa,L, or cadmium-sensitivity current (C) was obtained by subtracting the traces in the presence of 200 

µM cadmium (B) from the original traces (A).  

 

2.4.6 Measurement of Na+/K+ ATPase current and function. 

Na+/K+ ATPase currents were measured using a modification of described methods (Fig. 2-9)53.  Cells 

were voltage-clamped at -40 mV throughout the experiment to inactivate Na+ channels. The pipette 

solution (see section 2.11) contained high Na+ concentration (30 mM NaCl) to activate maximally the 

Na+/K+ ATPase. K+ currents were blocked by a Cs+-based pipette solution. The inward currents from 

the NCX and L-type Ca2+ channel were inhibited  by using a Ca2+ free Tyrode's solution with the 

addition of 2 mM Ba2+ and 5 mM Ni2+ (see section 2.11). Following whole-cell configuration, the 

superfusate with 6 mM K+ was changed to one that was K+ free. The resulting current change is 

referred to as Na+/K+ ATPase current.  During the K+-free period, [Na+]i is expected to gradually 

increase. After 2 min the Na+/K+ ATPase was reactivated by adding back 6 mM K+.  The reactivated 
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Na+/K+ ATPase starts to pump out the intracellular Na+ that accumulated during the K+ free period 

resulting in an outward current that reaches a peak then decays as the extrusion process proceeds.  

The rate of decline in the Na+/K+ ATPase-mediated outward current indicates the Na+ extrusion rate 

which was used to assess the function of Na+/K+ ATPase. 

 

 

Figure 2-9. Protocol of Na+/K+ ATPase current and function measurement. 

The cell was voltage-clamped at -40 mV. The superfusate was switched to 0 K+ for 2 min. The 

resulting current change was referred to as Na+/K+ ATPase current. [Na+]i started to build up during 

the 2 min. The superfusate was switched back to 6 mM K+ to reactivate Na+/K+ ATPase. The outward 

current resulted from Na+ extrusion by Na+/K+ ATPase, and the rate at which the current declined to 

steady-state indicates the Na+ extrusion rate which was used to assess the function of Na+/K+ ATPase. 

 

2.4.7 Measurement of INa,L 

The protocol was a modification of a previously described method (Fig. 2-10)4,238.  INa,L was recorded 

at RT (20 - 22 °C). Cells were firstly held at -120 mV as almost 100 % of voltage-gated Na+ channels 

would be available from this potential239-241. Pipette and external solutions were Cs+-based to block 

K+ current. Cells were subjected to a depolarising step to -20 mV for 2 s from a holding potential of -

120 mV (at a rate of 2 Hz) to induce Na+ current (Fig 2-10). This sequence was subsequently repeated 

following superfusion of 10 µM ranolazine for 3 min. INa,L was obtained by subtracting the trace in 

the presence of ranolazine from the original trace. The amplitude of INa,L  was determined from the 

averaged current measured between 210 and 220 ms after the depolarising step to -20 mV. This 

time interval was chosen to avoid contribution of the transient (early) Na+ current which is reported 

to be completely inactivated within 200 ms113.  



58 
 

 

Figure 2-10. Representative INa,L recording. 

A: Cell was firstly voltage-clamped at -120 mV, following a depolarisation step to -20 mV to elicit Na+ 

current. B: INa,L density was measured by subtracting the two traces which were recorded in the 

presence and absence of 10 µM ranolazine 215 ms after the -20 mV depolarising step. 

 

2.5 Intracellular Ca2+ monitoring 

Cells were loaded with Ca2+-sensitive fluorescent dye Fluo-4 AM (Invitrogen, Life Technologies Ltd). 

The Fluo-4 is a single wavelength calcium indicator with maximum excitation wavelength at around 

490 nm and emission at 520 nm232.  The emission intensity represents the level of bound Ca2+. Fluo-4 

is an analogue of Fluo-3 with minor structural modification which results in increased quantal 

efficiency and consequently higher signal levels for detection. Due to its single wavelength excitation 

and emission characteristics, it is difficult to use Fluo-4 for quantitative studies. Therefore, relative, 

qualitative assessments of intracellular Ca2+ changes using Fluo-4 were expressed as F/F0, where the 

fluorescence intensity F was normalised to the diastolic baseline fluorescence intensity F0. 

2.5.1 Ca2+ transient and relaxation contribution 

2.5.1.1 Epifluoresence microscope system 
A Nikon inverted microscope was equipped with a xenon arc lamp as an epifluorescence illuminator. 

Neutral density filters were used to adjust the intensity of the light to avoid oversaturated signals. 

The 485 nm excitation filter and the 520 nm emission filter together with a dichroic mirror were 

fitted in Nikon DM-510 filter cube. Fluorescence output was detected using a photomultiplier tube 

(PMT). The PMT current was converted by a current/voltage convertor and this output was digitised 

with a Digidata 1440A data acquisition system and visualised using Clampex 10.3 software. 



59 
 

2.5.1.2 Ca2+ dye loading 
A stock solution of 1 mM Fluo-4 AM was made by resuspending 45.6 μL dimethyl sulphoxide (DMSO) 

with a vial containing 50 μg Fluo-4 AM. 16 μL 10 % Pluronic F-127 (Invitrogen) in water was added to 

a 1 ml cell suspension to achieve a final concentration of 0.16 %. Pluronic F-127 is a non-ionic 

detergent that has been reported to facilitate the solubilisation of water-insoluble dyes, such as 

Fluo-4 and Fura-2, in physiological medium. To make a final Fluo-4 concentration of 10 μM in cell 

incubation medium, 10 μL of the stock Fluo-4 AM was added in 1 ml cell incubation medium. The 

cells were incubated with the dye at RT for 25 min on a rocking platform. Thereafter the cell 

suspension was centrifuged at low speed (400 rpm) for 1 min replacing the supernatant with DMEM. 

The cells were further incubated at RT for 30 min to allow for de-esterification of the intracellular 

Ca2+ indicator leaving free Fluo-4 inside the cell. The dye-loaded cells were used to monitor Ca2+ 

transients for up to 2 h.  It was important to use a second loading of cells following the initial 2 h 

batch to avoid Fluo-4 leakage, maintaining a high signal-to-noise ratio. 

2.5.1.3 Measurements of the Ca2+ transient 
A fast exchange open diamond recording chamber (RC24N, Warner Instruments) with platinum field 

electrode placed on each site of the chamber enabled field stimulation via a bipolar stimulator. Cells 

were superfused at 37 °C with NT solution. Ca2+ transients were assessed during steady-state 

external field stimulation at 0.5 Hz as previously described242. Ca2+ transient amplitudes were 

measured as peak Ca2+ transient fluorescence normalised to basal diastolic Ca2+ fluorescence (F/F0). 

To assess the relaxation contribution from NCX, SERCA and other slow components (including the 

sarcolemma Ca2+ ATPase and mitochondria Ca2+ uniport), a standard single exponential equation was 

used to fit the decay trace of a steady-state Ca2+ transient to obtain a tau value (time constant) 

which represented the combined contributions of NCX, SERCA and other slow components to Ca2+ 

extrusion from the cytoplasm (τ1) (Fig. 2-11. A). Cells were then subjected to an exposure of 10 mM 

caffeine in NT rapidly applied to induce a transient. The decay phase of this caffeine-induced 

transient represented the contribution of NCX and slow components (τ2) (Fig. 2-11. B). Removal of 

the caffeine and external field stimulation at 0.5 Hz ensured the cell returned to the steady-state. 

Caffeine was rapidly applied a second time but in 0Na+-0Ca2+ solution to elicit another caffeine-

induced Ca2 transient (Fig. 2-11. C). In this case, NCX was blocked by the 0Na+-0Ca2+ solution, 

therefore the decay tau of the second caffeine-induced transient represented the contribution of 

the slow components (τ3) to Ca2+ efflux The rate constant of the Ca2+ transient decay (R) was 

calculated as 1/τ1. The rate constant of NCX (RNCX) was 1/τ2 -1/τ3. The rate constant of slow 

component (RS) was 1/τ3. The rate constant of SERCA (RSERCA) was calculated as R-RNCX-RS, which is 

equal to 1/τ1 -1/τ2. SR Ca2+ Fractional release (x/y) was calculated using the steady-state Ca2+ 
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transient amplitude (x) and caffeine-induced Ca2+ transient amplitude (y) under the assumption that 

there is no change in cytosolic buffering power or buffering capacity between groups.  

 

Figure 2-11. Protocol for Ca2+ transient assessment. 

A: Decay phase of Ca2+ transient was fitted to a standard single exponential equation to obtain a tau 

value (time constant). B: A caffeine-induced Ca2+ transient was elicited after a SR Ca2+ loading 

protocol (1 Hz stimulation for 20 s). The decay of the transient was used to assess the relative 

contribution of NCX and other slow components. The short delay for the caffeine application was due 

to the manual control of the solution and the speed of the caffeine. Cells were all treated in the same 

way, and the potential SR Ca2+ leak during the short period of delay was negligible. C: After a SR Ca2+ 

loading protocol, cells were superfused with 0Na+-0Ca2+ solution for 20 s to block NCX, followed by 

exposure to caffeine (in 0Na+-0Ca2+). This last protocol allowed the contribution of the slow 

components to be calculated.  

 

2.5.2 Imaging Ca2+ sparks and waves using line-scanning confocal 

microscopy   

2.5.2.1 Experimental set-up for Ca2+ sparks and waves measurements 
An inverted Nikon Eclipse TE-300 microscope with a “Bio-Rad Radiance 2000” confocal attachment 

was used as line-scanning microscope. A Nikon 40x oil immersion objective was used. Lasersharp 

2000 (Bio-Rad, UK) software was used to operate the confocal microscope in line-scanning mode. A 

drop of cell suspension was loaded onto the chamber’s coverslip following the application of 2 μl 



61 
 

mouse laminin to the base, allowing cells to adhere to the coverslip. Standard superfusate was NT 

solution with or without pharmacological agents detailed in the specific chapters. All experiments 

were conducted at 37 °C with the dye-loaded cells protected from light to avoid photobleaching of 

the Ca2+ probe.  

2.5.2.2 Protocol for Ca2+ sparks and waves acquisition  
Cells were loaded with Fluo-4 AM as described in section 2.7.1.2. Cells were initially stimulated at 0.5 

Hz for 2 min to allow for steady state SR Ca2+ loading and contraction. Confocal settings for recording 

Ca 2+ sparks and waves were as follows and not changed: laser power of 10 %, iris of 3 mm (z-axis 

depth of 1.5 μm) and scan speed of 500 lps. Once in steady-state cells were stimulated at 2 Hz for 20 

s followed by a 30 s period of quiescence to detect Ca2+ sparks and waves. During the quiescence 

period, 15000 lines were scanned. This scan was timed to include the last 2 or 3 Ca2+ transients of 

the stimulation train (Fig. 2-12. A).  

 

Figure 2-12. Representative line-scanning images of Ca2+ sparks and waves. 

Ca2+ sparks and waves were measured during the quiescence 30 s following three Ca2+ transients (A). 

B, C: Typical traces of Ca2+ waves and sparks. 

 

2.5.2.3 Data analysis 
SparkMaster plugin in ImageJ (NIH, USA) was used to analyse Ca2+ sparks in the line scan image243. 

Detection criteria for Ca2+ sparks were set at 4.2 times the standard deviation above the mean 

background value instead of 3.8 to reduce false identification of Ca2+ sparks resulting from 

background noise. The SparkMaster plugin generated images of the line scans enabling the 

verification of automatically detected sparks. The Ca2+ spark parameters calculated by the plugin 

included frequency, amplitude, full width at half maximal amplitude (FWHM) and full duration at 
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half maximal amplitude (FDHM). Spark mass and SR leak were calculated using the formulae 

below244:  

Spark mass = Amplitude x 1.206 x FWHM3 

Spark-mediated SR leak = Mass x Frequency 

Ca2+ waves were analysed by using an ImageJ macro coded by Dr Markus Sikkel242. The parameters 

calculated included wave speed, frequency and amplitude. Wave-free survival analysis was 

performed by using Kaplan-Meier Estimates. Ca2+ spark morphological parameters including the 

amplitude, FWHM, FDHM and mass, and the spark-mediated SR leak data were log-transformed, 

resulting in normally distributed populations for statistical analysis. Ca2+ spark frequency data was 

skewed but contained zero value data, thus a Mann-Whitney Test (a nonparametric test), was used. 

2.6 Composition of experimental solutions 

All chemicals were purchased from Sigma-Aldrich. Composition (in mM):  

 

Solutions for cardiac myocytes isolation:  

Krebs-Henseleit (KH) solution 

NaCl 119, KCl 4.7, MgSO4 0.94, CaCl2 1, KH2PO4 1.2, NaHCO3 25, Glucose 11.5; pH adjusted to 7.4 with 

1M HCl 

 

Low Ca2+ solution 

NaCl 120, KCl 5, MgSO4 5, Na pyruvate 5, glucose 20, taurine 20, HEPES 10, NTA 5, CaCl2 35 µM 

(estimated final free [Ca2+]: 12-15 µM); pH 6.96 adjusted with 1M NaOH 

 

Enzyme solution 

NaCl 120, KCl 5, MgSO4 5, Na pyruvate 5, glucose 20, taurine 20, HEPES 10, CaCl2 200 µM; pH 7.4 

adjusted with 1M NaOH 

 

Experimental external superfusate solutions:   

NT solution 

NaCl 140, KCl 6, glucose 10, N-2-hydroxyethylpiperazine-N’-2-ethanesulphoic acid (HEPES) 10, MgCl2 

1, CaCl2 2; pH 7.4 adjusted with 1M NaOH 

 

0Na+-0Ca2+ solution 

LiCl 140, KOH 6, glucose 10, HEPES 10, MgCl2 1, EGTA 1; pH 7.4 adjusted with 1M LiOH 
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External solution for Na+/K+ ATPase experiment  

NaCl 140, KCl 6 (or 0 for inhibition of Na+/K+ ATPase), glucose 10, HEPES 10, MgCl2 1, BaCl2 2, NiCl2 5; 

pH 7.4 adjusted with 1M NaOH 

 

External solution for INa,L experiment 

NaCl 137, CsCl 5.4, glucose 10, HEPES 10, MgCl2 2, CaCl2 1.8, Nitrendipine 0.002; pH 7.4 adjusted 

with 50 wt.% in water CsOH 

 

Pipette filling solutions:  

Sharp pipette filling solution 

KCl 2M, EGTA 0.1, HEPES 5; pH 7.2 adjusted with 1M KOH 

 

Patch pipette filling solution for Na+/K+ ATPase experiment 

Cs-methanesulfonate 100, NaCl 30, CsCl 10, HEPES 10, EGTA 5, Mg-ATP 5, MgCl2 0.75; pH 7.2 

adjusted with 50 wt.% in water CsOH 

 

Patch pipette filling solution for INa,L experiment 

Cs-methanesulphonate 100, NaCl 10, CsCl  30, HEPES 10, EGTA 5, Mg-ATP 5, MgCl2 0.75; pH 7.2 

adjusted with 50 wt.% in water CsOH 

2.7 Statistical Analysis 

Data were stored and processed using Microsoft Office Professional Plus 2010 (Microsoft 

Corporation, Redmond, WA, USA). Statistical analyses and figure construction were performed with 

OriginPro 9.1.0 (OriginLab Corporation, Northampton, MA, USA) and CorelDRAW ver. X5 (Corel 

Systems Corp., Ottawa, Canada). Statistical differences between means were calculated using 

Student’s t-test, two-sample proportion test or a one-way ANOVA with a Fisher post-hoc test for 

more than two group comparison. Values are expressed as mean ± S.D., and where appropriate, 

n=number of cells from total number of hearts (n=cells/hearts). Statistical significance was denoted 

as not significant (n/s): p>0.05, *p<0.05, **p<0.01 and ***p<0.001. 
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3 LONGITUDINAL OBSERVATION OF CHANGES IN PHYSICAL 

CHARACTERISTICS DURING PROGRESSION OF PRESSURE-

OVERLOAD RESPONSES IN GUINEA PIGS 

3.1 Aims 

• To assess the changes in physical characteristics and cardiac function in progression towards 

HF in a pressure-overload GP model of hypertrophy and HF. 

3.2 Introduction 

The development of cardiac hypertrophy is part of a complex series of responses to physiological or 

pathological stimuli245. Physical training and pregnancy are typical examples of physiological 

hypertrophy with changes in cardiac structure and function are reversible in contrast to pathological 

hypertrophy. Pathological hypertrophy occurs in hemodynamic stress (volume or pressure-overload) 

or ischemic heart disease, which is associated with structural changes such as fibrosis and cardiac 

dysfunction. In general, cardiac hypertrophy initially can be regarded as an adaptive compensation. 

However, if the pathological stimuli persists, the compensation may be inadequate and is likely to 

advance towards a decompensated condition with HF246. The transition from compensation to 

decompensation involves neurohumoral dysregulation and intra- and extra-cellular molecular 

signalling changes that are complex. Understanding the multifactorial mechanisms is  important if 

we wish to intervene to prevent preclinical HF (AHA/ACC classification of Stage A and B HF) from 

progressing to HF247.  

 

In rodents, AC has been validated as a reproducible model to study the cardiac response to pressure-

overload. The AC model is characterised by a first phase of compensated hypertrophy followed by a 

transition to HF, mimicking human pressure overload-induced HF222. In the GP the only studies of AC 

were those of the Sheridan group223,248. Much more in vivo characterisation of this model was 

needed and this part of the thesis describes such work.   

3.3 Methods 

The animal model, pressure-overload GPs, and echocardiography measurements were described in 

detail in chapter 2. Data and n numbers were a combination both male and female GPs (Males and 

females n number was shown in Chapter 6). 



65 
 

3.4 Results 

3.4.1 Physical characteristics changes 

Table 3-1 lists the changes in physical characteristics following sham or AC operation. There were no 

significant changes in body weight (BW) between the 60 days (D) and 150 D AC animals (60AC and 

150AC, respectively) compared with their age-matched sham groups (60Sham and 150Sham, 

respectively). GPs had significantly heavier heart weight (HW) after 60 D and 150 D AC operations 

compared with age-matched sham operated GPs. Lung weight (LW) did not increase in 60AC 

operated animals compared with 60Sham, however LW significantly increased after 150AC. HW/BW 

ratio significantly increased in 60AC by 34 % and 150AC by 58 % compared with their age-matched 

sham 60Sham and 150Sham, respectively (Fig. 3-1. A). LW/BW ratio was unaltered between sham 

and AC group at 60 D, but showed a significant increase by 35 % at 150 D (Fig. 3-1. B). When 

comparing AC progression longitudinally, 150AC had 18 % higher HW/BW ratios and 19 % higher 

LW/BW ratios compared with the 60AC group (Fig. 3-1. A & B). 

 

 Sham AC p value 

Body weight (g)    

               Pre-Op 408 ± 46 398 ± 43 n/s: p>0.05 

60 days 726 ± 103 759 ± 145 n/s: p>0.05 

150 days 882 ± 142 827 ± 90 n/s: p>0.05 

Heart weight (g)    

60 days 2.32 ± 0.30 3.14 ± 0.68 ***p<0.001 

150 days 2.73 ± 0.44 4.07 ± 0.55 ***p<0.001 

Lung weight (g)    

60 days 3.19 ± 0.36 3.49 ± 0.68 n/s: p>0.05 

150 days 3.7 ± 0.51 4.7 ± 0.93 ***p<0.001 

60Sham, n=23 (M=12, F=11); 60AC, n=21 (M=10, F=11); 150Sham, n=25 (M=10, F=15); 150AC, n=24 

(M=11, F=13); n=GP numbers; Student’s t-test. 
 

Table 3-1. Changes in physical characteristics following sham or AC operation. 
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Figure 3-1. Comparing HW/BW and LW/BW ratios between sham and AC animals 60 D 
and 150 D post-operation.  

A: The HW/BW ratio at 60 D and 150 D was significantly increased in the AC group compared with 

the sham group. The 150AC group had higher HW/BW ratio compared with the 60AC group. B: The 

LW/BW ratio did not change between 60sham and 60AC groups.  The ratio however was significantly 

increased in the 150AC group compared with their age-matched sham group. The 150 D AC operated 

animals had a higher LW/BW ratio compared with the 60AC group (60Sham, n=23; 60AC, n=21; 

150Sham, n=25; 150AC, n=24; n=GP numbers; one-way ANOVA with a Fisher post-hoc test, **p<0.01, 

***p<0.001).  

 

3.4.2 In vivo echocardiography for cardiac function study 

Figure 3-2 depicts typical M-mode echocardiography from pre-op AC, 60AC and 150AC GPs. LVIDd 

and LVIDs progressively increased in the AC-operated animals from the time of pre-op to 60 D and 

the final end-point of 150 D. Pre-operative cardiac function, determined by LVIDs, LVIDs and FS, was 

similar between the animals selected for sham and AC groups (Fig. 3-2). At 60 D, the AC group had 

larger LVIDd by 10 % and LVIDs by 15 % compared with the sham group (Fig. 3-3. A & B). However, 

FS remained unchanged between AC with sham at this stage (Fig. 3-3. C). At 150 D, the AC GPs had 

significantly dilated LVIDd by 18 % and LVIDs by 71 % with markedly reduced FS by 40 % compared 

with sham-operated GPs (Fig. 3-4). Comparing the echocardiography changes during the progression 

of AC, LVIDd and LVIDs significantly increased post-operatively at 60 D, with marked dilatation at 150 

D (Fig. 3-5. A & B). FS remained unchanged at AC 60 D but severely declined by 28 % at 150 D 

compared with Pre-op AC (Fig. 3-6). 
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Figure 3-2. Typical M-mode echocardiography images from pre-op AC (A), 60AC (B) 
and 150AC (C) GPs.  

Image A depicts the measurement of LVIDd and LVIDs. Both LVIDd and LVIDs increased progressively 

from the pre-operative measurements, to 60AC and 150AC.  

 

 

Figure 3-3. Pre-operation echocardiography study of sham and AC group. 

The pre-operative echocardiography study indicated that the (A) LVIDd, (B) LVIDs and (C) FS showed 

no significant differences between sham and prospective AC group (Pre-op Sham, n=30; Pre-op AC 

n=29; n=GP numbers; Student’s t-test).  

 

 

Figure 3-4. Echocardiography study of sham and AC group 60 D post-operation. 

Both (A) LVIDd and (B) LVIDs were significantly larger in 60AC compared with the 60Sham group. C: 

FS remained unchanged between 60Sham and 60AC (60Sham, n=24; 60AC, n=23; n= GP numbers; 

Student’s t-test, **p<0.01, ***p<0.001). 
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Figure 3-5. Echocardiography study of sham and AC group 150 D post-operation. 

A & B: The 150AC GPs had larger LVIDd and LVIDs compared with the 150Sham. C: 150AC GPs 

showed significantly decreased FS compared with those in the 150Sham group (150Sham, n=25; 

150AC, n=20; n= GP numbers; Student’s t-test, **p<0.01, ***p<0.001). 

 

 

Figure 3-6. Serial echocardiography study of AC group. 

A, B: LVIDd and LVIDs showed a significant increase at 60AC with a further marked increase at 150AC. 

C: FS remained unchanged at 60AC compared with the Pre-op values but markedly decreased in 

150AC (Pre-op AC, n=29; 60AC, n=23; 150AC, n=20; n= GP numbers; one-way ANOVA with a Fisher 

post-hoc test, *p<0.05, **p<0.01, ***p<0.001). 

3.5 Discussion 

The purpose of this chapter was to assess the changes in the animal physical characteristics and their 

cardiac function in the progression from cardiac hypertrophy to HF induced by pressure-overload AC.  

 

GP AC model is a well-established model for the investigation of pressure overload-induced cardiac 

hypertrophy and HF. Kinsbury et al showed chronic ascending AC (149 ± 6 days) resulted in 

significant increases in HW/BW and LW/BW ratio with reduced cardiac output and increased levels 

of plasma atrial natriuretic peptide in GPs223. Gray et al reported GP hearts started to develop 

cardiac hypertrophy after ascending AC 60 days114. Naqvi et al used relative small GPs (BW 200 -300 

g) and showed cardiac hypertrophy developed after ascending AC around 80 days249. The timeline of 
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AC progression varies among species. While mice subjected to transverse AC presented hypertrophy 

as early as 7 days and decompensated HF at 4 weeks, rats need 7 - 8 weeks to develop cardiac 

hypertrophy and 18 - 20 weeks for decompensated HF224,250. 

 

Here we used the parameters of HW, LW, HW/BW, and LW/BW ratios to indicate the physiological 

changes occurring during the progression alongside echocardiographic assessments of cardiac 

function at the proposed compensated hypertrophy stage (60 D after AC) and decompensated HF 

(150 D after AC). We not only made comparison between age-matched sham and AC-operated 

groups but also investigated the changes in AC operated GPs from 60 D to 150 D. 

 

There were significant increases in HW and HW/BW ratio following 60 D and 150 D AC operated 

animals compared with the age-matched sham-operated groups. The LW and LW/BW ratio 

remained unchanged between the 60 D sham and AC-operated animals however both significantly 

increased in the 150 D AC group. In pressure-overload HF, poor LV function causes blood retention in 

the LV chamber which not only leads to LV chamber dilatation, but also retrogradely results in 

pulmonary congestion251. We suggest that cardiac hypertrophy develops without congestion of the 

lungs at the 60 D stage, with 150 D AC animals developing cardiac hypertrophy combined with 

congestion of the lungs. The GPs had a tendency to lose weight after AC surgery but the trend was 

not statistically significant. LVIDd and LVIDs were significantly larger in AC animals compared with 

the sham group but FS was unaltered at 60 D. Although the morphology of the heart changed 

following AC, heart function was maintained. At 150 D post-AC operation, significant LV chamber 

dilatation was observed with a drastic decrease in FS. This is compatible with an observation that the 

AC operated GPs started to show poor appetite and lethargy when around 150 D after the operation.  

 

According to the American Heart Association, human cardiac systolic function is quantitatively 

classified as 4 classifications, which are normal, mild, moderate and severe dysfunction according to 

ejection fraction (50 - 70, 40 - 49, 30 - 39, and < 30 %, respectively). The New York Heart Association 

(NYHA) Functional Classification classifies HF in human into class I - IV based on the activity and 

symptom of the patients. With correlation to human, AC operated GPs at 60D could be classified as 

normal or mild dysfunction of ejection fraction and a function class I - II. 150D AC group may be 

classified as moderate or severe dysfunction with function class III - IV. Human pressure-overload 

cardiac hypertrophy and HF has several clinical entities including essential hypertension, aortic 

stenosis, subvalvular aortic stenosis, and coarctation of the aorta. 13 % of patients with chronic 

hypertension induced LV hypertrophy progressed to systolic dysfunction during a 3-year of follow-
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up69. Patients with aortic stenosis showed a long compensated period. However, once the symptoms 

of angina, syncope or HF develop, survival drops with an average survival of only 2 years after HF 

symptom onset252.  

 

It was confirmed that our GP pressure-overload animal model showed a transitional progression 

from cardiac hypertrophy to HF following AC surgery. We recognise that at 60 D post AC surgery, GPs 

adapt to the pressure-overload and enter into a compensatory stage. After this, FS declines almost 

by half illustrating the failure of compensatory mechanisms and decompensation occurring at 150 D.   

 

3.6 Conclusions 

Based on the findings mentioned above, the progression from hypertrophy to HF in the aortic 

constricted GPs is similar to the progression of pressure-overload cardiac disease in human although 

on a different time-scale. While compensated cardiac hypertrophy with maintained FS was shown at 

60 D after AC operated GPs, animals showed LV dilatation, congested lungs and deteriorated cardiac 

function at 150 D after AC, which represents the HF stage. We suggest the pressure-overload GP 

model is suitable for longitudinal study for the progression from cardiac hypertrophy to HF. 
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4 CHANGES IN ACTION POTENTIAL DURATION AND Ca2+ 

REGULATION DURING THE PROGRESSION TOWARDS 

HEART FAILURE 

4.1 Aims 

• To assess the changes in APD in response to pressure-overload cardiac hypertrophy and HF 

in cardiac myocytes.  

• To evaluate changes in Ca2+ transient, SR Ca2+ content and ICa,L in the progression to HF 

• To determine the spontaneous Ca2+
 spark frequency, morphology and spark-mediated SR 

leak in sham and HF groups. 

4.2 Introduction 

Dysregulation of Ca2+ handling occurs in cardiac hypertrophy and HF, which alters E-C coupling, 

leading to contractile dysfunction72. Cardiac hypertrophy is initially viewed as an adaptive process or 

a transitional zone, maintaining strength of contraction and cardiac output to meet the need of the 

body. At some time point, the hypertrophy response becomes inadequate and the heart enters a 

decompensated stage, signalling the progression towards HF. The underlying mechanisms switching 

from an initial compensated period to a decompensated stage are however still to be determined. 

Here the measurements of APD, ICa,L, SR Ca2+ content, Ca2+ transient and spontaneous Ca2+ sparks 

were performed to elucidate the changes in calcium handling during the progression of hypertrophy 

towards HF. 

4.3 Methods 

4.3.1 Myocytes isolation and electrophysiology measurement 

Experiments were performed on single cardiac myocytes isolated from sham or AC operated GPs 

from either sexes at 60 D or 150 D according to the methods described in section 2.3.1 (Males and 

females n number was shown in Chapter 6). Techniques and protocols for electrophysiology 

measurements including APD, ICa,L, Ca2+ transient, SR Ca2+ content and spontaneous Ca2+ sparks were 

detailed in sections 2.4 and 2.5.  

4.3.2 Decay phase of peak ICa,L  

To investigate the inactivation of the peak ICa,L, the decay phase of peak ICa,L was fitted in a standard 

double exponential equation to obtain a fast and a slow time constants- tau 1 and tau 2. The 

inactivation phase of peak ICa,L may have fast phase in the beginning followed by a slow phase. Single 
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exponential equation, which only gives one time constant, cannot fit the decay curve well in some 

cases but double exponential equation is able to fit the curves in these cases, which may be more 

representative to the decay phase of peak ICa,L (Fig. 4-1).  

 

 

 

Figure 4-1. Comparison of single and double exponential equation fitness of peak ICa,L. 

Blue lines indicated the fit-in curves generated from fitting the decay phase of the peak ICa,L in single 

(A), which tau=55.2ms, and double (B) exponential equation, which tau1=7.2 ms, tau2=40.5ms. 

 

4.3.3 Relaxation contribution for Ca2+ transient decay phase 

The measurement of Ca2+ transient decay rate constant, rate constant of SERCA, NCX and other 

slower transporters (PMCA and mitochondria Ca2+ uniporter) were detailed in section 2.5.1.3. SERCA, 

NCX and other slower transporters are the three major contributors for the decay of Ca2+ transient, 

therefore the Ca2+ transient decay rate constant is the sum of the rate constant of SERCA, NCX and 

other slower transporters28. The definition of relaxation contribution is the ratio of rate constant of a 

certain contributor to Ca2+ transient decay rate constant28.  

4.3.4 Analysis of Ca2+ sparks 

Ca2+ sparks morphological parameters including the amplitudes, FWHM, FDHM and mass, and the 

spark-mediated SR leak data were log-transformed, resulting in normally distributed populations for 

statistical analysis. Ca2+ spark frequency data were skewed but contained zero value data, thus a 

Mann-Whitney test (a nonparametric test) was used.  
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4.4 Results 

4.4.1 APD 

Figure 4-2 shows representative action potential recordings from sham and AC groups at their 60 D 

(60Sham and 60AC, respectively) and 150 D periods (150Sham and 150AC). Figure 4-3 illustrates a 

comparison of APD90 between sham and AC groups. There was no significant change in APD90 

between 60Sham and 150Sham, however APD90 was significantly prolonged in 60AC by 24 % 

compared with 60Sham. The APD90 in the 150AC group was significantly 29 % longer compared with 

150Sham and was also longer by 7 % compared with the 60AC group.  

 

 

Figure 4-2. Typical traces of action potentials from sham and AC groups at 60 D and 
150 D post-operatively. 

APD90 was prolonged in the AC groups compared with sham at both 60 D (A) and 150 D (B) following 

the AC operation. 

 

 

Figure 4-3. APD90 in sham and AC groups. 

Action potential duration was significantly prolonged in 60AC and 150AC compared with their age-

matched sham-operated groups. 150AC had longer APD90 compared with 60AC (60Sham, n=67/8; 

150Sham, n=87/10; 60AC, n=50/6; 150AC, n=70/6; one-way ANOVA with a Fisher post-hoc test, n/s: 

p>0.05, *p<0.05, ***p<0.001). 
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4.4.2 Cell capacitance 

Mean cell capacitances of 60Sham, 150Sham, 60AC and 150AC were 167.0 ± 48.3, 174.9 ± 42.1, 

211.2 ± 60.5, and 262.4 ± 65.0 pF, respectively (60Sham, n=164; 150Sham, n=96; 60AC, n=154; 

150AC, n=97).  There was no difference between mean cell capacitance of 60Sham and 150Sham. 

Mean cell capacitance of 60AC was larger than 60Sham (***p<0.001). Mean cell capacitance of 

150AC was larger than 150Sham (***p<0.001). 150AC has larger cell capacitance compared with 

60AC (***p<0.001). One-way ANOVA with a Fisher post-hoc test was used. 

4.4.3 ICa,L 

There was no change in peak ICa,L between 60Sham and 150Sham (Fig. 4-4. A). The 60AC and 150 AC 

had similar peak ICa,L compared with 60Sham and 150Sham, respectively (Fig. 4-4. B & C). There was 

no significant difference in peak ICa,L between 60AC and 150AC (Fig. 4-4. D). Time constants: tau 1 

and tau 2 remained unchanged between 60Sham and 60AC (Fig. 4-5. B & C), however the tau values 

were significantly longer in 150AC compared with the 150Sham and 60AC groups. 

 

Figure 4-4. I-V relationship of L-type Ca2+ channel in sham and AC groups. 

A: Maximum peak ICa,L at 5 mV remained unchanged between 60Sham and 150Sham. B: 60AC had 

similar peak ICa,L compared with age-matched sham group. C: 150Sham and 150AC had similar peak 

ICa,L. D: There was no change in peak ICa,L between 60AC and 150AC (60Sham, n=29/4; 150Sham, 

n=64/8; 60AC, n=36/6; 150AC, n=39/6; Student’s t-test, n/s: p>0.05).  
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Figure 4-5. Typical peak ICa,L in 60Sham, 60AC and 150AC, and the corresponding decay 
tau. 

B & C: The decay phase of peak ICa,L was fitted in a standard double exponential equation to obtain 

time constants: tau 1 and tau 2. 150AC had a longer tau 1 and tau 2 compared with the 150Sham 

and 60AC. Tau 1 and tau 2 remained unchanged between 60Sham and 60AC (60Sham, n=29/4; 

150Sham, n=64/8; 60AC, n=36/6; 150AC, n=39/6; one-way ANOVA with a Fisher post-hoc test, n/s: 

p>0.05, ***p<0.001).  

 

4.4.4 Ca2+ transient 

4.4.4.1 Ca2+ transient amplitudes, time to peak, decay 50 % and 90 % time 
Figure 4-6 (A) depicts typical traces of Ca2+ transients from 60Sham, 60AC and 150AC cells. Cells from 

60AC had 11 % larger Ca2+ transient amplitudes compared with 60Sham (Fig. 4-6. B). Ca2+ transient 

amplitudes were significantly reduced in 150AC by 34 % compared with 150Sham (Fig. 4-6. B). Time 

to peak (TTP) of Ca2+ transient was 18 % longer in 60AC compared with 60Sham (Fig. 4-7. A). TTP was 

considerably longer in 150AC by 88 % compared with 150Sham (Fig. 4-7. A). The peak to 50 % decay 

time (R50) was unaltered between 60Sham and 60AC but was 15 % longer in 150AC than in 150Sham 

(Fig. 4-7. B). From the peak to 90 % decay time (R90) was 9 % and 33 % prolonged in 60AC and 150AC 

compared with 60Sham and 150Sham, respectively (Fig. 4-7. C). The 150AC group had 53 % and 23 % 

longer TTP and R90 respectively compared with that in 60AC, but the R50 remained unchanged 

between 60AC and 150AC (Fig. 4-7. A, B & C).  
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Figure 4-6. Ca2+ transients in 60Sham, 60AC and 150AC. 

A: Typical traces of Ca2+ transients in 60Sham, 60AC and 150AC. B: Ca2+ transient amplitudes in sham 

and AC group. B: Ca2+ transient amplitudes were 11 % greater in 60AC compared with 60Sham but 

significantly reduced in 150AC compared with 60AC and 150Sham by 40 % and 34 %, respectively 

(60Sham, n=55/5; 150Sham, n=81/6; 60AC, n=56/5; 150AC, n=84/6; one-way ANOVA with a Fisher 

post-hoc test, n/s: p>0.05, ***p<0.001). 

 

 

Figure 4-7. Ca2+ transient TTP, R50 and R90 in sham- and AC-operated GPs. 

A: 150AC had 88 % and 53 % longer TTP compared with 150Sham and 60AC, respectively. 60AC had 

18 % longer TTP than 60Sham. B & C: 150AC and a prolonged R50 and R90 compared with 150Sham. 

While the R50 remained unchanged between 60Sham and 60AC, 60AC had 9 % longer R90 compared 

with 60Sham (60Sham, n=55/5; 150Sham, n=54/4; 60AC, n=46/5; 150AC, n=75/6; one-way ANOVA 

with a Fisher post-hoc test, n/s: p>0.05, *p<0.05, ***p<0.001).  
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4.4.4.2 Ca2+ transient decay rate constant and relaxation contribution 
The Ca2+ transient decay rate constant was 33 % slower in 150AC compared with 150Sham (Fig. 4-8), 

however the rates were similar between 60Sham and 60AC groups. Rate constant of 150AC was 34 

% smaller compared with 60AC (Fig. 4-8). The rate constants of SERCA, NCX and other slower 

transporters remained unchanged between 60Sham and 60AC (Fig. 4-9. A). Also the relaxation 

contribution showed no differences between 60Sham and 60AC (Fig. 4-9. B). 150AC showed 

significant 11 % and 16 % increases in rate constant of NCX and other slower transporters 

respectively and a 51 % decrease in the rate constant of SERCA compared with those in 150Sham 

(Fig. 4-9. C). Again 150AC had a 28 % decrease in the contribution relaxation from SERCA and 63 % 

and 70 % increases in relaxation contribution from NCX and other components, respectively (Fig. 4-9. 

D). Compared with 60AC, 150AC had a 51 % reduced rate constant of SERCA function and 10 %  

increased rate constant of NCX function (Fig. 4-9. E). 150AC had 28 % decrease in relaxation 

contribution from SERCA and 64 % increase in relaxation contribution from NCX compared with 

60AC (Fig. 4-9. F). Fractional SR Ca2+ release was 11 % larger in 60AC than in 60Sham, and this change 

was also seen in 150AC compared with 150Sham cells by 33 % increase (Fig. 4-10). 150AC had 17 % 

higher fractional SR Ca2+ release compared with 60AC (Fig. 4-10). 

 

 

Figure 4-8. Decay rate constant in sham and AC groups.  

150AC had marked reduction in transient decay rate constant compared with 60AC and 150Sham by 

34 % and 33 % respectively. 60Sham and 60AC had similar decay rate constants (60Sham, n=55/5; 

150Sham, n=54/4; 60AC, n=46/5; 150AC, n=75/6; one-way ANOVA with a Fisher post-hoc test, n/s: 

p>0.05, ***p<0.001). 
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Figure 4-9. Relaxation contribution in sham and AC groups.  

A & B: 60Sham and 60AC had similar rate constant of SERCA, NCX and other slower transporters and 

the corresponding relaxation contributions. C & D: 150AC had 51 % reduced rate constant of SERCA 

and 11 % increased rate constant of NCX with 28 % decrease in relaxation contribution from SERCA 

and 63 % increase in contribution from NCX when compared with 150Sham. E & F: Compared with 

60AC, 150AC had 51 % reduced rate constant of SERCA and 10 % increased rate constant of NCX with 

28 % decrease in relaxation contribution from SERCA and 64 % increase in contribution from NCX 

(60Sham, n=55/5; 150Sham, n=54/4; 60AC, n=46/5; 150AC, n=75/6; one-way ANOVA with a Fisher 

post-hoc test, n/s: p>0.05, *p<0.05, ***p<0.001). 
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Figure 4-10. Fractional SR Ca2+ release in sham and AC groups. 

150AC had 33 % and 17 % greater fractional SR Ca2+ release compared with 150Sham and 60AC 

respectively. 60AC showed 11 % increased fractional SR Ca2+ release compared with 60Sham 

(60Sham, n=42/5; 150Sham, n=68/6; 60AC, n=54/6; 150AC, n=64/6, one-way ANOVA with a Fisher 

post-hoc test, n/s: p>0.05, ***p<0.001). 

 

4.4.5 SR Ca2+ content 

While the SR Ca2+ content, calculated by integrating the caffeine-evoked NCX inward current, was 

greater in 60AC compared with 60Sham by 10 %, it showed marked reduction by 46 % in the 150AC 

group compared with 150Sham and 60AC (Fig. 4-11).  

 

 

Figure 4-11. SR Ca2+ content in sham and AC groups. 

60AC cells had significant greater SR Ca2+ contents compared with 60Sham. 150AC showed a marked 

reduction in SR Ca2+ content compared with 150Sham and 60AC. (60Sham, n=25/6; 150Sham, n=50/5; 

60AC, n=35/4; 150AC, n=61/7; one-way ANOVA with a Fisher post-hoc test, n/s: p>0.05, *p<0.05, 

***p<0.001) 
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4.4.6 Spontaneous Ca2+ sparks and spark-mediated SR leak 

Spontaneous Ca2+ spark frequency was significantly higher in 150AC compared with 150Sham (Fig. 4-

12. A). Spark amplitudes (F/F0) were unaltered between 150Sham and 150AC (Fig. 4-12. B). 150AC 

had longer FWHM and FDHM compared with 150Sham (Fig. 4-12. C & D). 150AC also had larger 

spark mass compared with 150Sham (Fig. 4-12. E). Spark-mediated SR leak (Leak= Mass x Frequency) 

was significantly greater in 150AC compared with 150Sham (Fig. 4-12. F).  

 

 

Figure 4-12. Spontaneous Ca2+ sparks and spark-mediated SR leak. 

A: Ca2+ spark frequency in 150AC was significantly higher compared with 150Sham. B: Ca2+ spark 

amplitudes were unchanged between 150AC and 150Sham. C & D: Spark morphology including 

FWHM and FDHM was longer in 150AC compared with 150Sham. E: 150AC had a significantly larger 

spark mass than 150Sham. F: Spark-mediated SR leak was greater in 150AC than in 150Sham 

(150Sham, n=63/8; 150AC, n=98/7; Student’s t-test, n/s: p>0.05, *p<0.05, **p<0.01, ***p<0.001). 
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4.5 Discussion 

This chapter detailed the changes in cellular APD and Ca2+ regulation that occurred following 

pressure-overload cardiac hypertrophy and HF. Prolongation of APD and dysregulation of Ca2+ 

handling were involved in the compensated stage of cardiac hypertrophy and decompensated HF. 

4.5.1 Prolongation of APD 

The action potential initiates EC coupling and is determined by the complex interaction of a number 

of ion channels and transporters253. A prolongation of the APD may therefore reflect an alteration of 

Ca2+ regulation and contraction82.  Increases in inward currents, such as ICa,L, INa,L and INCX, promote 

the prolongation of APD. On the contrary, a reduction in outward currents, including Ito and IK1, will 

also contribute to the prolongation of APD79, and such modulation of the action potential has been 

reported to alter Ca2+ regulation and E-C coupling254. Our data reveals that action potential in 60AC is 

prolonged, implying that there may be an increases in inward currents to overcome or compensate 

for the stress from AC, which in turns leads to prolongation of APD. Decreased density of outward K+ 

currents, such as Ito and IK1 play an important role in the prolongation of APD in cardiac hypertrophy 

and HF82,255. Reduced Ito also results in reduced phase 1 early repolarisation, thus may decrease the 

driving force for Ca2+ influx. However, the reduced Ito may have relative small effect on APD in our 

case because unlike mice and rat255, GPs ventricular myocytes have smaller Ito
256. Decreases in IK1 

may contribute to action potential prolongation, but it would be mainly in the very late phase of 

final repolarisation. While reduced IK1 may take part in the prolongation in our GP model, there was 

a report showed unchanged IK1 in a AC GP model257. Increased INa,L has been shown to contribute to 

prolongation of APD4. Our data showed increased INa,L at both cardiac hypertrophy and HF stages, 

which may lead to the prolongation of APD. INa,L will be discussed in chapter 5.  

 

SR Ca2+ content was found higher in 60AC which may support that there was an increased Ca2+ influx. 

We then investigated ICa,L in 60AC and found there was no change in peak ICa,L in 60AC. Therefore, the 

increased Ca2+ influx may not be a result of increased Ca2+ influx from L-type Ca2+ channel. We 

suspect there could be an elevated [Na+]i to influence NCX operation, allowing  more Ca2+ influx or 

less Ca2+ extrusion via NCX31. Although a reverse-mode of NCX causes outward current, an elevated 

Na+ influx may overwhelm the effect and then result in prolongation of action potential. In later 

chapter, we will discuss the role of Na+/K+ ATPase, which is primarily responsible for  the regulation  

[Na+]i and INa,L, who could be an contributor to elevated [Na+]i.  

 

Further prolongation of APD90 was noted at 150AC compared with 60AC, but FS was markedly 

reduced at 150AC. The decompensation status may have resulted from alteration of other 
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mechanisms, including reduced SERCA function, decreased SR Ca2+ content, lower Na+/K+ ATPase, 

and up-regulated NCX function83. We found SR Ca2+ content was markedly reduced in 150AC. The 

rate constant of SERCA was considerably reduced, which will discuss in later section. The relaxation 

contribution of NCX significantly increased in 150AC. Therefore there may be more Ca2+ extrusion via 

NCX, causing depletion of SR Ca2+ content and also more inward current. Na+ influx may still continue 

to increase for the purpose of inotropic effect. Altogether contributes to the prolongation of APD in 

150AC. But overall, the Ca2+ transient and SR Ca2+ content decreased, leading to a systolic 

dysfunction in 150AC.  

4.5.2 Changes in Ca2+ regulation 

4.5.2.1 ICa,L 
Ca2+ handling, involving Ca2+ influx into the cell, intracellular Ca2+ release and uptake and Ca2+ efflux 

from the cell is altered in cardiac hypertrophy and HF. During the action potential, Ca2+ influx 

through L-type Ca2+ channels not only triggers Ca2+ release from the SR to initiate contraction but 

also contributes to the shape of the AP. We found the peak ICa,L remained unchanged in 60AC group 

when the stage is suggested to be compensated hypertrophy. Naqvi et al also reported unaltered 

peak ICa,L in hypertrophied myocytes from a AC rabbit model258. The unaltered ICa,L may not be the 

primary reason for the increases in SR Ca2+ content and Ca2+ transient amplitude in the 60AC group. 

Again, there could be an elevated [Na+]i to cause more Ca2+ influx from reverse-operated NCX. While 

many reported an unchanged ICa,L density in HF model, some studies have shown increased ICa,L in the 

early stage of cardiac hypertrophy85.  

 

Our data showed the peak ICa,L still remained unchanged at 150AC compared with sham group. 

However, the time constants: tau1 and tau 2 for the decay phase of peak ICa,L were longer in 150AC, 

implying that the inactivation kinetics may be altered at the HF stage. Slower inactivation of L-type 

Ca2+ channel may allow longer time for Ca2+ to stay in the cell, which could provide more available 

Ca2+ for myofilament. While there were reports showing decreased peak ICa,L in human HF259, most 

studies agree that peak ICa,L density is unaltered in cardiac hypertrophy and HF but the kinetics of the 

channel have been shown to be altered68,85. A slowing of the Ca2+ dependent inactivation (CDI) has 

been observed in HF model260,261. The maintained ICa,L together with a slowing of its inactivation in 

150AC could be seen as a mechanism to increase the amount of Ca2+ influx to overcome the 

shortage of SR Ca2+ content in HF. The mechanisms of CDI are not yet fully understood, however 

several structures seem to be associated with CDI, including Cavβ and the N-terminus of Cav1.2, 

involved in slow inactivation19,262. The Ca2+/calmodulin-dependent protein kinase II (CaMKII)-
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mediated phosphorylation may also modulate the kinetics of L-type Ca2+ channel when specific sites 

of the channel are phosphorylated263.  

4.5.2.2 SR Ca2+ content and Ca2+ transient 
The data above showed that both Ca2+ transient amplitudes and SR Ca2+ content were greater in the 

60AC group, and in chapter 3 it was reported that FS was unchanged at the same stage of pathology. 

The enhanced SR Ca2+ loading may allow compensation so that FS remains unchanged in the setting 

of increased afterload by AC. Increased Ca2+ influx via L-type Ca2+ channel and increased function of 

SERCA were found to contribute to the increase in SR Ca2+ content as well as Ca2+ transient 

amplitudes85,264. But we showed that the peak ICa,L was unchanged in 60AC. The rate constant and 

relaxation contribution of SERCA remained unchanged in 60AC. The increased SR Ca2+ content may 

be a result of increased Ca2+ influx or decreased efflux from NCX in response to an elevated 

[Na+]i
33,89,265.  

 

Although we showed the function of SERCA remained unchanged in 60AC group, some studies 

reported a decrease in expression of SERCA in human and animal models of cardiac hypertrophy and 

failure93,97,99,266. However in the early stage of the cardiac hypertrophy, the expression of SERCA may 

remain unchanged or was slightly decreased92,95. The unaltered function of SERCA could be due to 

changes in expression and/or its phosphorylation status. For example, the SERCA function is 

inhibited by un-phosphorylated phospholamban (PLB)267. The PKA and CaMKII have been shown to 

phosphorylate PLB selectively at Ser-16 or Pro-17, resulting in release of inhibition of SERCA 

function267.  

 

150AC had significantly reduced Ca2+ transient amplitudes, prolonged TTP, R50, R90, slower decay rate 

constant, higher fractional SR Ca2+ release and decreased SR Ca2+ content. The prolonged Ca2+ 

transient decay time suggested longer Ca2+ removal from the cytoplasm by impaired Ca2+ efflux 

and/or uptake mechanisms. The rate constant of SERCA was markedly reduced at 150AC. The 

impaired Ca2+ uptake mechanism of SERCA may cause a reduction in SR Ca2+ content. The expression 

of SERCA has been shown to decrease in cardiac hypertrophy and HF93,95,98. 150AC also showed an 

increase in rate constant of NCX, implying an up-regulation of NCX function to remove excess 

intracellular Ca2+. However, the up-regulated NCX could further contribute to the depletion of SR 

Ca2+ content87,268. In addition to Ca2+ regulation, the NCX function is also regulated by intracellular 

Na+ which is primarily controlled by Na+/K+ ATPase. The role of Na+/K+ ATPase and Na+ regulation will 

be discussed in chapter 5.  
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4.5.2.2.1 Spontaneous Ca2+ sparks 
The depletion of SR Ca2+ content may not only result from a decrease function of SERCA and up-

regulated NCX but increased open probability of RyR2 to cause Ca2+ leak from the SR107,269. Our 

results showed 150AC cells had higher spontaneous Ca2+ spark frequencies although the amplitudes 

of the sparks were unchanged. Spark-mediated SR leak was in greater in 150AC cells compared with 

150Sham cells. Therefore, basal diastolic SR Ca2+ leak may also contribute to the depletion of SR Ca2+ 

content in the 150AC group. The present data is in agreement with studies in animal HF model and 

human HF which show an increased diastolic SR Ca2+ leak was associated with depletion of SR Ca2+ 

content110,269,270. Hyperphosphorylation of RyR2 by CaMKII has been shown to increase diastolic SR 

Ca2+ leak110,271,272. In human HF, CaMKII-dependent hyperphosphorylation of RyR2 at Ser-2815 may 

be the key factor evoking RyR2 dysfunction273. In addition, a chronic hyperadrenergic state in HF has 

been suggested to induce RyR2 hyperphosphorylation at Ser-2809 by PKA, which causes detachment 

of the RyR2-stabilising protein FKBP12.6 from the RyR2 complexes and also uncouples adjacent RyR2 

complexes, can lead to instability of RyR2 gating and an increase in Ca2+ spark frequency in HF40. 

Increased SR Ca2+ leak may also increase diastolic [Ca2+]i, contributing to diastolic dysfunction, and 

could be arrhythmogenesis107. Increased SR Ca2+ leak may favour Ca2+ waves formation, which can 

drive inward NCX (forward-mode) current, eliciting EADs and DADs, respectively274,275.  

4.6 Conclusions 

During the AC progression, prolongation of APD was noted at the stage of compensation to 

pressure-overload stress. Peak ICa,L remained unaltered at this stage. During the compensation 

period, increased SR Ca2+ content and Ca2+ transient were found, which may result from reverse-

mode operated NCX in response to elevated [Na+]i, which help to maintain contractile force. 

However, with progression to decompensated HF, further prolonged APD was noted, suggesting 

there were more increased inward current or more decreased outward current, which may in turn 

recruit more Ca2+ into cells to maintain contractile force. Peak ICa,L still remained unaltered but with 

slower inactivation kinetics at HF stage, which may also suggest more Ca2+ influx are in demand. But 

the SR Ca2+ content and Ca2+ transient amplitude were markedly reduced as a result of decreased 

Ca2+ uptake from SERCA and up-regulated function of NCX which caused detrimental amount of Ca2+ 

efflux during Ca2+ transient decay. Increased basal diastolic SR Ca2+ leak in HF also played a role in 

depletion of SR Ca2+ content and may not only contribute to increased [Ca2+]i, resulting in diastolic 

dysfunction, but may also be arrhythmogenic. 
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5 CHANGES IN Na+/K+ ATPase and INa,L DURING THE 

PROGRESSION FROM CARDIAC HYPERTROPHY TO HEART 

FAILURE 

5.1 Aims 

• To assess the changes in function and expression of the Na+/K+ ATPase at the stages of 

cardiac hypertrophy and HF. 

• To assess the effect of Na+/K+ ATPase inhibition on the Ca2+ transient and SR Ca2+ content by 

using a cardiac glycoside, strophanthidin. 

• To assess the changes in INa,L at the cardiac hypertrophy and HF stages. 

5.2 Introduction 

Na+/K+ ATPase maintains the [Na+]i by transporting 3 Na+ ions out and 2 K+ ions into the cell, while 

consuming one ATP. The activity of Na+/K+ ATPase influences the level of [Na+]i which in turn affects 

the way that the NCX operates, therefore regulating Ca2+ handling. Reduced activity of the Na+/K+ 

ATPase increases [Na+]i causing more Ca2+ influx (and less Ca2+ extrusion) by promoting more 

reverse-mode NCX activity during the cardiac cycle, resulting in an inotropic effect72. While it is 

widely known that blockade of the pump with therapeutic agents increases muscle contractility, 

there is less information on how the Ca2+ transient and SR Ca2+ load are affected by smaller 

reductions in Na+/K+ ATPase current, as observed in early HF.  

 

It is also unclear if the expression of Na+/K+ ATPase isoforms change in the progression towards HF. 

While α1 isoform mRNA and protein expression are unaltered in some rat HF models124, there are 

studies that report reduced protein expression of Na+/K+ ATPase in rabbit, rat and human HF90,123,276. 

Swift et al reported reduced protein expression of Na+/K+ ATPase α1 and α2 together with decreased 

pump current in their rat HF model276. Schwinger showed reduced expression of Na+/K+ ATPase α1, 

α3 and β1 with decreased pump activity and ouabain binding sites in human HF myocardium90. 

Bossuyt et al also showed reduced expression of Na+/K+ ATPase α1 and α3 with decreased Na+/K+ 

ATPase activity in rabbit HF model123. However, reduced Na+/K+ ATPase current with unaltered pump 

protein expression was found in a cardiac hypertrophy mouse model128 suggesting that the changes 

occurring to Na+/K+ ATPase function may involve associated regulatory proteins, the most likely 

candidate being PLM, the ϒ subunit of the Na+/K+ ATPase and a substrate for protein kinases A and 

C29,32,123.  These studies also indicate that care is needed when attempting to directly correlate 

molecular biology findings with Na+/K+ ATPase function. 
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While lower activity of Na+/K+ ATPase could explain increased [Na+]i in HF, there is also evidence 

suggesting that there is a substantial Na+ contribution from late sodium current (INa,L) , a very slowly 

inactivating INa component4,238. However, very little is known about changes in INa,L in the progression 

from pressure-induced hypertrophy to HF. In this chapter, GPs with AC were used to investigate 

Na+/K+ ATPase current, function and expression at the cardiac hypertrophy and HF stages. We also 

investigate whether inhibition of Na+/K+ ATPase influences Ca2+ handling, resulting in an inotropic 

effect. Finally, INa,L was measured during the progression from cardiac hypertrophy and HF.  

5.3 Methods 

5.3.1 Cell isolation 

Experiments were performed on single cardiac myocytes isolated from male and female sham or AC 

operated GPs 60  (60Sham and 60AC, respectively) or 150 days following banding (150Sham and 

150AC, respectively) according to the methods as described in section 2.3.1 (Males and females n 

number was shown in Chapter 6). 

5.3.2 Measurement of Na+/K+ ATPase current and reactivation 

Techniques and protocol for the measurements of Na+/K+ ATPase current and reactivation are 

detailed in section 2.4.6. 

5.3.3 Effect of Na+/K+ ATPase inhibition on Ca2+ transients and SR Ca2+ 

contents 

Methods for measurements of Ca2+ transient and SR Ca2+ content (the integral of caffeine-induced 

inward NCX current) were detailed in section 2.4 and 2.4, accordingly. Strophanthidin (10 µM) was 

used to inhibit the Na+/K+ ATPase. At this concentration it produced about 50 % inhibition of the 

Na+/K+ ATPase current (Fig. 5-3. A). Ca2+ transients and SR Ca2+ content were measured in the 

absence or in the presence of 10 µM strophanthidin after 2 min exposure. Using a cardiac glycoside 

to partially block pump current at a dose which replicates 50 % reduction in pump current, 

approximately the same amount of inhibition measured in HF, was hypothesised to increase diastolic 

Ca2+, Ca2+ transient amplitude and SR Ca2+ content in cardiomyocytes. This set of experiments was 

designed as a Cardiovascular Sciences BSc project and performed by the student Harishanan 

Surendra under Dr. MacLeod and my supervision.  
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5.3.4 Immunocytochemistry and confocal microscopy imaging of Na+/K+ 

ATPase isoform α1                   

5.3.4.1 Protocol 
Materials and solutions are listed in Table 5-1. The surface of glass-bottomed Petri dishes was 

covered with a thin layer of mouse laminin onto which isolated left ventricular cardiomyocytes 

suspended in DMEM were placed. The dishes were incubated at 37 °C for 30 min allowing cells to 

attach securely onto the surface of the well. After incubation, phosphate buffer saline (PBS) was 

added circumferentially to each dish and which was gently tilted to wash away excess and 

unattached cells. 150 µl of mouse anti-Na+/K+ ATPase α1 antibody solution (1.5 µl antibody in 150 µl 

PBS and 150 µl blocking buffer) or 150 µl of rabbit anti-Na+/K+ ATPase α2 antibody solution (2 µl 

antibody in 150 µl PBS and 150 µl blocking buffer) was pipetted onto the cells and the dishes 

incubated overnight at 4 °C. The dishes were gently washed twice with 2 ml PBS, and 400 µl of anti-

mouse antibody solution or anti-rabbit antibody solution (1 µl antibody in 200 µl PBS and 200 µl 

blocking buffer) was added into the α1 or α2 antibody dish accordingly and incubated for 3 h.  After 

a second wash step, five drops of Vectashield + DAPI were added to each dish. Great care was taken 

to minimise the loss and drying of myocytes. The Petri dishes were covered with foil to protect them 

from light.  Image acquisition was carried out with a Zeiss LSM780 confocal microscope. Confocal 

images were processed using Zen© software (Carl Zeiss Microscopy GmbH, 2011). Reports suggest 

that the α1 isoform of the Na+/K+ ATPase is uniformly distributed between surface sarcolemma and 

the T-tubules, while the α2 isoform is more concentrated in T-tubules and therefore in the central 

area of the cells48,49.  To account for this potential variable distribution, two regions of interest were 

identified for every cell studied. ImageJ software (NIH, USA) was used to define fixed regions of 

interest (3 x 20 µm2 placed over the sarcolemma region (largely assessing the α1 isoform) and 10 x 

20 µm2 placed in the central region of the cell (largely assessing α2). The average fluorescence 

density for each ROI was measured and normalised to sham group to obtain relative expression of 

fluorescence density. 

Petri dish  35 mm, with a 14 mm inner well and no.0 cover glass (MatTek) 

PBS  1 tablet in 200 ml water (Fisher Chemical) 

Blocking solution  2 - 4 % bovine serum albumin (BSA) in PBS with goat serum (2 - 3 %) 

Primary antibodies mouse anti-Na+/K+ ATPase α1 monoclonal antibody (Life Technologies) 

 rabbit anti-Na+/K+ ATPase α2 polyclonal antibody (EMD Millipore) 

Secondary antibodies  Alexa Fluor® 488 goat anti-mouse IgG for α1 (Invitrogen) 

 Alexa Fluor® 488 goat anti-rabbit IgG for α2 (Invitrogen) 

Nuclear and 

chromosome dye 

Vectashield® mounting medium for fluorescence with 4',6-diamidino-2-

phenylindole (DAPI, Vector Laboratories) 
 

Table 5-1. Materials and solutions for immunocytochemistry. 
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5.3.5 Western blot of Na+/K+ ATPase isoform α1 and PLM. 

Western blotting was used to assess the protein expression of Na+/K+ ATPase isoform α1, and the 

regulatory protein PLM and its phosphorylated form (phosphorylated PLM-Ser68) in sham and HF. I 

am grateful to Miss Alice Francis for help with most parts of the Western blot work.  

5.3.5.1 Protein extraction 
Following the Langendorff cell isolation, left ventricular myocytes were re-suspended in cell lysis 

buffer (composition listed in Table 5-2) and homogenised by sonication. The lysate was centrifuged 

for 1 min at 10000 rpm, at 4°C. The supernatant was aliquoted and stored at -80°C until required.  

 

Component Volume (µl) 

Cell lysis buffer (10X, Cell Signaling Technology, USA) 100 

Phenylmethanesulfonyl Fluoride 

(PMSF, 200 mM, Cell Signaling Technology, USA) 
5 

Phosphatase inhibitor cocktail 2 (Sigma-Aldrich, UK) 10 

Phosphatase inhibitor cocktail 3 (Sigma-Aldrich, UK) 10 

Sodium dodecyl sulphate (SDS, 10 %, Sigma-Aldrich, UK) 100 

Dithiothreitol (DTT, 1 M, Sigma-Aldrich, UK) 1 

Protease inhibitor cocktail (Sigma-Aldrich, UK) 10 

dH2O 764 
 

Table 5-2. Components of cell lysis buffer. 
 

5.3.5.2 Protein quantification 
Proteins were quantified using a Pierce BCA Protein Assay Kit (Thermo Scientific) according to the 

manufacturer's instructions. Concentrations of known bovine serum albumin (BSA) standards from 

25, 125, 250, 500, 750, 1000, 1500 to 2000 µg/ml were used to construct a standard curve (Table 5-

3). Samples were measured by optical density (O.D.) at 562 nm using a microplate reader. Standards 

and samples were added in duplicate to the microplate and the corresponding O.D. values were 

averaged. Sample protein concentrations were obtained from the standard curve corresponding to 

the mean O.D. of the samples. 

 

Vial Volume of Diluent (µL) Volume and Source of BSA (µL)    Final BSA Concentration (µg/ml) 

A 0 300 of Stock 2000 

B 125 375 of Stock 1500 

C 325 325 of Stock 1000 

D 175 175 of vial B dilution   750 

E 325 325 of vial C dilution   500 

F 325 325 of vial E dilution   250 

G 400 325 of vial F dilution   125 

H 400 100 of vial G dilution     25 

I 400 0 (blank control)       0 
 

Table 5-3. BSA standards preparation. 
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5.3.5.3 SDS-PAGE Gels 
The Bio-Rad mini gel system with 1.5 mm glass plates was used to make SDS-PAGE gels. Different 

percentage gels were used for specific proteins of interest; 8 % gels for Na+/K+ ATPase α1 and 12 % 

gels for PLM and phosphorylated PLM-Ser68. The gel solutions were made using the components as 

listed in Table 5-4. The resolving solution was poured between the glass plates and isopropanol was 

layered on top to seal the resolving gel. The gels were left to set for 25 min. Subsequently, the 

isopropanol was removed from the plates which were then gently rinsed with water and dried using 

filter paper. The stacking buffer was then poured above the resolving buffer. A 1.5 mm 15-well 

“comb” was then quickly inserted, ensuring that there were no air bubbles in the gel. Gels were kept 

at RT for 30 min before use or stored in wet tissue paper for up to 2 weeks in the fridge.  

 

Gel (%) 8 % 10 % 12 % 

 

4 % 

Resolving buffer (ml) 

   

Stacking buffer (ml) 

 Bis-Tris buffer (4x)  2 2 2 Bis-Tris buffer (4x) 0.5 

MBG water 4.359 3.959 3.559 MBG water 1.278 

40 % acrylamide 1.6 2 2.4 40 % acrylamide 0.2 

10 % APS (µl) 32 32 32 10 % APS (µl) 16 

TEMED (µl) 8.6 8.6 8.6 TEMED (µl) 6.2 

 Total 8 8 8   2 
 

Table 5-4. SDS-PAGE Gels preparations. 

 

5.3.5.4 Na+/K+ ATPase α1 Western blotting 
8 % SDS PAGE gels were used for Na+/K+ ATPase α1 Western blotting. They were loaded with 10 µg 

sample protein and electrophoresis started by applying 80 - 100 V for 15 min then  increasing the 

voltage to 130 V for 45 min or until the protein sample had migrated to the bottom of the gel.  The 

separated proteins were transferred to a PVDF membrane using the Trans-Blot Turbo Transfer 

System according to the manufacturer's instructions (BioRad). The PVDF membrane containing the 

transferred proteins was placed in TBST for 5 min then “blocked” with BioRad blocking grade buffer 

overnight in a cold room (4 °C) to prevent non-specific binding of the detection antibodies during the 

subsequent steps following transfer. The membrane was incubated with either Na+/K+ ATPase α1 

primary antibody (Life Technologies) at 1:2000 dilution or GAPDH primary antibody (Santa Cruz) at 

1:5000 dilution for 1 h at RT. The membrane was washed four times for 5 min each time with TBST. 

The membrane was then incubated with secondary antibody (anti-mouse IgG-HRP, Cell Signaling 

Technology) against both primary antibodies at 1:2000 dilution for 1 h at RT. The membrane was 

subsequently washed again, 4 x 5 min with TBST. The membrane containing the HRP-conjugated 

antibody bound to the target protein was visualised by Clarity Western ECL Substrate (BioRad) and 

captured by BioImager and GeneSnap software. 
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5.3.5.5 PLM Western blotting 
A 12 % SDS PAGE gel was used for PLM western blotting. Samples were electrophoresed at 80 - 100 

V for 15 min then at 110 V for 55 min. Western blotting was performed as described in section 

5.3.3.4 but using the PLM primary antibody (Badrilla) at 1:1000 dilution and the GAPDH primary 

antibody (Santa Cruz) at 1:10,000 dilution. Following the subsequent blocking and wash steps the 

secondary antibody (anti-rabbit IgG-HRP, Cell Signaling Technology) or GAPDH secondary antibody 

(anti-mouse IgG-HRP, Cell Signaling Technology)) was applied at 1:2000 dilution for 1 h at RT. The 

membrane was washed and developed as described in Na+/K+ ATPase α1 Western blotting methods.  

5.3.5.6 Phosphorylated PLM-Ser68 Western blotting 
The Western blotting protocol for phosphorylated PLM-Ser68 was performed as described in section 

5.3.4.5 except that the primary antibody used was phosphorylated PLM-Ser68 primary antibody 

(Thermo Fisher) at 1:1000 dilution, GAPDH primary antibody (Santa Cruz) at 1:10,000 dilution and 

the secondary antibody was rabbit anti-sheep IgG-HRT (Thermo Fischer) at 1:2000 dilution.  

5.3.6 INa, L 

The techniques used and the voltage clamp protocol for measurement of INa,L were detailed in 

section 2.4.7. The amplitude of INa,L  was determined from the averaged current measured between 

210 and 220 ms after the depolarising step to -20 mV. This time interval was chosen to avoid 

contribution of the transient (early) Na+ current which is reported to be completely inactivated 

within 200 ms113. To test the contribution of INa,L to the APD, action potentials were measured in the 

absence or in the presence of 10 µM ranolazine, a selective INa,L inhibitor134,140. The decay phase of 

INa,L was best fitted by  a standard single exponential function  to obtain its time constant. Na+ influx 

produced by the INa,L was calculated by integrating the Na+ inward current from the time measuring 

the amplitude of INa,L to the end of the 2 s voltage step to -20 mV.  
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5.4 Results 

5.4.1 Na+/K+ ATPase current 

The Na+/K+ ATPase current in the 60AC group was significantly reduced by an average of 33 % 

compared with the 60Sham group (Fig. 5-1. B).  By 150 days the Na+/K+ ATPase current had 

decreased by an average of 49 % (150AC group compared with 150Sham) (Fig. 5-1. B).  

 

 

Figure 5-1. Na+/K+ ATPase current in sham and AC groups. 

A: Typical traces of steady-state Na+/K+ ATPase currents superimposed to allow comparison between 

150Sham and 150AC groups. Na+/K+ ATPase current was measured as the current difference which 

resulted from switching superfusate with 6 mM K+ to 0 mM K+. Cells were then superfused in a K+-free 

solution for 2 min before reactivating the Na+/K+ ATPase using 6 mM K+ solution. B: Both 60AC and 

150AC showed significantly reduced Na+/K+ ATPase current by, on average, 33 % and 49 %, 

respectively compared with their age-matched sham groups (60Sham, 39/4; 150Sham, 39/4; 60AC, 

n=47/4; 150AC, n=46/6; one-way ANOVA with a Fisher post-hoc test, n/s: p>0.05, ***p<0.001).  

 

5.4.2 Reactivation of Na+/K+ ATPase 

The decay phase following a re-addition of K+ to the superfusate represents the decrease in [Na+]i 

that occurs on pump reactivation and therefore indicates net Na+ extrusion. The amount of Na+ 

pumped from the cells was therefore calculated as the integral of the current to the point where it 

had reached a steady-state (Fig. 5-2. A). The steady-state phase is assumed to start when equilibrium 

is reached i.e. when passive Na+ influx is balanced by the pump current. The Na+ extrusion rate was 

significantly decreased in the 60AC group by an average of 34 % and in the 150AC group by an 

average of 54 % compared with 60Sham and 150Sham groups, respectively. The 150AC group had a 

significantly lower Na+ extrusion rate compared with 60AC (Fig. 5-2. B). 
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Figure 5-2. Na+ extrusion by reactivation of Na+/K+ ATPase. 

A: When the Na+/K+ ATPase was inhibited by superfusion of the cells in K+-free solution the [Na+]i is 

expected to gradually increase. After 2 min the superfusate was switched to 6 mM K+ to reactivate 

the Na+/K+ ATPase. The reactivation of the Na+/K+ ATPase is responsible for extruding the 

accumulated Na+ from the cell, resulting in an outward current. The rate of the Na+ extrusion was 

used to assess the function of the Na+/K+ ATPase.  B: 60AC and 150AC had significantly reduced Na+ 

extrusion rates compared with their age-matched sham groups. (60Sham, 28/4; 150Sham, 29/4; 

60AC, n=34/4; 150AC, n=35/6; one-way ANOVA with a Fisher post-hoc test, n/s: p>0.05, ***p<0.001). 

 

5.4.3 Effect of strophanthidin on Ca2+ regulation in normal GP cardiac 

myocytes. 

 It has been shown in the above experiments that pump function decreases during the progression 

towards HF. It was also shown in an earlier chapter that after 60 days of AC, cardiac hypertrophy 

developed with an increase in Ca2+ transients and SR Ca2+ content. The experiments detailed in this 

section were done to test if partial inhibition of the Na+/K+ ATPase to a similar extent as noted in the 

60 day AC group but in physiologically uncompromised cells, indeed results in comparable increases 

in Ca2+ transients and SR Ca2+ content to those observed at the 60 day stage. The function of the 

Na+/K+ ATPase determined by assessing steady-state current in male Sham myocytes was inhibited 

by an average of 46 % (N = 8/3) in the presence of 10 µM strophanthidin (Fig. 5-3. A). After 2 min 

exposure of strophanthidin, SR Ca2+ content (the integral of caffeine-induced inward NCX current) 

increased by an average of 36 % in strophanthidin-treated cells compared with control cells (Fig. 5-3. 

B).  These cells on average had a 12 % larger Ca2+ transient amplitude a mean 18 % increase in  
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caffeine-induced Ca2+ transient amplitudes and a mean 13 % increase in diastolic Ca2+ fluorescence in 

the presence of 10 µM strophanthidin compared with control cells (Fig. 5-3. C, D & E). 

 

 

Figure 5-3. Effect of strophanthidin on Ca2+ handling in GP cardiomyocytes. 

A: 10 µM strophanthidin inhibited Na+/K+ ATPase current by 46.2 ± 6.6 % (n=8/3). B: SR Ca2+ content 

increased by 36 % in the presence of strophanthidin compared with control cells (Control cell, n=23/4; 

strophanthidin treated cell, n=22/4). C, D & E: Strophanthidin-treated cells showed mean increases of 

12 % in Ca2+ transient amplitudes, 18 %  in caffeine-induced Ca2+ transient amplitudes, and 13 % in 

diastolic fluorescence compared with control cells (n=38/4, Student’s t-test, **p<0.01, ***p<0.001) 

(Data were obtained by Mr Hari Surendran, a BSc project  student). 
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5.4.4 Protein expression of Na+/K+ ATPase isoform α1 

The protein expression of the Na+/K+ ATPase isoform α1 was normalised to GAPDH, a well-described 

"housekeeping" gene product.  The inherent assumption in using GAPDH is that its expression 

remains constant in the cells under investigation (see Fig 5-4. A). This assumption has not been 

tested in our animal model. The 60AC group had a significant decrease in relative protein expression 

of α1 by an average of 69 % compared with the age-matched sham group (Fig 5-4. B). In addition, 

the 150AC group also had a significant reduction in relative protein expression of α1 by an average 

of 55 % compared with 150Sham (Fig 5-4. C). 

 

Figure 5-4. Western blot of Na+/K+ ATPase isoform α1 in sham and AC groups. 

Relative protein expression of α1 was significantly reduced in 60AC and 150AC compared with their 

age-matched groups by 69 % and 55 %, respectively (NKA=Na+/K+ ATPase; 60Sham, n=3; 60AC, n=3; 

150Sham, n=3; 150AC, n=3; n=heart numbers; Student’s t-test, *p<0.05, **p<0.01) 

 

5.4.5 Protein expression of PLM and phosphorylated PLM-Ser68 

The protein expression of PLM was also normalised to GAPDH (Fig. 5-5. A). There was no difference 

in relative PLM protein expression between 60Sham and 60AC, and also between 150Sham and 

150AC (Fig. 5-5. B & C). Furthermore, the protein expression of phosphorylated PLM-Ser68 was also 

similar between 60Sham and 60AC, and between 150Sham and 150AC (Fig. 5-6. B & C).  
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Figure 5-5. Western blot of PLM in sham and AC groups. 

PLM protein expression was unaltered between 60Sham and 60AC, and also between 150Sham and 

150AC (60Sham, n=3; 60AC, n=3; 150Sham, n=3; 150AC, n=3; n=heart numbers; Student’s t-test). 

 

 

Figure 5-6. Western blot of phosphorylated PLM-Ser68 in sham and AC groups. 

Phosphorylated PLM-Ser68 protein expression was unchanged between 60Sham and 60AC, and also 

between 150Sham and 150AC (60Sham, n=3; 60AC, n=3; 150Sham, n=3; 150AC, n=3; n=heart 

numbers; Student’s t-test). 
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5.4.6 Immunofluorescence staining of Na+/K+ ATPase α1 isoform 

Figure 5-7 shows typical staining patterns from α1 and α2 labelling of the cells isolated from 150 day 

sham-operated controls and 150 day AC hearts. The 150AC group had an average 48 % reduction in 

relative fluorescence intensity of Na+/K+ ATPase α1 in the sarcolemma region compared with 

150Sham (Fig. 5-7. A & B). The 150AC also had a decrease in fluorescence intensity of Na+/K+ ATPase 

α2 in the central region by an average of 75 % compared with 150Sham (Fig. 5-7. C & D).  

 

 

Figure 5-7. Immunostaining of Na+/K+ ATPase α1 and α2 in sham and AC groups. 

A & B: The fluorescence intensity of Na+/K+ ATPase α1 in the sarcolemma was significantly reduced in 

150AC compared with 150Sham (NKA=Na+/K+ ATPase; 150Sham, n=31/3; 150AC, n=27/3; Student’s t-

test, ***p<0.001). C & D: The fluorescence intensity of Na+/K+ ATPase α2 in the central region 

declined by an average of 75 % in 150AC compared with 150Sham (NKA=Na+/K+ ATPase; 150Sham, 

n=33/4; 150AC, n=33/4; Student’s t-test, ***p<0.001). 
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5.4.7 INa,L and APD 

Although very small in comparison to the main Na+ current that produces the AP upstroke, the late 

Na+ current’s persistence ensures it contributes to the plateau phase potential, morphology and 

duration and to Na+ influx. Following treatment with 10 µM ranolazine, a selective INa,L inhibitor133,  

cells from the 150AC group on average had a 16.5 % shortening  of APD90 in comparison with sham 

cells (Fig 5-8. B).  

 

The 60AC group had a 77 % mean increase in INa,L and INa,L-mediated Na+ influx was on average 70 % 

greater compared with the age-matched sham group (Fig. 5-9. B & C).   The tau for the decay phase 

of INa,L was unaltered between 60Sham and 60AC (Fig. 5-9. D).  Cell isolated from 150AC had 100 % 

greater INa,L and 123 % greater INa,L-mediated Na+ influx compared with cells isolated from the 

150Sham group (Fig. 5-9. B & C). The time constant was on average 21 % longer in this group 

compared with age-matched sham group (Fig. 5-9. D). The INa,L and the corresponding Na+ influx was 

significantly larger with longer decay tau in the 150AC group compared with the 60AC group (Fig. 5-9. 

B, C & D). 

 

 

Figure 5-8. Ranolazine shortened APD90 in the 150AC group. 

A: APD was shortened in the presence of 10 µM ranolazine in a cardiac myocyte from 150AC group. B: 

APD90 in cardiac myocytes from 150AC group was significantly shortened by 16.5 % in the presence of 

10 µM ranolazine (A & B) (150AC, n=6/23; Student’s t-test, ***p<0.001). 
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Figure 5-9. INa,L and the corresponding Na+ influx and decay time constant. 

A: Typical INa,L traces in 150Sham and 150AC. B, C & D: Mean data show that 60AC had larger INa,L  

and greater Na+ influx from INa,L compared with 60Sham. The time constant for the decay phase of INa, 

L was unchanged between 60Sham and 60AC. Mean data also show that the 150AC group had 

markedly enhanced INa,L , greater Na+ influx from INa,L and a 21 % longer tau compared with 150Sham 

(60Sham, n=42/8; 150Sham, n=54/6; 60AC, n=33/5; 150AC, n=42/6; one-way ANOVA with a Fisher 

post-hoc test, n/s: p>0.05, **p<0.01, ***p<0.001). 

 



99 
 

5.5 Discussion 

In this chapter, we longitudinally investigated the changes in Na+/K+ ATPase function and INa,L during 

the cardiac hypertrophy and HF stages following AC surgery. To complement the functional studies, 

protein expression of the Na+/K+ ATPase α1 isoform and PLM was also investigated. In addition, we 

partially inhibited the Na+/K+ ATPase current to approximately the same extent as that noted in HF, 

but in healthy cells, to establish conditions intended to mimic the decrease in function of the Na+/K+ 

ATPase observed in HF progression. This was to clarify whether such an inhibition influences Ca2+ 

handling and generates the proposed inotropic effects. Our results indicate that changes in Na+/K+ 

ATPase and INa,L current and function occur early during HF progression. The decrease in function 

occurs in parallel with reduced expression of α1 at both the cardiac hypertrophy and HF stages. It is 

proposed that the changes in Na+/K+ ATPase function result in an initial inotropic effect that may be 

viewed as a compensatory mechanism at the cardiac hypertrophy stage. 

 

5.5.1 Na+/K+ ATPase in cardiac hypertrophy and HF 

There have been some studies that have assessed protein expression of the Na+/K+ ATPase isoforms 

in cardiac hypertrophy and HF, but the findings have been variable and only a handful of studies 

have conducted Na+/K+ ATPase current or other measurements of its  function in pathological 

conditions32,116,126. α1 protein and mRNA expression was unaltered, but both α2 mRNA and protein 

expression were found to be reduced by  50 % in a rat HF model6. While mRNA expression of Na+/K+ 

ATPase α1, α2, and α3 was reported to be unaltered in failing human myocardium122, protein 

expression of Na+/K+ ATPase was reduced in another human HF study90.   

 

Boguslavskyi et al, reported a reduced Na+/K+ ATPase current, elevated [Na+]i with unaltered protein 

expression in an AC cardiac hypertrophy mouse model128. Verdonck et al, reported the [Na+]i 

dependence of Na+/K+ ATPase current in atrioventricular block-induced hypertrophied myocytes 

shifted to the right indicating a decreased sensitivity of pump current for [Na+]i. Therefore, with the 

same patch-pipette Na+ concentration, the hypertrophied cells had decreased pump current125. In 

addition, the same group reported increased subsarcolemmal [Na+]i in hypertrophied myocytes, 

which may have resulted from increases in Na+ influx, and the decreased sensitivity of pump current 

for Na+. Semb et al, also reported a decrease in Na+/K+ ATPase current and function with unaltered 

total Na+/K+ ATPase protein expression although the group noted isoform shifts from α2 to α3 in 

their MI rat model126.   
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In our GP AC model, we have observed that the pump current and function declined early in the 

hypertrophy stage (with further reduction progressing to HF) and this reduction in Na+/K+ ATPase 

function was accompanied with decreased α1 protein expression (at both the cardiac hypertrophy 

and HF stages). The Western blot data were supported by the α1 and α2 immunofluorescence 

intensity measurements that showed significant reduction at the HF stage. Therefore in this study 

there is a decrease in function of the pump in the working cell that is substantiated both by protein 

determinations from tissue preparations and immunocytochemical evidence from fixed cells that 

each indicate a loss of the α1 isoform.  

 

It is tempting to directly correlate the biochemical findings with the functional observations.  

However, there are a number of other aspects that must be reviewed before arriving at that 

conclusion.  The Western blot technique does not distinguish between cytosolic and sarcolemmal 

Na+/K+ ATPase proteins nor between functional and inactive Na+/K+ ATPase89.  Furthermore, PLM 

plays a regulatory role in the modulation of Na+/K+ ATPase function and this may change in HF29,129.   

While unphosphorylated PLM produces a tonic inhibition on the Na+/K+ ATPase, phosphorylated PLM 

relieves this inhibition and stimulates Na+/K+ ATPase activity. Expression and phosphorylation of PLM 

was reduced together with reduced Na+/K+ ATPase expression in a human HF and rabbit HF model123. 

The authors concluded that the reduction in Na+/K+ ATPase expression in HF may be functionally 

offset by the lower inhibition exerted by PLM that resulted from its reduced expression and greater 

phosphorylation. However, hypophosphorylation of PLM has also been reported in a mouse HF 

model and in humans, resulting in inhibition of Na+/K+ ATPase while the expression of the Na+/K+ 

ATPase itself remained unchanged128,129. Our data showed an unaltered expression of PLM and 

phosphorylated PLM at Ser-68 between the AC and Sham groups suggesting PLM may not be 

involved in the decline in function in this model. 

   

The distribution of α1 has been reported to be either evenly distributed between  sarcolemma and 

T-tubule or more localised on sarcolemma48, and the α2 isoform has been  reported to be mainly 

localised in the T-tubule48,49. Our immunostaining images showed decreased α1 intensity in the 

sarcolemma region and reduced α2 intensity in the central T-tubule region in failing myocytes 

compared with sham myocytes, which supports our suggestion that the pump current and protein 

are decreased in HF. Decreased expression of α1 and α2 in these regions may alter the regulation of 

nearby NCX. Both α1 and α2 have been reported to be physically co-localised with NCX, regulating 

the function of nearby NCX51,277,278. However, overexpression of Na+/K+ ATPase α2 was shown to 

significantly decrease the muscle dysfunction occurring in cardiac hypertrophy by improving Ca2+ 
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regulation in a transgenic AC mouse model279. The overexpressed α2 not only had a greater affinity 

for Na+, which led to more efficient Na+ extrusion but resulted in a faster removal of intracellular 

Ca2+ by influencing the function of the co-localised NCX. Furthermore, Swift et al, reported that 

inhibition of α2 produced a relatively small reduction in pump current but significantly increased cell 

contraction with unchanged [Na+]i
280. The group concluded that the α2 isoform may regulate co-

localised NCX by altering local subsarcolemmal [Na+].  

5.5.2 Na+/K+ ATPase and Ca2+ regulation in cardiac hypertrophy and HF 

[Na+]i is linked to the regulation of Ca2+ by influencing NCX-mediated Ca2+ flux89. Increased [Na+]i is 

associated with cardiac hypertrophy and HF89,114,116,117. Therefore, the increased [Na+]i in cardiac 

hypertrophy and HF alters the operation of NCX favouring reverse-mode that results in more Ca2+ 

influx and less Ca2+ efflux during each cardiac cycle, which may in turn increase SR Ca2+ content and 

be associated with inotropic effects. Pieske et al, reported that increased [Na+]i in human failing 

cardiomyocytes enhanced Ca2+ influx via reverse-mode operated NCX, thus maintaining SR Ca2+ load 

and force development117. Studies have shown that decreased Na+/K+ ATPase function in HF90 and 

decreased Na+/K+ ATPase current in cardiac hypertrophy125 elevate [Na+]i.  

 

However, it is not known if the increase in [Na+]i at an early HF or hypertrophy stage produces 

inotropic effects to maintain cardiac function. Our data showed increased SR Ca2+ content and Ca2+ 

transients in healthy cells in the presence of strophanthidin with a dose producing about half 

inhibition of pump current. Hypokalemia-induced inhibition of Na+/K+ ATPase also reported 

increased Ca2+ transient amplitude and SR Ca2+ load33. The reverse-mode operated NCX may result 

from an increased subsarcolemmal [Na+]i rather than an increased bulk cytoplasmic [Na+]i, however 

Gray et al, reported an increase in “bulk” cytosolic  [Na+]i  of 4 - 5 mM in hypertrophied 

cardiomyocytes from AC GP114 , a figure in agreement with Verdonck et al, who reported a 5 mM 

increase in [Na+]i in their cardiac hypertrophied dog model32. We suggest that the decline in Na+/K+ 

ATPase current occurs early in HF progression in our AC GP and this, coupled with the increase in 

late Na+ current, increases [Na+]i that then influences NCX to operate in reverse-mode, subsequently 

allowing more Ca2+ influx.  As a result, the myocytes from 60AC had increased SR Ca2+ content and 

Ca2+ transient amplitudes, which maintained adequate cardiac function at compensated cardiac 

hypertrophy stage.  Wide scatter in responses of Ca2+ handling to strophanthidin could be due to 

different cell isolation quality on different and also the cell toxicity of strophanthidin, causing the 

variation of Ca2+ handling properties.  
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In this chapter, we showed a further reduction in Na+/K+ ATPase function and current in the 150AC 

failing heart, which is proposed to further elevate [Na+]i. However, Pieske et al, reported that 

increasing [Na+]i further in HF myocytes was not able to extend SR Ca2+ load and improve force 

development117. Therefore, elevated [Na+]i may not be able to produce a compensatory inotropic 

effect when [Na+]i increases beyond a certain level. In addition, NCX may operate differently during 

the progression of pressure-overload. In failing hearts, NCX accounts for more Ca2+ removal in 

response to reduced SERCA Ca2+ uptake function in HF, resulting in further depletion of SR Ca2+ 

content. In chapter 4, we described other factors including reduced SERCA function and increased SR 

Ca2+ leak from RyR2, associated with depletion of SR Ca2+ content. Therefore, the compensatory 

effect from elevated [Na+]i may perhaps be surpassed by the dysregulation of Ca2+ handling in HF.  

5.5.3 INa,L in in cardiac hypertrophy and HF 

The amplitude of INa,L is relatively small but contributes substantially to [Na+]i when enhanced due to 

its slow inactivation characteristics. Due to the prolonged nature of INa,L during the plateau of the 

action potential, it can contribute to the prolongation of APD130. INa,L has been reported to be 

increased in several cardiac pathological conditions, including I/R, MI and HF111,112,132-134, and was 

suggested to lead to intracellular Na+ overload. As INa,L generates Na+ influx and thereby an inward 

current throughout the AP, it is expected to contribute to the prolongation of APD, which increases 

the susceptibility to EAD development281. In addition, Na+ cycling is tightly connected with Ca2+ 

handling, due to Na+ modulation of the operational direction of NCX. The net result can be an 

elevated diastolic Ca2+ concentration139. Abnormal diastolic intracellular Ca2+ accumulation, in turn, 

not only worsens contractility but could be arrhythmogenic72,134.  

 

While most studies mainly focused on the effect of INa,L on HF stage, little is known regarding the role 

of  INa,L at the hypertrophy stage. In an AC mouse model, cardiac hypertrophy with preserved systolic 

function developed after one week238, however both APD and INa,L remained unchanged up until the 

development of HF five weeks later when the myocytes had prolonged APD and enhanced INa,L
238. 

However, our data revealed that there is increased INa,L earlier at the cardiac hypertrophy stage. 

Although the decay rate of the INa,L remained unchanged, the calculated Na+ influx was increased 

compared with sham. Therefore, the increased INa,L may significantly contribute to the [Na+]i and also 

contribute to the prolonged APD also noted at the cardiac hypertrophy stage. Interestingly, an 

increased INa,L with prolonged APD was reported in a rabbit cardiac hypertrophy model282. The group 

showed that the endocardium had a larger INa,L, causing differential APD between the endocardium 

and epicardium, suggesting that the increased INa,L resulted in an amplified transmural dispersion of 

repolarisation, capable of initiating EADs and ventricular arrhythmias282.  
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Alterations in Ca2+ regulation can be partially reversed by inhibiting the INa,L with ranolazine. This 

eliminates [Na+]i overload and thus shortens APD and reduces NCX reverse-mode. Ranolazine has 

been shown to improve Ca2+ regulation and decrease pro-arrhythmic events by indirectly reducing 

diastolic Ca2+ overload and [Ca2+]i accumulation134,140,238. The APD shortening effect of ranolazine was 

confirmed in our failing myocytes, and also indicated that INa,L contributes towards the prolongation 

of APD in the HF GP model. However, ranolazine was found to have inhibition effect on Ikr
144 in 

therapeutic dose range, which may prolong the APD in normal cardiomyocytes. In AC myocytes, 

ranolazine supressed the enhanced INa,L, thus shortening APD, which effect surpassed the Ikr block-

produced APD prolongation by the same drug. 

 

While enhanced INa,L and decreased Na+/K+ ATPase function may together elevate [Na+]i and lead to 

more Ca2+ influx from NCX, producing an inotropic effect, it is still unclear how they interact with one 

another as both are [Na+]i contributors. Hoyer et al, reported that ouabain, a cardiac glycoside, 

enhanced INa,L in cardiomyocytes from GPs283.  The enhanced INa,L was abolished by application of a 

CaMKII inhibitor. Sapia et al, reported that cardiac glycosides increased both [Na+]i and [Ca2+]i, and 

activated CaMKII284. Therefore, increased INa,L may result from enhanced activity of CaMKII that is 

activated during the exposure of the Na+/K+ ATPase inhibitor, ouabain. Thus, the increased INa,L at the 

cardiac hypertrophy stage in our AC GP model may be attributed to the decline in Na+/K+ ATPase 

function, purporting to activate CaMKII, in turn, enhancing INa,L. Increased activity of CaMKII has also 

been reported in HF models, causing detrimental effects on Ca2+ handling by phosphorylating various 

target proteins and channels40,110,269,272,273. CaMKII is able to phosphorylate Nav1.5 to regulate the 

magnitude, and other properties, including INa,L inactivation and its recovery from inactivation141. 

Some potential CaMKII phosphorylation sites have been identified, such as Ser571 in the Nav1.5 DI-

DII linker142,143. Thus, further enhancing INa,L with slower decay rate in HF may result from the 

phosphorylation of Na+ channel by the activated CaMKII in HF.  

 

 

 

 

 

 



104 
 

5.6 Conclusions  

Reduced Na+/K+ ATPase function occurs early in the progression of HF starting at the cardiac 

hypertrophy stage and continues to decline to the HF stage. The proposed accumulation of [Na+]i 

causes more Ca2+ influx via NCX resulting in increased SR Ca2+ content and Ca2+ transient amplitudes, 

maintaining cardiac function at hypertrophy stage. The decline in Na+/K+ ATPase function is 

associated with a decrease in protein expression of Na+/K+ ATPase while the PLM/phosphorylated 

PLM remained unchanged. Similar to the trend in Na+/K+ ATPase function, enhanced INa,L was found 

early at cardiac hypertrophy stage and continued to increase to the HF stage, contributing to APD 

prolongation. The interaction between declined Na+/K+ ATPase function and enhanced INa,L and their 

mechanisms during HF progression is not clear, requiring further in depth investigation.  
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6 REVEALING SEX DISPARITIES IN Na+ AND Ca2+ 

REGULATION DURING THE PROGRESSION FROM CARDIAC 

HYPERTROPHY TO HEART FAILURE 

6.1 Aims 

• To assess the differences between sexes in the physical characteristics of the heart and its 

function in the progression to HF in the AC pressure-overload GP model.  

• To investigate the differential changes in cellular Ca2+ handling between the sexes in 

response to pressure-overload.  

• To evaluate the differential changes in Na+/K+ ATPase and INa,L function between the sexes in 

the progression to HF. 

6.2 Introduction 

Clinically, there appear to be different effects between the sexes on the progression towards HF177. 

Females have better cardiac function and survival in the face of cardiovascular disease (CVD) 

compared with men, leading to the suggestion that females might be “better protected” against the 

development of cardiac hypertrophy and failure163,171,285. However, this advantage is lost in 

postmenopausal women compared with age-matched men167,286. Premenopausal women have lower 

incidence of sudden cardiac death, which could be related to the delayed onset of coronary artery 

disease and a reduced risk of malignant ventricular arrhythmias. However, postmenopausal women 

seem to lose this protection287. Females exhibit a marked increase in the incidence of LV 

hypertrophy after menopause, when the prevalence of hypertension increases288. Sex disparities are 

also observed in cellular electrophysiology. In normal physiological circumstances sex differences in 

E-C coupling and electrophysiology appear to exist, but there have been an insufficient number of 

studies comparing these aspects in both sexes with some of the findings being inconsistent289-292. In 

pathophysiological conditions, a pressure-overload rat model showed differential SERCA mRNA 

levels in hypertrophied hearts between genders206. An AC mouse model also reported a more 

efficient metabolic regulation in female hearts in the early response to pressure-overload208.  

 

The work detailed in this chapter aims to assess if sex differences exist in the progression from 

cardiac hypertrophy to HF and if these variations are associated with differential dysfunction of Ca2+ 

handling, Na+ regulation and E-C coupling. In chapter 7, it will be illustrated that long-term 

deprivation of ovarian oestrogen alters Ca2+ handling mechanisms in ventricular myocytes and 

predisposes them to more arrhythmia. The work in chapter 8 melds these two lines of thought and 
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assesses if oestrogen confers cardiac protection and modulates Ca2+ handling in the pressure-

overload GP model. This work will help clarify the pathophysiology of HF between the sexes that 

may allow more novel and specific therapeutic approaches in the future. 

6.3 Methods 

6.3.1 AC pressure-overload GP model and in vivo echocardiography study 

The AC pressure-overload GP model was detailed in section 2.1.1, and echocardiography 

measurements were described in section 2.2. Weights of male and female guinea pigs at the time of 

operation were 405 ± 53 g and 392 ± 33 g, respectively (males, n=21; females, n=24; p>0.05).  

6.3.2 Myocyte isolation and electrophysiological measurements 

Experiments were performed on single cardiac myocytes isolated from sham or AC-operated GPs at 

60 D or 150 D according to the methods described in section 2.3.1. Sham or AC-operated male (M) 

and female (F) GPs at 60 D and 150 D were categorised as M-60Sham, M-60AC, F-60Sham, F-60AC, 

and M-150Sham, M-150AC, F-150Sham and F-150AC, respectively. Techniques and protocols for 

electrophysiology measurements including APD, ICa,L, Na+/K+ ATPase current and reactivation and INa,L 

are detailed in sections 2.4 and those for the measurement of Ca2+ transient, SR Ca2+ content and  

spontaneous Ca2+ sparks, are detailed in section 2.5.  

6.4 Results 

6.4.1 Changes in physical characteristics 

Male and female BWs were unchanged in the 60AC group compared with 60Sham (Fig. 6-1. A & B). 

While M-150AC BWs decreased by 14 % compared with M-150Sham, female 150Sham and 150AC 

BWs were similar (Fig. 6-1. A & B). Male HW/BW ratios increased by 26 % and 61 % in 60AC and 

150AC, respectively, compared with their age-matched sham groups. The HW/BW ratio in female 

GPs also increased by an average of 44 % and 50 % in their 60AC and 150 AC groups, respectively, 

compared with their age-matched sham groups (Fig. 6-1. C & D). Both sexes had further increased 

mean HW/BW ratios in 150AC compared with 60AC groups (Fig. 6-1. C & D). While LW/BW ratios 

remained unaltered between 60Sham and 60AC in males and females, the ratio significantly 

increased in 150AC compared with 150Sham groups in males by an average of 49 % and in females 

by an average of 27 % (Fig. 6-1 E & F). Males had a significantly higher LW/BW ratio 150 days after 

AC at 6.22 compared with 5.47 in females.  

 



107 
 

 

Figure 6-1. Changes in physical characteristics in sham and AC groups between sexes. 

A & B: Body weight changes in males (A) and females (B) at 60 and 150 days following sham or AC 

operations. C & D: HW/BW ratios in males (C) and females (D) at  and 150 days following sham or AC 

operations. E & F: LW/BW ratios in males (E) and females (F) at 60 and 150 days following sham or 

AC operations.  (M-60Sham, n=12; M-60AC, n=10; M-150Sham, n=10; M-150AC, n=11; F-60Sham, 

n=11; F-60AC, n=11; F-150Sham, n=15; F-150AC, n=13; n=GP numbers; one-way ANOVA with a Fisher 

post-hoc test, n/s: p>0.05, *p<0.05, **p<0.01, ***p<0.001). 
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6.4.2 In vivo M-mode echocardiography 

The LVIDd and LVIDs remained unchanged between Pre-operation (Pre-op) Sham, 60Sham and 

150Sham groups in both males and females (Fig 6-2. A, B, D & E). FS was also unaltered in males and 

females between Pre-op Sham, 60Sham and 150Sham groups (Fig 6-2. C & F). Both sexes had similar 

LVIDd, LVIDs and FS in pre-op AC groups (Fig. 6-2. A, B & C). While LVIDd and LVIDs remained 

unchanged between male Pre-op and 60AC, females showed increased LVIDd and LVIDs by 10 and 

15 %, respectively between Pre-op and 60AC (Fig. 6-3. A & B). LVIDd and LVIDs markedly increased in 

150AC compared with Pre-op in both genders (Fig. 6-3. A & B). FS was unaltered in 60AC but was 

considerably reduced in 150AC by 35 % in males and 30 % in females compared with pre-op (Fig. 6-3. 

C). Males shows significantly more reduced FS in 150AC compared with females (Fig. 6-3. C).  

 

 

Figure 6-2. In vivo echocardiography study in Sham-operated GPs. 

Panels A, B, and C: Male left ventricular dimensions at diastole (LVIDd), systole (LVIDs), and fractional 

shortening (FS), respectively. Panels D, E, and F: Female LVIDd, LVIDs and FS, respectively. (M Pre-op 

Sham, n=14; M-60Sham, n=12; M-150Sham, n=10; F Pre-op Sham, n=16; F-60Sham, n=12; F-

150Sham, n=15; n=GP numbers; one-way ANOVA with a Fisher post-hoc test). 
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Figure 6-3. In vivo echocardiography comparing the longitudinal changes occurring in 
AC-operated GPs. 

A: LVIDd changes from Pre-op to 150 days in males (blue) and females (red). B: LVIDs changes from 

Pre-op to 150 days in males (blue) and females (red). C: FS changes from Pre-op to 150 days in males 

(blue) and females (red). (Male: Pre-op AC, n=14; 60AC, n=11; 150AC, n=9; Female: Pre-op AC, n=15; 

60AC, n=12; 150AC, n=11; n=GP numbers; one-way ANOVA with a Fisher post-hoc test, n/s: p>0.05, 

*p<0.05, **p<0.01, ***p<0.001). 

 

6.4.3 APD 

Females showed longer APD90 compared with males in both 60Sham groups by an average of 8 % 

and 150Sham groups by an average of 9 % (Fig. 6-4. B & C). APD90 was unchanged in both genders 

between 60Sham and 150Sham groups (Fig. 6-5. A & B). APD90 was markedly prolonged in 60AC by 

an average of 21 % in males and 18 % in females compared with their age-matched sham group (Fig. 

6-5. A & B). APD90 was further significantly prolonged in 150AC groups by 32 % in males and 26 % 

females compared with their 150Sham groups (Fig. 6-5. A & B). The male and female 150AC groups 

had longer APD90 compared with the 60AC groups (Fig. 6-5. A & B).  
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Figure 6-4. Comparing APD in sham-operated male and female GPs. 

A: Typical action potential traces from 150Sham male (blue trace) and female (red trace) 

cardiomyocytes. B: Mean data of male (blue) and female (red) APD90 in the 60Sham groups, C: Mean 

data of male (blue) and female (red) APD90 in the 150Sham groups (M-150Sham, n=44/5; F-150Sham, 

n=43/5; Student’s t-test, **p<0.01). 

 

 

Figure 6-5. Assessing APD90 between sham and AC-operated male and female GPs. 

A & B: APD90 remained unchanged between 60Sham and 150Sham groups in males and females. 

Males and females showed prolonged APD90 in 60AC by 21 % and 18 %, respectively compared with 

their age-matched sham group. Both males and females showed further prolongation in APD90 in 

150AC by 32 % and 26 % respectively, compared with their 150Sham groups (M-60Sham, n=38/4; M-

150Sham, n=44/5; M-60AC, n=23/3; M-150AC, n=37/3; F-60Sham, n=29/4; F-150Sham, n=43/5; F-

60AC, n=27/3; F-150AC, n=33/3; one-way ANOVA with a Fisher post-hoc test, n/s: p>0.05, *p<0.05, 

***p<0.001). 

 

6.4.4 Cell capacitance 

There was no sex difference between mean cell capacitances (M-60Sham=172.4 ± 52.1, F-

60Sham=160.9 ± 43.1, p>0.05; M-150Sham=177.5 ± 42.7, F-150Sham=173.2 ± 41.9 pF, p>0.05; M-

60Sham, n=73; F-60Sham, n=64; M-150Sham, n=82; F-150Sham, n=125). M-60AC had larger mean 
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cell capacitance compared with F-60AC (M-60AC=223.7 ± 53.8, F-60AC=199.8 ± 64.3 pF, **p<0.01; 

M-60AC, n=86; F-60AC, n=80). M-150AC also showed larger mean cell capacitance compared with F-

150AC (M-150AC= 286.4 ± 66.7, F-150AC= 241.6 ± 56.0, ***p<0.001; M-150AC, n=93; F-150AC, n-

107). One-way ANOVA with a Fisher post-hoc test was used. 

 

6.4.5 Ca2+ regulation in cardiac hypertrophy and HF between sexes 

We investigated some key indices of Ca2+ regulation, including ICa,L, Ca2+ transients, SR Ca2+ content 

and Ca2+ sparks to test the hypothesis that sex differences exist in Ca2+ regulation in cardiac 

hypertrophy and HF. 

6.4.5.1 ICa,L 
Males and females showed similar peak ICa,L in both 60Sham and 150Sham groups (Fig. 6-6. A & B).  

There were no differences in peak ICa,L between 60Sham and 60AC male groups nor between the 

150Sham and 150AC male groups (Fig. 6-6. C & D). In female GPs, peak ICa,L also remained unchanged 

at 60 and 150 days (Fig. 6-6. E & F).  

 

The time constants tau 1 and tau 2 for the decay phase of the ICa,L remained similar between 60Sham 

and 60AC in both males and females (Fig. 6-7). However, at 150 days the AC group had markedly 

prolonged tau 1 by 70 % and 48 % in males and females compared with 150Sham, respectively (Fig. 

6-7. A & C). In addition, 150AC also had a significantly longer tau 2 compared with 150Sham by 45 % 

in males and 35 % in females (Fig. 6-7. B & D). 
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Figure 6-6. I-V relationship of L-type Ca2+ channel in sham or AC-operated male and 
female GPs.  

A & B:  Maximum peak ICa,L at 5 mV was similar between male and female 60Sham and 150Sham 

groups. C & D: Maximum peak ICa,L at 5 mV remained unchanged between male 60Sham and 60AC, 

and between 150Sham and 150AC. E & F:  Female 60AC and 150AC had unaltered peak ICa,L 

compared with 60Sham and 150Sham, respectively (M-60Sham, n=16/2; M-150Sham, n=24/3; M-

60AC, n=20/3; M-150AC, n=22/3; F-60Sham, n=14/2; F-150Sham, n=40/5; F-60AC, n=16/3; F-150AC, 

n=17/3; Student’s t-test, n/s: p>0.05).  
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Figure 6-7. Time constants for decay phase of peak ICa,L in sham- or AC-operated male 
and female GPs.  

A & B: The time constants tau 1 and tau 2 were obtained by fitting the decay phase of the ICa,L with a 

double exponential equation. M-60AC showed unaltered tau 1 and tau 2 compared with M-60Sham. 

M-150AC had 70 % longer tau 1 and 45 % longer tau 2 compared with those in M-150Sham. C & D: F-

60AC also showed unchanged tau 1 and tau 2 compared with F-60Sham. F-150AC showed prolonged 

tau 1 and tau 2, by 48 % and 35 %, respectively, compared with F-150Sham (M-60Sham, n=16/2; M-

150Sham, n=24/3; M-60AC, n=20/3; M-150AC, n=22/3; F-60Sham, n=14/2; F-150Sham, n=40/5; F-

60AC, n=16/3; F-150AC, n=17/3; one-way ANOVA with a Fisher post-hoc test, n/s: p>0.05, *p<0.05, 

**p<0.01, ***p<0.001).  

 

6.4.5.2 Ca2+ transient 
Males had greater Ca2+ transient amplitudes compared with females in both 60Sham and 150Sham 

groups (Fig. 6-8. A & B). Male 60AC had increased Ca2+ transient amplitudes by an average of 10 % 

compared with M-60Sham (Fig. 6-8. C). Female 60AC had similar Ca2+ transient amplitudes compared 

with F-60Sham (Fig. 6-8. D). As the hearts progressed towards failure the Ca2+ transient amplitudes 

decreased in both males and females (by 38 % in M-150AC and by 30 % in F-150AC compared with 

M-150Sham and F-150Sham, respectively (Fig. 6-8. C & D)). 
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The rate constants for the decay of the Ca2+ transient were similar in the male and female sham 

myocytes (Fig. 6-9. A-D). Both male and female 60AC groups had unaltered Ca2+ transient decay rate 

constants compared with their 60Sham groups (Fig. 6-9. C & D). The decay rate constant was 

significantly slower in M-150AC by 39 % and F-150AC by 29 % compared with their age-matched 

sham groups, M-150Sham and F-150Sham, respectively (Fig. 6-9. C & D). M-150AC had a significantly  

slower mean decay rate constant, at 5.60 ± 0.83 s-1, compared with the mean rate constant of the 

150 day aortic-constricted females (F-150AC) of 6.37 ± 1.43 s-1 (values were expressed as mean ± 

S.D.; Student’s t-test, p<0.01).  

 

The rate constants derived for SERCA, NCX and other slower transporters (PMCA and mitochondria 

Ca2+ uniporter), indicated that their contributions to the decline in Ca2+ remained unchanged 

between M-60Sham and F-60Sham (Fig. 6-10. A & B), and this was also seen between M-150Sham 

and F-150Sham (Fig. 6-10. C & D). These transporter rate constants were also similar for both sexes 

in the 60AC groups compared with the age-matched sham groups, 60Sham (Fig. 6-11). The mean 

rate constant of SERCA function was reduced by a mean of 58 % in the M-150AC group compared 

with the M-150Sham group (Fig. 6-12. A). In contrast, the contribution from NCX increased by an 

average of 76 % in the M-150AC group compared with M-150Sham (Fig. 6-12. B). In females at the 

same experimental time point (F-150AC), the rate constant of SERCA function was reduced by 48 % 

compared with the equivalent sham group (F-150Sham) (Fig. 6-12. C) and NCX function increased by 

56 % (Fig. 6-12. D). Compared with females, males had a slower mean rate constant of SERCA 

function at 150AC (2.65 ± 0.56 s-1 vs 3.23 ± 1.10 s-1; values were expressed as mean ± S.D.; Student’s 

t-test, p<0.05).  

 

Males and females had similar fractional Ca2+ release between their 60Sham and 150Sham groups, 

(Fig. 6-13. A & B). However, the AC animals had increased fractional release. M-60AC showed a 10 % 

increase in fractional SR Ca2+ release compared with M-60Sham (Fig. 6-13. C) and, as the disease 

process progressed, this increased to 29 % (M-150AC had a 29 % increased fractional SR Ca2+ release 

compared with M-150Sham, Fig. 6-13. C). The fractional SR Ca2+ release increased by 15 % and 30 % 

in F-60AC and F-150AC respectively compared with F-60Sham and F-150Sham (Fig. 6-13. D).   
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Figure 6-8. Ca2+ transient amplitudes in sham- or AC-operated male and female GPs. 

A & B: Males had larger Ca2+ transient amplitudes compared with females in their 60Sham and 

150Sham groups. C & D: Ca2+ transient amplitudes were increased in M-60AC by 10 % but remained 

unaltered in F-60AC compared with M-60Sham and F-60Sham, respectively. However, Ca2+ transient 

amplitudes were considerably smaller by 38 % in M-150AC and in F-150AC by 30 % compared with 

their age-matched sham controls (M-60Sham, n=28/3; M-150Sham, n=37/3; M-60AC, n=37/3; M-

150AC, n=37/3; F-60Sham, n=27/2; F-150Sham, n=44/3; F-60AC, n=19/2; F-150AC, n=47/3; Student’s 

t-test or one-way ANOVA with a Fisher post-hoc test, n/s: p>0.05, *p<0.05, ***p<0.001).  
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Figure 6-9. Rate constants for the decay of Ca2+ transient in sham and AC groups 
between sexes. 

A & B: Control males and females had similar rate constants for the decay of their Ca2+ transients. C 

& D: M-60AC and F-60AC had unaltered Ca2+ transient decay rates compared with M-60Sham and F-

60Sham groups, respectively. However the decay rate constant was significantly reduced in M-150AC 

by 39 % and F-150AC by 29 % compared with their age-matched sham groups, M-150Sham and F-

150Sham, respectively. Furthermore, M-150AC had significant slower decay rate constant, at 5.60 ± 

0.83 s-1, compared with F-150AC, at 6.37 ± 1.43 s-1 (M-60Sham, n=29/3; M-150Sham, n=30/2; M-

60AC, n=27/2; M-150AC, n=26/2; F-60Sham, n=29/2; F-150Sham, n=27/2; F-60AC, n=19/2; F-150AC, 

n=41/2; Student’s t-test or one-way ANOVA with a Fisher post-hoc test, n/s: p>0.05, ***p<0.001). 
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Figure 6-10. Rate constants and relaxation contribution of SERCA, NCX and other 
slower components in sham-operated male and female GPs. 

The rate constants and the corresponding contributions to relaxation of SERCA, NCX and other slower 

transporters (PMCA and mitochondria Ca2+ uniporter) remained unchanged between M-60Sham and 

F-60Sham (A & B), and also between M-150Sham and F-150Sham (C & D) (M-60Sham, n=29/3; M-

150Sham, n=30/2; F-60Sham, n=29/2; F-150Sham, n=27/2; one-way ANOVA with a Fisher post-hoc 

test, n/s: p>0.05). 
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Figure 6-11. Rate constants and relaxation contribution of SERCA, NCX and other 
slower components in male and female 60Sham and 60AC GPs. 

Both males and females showed unaltered rate constants of SERCA, NCX and other slower 

transporters and their relaxation contribution in 60AC compared with their age-matched 60Sham 

groups (M-60Sham, n=29/3; M-60AC, n=27/2; F-60Sham, n=29/2; F-60AC, n=19/2; one-way ANOVA 

with a Fisher post-hoc test, n/s: p>0.05).  
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Figure 6-12. Rate constants and relaxation contribution of SERCA, NCX and other 
slower components in male/female 150Sham and 150AC. 

A & B: M-150AC had a slower SERCA rate constant by 58 % compared with M-150Sham. B: The 

relaxation contribution from SERCA decreased by 32 %, and relaxation contribution from NCX 

increased by 76 % in M-150AC compared with M-150Sham group. C: The rate constant of SERCA in F-

150AC was reduced by 48 % compared with F-150Sham. D: While the relaxation contribution from 

SERCA decreased by 27 %, NCX increased by 56 % in F-150AC compared with F-150Sham.  M-150AC 

had slower rate constant of SERCA, at 2.65 ± 0.56 s-1 compared with F-150AC, at 3.23 ± 1.10 s-1 

(p<0.05) (A & C) (M-150Sham, n=30/2; M-150AC, n=26/2; F-150Sham, n=27/2; F-150AC, n=41/2; 

one-way ANOVA with a Fisher post-hoc test, n/s: p>0.05, ***p<0.001). 
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Figure 6-13. Fractional SR Ca2+ release in sham and AC groups between males and 
females.  

A & B: Fractional SR Ca2+ release remained unchanged between the male and female control groups 

at 60 and 150 days. C: Compared with M-60Sham, M-60AC showed a 10 % increase in fractional SR 

Ca2+ release. The fractional SR Ca2+ release increased by 29 % in M-150AC compared with M-

150Sham. D: While F-60AC had a 15 % greater fractional SR Ca2+ release compared with F-60Sham, F-

150AC had a 30 % greater fractional release compared with the age-matched F-150Sham (M-

60Sham, n=18/3; M-150Sham, n=18/3; M-60AC, n=35/3; M-150AC, n=31/3; F-60Sham, n=24/3; F-

150Sham, n=46/5; F-60AC, n=19/2; F-150AC, n=33/3; Student’s t-test or one-way ANOVA with a 

Fisher post-hoc test, n/s: p>0.05, **p<0.01, ***p<0.001). 

 

 

 

 

 

 

 

 



121 
 

6.4.5.3 SR Ca2+ content 
Males and females had similar SR Ca2+ content between both the 60Sham and 150Sham groups (Fig. 

6-14. A & B). The SR Ca2+ content was increased by an average of 11 % in M-60AC compared with M-

60Sham. However the SR Ca2+ content was markedly reduced by an average of 53 % in the M-150AC 

group compared with M-150Sham (Fig. 6-14. C). There was no statistically significant difference 

between the F-60AC mean content compared with F-60Sham. F-150AC, however, had a considerable 

41 % reduction in SR Ca2+ content compared with F-150Sham (Fig. 6-14. D). In the 150AC groups, 

males had significantly lower SR Ca2+ content by 19 % compared with females (Student’s t-test, 

p<0.001). 

 

 

Figure 6-14. Comparing SR Ca2+ content between male and female sham and AC 
groups. 

A & B: Males (blue) and females (red) had similar SR Ca2+ content between both 60Sham and 

150Sham groups. Panels C & D show the differences in SR Ca2+ content as HF develops over time and 

groups together males data (C) and female data (D) (M-60Sham, n=14/3; M-150Sham, n=17/2; M-

60AC, n=15/2; M-150AC, n=27/3; F-60Sham, n=11/3; F-150Sham, n=33/3; F-60AC, n=20/2; F-150AC, 

n=34/4; Student’s t-test or one-way ANOVA with a Fisher post-hoc test, n/s: p>0.05, *p<0.05, 

***p<0.001). 
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6.4.5.4 Spontaneous Ca2+ sparks and spark-mediated SR leak 
The morphological parameters of Ca2+ sparks including the amplitudes and mass, and the spark-

mediated SR leak data were log-transformed, resulting in normally distributed populations for a 

mean comparison test. Both males and females had higher spontaneous Ca2+ spark frequencies in 

their 150AC groups compared with the age-matched 150Sham groups. Male 150AC had higher 

average spark frequency compared with female 150AC. Spark amplitudes were not different (Fig. 6-

15. A & B). M-150AC had a larger spark mass compared with M-150Sham (Fig. 6-15. C). Both sexes 

showed noticeable spark-mediated SR Ca2+ leak in their 150AC groups compared with their age-

matched sham groups (Fig. 6-15. D). 

 

 

Figure 6-15. Spontaneous Ca2+ sparks and spark-mediated SR leak in sham- and AC 
operated male and female GPs.  

Panel A: Scatter graph of the spontaneous Ca2+ spark frequencies in males and females at 150 days 

following AC.  Solid lines indicate means. Panel B: Log Ca2+ spark amplitudes in males and females at 

150 days following AC. Panel C: Log Ca2+ spark mass in males and females at 150 days following AC 

and Panel D: Log spark-mediated SR leak in males and females at 150 days following AC (M-150Sham, 

n=41/3; M-150AC, n=55/4; F-150Sham, n=57/5; F-150AC, n=43/3; Mann-Whitney test for Ca2+ 

frequency, ***p<0.001; one-way ANOVA with a Fisher post-hoc test, n/s: p>0.05, *p<0.05, 

***p<0.001). 
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6.4.6 Na+ regulation in cardiac hypertrophy and HF between genders 

Changes to Na+/K+ ATPase current and function and INa,L occurring in the progression to HF in males 

and females were measured to assess if there are sex-related differential changes in Na+ regulation 

in cardiac hypertrophy and HF.  

6.4.6.1 Na+/K+ ATPase 
Both steady-state Na+/K+ ATPase currents and those produced following reactivation of the Na+/K+ 

ATPase were similar between male and female 60Sham and 150Sham groups (Fig. 6-16. A & B, C & 

D). M-60Sham and M-150Sham showed no difference in Na+/K+ ATPase current (Fig. 6-17. A). F-

60Sham and F-150Sham also showed no difference in Na+/K+ ATPase current (Fig. 6-17. B). M-60AC 

showed a considerable decline in Na+/K+ ATPase current by an average of 43 % compared with the 

age-matched sham group (Fig. 6-17. A). M-150AC also had a marked average 51 % reduction in 

Na+/K+ ATPase current compared with M-150Sham (Fig. 6-17. A). The Na+/K+ ATPase current was 

reduced by an average of 22 % in female 60AC and by 45 % in F-150AC compared with their age-

matched sham groups (Fig. 6-17. B). Males had smaller Na+/K+ ATPase current compared with 

females at 0.57 ± 0.07 pA/pF and 0.74 ± 0.06 pA/pF, respectively, at cardiac hypertrophy stage 

(Student’s t-test, p<0.001). Males had a smaller mean steady-state Na+/K+ ATPase current, at 0.49 ± 

0.05 pA/pF, compared with females, at 0.54 ± 0.08 pA/pF, at HF stage (Student’s t-test, p<0.05).  

 

The Na+ extrusion rate was also reduced by 46 % and 57 % in M-60AC compared with M-60Sham and 

M-150AC compared with M-150Sham (Fig. 6-17. C). F-60AC and F-150AC had a 24 % and 51 % 

average decline in Na+ extrusion rate compared with F-60Sham and F-150Sham, respectively (Fig. 6-

17. C). Males had 33 % slower Na+ extrusion rate compared with females at 60D AC stage (0.39 ± 

0.11 to 0.52 ± 0.11 pC/pF/s, Student’s t-test, p<0.01). 
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Figure 6-16. Na+/K+ ATPase current and reactivated Na+/K+ ATPase-mediated Na+ 
extrusion rate in male and female sham-operated GPs.  

A & B: Male and female 60Sham groups had similar Na+/K+ ATPase current and reactivated Na+/K+ 

ATPase-mediated Na+ extrusion rate. C & D: No difference in Na+/K+ ATPase current and Na+ 

extrusion rate were observed between M-150Sham and F-150Sham (M-60Sham, n=24/2; M-

150Sham, n=17/2; F-60Sham, n=15/2; F-150Sham, n=22/2; Student’s t-test, n/s: p>0.05). 
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Figure 6-17. Na+/K+ ATPase current and reactivated Na+/K+ ATPase-mediated Na+ 
extrusion rate in male and female sham- or AC operated GPs. 

A & B: Na+/K+ ATPase current was similar between M-60Sham and M-150Sham and also between F-

60Sham and F-150Sham. Males had smaller Na+/K+ ATPase current compared with females at 60 D 

AC stage and also 150 D AC stage (Student’s t-test, p<0.001 and p<0.01, respectively). C & D: The Na+ 

extrusion rate was markedly reduced by 46 % in M-60AC and by 57 % in M-150AC compared with M-

60Sham and M-150Sham. F-60AC and F-150AC showed a 24 % and 51 % decline in Na+ extrusion rate 

compared with F-60Sham and F-150Sham, respectively. Male had slower Na+ extrusion rate 

compared with female at 60D AC stage (Student’s t-test, p<0.01) (M-60Sham, n=24/2; M-150Sham, 

n=17/2; M-60AC, n=23/2; M-150AC, n=27/3; F-60Sham, n=15/2; F-150Sham, n=22/2; F-60AC, n=24/2; 

F-150AC, n=19/3; one-way ANOVA with a Fisher post-hoc test, n/s: p>0.05, **p<0.01, ***p<0.001).  
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6.4.6.2 INa,L 
Male and female 60Sham groups had similar INa,L, the decay time constant (tau) of INa,L, and INa,L 

related Na+ influx (Fig. 6-18. A, B & C). M-150Sham and F-150Sham also had similar in INa,L, INa,L 

related Na+ influx and the decay time constant of INa,L (Fig. 6-18. D, E & F).  

 

INa,L showed marked increases of 92 % in M-60AC and 122 % in M-150AC compared with their age-

matched sham groups (Fig. 6-19. A). In females, INa,L also significantly increased by 66 % in 60AC and 

by 88 % in 150AC compared with their age-matched sham groups (Fig. 6-19. B). INa,L-mediated Na+ 

influx was considerably greater by 72 % in M-60AC and by 1.55 times in M-150AC compared with M-

60Sham and M-150Sham, respectively (Fig. 6-19. C). The INa,L-mediated Na+ influx also showed a 

significant increase by 67 % in F-60AC and by 1.05 folds in F-150AC compared with their age-

matched sham groups (Fig. 6-19. D). While the decay tau remained unchanged between 60AC and 

60Sham in both genders, the decay tau was 19 % longer in M-150AC and 23 % longer in F-150AC 

compared with M-150Sham and F-150Sham, respectively (Fig. 6-19 E & F).  

 

 

Figure 6-18. INa,L, corresponding Na+ influx, and the time constant for decay phase in 
sham-operated male and female GPs. 

INa,L, the corresponding Na+ influx, and the decay time constant tau showed no difference between 

male and female 60Sham groups and between male and female 150Sham groups (M-60Sham, 

n=20/4; M-150Sham, n=23/3; F-60Sham, n=22/4; F-150Sham, n=31/3; Student’s t-test, n/s: p>0.05). 

 



127 
 

 

Figure 6-19. INa,L, the corresponding Na+ influx, and the decay tau in sham- or AC-
operated male and female GPs. 

A: INa,L markedly increased by 92 % in M-60AC and by 1.22 times in M-150AC compared with their 

age-matched sham groups. B: INa,L also significantly increased by 66 % in F-60AC and by 88 % in F-

150AC compared with their age-matched sham groups. C: INa,L associated Na+ influx was considerably 

greater by 72 % in M-60AC and by 1.55 times in M-150AC compared with their age-matched sham 

groups. D: The INa,L associated Na+ influx was also significant greater by 67 % in F-60AC and by 1.05 

times in F-150AC compared with their age-matched sham groups. E & F: The decay tau remained 

unaltered between 60AC and 60Sham in both sexes, but the decay tau was 19 % longer in M-150AC 

and 23 % longer in F-150AC compared with their age-matched sham groups, respectively (M-60Sham, 

n=20/4; M-150Sham, n=23/3; M-60AC, n=18/2; M-150AC, n=17/3; F-60Sham, n=22/4; F-150Sham, 

n=31/3; F-60AC, n=15/3; F-150AC, n=25/3; one-way ANOVA with a Fisher post-hoc test, n/s: p>0.05, 

*p<0.05, **p<0.01, ***p<0.001). 
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6.5 Discussion 

This chapter detailed differences to some physical characteristics and in vivo cardiac function of the 

heart occurring between males and females during the progression from cardiac hypertrophy to HF 

in a pressure-overload GP model. Differential changes in cellular Ca2+ handling (Ca2+ transient, ICa,L 

and SR Ca2+ stores), and the important mechanisms involved in Na+ regulation (Na+/K+ ATPase 

current and function, and INa,L) were also assessed. It is clear that males and females exhibit 

differential dysfunction of Ca2+ handling, Na+ regulation and E-C coupling during the progression 

from cardiac hypertrophy to HF.  

6.5.1 Changes in physical characteristics and cardiac function in AC 

progress between sexes. 

Animal models showed male and female hearts may adapt differently in response to cardiac stress205. 

In a rat model of ascending AC, an earlier transition to left ventricular dilation and depressed systolic 

function was shown in males compared with females206. These data are also in line with clinical 

observations that females are more protected against cardiac hypertrophy and HF179,293. Our data 

(Fig. 6-20) showed both males and females produced cardiac hypertrophy and maintained adequate 

heart function 60 days following AC, a time period that we suggest is the stage of compensated 

cardiac hypertrophy. At the HF stage, the FS significantly declined alongside an increased HW/BW 

and LW/BW ratio in both genders, but males had more reduction of FS and higher LW/BW ratio 

compared with females. While male and female GPs had similar in vivo functional indices at the 

cardiac hypertrophy stage, males showed a more detrimental deterioration of function at the HF 

stage. Therefore, in terms of in vivo assessment, female GPs were more resistant to pressure-

overload AC stress compared with males, which is in line with other studies203,205,206.  

 

In an ER β gene knock-out mice with AC, the wild type (WT) males showed more hypertrophy, 

cardiac fibrosis and heart failure signs than WT females203. This difference was abolished in ER β 

knockout mice, which suggested ER β may play a role in attenuating the development of fibrosis and 

apoptosis, resulting in slowing the progression to heart failure203. There are also reports that 

disruption of the FKBP12.6 gene results in similar dysregulation of Ca2+ in males and female, but only 

males developed hypertrophy. The protective effect was abolished by treatment of the females with 

tamoxifen, an oestrogen receptor antagonist, and this led to the females developing cardiac 

hypertrophy similar to the male195. These results support the present data suggesting the female GPs 

manage their responses to pressure-overload better than males and an obvious candidate for a role 

in the better management is oestrogen. 
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Figure 6-20. Changes in fractional shortening in AC progress between sexes. 

Both sexes showed unchanged FS at 60AC. While both sex showed reduced FS at 150AC, male GPs 

showed more reduced FS compared with females (see Fig. 6-3. for more detail).  

 

6.5.2 Sex differences in APD, Ca2+ handling and Na+ regulation in sham GPs. 

Studies have shown that sex hormones profoundly influence the sex disparities in cardiac 

electrophysiology175,177,178,185. Our data showed female sham-operated 60 D and 150 D GPs had 

longer APD compared with males. Since males and females had similar peak ICa,L and corresponding 

decay time constants, the APD prolongation in female could be due to a decline in the size of 

outward repolarising currents, such as IKr, IK1 or Ito. Similar to humans, APD in female rats and mice 

are longer compared with their male counterparts. However, mice and rats action potential do not 

present a plateau phase, and their ventricular cells repolarise rapidly without the delayed rectifiers, 

IKr and IKs observed in human cardiomyocytes294.  

 

The oestrus cycle has been shown to have an effect on APD. In a ovariectomised mice model, Ito,f and 

IKur were lower in females at oestrus versus males295. With oestrogen treatment, ovariectomised 

mice showed decreased IK,total
295. Thus, IK reduces in high oestrogenic conditions which were 

associated with prolongation of the APD. James et al found IK tail current density was not 

significantly reduced in female GPs in oestrus day 0 when the serum oestradiol reaches its peak, and 

this did not contribute to the prolongation of APD in female227. Instead, they showed the oestrus 

cycle influences the density of ICa,L, which in turn affects the duration of action potential. However 

there is a conflicting report suggesting the oestrus cycle has no effect on ICa,L
296. While Mason et al 

showed a longer APD in female GPs290, Liew et al reported a similar APD between sexes using the 

same species. The discrepancy may result from different weight or age of animal and the timing in 

use. There was no difference in peak ICa,L in our sham-operated GPs between sexes. Similar peak ICa,L 
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between sexes was also reported in a rat model297. Our GPs are not sacrificed according to their 

oestrus cycle so we cannot assess if peak ICa,L is affected by the oestrus cycle.  

 

Males had larger Ca2+ transient amplitudes compared with females, but in both sexes had similar 

Ca2+ transient decay rate constants, and the rate constants of SERCA, NCX and other slower 

components of the decline in Ca2+ that indicate the relative contributions of each mechanism were 

comparable. We showed similar density of ICa,L  and SR Ca2+ content between sexes. Therefore larger 

Ca2+ transient amplitudes in males may develop from other factors rather than a larger Ca2+ influx. 

Sex hormones may play a role in the differences. Farrell et al report a similar APD, density of ICa,L but 

smaller Ca2+ transient in female mice compared with males298. Wasserstrom et al also reported 

smaller Ca2+ transient amplitudes in females in a rat whole heart model292. MacDonald et al showed 

oestrus cycle affects Ca2+ transient amplitudes in female mice. Larger Ca2+ transient amplitudes were 

shown in oestrus when the serum oestradiol was high in their mouse model.  

 

Na+/K+ ATPase current and reactivated Na+/K+ ATPase mediated Na+ extrusion rates were also similar  

between males and females. Therefore we suggest there is no gender difference in the basal 

function of the Na+/K+ ATPase. To the best of our knowledge, this is the first functional observation 

of Na+/K+ ATPase in cardiomyocytes between sexes. There is lack of studies of sex differences in 

Na+/K+ ATPase current and Na+ extrusion function but there are experiments that indicate sex 

differences in the biochemical properties of the Na+/K+ ATPase. Vlkovicova et al report females had a 

similar Km but fast Vmax of Na+/K+ ATPase activation by substrate ATP compared with males, which 

used homogenates preparation from rat heart. Palacios et al report different Na+/K+ ATPase isoform 

abundance between sexes in aortic tissue299.  

6.5.3 Sex difference in Ca2+ handling and Na+ regulation at cardiac 

hypertrophy and HF stages.  

6.5.3.1 Cardiac hypertrophy stage 
As mentioned in chapter 4, the prolongation of APD in cardiac hypertrophy and HF may be 

associated with elevated [Na+]i or reduced K+ outward current, such IK1 or Ito. We have discussed the 

longer baseline APD in female may be related to smaller outward K+ current compared with male. 

Both sexes showed similar prolonged APD90 at the hypertrophy stage (Fig. 6-21), thus the degree of 

prolongation of APD in male surpassed the baseline difference, which implies males may have more 

increased inward currents or more reduced outward currents compared with females. Ito was 

reduced in hypertrophied myocytes from spontaneously hypertensive rats300. GPs have relatively 

smaller Ito which may affect APD to a limited extent. While reduced IK1 may contribute to the 
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prolonged APD in our GP model, unchanged IK1 was reported in hypertrophied myocytes from a AC 

GP model257.  A decline in Na+/K+ ATPase function and an enhancement of INa,L, may contribute to an 

increase in [Na+]i and a prolongation of APD at these stages of progression. We will discuss these two 

components in later section. 

 

 

Figure 6-21. APD90 during AC progression between sexes. 

While Females had longer APD90 in sham group, both sexes had similar prolonged APD90 

(Sham=60Sham+150Sham; see Fig. 6-5 for more detail). 

 

In chapter 4 we have shown unaltered peak ICa,L and its inactivation kinetics at the hypertrophy stage. 

Most studies reported that peak ICa,L density is unaltered in cardiac hypertrophy68,85. Here we further 

showed there was no difference in unaltered peak ICa,L and its inactivation kinetics in cardiac 

hypertrophy between sexes. Males had increased Ca2+ transient amplitudes and SR Ca2+ content at 

this stage but in females these were unchanged (Fig. 6-22). In chapter 4 we pointed out that the 

decline in Na+/K+ ATPase current and function occurring at the cardiac hypertrophy stage could be 

regarded as a compensation mechanism  that  increases [Na+]i, which in turn, increases Ca2+ influx via 

NCX and loads the SR with more Ca2+ to produce an inotropic effect90. Males showed a larger decline 

Na+/K+ ATPase function compared with female at this stage (Fig. 6-24), which may imply males had 

more elevated [Na+]i and in turn, this caused more Ca2+ influx via reverse-mode NCX, resulting in 

larger Ca2+ transients and greater SR Ca2+ contents. In an I/R mouse model, males showed a larger 

increase in [Na+]i compared with females after an ischaemic insult, which suggests males may tend 

to accumulate more [Na+]i in the face of cardiac stress compared with female301. 

 

We described in chapter 4 that the Ca2+ transient decay rate constant was unaltered at the 

hypertrophy stage. Both males and females had unaltered Ca2+ transient decay rates and unaltered 

SERCA and NCX functions (Fig. 6-23). Others have found that in the early stage of cardiac 
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hypertrophy, the expression of SERCA may remain unchanged or is slightly decreased92,95. Weinberg 

et al reported reduced mRNA expression of SERCA in male hypertrophied hearts which was not seen 

in females206. These authors also reported that both sexes showed increased mRNA expression of 

NCX but there was no difference between the sexes.  

 

 

Figure 6-22. Ca2+ transient amplitude and SR Ca2+ content during AC progression 
between sexes. 

Males showed increased Ca2+ transient and SR Ca2+ content at 60AC which was not observed in 

females. Both sexes had significantly declines in Ca2+ transient and SR Ca2+ content at 150AC, and 

males had less SR Ca2+ content at 150AC compared with females (Sham=60Sham+150Sham; see Fig. 

6-13 & 6-14 for more detail).  

 

 

Figure 6-23. Ca2+ transient decay rate constant and rate constant of SERCA during AC 
progression between sexes. 

Both sexes showed Ca2+ transient decay rate and rate constant of SERCA was unchanged at 60AC but 

significantly reduced at 150AC. Males had slower Ca2+ transient decay rate and rate constant of 

SERCA at 150AC compared with females. There was no significant difference in rate constant of NCX 

in Sham, 60AC and 150AC group between sexes (Sham=60Sham+150Sham; see Fig. 6-9, -10, -11 & -

12 for more detail).  
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6.5.3.2 HF stage 
APD90 was further prolonged in both sexes at the HF stage (Fig. 6-21). While reduced IK may still be 

the possible contributor to the prolongation of APD in HF257, here we reported markedly enhanced 

INa,L at this stage in both sexes and this could contribute substantial Na+ influx during action potential 

plateau, leading to prolongation of APD.  

 

We reported unaltered peak ICa,L with prolonged inactivation at the HF stage; an effect seen in both 

sexes and there was no gender difference. In chapter 4 it was reported that there were marked 

reductions in Ca2+ transient amplitudes and slower decay rates with slower rate constants of SERCA 

in HF. While both sexes had similar tendencies, males had a relatively slower Ca2+ transient decay 

rate constant and rate constant of SERCA compared with females at the HF stage (Fig. 6-23, A & B). 

The more reduced SERCA function in males may also help explain that males had relatively lower SR 

Ca2+ content at HF stage compared with females (Fig. 6-22. B). 

 

One possible reason for these observations could be that males may have relatively lower mRNA or 

protein expression of SERCA. SERCA mRNA expression was shown to be reduced in male 

hypertrophic heart, which is not seen in females following aortic banding206. The differential 

dysfunction of SERCA between sexes may also result from differential phosphorylation of the SERCA 

regulatory protein, PLB. Reduction in PKA mediated Ser-16 PLB phosphorylation is regarded as one 

of the major factors determining the degree of reduced SERCA2a activity in HF97,215. A report 

studying human HF showed myocytes from patients of both sexes show significantly reduced SERCA 

protein with unaltered PLB and calsequestrin levels. However, the reduction in phosphorylation of 

Ser-16 in PLB was present only in male hearts and the phosphorylation levels in female were 

unaltered216. This may result in more inhibition of SERCA in males in HF. These studies provide 

evidence of sex differences in the expression of SERCA, its coding mRNA or in the modulation of PLB 

in cardiac hypertrophy and HF.  

 

Both sexes showed increases in spark-mediated SR Ca2+ leak, but there was no difference in leak 

between males and females. However, the spark frequency was higher in male HF myocytes 

compared with females. In a human cardiac hypertrophic and HF study217, there were comparable 

Ca2+ handling properties, including diastolic Ca2+ levels, Ca2+ transient amplitudes and SR Ca2+ 

content, and similar Ca2+ spark frequency and spark-mediated SR leak in hypertrophic heart between 

sexes. However, In HF, while both sexes showed increased spark frequency and spark-mediated SR 

leak compared with hypertrophic heart groups, males showed more pronounced spark frequency 

and spark-mediated SR leak compared with females217. Thus sex differences may also play a role in 
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the regulation of open probability of RyR2, which could be modulated by phosphorylation via 

kinases such as PKA and CalMKII110,269. Ma et al reported up-regulated expression of CaMKIIδ and 

phosphorylated CaMKII in the hearts from ovariectomised rats, which were restored to normal level 

by oestrogen replacement196. This provides evidence of a CaMKII suppression effect of oestrogen, 

which may modulate Ca2+ handling and provide cardioprotection196. 

 

6.5.3.3 Sex differences in Na+/K+ ATPase and INa,L in cardiac hypertrophy and HF 
One of the most striking changes taking place at the cardiac hypertrophy stage in both sexes was the 

decrease in steady-state Na+/K+ ATPase current and Na+ extrusion rate. However, males had much 

greater decreases in both Na+/K+ ATPase current and Na+ extrusion rate compared with females (Fig. 

6-24). Males had more reduction in Na+/K+ ATPase current and function compared with females, and 

together with increased Ca2+ transient amplitudes and SR Ca2+ content, this may imply there may be 

more elevated [Na+]i in males at this stage. Gender difference may exist in [Na+]i accumulation in the 

face of CVD. Female mice showed less elevated [Na+]i after ischaemic injury compared with males301. 

The difference in susceptibility to I/R injury appears to result from a difference in Na+ influx. The 

authors indicated the sex difference in the [Na+]i regulation may be mediated through a NO-

dependent mechanism301.  

 

In both sexes, Na+/K+ ATPase currents and Na+ extrusion function had further decreases in HF 

compared with that in the compensated stage with the Na+/K+ ATPase current more reduced in 

males compared with females. Sex differences have been shown in changes in Na+/K+ ATPase 

function and expression in response to pathological stimuli. A rat kidney ischaemic-reperfusion study 

reported that females had less reduction in mRNA and protein expression of the Na+/K+ ATPase α1 

subunit and less reduction in the activity of the protein after ischaemic insult302. Vlkovicov et al 

showed that the Na+/K+ ATPase from SHR female hearts seems to be adapted better to hypertension 

because there is less reduction in enzyme activity  when activated by ATP303. In addition, the group 

found that the Na+/K+ ATPase from female SHR hearts is able to increase its activity in the presence 

of increasing Na+ concentration beyond the range where the Na+/K+ ATPase from males is already 

saturated303.  

 

Another contributor to Na+ influx and [Na+]i  is the-INa,L and this was enhanced in cardiac hypertrophy 

as highlighted in chapter 5. This increase is seen in both sexes (Fig. 6-25).  Both males and females 

also showed further increases in INa,L and INa,L associated Na+ influx at the HF stage. The decay time 

constant was also significantly increased in both sexes. Increased INa,L has been shown in several 
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pathological conditions, including I/R, MI, and HF111,112,132-134, and is a contributor to the increase in 

intracellular Na+ and the prolongation of APD. There was no sex difference in the amplitude of the 

enhanced INa,L and INa,L-mediated Na+ influx at both the hypertrophy and HF stages. This may imply 

INa,L contributes similar amounts of Na+ to the cells of both sexes in all these types of cardiac 

pathology, but there is a lack of studies in the sex difference in INa,L to compare with our data.  

 

 

Figure 6-24. Na+/K+ ATPase current and Na+ extrusion rate during AC progression 
between sexes. 

While both sexes showed a continuous decline in Na+/K+ ATPase current and function during the 

progression towards HF, males showed a more marked reduction at 60AC compared with females 

(Sham=60Sham+150Sham; see Fig. 17 for more detail). 

 

 

Figure 6-25. INa,L and INa,L-mediated Na+ influx during AC progression between sexes. 

Both sexes showed continuously increased INa,L  and the associated Na+ influx with comparable 

amount of enhancement during AC progression (Sham=60Sham+150Sham; see Fig. 19 for more 

detail). 
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6.6 Conclusions 

Sex differences exists in Ca2+ handling and Na+ regulation during the progression from cardiac 

hypertrophy to HF. Prolongation of the APD was observed at the cardiac hypertrophy and HF stages 

in both sexes. While both sexes maintained their cardiac FS at the hypertrophy stage, males showed 

more deterioration of cardiac function and more congested lungs at the later HF stage compared 

with females. Males had larger Ca2+ transient amplitudes and greater SR Ca2+ content at the cardiac 

hypertrophy stage, but afterwards had slower Ca2+ transient decay and more impaired Ca2+ uptake 

via SERCA with smaller SR Ca2+ content at the HF stage compared with females. While males had 

higher spontaneous Ca2+ spark frequency at HF, males and females has similar increased spark-

mediated SR Ca2+ leak. Both sexes showed reductions in Na+/K+ ATPase current and function at 

cardiac hypertrophy and HF, but males experienced more decline at the cardiac hypertrophy stage 

compared with females. INa,L started to increase at the hypertrophy stage in both sexes with 

markedly increasing and prolonged decay kinetics at the HF stage in both sexes. 
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7 THE EFFECT OF OVARIECTOMY ON INTRACELLULAR Ca2+ 

REGULATION IN GUINEA PIG CARDIOMYOCYTES 

7.1 Aims 

• To assess if long-term deprivation of ovarian hormones in the GP alters intracellular Ca2+ 

regulation in ventricular myocytes and leads to more arrhythmogenic events.   

• To assess if oestrogen supplementation to ovariectomised GPs reverses any alterations to 

cardiac Ca2+ handling and rescues pro-arrhythmic behaviour. 

7.2 Introduction 

Clinical observations show that premenopausal women have lower incidence of sudden cardiac 

death compared with men which could be related to reduced risk of malignant ventricular 

arrhythmias and delayed onset of coronary artery disease. However, postmenopausal women seem 

to lose this protection202,287,304-306. The risk of cardiovascular disease (CVD) is lower in premenopausal 

women than in age-matched men with CVD developing about 10 years later in females compared 

with males307, but the risk increases noticeably in women after menopause158,179. Further, in animal 

models long-term deficiency of oestrogen was associated with cardiac contractile dysfunction308,309, 

reduced myofilament force and increased Ca2+ sensitivity310. Postmenopausal women are more 

vulnerable to arrhythmia-related sudden cardiac death compared with premenopausal women180,181. 

Notably, premenopausal women with ventricular premature beats that mostly originate from the 

right ventricle outflow tract (RVOT) show decreased premature beat frequency around ovulation 

when serum oestradiol is at its peak182.  

 

While these clinical findings suggest ovarian hormones may provide some cardiovascular protection 

and reduce the incidence of pro-arrhythmic events175-178, large studies examining hormone 

replacement therapy (HRT) showed no cardiovascular benefit192. These conflicting results led to the 

testing of a hypothesis which suggests that the timing of HRT is important and women receiving such 

therapy early after the menopause benefit from reduced risk of serious cardiovascular events193. 

However, the association between serum oestrogen levels and arrhythmias appears complex. For 

example, in acquired LQTS, drug-induced QT prolongation is more pronounced and the risk for 

polymorphic ventricular tachycardia is greater  when oestradiol serum levels peak during the 

oestrous cycle, suggesting a pro-arrhythmic role for oestradiol199. Therefore further investigation is 

required to clarify the effect of ovarian hormones on cardiac function and elucidate underlying 

mechanisms. Furthermore, ineffective Ca2+ regulation is potentially arrhythmogenic and so a 
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deficiency of oestrogen could provide a pro-arrhythmic substrate. Indeed, an increase in 

susceptibility to epinephrine-induced arrhythmias (for example, premature ventricular contractions) 

was noted in ovariectomised rats compared with gonad-intact animals187. A clinical investigation also 

revealed that postmenopausal women who have idiopathic outflow tract ventricular arrhythmia had 

lower serum oestradiol levels than control postmenopausal women, and the occurrence of 

ventricular arrhythmia events was lower in women with oestrogen replacement183. In this chapter 

we identified which Ca2+ regulatory mechanisms are affected and investigated if oestrogen 

supplementation to ovariectomised GPs reverses any alterations to cardiac Ca2+ handling and 

rescues pro-arrhythmic behaviour.  

7.3 Methods 

7.3.1 Ovariectomised animal model 

The OVx operation procedure was detailed in section 2.1.2. 

7.3.2 17β-oestradiol pellet implantation  

Implantation of oestradiol was described in section 2.1.4. 

7.3.2.1 Serum oestradiol level  
Blood samples were collected in serum separator tubes (Becton Dickinson, UK) and incubated at RT 

for 2 h before centrifugation at 3000 rpm for 15 min at 4°C. The serum supernatant was transferred 

to low-binding protein Eppendorf tubes and stored at -80°C until assayed. Levels of serum oestradiol 

were measured by quantitative sandwich enzyme-linked immunosorbent assay (ELISA) according to 

the manufacturer's instructions (MyBioSource, San Diego, USA). All standards and serum samples 

were added in duplicate to the reaction plate. Optical Density (O.D.) at 450 nm was obtained by 

using a microplate reader. O.D. values of the duplicate samples were averaged. The mean O.D. value 

of the blank control was subtracted from all other O.D. values. A standard curve was fitted using the 

standard data in logistic (5-PL) curve-fit (Fig. 7-1). The oestradiol level of samples was obtained from 

the standard curve corresponding to the mean absorbance of the samples. Data was collected from 

samples run in once reaction microplate. 
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Figure 7-1. Standard curve of 17β-oestradiol against O.D. at 450 nm.  

The oestradiol levels of samples from Sham, OVx and OVx+E were obtained from the standard curve 

corresponding to the mean absorbance of the samples accordingly. 

 

7.3.3 Cardiac myocytes isolation and electrophysiological measurements 

7.3.3.1 Cell isolation and electrophysiological measurements 
Experiments were performed on single cardiac myocytes isolated from Sham, OVx, or OVx with 

oestradiol supplement (OVx+E) GPs according to the methods described in section 2.3.1. Techniques 

and protocols for electrophysiological and fluorescence measurements including action potential, 

ICa,L, SR Ca2+ content, Ca2+ transient, spontaneous Ca2+ sparks and waves were as detailed in section 

2.4 and 2.5.  

7.3.3.2 Voltage-dependent activation and steady-state inactivation of L-type Ca2+ 
channel 

Voltage-dependent activation curves were constructed by plotting the value of the test voltage step 

against the corresponding normalised conductance (G/Gmax). Conductance (G) was calculated by 

using the equation: G = I/(V - Vrev), where V is the test voltage step, I is the peak current at the test 

voltage and Vrev the reversal (or equilibrium) potential obtained by extrapolating the tail part of the 

I-V curve to its intersection with the voltage axis. Steady-state inactivation curves were constructed 

by plotting the current obtained from each test step (expressed as a percentage of maximal current 

(I/Imax)) against the value of the initial activating voltage step. Voltage-dependent activation and 

steady-state inactivation curves were fitted with a Boltzmann equation (y = 1/(1 + exp[(x- V0.5)/ K])). 

The probability of Ca2+ channels being open within the “window” range of voltages was calculated 

using the equation:  (1/{1+exp[(V0.5, activation-V)/Kactivation]}x1)/({1+exp[(V-V0.5,inactivation)/Kinactivation]}) 

described previously311. 
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7.3.3.3 EADs and DADs induced by isoprenaline 
To elicit early and delayed afterdepolarisations (EADs and DADs, respectively), cells were exposed to 

50 nM isoprenaline (ISO) and paced at various frequencies (0.5, 1 and 2 Hz) for 30 s. The presence of 

EADs, appearing as transient repression of the repolarisation process and/or reversal of the 

membrane potential (reversal of dV/dt) during repolarisation, was confirmed by the reversal of the 

negative first derivative312 of the membrane potential towards less negative or positive values, 

respectively. DADs were counted if their amplitudes were ≥ 5 mV. 

7.3.3.4 mRNA expression of Cav1.2 and Cavβ2 

7.3.3.4.1 mRNA extraction 
Total RNA from cells was extracted by using the RNeasy Mini Kit (Qiagen, UK) according to the 

manufacturer's instructions. Prior to RNA isolation, all surfaces were cleaned using Distel High Level 

Laboratory Disinfectant (Tristel Solutions Ltd, UK) to eliminate any potential RNase and DNA 

contaminants. The cell pellet suspended in the provided cell lysis buffer was homogenised using a 

sonicator before the extraction process. RNase-free water (40 µl) was used to elute the isolated RNA 

at the final stage of extraction. The concentration of isolated RNA was measured by using a 

NanoDrop™ 8000 Spectrophotometer (Thermo Fisher Scientific, MA, USA) before storing the RNA 

extraction in the -80 °C freezer.  

7.3.3.4.2 Primer design 
Primers were designed by using NCBI/Primer-Blast (http://www.ncbi.nlm.nih.gov/tools/primer-

blast/). Target gene sequences were sourced from NCBI/Gene 

(https://www.ncbi.nlm.nih.gov/gene/). Designed primers (10 µM) were obtained from Invitrogen, 

UK. The primer sequences were as follows: 

Target genes: 

Cav1.2 (encoded by CACNA1C):  

sense 5`-ACACTGCTGTGGACCTTCATC-3`,antisense 5`-TGCATACCAATCACGGCATA-3`. 

Cavβ2 (encoded by CACNB2):  

sense 5`-CCAAGCCCAGTCAAACTAGAAAAC-3`, antisense 5`- CAAACTGGACGATGAATTTCCTCC-3`.  

SERCA2a (encoded by Atp2a2):  

sense 5`-GTAGCCAATGCAATTGTAGGTGT-3`,antisense 5`-GATACACTTTGCCCATTTCAGG-3`. 

NCX1 (encoded by Slc8a1):  

sense 5`-CTGGAAGTGATCATTGAGGAGTC-3`, antisense 5`-ACTGTTCTCTCCAGCTGTTGGTA-3`.  

Housekeeping gene: 

β-actin (encoded by ACTB):  

sense 5`-ACTTTGCTGCGTTACACCCT-3`, antisense 5`-AATCAAAGTCCTCGGCCACA-3`. 

http://www.ncbi.nlm.nih.gov/tools/primer-blast/
http://www.ncbi.nlm.nih.gov/tools/primer-blast/
https://www.ncbi.nlm.nih.gov/gene/
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7.3.3.4.3 qRT-PCR  
Real-time RT-PCR was performed using the one-step QuantiTect SYBR Green PCR kit (Qiagen, UK) 

according to the manufacturer's instructions. RNA extraction was diluted to 3 ng/µl for assaying. A 

total 25 µl of reaction volume contained 30 ng of RNA and 0.5 µM of primer. Components in reaction 

were listed in Table 7-1. A 96-well reaction plate (Applied Biosystems) was used. Samples were 

added in duplicate to the reaction plate for data averaging. qRT-PCR cycles are detailed in Table 7-2. 

Cycle threshold (Ct) values for target messenger RNA (mRNA) were normalised to the housekeeping 

gene coding β-actin (ACTB) and the relative gene expression in each sample was calculated using the 

2−ΔΔC
T  method313. 

 

Component  Volume (µl) Final concentration 

QuantiTect SYBR Green RT-PCR Master Mix 12.5 1 x 

Primer (sense) 1.25 0.5 µM 

Primer (anti-sense) 1.25 0.5 µM 

QuantiTect reverse transcriptase Mix 0.25 - 

RNA extraction 9.75 1.2 ng/µl 

Total 25 - 
 

Table 7-1. Components of RT-PCR reaction. 

 

Step  Time Temperature (°C) 

Reverse transcription 30 min 50 

PCR initial activation step 15 min 95 

Denaturation 15 s 94 

Annealing 30 s 60 

Extension 30 s 72 

Number of cycles  40 
 

Table 7-2. RT-PCR cycle. 

 

7.3.4 Statistical analysis 

Statistical methods were detailed in section 2.7. Kaplan-Meier estimates with Log Rank test was used 

to analyse Ca2+ wave-free survival interval. 
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7.4 Results 

7.4.1 Physical characteristics of experimental animals 

The serum oestrogen level decreased significantly in OVx GPs and increased when oestrogen was 

replaced (the OVx+E treatment group) (Table 7-3). Average body weight (BW) significantly increased 

by 10 % in the OVx group but the ratio of heart weight (HW) to body weight remained unchanged 

compared with Sham (Table 7-3). Both uterine weight and HW normalised to BW increased 

significantly in the OVx+E group (Table 7-3).  

 

 
n 

BW 
(g) 

UW 
(g) 

HW 
(g) 

UW/BW HW/BW 
Serum E2 
(pg/mL) 

Sham 9 784 ± 85 1.52 ± 0.47 2.38 ± 0.08 0.19 ± 0.05 0.31 ± 0.04 7.80 ± 4.37 

OVx 10 870 ± 67* 0.37 ± 0.08*** 2.66 ± 0.23*** 0.04 ± 0.01*** 0.31 ± 0.02 4.19 ± 1.93* 

OVx+E 10 711 ± 57* 3.89 ± 0.60*** 2.48 ± 0.13 0.55 ± 0.10*** 0.35 ± 0.04* 24.22 ± 3.83*** 

Values expressed as means ± S.D. 

n=number of animals; BW=Body weight, HW=Heart weight, UW=Uterine weight. 

* p<0.05, ** p<0.01, and ***p<0.001 represent significant difference compared to Sham group.  

Statistics calculated by one-way ANOVA with a Fisher post-hoc test.  

Table 7-3. Physical characteristics of experimental animals. 
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7.4.2 In vivo M-mode echocardiography 

OVx had 12 % larger LVIDd and 27 % larger LVIDs compared with Sham (Fig. 7-2. D & E). OVx+E had 

similar LVIDd but smaller LVIDs compared with OVx (Fig. 7-2. D & E). The FS decreased by 8 % in the 

OVx but remained unchanged in the OVx+E group compared with Sham (Fig. 7-2. F).  

 

 

Figure 7-2. In vivo M-mode echocardiogram in Sham, OVx and OVx+E groups. 

Typical in vivo M-mode echocardiogram and LVIDd and LVIDs measurements from Sham (A), OVx (B) 

and OVx+E GPs (C). D, E & F: LVIDd and LVIDs were 12 % and 27 % larger in OVx animals in 

conjunction with an 8 % decrease in FS compared with Sham. LVIDd, LVIDs and FS were unaltered in 

OVx+E compared with Sham (Sham, n=9; OVx, n=10, OVx+E, n=10; n=GP numbers; one-way ANOVA 

with a Fisher post-hoc test, n/s: p>0.05, *p<0.05, **p<0.01, ***p<0.001). 
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7.4.3 Ca2+ transient 

7.4.3.1 Ca2+ transient amplitudes, time to peak, decay 50 % and 90 % time 
Ca2+ transient amplitudes were 20 % larger in the OVx group than in Sham (Fig. 7-3. B). Myocytes 

isolated from the OVx+E group had similar Ca2+ transient amplitudes compared with myocytes 

isolated from the Sham group (Fig. 7-3. B). The time to peak (TTP) of the Ca2+ transients remained 

unchanged between Sham, OVx and OVx+E groups (Fig. 7-4. A). OVx+E had 20 % and 24 %  longer 50 

% decay time (R50) than Sham and OVx groups, respectively (Fig. 7-4. B). OVx+E also had 17 % and 28 

%  longer 90 % decay time (R90) than Sham and OVx groups respectively (Fig. 7-4. C). OVx had 9 % 

shorter R90 than Sham (Fig. 7-4. C).  

 

 

Figure 7-3. Ca2+ transients in Sham, OVx and OVx+E groups.   

A: Typical Ca2+ transients in Sham, OVx and OVx+E group. B: OVx had larger Ca2+ transient amplitude 

than Sham and OVx+E. Sham and OVx+E had similar Ca2+ transient amplitudes (Sham, n=44/4; OVx, 

n=55/4; OVx+E, n=40/3; one-way ANOVA with a Fisher post-hoc test, n/s: p>0.05, **p<0.01). 

 

 

Figure 7-4. Ca2+ transient TTP, R50 and R90 in Sham, OVx and OVx+E groups. 

A: Ca2+ transient TTP was unaltered between Sham, OVx and OVx+E. B &C: OVx+E had longer R50 and 

R90 compared with Sham and OVx. C: OVx had shorter R90 compared with Sham amplitudes (Sham, 

n=44/4; OVx, n=55/4; OVx+E, n=40/3; one-way ANOVA with a Fisher post-hoc test, n/s: p>0.05, 

*p<0.05, ***p<0.001).   
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7.4.3.2 Ca2+ transient decay rate constant 
Cells isolated from OVx GPs had 7 % and 11 % faster Ca2+ transient decay rate constants compared 

with Sham and OVx+E, respectively (Fig. 7-5). Cells from Sham and OVx+E had similar decay rate 

constants. The rate constant of SERCA and the corresponding percentage contribution to relaxation 

made by the protein remained unchanged between Sham, OVx and OVx+E cells (Fig. 7-6. A & B). 

Compared with Sham, OVx had a 20 % greater rate constant of NCX and the corresponding 

percentage contribution to relaxation of NCX was increased by 65 % (Fig. 7-6. C & D). Compared with 

OVx+E, OVx had faster rate constant of NCX by 27 % and increased relaxation contribution from NCX 

by 64 % (Fig. 7-6. C & D). The rate constant of the other slower components, including PMCA and 

mitochondria uniporter, and their corresponding contribution to relaxation showed no difference 

between Sham, OVx and OVx+E (Fig. 7-6. E & F).  

 

OVx had 13 % higher fractional SR Ca2+ release compared with Sham (Fig. 7-7). OVx had 37 % 

reduced relative mRNA expression of SERCA2a compared with Sham which was partially restored by 

30 % in OVx+E. The relative mRNA expression of NCX remained unaltered between Sham, OVx and 

OVx+E (Fig. 7-8).  

 

 

Figure 7-5. Ca2+ transient decay rate constant in Sham, OVx and OVx+E groups.  

OVx group had 7 % and 11 % quicker decay rate constant compared with Sham and OVx+E groups, 

respectively (Sham, n=56/3; OVx, n=38/3; OVx+E, n=33/3; one-way ANOVA with a Fisher post-hoc 

test, n/s: p>0.05, *p<0.05, ***p<0.001).  
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Figure 7-6. Rate constant and relaxation distribution of SERCA, NCX and other slower 
transporters in Sham, OVx and OVx+E groups. 

A, B, E & F: The rate constants of SERCA and other slower components and their corresponding 

contributions to relaxation remained unchanged between Sham, OVx and OVx+E groups. C & D: OVx 

had 20 % and 27 % greater rate constant of NCX and 65 % and 64 % increased relaxation 

contribution from NCX compared with those in Sham and OVx+E groups, respectively (Sham, n=56/3; 

OVx, n=38/3; OVx+E, n=33/3; one-way ANOVA with a Fisher post-hoc test, n/s: p>0.05, **p<0.01, 

***p<0.001).   
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Figure 7-7.  Fractional SR Ca2+ release in Sham, OVx and OVx+E groups. 

OVx had 13 % higher fractional SR Ca2+ release compared with Sham although there was no 

difference compared with OVx+E (Sham, n=34/4, OVx, n=48/4; OVx+E, n=40/3; one-way ANOVA with 

a Fisher post-hoc test, n/s: p>0.05, **p<0.01). 

 

 

Figure 7-8. Relative mRNA expression of SERCA2a and NCX1 in Sham, OVx and OVx+E. 

OVx had 37 % reduced relative mRNA expression of SERCA2a compared with Sham which was 

partially restored by 30 % in OVx+E. The relative mRNA expression of NCX remained unaltered 

between Sham, OVx and OVx +E (Sham, n=6; OVx, n=6; OVx+E, n=6; n=GP numbers; one-way ANOVA 

with a Fisher post-hoc test, *p<0.05). 
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7.4.4 Cell capacitance 

There was no difference in cell capacitances between Sham, OVx and OVx+E groups (Sham=173.2 ± 

41.9, OVx=169.5 ± 48.9, OVx+E=182.4 ± 43.1 pF, p>0.05; Sham, n=125; OVx, n=81; OVx+E, n=70; one-

way ANOVA with a Fisher post-hoc test). 

7.4.5 SR Ca2+ content  

The SR Ca2+ content, obtained by integrating the caffeine-evoked inward NCX current (Fig. 7-9. A), 

was on average 20 % greater in the OVx group compared with the Sham group (Fig. 7-9. B). SR Ca2+ 

content was unaltered between cells isolated from Sham and OVx+E groups (Fig. 7-9. B).  

 

 

Figure 7-9. SR Ca2+ content in Sham, OVx and OVx+E groups. 

A: Typical trace of caffeine-induced NCX inward current and the current integrating trace to measure 

SR Ca2+ content. B: SR Ca2+ content was significantly higher in OVx myocytes compared with Sham 

and OVx+E myocytes (Sham, n=33/3; OVx, n=34/3; OVx+E, n=33/5; one-way ANOVA with a Fisher 

post-hoc test, n/s: p>0.05, ***p<0.001). 
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7.4.6 Ca2+ sparks and waves 

Since SR Ca2+ content was greater in the OVx group, we examined Ca2+ spark frequencies to assess if 

there were any changes in spontaneous Ca2+ release. In addition, we assessed if these cells had an 

increased tendency to produce Ca2+ waves or more Ca2+ sparks when provoked by an exposure of 0.5 

µM isoprenaline (ISO challenge). Spark frequencies were higher in the OVx group compared with 

Sham (Fig. 7-10. B). In the presence of 0.5 µM ISO, myocytes showed more sparks, and the 

frequencies at which they occurred remained higher in cells from the OVx group (Fig. 7-10. B). 

 

Spark amplitudes and mass were also larger in OVx myocytes with or without ISO (Fig. 7-11). In 

conjunction with Ca2+ sparks, wave frequencies were higher in the OVx group compared with Sham 

(Fig. 7-12. B). In the presence of 0.5 µM ISO, myocytes showed more waves and the frequencies at 

which they occurred remained higher in the OVx group (Fig. 7-12. B). Spark and wave frequencies 

significantly decreased in myocytes from animals supplemented with oestrogen compared with the 

OVx group, and wave-free survival times were longer in Sham and OVx+E in the absence or presence 

of ISO compared with OVx (Fig. 7-12. C & D).  

 

Figure 7-10.  Spontaneous Ca2+spark frequency with or without ISO challenge in Sham, 
OVx and OVx+E groups. 

A: The detection of Ca2+ sparks in Sham, OVx and OVx+E Fluo-4 loaded-myocytes using confocal line-

scanning microscope to detect Ca2+ sparks in a Sham, OVx and OVx+E myocyte. B: Spark frequency 

was higher in OVx compared with Sham and OVx+E in the presence and absence of ISO (Sham, 

n=55/5; OVx, n=36/3, OVx+E, n=40/4; one-way ANOVA with a Fisher post-hoc test, **p<0.01, 

***p<0.001).  
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Figure 7-11. Ca2+ spark amplitudes and mass with or without the presence of ISO in 
Sham, OVx and OVx+E groups. 

A & B: Spark amplitudes were larger in OVx than in Sham and OVx+E with and without the presence 

of ISO. C & D: OVx myocytes had a larger spark mass compared with Sham and OVx+E with and 

without ISO treatment (Sham, n=55/5; OVx, n=36/3, OVx+E, n=40/4; one-way ANOVA with a Fisher 

post-hoc test, n/s: p>0.05, *p<0.05, **p<0.01, ***p<0.001). 
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Figure 7-12. Ca2+ wave frequency and wave-free survival in Sham, OVx and OVx+E. 

A: Typical traces of Ca2+ waves recorded in Sham, OVx and OVx+E myocytes. B: Wave frequency was 

higher in OVx compared to Sham and OVx+E with and without the presence of ISO. C & D: Wave-free 

survival was longer in Sham compared with OVx myocytes in NT and following ISO challenge. Wave-

free survival was significantly longer in OVx+E compared with OVx myocytes only in the presence of 

ISO (Sham, n=61/5; OVx=38/3; OVx+E=40/4; one-way ANOVA with a Fisher post-hoc test, n/s: p>0.05, 

*p<0.05, ***p<0.001). 
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7.4.7 L-type Ca2+ channel 

7.4.7.1 ICa,L amplitude and gating 
This assessment of Ca2+ regulation indicated that there were changes in intracellular Ca2+ handling 

following long-term absence of oestrogen. It was therefore necessary to measure L-type Ca2+ current 

to assess if changes in Ca2+ influx occurred following OVx. The peak ICa,L was 16 % larger in OVx 

compared with Sham and OVx+E (Fig. 7-13. B), and the amount of Ca2+ influx calculated during the 

200 ms activating clamp step was also 33 % larger in OVx myocytes compared with Sham and OVx+E 

myocytes (Fig. 7-13. D).  

 

The steady-state inactivation of the L-type Ca2+ current shifted to more positive potentials in OVx 

myocytes (V1/2, inactivation shift:  3.0 mV, P<0.001) (Fig. 7-14. A). Channel gating, determined by the L-

type Ca2+ current inactivation shift, was unaltered in OVx+E compared with Sham myocytes (Fig. 7-14. 

A & B). In Sham myocytes, the peak probability  of Ca2+ channel being open was 0.07 ± 0.05 at -15 

mV while in OVx cells, this reached 0.15 ± 0.05 at -10 mV, and  subsequently decreased in the OVx+E 

group to 0.06 ± 0.02 at -10 mV (Fig. 7-14. C). 
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Figure 7-13.  ICa,L I-V relationship and Ca2+ influx of peak ICa,L. 

A: Typical traces of ICa,L (cadmium-sensitive currents) and the corresponding voltage steps. B: I-V 

relationship of L-type Ca2+ channel of Sham, OVx and OVx+E myocytes. Maximum peak ICa,L at 5 mV 

was larger in OVx myocytes compared with Sham and OVx+E. C: Representative figures of peak ICa,L 

(top) and Ca2+ influx (bottom) in Sham, OVx and OVx+E myocytes. D: Ca2+ influx was larger in OVx 

myocytes compared with Sham and OVx+E myocytes (Sham, n=40/5; OVx, n=44/5; OVx+E, n=37/7; 

one-way ANOVA with a Fisher post-hoc test, n/s: p<0.05, ***p<0.001). 
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Figure 7-14. Activation and inactivation curve of L-type Ca2+ channel and the 
calculated window current from Sham, OVx and OVx+E myocytes. 

A & B: L-type Ca2+ channel gating shifted to more positive Em in OVx myocytes compared with Sham 

(V1/2, inactivation shift:  3.0 mV, P<0.001). Channel gating was unaltered in OVx+E compared with Sham 

myocytes. C: The probability of having channel open within the “window” range of voltages in Sham 

myocytes peaked at -15 mV with a mean peak probability value of 0.07 ± 0.05, but the probability 

increased to 0.15 ± 0.05 at -10 mV in OVx cells (p<0.001). In OVx+E cells the mean peak probability 

value was 0.06 ± 0.02 at -10 mV that was similar to Sham (Sham, n=40/5; OVx, n=46/6, OVx+E, 

n=37/7; one-way ANOVA with a Fisher post-hoc test, ***p<0.001). 
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7.4.7.1 Effect of H-89 on L-type Ca2+ channel current and gating 
In the presence of 5 µM H-89, a PKA inhibitor, peak ICa,L was reduced by 63 % and 59 % with peak 

values at -3.7 ± 0.8 and -4.8 ± 1.3 pA/pF (Student’s t-test, p<0.01)  in Sham and OVx groups, 

respectively (Fig. 7-15 A & B). Peak ICa,L decreased by 65 % at peak value of -3.4 ± 0.6 pA/pF in OVx+E 

group in the presence of H-89 (Fig. 7-15. C). OVx still had greater peak ICa,L in the presence of H-89 

compared with Sham and OVx+E (Student’s t-test, p<0.01 and p<0.001, respectively).  

 

Following the addition of 5 µM H-89, in OVx myocytes the gating of L-type Ca2+ channel shifted 

toward more negative Em (V1/2, inactivation shift:  3.9 mV, P<0.001) (Fig. 7-16. A). The channel gating 

again shifted to more negative Em in Sham and OVx+E myocytes with H-89 treatment (V1/2, inactivation 

shift, Sham=1.7 mV, p<0.01; OVx+E=2.8 mV, p<0.001) (Fig. 7-16. B & C). 

 

 

Figure 7-15. The effect of H-89 on maximum peak ICa,L in Sham, OVx and OVx+E 
groups.  

A & B: Maximum peak ICa,L at 5 mV was reduced by 63 % and 59 % with peak values at -3.7 ± 0.8 and 

-4.8 ± 1.3 pA/pF with 5 µM H-89 treatment in Sham and OVx groups, respectively. C: OVx+E showed a 

decrease in peak ICa,L decreased by 65 % with peak value at -3.4 ± 0.6 pA/pF in the presence of H-89. 

OVx still had larger peak ICa,L in the presence of H-89 compared with Sham and OVx+E (Student’s t-

test, p<0.01 and p<0.001, respectively) (Sham, n=16/3; OVx, n=21/4; OVx+E, n=14/3). 
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Figure 7-16. The effect of H-89 on the gating of L-type Ca2+ in Sham, OVx and OVx+E 
groups. 

A: In OVx myocytes, the gating of L-type Ca2+ channel shifted toward more negative Em following the 

addition of 5 µM H-89 (V1/2, inactivation shift:  3.9 mV in OVx, P<0.001; 1.7 mV in Sham, p<0.01; 2.8 mV in 

OVx+E, p<0.001; Student’s t-test) (Sham, n=15/3; OVx, n=15/4, OVx+E, n=14/3). 

 

7.4.7.2 L-type Ca2+ channel α1c and β2 subunit relative mRNA expression 
A qRT-PCR was performed to measure relative mRNA expression levels of key subunits of the L-type 

Ca2+ channel to determine whether augmented OVx ICa,L was a consequence of altered gene 

expression of α1c or β2 subunits. The relative mRNA expression of these subunits was unaltered 

between Sham, OVx and OVx+E groups (Fig. 7-17).  
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Figure 7-17. Quantifying the relative Cav1.2 and Cavβ2 mRNA expression following 
OVx. 

A: Relative Cav1.2 mRNA expression (normalised to β-action mRNA) was unaltered between Sham, 

OVx an OVx+E myocytes. B: The relative Cavβ2 mRNA expression (normalised to β-actin mRNA) did 

not change following OVx and OVx+E compared with Sham (Sham, n=7; OVx, n=7; OVx+E, n=6; n=GP 

numbers; one-way ANOVA with a Fisher post-hoc test, n/s: p>0.05). 

 

7.4.8 EADs and DADs induced by ISO 

The rightward shift in Ca2+ current inactivation, increasing the window current, may favour more 

inward current flow that could encourage the generation of arrhythmic events following OVx. To 

assess pro-arrhythmic susceptibility following long-term deprivation of oestrogen, the frequency of 

EADs or DADs following an ISO challenge was determined. Firstly, we measured action potentials in 

cells isolated from each group (Fig. 7-18. A). APD90 remained unchanged between Sham, OVx and 

OVx+E groups (Fig. 7-18. B), however APD10 was 1.3 times longer in cells isolated from the OVx group 

compared with Sham and OVx+E groups (Fig. 7-18. C). This may indicate more inward current flow 

early in the action potential supporting the Ca2+ current measurements.  

 

EADs or DADs were elicited by pacing cells at 0.5, 1 or 2 Hz frequency for 30 s in the presence of 50 

nM ISO (Fig. 7-19). Myocytes from the OVx group showed 68 % and 38 % higher frequency of EADs 

compared with Sham and OVx+E, respectively (Fig. 7-10. A) and, in addition, a higher percentage of 

OVx cells showed DADs when stimulated at 0.5 and 1 Hz compared with Sham and OVx+E (Fig. 7-20. 

B & C). OVx myocytes also had higher percentage of cells showing DAD-induced triggered extra beats 

during 0.5 Hz and 1 Hz stimulation compared with Sham and OVx+E cells (Fig. 7-20. D & E) 
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Figure 7-18. Assessing the long-term absence of oestrogen on APD. 

A: Representative figures of cardiac action potentials from ventricular myocytes. B: APD90 remained 

unchanged between Sham, OVx and OVx+E. C: APD10 was longer in OVx compared to Sham and 

OVx+E, however no differences in APD10 were observed between Sham and OVx+E (Sham, n=43/7;  

OVx, n=44/7; OVx+E, n=51/6; one-way ANOVA with a Fisher post-hoc test, n/s: p>0.05, ***p<0.001). 

 

 

Figure 7-19. Representative quantification of EADs and DADs following ISO challenge. 

A1-3: Typical traces of EAD formation in action potentials with short (A1), normal (A2) and long 

duration (A3) and the corresponding first derivative (dV/dt) traces from OVx myocytes at 2 Hz 

stimulation in 50 nM ISO. B: DAD formation and DAD-induced triggered extrasystole representations 

from a OVx myocyte following 1 Hz stimulation in 50 nM ISO. 
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Figure 7-20.  Assessing putative arrhythmogenic events following long-term absence 
of oestrogen. 

A: OVx myocytes had higher frequency of EADs per 10 beats compared to Sham and OVx+E myocytes 

following 50 nM ISO challenge at 2 Hz stimulation (Sham, n=39/5; OVx, n=30/4; OVx+E=30/5; one-

way ANOVA with a Fisher post-hoc test, *p<0.05). B: A higher percentage of cells were observed with 

DADs from OVx when treated with 50 nM ISO at 0.5 Hz stimulation compared to Sham and OVx+E 

(Sham, n=37/5; OVx, n=45/4; OVx+E=33/5; one-way ANOVA with a Fisher post-hoc test, *p<0.05, 

***p<0.001). C: At 1 Hz stimulation, the percentage of myocytes showing DADs remained higher 

from OVx compared to Sham and OVx+E groups (Sham, n=42/5; OVx, n=40/4; OVx+E=32/5; one-way 

ANOVA with a Fisher post-hoc test, *p<0.05). D & E: OVx myocytes showed higher percentage of cells 

showing DAD-induced triggered extrasystoles at both 0.5 Hz and 1 Hz stimulation compared with 

Sham and OVx+E (At 0.5 Hz, Sham, n=37/5; OVx, n=45/4; OVx+E=33/5; one-way ANOVA with a Fisher 

post-hoc test, *p<0.05) (At 1 Hz, Sham, n=42/5; OVx, n=40/4; OVx+E=32/5; one-way ANOVA with a 

Fisher post-hoc test, *p<0.05). 
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7.5 Discussion 

This chapter addressed the hypothesis that long-term deficiency of ovarian hormones alters 

intracellular Ca2+ regulation in a way that may predispose cardiac myocytes to more potentially 

arrhythmogenic events. Alongside testing this central hypothesis, we assessed whether 17β-

oestradiol supplementation could reverse any changes to intracellular Ca2+ handling, thus preventing 

pro-arrhythmic behaviour. L-type Ca2+ current was measured to determine if it could be responsible 

for the increases in cellular Ca2+ content. We found the peak ICa,L and the corresponding Ca2+ influx 

were larger in OVx myocytes. Furthermore, we observed that current inactivation shifted to more 

positive voltages and the probability of Ca2+ channels being open within the “window” voltage range 

was greater in OVx myocytes. Both parameters favour the generation of arrhythmic events314,315. 

Following ISO challenge, OVx myocytes had higher frequencies of EADs and a greater percentage of 

these showed DADs. Significantly fewer pro-arrhythmic events were observed in myocytes isolated 

from OVx GPs with 17β-oestradiol supplementation. 

7.5.1 Ca2+ transient and SR Ca2+ load 

OVx myocytes had greater SR Ca2+ content and larger Ca2+ transient amplitudes supporting a 

previous report186. We also found OVx myocytes had larger peak ICa,L and corresponding Ca2+ influx. 

We suggest the greater SR Ca2+ content may result from the loading effect of the larger Ca2+ influx. 

Not only is the size of SR Ca2+ release proportional to the size of the Ca2+ current68, but also increased 

Ca2+ influx loads the SR with more Ca2+ that augments subsequent fractional SR Ca2+ release80,316. The 

Ca2+ transient decay rate constant was significantly greater in OVx compared with Sham and OVx+E.  

While the rate constant of SERCA remained unchanged between Sham, OVx and OVx+E, the rate 

constant of NCX significantly increased in OVx compared Sham and OVx+E, leading to a faster Ca2+ 

transient decay in the OVx group. The rate constant representing SERCA function remained 

unaltered following OVx implying unchanged Ca2+ uptake into the SR. The mRNA expression of SERCA 

was reduced in OVx and was partially restored in OVx+E. While the findings was in line with other 

report185, the expression and regulation of SERCA seems to vary among studies184,317,318.  

 

The up-regulated forward-mode NCX may help to facilitate Ca2+ efflux from the cell in response to 

increased Ca2+ influx after OVx. However this could potentially depolarise the membrane potential 

and causes arrhythmic events such as EADs312. The mRNA expression of NCX remained unchanged in 

our OVx group. However, up-regulated NCX function was also found in an ovariectomised rat model, 

which was reported to be associated with NCX phosphorylation by upregulated PKA184. Therefore we 

suggest the up-regulated function of NCX in OVx may result from the phosphorylation of NCX.  
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7.5.2 Ca2+ sparks and waves 

These data showed significant increases in the frequency of Ca2+ sparks and waves following OVx. 

Spark amplitudes and mass were also larger in OVx myocytes. All these indices are indicative of an 

enhanced SR Ca2+ load41 which is thought to alter ryanodine receptor Ca2+ sensitivity at luminal 

regulatory sites38 or directly at the store-sensing gate in ryanodine receptor39, and increase single 

channel current amplitude that governs cluster behaviour319. These changes increase the probability 

of Ca2+ waves formation and propagation that are considered to be pro-arrhythmic320. These will 

induce sufficient Ca2+-dependent inward current, particularly forward-mode NCX current, to cause 

depolarisation of the cardiac cell membrane producing spontaneously triggered beats under certain 

conditions36. Therefore OVx myocytes may have increased tendency to develop arrhythmias, which 

could help explain the finding that OVx increased the susceptibility to ischaemia-induced 

arrhythmias 305 and the increased incidence of arrhythmias in post-menopausal women287.  

 

In addition, we investigated the cells responses to β-adrenergic stimulation (ISO challenge). Cells 

from Sham, OVx and OVx+E all produced significantly more sparks and waves when treated with ISO. 

OVx myocytes again showed higher frequencies of sparks and waves compared with Sham. On the 

contrary, OVx+E myocytes shared similar responses to ISO challenge as Sham myocytes. Therefore, 

OVx myocytes were more sensitive to adrenergic stimulation which elicited significantly more SR Ca2 

release events. Oestradiol supplementation suppressed these potentially adverse effects. 

7.5.3 Ca2+ current 

Evidence suggests that the activity of L-type Ca2+ channels increased following OVx and these 

changes are reversed by oestrogen supplementation321-323. The changes appear to take place without 

alterations to the relative amounts of gene expression for L-type Ca2+ channel subunits α1c and β2. 

This was a similar finding to the levels of mRNA coding for L-type Ca2+ channel α-subunits in smooth 

muscle cells of coronary arteries following oestrogen withdrawal323. Therefore, we suggest the 

increased ICa,L may result from the change in phosphorylation status of the channel. The increased 

Ca2+ influx via peak ICa,L may also help provide evidence that increased SR Ca2+ content resulted from 

increased ICa,L in the OVx group.  

7.5.4 L-type Ca2+ channel gating and phosphorylation 

These results showed a shift toward positive Em in L-type Ca2+ channel inactivation in OVx myocytes. 

It was also noted that the positive shift was abolished by H-89 in OVx myocytes. The L-type Ca2+ 

channel inactivation shifted towards negative Em with H-89 treatment in Sham and OVx+E groups. 

The activity of c-AMP dependent PKA was shown to increase in an ovariectomised rat model321. 
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Phosphorylation of Cav1.2 via PKA shifts channel gating toward more negative membrane 

potentials16. However, in contrast to PKA-mediated phosphorylation of the L-type Ca2+ channel, 

phosphorylation of inner sarcolemma surface by basal kinases would be expected to shift channel 

gating to more positive Em
324. This modulation can be reversed  towards more negative voltages if 

the phosphorylation is blocked by H-89325. Therefore the positive Em channel gating shift in OVx may 

not result purely from PKA-mediated phosphorylation. We suspect it could be due to higher activity 

of basal or other forms of kinases which phosphorylate L-type Ca2+channel or inner sarcolemma 

surface324 following OVx. It is possible H-89 inhibits protein kinases (basal kinases, not necessarily 

PKA) that produce this kind of membrane phosphorylation at the inner surface proteins or amino 

acids terminal ends, such as Ser and Thr. 

 

In fact, the phosphorylation of L-type Ca2+ channel via kinases other than PKA could shift the channel 

gating to more positive Em. CaMKII, for instance may positively shift the steady-state inactivation by 

phosphorylating Cav1.2 at specific sites, such as Ser-1512 and Ser-1570263,326. There is also evidence 

showing CaMKIIδ and phosphorylated CaMKII were up-regulated in the hearts from ovariectomised 

rats196. Our OVx group showed dysregulation of Ca2+ handling such as increased ICa,L and a larger Ca2+ 

transient, which could activate CaMKII, will have feedback effects on L-type Ca2+ channel function. 

However, it is still unclear how long-term deficiency of oestrogen may influence the phosphorylation 

of the L-type Ca2+ channel to change its gating characteristics, therefore further investigated is 

needed.  

 

Basal peak ICa,L was higher in OVx compared with Sham and OVx+E. H-89 was used to test the role of 

PKA in maintenance of basal ICa,L. OVx myocytes still showed higher peak ICa,L compared with Sham 

and OVx+E in the presence of H-89. Sham and OVx+E groups had similar peak ICa,L with H-89 

treatment. Thus, we suspect kinases including PKA which support the basal activity of L-type Ca2+ 

channel may work in different ways or have differential activity between Sham, OVx and OVx+E 

groups.  

7.5.5 EADs and DADs 

A key finding in this chapter was the observation that OVx myocytes had higher frequencies of EADs 

and a greater percentage of these cells showed DADs and DAD-induced triggered extra beats during 

ISO challenge. Significantly fewer pro-arrhythmic events were observed in myocytes isolated from 

OVx GPs with 17β-oestradiol supplementation. To the best of our knowledge, this is the first ISO 

challenge experiment to induce EADs/DADs in cardiomyocytes from ovariectomised animals. EADs 

are likely to occur when a proportion of Ca2+ channels reactivate or fail to inactivate, especially in the 
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case of increased window current81. Late phase EADs may share the same underlying mechanisms as 

DADs which are SR Ca2+ overload and spontaneous Ca2+ release327. Adrenergic stimulation-induced 

EADs are regarded as the underlying mechanism of torsades de pointes ventricular tachycardia and 

sudden death in patients with idiopathic LQTS328. Our observations may also help explain an in vivo 

whole heart study showing increase in susceptibility to adrenergic stimulation-induced arrhythmias 

in ovariectomised rats compared with gonad-intact animals187 

7.5.6 Comparing Ca2+ handling in ovariectomised animal models 

Table 7-4 summarises the changes in cardiac myocyte Ca2+ handling in ovariectomised animal 

models. We have reported an increased peak ICa,L in OVx that is in good agreement with effects seen 

in rat and mouse OVx models318,321. The mRNA expression of L-type Ca2+ channel was unaltered 

following OVx; a finding similar to Fares et al  in the rat318 but it is uncertain if L-type Ca2+ channel 

protein expression changes317,318. We suggest the increased ICa,L may result from the change in 

phosphorylation status of the channel. Further research using PKA/CaMKII inhibitors is required to 

assess their role in L-type Ca2+ channel phosphorylation.  

 

Most studies of the effects of OVx report increased Ca2+ transient amplitudes184,186,188,318,321 although 

discrepancies exist190,329. OVx in the GP speeds the decay of the Ca2+ transient and our results 

suggest that this is due to faster Ca2+ removal via NCX. While mRNA and protein expression of NCX 

were unaltered in most studies184,318, there is one report of increased activity of NCX resulting from 

PKA phosphorylation184. The rate constant representing SERCA function remained unaltered 

following OVx implying unchanged Ca2+ uptake into the SR but the expression and regulation of 

SERCA seems to vary among studies184,185,317,318,329,330.   

 

We report an increased spark frequency, amplitudes and mass in the OVx group, which support 

similar reports in the mouse which is more reliant on SR Ca2+ release than the GP186,318.  All these 

effects following OVx could be reversed with oestradiol supplementation confirming that it is the 

withdrawal of oestrogen that mediates the changes in Ca2+ regulation. In this study we have used an 

ISO challenge to assess if OVx imparts a pro-arrhythmic substrate. OVx myocytes had more sparks 

and waves following the ISO challenges compared with Sham and OVx+E cells. Furthermore, these 

cells had a higher frequency of EADs and a higher percentage of DADs and DAD-induced triggered 

extra beats. To further explore the pro-arrhythmic mechanism, the inactivation gating of L-type Ca2+ 

channel was investigated and was found to shift towards a more positive Em with larger window 

current, allowing a higher probability of reactivation of L-type Ca2+ channel. These novel findings 



164 
 

may help better our understanding and provide new insights for the mechanism regarding to 

postmenopausal arrhythmia.  

 

OVx animal Guinea pig  
(present study) 

Rat Mouse Rabbit 

Include oestradiol 
supplement experiment  

Yes Yes No Yes No Yes 

Peak  ICa,L ↑ 
mRNA↔ 

A↑, with PKAI↔321   
WB↑317 
mRNA↔317 

  ↑318 
↔186 
WB↓318 

Epicardium↓331 

Endocardium↔331 

Dispersion↓331 

PKA  E↑184, A↑321     

CaMKIIδ and 
phosphorylated CaMKII 

 WB↑196     

SR Ca2+ content ↑    ↑186,318  

Ca2+ transient 
parameters 

      

    Amplitudes ↑ ↑184,188,321 
↓190 

 ↓329 ↑186,318  

    TTP ↔    ↓318  

    Rate constant ↑ ↑184,188  ↓329 ↑186,318  

Fractional SR Ca2+ release ↑    ↔186,318  

SERCA R↔ A↔184, ↓185 
WB↔184,317, ↓185 
mRNA↔317, ↓185 
PLB↔185,317 

WB↓330 
PLB↔330 

WB↓329 WB↔318  

NCX R↑ A↑, with PKAI↔184  
RC↑184  
WB↔184, ↓317 
mRNA↔317 

  WB↔318  

RyR2  A↑, with PKAI↔184 
WB↔317 

    

Spark frequency ↑    ↑186,318  

Spark amplitude ↑    ↑186  

Spark mass ↑    ↑318 
↔186 

 

 

Wave frequency ↑      

ISO induced EADs, DADs. ↑      

A=Activity, E=Expression of fluorescence intensity, WB=Western blot, R=Rate constant, RC=Relaxation 
contribution 
↑: increase, ↔: no difference, ↓: decrease. Compared with Sham group. 
 

Table 7-4. Changes in cardiomyocyte Ca2+ handling in ovariectomised animal models. 
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7.5.7 Myofilament Ca2+ sensitivity 

Our data also showed a decrease in in vivo fractional shortening and an increase in LVIDd and LVIDs 

in the OVx group compared with the ovary-intact sham group, observations that are difficult to 

reconcile with increased Ca2+ current and SR Ca2+ content. A possible explanation is that there are 

changes to myofilament Ca2+ sensitivity in OVx hearts. Ca2+ desensitisation and/or decreased ATPase 

activity has been observed in in vitro studies of TnT mutant proteins332-335 and accompanies many 

dilated cardiomyopathy phenotypes332 that show decreases in in vivo fractional shortening yet 

increases to the Ca2+ transient as found in this chapter. A deficiency of female sex hormones alters 

the cardiac contractile machinery304,308,336 but the few studies that have been done in rats present an 

ambiguous picture of the effects of OVx310,337. 

 

7.6 Conclusions 

This chapter addressed the hypothesis that long-term deficiency of ovarian hormones alters cellular 

Ca2+ handling mechanisms in the heart resulting in the formation of a pro-arrhythmic substrate. We 

also tested if oestrogen supplementation to ovariectomised GPs reverses any alterations to cardiac 

Ca2+ handling and rescues pro-arrhythmic behaviour. OVx had detrimental effects on Ca2+ regulation 

in GP cardiac myocytes. The dysregulation of Ca2+ handling contributes to higher frequency of 

spontaneous or triggered SR Ca2+ release events. With β-adrenergic stimulation, the probability of 

EADs/DADs formation and DAD-induced triggered extra beats were higher in OVx group. These 

findings suggest long-term absence of ovarian hormones lead to adverse changes in Ca2+ handling 

mechanisms that may cause the formation of a more pro-arrhythmic substrate. 17β-oestradiol 

replacement prevented these changes. 
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8 THE ROLE OF OESTROGEN IN Ca2+ AND Na+ REGULATION 

IN PRESSURE-OVERLOAD HEART FAILURE FEMALE 

GUINEA PIGS 

8.1 Aims 

• To assess if long-term deprivation of ovarian hormones alters intracellular Ca2+ and Na+ 

regulation in a pressure-overload GP model.  

• To test if oestrogen supplementation confers cardiac protection and modulates calcium 

handling and Na+ regulation in the ovariectomised aortic-constricted HF GP. 

8.2 Introduction 

Sex disparities appear in clinical data on the progression of cardiac hypertrophy towards HF338. The 

Framingham study revealed that the prognosis in women is significantly better than in men after the 

onset of HF171. In advanced HF, females still have a mortality advantage172. Animal studies reported 

the protective role of oestrogen in cardiac hypertrophy and HF176,195,206. Clinical evidence suggests 

that oestrogen is linked to cardiovascular protection in premenopausal women158,175,178,339. Pathways, 

including calcium handling, NOS, and regulation of collagen may be involved in the oestrogen-

related protective effect179. However, the use of HRT failed to reduce the risk of cardiovascular 

events and may have detrimental effects on cardiovascular function175,192. The underlying 

mechanisms, especially the role of oestrogen in Ca2+ and Na+ regulation, and E-C coupling are not 

clear167-170. In this chapter, we used female AC GPs that had initially undergone an OVx to assess the 

relationship of long-term absence of oestrogen and pressure-overload HF on intracellular Ca2+ and 

Na+ regulation.  In addition, selected female ACOVx GPs were supplemented with 17β-oestradiol to 

help clarify the proposed beneficial role of oestrogen on key features of intracellular Ca2+ and Na+ 

regulation. 

8.3 Methods 

8.3.1 AC combined with OVx GP model and in vivo echocardiography study 

The pressure-overload AC combined with OVx GP model was detailed in section 2.1.3, and in vivo M-

mode echocardiography measurements were described in section 2.2. 

8.3.2 Myocytes isolation and electrophysiological measurement 

Experiments were performed on single cardiac myocytes isolated from sham, AC or AC combined 

with OVx with or without 17β-oestradiol supplementation in female GPs at operation 150 D 
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(categorised as F-150Sham, F-150AC, F-150ACOV and F-150ACOV+E, respectively) according to the 

methods described in section 2.3.1. Techniques and protocols for electrophysiology measurements 

including APD, ICa,L, Ca2+ transient, SR Ca2+ content, spontaneous Ca2+ sparks, Na+/K+ ATPase current 

and reactivation, and INa,L were detailed in sections 2.4 and 2.5. 

8.3.3 Serum oestradiol level  

17β-oestradiol pellet implantation and serum oestradiol ELISA test were described in section 2.1.4 

and 7.3.2.1, respectively.  

8.3.4 Statistical Analysis 

Data acquisition, processing, statistical analysis and expression of statistical significance were 

detailed in section 2.7.  

8.4 Results 

8.4.1 General physical characteristics 

BW remained unchanged across all experimental groups (Fig. 8-1. A). F-150ACOV had increased 

HW/BW ratio compared with F-150AC by an average of 11 % and F-150ACOV+E by an average of 14 

%.  F-150AC and F-150ACOV+E had similar HW/BW ratio (Fig. 8-1. B). F-150ACOV showed increased 

LW/BW compared with F-150AC by 17 % (Fig. 8-1. C). There was no difference in LW/BW between F-

150AC and F-150ACOV+E groups (Fig. 8-1. C). Average uterine weight (UW) was significantly lower in 

the combined AC-OVx group, at 0.4 ± 0.1 g compared with F-150AC, at 1.6 ± 0.4 g and the oestradiol 

supplement group, at 4.3 ± 0.6 g (Fig. 8-1. D). Average serum oestradiol levels were significantly 

lower in F-150ACOV, at 4.0 ± 1.9 pg/mL compared with F-150Sham, at 7.8 ± 4.4 pg/mL, F-150AC, at 

8.2 ± 3.6 pg/mL and F-150ACOV+E, at 30.1 ± 10.0 pg/mL (Fig. 8-1. E).  
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Figure 8-1. Assessing general physical characteristics. 

A: F-150Sham, F-150AC, F-150ACOV and F-150ACOV+E had similar BW. B: Mean F-150ACOV HW/BW 

ratios increased by 11 % and 14 % compared with the mean values for F-150AC and F-150ACOV+E 

groups, respectively. The mean HW/BW ratios for F-150AC and F-150ACOV+E were no different. C: 

Mean LW/BW for F-150ACOV was increased by 17 % compared with F-150AC.  Mean LW/BW ratios 

were no different between F-150ACOV+E and F-150AC. D: Mean UW was significantly reduced in the 

AC combined with OVx group, at 0.4 ± 0.1 g compared with F-150AC, at 1.6 ± 0.4 g and F-150ACOV+E, 

at 4.3 ± 0.6 g (Fig. 8-1. B). (F-150Sham, n=15; F-150AC, n=13; F-150ACOV, n=10; F-150ACOV+E, n=7; 

n=GP numbers; Student’s t-test, n/s: p>0.05 *p<0.05, ***p<0.001). E: The average serum oestradiol 

level was significantly reduced in F-150ACOV, at 4.0 ± 1.9 pg/mL compared with F-150AC, at 8.2 ± 3.6 

pg/mL and the 17β-oestradiol supplemented group, at 30.1 ± 10.0 pg/mL (F-150Sham, n=9; F-150AC, 

n=9; F-150ACOV, n=6; F-150ACOV+E, n=6; n=GP numbers; one-way ANOVA with a Fisher post-hoc 

test, n/s: p>0.05, *p<0.05, ***p<0.001).  
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8.4.2 In vivo M-mode echocardiography 

While F-150AC, F-150ACOV and F-150ACOV+E had similar average LVIDd, F-150ACOV had wider 

average LVIDs compared with F-150AC, by 14 % and F-150ACOV+E, by 17 % (Fig. 8-2. A & B). There 

were no differences in LVIDs between F-150AC and F-150ACOV+E (Fig. 8-2. A & B). In chapter 6 it 

was reported that F-150AC had reduced FS compared with F-150Sham. In this chapter, the F-

150ACOV group showed a further reduction in FS compared with F-150AC and F-150ACOV+E, by 14 

% and 13 %, at 39.6 ± 3.3 % (Fig. 8-2. C). The 17β-oestradiol supplemented group, F-150ACOV+E, had 

similar FS to F-150AC (Fig. 8-2. C). 

 

 

Figure 8-2. In vivo echocardiography study. 

A & B: The LVIDd between F-150AC, F-150ACOV and F-150ACOV+E was similar. The LVIDs in F-

150ACOV was however 14 % and 17 % larger compared with F-150AC and F-150ACOV+E, respectively. 

F-150AC and F-150ACOV+E had similar LVIDs. C: F-150ACOV showed a 14 % and 13 % further 

reduction in FS, respectively, at 39.6 ± 3.3 % compared with F-150AC and F-150ACOV+E. F-

150ACOV+E, the oestradiol supplemented group, had similar FS compared with F-150AC (F-150Sham, 

n=15; F-150AC, n=13; F-150ACOV, n=10; F-150ACOV+E, n=7; n=GP numbers; one-way ANOVA with a 

Fisher post-hoc test, n/s: p>0.05, *p<0.05, **p<0.01, ***p<0.001). 
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8.4.3 APD 

As can be seen in Figure 8-3, the average APD90 was prolonged in the three AC-operated groups, F-

150AC by 27 %, F-150ACOV by 31 %  and F-150ACOV+E by 18 %, compared with age-matched F-

150Sham group. Compared with F-150AC, F-150ACOV had similar APD90. F-150ACOV+E also had 

similar APD90 compared with F-150AC but showed shorter APD90 by 11 % compared with F-150ACOV.  

 

 

Figure 8-3. APD in sham, AC and AC combined with OVx female GPs. 

AC-operated groups, F-150AC, F-150ACOV and F-150ACOV+E, had significantly prolonged APD90 

compared with the age-matched F-150Sham group. F-150ACOV had a similar APD90 compared with 

F-150AC. The APD90 was also similar in F-150ACOV+E compared with F-150AC but had an 11 % 

shorter APD90 compared with F-150ACOV (F-150Sham, n=43/5; F-150AC, n=33/3; F-150ACOV, n=46/3; 

F-150ACOV+E, n=34/3; one-way ANOVA with a Fisher post-hoc test, n/s: p>0.05, **p<0.01, 

***p<0.001). 

 

8.4.4 Cell capacitances 

Mean cell capacitances of F-150Sham, F-150AC, F-150ACOV and F-150ACOV+E were 173.2 ± 41.9, 

241.6 ± 56.1, 291.7 ± 65.3, and 270.4 ± 73.7 pF, respectively (F-150Sham, n=125; F-150AC, n=107; F-

150ACOV, n=122; F-150ACOV+E, n=92). F-150ACOV had larger cell capacitance compared with F-

150AC and F-150ACOV+E (***p<0.001 and **p<0.01, respectively).  F-150ACOV+E showed larger cell 

capacitance compared with F-150AC (***p<0.001). One-way ANOVA with a Fisher post-hoc test was 

used. 
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8.4.5 Ca2+ regulation in sham, AC and AC combined with OVx GPs 

8.4.5.1 ICa,L 
In chapter 4 we reported that peak ICa,L remained unchanged between 150Sham and 150AC group. In 

this chapter we investigated if OVx alters peak ICa,L  in AC-operated GPs. When compared with F-

150AC, both F-150ACOV and F-150ACOV+E had unchanged peak ICa,L (Fig. 8-4).  

 

We further investigated the decay phase time constants tau 1 and tau 2 of peak ICa,L to probe any 

potential changes in inactivation kinetics. Figure 8-5 showed F-150AC had prolonged tau 1 and tau 2 

compared with F-150Sham. F-150ACOV showed no difference in tau 1 or tau 2 compared with F-

150AC. The oestradiol supplemented group F-150ACOV+E also had similar tau 1 and tau 2 to F-

150AC.  

 

Figure 8-4. Comparing the I-V relationship of L-type Ca2+ channel between sham, AC 
or AC+OVx operated female GPs. 

A: F-150AC showed no difference in maximal peak ICa,L at 5 mV compared with F-150Sham. B, C & D: 

Both F-150ACOV and F-150ACOV+E had unaltered maximal peak ICa,L at 5 mV compared with F-

150AC. F-150ACOV+E also had similar ICa, L compared with F-150Sham group (F-150Sham, n=40/5; F-

150AC, n=17/3; F-150ACOV, n=32/3; F-150ACOV+E, n=22/3; one-way ANOVA with a Fisher post-hoc 

test, n/s: p>0.05). 
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Figure 8-5. Comparing time constants for decay phase of peak ICa,L in sham, AC, ACOV 
and ACOV+E-operated female GPs.  

F-150AC had prolonged tau 1 and tau 2, by 48 % and 35 %, respectively, compared with F-150Sham. 

F-150ACOV showed no difference in tau 1 or tau 2 compared with F-150AC. The oestradiol 

supplemented group, F-150ACOV+E, also had a similar tau 1 and tau 2 to F-150AC (F-150Sham, 

n=40/5; F-150AC, n=17/3; F-150ACOV, n=32/3; F-150ACOV+E, n=22/3; one-way ANOVA with a Fisher 

post-hoc test, n/s: p>0.05).  

8.4.5.2 Ca2+ transient 
The F-150AC group had an average 31 % reduction in Ca2+ transient amplitudes compared with F-

150Sham (Figure 8-6). F-150ACOV had a further average 10 % reduction in Ca2+ transient amplitudes 

compared with F-150AC. However, the oestradiol supplemented group had similar Ca2+ transient 

amplitudes to F-150AC. In figure 8-7, it is shown that F-150AC had an average 29 % slower Ca2+ 

transient decay rate constant compared with F-150Sham. Furthermore, F-150ACOV showed an 

additional average 13 % slower decay rate constant compared with F-150AC group. The F-

150ACOV+E decay rate constant was unaltered compared with F-150AC. 

 

In Figure 8-8. A & B, as previously shown, F-150AC had a reduced rate constant of SERCA compared 

with the age-matched sham group, resulting in similar contributions to Ca2+ removal between SERCA 

and NCX in the F-150AC group. The AC with OVx group F-150ACOV had further 20 % reduced rate 

constant of SERCA and unchanged rate constant of NCX compared with F-150AC, which suggests 

that NCX contributes relatively more to Ca2+ removal compared with SERCA in F-150ACOV group (Fig. 

8-8. C & D). The oestradiol supplemented group showed no difference in the rate constants of SERCA 

and NCX and the corresponding contribution to Ca2+ removal compared with F-150AC group (Fig. 8-8. 

E & F). Fractional Ca2+ release increased in F-150AC compared with F-150Sham, but in general, there 

were no differences in fractional release compared between F-150AC, F-150ACOV, and F-

150ACOV+E groups.  
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Figure 8-6. Ca2+ transient amplitudes in sham, AC, and AC with OVx female GPs. 

F-150AC group had a 31 % reduction in Ca2+ transient amplitudes compared with F-150Sham. F-

150ACOV had an additional 10 % reduction in Ca2+ transient amplitudes compared with F-150AC. The 

oestradiol supplemented group had similar Ca2+ transient amplitudes to F-150AC (F-150Sham, 

n=44/3; F-150AC, n=47/3; F-150ACOV, n=31/3; F-150ACOV+E, n=21/2; one-way ANOVA with a Fisher 

post-hoc test; n/s: p>0.05, ***p<0.001).  

 

Figure 8-7. Rate constants for the decay of Ca2+ transients in sham, AC, and AC with 
OVx female GPs. 

F-150AC had a 29 % slower Ca2+ transient decay rate constant compared with F-150Sham. In the AC 

with OVx group, F-150ACOV, the average decay rate constant was 13 % slower compared with F-

150AC. With oestradiol supplementation, F-150ACOV+E showed no difference in decay rate constant 

compared with F-150AC (F-150Sham, n=27/2; F-150AC, n=41/2; F-150ACOV, n=31/3; F-150ACOV+E, 

n=21/2; one-way ANOVA with a Fisher post-hoc test, n/s: p>0.05, **p<0.01, ***p<0.001). 
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Figure 8-8. Rate constants and contributions of of SERCA, NCX and other slower 
components to cytosolic Ca2+ efflux (“relaxtion contribution”) in sham, AC, and AC 
with OVx female GPs. 

A & B: Rate constants and relaxation contributions between F-150Sham and F-150AC groups. C & D: 

Rate constants and relaxation contributions between F-150AC and F-150ACOV groups. E & F: Rate 

constants and relaxation contributions between F-150AC and F-150ACOV+E groups (F-150Sham, 

n=27/2; F-150AC, n=41/2; F-150ACOV, n=31/3; F-150ACOV+E, n=21/2; one-way ANOVA with a Fisher 

post-hoc test; n/s: p>0.05, *p<0.05, **p<0.01, ***p<0.001). 
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Figure 8-9. Fractional SR Ca2+ release in sham, AC, and AC and OVx female GPs. 

F-150AC had larger fractional SR Ca2+ release compared with F-150Sham. Fractional SR Ca2+ release 

was unaltered between F-150AC, F-150ACOV, and F-150ACOV+E groups (F-150Sham, n=46/5; F-

150AC, n=33/3; F-150ACOV, n=24/3; F-150ACOV+E, n=21/2; one-way ANOVA with a Fisher post-hoc 

test, n/s: p>0.05, ***p<0.001). 

 

8.4.5.3 SR Ca2+ content 
The effect of supplementation with oestradiol to OVx GPs with AC on SR Ca2+ content was assessed. 

In the F-150AC group, SR Ca2+ content decreased by an average of 41 % compared with the F-

150Sham group (Fig. 8-10). The F-150ACOV group had a 13 % lower SR Ca2+ content compared with 

F-150AC, and oestrogen supplementation increased SR content so that the F-150ACOV+E group had 

similar SR Ca2+ content compared with F-150AC.  

 

Figure 8-10. SR Ca2+ content in sham, AC, and AC with OVx female GPs. 

F-150AC had a 41 % decrease in SR Ca2+ content compared with F-150Sham. F-150ACOV had a 13 % 

lower SR Ca2+ content compared with F-150AC, but F-150ACOV+E SR Ca2+ content was unaltered 

compared with F-150AC (F-150Sham, n=33/3; F-150AC, n=34/4; F-150ACOV, n=42/3; F-150ACOV+E, 

n=29/3; one-way ANOVA with a Fisher post-hoc test, n/s: p>0.05, **p<0.01, ***p<0.001).  
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8.4.5.4 Spontaneous Ca2+ sparks and spark-mediated SR leak 
AC in females (F-150AC) resulted in a higher frequency of spontaneous Ca2+ sparks compared with 

sham-operated animals (F-150Sham) (Fig. 8-11 A). OVx and AC (F-150ACOV) produced a further 

increase in the mean spark frequency compared with F-150AC. Oestrogen supplementation (F-

150ACOV+E) reversed this increase in spark frequency so the mean frequency values were similar to 

the F-150AC group. Spark amplitudes were greater in F-150ACOV compared with F-150AC, F-

150Sham and F-150OV+E (Fig. 8-11. B). Spark mass was greater in F-150ACOV compared with F-

150AC and F-150ACOV+E groups (Fig. 8-11. C). The calculated spark-mediated SR leak was greatest in 

AC combined with OVx operated group (Fig. 8-11. D).  

 

 

Figure 8-11. Spontaneous Ca2+ sparks and spark-mediated SR leak in sham, AC, and AC 
with OVx female GPs. 

A: F-150AC had a higher frequency of spontaneous Ca2+ sparks compared with F-150Sham. F-

150ACOV had relatively higher frequency of spontaneous Ca2+ sparks compared with F-150AC. F-

150ACOV+E and F-150AC had similar frequencies of spontaneous Ca2+ sparks. B: Spark amplitudes.  C: 

Spark mass.  D: The calculated spark-mediated SR leak was greatest in the F-150ACOV group  (F-

150Sham, n=57/5; F-150AC, n=43/3; F-150ACOV, n=56/4; F-150ACOV+E, n=47/3; one-way ANOVA 

with a Fisher post-hoc test, n/s: p>0.05, *p<0.05, **p<0.01, ***p<0.001).  
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8.4.6 Na+ regulation in sham, AC or AC combined with OVx GPs 

8.4.6.1 Na+/K+ ATPase current and corresponding Na+ extrusion rate 
In chapter 5 we demonstrated both Na+/K+ ATPase steady-state current and reactivated Na+/K+ 

ATPase-mediated Na+ extrusion rate markedly declined in the HF group compared with the age-

matched sham group. When combined with OVx the AC group showed a 13 % further reduction in 

Na+/K+ ATPase current and a 19 % reduction in the Na+ extrusion rate compared with the HF group 

(Fig 8-12. A & B). Oestradiol supplementation results in a return of mean values of steady-state 

current and extrusion rate to those of the HF group (Fig. 8-12. A & B). 

 

 

Figure 8-12. Na+/K+ ATPase current and reactivated Na+/K+ ATPase-mediated Na+ 
extrusion rate sham, AC, and AC with OVx female GPs. 

A & B: Both Na+/K+ ATPase current and reactivated Na+/K+ ATPase-mediated Na+ extrusion rate 

markedly declined in the HF group compared with the age-match sham group. OVx produced a 

further reductions in Na+/K+ ATPase current and Na+ extrusion rate compared with F-150AC and these 

effects were reversed by  oestradiol supplementation (F-150Sham, n=22/2; F-150AC, n=19/3; F-

150ACOV, n=25/2; F-150ACOV+E, n=27/2; one-way ANOVA with a Fisher post-hoc test; n/s: p>0.05, 

*p<0.05, ***p<0.001).  
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8.4.6.2 INa, L density, associated Na+ influx and late Na+ current decay kinetics 
While F-150ACOV had a 17 % larger INa,L and 15 % greater INa,L-related Na+ influx compared with F-

150AC, supplementing OVx GPs with oestradiol resulted in a similar INa,L and corresponding Na+ influx 

compared with F-150AC (Fig. 8-13. A & B). The time constant of INa,L decay remained unchanged 

between AC, AC combined with OVx and the oestradiol supplemented groups (Fig. 8-13. C). 

 

 

Figure 8-13. INa,L, the corresponding Na+ influx, and the decay tau in sham, AC, and AC 
with OVx female GPs. 

A: The amplitude of the late Na+ current in the four experimental groups (sham-operated, AC, 

AC+OVx and AC+OVx with oestrogen supplementation. B: The ranolazine-sensitive change transfer 

associated with the clamp step as outlined in the Methods section. F-150ACOV had a 15 % greater 

INa,L-related Na+ influx compared with F-150AC. The oestradiol supplemented group had similar Na+ 

influx compared with F-150AC. C: The decay time constant of INa,L remained unchanged between F-

150AC, F-150ACOV and oestradiol supplemented group, F-150OVAC+E (F-150Sham, n=31/3; F-150AC, 

n=25/3; F-150ACOV, n=23/3; F-150ACOV+E, n=21/3; one-way ANOVA with a Fisher post-hoc test, n/s: 

p>0.05, *p<0.05, ***p<0.001). 
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8.5 Discussion 

This chapter detailed the changes in Ca2+ and Na+ regulation between female AC HF and AC 

combined with OVx operation HF group to assess if long-term deprivation of ovarian hormone alters 

intracellular Ca2+ and Na+ regulation in the pressure-overload HF model. Here we further 

investigated the effect of oestrogen supplementation to AC combined with OVx operated GPs to 

assess if oestradiol confers cardiac protection against AC stress.  

8.5.1 Physical characteristics and cardiac function in AC and ACOVx GPs 

In chapter 6 we revealed that the female AC group had a smaller reduction in FS compared with the 

male AC group at the HF stage. The combination of AC and OVx produces a greater reduction in FS 

compared with female AC only GPs and this adverse effect appears to be reversed with 

supplementation of oestradiol. This suggests that oestrogen may play a modulatory role in the 

maintenance of global cardiac function following pressure-overload in female GPs in line with other 

studies imposing pressure-overload the rat or mouse197,340-343. Given that the female AC group with 

ovaries intact experienced a smaller decline in FS than males, this data support the idea that 

oestrogen may play a role in attenuating the hypertrophic response to pressure-overload and also 

may provide modulatory support to cardiac function following OVx. Distinct from the approaches 

taken from previous pressure-overload animal studies, including regulation of gene expression, 

MAPK pathway, NOS signalling, regulation of caveolin-3 and cardiac inflammation and oxidative 

stress, we focused on investigating the changes in Ca2+ and Na+ regulation – both fundamentally 

involved in the E-C coupling of cardiomyocytes – to explore how the underlying mechanisms in their 

regulation might be affected following OVx and pressure-overload.  

8.5.2 Action potential and Ca2+ handling in AC and ACOVx GPs 

8.5.2.1 APD 
Prolongation of APD is commonly observed in HF models and can be viewed as the overall outcome 

of remodelling of ionic currents in response to HF344. In chapter 6 we reported that males and 

females had similar prolonged APD90 at the HF stage. In this chapter we also showed that AC and 

ACOVx hand similar prolonged APD90 compared with age-matched sham. While oestradiol 

supplemented group had shorter APD compared with ACOVx, the APD remained unchanged 

compared with AC group. Thus, long-term deprivation of ovarian hormone may not have a 

significant influence on APD in AC GPs. In the non-disease condition, APD was not altered following 

OVx in mice318.  In physiological conditions, oestrogen has been shown to decrease outward K+ 

current, such as IKr and IK1, resulting in prolongation of APD225,227,345. In pathophysiological condition 

such cardiac hypertrophy and HF, however, oestrogen appears to be able to influence cardiac 
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remodelling and modulate genomic responses and E-C coupling and so may provide an improvement 

in tolerance against pressure-overload heart disease197,207,211,214,309. This may be mediated via the ER 

β axis, NOS signalling and Akt pathway, which may provide protective effects against pressure-

overload heart disease197,207,211,214,309. Oestradiol supplementation improved Ca2+ handling, which we 

will discuss in later sections, thus shortened APD may be a consquence of the improved Ca2+ 

regulation compared with ACOVx.  

8.5.2.2 Ca2+ handling 
Our data showed OVx did not affect peak ICa,L or the inactivation rates of the current in AC GPs. Thus 

long-term deprivation of ovarian hormone may not alter ICa,L following pressure-overload. This 

current provides the trigger for Ca2+ release yet in the pathophysiological state appears unaffected 

by oestrogen. In contrast, in chapter 7, we reported that peak ICa,L was increased after OVx, and this 

effect was suggested to be associated with increased basal phosphorylation of L-type Ca2+ 

channel196,321. The modulation mechanism of ICa,L in OVx may be different from the ACOVx group that 

involves cardiac hypertrophy and HF. We suggest increased peak ICa,L may be initially arise in ACOVx 

at an early HF stage. While the cell becomes more hypertrophic at HF stage, the density of ICa,L could 

not keep the pace with the increased cell size; therefore increased peak ICa,L was not observed at HF 

stage.  

 

The Ca2+ transient amplitudes and their rates of decay were further reduced in the ACOVx group 

compared with the AC group. The slower Ca2+ transient decay rate constant resulted from a further 

slowing of SERCA function. As a result, NCX contributed more to cytosolic Ca2+ efflux in the ACOVx 

group. Down-regulation of SERCA/PLB has been documented in numerous HF studies92,93,95,98, and 

has been the focus of gene-target therapy that aims to restore the expression of the SERCA/PLB to 

improve Ca2+ cycling and cardiac function94,98,346. The ACOVx group showed a further reduction in 

Ca2+ uptake by SERCA, which suggested that OVx may have influence on the function of SERCA or PLB 

in pathophysiological overload. A decrease in mRNA or protein expression of SERCA has been shown 

in OVx rat studies185,330, which was in agreement with the reduction of relative mRNA expression of 

SERCA in OVx GPS reported in chapter 7. We therefore suspect that the further reduction in Ca2+ 

uptake of SERCA may be related to an enhanced down-regulation of SERCA in ACOVx group. The 

ACOVx group also had a smaller SR Ca2+ content compared with AC group, which may contribute to 

the smaller Ca2+ transient amplitudes.  

 

The spark-mediated SR leak was greater in the dual-surgery group compared with AC group. Thus, 

the smaller SR Ca2+ content may result from the further reduction in Ca2+ uptake of SERCA and 
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greater SR Ca2+ leak. The increased SR Ca2+ leak in ACOVx may also contribute to more accumulation 

of [Ca2+]i, leading to worse diastolic dysfunction274, and more arrhythmogenic274,275 compared with 

AC group.  

 

As discussed in chapter 4, the phosphorylation of RyR2 by CaMKII has been shown to increase 

diastolic SR Ca2+ leak110,271,272. CaMKIIδ and phosphorylated CaMKII were found up-regulated in an 

ovariectomised rat model196, which additionally suggests that oestrogen supplementation could 

suppress CaMKII activity. We suggest the activity of CaMKII may be up-regulated in the ACOVx GPs, 

resulting in enhanced phosphorylation of RyR2 and subsequent higher leak. These adverse effects 

were not observed in ACOVx given oestradiol supplementation, supporting the notion that 

oestrogen has a cardioprotective effect by modulating Ca2+ regulation. The ACOVx had similar 

dysregulation of Ca2+ handling and reduction in FS compared with the male AC group. Both 

experienced more detrimental outcomes during progression of the disease compared with the 

female AC group (i.e. with intact ovaries). This observation also provides support for there being 

some cardioprotective role of oestrogen in pressure-overload heart disease.  

8.5.3 Na+/K+ ATPase current and function, and INa,L 

Myocytes from ACOVx had a further reduction in Na+/K+ ATPase current and reactivated Na+/K+ 

ATPase mediated Na+ extrusion rate. The reduced function of the Na+/K+ ATPase may be a response 

to dysregulation of Ca2+, as we know reduced function of Na+/K+ ATPase can elevate [Na+]i which in 

turn influences NCX operation32. Alternatively, OVx may influence the expression of Na+/K+ ATPase 

or affect the phosphorylation of PLM. Further research is required of this understudied field. The 

ACOVx group also had a larger INa,L compared with the AC group. This could be due to an up-

regulation of CaMKII following OVx196, which was shown to phosphorylate Nav1.5 at Ser-571, causing 

increased INa,L in a transgenic mouse model142. Again, oestradiol supplementation reversed these 

potentially adverse effects, supporting the hypothesis that oestrogen may modulate Na+ regulation 

following AC.  

 

Oestradiol was reported to increase α2 mRNA expression in rats although the study used arterial 

tissue299. Oestradiol may modulate Na+/K+ ATPase function by regulating the expression of Na+/K+ 

ATPase as reduced Na+/K+ ATPase protein expression and activity were found in human HF90. 

Therefore, reduced protein expression of the Na+/K+ ATPase could be another possible factor for the 

reduced Na+/K+ ATPase function of the ACOVx group but there is lack of evidence from our data and 

also from other studies in this field. The ACOVx group had more dysregulation of Ca2+ handling and 

reduced FS compared with female AC group. Therefore, the more reduced Na+/K+ ATPase function 
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and enhanced INa,L may be a cause for the more dysregulated Ca2+ and FS. To the best of our 

knowledge, this is the first study to test the role of oestrogen in Na+/K+ ATPase and INa,L in a ACOVx 

GP model. Further investigations, including proteomic or genomic studies of Na+/K+ ATPase are 

required to explore the mechanisms involved. In addition, further investigation is required to assess 

the role of CaMKII-mediated phosphorylation in the effect of long-term absence of ovarian 

hormones and oestradiol supplementation on cardiac hypertrophy and HF, which would provide a 

clearer picture of the mechanism. 

8.6 Conclusions 

Long-term deprivation of ovarian hormones altered Ca2+ and Na+ regulation in pressure-overload HF, 

leading to more impaired cardiac function. Myocytes from ACOVx group had more detrimental Ca2+ 

handling, including smaller and slower Ca2+ transients and more reduced SR Ca2+ content, which 

explained the more reduced cardiac function in ACOVX compared with AC. The slower Ca2+ uptake 

by SERCA, together with greater SR Ca2+ leak leaded to less SR Ca2+ content in ACOVx compared with 

AC group. The greater SR Ca2+ leak may lead to more increased [Ca2+]i, causing worse diastolic 

dysfunction and could be more arrhythmogenic in ACOVx compared with AC. OVx influenced Na+ 

regulation in AC HF, and showed a further reduction in Na+/K+ ATPase current and function and 

greater INa,L. The effects were reversed in the ACOVx GPs with oestradiol supplementation. CaMKII-

mediated phosphorylation may play a role in the effect of long-term absence of ovarian hormones 

and oestradiol supplementation on cardiac hypertrophy and HF; therefore, further investigation is 

needed.  
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9 GENERAL DISCUSSION 

Sex differences exist in the development of cardiac hypertrophy and the subsequent progression to 

HF in response to CVD174,200,217,345,347,348. While females seem to be more resistant to the 

development of cardiac hypertrophy and have a better survival in HF compared with males167-172, the 

underlying mechanisms, especially the cardioprotective effect of oestrogen, is not clear and, indeed, 

remains controversial after HRT was demonstrated not to have cardiovascular benefit192. Therefore 

further investigation is required to clarify the effect of ovarian hormones on cardiac function and 

elucidate underlying mechanisms and this was one of the aims of the work detailed in this thesis.  

The first series of experiments in the thesis aimed to investigate differential changes in cardiac cell 

Ca2+ handling and Na+ regulation during the progression and development of cardiac hypertrophy to 

HF between the sexes using constriction of the ascending aorta in the GP to cause pressure-overload 

on the heart. The second series of experiments used OVx of GPs , which mimics a postmenopausal 

state, to investigate the effect of long-term absence of ovarian hormones on cardiac cell Ca2+ 

handling and Na+ regulation and explore underlying mechanisms, particularly those could be 

associated with pro-arrhythmia. Finally, a combination of AC combined with OVx was used to assess 

if ovarian hormones withdrawal worsens and accelerates the progression to HF. This tests the 

hypothesis that postmenopausal women lose a cardioprotective effect derived from ovarian 

hormones. 17β-oestradiol was supplemented to selected OVx GPs to assess the specific effects of 

oestrogen on the progression of the disease state.   

9.1 Overview of key findings 

9.1.1 The aortic-constricted GP model 

We successfully established a pressure-overload GP model, which presented clear transition from 

cardiac hypertrophy to HF following AC surgery. The GPs initially adapted and compensated for the 

pressure-overload at 60 days, then this compensation started to fail and they transitioned towards 

decompensated HF around 150 days after surgery. In vivo fractional shortening of whole heart was 

unaltered though HW/BW was increased at the compensatory stage, whereas decompensated HF 

was characterised by a marked reduction in FS and increased HW/BW and LW/BW ratios.  

9.1.1.1 Compensated cardiac hypertrophy  
The cell compensation mechanisms in cardiac hypertrophy were explored using AC GPs at 60 days 

when the animals presented with the cardiac hypertrophy phenotype. The density and inactivation 

kinetics of ICa,L remained unchanged so the prolongation of APD at this stage was suggested to be 

associated with increased Na+ influx via INa,L  or decreased outward IK. The former was investigated, 

the latter was not.  Larger cell Ca2+ transient amplitudes, greater SR Ca2+ content and higher 
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fractional SR Ca2+ release were observed and thought to be the underlying reasons for compensation 

of the whole heart . Notably the Ca2+ transient decay rates, and the function of SERCA and NCX 

remained unchanged. The function of the Na+/K+ ATPase started to decline at this stage. We 

demonstrated that partially inhibiting the Na+/K+ ATPase using strophanthidin to a level that 

mimicked the pathophysiological decline in current, increased Ca2+ transient amplitudes and SR Ca2+ 

content in sham cardiomyocytes. This suggested that the decline in Na+/K+ ATPase current and 

function reported at this stage, which would be expected to elevate [Na+]i, may act as a 

compensatory mechanism to induce inotropy by increasing Ca2+ influx via reverse-mode NCX. The 

protein expression of Na+/K+ ATPase α1 isoform was decreased but PLM and phosphorylated PLM at 

Ser-68 were unaltered, suggesting that the decline in Na+/K+ ATPase function was a consequence of 

decreased Na+/K+ ATPase protein expression. Furthermore, enhanced INa,L was reported in myocytes 

from hypertrophied hearts, which may not only contribute to prolongation of the AP, but increase 

[Na+]i that in turn results in more Ca2+ influx via NCX.  

 

While the function of SERCA and NCX remained unaltered, declined Na+/K+ ATPase function and 

enhanced INa,L, expecting to elevated [Na+]i
114,125

, produced an inotropic effect at this stage.  

9.1.1.2 Decompensated HF 
At 150 days after AC, the animals developed decompensated HF indicated by a severe decline in 

heart function and congested lungs. APD was significantly prolonged at this stage. The peak ICa,L still 

remained unchanged, analogous to the compensatory stage, but the inactivation of the ICa,L slowed 

implying an increase in Ca2+ influx. There was a further decline in Na+/K+ ATPase function and further 

enhancement of INa,L. These changes would raise [Na+]i even more and provide more Ca2+ influx via 

NCX. However, the relative contributions of SERCA and NCX to Ca2+ efflux were found to change at 

this stage. There was a decrease in the Ca2+ uptake function of SERCA and an up-regulation of Ca2+ 

removal from the cells by NCX. These changes can help to explain the reduction in SR Ca2+ content 

and Ca2+ transient and, as a result, whole heart FS was greatly reduced. The higher spark frequency 

and greater spark-mediated SR leak occurring at this stage may contribute to the depletion of SR 

Ca2+ and may increase diastolic [Ca2+]i so that filling is impaired, diastolic dysfunction appears and a 

pro-arrhythmic substrate is favoured274,275. The decline in Na+/K+ ATPase current and function was 

accompanied by a decrease in α1 protein expression assessed by Western blot and by 

immunofluorescence. The decline in Na+/K+ ATPase function and increased INa,L will contribute to the 

accumulation of [Na+]i that has been measured in this model of  HF. 
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9.1.2 Sex differences in AC progress 

Having established an AC GP model which showed cardiac hypertrophy and HF phenotypes we then 

compared how males and females responded at the two stages to explore if sex plays a role in the 

progression to HF. 

9.1.2.1 Sex differences in compensated cardiac hypertrophy  
At this stage, both sexes had unaltered FS with increased HW/BW ratio. Similar prolongation of 

APD90 appeared in both sexes. Both sexes also had unchanged peak ICa,L and its decay kinetics. While 

males showed larger Ca2+ transient amplitudes and greater SR Ca2+ content at the cardiac 

hypertrophy stage, females did not. The Ca2+ transient decay rate and the function of SERCA and 

NCX remained unaltered at this stage between sexes. Both sexes showed significant reductions in 

Na+/K+ ATPase current and function at this compensated stage but male current and function 

declined more compared with females. Both sexes also had significantly increased INa,L but with 

unchanged decay kinetics.   

 

Sex differences therefore may exist in [Na+]i accumulation in the face of CVD301. 

9.1.2.2 Sex differences in decompensated HF 
When entering decompensated HF state, males showed larger LW/BW ratios and less whole heart in 

vivo FS compared with females. Both sexes had markedly prolonged APD90. Both sexes showed 

unaltered peak ICa,L but prolonged inactivation. Smaller Ca2+ transient amplitudes and SR Ca2+ content 

in males could explain the poorer FS compared with females. The slower Ca2+ uptake function of 

SERCA in males not only contributed to the slower Ca2+ transient decay but resulted in less SR Ca2+ 

content compared with females. Males had higher spontaneous Ca2+ spark frequencies compared 

with females, suggesting the SR in males may tend to be leakier in HF. The Na+/K+ ATPase current 

and function were markedly reduced in both genders, with males having a larger reduction in Na+/K+ 

ATPase current compared with females. The marked increase in INa,L with prolonged decay rate was 

sex-independent at the HF stage. 

 

In summary, in males the Ca2+ handling and Na+/K+ ATPase current and function at the HF stage 

appears more dysfunctional compared with females. 

9.1.3 Effect of OVx on Ca2+ handling 

The OVx GP mimics a postmenopausal state. This group of animals had larger Ca2+ transients, faster 

Ca2+ transient decay with up-regulated NCX function, and greater fractional SR Ca2+ release. Relative 

mRNA expression of SERCA was reduced in OVx but partially restored after oestradiol 
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supplementation. The mRNA expression of NCX remained unaltered. The OVx group also had larger 

peak ICa,L with channel inactivation shifting to more positive membrane potentials creating a larger 

“window” current, which may be associated with increased basal phosphorylation of the 

channel196,349. The amount of mRNA coding for Cav1.2 α1c and β2 subunits remained unaltered. SR 

Ca2+ stores were greater in the OVx group and these cells showed a higher frequency of Ca2+ sparks 

and waves and shorter wave-free intervals. OVx myocytes had higher frequencies of EADs and a 

greater percentage of these cells showed DADs and DAD-induced triggered extra beats following 

exposure to β-adrenergic stimulation compared with sham. The altered Ca2+ regulation of the OVx 

group was not observed in the OVx+E group.  

 

These findings suggest that long-term deprivation of ovarian hormones in GP leads to changes in 

myocyte Ca2+ handling mechanisms which could produce pro-arrhythmic substrates. 17β-oestradiol 

replacement prevented these adverse effects suggesting a modulatory role of oestrogen in Ca2+ 

handling.  

9.1.4 Effect of OVx on decompensated HF 

AC combined with OVx in females was used to test if females lose their better adaptation to 

pressure-overload than males following long-term ovarian hormone withdrawal. FS was significantly 

reduced with higher HW/BW and LW/BW ratios in the ACOVx group compared with female AC. The 

ACOVx group had prolonged APD90 similar to that of the female AC group. OVx did not alter peak ICa,L 

and inactivation kinetics in AC. The ACOVx group had a larger decline in Ca2+ transient amplitudes 

and SR Ca2+ content than the AC females, leading to a more reduced systolic cardiac function. There 

was more impaired Ca2+ uptake function of SERCA in the ACOVX group compared with the AC group 

which resulted in more prolonged Ca2+ transient decay. The ACOVx group also had an increased 

frequency of spontaneous Ca2+ sparks together with greater spark-mediated SR leak compared with 

the AC group and these changes may contribute to the depletion of SR Ca2+ content and may also 

increase diastolic [Ca2+]i thus exacerbating diastolic dysfunction and creating a more arrhythmogenic 

substrate107,275. There was reduced Na+/K+ ATPase current combined with poorer function in ACOVx 

group compared with the AC group. The ACOVx group also had larger INa,L and INa,L-related Na+ influx 

compared with the female AC group.  

 

In summary, long-term deprivation of ovarian hormones worsened Ca2+ and Na+ regulation in AC HF 

GPs. Supplementing ACOVx animals with oestradiol reversed these detrimental effects suggesting 

that 17β-oestradiol plays an important role in ionic regulation and may offer putative cardiac 

protection.  
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9.2 Future direction 

This thesis has described a diverse range of changes in in vivo and cellular ionic parameters in 

response to pressure-overload in both male and female GPs. Unequivocally, the work presented 

here has highlighted areas which require further attention and future investigation. It would be 

beneficial to measure changes in [Na+]i at both the hypertrophy and HF stages to see if there are 

differences between sexes. [Na+]i may be an important link in the transition from compensation to 

decompensation. The decline in Na+/K+ ATPase function and enhanced INa,L are presumed to 

contribute towards [Na+]i accumulation, however little is known whether there is a positive feedback 

mechanism between the two proteins. Hoyer et al, reported a ouabain-induced increase of INa,L, 

which was reversed by a CaMKII inhibitor283, suggesting that the interaction may be dependent on 

CaMKII.  

 

Future work must also be directed towards using a multi-cellular layer approach. Investigating 

cardiac slices from the six intervention groups and comparing them with their age-matched sham 

group would provide valuable structural remodelling and conduction data during disease 

progression. In addition, whole heart investigation using optical mapping would be ideal to provide 

more direct whole organ evidence of arrhythmia occurrence in the experimental animals.  

 

The experiments did not carry out OVx combined with AC GP at the cardiac hypertrophy stage, so it 

would be constructive to complete our knowledge of this experimental group to obtain a more 

compete view of the effect of OVx at the compensated stage.   

 

Further exploration of the proposed beneficial role of 17β-oestradiol by teasing out the specific 

pathways involved in oestradiol signalling via ERs (ER α and ER β) and the G protein-coupled ER 1 

(GPER)350, would offer future therapeutic insight for selective drug targeting.  
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