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Abstract 

Dr Gwilym Matthew Morris  

Submission for the degree of Doctor of Philosophy, The University of Manchester 

Ion Channel Expression in the Pacemaker of the Heart, the Sinoatrial Node 

September 2010 

Background: Sick sinus syndrome (SSS) is common and may require electronic 
pacemaker implantation, gene therapy (biopacemaking) may be an alternative. For 
SSS, repair may be better than the generation of a de novo biopacemaker, due to 
the complex nature of the sinoatrial node (SAN). We hypothesised that an ex vivo 
model of SSS could be created by the identification of a subsidiary pacemaker in the 
SAN region, and that expression of a pacemaker channel (HCN4 or HCN212) in this 
region would accelerate the pacing rate. 

Methods: A bradycardic SSS model was generated by the removal of the upper two 
thirds of a rat SAN and a system to record the intrinsic activity during tissue culture 
was developed. The leading pacemaker site of the SSS preparations were identified 
by activation mapping then characterised by If blockade, β-adrenergic stimulation, 
histology and immunohistochemistry. Further SSS preparations were injected in this 
region with recombinant adenovirus (RAd) expressing no functional ion channel 
(Ad5-GFP or Ad5-GFP-HCN4Δ); or RAd expressing a functional If channel (Ad5-
HCN212 or Ad5-PREK-HCN4). During tissue culture electrical activity was monitored 
using bipolar electrodes.  

Results: Tissue culture and monitoring of the rat SAN is feasible and does not 
induce significant changes in HCN4 or connexin-43 expression. The uninjected SSS 
preparations displayed a slower rate than the control SAN (p<0.001). In 5/6 cases 
the subsidiary pacemaker was HCN4 –ve and Connexin-43 +ve (in contrast to the 
SAN) and was close to the superior aspect of the inferior vena cava. The cell size of 
the subsidiary pacemaker was comparable to that of the SAN and smaller than 
working myocardium (p<0.001). Pacing was responsive to β-adrenergic stimulation 
and was partially dependent on If current. The pacing rate of the AdHCN212-
injected SSS preparations was significantly faster than the uninjected SSS 
preparations (p<0.001).  The remaining RAd did not significantly affect the pacing 
rate of the SSS model. 

Conclusions: There is subsidiary pacemaker tissue close to the superior aspect of 
the IVC that shares some characteristics of the SAN. These results suggest that 
adenovirus-mediated expression of HCN channels in subsidiary pacemaker tissue of 
the right atrium may be a useful strategy in biopacemaking for SSS.  
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1. Introduction 

1.1 The origin of the heart beat 

The heart has been imbued with great philosophical and spiritual significance for 

thousands of years. In the second century A.D. Claudius Galen noted the heart 

would continue to beat when removed from the thorax, thus establishing that the 

heart did not require external stimulation to beat. This lead to his conclusion that 

the heart was "as it were, the hearthstone and source of the innate heat by which 

the animal is governed".1 We now know that the beating of the heart relies on the 

generation and coordinated propagation of electrical impulses through the heart by 

specialised tissues termed the cardiac conduction system (CCS). This was 

discovered and defined by late 19th and early 20th century anatomists (figure 1). 

Walter Gaskell (1847 – 1914) performed an extensive series of experiments that 

established the basis of the heart beat and the mode of propagation. He noted that 

strips of cardiac muscle would continue to beat in isolation, establishing the 

principle of intrinsic automaticity.2 In the tortoise heart he observed a peristaltic 

wave of activity that commenced at the sinus venosus, spreading to the 

atrioventricular (AV) groove and then on to the ventricle.2 Histological examination 

of the sinus venosus revealed an area of thin tissue with a lack of cross striations 

and large nuclei, what we now know to be the sinoatrial node (SAN). Furthermore, 

he laid the foundations for the discovery of the mechanism of AV conduction. He 

noted a ring like sheet of muscular connections in the frog and tortoise heart that 

could be transected at specific locations to induce varying degrees of conduction 

block; second degree (Mobitz II) AV block and third degree (complete) AV block 

with a ventricular escape rhythm.3    

The nature of this connection between the atria and ventricles was elucidated by 

Wilhelm His, Jr (1863 – 1934). Examination of the embryological development of 

the heart revealed the insertion of a connective tissue sheet between the atria and 

ventricles with the preservation of a muscular tract that bridged the connective 

tissue before splitting into right and left bundles.4 He was further able to  
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 Figure 1. Schematic representation of the discovery of the cardiac conduction system 
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demonstrate that division of the eponymously named ‘bundle of His’ could lead to 

asynchronous contraction of the atria and ventricles. 

The recognition of a unified AV conducting system is credited to Sunao Tawara 

(1873 – 1952). Working in the laboratory of Ludwig Aschoff, Tawara identified the 

AV node (AVN) at the base of the interventricular septum and traced its connection 

to the bundle of His, the right and left bundle branches and on to the Purkinje 

fibres.5 Tawara realised that the network of fibres described in 1839 by Jan Purkinje 

(1787 – 1869) was part of the terminal section of an integrated electrical 

conduction system.6  

The origin of the cardiac impulse was elucidated by Sir Arthur Keith (1866 – 1955) 

and Martin Flack (1882 – 1931). Aware that the origin of the peristalsis of the heart 

muscle appeared near the sinus venosus they set out to study this area in 

microscopic detail. While examining the heart of a mole, Flack noted a small 

structure at the junction of the right atrium (RA) and the superior vena cava (SVC). 

This was similar in appearance to the AVN described by Tawara, had a distinct blood 

supply and was densely innervated by the autonomic nervous system.7 Subsequent 

electrical recording of the exposed endocardium confirmed that this structure, the 

SAN, was the primary (leading) pacemaker of the heart.8 

1.2 The embryological development of the cardiac conduction system 

The development of the CCS remains incompletely understood, however, recent 

work has begun to elucidate the genes responsible for the formation of this 

specialised conducting cardiac tissue.9 Consideration of the embryology of the heart 

explains some of the relationships of the different elements of the CCS and also the 

existence of ectopic arrhythmic foci and subsidiary pacemakers in the adult heart.10 

The primitive embryonic heart tube with poorly differentiated primary myocardium 

displays a slowly conducted sinusoidal electrocardiogram (ECG) initiated in the 

caudal area, reflected as slow peristaltic waves.11 By the stage of development of 

the chamber heart a recognisable ECG has developed.12 The molecular programme 

directs the upregulation of high conduction gap junctions so that there are 
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contractile rapidly conducting myocardial segments (atria and ventricles) and slow 

conducting non contractile areas (caudal, sinus venosus; mid, atrioventricular canal; 

dorsal, outflow tract).13 The further specialisation of these tissues is 

species-dependent. Higher vertebrates, including most mammals, have a clearly 

identifiable CCS. It is particularly well developed in hoofed mammals, less so in 

rodents, with humans somewhere in between.13  

All of the cardiac tissue is derived from lateral plate mesoderm that fuses during 

the gastrulation stage in mammalian embryos to form the heart tube. Some of the 

medial mesodermal cells form progenitor pools that localise to the caudal and 

dorsal poles of the heart tube serving to proliferate myocardium of the developing 

heart.14 In the primitive heart the primary pacemaker activity is located at the 

caudal pole and remains confined to the most recently added caudal myocytes.15 

Consistent with this observation, this area expresses the pacemaker channel HCN4 

(hyperpolarisation-activated cyclic nucleotide gated 4) and there is evidence of 

repression of high conductance gap junction and ion channel genes (Connexin 

[Cx]40, Cx43 and SCN5A; see below).9  

This can be explained by the principle that the ‘default’ cardiac development 

pathway is directed by the cardiac homeobox gene Nkx-2.5 to make contractile 

myocardium. Repression of this program allows the specialisation and localisation 

of the CCS. During the development of the caudal (venous) pole of the heart Nkx-

2.5 is repressed; this allows the activation of the transcription factor Tbx3 and the 

HCN4 gene, thus directing the development of pacemaker tissue.16 This area 

eventually differentiates into the sinus horns and the SAN. Most of the remainder 

of the developing myocardium expresses Nkx-2.5 with consequent activation of 

Cx40, and suppression of the ‘pacemaker program’.10 Later in development the 

right/left specialisation of the heart is directed by Pitx2c with repression of the 

pacemaker phenotype in the left heart; consequently Pitx2c deficient foetuses have 

SANs in both the right and left atria.16, 17 

Another important part of the CCS to be considered is the AVN that develops from 

the atrioventricular canal. While the surrounding myocardium of the heart tube 
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develops a mature fast conducting phenotype under the direction of Nkx-2.5 the 

atrioventricular canal retains a slow conducting embryonic nature. Central to this 

process is a well defined, evolutionarily conserved pathway. The extracellular 

signalling molecule Bmp2 activates Tbx2 which, along with Tbx3, represses the 

expression of Cx40, Cx43 and Scn5a.18-21 Thus the atrioventricular canal and 

subsequent AVN is delineated by a Bmp2-Tbx2-Notch-Hey1/2 signalling cascade.22, 

23  

The understanding of the developmental process of the CCS leads to some 

understanding of the cardiac tissues most prone to causing ectopic pacemaker or 

arrhythmia in the adult heart and provides a molecular basis for the existence of 

subsidiary pacemakers. The persistent areas of slow conducting embryological 

myocardium expressing Tbx3 are shown in figure 2. Ectopic atrial tachycardias have 

been demonstrated to arise from the coronary sinus ostium which forms, along 

with the tricuspid and mitral rings, from the floor of the embryonic atrium which in 

turn is derived from the atrioventricular canal.10, 24 Furthermore, ‘cristal 

tachycardia’ arising from the crista terminalis (CT) are also likely to originate from 

this tract of Tbx3 positive tissue.25 It may be hypothesised that the repression of the 

pacemaker program (including HCN4 and Tbx3) may be incomplete in these areas 

so that the tissue is not fully differentiated into fast conducting secondary 

myocardium, retaining some embryonic characteristics and therefore a propensity 

to automaticity and arrhythmia. 

1.3 The histology of the sinoatrial node 

The histologically defined SAN sits near the junction of the SVC and RA.26 The SAN 

histology differs from the surrounding myocardium. This was first noted by Gaskell 

even before the existence of the nodal structure was found by Keith and Flack.2,7 

Gaskell described an area in the sinus venosus lacking in muscle striations and 

possessing large cell nuclei.  In all mammalian species the ultrastructure of SAN cells 

differs from working myocardium. They are small, pale and have poorly developed 

sarcomeres and sarcoplasmic reticulum (SR).27-30 These cells are densely packed in
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Figure 2. Persistent Tbx3 expression defines the cardiac conduction system  
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an area of highly fibrous connective tissue but interdigitate with the surrounding 

myocardium (figure 3).26, 31 The proportion of collagen in the SAN varies between 

species, apparently increasing with the size of the animal. In small mammals such as 

the rat or rabbit the SAN is 50% collagen; in the pig and human the node is 

comprised of 70 – 75% collagen. 32, 33 An increase in extracellular matrix may be 

required for physical support in the larger SAN. Within the connective tissue the 

cells are single or organised into small groups of interweaving cells surrounded by a 

basement membrane.30  

Traditionally the SAN in the human has been depicted as a small discrete area at 

the junction of the SVC and RA. This view is based on early histological 

reconstructions of the SAN that showed it to be a limited structure in this area.34, 35 

However, it is clear that the electrophysiologically-defined SAN extends well 

beyond this area (see section 1.4).36 Recent studies using electron microscopy have 

found the node to be a more extensive structure.26, 37  Construction of an 

anatomically detailed model of the rabbit SAN using a combination of histology, 

electrical mapping and immunohistochemistry supports the view of the extensive 

nature of the node.38 The most common position of the human SAN is close to the 

SVC, 0.1-1 mm subepicardial within the terminal atrial groove (body), extending 

superiorly (head) and inferiorly (tail) in parallel with the CT. If the SAN artery is 

taken as a ‘signpost’ for the position of the SAN then there is large anatomical 

variation around this point. The position is a variable distance from the CT, the 

usual shape is crescentic with overall dimensions varying from 8-21.5 mm length, 

3.4-13.3 mm height and 1.1-6.6 mm width.26  The position of the SAN artery within 

the SAN is not well conserved; the body of the SAN is reliably penetrated by the 

artery. From here the course is usually central throughout the node but may be 

eccentric with the artery not extending fully to the tail of the node before coursing 

between the SAN and epicardium.26 This large anatomical variation is reflected in 

functional aspects of the SAN discussed below in section 1.4. 

The centre of the SAN is usually the site of first activation (the leading pacemaker 

site).39 The central cells are typical nodal pacemaker ‘P’ cells - they are small (5-10  
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Figure 3. Histology of the sinoatrial node 
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µm diameter in canine and human), ‘empty’ (they contain only a few myofilaments) 

and spindle shaped.27  These central cells are orientated perpendicular to the CT 

and are grouped in islets with interconnecting cytoplasmic bridges.40, 41 There is a 

gradual transition of cell type towards the periphery of the SAN, with the 

appearance and intermingling of cells that are intermediate in morphology 

between nodal and atrial cells.27, 38, 42 In the periphery of the SAN the cells are 

orientated in parallel to the CT.40 The cell alignment may aid the propagation of the 

action potential (AP) to the atrial muscle by presenting a planar wavefront which is 

more likely to be conducted than a convex wavefront.43 From hereon large atrial 

muscle cells run parallel to the CT to form a preferential conduction pathway to the 

AVN.40 

The precise interaction of the SAN with the surrounding muscle is not known. In the 

canine and human there is evidence of discrete superior and inferior exit pathways 

from the SAN with functional  block zones laterally.44 Study of the rabbit SAN 

suggests that there is an insulating connective tissue sheath around the SAN.38, 40 

However, histological examination of human SAN suggests it is not physically 

insulated from the surrounding myocardium.26 While there may be a proliferation 

of fibro-fatty tissue in older specimens there is no definitive anatomical plane 

between the SAN and the myocardium in most human hearts studied. There are 

multiple interdigitating areas of SAN and atrial muscle throughout the border of the 

SAN and RA muscle (figure 3).26 Conceptually these two observations could be 

reconciled by the presence of functional block zones.  

In conclusion, the histology of the SAN is complex and varies across species. This 

arrangement is thought to facilitate the function of the node to reliably drive the 

surrounding atrial muscle. The discrete exit pathways possibly serve to insulate the 

SAN from the hyperpolarizing effect of the atrial muscle and protect it from 

reciprocating tachycardias. 

1.4 Electrical activity of pacemaker tissue 

It has been known since the 1940s that the hallmark of spontaneously active 

cardiac tissue is diastolic depolarization (DD), originally termed the ‘pacemaker 
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potential’.45 AP morphology differs throughout the heart with the AP of the SAN 

differing markedly from that of the working myocardium (figure 4). Furthermore, 

the SAN has a relatively depolarized (less negative) membrane potential during 

phase 4 (diastole) with a slower phase 0 (upstroke) and smaller overshoot (figure 

5).46  

1.4.1 Cellular mechanisms of pacemaking 

The genesis of phase 4 DD is central to the pacemaker function of the SAN. It is 

incompletely understood, but is known to be dependent on the interaction of 

primary membrane generated potentials (the membrane [M] clock), and 

intracellular calcium dynamics (the calcium [Ca2+] clock) (figure 6).  

1.4.1.1 The membrane clock and associated ion channels 

1.4.1.1.1 Delayed rectifier potassium current 

Working myocardium has a stable phase 4 resting potential (figure 5), this is 

generated by an outward current, the ‘inward rectifier’ K+ current, IK,1, carried by 

Kir2 channels, such as Kir2.1.47 The essential tenet of SAN pacemaking is that it has 

no stable resting potential, essentially because it lacks Kir2.1 and thus IK,1.48 Indeed 

in ventricular muscle, simply knocking out Kir2.1 allows a degree of pacemaking to 

occur.49 During the action potential the ‘delayed rectifier’ K+ current (IK) is activated 

in the SAN and is responsible for repolarization of the SAN myocyte at the end of 

the action potential. There are three types of IK known to be present in the SAN; 

slow (IK,s), rapid (IK,r) and ultra-rapid (IK,ur).
50-54 After the action potential, IK decays 

allowing depolarization of the SAN cell. Work has shown that at dominant 

pacemaker potentials of -55 to -40 mV patch clamp can detect IK tails, while there is 

no significant activation of the large  depolarizing inward ‘funny current’ (If, see 

below) until more negative potentials of -80 to -70 mV.55 Thus the decay of IK is 

believed to be responsible for the early pacemaker potential (figures 5 and 6).   

IK,r is the most prominent of these currents in the SAN carried by a voltage gated K+ 

channel Kv11.1 (previously known as the hERG channel); complete and specific 

pharmacologic blockage can be achieved with E-4031.39, 47, 53 The use of 0.2-1 µM
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Figure 4. Schematic representation of the cardiac conduction system of the heart, including representative action potential morphologies 
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Figure 5. Representative action potentials recorded from the sinoatrial node and atrial muscle 
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Figure 6. The ionic currents involved in sinoatrial node pacemaking  
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E-4031 on intact rabbit SAN tissue increases the cycle length as well as reducing the 

slope of phase 0 depolarization, prolonging the action potential and decreasing the 

maximum diastolic potential (MDP, figure 7).54, 56 This effect is more pronounced in 

central SAN tissue with a large proportion of small ’typical’ SAN cells. Consistent 

with this observation it has been demonstrated that complete block of IK,r with 1 

µM E-4031 causes cessation of activity in all SAN tissue, while 0.1 µM E-4031 stops 

pacemaker activity in central tissue only.50, 54 It is likely that the increased sensitivity 

to E-4031 represents a reduced density of the Kv11.1 protein in the central areas, 

immunohistochemical examination of the distribution of the ERG channel shows 

that the level is high close to the CT (peripheral SAN) and falls away towards the 

intercaval area (central SAN).57  

Given that the evidence supports that the decay of IK is responsible for early DD, 

why then should blockade of the current stop or slow pacing? Furthermore if 

reduction of IK by E-4031 slows pacing, why then is there reduced density of the 

channel in leading (faster) pacemaker regions? The role of IK in pacemaking is to 

repolarise the cell and thus activate the hyperpolarisation-activated current 

responsible for early to mid DD (If), then to decay rapidly so that the depolarization 

of the cell is not opposed. Therefore complete block of IK will prevent repolarization 

of the cell and consequent activation of depolarizing currents. In central SAN areas 

the density of other ionic currents are reduced (Ito, INa and If  – see below39),  so 

reduced IK current density may be sufficient to repolarise the cell. Furthermore, 

reduced IK must be expected to prevent a disproportionate repolarising drive on the 

cell causing a stable resting membrane potential. Human adenovirus serotype 5 

(Ad5) mediated expression of If (HCN1) and IK,1 (Kir2.1) in guinea-pig left ventricular 

cardiomyocytes has demonstrated that modulation of pacemaker rate by changing 

If density is dependent on an IK,1 density between -2 pA/pF and -4 pA/pF at -60mV.58 

With IK,1 outside these parameters cycle length, DD slope and APD90 do not 

correlate with If density (figure 7). If If is similarly fixed then changing IK,1 density 

does not change cycle length. Although the outward K+ current in these 

experiments was IK,1 rather than IK,r this supports the notion that the role of IK in 
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Figure 7. The effect of block on sinoatrial node pacemaking, and the dependence of  If on IK,1 levels for effective cellular pacemaking 
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pacemaking is to set the maximum diastolic potential (i.e. beginning of phase 4) to 

a level at which If is most effective.   

Much is known about the structure and function of Kv11.1. It has a central role in 

the generation of inherited and drug-induced long QT syndromes that may lead to 

torsades de pointes; it has therefore received considerable research interest.59 The 

Kv11.1 protein is an 1159 amino acid K+ channel that is the molecular correlate of 

IK,r.
60, 61 Like most K+ channels it is a six transmembrane domain voltage-gated K+ 

channel, four identical subunits combine to form the functional channel.62 In 

addition to the presence in the SAN, Kv11.1 (and IK,r) is present in the ventricular 

muscle.63, 64 IK,r recorded from ventricular myocytes closely resembles that recorded 

from pacemaker cells.64, 65 Patch clamp of recombinant Kv11.1 expressed in 

mammalian cell lines shows that IK,r contributes mainly to the late part of 

repolarization during an action potential.66, 67 Consideration of the properties of 

Kv11.1 that lead to the current pattern of IK,r aids in the understanding of the 

contribution of this current to SAN cell repolarization and the current decay in early 

DD.  It is activated by depolarization, but with decreasing outward current at 

voltages above ~0 mV it displays a significant tail current at negative voltages which 

is important for pacemaking as described above.60, 61 It is rapidly deactivated by a 

fast voltage-dependent ‘C-type’ (pore collapse) mechanism meaning that current is 

limited during positive potentials during the phase 2 plateau of the AP.68, 69 As the 

membrane repolarises, the rapid recovery of the channels returns them to a 

conducting state providing a repolarising outward K+ current; this in turn again 

rapidly deactivates (forming the tail current) and thus is unable to provide a stable 

resting potential. 

1.4.1.1.2 The funny current 

The initial study of the mechanism of pacemaking in Purkinje cells seemed to 

identify the deactivation of an outward K+ current (IK,2) on hyperpolarization as the 

primary mechanism behind DD - this was partly based on fact that the reversal 

potential of IK,2 was close to that of a pure K+ current.70 However, the study of



Page | 39  
 

pacemaking mechanisms in SAN cells identified an inward current, the ‘funny’ 

current (If) specifically activated (unlike most voltage gated channels) by 

hyperpolarization.71 Following the discovery of If it was realised that the initial 

interpretation of IK,2 was flawed due to the presence of IK,1 in Purkinje cells and 

block of IK,1 with Ba2+ revealed ‘IK,2’ to be identical to If.
72 There is now a wealth of 

evidence that If is one of the central mechanisms of pacemaker activity: a) the 

current is activated at SAN pacemaker potentials, around -40 to -65 mV; b) 

hyperpolarization current can induce pacing activity in non-SAN cells; c) blockage or 

deficiency of If reduces the pacing rate of intact SAN; d) If is able to modulate the 

pacing rate response to sympathetic and parasympathetic stimulation; e) the 

molecular correlate of If are voltage-gated cyclic nucleotide-regulated ion channels, 

the HCN channels, and they are found in both embryonic and adult SAN tissue.9, 47, 

73-79 This evidence, and the nature of If will be discussed in this section. 

Expression of If (also known as hyperpolarization-activated current, Ih) has been 

recorded and studied in pacemaker tissues of the heart as well as neurons.80 

Though there is wide variation in the kinetics of If recorded from different cells and 

tissues (time constants varying by orders of magnitude from tens to hundreds of 

ms) there are recognised features of the current.78, 80-83 Following hyperpolarization 

negative to -50 mV there is an instantaneous voltage-independent current leak, 

followed by delayed activation of the current then achievement of steady-state. 

This results in a characteristic sigmoidal current waveform.84, 85 The time constant 

of activation and the magnitude of the inward current are voltage-dependent; 

increasing hyperpolarization accelerates activation and increases the inward 

current.84, 86 Removal of the hyperpolarizing step results in deactivation of If. Study 

of the tail currents of If is complicated by the presence of other voltage-dependent 

currents; however the deactivation of If appears to be influenced by the membrane 

depolarization such that increasing membrane depolarization accelerates the 

kinetics of deactivation.86, 87  

If in the mammalian SAN is activated at potentials negative to -50 mV with a time 

constant of 2 – 4 s at -70 mV and saturates at -100 mV.88-90 The If reversal potential 

is -25 mV suggesting a mixed cation selectivity.89 Over the negative part of the 
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pacemaker range (-40 mV to -65 mV) the predominant contribution to If  will be 

Na+, but the use of Na+ free solutions has been used to demonstrate a role for K+.90, 

91 Accurate characterisation of native If has been difficult. The single channel 

conductance of If is very small, around 1 pS, making the measurement of single 

channel events extremely difficult.88 Furthermore, the measured characteristics of If 

vary widely, perhaps even between areas and cells within a single SAN of an 

individual animal.39, 90, 92-95 This variation is in part due to the nature of the f-

channels which are known to assemble from multiple subunits, associate with many 

cell proteins and are strongly modified by cell messengers. Study of If by 

pharmacological blockade of If has, until recently, been incomplete and 

non-specific. For example the blockers Cs+ and Rb+ also interact with other ion 

channels.78, 96 New pharmacological agents such as ivabradine demonstrate greater 

channel specificity for If.
74 Administration of ivabradine to human subjects causes 

significant slowing of the heart rate providing evidence for the importance of If for 

heart rate control in vivo.97 Furthermore, a mutant zebrafish expressing very little If 

is profoundly bradycardic; and mice deficient in If die in utero having hearts that 

show slowed cardiac conduction and an absence of primitive pacemaker cells.75, 98 

In humans heterozygous dominant-negative mutations of If have been reported to 

be associated with significant sinus bradycardia.99-101 

The molecular correlates of If are the HCN channels 1-4.102 Amino acid sequence 

homology identifies them as members of the Kv superfamily.47 Four subunits 

combine to form a functional channel. Each subunit consists of six transmembrane 

domains with a positively-charged S4 voltage sensor, pore-forming P region  and 

CYG K+ selectivity filter.80 The transmembrane domains are highly conserved 

between the isoforms with 80 – 90% homology.102-104 The cytoplasmic carboxy 

terminus of the HCN channels contains a 120 amino acid 3’-5’-cyclic adenosine 

monophosphate (cAMP) binding domain that bears similarity to the cAMP and 3’-

5’-cyclic guanosine monophosphate (cGMP) binding domains of other cyclic 

nucleotide binding proteins.102, 105, 106 Deletion of this region suggests it functions to 

inhibit the channel, slowing the kinetics.106 Thus binding of cAMP in response to 

adrenergic stimulation removes this inhibition and provides a mechanism to 
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increase If and therefore speed DD and pacemaking.73, 107 The corollary is also true 

for muscarinic-mediated parasympathetic slowing of the heart rate. This was 

thought to depend on the activation of a K+ current, IK,ACh. However, acetylcholine 

reduces If at a dose 20 times lower than that required to activate IK,ACh and this 

lower dose of acetylcholine is capable of slowing the rate of spontaneously beating 

SAN cells.108 Single f-channel recordings show that these changes in If are mediated 

by an alteration in the activation curve, hence an increase in the single channel 

open probability rather than an affect on the channel conductance.88, 109 

Interestingly this is a direct cAMP binding effect and not dependent on 

phosphorylation.107 An important feature of the modulation of pacing rate by If is 

that it acts entirely via a change in the slope of DD as first demonstrated by Brown 

et al.73 The AP threshold and duration are not altered.78  

HCN channels expressed in mammalian cell lines assemble into homotetramers or 

heterotetramers and produce current similar, but not identical to, If.
110 This 

quantitative difference in comparison to If conducted through native f-channels is 

one of the obstacles in determining the features of If, but has offered a signpost to 

the fact that f-channels in vivo are probably heterotetramers and are associated 

with other molecules that modulate their function, so called context 

dependence.111 In addition to cAMP binding, further alteration of the function of 

native f-channels has been demonstrated by the subunit MiRP1; association with 

caveolae, β2 adrenoreceptors and membrane phospholipids; and phosphorylation 

by serene/threonine and tyrosine kinases.112-117 HCNs 1, 2 and 4 are expressed in 

the heart. The properties of each channel vary; HCN2 displays the largest change in 

activity in response to cAMP, the speed of activation kinetics vary in the order HCN 

1 > 2 > 4 (fast activation time constant 30 ms, 184 ms, 461 ms respectively).118 

HCN4 is the dominant isoform in the SAN of most mammalian species accounting 

for over 80% of total HCN mRNA.77, 118, 119 The levels of HCN1 and HCN2 vary 

according to species. The second most prevalent isoform is HCN1 in humans and 

rabbits and HCN2 in dogs and mice.77, 118-120 Thus ‘native If’ is in fact a 

heterogeneous current, highlighting one of the difficulties in studying this current. 

In addition HCN channels display current-voltage hysteresis under non-equilibrium 
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conditions and the degree of hysteresis varies between each isoform, thus 

potentially altering the contribution to pacemaking under varying cardiac pacing or 

experimental conditions.121  

In summary, this mixed Na+/K+ current is activated after the action potential by the 

hyperpolarisation induced by IK,r (see above, section 1.4.1.1.1). As the membrane 

voltage becomes increasingly negative the open probability of the f-channel 

increases and the activation kinetics quicken, rapidly increasing the overall 

magnitude of If. At the same time IK,r is deactivating and thus equilibrium is reached 

at the point of the MDP; following this net cation current becomes inward and DD 

begins. 

1.4.1.2 The calcium clock and associated ion channels 

The precise definition of the ‘calcium clock’ can be disputed as it is a fairly new 

concept. In this context the components of the calcium clock will be taken to be any 

of the molecules or processes involved with calcium handling in the SAN cell that 

contribute to, or impact upon pacemaking activity. The fundamental concept is that 

calcium contributes significantly to late DD by processes that are linked to, but 

partially independent from, If.
122, 123 

1.4.1.2.1 T-type calcium current 

The presence of a transient type (T-type) Ca2+ current has been demonstrated by 

recording ICa in SAN cells in the presence of nifedipine.124 ICa,T is activated at 

negative membrane potentials (-80 mV), has a small amplitude and is blocked by 

NiCl2.124 ICa,T  is dependent on the voltage-gated Ca2+ channels, Cav3.1 and Cav3.2, 

and has been found in all cardiac myocytes displaying automaticity, including SAN 

myocytes.47, 55, 77 The kinetics of expressed Cav3.1 and Cav3.2 closely resemble 

native ICa,T.125 These channels are significantly more abundant in the SAN than the 

working myocardium and in concordance with this the current density is around 10 

times larger in SAN cells than atrial or ventricular cells.48, 124 The activation range 

and abundance of ICa,T in the SAN suggests a role in pacemaking but the 

contribution of ICa,T to pacemaking varies between species. The current is not 

detected in porcine SAN cells but the presence of Cav3.1 has been demonstrated in 
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the human SAN.77, 126 Block of ICa,T with Ni2+ prolongs the cycle length by 14% in 

rabbit and knockout of the Cav3.1 gene in the mouse leads to bradycardia and 

increased SAN recovery time.124, 127 Importantly this effect is primarily through a 

reduction in the slope of the late phase of DD. This supports a mechanism whereby 

early linear DD is initiated and maintained by IK,r decay and activation of If; with late 

exponential DD and subsequent AP triggering dependant on Ca2+ currents, the first 

of which is ICa,T activated by If-mediated membrane depolarization.  

T-type Ca2+ channels have α1 subunits with four transmembrane domains that 

confer pore selectivity; these are highly conserved between Cav3.1 and Cav3.2.125, 

128 A beta subunit (β1b) improves membrane trafficking and current through Cav3.1 

and Cav3.2, but other subunits do not appear to significantly alter the channel 

function.125, 129 The channels deactivate rapidly, the process of Cav3.1 deactivation 

is not dependent on the movement of charged particles and is thought the depend 

on a ‘ball and chain’ mechanism.125, 130 

Given that the current amplitude is small and the channel inactivation is rapid, how 

can ICa,T contribute so significantly to pacemaking? This can be explained by the 

recruitment of Ca2+-induced Ca2+-release (CICR) by ryanodine receptors (RYR) on 

the sarcoplasmic reticulum which amplifies the contribution of ICa,T and thus 

initiates the Ca2+ clock. 

1.4.1.2.2 Ryanodine receptors, oscillatory calcium events and sodium/calcium 

exchange 

While the process of CICR is a well accepted phenomenon in cardiac cells, it has 

been studied mainly in ventricular myocytes.131, 132 In these cells the process of CICR 

is tightly controlled and regulated by the tight juxtaposition of membrane L-type 

Ca2+ channels and sarcolemmal RYRs in transverse(t)-tubules.133-135 The RYR subunit 

contains a transmembrane pore forming domain with cytosolic sites for Ca2+ 

binding, calmodulin binding and phosphorylation.136 The functional channels are 

homotetramers.136 There are thousands of organised Ca2+ release units per cell 

generating Ca2+sparks that allow the coordinated release of Ca2+throughout the 

cell.137 
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In contrast SAN cells do not possess t-tubules and therefore the regulation of Ca2+ 

release might be expected to differ.138 The use of FLUO-4 and confocal microscopy 

has allowed detailed temporal and spatial examination of the Ca2+ dynamics of 

cardiac cells. The existence of an intracellular independent Ca2+ clock has been 

proposed. The SR possesses Ca2+ release channels (RYR) and a pump to replenish 

stores (Sarcoplasmic/Endoplasmic reticulum Ca2+ ATPase, SERCA). Spontaneous Ca2+ 

release has been observed under non-physiological conditions (e.g. high [ Ca2+ ] or 

low [ K+ ]) in Purkinje fibres and SAN cells.139 Spontaneous Ca2+ is release also seen 

when the SR is disconnected from the cell membrane by ‘skinning’ cells, study of 

cell fragments or isolated SR vesicles reveals.140-142 Unlike the global Ca2+ release 

seen in ventricular myocytes in response to an AP, this activity is seen as localised 

Ca2+ release manifesting as sparks or wavelets.143-145  

However, study of Ca2+ release under physiological conditions in whole SAN cells 

suggests, as might be expected, that Ca2+ is tightly regulated and linked to the 

membrane potential. Ca2+ sparks increase with membrane depolarization 

between -60 mV and -40 mV and are seen in the subsarcolemmal space (figure 

8).146 Hence it seems there is local control of CICR located at the cell membrane of 

SAN cells in a manner analogous to that seen in the t-tubules of ventricular 

myocytes, a theory supported by the peripheral distribution of RYR in SAN cells.147, 

148  

Evidence that the late phase 4 Ca2+ release is orchestrated by ICa,T comes partly 

from the voltage activation characteristics - activation occurs between -60 mV 

and -40 mV and is therefore termed low voltage Ca2+ release.146 Furthermore, low 

voltage Ca2+ release is abolished by Ni2+ block of ICa,T.149 The importance of the 

localised Ca2+ release events in pacemaking is suggested by the speed of the 

‘ticking’ of the Ca2+clock. The speed of Ca2+ restitution determines the speed at 

which the clock resets. In ventricular cells this is extremely slow (~10 s), in SAN cells 

it is rapid (~0.5 s).140 

Further spontaneous Ca2+ sparks are generated when the SR Ca2+reaches a critical 

level, thus the Ca2+ clock frequency is determined in part by the speed by which  



Page | 45  
 

Figure 8. Sarcoplasmic Ca2+ sparks are linked to the membrane action potential in 

sinoatrial node cells 
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cytoplasmic Ca2+ is pumped back into the SR by SERCA. The availability of cytosolic 

Ca2+ may be regulated in part by store-operated Ca2+ channels (SOCC) at the cell 

membrane. The transient receptor potential channels, TRPC1 and TRPC3, appear to 

act as SOCC and are detected in the SAN.47, 150-152 The application of SOCC blockers 

Gd3+ and SKF-96365 reduces the pacing rate of mouse SAN cells around one quarter 

though the exact mechanism is unclear.152 Another explanation of the increased 

rate of Ca2+ cycling in SAN cells is that basal cAMP levels are high in comparison to 

ventricular myocytes, even in the absence of β-adrenergic stimulation.153 This is 

likely to enhance the action of ICa,L, RYR and SERCA.122 However, as discussed above, 

this high basal cAMP will also increase If.
107 Interestingly, phosphodiesterase activity 

is also high in SAN cells, perhaps facilitating rapid and sensitive changes in response 

to sympathetic or parasympathetic stimulation.154   

Following amplification of the small ICa,T via CICR, the elevated intracellular Ca2+ is 

translated into membrane current by the electrogenic forward mode activity 

(movement of one Ca2+ out of the cell for three Na+ into the cell) of the Na+/ Ca2+ 

exchanger, NCX1, generating the inward current, INCX.155 NCX1 consists of nine 

transmembrane domains containing α-repeat sequences that facilitate ion 

transport, and a large cytoplasmic loop containing Ca2+-binding sites.156, 157 The 

substrates Ca2+ and Na+ directly activate and regulate NCX1; nanomolar 

concentrations of intracellular Ca2+ promote recovery of the exchanger from the ‘I2 

inactivation’ state.157 

The importance of the interaction of RYR/NCX1 and the specific cellular 

organisation of localised Ca2+release in SAN cells is demonstrated by the close 

apposition of RYR and NCX1 within SAN cells. As shown in figure 9, confocal 

microscopy has demonstrated that expression of the two are topographically 

related.148 Furthermore, blockage of CICR in SAN cells using ryanodine or blockage 

of INCX using Li+ reduces the inward current by a similar amount when DD is 

simulated by voltage clamp.144 The importance of NCX1 in the generation of the 

membrane current is suggested by the fact that in these experiments Li+ can abolish 

spontaneous pacing and ryanodine can slow the pacing rate.144 
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 Figure 9. Spatial integration of the sarcoplasmic ryanodine receptor and surface membrane NCX exchanger revealed by quantitative 
immunohistochemistry 
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1.4.1.3 Phase 0, the action potential upstroke 

Recordings from the SAN show that phase 0 of the AP is slow in comparison to 

ventricular muscle (figure 5).46 Firing of the AP is the end of the specific pacemaking 

phase, however the unique properties of the SAN AP merit mention. The action 

potential upstroke in the SAN is carried by ICa,L, thus block of this current with 

nifedipine abolishes pacemaking.158, 159 L-type Ca2+ channels are formed by isoforms 

of the pore forming α1 subunits: α1S (Cav1.1), α1C (Cav1.2), α1D (Cav1.3), and α1F 

(Cav1.4).160 ICa,L in the SAN is dependent on Cav1.3, whilst in the working 

myocardium it is exclusively Cav1.2 that carries this current.158 Cav1.3 has a more 

negative threshold activation potential than Cav1.2 and so is more suited to 

pacemaking tissues, because it is activated earlier by DD. Hence in wild-type mice 

ICa,L is activated at -50 mV but in Cav1.3-/- mice ICa,L is not detected until -20mV.161 

Cav1.3-/- mice display sinus bradycardia and arrhythmia. The AP upstroke and 

continued pacing in these mice may be dependent on Cav1.2 or Nav1.5.47, 161, 162 

The inward Na+ current (INa) is important in the working myocardium where it is 

responsible for the fast upstroke of the action potential, it is carried by the Nav1.5 

channel. The Nav1.5 channel is the main α-subunit of the functional channel 

containing the pore domains, it is known to associate with a number of β-

subunits.163 INa is abundant in the working myocardium and in the periphery of the 

SAN, but is absent from the centre of the SAN explaining the slower upstroke of the 

action potential seen here.164-166 Despite the documented absence of Nav1.5 from 

the centre of the SAN, Nav1.5 knockout mice still show bradycardia, long SAN 

conduction times and SAN conduction block. 48, 167 Likewise, mutations in the gene 

for Nav1.5 (SCN5A) in humans have been associated with sick sinus syndrome (SSS) 

168-172  These effects are surprising given the lack of Nav1.5 in the centre of the 

node, but are postulated to arise from impaired channel function at the periphery 

of the SAN.164 Human SAN myocytes excised from a patient with inappropriate 

sinus tachycardia showed a large inward current resembling INa.
173 These myocytes 

might represent transitional (peripheral) myocytes rather than true central SAN 
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myocytes, but this finding might also suggest that INa may be more important in the 

human SAN than previously thought. 

1.4.2 Gap junctions and electrical coupling in the sinoatrial node 

Gap junctions facilitate electrical coupling between cardiac myocytes and thus 

allow propagation of the AP throughout the heart. Vertebrate gap junctions are 

formed by membrane proteins from the connexin gene family (abbreviated as Cx 

followed by the mass of the protein in kilodaltons, e.g., Cx43).174 They are 

hexameric proteins with subunits consisting of four transmembrane domains, two 

extracellular loops and a cytoplasmic loop.175 The hexamers assemble in gap 

junction plates and allow the intercellular passage of ions and metabolites.175, 176 

Their function may be regulated by phosphorylation of the C-terminal domain.177 

Cx43 and Cx40 are expressed throughout the atrial working myocardium forming 

high conductance gap junctions allowing rapid conduction velocity of the AP in this 

tissue. In contrast, Cx43 and Cx40 are not expressed in the centre of the SAN.48, 178 

Cx45 is expressed in the SAN, where it forms low conductance gap junctions with 

consequent poor electrical coupling.178 As a result, the conduction velocity of the 

AP in the centre of the SAN is slow and the centre of the SAN is electrically insulated 

from the surrounding atrial muscle.178 This is important because the hyperpolarizing 

influence of the resting potential of RA myocardium could suppress the pacemaker 

activity of the SAN.178 Towards the periphery of the SAN, the electrical coupling 

improves; expression of Cx43 and Cx45 has been demonstrated in the peripheral 

rabbit SAN.178 As discussed in section 1.3, interdigitations between SAN and atrial 

myocytes are seen in the periphery, theoretically facilitating the propagation of the 

action potential from the SAN into the surrounding atrial muscle.26, 178 The 

importance of appropriate connexin subtype expression for normal pacemaking is 

demonstrated by the effects of connexin mutations on normal pacemaking; Cx40 

knockout mice and Cx40/Cx43 knockout mice are bradycardic with SAN exit and 

entry block, as well as a prolongation of SAN conduction time.179-181  Connexin 

mutations result in significant disease in humans including oligodentodigital 



Page | 50  
 

dysplasia caused by a Cx43 mutation that leads to, among other features, 

atrioseptal defects, AV block and ventricular tachycardia.182 

1.4.3 Mapping and characterisation of sinoatrial node electrical activity  

1.4.3.1 The leading pacemaker site and the sinoatrial node activation 

sequence  

The activation sequence and propagation of the action potential in the SAN has 

been extensively studied. The site of first activation, the leading pacemaker site, is 

typically in a central nodal position close to the SVC. This area is a small volume of 

less than 1% of the total nodal volume, estimated at around 5000 cells.183 The site 

of the leading pacemaker is variable between species. In humans and dogs the site 

of first activation may vary from a superior to inferior position and there may even 

be multiple simultaneous leading pacemakers.36, 184 Interestingly the leading 

pacemaker, as defined by extracellular potential recording, may not directly 

correlate with the area of primary negativity when the endocardium is removed 

allowing direct recordings from the SAN cells.185 This may have important 

implications for the accurate identification of the site of arrhythmia in clinical 

electrophysiology.  

Even within a single animal the leading pacemaker site is dynamic, a phenomenon 

known as pacemaker shift (figure 10).186, 187 Study of the SAN of the rabbit has 

clearly demonstrated the variable nature of the leading pacemaker.186 Pacemaker 

shift may be a mechanism for mediating heart rate modulation. Alterations in p-

wave morphology on the surface ECG can be seen in response to variation in heart 

rate in humans and dogs (figure 10).36, 188, 189 This correlates with variation in the 

exit site from the SAN which in turn may be dependent on the location of the 

leading pacemaker. Pacemaker shift is mediated by electrical heterogeneity of the 

SAN. Computer modelling and study of isolated balls of SAN tissue demonstrated 

that nifedipine (which decreases the heart rate) has a greater effect on central 

rather than peripheral SAN tissue, and thus the leading pacemaker site shifts from a 

central to a peripheral location.38, 190 It is hypothesised that there is a gradient in 

cell type from ‘typical’ nodal cells at the centre of the SAN, to atrial cells at the  
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Figure 10. Pacemaker shift in the sinoatrial node 
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periphery.192 In support of this theory there is an increase in cell size from the 

centre to the periphery of the SAN.193 Furthermore smaller cells (as defined by 

small cell capacitance) are more typically nodal with a slow action potential 

upstroke (10 V/s compared to 60 V/s for larger SAN cells) and typical SAN current 

phenotype (e.g. absence of INa).
194 

1.4.3.2 Exit sites from the sinoatrial node  

In the rabbit the AP impulse propagates from the leading pacemaker preferentially 

in an oblique cranial direction towards the CT.183 This is thought to facilitate reliable 

exit from the SAN as the AP waveform will arrive as a broad front to the atrial 

muscle.  However there is evidence for discrete exit pathways from the SAN. A 

medial block zone (towards the interatrial septum) has been demonstrated in all 

species studied (cat, rabbit, pig and monkey).31, 39, 195, 196 Extracellular potential 

mapping in the dog showed cranial and caudal exit sites and ablation of these 

discrete sites caused SAN exit block.185 Optical mapping of the activation sequence 

of canine SAN and atria confirmed these findings and demonstrated medial 

(interatrial septum) and lateral (CT) block zones.44 The propagation of APs recorded 

in these experiments showed preferential rapid conduction in the supero-inferior 

axis and slow transverse AP propagation that does not exit the SAN. Perhaps the 

SAN is surrounded by a loop of blood vessels and connective tissue leading to 

anatomical and physiological conduction block? Such an arrangement would 

contribute to electrical insulation from the surrounding hyperpolarizing influences 

of the atrial muscle, but predispose to SAN exit block if these discrete pathways are 

compromised. 

However, the most comprehensive anatomical studies of human SAN histology to 

date failed to demonstrate any evidence for an anatomical block in any direction.26, 

197 Indeed, multiple radiations of nodal tissue interdigitating with normal atrial 

myocardium were noted, suggesting the potential for multiple sites of nodal 

wavefront breakthrough (figure 3). Thus conduction block around the SAN may be a 

functional phenomenon (see section 1.5). 
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1.4.3.3 Overdrive suppression of pacemaker tissues 

An important feature of the SAN is the lack of overdrive suppression, i.e. 

suppression of activity in response to rapid stimulation. The SNRTmax (the time to 

resumption of SAN activity) after fast atrial pacing is of the order of one second in 

normal human subjects.198 However other cardiac cells that display some 

pacemaking activity may be profoundly affected by such stimulation. Purkinje fibre 

activity may be suppressed for up to one minute by rapid electrical stimulation 

which would have disastrous consequences for the primary cardiac pacemaker.199 

This is mainly due to the lack of Nav1.5 within the SAN.39 

1.4.4 Subsidiary pacemaker tissue 

As previously discussed, detailed anatomical reconstruction of the rabbit SAN 

reveals that it is an extensive structure traversing the distance between the SVC 

and inferior vena cava (IVC) (figure 11).38 This is in keeping with the observed 

electrophysiology and embryology of the SAN (see sections 1.2 and 1.4.3).10, 186 In 

the rat, node-like tissue has been demonstrated in the interatrial groove and in the 

atrioventricular ring bundle surrounding the tricuspid valve.200 In the guinea-pig 

there is a ‘retroaortic node’ in the interatrial septum (figure 11).201 Focal atrial 

tachycardia in the human is well documented as originating from the pulmonary 

vein sleeves, coronary sinus ostium, CT, atrial appendages, interatrial septum, left 

atrium and mitral valve annulus.24, 25, 202-206 Three-dimensional mapping of the RA in 

a patient with SSS has recently demonstrated the ability of subsidiary pacemaker 

tissue at the interatrial septum to support what clinically appeared to be a sinus 

bradycardia.207  Intrinsic automaticity has been demonstrated in the  inferior 

portion of the canine RA.208 This tissue displays reduced sensitivity to Acetylcholine 

(ACh) but increased sensitivity to noradrenaline and overdrive pacing.209 Subsidiary 

pacemaker cells isolated from the Eustachian ridge of the cat (inferior border of the 

IVC) show intrinsic automaticity with slow DD similar to SAN cells.210 

There is indirect evidence via pharmacological blockade that both the membrane 

and Ca2+ clocks contribute to pacemaking mechanisms in subsidiary pacemaker 

tissue.211 IK decay and If activation has been recorded in these cells.212, 213 However, 
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Figure 11. The extent of the sinoatrial node and subsidiary pacemaker tissues 
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If displays a long time course of activation and small amplitude, perhaps due to a 

HCN isoform switch? Fluorescence confocal microscopy has demonstrated diastolic 

Ca2+ efflux from subsidiary pacemaker cells, and reduction of Ca2+ flux by SERCA or 

NCX inhibition slows their pacing activity.211, 214, 215 Although the pacemaker 

mechanisms are similar to the SAN, the cycle length is approximately double that of 

SAN cells (perhaps due to reduced If) and electron microscopy reveals subtle 

ultrastructural differences of these cells from true SAN cells.210 

In the human heart there is an extensive structure within the CT close to but 

distinct from the SAN, the paranodal area.77 This area comprises loosely packed 

myocytes that are mixed in phenotype between typical RA and SAN. There is a 

unique pattern of ion channel expression in the paranodal area, particularly 

regarding K+ channels. There is a high level of expression of Kv4.2, Kir6.1, TASK1, SK2 

and MiRP2 with low levels of Kir2.1.77 The function of this area is not known. It is 

suggested that the ion channel expression will lead to a relative depolarization in 

comparison to RA cells. This may be necessary for the facilitation of propagation of 

the SAN AP to the RA. The paranodal area may also be an important focus of 

ectopic atrial tachycardias. 

1.5 Molecular architecture of the sinoatrial node 

As discussed in section 1.4.1, the generation of DD requires ion currents specifically 

suitable for this role, and these currents differ from those in the working 

myocardium. These differences are, of course, a result of the expression of specific 

ion channel ‘signatures’ within nodal versus working myocardial tissue. The 

presence or absence of ion channel subtypes has been extensively investigated 

using quantitative PCR, in-situ hybridisation and immunohistochemistry. The 

generally accepted markers for SAN tissue are the presence of HCN (2 or 4) and 

Cx45; the absence of Nav1.5, Cx43 and atrial natriuretic peptide (ANP).40, 41, 158, 216 

This has provided a framework for the study of other ion channel subtypes within 

the SAN.38 Pacemaker mechanisms vary between species; for example If in rabbit is 

~ 4 times greater in magnitude when compared to humans.217, 218 Thus the ion 

channel signature should be expected to differ between species and indeed this is 
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the case.219  In this section the molecular structure of the human and rat SAN will 

be discussed due to their relevance to clinical problems and the experimental 

model respectively. 

1.5.1 Molecular architecture of the sinoatrial node of Homo sapiens 

The intrinsic heart rate of humans is 60-80 beats per minute (bpm). APs have been 

recorded from human SAN; in accordance with data from other species they display 

DD and a slow phase 0 depolarization.218 There are little functional data available 

for the human SAN due to the paucity of experimental tissue. If has been directly 

recorded from human SAN cells and the importance of If, ICa,L and ICa,T in humans 

can be inferred from the in vivo heart rate lowering effect of ivabradine and 

diltiazem and mibefradil respectively.97, 218, 220, 221 

The detailed ion channel structure of the human SAN was recently elucidated.77 The 

membrane clock in the human involves the inwardly rectifying K+ channels Kir2.1 

and Kir2.3 which are present in both the RA and SAN in humans; however levels of 

both are lower in the SAN than RA which is to be expected as there is no stable 

resting potential in the SAN.77, 218 In humans, f-channels comprise HCN4 and HCN1 

which are highly expressed in the SAN but not RA - HCN2 was detected in the RA 

with negligible levels in the SAN (figure 12).77, 218  

The components of the Ca2+ clock are also present. As observed in other 

mammalian species the T-type Ca2+ channel Cav3.1 is the most abundant and levels 

are higher in the SAN than RA.40, 77 SERCA2a and RYR2 are expressed at lower levels 

in the SAN than RA.77 Interestingly TRPC6 (SOCC) mRNA is significantly higher in 

SAN cells than RA, as is RYR3 (though the overall level of RYR3 compared to RYR2 is 

very low).77 How high levels of TRPC6 and RYR3 interact with significantly lower 

levels of SERCA and RYR2 is not clear. These data suggest that the generation of 

Ca2+ sparks in SAN cells may differ from the working myocardium - mechanistic 

differences in Ca2+ spark generation in muscle cells expressing RYR1 and RYR3 have 

been observed to differ from cardiac muscle expressing RYR2 only.222  
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Figure 12. The expression of connexin 43 and HCN4 in the human sinoatrial node 

77 
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As expected from the slow phase 0 depolarization, the human SAN does not 

express Nav1.5 and there is an isoform switch of the L-type Ca2+ channel from 

Cav1.2 to Cav1.3.77 However other data suggests the presence of INa in human SAN 

cells though these may be peripheral rather than central SAN cells.173 With respect 

to early repolarization, transient outward K+ channels are differentially expressed in 

the SAN: Kv4.3 is the predominant isoform in both the RA and SAN, but with lower 

expression levels in the SAN than RA. There are higher levels of Kv4.2 in the SAN 

than RA, with equal levels of Kv1.4.77 All of the K+ delayed rectifier channels are 

expressed at lower levels in the SAN than RA including Kv1.5, Kv11.1 (ERG) and Kv7.1 

(KvLQT1).77 This suggests that there is a downward gradient in AP duration away 

from the SAN similar to that noted in rabbits.223 Accessory subunits are expressed 

at broadly similar levels in RA and SAN, other than KChIP2 (K+ channel interacting 

protein 2) which is highly expressed in the SAN only.77 Clearly, complex regulatory 

mechanisms are present and further work will be required to understand why the 

regulatory subunits should be present at similar or higher levels in the SAN when 

the K+ channels themselves are present at lower levels. As expected, the high 

conductance gap junction proteins Cx40 and Cx43 are absent from the human 

SAN.77 

1.5.2 Molecular architecture of the sinoatrial node of Rattus rattus 

The intrinsic heart rate of the rat is ~390 bpm.224 Much less data are available 

regarding the molecular structure of the rat SAN. As in other species, the rat SAN is 

characterised by absence of Cx43 and Nav1.5, and the presence of HCN4 and 

Cx45.200, 225 The f-channels of the rat comprise HCN2 and HCN4 - HCN2 is reported 

to be the predominant isoform, HCN1 and HCN3 are not detectable.226 There is 

broad distribution of pacemaker tissue: the SAN is made up of a large ‘head’ 

located in the anterior wall of the SVC; HCN4 and Cx45 positive tissue extends down 

the side of the CT with a second smaller tail extending down the interatrial 

groove.200, 225 HCN4 and Cx45 positive cells are also detectable in the 

atrioventricular ring bundle round the tricuspid valve but not the mitral valve.200 

Details of K+ channel and Ca2+-handling protein expression in the rat SAN are not 

known.  
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1.6 Disease and remodelling of the sinoatrial node 

SAN disease includes a spectrum of clinical disorders. Recognised primary SAN 

disorders include sinoatrial node re-entry, inappropriate sinus tachycardia and SSS. 

Of these only SSS causes bradycardia requiring pacing. SSS is a common syndrome 

causing syncope and presyncope; the ECG may show SAN exit block, sinus arrest, 

alternating sinus tachycardia or bradycardia and atrial fibrillation (AF). It is a 

common problem in clinical cardiology and one of the commonest indications for 

insertion of permanent pacing systems.227 There are a number of rare causes of SSS, 

but ‘idiopathic’ SSS is by far the commonest description and the prevalence 

increases with advancing age.228, 229 The cause of SSS is controversial, early 

histological studies led to a belief that progressive SAN fibrosis and loss of SAN cells 

underlies the disorder.230, 231However, there is also evidence of electrical 

remodelling as a molecular pathology in SSS, age related changes of the SAN occur 

with an area of slow action potential upstroke velocity extending into the 

peripheral SAN are seen with advancing age in the cat and rabbit.232 Consideration 

of the anatomical and molecular remodelling of the SAN in different disease states 

suggests that SSS is a broad and, in some cases, plastic clinical entity. 

1.6.1 Idiopathic sinoatrial node disease and ageing 

Ageing has long been associated with SAN dysfunction, causing a decrease in the 

overall intrinsic heart rate, and an increase in SAN conduction time.164, 232, 233 These 

changes in humans appear to be preceded by a period of detectable but clinically 

silent atrial remodelling, this is particularly apparent around the region of the CT 

leading to slowing of conduction, voltage loss and a decrease in SAN reserve.234 As 

may be expected in a bradycardic remodelled SAN, an inferior shift in the leading 

pacemaker site has been demonstrated in aged rats and humans with SAN 

dysfunction.164, 225 However, the site of the leading pacemaker site does not appear 

to be affected by age in rabbits and cats.235 Histological studies previously 

attributed SSS to SAN fibrosis.232, 236, 237 Indeed it can be shown that ageing leads to 

significant extracellular matrix remodelling in the SAN of the rat.225  
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However, more recent histological analysis of the SAN in ageing found a decreased 

SAN volume with fatty infiltration in old human SAN but not young.238 While other 

groups have replicated the findings of fatty infiltration around the sinus venosus 

and SAN, the reduction in SAN volume has not been confirmed in animals or 

humans.197, 232 While the reported increase in connective tissue in the SAN with age 

has not been seen by all groups, there is a redistribution of connective tissue to 

surround individual nodal cells, or small cell clusters. When combined with 

observed nodal cell atrophy this gives the illusion of increasing connective tissue 

area.33, 232, 238  

There is clearer evidence of electrical remodelling in the pathology of SSS. Ion 

channel expression is known to display temporal plasticity; in the neonatal rabbit INa 

is present throughout the SAN, but in the adult it is absent from the centre; 

furthermore the area of slow action potential upstroke velocity extends into the 

peripheral SAN with advancing age in the cat and rabbit. 194, 235, 239 These results 

suggest an age-dependent downregulation of peripheral Nav1.5 - indeed this has 

been demonstrated in aged rats along with an age-dependent hypertrophy of SAN 

cells.225 This could lead to exit block from the SAN and an inability of the node to 

drive the surrounding tissue. 

Other electrophysiological changes occur. Kv1.5 (partly responsible for IK) is known 

to decrease with aging in the rat SAN, which could explain the observed age-related 

increase in AP duration.235, 240 Decreased expression of Cx43 in the vicinity of the 

SAN may account for the observed increase in SAN conduction time and SAN exit 

block seen with ageing.241   It has also been noted in the guinea-pig that Cav1.2 

expression declines during aging.242 

1.6.2 Ischaemic sinoatrial node dysfunction 

Up to a third of the cases of idiopathic SSS may be due to chronic ischaemia of the 

SAN.243 Sinus bradycardia and sinus arrest are commonly seen in the acute phases 

of myocardial infarction due to altered neurological influences on the heart.244 

However, in one study of patients presenting for permanent pacemaker 

implantation for symptomatic bradycardia, significant coronary artery stenoses 
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were found in 71% of patients, suggesting that ischaemia may have a significant 

role in the development of SAN dysfunction.245 

1.6.3 Inherited sinoatrial node dysfunction   

As well as in the elderly, SAN disease occurs in children and young adults, most of 

these cases are associated with structural heart disease.246-248 However, a 

significant number have no clear structural reason for developing SSS.249, 250 In 

these patients, genetic aetiology is assumed. Familial mutations affecting If and INa 

have been demonstrated to cause inherited SSS in humans as discussed in sections 

1.4.1.1.2 and 1.4.1.3 respectively.99-101, 168-172 Mutations of calsequestrin (CASQ2) 

causing autosomal recessive catecholaminergic polymorphic ventricular tachycardia 

are also associated with SAN dysfunction, presumably perturbation of SR Ca2+ 

impairs CICR and thus the Ca2+ clock.251 

1.6.4 Sinoatrial node dysfunction and heart failure  

Fatal bradycardia contributes a significant burden in heart failure, accounting for 

~42% of in-hospital heart failure sudden deaths.164, 252-254 These bradyarrhythmias 

arise because heart failure causes diseases of the CCS, including SSS.240 A rat model 

of post-infarction heart failure shows SAN dysfunction (decrease of the intrinsic 

heart rate and prolongation of the SAN recovery time [SNRT]).240 SAN dysfunction 

has been demonstrated in human heart failure patients - they exhibited sinus 

bradycardia, increased SAN recovery time, inferior localisation of the leading 

pacemaker, prolongation of SAN conduction time and abnormal circuitous 

propagation of the sinus impulse.255 The SAN remodelling may be due to abnormal 

haemodynamics of the RA in heart failure and as such represent a right atrial 

cardiomyopathy. Consistent with this concept SAN dysfunction in humans 

(evidenced by increased SNRT) has been observed in association with conditions 

leading to RA pressure and volume overload, including dysynchronous AV pacing 

and chronic atrial septal defect.256, 257 Cellular electrical remodelling of the SAN by 

downregulation of HCN channels has been implicated in this process.258  
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1.6.5 Sinoatrial node dysfunction and atrial tachycardia  

Chronic ectopic atrial tachycardia leads to remodelling and dysfunction of the SAN. 

Canine models of AF utilising chronic atrial tachycardia (20 Hz) pacing demonstrate 

increased SNRT, reduced maximal SAN rate and reduced intrinsic heart rate.259  

Furthermore, prolongation in SNRT has been noted in patients following DC 

cardioversion of chronic AF, though this does not predict the long term success of 

this intervention.260, 261 Even  short periods of atrial tachycardia induce functional 

SAN remodelling.262 Once again cellular electrical remodelling may be responsible 

for this process - atrial tachycardia pacing induces abnormalities of the Ca2+ clock 

(evidenced by altered CICR, caffeine sensitivity and RYR expression) and the 

membrane clock (evidenced by reduced HCN4, HCN2 and minK expression with 

reduction in the If and IK,s currents).263, 264 The plasticity of this process is 

demonstrated by reverse remodelling of SAN function seen after restoration of 

sinus rhythm by AF ablation.265  

1.6.6 Sinoatrial node dysfunction in endurance athletes 

Endurance athletes display a resting sinus bradycardia. For example, the heart rate 

of elite cyclists has been reported to be ~30 bpm.266 The received knowledge is that 

this is due to high vagal tone.267 However, experimental studies have shown a 

decrease in the intrinsic heart rate, and thus a decrease in the intrinsic pacemaker 

activity of the SAN.267 This suggests that the bradycardia is due to electrical 

remodelling of the SAN, furthermore the athletic resting bradycardia persists after 

physical de-conditioning, suggesting that the changes are intrinsic to the node 

rather than a function of short-to-medium term autonomic modulation.268 Pilot 

data suggests that athletic training in rats leads to an intrinsic slowing of the heart 

rate during Langendorff heart experiments.224 In humans endurance training leads 

to remodelling throughout the CCS with prolonged SAN cycle length, SNRT, AVN 

Wenckebach cycle length and AVN effective refractory period both at baseline and 

following autonomic blockade with atropine and propranolol.269  

It could be hypothesised that the remodelling is reactive to the chronic sinus 

tachycardia associated with endurance exercise, a form of tissue or cellular 
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homeostasis. However rats and dogs who were trained following cardiac 

denervation failed to develop any resting or intrinsic bradycardia.270, 271 Thus the 

initial response to training seems to be mediated by the autonomic nervous system 

with subsequent chronic mechano-electrical feedback leading to intrinsic changes 

of the SAN and other regions of the CCS.269  

1.6.7 Sinoatrial node dysfunction and diabetes mellitus 

SSS has been observed in diabetic patients as well as in the streptozotocin rat 

model  of diabetes.272 SAN dysfunction in diabetes mellitus may be a consequence 

of microvascular dysfunction or hyperinsulinaemia associated with peripheral 

insulin resistance (in type II diabetes mellitus).272, 273 Soon after diabetes induction 

streptozoticin-treated rats showed a marked sinus bradycardia both in vivo and 

during Langendorff experiments.274-276 Furthermore, expression levels of Cx40, Cx43 

and Cx45 were increased in the SAN of diabetic rats.277  

1.7 What is a ‘biopacemaker’ and why do we need them?  

Advances in pharmacology and invasive cardiology have led to a vast improvement 

in mortality and morbidity in a number of cardiovascular conditions. However, for 

most conditions modern cardiology is unable to offer lasting cures (i.e. without 

need for ongoing pharmacotherapy or presence of a prosthetic implant). Most 

relevant to this discussion is a consideration of the spectrum of bradyarrhythmic 

disorders. Bradyarrhythmias are a common problem; an inappropriately low heart 

rate may lead to haemodynamic collapse and syncope. This may be caused by SAN 

dysfunction (as above) or conduction block distally in the CCS. Many of these 

conditions are currently treated by the implantation of electronic cardiac 

pacemakers that reduce mortality and morbidity in carefully selected patient 

groups.278  

1.7.1 Current use and limitations of implantable electronic pacemakers  

Pacemaker implantation is a common procedure with over 32000 patients treated 

in 2006 in the United Kingdom.227 Modern technological innovation has vastly 

reduced the size, and increased the functionality of cardiac pacemakers. Standard 
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pacemaker systems pace via the right heart, either single chamber (RA or RV), or 

dual chamber (RA and RV), and may be programmed to suppress activity in 

response to intrinsic heart rhythms. By estimating activity level via accelerometers, 

respiratory rate or venous oxygenation, rate responsive systems allow some degree 

of chronotropic response to physiological demands.279 

There are several well known complications associated with cardiac pacemakers. In 

the United Kingdom in 2006 the total mortality directly attributed to the pacemaker 

system was 0.36% (118 patients), and 1.26% patients suffered complications severe 

enough to require removal of the pacemaker system (413 patients).227 The overall 

complication rate is certainly higher than this, causing significant morbidity, 

including a 1.6%-2.6% rate of pneumothorax, 2.6% incidence of lead fracture, and 

5% incidence of infection. 280-282 

It is clear that the cardiac impulse initiated by standard electronic pacemaker 

systems is not truly physiological. Surface electrocardiogram will show a left bundle 

branch block pattern with prolonged QRS complex duration, and concomitant 

cardiac ventricular dyssynchrony as the impulse spreads from the right to the left 

ventricle. This phenomenon leads to impairment of the systolic and diastolic 

functions of the heart. In vivo studies of pacing in dogs confirmed that left 

ventricular function was impaired by RV pacing, as evidenced by reduced maximal 

LV pressure, and systemic systolic blood pressure.283, 284 A criticism of the above 

studies is that the loss of the atrial component of the cardiac cycle may account in 

part for the findings as atrioventricular sequential pacing shows an increase in peak 

systolic pressure and left ventricular fractional shortening when compared to RV 

pacing in the canine heart.285 

However, similar results have been obtained in humans, when AV sequential pacing 

was compared to RA pacing - the rate of increase in left ventricular pressure 

(dP/dt), peak systolic pressure, ejection fraction and stroke volume were 

decreased, suggesting that cardiac dyssynchrony induced by RV pacing causes a 

reduction in left ventricular efficiency. 286 RV pacing also affects cardiac diastolic 

function in dogs, and humans.285, 287-289 Reduction in diastolic function (as measured 
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by left ventricular relaxation [dP/dt] or the diastolic relaxation time constant [Tau]) 

due to age and hypertensive heart disease is a major cause of heart failure.290 

Furthermore there is evidence that long term pacing via the RV causes remodelling 

evidenced via myocyte disarray and fibrosis which may cause a progressive 

deterioration in cardiac function.291, 292 A study utilising B-type natriuretic peptide 

as a marker of atrial stretch and degree of heart failure suggested that even in 

structurally normal hearts RV pacing induces physiologically significant heart failure, 

although the study groups were not well matched with respect to underlying 

pathology and this was not a prospective randomised controlled trial.293 In the 

same study diastolic function was assessed using the Tei index (a transthoracic 

echocardiographic calculation of isovolumic relaxation time divided by ejection 

time), and was found to be impaired by increased pacing demand. Previously the 

Tei index has been used as a prognostic marker in cardiac amyloidosis and dilated 

cardiomyopathy, which may imply that increased pacing dependence may indicate 

poor prognostic outlook due to the deleterious effects of RV pacing, although this 

has not been specifically studied.294, 295 These limitations have led to an ongoing 

search for an alternative pacing site, such as the interventricular septum or RV 

outflow tract, that provide better physiological and clinical outcomes.296 

1.7.3 The hypothetical ideal biopacemaker 

Some of the problems with electronic pacemakers discussed above could be 

circumvented if the natural pacemaker could be rejuvenated or recreated. 

Knowledge of the ionic and genetic basis of the generation of the pacemaker 

current (sections 1.2 and 1.4) has allowed a number of groups to undertake proof 

of concept experiments, showing that enhancing the chronotropy of cardiac cells 

can allow them to serve as an independent pacemaker, the so called biopacemaker. 

As discussed above, the SAN has a complex molecular and electrical structure that 

allows it to perform its normal function.39 The ideal biopacemaker would therefore 

be able to replicate these conditions, affording protection from overdrive 

suppression and re-entry as well as allowing predictable and coordinated 

propagation of the action potential down the His-Purkinje system, with appropriate 
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response to autonomic regulation. The easiest way to create a biopacemaker with a 

physiological rate, autonomic response and synchronous AV conduction would be 

to create the biopacemaker in the region of a previously dysfunctional SAN. 

However, this may provide an effective treatment for SAN disease such as SSS, but 

not for AVN block. Current United Kingdom epidemiological data would suggest 

that the SAN would be a viable site for implantation of a biopacemaker in 

approximately 27% of cases.227 Longitudinal studies of patients receiving atrial 

pacemakers for SAN disease (without ventricular back up) suggests that with careful 

screening this is a safe strategy.297  

AVN block accounts for the majority of pacemaker implantation (48.5%), and so we 

would expect that biopacemakers should be developed to treat such conditions by 

rejuvenation of the AVN, or implantation of the biopacemaker below the level of 

block. In fact most experimental work has concentrated on animal models of AVN 

block with the implantation of the biopacemaker into ventricular myocardium or 

the left bundle branch (see section 1.7.4).227 Such an approach could be considered 

analogous to a VVIR electronic pacemaker (see table 1 for summary of pacing 

modes), which remains the most common implanted pacemaker at 41%, but are 

also known to have a higher incidence of pacemaker syndrome (symptomatic 

haemodynamic disturbance) due to atrioventricular dys-synchrony.227, 298  

Furthermore asynchronous atrioventricular pacing (which is delivered by a VVI 

pacemaker) has been demonstrated to induce electrical remodelling of the SAN and 

RA myocardium causing increased SNRT and effective refractory periods 

respectively.256 Patients in this study that received VVI rather than DDD 

(synchronous atrioventricular) pacing had a higher incidence of AF.  

Additional evidence of the detrimental effect of a lone ventricular pacing site could 

be gained by demonstrating clinical superiority of DDD pacing compared with VVI 

pacing. The Canadian trial of physiologic pacing (CTOPP) and the mode selection 

trial (MOST) suggest reduced morbidity and lower rates of AF in dual chamber 

pacing modes. 229, 282 These findings are disputed by some, but small benefits in 

these cohorts may be obscured by the high mortality, advanced age and 

comorbidity of most pacemaker patients, and in fact the placement of the right 
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Table 1. The common electronic pacing modes showing the lead placements, 
sensing and pacing activity 

 

Mode 

 

R = rate 
responsive  

VVI (R) 

 

Ventricular pacing 
and  sensing, 
inhibitory response 
to intrinsic sensed 
beat 

DDD (R) 

 

Atrial ± ventricular 
(dual) pacing and 
sensing, inhibitory 
or triggered (dual) 
response to sensed 
activity  

 

AAI (R) 

 

Atrial pacing and  
sensing, inhibitory 
response to 
intrinsic sensed 
beat 

Leads Right ventricular Right atrial 

Right ventricular 

Right atrial 

Physiological 

sequential AV 

pacing 

No Yes Yes 

Response to 

intrinsic atrial 

activity  

None Atrial pacing 

suppressed ± 

triggered 

ventricular pacing 

Pacemaker 

suppressed 

Response to 

intrinsic 

ventricular 

activity 

Pacemaker 

suppressed 

Ventricular pacing 

suppressed 

None 
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ventricular lead may have a stronger effect on morbidity and mortality than the 

pacemaker mode.  

It must be remembered that pacing, whether electrical or biological, from the RV 

apex or RV outflow tract will produce ventricular dyssynchrony and atrioventricular 

dissociation, which have limitations as discussed above. It is likely that 

biopacemakers at ectopic sites will be prone to high levels of overdrive suppression 

due to the presence of the Nav1.5 current in working myocytes and be susceptible 

to re-entrant tachycardia due to the absence of an appropriate cellular 

environment and low conductance connexins.39, 199 Furthermore, the maximum 

rate of ventricular biopacemakers appears to be limited by the substrate (i.e. the 

ventricular myocardium).299 Ventricular biopacemakers may even be a nidus for 

ventricular arrhythmia – in the ventricular myocytes of hypertensive and heart 

failure rats upregulation of If has been demonstrated and this has been proposed to 

be one of the cellular substrates for the ventricular arrhythmias seen in these 

clinical syndromes.300-304 

It is important that any engineered pacemaker is responsive to the autonomic 

nervous system. It is likely that any pacemaker employing HCN genes will be 

responsive via cAMP-dependent pathways.106 However the density of innervation 

of the SAN, the presence of RyR/INCX coupling which is enhanced by adrenergic 

stimulation, and modulation of the resting membrane potential by acetylcholine-

responsive IKACh suggests that biopacemakers sited in the SAN region may be more 

responsive than those at other sites.  

1.7.4 Biopacemakers, the state of the art 

In 1998 Edelberg et al. demonstrated chronotropic enhancement of mouse 

myocyte contraction rate, and murine heart rate by injection of a plasmid 

expression vector containing the cDNA of human β2 adrenergic receptor.305 By 

transfection into neonatal myocytes, ex vivo heart preparations and transplanted 

hearts they demonstrated that gene transfer was a potential method of 

manipulation of the native heart rate. The same approach was used to investigate 

the enhancement of chronotropicity in pigs, by the injection of human β2 receptor 
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plasmid cDNA into the RA of pigs.306 Using percutaneous recording electrodes with 

injecting needles, the plasmid was injected at the site of earliest atrial action 

potential (presumed SAN). Compared to control animals, injected pigs showed 

significantly enhanced chronotropy. The effect was transient and maximal on day 

two, demonstrating that naked DNA is not an efficient system for the production of 

stable transgene expression. However, this was not truly a de novo biopacemaker, 

but enhancement of intrinsic rate. Furthermore, in neither species was pathological 

bradycardia or atrioventricular block modelled. 

1.7.4.1 Ventricular biopacemaker via suppression of IK 

The first true biopacemaker was created in guinea pigs via the suppression IK,1 

(Kir2.1). All embryonic cardiac cells possess pacemaking activity, with an action 

potential upstroke carried by L-type calcium channels in a manner similar to the 

SAN action potential.307 The hyperpolarized resting membrane potential seen in 

adult ventricular myocytes is highly dependent on IK,1, and thus the expression of a 

dominant negative mutant form of Kir2.1 causes a partial depolarization of the 

ventricular myocytes unmasking their latent pacemaker potential.49 

Injection of a dominant negative mutant of Kir2.1 (Kir2.1 AAA) in an adenoviral 

vector induced partial depolarization of the ventricular myocytes, shifting the 

resting potential from -80 mV to -60 mV. Spontaneous action potentials were 

observed with similar morphology to genuine SAN cells and these cells showed a 

chronotropic responsive to β-adrenergic stimulation by isoprenaline (figure 13). 

1.7.4.2 Ventricular and left atrial biopacemakers via expression of If using 

native and engineered HCN channels 

Further work has concentrated on the use of HCN channels. These channels are the 

ideal candidate for the creation of a biopacemaker as they are responsible for If, are 

highly expressed in the SAN and are central to the pacemaker potential plus the 

chronotropic response to catecholamines.76 In a mouse model of atrioventricular 

block, injection of plasmid DNA containing cDNA encoding both HCN2 and β2  

  



Page | 70  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 13. Biopacemaking by suppression of IK,1 in ventricular myocardium 
 

Figure 13. Biopacemaker created by suppression of IK,1 in the ventricular 
myocardium of guinea pig. A) Action potentials evoked by external stimuli in control 
ventricular myocytes (i.e. no spontaneous depolarization). B) Spontaneous 
depolarization in myocytes transduced with Kir2.1AAA causing suppression of IK,1. 
C) Control surface electrocardiogram showing normal sinus rhythm. D) Independent 
atrial (A) and ventricular (V) pacemakers in guinea pigs with Kir2.1AAA injected into 
the left ventricular free wall. From Miake et al.49 
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adrenergic receptor into the left ventricle increases the rate of escape rhythms and 

improves survival.308 

Recombinant adenovirus (RAd) containing the cDNA sequence for the channel 

HCN2 has been injected into the left atrial myocardium of dogs with experimentally 

induced SAN arrest.309 The consequent expression of HCN2 at this ectopic site was 

shown to induce independent catecholamine-sensitive pacemaking activity. Left 

atrial cells harvested from these animals expressed If of 7 ± 4 pA at -130 mV in 4 of 5 

cells studied, implying that the infection of mHCN2 to left atrial cells induces 

sufficient hyperpolarisation-activated current to produce a slow diastolic 

depolarization. No recordings of action potentials from spontaneously beating cells 

were presented. 

Although not specifically reported in the papers, the rate calculated from the 

published ECGs was relatively slow (30 – 40 beats per minute). The reason for this 

slow rate is most probably that the cellular environment of working myocardium 

differs significantly from the SAN, HCN channels behave differently in different cell 

types.310 The basis of this context dependence is not fully understood but may 

depend on differing molecular chaperones, basal cAMP levels or cellular 

electrophysiology.153, 311 For example IK modulates the pacing rate induced by If 

when expressed in ventricular cardiomyocytes.58 In fact, while transfection of HCN2 

has been shown to hasten the firing rate of cells expressing endogenous If they are 

not able to induce measured If in adult ventricular myocytes.312 

In an attempt to reduce the influence of context dependence and improve the rate 

of pacemaking, HCN2 has been expressed in the left bundle branch of dogs.313 The 

left bundle branch of dogs was identified by electrocardiographic recording via 

cardiac catheterisation, and an adenoviral vector containing mHCN2 driven by CMV 

promoter was injected using a modified catheter. Between 4 and 7 days later the 

dogs were studied under anaesthesia using RV and LV recording electrodes to allow 

the assessment of the rate and origin of escape rhythms under atrioventricular 

block produced by vagal stimulation. Escape rhythms were clearly shown to 
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originate from the left bundle in the study animals (with early left ventricular 

activation), but in control animals right ventricular activation occurred earlier in the 

QRS complex providing further evidence that the biopacemaker was the primary 

pacemaker under these experimental conditions.  

Evidence that the biopacemaking was the result of the over-expression of HCN2 is 

provided by the significant increase in measured If in the experimental group, and 

immunohistochemical staining of the injection site for HCN2. The same HCN 

isoform as the above study provided an improved pacemaking rate when expressed 

in the left bundle branch. However, the problems associated with atrioventricular 

disassociation and left bundle branch block were discussed in section 1.7.1, and 

haemodynamic assessments were not presented here.  

Current animal models employ a ‘tandem’ electronic pacemaker and biopacemaker 

system in anticipation that any future human trials of bio-pacemaking would 

require this. This model has been used to test HCN channels that have been 

engineered to provide improved pacing rates when expressed in the working 

myocardium. The use of these mutant channels (engineered HCN2, mE324A) has 

reduced (but not ameliorated) the dependence on electronic ‘backup’ pacing when 

expressed in the canine left bundle branch.314  

RAd containing wild-type mHCN2 or mutant mHCN2 (mE324a) was injected into the 

left bundle branch of dogs, with simultaneous implantation of an electronic 

pacemaker (VVI) programmed to provide backup pacing at rates less than 45 bpm; 

normal saline injection was used as a control. Complete atrioventricular block was 

induced by radiofrequency ablation. The biopacemaker groups (mHCN2 and 

mE324A) demonstrated reduced dependence on backup electronic pacing and 

improved epinephrine responsiveness.  

It is also reported that there was no evidence of increased overdrive suppression in 

either group, post-pacing pauses were 1 to 5 seconds with no significant difference 

between the groups. However, the validity of this result is doubtful. The overdrive 

pacing rate was probably too slow at 80 bpm (previous studies have used rates of 

90 – 200 bpm; increasing pause length is seen with increasing rates). Furthermore, 
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no group in this study had a measured native SAN pause with which to compare the 

biopacemaker pause. The corrected SNRT (CNSRT) can be used compare the 

biopacemaker overdrive suppression to that of a normal SAN.198, 315 In humans the 

normal CNSRT is less than 550 ms, and in the dog less than 127 ms (for pacing rate 

of 200 bpm).315, 316 Using the reported escape times and resting heart rate of the 

dogs in this study the CNSRT for the biopacemakers is between 0 to 4000 ms. 

In the above study the comparison of mutant mHCN2 (mE324a) to mHCN2 is of 

particular importance.314 The kinetics of mutant mHCN2 (mE324a) are faster than 

wild-type mHCN2 and results of patch clamp experiments in rat ventricular 

myocytes presented also show that mutant mHCN2 (mE324a) has a faster and more 

positive pacemaker depolarization.312, 317 It may be hypothesised therefore that it 

would provide faster pacemaking in vivo which would raise the possibility of 

engineering HCN channels with kinetics that would allow fine tuning of the pacing 

rate. However, there was no significant difference in the rates between the mutant 

mHCN2 (mE324a) and mHCN2 groups. Western blot analysis and measured current 

densities suggest that mutant mHCN2 (mE324a) was expressed at lower levels than 

mHN2 which may account for these findings. Alternatively the context dependence 

in non SAN cells may limit the rate that is achievable by transfection of HCN 

channels; it may prove necessary to co-express a construct that suppresses IK,1 

although this may prove pro-arrhythmic by prolonging the action potential. 

RAd containing mHCN1ΔΔΔ (mHCN1-EVY235-7ΔΔΔ created by deletion of residues 

235 – 237 of the S3 – S4 linker to favour channel opening) has been demonstrated 

to induce If  rather than merely enhance pacemaking.318 APs recorded from 

spontaneously firing guinea-pig left ventricular cardiomyocytes expressing 

mHCN1ΔΔΔ clearly show a diastolic depolarization and increased firing rate 

compared to control cells, although they retain the Na+-driven rapid action 

potential upstroke and overshoot of ventricular cells. mHCN1ΔΔΔ was then injected 

into the left atrial appendage of pigs at thoracotomy. Using a tandem biological and 

electronic pacemaker system, a porcine model of SSS was developed by guided 

radiofrequency ablation of the SAN. The elevation in intrinsic rate in the 
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biopacemaker group reduced the need for electronic pacing from 69 ± 18% to only 

14 ± 15% (p = 0.02) (figure 14).  

While providing improved pacing rates, these engineered pacemaker channels are 

not without problems. For example, a chimaeric channel HCN212 has been 

engineered containing the extracellular and intracellular domains of HCN2 with the 

transmembrane domain of HCN1 to provide enhanced pacing in working 

myocardium, but with the superior catecholamine sensitivity of HCN2.319 Expression 

of HCN212 in canine left bundle branch resulted in episodic ventricular tachycardia 

in all animals.319 The arrhythmia was effectively suppressed by Ivabradine infusion; 

note that Ivabradine has a higher efficacy in blocking HCN1 channels than other 

isoforms - this may be an important lesson in the choice of HCN isoform for any 

human trials so that any unexpected deleterious effects of the biopacemaker can 

be modulated pharmacologically.320  

1.7.4.3 Left ventricular biopacemakers via cell transplantation 

Another method of inducing spontaneous activity in quiescent cells is fusion of 

fibroblasts containing mHCN1 with cultured ventricular myocytes. When such cells 

were fused using poly-ethylene glycol, the myocytes became spontaneously 

active.321 If was recorded from these cells and upon injection into the left ventricle 

of guinea pigs with atrioventricular block the rate of the escape rhythm was 

increased. This ectopic activity could be blocked using the If blocker ZD7288. 

Human mesenchymal stem cells (derived from human blastocyts) can be 

differentiated into beating groups of cells termed embryoid bodies that will 

integrate with ventricular myocytes in vitro.322-324 The pacing activity of these cells 

is responsive to autonomic modulation and is dependent on the presence of 

hyperpolarisation-activated current, low expression of IK and a high density of Na+ 

current.325, 326 Implantation of 40 – 150 embryoid bodies into the left ventricular 

free wall of a swine model of atrioventricular block induced pacing activity in 11 of 

13 animals, though the pacing was intermittent and unreliable.323 Human 

mesenchymal stem cells have also been used as a delivery vector for mHCN2.327, 328 
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Figure 14. Biological pacemaker created in the porcine left atrium 

Figure 14. Biopacemaker in the left atrium of the pig. A) Electroanatomic (CARTO) 
map of pig atria following sinoatrial node ablation and injection of HCN1ΔΔΔ (white 
arrow) into the left atrial appendage (LAA). The LAA showed earliest activation (red) 
SVC, superior vena cava; LA, left atrium; SVC, superior vena cava; IVC, inferior vena 
cava; RAA, right atrial appendage. B and C) Action potentials recorded from control 
LAA cells (B) and Ad-CGI-HCN1-ΔΔΔ transduced LAA cells, demonstrating that 
HCN1-ΔΔΔ can induce spontaneous activity in working LAA myocytes. From Tse et 
al.318 
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Xenografts to the left ventricle of human mesenchymal stem cells (hMSCs) 

electroporated with mHCN2 were shown to express If. Escape rhythms were pace 

mapped to the implantation site, though the rate was very slow and not 

physiologically acceptable.327 

Spontaneously active RA neonatal cells have been transplanted into the left 

ventricle of pigs with AV block.329 This approach was technically successful; escape 

rhythms were within the physiological range (89 ± 13 bpm), were isoprenaline 

responsive and formed gap junctions with adult LV cardiomyocytes via Cx43. The 

improved rates seen are probably due to the presence of neonatal SAN cells in the 

‘transplant’. Thus the pacemaker cells in this model are true SAN cells and do not 

solely have an upregulation of If, though no immunohistochemical or 

electrophysiological evidence is presented to support this claim. The clinical 

application of this approach is clearly limited by the availability of neonatal tissue. 

1.7.5 Mode of delivery of the biopacemaker product 

Arguably the main obstacle to overcome regarding human clinical trials of 

biopacemakers is the mode of delivery. In human trials of gene therapy it has been 

difficult to replicate the results from animal models. Part of the problem stems 

from the widespread use of viruses as vectors for the transfer of the gene therapy 

product. Unlike laboratory animals, most humans have been exposed to common 

viruses in their lifetime which leads to a degree of immune memory and an 

unpredictable immune response. This was graphically demonstrated by the death 

of a patient in a phase one clinical trial of a hepatic gene therapy product within an 

adenoviral vector, probably secondary to a massive immune response associated 

with disseminated intravascular coagulation and multiple organ failure. 330 A patient 

in the same trial receiving the same dose was unaffected. 

RAd and adeno-associated virus (AAV) are popular vectors in laboratory research, 

mainly due to the high efficiency of infection and transgene transfer, which is of the 

order of 30-360 times more effective than plasmid DNA-based approaches.331 Both 

of these vectors have been used successfully to infect myocardial cells.332 The use 

of RAd is severely limited by the host immune response; hence gene expression 
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peaks around one week, and progressively declines thereafter.332-334  Improvement 

in gene expression and reduction of RAd immunogenicity has been achieved by the 

production of RAd vectors encoding less viral coat proteins and early genes, which 

also allows the inclusion of larger genes of interest; there are also attempts to 

induce immune tolerance to RAd.335, 336  

Although displaying similar levels of immunogenicity to RAd, interest in AAV has 

been stimulated by the demonstration of stable gene expression in the heart over 

several months.337, 338  Furthermore engineering of the caspids of AAV (which 

affects cell surface binding in vivo) and use of a 1.5-kilobase (kb) cardiac myosin 

light chain promoter (CMV(enh)/MLC1.5 promoter) can increase the specificity of 

the virus for cardiac tissue, which reduces the transduction of hepatic cells if the 

AAV enters the circulation.339 Other viruses that may allow stable gene expression 

are retroviruses that utilise reverse transcriptase to integrate into the host genome. 

Included in this family are HIV-derived lentiviruses that have the additional ability 

to integrate into post mitotic cells. Effective transduction of cardiac myocytes has 

been demonstrated with this virus. 340, 341 Unfortunately, while not entirely random, 

the site of integration into the genome cannot yet be predicted or controlled. 

Clinical trials using retroviral therapy have caused leukaemia via integration into 

oncogenes.342 

Specific regional infection and gene expression is one of the challenges for gene 

delivery in the creation of a biopacemaker. The transgene needs to be delivered to 

a region, such as the SAN, left ventricle or bundle branch and be expressed in a 

small localised area. The most obvious approach is direct injection of the material 

during heart catheterisation guided by electrophysiological mapping. It has been 

demonstrated that local infection of Ad5 can be seen around the needle track in the 

myocardium in pigs, and this approach has also been used effectively for naked 

plasmid DNA.343, 344 The delivery of a biopacemaker to a ventricular or Hissian site is 

easily practicable with current clinical radiological and electrophysiological 

techniques.345 Identification of the SAN in vivo may be more difficult as 

electrophysiological mapping of the RA has revealed multiple leading pacemaker 

sites with wide variation in anatomical sites.346 This approach has the disadvantage 
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of requiring an invasive procedure requiring central venous access and large 

diameter electrophysiology catheters. 

More sophisticated approaches may include the use of cardiac or regional cardiac 

specific promoters, and the use of microbubbles to allow non invasive targeting of 

the transgene or vector. Many groups have used cardiac specific promoters with 

transgenes in viral vectors to cause cardiac specific gene expression despite the 

detection of vector in other organ systems.332 This could be a powerful technique 

for the delivery of a biopacemaker gene to the SAN or AVN because unique gene 

expression occurs in these regions due to their specialised nature (see sections 1.2 

– 1.4). Perhaps Tbx3 or HCN4 associated promoters could be used to maximise 

expression in the SAN? Ultrasound contrast media containing microbubbles can be 

engineered to contain viral vectors or naked plasmid DNA; high frequency 

ultrasound is then used to disrupt the bubbles at the point of interest. Using this 

approach a high concentration of gene product can be delivered to the region of 

interest with less concern of infection of other organs. With this technology 

significant concentrations of viral vectors have been obtained in cardiac capillaries, 

and this may also be effective for naked DNA, albeit with lower transduction 

efficiency. 332, 347 However, it is unlikely that this method will be effective for most 

biopacemaker applications as electrophysiological mapping will be required to 

guide site selection. 

A different approach to gene delivery is the use of cell allografts based on the 

techniques discussed in section 1.7.4.3. The problems of immune rejection remain 

and this approach may require long term immunosupression for success.327, 348 

Embryoid bodies have low graft viability, have been reported to form malignant 

teratomas in vivo and are susceptible to ischaemia.348-350 Much of the focus of 

cardiac stem cell therapy in humans is heart failure and myocardial infarction.348 In 

these conditions a degree of differentiation and migration of the stem cells is 

desirable, but would be problematic for biological pacing where a localised 

concentration of pacemaker cells is required. The long term stability and degree of 

migration of stem cells in this application is unknown.  
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1.8 Overview and aims of the work presented 

The overall aim was to establish proof of concept for the use of biopacemaking in 

SSS. There are no established experimental models of SSS. SAN modification has 

been used in vivo, but this approach will result in a heterogeneous study 

population.318 Therefore the initial challenge was to develop and characterise an ex 

vivo model of bradycardia in sick sinus syndrome. This required the modification of 

the SAN dissection technique to ensure sterility, fabrication of an electronic system 

to continuously record extracellular potentials from the tissue while in culture and 

assessment of the response of the pacemaker tissue to the culture environment.  

The maintenance of a SSS model in an ex vivo environment also presented the 

opportunity to record the chronotropic response of the model to If blockade and 

β-adrenergic stimulation. Furthermore, by accurate identification of the leading 

pacemaker site it was possible characterise the histology, ion channel expression 

and gap junction expression in this region. To ensure that significant degredation of 

the tissue did not occur the cultured tissue was assessed for features of necrosis 

and apoptosis. 

In accordance with previously published biopacemaker work the target genes 

chosen were HCN channels. It was therefore necessary to engineer viruses 

containing the HCN genes of interest. Although ion channel transgenes have been 

expressed in spontaneously active single cells in culture, expression of transgenes 

by intact SAN tissue has not been demonstrated. Therefore RAd mediated 

expression of marker genes and HCN2 was investigated. Subsequently the effect of 

RAd mediated gene expression on the pacing rate of the SSS model was assessed 

using infection by RAd containing HCN cDNA shown to encode functional channels 

compared to infection with RAd encoding a marker gene or a non-functional HCN 

channel. 

The data were analysed with respect to the following 12 null hypotheses referred to 

in the discussion: 



Page | 80  
 

1. The sinoatrial node from the rat, Rattus rattus, cannot be cultured ex vivo and 

the pacemaker activity cannot be sustained and monitored 

2. Tissue culture will induce no significant change in the level of ion channel and gap 

junction expression of the sinoatrial node 

3. Tissue culture will induce no cellular apoptosis in the sinoatrial node 

4. Tissue culture will induce no changes in cell or tissue histology of the sinoatrial 

node or right atrial myocardium  

5. The spontaneous pacing rate of the sick sinus syndrome model is not significantly 

different to the intact (control) preparation 

6. The primary histological and immunohistochemical features of the subsidiary 

pacemaker do not differ from that of the sinoatrial node  

7. There is no significant contribution of If to pacemaker activity in the subsidiary 

pacemaker 

8. The subsidiary pacemaker is not responsive to β-adrenergic stimulation 

9. Adenovirus mediated gene expression in the sinoatrial node or subsidiary nodal 

tissue is not viable  

10. The right atrium intercaval area is not receptive to adenovirus mediated ion 

channel expression  

11. The spontaneous pacing rate of the sick sinus syndrome model will not be 

increased by injection of adenovirus that carries a transgene for a functional ion 

channel (Ad5-HCN212 or Ad5-PREK-HCN4) 

12. The spontaneous pacing rate of the sick sinus syndrome model will not be 

increased by injection of adenovirus that does not carry a transgene for an active 

ion channel (Ad5-GFP or Ad5-GFP-HCN4Δ) 
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2. Methods 

Details of media and reagents can be found in Appendix A1. 

2.1 Overview of methods 

2.1.1 Recombinant adenovirus  

RAds were produced using the AdEasy system.351 The HCN channel cDNA was sub-

cloned from pCDNA3 into the shuttle vector pShuttle or pShuttle-IRES-hrGFP-1 

(Appendix A4) using oligonucleotide sequences to introduce RE sites where 

necessary. Homologous recombination between the resultant shuttle vectors and 

pAd, containing the Ad5 genome, was performed in BJ5183 competent Escherichia 

coli to produce a plasmid containing the Ad5 genome and the HCN gene of interest 

or humanised renilla green fluorescent protein (hrGFP). This plasmid was linearised, 

transfected into Ad293 cells and then a primary virus stock was purified by Arklone 

P extraction. 

The primary virus stock was amplified on a small scale and purified by Arklone P 

extraction. A small scale viral DNA extraction was prepared, the HindIII digest 

pattern was checked against the predicted pattern and a Southern blot was 

performed to confirm the presence of the HCN gene using a probe generated from 

the appropriate HCN channel cDNA. Cos7 cells were infected with the virus, after 48 

h the presence of channel proteins at the cell membrane was confirmed by 

immunocytochemistry and patch clamp was performed to ensure the expected 

current could be recorded. Following these checks, a large virus stock was prepared 

by CsCl gradient centrifugation. 

2.1.2 Sinoatrial node culture 

The SAN was dissected from three month old Wistar Hannover rats at 37°C under 

sterile conditions. The SAN preparation comprised the posterior wall of the RA 

extending from the SVC to the IVC and from the interatrial septum to part of the 

right atrial appendage (RAA)). A recording system was developed using 0.15 mm 

diameter stainless steel needles and a 0.5 mm silver wire earth insulated to within 

3-4 mm of the tip. The electrodes were pinned near the SAN and recording 



Page | 82  
 

electrodes were connected to a Neurolog system (Digitimer) with 50 Hz filter and 

low pass/high pass filters. The setup was transferred to 293 medium (Appendix A1) 

in a 37°C/5% CO2 incubator. Extracellular potentials were continuously recorded 

using Powerlab and Chart software. The 30 s average rate was calculated via the 

detection of a deflection greater than 2 SD as a paced beat.  

The effect of tissue culture on the SAN tissue was assessed at 48 h. The SAN was 

removed from culture and frozen in optimal cutting temperature compound (OCT, 

Prolabo) . 16 µm cryosections were prepared and histological staining with 

Masson’s trichrome or quantitative immunohistochemistry for HCN4 and Cx43 was 

performed. The presence of apoptosis was detected by immunohistochemical 

staining for activated caspase-3, an enzyme cleaved early in the apoptotic 

cascade.352 Apoptosis was induced by culture with 6 µm camptothecin (inhibitor of 

topoisomerase) to assess the effect of apoptosis on the histology of the tissue and 

to serve as a positive control for the immunohistochemistry experiments.353  The 

effect of culture on cell size was investigated; the cell membrane of myocytes was 

marked using antibody to caveolin-3 so that cell diameter could be measured by 

confocal microscopy. Statistical analysis was performed by unpaired t-test, 1-way or 

2-way ANOVA as appropriate. 

2.1.3 Sick sinus syndrome model 

The SAN of three month old Wistar Hanover rats were dissected under sterile 

conditions. To create the SSS model the upper two thirds of the preparation was 

removed by transverse incision at the level of the fossa ovalis. The SSS preparation 

was transferred to SAN medium and incubated at 37°C/5% CO2 and the pacing rate 

was monitored as above. Rates were averaged over 6 h and compared to the 

control by 2-way ANOVA. 

The leading pacemaker of the SSS preparation was identified by activation mapping 

using a pair of bipolar electrodes and calibrated micromanipulators. The position of 

the leading pacemaker site was recorded with reference to the bifurcation of the 

SAN artery in the control preparations, and to the superior aspect of the IVC in the 

SSS preparations. The rate responses to β-adrenergic stimulation (using 
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isoprenaline) and If blockade (using CsCl) were assessed and compared by paired t-

test. The tissue was then frozen in OCT compound and 16 µm cryosections were 

prepared. The nature of the leading pacemaker was assessed using Masson’s 

trichrome staining and immunohistochemistry for HCN4 and Cx43. Cell size was 

assessed using Cav3 as above; the cell size was compared to that of the body of the 

SAN using unpaired t-test. 

2.1.4 Adenovirus mediated transgene expression in cardiac tissue 

The SSS preparation was dissected under sterile conditions. Initially lacZ was used 

as a marker gene due to the ease and reliability of the X-gal assay. 1x108 pfu of the 

adenovirus Ad5-PREP-lacZ was injected at three sites into the intercaval region of 

the RA. This virus has been previously demonstrated to produce high levels of 

transgene expression in the porcine vascular endothelium.354 After 48 h the 

presence of β-galactosidase was determined by a whole tissue X-gal assay.  The 

experiment was repeated and after 48 h the SAN tissue was frozen in OCT 

compound and 16 µm cryosections were prepared. The X-gal assay was performed 

on the tissue sections followed by immunohistochemistry using primary antibodies 

to HCN4 and atrial natriuretic peptide (ANP). 

The virus Ad5-GFP-HCN2 was used to study transgenic ion channel expression in the 

SSS model. This bicistronic vector allows co-expression of GFP and HCN2. 1 x 108 pfu 

Ad5-GFP-HCN2 was injected into the most common subsidiary pacemaker site, 

superior to the IVC. After 48 h culture the whole tissue was fixed directly for 

immunohistochemistry or frozen in OCT compound and 16 µm cryosections were 

prepared. Immunohistochemistry using a primary antibody against HCN2 was used 

for detection and images were obtained using confocal fluorescence microscopy. 

2.1.5 Biopacemaking 

The SSS model was prepared as described. Using a graduated syringe and 

micromanipulator, 1-2 µl of the RAd of interest was injected into the superior 

aspect of the SVC. In total ~ 1 x 107 pfu of the RAd was injected per experiment. 

RAd containing cDNA for functional HCN channels (Ad5-HCN212 and Ad5-PREK-

HCN4) were compared to RAd containing cDNA for a marker gene (Ad5-GFP) or a 
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non functional HCN channel (Ad5-GFP-HCN4Δ). The recording electrodes were 

inserted and the preparation was transferred to a 37°C/5% CO2 incubator for 

monitoring of the spontaneous pacing rate. The rate was averaged over one hour or 

six hours and compared to the control and uninjected SSS syndrome using 1- or 

2-way ANOVA as appropriate. 

2.2 Amplification of plasmid DNA 

2.2.1 Bacterial transformation  

50 μl of plasmid mix was prepared on ice using 5-10 ng plasmid DNA and diluent 

distilled water (dH2O). Competent DH5α Escherichia coli (Invitrogen) were removed 

from the -80°C storage to ice and allowed to thaw. 10 -50 μl of the plasmid mix was 

added to 50 μl of the DH5α. dH2O was used as a negative control, if the 

transformation was to be performed using ligated DNA, uncut pcDNA3.1 was 

included as a positive control. The mixture was left on ice for 1 h, heat shocked at 

42°C for 45 s, then returned to ice for 10 min. The transformed bacteria were added 

to 700 μl of sterile Luria Bertani (LB) broth (without antibiotic) and incubated at 

37°C with vigorous rotational shaking for 1 h. Following incubation, 200 μl of the 

bacteria were spread onto selective LB agar plates and incubated at 37°C overnight. 

2.2.2 Plasmid DNA amplification 

2.2.2.1 Small scale DNA amplification: ‘miniprep’ 

Small amounts of DNA (up to 20 µg in 40 µl) were extracted using the Qiagen 

miniprep system (Qiagen).355 A single colony from a selective agar plate was 

inoculated into 5 ml LB medium containing the appropriate antibiotic and incubated 

for 6 -12 h with vigorous shaking. Cultures were numbered and prior to harvesting a 

small amount of each culture was streaked onto a numbered section of a selective 

agar plate. The plate was incubated at 37°C overnight then stored at 4°C until 

required. Bacterial cells from the cultures were harvested by centrifugation at 5400 

x g for 15 min at 4°C and the supernatant was drained. The following steps were 

performed according to the manufacturers’ instructions with the standard 

commercially available buffers.355 The cell pellet was resuspended in 250 µl P1 
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buffer containing RNase A before cell lysis by addition of an equal volume of P2 

buffer. Neutralisation was achieved by addition of 350 µl P3 buffer and the resulting 

cell debris precipitate was pelleted by centrifugation at 13000 x g for 10 min. The 

DNA-containing supernatant was decanted into a QIAprep spin column and DNA 

was bound to the membrane by centrifugation at 13000 x g for 1 min, the 

membrane was washed using 0.75 ml PE buffer containing ethanol (EtOH). The DNA 

was eluted using 40-50 µl dH2O. 

2.2.2.2 Medium and large scale DNA amplification: ‘midiprep’ and ‘maxiprep’ 

Medium (up to 100 µg in 50 µl) and large (up to 500 µg in 100 µl) scale plasmid DNA 

preparation was performed using the midiprep and maxiprep procedures 

respectively (Qiagen).355 The two protocols are identical other than the reagent 

volumes used, thus the procedures are described giving volumes for 

midiprep/maxiprep respectively when they differ. A starter culture was prepared 

using a single colony from a selective agar plate (usually the numbered miniprep 

plate) inoculated into 10 ml LB medium containing the appropriate antibiotic and 

incubated for 6-8 h with vigorous shaking. The contents of the starter culture were 

added to 100 ml/400 ml LB medium containing the appropriate antibiotic and 

incubated overnight with vigorous shaking. Cells were harvested by centrifugation 

at 6000 x g for 15 min at 4 °C.  

The following steps were performed according to the manufacturers’ instructions 

with the standard commercially available buffers.355 The cell pellet was 

resuspended in 4 ml/10 ml P1 buffer containing RNase A before cell lysis by 

addition of an equal volume of P2 buffer and mixing for 5 min. Neutralisation was 

achieved by addition of 4 ml/10 ml chilled P3 buffer with immediate mixing. The 

mixture was incubated on ice for 20 min and the resulting cell debris precipitate 

was pelleted by centrifugation at 20000 x g for 30 min. The DNA-containing 

supernatant was decanted into a fresh tube, mixed and centrifuged again at 20000 

x g for 15 min. 

A Qiagen-tip 100/400 was equilibrated with 4 ml/10 ml QBT buffer and the 

supernatant from the final centrifugation step was applied to the column so that 
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the plasmid DNA could bind to the membrane. The membrane was washed twice 

using 10 ml/30 ml QC buffer before the DNA was eluted using QF buffer. The DNA 

was precipitated using 3.5 ml/10.5 ml room temperature isopropanol (Sigma-

Aldrich), the mixture was immediately centrifuged at 15000 x g for 30 min at 4 °C. 

The resulting DNA pellet was washed using 2 ml/5 ml 70% EtOH (Sigma-Aldrich) 

then centrifuged at 15000 x g for 10 min at 4 °C. The pellet was allowed to dry and 

then eluted in 50–100 µl dH2O. 

2.2.3 Quantification of DNA 

2.2.3.1 Quantitative 1% agarose gel electrophoresis 

1 µl of the DNA sample of interest was added to 8 µl dH2O and 1 µl 10x loading 

buffer (Promega). The sample was loaded into 1% agarose gel alongside 15 µl of 1 

kb Ladder Plus (Invitrogen) and run at 85 mV for 30 min-1 h until sufficient 

separation of the sample was achieved. Visual comparison of the relative 

fluorescence under UV light was used to quantify the mass of DNA in the 1 µl 

aliquot of sample DNA by comparison to the 1.6 Kb band of the ladder which is 

known to contain 60 ng DNA.    

2.2.3.2 UV-Vis absorbance spectra microsample quantification 

1 µl DNA was loaded onto the Nanodrop 1000 (Thermo Fisher Scientific). The DNA 

concentration was automatically calculated via optical absorbance at 280 nm.  

2.3 Generic molecular biology and cell culture protocols 

2.3.1 Cloning of the gene of interest into plasmid vectors 

2.3.1.1 Restriction endonuclease DNA digestion 

Restriction endonucleases (REs) and buffers were obtained from New England 

Biolabs or Promega. Buffers, incubation times and temperatures were selected 

according to the manufacturers’ instructions. 356, 357 Small quantities of DNA (1-3 

µg) for diagnostic digests were performed with 1-3 µl of each RE and 2 µl 10x buffer 

in a total volume of 20 µl. Larger quantities for DNA purification were performed 

with 5-10 µl of each RE and 5 µl 10x buffer in a total volume of 50 µl. 
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2.3.1.2 Agarose gel purification of restriction endonuclease digested DNA 

fragments 

Following digestion DNA fragments were separated by 1% agarose gel 

electrophoresis at 85 mV as above; bands were quickly excised under UV light. DNA 

was then purified according to the QIAquick gel extraction kit protocol (Qiagen) 

using commercially available buffers.355 The gel volume was quantified by weighing 

the slice, assuming a density of 1 g/ml, which was then dissolved in 3 volumes of 

QG buffer at 50 °C. When the gel was completely dissolved, the DNA was 

precipitated by the addition of one volume of room temperature isopropanol. The 

solution was added to a QIAquick spin column and the DNA bound to the 

membrane by centrifugation. The column was washed with PE buffer and the DNA 

eluted into 50 µl dH2O by centrifugation. All centrifuge steps were performed at 

17900 x g for 1 min. 

2.3.1.3 Dephosphorylation of restriction endonuclease digested DNA 

fragments 

If required (for blunt end ligation or compatible cohesive ends) dephosphorylation 

of the DNA fragments was performed prior to ligation. 5 µg DNA was added to 2 µl 

calf intestinal alkaline phosphatase (CIAP, Promega), 6 µl 10x CIAP buffer (Promega) 

and dH2O to a total volume of 60 µl. The reaction was incubated at 37°C for 15 min 

and then deactivated at 56°C for 15 min. A further 2 µl CIAP, 1 µl 10x CIAP buffer 

and 7 µl dH2O was added and the incubation step was repeated. The salts, enzyme 

and remaining phosphorylated DNA were removed using agarose gel purification 

(section 2.3.1.2). 

2.3.1.4 Design and annealing of oligopeptides 

When necessary, additional RE recognition sequences were introduced into the 

vectors to allow the generation of cohesive ends compatible with the gene insert 

fragment. The sequences were designed using the RE recognition  sequences 

published by New England Biolabs.356 Single strand oligopeptides were 

manufactured by MWG biotech; the sequences are available in Appendix A3. 
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Complementary single strand oligopeptides were annealed by heating to 95°C for 

15 min and cooling gradually to 4 °C. 

2.3.1.5 DNA ligation reactions 

DNA ligation reactions were performed with an overall concentration of vector plus 

insert DNA between 0.001-0.010 μg/μl, 1.5 µl T4 DNA ligase (Promega) and 2 µl 10x 

T4 buffer (Promega) in a total volume of 20 µl. Molar ratios of insert to vector of 

1:1, 3:1 and 5:1 were used, calculated using the following equation: 

𝐯𝐞𝐜𝐭𝐨𝐫 𝐦𝐚𝐬𝐬  ×  𝐢𝐧𝐬𝐞𝐫𝐭 𝐬𝐢𝐳𝐞 

𝐯𝐞𝐜𝐭𝐨𝐫 𝐬𝐢𝐳𝐞 
 × 𝐦𝐨𝐥𝐚𝐫 𝐫𝐚𝐭𝐢𝐨  

𝐢𝐧𝐬𝐞𝐫𝐭

𝐯𝐞𝐜𝐭𝐨𝐫
 = 𝐢𝐧𝐬𝐞𝐫𝐭 𝐦𝐚𝐬𝐬   

RE-digested vector without insert, and re-ligated single cut vector were used as 

negative and positive controls respectively. Reactions proceeded at 4 C overnight. 

2.3.2 Eukaryotic cell culture 

The cell lines used were derived from human embryonic kidney cells (293 and 

Ad293) and African green monkey kidney cells (Cos7). Protocols were identical for 

the two cell types.358, 359  

2.3.2.1 Recovery of stored cells 

A 50 µl aliquot of cells was removed from storage at -80°C and thawed rapidly at 

37°C. After addition of 10 ml 293 medium (Appendix A1), the cells were pelleted by 

centrifugation at 300 x g for 5 min, the pellet was resuspended in 15 ml 293 

medium, added to a cell culture flask with a surface area of 75 cm2 and incubated at 

37°C/5% CO2. The medium was changed every 48–72 h. 

2.3.2.2 Splitting cell cultures 

The cell monolayer was observed using an inverted light microscope (Olympus). 

When the monolayer reached 70% confluence the cells were detached from the 

substrate by trypsinisation. The medium was removed and the cells washed gently 

with 5 ml phosphate buffered saline (PBS, Sigma-Aldrich). Sufficient prewarmed (37 

°C) trypsin (0.25%), ethylenediaminetetraacetic acid (EDTA) 4Na+ (Gibco) solution 

was added to cover the cell layer, and then after 1 min the cells were disaggregated 
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by agitation and tituration. The cell suspension was transferred to a larger flask to 

expand the culture, or 20–30% was returned to the original flask to maintain the 

cell line. 

2.4 Generation and validation of recombinant adenovirus 

The generation of RAd was based on the Ad-Easy system (Stratagene).351 

2.4.1 Generation of plasmid DNA 

2.4.1.1 Shuttle plasmids 

The gene of interest was purified and ligated into the multiple cloning site of 

pShuttle or pShuttle-IRES-hrGFP-1 (Stratagene). Insertion and correct orientation of 

the insert was confirmed by RE digest and 1% agarose gel electrophoresis. The 

shuttle plasmid was amplified and purified, linearised by PmeI digestion and 

dephosphorylated (section 2.3.1.3). The linear DNA was purified by 1% agarose gel 

electrophoresis (section 2.3.1.2).  

2.4.1.2 Homologous recombination 

Homologous recombination between the shuttle vector and pAdEasy-1 (Stratagene) 

was performed in BJ5183 competent Escherichia coli (Stratagene).  The cells were 

thawed from -80°C on ice and 40 µl was added to a mixture of 1 µg shuttle vector 

and 100 ng of pAdEasy-1. A negative control was provided by 1 µg shuttle vector 

without pAdEasy-1. Electroporation was performed in pre-chilled cuvettes (0.2 cm 

gap) at 200 Ω, 2.5 kV, 25 µF. 1 ml sterile LB broth was added and the cell suspension 

was incubated at 37°C with vigorous shaking for 1 h. The recovered cells were then 

split (500 µl, 300 µl, 100 µl and 50 µl) between four LB-kanamycin plates and 

incubated at 37°C overnight. 

2.4.1.3 Testing for recombinant Ad plasmids 

Following overnight incubation, the plates generated in section 2.4.1.2 were 

examined and compared to the control. Successful recombinants appeared as tiny 

colonies; 10-15 of these were selected, added to 5 ml LB-kanamycin broth and 

incubated overnight at 37°C with vigorous shaking. DNA was extracted using the 
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miniprep procedure (section 2.2.2.1). PacI RE digest of 10 µl of the miniprep DNA 

was performed as described in section 2.3.1.1 and the resultant fragments were run 

on a 1% agarose gel at 85 mV. Potential recombinants were identified by the 

presence of a large ~30 kb band and smaller bands at 3 kb or 4.5 kb. 

2.4.1.4 DNA extraction for the large recombinant Ad plasmids 

A starter culture was prepared using a single colony from a numbered miniprep 

plate identified as a potential recombinant.  This was inoculated into 10 ml LB-

kanamycin and incubated for 6-8 h with vigorous shaking. The contents of the 

starter culture were added to 400 ml LB medium containing the appropriate 

antibiotic and incubated overnight with vigorous shaking. Cells were harvested by 

centrifugation at 6000 x g for 15 min at 4 °C. Bacteria were lysed and the DNA 

recovered using the maxiprep protocol described in section 2.2.2.2. 

2.4.2 Generation and purification of virus 

2.4.2.1 Preparation of linear DNA for transfection of Ad-293 cells 

5 µg of linearised and dephosphorylated DNA was required for each transfection. 

The Ad plasmid DNA was linearised by PacI RE digestion as described in section 

2.3.1.1.The linearised DNA was purified by agarose gel extraction as described in 

section 2.3.1.2. Linear Ad DNA was dephosphorlyated as described in section 

2.3.1.3. Following dephosphorylation the enzyme and salts were removed using a 

modification of the Qiagen Genomic tip 20 protocol and commercially available 

buffers (Qiagen).355 

The pH of the dephosphorylation reaction was adjusted by the addition of 900 µl 

QBT buffer, a further 1 ml QBT was used to equilibrate the genomic tip. The DNA 

sample was added to the column and allowed to flow through and bind to the 

membrane by gravity. The DNA was eluted into a polycarbonate centrifuge tube 

using 2 ml buffer QF warmed to 50 °C. DNA was precipitated by addition of 1.4 ml 

room temperature isopropanol and then centrifuged at 20,000 x g for 30 min at 4 

°C. The supernatant was decanted and the DNA pellet washed with 70% EtOH at 
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4°C and then centrifuged at 20,000 x g for 15 min at 4 °C. The pellet was dried in air 

and resuspended in 50 µl dH2O.   

2.4.2.2 Transfection of Ad-293 cells 

Eukaryotic cell transfection was performed using 293fectin (Invitrogen). Ad293 cells 

were split to ~50% confluence at 24 h prior to the experiment so that at 

transfection they were ~80 – 90% confluent on a 25 cm2 surface (see section 2.3.2 

for cell culture protocols).  The cells were gently washed in PBS which was then 

replaced with 1 ml Optimem medium (Invitrogen). DNA complexes were prepared 

from the linearised dephosphorylated Ad DNA (section 2.4.2.1); in one 

microcentrifuge tube Optimem was added to 2 – 3 µg DNA to a total volume of 150 

µl, and in another 2 µl 293fectin was added to 148 µl Optimem. After 5 min the two 

tubes were mixed. The mixture was incubated at 37°C for 20 min and then added to 

the Ad293 cells followed by a further incubation at 37 °C/5% CO2 for 4 h. After this 

final incubation step the Optimem was replaced by 293 medium and the cell 

cultures returned to 37 °C/5% CO2. After 72 h the medium was changed and the 

cells were inspected by inverted phase contrast microscopy on a daily basis for the 

development of cytopathological effect (CPE, figure 15). 

2.4.2.3 Extraction and amplification of primary virus stock from cell culture 

Cell cultures were monitored until 90 – 95% of cells showed CPE and then adherent 

cells were detached from the flasks by agitation and tituration. The resulting 

suspension was centrifuged at 300 x g for 5 min, the supernatant was discarded and 

the pellet resuspended in 1 ml PBS. Virus titre was maximised by freeze thawing or 

Arklone P extraction.360 The stock was amplified (secondary stock) by infection of a 

total flask area of 350 cm2 at 70 – 80% confluence with 500 µl primary stock; virus 

was extracted in the same manner as the primary stock. 

2.4.2.3.1 Arklone P extraction 

The cell suspension prepared in section 2.4.2.3 was added to 1 ml Arklone P (ICI) 

and mixed for 5 min, the mixture was centrifuged at 1000 x g for 10 min. The top  
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Figure 15. Cytopathological effect revealed by GFP expression 
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(aqueous) layer was carefully aliquoted into screw top microcentrifuge tubes and 

stored at -80 °C. 

2.4.2.3.2 Freeze thawing 

The cell suspension was aliquoted into screw top microcentrifuge tubes, frozen in 

liquid nitrogen then thawed rapidly at 37 °C. The freeze thaw cycle was repeated 

three times in total and the virus stock was stored at -80 °C. 

2.4.2.4 Small scale viral DNA purification 

A cell culture flask of 75 cm2 area at 70-80% confluence was infected with 50 µl 

primary virus stock. The cells were resuspended at 50-75% CPE by tituration and 

pelleted by centrifugation at 300 x g for 5 min. The cell pellet was washed with 5 ml 

PBS and centrifuged for a further 5 min at 300 x g. The pellet was resuspended in 

360 l of 1x Tris-EDTA, pH 8 and transferred to a microcentrifuge tube. 25 l of 10% 

sodium dodecyl sulphate (SDS), 8 l of 0.5 M EDTA and 4 l of Proteinase K (20 

mg/ml) (all reagents Sigma-Aldrich) were added before incubation at 37 C for 2 h. 

This was mixed vigorously with 100 l of 5M NaCl (Sigma-Aldrich) and left on ice 

overnight before centrifugation at 15000 x g for 1 h at 4 °C. The resulting 

supernatant was harvested and added to an equal volume of 

phenol:chloroform:isoamylalchohol (Sigma-Aldrich) at a ratio of 25:24:1 and gently 

mixed. The top layer was carefully removed, added to two volumes of 95% EtOH 

and centrifuged at 15000 x g for 10 min. The resulting pellet was washed in 70% 

EtOH, respun at 15000 x g for 10 min then resuspended in 50 l dH2O containing 

RNase A (0.1 mg/ml, Invitrogen).360 

2.4.2.5 Southern blot detection of insert DNA 

Presence of the gene of interest in the viral DNA was confirmed using Southern blot 

analysis and digoxenin labelled probes generated from the plasmids from which the 

gene was originally cloned. 

2.4.2.5.1 Synthesis of digoxenin labelled DNA probes 

The target DNA (to which probes were to be made) was isolated by agarose gel 

extraction as previously described in section 2.3.1.2. DNA was then denatured by 
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heating to 95 C for 10 min. The tube was cooled immediately on ice, then 2 μl 

hexanucleotide mixture, 2 μl deoxyribonucleotide triphosphate (dNTP) mixture and 

1μl Klenow enzyme (all reagents Roche) were added. dH2O was added to make a 

total volume of 20 μl before incubation at 37°C for 20 h. 

2.4.2.5.2 Blotting DNA onto nitrocellulose membrane 

A 1% agarose gel was prepared (Appendix A1) and electrophoresis of HindIII RE 

digested viral DNA was performed. The gel was rinsed with dH2O and then placed in 

0.25 M HCl (Sigma-Aldrich) on a shaker for 30 min to fragment the DNA. Following a 

further wash with dH2O, the gel was soaked in 0.4 M NaOH (Sigma-Aldrich) on a 

shaker for 20 min to denature the DNA. Following a final wash in dH2O a 

nitrocellulose membrane (Biodyne Plus 0.45 µm, PALL Life Sciences) was cut to 

exactly match the size of the agarose gel and the blotting equipment was 

assembled as shown in figure 16. The blot was left for 16 h to ensure maximal 

transfer of DNA from gel to membrane. 

2.4.2.5.2 Pre-hybridisation 

The nitrocellulose membrane was separated from the gel and washed in 5 x saline 

sodium citrate (SSC, Appendix A1) on a shaker for 5 min. The membrane was then 

incubated in pre-hybridisation solution (Appendix A1) in a sealed bag at 68°C for 2h. 

2.4.2.5.3 Hybridisation 

The digoxenin-labelled probe was denatured by heating at 95 C for 10 min and 1 

μg of the probe was added to the pre-hybridisation solution. The bag was re-sealed 

and the membrane was incubated for 16 h at 68 C, before being washed in 2 x 

SSC/0.1% SDS (Sigma-Aldrich) at room temperature for 15 min and then in 0.1 x 

SSC/0.1% SDS at 65 C for 30 min. 

2.4.2.5.4 Immunodetection 

Immunodetection was performed using anti-digoxenin/alkaline phosphatase 

conjugate (Roche) then the membrane was photographed. The series of washes are 

detailed in table 2. Details of the buffer solutions can be found in Appendix A1.   
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Figure 16. Equipment assembly for the Southern blot experiments 
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Figure 16. Assembly of equipment for the blotting of DNA from 1% 
agarose gel onto nitrocellulose membrane. 



Page | 96  
 

 

Table 2. Steps for immunodetection of a digoxenin labelled probe using anti-
digoxenin/alkaline phosphatase conjugate 

 

 

  

Step Solution Incubation time  

1 Southern Buffer 1 1 min 

2 Southern Buffer 2 30 min 

3 Southern Buffer 1 5 min 

4 Anti-digoxenin/alkaline phosphatase conjugate 150 

mU/ml in Southern Buffer 1 

30 min 

5 Southern Buffer 1 30 min 

6 Southern Buffer 3 2 min 

7 Southern Colour substrate 12 h (in dark) 

8 Southern Buffer 4 5 min 
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2.4.2.6 Caesium chloride gradient purification of large viral cultures 

Once the correct viral DNA digestion pattern and probe binding had been 

confirmed, a larger culture of the virus was prepared. Ad293 cells at 80-90% 

confluence were infected at a multiplicity of infection (MOI) of ~5 using the 

secondary stock. The total flask area of was 5000-6000 cm2. The cells were 

harvested by agitation and tituration when CPE was seen in >95% of the cell 

monolayer (usually ~48-72 h) and centrifuged at 1000 x g for 15 min at 4 °C. Arklone 

P extraction was performed using 5 ml PBS/5 ml Arklone P as described in section 

2.4.2.3.1. CsCl (Sigma-Aldrich) solutions were prepared in dH2O, 2.5 ml of 1.33 g/ml 

CsCl was layered on 1.5 ml of 1.45 g/ml CsCl, the arklone extracted virus was 

layered on top of this and the centrifuge tube was topped up with mineral oil 

(Sigma-Aldrich) and spun at 90,000 x g in an ultracentrifuge for 2 h at 4 C°. 

The virus band was removed by side puncture of the centrifuge tube using a sterile 

21 G needle. The part-purified virus was transferred to a 15 ml Falcon tube and 

diluted with 1 volume of Tris-EDTA pH 7.8 (Appendix A1). It was then layered on top 

of a second CsCl gradient prepared using 1 ml of 1.45g/ ml CsCl and 1.5 ml of 1.33g/ 

ml CsCl topped with mineral oil. The gradient was centrifuged at 100,000 x g for 18 

h at 4°C. The virus band was removed using a sterile 21 G needle as before. 

Visking tubing was prepared by boiling in 2% NaOH/1 mM EDTA for 10 min, then 1 

mM EDTA for 10 min before stage at 4°C in 1 mM EDTA.361 Prior to use the visking 

tubing was washed in sterile dH2O and soaked in CsCl dialysis buffer A (Appendix 

A1). The virus band was transferred to the visking tubing which was sealed then 

dialysed against CsCl dialysis buffer A. After 1 h the buffer was replaced with fresh 

CsCl dialysis buffer A, then after a further hour the virus was dialysed against CsCl 

dialysis buffer B (Appendix A1) for 2 h. The purified virus was extracted from the 

dialysis tubing and aliquoted into screw top microcentrifuge tubes for storage 

at -80 °C.360, 362 

2.4.3 Adenovirus titration by serial dilution end-point assay 
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293 cells were grown to 80% confluence on a total flask surface area of 75 cm2 and 

then resuspended trypsinisation (section 2.3.2.2). The cell density was calculated 

using light microscopy and a haemocytometer (Bright Line) according to the 

manufacturer’s instructions. 72 wells of a 96 well plate (flat bottomed, Corning) 

were inoculated with 5-7 x 103 293 cells each. 24 h after inoculation the medium 

was carefully removed and the cells were infected with 100 l of the serially-diluted 

virus in fresh, pre-warmed 293 medium (the serial dilutions are shown in table3). 

Starting dilution was 10-2 continuing to 2.98 x 10-14, each dilution was performed in 

triplicate. An additional 100 l of fresh pre-warmed 293 medium was added 24 h 

later. The medium was changed every 3-5 days, whilst monitoring the wells 

regularly for evidence of CPE by inverted phase contrast microscopy. After eight 

days the end-point well was determined (table 3). 

2.4.4 Infection and preparation of Cos7 cells for patch clamp and 

immunocytochemistry 

Cos7 cells were grown to 80-90% confluence and total flask surface of 75 cm2 and 

harvested by trypsinisation (see section 2.3.2). The cell density of the suspension 

was calculated using light microscopy and a haemocytometer according to the 

manufacturer’s instructions. 3 x 104 cells were inoculated into each well of a 6 well 

flat bottomed plate (Gibco) containing small cover slips then incubated for 12 h at 

37°C/5% CO2, the virus of interest was then added at a MOI of 100-500. The cells 

were incubated for a further 24 h. For patch clamp experiments the cells were 

disaggregated using 0.5 mM EDTA, centrifuged at 300 x g for 5 min, resuspended in 

1 ml 293 medium and returned to the wells. After 1 h incubation at 37°C/5% CO2 

the cover slips were taken from the wells for the patch clamp experiments. 

2.5 Patch clamp 

Patch clamp experiments for Ad5-GFP-HCN2 and Ad5-PREK-HCN4 were performed 

by Yalena Kryukova at Columbia University, New York, USA. The patch clamp  
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Well: 1 2 3 4 5 6 7  8  9  10  11  12   

Dilution: 10
-2

 10
-3

 10
-4

 10
-5

 10
-6

 5x10
-7

 2.5x10
-7

  1.25x10
-7 

6.25x10
-8 

3.13x10
-8 

1.56x10
-8 

7.81x10
-9

 

pfu/ml: 10
3
 10

4
 10

5
 10

6
 10

7
 2x10

7 
4x10

7
  8x10

7
  1.6x10

8
  3.2x10

8
  6.4x10

8
  1.28x10

9
 

 

Well: 13  14  15  16  17  18  19  20  21  

Dilution: 3.91x10
-9

 1.95x10
-9

 9.77x10
-10 

4.88x10
-10 

2.44x10
-10 

1.22x10
-10 

6.10x10
-11

 3.05x10
-11 

1.53x10
-11  

pfu/ml: 2.56x10
9 
 5.12x10

9 
 1.02x10

10
 2.05x10

10
 4.10x10

10
 8.19x10

10
 1.64x10

11
 3.28x10

11
 6.55x10

11
 

 

Well: 22  23  24  25  26  27  28  29  30 

Dilution: 7.63x10
-12

 3.81x10
-12

 1.91x10
-12

 9.52x10
-13

 4.77x10
-13

 2.38x10
-13

 1.19x10
-13

 5.96x10
-14

 2.98x10
-14 

pfu/ml: 1.31x10
12

 2.62x10
12

 5.24x10
12

 1.05x10
13

 2.10x10
13

 4.19x10
13

 8.39x10
13

 1.68x10
14

 3.36x10
14

 

 

Table 3. Virus end point serial dilution table and corresponding plaque forming units (pfu) concentrations 
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experiments for Ad5-GFP-HCN4Δ were performed by Yunhong Gui, University of 

Manchester, UK. Details of the protocols are included in each figure legend. 

2.6 Sinoatrial node culture and monitoring of extracellular potentials 

2.6.1 Sinoatrial node tissue culture 

Three month-old male Wistar Hanover rats were humanely euthanised by cervical 

dislocation in accordance with the United Kingdom Home Office schedule 1 animals  

(scientific procedures) act 1986.363 The thorax was cleaned with ChloraPrep (2% 

chlorhexidine gluconate/70% isopropyl alcohol, CareFusion) and the heart was 

removed quickly under sterile conditions to sterile oxygenated Tyrode’s solution 

(Appendix A1) at 37 °C. The SAN was quickly dissected while continuously bathed in 

sterile oxygenated Tyrode’s solution at 37°C and then photographed using a 

dissecting microscope (Leica). To generate the SSS model the upper two thirds was 

removed by a transverse incision at the level of the fossa ovalis (FO), and the AVN 

and Eustachian ridge were removed as shown in figure 17. The SAN preparation 

was then transferred to SAN medium (Appendix A1) at 37 °C. 

A recording system was fabricated using 0.2 mm diameter stainless steel needles 

(JCM Health). Two needles and a 0.5 mm silver wire (WPI) were soldered to 

shielded three core low resistance wire (generic). Silicon glue (Radio Spares) was 

used to insulate the needles to within 3-4 mm of the tip and also to enclose the 

solder (figure 18). The electrodes were pinned through the tissue periphery at 

opposite corners and the earth was secured in the tissue culture medium. The 

recording electrodes were connected to a Neurolog system (Digitimer) with 50 Hz 

filter and low pass/high pass filters adjusted to optimise the signal/noise ratio. The 

setup was transferred to a 37°C/5% CO2 incubator on an oscillatory rocker. 

Extracellular potentials were continuously recorded using a PC with Powerlab and 

Chart software (ADInstruments).  Chart software calculated the 30 s average rate 

via the detection of a deflection greater than 2 SD of the average amplitude as a 

paced beat. The medium was changed every 24 h. The rate was averaged over six 

hours and compared to the rate of the control preparation using 2-way ANOVA  
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Figure 17. Dissection of the rat sinoatrial node and creation of the sick sinus syndrome model 
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Figure 18. Schematic drawing of system for recording pacing activity of the rat sinoatrial node ex vivo 

  

Figure 18. Schematic drawing of the system for recording extracellular 
potentials from the ex vivo rat sinoatrial node. The 0.2 mm diameter stainless 
steel electrodes are insulated to within 5 mm of the tips and connected via 
earthed, shielded wire to a Neurolog system. A, Digitimer NL 100AK pre 
amplifier headstage; B, Digitimer NL 104A AC preamplifier; C, Digitimer NL 125 
filter (low cut, high cut, 50 Hz notch); D, ADInstruments Powerelab 4/26; E, 
Personal computer 
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(SigmaStat). The mean, maximum and minimum rates were calculated and 

compared to the control using 1-way ANOVA (SigmaStat). 

2.6.2 Injection of recombinant adenovirus into sinoatrial node tissue  

A graduated syringe (Nanofil, WPI) was attached to a micromanipulator 

(Naharshige) by a custom-designed aluminium rod and clamp. The syringe was filled 

with 5 µl of the RAd of interest prewarmed to 37°C then a 35 G needle was 

attached. The needle was flushed carefully with 1-2 µl of the RAd solution to ensure 

that no air bubbles were trapped in the system. The needle was positioned in the 

area of the superior aspect of the IVC (figure 17) and 1-2 µl RAd was injected to 

deliver ~ 1 x 107 pfu. The needle was left in situ for 2 min to promote dispersion of 

the RAd into the tissue and then carefully removed. The recording electrodes were 

inserted and the preparation was transferred to a 37°C/5% CO2 incubator for 

monitoring of the pacing rate. The rate was averaged over 1 h and compared to the 

control and SSS syndrome preparations using 2-way ANOVA. 

2.6.3 Camptothecin-induced apoptosis in sinoatrial node tissue  

A stock solution of 0.1 M camptothecin (Fisher Scientific) was prepared in dimethyl 

sulfoxide (DMSO, Sigma) and sterilised by vacuum filtration (0.2 µm pore, Fisher 

Scientific). A SAN preparation was dissected as described in section 2.6 and 

transferred to SAN medium containing a final concentration of 6 µM camptothecin 

from the sterile stock. The SAN tissue was cultured for 24 h at 37°C/5% CO2 for 24 

h. 

2.7 Activation mapping and rate response to isoprenaline and caesium 

The activation sequence mapping was based on the recording of low frequency 

extracellular potentials from rabbit SAN,  a technique described by Yamamoto et 

al.364 Two pairs of bipolar electrodes were fashioned from two 100 µm stainless 

steel wires glued together and insulated to within 2 mm of the tip. The indifferent 

pole of each bipolar electrode was positioned 1 mm above the tip of the active 

pole. Rats were euthanised and the SAN dissected as described in section 2.6.1. The 

SAN was then transferred to a chamber constantly superfused with Tyrode’s 
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solution via a peristaltic pump (Gilson Minipuls 3, Anachem) at 5 ml/min, 36°C and 

allowed to accommodate for 30 min.  

Two bipolar electrodes were attached to XYZ micromanipulators (Naharshige) 

calibrated to 0.1 mm precision. The electrodes were gently touched to the 

endocardium and the potential difference between the active and indifferent poles 

was measured. The recording system comprised a Neurolog NL 100AK pre-amplifier 

headstage, NL 104A AC preamplifier and a NL 125 filter with 50 Hz notch filter and 

0.5-30 Hz low frequency filter (Digitimer), and a Molecular Devices Digidata 1440A 

data acquisition unit attached to a PC with AxoScope software (Molecular Devices).   

One electrode was used as a static reference electrode contacting the atrial muscle 

near the CT. The other electrode was used as a roving electrode to record 

extracellular potentials at 0.5-1 mm intervals and 100-150 coordinates. The time 

differences between the points of first depolarization were calculated using 

AxoScope software. The coordinates of the SAN tissue were measured using the tip 

of the roving electrode. SigmaPlot software (Systat) was used to construct a 

contour plot of the XY coordinates vs. time difference, which was overlaid on a plot 

of the SAN tissue coordinates. Hence the site of first activation and the activation 

sequence could be visualised. After the full SAN tissue had been mapped the SSS 

model was created as described in section 2.6.1, allowed to accommodate for 30 

min and then mapped as above. 

Using the same recording system but Spike software (ADInstruments) the rate of 

the SSS preparation was recorded for 5 min. The superfusing solution was then 

changed to Tyrode’s solution containing CsCl 2 mM, allowed to accommodate for 

30 min and the rate was recorded for 5 min. The preparation was washed by 

superfusing with normal Tyrode’s for 30 min and the rate recorded for 5 min. 

Finally Tyrode’s solution containing isoprenaline (Stockport NHS trust) 100 µM was 

used and after 30 min the rate was recorded for 5 min. The mean rate for each 

period was calculated and statistical analysis was performed by paired t-test 

(SigmaStat).  
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2.8 Histology, immunohistochemistry and immunocytochemistry 

2.8.1 Preparation of tissue or cells 

SAN tissue was encased in OCT and cooled to -50°C using isopentane (Fisher) cooled 

in liquid N2 (BOC). The specimen was marked such that the orientation of the SVC 

and CT was known and then mounted onto a cork base. Transverse sections of 16 

µm thickness were cut using a cryostat (Leica CM3050 S), then mounted onto 

Superfrost Plus slides (VWR) and stored at -80°C. Cell cultures to be used for 

immunocytochemistry were washed in 2 ml PBS, fixed in 10% buffered formalin 

(Sigma-Aldrich) for 5 min  and then washed three times for 10 min in 0.01 M PBS. 

2.8.2 Histology; Masson’s trichrome staining 

Tissue sections were removed from storage and fixed in room temperature Bouin’s 

fluid (Sigma-Aldrich) overnight and then washed in 70% EtOH three times. Masson’s 

trichrome staining was performed using commercially available solutions from 

Sigma-Aldrich. Slides were immersed in haematoxylin for 10 min, washed in tap 

water for 15 min and then the nuclear staining was checked by light microscopy. If 

further nuclear staining was required, the slide was placed back into haematoxylin 

solution for 2 min, rewashed and checked by light microscopy again. Further 

staining was performed with acid fuschin for 8 min, a rinse with distilled water, 

phosphomolybdic acid for 5 min, aniline blue for 6 min before a final rinse with 

distilled water. Stained sections were treated with 1% acetic acid (Sigma-Aldrich) 

for 2 min and then dehydrated through alcohols (70% EtOH 1 min, 90% EtOH 1 min, 

100% EtOH 4 min). The samples were cleared with Histo-Clear (National 

Diagnostics) for 10 min and then cover slips (VWR) were fixed using DPX (Prolabo). 

2.8.2 Immunohistochemistry with fluorescent conjugated secondary 

antibodies; sinoatrial node tissue 

Slides were removed from -80°C storage and a ring was drawn around each section 

with a hydrophobic PAP pen (Sigma-Aldrich) leaving a ~ 5-10 mm gap from the 

tissue on each side. The tissue was then fixed in 10% buffered formalin for 30 min 

and then washed for 10 min three times in 0.01 M PBS. The cells were 
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permeabilised for 10 min using 0.1% Triton-X100 (Sigma-Aldrich) in 0.01 M PBS min 

then washed for 10 min three times in 0.01 M PBS. Following PBS washes, the 

sections were treated with the universal blocker 1% bovine serum albumin (BSA, 

Sigma-Aldrich) in 0.01M PBS for 30 min in order to block non-specific binding sites 

and reduce background fluorescence. 

2.8.2.1 Primary antibodies 

To allow selective binding of the secondary florescent conjugated antibody (see 

below) to the primary antibody only, a primary antibody was selected that had not 

been raised in the same species as the tissue of interest (i.e. rat). For double 

labelling, each primary antibody was raised in a different species (e.g., Cx43 IgG 

raised in mouse, HCN4 IgG raised in rabbit) and the antibodies were mixed and 

applied together in 1% BSA in 0.01 M PBS. Each antibody was diluted to its 

individual optimal concentration in the final mixture; for ion channels 1 in 50 and 

connexins 1 in 500.   

Sufficient solution containing diluted primary antibody was added to cover each 

section within the PAP pen ring so that a meniscus was formed. The slides were 

placed in a sealed humid chamber to prevent evaporation of the antibody mixture 

and incubated overnight at 4°C and then washed twice for 10 min in 0.01 M PBS. 

2.8.2.2 Fluorescent conjugated secondary antibodies  

Sufficient solution containing diluted secondary antibody was added to cover each 

section within the PAP Pen ring. The tissue sections were incubated with the 

secondary antibody at room temperature for 2 h. The secondary antibodies were 

reconstituted according to the manufacturers’ instructions and then diluted in 1% 

BSA in 0.01 M PBS to their working concentration.  

The secondary antibody binds to the primary antibody with specificity for species 

and immunoglobulin type, e.g. if the primary antibody was IgG raised in rabbit, the 

secondary antibody was anti-rabbit IgG. The secondary antibody was conjugated to 

a fluorochrome enabling the visualisation of the bound antibody with fluorescence 
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confocal microscopy. For double labelling experiments, antibodies were selected to 

have differing excitation and emission spectra (shown in table 4).  

2.8.3 Immunocytochemistry with fluorescent conjugated secondary 

antibodies; Cos7 cells 

Cells to be used for immunocytochemistry were infected and cultured as described 

in section 2.4.4 and then prepared as described above. Cells were permeabilised by 

adding 0.1% Triton X-100 in PBS to each well for 10 min and then washed twice for 

10 min with 0.01 M PBS. The cells were treated with 1% BSA in 0.01 M PBS for 30 

min to block non-specific binding. Cover slips were removed from the wells and 

placed onto a microscope slide within a PAP pen ring. Sufficient primary antibody 

was added to cover the cover slip forming a meniscus. The cells were incubated for 

1 h at room temperature in a sealed humid box and then washed twice for 10 min 

with 0.01 M PBS. The appropriate secondary antibody was applied (the principle is 

described in section 2.8.2.2) and the cells were incubated in a sealed humid box in 

the dark for 1 h at room temperature. The cells were then washed twice for 10 min 

with 0.01 M PBS. If nuclear staining was required, incubation with DAPI (Invitrogen) 

for 10 min was performed before a final washing step, twice for 10 min with 0.01 M 

PBS. 

2.8.4 Mounting, storage and imaging 

To avoid photo-bleaching during fluorescence confocal microscope scanning, the 

sections were mounted in Vectashield (Vectorlabs). The edges of the cover slips 

were sealed with acrylic nail varnish. Due to the instability of fluorochromes, 

immunofluorescence signals were captured as soon as the experiment was finished 

when possible, or the tissue sections were stored in the dark at 4°C and the images 

were captured within two weeks. Images were obtained using a laser scanning 

confocal microscope (Zeiss LSM 5) using the manufacturer-configured lasers and 

filter sets to provide the appropriate excitation wavelength and detection of 

emitted light.  
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Table 4. Absorption and emission spectra for the common fluorophores 

 

 

  

Fluorophore Absorption Peak (nm) Emission Peak (nm) 

Fluorescein, FITC 492 520 

Indocarbocyanine, Cy3 550 570 

Indodicarbocyanine, Cy5 650 670 
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When quantitative immunohistochemistry was required, the tissue sections were 

processed in batches so that the conditions were identical for all sections allowing 

comparison. The relative intensity of signals (above background fluorescence) was 

measured using Volocity software (Perkin Elmer) and compared using unpaired 

t-test or 1-way ANOVA.  For cell size measurement, cells were selected that were 

cut in transverse section, the shortest axis was taken. The mean of 20 cells over 

three high power fields was taken for each sample. Data within a group (e.g. SAN 

versus RA cell size in control preparation) were compared using a paired t-test; 

comparison of data between groups (e.g. SAN versus SSS leading pacemaker) was 

performed by unpaired t-test. 

2.8.5 X-Gal assay 

To detect β-galactosidase activity in tissue infected with Ad5-LacZ, an X-Gal assay 

was performed. After 48 h culture the tissue was fixed; for whole tissue 

experiments the SAN preparation was fixed in 10% buffered formalin overnight and 

then washed twice in 0.01 M PBS for 10 min, or tissue sections were prepared as 

described in section 2.8.1. Cells were permeabilised using 0.1% Triton-X100 in 0.01 

M PBS (1 h for whole tissue, 5 min for tissue sections) and then washed twice in 

0.01 M PBS for 10 min. Staining was performed using freshly prepared X-Gal 

staining solution (see Appendix A1) for 1-3 h in the dark. The development of the 

blue staining was monitored by direct vision or light microscopy. When sufficient 

staining had occurred the reaction was stopped by washing twice for 10 min in 0.01 

M PBS. Further histology or immunohistochemistry was performed as above if 

required. 
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3 Results 

3.1 Recombinant adenovirus 

3.1.1 Introduction 

RAd based on Ad5 permit high efficiency of infection and transgene transfer.331 Ad5 

is a relatively safe vector. It is not oncogenic, but may cause mild respiratory 

disease or myocarditis in humans.365 The safety of RAd is enhanced by the deletion 

of the E1 region of the genome rendering them replication deficient other than in 

specific complementing cell lines.366 Their usefulness as a research tool lies in the 

ability to package large genes up to at least 7.5 kb and the ease of purification to 

high titres (up to 1013 virus particles per ml).366 

Common approaches to construction of RAd employ the strategy of replacement of 

the E1 region of Ad5 viruses with the gene of interest. Recombination with the gene 

of interest requires homologous recombination between the E1 deleted Ad5 

genome and DNA (such as a plasmid) containing the gene of interest.367 This occurs 

in an E1-complementing mammalian cell line, usually 293 cells derived from human 

embryonic kidney cells transformed with sheared Ad5 DNA.358, 368 This technique is 

labour intensive and the efficiency of homologous recombination in mammalian 

cells is low. 

This latter problem has been circumvented by the use of Escherichia coli for the 

homologous recombination step. Recombination occurs between 1) a large plasmid 

containing the majority of the Ad5 genome, and 2) a plasmid containing the gene of 

interest plus the flanking regions and areas of sequence homology to the Ad5 

genome. The resulting plasmid is then linearised and transfected into the E1-

complementing cells. An example of this system is the AdEasy system.351 

Purification of the virions can be performed using CsCl gradient purification, column 

chromatography or anion exchange chromatography.366 CsCl gradient purification 

yields high purity virus particles in small to medium quantities. Following 

purification the concentration of the virions can be quantified physically via SDS 

disruption and optical absorbance of the DNA at 260 nm, or biologically via 
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infection of a cell monolayer by serial dilutions of the purified virus.369 Though more 

time consuming, the biological method has the advantage that it assesses the 

concentration of viable virions.   

3.1.2 Ad5-GFP-HCN2 

The virus Ad5-GFP-HCN2 was kindly provided by Dr Richard Robinson (Columbia 

University, USA). The virus was amplified and purified as described in section 2.4.  

3.1.2.1 Validation of virus and HCN2 transgene 

Cos7 cells were infected with Ad5-GFP-HCN2 at a MOI of 100. After 48 h incubation 

the cells were transferred to cover slips and patch clamp (n=5) or 

immunocytochemistry (n=3 separate experiments) was performed. The presence of 

HCN2 channel protein was confirmed as shown in figure 19. Figure 20 shows the 

current induced by HCN2 expression in Cos7 cells. 

3.1.2.2 Determination of viral titre 

The titre was determined by serial dilution at 4.1 x 1010 pfu/ml. 

3.1.3 Ad5-GFP-HCN4Δ 

3.1.3.1 Cloning 

3.1.3.1.1 pShuttle-IRES-GFP-HCN4 

The cDNA for mHCN4 was cloned into the shuttle vector as described in section 2.3 

and Appendix A2. Verification of the correct gene insertion was by RE digest. It can 

be seen in figure 21A that RE digestion of pShuttle-IRES-GFP-HCN4Δ with NheI/XbaI 

should produce a 3.5 kb fragment, and that the correct insertion orientation of the 

mHCN4 cDNA should produce a 2.5 kb XbaI fragment on RE digestion with XbaI/SalI. 

In figure 21B 3.5 kb and 2.5 kb bands are seen on 1% agarose gel electrophoresis of 

the digestion products as expected. 

 3.1.3.1.2 pAd-GFP-HCN4 

The predicted plasmid map for the plasmid resulting from homologous 

recombination as described is shown in figure 22A. The DNA between the PacI 
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Figure 19. Ad5 GFP-HCN2 mediated expression of HCN2 in a Cos7 cell revealed by immunocytochemistry 
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Figure 20. Representative inward current recorded from 293 cells transduced with 
Ad5-GFP-HCN2 

370 
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Figure 21. Plasmid map and restriction endonuclease digest of pShuttle-hrGFP-
HCN4Δ  
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Figure 22. Plasmid map and restriction enzyme digest of pAd-hrGFP-HCN4Δ  
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restriction sites (0 base pairs [bp] – 36257 bp) is used for the transfection of Ad293 

cells and corresponds to the resulting Ad genome; the predicted HindIII RE digest 

pattern is shown in figure 23A. 1% agarose gel electrophoresis of the resulting RE 

digest fragments is shown in figure 22B.  The 4398 bp band containing the mHCN4 

cDNA is seen as a bright band with the 4597 bp band. 

3.1.3.2 Validation of virus 

3.1.3.2.1 Ad5-GFP-HCN4Δ viral DNA  

Following extraction and purification of the viral DNA as described, the resultant 

fragments from HindIII RE digest were analysed by 1% agarose gel electrophoresis. 

The predicted digest pattern and agarose gel electrophoresis are shown in figure 

23A and B. The resultant HindIII digest was used for southern blot analysis using a 

probe generated from the original plasmid pcDNA3-HCN4 (see Appendix A4). Figure 

23A shows that the HCN4 gene should be within a 4.3 kb fragment. The probe 

binding to the 4.3 kb fragment is shown in figure 23Cii demonstrating the presence 

of the mHCN4 DNA sequence. 

3.1.3.2.2 Validation of virus and HCN4 transgene 

Cos7 cells were infected with Ad5-GFP-HCN4Δ at a MOI of 100 and then after 48 h 

incubation the cells were transferred to cover slips for patch clamp (n=6) or 

immunocytochemistry (n=3 separate experiments). In figure 24 

immunocytochemistry appears to confirm the presence of HCN4 channel protein. 

However, If could not reliably be recorded from the cells at patch clamp (figure 25). 

Therefore the viral DNA was sequenced (MWG biotechnology, Germany) and 

compared to the reported sequence for Mus musculus HCN4 DNA (from 

http://www.ncbi.nlm.nih.gov/nuccore) using a BLAST query. Base pair deletions 

were seen between positions 845-1153 and 4577 – 4762; the sequence and 

mutation analysis is shown in Appendix A5. 

3.1.3.3 Determination of viral titre 

The titre was determined by serial dilution at 1.024 x 1010 pfu/ml. 
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 Figure 23. Viral DNA analysis of Ad5-GFP-HCN4Δ 
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Figure 24. Ad5-hrGFP-HCN4Δ mediated expression of HCN4 in a Cos7 cell revealed by immunocytochemistry 
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Figure 25. Inward current recorded from Cos7 cells transduced with Ad5-GFP-HCN4 
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3.1.4 Ad5-PREK-HCN4 

3.1.4.1 Cloning 

3.1.4.1.1 pShuttle-PREK-HCN4 

The cDNA for mHCN4 was cloned into the shuttle vector as described in section 2.3 

and Appendix A2. Verification of the correct gene insertion was by RE digest. It can 

be seen in figure 26A that RE digestion of pShuttle-PREK-HCN4 with XhoI/XbaI 

should produce a 3.5 kb fragment, and that the correct insertion orientation of the 

mHCN4 cDNA should produce a 2.6 kb fragment on RE digestion with XbaI/SalI. In 

figure 26B the expected 3.5 kb and 2.6 kb bands are seen on 1% agarose gel 

electrophoresis of the digestion products.  

3.1.4.1.2 pAd-PREK-HCN4 

The predicted plasmid map for the plasmid resulting from homologous 

recombination as described in section 2.4.1.2 is shown in figure 27A. The DNA 

between the PacI restriction sites (0 bp – 35149 bp) is used for the transfection of 

Ad293 cells and corresponds to the resulting Ad genome, the predicted HindIII RE 

digest pattern is shown in figure 28A. The expected pattern of RE digest fragments 

is seen on 1% agarose gel electrophoresis as shown in figure 27B. The fragment 

containing the mHCN cDNA is seen at 7320 bp. 

3.1.4.2 Validation of virus 

3.1.4.2.1 Ad5-PREK-HCN4 viral DNA  

Following extraction and purification of the viral DNA as described in section 

2.4.2.4, the resultant fragments from HindIII RE digest were analysed by 1% agarose 

gel electrophoresis. The predicted digest pattern and the expected RE digest 

fragments on agarose gel electrophoresis are shown in figure 28A and B. The 

resultant HindIII digest was used for southern blot analysis using a probe generated 

from the original plasmid pcDNA3-HCN4 (see Appendix A4). Figure 28A shows that 

the HCN4 gene should be within a 7.3 kb fragment; probe binding to the 7.3 kb  
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Figure 26. Plasmid map and restriction endonuclease digest of pShuttle-PREK-HCN4  
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Figure 27. Plasmid map and restriction endonuclease digest of pAd-PREK-HCN
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Figure 28. Viral DNA analysis of Ad5-PREK-HCN4 
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fragment is shown in figure 28Cii demonstrating the presence of the HCN4 DNA 

sequence. 

3.1.4.2.2 Validation of virus and HCN4 transgene 

Cos7 cells were infected with Ad5-PREK-HCN4 at a MOI of 100 and then after 48 h 

incubation the cells were transferred to cover slips for patch clamp (n=4) or 

immunocytochemistry (n=3 separate experiments). In figure 29 

immunocytochemistry shows the presence of HCN4 channel protein. If recorded 

from the cells by patch clamp is shown in figure 30. 

3.1.4.3 Determination of viral titre 

The titre was determined by serial dilution at 5.1 x 109 pfu/ml. 

3.1.5 Ad5-HCN212 

3.1.5.1 Validation of virus and HCN212 transgene 

HCN212 contains the transmembrane domain from HCN1 with the intracellular and 

extracellular domains of HCN2.371 The primary antibody anti-HCN2 binds to its 

epitope at amino acids 147 – 161 of human HCN2 (see www.millipore.com). This 

epitope is preserved in HCN212 and therefore anti-HCN2 can be used for the 

detection of expressed HCN212. Cos7 cells were infected with Ad5-HCN212 at a 

MOI of 100 and then after 48 h incubation the cells were transferred to cover slips 

for immunocytochemistry. In figure 31 immunocytochemistry shows the presence 

of HCN212 channel protein (n=3 separate experiments). The expression of If 

resulting from infection with Ad5-HCN212 has been previously published.372  

3.1.5.2 Determination of viral titre 

The titre was determined by serial dilution at 2.05 x 1010 pfu/ml. 

3.1.6 Ad5-GFP 

The virus Ad5-GFP was prepared using the plasmid pShuttle-IRES-hrGFP. 

Homologous recombination of the plasmid with pAd was performed directly. The 

plasmid map for pShuttle-IRES-hrGFP is shown in Appendix A2. The predicted 
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Figure 29. Ad5-PREK-HCN4 mediated expression of HCN4 in a Cos7 cell revealed by immunocytochemistry 
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Figure 30. Inward current recorded from Cos7 cells transduced with Ad5-PREK-

HCN4 
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Figure 31. Ad5-GFP-HCN212 mediated expression of HCN212 in a Cos7 cell revealed by immunocytochemistry 
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plasmid map for the plasmid resulting from this recombination is shown in figure 

32A and the predicted HindIII RE digest pattern of the PacI fragment is shown in 

figure 33A. The expected HindIII digest pattern is seen on 1% agarose gel 

electrophoresis, as shown in figure 32B. Analysis of purified viral DNA by 1% 

agarose gel electrophoresis of HindIII RE digested DNA results in the expected 

pattern (figure 33).  The absence of HCN channel protein following transduction of 

Cos7 cells with Ad5-GFP can be seen in figures 24 and 31 (anti-HCN4, n=3; 

anti-HCN2, n=3 

3.2 Sinoatrial node culture 

3.2.1 Introduction 

The SAN is a complex heterogeneous region of the RA. The specialisation of the SAN 

is both electrophysiological and morphological, allowing for reliable generation and 

propagation of the cardiac action potential into the surrounding RA myocardium.40 

In comparison to the myocytes of the RA, SAN cells are smaller. Furthermore the 

action potential of isolated SAN cells displays diastolic depolarization and thus SAN 

cells show pacemaking (figure 5).373 The generation of this specific pacemaker 

action potential is dependent on the expression of a specific set of ion channels in 

the SAN cells.77 As discussed in detail in section 1.5, in the SAN there is abundance 

of Cav1.3, HCN1, HCN4 while Kir2.1, RYR2 and Nav1.5 are poorly expressed, leading 

to the complex interplay of the calcium and membrane clocks.122 SAN cells have 

been isolated and propagated in culture.374 This has facilitated the study of the 

nature of the SAN AP generation as well as manipulation of SAN cell function via 

transduction of genetic material.49 The transduction of SAN specific genes into 

working myocytes allows the study of biopacemaking at a cellular level.372 

However, the in vivo functioning SAN is more than a scattered collection of SAN 

cells throughout the RA posterior wall. Histologically the SAN is clearly defined as a 

collection of small loosely-packed cells. This area expresses high levels of HCN4 and 

displays an absence of the high conductance connexin, Cx43.7 Moving from the 

centre to the periphery of the SAN there is a progression from a typical SAN AP 

towards that of the working myocardium.223,159,375 This suggests either a change in  



 

Page | 129  
 

Figure 32. Plasmid map and restriction enzyme digest of pAd-hrGFP 
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Figure 33. Viral DNA analysis of Ad5-GFP 
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the ratio of SAN/myocardial cells (mosaic model) or a progressive change in cell 

phenotype (gradient model).39 Taking these factors into account, it is generally 

accepted that the intact SAN is a complex structure, and thus the normal function 

depends on more than simply cellular expression of specific ion channels.40 

Therefore to accurately study the effect of genetic transduction on SAN function, 

culture of intact SAN tissue is required. To date this has not been reported.  

The following null hypotheses were tested: 

1)  The SAN from the rat, Rattus rattus, cannot be cultured ex vivo and the 

pacemaker activity cannot be sustained and monitored.  

2) Tissue culture will induce no significant change in the level of ion channel and 

gap junction expression. 

3) Tissue culture will induce no significant cellular apoptosis and no changes in cell 

or tissue histology.  

3.2.2 Extracellular potential recordings from the sinoatrial node in culture 

To investigate the feasibility of monitoring the pacing rate of the SAN ex vivo, 

extracellular potentials were recorded using 0.15 mm stainless steel bipolar 

electrodes. A representative trace and recording is shown in figures 34A and 34B 

respectively. Spontaneous pacing activity was maintained for a maximum of 260 h 

(10.8 days, figure 34) and was reliably maintained for 72 h (3 days); there was an 

increase in the pacing rate to 21 h and thereafter the rate declined (figure 35A). 

RAd experiments were planned to run over 24 – 48 h and thus further analysis was 

performed for this period. The mean six hour pacing rates are shown in figure 36A 

(n=6). The mean pacing rate during the first hour was 257 ± 21 bpm, the maximum 

rate was at 21 h (336 ±  14 bpm) and the minimum rate was at 45 h (201 ±  13 bpm) 

(figures 36 and 37).  The maximal effect of the RAd mediated gene expression was 

expected to be around 16 h. Therefore, hourly mean pacing rates were calculated 

for the period 12-20 h (figure 36B); this covers the period of maximal effect but is 

prior to the decline in pacing rate evident in figures 35A and 36A. 



 

Page | 132  
 

 Figure 34. Representative rate trace and extracellular potential recording from ex vivo rat sinoatrial node during tissue culture 
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Figure 35. Spontaneous ex vivo pacing rates of control sinoatrial node and the sick sinus 
syndrome model 
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Figure 36. Average spontaneous ex vivo pacing rates of control sinoatrial node and the 
sick sinus syndrome model 
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Figure 37. Initial, maximum and minimum rates for the control sinoatrial node and sick 
sinus syndrome model 
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3.2.3 Histology and immunohistochemistry of the sinoatrial node following 

tissue culture 

Morphological, histological and immunohistochemical analysis of the SAN was 

undertaken before and after 48 h tissue culture to assess the impact of culture on the 

node (n=6).  Other than pallor, no macroscopic alterations in the appearance of the SAN 

tissue were observed (figure 38). Masson’s trichrome staining of the cultured SAN shows 

patches of cells with loss of cytoplasmic staining and nuclear swelling (figure 39A and B). 

Similar appearances were seen in cultured RA, but to a lesser extent (figure 40A and B). 

Although SAN cells were significantly smaller than the RA cells (11.3 µm vs. 14.6 µm, 

respectively, p<0.01), tissue culture induced a significant change in size of the RA cells 

from 14.6 µm to 11.6 µm (p<0.05). However, no significant change was seen in the SAN 

cell size from 11.3 µm to 11.2 µm (p=NS ) (figure 41). Quantitative 

immunohistochemistry was used to study the effect of tissue culture on gap junction and 

ion channel expression (figures 42 and 43). Tissue culture induced no significant change 

in the relative immunofluorescence of the gap junction channel Cx43 in the RA (42.5 ± 

10.0 vs. 35.2 ±  4.0, arbitrary units; n=6, p = NS) or the ion channel HCN4 in the SAN (48.9 

±  7.8 vs. 46.7 ±  9.6, arbitrary units; n=6, p = NS). 

Following culture with 6 µM camptothecin to induce apoptosis, Masson’s trichrome 

staining revealed that the SAN tissue displayed large areas of cellular loss with increased 

presence of connective tissue (figure 39C). The effect on RA was less marked (figure 40C). 

Levels of apoptosis were measured via immunohistochemistry using a primary antibody 

to activated caspase-3. As shown in figure 44 there was no significant increase in the 

relative immunofluorescence of caspase-3 following tissue culture, but activated 

caspase-3 was detected in the camptothecin positive control (2.9 ± 1.0 vs. 4.7 ± 1.2, 

arbitrary units; n=6, p = NS).  
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Figure 38. The effect of tissue culture on the gross morphology of the rat sinoatrial node  
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Figure 39. The effect of tissue culture on the histology of the rat sinoatrial node 
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Figure 40. The effect of tissue culture on the histology of the rat right atrial muscle 
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Figure 41. The effect of ex vivo tissue culture on the cell size of rat sinoatrial node and 
right atrium 
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Figure 42.  The effect of ex vivo tissue culture on gap junction expression in the rat 
right atrium 
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Figure 43. The effect of ex vivo tissue culture on ion channel expression in the rat 
sinoatrial node 
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Figure 44. The effect of ex vivo tissue culture on cellular apoptosis in the rat right atrium  
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3.3 Sick sinus syndrome model 

3.3.1 Introduction 

SSS is a heterogeneous disease with a number of causes (see section 1.6). In this 

syndrome it is unclear where the leading pacemaker site lies. Though it is generally 

thought that the ‘native’ SAN is dysfunctional, there may actually be a shift to pacing 

from subsidiary pacemaker tissue. The wide distribution of SAN tissue and the 

common finding of ectopic atrial rhythms calls into question the exact nature of 

pacemaking sites away from the traditional site of the SAN at the junction of the SVC 

and RA.210  For example, as previously discussed, electroanatomical mapping has 

demonstrated that what appears clinically to be SSS may be SAN exit block with an 

ectopic atrial leading pacemaker.207 A slowing of the rate of the SAN may also unmask 

ectopic atrial rhythms. 

The development of an ex vivo model of SSS utilising the presence of subsidiary 

pacemaker tissue could allow simple, rapid and inexpensive testing of pharmacological 

or genetic therapy for this disorder. It may also help define the nature of subsidiary 

pacemakers.  

The following null hypotheses were tested: 

1)  The spontaneous pacing rate of the inferior portion of the SSS model is not 

significantly different to the intact RA (control) preparation.  

2) The primary histological and immunohistochemical features of the subsidiary 

pacemaker do not differ from that of the SAN (i.e. small cell size, HCN4 positive, Cx43 

negative).  

3) There is no significant contribution of If to pacemaker activity in the subsidiary 

pacemaker. 

4) The subsidiary pacemaker is not responsive to β-adrenergic stimulation. 
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3.3.2 Extracellular potential recordings 

The spontaneous rates measured from the extracellular potential recordings made 

from the SSS model are shown in figure 35B (n=7). Of the seven preparations, six 

followed a similar pattern to the control preparations but at a slower rate, but one 

showed an initial slowing of the pacing rate with a later acceleration (figure 35B, black 

trace). Spontaneous pacing activity was reliably maintained for 72 h; in general there 

was an increase in the pacing rate to 21 h and thereafter the rate declined (figure 35B).  

As above, further analysis was performed for the 0-48 h period. The mean six hour 

pacing rates are shown in figure 36A. When compared to the control, the SSS model 

was slower at all points (control, n=6; SSS, n=7; p<0.001). The mean pacing rate during 

the first hour was 182 ±  11 bpm, the maximum rate was at 21 h (214 ±  24 bpm) and 

the minimum rate was at 43 h (148 ±  13 bpm) (figures 36B and 37).  The first hour, and 

maximum and minimum pacing rates were significantly slower than that of the control 

(p<0.01, p<0.001, p<0.05, respectively). Hourly mean pacing rates were calculated for 

the period 12-20 h (figure 36B); the SSS model was slower than the control at all 

timepoints (p<0.001).  

3.3.3 Leading pacemaker site 

The activation sequence was determined for six pairs of control and SSS preparations; 

representative records are shown in figure 45. The distribution of the leading 

pacemaker sites and preparation numbers are shown in figure 46. For the control 

preparations 2 through 6 the leading pacemaker was situated near the bifurcation of 

the sinoatrial node artery or in the SVC. The leading pacemaker site of preparation 1 

was situated inferiorly, lateral to the IVC. Five of the leading pacemaker sites of the SSS 

model were located close to the superior aspect of the IVC (preparations 1 and 3 

through 6). The leading pacemaker of preparation 2 was located inferior to the FO. 

Note that the leading pacemakers of preparation 1 (control and SSS) are very similar. 
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Figure 45. Representative activation maps of control and sick sinus rat sinoatrial node preparations
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Figure 46. The distribution of leading pacemaker sites in pairs of control and sick 
sinus rat sinoatrial node preparations  
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Having identified the leading pacemaker of the SSS model, it was then possible to 

characterise it further. The SSS preparations were densely innervated with frequent 

ganglion cells (‘G’ in figure 47). Preparations 1, 2 and 4-6 were HCN4 negative and 

Cx43 positive; an example is shown in figure 47 (the remaining preparations are 

shown in Appendix A6). An HCN4 positive, Cx43 negative area was identified in 

preparation 3 (figure 48). Cell diameter at the leading pacemaker site in the SSS 

model was similar to the cell size of the SAN in control preparations (10.3 ± 0.6 µm 

vs. 11.3 ± 0.8 µm, respectively; p = NS). The cell diameter of the leading pacemaker 

site in the SSS model was significantly smaller than that of the surrounding RA (10.3 

± 0.6 µm vs. 13.6 ± 0.6 µm, respectively; p<0.05). RA cell size did not vary 

significantly between the superior (control) and inferior (SSS) samples (14.6 ± 0.7 

µm vs. 13.6 ± 0.6 µm, respectively; p = NS; figures 41 and 49). 

Inhibition of If by 2 mM CsCl induced a 37.8% increase in the cycle length of the SSS 

model cycle length from 221.0 ± 5.3 ms to 304.6 ± 20.4 ms, corresponding to a 

decrease in the pacing rate from 271.5 ± 6.5 bpm to 197.0 ± 13.2 bpm (n=6, p<0.05; 

figure 50). β-adrenergic stimulation of the same SSS preparations with 100 µM 

isoprenaline decreased the cycle length by 29.8% from 243.3 ± 10.6 ms to 170.8 ±  

8.5 ms corresponding to an increase in the pacing rate from 246.6 ±  10.7 bpm to 

351.3 ±  17.5 bpm (n=6, p<0.01; figure 50). 

3.4 Adenovirus-mediated transgene expression in cardiac tissue 

3.4.1 Introduction 

Adenoviruses consist of an icosohedral protein capsid surrounding an inner DNA 

core; the genome is a linear double stranded DNA molecule of ~36 kb.368 Infection 

of the host cell requires binding of the virus to the coxsackie and adenovirus 

receptor (CAR) at the cell surface and subsequent phagocytosis by the cell.366 

Binding to this receptor is a necessary step in cellular infection and thus expression 

of this receptor is one determinant of the susceptibility of each tissue type to Ad5 

infection.376 Once the virus escapes the endosome, the capsid is disrupted and the 

virus is transported to the nuclear membrane where the viral DNA passes through 

the nuclear pore into the cell nucleus; the viral DNA remains extra-chromosomal.368   
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Figure 47. The histology and immunohistochemistry of an HCN4-negative subsidiary pacemaker   

P
age | 1

4
9 

 



 

Page | 150  
 

 

Figure 48. The histology and immunohistochemistry of the HCN4-positive subsidiary pacemaker 
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Figure 49. Cell diameter at the leading pacemaker site of the sick sinus syndrome 
model 
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Figure 50.  Pacemaking in the sick sinus model is partially dependent on If and is 

responsive to ß-adrenergic stimulation  



 

Page | 153  
 

The Ad5 genome region E1A is the first to be expressed in wild-type Ad5. The E1A 

proteins activate downstream transcription, induce the cell to enter the S phase 

and prevent apoptosis.368 Deletion of the E1 region in RAd means that, generally 

speaking, only the DNA sequence between the inverted terminal repeats (usually 

the cDNA cloned in experimentally) is expressed.366  

E1-deleted Ad5 has been used in a broad range of investigative and clinical 

applications. These include the expression of proteins from mammalian cell lines, 

gene transfer and gene therapy in animals and humans.377, 378 They offer a high, 

though transient, level of protein expression but do display a degree of tissue 

tropism. The tropism is partly mediated by the availability of the CAR, for example 

airway epithelium, skeletal muscle and dendritic cells are CAR-deficient.379-381 The 

expression of CAR in the heart and CCS is tightly regulated. Expression is maximal in 

neonatal heart muscle and wanes afterwards.382 CAR -/- is lethal in transgenic mice, 

the cardiac development is abnormal leading to multiple areas of apoptosis and left 

ventricular rupture.383 Interestingly, a cardiac specific CAR knockout mouse shows 

AV conduction defects with loss of Cx45 localisation to the gap junctions of the AV 

node.384 Taken together these observations make it difficult to predict the response 

of SAN or subsidiary pacemaker cells to RAd infection.   

The following null hypotheses were tested: 

1) Adenovirus mediated gene expression in the sinoatrial node or subsidiary nodal 

tissue is not viable. 

2) The RA intercaval area is not receptive to adenovirus mediated ion channel 

expression. 

3.4.2 Adenovirus-mediated gene expression in nodal tissue 

β-galactosidase expression was detected after 48 h culture (n=2, representative 

preparation shown in figure 51). To identify the nature of the tissue supporting 

transgene expression, immunohistochemistry was performed using markers for 

SAN tissue (HCN4) and RA tissue (ANP); β-galactosidase expression is seen in both 

(n=2, representative preparation shown in figure 52). 
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Figure 51. Adenovirus-mediated β-galactosidase expression in the rat sinoatrial node  
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Figure 52. β-galactosidase expression in the sinus node revealed by X-gal staining 
and immunohistochemistry of adjacent sections prepared from rat sinoatrial node  
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Injection of 1 x 108 pfu Ad5-GFP-HCN2 into the most common subsidiary pacemaker 

site, superior to the IVC, resulted in detectable GFP and HCN2 expression in whole 

SAN tissue (n=2, representative preparation shown in figure 53) 

Immunohistochemistry for HCN2 performed on 16 µm cryosections taken through 

the injection site confirmed that the HCN2 expression was localised to the cell 

membrane (n=2, representative findings shown in figure 54). 

3.5 Biopacemaking 

3.5.1 Introduction 

Biopacemaking has been developed as an experimental treatment for bradycardia, 

it is an evolving field and multiple strategies have been tested (see section 1.7 for 

detailed review). All in vivo experimental work has used HCN channels as the 

biopacemaker substrate.385 The bulk of published work has focussed on treatment 

of AV block with implantation of an adenovirus-mediated biopacemaker in the 

ventricular free wall or bundle of His.  

Initial work demonstrated that subepicardial expression of HCN2 in the left atrial 

appendage of dogs provided a slow escape rhythm when complete SAN arrest was 

induced via vagal stimulation.309 Improved pacing rates were seen when the same 

channel was expressed in the left bundle branch of dogs with experimentally 

induced AV block.313 Pacing rates in these animals, although ‘physiologically 

acceptable’ remain slow. The context dependence of HCN channels means that, in 

these ectopic sites, induced If is likely to produce a slow rhythm. This is further 

emphasised by experiments using engineered HCN channels with fast kinetics. The 

use of mutant HCN2, mE324A, in the left bundle branch of dogs did not abolish the 

dependence on back up electronic pacing.314 Furthermore, results of patch clamp 

experiments in rat ventricular myocytes presented show that mutant mE324a has a 

faster more positive pacemaker depolarization than mHCN2, yet the in vivo pacing 

rate of the two do not differ.314 Another attempt to use engineered HCN channels 

in ventricular muscle had even more disastrous results, expression of HCN212 in 

canine left ventricle induced potentially lethal ventricular tachycardia.319 Perhaps 

the context dependence of HCN channels cannot be effectively overcome in 
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Figure 53. Adenovirus-mediated expression of HCN2 channels in the rat sinoatrial node  
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Figure 54. Adenovirus-mediated expression of HCN2 channels in rat sinoatrial node showing translocation to the cell membrane 
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ventricular myocytes without the co-expression of other ‘nodal’ ion channels such 

as Cav1.3, or IK suppression. 

There have been attempts to model SSS in vivo to allow the study of the utility of 

biopacemaking in this syndrome.  The expression of mutant mHCN1 (mHCN1ΔΔΔ – 

favours channel opening) in the left atrial appendage of pigs reduced electronic 

pacemaker dependence following radiofrequency ablation of the SAN.318 Repair of 

a diseased or dysfunctional SAN by gene therapy has not been studied.  

The following null hypotheses were tested: 

1) The spontaneous pacing rate of the SSS model will not be increased by injection 

of Ad5-HCN212 (containing the transgene for the chimaeric ion channel HCN212) or 

Ad5-PREK-HCN4 (containing the transgene for the ion channel HCN4). 

2) The spontaneous pacing rate of the SSS model will not be increased by injection 

of Ad5-GFP or Ad5-GFP-HCN4Δ that do not carry transgenes for active ion channels. 

3.5.2 Green fluorescent protein – Ad5-GFP 

The extracellular potentials recorded from the SSS model injected with Ad5-GFP 

(n=8) are shown in figure 55. Six hour averages of the spontaneous pacing rates 

were compared to those of the control SAN (n=6) and uninjected SSS (n=7) 

preparations. The rate of the Ad5-GFP injected preparations was not significantly 

different to that of the uninjected SSS preparations (p=NS; figure 56); both were 

slower than the control SAN (p<0.001).  

3.5.3 Mutant, non-functional, HCN – Ad5-GFP-HCN4Δ 

The extracellular potentials recorded from the SSS model injected with Ad5-GFP-

HCN4Δ (n=5) are shown in figure 57. Six hour averages of the spontaneous pacing 

rates were compared to those of the control SAN (n=6) and uninjected SSS (n=7) 

preparations. The rate of the Ad5-GFP-HCN4Δ injected preparations was not 

significantly different to that of the uninjected SSS preparations (p=NS; figure 58); 

both were slower than the control SAN (p<0.001).  
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Figure 55. Spontaneous ex vivo pacing rates of the sick sinus syndrome model 

injected with Ad5-GFP or Ad5-HCN212 
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Figure 56. Average spontaneous ex vivo pacing rates of the control sinoatrial node, 
the sick sinus syndrome model and the Ad5-GFP-injected sick sinus syndrome 
model 
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Figure 57. Spontaneous ex vivo pacing rates of the sick sinus syndrome model 
injected with Ad5-GFP or Ad5-GFP-HCN4Δ 
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Figure 58. Average spontaneous ex vivo pacing rates of control sinoatrial node, the 
sick sinus syndrome model and the Ad5-GFP-HCN4Δ-injected sick sinus syndrome 
model  
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3.5.4 Chimaeric HCN – Ad5-HCN212  

The spontaneous rate calculated from extracellular potentials recorded from the 

SSS model injected with Ad5-HCN212 (n=6) is shown in figure 55B. Six hour 

averages of the spontaneous pacing rates were compared to those of the control 

SAN (n=6), Ad5-GFP-injected (n=8) and uninjected SSS (n=7) preparations. The rate 

of the Ad5-HCN212 injected preparations was significantly faster than the Ad5-GFP 

injected and the uninjected SSS preparations (p<0.001; figure 59). 

3.5.5 mHCN4 – Ad5-PREK-HCN4 

The spontaneous rate calculated from extracellular potentials recorded from the 

SSS model injected with Ad5-PREK-HCN4 (n=6) are shown in figure 60A. Of the six 

injected preparations, three demonstrated unstable pacing activity (blue, yellow 

and green traces). The remaining three preparations that showed stable pacing 

were analysed further (n=3) and the rate compared to that of the uninjected SSS 

(n=7) preparations. Six hour averages of the spontaneous pacing rates are shown in 

figure 60. The rate of the Ad5-PREK-HCN4 injected preparations was not 

significantly different to the uninjected SSS preparations (figure 61, p=NS). 
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Figure 59. Average spontaneous ex vivo pacing rates of control sinoatrial node, the 
sick sinus syndrome model and the sick sinus syndrome model injected with Ad5-
GFP or Ad5-HCN212  
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Figure 60. Spontaneous ex vivo pacing rates of the sick sinus syndrome model, 
uninjected or injected with Ad5-PREK-HCN4 
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Figure 61. Average spontaneous ex vivo pacing rates of control sinoatrial node, the 
sick sinus syndrome model and the Ad5-PREK-HCN4-injected sick sinus syndrome 
model  
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4. Discussion 

4.1 Summary introduction 

Biopacemaking is a dynamic research field that offers the hope of a cure for 

bradycardic heart rhythm disorders. The published literature demonstrates the 

capability of constructing a functional, if suboptimal, biopacemaker in the 

ventricular or atrial myocardium of whole animals.385 The data presented here 

explores the feasibility of utilising an ex vivo model of SSS to study of 

biopacemaking via rejuvenation of a dysfunctional SAN. The use of an ex vivo 

experimental model would allow the rapid screening of potential biopacemaker 

target genes without the complexity and expense of large whole animal models. 

The novel approach of genetic manipulation of the SAN may be expected to be a 

superior strategy to generation of a de novo pacemaker in the working 

myocardium, due to the heterogeneity and specialisation of the SAN.39  

4.2 Sinoatrial node culture 

Experiments were performed to investigate the feasibility of ex vivo SAN culture 

and to assess whether culture induced significant changes or deterioration of the 

SAN tissue. Data presented here suggests that the cultures SAN tissue retains viable 

pacing function, continues to express ion channels plus functional gap junctions and 

does not undergo significant apoptosis or necrosis. Thus cultured SAN tissue should 

provide an acceptable substrate for the investigation of SAN function; this is 

discussed further in sections 4.2.1-4.2.4.                        

4.2.1 Null Hypothesis 1. The sinoatrial node from the rat, Rattus rattus, 

cannot be cultured ex vivo and the pacemaker activity cannot be sustained 

and monitored 

Data presented in section 3.2.2 demonstrate the feasibility of SAN tissue culture ex 

vivo and the continuous monitoring of the extracellular potentials for experimental 

purposes thus supporting the rejection of this hypothesis. The spontaneous rate of 

the preparations followed a predictable pattern as seen in figures 34 and 35. There 

was an initial 23.5% acceleration of the rate over the first 21 h followed by a 42% 
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deceleration from the maximum between 21 and 45 h (figure 37). The changes in 

rate may be due to alterations in the level of ion channel expression or cell death, 

these possibilities are explored below. Alternatively the initial acceleration could be 

caused by death of the working myocardium of the RA attached to the preparation. 

The RA exerts a hyperpolarizing influence on the SAN thus shifting the MDP to a 

more negative value.39 The consequence of this is that the diastolic depolarization 

takes longer to reach the threshold for AP activation and thus the cycle length is 

increased in a manner independent of the speed of the diastolic depolarization 

slope. Hence the loss of RA muscle might shift the MDP of the SAN to a more 

positive value and increase the pacing rate. This was not specifically investigated, 

but the idea is supported by the observation that in some peripheral portions of RA 

muscle thicker than 100 µm (away from the thinner areas that abut the SAN) there 

was loss of Cx43 expression in the central regions (figure 62). The expression of 

Cx43 has been noted to be sensitive to tissue culture previously in our 

laboratory.386 

The most obvious explanation for the slowing of the rate seen after 21 h is tissue 

death or necrosis and this is addressed below. It might be expected that if this were 

the case then the rate would continue to decline with time rather than stabilising 

after 50 h as seen in figure 34.  Perhaps this pattern could be explained by a 

reduction in cellular ATP levels (initially masked by the loss of the RA 

hyperpolarization)? Intuitively it might be argued that if this were the explanation 

then the rate should also continue to decline, but the level of cellular ATP might 

reach a steady state in culture that is lower than that in vivo where tissue perfusion 

via the microcirculation is optimal. An assay of cellular ATP levels was not 

undertaken. 

4.2.2 Null hypothesis 2. Tissue culture will induce no significant change in 

the level of ion channel and gap junction expression of the sinoatrial node 

The data in section 3.2.3 show no statistically significant change in the protein 

levels of the ion channel HCN4 or the gap junction Cx43 and therefore this 

hypothesis is accepted. The continued pacemaker activity and propagation of the  
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Figure 62. Loss of connexin-43 from the central region of the rat right atrial 
appendage during tissue culture 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 62. Loss of connexin-43 from the central region of the rat right atrial 
appendage during tissue culture. Following tissue culture for 48 h, 16 µm 
cryosections were prepared of the right atrial appendage. Immunohistochemistry 
reveals loss of connexin-43 expression from the central area of the muscle at 
depths beyond a maximum of 51-92 µm. This loss of connexin expression was not 
always seen (data not shown). 
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AP to the recording electrodes positioned in the RA muscle provides indirect 

evidence for the persisting presence of both the ion channels responsible for pacing 

activity and the gap junctions required for the transmission of the AP (figures 

34-36). However, as mentioned above the pacing rate of the SAN tissue changes 

over at least the first 50 h in culture and one of the explanations for this 

observation could be changing levels of ion channel expression. Loss of Cx43 could 

uncouple the SAN from the RA thus removing the hyperpolarizing influence 

mentioned above. Theoretically, downregulation of HCN channels could lead to the 

reduction in pacing between 21 and 50 h.  

The effective use of the tissue culture system to investigate the effects of RAd 

induced ion channel transduction requires a stable level of intrinsic gene 

expression. Quantitative immunohistochemistry did not demonstrate a statistically 

significant change in the expression levels of RA muscle (close to SAN) Cx43 or SAN 

HCN4 over 48 h of culture (figures 42 and 43). In addition to HCN4, there are many 

more ion channels, connexins and Ca2+ handing proteins involved in the generation 

of the diastolic depolarization and the AP in the SAN (see sections 1.4, 1.5 and 

Maltsev et al.122). It is possible that some of these other proteins are more sensitive 

to metabolic perturbations in the cells induced by tissue culture, but it was not 

feasible to investigate the full panel of these proteins. Furthermore, quantitative 

immunohistochemistry has limited sensitivity and poor internal controls. A more 

accurate assessment could have been performed using quantitative PCR normalised 

to a housekeeping gene such as GAPDH or ribosomal protein 28S. This technique is 

both time consuming and expensive. Furthermore immunohistochemistry was 

sufficient to provide reassurance that protein expression in the SAN tissue was not 

grossly altered to a level that would render the model ineffective. 

For all of the above reasons we elected to perform the experiments between 16-20 

h culture, during this time the spontaneous pacing rate was stable and there would 

be no appreciable change in ion channel expression (figures 36, 42 and 43). 
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4.2.3 Null hypothesis 3. Tissue culture will induce no cellular apoptosis in 

the sinoatrial node 

The data presented in section 3.2.3 show that there were no observed 

morphological features of apoptosis and that levels of activated caspase-3 were not 

elevated in response to tissue culture for 48 h and thus this hypothesis is accepted. 

The histological sections in figures 39 and 40 do not show histological features of 

apoptosis (e.g. membrane blebbing, nuclear condensation, cell fragmentation and 

cell shrinkage).  The positive control in figure 39C demonstrates nuclear 

fragmentation and cell membrane blebs induced by camptothecin. Other features 

are not present in the positive controls suggesting that the late features of 

apoptosis may not have developed by 48 h. Measurement of the cell diameter 

(figure 41) shows that there is a significant decrease in the cell size of RA cells 

during tissue culture, which could be interpreted as evidence of apoptosis, but the 

SAN cell size is unaffected. 

In figure 44D there is a trend towards increased detection of activated caspase-3 in 

cultured RA tissue, though the difference is not statistically significant. 

Cardiomyocyte apoptosis is thought to occur only in disease and thus it would be 

expected that there are negligible levels of apoptosis at the start of the experiment 

(T=0).387 There is detectable immunofluorescence seen in figure 44D suggesting 

that there is a degree of non-specific binding in this assay. Indeed, if figure 44B is 

compared to the positive control in figure 44C the pattern of fluorescence differs. It 

is possible that the apparent (non significant) increase in caspase-3 levels in after 48 

h culture is due in part to the levels of non-specific antibody binding. It is difficult to 

control accurately for this phenomenon using this technique. An additional TUNEL 

assay of apoptosis may clarify these results. The data may be confounded by the 

existence of caspase independent pathways of apoptosis that would not be 

detected by the caspase-3 assay. However, the importance of these mechanisms is 

debated.388 
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4.2.4 Null hypothesis 4. Tissue culture will induce no changes in cell or 

tissue histology of the sinoatrial node or right atrial myocardium 

The data in section 3.2.3 are conflicting, and in totality cannot lead one to 

convincingly accept or reject this hypothesis. The gross morphology of the node 

following 24 h of culture shows pallor that may suggest tissue oedema or loss of 

myoglobin from the tissue (figure 38). There is no structural deformation of the 

preparation. Analysis of the cell size during culture reveals that the cell diameter of 

the RA cells reduced during culture while the SAN cells were unaffected (figure 41). 

Masson’s trichrome staining and light microscopy suggests that the histology of the 

RA tissue was similar to the control (at the beginning of the experiment), but the 

SAN cells appear pale with increased presence of connective tissue (figures 39 and 

40). 

The process of cryosectioning and histological staining of cultured tissue was 

difficult. Anecdotally, the tissue sections were more friable than uncultured tissue. 

Furthermore, following culture the uptake of the stains was patchy and unreliable. 

The consequence of this is that the utility of histology as a method of assessing the 

effect of tissue culture on the viability of the cultured SAN and RA tissue is 

questionable.  The apparent increase in connective tissue is surprising; it seems 

unlikely that the process of gene activation, transcription and translation could 

occur in sufficient quantity to be seen by simple histological techniques and light 

microscopy by 48 h. Further analysis is required to provide reliable data in this 

aspect. Rather than reliance on visual inspection the SAN could be accurately 

identified using markers such as HCN4, ANP or Cx43 and the extracellular matrix 

could be accurately investigated using a picrosirus red stain for collagen, 

immunohistochemistry for collagen or a qPCR array for extracellular matrix and 

adhesion proteins. However, this detailed assessment is beyond the scope of the 

current work.  

4.3 Sick sinus syndrome model 

SSS is a heterogeneous disease with multiple causes (see section 1.6) and a varied 

clinical phenotype. One of the most important features is that of bradycardia, 
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hence the need for electronic pacing in these patients.389 A whole animal model of 

SSS has been created by ablation of the leading pacemaker site in pigs.318 In 

addition to the cost of large mammals, this approach requires the use of the CARTO 

mapping system (or similar) which requires significant set up costs, ongoing 

expensive consumables and considerable operator expertise. The development of 

an ex vivo system would allow cheap and rapid investigation of approaches to 

biopacemaking in SSS.  

It has previously been established that the culture of SAN tissue is possible (sections 

4.2.1 – 4.2.4). Data in this section demonstrates that it is possible to modify the SAN 

preparation to create a bradycardic SSS model that shares some, but not all, 

features of the SAN, depends partly on If for pacemaking and is responsive to β-

adrenergic stimulation. 

4.3.1 Null hypothesis 5. The spontaneous pacing rate of the sick sinus 

syndrome model is not significantly different to the intact (control) 

preparation 

The very crux of this model is that the spontaneous pacing rate is slower than the 

control preparation that contains the body of the SAN. The data in section 3.3.2 

demonstrate that the SSS model is significantly bradycardic at all time points when 

compared to the control SAN and hence this hypothesis is rejected (figures 35 – 37). 

It can be seen in figure 35 that the rate of the SSS model is more unpredictable than 

that of the control SAN. There may well be variation in the position of the fossa 

ovalis as well as the extent of the tail of the SAN down the CT such that the amount 

and phenotype of the remaining nodal tissue is disparate in the sample group. 

Indeed, the tail of the human SAN is certainly variable in nature.26 Another 

contributor to this pattern of pacing activity may be that the subsidiary pacemaker 

tissue is less stable and reliable than the body of the SAN, the usual native 

pacemaker.  
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4.3.2 Null hypothesis 6. The primary histological and immunohistochemical 

features of the subsidiary pacemaker do not differ from that of the 

sinoatrial node 

Taken as a whole, the data in section 3.3.3 show that the subsidiary pacemaker 

differs from the body of the SAN and therefore this hypothesis is rejected. Given 

that the pacemaker rate of this tissue is slower, and perhaps more unstable, than 

the true SAN it should be expected that the ion channel fingerprint will differ. What 

is also evident is that the subsidiary pacemaker tissue is distinct from the RA muscle 

at the same anatomical level.  

As discussed in section 1.5, the molecular motif of the human SAN is characterised 

by (among other things) a high level of expression of HCN1, HCN4 and Cav1.3, with 

low or no expression of Cx43 and NaV1.5. Qualitative immunohistochemistry 

revealed that the leading pacemaker site in 5/6 of the SSS models were HCN4 

negative and Cx43 positive (figures 47, 48 and Appendix A6), quantitative data are 

not available. 

It is known that SAN cells are smaller than RA working myocardial cells, central SAN 

cells are 5-10 µm in diameter (RA cells are 15-20 µm in diameter, section 1.3).39 The 

cell diameter at the SSS leading pacemaker is similar to this at 10.3 ± 0.6 µm and 

was not significantly different to the body of the rat SAN (figure 49). Thus in this 

respect this subsidiary pacemaker tissue bears similarity to the SAN. The further 

implications of the immunohistochemistry and cell size data are discussed below.  

4.3.3 Null hypothesis 7. There is no significant contribution of If to 

pacemaker activity in the subsidiary pacemaker 

& 

4.3.4 Null hypothesis 8. The subsidiary pacemaker is not responsive to β-

adrenergic stimulation 

The lack of immunohistological evidence for the presence of HCN4 at the subsidiary 

pacemaker site questions the importance of If for pacemaker activity in this tissue. 
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Furthermore, if this is the case, there may be little chronotropic adaptability of the 

SSS model due to the central role of HCN channels in mediating the pacing response 

to β–adrenergic stimulation. The data in section 3.3.3 demonstrate an unequivocal 

prolongation of the cycle length of the SSS preparation in the presence of If 

blockade by 2mM CsCl and shortening of the cycle length in the presence of 100 

µM  isoprenaline (figure 50). Under these conditions, the pacing rate was slowed by 

37.8% and increased by 42.5% respectively. These data support the rejection of null 

hypotheses 7 and 8.  

4.3.5. Summary and discussion of the characteristics of the sick sinus 

syndrome model 

Blockage of If in intact rabbit SAN tissue has been previously reported to slow the 

pacing rate by between 12% and 16%.390 However, the potency of this effect varies 

depending on the exact nature of the SAN tissue tested. The greatest effects are 

seen in peripheral SAN tissue - a rate decrease of 19% was observed in peripheral 

SAN tissue, but only 7% in central SAN tissue.390 These published results represent 

SAN cells at a maximum of 2.5 mm from the leading pacemaker site in the rabbit, 

less than 50% of the distance to the IVC. Therefore the data presented here suggest 

that this gradient in characteristic away from the leading pacemaker site continues 

in the subsidiary pacemaker tissue that is found along the CT. The interpretation of 

these findings is that the contribution of If to DD (but not necessarily HCN4 

expression levels – see below) is increased in peripheral SAN and subsidiary 

pacemaker tissue.  

The effect of If blockade on the pacing rate demonstrates the importance of this 

current in pacemaker activity of the subsidiary pacemaker. So why is there no 

detectable HCN4 in the majority of these samples? Furthermore, a previous study 

using qPCR has failed to demonstrate HCN4 outside the central SAN, in the CT, in 

rabbits (subsidiary pacemaker regions were not specifically studied).41 As previously 

discussed in section 1.5, HCN2 is the predominant isoform in the rat, hence the 

level of HCN4 in this subsidiary tissue may be below the threshold for detection by 

immunohistochemistry. The process of cellular pacing is not simply slave to If 



 

Page | 177  
 

density. The interplay between If and IK,1 is discussed in detail in section 1.4, the 

ratio of the two currents is vitally important in the modulation of pacemaker 

activity, hence low levels of If  could still be instrumental in pacemaking if other 

cellular ion channels, especially IK,1, were appropriately down-regulated.58  

In many respects the subsidiary pacemaker can be considered as the extreme 

periphery of the SAN. The phenotypic differences between central and peripheral 

SAN cells of the rabbit SAN have been a topic of significant research interest, 

though some of the evidence is conflicting. Central cells are thought to be smaller 

than the peripheral SAN cells, therefore immunohistochemistry and patch clamp 

experiments have been performed to compare the characteristics of low 

capacitance (small, central) and high capacitance (large, peripheral) SAN cells. 

Interestingly, peripheral cells appear to display faster pacing activity with a higher If 

and INa current densities when compared to central cells, and the Ito density (as well 

as other current densities) is positively correlated with cell size.52, 53, 194 One study 

appears to show that the labelling of the Ca2+-handling proteins SERCA, RYR, NCX 

and the L-type subunit α1C is increased in the periphery and is associated with a 

lower ICa,L current density.147 However these findings are disputed in a study of Ca2+ 

handling proteins in isolated rabbit SAN cells by Lyashkov et al who found no 

correlation between the density of NCX, RYR or SERCA proteins with cell size, they 

also failed to demonstrate any variation in AP morphology.148 These findings are 

disputed by some on the basis that the sample may not have included true 

peripheral SAN cells.391 Others have previously failed to demonstrate a correlation 

between ICa,L and cell size.194 

As mentioned above If blockade caused a profound decrease in the pacemaker rate 

of the SSS preparation in comparison to published data from the intact SAN of the 

rabbit. The response to isoprenaline is also in excess of that expected. Maximal 

dose isoprenaline caused an increase in the pacing rate of 20%-26% in isolated 

rabbit SAN cells.392, 393 The variation in cellular pacing mechanisms discussed above 

may render these cells more sensitive to both If blockade and β-adrenergic 

stimulation. These findings could have implications for the mechanisms behind the 

induction of atrial arrhythmia by adrenergic stimulation. The potency of the effect 
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of isoprenaline may be explained by the apparent dominant contribution of If to 

pacemaking in this tissue - the co-application of CsCl and isoprenaline to the tissue 

may provide some clues as to the ionic currents mediating the chronotropic 

response in this tissue. 

Work on subsidiary pacemaker tissues of the eustachian ridge and AV valves in cats 

and of the low right atrium in dogs have also demonstrated a dependence on, and 

sensitivity to, β-adrenergic stimulation.208-211 The pacemaker mechanism in such 

tissues was proposed to be similar to that of the SAN, with early Cs+-sensitive and 

late ryanodine-sensitive component to DD.211 However, comment has not been 

previously made regarding the magnitude of this response in comparison to the 

SAN. Further work is needed on subsidiary pacemaker mechanisms.   

It might initially seem surprising to find the presence of Cx43 in pacemaker tissue; 

however, this may be of significant physiological importance in vivo. Coupling to the 

RA muscle via high conductance gap junctions comprising Cx43 would potentially 

strongly hyperpolarise the subsidiary pacemaker tissues; ergo the pacing rate would 

be suppressed below that of the central SAN preventing atrial ectopic rhythms. This 

same concept may explain why large peripheral SAN cells (Cx43-positive) have a 

faster pacing rate when disaggregated, but the small central SAN cells 

(Cx43-negative) are the leading pacemakers in whole tissue samples. Cardiac 

conditional Cx43 knockout mice are principally susceptible to abnormal cardiac 

conduction leading to lethal ventricular arrhythmias.394 However, knockout mice 

deficient in Cx40, the other high conductance gap junction in working myocardium, 

display atrial arrhythmia and ectopic atrial pacing foci.181  

Though the data are mixed, the implication of all of the above is that there is 

significant variation in the ion channel expression and current density away from 

the centre of the SAN. Elucidation of the pacemaker mechanisms at play in the SSS 

model would require sensitive assays of the ion channel expression profile, perhaps 

using micro-dissection and qPCR. Comparison of the effect of a panel of channel 

blockers (for example CsCl, 4AP, TTX, ryanodine and nifedipine) may provide 
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interesting insights into the pacemaker mechanisms of peripheral and subsidiary 

pacemaker tissues. 

4.4 Adenovirus-mediated transgene expression in cardiac tissue 

The expression of functional ion channels in the working myocardium in vivo is a 

principle established by the published biopacemaker research.385 Such gene 

expression has not to date been demonstrated in SAN tissue.  

4.4.1 Null hypothesis 9. Adenovirus mediated gene expression in the 

sinoatrial node or subsidiary nodal tissue is not viable 

The data in section 3.4.2 clearly demonstrate high levels of β-galactosidase 

expression in the intervacal area at the injection sites of Ad5-PREP-LacZ. 

Immunohistochemistry using markers for the SAN confirmed that this gene 

expression occurs in the SAN tissue. The β-galactosidase expression was not limited 

to the SAN tissue and there does not appear to be any obvious tissue tropism for 

the RA muscle or SAN tissue (figures 51 and 52). Therefore this hypothesis is 

rejected. The data from experiments using Ad-GFP-HCN2, discussed below, further 

supports this conclusion (figures 53 and 54). 

4.4.2 Null hypothesis 10. The right atrium intercaval area is not receptive to 

adenovirus mediated ion channel expression 

As shown in section 3.4.2, the injection of Ad5-GFP-HCN2 into the SSS model lead 

to localised expression of GFP and HCN2 and thus this hypothesis is rejected. The 

immunohistochemistry performed on cryosections also demonstrated that the 

HCN2 protein was correctly trafficked to the cell membrane (figure 54). 

4.5 Biopacemaking 

As discussed in section 1.7, there is mounting evidence that biopacemaking can 

reduce electronic pacemaker-dependence in animal models of AVN disease and 

SAN disease.385 These approaches use the expression of HCN channels in working 

myocardium. Data presented here show that the use of subsidiary pacemaker 

tissue as the biopacemaker substrate is an alternative strategy. 
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4.5.1 Null hypothesis 11. The spontaneous pacing rate of the sick sinus 

syndrome model will not be increased by injection of adenovirus that 

carries a transgene for a functional ion channel (Ad5-HCN212 or Ad5-PREK-

HCN4) 

Expression of HCN4 in the SSS syndrome did not significantly impact on the pacing 

rate of the SSS (figures 60 and 61). Due to time constraints the Ad5-PREK-HCN4 

experiments were curtailed at n=3, although p>0.05 the test is underpowered, 

increasing the risk of a type II statistical error, so this result should be interpreted 

with caution. However it appears in figure 60 that HCN4 expression appears to slow 

the pacing rate or stop it altogether in some preparations (green, blue and yellow 

traces – not included in the analysis figure 61. This pattern was not seen in any of 

the other RAd experiments. Given that HCN4 is the predominant isoform in many 

mammalian species, it might be expected that expression of HCN4 in the subsidiary 

pacemaker would have a profound effect on the pacing rate through acceleration of 

the membrane clock.   

It is difficult to offer an explanation for the slowing of the rate and unstable pacing 

seen with Ad5-PREK-HCN4. Further experiments are required to ascertain whether 

this represents a real effect or experimental error. If the unstable pacing is 

reproducible, then one explanation could be that high levels of HCN4 expression 

suppress pacemaker activity via permanent hyperpolarization of the SAN cells. 

Through this mechanism, a high density of If has been demonstrated to silence 

biopacemakers created in RA myocytes.395 If this were the case, then If blockade 

with increasing concentrations of ivabradine would first stabilise the pacemaking, 

then slow the rate of the SSS model injected with Ad5-PREK-HCN4. 

 HCN212 did significantly increase the pacing rate towards that of the control 

preparation (figure 59), which supports the rejection of this null hypothesis. How 

could this difference in effect between the two isoforms be explained? HCN4 has 

the slowest kinetics of the cardiac isoforms (section 1.4) and so may not be suited 

to the demands of pacing in small rodents with rapid heart rates. This could explain 

why the f-channels in rats comprise mainly of HCN2. The kinetics of HCN212 are 
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faster even than HCN2 as shown in figure 63.372 In a small rodent with a heart rate 

of 300-400 bpm, the cycle length will be between 150-200 ms requiring f-channels 

with rapid kinetics for If to make a significant contribution to DD, the activation time 

constant of HCN4 is almost twice that of HCN2.310 The development of 

biopacemakers for larger mammals will require careful consideration of this fact, 

and engineered pacemaker channels will be required to provide physiological 

pacing rates appropriate for humans.  

The application of experimental animal data to the development of biopacemakers 

may prove difficult. There is ongoing debate regarding the mechanisms of cardiac 

pacemaking. 139, 396 The focus of much of this discussion is the membrane clock 

versus the Ca2+ clock.123 It is clear that the membrane and Ca2+clocks are 

interdependent, but their relative contributions to pacemaking are not known. 

It is likely that the variation in pacing mechanisms between species leads to a large 

spread of data and thus to some of the difficulty in unifying the theories of 

pacemaking. Variation in cellular pacing mechanisms is to be expected when it is 

considered that the heart rate in small rodents is between 300-500 bpm, but in 

larger mammals is 50-100 bpm. Indeed inter-species variation of the contribution of 

the ionic currents to pacing has been noted. For example If is found in SAN cells of 

most species, IK,1 can be recorded from SAN cells of the rat and monkey, thus 

theoretically reducing the contribution of If in these species.397 Furthermore, while 

IK,r and IK,s decay contributes to DD in guinea-pig SAN cells, only IK,s is present in 

porcine SA nodal cells and only IK,r in the rat and rabbit.397 Thus variation is also 

expected in the impact of blocking or reducing each current between species. While 

it is known that defective HCN4 causes significant bradycardia in zebra fish and 

humans (see section 1.4), an HCN4 knockout mouse does not show bradycardia 

(though subtle SAN dysfunction is detectable).398 Such arguments also apply to the 

Ca2+clock. The contribution of ICa,T has an roughly inverse relationship to the heart 

rate; there is a large contribution of ICa,T in the SAN of mice and rats, modest in 

rabbit SAN, minimal in canine SAN cells and none in swine SAN cells (which begs the 

question as to how the Ca2+clock can be integrated into DD in the SAN of the 

pig).124, 126, 396, 397 
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Figure 63. Steady-state properties of HCN2 and HCN212 in neonatal rat ventricular myocytes 

 

 

Figure 63. Steady-state properties of HCN2 and HCN212 in neonatal rat ventricular 
myocytes. A) Activation-voltage relation of HCN2 (squares) and HCN212 (circles) 
with (black symbols) and without (grey symbols) cAMP. B) Voltage dependence of 
activation (black symbols) and deactivation (white symbols) time constants of HCN2 
(squares) and HCN212 (circles). From Xin et al.372 
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It is also not clear as to how much each clock influences the chronotropic response 

to autonomic modulation. β-adrenergic stimulation and acetylcholine cause a 

positive and negative shift the activation curve of If respectively.79, 109 Furthermore, 

HCN channels are known to co-localise with β-receptors.114 The consequent direct 

activation of HCN channels by cAMP provides a mechanism for autonomic 

modulation of the heart rate, but in some studies disabling the protein kinase-A 

phosphorylation-dependent Ca2+ cycling almost completely inhibits autonomic 

modulation, even though HCN channels are thought not to be phosphorylation-

dependent.153 In canine SAN cells, blockage of CICR by ryanodine has a profound 

effect on autonomic modulation of heart rate and the If blocker CsCl does not 

abolish autonomic modulation.396, 399 So the development of a physiologically 

appropriate and adaptive biopacemaker may prove more demanding than currently 

expected.  

4.5.2 Null hypothesis 12. The spontaneous pacing rate of the sick sinus 

syndrome model will not be increased by injection of adenovirus that does 

not carry a transgene for an active ion channel (Ad5-GFP or Ad5-GFP-

HCN4Δ) 

The control viruses for the biopacemaker experiments expressed green fluorescent 

protein or a non-functional ion channel, HCN4Δ. Neither Ad5-GFP or Ad5-GFP-

HCN4Δ produced significant change in the pacing rate of the SSS model and 

therefore this null hypothesis is accepted. The patch clamp experiments in section 

3.4.1.2.2 do not show convincing evidence of If (figure 25), and subsequent 

sequencing of the Ad5-GFP-HCN4Δ genome showed multiple deletions (Appendix 

A5).The immunohistochemistry does appear to show the HCN4 channel at the cell 

membrane of Cos7 cells (figure 24); the reason for this is not clear. The staining 

appears to be specific as there is no HCN4 signal in the control experiment using 

Ad5-GFP (figure 24B), an epitope of the HCN4 protein may have been preserved 

and trafficked to the cell membrane, although this seems unlikely as the DNA 

sequence predicts a mis-sense mutation.  
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5. Summary and future directions 

Data presented here provide proof of concept for biopacemaking as a potential 

therapy for SAN disease. To further investigate this strategy, a large mammal, in 

vivo model of SSS requires development. It is hoped that expression of an HCN 

transgene in the modified SAN will increase the intrinsic heart rate of the 

experimental animal while retaining physiological autonomic control.   

The use of the ex vivo model presented here allows inexpensive screening of 

potential transgenes and modes of delivery for use in biopacemaking. The selection 

of the biopacemaker strategy is increasingly recognised as an important and 

difficult process due to the context-dependence of cardiac ion channels.299 The 

heterogeneity of the SAN means that ion channels previously demonstrated to 

provide effective pacemaking in RA or ventricular myocardium may not be suitable 

for SAN applications. Though previously shown to be ineffective in ventricular 

muscle, in this model mHCN212 appeared to be effective in the bradycardic SAN.319  

The complex pacemaker mechanisms of the SAN not only mean that the selection 

of the biopacemaker gene is difficult, but also that there is a myriad of target genes. 

Using the model developed and presented here we aim to investigate 

biopacemaker mechanisms outside of the ‘HCN axis’ such as the Ca2+-handling 

proteins, and to also explore the effectiveness of dual gene expression (e.g. If 

expression with IK suppression). There is also the utility to explore additional vector 

systems including AAV and plasmid based systems. 

The subsidiary pacemaker tissue identified as the biopacemaker target has been 

partly characterised here and shows some similarities to subsidiary pacemaker 

tissue previously described. As discussed in detail above, further work using 

microdissection, qPCR and functional assessment by channel blockade will help 

elucidate the details of the pacemaker mechanisms involved.  

There are many exciting developments in the new field of biopacemaker research 

with hope of delivering a novel therapy for bradycardia within the next decade. The 
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acceleration of a diseased SAN, demonstrated for the first time here, is the first 

step down a new avenue of investigation.   
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Appendices 

Appendix A1. Solutions and reagents 

All reagents from Sigma-Aldrich unless stated otherwise. 

Tyrode’s solution 

Tyrode’s solution was prepared using 120 mM NaCl, 4 mM KCl, 1.3 mM 

MgSO4.7H2O,  1.2 mM NaH2PO4.2H2O, 1.2 mM CaCl2 (2.4 mM for electrophysiology 

experiments), 25.2 mM NaHCO3 and 5.8 mM D-glucose (11 mM for 

electrophysiology experiments) in dH2O. If required the solution was filter sterilised 

(Steritop 0.2 µm pore, Fisher Scientific) 

20 x SSC 

3M NaCl, 0.3 M NaCitrate, pH 7 

Southern Blot Buffers 

Pre-hybridisation solution: 5x SSC, 1% Blocking reagent (Roche), 0.1% N-

lauroylsarcosine, 0.02% SDS. Heat to 60C for 30 min, store at -20 C. 

Buffer 1: Tris-HCl 100 mM, NaCl 150 mM, pH 7.5 

Buffer 2: Tris-HCl 100 mM, NaCl 150 mM, 1% Blocking reagent (Roche), pH 7.5. Heat 

to 60 C for 30 min, store at -20C. 

Buffer 3: Tris-HCl 100 mM, NaCl 150 mM, MgCl2 50 mM, pH 9.5 

Buffer 4: Tris-HCl 10mM, EDTA 1mM , pH 8.0 

Colour substrate: 45 μl NBT solution (Roche), 200 µl reagent 9 (Roche), 35 μl X-

Phosphate solution (Roche), 10ml buffer 3 

Luria Bertani broth (LB broth) 

400 ml dH2O, 8 g Luria Bertani powder, sterilised by autoclaving, if required 0.05 

mg/ml kanamycin or 0.05 mg/ml ampicillin was added. 
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Luria Bertani agar (LB agar) 

400 ml dH2O, 8 g Luria Bertani powder, 4 g agar (Invitrogen), sterilised by 

autoclaving. If required 0.05 mg/ml kanamycin or 0.05 mg/ml was added then 20-

25 ml was poured into each of 20 sterile petri dishes (VWR) and allowed to set at 

room temperature. Petri dishes were stored at 4°C for a maximum of 14 days until 

required. 

Phosphate buffered saline (PBS) 

PBS was reconstituted from powder into 1 l dH2O according to the manufacturer’s 

instructions. 

1% agarose gel 

2 g of molecular biology grade agarose (Severn Biotech) was added to 200 ml tris-

acetate-EDTA (TAE) buffer and the mixture was heated to boiling in a microwave. 

The solution was allowed to cool for 20-30 min and then poured carefully into a gel 

tray and allowed to set. 

1 x TAE buffer 

TAE buffer was prepared in dH2O containing 40 mM Tris-acetate and 1 mM EDTA. 

293 medium 

500 ml minimum essential medium (MEM, Gibco) was supplemented with 5 ml 

100x MEM non essential amino acids (Gibco), 50 ml foetal bovine serum (Gibco) 

500 units/ml penicillin, 0.5 mg/ml streptomycin and 2 mM L-glutamine then stored 

at 4 °C. 

SAN medium 

500 ml UltraCULTURE medium (Biowhittaker) was supplemented with 2 µg/ml 

vitamin B12,  500 units/ml penicillin, 0.5 mg/ml streptomycin and 2 mM L-

glutamine then sterile filtered (Steritop 0.2 µm pore) and stored at 4 °C. 
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CsCl gradient purification 

Tris-EDTA buffer: 10 mM tris-hydrochloride with mM EDTA 1 in dH2O sterilised by 

autoclave. 

CsCl buffer A: 10mM tris-hydrochloride, 1 mM MgCl2, 135 mM NaCl in dH2O 

sterilised by autoclave. 

CsCl buffer B: 10 mM tris-hydrochloride, 1mM MgCl2, 135 mM NaCl in dH2O with 

10 % glycerol sterilised by autoclave. 

X-Gal staining solution 

20 ml X-Gal staining solution was prepared in 0.01 M PBS containing 42 mg 

C6N6FeK4 (potassium ferrocyanide), 32 mg C6N6FeK3 (potassium ferricyanide), 8 mg 

MgCl2, 20 mg 5-Bromo-4-Chloro-3-Indolyl-D-Galactoside (X-Gal) dissolved in 500l 

DMSO. 
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Appendix A2. Cloning strategies 

Figure 64. Cloning strategy for Ad5-GFP-HCN4 and Ad5-PREK-HCN4 

A) pShuttle-PREK-HCN4 

 

  

pShuttle-PREK multiple cloning site 

HCN4 

HCN4 

pcDNA3 multiple cloning site 

 

i)   RE digest with HindIII/XbaI                                        

ii)  Gel extract HCN4 fragment                                        

iii) Ligate 

 

i)  RE digest with HindIII/XbaI                       

ii) Gel purify pShuttle fragment                                        

pcDNA3-HCN4 

pShuttle-PREK-HCN4 

pShuttle-PREK 
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B) pShuttle-IRES-GFP-HCN4 

  

i)   Digest with XbaI and BstBI 

ii)  Gel purify cut plasmid 

iii) Ligate oligonucleotide Xba/Xho/BstBI 

 

BSTBI IS 65 DEGREE ENZYME! 

pShuttle-PREK-HCN4  

pShuttle-PREK1P-X-HCN4 

i)   Digest with NheI and XhoI 

ii)  Gel purify HCN4 fragment 

iii) Ligate 

 

BSTBI IS 65 DEGREE ENZYME! 

HCN4 

 

  X
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pShuttle-GFP-HCN4 

i)  Digest with NheI and XhoI 

ii) Gel purify cut plasmid 

Figure 64. Cloning strategy for Ad5-GFP-HCN4 and Ad5-PREK-HCN4. A) (Previous page). 
Schematic representation of the cloning of pShuttle-PREK-HCN4. mHCN4 was isolated 
from pcDNA3-HCN4 by RE digestion with HindII/XbaI and gel extraction (top). The 
fragment was then ligated into the vector pShuttle-PREK that had been cut with 
HindIII/XbaI and gel purified (bottom) to provide complementary ends for mHCN4. B) 
Schematic representation of the cloning of pShuttle-IRES-GFP-HCN4. mHCN4 was 
isolated from pcDNA3-HCN4 by the introduction of a XhoI restriction site and then RE 
digestion with NheI/XhoI and gel extraction (top). The fragment was then ligated into 
the vector pShuttle-IRES-hrGFP that had been cut with NheI/XhoI and gel purified 
(bottom) to provide complementary ends for mHCN4. 
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Appendix A3. Oligonucleotides 

The sequence of the oligonucleotide ‘XbaI/XhoI/BstBI’ used in the cloning of 

pShuttle-IRES-GFP-HCN4 is shown below. 

 

XbaI              XhoI       BstBI 
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Appendix A4. Reference plasmids 

pcDNA3-mHCN4 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 65. Plasmid map of pcDNA3-HCN4 

 

Figure 65. Plasmid map of pcDNA3-HCN4. BGH pA, bovine growth hormone 
polyadenylation  signal; f1 ori, filamentous bacteriophage f1 origin of replication; 
SV40, simian vacuolating virus 40 polyadenylation signal; Neomycin, neomycin 
antibiotic resistance gene; ColE1, ColE1 origin of replication; ampicillin, ampicillin 
antibiotic resistance gene; pCMV, cytomegalovirus promoter;  T7, bacteriophage T7 
promoter; Sp6, bacteriophage SP6 promoter; remaining abbreviations refer to 
restriction endonuclease cleavage sites 
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pShuttle-PREK 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 66. Plasmid map of pShuttle-PREK 

 

Figure 66. Plasmid map of pShuttle-PREK. Plasmid map of pShuttle-PREK with the 
restriction endonuclease sites in the multiple cloning site. ES, encapsidation signal; 
MCS, multiple cloning site; R-arm/L-arm, right/left arm homology; R-ITR/L-ITR, 
right/left inverted terminal repeats; pBR322, pBR322 plasmid origin; kanamycin, 
kanamycin antibiotic resistance gene. 
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pShuttle-GFP 

 

 

 

 

 

 

 

 

 

 

 

Figure 67. Plasmid map of pShuttle-GFP (Stratagene)  

Figure 67. Plasmid map of pShuttle-GFP (Stratagene). A) Plasmid map of pShuttle-
GFP B) restriction endonuclease sites in the multiple cloning site. ES, encapsidation 
signal; pCMV, cytomegalovirus promoter; MCS, multiple cloning site; 3 xFLAG, open 
reading frame for flag octapeptide ; IRES, internal ribosomal entry site; hrGFP, 
humanised renilla green fluorescent protein; sv40 pa, simian vacuolating virus 40 
polyadenylation signal; R-ITR/L-ITR, right/left inverted terminal repeats; pBR322, 
pBR322 plasmid origin; kanamycin, kanamycin antibiotic resistance gene.
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Figure 68. Plasmid map of pAd-easyP
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Appendix A5. Sequence and mutation analysis of Ad5-GFP-HCN4Δ viral DNA 

The nucleotide base sequence of Ad5-GFP-HCN4 was sequenced (MWG biotech) 

Mutation analysis of the portion of DNA containing the gene insert was performed 

by comparison of the sequence to that of the DNA sequence of Mus musculus 

hyperpolarisation-activated, cyclic nucleotide-gated K+ 4 (Hcn4) mRNA (available 

from Entrez Nucleotide, http://www.ncbi.nlm.nih.gov/nuccore). Sequences 

obtained from sequencing reactions were compared to the reference sequences 

using a nucleotide BLAST query (http://blast.ncbi.nlm.nih.gov/Blast.cgi). There are 

deletions between bases 845 and 1153 and 4577 and 4762. The primer sequences 

used are shown in table 5 (see end of sequence data).  

 

Deletions  =         - 

Mutations  =  A 

Insertions =  A shown above the letter that immediately precedes it 

 

Coloured numbers represent the position in the DNA sequence. 

Black letters and numbers (e.g. R1) denotes the primer (table 5). 

 
Forward: 

 

 1 atggacaagc tgccgccgtc catgcgcaag cggctctaca gccttccgca gcaggtgggg 

       61 gccaaggcgt ggatcatgga cgaggaagag gatggtgagg aagaaggggc cgggggccgc 

      121 caggacccca gccgaaggag catccggctg cggccgctgc cctcgccctc tccctcggtg 

      181 gctgcgggct gctcggagtc ccggggtgcg gccctcgggg cgacagagag cgaggggccg 

      241 ggccgcagcg ccggcaagtc cagcaccaac ggtgactgca ggcgcttccg cgggagtctg 

      301 gcctcgctgg gcagccgggg cggcggcagt ggtggagcag ggggcggcag cagtctcggg 

      361 cacctgcatg actccgcgga ggaacggcgg ctcatcgccg ctgagggcga tgcgtccccc 

      421 ggcgaggaca ggacgccccc gggcctggcg accgaacccg agcgcccggc caccgcggca 

      481 caacccgcag cctcgccgcc gccccagcag ccgccgcagc cggcctctgc ctcctgcgag 

      541 cagccctcgg cggacaccgc tatcaaagtg gagggaggcg cggccgccag cgaccagatc 

      601 ctccccgagg ccgaggtgcg cctgggccag agcggcttca tgcagcgcca gttcggtgcc 

      661 atgctgcaac ctggggtcaa caaattctcc ctaaggatgt tcggcagcca gaaagcggtg 

      721 gagcgcgagc aggagagggt taagtcagca gggttttgga ttatccaccc ctacagtgac 

      781 ttcagatttt actgggacct gacgatgctg ttgctgatgg tggggaatct gatcatcata 

      841 cccgtgggca tcaccttctt caaggatgag aacaccacac cctggatcgt cttcaatgtg 

      901 gtgtcagaca cattcttcct cattgacttg gtcctcaact tccgcacggg gatcgtggtg 
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      961 gaggacaaca cagaaatcat ccttgacccg cagaggatca agatgaagta cctgaaaagc 

     1021 tggtttgtgg tagatttcat ctcctccatc cctgtcgact acatcttcct tatagtggag 

     1081 actcgcattg actcggaggt ctacaaaacc gctagggctc tgcgcattgt ccgtttcact 

     1141 aagatcctca gcctcctgcg cctcttgagg ctttcccgcc tcattcgata cattcatcag 

     1201 tgggaagaga tcttccacat gacctatgac ctggccagcg ccgtggtacg catcgtgaac 

     1261 ctcattggca tgatgcttct gctgtgtcac tgggatggct gcctgcagtt cctagtgccc 

     1321 atgctgcagg acttccccca tgactgctgg gtgtccatca atggcatggt gaataactcc 

     1381 tgggggaagc agtattccta cgccctcttc aaggccatga gccacatgct gtgcattggg 

     1441 tatggacggc aggcacccgt aggcatgtct gacgtctggc tcaccatgct cagcatgatc 

     1501 gtgggggcca cctgctatgc catgttcatc ggccacgcca ctgccctcat ccagtcgcta 

     1561 gactcctccc ggcgccagta ccaggagaag tataaacagg tggagcagta catgtccttc 

     1621 cacaagctcc cgcctgacac ccgacagcgc atccatgact actatgaaca ccgctaccaa 

     1681 ggcaagatgt ttgatgagga aagcatcctg ggtgagctga gtgagccact tcgagaggag 

     1741 atcatcaact ttaactgccg aaagctggtg gcatccatgc cactgtttgc caacgcagat 

     1801 cccaactttg tgacatccat gctgaccaag ttgcgtttcg aggtcttcca gcctggggat 

     1861 tacatcatcc gcgaaggcac catcggcaag aagatgtact ttatccagca cggcgtggtc 

     1921 agcgtgctca ctaagggcaa caaagagacc aagctggctg atggctccta ttttggagag 

     1981 atctgcttgc tgacccgggg tcggcgcaca gccagcgtca gagcggatac ttattgccgc 

     2041 ctctactcac tgagcgtgga caacttcaat gaggtgctgg aggagtatcc catgatgcgg 

R5               CAC TGAACGTGG- -AACTTC-AT GAGGTGCTGG AGGAGTATCC CATGATGCGG 

  

     2101 agggccttcg agacggttgc gctggaccgc ctggaccgca taggcaagaa gaactccatc 

R5        AGGGCCTTCG AGACGGTTGC GCTGGACCGC CTGGACCGCA TAGGCAAGAA GAACTCCATC  

 

     2161 ctcctccaca aggtgcagca cgacctcaac tcaggcgtct tcaactacca agagaacgag 

R5        CTCCTCCACA AGGTGCAGCA CGACCTCAAC TCAGGCGTCT TCAACTACCA AGAGAACGAG  

 

     2221 atcatccagc agatcgtgcg gcatgaccgt gagatggccc actgtgctca ccgcgtccag 

R5        ATCATCCAGC AGATCGTGCG GCATGACCGT GAGATGGCCC ACTGTGCTCA CCGCGTCCAG  

 

     2281 gctgccgcct cagccacccc aacccccacg cctgttatat ggaccccgct gatccaggcg 

R5        GCTGCCGCCTC AGCCACCCC AACCCCCACG CCTGTTATAT GGACCCCGCT GATCCAGGCG  

 

     2341 ccactgcagg ctgctgctgc tactacttcg gtggccatag ccctcacaca ccacccccgc 

R5        CCACTGCAGG CTGCTGCTGC TACTACTTCG GTGGCCATAG CCCTCACACA CCACCCCCGC  

 

     2401 ctgcccgccg ccatcttccg gccccctccc ggacctgggc tgggcaacct tggggctgga 

R5        CTGCCCGCCG CCATCTTCCG GCCCCCTCCC GGACCTGGGC TGGGCAACCT TGGGGCTGGA  

 

     2461 cagacaccga ggcacccaag gaggctgcag tccttgatcc cttcagctct gggctctgct 

R5        CAGACACCGAG GCACCCAAG GAGGCTGCAG TCCTTGATCC CTTCAGCTCT GGGCTCTGCT  

 

     2521 tcacccgcca gcagcccctc acaggtggac acaccgtctt catcctcctt ccacatccaa 
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R5        TCACCCGCCA GCAGCCCCTC ACAGGTGGAC ACACCGTCTT CATCCTCCTT CCACATCCAA  

 

     2581 cagctggctg gattctctgc acctcctgga ttgagccctc tcctgccctc ctctagctct 

R5        CAGCTGGCTG GATTCTCTGC ACCTCCTGGA TTGAGCCCTC TCCTGCCCTC CTCTAGCTCT  

 

     2641 tccccacctc caggagcctg cggttcccca ccagccccca caccctccac ctccactgcc 

R5        TCCCCACCTC CAGGAGCCTG CGGTTCCCCA CCAGCCCCCA CACCCTCCAC CTCCACTGCC  

 

     2701 gccgccgcct ccaccactgg gttcggccac tttcacaagg cgctgggtgg ctccctgtca 

R5        GCCGCCGCCT CCACCACTG GGTTCGGCCAC TTTCACAAGG CGCTGGGTGG CTCCCTGTCA  

 

     2761 tcctctgact ccccgctgct caccccactg caaccaggcg ctcgctctcc acaggctgcc 

R5        TCCTCTGACT CCCCGCTGCT CACCCCACTG CAACCAGGCG CTCGCTCTCC ACAGGCTGCC  

 

     2821 cagccaccac ccccactgcc tggggcccga ggaggtctgg gactcctgga gcacttcttg 

R5        CAGCCACCAC CCCCACTGCC TGGGGCCCGA GGAGGTCTGG GACTCCTGGA GCACTTCTTG  

 

     2881 ccgcccccac cctcctccag gtcaccatca tccagccctg ggcagctggg ccagcctcct 

R5        CCGCCCCCAC CCTCCTCCAG GTCACCATCA TCCAGCCCTG GGCAGCTGGG CCAGCCTCCT  

 

     2941 ggagagttgt ccctaggtct ggcagctggt ccatcaagta caccagagac acccccacgg 

R5        GGAGAGTTGT CCCTAGGTCT GGCAGCTGGT CCATCAAGTA CACCAGAGAC ACCCCCACGG  

 

     3001 cctgagcgac catccttcat ggcaggggcc tctggagggg cttctcctgt agcctttacc 

R5        CCTGAGCGAC CATCCTTCAT GGCAGGG-C- TCTGGAGGG-CTTCTCCTGT AGCCTTTACC  

 

     3061 ccccgaggag gcctcagtcc tccgggccac agcccggggc ccccaagaac tttcccgagt 

R5        CCCCGAGGAG GCCTCAGTCC TC-GGGC-AC AGCCCGGG-C CCC-AAGAAC TTTCCCGAGT  

 

     3121 gccccacccc gggcctctgg ctcccatggt tccctgctcc tgccacctgc atccagccct 

                                              T 

R5        GCCCCACCC- GGGCCTCTGG CTCC-ATGGG TCCTTGCTC- TGCCAC-TGC ATC-AGCCTT  

 

     3181 ccacctcccc aggtcccaca gcgcaggggc acaccacccc tcacccctgg ccgcctcaca             

                                               T           T      

R5        C-ACCTCTCA AGGTCC-ACA GCGCAGGGGC AAACCACTCC –CACCCCTGG TCGCC-CTCA  

 

     3241 caggacctga agctcatctc agcctctcag ccagccctcc cccaggatgg ggcacagact 

              A 

R5        CAGGACCTGA –GCTCATCTA A-CCTCTCAG TCA-CCTTTC CA-AGAATGG G-CAGA-ACT  

 

     3301 ctccgcaggg cctcgcctca ctcctcaggg gagtcggtgg ctgccttctc actctacccc 

R5        CTC  
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     3361 agagctgggg gtggcagtgg gagtagtggg ggccttgggc ctcctggaag gccatatggt 

     3421 gccatcccag gccaacatgt cactttgcct cggaagacat cctcaggttc tttgccaccc 

     3481 ccactttctt tgtttggggc aagagccgcc tcttctggag ggccccctct gactactgct 

     3541 gcaccccaga gggaacctgg cgctaggtct gagccagtac gctccaaact gccgtctaat 

     3601 ttatgagctg ggccctccct ccctcttctt tttcttgctc ctttcttcct tcaggtttaa 

     3661 ctgtgattag gagatatacc aacaacaata ataaccataa aaaaacatac cccagaaaaa 

     3721 caaaaagaca gcagaaaata accaggtatt cttagagcta tagatttttg gtcacttgct 

     3781 tttatagact attttaat 

 

Reverse: 

  
        1 attaaaatag tctataaaag caagtgacca aaaatctata gctctaagaa tacctggtta 

       61 ttttctgctg tctttttgtt tttctggggt atgttttttt atggttatta ttgttgttgg 

      121 tatatctcct aatcacagtt aaacctgaag gaagaaagga gcaagaaaaa gaagagggag 

      181 ggagggccca gctcataaat tagacggcag tttggagcgt actggctcag acctagcgcc 

R8              CCCA GCTCATAAAT TAGACGGCAG TTTGGAGCGT ACTGGCTCAG ACCTAGCGCC  

 

      241 aggttccctc tggggtgcag cagtagtcag agggggccct ccagaagagg cggctcttgc 

R8        AGGTTCCCTC TGGGGTGCAG CAGTAGTCAG AGGGGGCCCT CCAGAAGAGG CGGCTCTTGC  

 

      301 cccaaacaaa gaaagtgggg gtggcaaaga acctgaggat gtcttccgag gcaaagtgac 

R8        CCCAAACAAA GAAAGTGGGG GTGGCAAAGA ACCTGAGGAT GTCTTCCGAG GCAAAGTGAC  

 

      361 atgttggcct gggatggcac catatggcct tccaggaggc ccaaggcccc cactactccc 

R8        ATGTTGGCCT GGGATGGCAC CATATGGCCT TCCAGGAGGC CCAAGGCCCC CACTACTCCC  

 

 

      421 actgccaccc ccagctctgg ggtagagtga gaaggcagcc accgactccc ctgaggagtg 

R7                  C CTGAGGAGTG  

R8        ACTGCCACCC CCAGCTCTGG GGTAGAGTGA GAAGGCAGCC ACCGACTCCC CTGAGGAGTG  

 

      481 aggcgaggcc ctgcggagag tctgtgcccc atcctggggg agggctggct gagaggctga 

R7        AGGCGAGGCC CTGCGGAGAG TCTGTGCCCC ATCCTGGGGG AGGGCTGGCT GAGAGGCTGA  

R8        AGGCGAGGCC CTGCGGAGAG TCTGTGCCCC ATCCTGGGGG AGGGCTGGCT GAGAGGCTGA  

 

      541 gatgagcttc aggtcctgtg tgaggcggcc aggggtgagg ggtggtgtgc ccctgcgctg 

R7        GATGAGCTTC AGGTCCTGTG TGAGGCGGCC AGGGGTGAGG GGTGGTGTGC CCCTGCGCTG  

R8        GATGAGCTTC AGGTCCTGTG TGAGGCGGCC AGGGGTGAGG GGTGGTGTGC CCCTGCGCTG  

 

      601 tgggacctgg ggaggtggag ggctggatgc aggtggcagg agcagggaac catgggagcc 

R7        TGGGACCTGG GGAGGTGGAG GGCTGGATGC AGGTGGCAGG AGCAGGGAAC CATGGGAGCC  

R8        TGGGACCTGG GGAGGTGGAG GGCTGGATGC AGGTGGCAGG AGCAGGGAAC CATGGGAGCC  

 

      661 agaggcccgg ggtggggcac tcgggaaagt tcttgggggc cccgggctgt ggcccggagg 

R7        AGAGGCCCGG GGTGGGGCAC TCGGGAAAGT TCTTGGGGGC CCCGGGCTGT GGCCCGGAGG  

R8        AGAGGCCCGG GGTGGGGCAC TCGGGAAAGT TCTTGGGGGC CCCGGGCTGT GGCCCGGAGG  

 

      721 actgaggcct cctcgggggg taaaggctac aggagaagcc cctccagagg cccctgccat 

R7        ACTGAGGCCT CCTCGGGGGG TAAAGGCTAC AGGAGAAGCC CCTCCAGAGG CCCCTGCCAT  

R8        ACTGAGGCCT CCTCGGGGGG TAAAGGCTAC AGGAGAAGCC CCTCCAGAGG CCCCTGCCAT  

 

      781 gaaggatggt cgctcaggcc gtgggggtgt ctctggtgta cttgatggac cagctgccag 

R7        GAAGGATGGT CGCTCAGGCC GTGGGGGTGT CTCTGGTGTA CTTGATGGAC CAGCTGCCAG  

R8        GAAGGATGGT CGCTCAGGCC GTGGGGGTGT CTCTGGTGTA CTTGATGGAC CAGCTGCCAG  

 

      841 acctagggac aactctccag gaggctggcc cagctgccca gggctggatg atggtgacct 

R7        ACCTAGGGAC AACTCTCCAG GAGGCTGGCC CAGCTGCCCA GGGCTGGATG ATGGTGACCT  

R8        ACCTAGGGACA ACTCTCCAG GAGGCTGGCC CAGCTGCCCA GGGCTGGATG ATGGTGACCT  
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      901 ggaggagggt gggggcggca agaagtgctc caggagtccc agacctcctc gggccccagg 

R7        GGAGGAGGGT GGGGGCGGCA AGAAGTGCTC CAGGAGTCCC AGACCTCCTC GGGCCCCAGG      

R8        GGAGGAGGGT GGGGGCGGCA AGAAGTGCTC CAGGAGTCCC AGACCTCCTC GGGCCCCAGG  

 

      961 cagtgggggt ggtggctggg cagcctgtgg agagcgagcg cctggttgca gtggggtgag 

R7        CAGTGGGGGT GGTGGCTGGG CAGCCTGTGG AGAGCGAGCG CCTGGTTGCA GTGGGGTGAG  

R8        CAGTGGGGGT GGTGGCTGGG CAGCCTGTGG AGAGCGAGCG CCTGGTTGCA GTGGGGTGAG  

 

     1021 cagcggggag tcagaggatg acagggagcc acccagcgcc ttgtgaaagt ggccgaaccc 

R7        CAGCGGGGAG TCAGAGGATG ACAGGGAGCC ACCCAGCGCC TTGTGAAAGT GGCCGAACCC  

R8        CAGCGGGGAG TCAGAGGATG ACAGGGAGCC ACCCAGCGCC TTGTGAAAGT GGCCGAACCA  

 

     1081 agtggtggag gcggcggcgg cagtggaggt ggagggtgtg ggggctggtg gggaaccgca 

R7        AGTGGTGGAG GCGGCGGCGG CAGTGGAGGT GGAGGGTGTG GTGGCCGGT 

                                                                    C 

R8        AGTGGTGGAG GCGGCGGCG- CAGTGGAG-T GGAGG-TGTG GGGGCTGGTG GGGCACCGC  

 

     1141 ggctcctgga ggtggggaag agctagagga gggcaggaga gggctcaatc caggaggtgc 

            C    

R8        AGCTCCTGGA GGTGGCGA-G AGCTCGAGGA GGCCAG-AGA TGCCTCA-TC CAG-AG-TGC  

 

     1201 agagaatcca gccagctgtt ggatgtggaa ggaggatgaa gacggtgtgt ccacctgtga 

R8        -GAGCATCAA -CCT-CTGTT GGATGTGGAC G-AGGATGA- GACG-TGTGT C   

 

     1261 ggggctgctg gcgggtgaag cagagcccag agctgaaggg atcaaggact gcagcctcct 

     1321 tgggtgcctc ggtgtctgtc cagccccaag gttgcccagc ccaggtccgg gagggggccg 

     1381 gaagatggcg gcgggcaggc gggggtggtg tgtgagggct atggccaccg aagtagtagc 

 

     1441 agcagcagcc tgcagtggcg cctggatcag cggggtccat ataacaggcg tgggggttgg 

                                                                       T   

R5                                                                  GGGTTTG  

 

     1501 ggtggctgag gcggcagcct ggacgcggtg agcacagtgg gccatctcac ggtcatgccg 

R5        GG-GGCTGA- GCGGCAGCCT GGACGCGGTG AGCACAGTGG GCCATCTCAC GGTCATGCCG  

 

     1561 cacgatctgc tggatgatct cgttctcttg gtagttgaag acgcctgagt tgaggtcgtg 

R5        CACGATCTGC TGGATGATCT CGTTCTCTTG GTAGTTGAAG ACGCCTGAGT TGAGGTCGTG  

 

     1621 ctgcaccttg tggaggagga tggagttctt cttgcctatg cggtccaggc ggtccagcgc 

R5        CTGCACCTTG TGGAGGAGGA TGGAGTTCTT CTTGCCTATG CGGTCCAGGC GGTCCAGCGC  

 

     1681 aaccgtctcg aaggccctcc gcatcatggg atactcctcc agcacctcat tgaagttgtc 

R5        AACCGTCTCG AAGGCCCTCC GCATCATGGG ATACTCCTCC AGCACCTCAT TGAAGTTGTC  

 

     1741 cacgctcagt gagtagaggc ggcaataagt atccgctctg acgctggctg tgcgccgacc 

R5        CACGCTCAGT GAGTAGAGGC GGCAATAAGT ATCCGCTCTG ACGCTGGCTG TGCGCCGACC  

                      

     1801 ccgggtcagc aagcagatct ctccaaaata ggagccatca gccagcttgg tctctttgtt 

R5        CCGGGTCAGC AAGCAGATCT CTCCAAAATA GGAGCCATCA GCCAGCTTGG TCTCTTTGTT  

 

     1861 gcccttagtg agcacgctga ccacgccgtg ctggataaag tacatcttct tgccgatggt 

R5        GCCCTTAGTG AGCACGCTGA CCACGCCGTG CTGGATAAAG TACATCTTCT TGCCGATGGT  

 

     1921 gccttcgcgg atgatgtaat ccccaggctg gaagacctcg aaacgcaact tggtcagcat 

R5        GCCTTCGCGG ATGATGTAAT CCCCAGGCTG GAAGACCTCG AAACGCAACT TGGTCAGCAT  

 

     1981 ggatgtcaca aagttgggat ctgcgttggc aaacagtggc atggatgcca ccagctttcg 

R5        GGATGTCACA AAGTTGGGAT CTGCGTTGGC AAACAGTGGC ATGGATGCCA CCAGCTTTCG  

 

     2041 gcagttaaag ttgatgatct cctctcgaag tggctcactc agctcaccca ggatgctttc 

R4                                                           CCA TGATGCTTTC  

R5        GCAGTTAAAG TTGATGATCT CCTCTCGAAG TGGCTCACTC AGCTCACCCA GGATGCTTTC  

 

     2101 ctcatcaaac atcttgcctt ggtagcggtg ttcatagtag tcatggatgc gctgtcgggt 

R4        CTCATC-AAC ATCTTGCCTT GGTAGCGGTG TTCATAGTAG TCATGGATGC GCTGTCGGGT  

R5        CTCATCAAAC ATCTTGCCTT GGTAGCGGTG TTCATAGTAG TCATGGATGC GCTGTCGGGT  

 

     2161 gtcaggcggg agcttgtgga aggacatgta ctgctccacc tgtttatact tctcctggta 
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R4        GTCAGGCGGG AGCTTGTGGA AGGACATGTA CTGCTCCACC TGTTTATACT TCTCCTGGTA  

R5        GTCAGGCGGG AGCTTGTGGA AGGACATGTA CTGCTCCACC TGTTTATACT TCTCCTGGTA  

 

     2221 ctggcgccgg gaggagtcta gcgactggat gagggcagtg gcgtggccga tgaacatggc 

R4        CTGGCGCCGG GAGGAGTCTA GCGACTGGAT GAGGGCAGTG GCGTGGCCGA TGAACATGGC  

R5        CTGGCGCCGG GAGGAGTCTA GCGACTGGAT GAGGGCAGTG GCGTGGCCGA TGAACATGGC  

 

 

     2281 atagcaggtg gcccccacga tcatgctgag catggtgagc cagacgtcag acatgcctac 

R4        ATAGCAGGTG GCCCCCACGA TCATGCTGAG CATGGTGAGC CAGACGTCAG ACATGCCTAC  

R5        ATAGCATGTG GCCCCCACGA TCATGCTGAG CATGGTGAGC CAGACGTCAG ACATGCCTAC  

 

     2341 gggtgcctgc cgtccatacc caatgcacag catgtggctc atggccttga agagggcgta 

R4        GGGTGCCTGC CGTCCATACC CAATGCACAG CATGTGGCTC ATGGCCTTGA AGAGGGCGTA  

R5        GGGTGCCTGC CGTCCATACC CAATGCACAG CATGTGGCTC ATGGCCTTGA AgAGGGCGTA  

 

     2401 ggaatactgc ttcccccagg agttattcac catgccattg atggacaccc agcagtcatg 

R4        GGAATACTGC TTCCCCCAGG AGTTATTCAC CATGCCATTG ATGGACACCC AGCAGTCATG 

R5        GGAATACTGC TTCCCCCAGG AGTTATTCAC CATGCCATTG ATGGACACCC AGCAGTCATG  

 

      

     2461 ggggaagtcc tgcagcatgg gcactaggaa ctgcaggcag ccatcccagt gacacagcag 

R4        GGGGAAGTCC TGCAGCATGG GCACTAGGAA CTGCAGGCAG CCATCCCAGT GACACAGCAG  

R5        GGGGAAGTCC TGCAGCATGG GCACTAGGAA CTGCAGGCAG CCATCCCAGT GACACAGCAG  

 

     2521 aagcatcatg ccaatgaggt tcacgatgcg taccacggcg ctggccaggt cataggtcat 

R3                           GT T-ACGATGCG TACCACGGCG CTGGCCAGGT CATAGGTCAT  

R4        AAGCATCATG CCAATGAGGT TCACGATGCG TACCACGGCG CTGGCCAGGT CATAGGTCAT  

R5        AAGCATCATG CCAATGAGGT TCACGATGCG TACCACGGCG CTGGCCAGGT CATAGGTCAT  

 

     2581 gtggaagatc tcttcccact gatgaatgta tcgaatgagg cgggaaagcc tcaagaggcg 

R3        GTGGAAGATC TCTTCCCACT GATGAATGTA TCGAATGAGG CGGGAAAGCC TCAAGAGGCG  

R4        GTGGAAGATC TCTTCCCACT GATGAATGTA TCGAATGAGG CGGGAAAGCC TCAAGAGGCG  

                   C  

R5        GTGGAAGATC TCT-CCCACT GATGA-TGTA TCGAATGAGG CGGGAAAGCC TCA-GAGGCG  

 

     2641 caggaggctg aggatcttag tgaaacggac aatgcgcaga gccctagcgg ttttgtagac 

R3        CAGGAGGCTG AGGATCTTAG TGAAACGGAC AATGCGCAGA GCCCTAGCGG TTTTGTAGAC  

R4        CAGGAGGCTG AGGATCTTAG TGAAACGGAC AATGCGCAGA GCCCTAGCGG TTTTGTAGAC  

R5        CAGAAGCCTG AGGATCT-AG TGAAACGGAC AAT 

 

     2701 ctccgagtca atgcgagtct ccactataag gaagatgtag tcgacaggga tggaggagat 

R3        CTCCGAGTCA ATGCGAGTCT CCACTATAAG GAAGATGTAG TCGACAGGGA TGGAGGAGAT  

R4        CTCCGAGTCA ATGCGAGTCT CCACTATAAG GAAGATGTAG TCGACAGGGA TGGAGGAGAT  

 

     2761 gaaatctacc acaaaccagc ttttcaggta cttcatcttg atcctctgcg ggtcaaggat 

R3        GAAATCTACC ACAAACCAGC TTTTCAGGTA CTTCATCTTG ATCCTCTGCG GGTCAAGGAT  

R4        GAAATCTACC ACAAACCAGC TTTTCAGGTA CTTCATCTTG ATCCTCTGCG GGTCAAGGAT  

 

     2821 gatttctgtg ttgtcctcca ccacgatccc cgtgcggaag ttgaggacca agtcaatgag 

R3        GATTTCTGTG TTGTCCTCCA CCACGATCCC CGTGCGGAAG TTGAGGACCA AGTCAATGAG  

R4        GATTTCTGTG TTGTCCTCCA CCACGATCCC CGTGCGGAAG TTGAGGACCA AGTCAATGAG  

 

     2881 gaagaatgtg tctgacacca cattgaagac gatccagggt gtggtgttct catccttgaa 

R3        GAAGAATGTG TCTGACACCA CATTGAAGAC GATCCAGGGT GTGGTGTTCT CATCCTTGAA 

R4        GAAGAATGTG TCTGACACCA CATTGAAGAC GATCCAGGGT GTGGTGTTCT CATCCTTGAA  

 

     2941 gaaggtgatg cccacgggta tgatgatcag attccccacc atcagcaaca gcatcgtcag 

R3        GAAGGTGATG CCCACGGGTA TGATGATCAG ATTCCCCACC ATCAGCAACA GCATCGTCAG  

R4        GAAGGTGATG CCCACGGGTA TGATGATCAG ATTCCCCACC ATCAGCAACA GCATCGTCAG  

 

     3001 gtcccagtaa aatctgaagt cactgtaggg gtggataatc caaaaccctg ctgacttaac 

R2                                      GG GTGG——AATC C-AAACCCTG CTGACTTAAC  

R3        GTCCCAGTAA AATCTGAAGT CACTGTAGGG GTGGATAATC CAAAACCCTG CTGACTTAAC  

R4        GTCCCAGTAA AATCTGAAGT CACTGTAGGG GTGGATAATC CAAAACCCTG CTGACTTAAC  

 

     3061 cctctcctgc tcgcgctcca ccgctttctg gctgccgaac atccttaggg agaatttgtt 

R2        CCTCTCCTGC TCGCGCTCCA CCGCTTTCTG GCTGCCGAAC ATCCTTAGGG AGAATTTGTT  
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R3        CCTCTCCTGC TCGCGCTCCA CCGCTTTCTG GCTGCCGAAC ATCCTTAGGG AGAATTTGTT  

R4        CCTCTCCTGC TCGCGCTCCA CCGCTTTCTG GCTGCCGAAC ATCCTTAGGG AGAATTTGTT  

 

     3121 gaccccaggt tgcagcatgg caccgaactg gcgctgcatg aagccgctct ggcccaggcg 

R2        GACCCCAGGT TGCAGCATGG CACCGAACTG GCGCTGCATG AAGCCGCTCT GGCCCAGGCG  

R3        GACCCCAGGT TGCAGCATGG CACCGAACTG GCGCTGCATG AAGCCGCTCT GGCCCAGGCG  

                A 

R4        GACCCCAGGT TGCAGCATGG CACCGAACTG GCGCTGCATG A-GCCGCTCT GGCCCAG-CG  

 

     3181 cacctcggcc tcggggagga tctggtcgct ggcggccgcg cctccctcca ctttgatagc 

R2        CACCTCGGCC TCGGGGAGGA TCTGGTCGCT GGCGGCCGCG CCTCCCTCCA CTTTGATAGC  

R3        CACCTCGGCC TCGGGGAGGA TCTGGTCGCT GGCGGCCGCG CCTCCCTCCA CTTTGATAGC  

                                                        T   T 

R4        CACCTCGGCC TCGGGGAGGA TCTGGTCGCT GGCGGCCGCG CCTCCCTCCA CT  

     3241 ggtgtccgcc gagggctgct cgcaggaggc agaggccggc tgcggcggct gctggggcgg 

R2        GGTGTCCGCC GAGGGCTGCT CGCAGGAGGC AGAGGCCGGC TGCGGCGGCT GCTGGGGCGG  

R3        GGTGTCCGCC GAGGGCTGCT CGCAGGAGGC AGAGGCCGGC TGCGGCGGCT GCTGGGGCGG  

 

     3301 cggcgaggct gcgggttgtg ccgcggtggc cgggcgctcg ggttcggtcg ccaggcccgg 

R2        CGGCGAGGCT GCGGGTTGTG CCGCGGTGGC CGGGCGCTCG GGTTCGGTCG CCAGGCCCGG  

R3        CGGCGAGGCT GCGGGTTGTG CCGCGGTGGC CGGGCGCTCG GGTTCGGTCG CCAGGCCCGG  

 

     3361 gggcgtcctg tcctcgccgg gggacgcatc gccctcagcg gcgatgagcc gccgttcctc 

R2        GGGCGTCCTG TCCTCGCCGG GGGACGCATC GCCCTCAGCG GCGATGAGCC GCCGTTCCTC  

R3        GGGCGTCCTG TCCTCGCCGG GGGACGCATC GCCCTCAGCG GCGATGAGCC GCCGTTCCTC  

 

     3421 cgcggagtca tgcaggtgcc cgagactgct gccgccccct gctccaccac tgccgccgcc 

R1                                                CCT GCT-C-CCAC TGCCGCCGCC  

R2        CGCGGAGTCA TGCAGGTGCC CGAGACTGCT GCCGCCCCCT GCTCCACCAC TGCCGCCGCC  

R3        CGCGGAGTCA TGCAGGTGCC CGAGACTGCT GCCGCCCCCT GCTCCACCAC TGCCGCCGCC  

 

     3481 ccggctgccc agcgaggcca gactcccgcg gaagcgcctg cagtcaccgt tggtgctgga 

R1        CCGGCTGCCC AGCGAGGCCA GACTCCCGCG GAAGCGCCTG CAGTCACCGT TGGTGCTGGA  

R2        CCGGCTGCCC AGCGAGGCCA GACTCCCGCG GAAGCGCCTG CAGTCACCGT TGGTGCTGGA  

R3        CCGGCTGCCC AGCGAGGCCA GACTCCCGCG GAAGCGCCTG CAGTCACCGT TGGTGCTGGA  

 

     3541 cttgccggcg ctgcggcccg gcccctcgct ctctgtcgcc ccgagggccg caccccggga 

R1        CTTGCCGGCG CTGCGGCCCG GCCCCTCGCT CTCTGTCGCC CCGAGGGCCG CACCCCGGGA  

R2        CTTGCCGGCG CTGCGGCCCG GCCCCTCGCT CTCTGTCGCC CCGAGGGCCG CACCCCGGGA  

               C 

R3        CTTGCCG-CG CTGCGGCCCG GCCCCTCGCT CTCTGTCGCC C-GAGGGCCG CACCCCGGGA  

 

     3601 ctccgagcag cccgcagcca ccgagggaga gggcgagggc agcggccgca gccggatgct 

R1        CTCCGAGCAG 

R2        CTCCGAGCAG 

R3        CTC-GAGCAG   

 

     3661 ccttcggctg gggtcctggc ggcccccggc cccttcttcc tcaccatcct cttcctcgtc 

     3721 catgatccac gccttggccc ccacctgctg cggaaggctg tagagccgct tgcgcatgga 

     3781 cggcggcagc ttgtcca 
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Primer 
direction Primer name 

Binding 
site Primer sequence 

Reverse 
Primer HCN4-R1 374 GCGGAGTCATGCAGGTG 

Reverse 
Primer HCN4-R2 796 TCAGGTCCCAGTAAAATCTG 

Reverse 
Primer HCN4-R3 1292 ATCCCAGTGACACAGCAG 

Reverse 
Primer HCN4-R4 1740 GATGATCTCCTCTCGAAGTG 

Reverse 
Primer HCN4-R5 2324 CGGGGTCCATATAACAGG 

Forward 
Primer HCN4-R5A 2031 TCAGAGCGGATACTTATTGC 

Reverse 
Primer HCN4-R8 3688 TCGTCATCATCCTTATAGTCC 

Reverse 
Primer HCN4-R7 3358 CTCTGGGGTAGAGTGAGAAG 

Forward 
Primer HCN4-F3 3159 ATGGTTCCCTGCTCCTG 

Forward 
Primer HCN4-F2 3384 GTGGCAGTGGGAGTAGTG 

Reverse 
Primer HCN4-R9 5000 AATGCTCGTCAAGAAGACAG 

    Table 5. Primers used for the sequencing of Ad5-GFP-HCN4Δ 

The following sequencing reactions cover the first deletion between the bases 845 
and 1153: 

Ad5GFPHCN_HCN4-R1 

Ad5GFPHCN_HCN4-R2 

The following sequencing reactions cover the second deletion between the bases 
4577 and 4762: 

Ad5GFPHCN_HCN4-F2 

Ad5GFPHCN_HCN4-F3 

Ad5GFPHCN_HCN4-R9 
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Appendix A6. The leading pacemaker of individual sick sinus syndrome 

preparations; histology and immunohistochemistry 

The leading pacemaker site of the SSS syndrome preparation was identified by 

activation mapping as described in section 2.6. Masson’s trichrome staining and 

immunohistochemistry was then performed as described in section 2.7. The relative 

location of the leading pacemaker site for each SSS preparation is shown in figure 

46, numbers in the figure legends refer to these sites.  These data are presented in 

detail in section 3.3.3. 
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Figure 69. Sick sinus syndrome leading pacemaker 2
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Figure 70. Sick sinus syndrome leading pacemaker 4  
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Figure 71. Sick sinus syndrome leading pacemaker 5  
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Figure 72. Sick sinus syndrome leading pacemaker 6 
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