| maging of the atria and cardiac conduction
system — from experiment to computer

modelling

A thesis submitted to the University of Manchester for the degree of
Doctor of Philosophy
in the Faculty of Medical and Human Sciences

2012
Guoliang Hao

School of Medicine



Content

(70111 1] o | SRR PPTPTT 1
10 T =PSRRI 4
JLIE= 1[5 RS RRSPP 7
ADDIEVIATIONS ...ttt ettt e e e e e e 8
ADSTIACT .. e e e e e e eaaaene 1.
D =Tol =T = 11 [ o PP PPPPPPRR 12
COoPYNGNT STAEMENT ....eeiiiiiiiiieieeee e e 13
ACKNOWIEAGMENLS ... e e e e e e e e e eeees 15
Chapter 1 General INtroOdUCTION .........coeiiiiiiiiiiiiiiiiie e 16
1.1 Cardiac conduction system (CCS) .......ccovvvivveviiiiiiiiiiiiiee e, 16
1.1.1 Definition of CCS....cccoiiiiiieeeee e 16
1.1.2 Sinoatrial Node (SAN) ....uuuiiii i 16
1.1.3 Atrioventricular N0de (AVN) .....oovviiiiiiiieieieeeeee 17
1.1.4 His-Purkinje syStem...........oooviiiiiiiiiiiiiii e, 17
1.1.5 Less well-known components of the CCS - Atrioventricular
FING tISSUES (AV TINGS) wrrvruuiiiieeeeeeeeeeeeeeeeeeeesttasss s s s e e e e e e e e e e e e eeeeeesaannnn 18
1.2 Experimental mapping of the electrical activation in the heart... 20
1.2.1 ADOUL MAPPING .everriiiiiiei e e e e e e 20
1.2.2 OptiCal MAPPING.....uuuiiiiiiiiiiiiiiiiiie e 20
1.2.3 Multi-electrode mapping .........ccooovvimeiiiiiiiiiiiiie e eeeee e 25
1.3 Computer simulation of the electrical activation of the heart ..... 26
14 AIMS OF tNESIS ..ceviiiiiiiiieee e 27
Chapter Z5eneral MEthOdS .........uueiiiiiiii e 29
2.1 Electrophysiological toolS ..............uvviiiiiiiiiieeeeeec, 29
2.1.1 Langendorff heart perfusion SyStem ..........ccccccceeveiiiiienenenennnn. 29
2.1.2 Tissue bath SYStemM .........coovvviiiiiiiiiiiciee e 32
2.2 Masson’s trichrome Staining............cceevrmenieeiemmnninneeeeeere e eeeennnnn 32
2.3 IMMUNONIStOChEMISEIY ..., 33
2.3.1 The principle of immunohistochemistry...........cccccccciiinnnnnn. 33
2.3.2 Solutions and chemicalS USed ............cuuueeiiiiiiinnieeeiiieeeeeeeiiiiees 34
2.3.3 Immunolabelling protocol for tissue sections......................... 34
2.3.4 Confocal laser scanning MICrOSCOPY ......cccvvvuiieerveerruiieeereennnnn 38
2.4 ANIMAIS ... e e e e e e e e e e e eeeeaeennnes 40
Chapter 3Detailed three-dimensional anatomical model of the rabbit heart
............................................................................................................ 41
3.1 INEFOTUCTION L. 41
3.1.1 About anatomical model of rabbit heart..................cccvvinnnee. 41
3.1.2 Former work— a detailed 3D anatomical model of the rabbit
FIGNT AEFTUIM .o e e e e e e e e e 41
K I A o P EPEEPPRURRRR 42
3.2 Materials and MethOodsS.........ccoeiiiiiiiiiieieieeer e 46
3.2 1 ANIMAIS .. 46



3.2.2 High-resolution magnetic resonance imaging (MRI) ............. 46

3.2.3 Image processing platform - MATLAB.........ccccccciiiiiiiiinnns 46
3.2.4 Semi-automatic segmentation in MATLAB .............vvvvinnnnnn. a7
3.2.5 Smoothing of the 3D Model.............oeeviiiiiiiiis 48
3.2.6 3D reconstruction of coronary vessels of the rabbit heart ...... 48
3.3 RESUIES e 53
3.4 DISCUSSION ..ttt e e e e e e e e e e e e e s s s er e 64
Chapter Multi-electrode mapping SYSIEM .......coooriiiiiiiiiiiiieeeeee e 65
4.1 INEFOAUCTION L. 65
4.1.1 The multi-electrode mapping system needed in this study..... 65
4.1.2 The hardware in the optical mapping system could be adapted .
................................................................................................ 65
Z.1.3 A ottt e e e e e e e e e 70
4.2 Materials and MethodS.........ooeviiie i 71
4.2.1 Construction of the connector extensions for the data
ACUISTEION CANTS .oeeeiieeeieeee ettt 71
4.2.2 Construction of the multi-electrode arrays ............cccceevvvveennns 71
4.2.3 Software development environment - LabVIEW ................... 72
4.3 RESUILS ... 73
4.3.1 Connector extensions for the data acquisition cards............... 73
4.3.2 Multi-electrode arraysS..........cceeeeeeiieeeeeeiiiicee e e 73
4.3.3 Recording SOftWAre .........ccooiiiiiiiiiiiiiiie e 76
4.3.4 ANalySiS SOftWArE..........uuuviiiiiiiie e 84
4.4 [ o U 7] o] o USSR 87
Chapter 5Experimental mapping and computer simulation of the electrical
activation sequence of the rabbit atria............ccceevvveeeeeiiiicii e, 90
51 0T[5 ox 1o o [ 90
5.1.1 Interatrial cONAUCLION FOULES .........cuvviiiiiiiiiiiiiieieeeeeeeeeee e 90
5.1.2 About experimental mapping in the rabbit atria ..................... 91
5.1.3 About computer simulation of the whole rabbit atria............. 92
SR I N | 01 R 95
5.2 Materials and MethodsS. ... 95
5.2.1 Animals and preparations ...........ccccuuvriiiiiiireeiiieeeeaeeeeee e 95
5.2.2 Optical MapPiNg........coevvmumiiiiiiiiee e eee e 96
5.2.3 Multi-electrode mapping ......ccooovriiiiiiiiiiii e 97
5.2.4 Anatomical model employed in the computer simulation....... 98
5.2.5 Cellular automaton model.............ccceeeiiiiiiiiiiiicc e, 98
5.3 RESUIES e 99
5.3.1 Optical Mapping......cccccuumiiiiiiiiiiiiieeie e 99
5.3.2 Multi-electrode mapping ........cccoeeeviiiiiiiiieeieee e 102
5.3.3 Computer SImulation ............cccociiiiiiiiiiiiiee e 114
5.4 DISCUSSION ..ttt e e e e e e e e e e e eeeeeenees 117
5.4.1 About the mapping techniques employed in this chapter-...... 117
5.4.2 About the electrical activation sequence of rabbit atria........ 120
5.4.3 About the computer simulation of rabbit atria...................... 122
Chapter 6 Anatomical and functional investigation of the cardiac conduction
system and arrhythmogenic atrioventricular ring tissues in the rat heart....... 126
6.1 INEFOTUCTION . 126



6.1.1 About atrioventricular ring tissues (AV rings)..........cccccevuee. 126

B.0.2  AIMIS i a e 127
6.2 Materials and MethodsS. ..o 127
6.2.1 ANIMAIS ...eeiniieii i 127
6.2.2 MR IMAQGING ..uuuiiiiiiiieie et e e e e e e e e e e e e e eeeeaaannnes 127
6.2.3 Histological and immunohistochemical staining for 3D
=ToTo] 0153 (8 [ox 10 o AP P PP 128
6.2.4 3D reconstruction ProCEAUIE..........uuuueeriiiiiiieeeeeeeeeeee e 129
6.2.5 Preparations for electrophysiological study...........c.............. 130
6.2.6 Multi-electrode mapping experiments on the AV rings......... 132
6.2.7 Data analySiS.....cccceeiiiieieeiiiiiieeeer e 135
6.3 RESUIES e 135
6.3.1 3D reCONSIIUCHION....cviiiiiiiiiieeee e 135
6.3.2 Electrophysiological Study..............uueveeeiiiiiiiiieeniiiiiiiiiens 137
6.4 DISCUSSION ..ttt e e e e e e e e ees 144
6.4.1 3D anatomical model of the AV rNgS.........cceeeeeeiiiiiiiieeennnnn. 144
6.4.2 Spontaneous activity in the AV riNgS........cccceeeeeiiiiiviiieeininnn, 151
Chapter General summary and future direCtionS.........cccccceveeeeeiiiiniiiiiiinns 152
7.1 About 3D anatomical models.............ccoooiiiiiiiiiiiiiiiiieeeen 152
7.1.1 Summary of the 3D anatomical models...................ccvvvneeee. 152
7.1.2 Future directions for the reconstruction of 3D anatomical
MOEIS ... e e e e e e 153
7.2 About multi-electrode mapping system .............oooevvviiiiienennn. 154
7.2.1 Summary of the multi-electrode mapping system................ 154
7.2.2 Future directions for the improvement of the multi-electrode
MAPPING SYSTEM ..ttt e e 154
7.3 About experimental mapping and computer simulation of the
electrical activation of the rabbit atria...............cccoccciiiiiiiiiiee, 156
7.3.1 Summary of the experimental mapping and computer
simulation of the electrical activation of the rabbit atria.................. 156
7.3.2 Future directions for the experimental mapping and computer
simulation of the electrical activation of the rabbit atria.................. 157
7.4 About electrophysiological study on AV rings .........ccoooovviiennee 158
7.4.1 Summary of electrophysiological study on AV rings ........... 158
7.4.2 Future directions for the electrophysiological study on AV rings
.............................................................................................. 158
] (=] (= o = RSP PRUURR 160
PUBNCALIONS ... e 167
Appendix I: Three dimensional anatomical model of the human atrioventricular
700 [PPSR 169

Appendix II: Functional, anatomical and molecular investigation of the cardiac
conduction system and arrhythmogenic atrioventricular ring tissues in the rat
T o SRR 177
Appendix [ll: Mitogen-activated protein kinase kinase 4 deficiency in
cardiomyocytes causes connexin 43 reduction and couples hypertrophic signals
to ventricular arrhythmoOgENESIS .......ccovviiiiiii i 178

Word count: 40,532



Figures

Figure 1.1 Schematic drawing of the 256 channel photodiode array optical
mapping system used in thisS StUAY ...........euvviiiiiiiiii e 22

Figure 2.1 Langendorff heart perfusion system and tissue bath perfusion
system used iN thiS STUAY ......ccoovii i 30

Figure 3.1 3D visualisations of the anatomical model of the rabbit right atrium
— former work carried out by Dr. Ju€ Li.........coovviiiiiiiiiiiiiiie e, 44

Figure 3.2 Principle of removing noise in a 2D image with median filtering.. 49

Figure 3.3 An example of segmentation and removal of noise......................... 51
Figure 3.4 Flow diagram for smoothing the 3D model ..., 52
Figure 3.5 Flow diagram for reconstruction of the coronary veins.................. 54

Figure 3.6 2D images from the ‘MRI array’ and the ‘model array’ in MATLAB

.......................................................................................................................... 55
Figure 3.7 3D visualisation of the anatomical model of the rabbit heart with
whole atria and part of the VEeNtricles ............ccccoviiiiiiiiiieee e 58
Figure 3.8 A front view of the 3D anatomical model of the rabbit atria .......... 60
Figure 3.9 A dorsal view of the 3D anatomical model of the rabbit atria ........ 62

Figure 4.1 Overview of the data acquisition card system in the optical mapping

5351 <] 1 1 PP 67
Figure 4.2 Pinout of the data acquisition card (NI PXI-6031E)...........cccccc...... 68
Figure 4.3 Diagram of the pinout of the connector extensions for the data
ACUISITION CAI.....ciiiiiiii e e et e e e e e e e e e e e aaaaas 74
Figure 4.4 Diagram of the smaller size 64 channel electrode array ................. 77
Figure 4.5 Diagram of the larger 64 channel electrode array........................... 78
Figure 4.6 Initialisation interface of the recording software ............................ 79
Figure 4.7 Experiment interface of the recording software.............ccccceeeeeeee. 82



Figure 4.8 Analysis software of the multi-electrode mapping system ............. 85

Figure 4.9 An example of a mapping experiment carried out on rabbit
Bachmann’s bundle .........oooouuiiiiiiiiii e 88

Figure 5.1 Epicardial activation maps of the Langendorff-perfused rabbit heart
mapped with an optical mapping SYStEM ........ccooiiiiiiiiiii e 93

Figure 5.2 Setting of the cellular automaton model of action potential
(o0 o (3 Tod 1 0] o KPP PPPPPPPPUPPPTPPPPR 100

Figure 5.3 An example of a result obtained using the 256-channel optical
MAPPING SYSTEIM ..ttt e e r e e e e e e e e e e e aaaeaeeeaaanas 103

Figure 5.4 Mapping result obtained using the twelve bipolar electrodes
(0= o= 1o ] o I ) SRS 106

Figure 5.5 Mapping result obtained using the twelve bipolar electrodes
(PreParatioN T1) .......eeeieiieeeee e e e 108

Figure 5.6 Representative epicardial activation map (dorsal view) of the
Langendorff-perfused rabbit atria mapped with multi-electrode mapping

Figure 5.7 Representative epicardial activation map (top view) of the
Langendorff-perfused rabbit atria mapped with multi-electrode mapping
)T (=] 1 PPN 112.......

Figure 5.8 Isotropic computer simulation result obtained using the 3D rabbit
atria model (together with the cellular automaton model of action potential
(o0 oo [¥Tox 1 o] o ) ISP 115

Figure 5.9 Anisotropic computer simulation result obtained using the 3D rabbit
atria model (together with the cellular automaton model of action potential

(oo ] oo [¥Tex 1 o] o) ISP 118......
Figure 5.10 Comparison of the computer simulation results and the
experimental MappPiNg rESUIS .......uuiiiie e 123
Figure 6.1 Flow diagram showing 3D reconstruction procedure.................... 133

Figure 6.2 Complete transparent views of the 3D rat heart model with the CCS
AN ThE AV FINGS .oeniiieiii et e e e e e e e e e e e e e eata e e eaaeens 138

Figure 6.3 Two views of the CCS and the AV rings with myocardium removed.
........................................................................................................................ 140



Figure 6.4 Two views showing the relationship between the atrioventricular

conduction axis and the AV FHNGS ........uuiiiriiiiiiiiiiee e 142
Figure 6.5 Pacemaker activities in right AV ring tiSSUE ...........ccccvvvveieneennnnnn. 145
Figure 6.6 Pacemaker activities in left AV ring tisSue.............ccccciiviiiiiinnnne. 147

Figure Al.1 An exampling showing delineation of the inferior nodal extension
on one histologiCcal SECHION ............uuuiiiiiiiii e e e 172

Figure Al.2 3D visualisations of the anatomical model of the human AVN



Tables

Table 2.1: Summary of primary antibodies Used............cccccceviiiiiiiiiiiiiiiiiinee, 35
Table 2.2: Summary of secondary antibodies USed .............cccovvvviiiiiiiiiiiinnee, 36

Table 2.3 Summary of excitation and emission spectra for the common
fIUOFOCNIOMES ..o 38

Table 3.1 Components of the 3D anatomical model of the rabbit right atrium 43

Table 3.2 Components of the 3D anatomical model of the rabbit heart........... 57



2D

3D

AF

AO
AS

AV
AVN
AV ring
BB
BDM
BSA
BZ
Cav3
CMOS
CCD
CCs
CS

CT

CT

Abbreviations

two-dimensional
three-dimensional

atrial fibrillation

aorta

atrial septum
atrioventricular
atrioventricular node
atrioventricular ring tissue
Bachmann’s bundle
2,3-butanedione monoxime
bovine serum albumin
block zone

caveolin-3

complementary metal-oxide semiconductor
charge-coupled device
cardiac conduction system
coronary sinus

computed tomography

crista terminalis



Cx40

Cx43

DIFF

GUI

ISO

IvC

LAA

LED

LR

LSPV

LSVC

MB

MEA

MRI

MV

PA

PCB

PBS

PDA

Pfs

PV

RAA

connexin40

connexin43

differential

graphical user interface
hyperpolarization-activated funny current
isoproterenol

inferior vena cava

left atrial appendage

light emitting diode

left ring tissue

left superior pulmonary vein
left superior vena cava
main branch
multi-electrode array
magnetic resonance imaging
mitral valve

pulmonary artery

printed circuit board
phosphate buffered saline
photodiode array

Purkinje fibres

pulmonary vein

right atrial appendage


http://en.wikipedia.org/wiki/Printed_circuit_board

RAN

RB

RBB

RR

RSE

RSPV

RSVC

RV

SAN

SEM

SvC

Thx3

TV

retroaortic node

roof bundle

right His bundle branch

right ring tissue

single-ended ground referenced
right superior pulmonary vein
right superior vena cava
right ventricle

sinoatrial node

standard error of mean
superior vena cava

T-box transcription factor

tricuspid valve

1C



Abstract

Imaging of the atria and car diac conduction system — from experiment to
computer modelling

The University of Manchester

Guoliang Hao

Submission for the degree of Doctor of Philosophy
December 2012

Background: Experimental mapping and computer modelling provide
important platforms to study the fundamental mechanisms underlying normal
and abnormal activation of the heart. However, accurate computer modelling
requires detailed anatomical models and needs support and validation from
experimental dataAims: 1) Construction of detailed anatomical heart msdel
with the cardiac conduction system (CCS). 2p@ing of the electrical
activation sequence in rabbit atria to support and validate computer simulation.
3) Mapping of the spontaneous activity in the atrioventricular ring tissues (AV
rings), which consist of nodal-like myocytes and can be a source of atrial
tachycardia.Methods. High-resolution magnetic resonance imaging (MRI)
and computed tomography (CT) were used to provide two-dimensional (2D)
images for the construction of the detailed anatomical heart models.
Immunohistochemistry and Masson’s trichrome staining were used to
distinguish the CCS in the heart. LabVIEW was used in the development of a
multi-electrode mapping system. The multi-electrode mapping technique was
employed to map the electrical activation sequence of the rabbit atria. The
cellular automaton model ag used to simulate electrical activation of the
rabbit atria.Results: 1) Three detailed anatomical models were constructed,
including a detailed three dimensional (3D) anatomical model of the rabbit
heart (whole of the atria and part of the ventricles), a 3D anatomical model of
the rat heart with the CCS aW¥ rings, and a 3D anatomical model of the
human atrioventricular node. 2) A multi-electrode mapping system was
developed. 3) The electrical activation sequesfade rabbit atria was mapped

in detail using the multi-electrode mapping system. The conduction velocity in
the rabbit atria was measured. The mapping data showed the coronary sinus
and the left superior vena cava do not provide an interatrial conduction route
during sinus rhythm in the rabbit heart. 4) Electrical activation of the rabbit
atria was simulated with the support of the 3D anatomical model of the rabbit
atria and the experimental mapping dadaTlke spontaneous activity in the rat

AV rings was mapped using the multi-electrode mapping sy§&tentlusions:

The detailed anatomical models developed in this study can be used to support
accurate computer simulation and can also be used in anatomical teaching and
research. The experimental mapping data from the rabbit atria can be used to
support and validate computer simulation. The computer simulation study
demonstratedhe importance of anatomical structure and electrophysiological
heterogeneity. This study also demonstrated that the AV rings could potentially
act as ectopic pacemakers.
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Chapter 1 General introduction

1.1 Cardiac conduction system (CCS)

1.1.1 Definition of CCS

The cardiac conduction system (CCS) is a specialised tissue and consists of the
sinoatrial node (SAN), the atrioventricular node (AVN), and the His-Purkinje
system. The CCS is responsible for the initiation and propagation of the action

potential leading to a coordinated heart beat (Anderson et al., 2009).

1.1.2 Sinoatrial node (SAN)

The SAN is the pacemaker tissue located in the right atrium of the heart, near
the entrance of the superior vena cava. The cells in the SAN are modified
cardiac myocytes. They are responsible for generating sinus rhythm, but they
do not contract strongly. The SAN was first described in 1907 by Arthur Keith
and Martin Flack, but the understanding of its location and anatomy has been
modified in the last decade (Boyett, 20@oyett and Dobrzynski, 2007).
Based on histology and immunolabelling of marker proteins, detailed
three-dimensioal (3D) anatomical magls of rabbit SAN and human $A

have been developed (Chandler et al., 2@Wdbrzynski et al., 2005). These
models show the SAN is an extensive structure which extends from the

superior vena cava towards the inferior vena cava.
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Most cells in the CCS depolarize spontaneously, which enables these cells to
function as cardiac pacemakers, but the SAN cells have a faster rate than that
of other cardiac pacemakers, so the SAN is the dominant pacemaker (Boyett

and Dobrzynski, 2007).

1.1.3 Atrioventricular node (AVN)

The impulse generated byASl travels rapidly throughout the cells of the atria

causing them to contract and theactivates the AVN.

The AVN, discovered by Sunao Tawara in 1906 (Akiyama, 2010), is normally
the only electrical connection between the atria and the ventricles. It delays the
electrical impulse before conducting it to stimulate the ventricles. This slight
delay not only provides adequate time for the filling of the ventricles for
optimal cardiac output, but also can protect the ventricles from atrial
fibrillation by limiting the number of action potentials conducted to the
ventricles. The AVN also performs as a backup pacemaker in patients with

SAN dysfunction (De Mello, 1977).

1.1.4 His-Purkinje system

The action potential travels from the AVN to the right and left ventricles
through a specialised conduction system whlcalled the His-Purkinje
system. The His-Purkinje system consists of the His bundle and Purkinje fibres
The Purkinje fibres were discovered by Jan Purkinje in 1839 and the His

bundle was discovered by Wilhelm His in 1893. The His-Purkinje system
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provides a relatilg high-speed pathway for the action potenttapropagate
to the whole ventricles and then cause the ventricular mtsdentract and

forcefully eject the blood contained within.

1.1.5Less well-known components of the CCS -

Atrioventricular ring tissues (AV rings)

Further areas of histologically specialised tissue distinct from the CCS within
the muscular atrioventricular (AV) junction have been shown to exist, initially
by Kent (1893), who speculated that they provided multiple pathways crossing
the AV junction. It was subsequently established, however, that the AVN
provides the only pathway for conduction across the AV junctions in
structurally normal hearts, and that the nodes identified by Kent were part of

theso-called atrioventricular ring tissues (AV ringsewis, 1920).

The AV rings consist of nodal-like myocytes which surround mitral (MV) and

tricuspid (TV) valves at the insertions with the atrial myocardium and unite in
the retroaortic node (RAN) (Anderson and Taylor, 1972). The AV rings are also
anatomically continuous with the CCS (Yanni et al., 2009), although they are
not thought to contribute to the normal functioning of the heart. Their location

suggests that they could be a source of atrial tachycardia (Kistler et al., 2006).

For most of the preceding 100 years, the components of the CCS have been
identified on the basis of the histological criteria established by Aschoff (1910)
and Monckeberg (1910). However, with advancing techniques it is now

possible to identify transcription factors involved in the development of the

18



CCS which can be used to identify the conduction tissues. Tbx3 has been
shown to repress cardiac chamber specific genes therefore allowing the
conducting system phenotype to be expressed (Christoffels et al.; 2010
Hoogaars et al.,, 2007). Work by Hoogaars showed Tbx3 expression in the
entire CCS (Hoogaars et al.,, 2004) and also in components of the extended
conduction system including the AV rings identified by Anderson (Anderson,
1972). Most recently Aanhaanen et al. have demonstrated tha thegs are
formed from the embryonic atrioventricular canal musculature, which also
contributes to the compact AVN, nodal extension and retroaortic node (RAN)
(Aanhaanen et al., 2010). The linking developmentally oRiheings with the
atrioventricular conduction pathway has increased the desire to study the extent
of the rings and how they interact with conduction pathway. The anatomy of
the AV ring system has been extensively studied using immunohistochemical
techniques in many species including human (Anderson and Taylor, 1972),
mouse, rat, guinea-pig and rabbit (Yanni et al., 2009), and a similar
morphology was found in them all. The fact that the AV rings share common
development origins with the AVN suggests that they may have similar gene
expression profiles and possess some subsidiary pacemaker functionality.
HCN4, the principal ion channel that underlies the funny currght gh
important pacemaker current in the SAN and AVN, has been demonstrated to
be expressed in th&/ rings (Yanni et al., 2009). The AV rings also have high
Cx45 and low Cx43 expression (Yamamoto et al., 2006) further supporting the
fact that they are specialised conduction tissues compared to the working

myocardium. Electrophysiological investigations have shown nodal-type action
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potentials in the vestibule of the tricuspid valve in pig and dog hearts (McGuire

et al., 1996McGuire et al., 1994).

1.2 Experimental mapping of the electrical

activation in the heart

1.2.1 About mapping

Experimental mapping techniques have been widely used to study the
electrophysiological properties in intact animals, isolated whole hearts and
different cardiac tissues (Durrer et al., 19F@dorov et al., 200/ Kumagai et

al., 2000 Schuessler et al., 1993). From the mapping results, we can study
electrophysiological properties such as the conduction velocity of the action
potential, pacemaker location and activation patterncadiac tissues.

Mapping techniques provide an important platform to study cardiac

electrophysiology.

Experimental mapping techniques can be classified into optical mapping and
multi-electrode mapping techniques. Different mapping techniques have

different advantages and limitations.

1.2.2 Optical mapping

Optical mapping is a novel technique which can be tsedap the electrical
activation in the cardiac tissues using voltage-sensitive dyes. The fluorescence
characteristics of the voltage-sensitive dyes in the myocardium are related to

the transmembrane action potentials of the myocytes (Efimov et al., 2004).
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Lasers or broadband light are typically used to illuminate the voltage-sensitive
dyes and the fluoresced light is acquired with different imaging devices such as
charge-coupled device (CCD) cameras or photodiode arrays (PDA). Figure 1.1
shows a typical optical mapping system which uses a PDA as the optical signal
detector. This system consists of a light emitting diode (LED) array system, a
camera, a 256-channel PDA, a 256-channel cutcembltage converter and
amplifier system, a 256-channel data acquisition system and a computer. The
camera and the PDA have the same focus, so the visible light camera can be
used to monitor if the tissue is on the focus of the mapping system or not. The
excitation light provided by the LED arrays focuses on the cardiac tissue. The
PDA transfers the intensity changes of the fluorescence light emitted from the
voltage-sensitive dye into electrical signals, and then outputs from the PDA are
fed into the 256-channel curramkvoltage convedr. The signals recorded by

the 256-channel data recording system are fed to the computer. The wavelength
of the excitation light is chosen dependent on the excitation spectrum of the
voltage-sensitive dye loaded in the cardiac tissue. The excitation light can be
focussed on the perfused tissue from above or below the tissue. However, if the
tissue is too thick for the excitation light to penetrate, the excitation light must

be set above the tissue.

Some other optical mapping systems replace the PDA and the multi-channel
data recording systems with CCD cameras to detect the light signals. Because a
CCD sensor has a large number of pixels, optical mapping systemsQ@Db

have an important advantage of higher spatial resolution. However, data

acquisition sampling rates of CCD mapping systemgarerally lower than
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Figure 1.1 Schematic drawing of the 256 channel photodiode

array optical mapping system used in this study

The excitation light provided by the LED arrays focuses on the heart. The 16 x
16 PDA transfers the intensity changes of the fluorescence light emitted from
the voltage-sensitive dye into electrical signals. Outputs from the PDA are fed
into a 256-channel current-voltage converter (I/V converter). Then the
signals recorded by the 256-channel data acquisition system are fed to the
computer. A visible light camera is also used to monitor if the cardiac tissue is

in focus. The dagd line with arrow shows the route of the visible light.
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of PDA systers.

Complementary metal-oxide semiconductor (CMOS) cameras are a newly used
tool in optical mapping systems. With the development of CMOS camera
technology, CMOS cameras can provide high-speed image acquisition. During
a test on a Langendorff-perfused guinea-pig heaitGMOS camera from
SciMedia reackd 10000 frames per second (10 kHz) at a high spatial
resolution of 100 by 100 pixels (Malkin et al., 2005). Owing to this obvious
advantage, CMOS camer@a optical mapping systems are becoming more

competitive.

In addition to mapping the electrical propagation in cardiac tissues, optical
mapping signal€an provide the repolarisation information about the cardiac
tissues. This is a significant advantage of the optical mapping technique,
especially in studying arrhythmias. In addition, optical mapping systems can
also be used to measure the concentration of intraceladrwith various
kinds ofCa* sensitive dyes (Entcheva and Bien, 200 et al., 2007Morad

et al., 1986).

In optical mapping, the contraction of the cardiac muscle is the main source of
artefacts because it may lead to changes of optical density, light scattering and
reflection. At present, there are four main methods to deal with this problem.
The first methodis to mechanically reduce the contractile movement by
pressing the tissue against a glass plate with proper pressure or stretching the
tissue with appropriate force (Fedorov et al., 200&nai and Salama, 1995

Komuro et al., 1986Sakai et al., 1997). The second method is to use Iow-Ca
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solution to perfuse the tissue or the whole heart to reduce the contraction
(Komuro et al, 1986). The third way is to make use of an
excitation-contraction uncoupler such as blebbistatin or 2,3-butanedione
monoxime (BIM) etc., which are chemicals that suppress muscle contraction
without obvious change in membrane excitability (Fedorov et al.,; 2005t

al.,, 1985 Lou et al, 2011). However, the mechanism of action of
excitation-contraction uncouplers is not so clear and the action potential is
slightly affected (Sellin and McArdle, 1994). The fourth method is toause
single or a bundle of optical fibres to obtain the optical signals from the surface
of the preparation directly (Ausma et al., 2000ejia-Alvarez et al., 2003

Witkowski et al., 1994).

1.2.3 Multi-electrode mapping

A multi-electrode mapping system consists of several electrodes or
multi-electrode arrays, which contain many electrodes, and a multi-channel
data acquisition system. The electrodes or multi-electrode arrays directly touch
the cardiac tissue and record extracellular potentials from different sites
simultaneously. Then the signals are fedatmulti-channel data acquisition

system and activation sequence maps can be drawn based on the data.

This technique has been used for at least 70 years. As early as 1941, Harris
mapped the electrical activation sequence of the ventricular epicardium of

different species using several silver electrodes (Harris, 1941).

Multi-electrode mapping systems can not only map the tissue in a
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two-dimensinal plane, but also can map the tissue in a 3D plane (eg. the whole
heart). As early as in 1970, Durrer and his co-workers studied the propagation
of excitation in human heart using a multi-electrode mapping system (Durrer et
al., 1970). The array they used contaii870 electrodes and the 3D eledfic
activity was recorded by a tape recorder and played back at a slower speed by

the ECG writer. This system can give a time resolution better than 1 ms.

During the last several decades, this technique has been developed with the
improvement in electronic components and computer technol@gyent

highly capable electrical mapping systems have more than 1000 channels of
simultaneous data acquisition with sampling rates ranging from 1000 to 8000

samples per second (Smith, 2003).

1.3 Computer simulation of the electrical

activation of the heart

Optical mapping and multi-electrode mapping techniques have yielded a
wealth of knowledge about the electrical activation of the heart. However, both
of them have their own complications and limitations. In addition to these
experimental mapping techniques, computer simulation pre@dénportant
platform to study the electrical activation in the heart (Abed et al., 2010).
However, accurate computer simulation requires detailed anatomical models

and needs support and validation from experimental data (Boyett et al., 2005).

Based on different techniques, several anatomical models of the whole heart,

atria (Abed et al., 201@Blanc et al., 2001Seemann et al., 2006), ventrgle
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(Bishop et al., 2010) and some components of28& (Chandler et al., 2011
Dobrzynski et al., 20Q5Li et al., 2008) have been developed and used in
computer simulation. However, detailed 3D anatomical models of the heart

including the CCS are still lacking.

1.4 Aims of thesis

As described in section 1.3, accurate computer simulation requires detailed

anatomical models and needs support and validation from experimental data.

The first aim of this study was to reconstruct detailed anatomical models
including a detailed 3D anatomical model of the rabbit heart (whole atria and
part of ventricles), a 3D anatomical model of the rat heart with the CCA&vand

rings, and a 3D anatomical model of the human FAVN. These anatomical

models can be used in computer simulation and anatomical teaching.

The second aim of this study was to develop a multi-electrode mapping system.

The third aim of this study was to map the electrical activation sequence in the
Langendorff-perfused rabbit atria. This data can be used to support and validate

computer simulation.

The fourth aim of this study was to use the cellular automaton model to
simulate the electrical activity of the rabbit atria based on the detailed

anatomical model and the experimental data above.

As described in section 1.1.5, the AV rings consist of nodal-like myocytes and

can be a source of atrial tachycardia. The fifth aim was to investigate the
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electrical activation of the AV rings using experimental mapping techniques.
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Chapter 2 General methods

2.1 Electrophysiological tools

2.1.1 Langendor ff heart perfusion system

The first Langendorff heart perfusion system was established in 1895 by Oscar
Langendorff (Langendorff, 1895). This technique has been widely used for the
study of heart physiology for more than 100 years. With this technique, we can
study heart physiology without hormonal or neuronal influences seen in the

living animak.

Although the Langendorff perfusion technique was modified in many ways in
the last century, its general principle is still the same today. Perfusate was
continuously delivered into the heart through a cannula inserted in the aorta.
The increased pressure in the ascending aorta shuts the leaflets of the aortic
valve. Therefore, the perfusate is forced to fibwough the coronary arteries,

the capillary system and then the coronary veins, and finally, the perfusate
flows back to the right atrium via the coronary sinus. The flow rate of the
perfusate differs depending on species and ranges from 7~9 ml/min for adul

rat to 20 ml/min for adult rabbit (Doring, 1990).

As shown in Figure 2.1if connector C is connected with connector C1

(cannula), the system could be used as a Langendorff heart perfusion system.
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Figure 2.1 Langendorff heart perfusion system and tissue bath

perfusion system used in this study

Flow direction of the water in the heating circuit is indicated by the dashed
arrows. The temperature of the water was set at 37 °C and could be adjusted.
Warmed perfusate was pumped to connector C by a peristaltic pump (Gilson
Minipuls 3, Anachem). If connector C was conmekcto connector C1, the
perfusate was pumped to the cannula, so the system could be used as a
Langendorff heart perfusion system; if connector C was coatgrtonnector

C2, the perfusate was pustpto the tissue chamber, so the system could be
used as a tissue bath perfusion system. Waste perfusate was catieated

bottle connected to a vacuum pump.
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In the study of this thesis, the flow rate of the perfusate was sehlamné for
rat and 20 ml/min for rabbit; the temperature of the perfusate was controlled to

37°C.

2.1.2 Tissue bath system

As shown in Figure 2.1, if connector C is connected with connector C2, the
perfusates pumped to the tissue bath (length, 3 cm; width, 3 cm; depth, 1.5
cm). A silver (Ag)/silver-chloride (AgCl) electrode was fixed on the bottom of
the tissue chamber which was used as an indifferent electrode in the

electrophysiological experiments.

In the study of this thesis, the flow rate of the perfusate in the tissue bath
chamber was set as &il/min; the temperature of the perfusate was controlled
to 37°C and monitored using a glass-encapsulated miniature thermistor (RS

Components).

2.2 Masson'’s trichrome staining

Tissue sections were cut and mounted on Superfrost Plus glass slides (BDH)
and then stored at -80°C. Frozen sections were fatedom temperature in
Bouin's fluid at least overnight (in fume cupboard), and then washed in 70 %
ethanol three times (each wash 10 min). Then the sections were immersed in
Celestine Blue for 5 min and rinsed thoroughly in distilled water until no blue
stainwas visible in the slide container. Further staining was performed using
Cole's alum haematoxylin for 10 min and then the sections were washed

thoroughly in tap water for 3@nin. The sections were chesdkfor nuclear
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staining by low power light microscopy. If too light, the sections were
re-staired in celestine blue-alum haematoxylin; if too dark, the section were
wasted in tap water and checked again. Then sections were stained in acid
fuchsin for 4 min, and rinsed in distilled water for 20~30 min. Then sections
were stained with phosphomolybdic acid formbn, and thendrained and
stained in methyl blue for 5 min. Finally, the slides were rinsed thoroughly in

distilled water for 20~30 min and treated with 1 % acetic acid for 2 min.

After staining, sections were dehydrated through graded ethanol$€46(70
ethanol 1 min, 90 % ethanol 1 min, 100 % ethanol 4 min), cleared in Histoclear
(National Diagnostics) for 10 min and mounted in DPX mounting medium

(BDH) for permanent mounting.

With the Masson's trichrome technique, nuclei are stained dark blue, myocytes
are stained purple and connective tissue is stained blue. The stained sections
were kept at room temperature for subsequent viewing with a Leica Materials
Workstation (Leica Microsystems, Wetzlar, Germany) or a Zeiss AXxio
Imager.Z1 microscope fitted with an AxioCam HRc camera and Axiovision

software (Carl Zeiss, Germany).
2.3 Immunohistochemistry

2.3.1 The principle of immunohistochemistry

The principle of immunohistochemistry is to detect the location of proteins of
interest in tissue sections. The primary antibodies react with theirpso

epitopes. Then specific secondary antibodies were used to detect the primary
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antibodies. The secondary antibodies are conjugated to fluorochromes, which
can emit light at a specific wave length on excitatiormBpecific wave length

light. Therefore, the secondary antibodies can be visualised by microscopy.
2.3.2 Solutions and chemicals used

2.3.2.1 Solutions

0.01 M phosphate buffer solution (PBS, pH 7.4, Sigma) was used to bathe the

tissue and 0.1 % Triton-X100 (Sigma) was used to permeabilise the tissue.

2.3.2.2 Fixatives

10 % neutral buffered formalin (pH 7.4, Sigma) was used to fix the tissue.

2.3.2.3 Primary antibodies used

The primary antibodies used are summarised in Table 2.1.

2.3.24 Secondary antibodies used

The secondary antibodies used are summarised in Table 2.2.
2.3.3Immunolabelling protocol for tissue sections

2.3.3.1 Fixation

The tissue sections were fixed by immersing the tissue sedtiod® %
buffered formalin for 30 min iafume cupboard. The function of formalin is to

preserve cellular components such as proteins by reacting primarily with basic
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amino acids to form crodsaking ‘methyl bridges’.

To remove excess fixative, tissue sections were washed with 0.01 M PBS three

times (10 min each time).

2.3.3.2 Permeabilisation of the cell membrane

The tissue sections were treated with 0.1% Triton X-100 in PBS for 30 min at
room temperature to permeabilise the cell membrane. This allows the
antibodies and other reagerits penetrate the cell membrane and reach the

epitopes located on the cytoplasmic side of the cell membrane.

2.3.3.3 Blocking of non-specific sites

After treatment with Triton X-100, tissue sections were washed in PBS three
times (10 min each time). To block non-specific sites, the tissue sections were

incubated with 1% bovine serum albumin (BSA, Sigma).

2.3.3.4 Labelling with primary antibodies

Primary antibodies were diluted in 1% BSA in PBS. Table 2.1 summarises the
dilution of antibodies used in this study. Tissue sections were incubated with

the primary antibodies in a humid box at -4 °C overnight.

2.3.3.5 Labelling with secondary antibodies

Secondary antibodies were diluted in 1% BSA in PBS. Table 2.2 summarises
the dilution of antibodies used in this study. After application of primary

antibodies, sections were washed with PBS three times (10 min each time).
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Table2.1: Summary of primary antibodies used

Primary Incubation
Host Supplier Dilution
antibody period
Santa Cruz
Cx40 Goat 1:50 overnight
Biotechnology
Cx43 Rabbit Millipore 1:50 overnight
BD
Caveolin-3| Mouse 1:100 overnight
Biosciences
Alomone
HCN4 Rabbit 1:20 overnight
Labs
Cx43 Mouse Millipore 1:50 overnight
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Table 2.2: Summary of secondary antibodies used

Secondary Incubation

Host Supplier Dilution

antibody period

Anti-rabbit

FITC Donkey Millipore 1:100 1 hour

conjugated

Anti-mouse

Cy3 Rabbit Chemicon 1:100 1 hour

conjugated

Anti-goat
EITC Donkey Millipore 1:100 1 hour

conjugated

Anti-mouse

Cy3 Donkey Millipore 1:100 1 hour

conjugated
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Tissue sections were then incubated with secondary antibodies for 1 hour in a

dark humid box at room temperature.

2.3.3.6 Mounting of tissue sections

After application of secondary antibodies, tissue sections were washed with
PBS three times (10 min each time). Then the tissue sections were mounted
with the anti-fade reagent, Vectshield (H-1000, Vector Laboratories) and

covered with coverslips. Then the edges of the coverslips were sealed with nail

varnish to prevent drying of tissue.

2.3.3.7 Control experiments

Two types of control experiments were used in this study. In the first control
experiment, the primary antibodies were omitted. This experiment was used to
confirm the secondary antibodies do not cross-react between species. In the
second control experiment, the secondary antibodies were omitted but the
primary antibodies were still applied, and this experiment was used to confirm
that labelling obtained was not the result of non-specific binding of the primary

antibodies.

2.3.4 Confocal laser scanning microscopy

The immunolabelled tissue sections were scanned using confocal laser
scanning microscopy (LSM 5 Pascal, Carl Zeiss, NY, USA). The excitation
wavelength was chosen according to the type of fluorochrome conjugated to

the secondary antibodies. Table 2.3 summarises the excitation and emission
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Table 2.3 Summary of excitation and emission spectrafor the

common fluorochromes

Excitation Emission
Fluorochromes | wavelength wavelength Laser
(nm) (nm)
FITC 496 518 Argon
Cy3 556 574 Krypton
Alexa 488 518 Argon
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wave lengths used in the confocal scanning of the tissue sections.

2.4 Animals

All the animals used in this study were sacrificed according to the United

Kingdom Animals (Scientific Procedures) Act, 1986.
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Chapter 3 Detailed three-dimensional anatomical

model of therabbit heart

3.1 Introduction

3.1.1 About anatomical model of rabbit heart

As described in Section 1.3, computer simulation provides an important
platform to study the electrical activation of the heart and accurate computer
simulation requires detailed anatomical models. There are several previous
anatomical models of the rabbit ventricles based on different techniques
(Bishop et al.,, 2010Bordas et al., 2011). However, there is no detailed

anatomical model of rabbit atria available for computer simulation.

3.1.2 Former work — a detailed 3D anatomical model of

therabbit right atrium

Based on MRI data combined with the analysis of histological and
immunolabelled serial sections, a 3D anatomical model of the rabbit right
atrium had been constructed by my colleague, Dr. Jue Li (University of
Manchester) in 2005 (Li, 2005). To construct the 3D anatomical model of the
rabbit right atrium, 1540 two-dimensional (2D) MRI images of the rabbit heart

were imported into the workspace of MATLAB (version 7; The Math Works,
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Inc., Matick, MA, USA) to produce a 3D mathematical array. The elements in
the 3D array were anisotropic with a voxel size of 26.4 um x 2.4 24.4

pum. The anisotropic 3D array was then converted to an isotropic 3D array (30
pum x 30 pm x 30 pum) using cubic interpolation. Then the left atrium, left
ventricle and part of the right ventricle wepait’ off from the 3D array. Hence,

the 3D array only consisted of the information of the right atrium and part of
the right ventricle. The 3D array was namedraght atrium MRI array and
saved in MATLAB. Then a new 3D array with the same size was built in the
workspace of MATLAB. This new 3D array was nanfeight atrium model
array, and vasused to save the model data. In thght atrium model aay’,
different objects (such as sino-atrial node, atrioventricular node etc.) were
segmented (i.e., identified and classif@sldifferent objects) from théright
atrium MRI array. Different objects were indexed with different integrated

numbers in théright atrium model array

The anatomical model of the rabbit right atrium consists of 17 different objects.
Table 3.1 lists the names of the objects and the indexed numbers‘riglthe
atrium model array Figure 3.1 shows 3D visualisations of the anatomical

model of the rabbit right atrium.

3.1.3Aim

Accurate computer simulation requires detailed anatomical motle¢ main
aim of this chapter was to continue the work on the anatomical model of the

rabbit right atrium to construct a detailed 3D anatomical model of the rabbit
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Table 3.1: Components of the 3D anatomical model of

rabbit right atrium

the

Index Object name Index Object name
1 Connective tissue 10 Central fibrous body

2 Aorta 11 Sinoatrial node

3 Coronary sinus 12 Crista terminalis

4 Right atrium 13 Roof bundle

5 Tricuspid valve 14 Main branch

6 Foramen ovale 15 Inferior node extension
7 Superior vena cava 16 Block zone

8 Inferior vena cava 17 Ventricular tissue

9 Atrioventricular node
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Figure 3.1 3D visualisations of the anatomical model of the

rabbit right atrium — former work carried out by Dr. JueLi

A, 3D visualisation of the anatomical model before segmentation. B, 3D
visualisation of the model after segmentation. Different objects are shown with
different colours. RA, right atria; RV, right ventricle; SAN, sinoatrial node;

SVC, superior vena cava. Adapted and modified ftorat al. (200%.
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heart with intact atria and part of the ventricles. The work was to be carried out

based on the 1540 high resolution MRI images.
3.2 Materials and methods

3.2.1 Animals

New Zealand White rabbits (male; 1.5 to 2; kgovided by University of

Manchester) were used in this study.

3.2.2High-resolution magnetic resonance imaging

(MRI)

A 2.5 kg New Zealand White rabbit (provided by University of Manchester,
UK) was sacrificed. After the heart was excised, extraneous tissue and the
bottom of ventricles was carefully removed from the heart. Then the
preparation was fixed in 10% neutral buffered formalin. High-resolution MRI
was performed at 4°C using an 11.7 Tesla, vertical bore (89-mm) Bruker
AMX500 micro-imaging system (Bruker Medical, Ettlingen, Germany). 1540
images of the rabbit heart including both atria and part of ventricles were
obtained. The voxel size of the MRI data after reconstruction was 26.4 um x

26.4 ym x 24.4 m.

3.2.3Image processing platform - MATLAB

MATLAB (matrix laboratory) is a numerical computing environment and high-

level programming language developed by MathWadrks, USA. It is widely
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used in academic and research institutions as well as industrial enterprises. For
the study in this thesis, several software applications developed in MATLAB
were employed to view and analyse the MRI images and the micro-CT images.
All the 3D reconstruction and visualisation work were carried out using the

software applications developed in MATLAB.

3.2.4 Semi-automatic segmentation in MATLAB

The procedure of the construction of the 3D anatomical model used in this
chapter was similar to that used in the former work (Li, 2005). 1540 2D MRI
images of the rabbit heart were imported into the workspace of MATLAB
(version 7; The Math Works, Inc., Matick, MA, USA) to generate a 3D
mathematich array. The 3D array was nametRI array and saved in
MATLAB. Then a new 3D array with same size was built in the workspace of
MATLAB. This new 3D array was namécdhodel array, and wasused to save

the model data. In order to use the former work described in Section 3.1.3, after
the construction of the 3D mathematic arrays in MATLAB, the 3D arrays of the
right rabbit atrium including th&ight atrium MRI arrayand the‘right atrium

model arraywere import into'MRI array and‘model array separately. The

the remaining part of the ‘MRI array’ was semi-automatically segmented using

two graphical user interface (GUI) applications. The two GUI applications
were developed in MATLAB by Dr. Jue Li (University of Manchester) and
improved by the author. One GUI application was used to observe the 3D
arrays in three directions (along the x, y and z axes) to choose the best direction

to carry out segmentation. Another GUI application was used to
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semi-automatically segment different objects (suchBashmann’s bundle,

pulmonary veins etc.) from tH®&RI array and then save in tHenodel array.

3.2.5 Smoothing of the 3D model

Boundaries of some objects could not be clearly distinguished in the MRI
images. As shown in Figure 3.3.A, for example, the boundary of the root of
aorta was not very clear. In this situation, some noise would be generated in the
3D modelin the process of semi-automatic segmentation. Figure 3.3.B shows
an example of the noisdé.Was necessary to remove the noise in the 3D model.
The median filtering technique, a simple and effective way to remove this kind
of noise (impulse noise and speckle noise), was used after the segmentation.
The principle of removing the noise in a 2D image with median filtering is
shown in Figure 3.2. Figure 3.3 shows an example of how the noise was
removed in a 2D image using median filtering and Figure 3.4 shows the flow
diagram of the programme developed in MATLABto remove the noise in the

3D model.

3.2.6 3D reconstruction of coronary vessels of the rabbit

heart

The coronary vessels in the MRI imagdnes clear boundaries and, therefate,

was feasible to automatically segment them. A programas developed in
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Figure 3.2 Principle of removing noise in a 2D image with

median filtering

A, ‘1’ in the array stands for information. Impulse noise and speckle noise are
shown in the ellipses and circle, respectively. B, array A after median filtering
to remove the vertical impulse noise. The template in the filtering method was
desigred as [1,3], which means that each element in the array will be replaced
by the median value among the three elements in the horizontal direction (two
horizontal neighbouring elements and itself). In this way, the speckle noise
shown in the circle and the impulse noise in the vertical direction shown in the
blue ellipses were removed. C, array B after median filtering to remove the
horizontal impulse noise. The template in this filtering was desigs [3,1],
which means that each element in the array will be replaced by the median
value among the three elements in the vertical direction (two vertical
neighbouring elements and itself). In this way, the impulse noise in the

horizontal direction shown in green ellipses was removed.
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Figure 3.3 An example of segmentation and removal of noise

A, an example of a 2D MRI image. Bhject ‘aorta’ after segmentation in the
2D image. The noise which was generated during the segmentation is shown in
the ellipse. C, gject ‘aorta’ after smoothing by median filtering. Impulse noise

and speckle noise was removed.
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Figure 3.4 Flow diagram for smoothing the 3D model

All the 2D images in the XY, YZ, XZ planes in the 3D model array were
subject to median filtering to remove impulse noise and speckle noise. In each
2D image, [1,3] and [3,1] templat@gere used in the median filter to remove
impulse noise in horizontal and vertical directions. The programas coded

and run in MATLAB.
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MATLAB for the 3D reconstruction of the coronary vessels based on the MRI
data. Figure 3.5 shows the flow diagram of the progranmused to

automatically reconstruct the coronary vessels.

3.3 Results

Based on the former work (the 3D anatomical model of the rabbit right atrium)
1540 2D MRI images of the rabbit heart were segmented. Figure 3.6 shows one
example of a 2D images. Figure 3.6A shows one original MRI image, which
was saved in the ‘MRI array’ in MATLAB. Figure 3.6B shows the
corresponding images after segmentatiainich was saved in the ‘model array’

in MATLAB. Because the different objects of the rabbit heart were indexed
with differentnumbers in the ‘model array’, the objects can be displayed with
different colours. Therefore, different objects can also be given different
electrophysiological properties in computer simulations. The former work (the
3D anatomical model of the rabbit right atrium) in@dd.7 different objects.

Four objects in the former work, including the aorta, atrium and ventricle, were
extended in this study. Another 13 objects were segmented in this study. The
names of the objects and their indexed numbers inntloelel array are listed

in Table 3.2. Figure 3.7 shows 3D visualisations of the anatomical model with
the whole atria and part of ventricles before and after segmentation. High
resolution 3D visualisations of the model without the ventricles are shown in

Figures 3.8 and 3.9.
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Figure 3.5 Flow diagram for reconstruction of the coronary

vans
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The prograimme was coded and run in MATLAB.
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Figure 3.6 2D images from the ‘MRI array’ and the ‘model

array’in MATLAB

A, one MRI image before segmentation savedthia ‘MRI array. B,
correspondig image after segmentation savedtin ‘model array’. Different
objects are displayed with different colours. The blue eldshuare shows the

region of the former work.
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Table 3.2. Components of the 3D anatomical model of the

rabbit heart
Index Object name Index Object name
1 Connective tissue 16 Block zone
2 Aorta 17 Bachmann's bundle
3 Coronary sinus 18 Pulmonary artery
4 Atrium 19 Bicuspid valve
5 Tricuspid valve 20 Coronary artery
6 Foramen ovale 21 Coronary vein
7 Superior vena cava 22 Left ventricular tissue
8 Inferior vena cava 23 Right ventricular tissue
9 Atrioventricular node 24 Ventricular septum tissue
10 Central fibrous body 25 Papillary muscle
11 Sinoatrial node 26 Left superior pulmonary vein
12 Crista terminalis 27 Right superior pulmonary vein
13 Roof bundle 28 Left inferior pulmonary vein
14 Main branch 29 Right inferior pulmonary vein
15 Inferior node extension 30 Left superior vena cava
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Figure 3.7 3D visualisation of the anatomical model of the

rabbit heart with whole atria and part of the ventricles

A, 3D visualisation of the anatomical model before segmentation. B, 3D
visualisation of the model after segmentation. Different objects are shown with
different colours. AO, aorta; BB, Bachmann’s bundle; LAA, left atrial

appendage; LSVC, left superior vena cava; MB, main branch; PA, pulmonary
artery; RAA, right atrial appendage; RB, roof bundle; SVC, superior vena

cava.
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Figure 3.8 A front view of the 3D anatomical model of therabbit

atria

Different objects are displayed by different colours and are labelled. AO, aorta;
BB, Bachmann’s bundle; CT, crista terminalis; LAA, left atrial appendage;
LSVC, left superior vena cava; MB, main branch; PA, pulmonary artery; RAA,

right atrial appendage; RB, roof bundle; RSVC, right superior vena cava.
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Figure 3.9 A dorsal view of the 3D anatomical model of the

rabbit atria

Different objects are displayed by different colours and are labelled. AO, aorta;
BB, Bachmann’s bundle; CS, coronary sinus; CT, crista terminalis; IVC,
inferior vena cava; LAA, left atrial appendage; LIPV, left inferior pulmonary
vein; LSPV, left superior pulmonary vein; LSVC, left superior vena cava; MB,
main branch; PA, pulmonary artery; RAA, right atrial appendage; RB, roof
bundle; RSPV, right superior pulmonary vein; RSVC, right superior vena cava;

SA, sinus node.
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3.4 Discussion

Based on the former work (the 3D model of the rabbit right atrium) a 3D
anatomical model of the rabbit heart with whole atria and parts of the ventricles
were constructed in this studihis 3D anatomical model incled not only the

SAN andAV N, which are parts of the CCS, but also the major muscle bundles
of the atria, such as the crista terminalis, Bachrisabnndle and the roof
bundle. Therefore, t& model madeit is possible to construct an
electrophysiological detailed and anatomicaccurate 3D computer model of
the rabbit atria which could be used to simulate the propagation of electrical
activity. The 3D anatomical model of the atria will be used in Chapter 5 to
simulate the electrical activation sequence of the rabbit atria during sinus
rhythm with the cellular automaton model. In the future, this anatomical model
will also be used to simulate the electrical activation of the rabbit atria under

normal and abnormal conditions with detailed action potential models.
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Chapter 4 Multi-electrode mapping system

4.1 Introduction

4.1.1 The multi-electrode mapping system needed in

this study

Mapping the electrical activation sequence of the rabbit atria was one of the
aims in this study. A 256 channel optical mapping system was utilised in our
lab for assessing electrical activation. However, due to a limitel fd&ne,

optical mapping of the electrical activation sequence of rabbit atria was not
ideal (see Results and Discussion in Chapter 5). A multi-electrode mapping
system might be a better tool to map the electrical activation sequence of the

rabbit atria. This would facilitate mapping of a three-dimensional tissue.

4.1.2 The hardwarein the optical mapping system could
be adapted

The data acquisition system for optical mapping system in our lab consists of
four data acquisition cards (PXI-6031E, National Instruments), a PXI box
(PX1-1042, National Instruments), a PXEP interface kit (PXI-PCI 8335,
National Instruments) and a personal computer (DELL) and the possibility was
that it could be adapted fa multi-electrode mapping system. Figure 4.1

shows an overview of the system. The four data acquisition cards were the
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major components of the data acquisition system. Analogue signals were
amplified and converted to digital signals by the data acquisition cards. The
PXI box was used to provide power and communication pathways for the data
acquisition cards. The PXI-PCI interface kit was used to provide the

communication pathway between the PXI box and the personal computer.

The data acquisition card, PXI-6031E, could acquire analogue voltage signals
from up to 64 analogue input channels simultaneously when the analogue
inputs were configured in a single-ended ground referenced (RSE) mode.
However, if the input mode was set as differential (DIFF) mode, it could

acquire signals from up to 32 channels simultaneously. That meant the four
PXI-6031E cards could acquire analogue voltage signals simultaneously from
up to 256 channels in single-ended ground referenced input mode, and up to
128 channels in differential input mode. Figure 4.2 shows the pinout of the data

acquisition card.
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PXI-PCl interface card
(NI'PXI-PCI 8335)

Fibre optic cable
(NIMXI-3) =

PX| ng/v IL - ‘| Personal
(NI PXI-1042) Computer
. skl (DELL)

\
A

Dataacquisitionﬁ I I I
N

(NI PXI-6031E)

Analogue voltage signals ﬁgz)

Figure 4.1 Overview of the data acquisition card system in the

optical mapping system

Analogue voltage signals can be amplified and converted to digital signals by
the four data acquisition cards (NI PXI-6031E), which have power supplied by
the PXI box (NI PXI-1042). The digital signals are transferred to a personal
computer by a PXI-PCI interface kit consistingadibre optic cable (NI

MXI-3) and PXI-PCI interface card.
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Figure 4.2 Pinout of the data acquisition card (NI PXI-6031E)

There were 100 pins in the data acquisition card, but only 65 pins would be
used in the multi-electrode mapping system. Functions of the 65 pins are
indicated beside the pins. Al indicates analogue input; Al GND indicates
analogue input ground. There were 64 pins (Al 0, Al.JAI 63) used for the

inputs of the analogue voltage signals, and there was one pin (Al GND) used as
the ground in the multi-electrode mapping system. The other 35 pins, which
were not be used in the multi-electrode mapping system, are not labelled in this

figure.
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The maximum sampling rate of the PXI-6031E card was 100 kS/s and this rate
could be reached when only one analogue input channel was used. When more
than one channel was used simultaneously, the maximum sampling rate for
each channel was 100 kS/s divided by the channel number. Hence, when 64
analogue input channels were using simultaneously, the maximum sampling

rate for each channel was 1.5 kS/s.

The analogue voltage input resolution of the PXI-6031E card was 16 bits and

the input range was +0.1 to £10 V.

4.1.3 Aim

The aim of this chapter was to develop a multi-electrode mapping system
which could be used to map the electrical activation sequeadbit atria. It

was planned to use the multi-electrode mapping system with arrays. However,
repeated plugging and unplugging of the connectors from the PXI-6031E cards
might destroy the delicate pins of the expensive PXI-6031E cards. To prevent
this, connector extensions for the PXI-6031E were constructed. Development

of the multi-electrode mapping system was divided into four parts:

1) Construction of four connector extensions for the data acquisition cards

to connect the electrodes.

2) Construction of electrodes that could be used to record the electrical

activity from the epicardium of the rabbit atria.

3) Development of software whichan be used to control the data

acquisition cards to acquire analogue voltage signals and store the
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electrograms on a hard drive.

4) Development of software whichan be used to analyse the

electrograms and draw activation sequence maps.

4.2 Materials and methods

4.2.1 Construction of the connector extensions for the

data acquisition cards

Four data acquisition cards needed four connector extensions. One 100-way
connector (Plug, SCSI, RS Components) and two 37-way connectors (Socket,
D-Sub, RS Components) and two 50-way flat cables (Maplin) were employed
in each connector extension. The two 50-way flat cables were fixed on the
100-way connectors. Because there were 35 pins in the 100-pin data
acquisition cards that would not be used in the multi-electrode mapping system,
the corresponding 35 leads in the flat cables were removed. Then the other
terminations of the flat cables were soldered to the two 37-way D-Sub

connectors usingsoldering iron (PS-3D, Weller).

4.2.2 Construction of the multi-electrode arrays

The main materials used in the construction of the multi-electrode arrays
included: 37way connectors (Plug; D-Sub; RS Components); various sized

enamelled copper wire (Maplin); various sized shrink tubes (RS Components);
various sized silicon tubing (Cole-Parmer); super glue (RS Components) and

various sized flat copper braid (RS Compongnts
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The first step to construct the electrode array was to make a template for the
organisation of the enamelled copper wires (electrodes). The template was
made of a thick (0.2mm) piece of paper; small holes were drilled in the paper
using dissection pins (Fine Science) under a binocular microscope. Once the
template was finished, the copper wires were inserted one by one in their
appropriate holes in the template and fixed by super glue. Then a piece of
shrink tube was placed on the copper wires and fixed by a heat gun. The
electrodes with shrink tube were then shielded by flat copper braid and inserted
in a piece of silicon tubing for protection. Next, the other terminations of the

copper wires were soldered to the 37-way connectors. Finally, a black slot wa

drawn on one side of the electrode array to show the location of the first

channel in the array.

4.2.3 Softwar e development environment - LabVIEW

Laboratory Virtual Instrumentation Engineering Workbench (LabVIEW) is a
graphical system design platform and development environment for a graphical
programming language from the National Instruments Corporation (USA).
LabVIEW is widely used for instrument control and data acquisition on various
platforms including Microsoft Windows, Linux, UNIX and Mac OS X. |
provides excellent integration with many hardware devices and offers built-in
libraries for data acquisition, further analysis and visualisation. It is a perfect
platform to develop the software needed by the multi-electrode mapping
system. Both the recording software and analysis software for the

multi-electrode mapping system were developed in LabVIEW 7.1.
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4.3 Results

4.3.1 Connector extensions for the data acquisition

cards

Four connector extensions for the four data acquisition cards were constructed.

Figure 4.3 shows the diagram of the pinout of the connector extensions.

4.3.2 M ulti-electrode arrays

Two different sized 64-chaeh electrode arrays were constructed. The first
electrode array (smaller size array) was made of copper wires with a coated
diameter of 0.25 mm. The interelectrode distance was approximately 0.7 mm in
the longitudinal and 0.35 mm in the transverse direction. The total array
dimensions were 4.5 mm length and 1.5 mm width. The length of the rcoppe
wires was approximately 2 metres and the silicon tubing used for protection
had the same length. Figure 4.4 shows the diagram of its configuration; Figure
4.9A shows photos of this electrode arrélye second electrode array (bigger
size array) was made of copper wires with a coated diameter of 0.3 mm. The
interelectrode distance was approximately 0.9 mm in the longitudinal and 0.75
mm in the transverse direction. The total array dimensions were 14 mm length
and 4.5 mm width. The length of the copper wires was about 1.2 metres and the
silicon tubing used for protection had the same length. The diagram of its

configuration is shown in Figure 4.5.
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Figure 4.3 Diagram of the pinout of the connector extensions for

the data acquisition card

The 100-pin connector connedtto the data acquisition card (NI PXI-6031E)
and the two 37-pin socket connectors coreetd the electrodes. There were
65 pins in the 100-pin connector connected to the two 37-pin connectors. Pin
33, pin 34, pin 35, pin 36 and pin 37 in the 37-pin connectors were connected

to pin 1 in the 100-pin connector for the analogue input ground.
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4.3.3 Recording software

4.3.3.1 Initialisation of the data acquisition system in the

recor ding software

The recording software consisted of two main interfaces, one was named
‘Initialisation interface and thether was named ‘Experiment’ interface. In the
‘Initialisation’ interface (Figure 4.6), the useraa initialise the multi-electrode
mapping system including selecting data acquisition channels, setting the data

acquisition mode and setting the sampling rate and amplification rate.

According to the Nyquist-Shannon sampling theorem, the sampling rate must
be at least twice the maximum component frequency of the analogue signals
being sampled (Shannon, 1998). Therefore, mapping the activation sequence of
rabbit atria requires a high sampling rate. For example, an electrode array with
an interelectrode distance of 1 mm to map the activation sequence of rabbit
atria with estimated conduction velocity of 1 m/s, the difference in activation
time between adjacent electrode is 1 ms (1 kHz), and therefore the best
determination of the activation sequence would require a sampling rate of at
least 2 kHz in each channel of the multi-electrode mapping system. In the study
of this thesis, the highest sampling rate of the data acquisition cards was used

in all the mapping experiments.
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Figure 4.4 Diagram of the smaller size 64 channel electrode

array

The left panel shows the configuration of the electrodes in the smaller sized
array. The two 37-pin plug connectors were used to connect to th&7pia

socket connectors in the connector extension (Figure 4.3).
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Figure 4.5 Diagram of the larger 64 channel electrode array

The left panel shows the configuration of the electrodes in the larger array. The
two 37-pin plug connectors were used to connect to the two 37-pin socket

connectors in the connector extension (Figure 4.3)
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Figure 4.6 I nitialisation interface of the recording software

Initialisation of the multi-electrode mapping system could be carried out using
this interface. Usersan select the data acquisitions channels and set the data
acquisition mode in the ‘Device Channel Parameters’ region. The sampling rate
and amplification ratean be set in the ‘DAQ Setting’ region. Users @an also
save the configuration by clicking the ‘Save protocol’ button, and reload the

configuration by clicking the ‘Load protocol’ button.
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4.3.3.2 Displaying of the multi-channel electrograms in the

recor ding software

After the initialisation of the multelectrode mapping system, useenbegin

to acquire the electrograms usitig ‘Experiment interface of the recording
software (kgure 4.7). After clicking the ‘Run’ button, the system begins to
acquire electrograms. The electrograms are displayed systaigain the
interface (i.e. the electrogram acquired from the first channel in the data
acquisition cards displayed at the top and the electrogram acquired from the
last channels displayed at the bottom). This character is important for the user
to monitor the electrograms during the experiment. The electrograms can also

be magnified for observation duriag experiment.

4.3.3.3 Filtering of the multi-channel €electrograms in the

recor ding software

Thereis a digital filter that can be used to filter noise in electrograms. The user
is able to switch the filters on and off and control the parameters. The
electrograms after filtering are displayed, but they cannot be saved in a file
(only the original electrogramsan be saved). Further filtering of the

electrogramsan be performed offline in the analysis software.

4.3.3.4 Recording of the multi-channel electrograms in the

recor ding software

Electrogramganbe saved imfile for off-line analysis by switching on the
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Figure 4.7 Experiment interface of the recording software

Users an begin to acquire and record the electrograms in this interface after
initialisation of the multielectrode mapping system. After clicking the ‘Run’
button, the mapping system begins to acquire electrograms and the
electrograms ardisplayed orderly in this interface; after clicking the ‘Stop’
button, the mapping system stops the data acquisition. In this interface, the
electrogramsan also be filtered by a digital filter and be savedaifile for

off-line analysis by cliking the ‘Record’ button.
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‘Recording’ buttonin the ‘Experiment’ interface. The recording lengthan be
set by the user and the file namande automatically generated by the

software according to the experiment date.

4.3.4 Analysis software

4.3.4.1 Determination of the local activation time

The analysis software developed in LabVIE\WWnde used to analyse the
electrograms and determine the local activation time in each electrogram.
Figure 4.8 shows the main interface of the analysis software. The electrograms
recorded in the recording softwarande impored into the analysis software,

and each electrograns labelled with a cursor. The cursoranche moved
manually and the coordinates of the cursors are displayed in the interface. The
maximal negative dV/dt in each electrograsi automatically found and
labelled by the cursors. The maximal negative dVédtaken as the local
activation time in this study. After finding the local activation time of each
channel, the local activation time dande exporedto a text file for further

analysis.

4.3.4.2 Drawing of activation map

A script file was developed in MATLAB to draw the activation maps. The local
activation time data exported from the analysis softwardbe copied ito the
script file. Thenan activation map anbe drawn based on the local activation

times by running the script file in MATLAB.
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Figure 4.8 Analysis software of the multi-electrode mapping

system

Rabbit electrograms recorded in the mapping systambe imported ito this
software by clickingOpen File’. The electrograms are displayed in the order

of acquisition and each of thesilabelled with a cursor. The electrograms can
be magnified (the electrograms in the large red rectangle show the electrograms
in the smaller red rectangle after being magnified; the blue arrows show the
direction of conduction). After clicking the ‘Choose range for dV/dt’, two
vertical cursors are shown in the interface, and then the asarse the two
cursors to choose the range where to find the activation time. The maximal
negative dV/dt in each electrograsrautomatically found and labelled with its
cursor by clicking the ‘Calculate the max dV/dt’. After finding the local
activation time of each channel, the data of the local activation time can be

exporedto a text file by clicking ‘Export Data’.
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4.4 Discussion

Four connector extensions for the data acquisition cards and two different sized
64-channel electrode arrays were constructed. The recording software and
analysis software for the multi-electrode mapping system was developed in
LabVIEW and MATLAB. After finishing the multi-electrode mapping system

I mapped the electrical activation sequence of Bachmann’s bundle of a
Langendorff-perfused rabbit heart. Figure 4.9 shows the electrode array used in
this experiment and the original electrograms acquired by the mapping system
and the activation map drawn in MATLAB. The electrograms were clean, and
could be easily analysed in the analysis software. The activation map clearly
showed the action potential propagated from the superior vena cava region to
the left atrial appendage through Bachmann’s bundle. This experiment proved

it was feasible to map the activation sequence of the Langendorff-perfused
rabbit heart using the multi-electrode mapping system and it was also feasible
to map the activation sequence of the whole rabbit atria with more electrode

arrays.

With this mapping system, in addition to mapping the activation sequdénce
rabbit atria, | also mapped the activation sequence in other tissues including
MKK4 knockout mice ventricles (see Figure 5 in AppendiixZi et al., 2011)
mouse sinoatrial node preparasorrat sinoatrial node preparatmnrat
atrioventricular ring tissues and anesthetised goat sinoatrial node (in vivo). In

all these experiments, the multi-electrode mapping system performed very well.
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Figure 4.9 An example of a mapping experiment carried out on

rabbit Bachmann’s bundle

A, custom-designed 64 channel electrode array used in the experiment. A high
power view of the electrode head is shown in the red square. B, frozen rabbit
heart used to show the region (in red rectangle) from where the extracellular
electrograms were recorded. C, original electrograms recorded from rabbit
Bachmann’s bundle. D, activation map constructed based on the local

activation times acquired from the original electrograms.
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Chapter 5 Experimental mapping and computer
simulation of the electrical activation sequence

of therabbit atria

5.1 Introduction

5.1.1Interatrial conduction routes

Bachmann’s bundle and the atrial septum are regarded as two of the most
important routes for the action potential propagating from the right atrium to
the left atrium (Bachmann, 1916emery et al., 2004Seemann et al., 2006).

In addition, several anatomical studies of human hearts and canine hearts have
also shown that the coronary sinus provides a muscular connection between the
right and left atrium (Chauvin et al., 2QdCemmon et al., 199M™aros et al.,

1983 Sealy, 1994). Electrophysiological study of the canine heart has also
shown the coronary sinus musculature forms an electrical connection between
the two atria (Mohammadi and Hawkins, 1998). The human heart mapping
study carried out by Boineau et al. (1988), showed that the coronary sinus
provides a conduction route for the action potential to propagate from the right

atrium to the left.

The coronary sinus in the rabbit heart, as shown in the 3D anatomical model
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(Figure 3.9), is a big vessel connecting to the left superior vena cava (LSVC).
This vessel (coronary sinus and the LSVC) forms a big muscular connection
between the right and left atrium, and thereforeill play an important rolen

the electrical activation pattern of the rabbit atfid provides an interatrial

conduction pathway.

5.1.2 About experimental mapping in therabbit atria

Experimental mapping techniques including optical mapping and
multi-electrode mapping provide important tools to study the elektrica
activation of the heart. The experimental mapping data can be used to support
and validate the computer simulation work. Both optical mapping and
multi-electrode mapping techniques have been employed to study electrical
activation during sinus rhythm in human atria (Cosio et al., 2DO#rer et al.,
1970), canine taia (Hayashi et al., 198XKumagai et al., 20Q0Schuessler et

al., 1993) and rabbit atria (De Carvalho et al., 19gbouts et al., 2003
Fedorov et al., 2007). Regarding mapping of electrical activation of rabbit atria,
De Carvalho et al. (1959) performed mapping in the rabbit right atrium with
two sharp microelectrodes. Their data showed it took around 70 ms for the
action potentiato propagate from the SAN to the right atrial appendage (De
Carvalho et al., 1959). Eijsbouts et al. (2003) mapped both the right and left
atria with multi-electrode arrays, but they did not cover all the regions of the
atria (Eijsbouts et al., 2003). Fedorov et al. (2007) mapped the atria and part of
the ventricles using a 16 x 16 photodiode array optical mapping systera with

32 x 32 mm mapping area; the activation maps are shown in Figure 5.1. As
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described in Section 1.2.2, the contraction of the muscle causes artefacts in
optical mapping experiments. In the study of Fedorov et al. (2007), two ways
to alleviate the contraction of the heart were used. The first way was to
mechanically reduce the contractiie movement by stretching the tissue with
some pins. The second way was to perfuse the heart with an
excitation-contraction uncoupler blebbisatin. Figure 5.1A shows the
activation maps in the rabbit atria and part of ventricles without using
blebbisatin; some regions of the heart could not be mapped properly, because
of the motion artefact. After using 10 uM blebbisatin, as shown in Figure 5.1B,
most regions of the rabbit atria were mapped, but the activation map was still
not detailed sough (ie. activation sequences in Bachmann’s bundle, coronary

sinus, pulmonary veins etc. are not clear). In addition, as shown in the optical
mapping results of Fedorov et al. (2007), it took only around 18 ms for the
action potential to propagate from the SAN to the right atrial appendage, which

is very different to the data from De Carvalho et al. (1959).

5.1.3About computer simulation of the whole rabbit

atria

As described in section 1.3, in addition to experimental mapping techniques,
computer simulation also provides a very important platform to study the
fundamental mechanisms underlying normal and abnormal activation of the

atria.

Based on a 3D rabbit right atrium model, Dr. Jue Li (University of Manchester)

simulated the propagation of the action potential in the rabbit right atrium
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Figure 5.1 Epicardial activation maps of the
L angendor ff-perfused rabbit heart mapped with an optical

mapping system

A, epicardial activation map of the rabbit heart during sinus rhythm without
blebbistatin. B, epicardial activation map of the rabbit heart during sinus
rhythm with 10 uM blebbistatin. Earliest activation is found in dark blue, latest
in dark red. The color bar and numbers indicate activation time in ms. LAA ,
left atrial appendage; RAA, right atrial appendage. Adapted and modified from

Fedorov et al. (2007).
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(unpublished data). There is no computer simulation of the two atria of the

rabbit.

5.1.4 Aims

The first aim of chapter wasto map electrical activation of
Langendorff-perfused rabbit atria during sinus rhythm using optical mapping
and multi-electrode mapping techniques. This will show if the coronary sinus
and the LSVC provide an interatrial conduction route during sinus rhythm in
the rabbit heart. This will also allow measurement of conduction velocities in
the atria. Some studies have shown the conduction velociBadghmann’s
bundle s faster than that in other parts of atria (Childers et al., ]19&8ashi

et al., 1982 Wagner et al., 1966). These data can be used to support and

validate computer simulation work.

The second aim of this chapter was to simulate electrical activation of the
rabbit atria using the cellular automaton model of action potential conduction

and the detailed 3D anatomical model of the rabbit atria described in Chapter 3.

5.2 Materials and methods

5.2.1 Animals and preparations

New Zealand White rabbits (male; 1.5 to 2 kg) were anaesthetised with
pentobarbital (30 to 40 mg/kg IV), and then the chest was opened and the heart
was quickly excised and submerged in Krebs-Ringer solution at 4°6. Th

study conformed to the United Kingdom Animals (Scientific Procedures) Act,
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1986. The heart was cannulated with a stainless steel cannula and connected to
the Langendorff perfusion system. Perfusion was performed at a constant flow
rate of 20 ml/min. The composition of the Krebs-Ringer solution was as
follows (mM): NaCl 120.3; KCI 4.0; Cagll.2 MgSO, 1.3 NaH,PO, 1.2

NaHCG; 25.2 glucose 11.0 (pH 7.4, equilibrated with 95%/%%6CG).

5.2.2 Optical mapping

Two rabbits were sacrificed for the optical mapping experiments. The rabbit
heart was perfused with the Krebs-Ringer solution fomlfto washout the

blood remaining in the coronary arteries and veins. Then the heart was stained
with the voltage sensitive dye RH237 by perfusion of the Krebs-Ringer
solution with 2 uM RH237 for 20 min. Then the Langendorff-perfused heart
was positioned in a custom-designed chamber with the atria facing a

256-channel optical mapping system.

As shown in Figure 5.1, the excitation-contraction uncoupler may slightly
change the activation sequence of the rabbit heart. In this study, theagfore,
excitation-contraction uncoupler was not used to alleviate the contrantion i
order to map the activation sequence of the rabbit atria. The atria appendages
were pinned in a custom-designed chamber to mechanically reduce the
contractile movement of the atria. Figure 1.1 shows the optical mapping system
used in this study. The optical signals were recorded from 10mmi@reas of

the atria at a rate of 1500 frames per second. The data were monitored and

transferred to the computer by custom-written software for off-line analysis.
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5.2.3 Multi-electrode mapping

5.2.3.1 Bipolar electrode mapping

Two rabbits were sacrificed for the bipolar electrode mapping experiments.
Langendorff-perfused heart preparations were made as described in Section
5.2.1. Twelve custom-designed steel bipolar electrodes were used to record the
extracellular potentials from 12 different regions in the rabbit atria. Positioning
of the electrodes in the atria is shown by the red arrows in Figures 5.4 and 5.5.
The 12 electrograms were simultaneously recondéde software described in
section 4.3.3. The sampling rate was set as 3000 Hz and the amplification rate
was set as 100. The electrograms were analysé#te software described in

section 4.3.4.

5.2.3.2 Multi-electrode array mapping

Five Langendorff-perfused rabbit heart preparations were made for the
multi-electrode array mapping experiments. Three multi-electrode arrays were
used to map the electrical activation of the rabbit atria. All of these three
electrode arrays were 64-channel arrays. Two of them were constructed by the
author; detailed information of these two electrode ariaydescribed in
Section 4.3.2. The third electrode array (width, 3.7 mm; length, 4.5 mm) was
constructed by Dr. Athig Wahab in 2008. The three multi-electrode arrays were
attached to XYZ micromanipulators calibrated to 0.1 mm precision and gently
touched on the epicardium of the Langendorff-perfused heart atria to record the

extracellular potentials. In addition to the three electrode arrays, a bipolar
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electrode was used as a static reference electrode. The bipolar electrode was
gently clamped to the tip of right atrial appendage to record the extracellular
potential at this point. The stainless steel cannula was connected to the ground
channel of the multi-electrode mapping system as an indifferent electrode. The
electrograms were monitored and recoritethe software described in Section
4.3.3. The sampling rate was set as 1500 Hz and the amplification was set at
100. The electrograswere analysdin the software described in Section 4.3.4.

The activation maps were drawn in MATLAB and Adobe lllustrator.

Data are presented as mean + SEM (standard error of mean).

5.2.4 Anatomical model employed in the computer

simulation

The detailed 3D anatomical model of the rabbit atria, whsctiescribed in
Chapter 3, was used in computer simulation in this chapber3ID ‘Model
Array’ in MATLAB described in Chapter 3 was converted to five binary files.
The binary files were read into the RAM of the computer cluster used to run
the simulation program. The five binary files consisted of about 4 million
nodes voxel size of each node was 60 pum x 60 xx160 um. Each node was

equivalent to a cluster of myocytes or connective tissue in the rabbit atria.

5.2.5 Cdlular automaton model

The cellular automaton model is a useful and simple model to calculate the
electrical activation sequence in a complex anatomical model (Bub et al;,, 2003

Gerhardt et al.,, 1990Li et al., 2008). It was used in this study to simulate
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action potential propagation in the rabbit atria. The setting of the cellular
automaton model in this study is shown in Figure 5.2. Each node in the
anatomical model array can be set at one of three states: resting, excited or
refractory (Figure 5.2A)In resting state, the state index of the node is set as 0,
and the node cannot excite its neighbouring node, but it is able to be excited by
them. Figure 5.2B shows how the neighbouring nodes were defined. Mode |
defined as one neighbouring node of node i if nogefgund in the ellipsoid
whose coordinates are defined by the position of node i and the values of RX,
Ry and Rz. In the excited state, the state index of the node is set as 1, and the
node can excite its neighbouring nodes. If a node is in its refractory state, its
state index is set as 0, and it can neither excite neighbouring nodes nor be

excited.

The use of an ellipsoid (Figure 5.2B) in the definition of neighbouring nodes

makes it is possible to set different conduction velocities and anisotropic
properties in different cardiac tissues in the anatomical model. In this study, the
conduction velocities in different cardiac tissues were set based on the
experimental mapping data. Simulations were coded in C++ and were run on

40 nodes of a computer cluster with the Linux operating system.

5.3 Results

5.3.1 Optical mapping

An example of a result conducted from the 256-channel optical mapping

system is shown in Figure 5.3. Figure 5.3Ais the image from the visible light
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Figure 5.2 Setting of the cdlular automaton model of action

potential conduction

A, time course of the state of a node in the anatomical model. O is used to
indicate the resting state of a node and 1 is used to indicate the excited state. A
node in the resting state can be excited and then return to the resting state. B,
definition of neighbouring nodes of a node in the anatomical model. All of the
nodes in the ellipsoid are defined as neighbouring nodes of node i. Rx, Ry and
Rz are parameters used to control the shape and size of the ellipsoid. Adapted

and modified from Li et al. (2008).
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camera showing the mapping area in the Langendorff-perfused rabbit heart. As
described in section 1.2.2, the visible light camera and the PDA in the optical
mapping system have the same focus, and so the camera can be used to
determine if the tissue is on the focus of the mapping system or not. The white
dashed curven Figure 5.2 shows the area of the atria on the focus of the
optical mapping system. Figure 5.3B shows the 256-channel (16 x 16) optical
action potentials recorded from the corresponding area using the 256-channel

optical mapping system

As shown in Figure 5.3B, almost all of the optical action potential signals
recorded from the regions outside of the white dashed curve area have strange
shapes. Local activation times were difficult to determine with such signals and
the activation map could not be drawn for these regions. However, the signals
recorded from the Bachmann’s bundle region on the focus of the mapping
system were clear and the local activation times could be determined. From the
Mapping results shown in Figure 5.3, the conduction velocity in Bachmann’s

bundle was determined as 89 cm/s (n=1).
5.3.2 Multi-electrode mapping

5.3.2.1 Bipolar electrode mapping

Twelve different regions in the rabbit atria were mapped by the bipolar
electrodes. Using the dorsal view of the 3D rabbit atria model, Figures 5.4 and
5.5 show the positioning of the electrodes (red arrows) and the local activation

times in milliseconds (white numbers) in two preparations.
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Figure 5.3 An example of a result obtained using the

256-channel optical mapping system

A, a visible light camera image of the Langendorff-perfused rabbit heart
showing the mapping area. The white dashed curve shows the area of the atria
on the focus of the optical mapping system. B, an example of optical action
potentials recorded from the tissue above using the 256-channel optical
mapping system. BBBachmann’s bundle; LAA, left atrial appendage; RAA,

right atrial appendage; SVC, superior vena cava.
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As shown in Figures 5.4 and 5.5, the activation pattefrthe two preparations
were similar. The earliest activation site was found in the SAN region. The
activation time of the SAN is shown as 0 ms, and the numbers in other regions
show the time for the action potential to propagate from the SAN to the site.
The regions to activate last were found in the tip of right atrial appendage and
bottom of the left superior vena cava. In the right atrial appendage, the
activation times of the recording sites ranged from 6 to 16 ms; in the left atrial
appendage, the activation times ranged from 14 to 27 ms. The pulmonary vein
region activated around 13 to 16 ms later than the SAN. The left superior vena

cava activated even later than the pulmonary vein region.

5.3.2.2 Multi-electrode array mapping

The electrical activation sequences of five Langendorff-perfused rabbit atria
during sinus rhythm were mapped with the multi-electrode array mapping
system. About 1,600 sites were mapped in each prepardtien.mapping
spatial resolution was around Om@m. Representative activation maps are
shown in Figures 5.6 and 5.7. The earliest excitation region in the atria was
found in the SAN and the last excitation regions were found in the tip of the
left atrial appendage and the bottom of the left superior vena cava. The action
potential propagated from the SAN to the whole right atrium in 6 to 20 ms, and

to the whole left atrium in 12 to 30 ms.

As shown in Figures 5.6 and 5.7, arrow 1 indicates that the action potential
propagated from the SAN down to the inferior vena cava though the crista

terminalis; arrow 2 shows that the action potential propagated from the SAN
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Figure 5.4 Mapping result obtained using the twelve bipolar

electrodes (preparation 1)

Red arrows indicate the position of the bipolar electrodes. Numbers in white
indicate the local activation times in milliseconds. AQxta; BB, Bachmann’s
bundle; CS, coronary sinus; CT, crista terminalis; IVC, inferior vena cava;
LAA, left atrial appendage; LIPV, left inferior pulmonary vein; LSPV, left
superior pulmonary vein; LSVC, left superior vena cava; MB, main branch; PA,
pulmonary artery; RAA, right atrial appendage; RB, roof bundle; RSPV, right

superior pulmonary vein; RSVC, right superior vena cava; SA, sinus node.
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Figure 5.5 Mapping result obtained using the twelve bipolar

electrodes (preparation 11)

Red arrows indicate the position of the bipolar electrodes. Numbers in white
indicate the local activation times in milliseconds. AQxta; BB, Bachmann’s
bundle; CS, coronary sinus; CT, crista terminalis; IVC, inferior vena cava;
LAA, left atrial appendage; LIPV, left inferior pulmonary vein; LSPV, left
superior pulmonary vein; LSVC, left superior vena cava; MB, main branch; PA,
pulmonary artery; RAA, right atrial appendage; RB, roof bundle; RSPV, right

superior pulmonary vein; RSVC, right superior vena cava; SA, sinus node.
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Figure 5.6 Representative epicardial activation map (dorsal
view) of the Langendorff-perfused rabbit atria mapped with

multi-electrode mapping system

Earliest activation is showim dark red, latest in dark blue; numbers in the
colour bar indicate the activation time in milliseconds. The black dashed lines
show the direction of action potential propagation. The white dashed line
shows the anatomy of the crista terminalis. The stippled region between the
SVC and IVC shows the block zone, where the conduction velocity is very low.
BB, Bachmann’s bundle; BZ, block zone; CS, coronary sinus; CT, crista
terminalis; IVC, inferior vena cava; LAA, left atrial appendage; LIPV, left
inferior pulmonary vein; PV, pulmonary vein; RAA, right atrial appendage;

SVC, superior vena cava.
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Figure 5.7 Representative epicardial activation map (top view)
of the Langendorff-perfused rabbit atria mapped with

multi-electrode mapping system

Earliest activation is shown in dark red, latest in dark blue; numbers in the
colour bar indicate the activation time in milliseconds. The black dashed lines
show the direction of action potential propagation. The white dashed line
shows the anatomyfdhe crista terminalis. The tippled region between the
SVC and IVC shows the block zone, where the conduction velocity is very low.
BB, Bachmann’s bundle; BZ, block zone; CS, coronary sinus; CT, crista
terminalis; IVC, inferior vena cava; LAA, left atrial appendage; LIPV, left
inferior pulmonary vein; PV, pulmonary vein; RAA, right atrial appendage;

SVC, superior vena cava.
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down to the pulmonary veins and then to the coronary sinus; arrow 3 shows
that the action potential propagated from SAN to the left atrial appendage

through Bachmann’s bundle.

The most rapid conduction in the right atrium was found in the crista terminalis
where the conduction velocity was 91.22 + 1.7 cm/s. The conduction velocity

in Bachmann’s bundle was 90.79 £ 1.22 cm/s. The action potential propagated

in waves in the left and right atrial appendages. The conduction velocities in
some regions in the atrial appendage (as shown by arrows 4 and 6 in Figure 5.6)

were faster than in the adjacent tissues.

The tippled regiomn Figures 5.6 and 5.7 shows the block zone where the tissue

activated later than its adjacent region in the left atrium.

5.3.3 Computer simulation

In this study, computer simulations of the activation sequehttee rabbit atria

were carried out under two different conditions: isotropic and anisotropic.

In the isotropic computer simulation, all the cardiac tissues (including
Bachmann’s bundle, crista terminalis, coronary sinus, block zone etc.) in the
anatomical model had the same conduction velo8# cm/s. Conduction was
also set as isotropic (RxRy = R2). The isotropic computer simulation result

is shown in Figure 5.8. The colour bar shows the activation time in
milliseconds. The SAN excited first, and then the isotropic excitation
propagated to other parts of the rabbit atria. It took around 26 ms for the action

potential to propagate from the SAN to the whole atria.
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Figure 5.8 I'sotropic computer simulation result obtained using
the 3D rabbit atria model (together with the cellular automaton

model of action potential conduction)

Dark red indicates the earliest activation and dark blue indicates the latest
activation. Numbers in the colour bar indicate the activation time in
milliseconds. The black dashed lines show the direction of action potential
propagationBB, Bachmann’s bundle; BZ, block zone; CS, coronary sinus; CT,

crista terminalis; IVC, inferior vena cava; LAA, left atrial appendage; LIPV,
left inferior pulmonary vein; PV, pulmonary vein; RAA, right atrial appendage;

SVC, superior vena cava.
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In the anisotropic computer simulation, different components in the anatomical
model were given different conduction properties according to the
experimental mapping data. The conduction velocities along the axes of
Bachmamn’s bundle and the crista terminadiwere set at 90 cm/s and 91.2 cm/s,
respectively. The conduction velocities in the direction transverse to the axes of
the bundles were set lower than that along the axes; the ratio was set at 1:3. In
accordance with the experimental mapping data, the conduction velocity
coronary sinus and left superior vena cava was set slow (60 cm/s) in the
computer simulation. In other parts of the atria, the conduction velocity was set
at 78 cm/s (average conduction velogitythe tissues highlighted by arrows 4,

5, 6 and 7 in Figure 5.6). The block zone was set as a tissue, which was unable

to be activated.

Figure 5.9 shows the anisotropic simulation result. It took around 30
milliseconds for the action potential to propagate from the SAN to the whole
atria. The conduction directions in the atria are shown by the white arrows in
Figure 5.9. The block zone in the right atrium could be found in the computer
simulation activation map. The bottom of the left superior vena cava and tip of

the right atrial appendage were last activated.
5.4 Discussion

5.4.1 About the mapping techniques employed in this
chapter

As described in Section 1.2.2, the optical mapping technique is a novel tool to
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Figure 5.9 Anisotropic computer simulation result obtained
using the 3D rabbit atria model (together with the cellular

automaton model of action potential conduction)

Dark red indicates the earliest activation and dark blue indicates the latest
activation. Numbers in the colour bar indicate the activation time in
milliseconds. The black dashed lines show the direction of action potential
propagation. BBBachmann’s bundle; BZ, block zone; CS, coronary sinus; CT,

crista terminalis; IVC, inferior vena cava; LAA, left atrial appendage; LIPV,
left inferior pulmonary vein; PV, pulmonary vein; RAA, right atrial appendage;

SVC, superior vena cava.
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map the electrical activation in cardiac tissues. In this study, both optical
mapping and multi-electrode mapping techniques were used to map the
electrical activation sequence of the Langendorff-perfused rabbit atria. The
conduction velocityin Bachmann’s bundle measured by the optical mapping
system was consistent with that measured by multi-electrode array mapping.
However, because @flimited focal plane, the optical mapping system used in
this study (Figure 1.1) was found not to be an ideal tool to map the activation
sequence of the whole rabbit atria, which have a 3D structure. However,
multi-electrode mapping techniguesanc overcome this limitation. The
activation times in 12 regions of rabbit atria were mapped using 12 bipolar
electrodes (Figures 5.4 and 5.5). The bipolar electrode mapping data roughly
showed the activation sequence in the rabbit atria, but the conduction velocities
could not be determined using these data. Using the multi-electrode array
mapping system, the activation sequennds/e rabbit atria were successfully
mapped in detail (Figures 5.6 and 5.7) and conduction velocities in the rabbit
atria were determined. As shown in Figures 5.4, 5.5, and 5.6, the activation
pattern in rabbit atria mapped by the multi-electrode array mapping system was

consistent with that mapped by the 12 bipolar electrodes.

5.4.2 About the electrical activation sequence of rabbit

atria

In this study, experimental mapping techniques were used to map the electrical
adivation sequence of rabbit atria. The multi-electrode array mapping

describes in detail the epicardial electrical activation sequence of rabbit atria.
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The data showed, in the rabbit atri®achmann’s bundle plays an important

role in action potential propagation from the right atrium to the left atrium.
This is consistent with mapping studies in human and canine hearts (Durrer et
al., 1970); (Hayashi et al., 1982pifferent to the human, however, the
coronary sinus and the left superior vena cava in the rabbit atria does not act as
an inter-atrial route for action potential propagation from the right atrium to the

left atrium during sinus rhythm.

A block zone was observed between the right atrium and the atrial septum. The
atrial septum only excited aftthe action potential propagated to Bachmann’s

bundle and then propagated around the top of the block zone. The border of the
block zone in this study was defined as the region where the s$tgnaise

ratio was below 6:1. The block zone in the heart has been found in various

species including rabbit, canine and human (Boineau et al.; B8§8tt et al.,

200Q Fedorov et al., 2006), and the possible reasons for the conduction block

in this region include a paucity of myocytes, poor excitability or poor electrical

coupling between the cells (Boyett et al., 1999t Hof et al., 1983).

The action potential propagatedanave in the atrial appendages. The action
potential propagated faster in some regions. It might be because of the presence
of the pectinate muscle bundles. The propagation pattern in the atrial
appendages is consistent with the activation pattern in canine and human atria

(Boineau et al., 198®urrer et al., 197(Hayashi et al., 1982).

Conduction velocities in different regions of the rabbit atria were measured

using the multi-electrode array mapping. The data can be used to support and
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validate the computer simulation work. The conduction velocity in the right
atrium determined in this study was much faster than that determined by
Carvalho et al. (19591t took only around 20 ms for the action potential to
propagate from the SAN to the whole right atrium, which is different from 70
ms determinedy Carvalho et al. (1959). However, the conduction velocity
determined in my study was consistent with that determined in the study of
Fedorov et al. (2007). In the study of Carvalho et al. (1959), the rabbit right
atrium was superfused in a chamber, but in my study and the study of Fedorov
et al. (2007), the rabbit hearts were Langendorff-perfused. The poor perfusion
condition may be why the conduction velocity measured by Carvalho et al.

(1959) was slower.

5.4.3 About the computer ssimulation of rabbit atria

Computer simulation of the electrical activation of the rabbit ataacarried

out with the cellular automaton model based on the detailed anatomical model
in this study. The experimental mapping data acquired in this chapter was used
to support the computer simulation. The computer simulation was carried out
under two different conditions: isotropic and anisotropic. Figure 5.10 shows the
comparison between the computer simulation results under the two conditions
and the experimental mapping result. The activation pattern in the isotropic
simulation was different to the experimental mapping result shown in Figure
5.10A. In the isotropic computer simulation, there was no block zone in the
right atrium and the coronary sinus and the left superior vena cava played an

important role for the action potential propagation to the left atrium.
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Figure 5.10 Comparison of the computer ssmulation results and

the experimental mapping results

A, activation map of the rabbit atria drawn based on the multi-electrode array
mapping. 1,2,3, indicate the conduction directidBB, Bachmann’s bundle;

BZ, block zone; CS, coronary sinus; CT, crista terminalis; IVC, inferior vena
cava; LAA, left atrial appendage; LIPV, left inferior pulmonary vein; PV,
pulmonary vein; RAA, right atrial appendage; SVC, superior vena dyva.
activation map of the rabbit atria drawn based on the isotropic computer
simulation. C, activation map of the rabbit atria drawn based on anisotropic
computer simulation. Dark red indicates the earliest activation and dark blue
indicates the latest activation. Numbers in the colour bar indicate activation
time in milliseconds. The dashed lines show the direction of the action

potential propagation.
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In the anisotropic computer simulation with support from the experimental
mapping data, it took around 30 ms for the action potential to propagate to the
whole atria. The bottom of the left superior vena cava was the last activation
region, which showed that the coronary sinus and the left superior vena cava
did not provide an interatrial pathway for the propagation of the action
potential. The anisotropic simulation results were consistent with the
experimental data. It showed the action potential propagation in the rabbit atria
during sinus rhythm an be accurately simulated, when the conduction
properties of the different cardiac tissues in the detailed anatomical rabbit
model were set properly. The computer simulation work in this study also
showed the importance of the anatomical structure and electrophysiological

heterogeneity in accurate computer simulation.
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Chapter 6 Anatomical and functional
Investigation of the cardiac conduction system
and arrhythmogenic atrioventricular ring

tissuesin therat heart

6.1 Introduction

6.1.1 About atrioventricular ring tissues (AV rings)

As described in Section 1.1.5, the AV rings are anatomically continuous with
the CCS (Yanni et al., 2009) and their location suggests that they could be a
source of atrial tachycardia (Kistler et al., 2006). To the best of my knowledge,

there 8 no anatomical heart model with the CCS and the AV rings.

Molecular studies carried out by my colleaguedr. Andrew Atkinson and Dr.

Olga Fedorenko (unpublished paper, Appendix Il) - showed that the expression
profile of key transcription factors, ion channels,d pump, exchangers,
Cd*-handling proteins, connexins and extracellular matrix components of the
adult ratAV rings is similar to that of the SAN and AVN. These data stbw
that the AV rings have characteristics that could result in the generation of

ectopic beats and thus underlie atrial tachycardias known to originate within
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the vestibules of the AV valves (Kistler et al., 2006). Both the SANAM
are able to generate spontaneous activity, but there is no study showing if the

ratAV rings can generate spontaneous activity.

6.1.2 Aims

The first aim of this chapter was to construct a 3D anatomical model of the rat
heart with the CCS and the specialised atrioventricular rings to show their
location. The second aim was to study the spontaneous activity in the AV rings

of the rat using multi-electrode mapping.

6.2 Materials and methods

6.2.1 Animals

Wistar Hanover rats (male; 250-30Q grovided by the University of

Manchester) were used in this study.

6.2.2 MR imaging

Two rat hearts were used for MR imaging. Rats were humanely euthanized by
cervical dislocation in accordance with the United Kingdom Animals
(Scientific Procedures) Act, 1986. The chest was opened and the heart was
removed rapidly. The heart was immobilised in formalin. Then MRI images
were acquired with a 9.4 T spectrometer (Bruker BioSpin, Ettlingen, Germany)
using a standard 3D FLASH sequence with an echo time of 7.9 ms, a repetition

time of 50 ms, and 20 averages. Field of view was 12.8 x 25.6 x 12.8 mm with



a matrix size of 128 x 256 x 128, to give a voxel resolution of 0.1 mm

isotropic.

6.2.3 Histological and immunohistochemical staining

for 3D reconstruction

One rat heart as excised and frozen at -50°C in isopentane cooled by liquid
N, and stored at -80°C. Then the frozen preparation was serially sectioned at
25 um thickness in the plane of the long axis from posterior to anterior
avoiding nonlinear deformation. Sections were mounted on Superfrost Plus
glass slides (VWR) and stored at -80°C until use. Tissue sections were selected
at 100um intervals for staining. Immunofluorescence experiments were carried
out on the selected sections with the method described in Section 2.4. The
sections were incubated in rabbit polyclonal anti HCN4 (Alomone Labs),
mouse monoclonal anti Cx43 (Millipore), mouse monoclonal anti caveolin3
(BD Biosciences) and goat polyclonal anti-Cx40 (Santa Cruz Biotechnology).
Primary antibodies were prepared at a concentration of 1:50 Cx43 and Cx40,
1:20 HCN4 and 1:100 caveolin-3 (Cav3) in 1% BSA overnight at. 4°C
Adjacent sections were double labelled for either HCN4 and Cx43 or Cx40 and
Cav3. The sections were then incubated in either Cy3 conjugated donkey
anti-mouse I1gG (Millipore), FITC conjugated donkey anti-rabbit IgG
(Millipore) or FITC conjugated donkey anti-goat IgG (Millipore) secondary
antibodies prepared at a concentration of 1:100 in 1% BSA. Sections were
imaged using confocal laser scanning microscopy (LSM 5 Pascal, Carl Zeiss,

NY, USA). The excitation wavelength used was 496 nm for FITC and 556 nm
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for Cy3. Histology was performed on the same sections to show tissue
morphology after imaging of immunohistochemical staining. Coverslips were
removed and sections were washed with PBS 3 times (10 min each wash) and
thenMasson’s trichrome staining was carried out with the method described in
Section 3.2.5. The immunohistochemical and histological staining was used for
the 3D reconstruction of the rat heart; the staining work in this chapter was

carried out by my colleague, Dr. Olga Fedorenko.

6.2.4 3D reconstruction procedure
The procedure of 3D construction was divided into 7 steps:

1) MRI images and equal immunohistochemical sections at 100 um

interval were selected.

2) Based on the histology and the immunohistochemical staining results,
the structures such as SAN, inferior nodal extension, AVN, penetrating
bundle, His bundle, left bundle branch, right bundle branch, retroaortic
node, left atrioventricular ring tissue, right atrioventricular ring tissue
and Purkinje fibres were delineated on the
immunohistochemicél-stained sections. HCN4 was regarded as a
positive marker for SAN, inferior nodal extension, AVN, penetrating
bundle, His bundle, left bundle branch, right bundle branch, retroaortic
node, left atrioventricular ring tissue, right atrioventricular ring tissue,
whilst Cx43 was regarded as a positive marker for working

myocardium (Chandler et al., 2011). Cx40 was regarded as a positive



3)

4)

5)

6)

7

marker to localise Purkinje fibres in the ventricular myocardium.

The delineated structures were superimposed on the MRI images.

The MRI images with the delineated structures were redd in
MATLAB to build a 3D mathematical array in the Workspace of

MATLAB.

The voxel size in the mathematical array was interpolated as 100 x 100
x 100 um using bicubic interpolation. The array consisted of 1,489,839

non-zero nodes.

Different structures in the array were indexed as different integer
numbers in the custom developed software described in Section 3.2.8.
The atrial and ventricular muscle of the heart was also segmented and

indexed

The isosurface method was used for the visualisation of the 3D

anatomical model.

Figure 6.1 shows the procedure of ther@Bbnstruction.

6.2.5 Preparations for electrophysiological study

Rats were humanely euthanized by cervical dislocation in accordance with the

United Kingdom Animals (Scientific Procedures) Act, 1986. The chest was

opened and the heart with the aortic arch was removed rapidly. The heart was

cannulated with a stainless steel cannula and connected to the Langendorff

perfusion system for 1fhin to washout the blood remaining in the coronary
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arteries and veins.

For studying the electrical activation in the right AV ring tissue, a preparation
with the intact SAN and part of right AV ring tissue was made and studied. The
right atrium with the atrial septum and part of the right ventricle was separated
from the rest of the heart and opened by a longitudinal incision in the atrial
septum to expose the endocardial surface. The preparation consisted of the
intact SAN, part of the right atrium, part of the right ventricle and part of the
right AV ring tissue (Figure 64). After recording the extracellular potentials
with a multi-electrode array, the preparation was cut along the dashed line
(Figure 6.5A) to remove the SAN in order to study the isolated ring (Figure
6.5C). For the left AV ring tissue, the left atrium with part of left ventricle was
separated from the rest of the heart and opened by a longitudinal incision to
expose the endocardial surface. The preparation consisted of part of the left
atrium, part of the left ventricle and part of the left ring (Figuré\B.&Vhen
making the preparations, the atrioventricular nodal tissue and the

atrioventricular valves were carefully removed.

The preparations were pinned to the floor of the tissue chamber described in
section 1.1.7 with the endocardial surface up and superfused with oxygenated
(95% @ and 5%CO;,) Krebs-Ringer solution via a peristaltic pump (Gilson
Minipuls 3, Anachem) at 20 ml/min, 37°C and allowed to accommodate for 30
min. The bath temperature was monitored using a miniature thermistor. The
composition of the perfusion solution was as follows (mM): NaCl 120.3; KCI

4.0; CaC} 1.2 MgSOy, 1.3; NaH,POy 1.2 NaHCQ; 25.2 glucose 11.0 (pH 7.4,
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equilibrated with 95% @5%CGQG).

6.2.6 Multi-electrode mapping experiments on the AV

rings

Mapping experiments were carried out on the right and left AV ring using the
multi-electrode mapping system described in Chapter 4. For studying the
electrical activation in the right AV ring, an area of 3.7 x 4.5 mm (black
rectangle in Figure 64 in the preparation with SAN and part of right ring
(Figure 6.3\) was mapped at first with an 8 x 8 electrode array (0.2 mm
diameter, ~0.6 mm interelectrode distance). After mapping,SAN was
removed (cut along the red dashed line in Figure 6.5A). Then the isolated right
AV ring tissue was left to recover for 3@in in the tissue bath. Then an area of
1.5 x 4.5 mm (black rectangle in Figure 6.5C) in the isolated right AV ring
tissue preparation was mapped with a 6 x 10 electrode array (described in

Section 4.3.2; 0.25 mm diameter, ~0.2 mm interelectrode distance).

For the left ring, an area of 1.5 x 4.5 mm (black rectangle in Figure 6.6A) in a
left AV ring tissue preparation was mapped with the same array used in the

isolated right AV ring tissue preparation.

All the signals were acquired at 1.5 kHz, amplified 100 times, digitized with

16-bit resolution and stored @ahard drive for off-line analysis.
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Figure 6.1 Flow diagram showing 3D reconstruction procedure

A, a whole heart was sectioned and immunolabeled. B, based on the
immunolabelling, structures such as the SAN, AVN and AV rings etc. were
delineated. C, the delineated structures were transferred onto the histological
images. D, the delineated structures were superimposed on the corresponding
MRI images. E, the MRI images with the delineated structures were imported

into MATLAB and used to construct a 3D mathematical model.
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6.2.7 Data analysis

The moment of maximum negative dV/dt in the extracellular electrograms was
automatically found in the custom-developed software and taken as the local
activation time as described in Section 4.3.4.2. Based on the local activation
times, activation maps were drawn in custom-developed software in MATLAB

as described in Section 4.3.4.2.

6.3 Results

6.3.1 3D reconstruction

For the 3D reconstruction, a 3D mathematical array was constructed in
MATLAB. In the array: the atrium consisted of 284,094 nodes, which were
indexed as 1; the ventricle consists of 1,180,021 nodes which were indexed as
2; and the SAN consists of 3,316, which were indexed as 3. The AVI\and
rings consist of 1,326 and 3,013 nodes, respectively, which were indexed as 4
and 5. The Purkinje fibres consist of 18,069 nodes, whicle indexed as 6.

The 3D reconstruction clearly shows the relation between the AV rings,
retroaortic node and the principle parts of the CCS (Figures 6.2).-Théd

SAN (Figures 6.2 and 6.3, yellow) is an extensive structure found at the
junction of the superior vena cava with the right atrium. Based on
immunofluorescence, no evidence was found for any discrete specialised
connections within the atrial walls between the SAN and the AVN. The AVN

(Figures 6.2 - 6.4, red), lies in the atrial septal component of the AV junctional
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area, with a prominent tongue of HCN4-positive tissue extending from the

AV N into the atrial septum.

The right and left rings, shown in dark green (Figures 6.2 - 6.4), occupy the
vestibules of the tricuspid and mitral valves, respectively. They are seen as
small HCN4-positive regions at the insertion of the atrial myocardium into the
AV junctions. When traced within the tricuspid vestibule, the right ring is seen
to be continuous with the right nodal extension. The left ring is less well
defined than the right ring, being no more that a thin strip of HCN4-positive

tissue within the mitral valvar vestibule at the level of the left AV junction.

The retroaortic node is situated at the base of the atrial septum superior to the
penetrating portion of the AV conduction axis (Figures 6.2 -ligt green). It

is an extended structure, with connections to both the right and left rings. The
AV rings form a figure-of-eight configuration around the tricuspid and mitral
valvar orifices, with the central components occupying the base of the atrial
septum. As shown in Figures 6.2 - 6.4, the right and left rings are also
continuous with both right and left nodal extensions from the AVN. The AV
rings then unite ventrally in the retroaortic node as they cross cranially over the
penetrating portion of the AV conduction axis. The transition of the AVN into
the penetrating bundle is marked by the insulation of the AV conduction axis
from the atrial myocardium. The Purkinje fibres ramify within the ventral

aspect of the ventricular musculature (Figures 6.2 and 6.3, blue).
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6.3.2 Electrophysiological study

For studying the spontaneous activity in the right AV ring tissue,
multi-extracellular electrode mapping was carried out in 19 preparations. All
the preparations (Figure 6.5A) consisting of SAN, part of right atrium and right
AV ring tissue were active spontaneously and regularly. A representative
activation map is shown in Figure 6.5B; the earliest excitation was found in the
SAN region and excitation propagated to the right atrium and right
atrioventricular ring tissue. After removing the SAN, the preparation of isolated
right AV ring tissue (Figure 6.5C) was still active spontaneously, but the
activity was irregular. The earliest excitation sites were located in the right ring.
More than one pacemaker site was found in each preparation. Red stars in
Figure 6.5C show the pacemaker sites. Exit block occurred in 5 of the 19 right
AV ring tissue preparations under control condigiobut after 0.05 uM
isoproterenol was applied, the exit block disappeared. Figure 6.5D shows the
activation map of the tissue in control condition and after the application of

isoproterenol.

Multi-extracellular electrode mapping was also carried out on 11 isolated left
AV ring tissue preparations (Figure 6.6A) to study the spontaneous activity in
the left AV ring tissue. All the 11 preparations were active spontaneously.
Similar to the isolated right AV ring tissue preparations, the activity in the left
AV ring tissue was irregular and there was more than one pacemaker site in a
preparation (Figure 6.6A, red stars). Exit block occurred in 4 of the 11 left ring

tissue preparations under control conditions, and the exit block was relieved
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Figure 6.2 Complete transparent views of the 3D rat heart

model with the CCSand theAV rings

A, dorsal view of the model. B, ventral view of the model. AVN,
atrioventricular node; His, His bundle; LAA, left atrial appendage; LR, left ring
tissue; Pfs, Purkinje fibres; RAA, right atrial appendage; RAN, retroaortic node

RR, right ring tissue; SAN, sinoatrial node.
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Figure 6.3 Two views of the CCS and the AV rings with

myocar dium removed

A, dorsal view of the model with myocardium removBdventral view of the
model with myocardium removed. AVN, atrioventricular node; His, His bundle;
LR, left ring tissue; Pfs, Purkinje fibres; RAN, retroaortic node; RR, right ring

tissue; SAN, sinoatrial node.
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Figure 6.4 Two views showing the relationship between the

atrioventricular conduction axisand the AV rings

A, top view showing the relationship between the atrioventricular conduction
axis and the atrioventricular ring tissues, Bottom view showing the
relationship between the atrioventricular conduction axis and the
atrioventricular ring tissue. AVN,taoventricular node; His, His bundle; LR,
left ring tissue; LBB, left His bundle branch; RAN, retroaortic node; RBB,

right His bundle branch; RR, right ring tissue.
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after applying 0.05 uM isoproterenol. Figure 6.6B shows the representative
activation maps under control conditions and after the application of
isoproterenol. In the right and left AV ring tissue preparations, the ventricular

tissue was mapped as well, but there was no electrical activity was found.

6.4 Discussion

This study (i) presents the first 3D reconstruction/model of the entirety of the
CCS including the AV rings and retroaortic node and (ii) demonstrates the
pacemaker potentiality of the right ring. These data show that the AV rings
could result in the generation of ectopic beats and thus underlie atrial
tachycardias known to originate within the vestibules of the AV valves (Kistler

et al., 2006).

6.4.1 3D anatomical model of the AV rings

This study represents for the first time a 3D reconstruction of the entire CCS. It
shows the location, full extent and relationship of @&Sand AV rings in the
adult rat heart. The components of the CCS were identifiable via their
differential expression of ion channels and connexins. The 3D model (Figures
6.2 and 6.3) provides an anatomical reconstruction of the vGeand AV

rings and, therefore, is a useful tool for teaching and research purposes.

Controversies concerning the extent and function of the cardiac conduction
tissues have now raged for over 100 years. The rival notions of multiple
muscular pathways for atrioventricular conduction as proposed by Kent (1893),

and a solitary pathway proposed by His (1893), existed until the work of
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Figure 6.5 Pacemaker activitiesin right AV ring tissue

A, photograph of a right AV ring tissue and right atrial wall preparation. RAA,
right atrial appendage; CT, crista terminalis; SVC, superior vena cava; AS,
atrial septum; IVC, inferior vena cava; RV, right ventricle; TV, tricuspid valve.
Rectangular box shows the position of the mapping array (8 x 8 electrodes) and
the arrow indicates the direction of impulse propagation. Tissue was cut along
the dashed line for studying isolated right AV ring tissue. B, activation map for
the rectangular box in panel A, showing the leading pacemaker site (identified
as the site of earliest activation) at the level of the sinus node and anterograde
conduction in the right atrial free wall. C, photograph of isolated Ayhring

tissue preparation. Rectangular box shows the position of the mapping array (6
x 10 electrodes). Stdenote the pacemaker sites in the right AV ring tissue
and arrows show retrograde conduction from the three different pacemaker
sites in the right AV ring tissue to the right atrium. D, activation map of the
preparation in panel C under control conditions (left) and after application of
0.05 uM isoproterenol (rightCT, crista terminalis; IVC, inferior vena cava;
RAA, right atrial appendage tissue; RR, right AV ring tissue; RV, right

ventricular tissue; SVC, superior vena cava.
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Figure 6.6 Pacemaker activitiesin left AV ring tissue

A, photograph of isolated left AV ring tissue preparation. Rectangular box
shows the position of the mapping array (6 x 10 electrodesk @&aote the
pacemaker sites in the left AV ring tissue and arrows show retrograde
conduction from the two different pacemaker sites in the left AV ring tissue to
the left atrium. B, activation maps of the preparation under control conditions
(left) and after application of 0.05 uM isoproterenol (right). LAA, left atrial

appendage tissue; LR, left AV ring tissue; LV, left ventricular tissue.
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Tawara (Tawara, 1906) conclusively proved that thisreonly a solitary
pathway connecting (anatomically and electrically) the atrial and ventricular
muscular masses. The node like structures identified by Kent, however, do
exist and have been shown to be constant features within the muscular
vestibule of the tricuspid valve in structurally normal human hearts, albeit
insulated from the ventricular myocardium (Anderson et al., 1974). There is
little doubt that these structures, as seen in the human heart, are analogous to
the more complete rings of specialised tissue identified in the hearts of rabbits,
guinea-pigs, rats and mice (Anderson, 19%anni et al., 2009). The
morphology of the AV rings was misinterpreted in early studies, with two
separate rings being shown surrounding the atrioventricular valves (Anderson,
1972 Anderson et al., 1974). This study shows that®eings and retroaortic
node are continuous with the AV canal (Aanhaanen et al., 2010). The 3D model
in this study demonstrates how the AV rings cross over the penetrating part of
the AV conduction axis, forming the extensive retroaortic node recognised both
histologically and immunohistochemically (Figures 6.2, 6.3 and 6.4). | presume
that, initially, the retroaortic node is also in continuity with the ventral
continuation of the AV conduction axis, because in the developing heart a ring
is known to encircle the aortic root and return to the right atrial vestibule
(Hoogaars et al., 2004.amers et al., 1992); | was unable to demonstrate this
pathway in the current investigation. Based on its extent and its continuity with
the AV rings, | also presume that the retroaortic node must have a functional

role, although as yet this is unknown.
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The 3D model also provides insights into the rest of the CCS. The 3D
anatomical model is the first reconstruction of the sinus node in situ. TRe SA

is an extensive inverted U-shaped structure in the rat, endorsing the previous
description of Yamamoto et al. (Yamamoto et al., 2006) and in agreement with
observations in the rabbit and human (Chandler et al.,; Zoddrzynski et al.,
2005). The 3D model also shows that the bulk of the SAN lies in the region of
the superior caval vein at the crest of the right atrial appendage, with a tail of
nodal tissue extending down both the terminal crest and the interatrial groove,
as observed in some human hearts (Yamamoto et al.,.Z0@&)3D model
clearly shows that the SAN is far more extensive than is generally depicted in

anatomical textbooks (laizzo, 2009).

In the developing heart, the nodal primordium is extensive and interconnected.
Thus, in the mouse, as identified by marker genes such as the T-box
transcription factor3 (Tbx3), a continuous tract of primary myocardium, the
future nodal tissue, extends from within the confines of the systemic venous
sinus, becoming continuous with the primary myocardium of the
atrioventricular canal, from which will develop the AVN (Rentschler et al.,
2001). This is consistent with the distribution of nodal tissue in the adult rabbit
(Dobrzynski et al., 2007). The continuous tract of primary myocardium in the
developing heart is suggestive of an “internodal tract”, such as that proposed

by James (1963) to provide preferential conduction from the SAN to the AVN.
The 3D model, however, reveals there is a gap between the SAN and the AVN
in the adult heart. Moreover, use of standard histological techniques in the

postnatal heart, basing the findings on the criteria proposed by Aschoff and
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Monkeberg, has consistently failed to identify any insulated atrial tracts within

the atrial myocardium (Janse and Anderson, 1974). It follows, therefore, that
much of the primary myocardium must lose the histological features of nodal

tissue as the embryo matures (Moorman et al., 2005). Furthermore, in the
postnatal heart, preferential conduction from the SAN toAWN, as well as

into the left atrium, can adequately be explained on the basis of the orderly
longitudinal packing of atrial myocytes in prominent muscular bundles, such as
the terminal crest and Bachmann’s bundle (Dobrzynski et al., 20Q7James,

1963).

6.4.2 Spontaneous activity in the AV rings

Using surface electrode mapping, this study demonstrated tha¥ thags are
capable of pacemaking and propagating electrical activity to the atria, albeit
only when the dominant pacemaking tissue of the SAN and AVN were

detached (Figures 6.5 and 5.6

The results from this study clearly show that #verings could potentially act
as ectopic pacemakers. In patients with focal atrial tachycardia, ectopic foci are
often found in the tricuspid and mitral valve annuli (Kistler et al., 2006

Morton et al., 2001). It is likely that the AV rings are responsible.

The functional role of the AV rings is still not clear and it will require further
investigation to determine whether the AV ring tissues are solely a remnant
from the development of the CCS or if they serve a specific function in cardiac

conduction.
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Chapter 7 General summary and  future

directions

7.1 About 3D anatomical models

7.1.1 Summary of the 3D anatomical models

As described in section 1.3, accurate computer simulation requires detailed

anatomical models. In this study, three anatomical models were constructed:

1) A detailed 3D anatomical model of the rabbit heart: the whole of the

atria and part of the ventricles) (Chapter 3).

2) A 3D anatomical model of the rat heart with the CCS AWdrings

(Chapter 6).
3) A 3D anatomical model of the human AVN (Appendix |

These anatomical models can be used in computer simulation and anatomical
teaching. In Chapter 5, the 3D anatomical model of the rabbit atria was used to
simulate the electrical activation sequence of the rabbit atria during sinus
rhythm with the cellular automaton model. This 3D model will also be used by
the group of Professor Henggui Zhang (University of Manche&iesimulate

the electrical activation of the rabbit atria under normal and abnormal

conditions with detailed action potential models. The 3D anatomical model of

152



the rat heart with the entire CCS and AV rings showed the structure of the AV
rings and the location, full extent and relationship of the CCS and AV rings in
the adult rat heart. It is a useful tool for teaching and can be used in computer
simulation as well. The human AVN anatomical model (Appendix 1) is to be

used for computer simulatidsy Professor Henggui Zhang.

7.1.2 Future directions for the reconstruction of 3D

anatomical models

The MRI technique was used in the development of the three anatomical
models in this study. The voxel size of the MRI data used in the rabbit heart
model, rat heart model and the human heart model was approximately 26.4 um,
100 ym and 120 pm, respectively. Immunohistochemical and histological
staining were used to distinguish the CCS in the models of the rat heart and the

human heart.

Most recently, in the study of Stephenson kt(2012), micro-CT (Henry
Moseley Imaging Centre, University of Mancheyst®as used to scan the rat
and rabbit hearts with an iodine-based contrast agd€l).(IThe voxel size of

the CT data ranged from 13 to génh, which is smaller than in the MRI data
sets used in this study. Interestingly, the structure of the CCS of the heart
including the SAN, AVN, His bundle, the bundle branches and the Purkinje
network could be directly distinguished in the CT images (Stephenson et al.,
2012). Therefore, the study of Stephenson.g812) showed a better way to

construct 3D anatomical models of the heart in the future.
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7.2 About multi-electrode mapping system

7.2.1 Summary of the multi-electrode mapping system

A multi-electrode mapping system was constructed in this study (Chapter 4).
The mapping system consisted of multi-electrode electrode arrays and the data
acquisition system. Four connector extensions for the data acquisition cards
and two different sized 64-channel electrode arrays were constructed.
Recording software and analysis software for the multi-electrode mapping

system was developed in LabVIEW and MATLAB.

With this mapping system, | mapped the activation sequence in
Langendorff-perfused rabbit atria (Chapter 5) and other cardiac tissues
including MKK4-knockout mouse ventricles (see Figure 5 in Appendix I; Zi et
al., 2011), mouse sinoatrial node preparations, rat sinoatrial node preparations,
rat atrioventricular ring tissues (Chapter 6; Appendix Il) and anaesthetised goat
sinoatrial node (in vivo). In all these experiments, the multi-electrode mapping

system performed very well.

7.2.2 Future directions for the improvement of the

multi-electrode mapping system

In this study, the multi-electrode arrays were constructed manually. This was
time consuming work, and the position of the electrodes was not easy to
control. It will be worth to try to make the electrode array with printed circuit

board (PCB techniquesA computer could be used to control the positioning
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of the electrodes when using PCB techniques. Therefore, the precision will be
better than with manual control and it will be easier to make multi-electrode

arrays with higher spatial resolution.

In addition to the improvemeltm making the arrays, the sampling rate of the
mapping systencan also be improved by replacing the data acquisition cards
employed in the system. As described in Sectionalhgher sampling rate of

the mapping system can provide higher temporal resolution of the activation
map of the cardiac tissues. In addition, as described in Section 4.1.1.1, higher
spatial resolution of the multi-electrode array also required higher sampling
rates to determine the accurate activation sequence. The maximum sampling
rate of the mapping system developed in this study was 1.5 kS/s when all the
channels were &sl simultaneously. Using the multi-electrode arrays developed

in this study, the maximum sampling rate of the mapping system was high
emugh to map the electrical activation of the cardiac tissue during sinus
rhythm. However, the sampling rate of this system will not be high enough to
map the electrical activation when the heart activateshigher frequency (e.g.

in atrial fibrillation). At present, there are new data acquisition cards available
that can provide higher sampling rates. For example, one PXI-6255 (National
Instruments) can be used to simultaneously record 80 channels at.9 kS/s
Therefore, the sampling rate of the mapping system will be increased six times
if the data acquisition cards in the mapping system are replaced by the

PXI1-6255.
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7.3 About experimental mapping and computer
simulation of the electrical activation of the

rabbit atria

7.3.1Summary of the experimental mapping and
computer ssimulation of the electrical activation of

therabbit atria

In this study, experimental mapping techniques including the optical mapping
technique and the multi-electrode mapping technique were used to map the
electrical activation sequence of rabbit atria (Chapter 5). The optical mapping
system used in this study (Figure 1.1) was found not to be an ideal tool to map
the activation sequence of the whole rabbit atria, which have a 3D structure.
However, multi-electrode mapping techniques can overcome this limitation.
Using the multi-electrode array mapping system, the activation sequences in
five rabbit atria were successfully mapped in detail. The activation maps of the
rabbit atria were drawn based on the mapping results. A block zone was
observed between the right atrium and the atrial septum and was shown in the
activation maps. Thmgopingresults showed that Bachmann’s bundle plays an
important role in action potential propagation from the right atrium to the left
atrium. However, the coronary sinus and the left superior vena cava in the
rabbit atria do not act as an inter-atrial route during sinus rhythm. Conduction
velocities in different regions of the rabbit atria were measured using the

multi-electrode array mapping. The data can be used to support and validate
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computer simulation work.

In Chapter 5, electrical activation of the rabbit atria during sinus rhythm was
simulated using the cellular automaton model and the detailed 3D anatomical
model constructed in Chapter 3. The experimental mapping data was used to
support the computer simulation. The computer simulation work was validated
by the experimental mapping data. The computer simulation work showed the
importance of the anatomical structure and electrophysiological heterogeneity

in accurate computer simulation.

7.3.2 Future directions for the experimental mapping
and computer simulation of the electrical

activation of therabbit atria

Using the multi-electrode mapping technique, the activation of the rabbit atria
was mapped from the epicardium. However, the study of Schuessler et.al.
(1993) showed the epicardial and endocardial activation can be slightly
different in some regions of the atria. Therefore, more information about the
electrical activation of the rabbit atria can be obtaiieshdocardial mapping

can be performed.

In addition to the experimental mapping, the computer simulation work was
carried out in this study using the cellular automaton model. Compared to the
full action potential model, the cellular automaton model is simpler to calculate
the propagation of the action potential in the atria. However, the cellular

automaton model cannot include detailed information about various kinds of



ion currents underlying the action potential. Therefore, the full action potential
model is needed, if we want to simulate the effect of some ion currents on the

activation of the atria under normal or abnormal condition.
7.4 About electrophysiological study on AV rings

7.4.1Summary of eectrophysiological study on AV

rings

Using the multi-electrode mapping technique, this study demonstrated that the
AV rings are capable of pacemaking and propagating electrical activity to the
atria, albeit only when the dominant pacemaking tissue of the SAN and AVN

are detached (Chapter 6). In patients with focal atrial tachycardia, ectopic foci
are often found in the tricuspid and mitral valve annuli (Kistler et al., ;2006

Morton et al., 2001). This study suggests that the AV rings may be responsible.

7.4.2 Future directions for the electrophysiological

study on AV rings

Although the AV rings were proved to be able to generate spontaneous activity,
the electrophysiological properties of the myocytes in the AV rings have not
been investigated in this study. Dr. Sunil Logantha (University of Manchester)
recorded the intracellular action potential from the AV rings with sharp

microelectrodes (Appendix II). The intracellular action potentials recorded at
the leading pacemaker site in the AV rings were sinus node-like, but the

spontaneous rate was slower than that in the SAN. The mechanisms underlying
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the diastolic depolarization in the AV rings have not been investigated. Further
studies are needed to investigate the electrophysiological properties of the

myocytes in the AV rings with the patch clamp technique.
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Appendix |: Three dimensional anatomical model

of the human atrioventricular node

Introduction

An anatomical model of human AVN constructed based on
immunohistochemical staining is lacking. The aim of this appendix was to

construct an anatomical model of the human AVN.

Method

1) Preparation

A human AVN preparation from a healthy human hearts (but unsuitable for
transplantation; male; 60 years oldaswbtained from the Prince Charles

Hospital, Australia. This work was ethically approved by the Queensland
Government and the University of Manchester. The preparation was frozen in

liquid N2 and stored at -80°C.

2) Procedure of the 3D reconstruction of the human

AVN

The 3Dreconstruction of the human AVN was based on CT images, histology
and immunohistochemistry staining imagéke procedure can be divided into

eight steps:



1. The human AVN preparation was fixed in 10 % neutral buffered
formalin (pH 7.4, Sigma) for 14 days. The preparation was then imaged
by micro-CT with the Metris X-tek custom 320 kV bay system at the
Henry Moseley Imaging Centre, University of Manchester. All scans
were acquired using 1440 projections over 360° and imaging
parameters were optimised for each preparation based on pilot x-ray
projections to maximise contrast and resolution. Scan times were
approximately 15 min. Data were viewed and analysed using Avizo.

The voxel size in the CT images was,iq.

2. The human AVN preparation after the micro-CT scanning was frozen in
liquid N, and stored at -80°C. Then the frozen preparation was cut
using a cryostat. 25 um sections were cut and subsequently mounted on
Superfrost Plus glass slides (VWR). Then 58 sections at 0.5 mm
intervals were stained with Masson’s trichrome to show the histology.

The Masson’s trichrome staining method is described in the general

methods (Section 2.2).

3. Immunohistochemistry staining was carried out on 56 sections (at the
same levelsasthe histology) for connexin43 (Cx43) to help delineate
the AVN and the working myocardium. The immunohistochemistry
staining method is described in the general methods (Section 2.4). The
primary antibody used was rabbit polyclonal antibody to Cx43
(Millipore), and the second antibody used was FITC conjugated donkey

anti-rabbit IgG (Millipore).
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4. Based on the histology and the immunohistochemical staining results,
the structures such as left inferior nodal extension, right inferior nodal
extension, compact node and penetrating bundle were delineated on the
histological sections. The left and right inferior nodal extensions and
the compact node were recognisad Cx43-negative. Figure Al.l
shows an example to delineate the left and right inferior nodal

extensions on one histological section.

5. The CT dataset was re-sliced to obtain 2D images corresponding to the
cryosectioned sectionsThe re-slicing was carried out in Avizo

(Visualization Sciences Group, Inc., USA).

6. The re-sliced CT images and corresponding histological and
immunohistochemical sections at 0.5 mm intervals were selected. Then

delineated structures were superimposed on the CT images.

7. The CT images with the delineated structures were imported in
MATLAB to build a 3D mathematical array in MATLAB. Different
structures in the 3D array were indexed with different integer numbers
using in previously described custom developed software (Li J et al,

2008).
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Figure Al.1 An exampling showing delineation of the inferior

nodal extension on one histological section

A, image of a histologichl stained section. BCx43 staining on the adjacent
slide Cx43 labelling was present in ventricular and atrial muscle and was
absent in the left and right inferior nodal extensions. AM, atrial muscle; LINE,
left inferior nodal extension; RINE, right inferior nodal extension; VM,

ventricular muscle.
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8. The voxel size in the mathematical array was interpolated as 0.5 x 0.5 x
0.5 mm using bicubic interpolation. The array consisted of 60,213

non-zero nodes.

Results

A 3D mathematical array (Appendix 1V, Array 4) for the anatomical model of
the human AVN was constructed in MATLAB. The model consists of the left
inferior nodal extension, right inferior nodal extension, compact node and
penetrating bundle. Figure Al.2 shows 3D visualisations of the model. In the
array, the left inferior nodal extension consists of 424 nodes which are indexed
as 2; right inferior nodal extension consists of 2,402 nodes which are indexed
as 3; compact node consists of 622 nodes which are indexed as 4; penetrating
bundle consists of 451 nodes which are indexed as 5. The aorta, ventricular

muscle, atrial muscle and mitral valve in the preparation are indexed as 1.

Discussion

An anatomical model of human AVN was constructed. This anatomical model
is being uedin computer simulations carried doy Professor Henggui Zhang

(University of Manchester).
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Figure Al.2 3D visualisations of the anatomical model of the

human AVN

A, photo of frozen human AVN preparation. B, solid 3D visualisation of the
anatomical model of the human AVN preparation. C, transparent 3D
visualisation of the anatomical model of the human AVN preparation. D, 3D
visualisation of the human AVN without the atrial and ventricular heug,
aorta; AM, atrial muscle; CA, coronary artery; CN, compact node; LINE, left
inferior nodal extension; RINE, right inferior nodal extension; MV, mitral

valve; PB, penetrating bundle; VM, ventricular muscle.
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Abstract

Background-The cardiac conduction system (CCS) consists ofsihes node (SN), nodal extensions,
atrioventricular (AV) node, penetrating bundle, Bienbranches and Purkinje fibres. However, nodia-i
AV ring tissue also exist at the AV junctions ahe tright and left rings unite at the retroaorticd@oThe
study aims were to (i) construct a three-dimendi@d@) anatomical model of the AV rings and retrdao
node, (i) map electrical activation in the riglng and study its action potential characteristiosl (iii)
examine gene expression in the right ring and aeftec node.
Methods and Results-3D reconstruction (based on MRI, histology and imphistochemistry) showed the
extent and organisation of the specialised tisfoegxample how the AV rings form the right anit leodal
extensions into the AV node. Multi-extracellulae@rode array and microelectrode mapping of isdlate
right ring preparations revealed robust spontaneamiivity with characteristic diastolic depolarimat
Using laser microdissection gene expression medsatrenRNA level using gPCR and protein level using
gPCR and immunohistochemistry) showed that the rigly and retroaortic node, like the SN and AV @od
but unlike ventricular muscle, had statisticallgrdficant higher expression of key transcriptiorctéas
(including Thx3, Msx2 and Id2) and ion channelsi@ilding HCN4, Cg.1, Cg3.2, K/1.5, SK1, K3.1,
K;:3.4) and lower expression of other key ion chan(iéisl.5, K;2.1).
Conclusons-The AV rings and retroaortic node possess geneessgjan profiles similar to that of the AV
node. lon channel expression and electrophysiabgicordings show the AV rings could act as ectopi
pacemakers and a source of atrial tachycardia.

Key Words: cardiac conduction system, atrioventricular rirsgties, action potential, ion channels,

arrhythmogenesis



Introduction

The cardiac conduction system (CCS), generallyidensd to consist of the sinus node (SN) and the
atrioventricular (AV) conduction axis, is resporsior the initiation and conduction of the actipotential
throughout the heart, leading to coordinated catitia of the heart. The AV conduction axis is known to
be made up of nodal extensions, AV node, penegratinHis bundle, bundle branches and Purkinje §ibre
Further areas of histologically specialised tisslistinct from these well recognised areas of t@SChave
been shown to exist within the muscular AV juncsipimitially being illustrated by Kent in 1893, who
incorrectly suggested that they provided multipd¢hgvays for normal AV conduction. It was subseqglyent
established, however, that the AV conduction axwides the only pathway for conduction acrossAke
junctions in structurally normal hearts, and ttmat hodes identified by Kent were part of so-cab&trings,
which are rings of nodal-like myocytes occupying trestibules of the tricuspid and mitral valvarfioes
and which unite in the retroaortic nod@&he AV rings are also anatomically continuous wie CCS’
although they are not thought to contribute tonbemal functioning of the heart. Their location gagts
that they could be a source of atrial tachycatdia.

For most of the preceding 100 years, the comporddritee CCS have been identified on the basis of
the histological criteria established by Aschoftldonckeberg. With the emergence of new technigtes,
now possible to identify transcription factors ifwed in the development of the CCS, these factoes t
serving to identify the conduction tissues. WorkHmyogaars et a showed that the transcription factor Thx3
is expressed in the entire CCS, including the jesly described AV ringsMore recently, Aanhaanen et
al® demonstrated that the AV rings are formed from énebryonic AV canal musculature, which also
contributes to the retroaortic node, nodal extersi@and compact AV node. AV rings have been
demonstrated using immunohistochemistry in manyisge humari, rabbit, guinea-pig, ratand mousé®
The fact that the AV rings share common developaiesrigins with the AV node suggests that they may
have similar gene expression profiles and posses® subsidiary pacemaker functionality. HCN4, the
principal ion channel responsible for the funnyreat (;), an important pacemaker current in the SN and
AV node, is known to be expressed in the AV ring¥e showed previously that the AV rings have high
expression of connexin45 (Cx45) and low expressioconnexind3 (Cx43), characteristics shared whith t
SN and AV nodé? Electrophysiological investigations have shown aidglpe action potentials in the

vestibule of the tricuspid valve in pig and dogre4™® The functionality of the AV rings in the adult iea
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however, is unknown. The aims of this study weredfold: (i) to develop a 3D model of the anatorhyhe
AV rings and retroaortic node to show their extandl location; (ii) to map electrical activationthe right
AV ring and study its action potential charactécst and (iii) to examine the expression of funcéthy
important molecules (including transcription fastoion channels, Gahandling proteins and gap junction
channels) in the right ring.
M ethods

A full description of the methods is included iretBata Supplement (DSID reconstruction. Six
rat hearts were serially sectioned and the secttaised for histology and immunolabelled for CC&ker
proteins. In each section, CCS tissues (including riag tissues) were identified and outlined ane th
outlines transferred to equivalent magnetic resc@aamages of a heart to form a 3D model of the detap
CCS.Electrophysiology. Using a multi-extracellular electrode array andrphmicroelectrodes, extracellular
potentials and intracellular action potentials wegeorded from right AV ring preparations from 1& r
hearts.Quantitative PCR (gPCR). Samples of different CCS tissues (including A\griissues) from 12 rat
hearts were collected using laser microdissect®RNA was isolated and reverse transcribed and the
abundance of 82 transcripts measured using gPCgtifisant differences were determined using a
moderated (limma) t-test (significance leviek0.05) and the FDR (false discovery rate) testn{Bance
level, FDR<0.2). Protein analysis. Immunohistochemistry was performed on tissue gmsti and
immunolabelling quantified.

Results

Location of AV ringsand retroaortic node and relationship to CCS

By using histology and immunohistochemistry, we @vable to localise all components of the CCS
of the rat heart including the AV rings and retndimonode: the SN, right and left rings, retroaontiode,
nodal extensions, AV node, penetrating bundle égttt and left bundle branches were HCN4-positivd an
Cx43-negative (Fig. 1). Immunolabelling of HCN4 a0®43 at various levels through the heart is shown
DS Figs. 1-3. HCN4 is a positive marker for the C@filst Cx43 is a positive marker for working
myocardium' Although the Purkinje fibres did not shown disdeim labelling of HCN4, they could be
localised because they were positive for Cx40; Cxd8 not discernibly expressed in the SN, AV riagd
AV node (retroaortic node not tested), whereasai$ wxpressed in the penetrating bundle, bundlechesn

and Purkinje fibres (DS Figs. 3 and 4). Cx40 iaitpre marker for the ventricular conduction systd he
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identified components occupied the same locatioalliinvestigated hearts. MRI data for one of tlearts
was used as a template onto which we mapped tlaidacof the AV rings, retroaortic node and the
remainder of the CCS (Fig. 2; DS Movie 1). The &banstruction or model shows the relation betwhen t
AV rings, retroaortic node and the principal pavfsthe CCS. The SN (Fig. 2, yellow) is an extensive
structure found at the junction of the superior atavein with the right atrium. Based on HCN4
immunofluorescence, we found no evidence for asgrdie specialised connections within the atridlsva
between the SN and the AV node. The AV node (Figed) lies in the atrial septal component of thé A
junctional area, with a prominent tongue of HCN4ifive tissue extending from the AV node into tliéah
septum (DS Fig. 2). The right and left rings (RRggreen) occupy the vestibules of the tricuspid uitral
valves, respectively. They are seen as small HGdé$ftipe regions at the insertion of the atrial myatium
into the AV junctions (DS Fig. 1). When traced withthe tricuspid vestibule, the right ring is sdenbe
continuous with the right nodal extension (DS Rij. The left ring is less well defined than thehtiging,
being no more that a thin strip of HCN4-positivestie within the mitral valvar vestibule at the lesfethe
left AV junction (DS Fig. 1). The retroaortic nodesituated at the base of the atrial septum sop#yithe
penetrating portion of the AV conduction axis (F&j.dark green; DS Fig. 3). It is an extended $tmec
with connections to both the right and left ringgpression of HCN4, as seen by immunofluorescenas,
less in the AV rings than in the SN and AV node] &ss in the left ring than in the right ring. @irsg the
HCN4-positive signal through the heart shows how tiimg tissues form a figure-of-eight configuration
around the tricuspid and mitral valvar orificesthwihe central components occupying the base oétitie
septum. As shown in Fig. 2, the right and left sirage also continuous with both and right and refial
extensions from the AV node, the AV rings then imgitventrally in the retroaortic node as they cross
cranially over the penetrating portion of the AVndaoction axis. The transition of the AV node inke t
penetrating bundle is marked by the insulationhef AV conduction axis from the atrial myocardiumS(D
Fig. 2). The Purkinje fibres ramify within the vesitaspect of the ventricular musculature (Figble; DS
Figs. 3 and 4).
Action potential recording

Multi-extracellular electrode mapping in the iseldtrear wall of the right atrium (Fig. 3A) revealed
the site of earliest activation at the level of 8. From here, electrical activity propagatedi® rtest of the

right atrium and further onto the right ring. A repentative activation map is shown in Fig. 3B.eAft
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detaching the SN, all preparations showed spontenagctivation and the site of earliest activatioasw
located in the right ring. Electrical excitationcocred at irregular intervals and activation magpgealed
multiple pacemaker sites (indicated by red stafSign 3C) within the right ring. In 5 out of 19 parations,
exit blocks occurred and an example is shown in 3y Microelectrode recordings from the sitesafiest
activation in isolated right ring preparations raleel spontaneous action potentials with charatiteris
diastolic depolarization (Fig. 3E). The frequenéyspontaneous action potentials varied from 0.9.fbHz,
with a mean value of 2.1+0.3 Hz (n=4 preparatidisjmpalements; Table 1). The upstroke of the actio
potential (phase 0) was slow, with a maximum up&neelocity (dV/dhay of 721 V/s (Table 1). The action
potential amplitude was 49+3 mV and there waselitt no overshoot (Table 1). The repolarizationspha
lacked a prominent plateau, and the duration ofattieon potential (at -30 mV) varied from 35 to 144,
with an average value of 78+11 ms (Table 1). Theimam diastolic potential (MDP) reached after the
action potential was -50+3 mV (Table 1). The chamastics of right AV ring pacemaker action poteidi
are summarised in Table 1, along with correspondiegsurements for action potentials recorded fiwan t
centre of the SN and the terminal crest of thetraghum.
gPCR

In the right ring and retroaortic node (as wellS¥ and AV node and atrial and ventricular muscle
for comparison), gPCR was used to measure the ssipre(at mRNA level) of 82 markers, transcription
factors, ion channels, K&K pump, exchangers, €ahandling proteins, connexins, extracellular matrix
components and a few miscellaneous targets. Fomnation on the expression of all targets see O8eTh
The expression of two atrial markers (ANP and BMRJ, as expected, high in atrial muscle and low in
ventricular muscle and intermediate in the spesgdlitissues (DS Fig. 5). Generally, there was fsogimtly
higher expression of extracellular matrix compoadietg. collagens 1 and 3, vimentin and elastintha
right ring and retroaortic node than in the ventidc (and in some cases atrial) muscle; the SNAAhdode
tended to show the same expression pattern (DS Fighis suggests that the right ring and retrb@oode
contain more fibrous tissue (well known propertis SN and AV node). The expression pattern of
transcription factors (responsible for tissue pligoe) and ion channels, K&K pump, exchangers, €a
handling proteins and connexins (collectively rasole for electrical activity) are described intaike

below. An overview of differences in the expressibthese targets between regions is shown in Table



Transcription factors

The right ring and retroaortic node (and in gen&ll and AV node) had significantly higher
expression of Tbx3 (Fig. 4), Thx5, Id2 and Msx2 (Bifg. 5) than the ventricular (and in general 8tria
muscle. The right ring also had significantly higlegpression of Nkx2.5 and GATA4 than the ventacul
muscle (DS Fig. 6); the retroaortic node had sigaiftly higher expression of GATA6 than the ventlic
muscle (DS Fig. 6). There were no significant regldaifferences in Msx1 expression (Table 2).
Channelscarrying inward current

HCN channels are important pacemaker channelsaanelxpected, HCN4 was the most abundantly
expressed HCN channel (Fig. 4). Expression of HGM& significantly higher in the right ring and
retroaortic node than in the working myocardiunmxpression was similar to that in the AV node, boit &s
high as that in the SN (Fig. 4). The expressiotepatof HCN1 was similar to that of HCN4, wheredSN2
was most abundant in the ventricular muscle (BigAdminor Na channel in the heart, Nal, tended to be
evenly expressed in the tissues investigated (@S5} However, expression of the dominant Naannel,
Na,1.5 (responsible for action potential upstroke iorking myocardium), tended to be lower in the right
ring and retroaortic node (and in AV node, but yetedly not in SN) than in the working myocardium
(Fig. 4). Two N& channeB subunits were differentially expressed in the trigihg and retroaortic node (DS
Fig. 5). Whereas there were no significant diffeemin expression of the major L-type’Cahannel,
Cal.2, between tissues, expression of two T-typé* @hannels, G8.1 and Cg8.2 (important for
pacemaker activity), was higher in the right ringdaetroaortic node (and SN and AV node) than & th
ventricular muscle (Fig. 4).
K™ channels carrying outward current
Voltage-gated and Gaactivated K channels control action potential duration. Thpresgsion of some of
these (K1.5, ERG, Kp1, SK1/K:2.1 and SK3/Ik:2.3) tended to be higher in the right ring andaartic
node (and SN and AV node) than in the working mydicen (Fig. 4). In contrast, expression oflk2,
tended to be lower (Fig. 4) and others (Kv1.2.K, K4.2, K4.3, KLQT1 and SK2) unchanged (DS Fig.
5; Table 2). In rat atrium, K.2, K,1.5 and K4.2 are reported to be functionally important cedsh K; 2.1
is the major inward rectifier Kchannel responsible for the resting potentialhi@ working myocardium.
Expression of K2.1 was significantly lower in the right ring anetnoaortic node (and SN and AV node)

than in the ventricular muscle (Fig. 4),X1 was more highly expressed in the ventricle thamatrium, but
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the reverse was true for,K2; expression of .2 tended to be less in the right ring and rettt@oode
(and AV node) than in the atrial muscle (Fig. 4plEa2). Expression of 3.1 and K3.4 (responsible for
ACh-activated K channel) was significantly higher in all tissuesliiding the right ring and retroaortic node
than in the ventricular muscle (Fig. 4). Twin pd€é channels potentially could play a role in the iregt
potential; interestingly, TASK2 (J&5.1) and TWIK2 (Kg6.1) expression tended to be higher in the rigig ri
and retroaortic node (and SN and AV node) thahénworking myocardium (Fig. 4; DS Fig. 5).
Na*-K* pump, transportersand Ca*-handling proteins
Expression of the3 isoform of the NaK™ pump (Na-K* ATPasea3), the N&-H" exchanger (NHE1) and
the Nd-Ca* exchanger (NCX1) was significantly higher in thght ring and retroaortic node than in the
ventricular muscle (and in one case atrial musthe); SN and AV node showed a similar expressiofilero
(Fig. 5). Of the two ryanodine receptors (sarcaplasreticulum C4&' release channels), RYR2 was more
highly expressed in all tissues (Fig. 5). In tewhgour C&*-handling molecules (RYR2, RYR3, SERCA2
and sarcolipin), expression in the right ring wamilar to that in the SN, whereas expression in the
retroaortic node was similar to that in the AV npde the right ring (and SN), expression of RYRS3,
SERCA2 and sarcolipin was significantly higher thanthe ventricular muscle (Fig. 5). Interestingly,
sarcolipin was effectively absent from ventricutauscle (Fig. 5).
Connexins

Of the three connexins measured (Cx40, Cx43 and)Cx2k43 was the most abundant in all tissues
(Fig. 5). There was a trend of lower expressiolCe43 in the right ring and retroaortic node (and &id
AV node) compared to the working myocardium (Fig.®x40 expression was higher in the right ringd(an
in SN and AV node, but not in retroaortic node)tivathe working myocardium (significantly so inseaof
ventricular muscle; Fig. 5). Cx45 was uniformly eagsed in all tissues, except for the ventriculascete in
which Cx45 expression was significantly lower (F3g.
Cluster analysisand correlation

Based on the expression of 79 transcripts measigied TLDA cards, two-way hierarchical cluster
analysis separated the samples into seven clygtigrs6A). The samples fell into four unique setith the
right ring, retroaortic node and AV node samplasstdring together (clusters 3 and 7), the SN aridl at
muscle samples clustering together (clusters 1 @&ndand the ventricular muscle samples clustering

separately (clusters 2 and 5). The only exceptahis pattern was the grouping of the retroaortide with
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the SN in cluster 4. Spearman rank order correlalmows that the right ring has a greater simijladtthe
retroaortic node and the remainder of the CCS tharnworking myocardium - the order of correlatiam f
the right ring was retroaortic node>AV node>SN=atrimuscle>ventricular muscle (Fig. 6B,C). The
retroaortic node also had greatest similarity ® ttight ring and the remainder of the CCS: AV natlgt
ring>SN>atrial muscle>ventricular muscle (Fig. 6C).
Protein expression

If possible (dependent on availability of suitabdatibody), expression of targets was also
investigated at the protein level in the right rifgr a description of all proteins investigated B& Table 2.
Expression of HCN4, Cx40 and Cx43 at the proteielléas already been described (Fig. 1; DS Figh. 1-
and is consistent with the mRNA expression (Figand 5). Consistent with M5 mRNA expression (Fig.
4), Fig. 7A shows that N&.5 protein labelling was not found (above backgrbiéluorescence) within the
right ring (and AV node) compared to the workingaogrdium. In the working myocardium, &b protein
was expressed at the cell membrane (data not sh@engistent with mRNA expression (Fig. 4), expi@ss
of Ca,3.1 protein was observed in the right AV ring (Di§.FA). High SK1 (k2.1) protein expression (at
cell membrane) was observed in the penetrating Ibuidg. 7B; DS Fig. 7G). Expression of SK1 wasals
observed in the right ring (Fig. 7C), whilst no eegsion was observed in the working myocardium. (A
DS Fig. 7F). This is generally consistent with SIRNA expression (Fig. 4). 8.1 protein expression (at
cell membrane) was lower in the right ring thathie ventricular muscle (Fig. 8A,B), consistent witRNA
expression (Fig. 4). There was no detectable lagetif K;;3.1 in the right ring, whilst there was in the altri
muscle (DS Fig. 7D,E). In contrast,;X4 protein expression was observed in the righg riat cell
membrane), whilst there was weaker expression énvémtricular muscle (Fig. 8C,D). The expression
pattern of K3.1 and K3.4 proteins is consistent with the mRNA expresgkig. 4). Expression of RYR2
(Fig. 8E,F) and NCX1 (DS Fig. 7B,C) proteins wamikir in the right ring and ventricular muscle,
consistent with the mRNA expression (Fig. 5).

Discussion

This study (i) presents the first 3D reconstrudtioodel of the entirety of the CCS including the AV
rings and retroaortic node, (ii) demonstrates theemaker potentiality of the right ring and (iijosvs that
the expression profile of key transcription factdos channels, NaK* pump, exchangers, €shandling

proteins, connexins and extracellular matrix congmds of the right ring and retroaortic node is Emio
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that of the SN and AV node. Together these datavsti@at the right ring and retroaortic node have
characteristics that could result in the generatioectopic beats and thus underlie atrial tachgiearknown

to originate within the vestibules of the AV valves

Anatomy of extended CCS

The rival notions of multiple muscular pathways farmal AV conduction, as proposed by Kent
(1893), and a solitary pathway, as proposed by(H893), existed until the work of Tawataonclusively
proved that there was but a solitary pathway commgpgqanatomically and electrically) the atrial and
ventricular muscular masses. The node-like strastillustrated by Kent, however, do exist and hagen
shown to be constant features within the muscudstitbbule of the tricuspid valve in structurally ma
human hearts, albeit insulated from the ventricoigocardium'® There is little doubt that these structures,
as seen in the human heart, are analogous to the complete rings of specialised tissue identifirethe
hearts of rabbits, guinea-pigs, rats and rfitt&he morphology of the AV rings was misinterpreiecarly
studies, with two separate rings being shown suading the AV valve$.Our current study (Fig. 2; DS
Movie 1) shows unequivocally that the AV rings argtroaortic node are continuous with the AV
conduction axis. There is strong evidence showireg the AV rings are remnants of the embryonic AV
canal® Our 3D model demonstrates how the AV rings cross the penetrating part of the AV conduction
axis, forming the extensive retroaortic node re¢sgphboth histologically and immunohistochemicéiig.

2; DS Movie 1). This ‘third’ node is anatomicalljsdrete from the AV nodeand not continuous with it as
suggested by Blom et #l.We presume that, initially, the retroaortic nogealso in continuity with the
ventral continuation of the AV conduction axis, &ese in the developing heart a ring is known tdrelec

the aortic root and return to the right atrial isie;>’ we were unable to demonstrate this pathway in the
current investigation. Based on its extent andcdstinuity with the AV rings, we also presume thiad
retroaortic node must have a functional role, alfjfoas yet this is unknown.

The 3D model (Fig. 2; DS Movie 1) also providesghss into the rest of the CCS. The 3D model
shows the sinus node situ (Fig. 2; DS Movie 1). The SN is an extensive ingdrtJ-shaped structure in the
rat, endorsing the previous description of Yamanettal® and in agreement with observations in the human
and rabbit>*?The 3D model shows that the bulk of the SN liethregion of the superior caval vein at the

crest of the right atrial appendage, with a taihoflal tissue extending down both the terminaltcaed the
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interatrial groove, as observed in some human &¥an the 3D model (Fig. 2; DS Movie 1), the SN is
more extensive than is generally depicted in anartextbooks?

In the developing heart, the nodal primordiums exéensive and interconnected. Thus, in the
mouse, as identified by marker genes such as émsdription factor Tbx3, a continuous tract of @ign
myocardium, the future nodal tissue, extends froithiw the confines of the systemic venous sinus,
becoming continuous with the primary myocardiumtleé AV canal, from which will develop the AV
node?>** The continuous tract of primary myocardium in ¢leeloping heart is suggestive of an “internodal
tract”, such as that proposed by Jath&sprovide preferential conduction from the SNte AV node. The
3D model (Fig. 2; DS Movie 1), however, revealsréhis a gap between the SN and the AV node in the
adult heart. Moreover, use of standard histologieahniques in the postnatal heart, basing thenfgsdon
the criterions proposed by Aschoff and Monkebers bonsistently failed to identify any insulatedcts
within the atrial myocardiurf® It follows, therefore, that much of the primary esgrdium must lose the
histological features of nodal tissue as the embmgtures™ Furthermore, in the postnatal heart, preferential
conduction from the SN to the AV node, as wellras ithe left atrium, can adequately be explainedhen
basis of the orderly longitudinal packing of atrialyocytes in prominent muscular bundles, such as th
terminal crest and Bachmann’s buntft&’

Transcription factors

The establishment of the pacemaking phenotype égifip regions of the heart is achieved during
the embryonic development of the heart, with exgogsof transcription factors being critical in amiging
or repressing the expression of certain genes glaewelopment® Tbx3 has been shown to repress chamber
(i.e. working myocardium) -specific genes such a&1M, Cx40 and Cx4%° Our results show Tbx3
expression in the right ring and retroaortic nodld¢ comparable to that in other components ofG3&
(Fig. 4). Expression of Thx5 and Nkx2.5 was algghhin the right ring (DS Fig. 5). Nkx2.5 expressiarthe
nodal regions is reported to be low (it is thoutghiact as a repressor of HCR4although some evidence
exists for HCN4 expression in Nkx2.5 positive region humans)® Msx2 has been found in the AV canal,
particularly in the cushions, and in close assamiawith the CCS? where it is thought to interact with the
Tbx transcription factors to regulate connexin esgior?>*® Msx2 knockout mice have been shown to
develop abnormal AV valves, along with the exp@ssif chamber-specific markers in the cardiomyasyte

of the AV junction’®* The finding of a high level of Msx2 in the righihg (DS Fig. 5) supports the
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hypothesis that AV rings are developmentally simitathe main components of the CCS. The GATA4 and
GATAG transcription factors are known to affect thepression of genes within the heart, with GATA
binding motifs identified on many genes, includiNgX1.3* We observed high GATA4 expression in the
right ring and high GATAG6 expression in the retrdeo node (DS Fig. 5), although the functional
consequence of these differences is unclear. ldi®moter of conduction system gene expressidrhas
been shown to have functional binding sites for kand is cooperatively regulated by Tbx5 and
Nkx2.53*% Expression of Id2 was high in the right ring aetteaortic node as well as the SN and AV node
(DS Fig. 5). The complex interactions between thadcription factors, the high degree of redundaaray
multiple levels of regulation including gene exsies levels and post transcriptional modificatietiought
to provide a mechanism ensuring tight regulatiothef patterning and functioning of the C&®ur qPCR
data shows that the right ring and retroaortic nsitre an expression profile of transcription fexctdoser
to that of the CCS than the working myocardium (€a?), again supporting the developmental evidence
that the right ring and retroaortic node originfaten the same primordium as the AV node.
Pacemakingin right ring

Using surface electrode mapping, we demonstratatdthie right ring is capable of pacemaking and
propagating electrical activity to the atria, atbamly when the dominant pacemaking tissue of tNea8d
AV node were detached (Fig. 3). Microelectrode rditms revealed a less negative MDP in the righ,ri
comparable to the MDP in the SN (Fig. 3E; TableQdnsistent with this, we observed low mRNA and
protein levels in the right ring and SN forX1 (Figs. 4 and 8), a channel that contributelx tpwhich is
responsible for the resting membrane potentiah@working myocardiurft Expression of K2.2 (another
channel contributing tdx ;) in the right ring was also relatively low (Tal#te A less negative MDP in the
right ring, like in the SN, is expected to favoacpmaking. At the site of earliest activation ia tight ring,
action potentials showed spontaneous diastolic ldgpations, akin to that in the SN. Our resultsacly
support the pacemaking potentiality of the right ANg and are consistent with the observation dioac
potentials with diastolic depolarizations recordemin the AV ring region of other speci&s®*” Although
the MDP (and dV/gi.x and action potential amplitude and duration) & tight ring was similar to that in
the SN, the spontaneous rate in the right ring slasver (Fig. 3; Table 1). Whilst the mechanisms
underlying the diastolic depolarization in the tiging are yet to be fully investigated, the expgies data

from this study suggests involvement of both memerand C&-clock mechanisms. HCN channels dnd
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are major determinants of the diastolic depolaiozain the SN® In the right ring and retroaortic node, we
observed expression of HCN1 and HCN4 channels aiAné&hd protein levels comparable to that in the AV
node (Fig. 4; DS Figs. 1-3). (3l and C¢8.2 are responsible for the T-type*Caurrent (c,1), which is
also thought to contribute to the diastolic depeéion in the SN? High HCN, Cg3.1 and Cg8.2
expression in the right ring and retroaortic nodep®rts the operation of the membrane-clock pacamak
mechanism. According to the €alock mechanism of pacemaking, spontaneou$’ @alease (via
ryanodine receptor, RYR2) from the sarcoplasmicu&im initiates an inward NeCa* exchanger (NCX1)
current (nacy that contributes to the diastolic depolarizaftoiThe data shows high mRNA and protein
expression of RYR2 and NCX1 in the right ring arabsibly retroaortic node (Figs. 5 and 8; DS Fig. 7)
Thus, our data suggests that a number of mechamisntsbute to pacemaking in the right ring and tisi
not unlike pacemaking in the SN. M&b is responsible for the large and fast Blarrent,ly, which in turn is
responsible for the action potential upstroke irrkingg myocardium. Because of the absence qfL[¥ain
nodal tissues (Figs. 4 and 7A), €2 (and Cgl.3) and the smaller and slower L-type’Ceurrent,lc.,, is
responsible for the action potential upstroke idaidissue$’ This is the reason why dV/gk is high in the
working myocardium and low in nodal tissues (Tabjeln the right ring, dV/di.x was ~7 V/s, comparable
to that in the SN (~12 V/s), as opposed to 180ivise right atrium (Table 1). This is likely to biee result
of the lack of NglL.5 in the right ring (Figs. 4 and 7A) and it presbly indicates thdt,  is responsible for
the action potential upstroke in the right AV rifhe action potential in the right ring, like thatthe SN,
was longer than that in the atrial muscle (TableThis could be the result of a decrease in exmess
K,1.2 in the right ring and SN (Fig. 4). There waghhexpression of SK1 2.1) (Figs. 4 and 7) in the
right ring. This channel is involved in phase 3alapization during the action potenffadind has been linked
to spontaneous activity and arrhythifitd? In patients with focal atrial tachycardia, ectofici are often
found in the tricuspid and mitral valve anritift.It is likely that the AV rings are responsible.
Conduction velocity and connexin expression

Connexin expression determines the degree of maktroupling of myocytes, which in turn is an
important determinant of the conduction velocity tbé action potential. The lowest expression of the
principal connexin, Cx43 (large conductance commexit the mRNA level, was found in the right ring,
retroaortic node and AV node (Fig. 5). Fig. 1 arfdl Bigs. 1-3 show that there was no discerniblelliage

of Cx43 protein in the AV rings and retroaortic eoals well as the SN and AV node. It is well knowatt
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the conduction velocity of the SN and AV node i& land this suggests that the conduction velocitthef
AV rings is also low and this may be important &rhythmogenesis. In the rabbit, de Carvalho ét al.
reported a low conduction velocity in the expedtazhtion of the right ring. We observed high Cx4méll
conductance connexin) expression in the right (argl retroaortic node, SN and AV node; Fig. 5),clhis
consistent with the findings of Coppen ef®alvho demonstrated the presence of Cx45 expressitie AV
junction at a location that matches the anatonth@fAV rings.
Similarities and differences between AV rings, retroaortic node and AV node
We have shown that, anatomically, the AV ringsto@brtic node and AV node form a continuous
structure surrounding the AV valvar orifices. Itkisown that, developmentally, the ring tissuesdegved
from the AV canal, implying that they would posssessne of the same functionality as the AV notks.
our study, out of the 82 transcripts studied ugiRER, we observed no significant differences betvibe
right ring and retroaortic node, 10 significantfeliences between the right ring and the AV nodd,taree
significant differences between the retroaorticenadd the AV node (Table 2), suggesting that tffereint
tissues have similar profiles of expression ofganes investigated, albeit with some differencésdien the
right ring/retroaortic node and the AV node, wharesumably could be critical in preventing the rilsgues
from acting as primary pacemakers under normal itond. In general, the gene expression profiléhef
right ring and retroaortic node is that of a padesnaissue and it is likely that both tissues coatd as
ectopic pacemakers.
Disclosures
None.
Acknowledgements

This study was supported by the British Heart Fatiod.

14



1)

2)

3)

4)

5)

6)

7

8)

9)

References
Anderson RH, Yanni J, Boyett MR, Chandler NJ, Dgheki H. The anatomy of the cardiac conduction
systemClin Anat. 2009; 22:99-113.
Anderson RH. The disposition and innervation ofoa@ntricular ring specialized tissue in rats and
rabbits.Journal of Anatomy. 1972; 113:197-211.
Yanni J, Boyett MR, Anderson RH, Dobrzynski H. Ténent of the specialized atrioventricular ring
tissuesHeart Rhythm. 2009; 6:672-680.
Kistler PM, Roberts-Thomson KC, Haggani HM, Fynn Sihgarayar S, Vohra JK, Morton JB, Sparks
PB, Kalman JM. P-wave morphology in focal atriahgcardia: development of an algorithm to predict
the anatomic site of origid.Am Coll Cardiol. 2006; 48:1010-7.
Hoogaars WM, Tessari A, Moorman AF, de Boer PA, ¢tagJ, Soufan AT, Campione M, Christoffels
VM. The transcriptional repressor Thx3 delineatesdeveloping central conduction system of thethear
Cardiovasc Res. 2004; 62:489-99.
Aanhaanen WT, Mommersteeg MT, Norden J, Wakkere/GGeer-de Vries C, Anderson RH, Kispert A,
Moorman AF, Christoffels VM. Developmental origgrowth, and three-dimensional architecture of the
atrioventricular conduction axis of the mouse hezirtc Res. 2010; 107:728-36.
Anderson RH, Taylor IM. Development of atrioventiliar specialized tissue in human heBrtHeart J.
1972; 34:1205-14.
Yamamoto M, Dobrzynski H, Tellez J, Niwa R, Billete, Honjo H, Kodama |, Boyett MR. Extended
atrial conduction system characterised by the esgwa of the HCN4 channel and connexin4s.
Cardiovasc Res. 2006; 72:271-81.
McGuire MA, de Bakker JM, Vermeulen JT, Opthof ledRer AE, Janse MJ. Origin and significance of
double potentials near the atrioventricular noderré&ation of extracellular potentials, intracedul

potentials, and histologgZirculation. 1994; 89:2351-60

10) McGuire MA, de Bakker JM, Vermeulen JT, Moorman ABh P, Thibault B, Vermeulen JL, Becker

AE, Janse MJ. Atrioventricular junctional tissue.is@®epancy between histological and

electrophysiological characteristic@rculation. 1996; 94:571-577.

11) Chandler N, Aslanidi O, Buckley D, Inada S, BirdHa| Atkinson A, Kirk D, Monfredi O, Molenaar P,

Anderson R, Sharma V, Sigg D, Zhang H, Boyett Mbi2gnski H. Computer three-dimensional

15



anatomical reconstruction of the human sinus nadkaanovel paranodal are#nat Rec (Hoboken).
2011; 294:970-9.

12) Dobrzynski H, Li J, Tellez J, Greener ID, NikolskP, Wright SE, Parson SH, Jones SA, Lancaster MK,
Yamamoto M, Honjo H, Takagishi Y, Kodama I, Efimt®, Billeter R, Boyett MR. Computer three-
dimensional reconstruction of the sinoatrial nd@eculation. 2005; 111:846—854.

13) Bou-Abboud E, Nerbonne JM. Molecular correlatethefcalcium-independent, depolarization-activated
K* currents in rat atrial myocyte3Physiol. 1999; 517:407-420.

14) Tawara S. Das Reizleitungssystem des Saugetiergergme anatomisch histologische Studie tber das
Atrioventrikularbtindel und die Purkinjeschen FAdE306; Jena: Gustav Fischer.

15) Anderson RH, Becker AE, Arnold R, Wilkinson JL. Thenduction tissues in congenitally corrected
transpositionCirculation. 1974; 50:911-923.

16) Blom NA, Gittenberger-de Groot AC, DeRuiter MC, Roann RE, Mentink MM, Ottenkamp J.
Development of the cardiac conduction tissue in dmrembryos using HNK-1 antigen expression:
possible relevance for understanding of abnornmell automaticity Circulation. 1999; 99:800-6.

17) Lamers WH, Wessels A, Verbeek FJ, Moorman AF, \ir&g Wenink AC, Gittenberger-de Groot AC,
Anderson RH. New findings concerning ventriculaptagon in the human heart. Implication for
maldevelopmeniCirculation. 1992; 86:1194 —1205.

18) Anderson RH, Ho SY. The architecture of the sinoden the atrioventricular conduction axis, and the
internodal atrial myocardiund.Cardiovasc Electrophysiol. 1998; 9:1233-48.

19) laizzo PA, editor. Handbook of Cardiac Anatomy, §lblogy, and Devices. "2 edition. Totowa, NJ:
Humana Press; 2009.

20) Rentschler S, Vaidya DM, Tamaddon H, Degenhardb&ssoon D, Morley GE, Jalife J, Fishman Gl.
Visualization and functional characterization ok tdeveloping murine cardiac conduction system.
Development. 2001; 128:1785-1792.

21) Moorman AF, Christoffels VM, Anderson RH. Anatomsubstrates for cardiac conductiddeart
Rhythm. 2005; 2:875-86.

22)James TN. The connecting pathways between the simdis and A-V node and between the right and

the left atrium in the human heafim Heart J. 1963; 66:498 —508.

16



23) Janse MJ, Anderson RH. Specialized internodall gtathways: fact or fiction®Eur J Cardiol. 1974;
2:117-136.

24) Spach MS, Kootsey JM. The nature of electrical pgapion in cardiac musclém J Physiol. 1983 ;
244:H3-22.

25)Dobrzynski H, Boyett MR, Anderson RH. New insighisto pacemaker activity. Promoting
understanding of sick sinus syndror@e.culation. 2007; 115:1921-1932.

26) Hatcher CJ, Basson CT. Specification of the card@aeduction system by transcription facto@stc
Res. 2009; 105:620-30.

27) Mommersteeg MT, Hoogaars WM, Prall OW, de Gier-dee¥C, Wiese C, Clout DE, Papaioannou VE,
Brown NA, Harvey RP, Moorman AF, Christoffels VM.dlécular pathway for the localized formation
of the sinoatrial nodeCirc Res. 2007; 100:354-62.

28) Sizarov A, Devalla HD, Anderson RH, Passier R, §ibffels VM, Moorman AF. Molecular analysis of
patterning of conduction tissues in the develoginghan heartCirc Arrhythm Electrophysiol. 2011;
4:532-42.

29) Boogerd CJ, Moorman AF, Barnett P. Expression afateisegment homeobox genes in the developing
myocardiumAnat Rec (Hoboken). 2010; 293:998-1001.

30) Boogerd CJ, Moorman AF, Barnett P. Protein intéoast at the heart of cardiac chamber formation.
Ann Anat. 2009; 191:505-17.

31) Pikkarainen S, Tokola H, Kerkela R, Ruskoaho H. @Affanscription factors in the developing and
adult heartCardiovasc Res. 2004; 63:196-207.

32) Lim JY, Kim WH, Kim J, Park SlI. Induction of 1d2 psession by cardiac transcription factors GATA4
and Nkx2.5.J Cell Biochem. 2008; 103:182-94.

33) Moskowitz IP, Kim JB, Moore ML, Wolf CM, PetersonA1 Shendure J, Nobrega MA, Yokota Y, Berul
C, lzumo S, Seidman JG, Seidman CE. A moleculdmmat including 1d2, Tbx5, and Nkx2-5 required
for cardiac conduction system developmé&dl. 2007; 129:1365-76.

34) Brewer A, Pizzey J. GATA factors in vertebrate hetevelopment and diseadexpert Rev Mol Med.
2006; 8:1-20.

35)Noma A, Nakayama T, Kurachi Y, Irisawa H. Resting &nductances in pacemaker and non-

pacemaker heart cells of the rabBn J Physiol. 1984; 34:245-54.

17



36) deCarvalho AP, deMello WC, Hoffman BF. Electroploysgical evidence for specialized fiber types in
rabbit atriumAm J Physiol. 1959; 196:483-8.

37) Rozanski GJ, Jalife J. Automaticity in atrioventiar valve leaflets of rabbit heart. Am J Physik986;
250:H397-H406.

38) DiFrancesco D, Ducouret P, Robinson RB. Muscannédulation of cardiac rate at low acetylcholine
concentrationsScience. 1989; 243:669-71.

39) Mangoni ME, Couette B, Bourinet E, Platzer J, ReileStriessnig J, Nargeot J. Functional role of L-
type Cavl.3 C4 channels in cardiac pacemaker activityoc Natl Acad Sci U SA. 2003; 100:5543-8.

40) Lakatta EG, Maltsev VA, Vinogradova TM. A coupledd STEM of intracellular C& clocks and surface
membrane voltage clocks controls the timekeepinghaeism of the heart's pacemak@irc Res. 2010;
106:659-73.

41) Schram G, Pourrier M, Melnyk P, Nattel S. Diffeiahtlistribution of cardiac ion channel expressien
a basis for regional specialization in electricaidtion.Circ Res. 2002; 90:939-50.

42) Xu Y, Tuteja D, Zhang Z, Xu D, Zhang Y, RodriguezNle L, Tuxson HR, Young JN, Glatter KA,
Vazquez AE, Yamoah EN, Chiamvimonvat N. MolecuBeritification and functional roles of a Ca
activated K channel in human and mouse healiol Chem. 2003; 278:49085-94.

43) Zhang Q, Timofeyev V, Lu L, Li N, Singapuri A, LondK, Bond CT, Adelman JP, Chiamvimonvat N.
Functional roles of a Ghactivated K channel in atrioventricular nodeSirc Res. 2008; 102:465-71.

44) Diness JG, Sgrensen US, Nissen JD, Al-Shahib Bedssn T, Grunnet M, Hansen RS. Inhibition of
small-conductance Ca2+-activated K+ channels texteihand protects against atrial fibrillati@Zirc
Arrhythm Electrophysiol. 2010; 3:380-90.

45) Morton JB, Sanders P, Das A, Vohra JK, Sparks P&Bmi&n JM. Focal atrial tachycardia arising from
the tricuspid annulus: electrophysiologic and ets@rdiographic characteristicsl Cardiovasc
Electrophysiol. 2001; 12:653-9.

46) Coppen SR, Severs NJ, Gourdie RG. Connexin4d5 (aBhaexpression delineates an extended

conduction system in the embryonic and mature roldeart.Dev Genet. 1999; 24:82-90.

18



Figurelegends
Fig. 1. Immunohistochemical detection of AV rings and gabrtic node (and also principal tissues making
up CCS). A and B, long axis tissue sections immainelled for HCN4 (green signal) and Cx43 (red digna
Sections taken at level of AV node (A) and pengtgabundle (B). C, high magnification image of HCN4
labelling in right ring. Abbreviations in this arather figures: AM, atrial muscle; AVN, atrioventuiar
node; IVS, interventricular septum; His, penetmtior His bundle; LBB, left bundle branch; RAN,

retroaortic node; RR, right ring; SN, sinus nod#&j,Wentricular muscle.

Fig. 2. 3D model of extended CCS. A, 3D model of hearti{vapaque myocardium) viewed from dorsal
surface. B, 3D model of heart (with transparent caydium) viewed from dorsal surface. C, 3D model of
extended CCS only (myocardium removed) viewed frdonsal surface. D, 3D model of heart (with
transparent myocardium) viewed from ventral surfd€e3D model of extended CCS only (myocardium
removed) viewed from ventral surface. F and G, (8pand bottom (G) views of 3D model of AV rings,

retroaortic node and AV conduction axis.

Fig. 3. Pacemaker activity in right ring. A, preparatidirear wall of right atrium containing SN, rightg
and AV node. Box shows position of mapping arrag8(8xtracellular electrodes) and arrow shows divact
of action potential conduction from SN to rest ofgaration. To isolate right ring (as shown in &sue
was cut along dashed line. B, activation map ch @meA, showing leading pacemaker site (identifesdsite
of earliest activation) in SN and anterograde catida in right atrial free wall. Colours correspotm
activation times shown in colour bar. C, preparattmntaining right ring only. Box shows position of
mapping array (6x10 extracellular electrodes). sStianote pacemaker sites in right ring and arrdwsvs
retrograde conduction from three different pacemakes to remainder of right atrium. D, activatimap of
area in C. E, typical intracellular action potelstizecorded from pacemaker site in right ring adl S
Additional abbreviations: AS, atrial septum; CTista terminalis; IVC, inferior vena cava; RAA, rightrial

appendage; RV, right ventricle; SVC, superior veaa.
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Fig. 4. Relative abundance of mRNA for Tbx3 and ion chénederlying cardiac action potential. Means
of 2°°" (+SEM) shown (AM, n=4; VM, n=4; SN, n=5; AVN, n=RAN, n=5; RR, n=4). a-f, significant

difference P<0.05, FDR<0.2) from corresponding bar.

Fig. 5. Relative abundance of mRNA for NK* pump, exchangers, €shandling proteins and connexins.

Same format as Fig. 4.

Fig. 6. Hierarchical clustering. A, two-way hierarchicfister analysis applied to 79 genes and to samples
of right ring (n=4), retroaortic node (n=5), SN &)=AV node (n=4), atrial muscle (n=4) and ventiacu
muscle (n=4). B, plot oACt values of all transcripts for ventricular musekrsus those for right ring and
plot of ACt values of all transcripts for retroaortic nod=sus those for right ring. Line represents y=x. C,

Spearman rank order correlation data for same ssysled for cluster analysis.

Fig. 7. Expression of NA.5 and SK1 proteins in AV junctional area. A, immtabelling of Nal.5 (bright
green signal) in right ring and AV node in AV juitctal area. Long axis section. B, immunolabellirig o
SK1 (bright red signal) in penetrating bundle. @hhmagnification image of immunolabelling of SKa i

right ring. D, high magnification image of immunbklling of SK1 in right ventricle.

Fig. 8. Expression of K2.1, K;3.4 and RYR2 proteins in right ring and right vesi&. High magnification

images of immunolabelling (bright green signal)who
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Table 1. Characteristics of action potentials. Frequencyximam diastolic potential (MDP), action potentiahplitude (APA), overshoot, maximum upstroke

velocity (dV/dt.ay, time taken for 50% repolarization);, time taken for 90% repolarizationg) and action potential duration at -30 mV (ABDn right ring

(RR), SN and atrial muscle of terminal crest irhtigtrium (RA) are tabled. Means+SEM shown. Tofdl® 6 and 13 impalements were made from righg, BN

and atrial muscle, respectively, from four preparet. *P<0.05 versus atrial musclt?<0.05 versus SNP<0.05 versus right ring.

Frequency MDP APA Overshoot dVv/dt Tso Too APD3
(Hz) (mV) (mV) (mV) (mV/ms) (ms) (ms) (ms)

RR 21+0.3*" 50+25*% 488+29* -1.21+06* 7+07* 459+48* 868+75* 784+11.3*
(n=4)

SN 45+02* 46.4+2.9* 493+43* 29+27* 128+46* A74+27* T48+36* 745+3*
(n=4)

RA 47+01% -781+08™ 943+2™ 162+24™ 180+21.1 " 133+12" 452+34™ 132+08™
(n=4)
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Table 2. Comparison of expression of transcription factas, channels, NaK* pump, exchangers, €a
handling proteins and connexins between regiomstefest.N*, significantly upregulatedy*, significantly

downregulated?™, trend to upregulationd, trend to downregulation; =, no difference.

%] (%) n b4 (%)) > 7]
? 2 2 2 2 n 2 < 2
T3 2o O 2 3 2 o 2 5
> o OIR%Z) > K9] oo > 7] > n > o
o2 >2 o0 >0 () ) 0 @ o) o £
S E 2 E 8 3 ol 3 > 83 > o0 3 ;
Transcript C@ = ® €E = E c % o c 2 >3 ez
L3 >3 85 >3 i) = oS = & o=
Tt L2 to << = > € ~ =R
[o = = O += — o o o O
Cc T c ®® £ © @ < ®© < G =
g0 oo ¢ =2 e = o = <}
- X° B 4 5 < 5 k= 15
14 14 12 04 14 04 o
Transcription factors
1d2 Ak A% = = = = = = =
MSX1 = = = = = = = = =
Msx2 AXK  AXK Ak ANk Ak Ak = = =
Tbx3 AKX AKX Ak Ak = = = = =
Tbx5 Ak Ak = = = = = ANk -
Nkx2.5 = Ak = = = = = = -
GATA4 = Ak = = = = = = -
GATA6 Ak = = = = = = - A
Inward current carrying ion channels
Na,1.1 Ak = = = = = = = =
Na,1.5 = = ¥x v Wx = = = -
Na,p1 Ak A% = = A = = - -
Na,p4 Wk = = = = = - - -
Cav1 2 = = = = = = = = =
Cav1 .3 = = = = = = = ** =
Ca,3.1 Ak A% = = = = = - -
HCN1 NX Ak AX Ak vk = = = =
HCN2 Wk Wk = = - = = = -
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Outward current carrying K* channels
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K,1.5 AX  AX  AXk Ak = = = = =
KV21 = = = = = = = = =
K 4.2 = = = = = = ANk = -
K.4.3 = = = = = = - ANk -
KvLQT1 (K,7.1) = = = = = = = = -
ERG (K,11.1) = Ak = = = = = = =
KChIP2 = = = = = = = ANk =
K\p1 = M A Ak = = ANk ANk =
SK1 (Kca2.1) Ak Ak = A = = NP
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Continued over page
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Table 2 (continued).
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Outward current carrying K* channels (continued)
SK3 (K¢a2.3) = A A ANk = = =
Kir2-1 @* ¢* = = = = =
K;2.2 A Ak = = = = =
Ki3.1 Ak Ak VX Wk = = =
Kir3-4 @* ** = = = = =
Kil'6'1 - - - - - - -
Kir6-2 - - - — - - -
SUR1 = ** = = = - -
SUR2 Wk = Wx = = = =
TREK1 (K22.1) = = = = = = =
TASK1 (K3p3.1) = = ¥ WV x =

TASK2 (K»p5.1) Ak
TWIK2 (K2£6.1) Nk AAX = =
Na*-K* pump and exchangers

->
*
1
1
n =1
n =

Na*-K' pump a3 Mk Ak Axk X = 1~ =
Na*-H*
exchanger Rk = = = =
NCX1 Nk Ak = = = = N
Ca”*-handling proteins
SERCA2a = Ak = = = = =
Phospholamban = = = = = = =
Sarcolipin Ak Ak = = = = =
RYR2 = = = = = = =
RYR3 = Ak = = = = =
Gap junction channels
Gja5 | Cx40 = ** = = = = =
Gja1/Cx43 = = W¥x 17 = = =
Gja7 / Cx45 Ak Ak = = = = =
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Figureb.
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Mitogen-activated Protein Kinase Kinase 4 Deficiency in
Cardiomyocytes Causes Connexin 43 Reduction and Couples
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Connexin 43 (Cx43)? is the predominant isoform of gap junc-
tion proteins in the working myocardium. In the heart, MAPKs
are implicated in regulating Cx43 remodeling; however, their
precise roles remain obscure. Mitogen-activated protein kinase
kinase 4 (MKK4) is a critical component of the stress-activated
MAPK signaling pathway. We have demonstrated previously
that MKK4 antagonizes cardiomyocyte hypertrophy. Herein,
we investigate the role of MKK4 in regulating Cx43 expression
in cardiomyocytes. We found that knockdown of MKK4
expression or inhibition of its kinase activity in neonatal rat
cardiomyocytes (NRCMs) significantly reduced phenyleph-
rine-induced Cx43 expression. Furthermore, two activator pro-
tein-1 (AP-1) binding elements in the Cx43 promoter region
were identified as being responsible for the MKK4-regulated
Cx43 expression. Consistently, we also detected heteroge-
neously reduced Cx43 expression and attenuated zonula
occludens-1 (ZO-1) content in the hearts of MKK4 cardiomyo-
cyte-specific knock-out mice (MKK4*°) following pressure
overload. To test whether heterogeneously reduced Cx43
expression contributes to ventricular arrhythmic vulnerability,
MKK4*° and control mice were subjected to pressure overload
followed by programmed electrical stimulation (PES). Six of 13
MKK4*° mice, but none of the controls, developed ventricular
tachycardia. Epicardial activation mapping recorded from the
MKK4*° hypertrophied heart showed ventricular activation
delay. Mathematical models have simulated that the spatially
heterogeneous decrease in Cx43 causes slowed ventricular con-
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duction and fragmented wave propagations leading to re-en-
trant excitations. Collectively, these data reveal a novel role for
MKK4 in regulating Cx43 expression and preventing hypertro-
phy-associated arrhythmogenesis.

Cx43 is the predominant isoform of gap junction proteins in
the working myocardium. It forms low resistance cell-to-cell
channels, allowing ions and small molecules to move between
adjacent cells and facilitating the orderly spread of the excita-
tion wave responsible for synchronous contraction of the heart
(1). Alterations in Cx43 expression may contribute directly to
the arrhythmic substrate, as evidenced by studies in mice with a
cardiomyocyte-specific deletion of Cx43. Loss of Cx43 expres-
sion in the heart results in sudden arrhythmic death due to
increased gap junctional resistance and slowed conduction
velocity, which form a substrate for re-entrant arrhythmias
(2—4). Cx43 has a fast turnover rate with a half-life in the range
of 1-5 h, implying a highly regulated process for its synthesis,
trafficking, and degradation (1, 5). In the heart, MAPKs are
implicated in regulating Cx43 remodeling by either phosphor-
ylation- or transcription-dependent mechanisms (6 —11); how-
ever, their precise roles are ambiguous. For example, activa-
tion of JNK in cardiomyocytes was correlated with the
up-regulation of Cx43 after amphetamine treatment (6),
whereas Petrich et al. (7, 8) reported that in the hearts of
transgenic mice overexpressing constitutive active MKK7
increased JNK activity was accompanied by a substantial
reduction in Cx43 expression.

MKK4 is a critical component of the stress-activated MAP
kinase signaling pathway, which activates JNKs to regulate
diverse physiological processes (12). It was observed in vitro
that MKK7 and MKK4 preferentially phosphorylate JNK on
threonine 183 and tyrosine 185, respectively (13, 14). The tar-
geted deletion of the mkk4 or mkk7 gene leads to embryonic
lethality, providing genetic evidence that MKK4 and MKK7
have nonredundant roles in vivo (12). This concept is under-
scored by the observation in mice with brain-specific ablation
of mkk4 that decreased JNK activity caused a defect in neuronal
migration and premature death (15). Furthermore, we have
provided substantial evidence demonstrating the functional
importance of MKK4 in the heart, where it is required in pro-
tecting the heart from maladaptive pathological hypertrophy
(16).
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In the current study, we investigated the role of MKK4 in
regulating Cx43 expression in cardiomyocytes in response to
hypertrophic stress. We found in NRCMs that knockdown of
endogenous MKK4 expression by siMKK4 or inhibition of its
kinase activity by infection of an adenovirus encoding a
dominant-negative form of MKK4 (Ad-dnMKK4) caused a
substantial reduction in Cx43 expression together with inac-
tivation of the JNK/c-Jun pathway after phenylephrine (PE)
stimulation. To gain insight into the mechanism responsible
for the decreased Cx43 transcript level, luciferase reporter
assays were performed in siMKK4- or Ad-dnMKK4-NRCMs
in which blunted Cx43 promoter reporter activity was
detected after PE treatment. We also have demonstrated that
MKK4 regulates Cx43 transcription most likely by virtue of
two AP-1 binding sites in the Cx43 proximal promoter
region.

Consistent with these data, we observed decreased transcript
and protein levels of Cx43 in the MKK4-deficient myocardium
after 1 week of transverse aortic constriction (TAC). Further-
more, the remaining Cx43 was found to be distributed
heterogeneously in the MKK4*°>-TAC hearts. In addition, we
discovered a reduction in ZO-1 protein expression in the
MKK4°“°-TAC myocardium. To assess whether heteroge-
neously reduced Cx43 in the MKK4-deficient myocardium
contributes to ventricular arrhythmic vulnerability, PES was
applied to TAC-treated MKK4°*® and MKK4* (littermate con-
trols) mice, almost half of the MKK4<“° mice (six of 13) com-
pared with none of the controls (0/11) exhibited multiple epi-
sodes of ventricular tachycardia. Epicardial activation mapping
was recorded in the isolated Langendorff-perfused hearts
showing ventricular activation delay in the MKK4““°-TAC
heart. Accordingly, mathematical simulation models have
demonstrated that the spatially heterogeneous decrease in
Cx43 in MKK4°*°-TAC mice causes slowed ventricular con-
duction and fragmented excitation wave fronts leading to re-
entry, which may account for the increased susceptibility in
ventricular arrhythmias.

Overall, in the present work, we provide new information
revealing the role of MKK4 in regulating Cx43 gene expression
in cardiomyocytes, implying MKK4 is a critical cardiac protec-
tor preventing hypertrophy-associated ventricular arrhythmias
through restriction of Cx43 remodeling.

EXPERIMENTAL PROCEDURES

Animal Models—MKK4"" and their littermates MKK4<°
mice were generated previously (16) and used in the present
study. All mice were maintained in a pathogen-free facility at
the University of Manchester. The animal studies were per-
formed in accordance with the UK Home Office and institu-
tional guidelines.

Quantitative Real-time PCR—Total RNA was prepared from
NRCMs or ventricular tissues. Real-time quantitative PCRs
were performed using the SYBR Green I Core kit (Eurogentec).
The primers used for detection of Cx43 and GAPDH expres-
sion were obtained from Qiagen.

Immunoblot Analysis—Protein extracts (50 ug) were sub-
jected to immunoblot analysis with antibodies against Cx43,
N-cadherin, B-catenin, plakoglobin, and tubulin (Sigma);
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Z0O-1 (Zymed Laboratories Inc.); MKK7, JNK, c-Jun, phos-
pho-JNK, and phosho-cJun (Cell Signaling); and MKK4 (BD
Pharmingen).

Immunohistochemical Analyses—Fresh cryosections of
ventricular tissues were used to analyze Cx43, N-cadherin,
B-catenin, and plakoglobin by indirect immunofluores-
cence. As secondary antibodies, goat anti-mouse or goat
anti-rabbit antibodies, conjugated to Alexa Fluoro 488
(Invitrogen) or Alexa Fluoro 568 (Invitrogen), respectively,
were used.

Adenovirus Vector Construction—Using the vector con-
taining the rat Cx43 (rCx43) promoter region (—148, +280)
as a template, we created a single mutation at either the AP-1
(=47, —39) site, or the AP-1 (—122, —112) site, or double
mutations at both AP-1 sites using the QuikChange site-
directed mutagenesis kit (Stratagene). Adenovirus express-
ing wild type Cx43 promoter-Luc or various mutations was
generated using ViraPower Adenoviral Expression System
(Invitrogen).

Luciferase Reporter Assay— 48 h post-transfection of siRNA,
NRCMs were infected with Ad-Cx43APwt-Luc for 24 h. Fol-
lowing PE treatment (100 um for 24 h), aliquots of NRCM
lysates were assayed for luciferase activity using a luciferase
assay kit (Promega). To measure rCx43 promoter-luciferase
activity after blocking MKK4 activation, NRCMs were infected
with Ad-dnMKK4 for 24 h prior to the infection of
Ad-Cx43APwt-Luc for a further 24 h. Then, NRCMs were
treated with 100 um PE for 24 h followed by the luciferase assay.
To determine whether MKK4-regulated Cx43 transcription
was dependent on AP-1 transcriptional activity, NRCMs were
first infected with either Ad-GFP or Ad-caMKK4 for 24 h,
Ad-Cx43APwt-Luc, or Ad-Cx43APma-Luc, or Ad-Cx43APmb-
Luc, or Ad-Cx43APdm-Luc was added to either Ad-GPE-
NRCMs or Ad-caMKK4-NRCMs for a further 24 h. Luciferase
activity in each experimental group was then measured
described as above.

ECG—8-10 week old male MKK4"" and MKK4“* mice
were subjected to either sham or TAC operation for 1 week
as described previously (16). To monitor cardiac rhythms at
baseline and in hypertrophic conditions, we carried out in
vivo ECG analysis on anesthetized mice. RR interval, P wave
duration, PR interval, QRS, JT and QT durations were
recorded.

PES—To assess propensity to ventricular arrhythmias, 1
week TAC-treated mice were subjected to PES. A pacing
train of eight stimuli (S1) was delivered at a basic cycle length
of 100 ms, with a single (S2) premature extrastimulus intro-
duced at progressively shorter intervals until an arrhythmia
was induced or the ventricular refractory period was
reached.

Epicardial Activation Mapping—Epicardial activation
mapping of the left ventricular free wall was recorded in
isolated Langendorff-perfused hearts using custom-made 64
separated electrodes (8 X 8 grids, 0.55-mm spacing) at a
basic cycle length of 100 ms. The activation time was deter-
mined as the point of maximal negative slope and displayed
in a grid representing the layout of the original recording
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FIGURE 1. MKK4 regulates Cx43 expression via JNK/c-Jun activation in cardiomyocytes. A, NRCMs were transfected with MKK4 siRNA or control siRNA for 72 h
prior to immunoblotting for MKK4 expression. MKK7 protein expression was examined to determine the specificity of MKK4 knockdown. siMKK4-NRCMs were treated
with PE (100 um) for 30 min before detecting phosphorylation of JNK and c-Jun by immunoblotting. B, quantitative real-time PCR analyses of Cx43 transcript levels
(upper panel) and immunoblot analysis of Cx43 protein expression (lower panel) in siMKK4-NRCMs following PE treatment (100 wm, 48 h). Tubulin expression is the
protein loading control. G, siRNA-transfected NRCMs were infected with AdCx43APwt-Luc (multiplicity of infection, 25) for 24 h followed by PE treatment (100 wm, 24 h).
The Cx43 promoter-dependent luciferase activity was measured by the luciferase reporter assay system. Data are mean = S.E. (n = 3 per group). D, Ad-dnMKK4-NRCMs
were treated with PE (100 um) for 30 min before detecting activation of c-Jun and JNK by immunoblotting. Immunoblot analysis shows MKK4 expression in Ad-dn-
MKK4-NRCM:s. E, quantitative real-time PCR analyses of Cx43 transcript levels (upper panel) and immunoblot analysis of Cx43 protein expression (lower panel) in
Ad-dnMKK4-NRCMs. Ad-GFP is a control virus. Tubulin expression is the protein loading control. F, infection of Ad-dnMKK4 in cardiomyocytes decreased the PE-
induced Cx43 promoter-dependent luciferase activity. Data are mean = S.E. (n = 3 per group).

array. All activation times were related to the timing of the Statistical Analysis—Data are expressed as mean * S.E. and
first detected waveform. Isochrones were drawn manually analyzed using two-way analysis of variance followed by Bon-
around areas activated in steps of 1 ms. feronni’s post test where appropriate. Comparisons between
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two groups were performed using Student’s ¢ test. p values
<0.05 are considered statistically significant. An expanded
“Materials and Methods” section is available in the supplemen-
tal data.

RESULTS

MKK4 Regulates Cx43 Gene Expression via AP-1 Binding
Sites—Transcriptional regulation is a key mechanism dictating
Cx43 expression. The down-regulation of Cx43 ascribable to
altered transcriptional regulation has been reported in many
forms of heart disease (17, 18). To investigate whether MKK4
regulates Cx43 expression in response to hypertrophic stress,
we first examined Cx43 mRNA level and protein expression in
NRCMs in which endogenous MKK4 protein was knocked
down by 70% using siMKK4 (Fig. 1A). Blunted phosphorylation
of INK and c-Jun after PE stimulation was observed when
MKK4 expression was deficient (Fig. 1A). In response to PE
stimulation (100 uM, 48 h), siMKK4-NRCMs showed a signifi-
cant reduction in Cx43 mRNA level, and a corresponding sub-
stantial decrease in its protein expression also was detected
(Fig. 1B). We performed a systematic promoter-reporter study
in NRCMs to determine the regulation of the rCx43 proximal
promoter by MKK4. NRCMs were pretreated with siMKK4
prior to infection with a recombinant adenovirus encoding the
rCx43 promoter region extending 148 nucleotides upstream to
281 nucleotides downstream relative to the transcription initi-
ation site (—148 to +281, containing two AP-1 binding sites,
Ad-Cx43APwt-Luc). Following PE stimulation (100 um, 24 h), a
significant decline in rCx43 promoter-luciferase activity was
detected in siMKK4-NRCMs versus that in the control
siRNA-NRCMs (Fig. 1C). To corroborate these data, we then
infected NRCMs with a recombinant adenovirus expressing a
dominant-negative form of MKK4 (Ad-dnMKK4) to block acti-
vation of the JNK/c-Jun pathway (Fig. 1D). Similarly, signifi-
cantly reduced Cx43 mRNA and protein levels were observed in
Ad-dnMKK4-NRCMs (Fig. 1E). Moreover, PE stimulation
failed to induce a similar extent of rCx43 promoter-luciferase
activity in Ad-dnMKK4-NRCMs, compared with that in Ad-
GFP-NRCMs (Fig. 1F). To determine whether MKK4-regu-
lated Cx43 transcription is dependent on AP-1 transcriptional
activity, we generated various recombinant adenoviruses con-
taining either a single mutation at the AP-1 (—47 to —39) site,
referred to as Ad-Cx43APma-Luc; or mutation at the AP-1
(=122 to —112) site, referred to as Ad-Cx43APmb-Luc, or dou-
ble mutations at both AP-1 binding sites (Ad-Cx43APdm-Luc)
(Fig. 24). As shown in Fig. 2B, infection of adenovirus encoding
constitutively active MKK4 (Ad-caMKK4) significantly
increased the Ad-Cx43APwt-Luc activity in NRCMs. Con-
versely, Ad-Cx43APdm-Luc activity proved to be considerably
decreased even at basal level, co-infection of Ad-caMKK4 into
NRCMs failed to restore its luciferase activity. Co-infection of
Ad-caMKK4witheither Ad-Cx43APma-Lucor Ad-Cx43APmb-
Luc could not render a similar level of luciferase activity as
Ad-Cx43APwt-Luc. Together, these results indicate that
MKK4 is required for Cx43 transcription, acting through two
AP-1 binding sites in the Cx43 proximal promoter via JNK/c-
Jun activation. Decreased Cx43 protein expression is likely
attributable to reduced its mRNA level.
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FIGURE 2. MKK4-regulated Cx43 transcription is dependent on AP-1 tran-
scriptional activity. A, schematic diagram of mutated rCx43 promoter-lu-
ciferase constructs (mutated nucleotides are underlined and in boldface).
B, the infection of Ad-caMKK4 significantly increased the AdCx43APwt-Luc
activity. *, p < 0.01 versus Ad-GFP + Ad-Cx43APwt-Luc. Ad-Cx43APdm-Luc
activity was decreased even at the basal level. T, p < 0.05 compared with
Ad-GFP + Ad-Cx43APwt-Luc. Co-infection of Ad-caMKK4 and Ad-Cx43APdm-
Luc could not ameliorate the reduction. ##, p < 0.001 versus Ad-caMKK4 +
Ad-Cx43APwt-Luc. Moreover, co-infection of Ad-caMKK4 failed to restore the
reduced luciferase level induced by Ad-Cx43APma-Luc or Ad-Cx43APmb-
Luc. #, p < 0.01 versus Ad-caMKK4 + Ad-Cx43APwt-Luc (n = 6 per group).
Data are mean = S.E.

Heterogeneous Reduction of Cx43 in MKK4°*>-TAC Mice—
Prompted by the above findings, we then analyzed Cx43 mRNA
levels, protein content, and distribution in the MKK4-deficient
myocardium. As shown in Fig. 34, a down-regulation of the
Cx43 transcript was detected in the MKK4°*® hearts 1 week
after TAC, which was applied to induce a pressure overload and
subsequent hypertrophy on the heart. Accordingly, we
observed a decreased Cx43 protein level (~50% of controls) in
the MKK4°*° heart following 1 week TAC (Fig. 3B) and hetero-
geneity in Cx43 distribution shown by the absence of Cx43
labeling in some patches of the MKK4<* ventricular free wall,
whereas in some patches of the myocardium, Cx43 labeling was
scattered in the cytoplasm (Fig. 3C). Quantification of the Cx43
immunofluorescence revealed reduced aggregate number by
42% and intensity by 49% in the MKK4<“°-TAC hearts com-
pared with the littermate controls (MKK4”*-TAC), thus con-
firming heterogeneous Cx43 expression (Fig. 3C). In addition to
Cx43, we also examined Cx40 and Cx45 expression in the
MKK4*° ventricles. Cx40 and Cx45 are important connexins
in the heart. Cx40 is expressed predominantly in atrium,
whereas Cx45 is the major gap junction isoform expressing in
myocytes of the sinoatrial and atrioventricular nodes. By
immunoblotting and immunohistochemistry, no detectable
levels of Cx40 and Cx45 expression were observed in the ven-
tricles of either MKK4<%® or MKK4"! mice (data not shown).
Together, these data show that under hypertrophic stress
MKK4 deficiency causes reduced and heterogeneous Cx43
expression.

Z0-1 Reduction in MKK4°*>-TAC Mice—Cx43 is localized
primarily at the intercalated disc where gap junctions are in
close proximity to zonula adherens junctions and desmosomes
(19). ZO-1, a component of tight junctions, is known to be an
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FIGURE 3. Reduced and spatially heterogeneous distribution of Cx43 in MKK4<“°-TAC mice. A, quantitative real-time PCR analyses of Cx43 transcript levels.
The data are derived from three independent experiments performed in triplicate and are normalized to the GAPDH content (n = 5 per group). B,immunoblot
analyses demonstrate significantly decreased Cx43 content. Tubulin expression is the protein loading control. The ratios of Cx43/tubulin are represented by
the bar graphs (n = 6 per group). C, immunohistochemical staining of Cx43 in MKK4<<° mice. Thick arrows point to diffuse Cx43 labeling in the cytoplasm,
whereas thin arrows show Cx43 distributed in intercalated discs. Scale bar, 5 wm. The number of Cx43-positive clusters and fluorescence intensity of Cx43
labeling are quantified and expressed by the bar graphs (n = 6 per group). Data are mean = S.E. Tw TAC, 1-week TAC.

important adaptor protein for Cx43 (20). Because we found
diffused Cx43 labeling in the MKK4°*>-TAC cardiomyocytes,
we then analyzed whether changes in ZO-1 expression or local-
ization occurred in MKK4-deprived myocardium after pres-
sure overload. Indeed, immunoblot analysis showed an ~30%
diminution in ZO-1 protein expression in the MKK4*>-TAC
heart (Fig. 44); this result was further confirmed by immuno-
histochemistry (Fig. 4B). In addition, we analyzed N-cadherin,
B-catenin, and plakoglobin expression, all of which are impor-
tant for the assembly and maintenance of Cx43 at the plasma
membrane (1, 21). Expression and localization of these junc-
tional proteins were not different visibly between the controls
and MKK4°*°-TAC mice as shown by immunoblotting and
immunohistochemistry (supplemental Fig. I). Examination of
the structure of MKK4-decificent cardiomyocytes by transmis-
sion electron microscopy surprisingly showed that the struc-
ture of myofibrils, sarcomeres, and Z-lines appeared normal in
the MKK4°*°-TAC cardiomyocytes relative to the controls
(supplemental Fig. II). Adherens junctions and demosomes
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characterized as submembranous electron dense zones in the
vicinity of intercellular spaces were visible in both genotypes
(supplemental Fig. II). Combined, these results suggest that
overall cytoarchitecture of the MKK4°® cardiomyocytes
appears normal and intact compared with the controls. As
such, the patchy reduction in Cx43 expression is due most likely
to loss of MKK4 and is not caused by any disruption in the
intercalated disc. Moreover, a reduction in ZO-1 expression
might play a role in the diffused positioning of cellular Cx43.
Disruption of MKK4 in Cardiomyocytes Sensitizes Mice to
Ventricular Arrhythmias—Previous studies suggest that patchy
Cx43 reduction likely forms a proarrhythmic substrate (2—4).
Herein, we first examined surface ECG on anesthetized mice.
The ECG recordings revealed marked abnormalities in ventric-
ular conduction in MKK4*°-TAC mice, reflected by wider
QRS durations (16.02 = 0.62 ms) compared with 10.37 * 0.46
ms (QRS) in the controls (Table 1). QRS/QTc ratio also was
significantly greater in the MKK4°*°-TAC heart compared with
that in the control heart. However, no significant differences in

JOURNAL OF BIOLOGICAL CHEMISTRY 17825

TTOZ ‘ST aunr uo ‘Areiqi] Ausianiun spuelAy uyor ayl e Bio agl-mmm woly papeojumoq


http://www.jbc.org/cgi/content/full/M111.228791/DC1
http://www.jbc.org/cgi/content/full/M111.228791/DC1
http://www.jbc.org/cgi/content/full/M111.228791/DC1
http://www.jbc.org/

MKK4 Regulates Cx43 Expression in Cardiomyocytes

140 -
A P<0.05
sham TAC <120 1
MKK4" MKK4cko MKK4" MKK4cko S04 T T
-~ - s —— s Sape = - -]
Z0-1 ) =a £ 807
—— e o
= . 2 60
Tubulin — —— 401
N 20 4
MKK4#  MKK4co  MKKA"  MKK4cko
sham TAC
MKK4sko

B MKK4#"

sham

TAC

FIGURE 4. Decreased ZO-1 content in MKK4<“°-TAC mice. A, immunoblot analyses of ZO-1 expression show a moderate but significant decrease in the
MKK4<*°-TAC heart. The ratios of ZO-1/tubulin are expressed in the bar graphs. B, immunohistochemical staining for ZO-1 confirmed decreased ZO-1 in the

mutants (scale bar, 5 um). Data are mean = S.E (n = 6 per group).

TABLE 1

Electrocardiographic assessment of MKK4"f and MKK4“® mice one week after TAC
P-wave duration, QRS complex duration, and intervals of RR, PR, J T, and QT were recorded from anesthetized mice. QTc was obtained by correction for the heart rate. Data

are presented as mean = S.E. *, p < 0.01 versus MKK4"~-TAC mice.

Sham TAC
ECG parameters MKK4"f (n = 7) MKK4%° (1 = 6) MKK4Yf (n = 11) MKK4° (n = 13)
Heart rate (bpm) 376 = 12 403 + 13 391 + 17 398 + 15
P duration (ms) 10.2 £ 0.9 10.1 £ 1.0 113+ 1.1 10.5 = 0.7
RR interval (ms) 161.36 = 6.1 150.15 *= 5.4 157.00 * 6.07 158.20 = 10.15
PR interval (ms) 39.99 = 1.90 38.38 = 1.70 37.92 = 1.99 37.36 = 2.28
QRS duration (ms) 10.27 = 0.75 10.50 = 0.51 10.37 £ 0.46 16.02 * 0.62*
QTc (ms) 69.47 * 4.34 76.59 * 3.30 69.95 *+ 3.64 90.69 *+ 2.54*
JT (ms) 17.63 = 1.28 19.10 = 1.60 17.19 = 1.33 19.44 = 0.71
QRS/QTc 0.15 0.14 0.15 0.18*

JT intervals were observed in the two TAC groups (Table 1).
These ECG parameters indicate slowed ventricular conduction
in the MKK4°*°-TAC heart. Next, we performed PES to evalu-
ate whether the heterogeneous decrease in Cx43 and slowed
ventricular conduction sensitized MKK4“° mice to ventricular
arrhythmias. A train of eight stimuli (S1) was delivered at a
basic cycle length of 100 ms, with a single extrastimulus (S2)
added at progressively shorter intervals to induce ventricular
arrhythmias. This S1-S2 pacing protocol induced multiple
(more than six) episodes of ventricular tachycardia in six of 13
MKK4*°-TAC mice, which lasted 1333 = 182 ms (Fig. 5A).
The ventricular effective refractory period also was determined
by the same S1-S2 protocol. Consistent with the wider QRS
duration, we noted a prolonged the ventricular effective refrac-
tory period in the MKK4°°-TAC heart (Fig. 5B). To examine
whether heterogeneously reduced Cx43 expression in MKK4-
decifient myocardium affects ventricular electrical propagation,
epicardial mapping of electrical activity of the left ventricular free
wall was performed on the isolated Langendorft-perfused hearts.
As illustrated in Fig. 5C, ventricular activation was significantly
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delayed in the MKK4°*°-TAC heart, as shown by slowed con-
duction velocity (CV) at both longitudinal and transverse direc-
tions in the MKK4°*°-TAC heart, compared with that in the
control heart (Fig. 5D).

Computational Simulations of Cx43 Remodeling—To sub-
stantiate the data from epicardial activation mapping, com-
puter simulations were performed to address whether or not
patched Cx43 reduction is proarrhythmic as suggested in this
and previous studies (3, 21-23). First, we implemented a math-
ematical model of mouse ventricular myocytes to study CV in
homogeneous tissue consisting of 100 cells. In this model, the
changes in CV and wavelengths were studied based on an
equivalent percentage of intercellular electrical coupling reduc-
tion uniformly across the strand to the reduced level of Cx43
expression observed in the MKK4““°-TAC heart. As expected,
the control CV of solitary wave in strands of mycoytes was 0.603
mm/ms at an S1-S2 interval of 100 ms; however, a diminution
in intercellular electrical coupling by 50% reduced the solitary
wave CV to 0.415 mm/ms. Accordingly, the control wavelength
(wavelength = CV X averaged action potential duration at 90%
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FIGURE 5. MKK4<<°-TAC mice are more susceptible to ventricular arrhythmias and slowed conduction velocity. A, subjected to a train of eight stimuli (51
at 100 ms) with a premature stimulus at 90 ms (52). No episodes of arrhythmias were induced in the MKK47*-TAC heart (upper panel); however, ventricular
tachycardia was induced in the MKK4<*°-TAC heart (lower panel) (scale bar: 200 ms). B, the ventricular effective refractory period was measured using the same
$1-S2 protocol, showing a prolonged ventricular effective refractory period in the MKK4“°-TAC heart (n = 6-13 per group). C, representative epicardial
activation maps recorded from the MKK4"f and MKK4“° hearts of TAC-treated mice. Earliest activation is found in red, the latest activation is shown in blue, and
numbers indicate activation time (ms). The slowing of conduction and propagation of excitation was seen in the MKK4<*>-TAC heart. D, summary data illustrate
that both longitudinal CV and transverse CV were significantly slower in the MKK4<“° heart (n = 3 per group). Data are presented as mean + S.E.

repolarization across the strand) of the solitary wave was 11.6
mm, and when intercellular electrical coupling was reduced by
50%, the wavelength was reduced to 8.8 mm, which is attribut-
able to the decreased CV (Fig. 6, A-C). Further simulations
were performed in a two-dimensional model of homogeneous
ventricular tissue (ventricular tissue has a size of 10 mm X 10
mm with 200 X 200 cells) to study the effects of an arbitrarily
and randomly distributed pattern of patched reduction in the
intercellular electrical coupling on CV of planer and circular
waves. With patched reduction of gap junctional coupling,
break-up of the wavefronts was observed in all cases (Fig. 6D).
These patches gave distorted wavefronts of the planer and cir-
cular waves, leading to fragmented wavefronts forming multi-
ple re-entrant excitation wavelets. Together, the simulations
show that heterogeneously reduced intercellular electrical cou-
pling due to heterogeneously reduced expression of Cx43 most
likely contributes to slowed conduction velocity, fragmented
wavefronts of excitation waves, which increased propensity for
arrhythmias.

DISCUSSION

In the present study, we provide several lines of evidence
demonstrating that MKK4 regulates Cx43 expression in car-
diomyocytes. Knockdown of MKK4 or blocking its kinase activ-
ity in primary rat neonatal cardiomyocytes resulted in a reduc-
tion in Cx43 expression. By promoter-reporter assays, we have
shown that MKK4 modulates Cx43 expression through AP-1
activity. Study of the MKK4<* heart provided in vivo evidence

MAY 20, 2011 +VOLUME 286+-NUMBER 20

demonstrating functional effects of MKK4 deficiency-induced
Cx43 alteration. A deficiency of MKK4 in cardiomyocytes
caused patchy Cx43 reduction in response to pressure overload.
This alteration in Cx43 expression/distribution may constitute
an arrhythmogenic substrate in MKK4°“°-TAC mice.
Regulation of Cx43 Expression by MKK4—Assembly of gap
junctions is a multiphase process, including connexin synthe-
sis, trafficking, and formation of intercellular channels, of
which connexin synthesis is the rudimentary step. It has been
shown that the Cx43 promoter region contains several putative
transcription factor binding sites for AP-1, cAMP response ele-
ment, and specific protein-1 (SP-1), all of which are thought to
be involved in up-regulation of Cx43 transcription (24, 25). On
the other hand, muscle segment homeobox genes Msx1/2 can
function in concert with T-box factors Tbx2/3 to repress Cx43
expression (26). Despite this progress in understanding the
transcriptional regulation of Cx43, the genetic control mecha-
nisms underlying the spatial and temporal expression pattern
of Cx43 remain exclusive. In the current study, we have pro-
vided several lines of evidence to demonstrate MKK4 regula-
tion of Cx43 gene expression: 1) knockdown of endogenous
MKK4 expression by siMKK4 or inhibition of its kinase activity
by infection of Ad-dnMKK4 caused a substantial reduction in
Cx43 expression; 2) luciferase reporter assays showed blunted
Cx43-promoter reporter activity in siMKK4- or Ad-dnMKK4-
NRCMs after PE treatment; 3) increased MKK4 activation in
NRCMs resulted in elevated Cx43 promoter-reporter activity;
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and 4) luciferase assays using mutations in the Cx43 promoter
region demonstrated that MKK4-regulated Cx43 transcription
is dependent on AP-1 transcriptional activity. Consistent with
these data, decreased Cx43 expression was also detected in the
MKK4<*°-TAC heart. Of note, there was a similar reduction of
Cx43 at both the mRNA and protein level. We thus believe that
the MKK4/JNK/c-Jun pathway regulates Cx43 transcription via
AP-1 activity in cardiomyocytes under hypertrophic stress and
that decreased Cx43 protein expression is likely attributable to
its reduced mRNA level.

Cx43 is a highly phosphorylated and regulated protein. It has
been proposed that phosphorylation of Cx43 is related to its
internalization (5); however, previous studies have also demon-
strated that dephosphorylated Cx43 is associated with traffick-
ing/endocytosis in the cytoplasm, whereas those gap junctions
remaining in the intercalated disc contain phosphorylated
Cx43 (27, 28). In our experimental setting, we presently cannot
rule out that (de)phosphorylation of Cx43 contributes to its
reduction and heterogeneous expression in MKK4“>-TAC
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cardiomyocytes. However, the migratory pattern of Cx43 on
SDS-PAGE gel electrophoresis appeared similar in both con-
trols and MKK4<“°-TAC hearts. Alterations in Cx43 phos-
phorylation status may not always be reflected in its mobility on
polyacrylamide gels, and, therefore, additional studies employ-
ing antibodies specific for different phosphorylated isoforms of
Cx43 are necessary to resolve this issue.

Roles of Junctional Proteins in MKK4*>-TAC Mice—TIt has
become apparent that molecular “cross-talk” exists between
gap junctions and adherens junctions or desmosomes. For
example, cardiac-specific perturbation of N-cadherin leads to
the formation of an arrhythmogenic substrate by an alteration
in Cx43 (29, 30). B-Catenin, in addition to scaffolding N-cad-
herin to actin, also contributes to transcriptional regulation of
Cx43 (31). Mutations in plakoglobin are linked to a rare reces-
sive disorder, Naxos disease (32). Interestingly, Cx43 levels are
decreased remarkably in the hearts of Naxos disease patients,
who present with right ventricular cardiomyopathy accompa-
nied by a high incidence of arrhythmias and sudden cardiac
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death (32). ZO-1, in fact, physically associates with Cx43 acting
as an adaptor, which anchors gap junctions to the cytoskeleton
(20, 33). Abolition of the association of ZO-1 and Cx43 results
in a reduction in the number of gap junction plaques and an
increase in mean plaque size (33). In the present study, we did
not observe visible abnormalities in the expression and distri-
bution of N-cadherin, B-catenin, and plakoglobin in the
MKK4°% heart. However, ZO-1 expression proved to be signif-
icantly decreased in the MKK4°“® hypertrophic heart. This
reduction of ZO-1 expression may underlie the observed dif-
fused expression of Cx43, part of which was detected in the
cytoplasm. It is presently unclear whether MKK4 deficiency is
directly responsible for the decreased ZO-1 expression or
whether it is secondary to the reduction of Cx43 expression.

Loss of MKK4 Couples Hypertrophic Signals to Arrhyth-
mogenesis—Cell-to-cell coupling and myocardial tissue archi-
tecture are thought to be major factors dictating normal
impulse propagation through the heart (34). QRS duration is
determined by impulse conduction velocity and cardiomyocyte
size (35). One week after TAC, MKK4°*° mice displayed
increased cardiac hypertrophy as indicated by enlarged cross-
sectional area (346.5 * 3.26 um?) compared with 252.4 = 6.88
pum? cross-sectional area in the MKK4"* cardiomyocyte (16). In
the present study, ECG recordings showed prolonged QRS
duration and greater QRS/QTc ratio in the MKK4*>-TAC
heart, whereas JT intervals did not appear significantly different
between the two TAC groups. Epicardial activation mapping
demonstrated delayed ventricular electrical propagation in the
MKK4*°-TAC heart. Together, these results indicate that the
MKK4°*°-TAC heart had slowed ventricular conduction,
which is likely attributed to patchy Cx43 reduction together
with increased cardiomyocyte size. Furthermore, in the hyper-
trophied MKK4*® heart, heterogeneity in Cx43 expression is
thought to result in cardiomyocyte uncoupling, which creates
the nonuniformities required for initiating breaks in a propa-
gating wavefront. The mathematical models in this study have
simulated this phenomenon. Computational simulations dem-
onstrate that this spatially heterogeneous decrease in Cx43
accounts for slowed ventricular conduction and fragmented
wave propagations, a critical factor for arrhythmogenesis. Pre-
vious studies have shown that ventricular myocardium is not
homogeneous; it has electrophysiologically distinct cell types,
which give rise to transmural voltage gradients and a dispersion
of repolarization (36). Heterogeneity in Cx43 distribution has
been correlated with increased transmural dispersion in refrac-
toriness (37), and the hypertrophic response of enlarged
myocardium mass, is believed to add additional factors to trans-
mural dispersion of repolarization, augmenting electrical het-
erogeneities intrinsic to the ventricular myocardium. As such,
it is plausible that heterogeneously reduced Cx43 expression
together with increased hypertrophy predispose MKK4<“° mice
to ventricular arrhythmias.

We have noticed that although a significant decrease was
seen in Cx43 expression at both the mRNA and protein level in
all MKK4*°-TAC hearts; however, six of 13 mutant mice
developed ventricular tachycardia when in vivo ventricular pro-
grammed pacing was introduced. The possible reasons for such
individual discrepancy in occurrence of ventricular tachycardia
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could be due to the heterogeneous reduction and distribution
of Cx43 in MKK4°*°-TAC mice, or due to individual difference
in the extent of hypertrophy induced by TAC hence leads to a
nonuniform reduction and/or distribution of Cx43 in
MKK4*°-TAC mice, or due to the nature of the different
response (changes in Cx43 expression) of individual mouse to
TAC stress and genetic modification of MKK4.

Of note, apart from cardiomyocytes, interstitial collagen
deposition is also responsible for cardiac tissue architecture.
Increased interstitial fibrosis, especially reparative fibrosis,
which replaces zones of dead cardiomyocytes with collagen
within muscle bundles, can disrupt impulse propagation. This
type of fibrotic change is expected to amplify the effect of con-
duction slowing and electrical uncoupling in the areas of Cx43
remodeling. Interestingly, 1 week of TAC treatment did not
cause apparent apoptosis and fibrosis in MKK4“*° mice (16);
thus, involvement by interstitial fibrosis in ventricular tachy-
cardia occurrence in MKK4*° mice can be excluded.

Conclusions—In summary, we have identified a new role for
MKK4 in regulating Cx43 expression in cardiomyocytes.
MKK4 is a critical regulator in the heart for maintaining Cx43
expression/distribution, which are important for preservation
of normal cardiac electrical function. The recognition of the
functional significance of MKK4 in preventing arrhythmogen-
esis, together with our previous findings that MKK4 antago-
nizes pathological hypertrophy, may lead to the development of
better therapies for treating hypertrophy-associated ventricu-
lar arrhythmias.
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