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Abstract 
Submission for the degree of Doctor of Philosophy, The University of Manchester 
Dr Yawer Saeed 
Structural and functional remodelling of the atrioventricular node with ageing 
September 2015 
Introduction: Factors that influence atrioventricular (AV) nodal conduction are complex 
and not well understood. Multiple studies have been performed to explain the mechanisms 
responsible for AV nodal conduction but the AV node (AVN) remains a "riddle". With 
ageing there is an increase in the incidence of AV nodal dysfunction leading to AV block.   
Methodology: I have performed electrophysiological (EP) and immunohistochemistry 
experiments on male Wistar-Hanover rats aged 3 months (equivalent to 20 year old 
humans; n=24) and 2 years (equivalent to 70 year old humans; n=15). AH interval, 
Wenkebach cycle length (WCL) and AV node effective refractory period (AVNERP) were 
measured. I used cesium (Cs+ = 2 mM) to block HCN channels responsible for the funny 
current "If " (and therefore the membrane clock), and ryanodine (2 µM) to block RyR2 
channels responsible for Ca2+ release from the sarcoplasmic reticulum (and therefore the 
Ca2+ clock) in the two age groups. Protein expression in each group (from n=9 young and 
n=8 old rats) from different regions of the AV conduction axis: inferior nodal extension 
(INE), compact node (CN), proximal penetrating bundle (PPB) and distal penetrating or 
His bundle (His) were studied using immunofluorescence and confocal microscopy. The 
expression of the gap junction channels Cx43 and Cx40 and ion channel’s including HCN4 
(responsible for If

 
current), Nav1.5 (major cardiac Na+

 
channel responsible for INa) and 

Cav1.3 (L-type Ca2+ channel), and calcium handling proteins, RyR2 and SERCA 2a 
(involved in Ca2+ release and reuptake from cardiac sarcoplasmic reticulum, SR) were 
studied. Semi-quantitative signal intensity of these channels was measured using Volocity 
software. Structural characteristics of the tissue were studied using histology (Masson’s 
trichome stain and picrosirius red stain for collagen). Statistical analysis was performed 
with Prism 6.0. Electrophysiological measurements were performed using Spike2. 

Results: Without drugs to block the If current and Ca2+ release from the SR, there was a 
significant prolongation of the AH interval (P<0.005), WCL (P<0.005) and AVNERP 
(P<0.001) with ageing. In young rats (but not old rats), Cs+ prolonged the AH interval 
(P<0.001), WCL (P<0.01) and AVNERP (P<0.01). Ryanodine prolonged the AH interval 
(P<0.01) and WCL (P<0.01) in young and old rats. Immunofluorescence revealed that with 
ageing: Cx43 is downregulated in the PPB and His (P<0.05); Cx40 is upregulated in the 
INE and CN (P<0.05); HCN4 is downregulated in the His bundle (P=0.05); Nav1.5 is 
downregulated in the CN and PB (P<0.05); RyR2 is downregulated in the CN and PPB 
(P<0.05); SERCA2a and Cav1.3 is upregulated in the PPB (P<0.05). Histology confirmed 
that with ageing that the cells of CN, PPB and His are more loosely packed and irregularly 
arranged. There is cellular hypertrophy, decrease in the number of nuclei and increase in 
the collagen content with ageing. The clinical study has shown that elderly patients with 
syncope and cardiac conduction system disease are at risk of high mortality and recurrent 
transient loss of consciousness.  

Conclusion: For the first time, we have shown that both HCN and RyR2 channels play an 
important role in AV nodal conduction. With ageing the expression of HCN4 and the role 
of If in AV nodal conduction decreases, whereas the role of Ca2+ clock in AV nodal 
conduction was unchanged, although the expression of RyR2 and SERCA2a changes. The 
clinical study suggests that AV nodal disease is associated with significant morbidity and 
higher mortality among elderly patients who present with transient loss of consciousness. 
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Chapter 1 
 

1. General Introduction 
The Atrioventricular node (AVN), since its discovery, has held scientists and 

clinicians interested in its structure and function for at least the last century. The 

functions of the AVN are not only to serve as a connection between atria and ventricles 

but also includes providing adequate time for the filling of the ventricles for optimal 

cardiac output and protecting the ventricles from atrial fibrillation by delaying the cardiac 

impulse transmission. The AVN also operate as a backup pacemaker in patients with 

Sinus node (SN) dysfunction.  

AVN is the only connection that exists in normal individuals between atria and 

ventricles; if it becomes diseased it can lead to heart blocks, which may have the 

consequence of heart failure and ultimately death. This necessitates permanent pacemaker 

implantation in patients with the AVN dysfunction. Furthermore, Atrioventricular nodal 

reentry tachycardia (AVNRT) is a form of arrhythmia that has been credited to dual AVN 

physiology, which will be explained later in the text. 

Ageing, certainly has a part to play in the pathophysiology of heart blocks and 

AVNRT. Incidence of heart blocks, especially third-degree atrio-ventricluar (AV) block 

is more common in the elderly population. AVNRT, though, is more common in 

adolescent as compared to infants and elderly.  
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Although ageing studies on the cardiac conduction system have been performed, 

the explanation of the AVN dysfunction with ageing has not been clearly established in 

terms of ion channel expression. At a cellular level, immunohistochemical techniques 

have opened avenues of ion channel research. Use of ion channel blockers to assess the 

AVN functional properties in the young and with ageing is also not fully established.  It 

is therefore prudent to fill the knowledge gap that exists at a cellular level with ageing 

AVN.  

 

1.1 History of atrioventricular node and cardiac conduction system  
The structure and function of the atrioventricular node (AVN) started to unravel 

very early in the 20th century when in 1906 Sunao Tawara discovered "the Knoten” that 

we now know as the AVN. The discovery of the AVN has changed the manner in which 

the cardiac conduction system (CCS) had been perceived by scientists and clinicians. It 

paved the way for future generations of researchers to build on this discovery, which 

solved the important puzzle in interpretation of electrocardiogram (ECG) and also 

improved the understanding about the CCS function and morphology.1 

Sunao Tawara, started his work with Professor Ludwig Aschoff in Marburg, 

Germany in 1903.2 After two and half years of considerable work on mammalian hearts, 

he was able to explain the theory that stands the test of time. Interestingly, he started his 

work on the myocardium to find the cause of heart failure in patients with valvular heart 

disease but did not find a correlation between histological changes and clinical findings 

of heart failure. Then, as suggested by Profosser Aschoff, he started working on the AV 

bundle.  

Tawara together with Prof. Aschoff, later made an important discovery related to 

rheumatic valvular heart disease, but the discovery that gave him immortality is the 

theory that links the individual components of the CCS. Although, the His bundle and 

Purkinje fibers were discovered years before the discovery of the AVN but a clear 

explanation of their role in the CCS were missing.  As early as 1839 in the Czech 

Republic, Jan Evangelista Purkinje discovered the fibers in the ventricle wall now known 

as the Purkinje fibers.3 In 1893 Wilhelm His Jr. discovered the His bundle3 but he was 

not certain about its function. Therefore, the discovery made by Tawara assumes greater 

significance in that it provided the missing link of the conduction of cardiac impulse 

between atria and ventricles. Tawara not only discovered the AVN, he was also able to 

present the theory of conduction of cardiac impulse through the AVN, His bundle, right 
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and left bundle branches and Purkinje fibers down to ventricular muscle.4 He called it  

“The Stimulus Conducting System or The atrioventricular connecting system”.  In his 

landmark article, he wrote: 

“I intend, for the first time in medical History, to propose an integral and 

consistent explanation concerning the atrioventricular bundle and the 

Purkinje fibers.” 4 

He described “The Stimulus conducting system” as having a tree like 

configuration, which he believed, was quite similar to other “parenchymal or ductal 

systems” including the respiratory, nervous and circulatory systems. He wrote as follows: 

“ The connecting bundle is a closed system like a tree. This tree is 

rooted in the atrial septum, the stem and the main branches penetrate the 

fibrocartilaginous septum and ventricular septum, the peripheral branches 

reach the parietal wall and the papillary muscles through the false 

tendinous fibers, and finally the thinnest twigs spread as the terminal 

ramifications of the connencting bundle.…………...From the structural 

standpoint, the connecting system also represents a transporting or 

conducting pathway. Because the pathway is not a ductal but continuously 

related protoplasmic cord, conduction of excitation impulses surely must 

take place here.” 

Tawara first discovered the correlation between ventricular muscles & Purkinje 

fibers in sheep hearts as Purkinje fibers are clearly visible in sheep hearts. Then he traced 

them back to the bundle branches and AV or His bundle in human hearts. With the help of 

serial histological section towards atria he then discovered the AVN.  

 

 
Figure 1.1: A closer view of figure in Tawara’s monograph highlighting individual 
components of the atrioventricular junction.  Adapted from, The anatomy of cardiac 
conduction system, from Anderson et al 2009.5 
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Figure 1.1 is an adaptation of Tawara’s original figures; demonstrating a closer 

view of the stimulus conduction system. Figure 1.2 showed the tree like pattern of the 

cardiac conduction system described in Tawara’s monograph.  

 

 
Figure 1.2: The tree like configuration of the stimulus conducting system. Adapted from 
Tawara4 and Boyett.6 
 

Just after Tawara discovered the AVN, Sir Arthur Keith and Martin Flack, from 

Kent, England, published their discovery of the Sinus node (SN) in 1907.7 Their work on 

several mammalian hearts including moles, rats, mice, hedgehogs and humans, confirmed 

Tawara’s discovery of the AVN and also made the unexpected discovery of the SN in the 

right atrium, close to the entrance of the superior vena cava.  

 Edward Hering’s experiments are also worth mentioning, whose findings were 

published in 1910 in relation with the AVN conduction.8,9 Hering was a distinguished 

physiologist in Prague, known for his work on cardiac arrhythmias. Hering, in close 

association with Tawara, was conducting experiments on the AV conduction delay after 

severing the AV bundle in dogs. He sent Tawara four samples of dog’s heart to confirm 

that the AV bundle was correctly severed.  After performing several experiments on dogs 

interrupting their AV bundle, he showed that the delay in the conduction of impulse at the 

AV junction (AVJ) was secondary to the AVN.2  

Exp Physiol 94.10 pp 1035–1049 The cardiac conduction system 1039

myocardium are functionally important and responsible
for the differences in electrical activity. To illustrate this,
two questions will be considered.

Question 1. The working myocardium (if healthy) does
not show pacemaker activity, whereas the tissues of
the CCS do. The sino-atrial node shows the fastest
and most robust pacemaker activity, the atrioventricular
node shows slower pacemaker activity and the His–
Purkinje system shows slow and weak pacemaker activity.
Why? Figure 7A shows superimposed action potentials
from the sino-atrial node and surrounding atrial muscle.
In the atrial muscle (ventricular muscle is the same),
during diastole (phase 4, i.e. the resting phase of the
cardiac cycle), there is a stable resting potential of
∼−84 mV and, consequently, atrial muscle does not show
pacemaker activity. In contrast, in the sino-atrial node
(the atrioventricular node is the same), there is no stable
resting potential; the membrane is more depolarized
(i.e. the membrane potential is more positive) and there
is a slow diastolic depolarization. In the atrial and
ventricular muscle, the resting potential is generated by
a K+ current, I K,1, which is carried by Kir2 channels.
In the sino-atrial and atrioventricular nodes, there is
no stable resting potential, because there is little or
no I K,1. Consistent with this, Fig. 7B shows that the
expression of Kir2.1 mRNA is reduced in the sino-
atrial node of the human heart compared with that in
the atrial muscle (Chandler et al. 2009). The human
atrioventricular node is the same (Greener et al. 2007).
The absence of IK,1 and Kir2.1 in the nodal tissues is
important, because it facilitates pacemaking by allowing
other ionic currents and ion channels to depolarize the
membrane during diastole. Other Kir channel subunits

Figure 5. The His–Purkinje system in
the human left ventricle
Modified from Tawara (2000) with
permission.

(Kir3.1, Kir3.4, Kir6.2 and SUR2) can also be more
poorly expressed in the nodal tissues than in the working
myocardium (Dobrzynski et al. 2006; Tellez et al. 2006a,b;
Greener et al. 2009; Chandler et al. 2009). The slow
diastolic depolarization of the membrane is referred to
as the ‘pacemaker potential’, because it ultimately is
responsible for pacemaker activity; a spontaneous action
potential is triggered once the pacemaker potential reaches
the threshold potential for action potential generation
(Fig. 7A). Various ionic currents are known to generate
the pacemaker potential, and one of the most important
(certainly the most famous) is the funny current (I f )
carried by the HCN (hyperpolarization-activated cyclic
nucleotide-gated) channels. Figure 7C shows that as
expected the expression of mRNA for HCN4 is high in the
sino-atrial node, but low in the atrial muscle (Tellez et al.
2006a,b; Chandler et al. 2009). The same is true for HCN4
at the protein level (Brioschi et al. 2009; Chandler et al.
2009; Yanni et al. 2009b), as shown in Fig. 8A for example.
Both HCN4 mRNA and protein are also highly expressed
in the atrioventricular node (Yoo et al. 2006; Greener
et al. 2007, 2009). In addition, HCN1 mRNA is more
highly expressed in the nodal tissues than in the working
myocardium (Tellez et al. 2006a,b; Greener et al. 2007,
2009; Chandler et al. 2009). In summary, two reasons why
the sino-atrial and atrioventricular nodes show pacemaker
activity are that they express Kir2.1 poorly, but the HCN
channels well.

Question 2. Why is conduction of the action potential
through the atrioventricular node slow? As already
explained, conduction is slow in order to introduce a
delay between atrial and ventricular systole. The delay
is evident as the P–R interval in the electrocardiogram

C⃝ 2009 The Author. Journal compilation C⃝ 2009 The Physiological Society
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 The anatomic findings of the SN by Keith and Flack, the discovery of the AVN and 

the theory of  “The stimulus conducting system” by Tawara were all important 

discoveries in the history of CCS. Building on these pieces of evidence, in 1910, Thomas 

Lewis, recorded electrical activity from the heart using the string galvanometer invented 

by William Einthoven.  The string galvanometer device made it possible to record 

electrical activity from the heart for the first time and still remains the cornerstone of 

modern electrocardiography.2,10  

 

1.2 Development of the atrioventricular node 
It is fascinating to observe the fact that the electrocardiogram (ECG) with 

individual PQRS components can be seen as early as the first few days of vertebrate 

embryos development. Figure 1.3 showed the ECG seen early in vertebrate embryos.  

 
Figure 1.3: The sinusoidal looking ECG pattern becomes distinct to resemble that of 

mature heart as early as 10.5-12.5 days in vertebrate embryos. Adapted from Christoffels et 
al 2010.11  

 
The Figure 1.3 shows that the CCS is one of the foremost components during 

early heart development. The origin of these individual components of electrical impulse 

sweeping through the heart at the start of these primitive lives are found in human 

embryos and also seen in the simple hearts of lower vertebrates and hearts of vertebrate 

embryos. It is worth reviewing developmental changes in the AVN at a cellular and 

molecular level as it can be hypothesized that they are preserved through evolution. As 

Christoffels et al., put it11 

" The cellular and molecular mechanisms that derive the formation of pacemaker 

tissues are evolutionary conserved." 

 

1.3 Atrioventricular node through evolution  
Amongst “evolutionary conserved” components of CCS, atrio-ventricular junction 

(AVJ) has been established as a region which reduced the speed of conduction of the 

depolarization wave. In fish hearts, pacemaker tissue that was found at the AVJ delays 

the deplorization wave propagation. Amphibians display similar characteristics as the 

AVJ diminished the speed of depolarization. The AVJ in amphibians exhibits scarcity of 
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gap junctions, which provide the molecular basis of the slow depolarization wave.11,12 

Similarly, in the embryonic chicken’s heart, Lieberman et al.,13 showed that slow action 

potential propagation is due to delay in the AV canal.  

 

1.4 Embryology of the atrioventricular node and cardiac conduction 

system  
Development of the AVN and CCS is a challenging concept, to fully comprehend 

this I have reviewed the basic concepts of embryogenesis, as without this, a sound 

understanding of the CCS development in general and the AVN in particular would be 

difficult.  

Embryogenesis (the formation of embryo) starts with fertilization but it is the stage 

of gastrulation (gastrula formation), which marks the formation of three germinal layers 

(i.e ectoderm, mesoderm and endoderm) that are the precursors of various organ systems. 

These three germ layers together form the embryonic discs. The heart originates as a 

tubular structure that develops from the mesoderm. The cardiac tube forms during the 

process of folding of the embryonic disc when bilateral cardiac plates (parts of the 

embryonic disc or heart forming areas located on either side of midline) fuse to form 

cardiac tube (Figure 1.4).14 

 
Figure 1.4: The cartoon showing an idealized view of the embryonic disc. It indicates how 
migrations of cells from the primitive streak between the ectodermal and endodermal layers form 
initially the heart-forming areas (cardiac plates), and then coalesce to form the cardiac crescent. 
These heart forming areas then fold to form the heart tube. Adapted from Moorman et al., 2003.14 
 
 

The atria & ventricles formed as a result of budding or ballooning of the linear 

primary heart tube. Figure 1.5 explains the orientation of the primary heart tube and the 

relationship of the various heart chambers to each other during development.  
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The formation of the primary heart tube marks the beginning of a series of 

important steps that ultimately result in the formation of a mature heart. The next step in 

this process is the addition of cells to the primary tube from the heart-forming areas at 

both the venous (inflow tract) and arterial poles (outflow tract) (Figure 1.5A). The walls 

of the primary heart tube at this stage consist of “primary myocardium”.13,14 

With this addition of new cells the primary heart tube undergoes looping resulting 

in the formation of atria and ventricles by the budding or ballooning process as 

mentioned before and shown in Figure 1.5B and C. The cardiomyocytes making up these 

new parts together make up the “working chamber myocardium”.14 

 

 
Figure 1.5: The cartoons show the changes involved in the formation of definitive 
conduction tissues. A. Shows a lateral view of the developing heart tube subsequent to the 
addition of new material from the inflow and outflow tracts.  Heart-forming areas at both the 
arterial and venous poles. The central component, the intrapericardial components (shown in 
grey) are all formed of primary myocardium at this stage. The extrapericardial parts are shown in 
yellow. B. Shows how the chamber components balloon from the primary tube, with the atrial 
appendages ballooning from the newly formed atrial component of the heart tube, and the left and 
right ventricles ballooning from the inlet and outlet parts of the ventricular loop. Note that, during 
this intermediate stage, the persisting primary myocardium forms the AV canal, the developing 
outflow tract is formed at this stage by primary myocardium. Eventually, as shown in C, the 
primary myocardium persists only as the sinus node and the atrioventricular conduction axis.14,15 
 

The cardiomyocytes of the working chamber myocardium differ from the primary 

myocardium. Primary myocardial cell characteristics include slow growth, slow 

conduction and pacemaking (spontaneous depolarization). Conversely, working chamber 

myocardial cells are connected with each other through gap junctions made up of 

connexin 40 (Cx40) and connexin 43 (Cx43), which permit rapid conduction, along with 

rapid rates of cell division. Cx40 and Cx43 are intercellular gap junctions and members 

of connexins family of ion channels, which aids in the electrical coupling of heart cells 
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(details of these can be found later in the text).14 Figure 1.6 and 1.7 explain the role of 

transcription factors during the CCS development.  

Another important concept to understand is that of the primary myocardial cells, 

only a few retain their primary phenotype to form parts of the CCS. Most of the primary 

myocardial cells differentiate in to the working chamber myocardium that loses its 

primary phenotype. The CCS retains the primary phenotype of primary myocardium 

under the influence of the transcription factor, Tbx3. However, the working chamber 

myocardium of atria and ventricle seems to lose their primary phenotype. Tbx family of 

transcription factors plays an important role in the development of CCS. It is now well 

established that the expression of the Tbx3 is responsible for this process. Ectopic 

expression of Tbx3 in the atrial chambers was shown to result in the formation of 

functional ectopic nodes exhibiting pacemaking activity.15,16 

The AVN region functional match in the primary heart tube is the AV canal. It is 

known that the primary heart tube lacks Cx43 and Cx40 when compared with working 

chamber myocardium and the primary heart tube consists of the AV canal, inner 

curvature and outflow tract (Figure 1.6).12, 15,16,17 

 

 
Figure 1.6: Schematic diagram showing various steps in the formation of the cardiac 
chambers and conduction system components. The primary myocardial tube cells differentiate 
into pre-chamber myocardium that subsequently will form the trabecules, the bundle branches 
and peripheral ventricular conduction system, and compact ventricular and atrial working 
myocardium. Part of the primary myocardium is set aside from differentiation and will form the 
nodal components of the conduction system, the SN, AVN, and AVB. Anf, Nkx2.5, Tbx 2, Tbx3, 
Tbx5, Mef2C, Hand 2 are transcription factors that helps in differentiating of various components 
of CCS and myocardium, Cx40 and 43 are gap junctions protein involved in cell to cell 
coupling.17 
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Figure 1.7:!Model for cardiomyocyte differentiation into all myocardial components of the 
vertebrate heart. The red arrow between primary and chamber myocardium indicates continuous 
differentiation of primary cardiomyocytes into chamber myocardium. A/V WM, atrial/ventricular 
working myocardium; AVB, AV bundle; AVN, AV node; BB, bundle braches; SAN, sinus node; 
SH, sinus horns.16,17  
 

Figure 1.7 showed that the mesodermal cardiac progenitors differentiate under the 

influence of transcription factors Tbx18 and Nkx 2.5 into primary myocardium which 

either retains its primary phenotype to form the SN, AVN, AV bundle and BB, under the 

influence of Tbx3, Tbx2 and Id2 or loses its primary phenotype to form chamber 

myocardium. The grey boxes showed the final phenotype expression of primary 

myocardium and chamber myocardium. The SN, AVN and AV bundle continue to 

express Tbx3.  Cx30.2, Cx40, Cx43 are gap junctions whereas HCN4 is the ion channel 

primarily responsible for If  current, SCN5A is the gene that encodes Na+ channel Nav1.5. 

Nav1.5 is primarily responsible for INa.  These ion channels details can be found later in 

the text. As shown HCN4 expression is consistent throughout the CCS. 

 

1.5 Anatomy and morphology of atrioventricular node  
The AVN is located at the base of the triangle of Koch, where the tendon of 

Todaro, the coronary sinus and the septal leaflet of the tricuspid valve, form the 

boundaries of the Koch’s triangle. (Figure 1.8 and Figure 1.9) 

Controversies exist in literature regarding the nomenclature to define the various 

components of the AVJ.5,16 But more recently consensus has been reached in defining 

these components as described by Tawara.5,18  
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Morphologically the AVN can then be further divided into the lower nodal bundle 

(LNB) and compact node (CN).18,19 In the LNB, cells are longer and arranged more 

parallel to one another, whereas in the CN cells are small and spindle-shaped with no 

clear orientation. Extending proximally from the LNB towards the coronary sinus (CS) is 

the inferior nodal extension or posterior nodal extension (INE/PNE), also known as the 

rightward nodal extension (RE) in humans.19, 20 We will mention this area of AVN as INE 

throughout the text. The second nodal extension or leftward nodal extension (LE), found 

in humans, extends from the CN towards the CS, and is usually shorter than the rightward 

extension.20,21 This LE has also been found in other mammalian hearts studied including 

mouse, rat and rabbit hearts.  

Out of these different areas of the AVN special mention should be made of the 

INE. The location of INE corresponds to the location of the slow pathway, which is 

ablated to interrupt the reentry circuit in the treatment of AV nodal reentry tachycardia 

(AVNRT). This area could potentially act as ectopic focus. Further more HCN4 Channel 

that are primarily responsible for If  current is abundantly found in the INE and this area is 

the site of AV junctional rhythm as found by Dobrzynski et al., in rabbit AVN. The If  

current is the hyperpolarization activated current involved in generating phase 4 

depolarization in the SN and AVN.21-23 

Figure 1.8 explains various components of the AVJ described above in the human 

heart. Figure 1.9 showed the AVJ components in rabbit and their cross section at 3 levels. 

These figures described the fast and slow component of the AVN conduction axis, 

explanation of which can be found later in the text. Figure 1.9 also highlights the 

penetrating bundle, which starts when the AVN penetrates the central fibrous body.  The 

terms of penetrating bundle or His bundle have been used interchangeably in the text. 

This fact has also been endorsed by Anderson18 who when referring to Tawara’s original 

monograph states;  

“Significantly, he showed that the pathway became insulated as it crossed from 

atrial to ventricular musculatures, and suggested that the point at which the muscle 

became engulfed in fibrous tissue should be taken as the boundary between the “knoten,” 

or atrioventricular node, and the penetrating bundle described earlier by Wilhelm His.” 
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 Figure 1.8:  AVJ anatomy and morphology illustrating the location of the AVN and 
different AVJ regions of human heart: CN (compact node), LE (left ward extension), RE (right 
ward extension), His (His bundle), CS (coronary sinus), IAS (interatrial septum), VS (ventricular 
septum), TT (tendon of todaro), FP (fast pathway), SP (slow pathway). Adapted from Kurian et al 
2010. Yellow colour indicates the Cx43 positive area and blue indicates Cx43 negative area.18,21 
 

 
Figure 1.9: (A) Schematic diagram of rabbit AV junction and (B) 1-3 Masson trichrome 
stained sections through AVJ at levels shown. Masson trichrome stains myocytes red and 
connective tissue blue. Three regions ringed in red show nodal extension or INE (1), compact 
node or CN (2), and distal penetrating bundle or His (3). Adapted from Mazgalev et al., and 
Greener et al.24,25 FO (foramen ovale), IVC (inferior venacava), CS (coronary sinus), CFB 
(central fibrous body), TV (tricuspid valve).  
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1.6 Cellular electrophysiology of the atrioventricular node 
 The complex structural nature of the AVN makes it challenging for scientists to 

completely understand its electrophysiology. Different electrophysiological responses are 

observed in the AVN and the dual AVN physiology is apparent in functional 

experiments.25-28 This chapter summarizes the electrophysiological responses, ion 

channel expression, cell coupling proteins and the multilayer conduction pattern in the 

AVN, together with a discussion about dual AVN physiology.  

1.6.1 Electrophysiological responses, action potential characterstics and multilayer 

conduction pattern in the atrioventricular node  

Carvalho et al., in 1960, showed that three different electrophysiological 

responses are recorded in the AVJ with microelectrodes.29 Based on their 

electrophysiological properties, the myocytes in the AVN can further subdivided in 3 

different groups, the atrio-nodal (AN), true nodal or compact nodal (N) and nodo-His 

(NH). Moreover, Billete et al.,30 in 1987 documented action potential recordings from 9 

different regions of the rabbit AVJ and categorized them into 6 types N-type, 3 AN-types 

(AN, ANCO, and ANL), NH-type, and H-type (His-type). On the basis of this study the 

AVN myocytes can be classified as 6 types similar to their action potential morphology 

(Figure 1.10).31  

 
Figure 1.10: Schematic drawings of the AVJ showing different types of myocytes. (A) 
Frequency of occurrence of AN, ANCO, ANL, N, NH, and H myocytes in different parts of the 
AVJ of rabbit. (Red indicates frequent and blue, infrequent). (B) Regions in which AN (dark 
grey), ANCO (middle gray), ANL (light grey), N (red), NH (green), and H (yellow) myocytes are 
most frequent based on data from Billette et al., (Adapted from Greener et al).24,30 CT (crista 
terminalis), SEP, (interatrial septum), TV (tricuspid valve), His (His bundle), CS (coronary 
sinus), TT (tendon of Todaro). 
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The electrophysiological response from N myocytes was characterized by a 

relatively slow rate of rise during upstroke of action potential, small amplitude of the 

action potential and relatively positive resting membrane potential.29,30 (Figure 1.11) The 

AN action potential showed an intermediate morphology between the N cells and the 

atrial muscle and NH action potential between the N region and His bundle (Figure 1.11). 

Both of these cells have a faster rate of rise during upstroke and more negative resting 

membrane potential.  

  
Figure 1.11: Transmembrane records of the excitation of 5 cells in the AVJ region during 
normal propagation of the action potential.  A, atrial muscle. B, AN region of the AVN. C, N 
from N region. D, NH region closer to N layer. E, NH cells. Adapted from Carvalho et al 1960.29 
 

The action potential characterstics of the AVN cells differ significantly from the 

atrial and ventricular myocardium. The reason for this difference in action potential is the 

different ionic currents.   The phase 0 or the upstroke of the action potential is 

characterized by slow depolarization in N cells. The resting membrane potential of N 

cells is relatively more positive (i.e -50 to -65mV) than the atrial and ventricular 

myocardium (i.e -85 to -90mV) because of the absence of IK1. IK1 is an outward K+ 

current responsible for maintaining the resting membrane potential in atrial and 

ventricular myocardium. Because of this difference in the resting membrane potential the 

Na+ channel are inactivated and unavailable for phase 0 thus ICaL is primarily responsible 

for the action potential upstroke resulting in slow rate of deplorization and low amplitude 

of the action potential.32.33  The rapid early replorization that marks the phase 1 of action 

potential in atrial and ventricular muscle are partly due to inactivation of INa (Na+ 

channels) but principally due to Ito (transient outward K+ current). Munk et al.,32 and  Ren 

et al.,33 have shown that the majority of  N myocytes do not have Na+ current (INa) and 

lacks Ito and they are dependent on Ca2+ channels for their action potential. The AN 

myocytes on the other hand have INa.32  The rapid early reploriazation phase is not clearly 

seen in N cells, they have a much smother plateau phase that’s mark their dependency of 

Ca2+ channels or ICaL. The ICaL is activated at membrane deplorization (potential positive 

to -40mV) and are responsible of plateau phase or phase 2 of the action potential. The 

other ionic current those are responsible for phase 2 and phase 3 (final rapid 

reploraziation) of the action potential are IKr (delayed rectifier K+ current) and IKs (slow 

delayed rectifier K+ current). The IKs  play a major role in determining phase 3 of action 
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potential. The phase 4 of the action potential in the N cells is characterized by slow 

diastolic deplorization, which is slow progressive change in the resting membrane 

potential. This characterstics is the hallmark of excitable pacemaker cells in the Sinus 

node and Atrioventricular node.  Once this reaches the threshold of -40mV the action 

potential is generated. The channels responsible for phase 4 is subject of much debate in 

the recent past and the If current together with the calcium clock involving Ryanodine 

channels (RyR2), Na+- Ca2+ exchanger and L-type Ca2+ channels were involved in this 

mechanism. The N cells expresses HCN channels responsible for If  current.32,33 These 

ionic currents and channels will be explained later in the text. 

Further to these different electrophysiological responses, conduction pattern in the 

AVN is also multilayer. This multilayer conduction pattern in the AVN has been found 

with the use of optical imaging techniques and microelectrode recording.24,34 Figure 1.14 

shows the multilayer conduction pattern with optical recording at AVN (discussed in 

more detail in section 1.9).    

Histologically, in the AVN histologically at least 3 layers have been identified as 

superficial, intermediate, and the deep.35 The superficial layer is composed of the 

transitional AN cells, which express Na+ channels and Cx43, while the intermediate 

compact node layer does not express Na+ channels and relies on low-conductance Cx45 

for cell to cell coupling. As a result, these two layers have markedly dissimilar action 

potential morphologies, which correspond to AN and N cells, respectively. Conduction 

velocity also differs in between these two layers.31,35 It will be interesting to see how 

these different cells, layers and regions of the AVN undergo structural change with 

ageing and whether these structural changes have any impact on AVN conduction.   

Recent work by Li et al., on the rabbit AVN further establishes the multilayer 

structure of the AVN.36 Neurofilament and Cx43 have been used to differentiate between 

various layers found in the AVJ. Neurofilament in a neuronal cytoskeletal protein that has 

been found in the rabbit CCS whilst absent in the working myocardium. The tissues 

found in the AVJ include neurofilament positive nodal tissue (densely packed Cx43 

positive tissues of the penetrating bundle, loosely packed Cx43 negative nodal tissues of 

the INE), neurofilament negative transitional tissue, (loosely packed Cx43 positive), 

neurofilament-negative atrial and ventricular muscle (densely packed, Cx43 positive).  

These studies have demonstrated a multilayer conduction pattern in the AVN and 

also helpful in explaining electrophysiological and anatomical concepts regarding dual 

AVN physiology.  

!
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1.6.2 Dual atrioventricular physiology 

Functional electrophysiological experiments have proven the existence of dual 

conduction pattern within the AVN.  However, the anatomical substrate to explain dual 

AVN conduction was recently studied.  

Dual AVN physiology is a representation of dual inputs that travel through the 

AVN down to the His bundle. These dual inputs are known as fast and slow pathways (as 

shown in Figure 1.8 and 1.9). Morphologically, the slow pathway proceeds parallel to the 

tricuspid valve annulus from beneath the coronary sinus to the penetrating AV bundle 

near the apex of the triangle of Koch. Whereas the fast pathway enters the penetrating 

AV bundle superiorly from the direction of the atrial septum.26,27,36,37 This process of 

transmission of impulses through the AVN down to the His bundle permitted 

electrophysiologists to devise experiments to prove the dual pathways existence via atrial 

extrastimulus (AES) technique. Extrastimulus (A2) is a second stimulus that is produced 

soon after the first stimulus (A1) in the atria. The impulse then travels down the AVN 

into the His bundle where it is recorded as H1 and H2 respectively, as they reached the 

His bundle.  The time interval between the two stimulus i.e A1H1 or A2H2 interval is the 

time taken for the impulse to travel from the atria to the His bundle. H1-H2 is time 

difference between two His responses as the result of atrial stimulus. 

The presence of dual AVN pathways is indicated by the evidence of an atrial-His 

bundle (AH) jump—a jump in the A2H2 or H1H2 interval of more than 50 milliseconds 

in response to a 10-millisecond shortening of the AES coupling interval (i.e., A1-A2) or 

pacing cycle length (CL) (i.e., A1-A1). Similarly, a 1:2 response (i.e., a single atrial 

stimulus results in two ventricular complexes, the first one because of conduction over 

the fast AVN pathway, and the second one because of conduction over the slow AVN 

pathway also indicates the presence of dual AVN physiology (Figure 1.12). 38,39 

The anatomic substrate that can explain these functional experiments are lacking 

but recently evidence is now emerging that can partially explain this dual AVN 

physiology.21,31,38,23,39 The Figure 1.8 shows the slow pathway as being Cx43 positive 

region consisting of LNB and INE as compared to fast pathway being Cx43 negative 

region consisting of CN & LE area of the AVN. Although it can partially explain the fast 

and slow pathway theory, it is a bit puzzling to find fast pathway as being Cx43 negative 

region and slow pathway being Cx43 positive. Cx43 is less resistant than Cx45 in cell-to-

cell coupling, whereas Cx45 is the major Cx isoform found in the AVN and SN. 

Although it is possible that other components may act in the transmission of action 
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potential in the fast and slow pathway, it makes one wonder about the structural 

components responsible for communication in the AVJ.  

 Dual AVN physiology with this partial anatomic explanation also put forth a 

fundamental question; why is the dual AVN physiology being found in humans and 

higher mammals? Is its development the result of evolution to protect the AVN from the 

ageing phenomenon? What are the changes that happen during ageing that results in 

decreased incidence of AVNRT and also increased incidence of heart blocks in the 

elderly?  

 
Figure 1.12: Schematic diagram to show dual AV nodal physiology. (A) Usually the 
conduction through the AVN is down the fast pathway. The conduction down the slow pathway is 
usually blocked at the point where the two pathways join as the tissue is still recovering from the 
depolarization via the fast pathway. (B) An earliear extrastimulus A2 may be blocked down the 
fast pathway yet still conduct down the slow pathway. The slow pathway has a shorter effective 
refractory period thus recovers quicker than the fast pathway allowing the A2 to conduct but 
because the conduction down the slow pathway is slower, AH interval is consequently prolonged. 
SN, sinus node, A, Atrium, AVN, atrioventricular node, His, His bundle, Purk, Purkinje fibers, V 
ventricle. The bottom ladder diagram in each figure shows the time intervals in relation with the 
conduction of impulse. Adapted from Handbook of cardiac electrophysiology.40 
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1.7 Ion channel expression in the atrioventricular node  
Ion channel expression in the AVN is heterogeneous correlating with the complex 

anatomy and electrophysiology of AVN described earlier. Table 1.1 lists the important 

ionic currents.  

Table 1.1: Important ionic currents, the ion channels responsible for these current 
and the functional properties of these ionic currents. ATP = adenosine triphosphate; 
cAMP = cyclic adenosine monophosphate; GTP = guanosine triphosphate; SR = sarcoplasmic 
reticulum. (Adapted from Braunwald’s Heart Disease, 8th Edition. Saunders 2008)  

Current 
Ion Channel 
Subunit Functional Properties 

INa Nav1.5 (alpha 
subunit) 

Tetrodotoxin-insensitive voltage-gated Na+ current. Responsible for 
Phase 0 (upstroke) of cardiac action potential in the working 
myocardium, also in the transitional cell layer of the AVN.  

ICa.L Cav1.2,(alpha 
subunit),  
Cav 1.3 (alpha 
subunit) 

L-type (long lasting, large conductance) Ca2+ current through voltage-
gated Ca2+ responsible for phase 0 and propagation in the SN and AVN 
cells. Also implicated in pacemaker function of these cells and to the 
plateau of atrial, His-Purkinje, and ventricular cells; main trigger of 
Ca2+ release from the sarcoplasmic reticulum  

ICa.T Cav3.1, 
3.3/alpha1 G 
(alpha subunit)  

T-type (transient current, tiny conductance) Ca2+ current through Ca2+ 
channels, contribute inward current to the early phase 1 and later phase 
of phase 4 depolarization in pacemaker cells and action potential 
propagation in the AVN cells. 

If HCN4 (alpha 
subunit) 

Hyperpolarization-activated current carried by Na+ and K+ in the SN, 
AVN and His-Purkinje cells, involved in generating phase 4 
depolarization; increases rate of impulse initiation in pacemaker cells. 

IK1 Kir2.1 (alpha 
subunit) 

K+ current through inwardly rectifying K+ (Kir) channels, responsible 
for maintaining resting membrane potential in atrial, His-Purkinje, and 
ventricular cells; channel activity is function of both membrane 
potential and [K+]o; inward rectification appears to result from 
depolarization-induced internal block by Mg2+. 

I K.Ach Kir3.1/Kir 3.4 
(alpha subunit) 

Inwardly rectifying K+ current activated by muscarinic (M2) and 
purinergic (type 1) receptor stimulation via GTP regulatory (G) protein 
signal transduction; expressed in the SN, AVN and atrial cells, where it 
causes hyperpolarization and action potential shortening; activation 
causes negative chronotropic and dromotropic effects. 

IKs KvLQT1 
(alpha 
subunit)/minK 
(beta subunit) 

K+ current carried by a voltage-gated K+ (Kv) channel (slow delayed 
rectifier K+ channel); plays a major role in determining phase 3 of the 
cardiac action potential.  

IKr hERG (alpha 
subunit)/MiRP
1(beta subunit) 

Rapidly activating component of delayed rectifier K+ current; IKr  
inward rectification of IKr results from depolarization-induced fast 
inactivation; plays a major role in determining cardiac action potential 
duration.  

IKur Kv1.5 (alpha 
subunit) 

K+ current through a Kv channel with ultrarapid activation but 
ultraslow inactivation kinetics; expressed in atrial and nodal myocytes; 
determines action potential duration and initiates repolarization in 
phase 2 of action potential.   

Ito  Kv4.3, Kv4.2, 
KChIP2, Kv1.4 

Transient outward K+ current through voltage-gated (Kv) channels; 
exhibits fast activation and inactivation, and recovery kinetics; 
contributes to time course of phase 1 repolarization. 
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1.7.1 Na+ current 

INa is primarily carried by the Nav1.5 ion channel and encoded by the SCN5A 

gene. The inward sodium current (INa) is responsible for the first phase of the action 

potential, resulting in a rapid depolarization of the myocardium. In the AVJ lower 

expression of Na+ channels in the compact AVN region was reported.24,31,41,42 These 

lower levels of expression of Na+ channels have been linked with ovoid type isolated 

cells which exhibit an N-Type electrophysiological response.43 Transitional cells of AN 

and NH types, on the other hand, have more abundant expression of INa which explains 

their fast upstroke velocity and speed of conduction.42 However, another study showed 

the presence of both TTX (Tetrodoxin) sensitive and TTX resistant INa recorded in mouse 

AVN cells. Block of INa abolishes the pacemaker activity of the AVN cells.44 

Furthermore, a more comprehensive study of the localization of Na+ Channels 

isoforms in the AVN has been performed by Yoo et al., in the rat heart45 which confirmed 

that Nav1.1 and Nav1.5 were abundant in the atrial, ventricular myocardium, left bundle, 

present at a reduced level in the INE, transitional layer and absent in the CN and 

penetrating bundle. Nav1.3 was present in neuronal tissue of AVN (but not myocytes) and 

it was abundant in the penetrating bundle but was reduced in other regions of AVN.  

1.7.2 Ca2+ current 

Ca2+ channels played an important role in the AVN conduction. Both L-type, and 

T-type calcium channels responsible for ICaL and ICaT, respectively, have been found in 

the AVN, especially L-type Ca2+ channels which have been responsible for the upstroke 

of action potential (AP) in N type nodal cells.32,45-47 In a study by Mangoni and 

colleagues, ICaL inhibition by Isradapine (L-type calcium channel blocker) completely 

abolishes the pacemaker activity of the mouse AVN cells. The study also shows that in 

the AVN the density of ICaT is higher as compared to ICaL.  

Greener et al., study on messenger RNA (mRNA) expression measured via qPCR 

technique showed that the expression of Cav1.3 is more abundant in the nodal tissues 

including the CN, INE and distal penetrating bundle as compared to atrial and ventricular 

muscle in which Cav1.2 is more abundant.24  

Mice lacking Cav3.1/ alpha 1G, T type Ca2+ channels responsible for ICaT showed 

a prolonged PQ interval, suggesting a role for T type Ca2+ channels in the AVN 

conduction.32,46,48 In another study, Mangoni and colleagues showed that the mice lacking 

Cav1.3 (homozygous loss of CACNA1d) showed a prolonged PR interval and 

intermittent AV block. Similar findings are seen in mice lacking Cav3.1. The mice 
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lacking both these channels (Cav1.3 and Cav3.1) showed additive effects of these 

channels resulting in more pronounced AV block.49 The homozygous loss of Cav1.3 

(CACNA1d) in human’s results in bradycardia, AV nodal disease with intermittent AV 

block and deafness.50 

1.7.3 Funny current (If) 

HCN channels or hyperpolarization activated cyclic nucleotide gated channels are 

responsible for If  current. Four isoforms of HCN channels have been identified.51 

Specific to the CCS, HCN channels are poorly expressed by atrial and ventricular 

myocytes.  The presence and the important role of a pacemaker “funny” current, If was 

firmly established by different investigators52-54 and it has been demonstrated that 

predominant isoform of genes encoding If current is HCN4 which is expressed in the INE 

of the rabbit heart.9,22,51 This was confirmed by Greener et al., which showed abundant 

expression of HCN4 in the INE but much less in other nodal cells.24 HCN1 on the other 

hand is uniformly expressed throughout the AVN and penetrating bundle.  In a recent 

study on HCN4 knockout mice with the use of daily tamoxifen, it was shown that HCN4 

knockout mice not only led to the development of severe bradycardia but also associated 

with higher degrees of AV block (2:1 and 4:1 2nd degree AV block) as the heart rate 

progressively decreased.54 Another independent group yielded similar results that showed 

the destruction of HCN positive myocytes resulted in profound bradycardia and AV 

block.53 

1.7.4 K+ Current 

Expression of K+ channels is also nonuniform in the AVN. Transient outward 

current Ito, similar to INa, appears to reside primarily in the transitional layer of the AVN, 

while being more scarcely expressed in N cells.32 However, Marger et al., study showed 

presence of Ito in mouse AVN cells.  K+ channels mRNA that contributes for Ito, i.e 

Kv4.3, Kv1.4 were shown by Greener et al., to be significantly less abundant or absent in 

the INE. However, Kv4.2 mRNA tended to be more abundant in the nodal tissues. There 

was a distinct decrease in the abundance of KChIP2 mRNA from the atrial and 

ventricular muscle compared to the nodal tissues and is absent from CN.24 

On the other hand, a well-documented vagal control55,56 of the AVN suggests a 

role for IKAch. IKAch is a large inwardly rectifying outward K+ current that is acetylcholine 

regulated. IKr plays an important role in the repolarization of the action potential in the 

rabbit AVN and it also recorded in the mouse AVN cells by Marger et al.44,57 IKs does not 

contribute to the repolarization and was not observed in AVN cells.44 Furthermore, 
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Greener et al., study showed that hERG mRNA (responsible for IKr) was more abundant 

in the CN than KvLQT1 and minK mRNA (responsible for IKs). Kv1.5 mRNA 

(responsible for IKur) however has been abundantly found in the nodal tissues.24 

1.7.5 Electrical coupling and the connexins 

 Electrical coupling between myocardial cells is imperative for the transmission 

and propagation of the action potential. Without the appropriate electrical coupling fast 

conduction between myocardial cells would be difficult and also transmission of impulse 

between various components of the CCS would suffer. Myocardial cells have a unique 

way of electrical coupling via gap junctions (low resistance, non-selective ion channels) 

known as connexins (Cx).  

These connexins appear to play an especially prominent role in the AV 

conduction. Three major isoforms of these gap junctional channel proteins, Cx40, Cx43 

and Cx45, have been mapped to specific regions of the mammalian heart.  

The main connexins isoform in the AVN is Cx45 followed by Cx43 and Cx40.58-

60 The compact node (N region) has been shown to have low level of expression of the 

major cardiac isoform, Cx43, which is responsible for cell-to-cell communication 

throughout most of the myocardium, specifically in the atrial and ventricular 

myocardium. The transitional layer of the AV node, including both AN and NH, exhibit 

greater levels of expression of Cx43. Discussion regarding role of Cx43 expression in 

dual AVN physiology can been found earlier in section 1.6.2.  Cx43 expression in the 

AVJ appears to be higher in the His bundle, the lower part of the CN or LNB, and its 

rightward inferior extension in the human compared to the leftward extension and the 

upper part of the CN.41,58,59  

The Cx isoforms have been reported to play a role in the conduction through the 

compact node (Cx45) and NH region (both Cx40 and Cx45). Cx45 is high resistance Cx, 

not only it is the major isoform in the AVN causing impulse delay but also found in the 

SN.58-60 Other Cx isoform, Cx30.2 have been found in the CCS of mice, its human 

counterpart Cx 31.9 has not been found in the human AVN.61,62 Cx30.2/Cx31.9 role in 

cardiac conduction is still debatable.  
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1.8 Autonomic innervation of the atrioventricular node 
 The autonomic nervous system (ANS) has a well-documented effect on the CCS. 

Tachycardia during exercise and bradycardia during sleep is an example of the everyday 

effect of the ANS on the CCS. The two components of the ANS namely the 

parasympathetic and the sympathetic nervous system act in an opposing way to modulate 

the activity of the SN and AVN.  The parasympathetic activity is shown to be present in 

the AVN by nerve endings exhibiting acetylcholinestrase (AChE) activity and the 

sympathetic activity via tyrosine hydroxylase or dopamine hydroxylase enzymes.  

 In the AV nodal cells sympathetic stimulation via B-adrenergic receptor activates 

adenylate cyclase with converts ATP to cAMP which in turn phosphorylate protein 

kinase A. Elevated cAMP levels activate protein kinase A (PKA), which phosphorylates 

L-type calcium channels, leading to an influx of Ca2+ into myocytes. This influx releases 

stores of intracellular Ca2+ from the sarcoplasmic reticulum resulting in increased 

intracellular Ca2+ and thus early deplorization. (Fig:1.13) The effect of parasympathetic 

stimulation on AVN cells is applied via acetylcholine, which acts via muscurainic 

receptor to decrease cAMP via inhibitory G protein. The G protein are also linked to IKAch 

which is an outward K+ current in resulting in efflux of K+ upon parasympathetic 

stimulation. The effects of parasympathetic stimulation thus is decreased intracellular 

Ca2+ via decreased cAMP and hyperpolarization of cells due to K+ efflux both of these 

results in delayed deplorization.  

  The structural study by Petrecca et al., demonstrated the sympathetic, 

parasympathetic nerve endings and β receptors distribution in the rat AVJ.63 They have 

shown that in the mid nodal cell region or the CN region relatively few AChE reactive 

nerve endings were found while the transitional cell layer exhibits an abundance of these 

nerve endings. On the other hand tyosine hydroxylase (TH) immunoreactivity is present 

throughout the transitional, lower nodal, midnodal and CN regions in a spatially uniform 

manner. It is, therefore, possible that the parasympathetic branch of the ANS 

preferentially exerts its effect on the transitional cell layer as compared to the CN region. 

The study by Prystowsky et al., showed that the effect of the parasympathetic and 

sympathetic nervous systems on AVN conduction is balanced or equal. They have 

performed electrophysiological measurements of AVNERP (AV nodal effective 

refractory period) and AVN conduction time on human subjects after application of 

atropine (acetylcholine receptor blocker) and propranolol (non selective β blocker). No 

effect on the AVN conduction were observed with simultaneous administration of 

atropine and propranolol but when applied separately confirmed negative dromotropic 
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(conduction/speed across the AVN) effect of propranolol and positive dromotropic effect 

of atropine.64 This effect is also well documented in other studies.65,66 This balanced 

effect of the ANS on the AVN contrasts with the marked effect of the parasympathetic 

nervous system on the sinus nodal automaticity.  

The modulation of the AVJ pacemaker via autonomic stimulation has been 

studied using subthreshold stimulation and optical mapping technique by Hucker et al.,41 

in  the rabbit AVJ preparation. The sub threshold stimulation excites the intra-cardiac 

neuron without causing myocyte contraction.  They have shown that the sub threshold 

stimulation applied adjacent to the conduction system in the triangle of Koch 

autonomically modulates the junctional rate, which increases to almost 145±16 beats/min 

when subthreshold stimulation was applied in combination with atropine and decreases 

by 13% when applied together with nadolol (β-receptor blocker). The anatomic location 

of the AVJ pacemaker remains stationary in response to autonomic stimulation (most 

often in the INE).  

 
Figure 1.13: Schematic diagram to show different ionic currents that contribute towards 
action potential in a cardiomyocyte and their relation ship with sympathetic nervous 
system. Also shown is the calcium handling proteins and their relationship with T-tubule. β-
adrenergic receptor (β-ADR) can modulates the effect of these ionic currents by activating 
adenylate cyclase (AC), which converts ATP to cAMP. cAMP activates If  and protein kinase A 
(PKA). PKA then modulates via phosphorylation a number of cellular substrate as shown.  cAMP 
(cyclic adenosine monophosphate), ATP (adenosine triphosphate), PLB (phospholamban), SR 
(sarcoplasmic reticulum).  Adapted from Taggart et al.67 
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1.9 Summary of action potential propagation through the 

atrioventricular node and ion channels expression    
The cardiac action potential is generated in the SN and transmitted through the 

atrial myocardium to the AVN. Conduction through the AVN is slow and as shown via 

optical recordings in Figure 1.14 transmitted as a dual wave front. The action potential 

travels through the transitional cell layer rich in AN cells and AVN (compact node and 

INE, abundant in N Cells) to reach the His bundle. The proximal part of the His bundle 

consist largely of NH and H cells. Conduction through the AVN is being regulated by 

autonomic nervous system. Then action potential propagates from the His bundle to the 

bundle branches, Purkinje fibers and finally to the ventricular muscle to initiate 

ventricular contraction.  

Figure 1.14 shows the transmission of the AP through the AVN during AVN 

block to increase understanding of dual wave front involved in the action potential 

propagation. The figure show recordings from the superficial transitional cell layer and 

second from the deeper CN layer during 3:2 Wenkebach AVN block. The bottom left 

panel shows recordings from the CN. The action potential in this CN cell preceded or 

coincided with the His bundle signal and absent when the His bundle signal is missing in 

case of AVN block.  It further shows that the action potential in the CN is associated with 

the second component of the optical signal that is also missing with AVN block. The 

bottom right panel shows recordings from the superficial transitional cell layer, which has 

a faster upstroke and coincided with the first of the two components in the optical signal. 

As demonstrated both the first optical signal and the action potential in the superficial 

transitional cell are present even with AVN block and is depolarized earlier after atrial 

signal as compared to action potential in the CN layer.34   

The INa is principally responsible for action potential upstroke in the transitional 

layer of the AVN comprising primarily of AN cells. The ICaL is primarily responsible for 

the action potential upstroke in the CN.  N cells primarily found in in CN and INE, also 

exhibit pacemaker current, If. In keeping with these findings at the molecular level, 

Greener et al., showed that mRNA for Nav1.5 is less abundant in all components of the 

AVJ in the human and rabbit compared to working myocardium, while Cav1.3 is 

increased. HCN4 is more abundant in all areas of the AVJ.24 Table 1.2 shows the 

summary of ion channel expression in various regions of the AVJ and their contribution 

to the different action potential phases. In terms of the resting membrane potential, N 

cells exhibit a more positive diastolic membrane potential compared to the atrial, 
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ventricular myocardium, AN and NH cells. This is due to lower density of IK1. mRNA for 

Kir2.1 (one of the principal channels responsible for IK1) is reduced in the AVJ compared 

to working myocardium in rabbit.24 

 
Figure 1.14: A multilayer structure is schematically drawn (top panel) to represent a cross 
section of the atrioventricular node (AVN) perpendicular to the endocardial atrial surface. 
The compact node (red) covered with a superficial layer of transitional cells (blue) providing a 
connection between the atrial tissue and the compact node. The compact node, in turn, connects 
to the bundle of His (orange). Connective tissue protrusions are shown in black. Arrows show 
hypothetical wave fronts in the transitional and compact nodal fibers. Optical recordings obtained 
by a 16 photodiode array were accompanied by bipolar electrograms from the atrial input to the 
AVN (*) and from the bundle of His. (*). In addition, a roving glass microelectrode was 
utilized to impale cells in different AVN layers (black and white circles). Each of the lower 
panels illustrates three consecutive heartbeats with simultaneously acquired atrial input and His 
electrograms, along with optical and microelectrode signals.34 
 
Table 1.2: Ion channel expression at mRNA level in rabbit INE, CN, PB compared to atrial 
muscle (AM), & Ventricular muscle (VM).  +*, significantly up-regulated; -*, significantly 
down-regulated; +, trend to up-regulation; -, trend to down-regulation; =, no difference. Based on 
the study by Greener et al.24 
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1.10 Channelopathies associated with atrioventricular conduction 

disease 
The etiology of AVN conduction disease is varied, ageing is implicated and it is 

common in patients with inherited neuromuscular diseases and congenital cardiac 

malformation. Genetic mutations have also been recognized in association with AVN 

block. Table 1.3 present a summary of various ion channel diseases associated with AVN 

dysfunction. 

 The genetic mutations in SCN5A (which codes for Nav1.5) are the most studied 

mutations causing AVN dysfunction. SCN5A is well known for its involvement in 

Brugada syndrome (BrS)68 and Long QT syndromes type 3 (LQT3).69 However, multiple 

SCN5A mutation has also been reported with AVN conduction disturbances.70-73 These 

mutations can lead to isolated cardiac conduction defects, which can result in AVN block 

as well as reduced action potential propagation throughout the CCS. Together with 

isolated conduction defects, mutation in the SCN5A has also been reported to be 

associated with the clinical syndrome causing dilated cardiomyopathy, SN dysfunction, 

and ventricular arrhythmias.74 Overlapping syndromes of conduction system defects with 

BrS and LQT3 have also been reported.69,75 

CACNA1C gene that codes for Cav1.2 has been associated with antibody 

mediated congenital AV block.76,77 The other important mutation with regards to the Ca2+ 

channels causing AV block involves CACNB2b gene (codes for CavB2b) responsible for 

ICaL was actually identified in patients with one of SCN5A mutations. Combination of 

these two mutations results in CCS disease without development of BrS.78 As already 

mentioned in section 1.7.2 CACNA1D (Cav1.3) mutation results in intermittent AV 

block.50 

 Mutation in KCNH2 (codes for KvLQT1) has been associated with AV Block. 

This mutation can manifest as AV block inducing Torsades de pointes (TdP) in patients 

together with clinical manifestations of congenital long QT syndrome.79 HCN4 reduced 

expression can result in bradycardia and AV block.54 
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Table 1.3: Genetic mutations in patients with cardiac conduction system disease in 
particular AV conduction causing AV Block. Cases of AVN dysfunction leading to 
AV block with inherited or acquired mutations. 

 

1.11 Structural and electrophysiological changes in the atrioventricular 

node with ageing  
Ageing phenomenon of the CCS is equally interesting for clinicians and scientists. 

The anatomical, morphological and cellular changes that occur with ageing leads to a 

challenging subsets of patient groups that make clinicians searching for new modalities of 

treatment and scientists searching for the answers that can provide better understanding 

of the disease process. As mentioned before, ageing affects the AVN in a peculiar way 

leading to an increased incidence of the heart blocks and a decreased incidence of 

AVNRT. 

1.11.1 Structural changes 

Waki et al., in a study on normal human hearts showed that the morphology of the 

AVN changes during postnatal development during 1-20 years.80 The AVN shape in a 

newborn human, in its central part is oval shape. It lies between the transitional cell layer 

and central fibrous body. This shape of the AVN then changes with development into a 

spindle shape or a J shaped structure. These changes happen because of significant 

Gene Protein 
name 

Disorder Reference 

SCN5A Nav1.5 Atrioventricular conduction block Wang et al., 2002 
SCN5A Nav1.5 

 
Tachycardia, atrial & ventricular conduction 
delay, Sudden cardiac death 

Bezzina et al., 2003; 
Makiyama et al. 2005 

SCN5A Nav1.5 Sick sinus syndrome, Atrioventricular 
conduction block 

Lei et al, 2008 

KCNQ1 
or  
KCNH2 

KVLQT1 
ERG 

Atrioventricular conduction block, Torsades 
de pointes, QT prolongation 

Oka et al., 2010 

SCNA5 
 
 

Nav1.5 
 
 

First-degree atrioventricular block, Brugada 
syndrome, sinus arrhythmia, bradycardia, 
and PR prolongation 

Hu et al., 2010 

CACNA
1C 
 

Cav1.2 Congenital heart block Qu et al., 2001; 
Boutjdir et al., 1998 

CACNA
1D 

Cav1.3 Alteration of atrioventricular nodal 
conduction, bradycardia, deafness 

Shahid et. al 2011 

HCN4 HCN4 Familial sinus bradycardia, sick sinus 
syndrome, AV block 

Milanesi et al., 2006; 
Schulze-Bahr et al., 
2003 Barbuti & 
DiFrancesco, 2008 
Baruscotti et al., 2010b, 
Mesirca et al 2014 

Cx43 Cx43 Dispersed conduction, susceptibility to 
ventricular arrhythmias 

Boulaksil et al., 2010 
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development of muscular AV septum. As a consequence, the AVN is positioned more 

into the slope of the septum. Figure 1.15 shows the histological images detailing these 

changes. These images also show that the tightly packed transitional cell zone appears 

more loosely packed with an increase in the amount of the fibrofatty tissues with 

increasing age as shown from images A, B, C.  

!  
Figure 1.15: Changes in position of the compact node (CN) with ageing. The muscular AV 
septum is the area between the mitral valve (MV) and tricuspid valve (TV). (A) Section from 
1-month-old infant. The CN is oval shaped and is in almost "horizontal" position, resting on the 
central fibrous body. (B) Section from 5-year-old child. The CN has changed from oval to a 
spindle shape. Fibrofatty tissues have already produced a looser texture of the transitional cell 
zone. (C) Section from 17-year-old adolescent. The CN shows an elongated spindle shape and is 
in a much more upright position due to the increased slope of the muscular AV septum. Note that 
the connections between transitional cells and CN have loosened further, due to the deposition of 
fibrofatty tissues in the transitional cell zone LV, left ventricle, RA, right atrium, MV, mitral 
Valve, TV, tricuspid valve, VS, ventricular septum, AS, atrial septum, CFB, central fibrous body. 
Hematoxlin and eosin stain. Bar = 1 mm. Adapted from Waki et al.80 

The other important aspect about this study is the growth of nodal extensions i.e., 

INE (rightward nodal extension) and LE (leftward nodal extension) with increasing age. 

In the youngest age group the two extensions are relatively close to each other. However, 

in the older age group and with an increasing slope of the AV septum, these two 

extensions ran further apart from each other (Figure 1.16). The INE increases in size to 

such an extent that the length of INE is comparable to the CN in an adolescent heart.  

Waki et al. AVN Morphology Rclali'd to Age 1147

LV

RA

Figure 2. Change in position of the compact AV node (CNi with
increasing age. The .so-called mii.'iciiUir A V .septum is the area between
the offsetting of the mitral valve {MV) and Iricii.spul valve (TV). iA)
Heart of a }-month-old infant. The CN is half-oval shaped and is in un
almost "horizontal" position, resting on the central fibrous ijody. The
.so-called muscular A V septum is almost nonexistent. Note that the CN
;,v overlaid hy a tightly packed layer of transitional celts. (B) Henri of
a 5-year-old child. The CN has changed from a half-oval to a .spindle
shape. Fihrofatty tissues have already produced a looser te.xlure of the
transitional cell zone. (C) Heart of a 17-year-old adolescent. The CN
shows an elongated spindle shape and is in a much more "itprighl"
position due to the increased slope of the so-colled muscular AV
septum. Note that the connections hetvi'een transitional cells and CN
have loosened further, due to the deposition of fibrofatty tissues in the
transitional cell zone. LV = left ventricle; RA = right atrium. Hema-
to.wlin and eosin stain: bar = I mm.

Basically, il is a "nonseptum" in that it is composed of an
overlap between the atrial wall und the crest of the
ventricular scplum. with the compact AVN and Ihe re-
lated part of the central fibrous body sandwiched be-
tween. This is an anatomic feature thai is well known,
but its implications are not necessarily apprecialcd and,
therefore, were highlighted recently by Anderson cl al.-'
The process of postnatal molding of this area, which
primarily affects the central tibrous body and conlin-
ues into old age. has a profound effect on ihe j:eomclry
of the area of the alrial and ventricular overlap and,
hence, on the compact AVN and AV conduction axis.
The impact of this process is illuslrutcd by the tact that
the AV part of the membranous septum is hardly
present in the newborn, but develops progressively
with age.-- Finally, it appears that, compared with the
very young, "older" hearts have an increase in the
superoinferior dimensions ol" the inferior extensions.
In adolescents, it appeared that the rightward inferior
extension was almosl equal in length to the ctMiipact
AVN and in some instances even exceeded the length
of the compact node.

The dimensions of Koch's triangle have been mea-
sured in heart specimens (see Inoue and Becker-' for
review), but we are unaware of any study focusing on the
dimensions in relation to young age groups. The ob.ser-
vation that ageing is associated with an increase in fi-
brofatty tissue has been documented,^'^ although il has
not been emphasized that this phenomenon is apparent
even in adolescents. To the hesl ol" our knowledge, the
additional age-related changes documented in ihis study
have not been reported.

Potential Clinical Implications

That the geometry of the compael nude, and particu-
larly of the inferior extensions, is related to age may be
clinically relevant.

Medkour et al.'" studied the anatomy and functional
properties of the extension along the septal attachments
of the tricuspid valve leaflet in isolated rahhit heart
specimens. They reported that the extension showed a
cycle-length-dependent slow activation lime with a
shorter refraetory period than that oi" the compact node.
With progress of activation in the "posteroanterior" di-
rection (which we would call "inferosuperior" in hu-
mans), cycle dependency and refractoriness increased.
Fast pathway conduction prevailed with intermediate and
long coupling intervals, but failed with short coupling
intervals. When this occurred in the transitional cell
zone, cycle-length-dependent slow activation of the
"posterior" extension was delayed further, hul conduc-
tion to the His bundle was maintained. This exlra delay
in the "posterior" extension allowed recovery of excit-
ability in the transitional cells and initiation of a reentrant
beat. From these experimental studies, they concluded
that the nodal extension prt)vides the substrate l"()r the
slow pathway. Our observations in luimans that the in-
ferior nodal extensions, pailieulariy the rightward exten-

VS

VS

VS

CFB

CFB

CFB

AS

AS

AS
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Figure 1.16:  A 3D reconstruction of the human AVN showing nodal extensions. As 
compared to the newborn, the INE or right nodal extension growth is significant at 15 years of 
age. Right nodal extension (Rt), left nodal extension (Lt), tendon of Todaro (TT), atrial septum 
(AS), ventricular septum (VS), mitral valve (MV), tricuspid Valve (TV), coronary sinus (CS). 
Adapted from Waki et al.80 
    

This study by Waki et al., was performed on 40 structurally normal hearts aged 1-

20 years old. The age in this study is only limited to 20 years thus it is difficult to 

establish whether the morphology of the AVN changes in adult life after 20 years. This 

question still unsolved. 

Multiple studies examining histological changes in the CCS and AVN with 

ageing confirmed that the amount of connective tissue and intercellular collagen in the 

AVN increases with age.81-83 It is not known whether these changes are generalized i.e. 

present in all regions of AVJ. This increase in collagen in the AVN is in contrast with the 

ventricular muscle, which actually decrease with ageing.83,84 In a study on ageing rabbit 

heart, increased fat cell deposition in the AVN and His bundle together with increased 

collagen deposition was found.84 

 A forensic study of the CCS by Song et al., has also suggested the above popular 

notion of fibrofatty infiltration of the AVN with ageing. They also noted a few interesting 

observations. First, as shown in previous studies, beyond 40 years there is an increase of 

fibrous and fatty tissue. Secondly, they have noted that the ageing process of the fatty 

tissue infiltration in the CCS was mild, in patients over 70 years of age, only 7.5% in the 

AVN and 15.2% in the SN showed fatty infiltration.  Thirdly, the ageing process in the 

SN began from the tail and the process was usually more severe in the tail than in the 

head of the SN. Last but not least is the observation of deposition of calcium in about half 

of the persons in the central fibrous body and the top of the interventricular septum. This 

process began from 36 years of age and is without gender difference. 85 
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These studies are important in elucidating different structural and histological 

changes in the AVN with ageing. To date we have not been able to locate any study, 

which looked at changes in ion channel expression in the AVN with ageing. In the ageing 

studies on ion channel expression of the SN by Tellez et al., and Yanni et al., have shown 

that the gene expression in the SN changed considerably with age, i.e., there was an age-

dependent increase in Nav1.5, Navβ1, Cav1.2 and decrease in Kv1.5 and HCN1.86,87  

 

1.11.2 Autonomic innervation of cardiac conduction system with ageing 

The autonomic nervous system plays a significant role in modulating AVN 

conduction. Effects of the parasympathetic system or vagal nerve stimulation via carotid 

sinus massage or valsalva manouver causing transient AV block has been well 

established in the clinical practice during emergency treatment of AVNRT and 

supraventricular tachycardia.88  

According to the study by Chow et al., the CCS has increased density of 

autonomic innervation as compared to atrial and ventricular myocardium in humans.89   

24 human hearts aged from 1-80 years were used in the study. Activity of sympathetic 

supply was determined by immunostaining with dopamine β-hydroxylase (DβH) and 

tyrosine hydroxylase (TH) enzymes and the parasympathetic activity were ascertained by 

immunostaining for cholinesterase enzyme and acetylcholinestrase (AChE) nerve 

terminals.  DβH, TH, and AChE innervation of the CCS follow a similar pattern of 

distribution during ageing. Chow et al., showed changes in the autonomic nervous system 

from infancy to senility and showed that the innervation is highest in the SN, and exhibits 

a decreasing gradient through the AVN, penetrating bundle down to the bundle branches. 

DβH, TH and cholinesterase activity were abundantly found in infant hearts but AChE 

positive nerve terminals were rarely found in the SN, AVN and bundle branches. 

Cholinesterase activity diminished as adulthood is reached but AChE positive nerve 

terminals density increased and reached similar to that of DβH and TH nerves. This co-

dominance remained during senility, however the density of DβH, TH and AChE 

decreased. 

Furthermore, with ageing, autonomic innervation of the AVN declines in 

humans89 and there is a decrease in the density of β-adrenergic receptors as well as a 

decrease in the sensitivity to β-agonists in the AVN (but not in the ventricular 

myocardium) in the rat.90 In the study on Fischer 344 rats, Kusumoto et al., used 

immunostaining with β-adrenergic antagonist, 125 Iodocyanopindolol, to identify β-

adrenergic receptors in the AVN. They first identified the AVN by staining with 
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acetylcholinestrase (it readily identifies CN as shown by Figure 1.17) and then digitized 

this imaged section over an incubated section with 125 iodocyanopindolol to locate β-

adrenergic receptors in the AVN.  

 

 

 
Figure 1.17: Sections stained with (A) Haematoxylin and eosin and (B) Acetylcholinestrase 
staining. Asterisk indicates the AVN. a (atria), v (ventricle). Ao (aortic valve) 
Acetylcholinesterase staining readily identifies the AVN.  

 

1.11.3 Changes in electrophysiological measurements with ageing  

Multiple studies have been performed in humans81,91-95, rabbits84 and rats86,90,96 to 

elucidate changes in standard electrophysiological measurements with ageing. These 

measurements includes AV conduction time (spontaneous and paced) shown as PR/PQ 

interval, AH interval (time taken by the cardiac impulse to travel across the AVN), HV 

interval (time taken by cardiac impulse to travel across His-purkinje system), AV nodal 

effective refractory period (AVNERP), effective refractory period of slow and fast 

pathway and AV Wenkebach cycle length.  

In humans, a study by Taneja et al., showed that ageing significantly prolonged 

the PR, AH interval, AVNERP, and the AV Wenckebach cycle length.  Ageing has been 

associated with the prolonged PR, AH and HV interval but predominantly the 

prolongation of the PR interval is due to a prolonged AH interval, HV interval is only 

partly responsible.94 This study was performed to identify the effects of gender and age 

on all electrophysiological measurement but the effects of ageing on the measurements 

mentioned above were independent of gender difference. The study includes 354 patients 
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without structural heart disease or pre-excitation. The electrophysiological testing was 

performed in the drug-free state and was clinically indicated. There were 124 men and 

230 women with a mean age of 45±19 and 47±18 years, respectively. Figure 1.18 shows 

graphs with different age groups to illustrate the effects of ageing. The study includes 

those patients referred for electrophysiological investigations, therefore it is difficult to 

establish whether this group can be accepted as representative of the normal adult 

population.  

 

 
Figure 1.18: Influence of age on gender differences in PR interval, QRS duration, AH 
interval, and HV interval. Ageing, independent of gender difference, significantly prolonged the 
PR interval and AH interval as shown. Adapted from Taneja et al.94 

 

Schwartz et al., performed PR interval and paced AV interval after autonomic 

blockade in the healthy human population. This study confirmed that the prolonged PR 

and paced AV interval with ageing are independent of the autonomic nervous system. 

Heart rate, heart rate variability, and AV conduction were studied in 20 young (30±5 

years) and 19 older (69±7 years) healthy people at baseline, after single and double 

autonomic blockade. The older subjects showed increased PR intervals (177±24 vs. 

149±17 ms, P < 0.001) before autonomic blockade. Atropine (muscuranic-M receptor 

blocker) had no effect on the PR interval.  Propranolol (non selective β-receptor blocker) 

prolonged the PR interval equally in old and young (P < 0.0008). After double autonomic 

blockade, PR, and paced AV intervals were significantly prolonged in older subjects. 

Mean values from the study are statistically significant: PR intervals, 179±23 vs 149±17 

ms, P = 0.0002; paced PR intervals (BCL 500 ms), 251±39 vs. 215±47 ms; and AV block 

cycle length, 413±5 vs. 385±69 ms (multivariate analysis of variance, p value < 0.03).97 
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Experimental electrophysiological studies on the ageing model of rats AVN have 

also been performed. Schmildin et al., study on the ageing model of rats measures heart 

rate and AV conduction time in Langerhorff perfused hearts from 18 mature (4-6 

months), 12 middle-aged (12-14 months), and 18 senescent (24-26 months) Fischer 344 

rats. Heart rate decreased with increasing age from 218±18 in mature to 196±27 (means 

and SD) beats/min in middle-aged rats to 183±22 beats/min in senescent rats (analysis of 

variance, P < 0.001). Spontaneous AV conduction time increased from 43±7 to 49±5 to 

62±9ms with ageing (P < 0.0001) respectively. Paced AV conduction time also 

lengthened with aging, and AV Wenckebach block cycle length increased. The results of 

these studies are also consistent with the effects observed in humans. Spontaneous and 

paced AV conduction time lengthenend and AV Wenkebach cycle length increased. Also, 

ageing rat hearts were less sensitive to isoporternol (β-Agonist) treatment but reach 

similar maximal effect with increased dose. Isoproternol treatment significantly shortened 

AV conduction time.96  

 Tellez et al., in their study on ageing rats have shown that PQ interval prolonged 

significantly in anesthetized and also in Langerhoff-perfused older rats, as compared to 

young rats (Figure 1.19).86 In a study on ageing rabbit hearts, Gottwald et al., showed 

similar findings of prolonged AV conduction time and significantly prolonged PQ/PR 

interval in Langerhoff-perfused rabbit hearts.84  

 
Figure 1.19: ECG recordings from young and old rats (anaesthetized rats on the Right) and 
ECG-like recordings from Langendorff-perfused hearts from young and old rats (Left). 
Measurement of basic cycle length (BCL) and PQ interval are shown. PQ interval significantly 
prolonged in old rats. Adapted from Tellez et al.86 

 

The other important electrophysiological parameter of (AV) nodal recovery 

properties is AVNERP. It is related to the slow recovery of nodal cell excitability that 

follows nodal activation and causes nodal conduction time to increase with prematurity of 

the incoming impulse. They are best manifested by delivering a periodic premature atrial 
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extra stimulus-AES (A2) coupled with first atrial beats (A1) and measuring the shortest 

time in between the two His responses (H1-H2) caused by the first atrial beat (A1) and 

AES (A2) respectively, i.e. AVNERP is the shortest H1-H2 in response to any A1-A2. It 

is the time required for the atrial extrastimulus (AES) to conduct through the AVN after 

the first atrial beat and that can be measured at His. This time indicates the repolarization 

time required by the AV nodal cells.  

A study on humans by Kavanagh et al., showed that recovery properties of the 

AVN also decline with ageing and AVNERP has a linear progression with age. The study 

was conducted on 30 subjects aged 18-73 years. Structural and occult heart diseases were 

excluded by an echocardiogram, a treadmill exercise tolerance test, a rest and exercise 

radionuclide angiogram, and/or a cardiac catheterization. Together with AVNERP, 

effective and functional refractory periods of the right atrium and the right ventricle were 

also showed a linear progression with ageing.91 

 AVNERP prolongation was also seen with increasing age in another study. They 

compared children and young adults between 1-20 years. This study by Lin et al., was 

conducted over a 3 year period and included 43 patients referred for electrophysiological 

investigation. Almost half of these patients exhibit evidence of pre-excitation (accessory 

pathway) and had successful ablation before the measurements were performed. The rest 

of the patients had other diagnoses as an indication for electrophysiological study 

including junctional tachycardia, atrial flutter and ventricular tachycardia though 

arrhythmogenic focus was ablated before measurement. This could potentially affect the 

results especially if the accessory pathway located close to the AVN. Furthermore the 

sedative procedure varied among patients as the study was conducted over 3 years. The 

above reasons could potentially contribute towards AVNERP prolongation.93  

The study by Kuo et al., was conducted on 92 subjects (aged 16-92 years) without 

AVN disease or dual AVN physiology. They have divided patients in 3 groups based on 

their age and showed that AVNERP had a positive correlation with increasing age, which 

supports the findings by Lin et al. Their results also suggest that the AVNERP remains 

unchanged once it reaches adulthood, however it is slightly longer in patients over 60 

years of age.92  

 Another important aspect in the electrophysiology of the AVN is dual AV nodal 

physiology, which is of particular importance in the genesis of AVNRT. A study group 

from Venice, Italy has demonstrated decreased incidence of dual AV nodal physiology 

with ageing. In the group of patients, older than 60 years of age, dual AVN pathways was 

only found in 10.8% of the patients as compared to 32% of patient in the younger age 
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group (11-30 years). All patients in this study had ventricular prexcitation, 

supraventricular tachycardia and AV block excluded with previous transoesophageal 

electrophysiological study. It also demonstrate prolonged AH interval, Wenkebach cycle 

length and AVNERP with ageing. The patients included in the study were referred for 

investigation of syncope, suspected sinus node disease, ventricular preexcitation and 

palpitaton. Interestingly sinus node dysfunction was seen in 32% of the patient >60 years 

of age.98 

 In conclusion, these studies confirmed functional changes associated with ageing of 

the AVN. Whether these functional changes have structural counterparts, specifically ion 

channel expression, is not known.  

 

1.12 Research Hypothesis 
 Ageing is definitely involved in the AVN dysfunction, however we do not have 

adequate evidence of role of ion channels with AVN disease. A possible avenue for 

research, building on what it is found in literature, is to establish if ion channel expression 

in the AVN in healthy young rats is remodelled during ageing. This will greatly increase 

our understanding of this specialized system in the heart, which could potentially help in 

the development of new treatment strategies for AV block.   

  An ageing model of the AVN and its comparison with adult AVN model is 

required to fill the knowledge gap existed with regards to ion channel expression. 

Furthermore, even though the studies have extensively looked at electrophysiological 

parameters with development and ageing, application of specific ion channel blockers 

and their effect on electrophysiological measurements with ageing is not fully known.  

 Tellez et al., study on ageing SN is consistent with changes in ion channel 

expression. It is therefore reasonable to predict that, the structural and functional changes 

in the AVN described above, ion channels remodelling in the AVN is likely to occur with 

ageing.  

I hypothesize that structurally: the myocardial cells in the AVN undergo 

remodelling with ageing possibly secondary to fibro-fatty deposition and/or apoptosis. In 

terms of ion channels expression, I also believe that potential changes that can impair the 

AVN conduction velocity is due to decreased expression of Cx isoforms (Cx40, 43, 45), 

HCN (1,4), INa (Nav 1.5), ICaT (Cav 3.1) and ICaL (Cav 1.3) and changes in the calcium 

handling proteins (RyR2, SERCA2a). Potentially, ion channel expression change that 

results in increase AVNERP can include changes in ICaL (Cav 1.3), IKAch (Kir3.1/Kir3.4), 

IKr (hERG), IKs (KvLQT1) and Ito (Kv4.3). I expect that the above structural changes can 
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lead to prolonged action potential duration, increase in effective refractory periods 

resulting in prolonged PQ/PR interval and ultimately heart blocks.     

 

1.13 Aims of the project  
The aims of the project include: 

1. To study functional characteristics of the AVJ by performing 

electrophysiological experiment in the young AVN in the presence of Cesium 

(Cs+) (If blocker) and Ryanodine (RyR2 blocker); 

2. To study changes in the functional characteristics of the AVN with ageing in 

the Cs+ (If blocker) and Ryanodine (RyR2 blocker); 

3. To study the morphological characteristics of the AVJ with ageing by 

performing histological analysis including Masson’s trichome and Picrosirius 

red stain; 

4. To characterize changes in the ion channel, gap junction, calcium handling 

proteins and structural protein expression with ageing by performing 

immunohistochemistry; 

5. To understand how the structural changes could lead to the functional changes 

seen with ageing;  

6. To study the clinical effects of AV nodal disease (predominantly 1st degree 

AV block) in elderly patients.  
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Chapter 2  
2. Electrophsysiology  
 

2.1 Introduction  
We have discussed in section 1.11.3 the functional changes seen in AV nodal 

conduction with ageing. The atrio-hisian (AH) interval, Wenekebach cycle length (WB) 

and AV nodal effective refractory period (AVNERP) prolong with ageing. It is not 

known whether these functional changes have structural counterparts, especially the 

changes in ion channel expression. Furthermore, the understanding of cellular 

mechanisms responsible for AV nodal conduction is lacking. A few studies have used ion 

channel blockers to study the cellular mechanisms controlling the automaticity of the AV 

node. Whether these same cellular mechanisms also control AV nodal conduction and 

whether they change with ageing is not known.  

The study by Nikmaram et al., characterized the effect of inhibition of the 

ryanodine receptor (RyR2) and the TTX-sensitive neuronal Na+ current (INa) on the 

pacemaker activity of the sinoatrial node (SN) and the atrioventricular node (AVN) in 

mouse. RyR2 block and inhibition of INa resulted in decreased automaticity of the AV 

node thus prolonging AV nodal cycle length. Ryanodine (2 µM) increased AV nodal 

cycle length by 70% and TTX by 53%.99 A study by Marger et al., showed that blocking 
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INa and L-type Ca2+ current (ICaL) resulted in decreased automaticity in the mouse AVN 

cells. Blocking INa with 0.1 µM of TTX resulted in 20% decrease in total peak INa. 

However block of ICaL with Isradipine (L-type Ca2+ channel blocker) resulted in block of 

the action potential suggesting the important role of ICaL in AVN cells.44 

The study by Liu et al., measure the effect of If block in the mouse SN and AV 

node by Cs+ and ZD7288. They showed ZD7288 (1 µM) increase the cycle length by 

73% in the AV node and Cs+ (0.5 mM) increase the AV nodal cycle length by 122%. The 

effect of these agents is more pronounced in the SN as compared to AVN.100 

The study by Kim et al., further examined the cellular mechanisms involved in the 

automaticity of the AV node in dog. Isoproterenol and caffeine caused an acceleration of 

the AV nodal rhythm by decreasing the cycle length. Ryanodine (3 µM) increased the 

cycle length by 83% and ZD7288 (3 µM) by 35%. The effect of isoproterenol was 

suppressed by Ryanodine but not by ZD7288. This suggests a role for Ca2+ release from 

the sarcoplasmic reticulum in the automaticity of the AV node.101   

A recent study by Verrier et al., in the anesthetised pig model of atrial fibrillation 

has shown the ventricular rate during atrial fibrillation can be reduced by combined 

administration of Ivabradine (If  blocking agent) and Ranolazine (membrane stabiliser, 

which reduces peak and late INa  and delayed rectifier K+ current). The combination of 

these agents (i.e combined administration of 0.25 mg/kg Ivabradine with Ranolazine) 

increased PR (p=0.0002, p=0.0007) and AH (p=0.047, p=0.002) intervals during pacing 

at 130 and 180 beats/min, respectively, to a greater degree than additive effects of single 

agents. It also reduced ventricular rate during AF by 51.9 ± 9.7 beats/min (23%, ρ=0.017) 

and the dominant frequency of AF by 2.8±0.5 Hz (32%, ρ=0.005). These experiments 

suggest a role for If  and INa in AV nodal conduction.102  

 The above studies explain the role of pacemaking channels in the automaticity of 

the AVN, identifying the RyR2 mediated Ca2+ release from the sarcoplasmic reticulum 

(with the exception of Verrier et al., study) and If  as important mechanisms. However 

these studies didnot document the effect of these pacemaking channels on AV nodal 

conduction. Evidence about the effect of ageing on remodelling of these pacemaker 

channels on AV nodal conduction is also lacking.  
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2.2 Preparation used for electrophysiological experiments 

2.2.2 Materials and Method 

 The dissection method and perfusion system has been used by our group before 

and is described by Temple.103 I have used the same established system in my 

experiments. 

2.2.3 Animals 

Male Wistar-Hanover rats were used in this study (Charles River UK Ltd, Kent, 

UK). In total, 24 young rats (3 months old) and 15 old (24 months old) rats were used in 

the study. All animal procedures were performed in accordance with UK Animals 

Scientific Procedures Act 1986.   

2.2.4 Solutions 

For electrophysiological experiments, Tyrode’s solution (NaCl 120 mM, CaCl 1.2 

mM, KCl 4mM, MgS04.7H20 1.3 mM, NaH2P04.2H2O 1.2 mM, NaHC03 25.2 mM, 

glucose 5.8 mM) was prepared on the day of the experiment and bubbled with 95% 

O2/5% CO2. 

2.2.5 Dissection of the AV nodal preparation for electrophysiological experiments  

 Experiments were carried out on AV nodal preparations from young and old rats 

(see Figure 2.1). 14 young rats and 6 old rats were used in electrophysiology experiments. 

Animals were given 1000 I.U. of heparin 10-15 min before the procedure to prevent 

coagulation during dissection. Humane euthanasia was performed on these animals via 

carbon dioxide inhalation followed by swift dislocation of the neck. The chest was 

rapidly opened, the heart removed, placed and dissected in oxygenated ice-cold Tyrode’s 

solution at 4°C. The lung, trachea and excessive connective tissue were removed. The 

lower part of the ventricles and the superior portion of the left atrium were then removed. 

The lateral wall of the left ventricle was then cut across until the left atrium and the whole 

preparation was then opened up. The RV free wall was then dissected into the right 

atrium just to the right of the ridge in the right atrial appendage. I then dissected up to the 

superior vena cava. The right atrium was then opened and pinned out. Finally the RVOT 

was opened to expose the AVN. The whole preparation was pinned on black silicon and 

transferred to a tray with the Tyrode’s solution at room temperature and then transferred 

on to a tissue bath for the electrophysiological recordings. The preparation was then 

allowed to recover after the trauma of dissection for a period of 30 min. The tissue bath 
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was perfused with oxygenated Tyrode’s solution at a rate of 20-25 ml/min; the 

temperature was maintained at 36-37°C and pH was 7.35-7.45.  

 

             
Figure 2.1: Description of dissection for the AV node preparation. The lines of dissection are 
shown with dashed green lines (the dissection for all experiments was performed in oxygenated 
Tyrode’s solution but this dissection was performed a formalin fixed heart without perfusing 
solution for clarity of the images). A-G are described in the text. H) Demonstration of the inferior 
vena cava. The blunt end of the dissecting pin was pushed through the inferior vena cava from the 
endocardial surface with no resistance demonstrating the wide lumen of the inferior vena cava, 
which was severed during excision of the heart from the thorax. I) Demonstration of the coronary 
sinus. The blunt end of the dissecting pin was advanced into the ostium of the coronary sinus but 
could not pass further without resistance due to the narrow lumen of the coronary sinus, which 
was not severed during removal of the heart from the thorax. Modified from Temple 2014.103 
  

2.2.6 Electrical recordings 

  After dissection the tissue preparation was allowed to recover for 30 min before 

functional measurements. I measured the spontaneous sinus node (SN) cycle length 

(SCL), paced AH interval, WB cycle length, AVERP and AVFRP using bipolar 

electrodes. Extracellular signals were measured with 4 modified bipolar electrodes; they 

were made using 0.25 mm silver wire coated with 0.04 mm Teflon (Advent Research 
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Materials, Oxford). The bipolar electrodes were positioned at the site of earliest 

activation (SN), the atrial septum, at the His bundle and between the coronary sinus and 

the tricuspid valve annulus.  

The bipolar electrodes were connected via a headstage (NL100AK, Digitimer, 

UK) to an amplifier (NL104A, Digitimer, UK) with a gain of 5000 and filtered between 

50–500 Hz (NL125/6, Digitimer, UK). The amplified and filtered signal was then 

converted to a digital signal using an analogue to digital converter (Micro 1401, 

Cambridge Electronic Design, UK). 

 Extracellular potentials were recorded and analysed using Spike2 software 

(Cambridge Electronic Design, UK). The preparation was then stimulated at the right 

atrium with a bipolar pacing electrode connected to a DS2A Isolated Constant Voltage 

Stimulator (Digitimer, UK). The voltage stimulator was connected to the computer via 

the data acquisition unit, which allowed pacing protocols programmed in Spike2 to be 

executed. 

The spontaneous SN cycle length was measured. Stimulus threshold was 

determined using a fixed S1-S1 protocol with an interval of 180 ms. A square pulse of 

2ms duration was gradually increased from 0 to 99 V. The minimum voltage required to 

capture the atrium was determined. This minimum voltage was then doubled and the 

output was kept constant for all subsequent pacing protocols. Wenckebach cycle length 

was determined using a S1-S1 protocol. The atrium was paced with a fixed cycle length 

of 200 ms for 30 s. If 1:1 atrial to ventricular conduction occurred the S1-S1 protocol was 

repeated with a 10 ms reduction in coupling interval until Wenckebach conduction was 

seen. A further set of 30 s S1-S1 pacing protocols was undertaken starting at 11 ms 

longer than the cycle length at which Wenckebach conduction had occurred. If 1:1 atrial 

to ventricular conduction occurred, the protocol was repeated with a 1 ms reduction in the 

cycle length of the S1-S1 protocol. The cycle length at which 1:1 atrial to ventricular 

conduction failed and Wenckebach conduction occurred using 1 ms reductions in cycle 

length was recorded as the Wenckebach cycle length. AV node effective refractory period 

(AVNERP) was determined using an S1-S2 protocol. There was an initial drive train of 

S1 beats (S1-S1, 180 ms) for 8 beats. The initial S1-S2 coupling interval was 170 ms. If 

the extrastimuli captured the atrium and was conducted to the ventricle, the protocol was 

repeated with a 10 ms reduction in the S1-S2 coupling interval. This was repeated until 

AV conduction was lost. A new set of protocols was run again with the S1-S2 coupling 

interval starting at 10 ms greater than the S1-S2 coupling interval at which AV node 

conduction had failed. If this extrastimulus was conducted successfully from the atrium to 
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the ventricle, the protocol was repeated with the S1-S2 coupling interval reduced by 1 ms 

until AV conduction was lost. The greatest S1-S2 coupling interval that did not conduct 

after a 1 ms decrement was defined as the AVNERP (figure 2.2). 

Atrial effective refractory period (AERP) was determined using the same S1-S2 

protocol as described above for AVERP. For AERP the protocol was continued until 

atrial capture was lost. 

Atrioventricular node functional refractory period (AVFRP) was determined 

using the protocol described for AVNERP. The RR interval between the QRS of the last 

of the paced beats in the drive train and the QRS elicited by the S2 stimulus, i.e. the R1-

R2 interval, was measured and plotted as an AV node conduction curve (Figure 2.2). The 

lowest R-R interval represents the fastest conduction across the AV node and was defined 

as the AVFRP.  

Cesium (Cs+) (2 mM diluted in oxygenated Tyrode’s solution) was infused for a 

period of 20 min to reach steady-state concentration before repeating the measurements. 

Cs+ is then washed off with fresh oxygenated Tyrode’s solution until the all the 

recordings reach the pre-Cs+ level. Ryanodine (2 µM diluted in oxygenated Tyrode’s 

solution) then infused for 20 min before performing the final measurements.  

 

 
Figure 2.2: AV nodal conduction curve. The R1 and R2 interval i.e output of the AV node is 
plotted against the S1-S2 interval (the interval between two paced atrial beats) i.e the AV nodal 
input. The dotted line showed the projected path the output takes if AV nodal conduction doesnot 
cause delay with shorter coupling intervals. The AVERP is defined as the highest S1-S2 interval 
at which AV conduction fails and is read from the X-axis. The AVFRP is defined as the shortest 
R1-R1 interval that the AV node conducts and is read from the y-axis. Adapted from Temple.103 
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Figure 3-3. AV node conduction curve. The S1-S2 interval (the  ‘input’  to  the  AV  node)  is  plotted  against  the  R1-
R2  interval  (the  ‘output’  of  the  AV  node).  The  dotted  line  indicates the line that would be created if the AV node 
did not show decrementation (i.e. increasing delay with shorter coupling intervals, see section 2.9.5). A typical AV 
node  conduction  curve  assumes  a  smooth  ‘hockey-stick’  shape  with  no  discontinuities. The AVERP is defined as 
the highest S1-S2 interval at which AV conduction fails and is read from the X-axis. The AVFRP is defined as the 
shortest R1-R1 interval that the AV node conducts and is read from the y-axis. 

3.3 Results 
 Control (n=27) MCT (n=28) 

RR interval (ms) 144.6 ± 1.83 158.1 ± 2.00** 
PR interval (ms) 46.12 ± 0.73 45.76 ± 0.73 
QT interval (ms) 52.06 ± 1.75  103.1 ± 3.04** 
QTc interval (ms) 136.7 ± 4.09 259.3 ± 6.90 ** 
QRS duration (ms) 15.47 ± 0.52  14.68 ± 0.39 
Table 3-1. In vivo ECG results on the day of termination. Mean ± SEM. *Significantly different as assessed by 
unpaired Student’s  t-test (P<0.05). **Significantly different assessed by unpaired Student’s  t-test (P<0.005). 
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2.2.7 Drugs 

CsCl (Sigma Aldrich, Poole, UK) was used at a 2 mM concentration to block If. 

Ryanodine (Sigma Aldrich, Poole, UK) was used at a 2 µM concentration was used to 

block RyR channels (block Ca2+ release from the sarcoplasmic reticulum).  

 

2.2.8 Perfusion system 

The perfusion system incorporated a reservoir chamber, heat exchangers and a 

perfusion bath which were ‘jacketed’ in order to allow warmed water to be pumped 

through them via a waterbath. The temperature of the waterbath was adjusted to ensure a 

temperature of 36.5 ± 0.5°C of the Tyrode’s solution within the perfusion system. Fluid 

was recirculated in the system using a Gilson Minipuls 3 pump (Gilson, USA) with a four 

way adaptor to control both inflow and outflow. The final design of the perfusion system 

incorporated two parallel inflow circuits with equal flow rates each supplying 25 ml/min 

giving a total perfusion flow of 50 ml/min. One inflow was directed at the AV node and 

the other supplied the whole chamber. Two outflow circuits were also used to match the 

inflow circuits. They were arranged so that one outflow circuit was positioned at the 

bottom of the chamber and the other was elevated to the desired perfusion fluid level. The 

efficiency of the pump was altered by adjusting the pressure applied to the perfusion 

tubing so that the return circuits were able to pump greater volumes than the perfusion 

circuits. In this way a ‘feedback’ loop was created so that the chamber was filled to a 

desired level but would not exceed the desired level. With the final perfusion system AV 

node conduction parameters were stable over several hours (Figure 2.3). 

 

2.2.9 Mapping of earliest activation 

Mapping of earliest activation was performed using two bipolar electrodes, which 

were positioned using micromanipulators. The first bipolar electrode was positioned on 

the septal aspect of the RA. Once a good atrial signal was obtained this electrode was no 

longer moved and was used as a ‘fiduciary point’ for subsequent mapping. 

The second electrode was moved across the surface of the RA. At each point the 

timing of atrial activation relative to the fiduciary point was recorded until the roving 

electrode recorded the earliest activity compared with that of the fiduciary point. A 

photograph was taken and the position of the roving electrode was used to mark the 

position of the SN (Figure 2.4). 



!
63!

   Figure 2.3: D
iagram

 of the experim
ental setup for the isolated SA

/A
V

 node preparation. The perfusion circuit used tw
o parallel inflow

s 
into the perfusion cham

ber to achieve a high flow
 rate and to direct the perfusion directly at the A

V
N

 as w
ell as into the cham

ber. The outflow
 

used tw
o parallel tubes w

ith the upper of the tw
o tubes used to control the depth of fluid in the perfusion cham

ber. Experim
ents w

ere perform
ed 

using bipolar electrodes for pacing and recording signals. A
dapted from

 Tem
ple. 103 



! 64!

 

2.2.10 Mapping of the His bundle 

A bipolar electrode was positioned along the tricuspid valve annulus and moved 

using the micromanipulator until both an atrial and a second discrete sharp signal was 

recorded, i.e. an atrial and a His signal. Another electrode was positioned at the point of 

the earliest activation determined as described above. A third electrode was positioned on 

the septal aspect of the atrium between the fossa ovalis and the tricuspid valve annulus in 

a position near the ‘fast pathway’. A fourth electrode was positioned between the 

coronary sinus and the tricuspid valve annulus in a location near the ‘slow pathway’ 

(Figure 2.4). 

 

 
 
Figure 2.4: Bipolar recording from the AV node preparation. A) Photograph of 
preparation. Once the His bundle had been identified the other three electrodes were 
positioned. Electrode 1 was positioned at the site of earliest activation (the SN). Electrode 2 
was positioned at the atrial septum, electrode 3 was at the His electrode and electrode 4 was 
positioned between the coronary sinus and the tricuspid valve annulus. B) Bipolar recordings 
from the 4 electrodes marked in A. Earliest activation was at electrode 1 and latest at 
electrode 4. This represents rapid atrial activation spreading from the SA node (marked with 
white dashed arrows). At the His signal (electrode 3) there was a discrete pause which was 
followed by a second smaller sharp deflection. This second deflection is the His signal. The 
time between the atrial and His signal is the AH interval. Adapted from Temple.103 
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2.3 Results 
2.3.1 Electrophysiological measurements: comparison of young and old hearts 

The comparison between young and old hearts showed that sinus node cycle length, AH 

interval, Wenkebach cycle length, AVNERP and AVFRP prolong with ageing. Table 2.1 

and Figures 2.5-2.8 show the electrophysiological changes seen with ageing. Figure 2.9 

shows the AV conduction curves of all young and old hearts under baseline conditions.  

 
Table 2.1: Changes in the electrophysiological measurements with ageing  

AVNERP, Atrioventricular nodal effective refractory period; AVFRP, Atrioventricular 
functional refractory period. 

 
Figure 2.5: Sinus node cycle length prolongation with ageing. Mean±SEM shown.  
** p < 0.0005 
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Figure 2.6: AH interval prolongation with ageing.   Mean±SEM shown. ** p < 0.005 

 
Figure 2.7: Wenckebach cycle length prolongation with ageing. Mean±SEM shown.  
** p < 0.005 

 
Figure 2.8: AV nodal effective refractory period prolongation with ageing. Mean±SEM 
shown. ** p < 0.0005 
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Figure 2.9: Comparison of AV conduction curves in young and old hearts. On X-axis the R1-
R2 interval (AV nodal output in response to S1-S2) is plotted against S1-S2 interval (the interval 
between two paced atrial beats. The dotted line showed the projected AV nodal output (R1-R2 
interval) if there was no decremental conduction through the AVN i.e. R1-R2 interval = S1-S2 
interval. The AV conduction curves show the classical hockey stick appearance and no 
discontinuity suggesting dual AV nodal physiology is not evident.   
 

2.3.2 Electrophysiological measurements in young hearts: application of Cs+ and 

ryanodine    

The application of Cs+ and ryanodine in young hearts has yielded interesting 

results. I have shown that blocking If  with Cs+ and blocking RyR2 with Ryanodine 

results in a prolongation of the sinus node cycle length, AH interval and Wenkebach 

cycle length. AVNERP significantly prolonged with Cs+, but the prolongation with 

Ryanodine didnot reach statistical significance. The measurement of AVNERP was only 

possible in three young hearts as Ryanodine prolonged the Wenckebach cycle length 

quite substantially. Tables 2.2-2.5 and Figures 2.10-2.13 shows electrophysiological 

changes in young hearts after application of Cs+ and ryanodine. In addition, Figure 2.14 
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shows the AV conduction curves after application of Cs+ with changes in the AVFRP in 

young hearts.   

 
 
Table 2.2: Changes in sinus node cycle length after application of Cs+ and 
Ryanodine in young hearts 
 

Young hearts Baseline Cs+ 

(2 mM) 
Ryanodine 
(2 µM) 

p value 
(95% 
Confidence 
interval, CI) 

Sinus node 
cycle length 
(ms) 

259.1± 12.33 342.8±21.96   0.0001 
 (61.116-135.0) 
 

Sinus node 
cycle length 
(ms) 

241.1± 9.63  369.8±25.4  0.0002 
 (65.38-141.1) 
 

 

 

 
Figure 2.10: Changes in the sinus node cycle length in young hearts after application of Cs+ 
and Ryanodine. Mean±SEM shown. The figure shows results at baseline, after Cs+ application, 
after Cs+ wash-off and after ryanodine application. ** p < 0.0005 
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Table 2.3: Changes in AH interval after application of Cs+ and Ryanodine in young 
hearts.  
 

Young 
hearts 

Baseline Cesium 
(2 mM) 

Ryanodine 
(2 µM) 

ρ value  
(95% 
Confidence 
interval, CI) 

AH interval 
(ms) 

43.1± 3.62 51.67±5.144  0.0076 
(2.38-12.28) 

AH interval 
(ms) 

47.00± 6.08  59.00±7.72 0.01 
(5.35-28.93) 

 

 

 

 
Figure 2.11: Changes in atrio-Hisian (AH) interval in young hearts after application of Cs+ 
and ryanodine. Mean±SEM shown. The figure shows results at baseline, after Cs+ application, 
after Cs+ wash-off and after ryanodine application. * ρ < 0.05 
 

 

 

 

 

 

 

Baseline Cs+ Wash-off Ryanodine
0

20

40

60

80

100

A
H

 in
te

rv
al

 (m
s)

Young heart AH interval 

* *



! 70!

Table 2.4: Changes in Wenkebach cycle length after application of Cs+ and 
Ryanodine in young hearts.  
 

Young hearts Baseline Cesium 
(2 mM) 

Ryanodine 
(2 µM) 

p value  
(95% 
Confidence 
interval, CI) 

Wenkebach 
cycle length 
(ms) 

165.9±10.58 179.3±16.03  0.0254 
(3.22-40.93) 

Wenkebach 
cycle length 
(ms) 

161.5±11.69  205.1±22.71 0.017 
(13.86-105.4) 

 

 

 
Figure 2.12: Changes in the Wenkebach cycle length in young hearts after application of 
Cs+ and ryanodine. Mean±SEM shown. The figure shows results at baseline, after Cs+ 
application, after Cs+ wash-off and after Ryanodine application. * p < 0.05 
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Table 2.5: Changes in AVNERP after application of ion channel blockers Cs+ and 
Ryanodine in young hearts.  
 

Young hearts Baseline Cesium 
(2 mM) 

Ryanodine 
(2 µM) 

p value  
(95% 
Confidence 
interval, CI) 

AVNERP (ms) 103.3 ± 6.40 124.9 ± 10.68  0.0214 
 (4.018 – 
39.18) 

AVNERP (ms) 95.33 ± 5.925  127.3 ± 15.07 0.07 
(-7.76 to 
71.45) 

 

 

 
Figure 2.13: Changes in the AVNERP in young hearts after application of Cs+ and 
Ryanodine. Mean±SEM shown. The figure shows results at baseline, after Cs+ application, after 
Cs+ wash-off and after ryanodine application. * p < 0.05
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Figure 2.14: AV conduction curves in all young hearts after application of Cs+. On X-axis the 
R1-R2 interval (AV nodal output in response to S1-S2) is plotted against S1-S2 interval (the 
interval between two paced atrial beats. The dotted line showed the projected AV nodal output 
(R1-R2 interval) if there was no decremental conduction through the AVN i.e. R1-R2 interval = 
S1-S2 interval. The AV conduction curves show the classical hockey stick appearance and no 
discontinuity suggesting dual AV nodal physiology is not evident.  
 
2.3.3 Electrophysiological measurements in old hearts: Application of cesium and 

ryanodine.   

! The application of Cs+ and Ryanodine in old hearts has provided 

interesting results. The application of Cs+ and Ryanodine did prolong the sinus node cycle 

length. However, Cs+ effects on the AH interval, Wenkebach cycle length and AVNERP 

was minimal in old hearts. Ryanodine though did prolong the AH interval and 

Wenkebach cycle length. The AVNERP measurement was not possible with ryanodine as 

the S1 drive train of 200 ms resulted in the Wenkebach phenomenon in all old hearts after 

application of Ryanodine. Tables 2.6-2.9 and Figures 2.15-2.19 show the 

electrophysiological changes in the old hearts. Figure 2.20 and 2.25 showed the Mean 

and SEM of young and old hearts electrophsyiolgoical measurements with and without 

drugs. Figures 2.20 to 2.25 show the electrophsysiological measuresments in young and 

old hearts with and without drugs. 
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Table 2.6: Changes in sinus node cycle length after application of Cs+ and ryanodine 
in old hearts.  
 

Old Heart Baseline Cesium 
(2 mM) 

Ryanodine 
(2 µM) 

p value 
(95% 
Confidence 
interval, CI) 

Sinus node 
cycle length 
(ms) 

374.0 ± 27.96 522.0 ± 70.17  0.038 
 (61.11-135.0) 

Sinus node 
cycle length 
(ms) 

368.4 ± 25.81  507.8 ± 75.52 0.048 
 (1.31- 275.9) 

 

 

 

 
Figure 2.15: Changes in the sinus node cycle length in old hearts after application of Cs+ 
and ryanodine. Mean±SEM shown. The figure shows results at baseline, after Cs+ application, 
after Cs+ wash-off and after ryanodine application. * p < 0.05 
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Table 2.7: Changes in AH interval after application of Cs+ and ryanodine in old 
hearts.  
 

Old hearts Baseline Cesium 
(2 mM) 

Ryanodine 
(2 µM) 

p value  
(95% 
Confidence 
interval , 
CI) 

AH interval 
(ms) 

63.60 ± 5.14 61.40 ± 4.844  0.48 
 (-10.77 – 
5.77) 

AH interval 
(ms) 

58.20 ± 3.30  81.00 ± 6.61 0.01 
 (8.87-36.72) 

 

 
Figure 2.16: Changes in the AH interval in old hearts after application of Cs+ and 
ryanodine. Mean±SEM shown. The figure shows results at baseline, after Cs+ application, after 
Cs+ wash-off and after ryanodine application. * ρ < 0.05 
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Table 2.8: Changes in Wenkebach cycle length after application of Cs+ and 
ryanodine in old hearts.  
 

Old Heart Baseline Cesium 
(2 mM) 

Ryanodine 
(2 µM) 

p value  
(95% 
Confidence 
interval, CI) 

Wenkebach 
cycle length 
(ms) 

216.8 ± 31.44 220.0 ± 30.28  0.63 
(16.21 -22.71) 

Wenkebach 
cycle length 
(ms) 

220.08 ±  32.24  276.8 ± 38.72 < 0.02 
 (11.77-100.2) 

 

 
Figure 2.17: Changes in the Wenkebach cycle length in old hearts after application of Cs+ 

and ryanodine. Mean±SEM shown. The Figure shows results at baseline, after Cs+ application, 
after Cs+ wash-off and after ryanodine application. * p < 0.05 
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Table 2.9: Changes in AVNERP after application of Cs+ in old hearts.  
Old hearts Baseline Cesium 

(2 mM) 
ρ value  
(95% Confidence interval, 
CI) 

AVNERP (ms) 168.3 ± 6.811 159.8 ± 6.35 0.16 
 ( -23.05 – 6.005) 

!

!
Figure 2.18: Changes in the AVNERP in old hearts after application of Cs+. The Figure 
showed results at baseline and after Cs+ application.  
 

 
Figure 2.19: AV conduction curves in old hearts after application of cesium. On X-axis the 
R1-R2 interval (AV nodal output in response to S1-S2) is plotted against S1-S2 interval (the 
interval between two paced atrial beats. The dotted line showed the projected AV nodal output 
(R1-R2 interval) if there was no decremental conduction through the AVN i.e. R1-R2 interval = 
S1-S2 interval. The AV conduction curves show the classical hockey stick appearance and no 
discontinuity suggesting dual AV nodal physiology is not evident.  
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Figure 2.20: Electrophysiological m
easurem

ent in young and old hearts w
ith and w

ithout drugs. M
ean±SEM

 are show
n. * p <0.05 
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2.4 Discussion  

Ageing has been associated with impaired AV nodal function. Multiple studies 

have described these changes with ageing including prolonged PR, AH, HV interval, 

increased Wenkebach cycle length and AVNERP. My study demonstrated prolonged 

sinus node cycle length with ageing. I have also shown that in aged rats AH interval, 

Wenkebach cycle length, AVNERP and AVNFRP prolonged. My study findings are in 

agreement with previous studies performed on rats.86,90,96  The changes in the functional 

experiment correlates with my immunohistochemistry experiments, which have shown 

changes in the ion channel expression, calcium handling proteins and gap junction protein 

with ageing. These results have been discussed in detail in chapter 4.  

 My study has yielded important results concerning the cellular mechanisms of 

AV nodal conduction and its remodelling with ageing. I have been able to demonstrate 

the effect of If i.e. membrane clock and calcium clock (Ca2+ release from the SR) on AV 

nodal conduction. I have also shown changes in the effect of these “clocks” with ageing.   

It is important here that I describe the calcium clock and membrane clock 

mechanisms responsible for the phase 4 of action potential in nodal cells (both sinus node 

and AVN cells) in greater detail because that will help the reader understand the phase 4 

deplorization in pacemaker cells. The effects of If  blockage and the ryanodine effects on 

RyR2 will then be easier to understand.  

The calcium clock mechanism underline the RyR2 mediated spontaneous Ca2+ 

release or Ca2+ sparks from SR. These local oscillatory Ca2+ releases in phase 4 activates 

the forward mode of Na+-Ca2+ exchanger generating inward membrane current INa-Ca. 

This causes the late deplorization driving the resting membrane potential towards -40mV, 

which results in activation of L-type calcium channels thus generating the action 

potential. The L-type calcium channel mediates further calcium induced calcium release 

from SR depleting SR Ca2+ content which then synchronizes SR to reuptake Ca2+ via 

SERCA. This timely refilling ensures that the RyR2 channels are ready for the next cycle 

of oscillatory calcium release. On the other hand, the theory behind If current or 

membrane clock is the activation of HCN4 channels during the late phase of the action 

potential. They are fully activated at a membrane potential close of -100mV resulting in 

the inward current (primarily Na+) that changes the membrane potential to -40mV that 

results in activation of L-type calcium channels, which in turn generate the action 

potential. Of note, that in both these mechanism the final pathway is the activation of L-

type calcium channels (Cav1.3).104  
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The role of the membrane clock and Ca2+ clock in determining the automaticity of 

the SN is well established.104 However, the evidence for a role in AV nodal conduction is 

lacking and whether these are involved in the changes seen in the AV nodal conduction 

with ageing is also not known. Previous studies have analysed the automaticity of the AV 

node. A study by our group in 2008 by Liu et al., measured the effect of If block in the 

mouse SN and AVN by using Cs+ (If blocker) and ZD7288 (If blocker).100 They have 

shown that both of these reduce the automaticity of the SN and AVN by increasing cycle 

length. The effect of these agents was more pronounced in the SN as compared to the 

AVN. The study by Kim et al., in 2010 also showed that ZD7288 slows the AVJ rate by 

35%.101 A recent study by Verrier et al., on anesthetised pig model of atrial fibrillation 

has shown the ventricular rate during atrial fibrillation can be reduced by combined 

administration of Ivabradine (If blocking agent) and Ranolazine (membrane stabilizer, 

reduce peak and late INa and delayed rectifier K+ current). The combination of these 

agents results in increased PR and AH intervals during pacing to a greater degree than the 

additive effects of single agents. It also reduced ventricular rate during AF by 23%.102 

More recently, a study has shown that blocking If  with Ivabradine can reduce ventricular 

rate during atrial fibrillation in anesthesised pigs, and increase AH interval in sinus 

rhythm in rate dependent manner.105 The study by Mesrica et al., showed that suppressing 

If  conductance by expressing non functional HCN4 subunit results in AV block.106 These 

experiments suggest the role of If on AV nodal conduction. My study have confirmed that 

blocking the If results in prolongation of AH interval, WB cycle length, AVNERP and 

AVFRP in young rats.  

The effect of ryanodine on RyR2 channels is complex. It has been shown that 

ryanodine act as a functional blocker of RyR2 channels. Essentially it means that 

ryanodine suppresses the oscillatory calcium release from the sarcoplasmic reticulum. It 

has been described that ryanodine effects on cardiac SR reduces the Ca2+ handling ability 

of SR by forming a long lasting subconductance state of the Ca2+ release channel. This 

results in depletion of the SR calcium content whereby it is possible that this 

subconductance state increase cytosolic basal calcium concentration. On the other hand 

cardiac myocyte can maintain the intracellular Ca2+ content by Na+-Ca2+ exchanger. So 

the increase cytosolic Ca2+ can be effectively extruded from the cell by the Na+-Ca2+ 

exchanger.107 

Calcium handling proteins especially RyR2 affecting AV nodal conduction has 

not been described before. The studies have analysed the automaticity of the AVN with 
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Ryanodine use. A study by our group in 2008 by Nikmaram et al., showed that inhibition 

of RyR2 in mice results in decreased automaticity of the AVN by increasing AV nodal 

cycle length.99 Another study by Kim et al., in dogs, showed that Ryanodine reduced the 

AVJ automaticity by 83%.101 My study confirms that blocking Ca2+ release from RyR 

receptors using Ryanodine results in impaired AV nodal conduction, prolonging the AH 

interval and WB cycle length.  

The RyR block in old rats also results in prolongation of AH interval and WB 

cycle length. The AH interval is prolonged by 39% in the old as compared with 25% in 

young hearts, which suggest increased sensitivity to Ryanodine with ageing. The effect of 

If and Ryanodine with ageing is interesting as we have shown that with ageing the effect 

of the membrane clock on AV nodal conduction decreases and the sensitivity to 

Ryanodine increases. This could explain the dysfunction or prolongation in AV nodal 

conduction seen with ageing.  

I propose that these cellular mechanisms i.e. membrane clock (If) and calcium 

clock, act in conjunction with each other to maintain the background excitability or 

depolarization reserve in the young AVN allowing it to conduct efficiently. If blockage or 

blocking oscillatory release of Ca2+ from the SR by Ryanodine could result in impairment 

of conduction by increasing the slope of phase 4 depolarization. This increasing slope 

results in decreased activity of forward mode of Na+-Ca2+ exchanger. This in turn results 

reduce INa-Ca thus taking longer for the cells to reach the membrane potential necessary to 

activate the L-type calcium channel. This effect on the action potential affects the action 

potential propagation as well, as the successive cells need more time to reach the 

excitation threshold to generate the action potential, which ultimately increases the 

conduction time across the AVN. These can further deteriorate in disease states resulting 

in increased incidence of AV block (2nd and 3rd degree AV block) seen with ageing.108  

A word of caution is necessary here because of the complexity of ryanodine 

action on the RyR2 channels and the basal cytosolic calcium concentration. The 

ryanodine blockage can increase basal cytosolic calcium levels although its effect is to 

inhibit oscillatory Ca2+ release. However another mechanism that can affect AV nodal 

conduction if the basal cytosolic calcium concentration is higher, is the gap junction 

conductance. It has been described that intracellular calcium concentration can decrease 

the gap junctional conductance which can ultimately results in impairement in AV nodal 

conduction.130 
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Chapter 3  
!
3. Histology 
!
3.1 Introduction 
         Structural changes in ageing AVN has been previously described in the studies.80-85 

I have explained in section 1.11.1 that the location and morphology of the AVN changes 

with ageing. The AVN in adult heart is located more on the slope of the intraventricular 

septum.  The length of the INE increase and becomes equal to CN length in adolescent 

heart.80 The ageing has also been associated with fibrofatty infiltration of the AVN with 

an increase in the collagen content.83-85 
3.2 Methodology 
3.2.1 Species used and sample size 

 Male Wistar-Hanover rats were used in this study.  Young rats (aged 3 months, 

n=8) and old rats (aged 24 months, n=9) were commercially purchased and humanely 

killed in accordance with United Kingdom Animals Scientific Procedures Act 1986.  

Schedule 1 killing was performed on these animals via carbondioxide inhalation followed 

by swift dislocation of neck. The chest was opened, and heart removed and placed in ice 

cold Tyrode’s solution.  
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3.2.2 Dissection and freezing of whole heart 

 The dissection of heart was performed while bathing the heart in Tyrode’s solution. 

The excess connective tissue, parts of the trachea and lungs were removed from the heart.  

Tyrode’s solution was then infused through the aorta and pulmonary artery to remove 

excess blood from the heart. The heart was then submerged in isopentane cooled to 

−500C, with the help of liquid nitrogen, which immediately froze the tissue. Hearts were 

then stored at −800C until further use.   

3.2.3 Cryosection 

 The frozen whole heart was mounted on a metal plate (cryostat chuck) with the help 

of OCT (the embedding medium) and warmed until −170C. The heart was oriented to 

take sections from the posterior to anterior direction. The 20-µm sections were cut and 

placed in pairs on superfrost plus slide (positively charged surface for better tissue 

adhesion). Approximately 24 sections were taken every 700 µm. The slides were then 

stored at −800C until further use. 

 Appendix 1 showed the detailed summary of the cryosection performed on each 

heart.  It also showed selection of slides after Masson’s trichome stain for detailed light 

microscopy, picrosirius red stain, and immunohistochemistry.  

3.2.4 Histological stains 

 Histological stains include Masson’s Trichome stain (MT) and picrosirius red (PR) 

stain. These two staining protocols have been performed on sections from each level to 

identify the different regions of the AV junctional area. Only after MT staining of serial 

sections, the different regions of the AVJ can be recognised histologically. The staining 

protocols were not only helpful for identifying appropriate slides for 

immunohistochemical analysis but they were also used to study the morphology of 

different regions of the AVJ. Picrosirius red stain was used for collagen signal estimation 

for the assessment of fibrosis.  

3.2.4.1 Solutions  

1. 0.01M Phosphate Buffer saline (PBS); containing in mM: Na2HPO4, 77; Na2H2PO4, 23; 

pH 7.4 (Sigma, UK).  

2. Putchler’s Picrosirus red soloution; 0.5gm of Sirius red F3B (Sigma, UK) dissolved in 

500mls of saturated aqueous picric acid (Sigma, UK). 

3.  Acetic acid water: 5 milliters (mls) of glacial acetic acid (Fischer Scientific, UK) was 

dissolved in 1 liter of distilled water. 
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3.2.4.2 Fixative’s 

1. Bouin’s Fluid; 75 ml of saturated (1.2 % W/V) aqueous picric acid, 25ml of formalin 

(40% W/V) formaldehyde, and 5 ml of glacial acetic acid (Sigma). 

2. 10% neutral buffered Formalin (Sigma). 

3.2.4.3 Solvents 

Ethanol, Histoclear and xylene (BDH). 

3.2.4.4 Mounting medium 

DPX (BDH). 

3.2.4.5 Masson’s trichome (MT) staining protocol 

 The MT stain was performed on serial sections to identify different structures of the 

AVJ. Figure 3.1 summarizes the MT staining protocol. With this technique under the 

light microscope the nuclei are stained dark blue to black, the connective tissue is royal 

blue and cardiac myocytes are pink. I have been able to differentiate various regions of 

the AVJ with this technique when examined with light microscopy. Three different 

magnification protocols (8X, 10X, 63X) were used to correctly identify these regions.  

The regions include inferior nodal extension (INE), compact node (CN), proximal 

penetrating bundle (PPB), and distal penetrating bundle (DPB). With the use of 

immunohistochemistry and confocal microscopy these regions have been further 

investigated. Appendix 1 lists the slides of the regions investigated.  

3.2.4.6 Picrosirius red (PR) staining protocol  

 The PR stain was performed on adjacent MT sections. The detail of the selected 

slides on which the PR stains was performed has been listed in Appendix 1. Figure 3.2 

showed the PR staining protocol. With this technique, under the bright field microscope, 

the muscle and cytoplasm are expected to be yellow and the collagen red. Under the 

polarised microscope the large collagen fibers are red, whereas the thin collagen fibers 

are green. 

3.2.4.7 Principles of Picrosirius red staining and polarized light 

Collagen staining with PR stain and the use of polarized microscopy has been first 

described by Puchtler et al.,109 in 1973 and then further improved by Junqueira et al., 108 

in 1979. PR staining is based on the principle that Sirius red (being an acid dye) stains 

collagen by interacting with its basic groups. The dye molecule via its sulphonic acid 

groups attaches to collagen fibres in a parallel fashion (long axis).  This theory forms the 

basis of bisference seen and is used with the polarised microcscopy. Polarised 

microscopy involved use of a “polariser” which blocks the transmitted light when 
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oriented at 900 angle to the tissues. This effect then illuminates the bisference (green and 

red) against a dark background.  

 The combination of picrosirius red and polarised light microscopy also uses the 

molecular organisation of collagen. The collagen molecule is birefringent because of its 

anisotropic molecular organisation and it appears brighter with birefringence enhanced 

when viewed with polarized light, which is also anisotropic. Anisotropy essentially 

means directionally dependent and the polariser allows the light to be transmitted in only 

one direction blocking all other thus allowing the collagen molecule which is also 

anisotropic to be illuminated. 111  

3.2.4.8 Statistical analysis 

SPSS version 19.0 and Prism 6 for Mac has been used for data entry and 

statistical analysis. Independent t-test and one-way ANOVA was used to compare means 

and compute p value, p value of 0.05 or less is considered as statistically significant.  

3.2.4.9 Collagen signal estimation 

Volocity software was used to measure collagen signal intensity in arbitrary units 

on images (20 X magnification) across different components of the AVJ.  
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Figure 3.1: Masson Trichome staining protocol.112 

 *After staining with Celestine blue and Cole’s alum haematoxylin the nuclei were checked with 
light microscope if they were too lightly stained then the Celestine blue step was repeated but if 
they were too dark they were placed in a differentiator for 5 seconds and rewashed in tap water 
and rechecked again.  

Fixation!

• Stored at -800C 20 µm sections fixed in Bouins Fluid overnight at 
room tempreture 

• On 2nd day washed in 70% alcohol 3 times, 10min each to 
precpitate soluble picrate 

Staining!

• Celestine Blue for 5 min and then washed in distilled water  
• Cole's alum Haematoxylin for 10 min and then washed in tap 
water* 

• Acid fuchsin for 4 mins and then washed in distilled water 
• Phyospholymbic acid for 5 mins and then  stained with 
methylblue for 5 mins and washed with tap water 

Dehydration!
and!Mounting!

• Treated with 70% alcohol and 90% alcohol 1 min each 
• Absolute alcohol 2 times for 2 min each 
• Clear solvent (Xylene or Histoclear 2 times for 5 min each) 
• Mounted in DPX  
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Figure 3.2:  Picrosirius red protocol 
*10 minutes staining with PR solution is only suitable for brightfield microscopy. If polarized 
microscope is used then the 1 hour staining with PR solution in necessary.  
 

3.3. Results 

3.3.1 Identification of the AVN 

! ! The AVN has been differentiated from the atrial (AM) and ventricular 

muscle (VM) by its characteristic position in the triangle of Koch. With MT stain, the 

staining pattern of the AVN is also different from atrial and ventricular muscle. The AVN 

stained lighter and separated from VM (interventricular septum) by a layer of connective 

tissue (Figure 3.8).  The AVN showed high density of nuclei. The cells were arranged in 

an interweaving and irregular manner, whereas cells of atrial and ventricular muscle 

contained lower density of nuclei, cells were larger and regularly arranged (Figure 3.9). 

The differentiation between the CN (compact node) and the INE (inferior nodal 

extension) is more difficult just on the basis of MT stain, however it was primarily 

performed based on the location of these components and cellular orientation. The INE is 

located posteriorly whereas the CN is located closer to the penetrating bundle. The CN is 

the nodal tissue to be seen just before the central fibrous body if the approach is from 

posterior to anterior, which is the approach I used in cryosectionning. Cellular orientation 

is also different in the INE as compared to the CN. Cells are more parallel to each other 

Fixation!!
• >800C!stored!sections!were!Cixed!in!10%!
neutral!buffered!formalin!for!30!mins!at!
room!temprature!
• Then!washed!in!PBS!3!times!,10min!each!!

Staining!
• Stain!with!Pricrosirius!red!solution!for!
10!min!*!
• Then!washed!with!acetic!acid!water!
twice!each!10min!!

Dehydration!
and!

Mounting!

• Finallly!dehydrated!
with!alcohols,!1min!
70%!and!1!min!in!90%!
alcohol!each!
• Then!absolute!alchohol!
2!times,!!2!min!each!
• Mounted!in!DPX!!
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in the INE as compared to the CN, where no regular structural pattern is seen. Figure 3.6 

and Figure 3.7 illustrates the cellular orientation in the young INE and CN respectively.  

 

3.3.2 Identification of the penetrating bundle  

The penetrating bundle is clearly seen when nodal tissue penetrates the central 

fibrous body. It is characteristically engulfed by the central fibrous body and surrounded 

by the connective tissue. The penetrating bundle can be divided into two distinct zones, 

the proximal penetrating bundle when it penetrates the central fibrous body and the distal 

penetrating bundle or His bundle when the penetrating bundle is located inferior to the 

central fibrous body with connective tissue layer only seen at the superior side of the 

bundle. The cells of the penetrating bundle appears to be arranged more regularly than the 

AVN cells but in comparison with the AM and VM still contain high density of nuclei. 

The AM and VM has lower density of nuclei and cells are more regular in appearance 

than the cells of PB. These structures are shown in Figure 3.8-3.9. 

 

3.3.3 Comparison of the three-dimensions of AVN in young and old rats heart 

 The young rats are smaller in size and of lower weight as compared to older 

animals and the heart size are also smaller and have lower weight in young 3 month old 

rats as compared to old 24 month rats as shown in Figure 3.3. I have measured the three 

dimensions of the AVJ structures in both young and old rat heart. Appendix 2 showed all 

the measurements performed, Table 3.1 showed the statistical analysis and Figure 3.4 

showed the graphical representation of the statistical analysis. I have performed these 

analysis on eight hearts (four from young and four from old rats) in which the boundaries 

of the components of the AVJ are clearly defined.  

  
Figure 3.3: Body and Heart weight of young and old rat. Mean±SEM are shown. ** ρ <0.001 

 

 Not all components of the AVJ can be accurately measured, as the boundaries of 

the INE were less clearly defined in MT stained sections especially in the older animals, 

thus not included in the analysis. However, the boundaries of the CN and the PB can be 
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easily traced in the MT stain.  I have found that the anterior-posterior length of the CN, 

the PPB and the DPB/His bundle are approximately of equal size in young and old rat’s 

heart. This finding is quite unexpected as the younger animals have lower weight and 

heart size. I expected the antero-posterior length to be increased in the old rats. The 

diameter across horizontal axis was increased with ageing in the CN, however the 

comparison between the old and the young CN didn’t reach statistical significance. 

Similarly, the height of the CN across the vertical axis is higher in the CN then the young 

CN but again didn’t reach statistical significance (Table 3.1, Figure 3.4). The difference 

was observed in the height of the PPB and the DPB/His bundle across vertical axis, 

higher in old rat hearts that reaches statistical significance on comparison. On the other 

hand, the width of the PPB and DPB across horizontal axis in the old rats heart is slightly 

increased but did not reach statistical significance (Table 3.1, Figure 3.4). 

 I can conclude from the above data that with ageing the anteroposterior length of 

the CN, PPB and DPB/His bundle does not change. On the other hand, the height of the 

PPB and DPB increased with age. Although differences were observed across horizontal 

axis of the CN, PPB and DPB, statistical significance is not reached. Figures 3.7, 3.8 and 

3.9 show the images taken at low magnification to illustrate the height and width of the 

CN, PPB and DPB/His bundle respectively.  

 
Table 3.1: Comparison between young and old rat hearts. Difference in compact node 
(CN), proximal penetrating bundle (PPB), distal penetrating bundle or His (DPB/His) 
three-dimensional size (at low, 10X magnification), number of nuclei (at high, 63X 
magnification) (Statistically significant results are shown in red with p value <0.05 or <0.01). 
 

 Length (antero- 
posterior axis)  
µm 

Width 
(horizontal axis) 
µm 

Height 
 (Vertical axis) 
µm 

Number of 
nuclei seen per 
high power field 

Young CN 
(Mean± SEM) 

555±62 558±56 198±42 
ρ <0.05 

182±14 
ρ <0.01 

OldCN (Mean± 
SEM) 

545 ± 59 599±48 456 ±131 
ρ <0.05 

110.25±16  
ρ <0.01 

Young PPB 
(Mean±SEM) 

320 ± 16 443±37 338±49 
ρ <0.05 

209±10 
ρ <0.01 

Old PPB  
(Mean ±SEM) 

340±25 451± 28 663±116 
ρ <0.05 

141±6  
ρ <0.01 

Young His 
(Mean±SEM) 

890±19 453±68 304±13 
ρ <0.05 

191±12 
ρ <0.01 

Old His  
(Mean±SEM) 

870±58 403±18 600±66 
ρ <0.05 

129±3 
ρ <0.01 

 
 



! 89!

 
Figure 3.4: Comparison of three-dimensional structure of the AVJ showing significant difference 
in height in each component (measured in µm). CN, compact Node, PB, proximal penetrating 
bundle, His, His bundle or distal penetrating bundle, Height (H), Width (W), Length (L). **ρ 
<0.05.  
 

3.3.4 Comparison of cellular architecture of the AVN in young and old rat hearts 

The cellular orientation and architecture of the INE cannot be clearly seen in the 

old rat hearts. The images taken suggest that the cells of the INE in the young rat’s heart 

are more regularly arranged than in old rats (Figure 3.6).  The CN cells with ageing 

becomes loosely packed and showed no regular pattern of arrangement (Figure 3.7).  The 

nuclei are counted for each rat heart from the high magnification (63X) image. The 

number of nuclei in the young CN is higher than the old CN (Table 1, Figure 3.4). The 

mean difference between the numbers of nuclei is 65% higher in young CN, it has been 

compared with independent t-test and results are statistically significant with a p value of 

<0.01. This could suggest increased cell size and hypertrophy of the cells of the old CN. 

The comparison between the cell sizes cannot be made, as the cell boundaries are less 

well defined in the old CN. However, the cell size estimation has been achieved by 

immunolabelling for membrane marker (caveolin3) and described in the section 4.6.  

!
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Graph 18: Comparison of three dimensional structure 
of Compact node bundle showing 

signficant difference in height 

Comparison of three dimensional structure of 
Atrioventricular junction in low magnification images 

showing signficant difference in height 

** ** **
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!
Figure 3.5: Comparison of number of nuclei seen per high power field (63X) in CN (compact 
node), PPB (proximal penetrating bundle), DPB/His (distal Penetrating Bundle /His bundle). 
Mean±SEM are shown. ** p <0.01. 
 

3.3.5 Comparison of cellular architecture of the PPB and the DPB in young and old 

rat’s heart 

! The PPB and DPB of the young rat hearts show increase number of nuclei in 

comparison with the old rat hearts; PPB (48%) and DPB/His (48%) (Table 3.1 and Figure 

3.5). The p value computed is <0.01 via independent t-test. The nuclei are counted for 

each rat heart from the high magnification (63X) image. The cells are more loosely 

packed in the old PPB and DPB, less regularly arranged and cell boundaries are less 

regularly defined in comparison with the young PPB and DPB cells (Figure 3.8 and 3.9). 
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Graph 19: Comparison of Number of Nuclei seen per high 
power field (63X) 

in CN (compact node), PPB (Proximal penetrating bundle), 
DPB/His (Distal Penetrating Bundle /HIS bundle) showing 

significant difference 

** ** **

** represents statistically significant results
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Figure 3.6:  Masson’s trichome. Young and old inferior nodal extension (INE). Top panel (A,B,C) show 
sections at INE level at different magnification in young heart and bottom panel (D,E,F) shows the 
comparable images in old heart at INE level. INE is marked with black dotted line. Myocytes are pink/
purple and nuclei are black blue in high magnification images (C, F). Left atrium (LA), right atrium (RA), 
left ventricle  (LV), right ventricle (RV). Bar is shown in each image. Red colour seen in A and D is clotted 
blood. 
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Figure 3.7:  Masson’s trichome. Young and old compact node (CN). Top panel (A,B,C) show sections at 
CN level at different magnification in young heart and bottom panel (D,E,F) shows the comparable images in 
old heart at CN level. CN is marked with black dotted line. Myocytes are pink/purple and nuclei are black blue 
in high magnification images (C, F). Left atrium (LA), right atrium (RA), left ventricle  (LV), right ventricle 
(RV). Bar is shown in each image. Red colour seen in A is clotted blood. 
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Figure 3.8:  Masson’s trichome. Young and old proximal penetrating bundle (PPB). Top panel (A,B,C) 
show sections at PPB level at different magnification in young heart and bottom panel (D,E,F) shows the 
comparable images in old heart at PPB level. PPB is marked with black dotted line. Myocytes are pink/purple 
and nuclei are black blue in high magnification images (C, F). Left atrium (LA), right atrium (RA), left 
ventricle  (LV), right ventricle (RV). Bar is shown in each image. Red colour seen in A is clotted blood.
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Figure 3.9:  Masson’s trichome. Young and old distal penetrating bundle (DPB/His). Top panel (A,B,C) 
show sections at DPB level at different magnification in young heart and bottom panel (D,E,F) shows the 
comparable images in old heart at DPB level. His is marked with black dotted line. Myocytes are pink/purple 
and nuclei are black blue in high magnification images (C, F). Left atrium (LA), right atrium (RA), left ventricle  
(LV), right ventricle (RV). Bar is shown in each image. Red colour seen in A is clotted blood. 
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3.3.7 Comparison of collagen signal intensity of young and old rat’s heart 

Tissue sections from the INE, CN, PPB and His bundle were stained with PR. 

The collagen fibres appear red and cytoplasm yellow when analysed with light 

microscopy. However, the picrosirius red images when analysed with polarised 

microscopy showed thick red collagen fibers and thin green collagen fibers. I have 

performed two protocol of staining. I have used light microscopy and polarized 

microscopy to confirm our findings. Volocity software was used to measure signal 

intensity on images taken with polarised microscope. Table 3.2 showed collagen signal 

estimation via polarised microscope. All polarised microscope slides are listed in 

Appendix 1.   There is no significant age dependent change noticed in the total collagen 

protein content in the CN and PPB. However, the total protein collagen content increased 

with ageing in the His bundle (Table 3.2). Polarised microscopy analysis showed increase 

in signal intensity of thin green fibers in the CN, PPB and DPB or His bundle. Figures 

3.10 - 3.12 show the graphs of collagen signal estimation. Figures 3.13-3.17 show the 

picrosirius red images with light microscope and polarised microscope.  

 
Table 3.2: Statistical analysis: collagen signal estimation via polarised microscope in young 
and old rat heart’s compact node (CN), proximal penetrating bundle (PPB), distal 
penetrating bundle or His (DPB/His). Red (thick fibers), green (thin fibers), combine (sum of 
both red and green fiber signal estimation (statistically significant results are shown in red). 
 

 Collagen signal red 
 

Collagen signal green  Collagen signal  
combine 

Young hearts CN 
(Mean and SEM) 

10.22±0.41 10.37±0.48 
p<0.005 

20.60±0.78 

Old hearts CN 
(Mean and SEM) 

11.91±2.12 12.66±0.48 
p<0.005 

24.58±2.48 
 

Young hearts PPB 
(Mean and SEM) 

11.17 ±0.79 9.73±0.58 
p<0.05 

21.41±1.51 

Old hearts PPB 
(Mean and SEM) 

12.84±0.90 10.97±0.54 
p<0.05 

22.88±1.52 

Young hearts DPB/ 
His (Mean and SEM) 

9.52±0.53 8.18±0.43 
p<0.05 

17.70±1.51 
p<0.05 

Old hearts DPB/His 
(Mean and SEM) 

11.66±1.37 10.37±0.25 
 p<0.05 

22.03±1.52 
p<0.05 

 
!



! 96!

! !
Figure 3.10: Comparison of collagen signal estimation of compact node (CN) via  
polarised microscope. Red (thick fibers), green (thin fibers), combine (sum of both red and 
green). Mean±SEM are shown.  ** p <0.005. 
 
 

 
 
Figure 3.11: Comparison of collagen signal estimation of proximal penetrating bundle (PPB) via 
polarized microscope. Red (thick fibers), green (thin fibers), combine (sum of both red and 
green). Mean±SEM are shown.  * p <0.05. 
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Figure 3.12: Comparison of collagen signal estimation of distal penetrating bundle (DPB or His) 
via polarized microscope. Red (thick fibers), green (thin fibers), combine (Sum of both red and 
green).  Mean±SEM are shown. * p <0.05.  
 

3.3.8 Summary of Results 

In summary, the cells of the CN and PB showed an age-dependent decrease in 

the number of nuclei. The cells are loosely packed with no regular pattern of arrangement 

seen in the old CN and PB.  In comparison the cells of the young CN and PB are more 

regularly arranged, and have a higher number of nuclei. This indicates apoptosis or 

hypertrophy of cells in the old rats.  

There is an age dependent increase in the thin green fibre collagen content as 

measured by collagen signal intensity in the CN, PPB and the DPB/His via polarised 

microscope, whereas no difference is observed in thick collagen fibres content. Total 

collagen content increase with ageing in the His bundle but not in other regions of the 

AVJ.   
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Figure 3.13: Picrosirius red stain (light m

icroscopy) Y
oung and old inferior nodal extension (IN

E
) and com

pact node (C
N

). Top panel show
s 

the sections in young heart and bottom
 panel show

s the com
parable im

ages in old heart. The IN
E and C

N
 are m

arked w
ith black dotted line. B

ar is 
show

n in each im
age.  
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Figure 3.14: Picrosirius red stain (light m

icroscopy) Y
oung and old proxim

al penetrating bundle (PPB
) and distal penetrating bundle 

(D
PB

/H
is). Top panel show

s the sections in young heart and bottom
 panel show

s the com
parable im

ages in old heart. The PPB
 and H

is are m
arked 

w
ith black dotted line. B

ar is show
n in each im

age.  
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Figure 3.15: Picrosirius red stain. Im

ages of the young and old com
pact node (C

N
) w

ith light and polarized m
icroscope. (A

) young heart bright field 
im

age, (B
) sam

e im
age taken w

ith polarized m
icroscope. (C

) The old C
N

 bright field m
icroscope im

age, (D
) sam

e im
age taken w

ith polarized m
icroscope. 

R
ed and green bisference can be easily seen w

ith dark background; red bisference represent thick collagen fibers, green bisference represent thin collagen 
fibers. The C

N
 is m

arked w
ith w

hite dotted line. B
ar is show

n in each im
age.  
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Figure 3.16: Picrosirius red stain: Im

ages of the young and old proxim
al penetrating B

undle (PPB
). (A

) young PPB
 bright field im

age, (B
) sam

e im
age taken w

ith polarized 
m

icroscope. (C
) old PB

 bright field im
age, (D

) sam
e im

age taken w
ith polarized m

icroscope. R
ed and green bisference represent thick and thin collagen fibers respectively. The PPB

 
is m

arked w
ith w

hite dotted line. O
ld PPB

 show
s high green bisference.   

!Figure 3.17: Picrosirius red stain: Im
ages of young and old D

PB
 or H

is B
undle (H

is). (A
) Y

oung H
is bright field im

age,  (B
) sam

e im
age taken w

ith polarized m
icroscope. (C

) 
old H

is bright field im
age, (D

) sam
e im

age taken in polarized m
icroscope. R

ed and green bisference represent thick and thin collagen fibers respectively. The H
is is m

arked w
ith a 

w
hite dotted line. 
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3.4 Discussion and Conclusion 

In terms of cellular architecture our findings correlate well with the previous 

studies performed on ageing animals and humans. I have noticed decrease in number of 

nuclei with ageing, which is also reported by Fujino et al.,82 they demonstrated decreased 

number of cells in the AVN with ageing. Buruljanowa reported increased cellular 

hypertrophy with ageing.83 Both these findings correlate with my finding of decrease in 

number of nuclei with ageing. This finding could suggest apoptosis and/or cellular 

hypertrophy with ageing. Furthermore, they have reported that the cells of the AVN and 

PB are more loosely arranged with ageing, which supports my findings.  

I have not been able to locate any study that demonstrates comparison of the CN 

and PB between young and old hearts in three dimensions, which can correlate with my 

findings. However, these findings merit further discussion. First, the dimensions of the 

INE especially in the old rat heart could not be accurately measured. It is possible that the 

limitations of the techniques used to demonstrate INE architecture could be one of the 

reasons. The other important aspect is the antero-posterior length of the CN, PPB and 

DPB/His. Approximately similar length is quite unexpected as with ageing the cell size 

clearly increase which is demonstrated in this study. The horizontal and vertical axis 

measurements increase with ageing. This elucidates an important concept that with 

ageing the distance that the action potential needs to travel across AVJ remains constant 

however the PR interval and AH interval prolong as shown in section 2.3.1, which 

suggests that it is likely related with cellular changes.   

The issue of fibrosis in the conducting tissues of the heart with ageing needs 

careful analysis. I have shown in the literature review (section 1.11.1) that across 

different studies fibrosis has been uniformly linked with ageing. The study by 

Sandusky113 in large breed dogs also suggest increased fibrosis in the AVN with ageing.  

However, a recent study on SN by Yanni et al.,87 has demonstrated decreased mRNA 

expression of type I and III collagen in ageing rats. In the SN the total collagen content 

decreases which has been measured by collagen signal estimation. My findings in terms 

of fibrosis are quite interesting. I have shown that with ageing there is no significant 

difference in total collagen content and thick red collagen fibres but in terms of thin green 

collagen fibres there seems to be age dependent increase. My findings correlate with the 

studies described earlier however I have described the issue of fibrosis in more detail in 

terms of thick and thin collagen fibres which could be the reason behind different 

findings by Yanni et al.87  
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In summary, the structural histological findings seen correlate with previous 

studies performed on the AVN with ageing. The changes with ageing observed in this 

study may well explain slowing of conduction across the AVJ with ageing that were 

described in functional studies in section 2.3.1. DiFrancesco group has demonstrated that 

the destruction of the HCN4 positive cells in the SN and AVN can results in deep 

bradycardia and AV block51 that correlates with our findings of reduction in the number 

of nuclei. Reduced number of nuclei indicates decrease in number of cells with ageing, 

could be responsible for impaired AV nodal conduction i.e prolonged AH interval. 

Furthermore, the cellular architecture disruption or myocardial disarray and apoptotsis 

can result in decreased expression of proteins/ion channels important in cell-to-cell 

communication and action potential propagation. These results are explained in greater 

detail in chapter 4.!



! 104!

Chapter 4  
 

4. Immunofluorescence 
!
4.1 Introduction 

! The changes in the ion channel expression, calcium handling protein and gap 

junction proteins with ageing in the atrioventricular junction has not been described in the 

literature. I have described in this chapter the immunohistochemcial experiments 

performed to identify the changes in the expression of proteins important in the AVN 

conduction.  

 

4.2 Methodology 

! The species used and sample size have been described in the histology section. 

The methods of dissection, freezing of the whole heart and cryosection have been 

described in the histology section. 

4.2.2 Solutions and chemicals used 

4.2.2.1 Solutions  

1. 0.01M Phosphate Buffer saline (PBS); containing in mM: Na2HPO4, 77; Na2H2PO4, 23; 

pH 7.4 (Sigma).  
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2. 0.1% Triton-X100 (Sigma) was used to penetrate the tissue. 

3. 1% Bovine serum albumin (BSA) (Sigma).  

4.2.2.2 Fixative  

1. 10% neutral buffered Formalin (Sigma). 

2. Methanol (Sigma) 

4.2.2.3 Primary and secondary antibodies 

All primary and secondary antibodies used are summarized in table 4.1 and 4.2 

respectively. 

4.2.2.4 Mounting medium 

Vectshield (H-1000), Vector laboratories, Peterborough, UK.  

4.2.2.5 Statistical analysis 

SPSS version 19.0 for Mac and Prism 6 have been used for data entry and statistical 

analysis. Independent t-test and one-way ANOVA was used to compare means and 

compute p value and 95% confidence intervals. p value = < 0.05 is considered as 

statistically significant. 

4.2.2.6 Signal estimation 

Volocity software was used to measure signal intensity in arbitrary units of high 

magnification images (63X magnification) across different components of the AVJ. 

Signals are measured in at least four high magnification images taken from four different 

hearts for each region of the AVJ. The process of signal estimation is explained in Figure 

4.1. The mean of the arbitrary units from all these images are taken and plotted on the 

graph with standard error of mean.  

 

  
Figure 4.1: Signal estimation using Volocity software. The high magnification image of His 
bundle (63X) is shown with a white dotted line encircling the areas of signal estimation. The dark 
areas (no tissues) are not included in the signal estimation. Signals are estimated in arbitrary units.  
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4.2.3 Principle of immunofluorescence and immunofluorescence protocol  

Immunofluorescence is the detection of a specific protein of interest (antigen) in 

tissue section using primary antibodies. The immunohistochemical technique with 

fluorescent secondary antibody i.e., immunofluorescence has been well defined. Smith 

and Barton 114,115 technique has been used extensively in our group with excellent 

results.86,87,116 The primary antibodies bind specifically to the protein of interest (antigen) 

in tissue sections. These primary antibodies are then in turn detected by specific 

fluorescent secondary antibody (conjugated with fluorochromes) raised against them. The 

fluorescent secondary antibody can be visualised using a confocal microscope. The 

principle of confocal laser scanning microscopy is described in a separate section below. 

Figure 4.2 explains the principle of immunofluorescence. 

 The primary antibodies are of two types, either monoclonal or polyclonal. Both 

have different advantages. The hybridoma cells produce monoclonal antibodies, which 

are immortal cells of B-cell lineage. (i.e a hybrid cell line that is created by fusing a 

mortal antibody-producing B-lymphocyte with an immortalised myeloma line; the 

hybridoma line is immortal and produces a continuous supply of a particular monoclonal 

antibody). Monoclonal antibodies are active against only one region of the antigen, 

therefore they are more specific. On the other hand, polyclonal antibodies are active 

against many regions of the antigen. Polyclonal antibodies are produced by injecting host 

laboratory animals with the specific antigen. The serum of these animals is then collected 

and purified as it contains other antibodies directed against different parts of antigen.   

Polyclonal antibodies have the advantages of producing stronger labelling as compared to 

monoclonal antibody however they are less specific. 117 The tissue sections can be single 

or double-labelled with primary antibodies raised in different animals (as shown in Figure 

4.2).  
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Figure 4.2: Principle of immunofluorescence (Adapted from Morris et al 117 Detection and 
measurement of cardiac ion channels, cardiac electrophysiology: Methods and Models: Springer 
US 2010). Two primary antibodies are shown bound to their respective antigens on the surface of 
a cell. The anti-A primary antibody  (raised in mouse) binds to antigen A (Cx43), whereas the 
anti-B primary antibody (raised in rabbit) binds to antigen B (HCN4). The primary antibody 
binds to the antigen with its Fab fragment. The secondary antibody normally binds to the Fc 
portion of the primary antibody molecule in a species-specific manner. The secondary antibody, 
therefore, binds to antibodies raised in a particular species (e.g., anti-mouse and anti-rabbit). The 
secondary antibodies contain fluorescent tags such as Cy3 (indocarbocyaninne) and FITC 
(fluorescein isothiocyanate), which can be visualized using an epifluorescence or confocal laser 
scanning microscope.  

204 G.M. Morris et al.

 3. optimum Tm of 62°C (65°C for use in an ABI machine at a standard annealing 
temperature of 60°C, which is 5°C below the theoretical Tm);

 4. ~50% G/C content;
 5. no GC clamp; and
 6. minimal 3  self complementarity (if ever possible, choose 0).

This yields primer pairs that can be used reliably with SyBr Green detection. It is 
advisable, though, to use specific probes for rare transcripts or low input cDNA and 
for primer pairs that tend to infrequently yield primer dimers. We have seen distinct 
differences in primer dimer formation between different batches of same brand 
qPCR mixes.

9.3.3  Immunohistochemistry with Fluorescent Conjugated 
Secondary Antibodies

There are many excellent books, articles, and websites that explain the principle  of 
this technique. In our laboratory, we use Smith and Burton16 as an introduction. The 
principle of immunohistochemistry (shown in Fig. 9.7) is to use specific primary 

Fig. 9.7 Principle of immunofluorescence. Two primary antibodies are shown bound to their 
respective antigens on the surface of a cell. The anti-A primary antibody (assumed to be raised in 
mouse) binds to antigen A (e.g., Cx43), whereas the anti-B primary antibody (assumed to be 
raised in rabbit) binds to antigen B (e.g., HCN4). The primary antibody binds to the antigen with 
its Fab fragment. The secondary antibody normally binds to the Fc portion of the primary antibody 
molecule in a species-specific manner. The secondary antibody, therefore, binds to antibodies 
raised in a particular species (e.g., anti-mouse and anti-rabbit). The secondary antibodies contain 
fluorescent tags such as Cy3 and FITC (fluorescein isothiocyanate), which can be visualized using 
an epifluorescence or confocal laser scanning microscope
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Table 4.1: Details of primary antibodies used in immunohistochemistry experiments 
on AVJ and their respective western blot experiments on left ventricular tissue. The 
antibodies that produced specific signals are shown in red. The dilution shown gives best 
results in the test experiments. The test experiments are repeated with different 
concentration to select the best dilution for the final experiments.  
 

Protein Catalogue ♯ Molecular 
weight  

Company Species 
 

Dilution 

HCN4 APC-052 158 kda Almone Rabbit 1:50 
HCN1 APC-056 50-100 (two 

bands) 
Almone Rabbit 1:100 

RyR2 MA1-83782 565kda Thermo Mouse 1:50 
SERCA2a A010-20 100 kda Badrilla Rabbit  
Cx43 ACC-201 43-47kda 

 
Chemicon 
 
Almone 

Mouse 
 
Rabbit 

1:100 

Cx40 SC-20466 40 kda (43-
55kda) 

Santa cruz 
 
Chemicon  

Goat 
 
Rabbit 

1:50 

Cx45 SC-25716 ±45 Santa cruz Rabbit 1:100 
CaV1.3 ACC-005 >250 Almone Rabbit 1:50 
Cav 3.1 ACC-021 121-250 (two 

bands) 
Almone Rabbit 1:50/1:100/1

:400 
Cav1.2 ACC-022 200-250 Almone Rabbit 1:50/1:100/1

:400 
Nav1.5 ASC-013 250 Almone Rabbit 1:50 
Kv1.4  APC-007 96 Almone Rabbit 1:50/1:100/1

:400 
Kv7.1 
(LQT1) 

APC-022 75 Almone Rabbit 1:50/1:100/1
:400 

Kv11.1 
(ERG) 

APC-016 117-205 Almone Rabbit 1:50/1:100/1
:400 

Kir2.1 APC-026 ±70 Almone Rabbit 1:50/1:100/1
:400 

Kir3.4 APC-027 50-75 (two 
bands) 

Almone Rabbit 1:50/1:100/1
:400 

Cav3 610421 18 kda BD 
transduction 

Mouse 1:50 

Alpha 
Actinin 

A-7811 100kd Sigma Mouse 1:50 

 
 

Table 4.2: Summary of secondary antibodies used.  
 

Secondary Antibody  Catalogue ♯ Dilution  Company 
Donkey anti-rabbit 
FITC 

 AP182F 1:100 Millipore lab 

Donkey anti-mouse 
Cy3 

 AP192F 1:400 Millipore lab 

Donkey anti-goat 
Alexa Flur 488 

 A11055 1:100 Life technologies 
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Figure 4.3: Immunofluorescence protocol 
Fixation: The formalin has good penetration of tissue section and fixes tissue by primarily 
reacting with amino acids to form cross-linking methyl bridges. This results in low permeability 
to macromolecules and the structure of cytoplasmic protein is preserved. Tissues can also be fixed 
by using methanol. 
Penetration of cell membrane: Triton-X 100 penetrate the cell membrane thus allows the antibody 
to reach antigens located on the cytoplasmic site of the cell membrane. 
Blocking of non-specific sites: 1% BSA blocks binding of the primary antibody to nonspecific 
sites and thus reduces background labelling. 
Labelling with primary and secondary antibody: Different concentrations of primary and 
secondary antibody is used. Antibodies were diluted with 1% BSA in PBS.  The details of the 
antibodies used in the experiments are given in Table 4.1 and 4.2. 
Mounting: Vectshield prevent fading of the fluorescent signal and sealing with nail varnish 
prevent drying of tissues.  
 

 

 

 

Fixation!

• Stored!at!8800C,!!20!μm!sections!?ixed!in!formalin!for!30!min!at!room!
temperature!(or!?ixed!in!methanol!for!5!min)!

Penetration!
of!Cell!

membrane!

• Washed!with!PBS!X!3!times!(10!min!each!wash)!
• Treated!with!Triton!X8100!for!30!min!at!room!temperature.!(This!
step!was!not!used!if!methanol!was!used!for!?ixation)!
• Washed!again!with!PBS!X!3!times!(10min!each)!

Blocking!of!
non!speci?ic!

sites!

• Blocked!with!1%!BSA!in!PBS!for!1!hr!at!room!temperature!

Primary!and!
secondary!
antibodies!

• Incubated!with!primary!antibodies!overnight!at!40C!!
• Washed!with!PBS!X!3!times!(10min!each)!
• Incubated!with!secondary!antibodies!182!hrs!at!room!temperature!!

Mounting!of!
tissue!
sections!

• Washed!with!PBS!X!3!times!(10min!each!wash)!
• Mounted!with!Vectshield!
• Coverslip!and!edges!sealed!with!nail!varnish!!
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4.2.4 Confocal laser scanning microscopy 

Single or double-labelled sections were scanned using confocal microscopy. A Zeiss 

confocal microscope was used in this study and PASCAL LSM software was used. The 

confocal microscope differs from a conventional microscope because it employs laser and 

has two confocal pinholes (Figure 4.4). These pinholes allow only light from the plane of 

focus to reach the detector. Out of focus light is removed from the image by the use of a 

suitably positioned pinhole. This produces an image of high resolution. The confocal 

principle is combined with a scanning system utilizing laser light source. This builds up 

an image by scanning the sample point by point in X and Y direction. The detector of 

reflected light from the sample comes from a photomultiplier tube. The signal from the 

photomultiplier tube is converted to a digital form that contains information on the 

position of laser in the image and the amount of light coming from the sample. A 

computer is used to store the intensity value of each point (called pixels) from the 

detector, and presents these in the correct order on a high-resolution video monitor to 

display the image.  

 
Figure 4.4:  Prinicples of confocal microscopy 

!
Table 4.3: Summary of excitation and emission wavelengths used for detection of 
secondary antibody conjugated with fluorochromes 
 

Flourochromes Excitation wave length 
(nm) 

Emission wave length 
(nm) 

Laser 

FITC 496 (blue light) 518 (green light) Argon 
Cy3 556 (green light) 574 (red light) Krypton 
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4.3 Western blot experiments 

 

4.3.1 Species used and sample size 

!
Western blot experiments to confirm antibody specificity were performed on the left 

ventricular tissue of four young hearts (3 months old). Male Wistar-Hanover rats were 

used in this study.  The dissection and freezing protocol has been described earlier in the 

histology.  

 

4.3.2 Solutions and Chemicals 

1. TBS (Tris-buffered saline) (20 mM Tris and 150 mM NaCl)  

2. TBST (TBS with 1 ml of Tween 20)  

3. NuPage LDS buffer (4X)  

4. 3% Bovine serum albumin (BSA, Sigma). 

5. NuPage MOPS LDS running buffer (Life technologies, UK) 

6. Ponceau S (Sigma) 

7. Transfer buffer (Transfer buffer 800ml 1x tris-glycine running buffer 200 ml 

methanol) 

8. Sodium hydroxide (NaOH 0.1M, Sigma)  

9. Methanol (Sigma)  

10. Chemiluminescene solution (ECL, mixing H202 2 ul with provided solution 1 and 2 

each 1.5ml, Biorad, UK) 

 

4.3.3. Primary and secondary antibodies 

1. All primary antibodies used for western blot experiments are summarized in Table 4.1. 

2. 1% HRP Conjugated antibody (anti-rabbit, anti-goat, anti-mouse, Bio rad, UK) 

 

4.3.4. Western Blot Protocol  

The western blot protocol is described in Figure 4.5.  

 

!
!

!
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Figure 4.5: Western Blot protocol. 
  
Tissue preparation: The collected tissue sample was homogenised. Quant-iT assay (Invitrogen, 
Life technologies, UK) was then used to determine protein concentration. In the Quant-iT assay, 
buffer 199 µL, and reagent 1µL was used to make working solution 200uL. Working solution 
(190 µL) is then mixed with standard solution (10 µL) from the kit to make 200 µL standard 
solution. Protein samples (1-20 µL) are also mixed with 190 µL of working solution. The tubes of 
protein samples and standards are read in the Qubit flourometer (Life technologies, UK) to 
determine the protein concentration. The protein samples (7.5 µL) were then mixed with NuPage 
LDS sample buffer-4X (2.5 µL) to make 10 µL final solution. 
 
Gel electrophoresis: The Novex (life technologies, UK) system was used for gel electrophoresis. 
The NuPage MOPS-LDS running buffer was used to fill the electrophoresis chambers. The 
NuPage Tris-Glycine precast gel cassette was used. The samples and ladder were loaded with gel 
loading tips. Electricity was run for 50 min to separate the proteins. The gel maintains the 
polypeptide in a denatured state thus allowing separation of the protein by their molecular state. 
Smaller proteins migrate faster and proteins are thus separated according to their size (kDa). 
!
Tranfer: The Trans-blot turbo transfer system was used to transfer gel on the membrane. The 
transblot mini or midi transfer pack was used. The gel and the transfer pack were then placed in 
the transblot turbo transfer system for 7-50 min to complete transfer. The membrane was then 
rinsed in TBS and then stained in Ponceau S for 5 min. The membrane was rinsed in millipore 
water to see bands and then 0.1M NaOH was used to clear gel.  
 
Blocking with antibodies: The membrane was then blocked in 3% BSA in TBS overnight. The 
membrane was then incubated in primary antibody in 1% BSA for 2 hours. After washing with 
TBST the membrane was incubated in appropriate secondary antibody for 2 hours.   
 
Detection/Visualization: Bio rad Chemidoc-XRS imaging system was used to image membranes. 
Chemiluminescene solution (ECL) was then prepared and placed on to membrane. The image 
was then taken and visualised on the chemi-doc software.  
!
!
!
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4.3.5. Results  

Analysis of western blot experiments was performed on left ventricular tissue to 

assess the specificity of the primary antibodies. The experiments were successful for the 

variety of the protein expected to be present in the left ventricular tissue. The successful 

western blot experiment results are shown with the respective immunofluorescence 

image. Table 4.1 lists antibodies that were successful (i.e., specific) for either or both 

immunohistochemical and western blot experiment. The microdissection of each 

component of the AVJ for western blot experiments was not attempted, as it would result 

in contamination of the AVJ samples from surrounding atrial and ventricular muscle.  

Immunohistochemical images and western blot data shown in the subsections of 

this chapter are only for the antibodies that produced required/specific signals.  
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4.4 Changes in the expression of HCN4 in the AVJ with ageing 

!
4.4.1 Introduction  

HCN channels or hyperpolarisation activated cyclic nucleotide gated channel are 

responsible for If  current. The If  current was first described in the SN almost  40 years 

ago.118 The special characteristics of the If current includes: activation on 

hyperpolarisation from a threshold of about -45 mV and maximam activation at about -

100mV, a mixed Na+ and K+ current with a reversal potential of about -10/-20mV 

(inward current in the diastolic range) and finally modulation by internal cAMP (cyclic 

adenosine monophosphate).  

HCN channels are voltage gated as well as cycle nucleotide gated channels. They 

are formed of six transmembrane domains S1 to S6 and a C terminus with cyclic 

nucleotide binding domain. Figure 4.6 shows the structure of HCN channels.   

Four isoforms of HCN channels have been identified and they differ in properties 

including tissue distribution, channel kinetics and cAMP activity. HCN3 channel is 

expressed only in the neuron and will not be discussed further. On the other hand, HCN1, 

2 and 4 channels are expressed both in the heart and brain. HCN4 is the most highly 

expressed channel in the cardiac conduction system and thus is commonly used as a 

marker of the cardiac conduction system.51,119,120 HCN2 channel has a slower kinetics 

than HCN1 but faster than HCN4. HCN2 is activated at more negative potentials than 

HCN1 and HCN4. HCN2 is also more sensitive to cAMP as compared to HCN2 and 

HCN4.118-121  

Multiple studies documented HCN channels abundance in the AVJ. In the human 

atrioventricular node HCN4 mRNA was more abundant than HCN1 and HCN2 mRNA in 

the CN. HCN4 mRNA and protein is also abundantly expressed in the INE, CN and PB 

compared to atrial and ventricular myocardium.24 HCN1 is expressed more in the CN 

than the PB and ventricular muscle in human. Greener et al., showed similar results in the 

rabbit AVJ. HCN4 mRNA is abundantly expressed in the INE. HCN1 mRNA is 

significantly more abundant in all areas of the AVJ as compared to the atrial and 

ventricular myocardium.24 Dobrzynski et al., also showed that the site of origin of 

junctional pacemaker is in the INE with high expression of HCN4 in the rabbit heart.22 

HCN4 gene knockout studies on mice showed conflicting results in terms of AV 

nodal conduction. HCN4 knockout mice die in utero at day 10-11,122 thus analysis of PR 

or PQ interval is impossible. Studies have been conducted using Cre/loxP-system that 

involves selective deletion of HCN4 ion channels. The study by Herrman et al.,123 
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showed no effect on PR interval. However Baruscotti and colleagues54 showed severe 

bradycardia associated with higher degrees of AV block (2:1 and 4:1 2nd degree AV 

block) with HCN4 deletion. Thus the role of HCN4 in the AV conduction remains 

elusive.  

 
Figure 4.6: Structural model of hyperpolarisation-activated cyclic nucleotide-gated (HCN) 
channel. The channel displays two functional parts: (a) the transmembrane core region consisting 
of the six transmembrane segments (S1–S6) and the ion-conducting pore loop between S5 and 
S6, and (b) the modulatory C terminus containing the C linker and the cyclic nucleotide-binding 
domain (CNBD). The function of the cytosolic N terminus is not yet known. The voltage sensor 
of the channel is formed by the positively charged S4 helix that contains nine regularly spaced 
Arg or Lys residues at every third position. The S1 helix, the extracellular S1–S2 linker, and the 
intracellular S4–S5 linker, which are involved in activation gating are highlighted. Adapted from 
Biel et al.120 
 

4.4.2 Methods 

Methodology has been explained in detail in section 4.1. 

 

4.4.3 Results 

4.4.3.1 Age related changes in the expression of HCN4 

  Table 4.4 and Figure 4.7 showed changes in HCN4 expression with ageing 

in each component of the AVJ conduction axis. No significant difference in the INE, CN 

and PPB bundle in HCN4 expression with ageing was found. There is a decrease in 

HCN4 expression in the His bundle with p-value=0.05. 

  Figure 4.8 shows low magnification images, double labelled with 

HCN4 and Cx43. HCN4 is used as a marker of the CCS. HCN4 is highly expressed in the 

 

TCM Vol. 12, No. 5, 2002

 

209

 

ferences in the exent to which CNBD in-
hibits basal gating. HCN2 and HCN4
channels reveal a large response to cAMP
because they are efficiently inhibited in
the absence of the cyclic nucleotide. In
contrast, HCN1 is only weakly affected
by cAMP, because in this channel the in-
hibitory effect of the CNBD is weak,
even in the absence of cAMP. It remains
to be determined if the inhibitory effect
of the CNBD is conferred by a direct
physical interaction with the channel
core domain or by some indirect path-
way. There is initial evidence that the
so-called C linker, a peptide of about 80
amino acids that connects the last
transmembrane helix (S6) to the CNBD,
plays a key role in this process (Wang
et al. 2001).

 

• Structural Determinants 
of Ion Selectivity

 

HCN channels pass both Na
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 and K
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ions with a relative permeability ratio
P

 

Na

 

/P

 

K

 

 of about 0.15 to 0.25 (Gauss et al.
1998, Ludwig et al. 1998, Santoro et al.
1998). Thus, the ion selectivity of HCN
channels concurs well with permeability
ratios reported for native I
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 (Pape 1996).
Although HCN channels conduct both
K
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 and Na

 

!

 

, they are not nonselective.
For example, HCN channels are almost
impermeable to Li

 

!

 

 and are even blocked
by millimolar concentrations of Cs

 

!

 

. Sim-
ilarly, divalent cations and anions do not
pass through the channels. Although
HCN channels carry an inward Na
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 cur-
rent under physiological conditions, the

primary sequence of the HCN pore re-
gion is clearly related to that of highly
selective K

 

!

 

 channels. In contrast to
nonselective CNG channels or sodium
channels, both K

 

!

 

 and HCN channels
contain a glycine-tyrosine-glycine (GYG)
motif in the pore (Figure 3). In tet-
rameric K

 

!

 

 channels, four copies of this
sequence form the narrowest part of the
pore providing the selectivity filter for K

 

!

 

ions (Lu et al. 2001, Zhou et al. 2001).
The presence of the GYG sequence in
HCN channels indicates that this motif
alone is not sufficient to confer selectiv-
ity for K

 

!

 

. By affecting the spatial coor-
dination of the GYG sequences in the
tetrameric channel complex, other chan-
nel domains could control the structural
rigidity of the pore and thereby deter-

Figure 3. Structural model of hyperpolarization-activated cyclic nucleotide-gated (HCN) channels. The channel displays two functional parts:
(a) the transmembrane core region consisting of the six transmembrane segments (S1–S6) and the ion-conducting pore loop between S5 and
S6, and (b) the modulatory C terminus containing the C linker and the cyclic nucleotide-binding domain (CNBD). The function of the cytosolic
N terminus is not yet known. The voltage sensor of the channel is formed by the positively charged S4 helix that contains nine regularly spaced
Arg or Lys residues at every third position. The S1 helix, the extracellular S1–S2 linker, and the intracellular S4–S5 linker—which are involved
in activation gating—are highlighted. The histidine residue at the interface between S4 and the S4–S5 linker that is a major determinant of pH
sensitivity is indicated. In analogy to the crystal structure of the KcsA channel (Zhou et al. 2001), the pore of HCN channels most likely con-
tains a helical portion (P helix) and a selectivity filter (SF) that controls ion permeation. The sequence shown here corresponds to HCN1 and
HCN4 and differs from the sequences of HCN2 and HCN3 in only one position. cAMP, cyclic adenosine monophosphate.
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CCS and poorly expressed in atrial and ventricular tissues. On the other hand expression 

of Cx43 is poor in the CCS and high in the atrial and ventricular tissues. The reason of 

double labelling was to identify the conduction system separate from the surrounding 

atrial, ventricular tissues and in the case of penetrating bundle from the central fibrous 

body. The primary antibody against HCN4 was raised in rabbit and secondary fluorescent 

antibody used was FITC, which emits green fluorescence. The primary antibody against 

Cx43 was raised in mouse and the secondary fluorescent antibody used was anti-mouse 

Cy3, which emits red fluorescence.  

  Figure 4.9 shows high magnification images of HCN4 double labelled 

with Cx43 corresponding with each component of the AVJ conduction axis. Cx43 

expression will be discussed in more detail in the next section. HCN4 green signal is 

stronger in the His bundle of young hearts as compared to the His bundle of old hearts. 

No expression of HCN4 was seen in the working myocardium of atria and ventricle thus 

was not analyzed.  

4.4.4 Discussion  

HCN4 expression in the INE, CN and PPB with ageing was consistent with the 

study by Tellez et al., on ageing SN. In the SN no significant change in the 

immunofluorescence signal intensity or mRNA was detected. However, downregulation 

of HCN4 in ageing DPB/His bundle has not been previously documented.   

The role of HCN4 is not firmly established in the AV nodal conduction. Although 

HCN4 is responsible for If  current, studies have conflicting results in terms of decreased 

conduction across the AVJ following deletion of HCN4 as already mentioned. Functional 

studies that involve use of ion channel blocker Cs+ to block HCN4 and then measuring 

AV nodal conduction have not been reported before our study. My finding of decrease in 

HCN4 expression in the His bundle correlate with our functional results, which showed 

that there is no changes seen in the AV nodal conduction in the ageing rats after 

application of Cs+. It is possible that HCN4 has a very limited role in the AV conduction 

in ageing and thus may not be a major player in the AV conduction in ageing.  
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Table 4.4: Statistical analysis of HCN4 expression in young and old heart’s AVJ. 
Statistically significant results are shown in red. 
 
HCN4 
expression 

Inferior 
nodal 
extension 
(INE) 

Compact 
node (CN) 

Proximal 
penetrating 
bundle (PB) 

Distal 
penetrating 
bundle (His) 

Young hearts 
(Mean and 
SEM) 

29.91±2.04 32.77±2.09 27.48±1.71 33.23±1.21 

Old hearts     
(Mean and 
SEM) 

32.09±1.60 33.36±2.61 30.68±0.75 27.66±2.83 

p-value and 
95% 
confidence 
interval 

0.55 
(-5.20 to 
9.57) 

0.8 
(-6.18 to 7.35) 

0.17 
(-1.50 to 7.91) 

0.05 
(-11.16 to 0.03) 

 

 
Figure 4.7: Changes in HCN4 expresson in AVJ with ageing 
Inferior nodal extension (INE), compact Node (CN), proximal penetrating bundle (PB), distal 
penetrating bundle or His bundle. Signal intensity measured with Volocity software. Mean±SEM 
shown. ** p=0.05 
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Graph 8.3.1 : Changes in HCN4 expresson in Atrioventricular junction with ageing
Inferior nodal extension (INE), Compact Node (CN), Proximal penetrating bundle (PB), 

Distal penetrating bundle or HIS bundle. 
(Signal intensity measured with Volocity sofware)

represents statistically significant results**
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4.5 Changes in the expression of Connexins in the AVJ with ageing 

4.5.1 Introduction 

Gap junctions are unique structures that allow intercellular communication. They 

are low resistance non-selective ion channels, thus important in electrical and chemical 

coupling between myocardial cells, which are imperative for the transmission and 

propagation of the action potential. Connexins are the proteins that form the gap 

junctions. To date 20 members of connexins family have been identified in humans and 

21 members in mice.124  

The structure of the gap junction channel is described in Figure 4.10. Six 

connexins proteins combines to form connexon, which when attached or docked to the 

connexon of the other neighbouring cell, form a gap junction channel.125 The connexon 

can be homomeric (all six connexins belongs to the same type) or heteromeric (different 

connexins forming connexons). Single connexins consists of four highly conserved α-

helical transmembrane segments separated by two extracellular and one intracellular 

loop. The amino and carboxy terminals are located intracellularly. The connexins differ 

mainly in the sequence of their intracellular loops and carboxy terminal.126 

 
Figure 4.10: Gap junction structure illustration. (A). Structure of a single connexin protein. 
M1–M4 represent the four transmembrane domains, E1 and E2 the two intracellular loops; the 
amino (N) and carboxy (C) termini are intracellular. (B). Part of a gap junction plaque showing 
several channels interconnecting two cells and the composition of an individual channel from two 
half-channels (connexons) which are composed of connexin proteins and the scheme explain the 
composition of homotypic and heterotypic channels from homomeric and heteromeric connexons. 
Adapted from Kumar et al., 1996.127  
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Figure 1 Schematic diagram showing connexin membrane topology and het-
eromeric/heterotypic arrangements of gap junction contacts. (a) Model showing mem-
brane topology for the connexin polypeptide. M1–M4 represent the four transmem-
brane domains, E1 and E2 the two intracellular loops; the amino (N) and carboxy (C)
termini are intracellular (from Kumar & Gilula 1996). (b) Schematic drawing showing
possible arrangements of connexons to form heterotypic and heteromeric gap junction
channels. Connexons consisting of six connexin subunits (red and blue) may be homo-
meric (identical subunits) or heteromeric (more than one connexin isotype), and when
associated end to end, form membrane channels that may be homotypic or heterotypic
(adapted from Kumar & Gilula 1996).

isotype (heteromeric), and two identical connexons can form a homotypic chan-
nel, or a heterotypic channel can be generated by two connexons having different
connexin isotypes (Figure 1B). The ability to form homomeric/heteromeric and
homotypic/heterotypic channels provides greater complexity in the regulation of
gap junctional communication.

Differential Gating of Gap Junction Channels

The gap junction channel can be differentially gated by different mechanisms.
Closure of the gap junction channel has been observed in the presence of high

A
nn

u.
 R

ev
. C

el
l D

ev
. B

io
l. 

20
04

.2
0:

81
1-

83
8.

 D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lre
vi

ew
s.o

rg
by

 U
ni

ve
rs

ity
 o

f M
an

ch
es

te
r -

 Jo
hn

 R
yl

an
ds

 L
ib

ra
ry

 o
n 

08
/2

3/
13

. F
or

 p
er

so
na

l u
se

 o
nl

y.



! 121!

The major isoforms of the connexins family that are expressed in the heart include 

Cx30.2/31.9, Cx40, Cx43, and Cx45. The connexins family allows conductance of 

structure with molecular weight of less than 1 kda. Cx40 form large conductance gap 

junction channel (~200 ps), Cx43 medium conductance (~75ps), Cx45 small conductance 

(~20ps) and Cx30.2/31.9 smallest conductance (~9ps) channels.128,129 The Cx30.2/31.9 is 

unique as it forms heterotypic gap junction channels with other connexins and heterotypic 

channels have small conductance (15-18 ps).129 The conductance of the gap junctions is 

affected by transjunctional voltage, intracellular pH, Ca2+ concentrations, 

phosphorylation state of connexins and extracellular fatty acid composition.130,131  

The compact node (CN) has been shown to have low level of expression of the 

major cardiac isoform, Cx43, which is responsible for cell-to-cell communication 

throughout most of the myocardium, specifically in the atrial and ventricular 

myocardium.24,58,59 Hucker et al., reported high level of Cx43 expression in the human 

INE compared to leftward extension and the upper part of the compact node.41 However, 

majority of other studies showed Cx43 to be largely absent from INE.24,36,132 Cx43 

expression in the AV junction appears to be higher in the penetrating or His bundle and 

the lower part of the CN or lower nodal bundle (LNB).24,36,132 

 The high-conductance Cx40 expression is expressed in the working atrial 

myocardial tissue (with the exception of rat and rabbit heart).133,134 Cx40 tends to express 

higher in the cardiac conduction system in areas where high conductance is required. 

Thus low level of Cx40 mRNA is seen in the INE.135 The CN, PB or His bundle and both 

bundle branches showed high expression of Cx40 mRNA.135 The pattern of expression of 

the Cx40 and Cx43 is fitting with fast conduction of action potential in the atrial muscle 

(~80 cm/s), slower conduction in the INE (~10 cm/s), and very fast conduction in the PB, 

His bundle, and Purkinje fibers (~150 cm/s).136 The only exception is the finding of 

higher expression of Cx40 in the CN, which is known to have slow conduction velocity.  

There is evidence that Cx45 is the main connexins responsible for the cell-to-cell 

conductance in the AVN.58,124,137 It has been shown that the ultra small conductance 

Cx30.2 is expressed in the AVN of mice.138 However, its human counterpart Cx31.9 

mRNA and protein is poorly expressed in all tissues of AVJ in humans. It is unlikely, 

therefore, to be functionally important in humans.61  

The gene knockout studies in mice shed some more light into connexins function 

in the AVN. Homozygous knockout of Cx43 and Cx45 is incompatible with 

survival139,140, however the heterozygous knockout of Cx43 and Cx45 separately does not 

show alteration in any electrocardiographic parameters, including the PR interval.141 The 
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homozygous loss of Cx40 results in slowing of conduction across the AVN and His 

purkinje system and/or AV conduction block.142,143 In addition to this, the homozygous 

loss of Cx30.2 results in acceleration of conduction across the AVN and His bundle that 

become normalized if both Cx40 and Cx30.2 is knocked out.142 A possible explanation 

for this could be the different location of Cx40 and Cx30.2 in the AVN conduction axis. 

Another explanation is the heterotypic and/or heteromeric gap junction channels with a 

combination of both Cx30.2 and Cx40. It has been shown that Cx30.2 can influence 

voltage-dependent gating in the gap junction channels if co-expressed with other 

connexins.  Cells expressing Cx30.2 with Cx43 or Cx45 exhibited voltage dependent 

gating intermediate between either connexins alone whereas Cx30.2 dominate the voltage 

dependence gating if co-expressed with Cx40.144  

The expression of connexin is also altered if the intercalated discs are affected. 

Knockout of N-cadherin (the cellular structural protein) has been shown to disrupt the 

intercalated disc with loss of adherens junctions and desmosomes.124 Cx43 and Cx40 

were rapidly down regulated in the myocardium after the loss of N-cadherin, which was 

associated with reduction in ventricular conduction velocity. These observations can be 

important with disease state and ageing as the disruption of the cellular architecture may 

also contribute towards altered connexins expression.  

 

4.5.2 Methods 

4.5.2.1 Immunofluorescence for Cx43 and Cx40 

 Methodology has been explained in detail in section 4.1. Appendix 1 shows 

details of the slides selected for immunohistochemistry.   

Tissue sections used to measure changes in expression of Cx43 and Cx40 were 

double labelled.  Tissue sections used for Cx43 were also labelled with HCN4. Tissue 

sections used for Cx40 were also labelled with caveolin3. Caveolin3 is a structural 

protein that delineates the cell boundary, thus enabled me to identify myocardial cells. 

The primary antibody against Cx40 was raised in goat and the secondary fluorescent 

antibody used was anti-goat FITC, which emits green fluorescence. The primary antibody 

against caveolin3 was raised in mouse and the secondary fluorescent antibody used was 

anti-mouse Cy3, which emits red fluorescence.  
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4.5.3 Results 

4.5.3.1 Age dependent change in the expression of Cx43 

Table 4.5 and Figure 4.11 show the age-related change in the expression of Cx43. 

The INE and CN have poor expression of Cx43, therefore their signal intensity 

measurements are not included in the final analysis. The proximal penetrating bundle 

(PPB) and distal penetrating bundle (DPB)/His bundle showed significant age dependent 

decrease in Cx43 expression.  The comparable high magnification images of both young 

and old hearts showing Cx43 expression in the AVJ are shown in Figure 4.9.   

Table 4.6 and Figure 4.12 show no change with ageing in the expression of Cx43 

in different chambers of heart: left atrium, left ventricle, right atrium and right ventricle. 

The high magnification images of left, right atria and ventricles can be seen in Figure 

4.13. 

 

4.5.3.2 Age dependent change in the expression of Cx40 

 Table 4.7 and Figure 4.14 show change in Cx40 expression with ageing. Cx40 

expression tends to increase with age reaching statistical significance in the INE and CN. 

The low expression of Cx40 is seen in INE as compared to the CN, PPB and His bundle. 

The Cx40 expression tends to increase with age in the PB and His bundle.  

 Figure 4.15 shows images of the components of the AVJ. The images of the PPB 

showed distinct Cx40 negative region in the upper part of PPB and Cx40 positive region 

in the lower part of PPB. In the distal penetrating bundle i.e., His bundle, this distinction 

is lost and Cx40 expression becomes homogenous. This pattern of expression remains 

preserved with ageing. Figure 4.15 also shows caveolin3, which is discussed in section 

4.5.  

4.5.4 Discussion 

 The age related changes in the expression of Cx43 and Cx40 across the AVJ 

showed interesting results. Cx43 expression in the PPB and His bundle decreases with 

ageing, which correlate with the functional experiments that have been performed in 

multiple studies.86,94,96 The functional experiments showed increased AH and HV 

intervals, increased AV Wenkebach cycle length. These studies were described in section 

1.11.3. What is the reason for this reduced Cx43 expression? It could be the results of 

disruption of cellular architecture that has been seen with ageing in our histology 

experiments. The loss of intercalated discs as we have described earlier can results in 

down regulation of Cx43. Our findings of decreased Cx43 expression in the penetrating 

bundle are similar to the findings of other studies performed on SN node with ageing. 
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Jones et al.,145 demonstrate an increase in the Cx43 negative area in the guinea pig SN. 

Similar findings has been seen in the rats by Yanni et al.,87 which showed an increase in 

the volume of the SN lacking Cx43. 

  The interesting observation in this study is increase in the expression of Cx40 in 

the INE and CN. In the PPB and His bundle no significant change in the signal intensity 

as well as in the pattern of expression was observed. Cx40 being the largest conductance 

channel is expected to decrease with age as the conduction velocity across the AVJ  is 

slower. This increase in Cx40 expression is surprising and may well be the result of 

heterotypic association with other connexins like Cx30.2 and/or Cx45. As we have 

described earlier that if Cx40 co-expressed with Cx30.2, the Cx30.2 dominates the 

voltage dependent gating resulting in decreased conduction across the gap junction 

channel. The effect of co-expression of Cx40 with Cx45 is not known. I have tried 

experiments with a Cx45 antibody but signal seen was non-specific.  

 There was no significant change in Cx43 expression in different heart chambers 

with ageing although there is a tendency of down regulation of Cx43 with ageing  

(including both atria and ventricles). Tellez et al.,86 showed no significant difference in 

Cx43 mRNA and protein expression with ageing in the right atrium. This is consistent 

with our findings. The study by Boengler et al.,146 showed reduction in Cx43 expression 

with ageing in left ventricular myocardium. However the comparable data in this study is 

from 4 week old rats to 9 month old rats, which is different to our study groups. (Our 

study has young rats 3 months old and old rats 24 months old).  
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Table 4.5: Statistical analysis of Cx43 expression in young and old heart’s AVJ. 
Statistically significant results are shown in red.  
 

Cx43 expression Proximal 
penetrating bundle 
(PB) 

Distal penetrating 
bundle (His) 

Young hearts 
(Mean and SEM) 

19.65±0.82 22.01±2.80 

Old hearts     
(Mean and SEM) 

15.55±1.09 17.97±0.50 

p-value and 95% 
confidence 
interval 

0.005 
(-6.87 to -1.31) 

0.027 
(-7.57 to -0.49) 

 
 
 

 
 

Figure 4.11: Changes in Cx43 expresson in AVJ with ageing. Proximal penetrating bundle (PB), 
distal penetrating bundle or His bundle. Signal intensity measured with Volocity software. 
Mean±SEM are shown, ** p <0.05. 
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Table 4.6: Statistical analysis of Cx43 expression in young and old heart’s working 
myocardium 
 

Cx43 
expression 

Left Ventricle Left atrium Right Ventricle Right atrium 

Young hearts 
(Mean and 
SEM) 

41.22±2.83  36.27±1.52 44.18±2.12 40.05±1.89 

Old hearts     
(Mean and 
SEM) 

38.76±2.25 33.33±1.75 43.31±4.43 34.44±3.43 

p-value and 
95% 
confidence 
interval 

0.52 
(-10.33 to 5.41) 

0.42 
(-6.83 to 2.96) 

0.85  
(-10.8 to 8.81) 

0.16 
(-13.75 to 
2.52) 

 

 
 
Figure 4.12: Changes in Cx43 expresson in different heart chambers with ageing 
Left ventricle (LV), left atrium (LA), right ventricle (RV), right atrium (RA).  Signal intensity 
measured with Volocity software. Mean ±SEM are shown, ** p < 0.05.  
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Table 4.7: Statistical analysis of Cx40 expression in young and old hearts AVJ. 
Statistically significant results are shown in red.  
 
Cx40 
expression 

Inferior nodal 
extension 
(INE) 

Compact node 
(CN) 

Proximal 
penetrating 
bundle (PB) 

Distal 
penetrating 
bundle (His) 

Young 
hearts 
(Mean and 
SEM) 

3.08±0.67 2.21±1.34 6.99±3.01 6.93±3.16 

Old hearts     
(Mean and 
SEM) 

5.62±0.53 8.61±0.97 8.38±1.61 10.01±1.25 

ρ-value and   
95% 
confidence 
interval 

0.01 
(0.67 to 4.39) 

0.005 
(2.42 to 
10.45) 

0.13 
(-9.6 to 61.56) 

0.28 
(-2.82 to 
8.97) 

 

 
Figure 4.14: Changes in Cx40 expresson in AVJ with ageing 
Inferior nodal extension (INE), compact Node (CN), proximal penetrating bundle (PB), distal 
penetrating bundle or His bundle. Signal intensity measured with Volocity software. Mean±SEM are 
shown, ** p < 0.05.   
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4.6 Changes in the expression of structural proteins and cellular 

diameter in the AVJ with ageing  

!
4.6.1 Introduction 

 Structural proteins including caveolin3 and alpha actinin were used to identify 

the age-associated structural changes in the AVJ. The measurement of the signal intensity 

was performed to assess up or down regulation of these proteins with ageing. These 

proteins were also used to confirm the changes in the cellular architecture and cell 

diameter noticed in histology experiments described in chapter 3.  

The plasma membrane or cell surface membrane is a mixture of proteins, 

cholesterol and lipids including glycolipids and sphingolipids. The cholesterol and 

sphingolipids combine with each other to form lipid rafts or liquid ordered 

microdomains. Caveolae are a subset of these lipid rafts and caveolins are major proteins 

that interact with cholesterols to form caveolae.  Caveolae are 50-100 nm in size, shaped 

as invaginated flask shaped structures of plasma membrane and are present in most cell 

types including muscle cells.147,148 The structure of caveolae is further explained in Figure 

4.16. Several ion channels including HCN channels, L-type Ca2+ channels, Na+ channels 

and others are localised in caveolae. This subcellular localization to caveolae may allow 

the regulation of these channels.  

Six different subtypes of caveolin have been identified that are encoded by three 

separate genes (Cav1, Cav2, Cav3). Caveolin3 is a major protein (encoded by Cav3) 

expressed specifically in myocytes and is critical to the formation of caveolae in these 

cells. Cav3 is present in cardiomyocytes as well as skeletal muscle and smooth muscle 

cells.149 Mutation in Cav3 results in autosomal limb girdle muscular dystrophy.148 

Caveolae are abundantly present in ventricular, atrial and nodal cells. Cav3 has been 

identified as essential for the formation of caveolae in cardiomyocytes based on knockout 

mice studies.148  

Alpha actinin is a universally expressed protein that is a primitive molecule within 

a family of actin cross-linking proteins.151 The muscle and non-muscle isoforms of alpha 

actinin has been characterised. The non-muscle form binds to actin in a calcium sensitive 

manner, whereas the actin biniding of the muscle isoform is not calcium dependent. The 

alpha actinin is found at Z disk in the sarcomere where it cross-links the actin filaments to 

adjacent sarcomere.  Figure 4.17 shows the structure and location of alpha actinin.151,152 
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Alpha actinin has also been closely associated with integrins and thus forms an important 

part of the cellular cytoskeleton. The deficiency of alpha actinin isoforms has been 

described in the literature resulting in skeleletal myopathy and also right ventricular and 

dilated cardiomyopathy.153,154  

   

 
Figure 4.16: The structure of caveola and caveolin. This indicates how caveolin is inserted into 
the caveolar membrane, with the N and C termini facing the cytoplasm and a putative ‘hairpin’ 
intramembrane domain embedded within the membrane bilayer. The scaffolding domain, a highly 
conserved region of caveolin, might have a role in cholesterol interactions through conserved 
basic (+) and bulky hydrophobic residues (red circles). The C-terminal domain, which is close to 
the intramembrane domain, is modified by palmitoyl groups that insert into the lipid bilayer. The 
complex structures that are formed by interconnected caveolae can occupy a large area of the 
plasma membrane.147 
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Synthesis and trafficking of caveolins. Caveolin is synthe-
sized as an integral membrane protein in the endoplasmic 
reticulum (ER) in a signal recognition particle (SRP)-
dependent manner28. The newly synthesized protein goes 
through a first stage of oligomerization which, at least 
in vitro, can occur in the ER29. Caveolin is then trans-
ported from the ER to the Golgi complex. A Golgi pool 
of newly synthesized caveolin is observed in many cell 
types, and this pool of the protein is not associated with 
detergent-resistant membrane (DRM)30. However, at some 
point in the biosynthetic pathway, caveolin associates 
with lipid rafts, becomes detergent-resistant and is organ-
ized into higher-order oligomers that are characteristic of 
the surface pool of the protein.

The fact that the Golgi and plasma membrane pools 
of the protein differ in their characteristics indicates 
that exit from the Golgi complex is linked to this change 
in the properties of caveolin. Exit from the Golgi com-
plex is accelerated by the addition of cholesterol30 and 
inhibited after glycosphingolipid depletion31. It is also 
associated with masking of specific caveolin epitopes (as 
shown using antibodies that recognize the Golgi pool, 
but not the plasma membrane pool, unless cholesterol 
is removed from the plasma membrane)30. Light micro-
scopy using CAV1-GFP (green fluorescent protein) 
revealed that defined quanta of caveolin form in the 
Golgi complex and are transported directly to the plasma 
membrane32. The quantal size is similar to that of sur-
face caveolae, which indicates that exit from the Golgi is 
associated with caveolin assembly (oligomerization and 
association with cholesterol and glycosphingolipid-rich 
lipid-raft domains) to form a mature caveola-like exo-
cytic structure (we propose the term ‘exocytic caveolar 
carrier’), which is destined for the plasma membrane 
(FIG. 2). Whether this carrier is made up of only a mature 
caveola or has other non-caveolar membrane associated 
with it is as yet unknown.

How the assembly of a caveolin-enriched domain 
is linked to the budding of a mature caveolar carrier 
at this specific stage of the secretory pathway is not yet 
clear. However, the domain-induced budding model 
for lipid-raft-associated vesicle formation implies that 
glycosphingolipids and cholesterol might well be cru-
cial factors in this process23. Budding in this model is 
driven by the energy derived from the increase in the 
line tension that emanates from the increasing size of 
the lipid-raft domain that forms the caveolar carrier. 
A growing (phase-separated) domain will eventually 
reach a critical size, beyond which budding becomes 
energetically favourable33. In line with this model, 
caveolar carriers would be formed late in the secretory 
pathway, presumably in the late Golgi compartments in 
which glycosphingolipids and cholesterol are present at 
high levels, rather than immediately after the synthesis 
of caveolin in the ER. However, whether induction of the 
budding of the carriers involves further regulation, such 
as phosphorylation, is still unclear34.

Post-Golgi trafficking of caveolins. Some of the other com-
ponents that are associated with the formation of caveolar 
carriers during Golgi exit (and/or caveolin post-Golgi 

Figure 1 | Caveolae and caveolins. The diagrams show the main features of caveolae 
and caveolins. The electron micrographs in panels a and b show caveolae in adipocytes 
that have been surface-labelled with an electron-dense marker. Panel c shows a 
glancing section across the cell surface of a primary fibroblast that has been similarly 
labelled. Caveolae are evident as discrete flask-shaped pits, or circular profiles where 
the surface connection lies outside the plane of the section. Note the complex forms of 
surface-connected caveolae in the adipocytes (panels a and b), and the incredible 
abundance of caveolae in specific regions of the fibroblast surface (panel c). Panel d 
indicates how caveolin is inserted into the caveolar membrane, with the N and C termini 
facing the cytoplasm and a putative ‘hairpin’ intramembrane domain embedded within 
the membrane bilayer. The scaffolding domain, a highly conserved region of caveolin, 
might have a role in cholesterol interactions through conserved basic (+) and bulky 
hydrophobic residues (red circles). The C-terminal domain, which is close to the 
intramembrane domain, is modified by palmitoyl groups that insert into the lipid bilayer. 
The complex structures that are formed by interconnected caveolae can occupy a large 
area of the plasma membrane. The hypothetical formation of cubic membranes (panel e), 
which have adapted to allow the invagination of numerous caveolae, is depicted 
schematically108. These membrane invaginations can form with little energy input. 
Panel e is reproduced with permission from REF. 108 © (1995) Elsevier. 
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Figure 4.17: Domain structure of α-actinin and its function in the sarcomeric Z Disk and its 
focal contacts.  (A) In the muscle Z disk, α-actinin cross-links antiparallel actin filaments from 
adjacent sarcomeres. Titin acts as a molecular ruler for the sarcomere and interacts with two 
different parts of α-actinin, at the center of the α-actinin rod and with the calmodulin-like 
domain. (B) A simplified representation of a focal contact showing α-actinin linking the actin 
cytoskeleton to membrane-associated structures. Focal contacts are points where cultured cells 
are attached tightly to the extracellular matrix via transmembrane receptors such as integrins (α 
and β in figure). α-Actinin has been shown to interact with β integrins as well as with the focal 
contact components such as vinculin and zyxin. Thus, it may connect integrins to actin filaments 
either directly or indirectly, involving proteins such as talin.155 
 
4.6.2 Methods 

Methodology has been explained in detail in section 4.1.  

4.6.3 Results 

4.6.3.1 Age related changes in the expression of Caveolin3 and alpha actinin.  

  Table 4.8 and Figure 4.18 shows changes in expression of alpha actinin 

with ageing in the AVJ. The alpha actinin expression is down regulated with ageing in 

the INE, whereas in the CN it is upregulated. These results are statistically significant. 

There is also a modest increase in the expression of alpha actinin with ageing in the PPB 

and DPB. No significant difference has been observed in the alpha actinin expression 

with ageing in the working myocardium (Table 4.9 and Figure 4.20).  Figure 4.19 shows 

high magnification images of alpha actinin corresponding with each component of the 

AVJ. The striated pattern of labelling appears to be disrupted with ageing. 

Cell
538

on projection images from two-dimensional crystals of
a-actinin. In this model, either R1 or R4 does not pair
with any repeat of the opposing monomer (Figures 1CII
and 1CIII; Taylor and Taylor, 1993). Studies on the dimer-
ization of expressed fragments containing either three or
four repeats strongly support the aligned arrangement
(Flood et al., 1995, 1997), whereas chemical cross-link-
ing has not distinguished between the aligned and stag-
gered models (Imamura et al., 1988).
Here we present the structure of the two central re-

peats (R2R3) of the muscle a-actinin, as determined by
X-ray crystallography at 2.5 Å resolution. The crystal
structure shows that the two-repeat segments form a
symmetric, antiparallel dimer and reveals the structural
principle that governs the architecture of the entire
a-actinin rod and gives the protein the ability to form
cross-links between actin filaments.

Results and Discussion

Structure Determination
The central repeats R2R3, corresponding to residues
371–637 of the human skeletal muscle a-actinin 2, crys-
tallized in space group P6522 with one molecule per
asymmetric unit. Experimental phases were determined
using multiwavelength anomalous dispersion (MAD) of
the mercury derivative (Table 1). The solvent-flattened
electron density map was readily interpretable and al-
lowed positioning of most of the backbone of R2R3 and
about 65%of the side chains. Thismodel was submitted
to several cycles of refinement and model building. The

Figure 1. Domain Structure of a-Actinin and Its Function in the Sar-final refinedmodel has a freeRvalue of 31.0%, a conven- comeric Z Disk and in Focal Contactstional crystallographic R value of 22.8% (using all data
(A) In the muscle Z disk, a-actinin (aA) cross-links antiparallel actinto 2.5 Å), and consists of 248 amino acid residues and filaments from adjacent sarcomeres. Titin acts as a molecular ruler

123 water molecules. The number of water molecules for the sarcomere and interacts with two different parts of a-actinin,
is in agreement with the statistical analysis on experi- at the center of thea-actinin rod andwith the calmodulin-like domain

(Gregorio et al., 1999). These interactions may play a role in control-mentally located solvent molecules in protein crystal
ling the thickness of the Z disk (Young et al., 1998).structures (Carugo and Bordo, 1999).
(B) A simplified representation of a focal contact showing a-actinin
linking the actin cytoskeleton to membrane-associated structures.Structure of the Double Repeat Focal contacts are points where cultured cells are attached tightly

The three-dimensional structure consists of two repeats to the extracellular matrix via transmembrane receptors such as
connected by a helical linker (Figure 2A). The molecule integrins (a and b in figure) (Burridge and Chrzanowska-Wodnicka,

1996). a-Actinin has been shown to interact with b integrins (Oteyhas an elongated shape with a length of 130 Å and a
et al., 1990) as well as with the focal contact components vinculindiameter of about 20 Å. The fold of each repeating unit
(Wachsstock et al., 1987) and zyxin (Crawford et al., 1992). Thus, itis determined by three a helices in a coiled-coil assem- may connect integrins to actin filaments either directly or indirectly,bly. In the following, we shall refer to the helices of the involving proteins such as talin (Horwitz et al., 1986) or tensin (Beck-

first repeat as 1, 2, and 3 and the helices of the second erle, 1997).
repeat as 19, 29, and 39. (C) Domain structure of a-actinin showing aligned and staggered

models for the dimer. ABD, actin-binding domain; R1, R2, R3, andThe two repeats are structurally very similar. The su-
R4, repeats; C, C-terminal calmodulin-like domain. The colorperposition of R2 and R3 results in a 1.36 Å rms distance
scheme for the repeats is maintained throughout the paper. (I), anof 84 equivalent Ca atoms (Figure 2B), and the rms aligned arrangement where R1 and R2 are paired with R4 and R3,distances between the Ca atoms of repeat R16 of respectively, of the opposing monomer; (II) and (III), alternative stag-

a-spectrin (Pascual et al., 1997b) and R2 and R3 are gered arrangements where either R1 or R4 is not paired with any
1.37 Å and 1.40 Å (on 64 Ca atoms), respectively. The repeat of the opposing monomer.
major structural difference between R2 and R3 resides
in the loop connecting the second and the third helix
(loop 2-3/29-39). In R2, helices 2 and 3 are connected R2, helix 3, which connects to R3 through the helical

linker, has a linear conformation stabilized by interac-by a b turn, whereas the corresponding region in R3 is
much longer, with residues 209–215 protruding toward tions with R3. The end of helix 39 in R3 is bent toward

the core of the protein, but its conformation may bethe helix 19 (for residue numbering, see Figure 6A). The
loop conformation is locked in this position by several more linear when the R4 repeat is present (see below).

Apart from the hydrophobic packing in the core, elec-interactions with helix 1. The second prominent differ-
ence is found in the C-terminal part of the last helix. In trostatic interactions also contribute to the stabilization
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 Table 4.10 and Figure 4.21 shows changes in Cav3 in the AVJ with 

ageing. There is significant down regulation of the channel expression with ageing in the 

His bundle. In the working myocardium down regulation is only seen in the right atrium. 

The results are summarised for working myocardium in Table 4.11 and Figure 4.22.  

 Figure 4.25 show the labelling of Cav3 within cell membrane in all regions of the 

heart. The cellular diameter was measured from 20 cells in transverse orientation in the 

high magnification images (63X) for the components of AVJ (Table 4.12 and Figure 

4.23) and from 50 cells in the heart chambers (Table 4.13 and Figure 4.24). Hypertrophy 

is observed across all regions of the AVJ and atrioventricular conduction axis and also in 

all chambers of the heart with ageing.  

 

4.6.4 Discussion  

 The pattern of expression of alpha actinin and caveolin3 confirmed the 

disorganised cellular architecture with ageing that has been observed with Masson’s 

trichome stain described in chapter 3. The cellular architecture in the young INE, CN, PB 

and His bundle are much regular as compared with ageing hearts. The cell size is also 

increase with ageing confirming cellular hypertrophy. The disruption of cellular 

architecture in the AVJ may well be associated with the prolongation of the AV 

conduction (discussed in chapter 2) and the changes in the connexins discussed early in 

this chapter. It has been noted that when the cytoskeletal proteins such as integrins are 

disturbed decrease in the expression of Cx43 and Cx40 has been observed.156 
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Table 4.8: Statistical analysis of Alpha actinin expression in young and old hearts 
AVJ. Statistically significant results are shown in red.   
 

Alpha 
actinin 
expression 

Inferior nodal 
extension 
(INE) 
 

Compact node 
(CN) 

Proximal 
penetrating 
bundle (PB) 

Distal 
penetrating 
bundle (DPB 
or His) 

Young 
hearts 
(Mean and 
SEM) 

66.50±7.71 60.71±1.40 57.86±7.87 37.93±6.27 

Old hearts     
(Mean and 
SEM) 
 

41.97±4.90 72.12±2.34 65.90±10.00 55.86±11.43 

p-value and 
95% 
confidence 
interval 

0.04 
(-48.80 to -
0.24) 

0.007 
(4.19 to 
18.63) 

0.56 
(-22.41 to 38.49) 

0.18 
(-10.90 to 
46.84) 

 
 

 
 
Figure 4.18: Changes in Alpha actinin expression in the AVJ with ageing 
Inferior nodal extension (INE), compact Node (CN), proximal penetrating bundle (PB), distal 
penetrating bundle or His bundle. Signal intensity measured with Volocity software.  Mean±SEM are 
shown ** p <0.05.  
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Table 4.9: Statistical analysis of Alpha actinin expression in young and old hearts 
working myocardium.  
 

Alpha-
actinin 
expression 
 

Left Ventricle Left atrium Right Ventricle Right atrium 
 

Young hearts 
(Mean and 
SEM) 
 

63.61±6.73 75.78±6.86 84.58±11.47 83.02±4.39 

Old hearts     
(Mean and 
SEM) 
 

55.05±6.73 62.26±6.80 78.88±4.48 95.34±10.14 

p-value and 
95% 
confidence 
interval 

0.366 
(-28.29 to 
11.16) 

0.196 
(-35.02 to 7.97) 

0.59 
(-28.17 to 
16.76) 

0.26 
(-11.13 to 
35.77) 

 

 
Figure 4.20: Changes in Alpha actinin expression in different heart chambers with ageing. 
Left ventricle (LV), left atrium (LA), right ventricle (RV), right atrium (RA). Signal intensity 
measured with Volocity software. Mean ±SEM are shown.   
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Graph 8.5.2 : 
Changes in Alpha actinnin expression in different heart chambers with ageing

Left ventricle (LV), Left atrium (LA),  Right Ventricle (RV), Right Atrium (RA) 
(Signal intensity measured with Volocity sofware)

represents statistically significant results**
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Table 4.10: Statistical analysis of Cav3 expression in young and old hearts AVJ. 
Statistically significant results are shown in red.   
 

Caveolin 3 
expression 

Inferior nodal 
extension 
(INE) 
 

Compact node 
(CN) 

Proximal 
penetrating 
bundle (PB) 

Distal 
penetrating 
bundle (His) 

Young hearts 
(Mean and 
SEM) 
 

96.62±7.13 94.90±10.41 77.11±7.34 84.88±8.04 

Old hearts     
(Mean and 
SEM) 
 

94.38±3.98 75.10±5.59 103.09±17.74 53.95±8.71 

ρ-value and  
95% 
confidence 
interval 

0.774 
(-18.93 to 
14.43) 

0.16 
(-49.48 to 9.9) 

0.135 
(-9.6 to 61.26) 

0.035 
(-59.52 to -
2.33) 

 

 
Figure 4.21: Changes in Caveolin 3 expresson in AVJ with ageing. Inferior nodal extension (INE), 
compact Node (CN), proximal penetrating bundle (PB), distal penetrating bundle or His bundle. 
Signal intensity measured with Volocity software. Mean ±SEM are shown, ** p <0.05.  
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Graph 8.5.3 : Changes in Caveolin 3 expresson in Atrioventricular 
junction with ageing

Inferior nodal extension (INE), Compact Node (CN), Proximal 
penetrating bundle (PB), Distal penetrating bundle or HIS bundle. 

(Signal intensity measured with Volocity sofware)
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Table 4.11: Statistical analysis of Caveolin3 expression in young and old hearts 
working myocardium. Statistically significant results are shown in red.   

  
Caveolin3 
expression 
 

Left Ventricle Left atrium Right Ventricle Right atrium 

Young hearts 
(Mean and 
SEM) 
 

81.83±7.11 94.78±7.40 87.46±7.90 98.96±7.38 

Old hearts     
(Mean and 
SEM) 
 

70.26±5.40 73.33±6.97 71.80±5.29 63.10±8.72 

p-value and 
95% 
confidence 
interval 
 

0.21 
(-30.39 to 7.25) 

0.068 
(-44.57 to 1.67) 

0.11 
(-35.39 to 4.08) 

0.005 
(-59.53 to -
12.17) 

 

 
  
Figure 4.22: Changes in Caveolin 3 expresson in different heart chambers with ageing. Left 
ventricle (LV), left atrium (LA), right ventricle (RV), right atrium (RA). Signal intensity measured 
with Volocity software. Mean ±SEM are shown, ** p <0.05. 
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Graph 8.5.4 : 
Changes in Caveolin 3 expresson in different heart chambers with ageing

Left ventricle (LV), Left atrium (LA),  Right Ventricle (RV), Right Atrium (RA) 
(Signal intensity measured with Volocity sofware)
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Table 4.12: Statistical analysis of cellular diameter (µm) in young and old hearts 
AVJ. 20 cells were measured from each region of the AVJ in four hearts. Statistically 
significant results are shown in red.  
 

Cellular 
diameter 
(µm) 

Inferior nodal 
extension 
(INE) 
 

Compact node 
(CN) 

Proximal 
penetrating 
bundle (PB) 

Distal 
penetrating 
bundle (DPB or 
His) 

Young 
hearts 
(Mean and 
SEM) 
 

8.29±0.42 7.31±0.25 7.10±0.19 6.99±0.26 

Old hearts     
(Mean and 
SEM) 
 

13.19±0.82 8.83±2.69 9.25±0.25 7.97±0.16 

p-value and 
95% 
confidence 
interval 

0.0001 
(3.2 to 6.8) 

0.005 
(0.48 to 2.56) 

0.0001 
(1.49 to 2.80) 

0.002 
(0.38 to 1.58) 

 
 

 
Figure 4.23: Changes in cellular diameter (µm) in AVJ with ageing.  
Inferior nodal extension (INE), compact node (CN), proximal penetrating bundle (PB), distal 
penetrating bundle or His bundle (His), cellular diameter (CD). Mean ±SEM are shown. ** p < 0.05  
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Graph 8.5.5 : Changes in Cellular Diameter in Atrioventricular junction with ageing
Inferior nodal extension (INE), Compact Node (CN), Proximal penetrating bundle (PB), 
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Table 4.13: Statistical analysis of cellular diameter (µm) in young and old hearts 
working myocardium. 50 cells were measured from each heart. Statistically significant 
results are shown in red.   

 
Cellular 
diameter(µm) 
 

Left Ventricle Left atrium Right Ventricle Right atrium 

Young hearts 
(Mean and 
SEM) 
 

16.25±0.30 10.13±0.19 15.21±0.31 10.31±1.71 

Old hearts     
(Mean and 
SEM) 
 

19.04±0.34 15.17±0.34 19.38±0.30 14.23±3.38 

p-value and    
95% 
confidence 
interval 
 

0.0001 
(1.87 to 3.71) 

0.0001 
(4.28 to 5.78) 

0.0001 
(3.29 to 5.03) 

0.0001 
(2.81 to 5.02) 

       

 
Figure 4.24: Changes in celluar diameter (µm) in different heart chambers with ageing. Left 
ventricle (LV), left atrium (LA), right Ventricle (RV), right atrium (RA), cellular diameter (CD). 
Signal intensity measured with Volocity software. Mean ±SEM are shown. ** p <0.05.   
 
 
 
 

CD (LV) CD(LA) CD (RV) CD (RA)
0

5

10

15

20

25

um

Young Heart (n=4)

Old Heart (n=4)

Graph 8.5.6 : 
Changes in Celluar Diameter in different heart chambers with ageing

Left ventricle (LV), Left atrium (LA),  Right Ventricle (RV), Right Atrium (RA) 
( measured in um)

represents statistically significant results**

** ** ** **



!
141!

Figure 4.25: C
onfocal m

icroscope high m
agnification im

ages of different cham
ber of the heart w

ith C
av1.3 (red) im

m
unolabelling. Left atrium

 
(LA

), right atrium
 (R

A
), left ventricle (LV

), right ventricle (RV
). Top panel show

s the w
orking m

yocardium
 in young hearts and bottom

 panel 
show

s the w
orking m

yocardium
 in old heart. B

ar=20 µm
. W

estern blot experim
ent on left ventricle tissue w

ith m
olecular w

eight is show
n in 

Im
age I. 

LA
AE

H
G

F B
C

D

R
A

LV
RV RV

LV
R
A

LA

I



! 142!

 

4.7 Changes in the expression of Nav1.5 in the AVJ with ageing   

 

4.7.1 Introduction  

 

Cardiac sodium channels are essential for action potential propagation from SN to 

the ventricular muscle. Cardiac Na+ channels are transmembrane proteins consisting of α 

and β subunits. There are four β subunits and they are all expressed in the heart. The β 

subunits modulate channel gating, interact with the extracellular matrix and function as 

cell adhesion molecules.157 The α-subunit is the principal component and is responsible 

for channel gating and has essential elements to control the channel function.  

Nav1.5 is the principal α subunit in the heart that is encoded by SCN-5a gene. It is 

responsible for inward sodium current (INa) causing first phase of action potential, 

resulting in rapid depolarisation of the myocardium. Nav1.5 like the other voltage gated 

sodium channel is formed of four homologous domains. Each domain is made up of six 

transmembrane domains (S1-S6) and region (S5-S6 pore loop) that control ion selectivity 

and permeation. Figure 4.26 describe the Nav1.5 ion channel in further detail.  

Yoo et al., performed a comprehensive study of the localization of Na+ channels 

isoforms in the AVJ in rats. The study showed protein expression via 

immunohistochemistry and concluded that Nav1.5 was abundant in the atrial and 

ventricular myocardium and left bundle branch, it was present at a reduced level in the 

INE and transitional layer but absent in the CN and penetrating bundle.45 However, 

Greener et al., on the rabbit AVN showed that Nav1.5 mRNA is less abundant in the INE 

as compared to atrial muscle but it tends to be abundant in the penetrating bundle.24 In a 

human study, there was lower expression of Nav1.5 in the INE and CN as compared to 

the penetrating bundle.135 In essence, the findings of all three studies showed lower 

expression of Nav1.5 in the INE and CN in the AVJ as compared to atrial and ventricular 

muscle. However, Nav1.5 was not completely absent in these tissues.    

The homozygous gene knockout study of SCN5a is not possible as it is essential 

for survival, however the heterozygous knockout of SCN5a has been performed in 

mice.114 The studies on heterozygous SCN5a deficient mice showed normal survival and 

functional studies showed PR interval prolongation together with increased in AVNERP. 

The study by Van Veen et al., showed general slowing of conduction across all four 

chambers of the heart especially in aged mice heterozygously deficient in SCN5a, 
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unfortunately the conduction velocity across the AVN was not performed in this study.156 

In addition, the SCN5a mutation is known to be associated with AV conduction 

block.70,72 

 

 
Figure 4.26:  Schematic representation of the α  subunit of Nav1.5, the two associated β  
subunits, and interacting proteins. The predicted membrane topology of the β subunit of 
Nav1.5 is illustrated together with the 1 and 2 subunits (in red). DI–DIV indicate the four 
homologous domains of the α subunit; segments 5 and 6 are the pore-lining segments and the S4 
helices (green) serve as voltage sensors. The extracellular domain of the β1 subunit, comprising 
an immunoglobulin-like fold, interacts with the α-subunit loop as shown (dotted lines); the β2 
subunit binds covalently to the α-subunit via a disulfide bound. The isoleucine- phenylalanine-
methionine (IFM) residues are key amino acids for fast inactivation gating. Five proteins that 
have been reported to interact with Nav1.5 are represented schematically with their approximate 
binding sites. The red arrow indicates the intramolecular interaction between the III–IV linker and 
the C terminus (C-T) domain. Adapted from Abriel and Kraus et al.159 
 

4.7.2 Methods 

Methodology has been explained in detail in section 4.1.  

 

4.7.3 Results 

4.7.3.1 Age related changes in the expression of Nav1.5 

  Table 4.14 and Figure 4.27 showed changes in Nav1.5 expression with 

ageing in the AVJ. The Figure shows that Nav1.5 is expressed in all components of the 

AVJ with less expression in the INE. In ageing significant age related downregulation 
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was observed in the CN and PPB. The changes in the INE and His bundle are not 

significant. However, Nav1.5 had a tendency of upregulation in the His bundle with 

ageing. Figure 4.28 shows high magnification images of Nav1.5 expression in CN, PPB 

and His bundle. The higher intensity of Nav1.5 signals was seen in the CN as compared to 

His bundle. It could be possible that the signal intensity was measured in the Lower nodal 

bundle (LNB) in some of the section and that may have affected the results.    

  Table 4.15 and Figure 4.29 show changes in Nav1.5 in the working 

myocardium with ageing. There is significant downregulation of Nav1.5 expression with 

ageing in left ventricle, left atrium and right atrium. The downregulation in the right 

ventricle did not reach statistical significance. Figure 4.30 showed corresponding images 

from each of the four chambers of the young and old heart.  

 

4.7.4 Discussion  

Age related downregulation of Nav1.5 in the CN and PPB correlates with the 

functional ageing studies that show an increased in the AV nodal conduction time in 

heterozygous deficient SCN5a mice and an increased in AVNERP as mentioned 

earlier.112  

  The study by Veen et al.,156 in heterozygous SCN5a deficient mice have 

compared the conduction velocity, Cx43 expression and cellular architecture in the young 

and old mice. They have shown that in older heterozygous mice reduced SCN5a is 

associated with fibrosis and disarrangement of Cx43, which results in profound 

conduction impairment in working myocardium particularly in the left ventricle. This 

effect is not as pronounced in young mice.  Unfortunately, the AVN conduction 

properties in this study were not published thus it is difficult to say whether the result 

could be applied to our findings. Similar results have been shown in another study.158  

In conclusion, reduced Nav1.5 expression with ageing in the AVJ suggests that the 

AVN conduction velocity could be affected with age related changes noticed.  
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Table 4.14: Statistical analysis of Nav1.5 expression in young and old hearts AVJ. 
Statistically significant results are shown in red.  

 
Nav1.5 
expression 

Inferior nodal 
extension 
(INE) 

Compact node 
(CN) 

Proximal 
penetrating 
bundle (PB) 

Distal 
penetrating 
bundle (His 

Young 
hearts 
(Mean and 
SEM) 

55.10±1.49 92.17±3.59 87.40±4.98 70.24±5.71 

Old hearts     
(Mean and 
SEM) 

46.53±4.61 66.45±8.22 66.28±5.12 93.49±4.34 

p-value and  
95% 
confidence 
interval 

0.28 
(-27.96 
to10.84) 

0.029 
(-47.79 to -
3.74) 

0.023 
(-38.46 to-3.76) 

0.06 
(-1.26 to 
48.17) 

 
 
 
 

 
Figure 4.27: Changes in Nav1.5 expresson in AVJ with ageing. Inferior nodal extension (INE), 
compact node (CN), proximal penetrating bundle (PB), distal penetrating bundle or His bundle (His). 
Signal intensity measured with Volocity software. Mean±SEM are shown, ** p <0.05.
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Graph 8.4.1 : Changes in Nav1.5 expresson in Atrioventricular junction with ageing
Inferior nodal extension (INE), Compact Node (CN), Proximal penetrating bundle 

(PB), Distal penetrating bundle or HIS bundle. 
(Signal intensity measured with Volocity sofware)
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Table 4.15: Statistical analysis of Nav1.5 expression in young and old hearts working 
myocardium. Statistically significant results are shown in red.  

 
Nav1.5 
expression 

Left Ventricle Left atrium Right Ventricle Right 
atrium 

Young hearts 
(Mean and 
SEM) 

106.58±6.75 116.10±5.62 94.29±5.78 122.41±4.1
2 

Old hearts     
(Mean and 
SEM) 

76.90±7.55 87.71±3.97 83.77±6.24 75.98±6.85 

p-value and 
95% 
confidence 
interval 

0.016 
(-52.46 to -
6.89) 

0.004 
(-45.67 to -
11.11) 

0.25 
(-30.74 to 9.71) 

0.0001 
(-64.45 to -
28.40) 

 
 

 
Figure 4.29: Changes in Nav1.5 expresson in different heart chambers with ageing. Left 
ventricle (LV), left atrium (LA), right Ventricle (RV), right atrium (RA). Signal intensity measured 
with Volocity software. Mean ±SEM are shown. ** p <0.05.  
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Changes in Nav1.5 expresson in different heart chambers with ageing
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(Signal intensity measured with Volocity sofware)
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4.8 Changes in the expression of calcium handling proteins and L-Type 

calcium channel, Cav1.3 in the AVJ with ageing  

 

4.8.1 Introduction 

The calcium clock mechanism underlies the novel concept of oscillatory Ca2+ 

release (Ca2+ clock) from the sarcoplasmic reticulum in the sino-atrial nodal cells. This 

mechanism being responsible for automaticity has been subject of much debate in the 

recent past. Few argue that the calcium handling proteins play an important role in the 

regulation of heart rhythm. The calcium handling proteins include Ryanodine sensitive 

calcium release channel (RyR) located in the junctional portion of the sarcoplasmic 

reticulum (SR). The rapid release of calcium from SR mediated by RyR is fundamental 

not only in impulse generation and regulation in the pacemaker cells but also in the 

excitation-contraction coupling in the skeletal and cardiac muscle cells.161  

Ryanodine receptors are the largest ion channel known to exist. Three different 

isoforms have been characterised. RyR1 in the skeletal muscle, RyR3 only in the brain 

and RyR2 principally in the myocardium but can also be found in the brain and 

gestational tissue.162 RyR2 forms homotetrameric transmembrane calcium channel on the 

SR. RyR2 channel is composed of carboxy and amino terminals on the cytosolic side of 

the SR. The carboxy terminus is anchored to the SR by 4 to 10 membrane spanning 

hydrophobic motifs and a very large cytoplasmic domain that is in close connection with 

outer cell membrane L-type calcium channel (Cav1.2 and Cav1.3).162 Figure 4.31 showed 

the schematic representation of the ryanodine channel.   

The study by Greener et al.,135 on the human AVN confirms the presence of RyR2 

mRNA in the INE and CN but much less as compared to atrial and ventricular muscle. 

The penetrating bundle and His bundle also have high concentration of RyR2 mRNA as 

compared to INE and CN. Similar findings have also been seen in the rabbit AVJ.24  
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Figure 4.31: A working model of the transmembrane topology of the RyRs with six putative 
transmembrane segments. The epitope for the RyR2-specific antibody pAb129 is shown in the 
cytoplasmic loop present between transmembrane segments 2 and 3. The relative lengths of 
regions between putative transmembrane segments are shown by solid lines.160 

 

The sarcoplasmic reticulum calcium pump (SERCA2a) is another important 

calcium handling protein that involves active reuptake of calcium into the SR.  SERCA is 

an ATPase that’s has more than 10 different isoforms encoded by three different genes. 

SERCA2 gene encoded two different isoforms SERCA2a and 2b. SERCA-2a is 

specifically seen in the cardiac and skeletal muscle. SERCA2a has higher rate of Ca2+ 

uptake than SERCA2b. The homozygous loss of SERCA2a results in switch in the 

cardiac isoform to SERCA2b, which results in higher mortality and cardiac 

malformation.161  

The structure of voltage gated calcium channels has been described in detail in 

Figure 4.31. Ca2+ channels play an important role in the AVN conduction and have been 

described in chapter 1. Both L-type and T-type calcium channels responsible for ICaL and 

ICaT respectively, have been found in the AVN.45,46 Greener et al.,  study  on ion channel 

transcripts measured via qPCR technique in rabbits and the study in humans showed that 

expression of Cav1.3 is more abundant in the nodal tissues including the CN, INE and 

distal penetrating bundle as compared to atrial and ventricular muscle in which Cav1.2 is 

more abundant.24,135  

485Human cardiac muscle calcium-release channel

Figure 6 Competitive ELISA with intact and permeabilized cardiac and skeletal SR vesicles

Intact and permeabilized cardiac (A) or skeletal (B) SR vesicles were serially diluted, then incubated with the cardiac RyR-specific antiserum pAb129 as described in the Materials and methods
section. Free antibody was detected by binding to microtitre plates coated with denatured cardiac SR. The amount of free antibody is plotted as a fraction of the total antibody detected in the absence
of SR vesicles. Results are means≥S.E.M. for 5 experiments.

evolutionary divergence from a putative ancestral RyR and
subsequent ancestors (nodes), with branch length indicating the
degree of sequence divergence from the predicted ancestor. The
arthropod sequence (Drosophila) shows an early divergence from
the remaining vertebrate RyR sequences [21], which diverge at a
much later stage into three closely related families of RyRs. The
analysis shows that the RyR-2 subtype was the first to arise from
the common ancestor lineage, which subsequently led to the
subtypes RyR-1 and RyR-3 (Figure 4).

Analysis of RyR-2 transmembrane topology and competitive
ELISA with pAb129

Figure 5 shows an identity plot (Figure 5A) based on the aligned
RyR sequences from hRyR-1, hRyR-2 and rRyR-3, and an
analysis of hydropathic index for hRyR-2 (Figure 5B). Apart
from the two large variable regions between residues 1310 and
1423 and residues 4208 and 4489 of the hRyR-2 mentioned
above, the average identity of 65% shown as a horizontal line
across the plot illustrates the substantial similarity that exists
between the three mammalian RyR isoforms. By comparing the
conserved regions of RyR-1, RyR-2 and RyR-3 illustrated in
Figure5(A)with thehRyR-2hydropathyplot shown inFigure 5B,
six putative transmembranous sequences that are well conserved
in all three isoforms are suggested in the C-terminal region
(hRyR-2 residues 4499–4519, 4572–4593, 4719–4744, 4767–4789,
4809–4829 and 4844–4867, shown by arrows). Previous estimates
of the number of transmembrane-spanning segments based on
analyses of the RyR-1 sequence range from four to twelve
[15,16,43].

The epitope for the RyR-2-specific antibody pAb129 corre-
sponds to a predicted cytosolic loop (4594–4718) present between
the second and third putative transmembrane sequences. To test
this prediction, competitive ELISA studies were performed on
intact and permeabilized cardiac and skeletal SR microsomes
[34]. Figure 6(A) illustrates that in the presence of either intact or
permeabilized cardiac SR, pAb129 depletion occurred simul-
taneously, indicating that the antibody epitope is cytoplasmically
exposed, in agreement with the transmembrane predictions above
(see Figure 7). However, this result does not preclude the
possibility of an alternative transmembrane topology with an
even number of helices other than six. Figure 6(B) illustrates a
control experiment with skeletal muscle SR where no antibody

Figure 7 Working model of RyR transmembrane topology

A working model of the transmembrane topology of the RyRs with six putative transmembrane
segments. The epitope for the RyR-2-specific antibody pAb129 is shown in the cytoplasmic loop
present between transmembrane segments 2 and 3. The relative lengths of regions between
putative transmembrane segments are shown by solid lines.

depletion occurs, thus demonstrating the isoform specificity of
pAb129.

DISCUSSION

In the present study we describe the identification of the human
cardiac RyR–calcium release channel as an approx. 30 S oligo-
meric complex comprising high-molecular-mass (approx.
560 kDa) subunits (Figure 1, and results not shown), the cloning
and sequencing of the corresponding full-length cDNA (Figures
2 and 3) and a topological and phylogenetic analysis (Figures 4
to 6). This is the first report of the biochemical characterization
of the human cardiac RyR with a demonstration of novel
transcripts and the use of an epitope-specific antibody to address
RyR-2 transmembrane topology.

To avoid potential allelic di�erences that can occur between
various individuals, a cDNA library derived from a single human
heart was used to isolate ten overlapping cDNA clones, HC1–
HC10. The full-length cDNA sequence of hRyR-2 contains an
ORF of 14901 bp encoding a 564569 Da protein of 4967 amino
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Figure 4.32: The structure of voltage gated calcium channel adapted from Catterall et al.164 
The calcium channels are composed of four or five subunits that are shown. The multiple alpha 
subunits determine the different subtypes of the voltage gated calcium channels. The α1 subunit 
is the largest subunit and includes the conduction pore, voltage sensor and gating apparatus. The 
α1 subunit is organized into four homologus domain (I to IV) with six transmembrane segments 
(S1 to S6) in each domain.  
 

4.8.2 Methods 

Methodology has been explained in detail in section 4.1.  

 

4.8.3 Results 

4.8.3.1 Age related changes in the expression of Calcium handling proteins and Cav1.3.  

 Table 4.16 and Figure 4.33 show changes in expression of RyR2 with ageing in 

the AVJ. Significant downregulation was observed in the RyR2 expression in the CN and 

PPB with ageing. No significant changes were observed in the INE and His bundle with 

ageing. The corresponding high magnification images can be seen in Figure 4.34, which 

show a striated pattern of labelling. 

  In the working myocardium, RyR2 expression decreases with ageing in the left 

ventricle. Modest decrease is also seen in other parts of working myocardium, however it 

didnot reach statistical significance.  Table 4.17 and Figure 4.35 show changes in the 

expression of RyR2 in the working myocardium. Figure 4.36 show corresponding high 

magnification images, which show a striated pattern of labelling. The expression of RyR2 

is much higher in the working myocardium in comparison with the components of the 

AVJ 

 SERCA2a showed significantly increased expression in the PPB with ageing. 

However, no significant changes have been seen in other components of the AVJ.  There 

is a trend of up regulation in the His bundle but it is not significant. Table 4.18 and Figure 
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4.37 show changes in the expression of SERCA2a in the AVJ. Table 4.19 and Figure 

4.38 show changes in the expression of SERCA2a in the working myocardium. No 

significant changes were observed in the working myocardium although there was a trend 

of decreased expression with ageing in all parts of working myocardium. Figure 4.39 

shows corresponding images in the AVJ. This figure shows striated pattern of labelling.  

 The changes in Cav1.3 expression with ageing include increased expression in the 

PPB. No significant change has been observed in other components of AVJ. Table 4.20 

and Figure 4.41 show these changes. Figure 4.41 shows corresponding high 

magnification images. Cav1.3 expression is poor in the working myocardium thus was not 

analysed.  

 

4.8.4 Discussion  

The substantial age dependent decrease in RyR2 expression with ageing in the CN 

and PPB correlate with the ageing study on the SN by Tellez et al.86 Tellez et al., showed 

significant decrease in RyR2 mRNA and protein expression in the SN.  It is possible that 

reduced RyR2 expression results in decreased conduction across the AVN by reducing 

cytosolic calcium concentration. 

 On the other hand the reduced RyR2 in the PPB (decreased calcium release from 

SR) and increased expression of SERCA2a (increased re uptake of calcium in the SR) in 

the PPB may also contribute to decreased intracellular Ca2+ transient, thus decreasing 

conduction across the AVJ. Increased SERCA2a may results in decreasing cytosolic Ca2+ 

concentration with active reuptake or cause increase SR calcium concentration, which 

may allow more calcium release from the SR. Increased Cav1.3 in the PPB however will 

increase the calcium concentration promoting increased conduction across the AVJ.  

Increased SERCA2a and Cav1.3 has been observed with ageing in the SN.86 The changes 

that are seen in Cav1.3 levels could be as a consequence of RyR2 downregulation.  I have 

also not measured phospholamban during this study. It is likely that changes 

phospholamban levels modulate activity of the SERCA-2a, which in turn effect 

cystosolic calcium concentration. Phospholamban is a protein that in unphosphorylated 

state inhibits SERCA but this inhibition is lost once it is phosphorylated by protein kinase 

A.  

 Whether these results in the PPB are actually offset each other’s effect is difficult 

to predict. However the reduced RyR2 in the CN is likely to cause delay in the impulse 

propagation across the AVN.  
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Table 4.16: Statistical analysis of RyR2 expression in young and old hearts AVJ. 
Statistically significant results are shown in red.    
RyR2 
expression 

Inferior nodal 
extension 
(INE) 
 

Compact node 
(CN) 

Proximal 
penetrating 
bundle (PB) 

Distal 
penetrating 
bundle (DPB 
or His) 

Young 
hearts 
(Mean and 
SEM) 
 

38.67±4.19 59.83±4.67 36.36±1.92 29.58±1.72 

Old hearts     
(Mean and 
SEM) 
 

38.90±5.98 36.42±0.56 29.44±2.39 28.43±1.18 

ρ-value and 
95% 
confidence 
interval 

0.846 
(-23.17 to 
19.63) 

0.031 
(-42.67 to -
4.13) 

0.042 
(-13.53 to -0.29) 

0.68 
(-7.2 to 4.90) 

 

 

 
 

Figure 4.33: Changes in RyR2 expresson in AVJ with ageing. Inferior nodal extension (INE), 
compact node (CN), proximal penetrating bundle (PB), distal penetrating bundle or His bundle (His). 
Signal intensity measured with Volocity software. Mean±SEM are shown, ** p <0.05. 
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Graph 8.6.1 : Changes in RyR2 expresson in Atrioventricular junction 
with ageing

Inferior nodal extension (INE), Compact Node (CN), Proximal penetrating 
bundle (PB), Distal penetrating bundle or HIS bundle. 

(Signal intensity measured with Volocity sofware)
represents statistically significant results**
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Table 4.17: Statistical analysis of RyR2 expression in young and old hearts 
working myocardium. Statistically significant results are shown in red.  
 

RyR2 
expression 
 

Left Ventricle Left atrium Right Ventricle Right atrium 

Young hearts 
(Mean and 
SEM) 
 

69.56±3.34 70.92±4.73 64.39±6.70 61.43±5.47 

Old hearts     
(Mean and 
SEM) 
 

60.16±2.62 65.14±3.68 53.86±4.01 61.83±4.67 

ρ-value and 
95% 
confidence 
interval 

0.034 
(-18.02 to -
0.78) 

0.342 
(-18.00 to 6.43) 

0.166 
(-25.78 to 4.73) 

0.956 
(-14.85 to 
15.66) 

 

 
Figure 4.35: Changes in RyR2 expresson in different heart chambers with ageing. Left ventricle 
(LV), left atrium (LA), right Ventricle (RV), right atrium (RA). Signal intensity measured with 
Volocity software. Mean ±SEM are shown. ** p <0.05.   
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Graph 8.6.2 : 
Changes in RyR2 expresson in different heart chambers with ageing

Left ventricle (LV), Left atrium (LA),  Right Ventricle (RV), Right Atrium (RA) 
(Signal intensity measured with Volocity sofware)

represents statistically significant results**
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Table 4.18: Statistical analysis of SERCA2a expression in young and old hearts 
AVJ. Statistically significant results are shown in red.  

SERCA2a 
expression 

Inferior nodal 
extension 
(INE) 
 

Compact node 
(CN) 

Proximal 
penetrating 
bundle (PB) 

Distal 
penetrating 
bundle (DPB 
or His) 
 

Young 
hearts 
(Mean and 
SEM) 

98.64+_4.81 46.29+_7.82 32.80+_0.93 72.24+_2.20 

Old hearts     
(Mean and 
SEM) 

102.58+_6.85 34.65+_5.36 44.80+_1.51 102.24+_24.18 

ρ-value 
and  95% 
confidence 
interval 

0.73 
(-25.74 to 
33.62) 

0.123 
(-27.23 to 
3.95) 

0.0001 
(7.32 to 16.67) 

0.106 
(-8.20 to 
68.21) 

 
 

 
Figure 4.37: Changes in SERCA2a expresson in AVJ with ageing. Inferior nodal extension (INE), 
compact node (CN), proximal penetrating bundle (PB), distal penetrating bundle or His bundle (His). 
Signal intensity measured with Volocity software. Mean±SEM are shown, ** p <0.05. 
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Graph 8.6.5 : Changes in SERCA 2a expresson in Atrioventricular junction with 
ageing

Inferior nodal extension (INE), Compact Node (CN), Proximal penetrating bundle 
(PB), Distal penetrating bundle or HIS bundle. 

(Signal intensity measured with Volocity sofware)

represents statistically significant results**
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Table 4.19: Statistical analysis of SERCA2a expression in young and old hearts 
  

SERCA2a 
expression 

Left Ventricle Left atrium Right Ventricle Right atrium 

Young hearts 
(Mean and 
SEM) 

80.74±3.30 72.37±5.05 74.88±4.48 82.13±3.26 

Old hearts     
(Mean and 
SEM) 

69.09±6.25 55.50±6.74 70.95±8.51 64.46±10.51 

p-value and 
95% 
confidence 
interval 

0.131 
(-27.40 to 4.11) 

0.09 
(-37.78 to 4.02) 

0.75 
(-31.23 to 
23.52) 

0.224 
(-50.40 to 
15.05) 

 
 

 
Figure 4.38: Changes in SERCA 2a expresson in different heart chambers with ageing. Left 
ventricle (LV), left atrium (LA), right Ventricle (RV), right atrium (RA). Signal intensity measured 
with Volocity software. Mean ±SEM are shown. ** p <0.05.   
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Graph 8.6.6 : 
Changes in SERCA 2a expresson in different heart chambers with ageing

Left ventricle (LV), Left atrium (LA),  Right Ventricle (RV), Right Atrium (RA) 
(Signal intensity measured with Volocity sofware)

represents statistically significant results**
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Table 4.20: Statistical analysis of Cav1.3 expression in young and old hearts AV 

junction.  

Cav1.3  
expression 

Inferior nodal 
extension 
(INE) 

Compact node 
(CN) 

Proximal 
penetrating 
bundle (PB) 

Distal 
penetrating 
bundle (His 

Young 
hearts 
(Mean and 
SEM) 

16.91±8.45 21.46±2.49 
 

7.53±0.42 23.36±2.70 

Old hearts     
(Mean and 
SEM) 

6.57±4.64 21.07±2.45 17.99±2.68 20.08±2.19 

ρ-value and  
95% 
confidence 
interval 

0.24 
(-23.17 to 
19.63) 

0.91 
(-8.46 to 7.69) 

0.004 
(3.99 to 16.96) 

0.4 
(-13.25 to 6.68) 

 

 
Figure 4.41: Changes in Cav1.3 expresson in AVJ with ageing. Inferior nodal extension (INE), 
compact node (CN), proximal penetrating bundle (PB), distal penetrating bundle or His bundle (His). 
Signal intensity measured with Volocity software. Mean±SEM are shown, ** p <0.05. 
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Graph 8.6.3 : Changes in Cav1.3 expresson in Atrioventricular junction 
with ageing

Inferior nodal extension (INE), Compact Node (CN), Proximal penetrating 
bundle (PB), Distal penetrating bundle or HIS bundle. 

(Signal intensity measured with Volocity sofware)
represents statistically significant results**

**
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4.9 Summary of immunofluorescence experiments  

 Ageing related expression changes in the ion channels, connexins, Ca2+ handling 

proteins and structural proteins across the AVJ is complex. Table 4.21 summarises 

changes in the proteins investigated with ageing across the AVJ and their possible effect 

on the AVN conduction.  

The only significant change in the INE with ageing is increase expression of 

Cx40. The other ion channels including Cav1.3 and calcium handling proteins did not 

show any significant difference in the INE with ageing.  

In CN, decrease expression of Nav1.5 and RyR2 with ageing was oberved. Cx40 

expression increase with ageing in the CN. The probable net effect of these changes is 

prolongation of the AV conduction, if we assume that the Cx40 expression is either 

heterotypic or heteromeric channels with Cx30.2 or Cx45.  Unfortunately 

immunofluorescence for Cx45 could not be performed as the primary antibodies 

(commercially available) showed non-specific signal.  

The ion channel expression changes in the PPB are more interesting. The changes 

across both DPB and PPB are different with ageing. The PPB being closer to the CN is 

likely to have more N cells as compared to the DPB or His bundle. Cx43, Nav1.5 and 

RyR2 decrease significantly with ageing in the PPB. Cav1.3 and SERCA2a increase with 

ageing. No significant changes are seen in HCN4 and Cx40 in the PPB. Decrease in Cx43 

and Nav1.5 expression with ageing can lead to prolongation of AV conduction. The 

changes in the His bundle with ageing is only decrease expression of Cx43 and HCN4, 

which may prolong AV conduction. The findings of only few changes in the expression 

of ion channels in the His bundle correlate with the electrophysiological changes, which 

showed the prolongation of AH interval is much more than HV interval with ageing, as 

shown in the section 1.11.3. The HV interval contribution to PR prolongation with ageing 

is modest and AH interval prolongation is the primary reason of PR interval prolongation 

with ageing.  

Changes in the expression pattern of structural proteins including alpha actinin 

and caveolin3 were also observed with ageing. The alpha actinin confirmed irregular 

cellular architecture with ageing. The changes in caveolin3 expression with ageing in the 

His bundle may prolong AV conduction by indirectly effecting ion channel expression in 

the caveolae. The irregular cellular architecture as I have discussed earlier can 

downregulate ion channel expression.  
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There are few limitations in the immunofluorescence experiments. K+ channels, 

Cx45, HCN1 and Cav3.1 were not investigated as a lot of commercially available primary 

antibodies that have been tested against these proteins produced nonspecific staining. 

This is the potentially confounding, as these channels are important in determining the 

AV conduction properties.  

 In conclusion, protein expression in the AVJ showed important changes with 

ageing. These results may explain the functional changes that have been seen with ageing 

in chapter 2. It will be interesting to find out if similar changes are seen in humans with 

ageing.  These changes can likely make the ageing AVN vulnerable to disease/insult 

resulting in increased incidence of AV block.  

 
Table 4.21: Summary of the changes seen with ageing in the ion channels and structural 
protein. Inferior nodal extension (INE), Compact node (CN), Proximal penetrating bundle (PPB), 
Distal penetrating bundle or His bundle (His) (↑ upregulation) (↓ downregulation) (= no 
significant change) 

 
 
 
 

 
Ion 
Channel/Structrual 
protein 
 

INE CN PPB His 
bundle 

Possible 
Effect on 
AV   
conduction 

Cx43 = = ↓ ↓ Prolong 
Cx40 ↑ ↑ = = Accelerates 
HCN4 = = = ↓ Prolong 
Nav1.5 = ↓ ↓ = Prolong 
RyR2 = ↓ ↓ = Prolong 
SERCA2a = = ↑ = Unknown 
Cav 1.3 = = ↑ = Accelerates 
Alpha actinin ↓ ↓ = = No effect 
Caveolin3 = = = ↓ Unknown 
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Chapter 5                                                                              

Clinical effects of AV nodal and cardiac conduction system 

disease in elderly patients with syncope 
!
5.1 Introduction  

AVN disease is the most common reason for pacemaker implantation in elderly 

individuals.165 AVN disease is commonly manifested on the routine electrocardiogram 

(ECG) as heart block. The heart block varies from prolonged PR interval or 1st degree 

heart block to complete heart block with complete AV dissociation. While the finding of 

complete heart block on the routine ECG results in pacemaker implantation, the 

prolonged PR interval is commonly perceived as benign finding especially in middle 

aged population.166 This prolonged PR interval usually coexists with the other CCS 

abnormalities manifested on routine ECG as left axis deviation (LAD), right bundle 

branch block (RBBB) or left bundle branch block (LBBB). With the exception of LBBB, 

these CCS abnormalities are also considered as benign findings.  However, recently a 

study has shown that prolonged PR interval is associated with increased incidence of 

atrial fibrillation, pacemaker implantation and increased mortality in general 

population.167 The significance of a prolonged PR interval and CCS abnormalities are not 

known in elderly individuals with syncope.  
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Syncope (or transient loss of consciousness, T-LOC, with loss of postural tone) is 

a common occurrence. The incidence and prevalence of syncope in the adult population 

is variably reported in studies. In the Framingham study, it has been shown that at least 

3% of adults have experienced a single episode of syncope in their life time.168 However 

a relatively recent study noted the cumulative life time incidence to be as high as 35% in 

adult population.167 Syncope has been widely reported as the reason for 1-6% of 

emergency room or accident and emergency department visits. About one third of these 

patients required hospital admission.170,171,172,173 Increasing incidence of syncope has been 

reported in the elderly population.170 Recurrent syncope especially in the ever increasing 

elderly population may result in increased mortality and morbidity including frequent 

hospital admissions, physical injury and loss of independence. In the elderly population it 

is difficult to establish the exact cause of syncope, even with extensive investigation. The 

studies have shown that history, examination and the ECG are key determinant to 

establish the cause and further management.174,175 Causes of syncope are varied but 

common causes include cardiac syncope (arrhythmias and cardiac ischemia), orthostatic 

hypotension, neurologic causes and neurally mediated hypotension. Studies have shown 

that cardiac syncope has the worst prognosis.170 In the evaluation of syncope, the ECG 

has been recommended by both the European and American guidelines.174,175 The 12-lead 

ECG in elderly patients often shows conduction tissue abnormalities (ECG-CTA) 

including first degree AV block (PR interval > 200ms, LAD, RBBB (QRS >120msec), 

LBBB (QRS duration >120msec). I have compared outcomes in elderly patients (>65 

years) presenting with ECG-CTA with elderly patients (>65 years) presenting with a 

normal ECG.  

 

5.2 Methodology 

 Patients attended a Rapid Access Blackout Triage Clinic (RABTC). RABTC 

received referrals from both primary and secondary care. The twice weekly, RABTC is 

staffed by specialist nurses and a cardiologist. Specialist nurses in arrhythmia, falls and 

epilepsy assess patients using a web-based blackouts assessment Tool, which included a 

risk assessment for “Red Flag” features. The red flags include an abnormal ECG. A 

cardiologist provided a medical overview of the patients.  

 2586 patients were assessed in the RABTC during the study period (1st January 2007 

till 1st January 2013). Of the initial patients assessed only patients with syncope (T-LOC) 

and > 65 years of age were included in the final analysis. Patients were divided in two 

groups. Group A included the patients with normal baseline ECG (84 patients). Group B 
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included patients with conduction tissue abnormalities (65 patients) with ECG-CTA. In 

Group B patients 38 patients had first degree AV block, 15 had left axis deviation, 8 had 

right bundle branch block and had left bundle branch block). Group B is further 

subdivided in to two groups depending on pacemaker implantation. Outcome data was 

then calculated and compared amongst patients with and without permanent pacing.  

 The data were collected retrospectively from hospital electronic records. Microsoft 

Excel for Mac 2011 and Prism version 6 was used for data analysis. Chi square test was 

used to calculate p-values, odds ratio and 95% confidence interval in mortality analysis. 

Kaplan-Meir curve was also performed for survival comparison between the two groups. 

Paired t-test was used to calculate p value and 95% confidence intervals in continuous 

variables.  

!

5.3 Results  
Baseline characteristics of all patients included in the final analysis are mentioned 

in table 5.1. Baseline characteristics showed a slight difference including a higher 

proportion of females (62%) in Group B. In terms of comorbidities, Group B patients had 

a lower percentage of ischemic heart disease and chronic obstructive pulmonary disease 

however the comorbidities were largely similar between the two groups. Group B patients 

were diagnosed with cardiac syncope more commonly as compared to patients in Group 

A. On the other hand reflex or vasovagal syncope was commonly observed in Group A 

patients.  High proportions of atrio-ventricular (AV) nodal disease are seen in Group B 

patients as almost 58% of patients had a prolonged PR interval. The AV nodal disease 

frequently coexisted with LAD, RBBB and LBBB.  

The outcome analysis is shown in Tables 5.2 and 5.3. Patient with conduction 

tissue abnormalities (Group B) showed worse prognosis with higher mortality during the 

mean follow up of 3.6 years (SD 2.0). Recurrent syncope was more common and they 

also had higher number of hospital admissions. The Kaplan-Meir curves in Figure 5.1 

showed that the survival curves separates early but with long follow up, less 

differentiation was observed between the two group.  

The decision of permanent pacing was the clinical decision that was taken by the 

individual cardiologist who assessed the patient. Permanent pacing didn’t seem to alter 

the mortality risk amongst Group B patients, however the symptomatic improvement and 

reduced hospital admission were seen in patients after permanent pacemaker 

implantation. The Kaplan-Meir curve is quite interesting among Group B patients (Figure 
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5.2). It shows that with long term follow up, the curves start to separate suggesting a 

possible favourable prognosis amongst ECG-CTA patients with permanent pacing. 

 
 
Table 5.1: Baseline characteristics of study population.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 
 
 
 
 
 
 

Variable Group A 
(Normal ECG) 
n (%) 

Group B 
(Conduction 
tissue 
abnormalities) 

ρ Value 
(NS=non 
significant) 

Patients 84 65  
Men  32 (38%)  Male 32 (49%)  NS 
Women 52 (62%) Female 33 (51%) NS 
Age  75±7 sd 77±8 sd NS 
First degree AV block None  38 (58%)  < 0.0001 
Left axis deviation None 15 (23%) <0.0001 
Right bundle branch block None 8 (12%) <0.0001 
Left bundle branch block None 14 (21%) <0.0001 
Cardiac syncope  11 (13%) 32 (49%) <0.0001 
Reflex or vasovagal 
syncope 

44(54%) 
 

21(32%) <0.05 

Orthostatic hypotension 11 (13%) 7 (10%) NS 
Epilepsy  7 (9%) 1 (1.5%) <0.05 
Undiagnosed 6 (8%) 4 (6%) NS 
Vestibular syncope 1 (1%) 0 NS 
Transient ischaemic 
attacks 

1 (1%) 0 NS 

Ejection fraction (<30%) 0 1 (1.5%) NS 
Ejection fraction (30-
50%) 

0 4 (6%) NS 

Mitral regurgitation  1 (1%) 1 (1.5%) NS 
Aortic Stenosis 0 1 (1.5%) NS 
Prosthetic Heart valve 1 (1%) 2 (3%) NS 
Comorbidities (1 or more) 43 (51%) 31 (48%) NS 
Comorbidities (2 or more) 28 (33%) 20 (31%) NS 
Hypertension 18 (21%) 17 (26%) NS 
Ischemic heart disease 10 (11%) 6 (9%) NS 
Chronic obstructive 
pulmonary disease 

7 (8%) 1 (1.5%) <0.05 

Diabetes Mellitus 1 (1%) 3 (4.5%) NS 
Congenstive heart failure 0 1 (1%) NS 
Smoker/Exsmoker 7 (8%) 4 (6%) NS 
Chronic kidney disease 
(CKD 3 or above) 

3 (4%) 1 (1.5%) NS 

Cerebrovascular disease 2 (3%) 0 NS 
Medication  (2 or more) 24 (28%) 18 (27%) NS 
Follow up (years) 3.6 (SD 2.0) 3.1 (SD 1.6) NS 
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Table 5.2: Mortality and Morbidity 
 

 
 

Table 5.3: Outcome data after permanent pacemaker implantation in Group B 
patients  
 
Variables Group B1  

(Post PPM) 
Group B2 (No 
PPM) 

P Value 
NS (Not 
significant) 

95% 
confidence 
interval 

Number of patients.  31 (47%) 34 (53%) NS  
All cause mortality  5 (16%) 6 (17%) NS 

 
 

Recurrent syncope 
reduction/Symptomatic 
improvement after 
PPM and/or medical 
management  

23 (74%) 14 (41%) <0.001 
 

-0.56 to  
-0.09 
 

No Hospital admissions 
after PPM and/ or 
medical management.  

20 (64%) 12 (35%) <0.001 
 

-0.45 to  
-0.12 
 

 
 

 

 

Variables Group A 
(Normal 
ECG) 

Group B 
(Conductions 
system 
abnormalities 

P Value 
NS (Not 
significant) 

95% 
confidence 
interval 

Number of patients.  84 65   
All cause mortality  5 (6%) 11 (15%) < 0.05 

Chi square 
test 

0.10 to 0.94 
(OR 0.31) 

Recurrent syncope 61 (73%) 53 (81%) < 0.05 
Paired t-test 

-0.20 to  
-0.04 

Implantation of 
Permanent Pacemaker  

12 (14%) 31 (47%) <0.0001 
 
Paired t-test 

0.13 to 0.45 

Implantable loop 
recorder implantation 

22 (26%) 16 (24%) NS  

Hospital admissions 
(Patients) 

44 (52%) 44 (67%) NS  

Number of Hospital 
admissions 
/patients/year 

1.77 2.25 NS  

Injury/Fracture 38 (45%) 33 (51%) NS  
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Figure 5.1: Kaplan-Meir curve to show survival analysis between Group A and Group B patients. 
The curves separate quite early indication worse prognosis in patients with conduction tissue 
abnormalities. With longer followup this difference becomes negligible. The curves are 
significantly different as calculated by Gehan-Breslo-Wilcoxon test (ρ-value <0.05, 95% 
confidence interval 0.15 to 1.36). 
 

 

 
Figure 5.2: Kaplan-Meir curve to show survival analysis in Group B patients. No significant 
difference is seen however the curves starts to separate with longer followup data which may 
suggest improve prognosis in later years after pacemaker implanataion. The curves are not 
significantly different as calculated by Gehan-Breslo-Wilcoxon test.  
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Figure 1: Kaplan-Meir curve to show survival comparison among Group A and 
B patients. The curves separate quite early indicating worse prognosis in 

patients with conduction tissue abnormalities. In patients with long followups this 
difference becomes negligible. The curves are significantly different as 

calculated by Gehan-Breslow-Wilcoxon test.( ρ-value <0.05, 95% confidence 
interval 0.15 to 1.36)
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Figure 2: Kaplan-Meir curve to show survival comparison among 
Group B patients after PPM implantation. No significnat difference 
are seen however the curves starts to separate later which may 

suggest improve mortality benefit with longer followups The curves 
are not significantly different as calculated by Gehan-Breslow-

Wilcoxon test. 
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5.3 Discussion 

In our study we have compared outcomes in patients with TLOC with a normal 

ECG with those who presented with conduction tissue abnormalities (prolonged PR 

interval, LAD, RBBB, and LBBB). These conduction tissue abnormalities are often 

termed ‘soft’ and especially in elderly individuals they usually have been attributed to 

conduction system fibrosis with a possible exception of left bundle branch block. These 

findings especially in patients with syncope, should merit further investigation.  

Recent studies evaluating the prognosis of these findings especially with AV 

nodal disease or prolonged PR interval in middle aged population showed conflicting 

results. A study based on the Framingham heart study population showed that prolonged 

PR interval is associated with atrial fibrillation, increased incidence of pacemaker 

implantation, and increased risk of mortality in general population.165 Another study in 

patients with stable coronary artery disease showed that a prolonged PR interval is 

associated with increased heart failure related hospitalisation and mortality.175 However, 

the Aro et al., study showed that PR interval prolongation in the middle aged population 

is partially transient and doesnot result in increased mortality. This obviously cannot be 

extended to the elderly population who are likely to have fixed and permanent conduction 

tissue abnormalities. Further to this, the recent finding of prolonged PR interval in those 

over 75 years is an important clinical predictor of pacemaker implantation in patients 

with syncope.176  

It is already known that cardiac syncope confers poor prognosis especially in 

elderly patients.168 However, my study identifies for the first time that findings of ECG-

CTA confers poor prognosis in elderly patients (>65 years) with T-LOC or syncope. I 

have not shown that treating those with permanent pacemaker implantation results in 

improved mortality. However my study does demonstrate decreased hospital admission 

rate and symptomatic improvement with permanent pacing.  

My findings of mortality benefit with permenant pacing could be limited because 

of the number of follow up years.  It is possible that these ECG-CTA are early signs of 

structural heart disease although the moderate to severe left ventricular systolic 

dysfunction was found in only 7.5% of patients. Our study also identified important 

baseline characteristics in elderly patients with syncope. Epilepsy is an infrequent 

diagnosis in elderly patient with TLOC or syncope found in only 9% of Group A patients 
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and only 1% of Group B patients. This is also an uncommon finding in the young to 

middle aged population.179  

This study was based on electronic records entered by a variety of individuals, 

which include specialist nurses, junior doctors and cardiologists. Although care has been 

taken to make sure the data is robust it is possible that the follow up data may not be 

complete for every individual. The outcome data, including mortality data has been 

verified again to maintain the authenticity. The other limiting factor of the study is the 

groups are not sex matched which could have an effect on the outcome data.  

 

5.4 Conclusion  

 The findings of conduction tissue abnormalities especially in elderly patients 

with syncope should be carefully evaluated and investigated. These abnormalities are 

associated with increased morbidity and mortality. Permanent pacing in these individuals 

shows favorable results and should be considered.  
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Chapter 7  
 

7.1 Summary and future directions 

Ageing is associated with decline in the function of the AVN. This study confirms 

that the conduction time (AH interval) prolongs and the recovery properties of AV node 

(AVNERP and AVFRP) decline with ageing. The AV nodal disease (prolonged PR 

interval) as shown in Framingham heart study is associated with atrial fibrillation, 

permanent pacemaker implantation and increased mortality.167 The Atherosclerosis risk 

in the communities (ARIC) study in patients with stable coronary artery disease also 

showed that prolonged PR interval is associated with increased risk of atrial 

fibrillation.177 I have also demonstrated in my clinical study that in elderly patients with 

syncope or transient loss of consciousness, the cardiac conduction system disease 

including AV nodal disease is associated with increased mortality and morbidity.  

This study demonstrates the effect of If current and the role of intracellular 

calcium release from the SR via RyR2 channel as an important mechanisms in AV nodal 

conduction. The changes observed by blocking these currents with ageing shed more light 

towards ion channel remodelling. My immunohistochemistry experiments showed that 

ion channels, calcium handling proteins and connexins were remodelled with ageing. 

Single cell studies with patch clamp technique to elucidate the changes in the ionic 

current with ageing would be helpful in establishing the effect of these ionic currents in 

greater detail.  
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My study has yielded important results concerning the cellular mechanisms of AV 

nodal conduction and its remodelling with ageing. For the very first time, we have been 

able to demonstrate the effect of If current i.e. membrane clock and calcium clock 

(calcium release from the SR) on the AV nodal conduction. We have also shown the 

changes in these “clocks” with ageing. The role of membrane clock and calcium clock in 

determining the automaticity of the SN is well established.106 However, the evidence for 

their role in AV nodal conduction is lacking and whether these are involved in changes of 

AV nodal conduction with ageing was also not known. Previous studies have analyzed 

the automaticity of the AV node and not the AV nodal conduction. The studies by Liu et 

al.,100 and Marger et al., in mice showed that blocking If current reduces the automaticity 

of the AVN.49 Kim et al., also shown similar results.101 The recent study in pig shown 

that blocking If with modulating INa can reduce AV conduction to a greater degree than 

blocking these current individually.102 Another evidence come more recently by the same 

group, they have shown that blocking If with Ivabradine can prolong AH conduction in 

sinus rhythm and also reduce ventricular rate during atrial fibrillation in anesthetized 

pigs.105 Mesirca et al., has also shown that affecting If  results in AV block.106 These 

experiments suggest the role of If on AV nodal conduction. My study has confirmed that 

blocking If  result in prolongation of AH interval, WB cycle length, AVNERP and 

AVFRP in young rats.  

Similar findings have been observed in the studies affecting calcium dynamics 

with Ryanodine. The block of RyR2 can decrease the automaticity of the AVN.99,101 Our 

study confirms the role of blocking oscillatory calcium release from RyR receptors using 

Ryanodine results in impaired AV nodal conduction prolonging AH interval and WB 

cycle length. Another study has also demonstrated that blocking L-type calcium channels 

with Isardipine results in decreased automaticity of the AVN.49 It is possible that the 

release of calcium from the SR depends on influx of calcium via these voltage sensitive 

calcium channels and both mechanisms are also important in AV nodal conduction.  

The role of RyR blockage with ageing is associated with prolonging AH interval 

and WB cycle length. The increased sensitivity to ryanodine with ageing together with 

almost no effect of blocking If suggest that the ageing AVN is more dependent on 

calcium dynamics for AV nodal conduction. This suggests the role of background 

excitability of the AVN cells in the AV nodal conduction. Does less background 

excitability in cardiac conduction system tissues result in decreased conduction? The 

AVN is unique in that aspect. It is more excitable (increase automaticity) than the bundle 

branches, purkinje cells and also delays conduction. If we decrease the automaticity we 
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can certainly delay conduction as shown in my functional experiments. The probable 

explanation is the decreased automaticity due to the increased slope of phase 4 

depolarisation (via hyperpolarising membrane current). This may effect the action 

potential propagation as the successive cells need more time to reach the excitation 

threshold to generate the action potential, which ultimately increases the conduction time 

across the AVN.   

For the first time, this study has reported down regulation of HCN4 (His), RyR2 

(CN, PB) and Cx43 (PB, His) with ageing, whereas the up regulation of SERCA2a (CN, 

PPB), Cav1.3 (His) and Cx40 (INE, CN) is seen. These findings in my study demonstrate 

that changes in protein expression can explain the functional changes seen with ageing. 

Increased fibrosis, decreased Cx43, decreased HCN4, decreased RyR2, increased 

SERCA2a expression and decrease Nav1.5 are likely to increase conduction time. The 

finding of changes in caveolin3 and alpha actinin is likely to have no effect on the 

conduction time seen with ageing. Perhaps the increased expression of Cx40 and Cav1.3 

is a compensatory mechanism. Cx40 co-expression with other connexins can explain 

increased expression with ageing. Future work should include mRNA expression to 

further further improve understanding of ion channel remodelling seen with ageing. The 

computer modelling of these changes in the ion channels, calcium handling proteins and 

gap junctions will be needed to integrate the results.  

Gene knockout studies have shown multiple ion channels including HCN454, 

Cav3.148 and Cx40143 associated with AV nodal conduction disease.  The slowing of AV 

conduction has also been reported in genetic diseases caused by SCN5a mutation,74 

CACNA1d (Cav1.3) and CACNA1c (Cav1.2) mutation. Recently, a genome wide 

association study has shown that there are several ion channel loci associated with 

prolonged PR interval.180 These ion channel loci include genes coding for Nav1.5 

(SCN5a), caveolin and Tbx3-Tbx5 (transcription factors important in the development of 

the CCS).  

There are few limitations in my study.  Because of the time constraints in getting 

the old rats (24 months) I have not been able to perform electrophysiological experiments 

with other ion channel blocker specifically calcium channel blockers. That would further 

increase our understanding the role of calcium channels in the AVN conduction with 

ageing. Secondly, I have not been able to perform the immunohistochemistry experiment 

on the K+ channels, HCN2 and Cx45. I have tried multiple commercially available 

antibodies but didn’t get the specific signals required for the correct interpretation of the 

data. Thirdly, another quantitative method like western blot or qPCR to confirm our 
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immunohistochemistry results would increase the authenticity of the results further 

however again because of time constraints this was not possible.   

From the data shown in this thesis, I conclude that the decline in the function of 

AVN with ageing is likely the result of ion channel, connexins and calcium handling 

proteins remodelling together with fibrosis. This remodelling with ageing may be 

associated with further worsening of the AV nodal function seen in high degrees of AV 

block (2nd and 3rd degree AV block) requiring permanent pacemaker implantation.  

Ageing has already become the cornerstone of most disease patterns that we see 

today. The AV nodal disease and cardiac conduction system abnormalities with ageing 

are already well known. AV nodal disease is the most common indication for permanent 

pacemaker implantation and pacemaker implantation is highest in elderly individuals.165 

The permanent pacemaker implantation is associated with multiple complications and 

efforts to develop a biological pacemaker have been actively pursed. The genetic therapy 

for various diseases with the discovery of whole human genome looks promising now 

and for that we need more information about the basic concepts that underly the AV 

nodal dysfunction with ageing.  
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Appendix 1 
Detailed Cryosection of each heart: 24 months old hearts (VO)  3 months old hearts (Y), 
Masson’s Trichome stain (MT), Picrosirus red stain ( PR), CCS (Cardiac Conduction 
system), INE (inferior nodal extension), CN ( Compact node), PB (Penetrating bundle), His 
(Distal penetrating bundle/His Bundle) 

HEART NO  TOTAL 
LEVELS 

NO OF 
20UM 
SECTION 
AT EACH 
LEVEL  

DISTANCE 
IN 
BETWEEN 
EACH 
LEVEL  

CCS 
STRUCTURE 
(EXTENSION 
ACROSS 
LEVELS)   

MT 
SLIDES  

PR 
SLIDES 

HCN 4, 
CX 43 
SLIDES 

V01 L0 to L3 
L5 to L9 

24 500um INE L2 S12 L2 S10 
 

L2 S9 

 L4  40 500um CN  
(L3 S2-L4) 

L3 S2, 
12 
 

L3 S6, 
S 10 

L3 S7 

    PB  L4 S1, L4 S2 L4 S3 
    His L4 S20 

 
L4 S19 L4 S18 

V02 L0 to L9 20-24 200um INE  L3 S1  L3 S2  L3 S3 
    CN L3 S9  L3 S10 L3 S8 
    PB  L4 S1 L4 S2 L4 S3 
    His L5 S1 

 
L5 S2 L5 S3 

V03 L0 to L9 20-24 200um INE L0 S5 L0 S4 L0 S3 
    CN L0 S10 L0 S9 L0 S8 
    PB  L1 S1 L1 S2 L1 S3 
    His L1 S9 

 
L1 S10 L1 S8 

V05 L0 to L9 20-24 500um  Not 
suitable 

  

V06 L0 to L9 20-24 200um INE L1S1 L1 S2 L1 S3 
    CN  L2 S1 L2 S2 L2 S3 
    PB  L3 S9 L3 S10 L3 S8 
    His L4 S11 

 
L4 S10 L4 S9 

V07 L0 to L9 20-24 200um INE L2S1 L2 S2  L2 S3 
    CN  L2 S9 L2 S9 L2 S8 
    PB  L4 S11 L4 S10 L4 S9 
    His L5 S1 

 
L5 S2 L5 S3 

V08 L0 to L9 20-24 500um INE L1S1 L1 S2 L1 S3 
    CN L1 S6 L1 S5 L1 S4 
    PB L1 S12 L1 S11 L1 S9 
    His L2 S1 

 
L2  S2 L2 S3 

V09 L0 to L9 20-24 500um INE L1 S1 L1 S 2 L1 S3 
    CN L1 S12 L1 S10 L1 S9 
    PB L2  S7 L2 S6  L2 S5 
    His/BB L2 S12 L2 S10 

 
 

L2 S9 
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Y01 L0 to L9 20-24 200um INE Not Not  
    CN Suitable Suitable  
    PB    
    His/BB    
Y02 L0 to L9 20-24 200um INE L2 S6 L2 S5 L2 S4  
    CN  L2 S12 L2 S11 L2 S10 
    PB L3 S1 L3 S2 L3 S3 
    His/BB L5 S10 L5 S9 L 5 S8 
Y03 L0 to L9 20-24 200um INE Not 

suitable 
Not 
suitable 

 

    CN    
    PB    
    His/BB    
Y04 L0 to L9 20-24 200um INE Not 

suitable 
Not 
suitable 

 

    CN    
    PB    
    His/BB    
Y05 L0 to L9 20-24 200um INE L2 S10 L2 S9 L2 S8 
    CN L3 S7 L3 S6 L3 S5 
    PB L5 S7 L5 S6 L5 S5 
    His/BB L6 S1 L6 S2 L6 S3 
Y06 L0 to 

L10 
20-24 200um INE  L10 S1  L10 S2 L10 S3 

    CN (700um) L9 
S6,11 

L9 S5, 
10 

L9 S9 

    PB (1um) L8 S12 L8 S11 L8 S9 
    His/BB L7 

S1,12 
L7 
S2,11 

L7 S9 

Y07 L0 to L9 20-28 200um INE L2 S7 L2 S6 L2 S5 
    CN (700um) L2 S14 

L3 S6 
L2 S13 
L3 S5 

L2 S12 

    PB (1 um) L3 S12 L3 S11 L3 S10 
    His/BB L5 S6 L5 S5 L5 S4 
Y08 L0 to L9 20-24 200um INE L3 S6 L3 S5 L3 S4 
    CN  L3 S10 L3 S9 L3 S8  
    PB (1 um) L4 S1 L4 S2 L4 S3 
    His/BB L5 

S1,10 
L5 S2,9 L5 S8 

Y09 L0 to L9 20-28 200um INE L1 S12 L1 S11 L1 S10 
    CN (700um) L2 

S1,12 
L2 
S2,11 

L2 S10 

    PB  (1um) L3 S7 L3S6 L3 S5  
    His/BB L4 S5 L4 S4 L4 S3 
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Appendix 2 
 

Comparison of individual old and young heart. Approximate three-dimensional size of the 
individual components of the AVJ. Also included is the number of nuclei seen per high power 
field (63X magnification) and collagen signal intensity. (V01, V03, V06, V07 are old hearts. Y06, 
Y07, Y08, Y09 are young hearts) CN (Compact node), PPB (Proximal penetrating bundle), DPB 
(Distal Penetrating bundle/His bundle). 

HEA
RT 
NO. 

CCS 
Structu
re 

Length 
(Antero- 
posterior 
axis) um 

Width  
(in 10X 
image) 
(horizont
al axis) 
um 

Height 
(10X) 
(Vertica
l axis) 

Number 
of Nuclei 
seen per 
field 
(63X) 

Collagen 
estimation 
Signal 
intensity 
arbitrary 
unit 
(Image J) 

Collagen 
signal 
estimation 
(Polarized 
microscop
y) 
Red and 
green 
(thin) 
Volocity 

V01 CN 660 587 194 120 183579 19.16/12.81 
 PPB 320 406 450 141 304756 14.1/10.3 
 DPB 

(His) 
980 365 440 129 369553 12.33/10.62 

V03 CN 400 468 636 151 270297 8.59/13.09 
 PPB 280 444 836 158 451250 15.9/12.88 
 DPB 

(His) 
760 441 727 131 323498 15.24/12.34 

V06 CN 520 662 269 89 436093 11.35/13.21 
 PPB 360 532 474 138 454285  9.73/9.15 
 DPB 

(His) 
960 426 541 136 448084  8.03/9.23 

V07 CN 600 681 725 82 295507 7.86/10.32 
 PPB 400 423 892 129 441673 12.82/9.89 
 DPB 

(His) 
780 380 692 120 377875 9.62/9.39 

Y06 CN 480 709 176 173 379611 9.8/10.77 
 PPB 320 338 304 213 328231 9.07/8.31 
 DPB 

(His) 
920 269 302 182 372325 7.99/7.91 

Y07 CN 640 560 188 210 312118 11.77/9.75 
 PPB 280 440 260 232 323216 12.08/12.32 
 DPB 

(His) 
840 437 272 223 234217 11.71/8.87 

Y08 CN 420 532 316 144 394832 9.91/8.63 
 PPB 360 506 306 209 497831 13.63/10.37 
 DPB 

(His) 
880 526 308 163 354644 11.64/8.84 

Y09 CN 680 434 115 201 219977 11.51/12.17 
 PPB 320 489 484 182 491688 10.13/8.94 
 DPB 

(His) 
920 580 336 196 313802 9.56/9.03 
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