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Abstract

Submission for the degree of Doctor of Philosophy, The University of Manchester
Dr lan Peter Temple
Arrhythmogenesis in Pulmonary hypertension

February 2014

Background: Pulmonary arterial hypertension (PAH) is a condition with severe morbidity
and mortality. It is associated with an increase in incidence of all forms of arrhythmias
which further increase morbidity and mortality. The monocrotaline (MCT) model of
pulmonary hypertension (PH) in the rat is analogous to PAH in humans and was used to
study how PH causes arrhythmias.

Methods: A single injection of MCT or a volume matched saline injection (control) was
given to the rats on day O of the protocol. The hearts of both groups of rats were studied in
vivo with echocardiography (echo) and electrocardiogram (ECG). The rat’s condition was
monitored and they were electively sacrificed when they showed symptoms or on day 28.
Live cardiac tissue was studied using the Langendorff preparation and a right atrial
preparation that incorporated the sinoatrial (SA) and atrioventricular (AV) nodes.
Molecular biology techniques including reverse transcription quantitative polymerase
chain reaction (RT-gPCR) and immunohistochemistry were used identify changes in the
heart caused by PH. The effects of macitentan, an endothelin receptor antagonist used in
the treatment of PAH, on the MCT injected rats was assessed using echo and ECG

Results: Echo demonstrated that the MCT treated rats developed severe pulmonary
hypertension with a decreased pulmonary artery acceleration time (P<0.005) and an
increased pulmonary artery deceleration (P<0.005). The MCT treated rats also developed
right ventricular hypertrophy (P<0.05) and dilation (P<0.005). The in vivo ECG
demonstrated QT prolongation (P<0.005). Ex vivo functional experiments demonstrated
QT prolongation (P<0.005) and prolonged ventricular effective refractory period
(P<0.005). AV node dysfunction was also seen in the ex vivo experiments with an
increased AV effective refractory period (P<0.05), AV functional refractory period
(P<0.05) and incidence of complete heart block (P<0.05). RT-qgPCR demonstrated
significant changes in the mMRNA expression of several ion channels and exchanges, Ca**
handling proteins and autonomic receptors including a downregulation of HCN4 and
Cay1.2 in the AV nodal tissues (P<0.05). Treatment of established pulmonary
hypertension led to a reduction in the prolongation of the QT interval caused by MCT
administration at day 21 (P<0.05).

Conclusions: PH causes arrhythmogenic changes including prolonged repolarisation in
the working myocardium and AV node dysfunction. These changes may be caused by
dysregulation of ion channels and Ca®* handling proteins. These ion channels and
Ca”"handling proteins may play a key role in both physiological and pathological
processes within the AV node.
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with blue arrows. The RV cavity is demonstrated with yellow arrows. A) Before injection
both control and MCT have a thin RV wall which contracts well with a small RV cavity. B)
By day 21 differences can be seen with the RV wall showing increasing thickness but
continuing to contract well. The RV cavity is mildly enlarged. C) On day 23 (day of
termination due to symptomatic endpoints being reached) the changes are very marked

with a thickened RV which contracts poorly and an enlarged RV cavity. ..........c.ccocvvvnene 80

Figure 2-8. Representative parasternal short axis views in diastole showing the
development of pulmonary hypertension. The LV is marked with a red dashed line and the
RV is marked with a green dashed line. A) Before injection the LV cavity is circular in
both animals and the RV is small. B) By day 21 the control animal still has a circular RV
but the MCT rat’s septum is pushed over creating a ‘D-shape’; the RV is enlarged. C)
More pronounced changes on day 23 immediately before termination. The RV is markedly

enlarged and has ‘pushed’ the septum over creating a very pronounced ‘D-shape of the LV

............................................................................................................................................. 81
Figure 2-9. Kaplan-Meier graph to show the survival free from symptomatic endpoints.
None of the control rats developed symptomatic endpoints. The earliest the MCT rats
developed symptomatic endpoints was day 18. 79% of the rats had developed
symptomatic endpoints DY day 28..........ccveiiieiiie e 83

Figure 3-1. Diagram of Langendorff rig set up. The heart was perfused at a constant flow
rate of 0.11 ml/min/g. After 20 min baseline ECG recordings were taken and pacing
protocols applied to both the RA and RV outflow tract.............cccoevveiiiciie e 87
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Figure 3-2. Schematic diagram of pacing protocols. A) Wenckebach cycle length. At
longer cycle lengths there was 1:1 conduction between the atrium and the ventricle. As the
pacing cycle length decreased there was a gradual prolongation of the PR interval until
conduction across the AV node failed and the cycle started again. B) S1-S2 protocol. A
drive train of S1 stimuli with the same cycle length was delivered followed by an
extrastimulus termed the S2. The protocol was repeated with a progressive reduction in the
coupling interval of the extrastimulus, i.e. a shortening of the S1-S2 interval. Initially
conduction across the AV node was maintained but there was progressive lengthening of
the PR interval. At shorter intervals conduction across the AV node failed and there was
atrial activation without ventricular activation. The longest S1-S2 interval at which
conduction failed was termed the AVERP. Eventually, as the S1-S2 interval was reduced
further the atrium was not captured. The longest S1-S2 interval at which the atrium was
not captured IS termed the AERP. ..o 89

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

IS 1€A0 TrOM ThE Y-8XIS. .ot 90

Figure 3-4. Recordings from the widely spaced bipolar electrodes used in the Langendorff
experiments. The recordings form a ‘pseudo-ECG’ pattern. There was a significant

increase in the QT interval but no significant change in PR interval or QRS duration. .....91

Figure 3-5. AV node conduction curve for all control and MCT treated rats used in the
Langendorff preparation. The mean AVERP and AVFRP were significantly increased. No

discontinuities in the conduction curve were demonstrated. ........ooovvvveeee 92

Figure 3-6. Graph showing Wenckebach cycle length plotted against both AVERP and

Figure 4-1. Dissection to create the SA/AV node preparation. The lines of dissection are
shown with dashed green lines (the dissection for all experiments was performed in

oxygenated Tyrode’s solution but this dissection was performed a formalin fixed heart
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without perfusing solution for clarity of the images). A-G are described in the text. H)
Demonstration of the inferior vena cava. The blunt end of the dissecting pin was pushed
through the inferior vena cava from the endocardial surface with no resistance
demonstrating the wide lumen of the inferior vena cava which was severed during
excision of the heart from the thorax. I) Demonstration of the coronary sinus. The blunt
end of the dissecting pin was advances into the ostium of the coronary sinus but could not
pass further without resistance due to the narrow lumen of the coronary sinus which was

not severed during removal of the heart from the thoraX............cccccevvviiiiiii i, 99

Figure 4-2. Diagram of the experimental setup for the isolated SA/AV node preparation.
The perfusion circuit used two parallel inflows into the perfusion chamber to achieve a
high flow rate and to direct the perfusion directly at the AV node as well as into the
chamber. The outflow used two parallel tubes with the upper of the two tubes used to
control the depth of fluid in the perfusion chamber. Initial experiments were performed
using bipolar electrodes for pacing and recording signals. After the perfusion experiments
were completed optical images were taken using optical dyes excited by the LEDs with

signals recorded by the photodiode array. See text for further details...............cccuenee. 100

Figure 4-3. Digital photograph of the AV node preparation. The anatomical landmarks
were identified during dissection. For mapping the SA node a fixed electrode was
positioned on the septum and used as a fiduciary point (marked in blue). A roving
electrode was then used to map the point of earliest activation (marked in green). The
conduction velocity was determined using a pacing electrode at the top of the crista
terminalis (marked with a red star) and a recording electrode at the bottom of the crista
terminalis (marked with a red dot). The position of the His signal was then determined by
moving a bipolar electrode along the crista terminalis until a double signal was detected
(marked with a yellow dot). CS — coronary sinus, FO — Fossa ovale, IVC — inferior vena

(or: \V/: TR 103

Figure 4-4. Bipolar recording from the SA/AV node preparation. A) Photograph of
preparation. Once the His bundle had been identified (see Figure 4-3) the other three
electrodes were positioned. Electrode 1 was positioned at the site of earliest activation (the
SA node). Electrode 2 was positioned at the atrial septum, electrode 3 was at the His
electrode and electrode 4 was positioned between the coronary sinus and the tricuspid
valve annulus. B) Bipolar recordings from the 4 electrodes marked in A. Earliest
activation was at electrode 1 and latest at electrodes 4. This represents rapid atrial
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activation spreading from the SA node (marked with white dashed arrows). At the His
signal (electrode 3) there was a discrete pause which was followed by a second smaller
sharp deflection. This second deflection is the His signal. The time between the atrial and
His signal is the AH INtEIVaAl. ...........cocvoiiiiie e 104

Figure 4-5. Schematic diagram of the SA/AV node preparation with the earliest site of
activation mapped. The coordinates have been transformed into an x value for distance
from the crista terminalis and a y axis value for the proportion along the crista terminalis.

See text for details. CS — coronary sinus, FO — fossa ovale, IVC — inferior vena cava....106

Figure 4-6. Comparison of bipolar electrode recording and optical mapping to identify the
nodes. Ai) Photo of the preparation with Position of bipolar electrodes marked: earliest
activation (marked in green) and location of the His signal (marked in yellow) shown. Aii)
Bipolar electrode recording at the site of His signal. There was a clear atrial deflection
followed by a discrete pause and then a His signal. Bi) Photo of the preparation with
optical activation map superimposed. The activation map was created in Optiq using the
time at which the optical signal was 90% from baseline to peak (Tact90_Basic). Only
signals with a clear upstroke were used with a ‘mask’ created to limit the map to the atrial
tissue and the activation map was superimposed on a photo of the SA/AV node
preparation. The earliest activation was defined as 0 ms and black on the scale bar. The
position of earliest activation is marked with a 1 and is qualitatively similar to that seen in
panel Ai. The colour scale bar indicates the time of activation from 0-10 ms with most of
the atrial tissue activated in less than 5 ms. Bii) Example of optical action potentials taken
from the sites shown in panel Bi. Despite the clear double deflection seen in panel Aii
there is no second upstroke in region 3 to delineate the His signal on the optical action
POLENTIAL ...t e e ra e 107

Figure 4-7. Optical mapping to assess conduction velocity. The activation maps were
created as described in Figure 4-6. A) Control preparation. In the control rat the entire RA
was activated in approximately 10ms. B) Preparation from MCT treated rat. In the MCT

rat the entire RA was activated in approximately 15 mS. .......cccovviieiiii i 109

Figure 4-8. Demonstration of CHB in a MCT treated rat. In a control rat every atrial signal
(marked with a green arrow/A) was followed by a His signal (marked with a red arrow/H)
with a fixed AH interval. In the MCT treated rat there was not a His signal following
every atrial signal; instead the His signal is slower and independent of the His signal. This
demONSLIateS CHB. .....ooiiie et 110
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Figure 4-9. AVERP and AVFRP mean and standard error for both S1-S1 drive trains...111

Figure 4-10. AV node conduction curve for all control and MCT treated rats used in the
isolated SA/AV NOUE PrePAratiON. ........ceivveireerieiieseerieeie e ee e e e e e estesee e e sre e e 111

Figure 4-11. Kaplan-Meier graph to show the survival free days from symptomatic

endpoints for the MCT treated rats that were used for the Langendorff experiments and the
isolated SA/AV node experiments. There was no difference assessed by the logrank test (P
2 0,05 ettt et R Rt e R bt e Rt Rt et E e bt re Rt neeneerens 113

Figure 4-12. Optical mapping demonstrating ectopic activation from the AV node.
Activation maps were created as described in Figure 4-6. A) Earliest activation at the
expected site of the SA node (in the superior intercaval region). The entire atrium was
activated in approximately 15 ms. This pattern accounted for the majority of impulses. B)
Earliest activation at the AV node (along the tricuspid valve annulus near the coronary
sinus). Activation propagated more slowly than in panel A, taking approximately 30 ms
for the entire atrium t0 be aCtiVAEd. ........ccceoiiie e 117

Figure 5-1. Schematic diagram of double labelling of HCN4 and Cx43 with

immunohistochemistry. See section 5.2.2for details. BSA —bovine serum albumin. ....... 120

Figure 5-2. Demonstration of the ‘AV node map’ to determine the locations of the regions
within the AV node. Initially the slides were immunolabelled with Cx43 (red) and HCN4
(green). This identified nodal tissue and working myocardium. The slides then underwent
Masson’s trichrome staining to delineate fibrous tissue (in blue). All the images were then
reviewed sequentially to identify six different regions (see section 5.2.4 for details of the

Criteria for 8aCH FBGION) .......oiui it sb e 124

Figure 5-3. Images demonstrating hand assisted microdissection. A) AV node section
double labelled for HCN4 (green) and Cx43 (red). The ringed area shows high levels of
HCN4 and low levels of Cx43. B) Masson’s trichrome staining of a ‘sister section’. The
area of interest demonstrated in A can be seen to be enclosed within the central fibrous
body. The combination of high levels of HCN4, low levels of Cx43 and enclosure within
the central fibrous body identifies this area as the penetrating bundle. C) Haematoxylin
and Eosin stained section before microdissection. This reveals the area of interest
identified from the ‘map’ created by A and B. D) The same slide as C post
microdissection with the area of interest (in this case the penetrating bundle) removed. AS
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— atrial septum, CFB — central fibrous body, CN — compact node, VS — ventricular septum.

Figure 5-4. Comparison of Qubit and Nanodrop to measure RNA concentration. The six
tissue regions for a single AV node sample were assessed using both the Qubit and
Nanodrop. At higher concentrations there is good agreement between the two techniques
but at lower concentrations the Nanodrop reports higher concentrations than the Qubit. 127

Figure 5-5. Assessment of mMRNA quality from the microdissected compact node samples.
A) Sample before microdissection and RNA extraction were optimized. There are no clear
peaks of mRNA for 18S and 28S indicating poor mMRNA quality. B) Sample after

microdissection and extraction were optimized. Clear peaks for 18S and 28S are seen. RIN
- RNA integrity number; range 0- 10 with 10 indicating the best RNA quality............... 128

Figure 5-6. qPCR amplification plots for all samples. ARn is the change in fluorescence
due to the PCR reaction (current fluorescence — baseline fluorescence). A) Sample from
the compact node showing good amplification with the majority of targets amplifying well.
There are three targets which do not amplify which will have an undetermined Cq value
which is replaced with 40. B) Sample from the compact node of a different rat. No targets
have amplified indicating a failure of sample preparation; the entire sample was omitted
Trom TUItNEr @NALYSIS. .. .oviiie e 138

Figure 5-7. Determining C, values for individual targets. With log(ARn) plotted against
cycle number there is a linear amplification phase. The greed and red markers represent
the beginning and end of the baseline. As long as the detection threshold is placed within
this linear phase the difference in Cq between each sample will be the same (because the
linear amplification plots are parallel to each other). A) Amplification curves Cx45. There
is a relatively high abundance and therefore all samples cross the detection threshold and
will have a relatively low Cq. B) Amplification curves for Cx30.2. There is a lower
abundance and therefore the C, values are higher. Some samples do not cross the detection
threshold and will therefore not generate a Cq value, but this has been reported as 40 in this
] (1 Y2 SO PSUSPPR 139

Figure 5-8. Correlation of ACT from preamplified and unamplified samples from the
atrium and ventricle of all rats. Linear regression analysis showed a non-zero gradient of
0.84 (P<O00L), R% = 0.82. ...eoeeeeeeeeeeeeeeeeeeses et en e 143
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Figure 5-9. Comparison of six different normalisation strategies for all six regions within
the AV node. Each target is represented as a horizontal line. The FDR adjusted P value
comparing control and MCT rats for significant differences is represented on a colour
scale for each target with each normalisation strategy for each tissue region. The black
boxes represent missing data due to the exclusion of targets with a CT of greater than 38.
Within each tissue region there are qualitatively similar adjusted P values for the different
targets demonstrated by a consistent colour bar, but, between tissue regions there are
different colour bars. A) P values using B2M and HPRT and excluding C, values of >38,
B) P values using B2M and HPRT and including Cq values. C) P values using
normalisation against all targets and excluding C, values of >38, D) P values using
normalisation against all targets and including all Cq values, E) P values using B2M and
PKG1 and excluding Cq values of >38, F) P values using B2M and PKG-1 and including
Al Cq VAIUBS.......oeiiic 145

Figure 5-10. Relative quantification of targets in the control atrium. All targets are
normalised to the lowest expressing target (Cx30.2). The scale is logarithmic and therefore
each marked interval is x10 greater than the last. A greater than x10 difference in the
expression level allows tentative conclusions to be drawn regarding the expression levels
(SEE SECLION 5.2.168).....eevitiiteiiieieeie ettt bbbt 148

Figure 5-11. Relative quantification of mMRNA for the six different regions of the AV node
in control rats. Letters above the bar graphs denote a significant difference between that
region and the region with the corresponding letter. Capital letters indicate significance
with a corrected P value of <0.05 and lower case letters indicate significance with a
corrected P value of <0.20 (using the limma test). Expression of o and B subunits of
inward current carrying ion channels. A - Atrium, TT - Transitional tissue, INE - Inferior

nodal extension, CN - Compact node, PB - Penetrating bundle, V - Ventricle................. 150

Figure 5-12. Relative quantification of mRNA for the six different regions of the AV node
in control rats. Letters above the bar graphs denote a significant difference between that
region and the region with the corresponding letter. Capital letters indicate significance
with a corrected P value of <0.05 and lower case letters indicate significance with a
corrected P value of <0.20 (using the limma test). Expression of o and B subunits of
further inward current carrying ion channels. A - Atrium, TT - Transitional tissue, INE -
Inferior nodal extension, CN - Compact node, PB - Penetrating bundle, V - Ventricle...151
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Figure 5-13. Relative quantification of mRNA for the six different regions of the AV node
in control rats. Letters above the bar graphs denote a significant difference between that
region and the region with the corresponding letter. Capital letters indicate significance
with a corrected P value of <0.05 and lower case letters indicate significance with a
corrected P value of <0.20 (using the limma test). Expression of o and B subunits of K*
channels. A - Atrium, TT - Transitional tissue, INE - Inferior nodal extension, CN -

Compact node, PB - Penetrating bundle, V - Ventricle. ..........cccocooveiieiiiie v 152

Figure 5-14. Relative quantification of mMRNA for the six different regions of the AV node
in control rats. Letters above the bar graphs denote a significant difference between that
region and the region with the corresponding letter. Capital letters indicate significance
with a corrected P value of <0.05 and lower case letters indicate significance with a
corrected P value of <0.20 (using the limma test). Expression of o and B subunits of
further K* channels. A - Atrium, TT - Transitional tissue, INE - Inferior nodal extension,
CN - Compact node, PB - Penetrating bundle, VV - Ventricle. .........ccccooeveiinninininnnn. 153

Figure 5-15. Relative quantification of mMRNA for the six different regions of the AV node
in control rats. Letters above the bar graphs denote a significant difference between that
region and the region with the corresponding letter. Capital letters indicate significance
with a corrected P value of <0.05 and lower case letters indicate significance with a
corrected P value of <0.20 (using the limma test). A and B). Expression of Ca?* handling
proteins (A) and connexins (B). A - Atrium, TT - Transitional tissue, INE - Inferior nodal

extension, CN - Compact node, PB - Penetrating bundle, V - Ventricle...............c.c...... 154

Figure 5-16. Relative quantification of mRNA for the six different regions of the AV node
in control rats. Letters above the bar graphs denote a significant difference between that
region and the region with the corresponding letter. Capital letters indicate significance
with a corrected P value of <0.05 and lower case letters indicate significance with a
corrected P value of <0.20 (using the limma test). A and B). Expression of ion exchangers
(A) and autonomic receptors (B). A - Atrium, TT - Transitional tissue, INE - Inferior

nodal extension, CN - Compact node, PB - Penetrating...........ccccceevvvevieiiieiie e 155

Figure 5-17. Remodelling of ion channel expression in the atrium of the MCT treated rats.
All the values are normalised to the corresponding control value for the target and tissue
region. Therefore a value greater than 1 represents upregulation and a value less than 1
represents dOWNIEQUIALION. ........cc.iiiiiiiie ettt 165
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Figure 5-18. Remodelling of ion channel expression in the transitional tissue of the MCT
treated rats. All the values are normalised to the corresponding control value for the target
and tissue region. Therefore a value greater than 1 represents upregulation and a value less

than 1 represents doOwnreguUIAtIoN. ..........cccveiiiieiie i 166

Figure 5-19. Remodelling of ion channel expression in the inferior nodal extension of the
MCT treated rats. All the values are normalised to the corresponding control value for the
target and tissue region. Therefore a value greater than 1 represents upregulation and a

value less than 1 represents downregulation. .............ccccovveeeeie e v s 167

Figure 5-20. Remodelling of ion channel expression in the compact node of the MCT
treated rats. All the values are normalised to the corresponding control value for the target
and tissue region. Therefore a value greater than 1 represents upregulation and a value less

than 1 represents doOWwnreguUItioN. ..........cccvooviiiiie i e 168

Figure 5-21. Remodelling of ion channel expression in the penetrating bundle of the MCT
treated rats. All the values are normalised to the corresponding control value for the target
and tissue region. Therefore a value greater than 1 represents upregulation and a value less

than 1 represents doOWwnreguUItion. ..........cccoooviii e 169

Figure 5-22. Remodelling of ion channel expression in the ventricle of the MCT treated
rats. All the values are normalised to the corresponding control value for the target and
tissue region. Therefore a value greater than 1 represents upregulation and a value less

than 1 represents downreguUItion. ..........cccooiiiiiie e 170

Figure 6-1. Images from the slidescanner for Masson’s trichrome staining and
immunohistochemistry in the control rat. A) Penetrating bundle. Ai-iii show identification
of the penetrating bundle which is encased in the central fibrous body. Aiv)
Immunostaining for Cx43 (red) and HCN4 (green) The penetrating bundle stains strongly
for HCN4 but Cx43 is absent. The atrium and ventricle stain strongly for Cx43 but HCN4
is absent. Av) Immunostaining for RyR2 (red) and Cx 40 (green). RyR2 is expressed
throughout all the myocardial tissues but Cx40 is only present in the penetrating bundle. B)
Images as per section A demonstrating the compact node and transitional tissue. The
compact node is bounded by the tricuspid valve annulus inferiorly and extends into the
transitional tissue. The compact node stains strongly for HCN4; Cx43 is absent. The
transitional tissue shows an intermediate staining pattern. RyR2 is expressed throughout
the myocardial tissues; Cx40 is absent. C) Images as per section A demonstrating the
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inferior nodal extension. The inferior nodal extension is a small area of tissue on the
tricuspid annulus along the right atrial side of the atrial septum. It stains for HCN4 but
Cx43 is absent. RyR2 is present throughout the myocardial tissues; Cx40 is absent. See
section 5.2.4 for further details. LV — left ventricle, RA — right atrium, RV, right ventricle,

V'S — VENTICUIA SEPTUM. ...ttt 179

Figure 6-2. Images from the slidescanner for Masson’s trichrome staining and

immunohistochemistry in the MCT treated rat. All labels as per Figure 6-1. .................. 180

Figure 6-3. Immunohistochemistry staining patterns for the atrium in control and MCT
rats. In the left panel Cx40 is stained green and RyR2 is stained red, in the right panel
HCNA4 is stained green and Cx43 is stained red. .........ccoovveeveiieieereee e 181

Figure 6-4. Immunohistochemistry staining patterns for the transitional tissue in control
and MCT rats. In the left panel Cx40 is stained green and RyR2 is stained red, in the right
panel HCN4 is stained green and Cx43 is stained red. ........cccocveveeeieeie e 182

Figure 6-5. Immunohistochemistry staining patterns for the inferior nodal extension in
control and MCT rats. In the left panel Cx40 is stained green and RyR2 is stained red, in
the right panel HCN4 is stained green and Cx43 is stained red..........ccccccvvevveiieieevieennenn, 183

Figure 6-6. Immunohistochemistry staining patterns for the compact node in control and
MCT rats. In the left panel Cx40 is stained green and RyR2 is stained red, in the right
panel HCN4 is stained green and Cx43 is stained red. ..........cccvevveeeeieiieiie v 184

Figure 6-7. Immunohistochemistry staining patterns for the penetrating bundle in control
and MCT rats. In the left panel Cx40 is stained green and RyR2 is stained red, in the right
panel HCN4 is stained green and Cx43 is stained red. .........ccocevvveiivenecieseese e 185

Figure 6-8. Immunohistochemistry staining patterns for the ventricle in control and MCT
rats. In the left panel Cx40 is stained green and RyR2 is stained red, in the right panel
HCN4 is stained green and Cx43 is Stained red. .........ccooveeieieniiineneeeese e 186

Figure 6-9. A) Protein expression level assessed by fluorescence for each region in
control and MCT treated rats. The significant differences (P<0.05 using ANNOVA with
multiple comparisons) are marked with letters above each region. There were no
significant differences between control and MCT treated animals assessed by Student’s t-

Test. B) Corresponding data from the RT-gPCR experiment (see Chapter 5). Letters
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correspond to significant differences between the control regions (lower case letters, P<0.2,
upper case letters, P<0.05; see section 5.2.16). The bars indicate significant differences
between the control and MCT rats assessed by limma test(* P<0.2; ** P<0.05 see section
5.2.16). A) Atrium; B) Transitional tissue; C) Inferior nodal extension; D) Compact node;
E) Penetrating bundle F) VeNtriCle. ... 188

Figure 6-10. HCN4 labelling in the compact node (green signal). A) The samples used for
assessment of the quantity of HCN4 in the compact node are shown for all the control and
MCT treated rats. One MCT treated rat showed very high levels of HCN4 staining
(bottom right panel). B) Scatter plot of HCN4 protein expression in the compact node.
Mean and standard error bars shown demonstrating the greater variability in the MCT rats.

Figure 6-11 A) Protein expression level assessed by fluorescence for each region
corrected by removing the value for regions with no specific staining (see text for details).
The significant differences between regions (P<0.05 using ANNOVA with multiple
comparisons) are marked with letters above each region. There were no significant
differences between control and MCT treated animals assessed by Student’s t-test. B)
Corresponding data from the RT-gPCR experiment (see Chapter 5). Letters correspond to
significant differences between the control regions(lower case letters, P<0.2; upper case
letters, P<0.05; see section 5.2.16). The bars indicate significant differences between the
control and MCT treated rats assessed by the limma test;* P<0.2, ** P<0.05 (see section
5.2.16). A) Atrium; B) Transitional tissue; C) Inferior nodal extension; D) Compact node;
E) Penetrating bundle F) VENIFICIE. ........oooiiiiiiiie e 192

Figure 7-1. Echo images showing the development of PH assessed by the pulmonary

velocity profile. The profile has a typical ‘rounded’ shape prior to injection. At day 21 no
change is seen in the CON animal but the MCT animal shows a change to a typical ‘spike
and dome’ morphology with a reduced PAAT and increased PAD. The MACI animal has

an intermediate profile between the tWo groups. ........cccovvv i, 199

Figure 7-2. Development of PH. Mean and SEM plotted at each time point. The MACI
group was compared with the MCT group and the CON group assessed by two-way
repeated measures ANNOVA with multiple comparisons. Pulmonary hypertension
developed in the MACI group by day 7 (i.e. before the initiation of macitentan) with a
reduced PVmax. There is a significant improvement in the MACI group compared to the
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MCT group at day 14 and day 21 with a reduced PAD, right ventricular internal dimension
and QT interval and an increased pulmonary artery acceleration time...........ccccccoevvvennee. 201

Figure 7-3. Kaplan-Meir curves showing the freedom from symptomatic endpoints. The
animals were sacrificed on the day they met their symptomatic endpoints. There is a
significant difference between the CON and MACI treated groups (p=0.01) but no
difference between the MACI treated and MCT groups (p=0.50).......cccceoerereninernnnnnn 202

Figure 8-1. Results of the computer simulation with incorporating the mRNA data. A
Control and MCT action potential from AN cells. B Control and MCT action potential
from N cells. C. 1D simulation for control AV node. The model is paced from the atrium
at a cycle length of 330ms, there is 1:1 conduction through the from the atrium, through
the AV node and into the ventricle. D. 1D simulation for MCT AV node. The model is
paced from the atrium at a cycle length of 330ms. Block occurs in the region of the AN to

N cells, corresponding to the anatomical compact Node. ...........ccccoeevvvierieeninie e 210

Figure A-1. Optical activation maps in the SA/AV node preparation. The activation map
was created in Optiq using the time at which the optical signal was 90% from baseline to
peak (Tact90_ Basic).All sequences are shown with a 20ms colour scale. A) Control rats.
Conduction velocity in the atrium was rapid in all preparations. B) MCT treated rats.
Some preparations showed slowed conduction velocity but others showed preserved

CONAUCTION VEIOCILY. ... nas 239
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1 General introduction

1.1 Pulmonary hypertension: a clinical perspective

Pulmonary hypertension (PH) is a haemodynamic state defined as a mean pulmonary
artery pressure greater than 25 mmHg whilst the patient is at rest. It is not a single entity
and has multiple causes. The causes of PH are sub-classified into five diagnostic
categories described below. These clinical groups are organised on the basis of shared
pathological mechanisms and response to treatment. Within each group there may be
multiple different diagnoses." In this study I aim to characterise arrhythmogenesis caused
by pulmonary arterial hypertension (PAH) which is the classification given to a specific
set of diseases that lead to PH due to pathology within the pulmonary vasculature. Brief

overviews of all the sub-classifications are given below.*
1.1.1 Pulmonary arterial hypertension

Patients with PAH have raised pulmonary pressures due to changes within the arterial
vessel wall including vasoconstriction, proliferation, inflammation and thrombosis. The
diagnosis of ‘idiopathic’ PAH is given if no cause can be found, and the diagnosis of
‘associated’ PAH is given if a disease known to cause PAH is found. The three most
common diagnoses in the clinical group of PAH are idiopathic PAH, associated PAH due

to connective tissue disease and associated PAH due to congenital heart disease.?

It is difficult to ascertain the true incidence of PAH because of the varying degrees of
severity and the difficulty in excluding other causes of PH, especially as there can be an
overlap between clinical groups.’? In spite of this a study has suggested prevalence of 52
cases per million and an incidence of 7-8% per million per year in Scotland.? There was a
female:male ratio of approximately 2-3:1 due to an increased prevalence of idiopathic
PAH and PAH associated with connective tissue disease in females.? In 2007 there were
1499 patients on advanced therapies for PAH in the UK, which equates to 25 patients per

million of the general population.
1.1.2 Pulmonary hypertension due to left heart disease

Raised post capillary pressures in the lung imply that the increased pressure within the
pulmonary artery is a result of increased pressure within the left heart. This may be as a
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result of systolic or diastolic left ventricular dysfunction or valvular heart disease.! No
specific therapies for the raised pulmonary pressures in these condition have been shown

to be effective and treatment is aimed at the cause of the left sided heart disease.
1.1.3 Pulmonary hypertension due to lung diseases and or hypoxia

Hypoxia leads to vasoconstriction within the pulmonary vasculature. There may also be a
loss of capillaries associated with emphysema and an increased mechanical stress due to
hyperinflated lungs.™ * > No specific therapy is aimed at the raised pulmonary artery
pressure and therapy is aimed at the underlying lung disease.

1.1.4 Chronic thromboembolic pulmonary hypertension

A thrombus within the pulmonary vasculature can become organised into the vessel wall
leading to mechanical obstruction and raised pressures.” The true incidence is not known,
but approximately 3% of patients followed-up after pulmonary embolus were shown to
have developed signs of chronic thrombo-embolic pulmonary hypertension (CTEPH).
Despite this, only 37% of patients diagnosed with CTEPH had a previous clinical history
of venous thromboembolism.® Surgical intervention to remove the thrombus can be
curative and patients should receive lifelong anticoagulation. The CTEPH can be treated
with the same pharmacological therapies as those used for PAH if surgery is not

performed or if PAH recurs after surgery.’
1.1.5 Multifactorial

Many other conditions including haematological and metabolic diseases can lead to

pulmonary hypertension due to diverse mechanisms.*

1.2 Pathological changes in the lungs leading to

pulmonary arterial hypertension

As described above PAH may be due to many causes but the common factor is that the
rise in pulmonary pressures is mediated by vascular remodelling within the vessel wall of
the pulmonary artery.” There are multiple mechanisms underlying this remodelling. There
may be dysregulation of vascular tone, with down-regulation of vasodilatory factors such
as nitric oxide and prostaglandin I, and up-regulation of vasoconstrictors such as 5-

hydroxytryptamine and endothelin.” There is also abnormal proliferation of the three
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layers of the pulmonary artery; intima, media and adventia. This is mediated by many
factors including; cytokines and chemokines controlling the inflammation pathways,
growth factors, transcription factors and metabolic changes.” Some factors that promote

vasoconstriction also promote cell proliferation e.g. 5-hydroxytryptamine and endothelin. ’.

There is a series of characteristic pathological lesions within the pulmonary vasculature in
PAH. Initially there is eccentric thickening of the intima caused by fibrosis interspersed
with fibroblasts.® In more advanced disease these lesions may form into concentric layers
of either endothelial cells, myofibroblasts or smooth muscle cells forming an ‘onion-skin’
appearance. The hallmark of advanced PAH is the appearance of ‘plexiform lesions’.?
These lesions typically occur at branching points within the pulmonary arteries and consist
of an obstructive lesion consisting of myofibroblastic cells interspersed with ‘slit-like’
vascular channels lined with endothelial cells.® These lesions lead to a reduction of the
luminal area of the pulmonary arteries, raise pulmonary pressures and increase afterload

on the right ventricle.?

Given the multitude of different pathways leading to the formation of these characteristic
lesions it is thought that, despite similar clinical phenotypes, there may be different
mediators of PAH in different patient groups. Work is ongoing to try to understand the
relevance of these mechanisms in different patients and tailor therapy accordingly.’

1.3 Effects of pulmonary arterial hypertension on

the heart

In the general population the right ventricle (RV) is a thin-walled structure that is
subjected to low resistance and can therefore generate high flow without generating high
pressures. Despite generating the same flow as the left ventricle (LV), the RV has only
one sixth the muscle mass and caries out only 25% of the stroke work.® The shape of the
RV is more complex than that of the LV which has made morphological and functional

assessment of the RV more difficult than for the LV.

In patients with PAH the RV needs to produce much higher pressures than in the general
population in order to generate a pressure gradient across the pulmonary circulation and
maintain adequate flow. This results in remodelling of both the RV and the LV. Initially
there is compensatory RV hypertrophy with both the RV wall thickness and RV mass
significantly increased.'®*? In patients with more advanced PAH both systolic and
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diastolic RV volumes are increased with a decrease in RV ejection fraction.®*" 2 In severe
PAH both systolic and diastolic RV function is reduced and stroke volumes are
significantly lower. These parameters have been shown to be independent poor prognostic

indicators in PAH, 91113

The changes seen in the RV in PAH are not only mediated by the increased afterload
placed on the RV. Animal studies have been performed comparing the effects of PH with
the effects of pulmonary artery banding, both of which placed an equivalent
haemodynamic load on the RV.* These studies demonstrated that PH was associated with
decompensated RV hypertrophy and right-sided heart failure; in contrast pulmonary artery
banding led to compensated hypertrophy without heart failure. The mechanisms
underlying heart failure in PAH were multifactorial but included a reduction in the RV

capillary density, fibrosis and apoptosis.**

In contrast to the RV the LV is not subjected to an increased afterload in PH. There are
however reduced left sided filling pressures as a result of the right sided heart dysfunction
and also a reduction in LV cavity size as a result of ‘bowing’ of the interventricular
septum secondary to the increased RV pressure. These changes mean that the LV diastolic

diameter and stroke volume are significantly decreased although LV mass is unchanged.”
11

1.3.1 Electrocardiographic changes in right ventricular hypertrophy

Studies dating back to the 1940s have attempted to characterise the electrocardiogram
(ECG) changes seen in patients who subsequently went on to have autopsy confirmed RV
hypertrophy from any cause.™™” Several classification systems have been proposed to
diagnose RV hypertrophy on the ECG but no single system has a high sensitivity and
specificity and there is no single criterion that can be used to diagnose RV hypertrophy.®

The most prominent feature seen in RV hypertrophy is a large R wave and small S wave
seen in lead V1 with a ratio of R:S of greater than 1. A small R wave and deep S wave in
V5 and V6 is also seen.’®*® Right axis deviation is commonly seen in both normal hearts
and hearts with pulmonary hypertension, but the combination of right axis deviation and
the changes in the V1 lead described above is more suggestive of RV hypertrophy.'>*
Changes in the QRS complexes may be associated with ST segment depression and T

wave inversion, particularly in leads V1 and V2 and in the inferior limb leads. These

changes are not consistent however.'>*2
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In addition to changes in the amplitude of the QRS complexes there are also changes in
QRS duration. The ventricular activation time defined as the time from the beginning of
the QRS complex to the abrupt negative deflection of the downstroke of the R wave is
increased in RV hypertrophy, with 42% of patients having values greater than the upper
limit of normal (0.03 s).” In a series of 42 cases 9 (21.4%) patients were found to have
incomplete right bundle branch block and 3 (7.1%) patients had complete right bundle
branch block™. This can be compared with a suggested population incidence of 0.18-2%

of complete right bundle branch block.™

The corrected QT interval (QT¢) is prolonged in PAH and the degree of prolongation is
correlated to both pulmonary pressures and RV function.”® A QT of greater than 480 ms
is an independent predictor of mortality.”® The difference between the longest and shortest
QT interval (QT dispersion) has been shown to be increased in both men and women with
PH and also asymptomatic patients with RV hypertrophy secondary to chronic altitude

exposure.?t %

Mapping of activation using monophasic activation potentials at the time of cardiac
surgery for thromboembolectomy in CTEPH has shown delayed right ventricular
activation with absence of epicardial breakthrough within the RV. Action potential
duration was consistent across both the RV and LV meaning that repolarisation was
delayed in the RV by the same amount as activation was delayed. This accounted for the

negative T waves seen on the right side of the heart.?

The incidence of RV hypertrophy in PAH is estimated to be 87%, but the specificity of
RV hypertrophy for PAH is poor due to multiple other causes.

1.3.2 Pulmonary arterial hypertension and arrhythmias

Cardiac arrhythmias are a major cause of morbidity and mortality in the general
population. Virtually any condition that affects cardiac function is associated with an
increase in arrhythmias. The incidence of arrhythmias in patients with PAH is high with
reported figures of 11.7 to 26.7% depending on whether sinus tachycardia was classified

as an arrhythmia.?*?® Sinus tachycardia is found in around 10% of PAH patients and is
thought to be related to sympathetic activation in response to decreased circulating volume.

The presence of sinus tachycardia is associated with a poor prognosis.?*
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At the initial screening of a cohort of 51 untreated patients with PAH two patients had
sinus bradycardia, and a further 6 patients had 1* degree atrioventricular (AV) heart block,
with one patient requiring a dual chamber pacemaker for higher degree heart block. The

mean PR duration in this cohort was 180 + 50 ms.?*

Two studies have followed up a cohort of patients with PAH to look at the incidence and
clinical significance of arrhythmias.?® 2’ In the first, a cohort of 231 patients with PAH and
CTEPH were followed up for 6 years; 27 patients had a total of 31 episodes of
supraventricular tachycardia (SVT) that consisted of atrial fibrillation (AF) (48%), atrial
flutter (42%) and AV nodal reentrant tachycardia (AVNRT) (10%). This gave an annual
risk of tachycardia of 2.8% per patient per year. The average time from diagnosis of PAH
to arrhythmia was 3.5 years.?® The second study included patients with PAH due to
congenital heart disease and found similar rates of arrhythmias with 28 patients
developing an SVT over a mean 5 year follow up. In this study AF (42%), atypical flutter
(25%), typical flutter (18%) and AVNRT (14%) were observed.”’

In 82-84% of patients the development of an SVT resulted in a clinical deterioration which
was corrected by restoration of sinus rhythm.?*% To achieve restoration of sinus rhythm
aggressive treatments were used with a combination of medical therapy, cardioversion and
invasive ablation procedures.? Electrophysiological studies have demonstrated that flutter
in PAH patients is often ‘typical’, i.e. related to a reentrant circuit in the right atrium (RA)
which is dependent on conduction across the tricuspid isthmus and that these typical atrial
flutters can be safely and effectively treated by ablation across the tricuspid valve
isthmus.?*? In patients for whom it is not possible to restore sinus rhythm there is a

significantly increased mortality.?®

There is less evidence for ventricular arrhythmias in PAH.! In a limited study of 9 patients
with PAH no serious ventricular arrhythmias were shown although there was an increase
in the number of ventricular ectopic beats.* In a retrospective analysis of 3110 patients
with PAH over 3 years in a multicentre study 513 patients died, and of these 17% were
due to sudden and unexpected causes. Approximately one quarter of the patients who died
underwent cardio-pulmonary resuscitation and of these patients ventricular fibrillation was

seen in 8% of cases.*

Studies looking at arrhythmias in PAH have defined the incidence and prevalence of
arrhythmias in a population of patients PAH but have not made a comparison with a
matched cohort of apparently healthy individuals.”> % The incidence and prevalence of
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arrhythmias quoted from studies of the general population are not age and sex matched to
studies of patients with PAH and may include people with other cardiac co-morbidities.**
%% This makes comparison of the rates of arrhythmias in PAH with apparently healthy
individuals difficult and liable to underestimate the increase in arrhythmias due to the

effect of PAH, but some inferences can be made.

There is evidence of AV node dysfunction with slowed conduction in the PAH population.
The 14% incidence of 1% degree heart block and mean PR interval of 180+50 ms on initial
screening in PAH patients discussed above is in contrast with an incidence of 1% degree
heart block of 2.1% and mean PR interval of 160+22 ms for men and 153+22ms for

women in the general population.®

As discussed above, there is strong evidence that all forms of SVT are more common in
PAH with the cohort studies suggesting an incidence of around 3% per year and a
prevalence of SVT of around 12%. This can be compared with general population studies
suggesting an incidence of all forms of SVT of 0.04% and a prevalence of SVT of
0.23%.% It is also notable that there is a high proportion of AVNRT with no cases of
accessory pathway mediated tachycardia (i.e. AV reentrant tachycardia) in the two cohort
studies described above.?® #’ Although reentry within the AV node results in a tachycardia,
maintenance of the tachycardia is dependent on the balance between fast conduction, slow
conduction and refractoriness within the AV node (see section 1.5.2.4).% There are no

studies designed to elucidate which of these factors are affected in PAH.

A comparison can be made between the ratio of atrial flutter: AF cases. In the general
population this is approximately 1:5 whereas in the PAH populations it is close to 1:1.2% %"
%3 1t is perhaps not surprising that typical flutter is disproportionately more prevalent in
patients with PAH as the RA is exposed to raised pressures and the anatomical substrate
for the flutter circuit is located within the RA.? Electrophysiological assessment of
patients with PAH has shown slowing of conduction, fractionated signals and a trend
towards an increase in right atrial effective refractory period in the in the RA in patients
with PAH compared with controls. These changes may provide the substrate necessary for

the maintenance of atrial flutter.?®

The combination of bradycardia and tachycardia with involvement of the sinoatrial (SA)
node, AV node, His-Purkinje system and atrial and ventricular myocardium demonstrates
the impact of PAH on the cardiac conduction system at multiple sites and points to the
possibility of multiple mechanisms.
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1.3.3 Treatment in pulmonary arterial hypertension

Treatment in PAH has advanced rapidly over the past decade. In addition to supportive
measures, specific therapy for PAH can be split into four broad categories: calcium
channel blockers, prostanoids, endothelin receptor antagonists (ERAS) and

phosphodiesterase inhibitors. " **%

Calcium channel blockers act as vasodilating agents and their use should be restricted to
patients who have shown a response to a vasodilating challenge assessed at right heart

catheterisation which is estimated to be only around 15% of all PAH patients.* % %

Prostacyclin acts as a vasodilator. It also has antiplatelet and antiproliferative effects.
Prostacyclin is down-regulated in PAH and therefore therapy with various forms of
prostacyclins via inhaled, intravenous (iv), subcutaneous (sc) and oral routes can be
used.*® Benefits in terms of symptoms and haemodynamic parameters have been seen with
all routes of administration of prostanoids.' *® Prognostically significant benefits were

seen with IV epoprostanol over a three month treatment period.*°

The endothelin system is activated in PAH and leads to proliferation of vascular muscle
cells and vasoconstriction. 3" ** ERAs have been shown to have beneficial effects on
haemodynamic parameters, objective measurements of patients exercise capacity and
subjective symptoms scores. No significant mortality benefit has been demonstrated with
ERAs in randomised trials, but registry data suggest that there may be a mortality
benefit.’

Phosphodiesterase inhibitors act by enhancing the effect of nitric oxide by inhibiting the
inactivation of cGMP.*® They were initially licensed for erectile dysfunction, but they are
now used in the treatment of PAH. Clinical trials have demonstrated a benefit in patients
with PAH showing an improved 6 minute walk test, New York Heart Association (NYHA)
classification and subjective symptom assessment scores. They may be used in
combination with prostacyclins and ERAs with improvement in functional status and
haemodynamic parameters. There are no data to show prognostic benefit of

phosphodiesterase inhibitors.*

Clinical trials with all four classes of drugs have focused on haemodynamic assessments,

functional capacity and reduced symptom burden. There are limited data regarding
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prognostic benefit and no studies have been performed to look at effect of treatment on the
incidence of arrhythmias.

1.4 Cardiac physiology

1.4.1 Ion channels in the heart

lon channels are transmembrane proteins that allow the passage of ions between the intra
and extracellular space. They consist of an o subunit which forms the pore that the ion

passes through, and B subunits that regulate the function of the o subunit.*> *®

The typical composition of an ion channel is of four a subunits creating a central pore
through the cell membrane. In the case of Na" and Ca®* channels these o subunits have six
transmembrane a helices and are linked with covalent bonds. There is more variability in
the K* channels, with some consisting of four o subunits that are similar to the Ca** and
Na* channels but are not covalently linked, and some of the K* channels consisting of four
smaller a subunits or two o subunits which have double the transmembrane a-helices.

Each of these a and B subunit proteins is encoded by different genes.*

Flow of ions through ion channels is determined by the transmembrane electrochemical
gradient and is a passive process. The flow of ions is controlled by opening and closing of
the ion channels which for most of the ion channels involved in the action potential is

controlled by voltage-dependent gates.*®

The opening and closing of the Na™ channel for example is notionally controlled by two
gates, one termed the m gate and one called the h gate. The m gate is formed by positively
charged regions in the transmembrane a-helices which undergo a conformational change
in response to a change in the voltage across the cell membrane. The h gate is formed by
intracellular peptide loops that form an ‘inactivation particle’ which occludes the

intracellular opening of the pore.*

In the resting state the m gate is closed but the h gate is open and therefore there is no
ionic flow. In response to a positive change in the transmembrane potential the m gate
opens and the h gate remains open and hence both gates are open and ionic flow occurs.
The change in voltage also causes the h gate to close but this happens more slowly. Once
the h gate is closed the ionic current ceases; this process is called inactivation. In this state
subsequent membrane depolarisation will not be able to reopen the ion channel as the h
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gate will remain closed, and therefore the cell is said to be refractory. In the case of Na*
and Ca”* channels, when the cell returns to its negative resting potential, the inactivation
gate (h gate in the case of the Na* channel) reopens and the activation gate (m gate in the
case of the Na* channel) closes meaning that the ion channel has returned to its resting
state and can be activated by subsequent depolarisations; this process is called
reactivation.*® Detailed information regarding the activation and deactivation kinetics of

individual ionic currents can be determined using the patch-clamp technique.***’

Most ion channels are highly specific to a single ionic species due to ion binding sites
within the pore of the ion channel.*> ***° In addition to ion channels that are specific for
an individual ion, the hyperpolarisation-activated cyclic nucleotide-gated (HCN) channels

are permeable to both K* and Na*.** 4"

There are important differences in the distribution of these proteins between the different
regions of the heart and also between species, which are thought to underlie the
differences in the ionic currents seen.*®>? In particular there is substantial diversity in the
repolarising K* currents and considerable work has gone into determining the molecular
basis of this diversity.> In part, the diversity is due to the considerable number of proteins
that form the o subunits, but it may also be attributable to either hetero- or homo-
dimerization of the a-subunits or regulation by the B subunits.** The currents and the a

subunits and 3 subunits responsible the currents within the heart are summarised in Table

1-1.43.52

1.4.2 Membrane pumps and exchangers

In order for ion channels to function the ionic gradients across the cell membrane must be

maintained and restored by the activity of membrane pumps and exchangers.

Membrane pumps such as the Na*-K* ATPase move ions against the electrochemical
gradient across the membrane using intracellular stores of energy. The Na*-K" adenosine
triphosphate(ATP)ase transports Na* ions into the extracellular space in exchange for K*
ions into the intracellular space. The action of the Na™-K* ATPase leads to a high
intracellular K* concentration and a high extracellular Na* concentration. This plays a
crucial role in determining the negative intracellular resting potential of the myocytes due
to the selective permeability of the cell membrane to K™ at typical resting membrane
potential voltages. The permeability of the cell membrane to K™ is mainly due to the

‘inward rectifier K™ current’ current lx; In addition to this the Na*™-K* ATPase moves
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three Na™ ions to the extracellular space in exchange for two K™ ions into the intracellular
space contributing further, by a few mV only, to the negative resting membrane potential

of cardiac myocytes.** %%

Membrane exchangers use the electrochemical gradient across the cell membrane created
by one ion to transport a different ion across the cell membrane in a passive manner. The
Na*-Ca*" exchanger utilizes the gradient created by the Na*-K* ATPase to move one Ca*

ion out of the cell in exchange for three Na* ions into the cell.**

Current lon selectivity a subunit B subunit
I (funny current) Na" and K* HCN1
HCN2
HCN4
INa Na" Nayl.1 Nayp1
Nay1.5
Nay1.8
lcar (L-type Ca®* current) | Ca®* Cayl.2
Cayl.3
lcat (T-type Ca®* current) | Ca®* Cav3.1
Cay3.2
o (transient outward K* K* Ky1.2 KChIP2
current) Kyl.4
Kv4.2
Kv4.3
Ik (rapid delayed rectifier | K* ERG minK
K" current)
Ik s (slow delayed rectifier | K* KyLQT1 minK
K" current)
Ik1 (inward rectifier K* K* Kir2.1
current) Ki2.2
Kir2.4

Table 1-1 Summary of some of the major ionic currents, a and B subunits involved in the cardiac action potential.
From Katz* and Nerbonne.*

1.4.3 The action potential

The action potential is a change in voltage across the cell membrane over time, and its
morphology is created by the net inward and outward flux of ions across the cell
membrane.*®*’ The principal three ions involved in impulse generation and propagation

are Na*, Ca®* and K*.

The characteristics of an individual current in terms of both voltage and time dependent

activation and inactivation have been determined experimentally. However, the action
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potential of the whole cell involves multiple individual currents acting simultaneously and
therefore the action of each current can have an effect on the other currents. The action
potential is the net result of the complex interactions of these different currents. Computer
modelling has been used in order to synthesise the information about the kinetics of
individual ion channels into a description of the action potential of the cell. The
Courtmanche et al. model®® is based on data for ionic currents in human atrial cells. This
information has been integrated to generate a model of the action potential in a human
atrial cell.*® The model generates action potentials that show remarkable similarity to
experimentally recorded data in human atrial cells. The simulated cell has a stable resting
potential of -80 mV and when stimulation is modelled it generates an action potential that

has the typical morphology recorded from human atrial cells.

The typical action potential morphology seen in atrial and ventricular cells has been
classified into 5 distinct phases and the major ionic currents underlying them have been
described (Figure 1-1):>

Phase 0: Rapid depolarisation caused by activation of the fast Na* current (Iya)
Phase 1: Rapid early repolarisation caused by the transient outward K* current (ly,)

Phase 2: Plateau phase, a relatively prolonged period during which there is a balance of

inward Ca* currents and outward K* currents, predominantly Ik and Ik

Phase 3: Inactivation of inward Ca** currents leads to repolarisation via outward K*

currents

Phase 4: The membrane is held at its negative resting potential by the inward rectifying K*

current, lxy
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Figure 1-1. Ventricular action potential: A) schematic action potential identifying the 5 stages B) Individual
currents underlying the action potential. From Nass et al.*®

1.4.4 Impulse generation in pacemaking cells

There is still considerable debate as to the cellular mechanisms that underlie the
generation of an action potential in pacemaking cells. Current debate has focused on the
concepts of the ‘membrane-clock’ and the calcium clock’.>® In the membrane clock
hypothesis the funny current (I¢) is thought to be the key current initiating the heartbeat.

Support for this comes from the fact that the HCN channels that underlie the funny current
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are highly abundant within the sinoatrial (SA) node.*’ The kinetics of I; are also
appropriate for pacemaking within the SA node with activation occurring at around —45
mV with full activation at approximately —100 mV. At these voltages there is a net inward
current due to influx of Na* ions into the cell which is thought to account for the early
phase of diastolic depolarisation.®® *® Further evidence for the role of I; in pacemaking
comes from the demonstration that blockade of I leads to a slowing of the sinus rate with

a drug (ivabradine) that blocks Islicensed for clinical practice in heart failure and angina.*®
57

A competing hypothesis comes in the form of the ‘calcium-clock’. In this theory
pacemaking is due to the cycling of Ca* into and out of the sarcoplasmic reticulum. In
this hypothesis the initiating event for each beat is localised Ca* release events from the
sarcoplasmic reticulum via the ryanodine receptor. These Ca?* release events cause

depolarisation by the activation of the Na*/Ca** exchanger (NCX).*®

The degree to which both the ‘membrane clock’ and the ‘calcium clock’ may both be
relevant, with the possibility of one mechanism ‘entraining’ or regulating the other is

currently debated.>®
1.4.5 Impulse propagation

In order for the impulse generated in the pacemaking cells to propagate through the heart
myocardial cells are electrically coupled to each other via gap junctions. These are
channels that allow the electrical impulse to be conducted between cells via electrotonic
flow.*® *® The channels are created by connexins which form two joined hemichannels,
one from each cell. The hemichannels are present on adjacent areas of the two coupled
cells and are composed of six connexins creating central pore forming units.’*® Four
connexin isoforms have been described in the heart: Cx40, with the highest conductance
(200 pS); Cx43, with a medium conductance (60-100 pS); Cx45 with a small-conductance
(20-40 pS); and Cx31.9 with an ultra-small conductance (9 pS). In the working

myocardium Cx43 is the predominant isoform expressed.®

In order for the action potential to be propagated the ‘source’ current delivered from the
upstream cells must be sufficient to depolarise the down-stream cells to the point where
Ina IS activated and an action potential is generated. Once the action potential is generated
the cell becomes positively charged relative to the downstream cells which are still at their

negative potential; these cells act as a ‘sink’ drawing current from the depolarised cell.*
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The velocity of conduction in working myocardium is dependent on both Na™ influx
during phase 0 of the action potential and the coupling of cells via gap junctions.® For
conduction to continue the charge generated by each cell must equal or exceed the charge
consumed by each cell. The charge generated is the sum of the current provided by the cell.
The charge consumed is the sum of the current necessary to bring the downstream cell to
threshold.®* This concept has been expressed as a ratio of charge generated:charge
consumed termed the safety factor, whereby a safety factor of greater than 1 implies that
conduction will continue. When the safety factor drops below 1 conduction fails due to

. . 4
‘source-sink’ mismatch.®

1.5 The cardiac conduction system

The cardiac conduction system comprises the SA node, the AV node and the His-Purkinje
system. These are areas of specialised cells within the heart that have distinct functional

differences from the working myocardium.*®
1.5.1 The sinoatrial node

The SA node has been known to be the initiating source of the heartbeat for over 100
years since its discovery by Keith and Flack in 1907. The SA node lies in the posterior RA
in a region termed the intercaval region that lies between the superior and inferior vena
cava. It is bordered on the lateral side by a thick ridge of muscle called the crista

terminalis.*” 48

The relative abundance of mMRNA of the genes known to encode for the proteins that make
up the ion channels, membrane pumps and exchangers have been quantified in the SA
node. Low levels of the genes encoding the proteins that generate the current Ik, have
been demonstrated. Ik is responsible for the negative resting potential of cells in the
working myocardium as described in section 1.4.2 and therefore a reduction in this current
leads to a less negative resting membrane potential in the SA node of around -60 mV
(compared with approximately -84mV in working myocardium).*”“*® There are also high
levels of the HCN genes that are responsible for I which leads to the phase 4 diastolic
depolarisation in the pacemaker cells due to a flow of cations (predominantly Na®) into the

cell as described in section 1.4.1.4"8

Using a mathematical model for Iz and using the relative abundance of mRNA for the ion

channels, membrane pumps and exchangers to alter the relative magnitude of the currents
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seen in the Courtmanche et al. model* an action potential for the atrial muscle, SA node

and paranodal area ( the area surrounding the SA node) was generated which showed a

marked similarity to that seen in experimental data (Figure 1-2).
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Figure 1-2. Modification of Courtemanche et al. model*® using mRNA expression in the SA node and paranodal

area to predict electrical activity in the SA node and paranodal area.*’

1.5.2 The atrioventricular node

Under normal conditions the AV node is the only connection between the atria and the

ventricles. Its primary function is to conduct the action potential to ensure each atrial

contraction is followed at an appropriate interval by a ventricular contraction. The AV

node delays conduction from the atrium to the ventricle to allow atrial contraction to

complete before ventricular contraction begins and hence optimise cardiac output. In

addition to this basic function the AV node protects the ventricle by limiting the maximum
rate of conduction in conditions of rapid atrial activation such as AF. In sinus bradycardia
it may also act as a ‘backup’ pacemaker. In contrast to these beneficial roles dysfunction
of the AV node may lead to AV block and the need for pacemaker implantation. The AV

node may also provide part of the substrate for the reentrant arrhythmia, AVNRT.%"
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1.5.2.1 Anatomy

There is considerable structural heterogeneity within the relatively small region of tissue
defined as the AV node and this has led to some variation in the terms used to describe the
different regions within the AV node.®" ® % The term AV node is defined as the tissue
contained within the triangle of Koch, which in turn is defined as the region between the
tendon of Todaro, ostium of the coronary sinus and the tricuspid valve annulus at the base
of the RA. This is in contrast to the tissue enclosed within the central fibrous body for
which the term ‘penetrating bundle’ is reserved.®® The working atrial myocardium is
connected to an area within the AV node termed the transitional tissue, which in turn is
connected to a tract of specialised nodal and nodal-like myocytes that extend along the
tricuspid valve annulus in the RA called the inferior nodal extension. The inferior nodal
extension forms a continuum with the compact node located at the apex of the triangle of
Koch at the point at which the AV node becomes the penetrating bundle.* % The
penetrating bundle passes through the central fibrous body emerging into the ventricle
where it becomes the His bundle. The His bundle bifurcates into the left and right bundle
branches which then branch further to become the Purkinje fibres. The Purkinje fibres are
in contact with the endocardial aspect of the working ventricular myocardium and allow
rapid synchronous conduction of the action potential to the working myocardium (Figure
1-3).%°

1.5.2.2 Ionic currents in the atrioventricular node

Studies on the functional characteristics of the cells of the AV node have defined three
different types of cell: AN cells, which have an action potential similar to that of atrial
cells, with a rapid upstroke; N cells, which have an action potential with a slow upstroke
and diastolic depolarisation; and NH cells, with a fast action potential upstroke and
prolonged action potential duration.®” °®® Despite the description of three distinct subtypes
of cell the transition from one region to the next is gradual. Correlation of the anatomical
regions described above with single cell recordings taken using sharp electrodes in the
rabbit have demonstrated that there was heterogeneity and overlap of cell types within
each region. However, the AN cell type was largely localised to the region of the
transitional tissue, the N cell type was largely localised to the region of the compact node
and inferior nodal extension and the NH cell type were largely localised to the penetrating

bundle.®® "
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Figure 1-3. Schematic diagram demonstrating the anatomy of the AV node A) Section of RA removed from the heart to reveal the location of the AV node in the interatrial septum along the
tricuspid valve annulus B) An expanded version of the region of interest in A The triangle of Koch (marked with a dashed red line marks the position of the AV node and is formed by the tricuspid
valve annulus, tendon of Todaro and the coronary sinus. Within this region the atrium is in connection with the transitional tissue which in turn is in connection with the inferior nodal extension
and compact node. As the AV node penetrates the central fibrous body it becomes the penetrating bundle which enters the ventricle before splitting into the left and right bundle branches. Ao —
aorta, CFB — central fibrous body, CN — compact node, CS — coronary sinus, FO — fossa ovalis, INE — inferior nodal extension, IVC — inferior vena cava, LBB — left bundle branch, PA —
pulmonary artery, PB — penetrating bundle, RA - right atrium, RBB - right bundle branch, RV - right ventricle, SVC — superior vena cava. From Temple et al.®



52

Studies on isolated cells from the AV node suggest that the cells corresponding to the AN,
N and NH action potential types are morphologically distinct with smaller spindle shaped
or ovoid cells corresponding to N or NH cells and larger (although still smaller than atrial
cells) rod shaped cells corresponding to AN cells.®” " Patch-clamp studies using these
single cells have been performed to determine which of the ionic currents described above
are important in the AV node. In the N cells the Iy, current is dramatically reduced,
consistent with the slow upstroke of the N cell action potential.°® > ™ I\, is present in the
AN and NH cells consistent with their rapid upstroke.®® ™ ™ Support for these findings
comes from low expression of SCN5A and Nay1.5 (the gene and protein that form the

channel responsible for Iy,) in the inferior nodal extension and compact node.™ "% "> 7

Both Ica and Icat have been demonstrated in the N cells of the AV node and are
responsible for the action potential upstroke.””® Mouse studies using knockout of both
Cay1.3 (which underlies Ica ) and Cay3.1 (which underlies Ic, 1) demonstrate impaired
AV nodal conduction with an additive effect of double knockout causing higher grades of
AV node disruption and AV block. In addition to being important for AV nodal
conduction, block of I, and Ic, 1 leads to a decrease in the rate of spontaneous activity of
the N-cells.” ®? The relative contributions of the different proteins that underlie both Ca**
currents is species specific; in the mouse Ca,1.3 is the protein that accounts for the
majority of Ic, in the AV node with only a small residual effect of Ca,1.2 seen in Ca,1.3
knockout.” ® In the rat, mMRNA for Ca,1.3 is expressed in low quantities with mRNA for
Ca,1.2 expressed in much greater quantities. However, the functional consequences of this

difference has not been assessed.®

The HCN channels underlying the funny current I are highly expressed in the compact
node and inferior nodal extension compared with the working myocardium, and Is has
been shown to play a role in the pacemaker activity of the AV node.”™ "% 78848 |n mjce
there are regional differences in the expression of the HCN isoforms in different regions of
the heart; HCN4 is mainly expressed in nodal tissue whereas HCN1 is expressed in the
atrial and nodal tissue and HCNZ2 is predominantly expressed in the ventricular
myocardium.®” A recent study using a conditional cardiac specific knockout of HCN4 in
mice demonstrated significant sinus bradycardia but the most serious consequences were
seen in the AV node with sudden death around the 5" day after conditional knockout of
HCN4 due to AV block.®* These intriguing findings were unexpected but suggest that I¢

may play an important role in both pacemaking and conduction in the AV node.
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As described in section 1.4.1, Ik; is important for maintaining the negative resting
potential of the cardiac cells in the working myocardium. lx; is greatly reduced in the AV
nodal cells resulting in a negative resting potential of approximately — 60mV similar to
that of the SA node.*® %8889 |n keeping with absence of Ix, very low levels of mMRNA
and protein expression for K;;2.1, K;2.2 and K;2.3 (which underlie Ix1) have been shown

in the compact node and inferior nodal extension in the rat, rabbit and human.”? 4 76 83

In the AV nodal cells Ik but not I s has been shown to play an important role in
repolarisation in contrast with the working myocardium where both Ik and Ik s are
important.®" % ° Consistent with this is the finding that rat hearts exhibit prolonged AH
intervals and increased AV effective refractory period (AVERP) when exposed to
pharmacological agents that block Ik, but not Ixs.?? Considerably higher levels of ether-
related-a-go-go (ERG) (the protein that underlies I ;) compared with KyLQT1 (the

protein that underlies Ik s) have been seen in both rabbit and human hearts.”* ™

The transient outward current Iy, has also been shown to be present in the nodal myocytes,
albeit reduced compared with the working myocardium.®” * 8 Despite this the levels of
K4.2 expression was increased in the nodal tissues in rabbits and humans, Ky/1.4 was
decreased in nodal tissues in rabbits but increased in humans, and K,4.3 was unchanged in
humans and not studied in rabbits (Ky1.4, K\4.2 and K,4.3 are the proteins that underlie
Ito).72' ’® Gene knockout studies using mice deficient in either K, 1.4 or K,4.2 showed
minimal alterations in AV node function. However, a combination of knockout of both

K,1.4 and K,4.2 caused complete heart block.*®

Vagal stimulation causes decreased conduction at the AV node. This is due to release of
acetylcholine which activates the current I ach leading to an outward potassium current
which hyperpolarises the AV nodal cells.** Interestingly a similar current has recently

been shown to be activated in nodal myocytes by endothelin 1.%

1.5.2.3 Connexin expression in the atrioventricular node.

Studies of the AV node have all shown that the compact nodal region shows very low
expression of the medium conductance Cx43 but preserved expression of the low
conductance Cx45."% 7> 79597 This means that the cells of the AV node have poor
electrical coupling, which is consistent with the role of the AV node in delaying

conduction from the atria to the ventricles.
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The transitional tissues do express Cx43 but at reduced levels compared to the atrial
myocardium.”® 7% %% Most studies have shown low levels of Cx43 at the origin of the
inferior nodal extension near the coronary sinus with increasing Cx43 levels as the inferior
nodal extension approaches the compact node region, but one study has demonstrated high
levels of Cx43 in the inferior nodal extension in humans.” %% As the conduction system
continues distally through the central fibrous body to become the penetrating bundle the
expression of Cx43 continues to increase in the rabbit; in the rat and human node Cx43

levels remain low but expression levels of the high conductance Cx40 rise.” "¢ % 8

As the penetrating bundle continues distally it splits into the right and left bundle branches.
Both branches have been shown to have high levels of Cx40 in the mouse, rat, rabbit and

human heart consistent with their role in fast conduction to the ventricles.’ "%

The functional consequences of the connexins in the AV node have been investigated
using gene knockout studies in the mouse. These studies have demonstrated the
importance of Cx30.2, Cx40 and Cx45 but not Cx43 to AV node conduction.'® These
investigations have been limited by the lethality of homozygous knockout of either Cx43
or Cx45.2%1% Homozygous Cx40 knockout mice demonstrate an increased PR interval
which is due to slowing of conduction in both the AV node and the His-Purkinje
system.'% 1% Knocking out Cx30.2 in mice leads to a paradoxical increase in conduction
velocity across the AV node which can be normalised by knocking out Cx40 in addition to
Cx30.2.1% The reason for these changes in conduction across the AV node are not clear. It
IS possible that they are due to Cx30.2 forming heterotypic gap junctions with Cx40.
Another possibility is that the Cx30.2 and Cx40 are expressed in different regions of the
AV node and that the increased conduction velocity induced by knockout of Cx30.2 is
balanced by the reduced conduction velocity induced by knockout of Cx40.1% Despite this
the human equivalent of Cx30.2 is Cx31.9 and only very low levels of Cx31.9 have been
shown in all areas of cardiac tissue. Therefore, the relevance of mouse knockout studies to
human physiology is questionable.” %1% Heterozygous knockout of Cx45 in addition to
homozygous knockout of Cx40 has been shown to lead to further increases in PR interval,

but the site at which conduction is slowed has not been investigated.'®’
1.5.2.4 Dual atrioventricular nodal physiology

Both clinical and experimental electrophysiology has demonstrated that there are two
pathways for impulse propagation through the AV node, termed the fast and slow

pathways.** 1% The fast pathway provides the quickest route through the AV node and is
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the route for action potential conduction at normal heart rates. The slow pathway is
‘bypassed’ at longer coupling intervals (i.e. normal heart rates) but it may be the route for
impulse propagation with shorter coupling intervals because the slow pathway has a
shorter refractory period than the fast pathway and is therefore still excitable when
conduction along the fast pathway has failed.”* This concept has been called ‘dual nodal
physiology’.” Intracellular recordings, optical recordings and computer models of AV
node action potentials have been used to investigate the functional consequences of dual
nodal physiology and all have shown that the dual pathways form the substrate of AVNRT
(see section 1.6.2).”* 198199 Correlation of the functional recordings with histological
images has demonstrated that the region within the AV node corresponding to the fast
pathway is the transitional tissue and that the region corresponding with the slow pathway
is the inferior nodal extension.*® Support for these findings comes from the fact that
catheter ablation for AVNRT targets the slow pathway at a region between the coronary
sinus os and the tricuspid valve, i.e. the location of the inferior nodal extension.™*° The
‘fast’ and ‘slow’ conduction properties of the two regions are in accordance with both
their ion channel and connexin distribution, i.e. higher levels of Cx43 and Iy, in the

transitional tissues and lower levels of Cx43 and Iy, in the inferior nodal extension.”
1.5.2.5 The Wenckebach phenomena and decremental conduction

Wenckebach described an intermittent block in conduction over 100 years ago on the basis
of arterial pressure tracings before the existence of ECG recordings.'** Subsequent work
has further classified Wenckebach conduction using the ECG and the term is most often
applied to describe block across the AV node where it can be used interchangeably with
the term Mobitz 2™ degree block, type 1. *** In Wenckebach conduction the PR interval
progressively increases until conduction blocks and therefore there is no ventricular beat
following the atrial beat. The next atrial beat conducts to the ventricle with a short PR

interval and the cycle then repeats.™!

Wenckebach type conduction has been shown to occur in several experimental situations
including in single cells from the AV node and working ventricular myocardium and also
in larger tissue preparations where two areas of excitable tissue are connected by a region
of poor conduction.™#*** If one area of excitable tissue was stimulated at an appropriate
short cycle length the second region of excitable tissue had not regained full excitability
and therefore the second region of tissue took longer to activate and subsequently

repolarise. This meant that the diastolic interval of the second region was reduced before
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the next beat. The shorter diastolic interval led to further delay in conduction and therefore
further shortening of the diastolic interval for each subsequent beat until the impulse is not
conducted from the first region to the second region and there is a long diastolic interval in
the second region. The cycle restarts on the next beat (Figure 1-4)."2'* The ionic currents
underlying the delay in conduction have been studied using single myocytes from nodal
tissues and ventricular myocardium demonstrating that cardiac myocytes can continue to
be refractory after the action potential has completed, so called ‘post repolarisation
refractoriness’. This is thought to be due to an incomplete inactivation of the voltage and
time dependent slow repolarising K* currents which were activated by the preceding
action potential (named Iy in the study, but presumably corresponding to lx, and I 5.
This post repolarisation refractoriness caused a ‘step delay’ in activation before the rapid
upstroke of the next action potential which led to further shortening of the diastolic
interval until failure of conduction occurs. After failure of conduction there is a prolonged
diastolic interval which allows the myocytes to recover full excitability. The next beat
therefore occurs without a ‘step delay’ and the cycle repeats.**? *** In addition to the ionic
mechanisms demonstrated in single cells the fast and slow pathways play a role in the
Wenckebach phenomenon with a transition from activation propagating via the fast
pathway in the initial cycles and switching to the slow pathway towards the end of the
Wenckebach sequence until finally block occurs and the sequence repeats.®* 4
Destruction of the slow pathway increases the Wenckebach cycle length but Wenckebach

conduction still occurs demonstrating the complexity of the phenomenon.***
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Figure 1-4. Schematic representation of Wenckebach conduction between two regions of excitable conduction
separated by a region of delayed conduction. Region A is stimulated with a constant cycle length. The first
impulse is not conducted from region A to region B which means that there is a long diastolic interval in region B
(marked with a red arrow). The second impulse is conducted from region A to region B; because of the long
diastolic interval there is no post repolarisation refractoriness. The third impulse is conducted from region A to
region B after repolarisation has occurred, but because of the shorter diastolic interval there is some post
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repolarisation refractoriness and therefore a delay in excitation in region B (marked with a blue arrow). This
effect increase for the fourth and fifth beat until the sixth beat is not conducted and the cycle starts again.

The term decremental conduction is used to describe the slowing of conduction across the
AV node with progressively shorter-coupled stimuli which generates a characteristic AV
node conduction curve. Modelling studies have taken the data from these conduction
curves for individual human subjects and then used them to predict AV nodal conduction
at different atrial rates. These models accurately predict both the atrial rate at which
Wenckebach conduction occurs and the pattern of Wenckebach conduction across the AV
node, suggesting that both decremental conduction and the Wenckebach phenomenon are

due to similar mechanisms.'*®

1.6 Arrhythmogenesis

1.6.1 Cellular mechanisms
1.6.1.1 Abnormal automaticity

The SA node is the leading site of pacemaker formation under normal conditions (see
sections 1.4.4 and 1.5.1). In contrast the atrial and ventricular muscle display a stable and
more negative resting membrane potential than the cells of the sinus node. This negative

potential inhibits normal pacemaking activity.'**

Under certain pathological conditions such as ischaemia, hypokalaemia, hyperkalaemia
and stretch, the resting membrane potential of atrial and ventricular myocytes becomes

less negative, and abnormal automaticity mediated by I, Ina and lca . can occur. ™%

1.6.1.2 Triggered activity

Depolarisations that depend on the preceding impulse for their formation are termed
triggered potentials. They are split into early afterdepolarisations (EADs) and delayed
afterdepolarisations (DADs) (Figure 1-5).1%
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Figure 1-5. ECG recordings showing examples of EADs and DADs. A) EADs can occur in phases 2 and 3. B)
DADs occur during phase 4. If the EAD or DAD is of sufficient amplitude it can cause a triggered extrasystole.
From Antzelevitch et al.*®

1.6.1.2.1 Early after depolarisations

EADs occur during phase 2 and phase 3 of the action potential. They are caused when the
balance of repolarising K* currents and depolarising currents (predominantly Ic,, and Incx)
are altered to favour depolarisation rather than repolarisation. This can cause the

membrane potential to remain between the voltage at which steady state activation and
steady state inactivation of Ic,_ overlap (i.e. the ‘window current) which further promotes
IcaL and the depolarising current generated by NCX (Incx). The combination of these
factors can lead to time- and voltage-dependent reactivation of Ic, . which can generate

sufficient inward current to initiate a second action potential ¢!

Conditions favouring the formation of EADs can be related to a reduction of the
repolarising outward K" currents. This is seen in bradycardia, with drugs that block the K*
currents and genetic conditions such as the long QT syndrome. They can also be caused by
a gain in function of the inward Na* current such as in the long QT 11 syndrome. 6118
Triggered activity can then lead to torsades des pointes, polymorphic ventricular
tachycardia (VT), and ventricular fibrillation (VF) via a combination of focal activity and

reentrant mechanisms.*'®
1.6.1.2.2 Delayed after depolarisations

In contrast to EADs, DADs occur during phase 4 of the action potential. Spontaneous

release of Ca?* from the sarcoplasmic reticulum (SR) leads to further activation of
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depolarising currents including Incx and the Ca?* activated CI” channel. If the amplitude of
the inward current is sufficient a spontaneous action potential occurs leading to a triggered
premature beat. A combination of factors including a reduced Ix1, enhanced NCX and

adrenergic stimulation promote the formation of DADs. "%

1.6.2 Reentrant mechanisms

Classical reentry has been described for over one hundred years. It requires a fixed
anatomical obstacle with a circuit of conducting tissue around it and unidirectional block
of conduction.®* **7 The fixed anatomical obstruction gives a distance for the circuit.
The wavelength of the circuit A is defined as the conduction velocity (©) multiplied by the

time for repolarisation t;,
l.e. A= Ot,

If an appropriately timed stimulus results in unidirectional conduction block the impulse

blocks in one direction but is able to propagate in the other direction.®* 11611/

Looking at the formula above it can be seen that if the length of the circuit is greater than
the wavelength then the tissue will have recovered excitability before the impulse returns
to its original position and hence can be reactivated. This leads to an active wavefront that

is able to propagate in a continuous repeating pattern. This is termed reentry or circus

movement (Figure 1-6).%% 1117
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Figure 1-6. Classical re-entry around a fixed anatomical obstacle. The black region represents depolarised tissue,
the white area represents repolarised/resting tissue, the stippled region represents repolarising tissue which is
refractory to further stimulation A) Failure to initiate reentry due to a long wavelength. An initial impulse
propagates with unidirectional block in the clockwise direction. The wavelength (conduction velocity x time for
repolarisation) is greater than the length of the circuit and therefore the circuit terminates when the depolarising
wavefront reaches the origin of the impulse which is still depolarised and therefore refractory to further
stimulation. B) Successful reentry initiation with a reduced wavelength due to a decreased conduction velocity
and time for repolarisation. The wavelength is less than the distance of the circuit and therefore the original site
of stimulation has repolarised and therefore recovered excitability by the time the depolarising wavefront returns
to its origin. The cycle can therefore repeat and a reentrant circuit is created. From Kleber et al.%*
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In this model there is an area of excitable tissue between the head of the active wavefront
and the tail of the depolarised tissue from the previous circuit of activation. This is termed

the excitable gap.®* 16117

This classical mechanism of reentry has been used to understand many clinical
tachycardias including atrial flutter, AVNRT, atrioventricular reentrant tachycardia
(AVRT) and monomorphic VT.%* %7 The commonest form of AVNRT is ‘slow-fast’ in
which the circus movement propagates anterogradely along the slow pathway, then
retrogradely back up the fast pathway, although atypical AVNRT in which the circuit is
reversed is also described (see section 1.5.2.4).

More recent studies have looked at mechanisms of reentry where no fixed anatomical
obstruction exists. Alteration in the functional characteristics of cells can give rise to
unidirectional block with appropriately early extrastimuli, for example where there is a
variation in refractory period in the tissue. This block is described as ‘functional’ and
excitability can recover by the time the wavefront has circumvented the area leading to
retrograde activation, which can then result in ongoing continuous activation in a manner

similar to anatomical block (Figure 1-7).% 11017
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Figure 1-7. Demonstration of reentry due to functional block in a rabbit left atrial preparation. A) Normal

conduction (isochrones marked in ms). B) Premature beat with unidirectional block. Conduction occurs to the
left of the stimulus but blocks to the right of the stimulus. C) First cycle of tachycardia. D) Map of the refractory
periods of the tissue (the refractory periods are marked in ms). From Allessie et. al.'*®
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The areas of ‘functional’ block do not need to be fixed and could be related to areas of
relative refractoriness resulting from premature extra stimuli. Computer simulations of
these waveforms have generated self-sustaining areas of functional reentry in the absence
of anatomical boundaries described as ‘rotors’ that give rise to spiral wavefront

activations.®* 16 117

These rotors may be fixed in the myocardium or ‘wandering’
depending on the kinetics of the wavefront. These rotors are thought to be central to the
development of both atrial and ventricular fibrillation and have been implicated in the

progression from monomorphic VT to polymorphic VT and VF.% 116117

1.6.3 Arrhythmogenesis and ion channel remodelling

lon channels, intracellular Ca?*-handling proteins and connexins are key determinants of
the both action potential shape and conduction velocity. Both the shape of the action
potential and conduction velocity are critical to the generation of arrhythmias. Many
disease processes including dilated cardiomyopathy, myocardial infarction, atrial
fibrillation and pulmonary hypertension are associated with an increased incidence of
arrhythmias.*® Changes in ion channels, intracellular Ca**-handling proteins and
connexins have been demonstrated in response to these disease processes, and are thought

to play a critical role in the generation of arrhythmias.** 120122

Studies have been performed in both animal models and humans. Within each different
disease process there are different changes in the action potential which are due to
remodelling of different ion channels, intracellular Ca?*-handling proteins and connexins.
For example, in dilated cardiomyopathy there is an increase in action potential duration,
which is thought to be due to down-regulation of several K* currents (ly, Ixsand lx;) and
up-regulation in NCX, which promotes the generation of both EADs and DADs. However,
in atrial fibrillation there is reduced action potential duration due an up-regulation of Ik,
which may reduce the formation of EADs but shortens the wavelength of potential
reentrant circuits promoting the formation of multiple circuit reentry.*?° Connexin
dysregulation with increased proportion of laterally distributed connexins has been shown
in dilated cardiomyopathy, myocardial infarction and atrial fibrillation, which prolongs

conduction velocity and promotes the formation of reentrant arrhythmias.*?°

Information is more limited regarding the remodelling in the cardiac conduction system
compared with working myocardium. No studies have reported on ion channel

remodelling within the AV node. However, the SA node however has been studied and
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there is evidence of widespread changes in ion channels, Ca?* handling proteins and

connexins in response to both ageing and myocardial infarction.*?! 12

1.6.4 Arrhythmias and pulmonary hypertension in animal model studies

Most studies investigating arrhythmogenesis in PAH have been performed in the
monocrotaline (MCT) model. They have shown a reduced resting heart rate in the
anaesthetised MCT animals although when telemetry has been used an increased heart rate
has been demonstrated.?**# The tachycardia seen in active animals could be because of
increase sympathetic drive or because of a compensatory increase in rate in the failing
heart with a reduced cardiac output. It is possible that anaesthesia reveals an intrinsic
underlying sinus bradycardia, by diminishing the effects of the autonomic nervous system
on heart rate. There is marked prolongation of the QT interval of the MCT-treated rat ECG,

and T wave alternans.’”"*** No change in the PR interval has been shown.'?>*#

Reduced conduction velocity has been demonstrated in the ventricle in the MCT model,
with more marked effects at higher stimulation rates.** *! Despite the reduction in
conduction velocity no change was demonstrated in Ina..*3* Changes in connexin
expression have been demonstrated with Cx43 showing more lateral distribution in the RV
myocytes, another study reported a reduction of total Cx43 in the RV myocytes.*3" 1%
Fibrosis can also interfere with cardiac conduction and has been shown to be an important
substrate in the maintenance of arrhythmias.* Increased fibrosis and myocytes fibre
disarray have been demonstrated in the MCT model, although the contribution of this to

reduced conduction velocity is uncertain.**® 13313

There is an increase in the monophasic action potential duration in PH which is greatest in
the RV but also occurs in the LV.*** 132 prolongation of the action potential is due to a
combination of an increase in Ca®* currents and a decrease in K* currents, predominantly
Iy and 1,128 33013637 The prolonged action potential was demonstrated in both isolated
hearts and single cells, with dynamic changes at different cycle lengths indicated by a
steeper restitution curve. This promoted the development of discordant action potential
duration alternans, a risk factor for the development of reentrant ventricular
arrhythmias.*® In addition to action potential alternans Ca** transient alternans was also
seen. However, this was not due to an alteration of Ic, but was instead due to alterations
of intracellular Ca’* handling with a reduction in SERCA function and increased SR Ca**
load and SR Ca** release fraction. Increased SR Ca®* load also promoted spontaneous Ca**

release events.?®
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The prolonged action potential and increased cytosolic Ca** release promote the formation
of EADs and triggered activity."”® In Langendorff perfused hearts from MCT treated rats
triggered activity was demonstrated in the right ventricular outflow tract which then
initiated spontaneous polymorphic VT. This was sustained by a combination of focal and

reentrant mechanisms within the right ventricle.*®

Despite the demonstration of arrhythmia susceptibility ex vivo there is less data regarding
spontaneous arrhythmias in vivo. Telemetry recordings from MCT treated rats that were
sacrificed when they became symptomatic have shown only T wave alternans and
occasional ventricular extrasystoles.™*® A separate study monitored MCT treated rats with
telemetry and invasive RV pressure traces for up to 62 days without sacrificing rats when
they became symptomatic.'*® In this cohort there was a 69% mortality before the end of
the monitoring period. All the rats that died had arrhythmias prior to death; 55% showed
progressive AV block, 36% had sinus arrest and 9% had torsade’s de points degenerating
into ventricular fibrillation."*® All the arrhythmic events occurred minutes prior to
death.’® An interesting study was performed to look at the effects of air pollution on
spontaneous arrhythmias in rats monitored with telemetry.™* In addition to simply
exposing rats to pollution the study also looked at MCT treated rats exposed to
pollution.™ These rats were studied at up to 90 days post MCT injection. Increased
numbers of atrial and ventricular ectopic beats were seen in the MCT group before
exposure to pollution and this was greatly exacerbated by pollution exposure. ** There
was a high mortality in the MCT rats when they were exposed to pollution (approximately
50%) compared with 0% mortality in those exposed to pollution but not treated with
MCT.™® The fatal events were split evenly between a gradual progression and a sudden
deterioration.®* The gradual changes seen were ST depression, bradycardia and peaked T
waves before eventual asystole, which was thought to represent hypoxia related mortality
due to a combination of RV failure and pollution exposure.**® A second group showed
sudden bradycardia with high degrees of AV block and bundle branch block. None of the
mortalities were related to ventricular tachyarrhythmias.™ All the mortality events
occurred with the combination of MCT and pollution exposure, nevertheless these
findings point to AV node dysfunction in PH.** These monitoring studies demonstrate
that MCT treated rats do develop spontaneous arrhythmias with a high incidence of AV
block and SA node dysfunction, but that these events occur late in the disease progression.
The pollution study suggests a ‘double-hit’ may provoke arrhythmias earlier in the disease

progression.
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There are limited data on using treatments to reverse the substrate for arrhythmias.
Treatment of the MCT injected rats with both bosentan or a combination of sildenafil and
beraprost reduced the dysregulation of Cx43 seen with MCT administration.*** 1!
Treatment with sildenafil alone has been demonstrated to reduce the dysregulation of the

Ca?* handling proteins.'*
1.7 Project aims

The aims of this work were as follows:

i To use the MCT model to generate rats with severe PH

il To characterise the potentially arrhythmogenic changes seen in the MCT model of
PH with specific reference to the atria and cardiac conduction system

Il To study impulse propagation in the AV node along both the fast and slow
pathway and therefore to localise functional changes in AV node conduction seen
in the MCT model to the different regions of the AV node

iv To characterise changes in the molecular substrate of the AV node in the MCT
model and to understand how molecular changes could lead to functional changes

v To attempt to reverse the arrhythmogenic changes seen in the MCT model using

putative treatments for PH
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2 Development of the monocrotaline

model of pulmonary hypertension

2.1 Introduction

Animal models have been used extensively to study all aspects of physiology and
pathology. There are clear benefits compared to studying humans in terms of the
availability of tissue and the ability to induce pathology, and therefore many aspects of
pathology can be studied only in animal models. Several animal models have been used
which generate PH in a manner analogous to PAH.* > 143146 Thjs information has yielded
significant advances in understanding that has led to novel drug therapies, which have
been tested in the animal model before progressing to become mainstream treatment in

patients with PAH.* ° 143146

2.1.1 Animal models of pulmonary hypertension
2.1.1.1 Chronic hypoxia model

The pulmonary circulation undergoes vasoconstriction in response to hypoxia as a result
of autoregulation to match pulmonary ventilation and perfusion.* ® The constriction is a
result of contraction of pulmonary artery smooth muscle cells and is well preserved across
species. Chronic hypoxia has been used as a stimulus to create animal models of PH in
both rats and mice. The phenotype that it produces is of mild PH. Smooth muscle artery
cells proliferate and the media thickens; however these changes are reversible on return to

normoxia. This model is analogous in part to PH secondary to hypoxia or lung diseases.*
146

2.1.1.2 Monocrotaline model

Oral ingestion of Crotalaria spectabilis seeds by rats produced an increase in the medial
thickness of the pulmonary artery which was associated with PH with pulmonary artery
pressures in the range of 62-122 mmHg (compared with control values of 22-36 mmHg).

RV mass was also increased.**’
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Monocrotaline (MCT) is an extract from Crotalaria spectabilis. Sequential histological
analysis of Sprague Dawley rats treated with MCT revealed an initial inflammatory
infiltrate consisting of mononuclear cells, which occurs within the first 24 hours, and leads
to oedema within the adventitia. This happens in the smaller pulmonary arteries and veins
initially then progresses into the larger pulmonary arteries over the next 4-8 days.'*® Over
the next 15 days there is proliferation of the smooth muscle cells within the media that
leads to the obstruction and raised right heart pressures.'*® The MCT model induces a
severe phenotype with progressively increasing right heart pressures, right ventricular
hypertrophy, right ventricular dilation, tricuspid regurgitation and death such that
mortality rates in Wistar rats at 4 weeks post injection were 53%."*% ¥ Animal studies
using the MCT model have shown the benefit of several treatments which have gone on to
become standard clinical therapies including bosentan, sildenafil and prostacyclin.'*® 14°
The MCT model has been criticised because the lung vasculature does not show plexiform
lesion formation. However, the combination of MCT injection and pneumonectomy has

given rise to the development of plexiform lesions.* **

2.1.1.3 Sugen-Hypoxia model

A combination of administration of the synthetic vascular endothelial growth factor
(VEGF) receptor inhibitor, Sugen 5416, and exposure to three weeks of hypoxia has been
shown to cause severe PH in rats, although neither factor in isolation generates raised
pulmonary pressures.™* **3 The rats have subsequently been exposed to normoxia for up
to 11 weeks, but continue to develop PH. The pathogenesis is still incompletely
understood but it is thought that VEGF may play a role in maintaining the vascular
endothelium in conditions of hypoxia.***>* Block of VEGF in conjunction with hypoxia
may lead to apoptosis of endothelial cells that would normally have been preserved,
leading to a preferential survival of an apoptosis-resistant population of endothelial cells

with subsequent unrestricted proliferation.*>

This model has been given particular interest because the lungs of the affected rats show
lesions similar to the plexiform lesions seen in patients with PAH. However there has been
limited study of the cardiac effects of this model, in particular whether the combination of
Sugen 5416 or 3 week period of hypoxia may have direct effects on the heart unrelated to

the development of PH.
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2.1.1.4 Pulmonary artery banding

Surgical banding of the pulmonary arteries in mice has been shown to generate raised
pulmonary pressures. This is not a model of PH but does allow the study of chronic
pressure overload on the right ventricle. Interestingly, animals with pulmonary artery
banding do not develop right ventricular failure despite a similar increase in pulmonary
pressures, suggesting that the effects of PH on the heart may not be due solely to the

mechanical effects of raised right ventricular pressures.'>*
2.1.1.5 Left to right shunts

Models of PH in congenital heart disease have been created with surgical shunts from the
systemic to pulmonary circulation including the anastomosis of the left subclavian artery
to the pulmonary trunk in pigs, left upper pulmonary artery to aorta in sheep and aorta to
vena cava in rats.* ***% These models require considerable technical expertise and take
approximately three months or more to induce relatively mild increases in pulmonary
pressures, because shunts large enough to induce more severe PH are fatal on table or

early post operatively.* 24314

2.1.1.6 Choice of animal model

Pulmonary arterial hypertension is a multifactorial disease and although several animal
models generate PH no single ideal model of PAH exists or ever will. Although the MCT
model is widely used there remain some concerns over its representativeness as a model of
PAH.* Histological examination of the lungs of MCT injected rats shows medial
thickening and muscular hypertrophy but not the characteristic plexiform lesions that are
seen in patients with PAH. Further concerns are raised that many pharmacological agents
that are highly effective in the MCT model have much more equivocal benefits in clinical
practice.* In our study we are interested in the effects of PH on the heart and therefore
these concerns seem less relevant given the known increases in pulmonary pressure with
the MCT model.

A greater concern for our study is the possibility that MCT may have a direct effect on the
heart and therefore any changes seen in cardiac function may be attributable to MCT and
not PH. Published studies offer conflicting data on this subject with one study
demonstrating inflammation in RV free wall, septum and posterior LV wall in response to

MCT injection with some evidence of inflammation in the posterior LV wall prior to the
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development of PH. The authors argue that this demonstrates a direct toxic effect of MCT
on the heart.’*® In contrast to this another study using both in vivo single-photon emission
computed tomography imaging and ex vivo histological and PCR techniques demonstrated
that inflammation was largely confined to the RV and interventricular septum. The authors
argue that inflammation is part of the pathogenesis of right heart failure secondary to PH
rather than a direct MCT effect.’® Support for this view comes from the finding of right
ventricular inflammation in a rat model of pulmonary embolism and PH.">" The
conflicting findings regarding left ventricular involvement in the MCT model may in part
be explained by which areas of the left ventricle were studied; the study reporting
inflammation in the left ventricle looked at the posterior wall which is in close proximity

to the septum and posterior attachment of the RV.

There are conflicting reports of the effects of MCT on the coronary arteries with some
studies reporting medial arterial thickening but others reporting no change."*® With regards
to the study of the effects of PH on the heart it should be noted that the classification of
PAH subdivides into a number of different categories including patients with connective
tissue disease and associated with HIV. Both of these conditions have an inflammatory
component and are associated with accelerated rates of atherosclerosis of the large
coronary arteries and alterations in the microvascular circulation, suggesting that some
extra-pulmonary effects of MCT do not invalidate the findings of the model.**® **° Further
support for the validity of the MCT model to investigate the cardiac effects of PH comes
from the success of several pharmacological therapies showing beneficial on cardiac
function in both the MCT model and in humans. This would not be expected if the
deleterious effects on cardiac function seen in the MCT model were purely due to a direct

toxic effect of MCT. 147168171

It is important that the model used to study PAH and arrhythmogenesis induces a severe
PH phenotype with significant RV hypertrophy, RV dilation and dysfunction. The MCT
model has the benefit of being relatively inexpensive and less technically challenging than
the surgical models of PH. It provides the required severe PH phenotype in only 3 weeks.
The MCT model has been well characterised and has previously been used to investigate
arrhythmogenesis. This allows comparison of our findings with previous work. In light of

these benefits MCT model was chosen to study arrhythmias in PH.* *4°
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2.1.2 Differences between the human and rat heart

Larger animals may have greater similarities to humans than rat. Despite these differences
rat models have several advantages over large animal models when it comes to studying
cardiac physiology. Due to the small size and low cost of rats it is possible to use greater
numbers of animals than in studies than when larger animals are used, this allows for more
statistical power. The rat genome is known allowing for the use of commercially available

reagents to be used in experiments.

Knowledge of rat physiology has led to many rat models being generated to gain insight
into many aspects of disease including arrhythmias in conditions including myocardial

infarction, heart failure, hypertension and PH.* * 143146, 160

2.1.2.1 Ion channels in the rat heart

Patch-clamp recordings in rat ventricular myocytes have demonstrated several different
voltage-dependent repolarising K* currents. There are two rapidly-activating transient
outward currents: lio fast (lto,£) and lio siow (los)- lto s 1S rapidly activated and inactivated, it
also recovers from steady-state inactivation rapidly. ly s is rapidly-activating but has

slower inactivation and recovery from inactivation.*®*

In rats the dominant delayed rectifier current is termed Ik and is slowly activating and
deactivating, making it responsible for repolarisation later in the action potential .***%* 1
activates and deactivates much more slowly than both I, and Iy, s, and in addition to this
undergoes steady-state inactivation at all potentials positive to —120mV, in contrast to Iy,
which undergoes steady-state inactivation at potentials positive to —50mV.*%**®* These

factors combined mean that I, is the dominant repolarising current in the rat. 664

In humans there are two delayed rectifier currents (I and Ik s) that play an important role
in repolarisation; however these currents appear to be less important in the rat. A current
similar to Ik has been demonstrated in rat ventricular myocytes and is associated with the
protein ERG, similar to in humans.*® However experiments blocking Ik r have shown only
limited effects in vivo *? The gene which is thought to underlie the protein that generates
Ik s (KCNQL1) has been demonstrated in the rat ventricular myocardium but despite this, a
current similar to Ik s has not been demonstrated in the rat, and pharmacological agents
blocking Ik s only have minimal effects at high concentrations, which may be due to non-

selective effects.>® %
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In addition to the differences in currents in the myocytes the rat also has a higher resting
heart rate than the human which further favours the dominance of Iy, ¢ in rats due to its

rapid activation and recovery from inactivation.>

There are also important differences in the Ca** handling mechanisms. In humans and
other large mammal the proportion of cytosolic calcium influx is approximately 23% due
to Ica and 77% due to Ca** release from the SR, in the rat is approximately 8% due to
lcar and 92% due to Ca’* release from the SR. Correspondingly, in humans Ca®* extrusion
from the cytosol during diastole is approximately 70% due to SERCA and 28% due to
NCX whereas, in the rat Ca** extrusion from the cytosol is approximately 92% due to
SERCA and only 7% due to NCX. The increased heart rate in the rat also promotes high
SR Ca?* concentrations (by reduced time for recovery of ryanodine receptors and

decreasing the time for NCX activity).'®®

2.1.2.2 The action potential in the rat

The action potential in both rats and mice are similar but are considerably shorter in
duration than in humans and large mammals (Figure 2-1). This is due to the predominant
effect of Iy, as the repolarising current and the alteration in intracellular calcium handling

(described above).

50
mV

150 ms

Figure 2-1. Ventricular action potentials (APs) recorded in guinea-pig (square), rabbit (circle) and rat (triangle)

demonstrating the short duration of the rat action potential due to the predominant effect of I,. From Linz et
a|.167
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The action potentials are not uniform throughout the ventricular myocardium with longer
action potentials in the endocardium as compared with the epicardium due to a larger Iy, in

the epicardial cells.**" **®

2.1.2.3 The ECG in the rat

The differences described in ion current flows and subsequent action potential
morphology mean that the rat ECG has consistent differences from that of a human. The
most striking of these is an absent isoelectric baseline between the QRS complex and the
T wave due to the superimposition of these two features. The T wave may have an
indistinct tail making accurate measurement of intervals difficult. Q waves are absent in

most leads (Figure 2-2).1%% 169
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Figure 2-2. Schematic representation of a human and rat/mouse ECG demonstrating typical morphological
differences with a shortened QT interval and lack of isoelectric baseline in the rat ECG. From Farraj et al.*®®
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2.2 Methods

All procedures were carried out under the appropriate Home Office Project licence by
appropriately trained staff with a Home Office personal license at the University of

Manchester Biomedical Service Facility.
2.2.1 Development of the monocrotaline model

The MCT model has been used for several decades using a variety of strains of rats with
varying doses of oral, subcutaneous (sc) and intraperitoneal (ip) routes of injections used.
There has been shown to be a high mortality as early as three weeks. 3% 137 149155 | gyr
early experimentation with the model Sprague Dawley rats weighing 250 g were
administered a sc injection of MCT and monitored for 18 days. The results were
disappointing with no evidence of PH on echocardiography (echo). The protocol was
altered such that Wistar rats (Charles river, UK) weighing 200g with ip injections and a 28
day monitoring period were used as described below. The final methodology for

generation of the MCT rats is described below.
2.2.2 Monocrotaline preparation and injection

Wistar rats weighing 125-150g (Charles River, UK) were habituated in the biomedical
service facility for 10 days prior to commencing the protocol. On the day of injection
200mg MCT (Sigma chemicals, UK) was dissolved in 2ml of 1M HCL and 7ml of 0.9%
Na’Cl"was added. The pH was measured with a pH meter and adjusted with addition of
4M NaOH in 10-20puL increments until a pH of 7.35-7.45 was achieved. Any ‘overshoot’
in pH was corrected with 10-20pL increments of 1M HCL to achieve a pH of 7.35-7.45.
The volume was made up to 10ml giving a concentration of 20mg/ml. The rats were
weighed and then anaesthetised with 2% isofluorane. A single injection of MCT at a dose
of 60mg/kg (i.e. a volume of 3ml/kg) was given to the MCT group via the ip route. Rats in
the control group were injected with normal saline with a volume of 3ml/kg ip.

2.2.3 Animal monitoring

The rat’s physical condition and weight were monitored 3 times a week for the first 21
days then daily from day 21 to day 28. Symptomatic endpoints were; development of
symptomatic heart failure with tachypnoea, reduced movement, piloerection, distress, and

weight loss greater than 10g over a 48 hour period.
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If symptomatic endpoints were reached the rat was sacrificed on that day. If symptomatic
endpoints were not reached the rats were sacrificed on day 28. A matched control or MCT

rat was sacrificed within 24 hours of any rat that developed the symptomatic endpoint.
2.2.4 ECG recording

Rats were anaesthetised with 2% isofluorane and ECGs were recorded with the in the left
lateral position. A three lead configuration with the negative electrode in the right foreleg
and the positive electrode in the left foreleg was used (Figure 2-3). The ground electrode
was placed in the right hind leg. This gave a signal equivalent to lead | in a human ECG.
The electrodes were inserted subcutaneously and connected to a PowerLab A/D converter
(AD Instruments, New Zealand). The signal was recorded and RR, PR and QT intervals
were measured from an average of 100 beats using Labchart software (AD Instruments,
New Zealand). For the first 8 animals ECG was performed on day 0, day 21 and

termination day. For subsequent animals ECG was performed on termination day only.

Rats have a much faster heart rate than large mammals and there is concern that formula’s
used to generate the corrected QT (QT.) interval may not be applicable. The most

commonly used formula for QT. in clinical situations is Bazett’s formula:
_Qr

T~

Both QT and uncorrected QT intervals were recorded.

2.2.5 Echocardiography

Both direct cannulation of the RV and echo have been used to monitor the progression of
increasing RV pressures in the MCT model.™®* 1" Echo has the advantages of being non-
invasive, repeatable and has a high sensitivity and specificity when compared with

invasive cannulation,*? 10 170

Echo images were acquired on an ACUSON Sequoia™ (Acuson Universal Diagnostics
Solution, USA) with a 15 MHz 15L8 transducer on animals anaesthetised with 2%

isofluorane. All images were stored on optical media disks and analysed at a later date.

M-mode recordings were taken in the parasternal short axis allowing recording of LV

septal and posterior wall thickness and the internal diameter of the LV in both systole and
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diastole. RV wall thickness was measured from M-mode recordings in the parasternal long
axis position.

Pulsed-wave Doppler through the pulmonary artery was used to assess the pulmonary
velocity profile. The maximum pulmonary velocity (PVmax), time from the onset of
pulmonary outflow to maximal flow (pulmonary artery acceleration time (PAAT)) and the
rate of deceleration of pulmonary flow (pulmonary artery deceleration time (PAD)) were

measured (Figure 2-4)."% 1

For the first 8 animals echo was performed at day 0, day 21 and termination day. For
subsequent animals the clinical condition and ECG were assessed and echo was performed
only if there was uncertainty over whether the animal had developed pulmonary

hypertension.

General
anaesthesiawith
2% isofluorane

-ve
ground

Vectar of ECG

Figure 2-3. Acquisition of anaesthetised rat ECG. The rat is first anaesthetised with 2% isofluorane then the
electrodes connected to needles are inserted into the subcutaneous tissues. A three lead ECG with a configuration
equivalent to lead I is taken.
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Figure 2-4. Pulsed wave Doppler recording through the pulmonary artery and measurement of P\Vmax, PAAT and PAD. The x axis measures time and the y axis measures velocity. PAAT is the
time from the beginning of flow to the peak velocity, measured from the x axis. PV max is the maximum velocity measured from the y-axis. PAD is the gradient of the initial deceleration of the
pulmonary velocity profile.
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2.3 Results

Control (n=8 rats) | MCT (n=8 rats)
Mean body weight at day 0 (g) 208.0 + 8.53 207.9 + 4.59
Mean weight at day 21 (g) 298.8 £ 12.68 276.8 £7.48
Mean weight on day of termination (Q) 308.1 + 15.33 269.7 +8.25*
Heart weight (mg) 1.55 £ 0.09 (n=6) 1.90+0.09 *
Lung weight (mg) 1.43 +0.07 2.69 +0.20 **

Table 2-1. Weights at day 0, day 21 and immediately prior to termination. Mean + standard error measurement
(SEM). *The mean value is significantly different assessed by unpaired Student’s t-test (P<0.05). **The mean
value is significantly different assessed by unpaired Student’s t-test (P<0.005).

The mean £ SEM day of termination was day 26 + 0.8 for the control group and 26 + 0.9
for the MCT group. The median (interquartile range) day of termination was day 26 (24 -
28) for the control group and day 27 (24-28) for the MCT rats. There was no significant

difference in the day of termination between the two groups assessed by Student’s T-test.

There was no significant difference in the body weight of the control and MCT rats on the
day of injection. During the experimental protocol the MCT treated rats gained
significantly less weight such that they weighed 12% less than the control rats by the day
of termination. Despite the decrease in body weight they also had a 23% increase in heart

weight and an 88% increase in lung weight compared to the control group (Table 2-1).

There were no significant differences between the control and MCT rats demonstrated in
in vivo ECG intervals pre-injection. By day 21 post injection the MCT treated rats had
significant changes compared with the control group on in vivo ECG with a prolonged QT
and QT¢ interval and a relative bradycardia in the MCT rats . By termination there was
further QT interval prolongation and bradycardia in the MCT rats. No change in PR
interval or QRS duration was noted (Table 2-2, Figure 2-5).

The in vivo echo recordings demonstrated no differences between the control and MCT

rats pre-injection. By day 21 post injection the in vivo echo demonstrates that MCT rats

had developed PH with a 56% reduction in PAAT and a 157% increase in PAD (Figure

2-6). The MCT animals also showed evidence of RV hypertrophy with a diastolic wall
thickness increase of 57%. There was also evidence of RV dysfunction assessed with a 35%
reduction in RV fractional shortening. Further evidence of worsening PH came from the
finding of a reduced LV internal diameter in diastole due to a direct effect of the raised

RV pressure displacing the LV septum (Table 2-3, Figure 2-7, Figure 2-8).
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Control (n=8) MCT (n=8)
Day 0
RR (ms) 133.7+£2.35 138.9 £ 2.94
PR (ms) 46.88 +1.28 4447 £ 1.47
QRS duration (ms) 13.33£0.62 14.71 £ 0.33
QT Interval duration (ms) 44.67 + 4.35 55.09 + 2.75
QTc (ms) 120.0 + 11.33 148.3 + 6.74
Day 21
RR (ms) 145.4 + 2.57 148.6 + 4.69 *
PR (ms) 48.12 + 1.55 43.68 £ 2.24
QRS duration (ms) 14.88 + 0.66 15.12 + 0.39
QT Interval duration (ms) 52.86 + 3.00 84.14 +7.22 **
QTc (ms) 138.4 + 5541 217.3 +16.27 **
Day of termination
RR (ms) 1419+ 2.70 157.1 + 3.08 **
PR (ms) 46.81 + 1.69 47.47 £ 1.64
QRS duration (ms) 14,95+ 0.73 14.00 £ 0.98
QT Interval duration (ms 50.06 + 2.54 104.4 +1.89 **
QTc (ms) 132.7 +5.76 263.6 + 3.22 **

Table 2-2. In vivo ECG parameters. Mean + SEM. *The mean value is significantly different assessed by
repeated measures ANNOVA with multiple comparisons (P<0.05). **The mean value is significantly different
assessed by repeated measures ANNOVA with multiple comparisons (P<0.005).
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Figure 2-5. Representative in vivo ECG recordings on day 0 and termination day from the control and MCT rats.
There is a large increase in QT interval seen on termination day in the MCT rats. No significant difference is seen
in the PR interval or the QRS duration.

On the day of termination there was still evidence of PH and RV hypertrophy with a raised
PAD, reduced PAAT and increased diastolic wall thickness (Figure 2-6). The RV was

dilated with a 41% increase in the RV internal dimension during diastole and RV function
was impaired with a 36% reduction in RV fractional shortening. The LV internal diameter

was reduced during diastole and systole (Table 2-3, Figure 2-7, Figure 2-8)
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| Control (n=8) | MCT (n=8)

Day 0

LV septal wall thickness, diastole (cm) 0.17 £ 0.019 0.17 £0.012
LV internal diameter, diastole (cm) 0.63 £ 0.026 0.63+£ 0.013
LV posterior wall, diastole (cm) 0.15+0.013 0.17£0.010

LV septal wall thickness, systole (cm) 0.30 £ 0.019 0.26 £ 0.011
LV internal diameter, systole (cm) 0.28 £ 0.026 0.29 £ 0.019
LV posterior wall, systole thickness (cm) 0.26 £ 0.015 0.26 £ 0.013
PAAT (ms) 32.13+ 2.90 33.00 £ 0.97
PAD (m/s) 8.92 +0.75 11.02+1.11
PVmax (m/s) 0.94 £ 0.029 0.955 + 0.044
Right ventricular wall thickness, diastole (mm) 0.064 =+ 0.0071 | 0.064 + 0.0043
Right ventricular internal dimension, diastole (mm) | 0.26 + 0.018 0.30 £ 0.016
Right ventricular wall thickness, systole (mm) 0.11 + 0.015 0.11 £ 0.012
Right ventricular internal dimension, systole (mm) | 0.10 £ 0.014 0.14 £ 0.016
RV fractional shortening (%) 59.64 + 3.92 54.61 + 4.99
Day 21

LV septal wall thickness, diastole (cm) 0.16 + 0.014 0.18 + 0.009
LV internal diameter, diastole (cm) 0.73 £ 0.030 0.61 +0.055 *
LV posterior wall, diastole thickness (cm) 0.17£0.014 0.18 £ 0.016
LV septal wall thickness, systole (cm) 0.31 +0.016 0.29 £ 0.015
LV internal diameter, systole (cm) 0.32 £ 0.035 0.26 £ 0.050
LV posterior wall, systole thickness (cm) 0.29 £ 0.016 0.28 + 0.020
PAAT (ms) 33.75+3.88 19.00 £ 2.35**
PAD (m/s) 12.11+1.71 31.10 + 5.31**
PVmax (m/s) 0.99 £ 0.046 0.88 £ 0.047
Right ventricular wall thickness, diastole (mm) 0.07 +£0.0061 | 0.11+0.0132 *
Right ventricular internal dimension, diastole (mm) | 0.28 + 0.017 0.30 £ 0.019
Right ventricular wall thickness, systole (mm) 0.12 + 0.010 0.14 +0.018
Right ventricular internal dimension, systole (mm) | 0.12 + 0.015 0.20 £ 0.047
RV fractional shortening (%) 56.38 + 5.22 36.51+1291*
Day of termination

LV septal wall thickness, diastole (cm) 0.15+0.012 0.18 £ 0.012
LV internal diameter, diastole (cm) 0.71 +0.031 0.44 + 0.045 **
LV posterior wall, diastole thickness (cm) 0.18 £0.013 0.20 £ 0.012
LV septal wall thickness, systole (cm) 0.26 £ 0.023 0.30 £ 0.017
LV internal diameter, systole (cm) 0.36 = 0.030 0.17 £ 0.027**
LV posterior wall, systole thickness (cm) 0.27 £ 0.012 0.29 + 0.024
PAAT (ms) 33.00 + 3.55 14.25 + 0.62 **
PAD (m/s) 1493+ 1.74 33.58 + 3.48 **
PVmax (m/s) 1.09 + 0.051 0.70 £ 0.046 **
Right ventricular wall thickness, diastole (mm) 0.087 £ 0.0080 | 0.14 +0.0066 **
Right ventricular internal dimension, diastole (mm) | 0.27 + 0.022 0.38 + 0.051 **
Right ventricular wall thickness, systole (mm) 0.13 + 0.009 0.16 £ 0.014
Right ventricular internal dimension, systole (mm) | 0.12 + 0.016 0.25 + 0.037 **
RV fractional shortening (%) 54.44 + 4.86 34.38+512*

Table 2-3. Echo parameters on day of termination. Mean + SEM. *The mean value is significantly different
assessed by repeated measures ANNOVA with multiple comparisons (P<0.05). **The mean value is significantly

different assessed by repeated measures ANNOVA with multiple comparisons (P<0.005).
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Figure 2-6. Representative pulmonary velocity profiles showing the development of raised pulmonary pressures in MCT treated rats, images taken from the same animal as Figure 2-7 and Figure
2-8. A) Both rats have a ‘rounded’ pulmonary velocity profile. B) On day 21 this has begun to alter in the MCT treated rat with a ‘transitional’ pattern. C) By day 23 (day of termination) these
changes are very pronounced with a ‘spike and dome’ morphology giving a short PAAT and high PAD.
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Figure 2-7. Representative M-mode parasternal long axis views. The RV free wall and RV border of the septum are marked in dotted red lines. The RV thickness is demonstrated with blue
arrows. The RV cavity is demonstrated with yellow arrows. A) Before injection both control and MCT have a thin RV wall which contracts well with a small RV cavity. B) By day 21 differences
can be seen with the RV wall showing increasing thickness but continuing to contract well. The RV cavity is mildly enlarged. C) On day 23 (day of termination due to symptomatic endpoints being

reached) the changes are very marked with a thickened RV which contracts poorly and an enlarged RV cavity.
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Control MCT

A) Pre-injection

B) Day 21

C) Day of termination
(day 23)

Figure 2-8. Representative parasternal short axis views in diastole showing the development of pulmonary
hypertension. The LV is marked with a red dashed line and the RV is marked with a green dashed line. A) Before
injection the LV cavity is circular in both animals and the RV is small. B) By day 21 the control animal still has a
circular RV but the MCT rat’s septum is pushed over creating a ‘D-shape’; the RV is enlarged. C) More
pronounced changes on day 23 immediately before termination. The RV is markedly enlarged and has ‘pushed’
the septum over creating a very pronounced ‘D-shape of the LV

2.3.1 Demonstration of pulmonary hypertension in the MCT rats

Echo was used to assess the pulmonary pressures for the first 8 control and MCT animals
as described above. The increase in PAD and reduction in PAAT in the MCT treated rats
compared with the control rats replicate previous findings in the MCT model. These
studies have shown that these changes correlate well with invasive measures of pulmonary
artery pressure.™®® *® The echo also demonstrated RV hypertrophy with an increased RV
wall thickness in diastole and RV systolic dysfunction with a reduced fractional shortening.

In addition to the numerical values generated by the echo there were also clear qualitative



82

change in the echo images. The pulmonary velocity profile in the MCT rats changed from
a rounded profile before MCT injection to a ‘spike and dome’ morphology at 21 days post
injection which became more exaggerated by the day of termination, this is consistent with
previous findings in PH. Further qualitative changes were seen in the parasternal short axis
views. The MCT rats showed a typical circular LV prior to MCT injection but by the day
of termination this was altered such that septum was displaced towards the LV cavity
forming a characteristic ‘D-shape’. This is due to the raised pressures in the RV having a
direct effect on the septum and is a characteristic finding in PH. Neither of these two
qualitative changes was seen in any of the control rats. These findings demonstrate that the
MCT rats had developed PH by day 21 post injection with MCT and had progressive

worsening of PH until the day of termination.
2.4 Experience with the monocrotaline model

Once the model had been validated in the first eight MCT rats echo and ECG were no
longer performed at each of the time points described and instead the animals were
monitored for clinical deterioration and weight loss. ECG was performed prior to
termination. If the ECG demonstrated the marked QT prolongation seen with the previous
MCT rats no further investigations were performed. If the ECG was equivocal echo was
performed to see if the rats had developed PH. In total; 37 out of 38 rats injected with
MCT using the protocol above displayed clear signs of PH on ECG or echo. The rat that
did not show PH was excluded from further analysis.

The mean £ SEM day of termination was day 25 * 0.4for the control group and 24 £ 0.4
for the MCT group. The median (interquartile range) day of termination was day 25 (24-
27) for the control group and day 24 (23-27) for the MCT rats. There was no significant

difference in the day of termination between the two groups assessed by Student’s T-test.

In the control group no animals met the specified symptomatic endpoints, in the MCT
group 30 out of 38 animals met the specified symptomatic endpoints requiring sacrifice
before day 28. The difference in meeting symptomatic endpoints was assessed by the
logrank test and was significant (P<0.0001) (Figure 2-9).
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Figure 2-9. Kaplan-Meier graph to show the survival free from symptomatic endpoints. None of the control rats
developed symptomatic endpoints. The earliest the MCT rats developed symptomatic endpoints was day 18. 79%
of the rats had developed symptomatic endpoints by day 28.

2.5 Discussion

A single injection of MCT reliably induced a pulmonary hypertension phenotype within
28 days. The progression of PH was somewhat variable with some animals developing
clear symptoms and weight loss by as early as day 21 and others with no symptoms and
only echo confirmation of PH by day 28 (Figure 2-9). There was no difference in the day
of termination between the two groups but this was anticipated on the basis that the timing
of the sacrifice of the rats was paired so that when an animal from the MCT group reached
the symptomatic endpoints the paired rat from the control group was sacrificed within 24
hours. There was a rapid progression of PH with 79% of the MCT injected animals
developing weight loss and clinical deterioration within 28 days of injection. The severity
of the model was confirmed by echo which showed PH by day 21 with progressive RV
and failure by the day of termination. The ECG showed that this model was potentially

arrhythmogenic with a bradycardia and QT prolongation.

The hearts and lungs of the MCT injected animals have been studied by other researchers
in our group. Dr. Gillian Quigley has looked at the differences between the RV and LV of
the rat’s heart using a combination of histology, immunohistochemistry and gPCR
techniques. She found that whilst there was marked inflammation in the right side of the
heart there were only minimal changes in the LV.™* No changes were seen in the coronary

arteries of the MCT-injected rats.
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Dr. Basma Eid studied the rats’ lung histology and showed muscular hypertrophy of the
pulmonary arteries which is characteristic of the MCT model. In order to assess the
selectivity of MCT on the pulmonary vasculature the contractility of the pulmonary
arteries and systemic arteries from the mesentery was assessed using wire myography.
Increased contractility was seen in the pulmonary vessels of the MCT animals but not in

the mesenteric arteries from the same animals.!’

Although other animal models of PH are available, none combine the relative ease of
model generation with the required severe phenotype of PH. The published work using the
MCT model and our unpublished findings support the theory that the cardiac effects seen
in the MCT model are due to the development of PH and not due to a direct toxic effect of
MCT. All the subsequent experiments described in this thesis has been performed using
the MCT model to study the effects of PH on the heart.
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3 Whole heart experiments in the

monocrotaline model

3.1 Introduction

The Langendorff preparation has been used for over 100 years to study many aspects of
cardiac physiology.” The heart is retrogradely cannulated via the ascending aorta
allowing perfusion of the coronary arteries maintaining viability of the myocardium whilst
experiments are performed. It allows the intact heart to be studied and rapid
characterisation of many key electrophysiological parameters. It is therefore the
preparation that has been used for the first set of functional experiments on the hearts of

the MCT rats to investigate the atrium, ventricle, SA node and AV node.

3.2 Methods

The animals were generated as described in section 2.2.2. Prior to termination in vivo ECG

was performed and PH was confirmed in all the MCT animals as described in section 2.4.

Tyrode’s solution ( NaCl — 120 mM, CaCl — 1.2 mM, KCI — 4mM, MgS0,4.7H,0 — 1.3 mM,
NaH,P04.2H,0 1.2 mM, NaHCO03; — 25.2 mM, glucose — 5.8 mM) was generated on the
day of the experiment and bubbled with 95% O,/5% CO..

Heparin (1000 U) was administered by sc injection 30 min prior to sacrifice. The animal
was sacrificed by stunning and cervical dislocation and the heart was excised from the

thorax and retrogradely perfused with oxygenated Tyrode’s solution chilled to 4°C.

The heart was mounted on a Langendorff column and retrogradely perfused with
oxygenated Tyrode’s solution at a temperature of 36.5°C with a fixed flow rate of 0.11
ml/g/s.**" The heart was left to stabilize for 20 minutes. Widely spaced extracellular
bipolar electrodes were placed on the RA and LV to record a signal including atrial and
ventricular components. The bipolar electrodes were connected via a headstage
(NL100AK, Digitimer, UK) to an amplifier (NL104A, Digitimer, UK) with a gain of 5000.
The signal was then filtered between 50 — 500 Hz (NL125/6, Digitimer, UK). The
amplified and filtered signal was then converted to a digital signal using a data acquisition
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unit (Micro 1401, Cambridge Electronic Design, UK) and recorded and analysed using the
Spike 2 software (Cambridge Electronic Design, UK) (Figure 3-1).

The bipolar electrodes record a ‘pseudo-ECG’ from the Langendorff perfused heart which
is equivalent to the in vivo ECG (Figure 3-4). The recording from 19-20 min (i.e.
immediately prior to stimulation) were exported and analysed using Chart software. This
allowed an averaged ECG of the last 100 beats before stimulation to be inspected. The RR,

PR and QT intervals and the QRS duration were measured.
3.2.1 Pacing protocols

The heart was then stimulated at the RA with a bipolar pacing electrode connected to a
DS2A Isolated Constant VVoltage Stimulator (Digitimer, UK). The voltage stimulator was
connected to the computer via the data acquisition unit which allowed pacing protocols

programmed in Spike 2 to be executed.

Threshold was determined using a fixed S1-S1 protocol with an interval of 180 ms. A
square pulse of duration 2 ms was gradually increased from 0 to 99 V. The minimum
voltage required to capture the atrium was determined. This minimum voltage was then

doubled and the output was kept constant for all subsequent pacing protocols.

SA node recovery time (SNRT) was determined using a S1-S1 protocol with a cycle
length of 150 ms for 30 s. The time taken for the first spontaneous atrial beat after
cessation of pacing was defined as the SNRT. This protocol was repeated three times and
the longest value was recorded. Corrected SNRT (cSNRT) was calculated by subtracting
the RR interval from the SNRT.

Wenckebach cycle length was determined using a S1-S1 protocol. The atrium was paced
with a fixed cycle length of 200ms for 30 s. If 1:1 atrial to ventricular conduction occurred
the S1-S1 protocol was repeated with a 10 ms reduction in coupling interval until
Wenckebach conduction was seen. A further set of 30 s S1-S1 pacing protocols was
undertaken starting at 11 ms longer than the cycle length at which Wenckebach
conduction had occurred. If 1:1 atrial to ventricular conduction occurred the protocol was
repeated with a 1 ms reduction in the cycle length of the S1-S1 protocol. The cycle length
at which 1:1 atrial to ventricular conduction failed and Wenckebach conduction occurred
using 1 ms reductions in cycle length was recorded as the Wenckebach cycle length
(Figure 3-2).



95% 0,/5% CO,

/ Water-jacketed chambers

L~ Tyrode’s solution

Pacing electrode (positioned
at the right atrium)

Heart (mounted on
Langendorff cannula)

To computer (via analogue
to digital converter)
e

Recording electrodes

%

Pacing protocols
(from computer)

Warmed chamber
Pump collecting waste Signals filtered and Signal
Tyrode’s solution amplified generator

Figure 3-1. Diagram of Langendorff rig set up. The heart was perfused at a constant flow rate of 0.11 ml/min/g. After 20 min baseline ECG recordings were taken and pacing protocols applied to
both the RA and RV outflow tract.

JAS
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AV node effective refractory period (AVERP) was determined using an S1-S2 protocol.
There was an initial drive train of S1 beats (S1-S1, 180 ms) for 8 beats. The initial S1-S2
coupling interval was 170 ms. If the extrastimuli captured the atrium and was conducted to
the ventricle the protocol was repeated with a 10 ms reduction in the S1-S2 coupling
interval. This was repeated until AV conduction was lost. A new set of protocols was run
again with the S1-S2 coupling interval starting at 10 ms greater than the S1-S2 coupling
interval at which AV node conduction had failed. If this extrastimulus was conducted
successfully from the atrium to the ventricle the protocol was repeated with the S1-S2
coupling interval reduced by 1 ms until AV conduction was lost. The greatest S1-S2
coupling interval that did not conduct after a 1 ms decrement was defined as the AVERP
(Figure 3-2).

Atrial effective refractory period (AERP) was determined using the same an S1-S2
protocol as described above for AVERP. For AERP the protocol was continued until atrial

capture was lost.?® 17

Atrioventricular node functional refractory period (AVFRP) was determined using the
protocol described for AVERP. The RR interval between the QRS of the last of the paced
beats in the drive train and the QRS elicited by the S2 stimulus, i.e. the R1-R2 interval,
was measured and plotted as an AV node conduction curve (Figure 3-3). The lowest R-R
interval represents the fastest conduction across the AV node and was defined as the
AVFRP.

The stimulating electrode was then moved onto the RV at the right ventricular outflow
tract and the threshold for the ventricle was determined in the same manner as that
described for atrial threshold. Ventricular effective refractory period (VERP) was
determined in the same manner the AERP with the protocol continued until ventricular

capture was lost.



89

A Normal 1:1 Conduction
LRI
w“ W + VB W W WN‘

Wenckebach conduction

LLE L hkk

|
/) '\L\““"’, —_'M‘f\’_ e M—'ﬁ/\r \’
] o
B
S1 S1
| ececeecee qu“_ }#“‘—RZIEE
I oeoeoeooeoe | FH R2

AVERP

|% |%_

| AERP
eeoeoooo

Figure 3-2. Schematic diagram of pacing protocols. A) Wenckebach cycle length. At longer cycle lengths there
was 1:1 conduction between the atrium and the ventricle. As the pacing cycle length decreased there was a
gradual prolongation of the PR interval until conduction across the AV node failed and the cycle started again. B)
S1-S2 protocol. A drive train of S1 stimuli with the same cycle length was delivered followed by an extrastimulus
termed the S2. The protocol was repeated with a progressive reduction in the coupling interval of the
extrastimulus, i.e. a shortening of the S1-S2 interval. Initially conduction across the AV node was maintained but
there was progressive lengthening of the PR interval. At shorter intervals conduction across the AV node failed
and there was atrial activation without ventricular activation. The longest S1-S2 interval at which conduction
failed was termed the AVERP. Eventually, as the S1-S2 interval was reduced further the atrium was not
captured. The longest S1-S2 interval at which the atrium was not captured is termed the AERP.
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Figure 3-3. AV node conduction curve. The S1-S2 interval (the ‘input’ to the AV node) is plotted against the R1-
R2 interval (the ‘output’ of the AV node). The dotted line indicates the line that would be created if the AV node
did not show decrementation (i.e. increasing delay with shorter coupling intervals, see section 2.9.5). A typical AV
node conduction curve assumes a smooth ‘hockey-stick’ shape with no discontinuities. The AVERP is defined as
the highest S1-S2 interval at which AV conduction fails and is read from the X-axis. The AVFRP is defined as the
shortest R1-R1 interval that the AV node conducts and is read from the y-axis.

3.3 Results

Control (n=27)

MCT (n=28)

RR interval (ms) 144.6 + 1.83 158.1 + 2.00**
PR interval (ms) 46.12 +0.73 4576 +0.73
QT interval (ms) 52.06 + 1.75 103.1 + 3.04**
QTc interval (ms) 136.7 +4.09 259.3 £ 6.90 **
QRS duration (ms) 15.47 £ 0.52 14.68 £ 0.39

Table 3-1. In vivo ECG results on the day of termination. Mean £ SEM. *Significantly different as assessed by
unpaired Student’s t-test (P<0.05). **Significantly different assessed by unpaired Student’s t-test (P<0.005).
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The in vivo ECG data show a 98% increase in the QT interval and a 90% increase in the

QTc interval and a 9% increase in the RR interval, equivalent to a 9% decrease in heart

rate, in the MCT treated rats (Table 3-1 and Figure 2-5). No changes were seen in the PR

interval or QRS duration.

Control

MCT

RR interval (ms)

236.7 £ 7.71 (n=9)

244.31 % 13.72 (n=11)

PR interval (ms)

42.78 = 1.53 (n=9)

43.65 + 1.51 (n=11)

QT interval (ms)

56.05 + 4.77 (n=9)

135.20 £ 9.51 (n=11) **

QTc interval (ms)

115.62 £ 9.97 (n=9)

274.80 + 18.18 (n=11) **

QRS duration (ms)

13.19 + 0.75 (n=9)

15.87 + 2.73 (n=11)

SNRT (ms) 298.70 + 20.09 (n=9) 309.4 +£21.05 (n=11)
cSNRT (ms) 62.03 + 20.26(n=9) 65.15 + 14.96 (n=11)
Wenckebach cycle length (ms) | 111.1 + 2.72 (n=10) 117.0 £ 3.00 (n=11)
AVERP (ms) 87.50 + 1.40 (n=10) 94.3 + 2.66 (n=10) *
AVFRP (ms) 114.9 + 1.87 (n=10) 122.3 + 1.89 (n=10) *
AERP (ms) 34.44 +2.23 (n=9) 42.56 + 4.89 (n=9)
VERP (ms) 40.33 £ 3.02 (n=6) 98.25 + 10.94 (n=5) **

Table 3-2 Langendorff results. Mean + SEM. *The mean value is significantly different assessed by Student’s t-
test (P<0.05). **The mean value is significantly different assessed by Student’s t-test (P<0.005).

Table 3-2 and Figure 3-4 show the results from the Langendorff experiments. There was

evidence of prolonged ventricular repolarisation with a 141% increase in the QT interval,
a 138% increase in QTc interval and a 144% increase in the VERP in the MCT treated rats
compared with the control group. The AERP showed a 24% increase in the MCT animals

but this was not significant (P=0.15).

Control MCT
30 “Vl PR interval
>
\ 50ms QRS duration
QT interval
«—S > 7| —

Figure 3-4. Recordings from the widely spaced bipolar electrodes used in the Langendorff experiments. The
recordings form a ‘pseudo-ECG’ pattern. There was a significant increase in the QT interval but no significant
change in PR interval or QRS duration.
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There was no significant change in RR interval although there was an absolute increase of
3% (P=0.65) in the MCT treated rats compared with the control group rats. No changes

were seen in SNRT or cSNRT, the other measures of SA node function.

No difference was seen in the PR interval on the Langendorff ECG in the MCT treated
rats compared with the control rats. There was an absolute increase in Wenckebach cycle
length of 5% in the MCT treated group that was not significant (P=0.16). The AVERP
showed a significant 8% increase (P=0.04) and the AVFRP showed a significant 6%
increase (P=0.01). Examination of the conduction curves for both the control and MCT
treated rats revealed the typical ‘hockey-stick’ shape expected of AV node conduction
(Figure 3-3 and Figure 3-5). There curve was not entirely smooth with a small degree of
variation in the R1-R2 interval as the S1-S2 interval shortened but there was no clear
discontinuity in the conduction curve for either the control or MCT treated rats, i.e. dual

nodal physiology was not demonstrated in either the control or MCT treated rats.
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Figure 3-5. AV node conduction curve for all control and MCT treated rats used in the Langendorff preparation.
The mean AVERP and AVFRP were significantly increased. No discontinuities in the conduction curve were
demonstrated.
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Linear regression showed the Wenckebach cycle length to be significantly correlated with
both the AVERP and AVFRP for both control and MCT treated rats (Table 3-3,

Figure 3-6). This suggests that the MCT treatment does tend to prolong the Wenckebach

cycle length.

Control MCT
Wenckebach cycle length v | Correlation coefficient: 0.31 | Correlation coefficient:0.71
AVERP +0.13,R°=0.36 * +0.13, R*=0.77 **
Wenckebach cycle length v | Correlation coefficient:0.56 | Correlation coefficient:0.52
AVFRP +0.12, R*=0.67, ** +0.10, R*=0.76 **

Table 3-3. Linear regression of Wenckebach cycle length against AVERP and AVFRP. * The correlation
coefficient is non-zero (P<0.05), ** The correlation coefficient is non-zero (P<0.005)
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Figure 3-6. Graph showing Wenckebach cycle length plotted against both AVERP and AVFRP.

3.4 Discussion

There was no evidence of AV node dysfunction seen in either the in vivo or ex vivo ECG
in the MCT treated rats, in keeping with previous studies in which no change in the PR

interval was detected.'?>*?® However, the pacing protocols did demonstrate AV node
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dysfunction with a prolonged AVERP and AVFRP (Table 3-2). Although the Wenckebach
cycle length was not significantly prolonged, the absolute value was increased in the MCT
animals and the Wenckebach cycle length was highly significantly correlated with both
the AVERP and AVFRP suggesting that the lack of statistical significance may be due to

an inadequate number of experimental rats (

Figure 3-6). There was no evidence of dual nodal physiology in either the control or MCT
animals (Figure 3-5). There is evidence of AV node dysfunction with both heart block and
AVNRT in clinical studies (see section 1.3.2). As described in section 1.6.4 studies with
ECG telemetry have demonstrated severe AV node dysfunction in MCT treated rats, but
this is only detectable late in model progression, shortly before death. The results of this
chapter demonstrate that AV node dysfunction is beginning to develop earlier in the model
progression, before it is manifest in in vivo ECG recordings. AV node dysfunction has
been seen in both clinical studies and animal models of other forms of heart failure and
has been shown to be a predictor of morbidity and mortality in these conditions.!”

Both the in vivo ECG and the Langendorff data show marked prolongation of the QT
interval and the Langendorff experiments showed a prolonged VERP. These findings
suggest delayed repolarisation in the ventricle and are consistent with previous studies
which have shown a prolonged ventricular action potential in both animal models and
human studies in PAH.? 129130137 preyious studies have demonstrated that in patients
with PAH the QTc is prolonged and a QTc of greater than 480 ms is an independent
predictor of mortality.”® In addition to this the QTc is correlated to pulmonary pressures
and RV dilation and inversely correlated to RV function.?’ Previous studies with the MCT
model have shown that prolongation of QT interval is correlated with an increase in the
action potential duration of the right but not the left ventricle, increasing the dispersion of
repolarisation.*?® ¥ 33" The restitution curve of the prolonged action potential is also
steeper in the right ventricle and both of these factors may form a potential substrate for
ventricular arrhythmias. The prolonged action potential duration in the right ventricle has
been shown to be due to a reduction in repolarising K™ currents leading to triggered

activity, which can initiate V/F.'?% 130137

The in vivo ECG data shows a relative bradycardia in the anaesthetised rats (Table 3-2).
However, this was not replicated in the Langendorff preparation, in which bradycardia
was not demonstrated. Previous studies have shown conflicting results with regard to heart
rate in the MCT model. Bradycardia was seen in MCT rats anaesthetised with
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phenobarbital and isofluorane but a tachycardia was seen in MCT animals with telemetry
and no anaesthesia.'***?* 13" Thjs study with telemetry looked at heart rate variability and
suggested reduced parasympathetic activity in the MCT treated rats. When treated with

atropine there was a greater increase in the heart rate of the control rats than the MCT rats

but no significant differences were seen with propranolol.**®

In this study no change has been noted in QRS duration whereas previous reports have
demonstrated QRS prolongation.'?>*? It is notable that these studies tended to use older
rats with a longer duration of PH which may explain the discordant findings.'?>%
Another explanation for the conflicting findings from this study and previous studies is
that some previous studies have used more than a single lead configuration to monitor the
ECG. Using this technique it has been demonstrated that there is a significant shift in the
QRS axis as PH develops.*® A study specifically looking at the change in QRS axis as PH
developed suggested that new bundle branch block did not develop, although the QRS

duration was not compared with controls.

The whole heart experiments have confirmed that the MCT model results in potentially
arrhythmogenic changes in the rat heart which will be investigated in more detail in

subsequent chapters.
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4 Experiments on the isolated
sinoatrial/atrioventricular nodal
preparation in the monocrotaline

model

4.1 Introduction

Despite a normal PR interval in the in vivo ECG, AV node dysfunction was demonstrated
in the Langendorff experiments described in chapter 3 with a prolonged AVERP and
AVFRP and some evidence pointing towards a prolonged Wenckebach cycle length. In
the rabbit it has been suggested that the determinants of AVFRP are in the more distal
portions of the AV node near the His bundle whereas the determinants of the AVERP are
in the more proximal AV node near the inputs from the atrium.®® This suggests there may
be widespread changes in the AV node in response to PH in the MCT model. In order to
investigate which areas of the AV node were affected a series of functional experiments

were performed on an isolated SA/AV node preparation.

4.2 Methods

4.2.1 Atrioventricular node preparation

The animals were generated as described in section 2.2.2. Prior to termination PH was

confirmed in all the MCT treated rats as described in section 2.4.

Tyrode’s solution ( NaCl — 120 mM, CaCl — 1.2 mM, KCI — 4mM, MgS04.7H,0 — 1.3 mM,
NaH,P04.2H,0 1.2 mM, NaHCO3 — 25.2 mM, glucose — 5.8 mM) was generated on the
day of the experiment and bubbled with 95% 02/5% CO,.

Heparin (1000 U) was administered by sc injection 30 min prior to sacrifice. Rats were
sacrificed by stunning and cervical dislocation and the heart was excised from the thorax

and retrogradely perfused with oxygenated Tyrode’s solution chilled to 4°C. The heart
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underwent dissection in a dissection chamber whilst being constantly superfused with
oxygenated Tyrode’s solution at 4 °C

The dissection is illustrated in Figure 4-1. The heart was pinned with the RV facing
forwards and the bottom of both ventricles was removed (Figure 4-1 A). The left atrial
appendage was removed creating a hole in the left atrium (Figure 4-1 B and C). An
incision was made from the free wall of the LV into the whole created by removal of the
left atrial appendage (Figure 4-1 D). The LV was opened and pinned with the endocardial
surface of the LV pinned facing leaving the free wall of the RV facing upwards (Figure
4-1 E). An incision was made from the exposed surface of the RV free wall to the
tricuspid annulus (Figure 4-1 E). An incision was made from the tricuspid annulus into the
right atrial appendage extending up to the SVC Figure 4-1 F). A second incision was made
from the RV free wall into the pulmonary artery Figure 4-1 F). These two incisions
allowed the RA and RV to be were opened and pinned exposing the endocardial surface of
the RA and the AV node whilst avoiding any incisions being created near the AV node
(Figure 4-1 G)

On completion of dissection the heart was transferred to the perfusion system (see below).
The preparation was left in the perfusion chamber with recirculating warmed and

oxygenated Tyrode’s solution for 20 min before recordings were taken.
4.2.2 Perfusion system

The perfusion system incorporated glass chambers, perfusion cylinders and a perfusion
bath which were ‘jacketed’ in order to allow warmed water to be pumped through them
via a waterbath. The temperature of the waterbath was adjusted to ensure a temperature of

36.5 + 0.5°C of the Tyrode’s solution within the perfusion system.

Fluid was recirculated in the system using the Gilson Minipuls 3 pump (Gilson, USA)
with a four way adaptor to control both inflow and outflow. Initial experiments whilst
designing the perfusion system demonstrated a high incidence of complete AV block in
healthy rats whilst using relatively low flow rates (10 ml/min) to the perfusion chamber.
Improved AV conduction was noted by increasing the flow rate and directing the
perfusion solution directly at the AV node. The final design of the perfusion system
incorporated two parallel inflow circuits with equal flow rates each supplying 25 ml/min
giving a total perfusion flow of 50ml/min. One inflow was directed at the AV node and

the other supplied the whole chamber. Two outflow circuits were also used to match the
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inflow circuits. They were arranged so that one outflow circuit was positioned at the
bottom of the chamber and the other was elevated to the of desired perfusion fluid level.
The efficiency of the pump was altered by adjusting the pressure applied to the perfusion
tubing so that the return circuits were able to pump greater volumes than the perfusion
circuits. In this way a ‘feedback’ loop was created so that the chamber was filled to a
desired level but would not exceed the desired level. With the final perfusion system AV

node conduction parameters were stable over several hours (Figure 4-2).
4.2.3 Bipolar electrode recording system

Bipolar electrodes were made using 0.25 mm silver wire coated with 0.04 mm Teflon
(Advent Research Materials, Oxford). The Teflon coating was removed from the tip along
approximately 0.5 mm of the length of two wires. At the other end these wires were
soldered onto dual core shielded copper wires. The two Teflon wires were then twisted
around each other and held in a supporting case made using a 1 mm syringe and PVC

tubing. The distance between the two poles of the electrodes was approximately 0.2 mm.

The bipolar electrodes were connected via a headstage (NL100AK, Digitimer, UK) to an
amplifier (NL104A, Digitimer, UK) with a gain of 5000 and filtered between 50 — 500 Hz
(NL125/6, Digitimer, UK). The amplified and filtered signal was then converted to a
digital signal using a data acquisition unit (Micro 1401, Cambridge Electronic Design, UK)
and recorded and analysed using the Spike 2 software (Cambridge Electronic Design, UK)
(Figure 4-2).

4.2.4 Measurement of distance

A digital camera (Scion, USA) with a fixed focal length was mounted above the perfusion
chamber and the height of the perfusion chamber was adjusted until that the camera
recorded an in focus image of the preparation. A micromanipulator (Narishige ®, Japan)
was used to position the bipolar electrode and a picture recorded. The micromanipulator
was then used to move the electrode to a position 5 mm away (the micromanipulator was
accurate to 0.1 mm) and a second image recorded. These images were used to calibrate all

future measurements of distance.



Figure 4-1. Dissection to create the SA/AV node preparation.
The lines of dissection are shown with dashed green lines (the
dissection for all experiments was performed in oxygenated
Tyrode’s solution but this dissection was performed a
formalin fixed heart without perfusing solution for clarity of
the images). A-G are described in the text. H) Demonstration
of the inferior vena cava. The blunt end of the dissecting pin
was pushed through the inferior vena cava from the
endocardial surface with no resistance demonstrating the
wide lumen of the inferior vena cava which was severed
during excision of the heart from the thorax. 1)
Demonstration of the coronary sinus. The blunt end of the
dissecting pin was advances into the ostium of the coronary
sinus but could not pass further without resistance due to the
narrow lumen of the coronary sinus which was not severed

during removal of the heart from the thorax. ©
©
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Figure 4-2. Diagram of the experimental setup for the isolated SA/AV node preparation. The perfusion circuit used two parallel inflows into the perfusion chamber to achieve a high flow rate and
to direct the perfusion directly at the AV node as well as into the chamber. The outflow used two parallel tubes with the upper of the two tubes used to control the depth of fluid in the perfusion
chamber. Initial experiments were performed using bipolar electrodes for pacing and recording signals. After the perfusion experiments were completed optical images were taken using optical

dyes excited by the LEDs with signals recorded by the photodiode array. See text for further details.
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4.2.5 Conduction velocity

Using micromanipulators the pacing electrode was positioned at the superior end of the
crista terminalis and a recording electrode was used to record the timing of the signal at

the inferior end of the crista terminalis.

The threshold of activation for the pacing electrode was determined using a S1-S1
protocol pacing at a cycle length of 180 ms using a 2 ms square pulse by gradually
increasing output from 0-99 V until capture of the tissue was confirmed. The output was
increased to double the threshold and pacing continued at a 180 ms cycle length. The time
taken for activation to reach the inferior electrode was recorded. A picture of the pacing
and recording electrode positions was taken allowing measurement of distance and

therefore calculation of velocity to be performed (Figure 4-3).
4.2.6 Mapping of earliest activation

Mapping of earliest activation was performed using two bipolar electrodes which were
positioned using the micromanipulators. The first bipolar electrode was positioned on the
septal aspect of the RA. Once a good atrial signal was obtained this electrode was no

longer moved and was used as a ‘fiduciary point’ for subsequent mapping.

The second electrode was moved across the surface of the RA. At each point the timing of
atrial activation relative to the fiduciary point was recorded until the roving electrode
recorded the earliest activity compared with that of the fiduciary point. A photograph was
taken and the position of the roving electrode was used to mark the position of the SA
node (Figure 4-3).

4.2.7 Mapping of the His bundle

A bipolar electrode was positioned along the tricuspid valve annulus and moved using the
micromanipulator until both an atrial and a second discrete sharp signal was recorded, i.e.
an atrial and His signal. Another electrode was positioned at the point of the earliest
activation determined as described above. A third electrode was positioned on the septal
aspect of the atrium between the fossa ovalis and the tricuspid valve annulus in a position
near the ‘fast pathway’. A forth electrode was positioned between the coronary sinus and

the tricuspid valve annulus in a location near the ‘slow pathway’ (Figure 4-4).
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4.2.8 Pacing protocols

One of the ‘electrodes’ created contained two bipolar electrodes. One of the bipolar
electrodes was used to record signals as above. The other bipolar electrode was connected
to a DS2A lIsolated Constant VVoltage Stimulator (Digitimer, UK) which provided a square
pulse of controllable voltage and duration. The voltage stimulator was connected to the
computer via the data acquisition unit (Micro 1401, Cambridge Electronic Design, UK)
which allowed pacing protocols programmed in Spike 2 (Cambridge Electronic Design,
UK) to be performed.

Similar protocols were used to those described in section 3.2.1.Threshold was determined
as described previously. SNRT, cSNRT and Wenckebach cycle length were determined as
described previously. Some modifications were required for the protocol to determine
AVERP and AVFRP. It was noted that for some preparations the S1 drive train of eight
beats at 180 ms was inadequate because the intrinsic cycle length of the preparation was
less than 180 ms (i.e. the preparation was ‘competing for rate’). In order to counteract this
a drive train consisting of 15 S1 beats with a cycle length of 150 ms was used (with the S2
extrastimuli starting at 140 ms). Using this protocol it was noted that some preparations
demonstrated Wenckebach conduction between the atrium and His bundle during the 15
beat drive train and therefore a second protocol using 15 S1 beats with a cycle length of
200 ms was used (with the S2 extrastimuli starting at 190 ms). The reductions in S1-S2
coupling intervals were otherwise the same as those described in section 3.2.1. Where
possible both S1-S2 protocols were run. However if this was not possible only the S1-S2
protocol that could generate reproducible data was performed. AVFRP was determined as

described previously for both S1-S2 protocols described above.
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Figure 4-3. Digital photograph of the AV node preparation. The anatomical landmarks were identified during dissection. For mapping the SA node a fixed electrode was positioned on the septum
and used as a fiduciary point (marked in blue). A roving electrode was then used to map the point of earliest activation (marked in green). The conduction velocity was determined using a pacing
electrode at the top of the crista terminalis (marked with a red star) and a recording electrode at the bottom of the crista terminalis (marked with a red dot). The position of the His signal was then
determined by moving a bipolar electrode along the crista terminalis until a double signal was detected (marked with a yellow dot). CS — coronary sinus, FO — Fossa ovale, 1VC — inferior vena

cava.
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Figure 4-4. Bipolar recording from the SA/AV node preparation. A) Photograph of preparation. Once the His bundle had been identified (see Figure 4-3) the other three electrodes were
positioned. Electrode 1 was positioned at the site of earliest activation (the SA node). Electrode 2 was positioned at the atrial septum, electrode 3 was at the His electrode and electrode 4 was
positioned between the coronary sinus and the tricuspid valve annulus. B) Bipolar recordings from the 4 electrodes marked in A. Earliest activation was at electrode 1 and latest at electrodes 4.
This represents rapid atrial activation spreading from the SA node (marked with white dashed arrows). At the His signal (electrode 3) there was a discrete pause which was followed by a second
smaller sharp deflection. This second deflection is the His signal. The time between the atrial and His signal is the AH interval.
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4.2.9 Optical mapping

Optical mapping experiments were performed after all the data generated from the pacing
protocols was collected. The optical dye RH 237 was dissolved in DMSO to a
concentration of 2uM. The excitation-contraction uncoupler blebbistatin was dissolved to
a concentration of 17uM. The tissue preparation was loaded with the RH 237 via a slow
direct application of 0.4 umol (final concentration in recirculating perfusate 0.8 uM) into
the perfusion chamber followed by loading with slow application of 5 pmol blebbistatin
directly into the perfusion chamber (final concentration in recirculating perfusate 10 pM).

Four LED arrays with an emission wavelength of 530 nm were used to excite the tissue
preparation. The resulting signal was passed through a dichroic mirror and recorded by a
16 x 16 element photodiode array (C4675-302, Hamamatsu, Japan) connected to an
analogue to digital converter (NI PX1-1042, National Instruments, UK) sampling at 1000
Hz. The spatial resolution of the system was such that each pixel of the photodiode array
represented 0.6 mm. The optical signals were recorded using Qrecord software (National
instruments, Newbury, UK) (Figure 4-2). The dichroic mirror was designed to be used
with RH 237 although the wavelength filtered by the mirror was not specified, typically in
experiments with RH 237 the mirror is designed to filter out wavelengths below 630
nm.'"® The tracings were analysed using Optiq software (Cairn, Faversham, UK). Optical
signals were filtered with a Gaussian filter and activation time was calculated using the
time at which the optical signal was 90% from baseline to peak (defined as Tact90_Basic
within Optig).

4.3 Results

4.3.1 Mapping of the sinoatrial node

No marked changes between the control and MCT group were noted in terms of the
earliest atrial activation. Standardisation of recording of the position of the nodes was
difficult due to the variations in the dissection process as well as biological variability
between animals. In order to compare the position of the SA node between rats the
photographs of SA and AV node position were superimposed onto a single image of the
preparation using GIMP software. The x/y coordinates of SA node (site of earliest
activation), the top of the crista terminalis, bottom of the crista terminalis (by the tricuspid

annulus) and His bundle and node position were recorded. These values were transformed
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into the ‘height of the SA node’ which was the fractional distance along the crista
terminalis (O at the tricuspid annulus, 1 at top of the crista terminalis) at which the SA
node was located and ‘distance from the crista terminalis’ which was proportion along the
tricuspid annulus (from 0 at the crista terminalis to 1 at the AV node) at which the SA
node was located. There was no difference seen in either the height of the SA node or the
distance from the CT of the SA node in the MCT treated rats. These values were mapped
onto a schematic diagram of the SA/AV node preparation to display the positions of the

site of earliest activation for both the control and MCT animals (Figure 4-5).
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Figure 4-5. Schematic diagram of the SA/AV node preparation with the earliest site of activation mapped. The
coordinates have been transformed into an x value for distance from the crista terminalis and a y axis value for
the proportion along the crista terminalis. See text for details. CS — coronary sinus, FO — fossa ovale, IVC —
inferior vena cava.

The optical activation patterns were superimposed on images of the atrial preparations to
determine the earliest site of activation by optical mapping and were compared with the
position of the SA node as determined by the bipolar electrodes. The positions were
qualitatively similar although precise determination of the site of earliest activation was
made difficult due to the poor spatial resolution of the 16x16 array used in the optical
mapping system and therefore no further analysis of the position of the SA node was

performed using the optical signals (Figure 4-6).
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Figure 4-6. Comparison of bipolar electrode recording and optical mapping to identify the nodes. Ai) Photo of the
preparation with Position of bipolar electrodes marked: earliest activation (marked in green) and location of the
His signal (marked in yellow) shown. Aii) Bipolar electrode recording at the site of His signal. There was a clear
atrial deflection followed by a discrete pause and then a His signal. Bi) Photo of the preparation with optical
activation map superimposed. The activation map was created in Optiq using the time at which the optical signal
was 90% from baseline to peak (Tact90_Basic). Only signals with a clear upstroke were used with a ‘mask’
created to limit the map to the atrial tissue and the activation map was superimposed on a photo of the SA/AV
node preparation. The earliest activation was defined as 0 ms and black on the scale bar. The position of earliest
activation is marked with a 1 and is qualitatively similar to that seen in panel Ai. The colour scale bar indicates
the time of activation from 0-10 ms with most of the atrial tissue activated in less than 5 ms. Bii) Example of
optical action potentials taken from the sites shown in panel Bi. Despite the clear double deflection seen in panel
Aii there is no second upstroke in region 3 to delineate the His signal on the optical action potential.

4.3.2 Atrial conduction velocity

Table 4-1 shows the results from the recording of conduction velocity along the crista
terminalis. No differences were observed in the length of the crista terminalis or the time
for the propagation of the paced impulse from the top of the crista terminalis to the bottom
(Table 4-1). Despite this there was a 24% reduction in the conduction velocity along the

crista terminalis in the MCT treated rats.
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Control

Monocrotaline

Distance (mm)

4.9 £ 0.3 (n=10)

5.1+0.3 (n=11)

Time (ms)

11.7 £ 1.1 (n=10)

14.8 + 1.6 (n=11)

Velocity (m/s)

0.49 £ 0.04 (n=9)

0.37 £0.03 (n=11) *

Table 4-1. Results from the conduction velocity experiment. Mean + SEM.

assessed by unpaired Student’s t-test (P<0.05).

*Means significantly different as

The impulse propagation maps generated by the optical signals allow an assessment of

conduction in the two dimensional plane. This has the advantage of allowing assessment

of anisotropic conduction through the atrial myocardium. However, comparison of

propagation among animals is difficult, particularly given the biological variability in

anatomy and technical variability due to the dissection. The activation maps suggested a

slowing of velocity in some of the MCT treated rats compared with the controls although

this was not consistent across all the MCT treated rats. Example of the control and MCT

rats are shown in (Figure 4-7)and the activation maps for all rats are included in the

Appendix (Figure A-1).

4.3.3 Atrioventricular nodal functional measures

Table 4-2 shows the results from the isolated RA/AV node preparation once all four

recording electrodes were in position. There was a 50% incidence of complete heart block

(CHB) in the MCT treated rats compared to 0% in the control group which was

statistically significant using the Chi? test (P=0.009) (Figure 4-8).

Control

MCT

RR interval (ms)

215.9 + 9.601 (n=9)

2115 + 7.079 (n=11)

AH interval (ms)

40.7 £5.323 (n=10)

53.0£6 (n=6)

Wenckebach cycle length (ms)

129.3 + 7.472 (n=9)

138.6 + 11.42 (n=5)

AVERP (200 ms cycle length drive)

109.6 + 12.96 (n=5)

114.3 + 13.28 (n=4)

AVERP (150 ms cycle length drive)

95.00 + 3.697 (n=6)

102.0 + 15.00 (n=2)

AVFRP (200 ms cycle length drive)

132.5 + 0.5000 (n=2)

1375 + 10.94 (n=4)

AVFRP (150 ms cycle length drive)

117.0 £ 4.933 (n=7)

127.0 £ 6.000 (n=2)

Incidence of CHB n(%)

0% (n=10)

50%7 (n=12)

AV node spontaneous cycle length (ms)

913.7 £ 147.4 (n=5)

424.8 + 84.40 (n=5) *

Table 4-2 Results from the AV node pacing protocols. Mean + SEM. *Means significantly different as assessed by
unpaired Student’s t-test (P<0.05), + Difference in proportion of animals with CHB significantly different

assessed using Chi? test.




109

Control

Oms 5ms 10ms 15ms 20ms

Figure 4-7. Optical mapping to assess conduction velocity. The activation maps were created as described in
Figure 4-6. A) Control preparation. In the control rat the entire RA was activated in approximately 10ms. B)
Preparation from MCT treated rat. In the MCT rat the entire RA was activated in approximately 15 ms.
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Figure 4-8. Demonstration of CHB in a MCT treated rat. In a control rat every atrial signal (marked with a green
arrow/A) was followed by a His signal (marked with a red arrow/H) with a fixed AH interval. In the MCT treated
rat there was not a His signal following every atrial signal; instead the His signal is slower and independent of the
His signal. This demonstrates CHB.

No significant difference was seen in the AH interval although the value was increased by
30% (P=0.16) in the MCT rats. Similarly although the differences between the means for
the control and MCT groups were not significant the absolute values for the Wenckebach
cycle length, AVERP, and AVFRP at both drive train cycle lengths were greater in the
MCT rats than the control rats (Figure 4-9). There was a greater variability in the AV node
conduction curves for both the control and MCT treated rats compared with the AV node
conduction curves described in chapter 3. There was a small degree of variation in the H1-
H2 interval as the S1-S2 interval shortened with the individual SA/AV node preparations
but there was no clear discontinuity in the conduction curve for either the control or MCT
treated rats i.e. dual nodal physiology was not demonstrated in either the control or MCT
treated rats (Figure 4-10).
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Figure 4-10. AV node conduction curve for all control and MCT treated rats used in the isolated SA/AV node
preparation.
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It had been hoped that the optical signals would be able to distinguish the atrial signals
from that of the fast pathway, slow pathway and His bundle in order to demonstrate at
which anatomical location the AV node dysfunction had occurred and allow a more
detailed analysis of dual nodal physiology. Despite careful analysis of the signals recorded
from the triangle of Koch it was not possible to distinguish these separate signals and
therefore optical mapping was not able to provide further information regarding the

location of AV node dysfunction and the relevance of dual nodal physiology (Figure 4-6).

Similar to the Langendorff findings there was no difference in sinus rate seen between the
control and MCT groups (Table 4-2). The spontaneous cycle length of the isolated AV
node preparation was reduced by 46 % in the MCT treated rats, i.e. the pacemaker activity
of the AV node was faster. Both the control and the MCT treated rats showed a slower
intrinsic rate after removal of the SA node, i.e. the intrinsic rate of the AV node was lower
than that of the sinus node (Table 4-2).

4.4 Discussion

The isolated SA/AV nodal preparation showed AV nodal dysfunction with a 50%
incidence of complete AV block in the MCT treated rats (Table 4-2 and Figure 4-8). This
supports the findings from the Langendorff preparation which showed a normal RR and
PR interval but demonstrated AV node dysfunction with the pacing protocols (Table 3-1
and Table 3-2). The other measures of AV node function showed no significant difference
between the MCT treated and control rats in contrast to the findings from the Langendorff
preparations although the absolute values suggest AV node dysfunction in all cases (Table
4-2 and Figure 4-9). The lack of significance of these parameters is likely due to the high
incidence of CHB in the MCT treated rats. CHB is the most severe form of AV node
dysfunction; but in rats with CHB it is not possible to generate values for AH interval,
Wenckebach cycle length, AVERP and AVFRP as these numbers all rely on 1:1 AV
conduction. This will lead to a systematic underestimation of the mean AH interval,
Wenckebach cycle length, AVERP and AVFRP in the MCT group as the most severely
affected rats are excluded from the analysis.

In addition to CHB there was a further reduction in the experimental rat numbers for
AVERP and AVFRP in the MCT treated rats. This is because in order to generate a valid
number for both these measurements it is essential that a drive train be delivered that is

slower than the Wenckebach cycle length of the AV node (in order for stable AV node
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conduction to be maintained during the drive) but faster than the intrinsic rate of the
preparation (in order to ensure the preparation is only stimulated by the drive train and not
the intrinsic sinus rate). In some preparations this meant that only slower drive trains could
be delivered (hence the use of a 200 ms drive train). However, in some preparations only

the faster drive train of 150ms could be used because of faster intrinsic heart rates.

Although AV node dysfunction was anticipated as a result of the Langendorff experiments
CHB was not seen in the Langendorff experiments and it is difficult to explain the
difference between these two sets of experiments. As described in section 1.6.4, in vivo
telemetry monitoring has demonstrated that AV node dysfunction is only seen in the ECG
with advanced PH in the MCT model™*® and therefore it is possible that the animals with
CHB represented a cohort with more severe PH than the Langendorff animals. The
survival curves of the MCT rats used for the Langendorff experiments and the isolated
SA/AV node preparation experiments suggest that the animals used for the AV node
experiments met their symptomatic endpoints earlier with a greater mortality at day 28;
however, this was not statistically significant as assessed by a logrank test (P=0.15)
(Figure 4-11). Similarly if the rats in the isolated SA/AV node preparation are split into
those with 1:1 conduction and those with CHB the mortality is greater in the rats with
CHB but this is not statistically significant as assessed by a logrank test (P=0.45) (Figure
4-11).

Rats from the Langendorff

100
Li preparation

Rats from the SA/AV node
preparation with 1:1 conduction

501
All rats from the SA/AV node
preparation

Percent survival

Rats from the SA/AV node

0 ! ! ! ! ! ! ! ! ! ! ! ! ! ! preparation with CHB
0 2 4 6 8 1012 14 16 18 20 22 24 26 28

Days

Figure 4-11. Kaplan-Meier graph to show the survival free days from symptomatic endpoints for the MCT
treated rats that were used for the Langendorff experiments and the isolated SA/AV node experiments. There
was no difference assessed by the logrank test (P = 0.15).

The severity of disease assessed by either weight change from baseline or weight change

in the 48 hours prior to termination also suggested the that that the cohort investigated in
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the isolated SA/AV node experiments may have been more severely affected by the MCT
but again this was not statistically significant (Table 4-3). Similarly, splitting the MCT
treated animals that used for the isolated SA/AV node experiments into those that had 1:1
conduction, and those displaying CHB shows greater absolute values for weight loss in the
animals that displayed CHB but these differences did not approach statistical significance
(Table 4-4).

MCT rats used in the MCT rats used in the
Langendorff experiments | SA/AV node prep
experiments

Weight change in the 48 -8.7 £ 2.8 (n=13) -11.7 £ 1.6 (n=13) (p=0.37)
hours before termination (g)
Weight change fromday 0 | 68.4 + 4.8 (n=14) 58.3 £ 2.2 (n=14) (p=0.06)

on day of termination (g)

Table 4-3. Comparison of MCT treated Rats used in the Langendorff experiments and the MCT treated rats used
in the isolated SA/AV node experiments. Mean + SEM. There were no statistically significant differences between
the two groups

MCT rats with 1:1 MCT rats with CHB in the
conduction in the AV node | AV node prep experiments
prep experiments

Weight change in the 48 -10.5 + 3.2 (n=6) -13.1 + 1.4 (n=6) (p=0.48)
hours before termination (g)
Weight change from day 0 | 58.4 + 4.2 (n=6) 60.4 £ 2.0 (n=6) (p=0.69)

on day of termination (g)

Table 4-4 Comparison of the differences between the MCT Rats that had 1:1 conduction at the AV node and the
MCT rats that had CHB in the isolated SA/AV node preparation. Mean + SEM. There were no statistically
significant differences between the two groups assessed by unpaired Student’s t-test.

Another possibility is that the difference between the two sets of experiments is due to
technical factors associated with the dissection of the AV node preparation or its viability
with the perfusion system. Serial sections and staining of the SA/AV node dissection in
both the control and MCT animals are shown in Chapter 6. The histology and
immunohistochemistry demonstrates that the anatomy of the AV node is intact after the
dissection. Although these are different hearts to those used in the functional experiments
this finding coupled with a 50% incidence of CHB in the MCT animals versus 0% in the
control animals suggests that cause of CHB is not a simple ‘severing’ of the AV node or

the nodal inputs during the dissection.
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Initial experience during development of the perfusion system demonstrated that adequate
perfusion was essential for good AV node conduction; therefore it is possible that a
‘threshold’ effect could have existed with the AV node of the control animals just above
the threshold of perfusion at which 1:1 conduction was possible and the MCT animals just
below this threshold. In order to look at this possibility one of the control SA/AV node
preparations was further investigated after completing all the pacing protocols but before
loading with optical dyes. This experiment showed that despite dramatic reductions in
perfusion rate 1:1 conduction continued throughout with minimal changes in AH interval
until there was a greater than 80% reduction in perfusion rate (from 50 to 9 ml/min). The
values for RR interval, AH interval, AVERP and Wenckebach cycle length were similar
for before and after the perfusion experiment when the flow rate had been put back to the
original 50 ml/min. The Wenckebach cycle length was checked while the perfusion was
running at 9 ml/min and showed a marked increase from 110 to 180 ms. The results from
this preparation suggest that perfusion is important for AV nodal conduction, but that the
flow rate in the control preparations is well above the level at CHB would occur. The
perfusion experiment was performed over 60 min which also demonstrates the stability of
AV node conduction during this period. Although it is possible that 1:1 conduction could
have been restored in the MCT treated SA/AV node preparations with CHB by increasing
the perfusion rate it is unlikely given the experience with the control rat. Another
possibility is that the dissection may have had some effect on autonomic function within
the heart. It would have been interesting to perform both autonomic blockade and
autonomic stimulation on the SA/AV node preparations to see if 1:1 conduction could
have been restored and also to see if differences between the control and MCT treated
groups were maintained. Irrespective of whether 1:1 conduction could have been restored
by either of these methods the results from this experiment reinforce the idea that there is a
significant impairment of intrinsic AV node function in the MCT animals.

The aim of the optical mapping was to localise the site of dysfunction to a more specific
region within the AV node, particularly with a view to examining the fast and slow
pathways and the penetrating bundle, but unfortunately this was not possible with these
experiments (Figure 4-6). The AV node is a transmural structure which means that the
atrial and AV nodal tissues overlie each other: therefore, the optical signals from the AV
71, 86,

node show two signals, the first from the atrium and the second from the nodal tissue.
108,17 The ability to distinguish these two signals requires a high signal to noise ratio and
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good spatial resolution and it is likely that it is a combination of these two factors that
meant that it was not possible to record AV nodal optical signals.

The finding of a reduced cycle length and therefore faster rate in the isolated AV node
preparation is an interesting finding. It is possible that the faster intrinsic rate of the AV
node may dispose to ectopic beats. Support for this comes from the optical images in
which one of the MCT treated rat showed spontaneous ectopy coming from the region of
the AV node before the SA node was removed. This was only seen in one of the
preparation from the MCT treated rats and was not seen in any of the preparations from
the control rats (Figure 4-12). As described in section 1.3.2 there are increased numbers of
ectopic beats seen in PAH patients which is in keeping with these findings. Appropriately
timed ectopic beats may initiate AVNRT and therefore increased ectopic beats may
promote the generation of AVNRT. No changes in SA node function in terms of rate and
location of the leading pacemaker site were seen in the MCT treated rats compared with
the control rats.

A further finding from these experiments is that of a reduced conduction velocity along
the crista terminalis. The reduction in conduction velocity seen is comparable with the
reduction in conduction velocity in the ventricle seen in animal studies using the MCT
model and reduced conduction velocity in the atrium seen in human studies in patients
with PAH.?® 13! The reduction in conduction velocity may be implicated in the
pathogenesis of atrial flutter in which there is a fixed anatomical circuit in the RA which
includes the crista terminalis.”” A decrease in conduction velocity along the crista
terminalis will reduce the wavelength of the circuit and hence promote the maintenance of
reentrant arrhythmias (see section 1.6.2). The optical mapping data were more difficult to
interpret due to the structural heterogeneity and anisotropic conduction of the preparation.
The propagation maps were taken during spontaneous sinus rhythm which means that
there was variation in the site of the original impulse and also the possibility of different
breakthrough sites from the SA node into the atrium affecting conduction patterns.*’

However there was some evidence of conduction slowing in the MCT treated rats.

The isolated SA/AV node preparation experiments have provided several insights into
arrhythmogenesis in PH showing reduced atrial conduction velocity, an increased
spontaneous rate of non SA node tissue and intrinsic AV node dysfunction. Despite this
they have been unable to define the anatomical and functional correlates that underlie
these changes.
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Figure 4-12. Optical mapping demonstrating ectopic activation from the AV node. Activation maps were created
as described in Figure 4-6. A) Earliest activation at the expected site of the SA node (in the superior intercaval
region). The entire atrium was activated in approximately 15 ms. This pattern accounted for the majority of
impulses. B) Earliest activation at the AV node (along the tricuspid valve annulus near the coronary sinus).
Activation propagated more slowly than in panel A, taking approximately 30 ms for the entire atrium to be
activated.
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5 Remodelling In response to
pulmonary hypertension at the
MRNA level

5.1 Introduction

As described in section 1.5.2 the AV node is a complex structure that is defined by both its
anatomy and functional characteristics with considerable heterogeneity among the
myocardial cells that compose it. This heterogeneity means that studies investigating the
molecular biology of the AV node must first define which region of the AV node the cells
come from. As previously discussed the AV node and surrounding structures can be
divided into six different regions; the atrial septum, transitional tissue, inferior nodal
extension, compact node, penetrating bundle and ventricular septum. The aim of this study
was to identify and isolate these six different tissue regions of the AV node from both the
control and MCT treated rats and then investigate them using reverse transcription
guantitative polymerase chain reaction (RT-qPCR) to look at the expression of messenger
RNA (mRNA) transcripts for ion channels and transporters, connexins, intracellular Ca**
handling proteins, and the receptors of the autonomic nervous system.

5.2 Methods

The control and MCT treated animals were created and monitored as previously described
in Chapter 2. On the day of termination the animals were administered 1000 U heparin and

then after 30 min they were sacrificed and the hearts excised.

Tyrode’s solution ( NaCl — 120 mM, CaCl — 1.2 mM, KCI — 4mM, MgS04.7H,0 — 1.3 mM,
NaH,P04.2H,0 1.2 mM, NaHCO03; — 25.2 mM, glucose — 5.8 mM) was generated on the
day of the experiment and bubbled with 95% 02/5% CO,.

The aorta was perfused retrogradely with oxygenated Tyrode’s solution and the hearts
were immersed in the oxygenated Tyrode’s solution. The hearts were dissected into the
isolated SA/AV node preparation as previously described in section 4.2.1. The Tyrode’s
solution was removed and the SA/AV node preparation was immersed in optimal cutting
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temperature compound (OCT) mounting medium and then rapidly frozen by immersion in
isopentane chilled in liquid nitrogen. This encased the SA/AV node preparation in solid
OCT and therefore the dissecting pins were removed without disrupting the tissue
preparation. The OCT was then cut into a rectangle containing the entire tissue preparation.

This sample was stored at -80 °C for processing at a later date.*”

The AV node tissue preparation encased in OCT was cryosectioned into sections of 50 pm
thickness with two sections per slide onto Superfrost Plus (Fisher Scientific, USA) slides

at -18°C. The slides were stored at -80°C for processing at a later date.
5.2.1 Mapping the AV node
5.2.2 Immunohistochemistry

Immunohistochemistry relies on using antibodies that bind to specific proteins within a
cell in combination with a means of visualising the antibody that has bound. Within this
study this has been achieved using protein specific primary antibodies in combination with
species specific secondary antibodies conjugated with a fluorescent tag. The principle is
demonstrated in Figure 5-1. Two primary antibodies against specific proteins are
demonstrated which are raised in two species other than the rat. Two secondary antibodies
are used to bind to the primary antibodies, but because each primary antibody is raised in a
different species each of the secondary antibodies is specific for one of the primary
antibodies. Both of the secondary antibodies are labelled with a fluorescent tag with
specific absorption and emission spectra which can therefore be measured separately.
Theoretically a single tissue can be stained with multiple different primary antibodies,
provided that they are each from a different species and can be labelled with a secondary
antibody specific for the species that the primary antibody was raised in and provided that
each secondary antibody is labelled with a fluorescent tag with unique absorption and
emission spectra. The practicalities of using commercially available primary and
secondary antibodies has limited all the sections to dual labelling (i.e. two primary
antibodies and two secondary antibodies) for all the sections in this study.*” The primary

and secondary antibodies used are shown in Table 5-1 and Table 5-2.
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Antibody | Manufacturer Species antibody | Monoclonal/ | Concentration
raised in Polyclonal used
HCN4 Alomone, Israel Rabbit Polyclonal 1:100
(ACC-052)
Cx43 Millipore, Germany | Mouse Monoclonal | 1:100
(MAB3068)

Table 5-1. Primary antibodies used in immunohistochemistry.

Antibody | Manufacturer | Species | Concentration | Fluorescent | Primary
antibody | used tag antibodies
raised in bound

Anti-Mouse | Millipore, Donkey | 1:400 Cy3 RyR2 and

(1gG) Germany Cx43

(AP192 C)
Anti-Rabbit | Millipore, Donkey | 1:100 FitC HCN4
(19G) Germany (AP

182F)

Table 5-2 Secondary antibodies used in immunochistochemistry.

FITC fluorescent tag Cy3 fluorescent tag

Excitation A 485nm
Emission A 520 nm

Excitation A 530 nm
Emission A 565 nm

NV

2° antibody
raised in donkey
against mouse

2° antibody
raised in donkey

against rabbit Non — specific antigens

blocked with BSA

1° antibody,
raised in mouse
against Cx43

1° antibody,
raised in rabbit
against HCN4

Figure 5-1. Schematic diagram of double labelling of HCN4 and Cx43 with immunohistochemistry. See section
5.2.2for details. BSA —bovine serum albumin.
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In order to create a ‘map’ of the AV node every fourth slide per animal was removed from
the freezer and underwent immunolabelled for HCN4 and Cx43 using the following

protocol described in morris et al.*"

The slides were immersed in 10% buffered formalin for 30 min to fix the tissue sections.
Each tissue section was outlined with a water repellent pen, this allowed each tissue
section to be treated individually. From this point on all solutions were added via pipette
to the individual tissue sections and removed using aspiration. Tissue sections were
washed in phosphate buffered saline (PBS) for 10 min, three times, in order to remove
formalin. 0.1% Triton-X100 was applied to each tissue section for 30 min to permeablise
the cell membrane, allowing the antibodies to reach the cytoplasmic epitopes. Tissue
sections were washed in PBS for 10 min, three times, to remove any residual 0.1% Triton-
X100. Tissue sections were treated with bovine serum albumin (BSA) (Sigma, USA) for
60 min. The BSA is used as a blocking agent, the antibodies in the BSA bind to non-
specific binding sites; this stops the primary antibodies binding to these non-specific sites.
Tissue sections were incubated in primary antibody overnight at 4°C; during this time the
primary antibodies bound to the proteins of interest. Tissue sections were washed in PBS
for 10 min, three times, to remove residual primary antibody. Tissue sections were
incubated with secondary antibody for 120 min; during this time the secondary antibody
bound to the primary antibodies. Tissue sections were washed in PBS for 10 min, three
times, to remove residual secondary antibody. Each slide was mounted in H-1000
VECTASHIELD (Vector laboratories, UK), a coverslip was applied, and the edges of the
coverslip were sealed with nail varnish. The VECTASHIELD avoided photo-bleaching of
the sections pending imaging. The sections were imaged using the Leica DM500

microscope (Leica, Germany) using epifluorescence.
5.2.3 Masson’s trichrome staining

After imaging the immune stained sections the coverslip was removed and the sections
underwent Masson’s trichrome staining. Each slide was removed from -80 °C freezer,
placed in Bouin’s fluid and left overnight for fixation. Next day the slides were washed in
70% alcohol for 10 min, three times. The slides were then; stained with celestine blue for
5 min, rinsed in distilled water for 15 min, stained with Cole’s alum haematoxylin for 10
min, washed in tap water for 15 min, stained in acid fuchsin for 3 min, washed in distilled

water for 15 min, stained with phosphomolybdic acid for 5 min, drained, stained in methyl
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blue for 5 min, rinsed in distilled water for 15 min and immersed in 1% acetic acid for 2
min. The slides were then dehydrated through alcohol by being immersed in; 70% alcohol
for 1 minute, 90% alcohol for 1 minute, 100% alcohol for 2 min, two times. The slides
were then immersed in Histo-Clear (national-diagnostics, USA) for 5 min, two times.
Each slide was mounted in DPX and a coverslip applied. The sections were imaged using
the Leica DM500 microscope using light field imaging (Leica, Germany).

5.2.4 Identifying the regions of the AV node

The immunohistochemistry and Masson’s trichrome images of each section were reviewed
together. They identified connective tissue (blue with Mason’s trichrome stain), nodal
tissue (high levels of HCN4, low levels of Cx43) and working myocardium (high levels of
Cx43, low levels of HCN4). The image sets from each slide were then reviewed
sequentially for the whole SA/AV node preparation. This revealed that the nodal tissue
was present in the atrium and ran continuously along the tricuspid annulus from the
coronary sinus ostium to the apex of the triangle of Koch. At this point the nodal tissue
passed through the central fibrous body and into the ventricle where it split into the left
and right bundle branches. From these sections six different regions were identified as

follows (Figure 5-2):

Atrial septal myocardium — myocardial tissue above the level of the central fibrous body

showing high levels of Cx43 and low levels of HCN4.

Ventricular septal myocardium - myocardial tissue below the level of the central fibrous
body showing high levels of Cx43 and low levels of HCN4.

Penetrating bundle — myocardial tissue encased within the central fibrous body showing
low levels of Cx43 and high levels of HCN4.

Compact node — myocardial tissue just before the level of the penetrating bundle which is
not encased in the central fibrous body showing low levels of Cx43 and high levels of
HCN4. At this level the nodal tissue extended across the entire atrial septum from the right
side to the left side.

Transitional tissue — in the region between the atrial septal myocardium and the compact
node there was an area of intermediate staining for Cx43 and HCN4 with the appearance

of intertwining ‘strands’ of nodal tissue and working myocardium.
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Inferior nodal extension — as the tissue sections extended inferiorly along the tricuspid
valve annulus the nodal tissue no longer ‘straddled’ the atrial septum (as it did for the
compact node) and instead the nodal tissue formed a finer band of tissue along the right
side of the atrial septum next to the septal tricuspid valve leaflet. The nodal tissue was
included as the inferior nodal extension until the inferior part of the coronary sinus was

reached to avoid including the AV ring tissue.'®
5.2.5 Hand-assisted micro-dissection of the atrioventricular node

The detailed ‘map’ of the AV node identifying the six regions of the node and surrounding
structures was used to guide microdissection from the remaining slides of the SA/AV node
preparation. Every fourth slide was used in the map and so there were three slides

containing a total of six tissue sections between each element of the map.

During processing of the tissue it was important to protect the mRNA from degradation
via the action of ubiquitous ribonucleases (RNAses). In order to achieve this all the stains
used were ethanol based as this has been shown to protect from the action of RNAses.*®
A haematoxylin and eosin stain was performed. The slides were immersed in; 100%
ethanol for 30 s, haematoxylin for 60 s, 70% ethanol for 30 s, 95% ethanol for 30 s, eosin
for 60 s, 70% ethanol for 30 s and 95% ethanol for 30 s. The slides were then immersed in

100% ethanol and were left in the in 100% ethanol until the tissue was microdissected.

The slides were then visualised under a Nikon SMZ800 dissecting microscope (Nikon,
Japan) with x63 magnification. The haematoxylin and eosin stained slide was compared to
the corresponding images from the AV node ‘map’ in order to correlate the structures seen
down the microscope with the regions of the AV node. Each region was then removed
from the slide with a sharp surgical needle taking care to ensure that only tissue from the
region of interest was removed with no contamination from the surrounding tissues
(Figure 5-3). The dissected tissue sections were then placed directly into RNA lysis buffer
which was vortexed for approximately 3 s and stored on ice. A separate needle was used
for each region of the AV node to avoid contamination of the sample. During the time the
slide was being visualised down the microscope, 100% ethanol was pipetted onto the slide

to ensure that the section did not dry out.
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Figure 5-2. Demonstration of the ‘AV node map’ to determine the locations of the regions within the AV node. Initially the slides were immunolabelled with Cx43 (red) and HCN4 (green). This
identified nodal tissue and working myocardium. The slides then underwent Masson’s trichrome staining to delineate fibrous tissue (in blue). All the images were then reviewed sequentially to
identify six different regions (see section 5.2.4 for details of the criteria for each region)
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Figure 5-3. Images demonstrating hand assisted microdissection. A) AV node section double labelled for HCN4 (green) and Cx43 (red). The ringed area shows high levels of HCN4 and low levels of
Cx43. B) Masson’s trichrome staining of a ‘sister section’. The area of interest demonstrated in A can be seen to be enclosed within the central fibrous body. The combination of high levels of
HCN4, low levels of Cx43 and enclosure within the central fibrous body identifies this area as the penetrating bundle. C) Haematoxylin and Eosin stained section before microdissection. This
reveals the area of interest identified from the ‘map’ created by A and B. D) The same slide as C post microdissection with the area of interest (in this case the penetrating bundle) removed. AS —

atrial septum, CFB - central fibrous body, CN — compact node, VS — ventricular septum.
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5.2.6 RNA extraction

5.2.6.1 Optimisation of RNA extraction technique

Two RNA extraction kits were compared: RNeasy micro kit (Quiagen, Netherlands) a
silica column based RNA extraction kit and MirVana (Ambion, USA) a phenol-
chloroform based RNA extraction Kit. A single trial AV node sample was processed
according to manufacturers’ guidelines with higher RNA yields for the MirVana kit (e.g.
for the ventricle there was a total RNA of 93 ng for RNeasy and 930 ng for Mirvana). The
MirVana kit was therefore used for all subsequent RNA extraction.

On a trial AV node preparation each tissue region was added to an empty tube and stored
until the entire AV node preparation was dissected at which point the lysis buffer from the
MirVana kit was added. There was concern regarding RNA degradation due to the action
of RNAse during the time it took for microdissection of the entire AV nodal preparation.
In light of this concern the protocol was altered so that each time a tissue region was

microdissected it was added directly to 300 ul of the lysis buffer from the MirVana kit.

A strategy of using the tissue homogeniser after the addition of each tissue sample was
compared with vortexing the combined tissue sample/lysis buffer after the addition of each
new tissue sample. This showed that the final quantity of RNA was similar in both groups
(e.g. total RNA was 350ng for the transitional tissue using the homogeniser and 730 ng for
the compact node using the vortexer), therefore the vortexing strategy was adopted for all

RNA extractions because it was faster and simpler.

The phenol-chloroform extraction technique removes genomic DNA because the genomic
DNA is suspended in the organic phase of the phenol-chloroform solution which is
separated by centrifugation and removed. There is still the possibility of some genomic
DNA contamination and therefore the sample was treated with the TurboDNase system

(Life Technology, California, USA) in accordance with the manufacturer’s instructions.

RNA concentration were measured using the Nanodrop (Thermoscientific, USA) and the
Qubit ® (Life technologies, USA). Comparison of the reported concentrations revealed
good correlation at concentrations above 20 ng/ul but poor correlation below this level
with much higher levels reported from the Nanodrop than the Qubit (Figure 5-4). The
Nanodrop uses the absorbance of light to determine the concentration of RNA. However,
the readings can be inaccurate in the presence of DNA or protein contamination and
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therefore the Nanodrop is inaccurate and poorly reproducible at concentrations of less than
5 ng/pl . The Qubit system uses fluorescent dyes that bind specifically to RNA and is

therefore more specific than the Nanodrop, particularly at low concentrations. The Qubit

system was therefore used for all RNA measurements, %% %

80 A

60 A

40 A

204

RNAconcentration assessed by Nanodrop (ng/gl)

0+ T T T 1
0 20 40 60 80

RNA concentration assessed by Qubit (ng/pl)

Figure 5-4. Comparison of Qubit and Nanodrop to measure RNA concentration. The six tissue regions for a
single AV node sample were assessed using both the Qubit and Nanodrop. At higher concentrations there is good
agreement between the two techniques but at lower concentrations the Nanodrop reports higher concentrations
than the Qubit.

After the experimentation with the different elements of RNA extraction described above
the quality of the RNA extracted using the final protocol was compared to the earliest
attempts at RNA extraction. This was performed using a gel electrophoresis system
(Agilent Bioanalyser, USA) according to the manufacturer’s guidelines, using a pico chip,
specifically designed to assess small quantities of RNA. This revealed that the final
protocol had improved the quality and quantity of RNA extracted (Figure 5-5) and

therefore the final protocol described below was used for all RNA extractions.
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Figure 5-5. Assessment of mMRNA quality from the microdissected compact node samples. A) Sample before
microdissection and RNA extraction were optimized. There are no clear peaks of mMRNA for 18S and 28S
indicating poor mRNA quality. B) Sample after microdissection and extraction were optimized. Clear peaks for
18S and 28S are seen. RIN - RNA integrity number; range 0- 10 with 10 indicating the best RNA quality.

5.2.6.2 Final protocol for AV node dissection and RNA extraction

The entire AV node was processed within a single day with the process from start to finish
talking approximately 8 hours. The slides were stained with a haematoxylin and eosin
stain and left submerged in 100% alcohol at room temperature. Each slide was
microdissected. Tissue samples from each region were dissected using separate surgical
needles and placed directly into 300 pl of lysis buffer from the Mirvana kit and stored on
ice. When all the regions of the AV node had been dissected, extraction was performed as
per manufacturer’s guidelines for the Mirvana kit. The sample was treated with
TurboDNAse as per manufacturer’s guidelines. RNA concentration was measured with
the Qubit ® fluorometer. RNA samples were stored in the -80°C freezer for processing at

a later date.
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5.2.7 Reverse transcription

Reverse transcription from RNA to complementary DNA (cDNA) is a crucial step in RT-
gPCR and can be a source of technical variability within the experiment. It requires the
combination of the enzyme reverse transcriptase, deoxynucleotide triphosphates (ANTPS)

and primers. There are three main priming strategies that can be employed for RT:*" 184

e Sequence specific primers — primers that are specific for the targets being
investigated.

e Oligo-DTs — primers containing repeated deoxy-thymine nucleotides which utilise
the poly-A tail at the 3” end of MRNA to synthesize cDNA from the entire mMRNA
molecule.

e Random hexamers — multiple combinations of nucleotides designed to synthesise

cDNA from multiple regions within an mRNA molecule.

A random hexamer priming strategy was chosen as this has the potential to limit the
variability in results caused by degraded mRNA. The SuperScript VILO mastermix (Life
technologies, USA) kit based on the SuperScript Il reverse transcriptase enzyme was

chosen.

It is recommended that the same amount of MRNA is reverse transcribed in each reaction
to standardise experimental conditions and minimise the variability introduced. For this
condition to be met, all samples need to be diluted to the concentration of the least
concentrated sample within an experiment. There was concern about the low
concentrations of mRNA generated by the microdissection process and therefore we
elected to dilute all mMRNA to a concentration of 1 ng/pl, but, if samples had a starting
concentration of less than 1 ng/ul the undiluted samples were used. The volume of RNA
in the reverse transcription reaction is 16 pl and therefore a total of 16 ng of RNA was
transcribed for the higher concentration samples and a total RNA of 16 x the starting
concentration of RNA was used for the lower concentration samples. The starting
concentration and dilutions are listed in the Appendix (Table A-2). The atrial and
ventricular samples had consistently higher concentrations. This allowed for the creation

of another reverse transcription reaction from the same sample with a total MRNA of 160

ng.

Twenty microlitre reaction volumes were used and reverse transcription was performed

according to the manufacturer’s instructions with the exception that the reaction was
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incubated at 42°C for 120 min in accordance with the manufacturer’s suggestion that this

may increase the yield of cDNA.
5.2.8 Quantitative polymerase chain reaction

Quantitative polymerase chain reaction (QPCR) involves the combination of an
exponential increase in DNA during thermal cycling and a system for detecting the

amplified DNA in real time.

The exponential increase in DNA targets is achieved using a pair of primers that target
both ends of a region of interest of DNA. Each primer is complementary to a different
strand of the double stranded DNA (dsDNA). During thermal cycling the dsDNA is
denatured and cleaved. As the temperature is lowered the primers anneal to the DNA
strands and initiate replication using a DNA polymerase enzyme, which synthesises a new
complementary strand of DNA from the dNTPs. A new cycle is started when the
temperature is raised and the process repeats. The region of interest between the two
targets, termed the amplicon, doubles with each cycle until the reagents needed for the

reaction are consumed.'®

Detection of the amplicon can be achieved using two systems, SybrGreen and hydrolysis
probes. In the SybrGreen system the fluorescent dye emits a signal when it is interpolated
within a dsDNA molecule and therefore the fluorescence is proportional to the quantity of
dsDNA present.>” 18 This system is very sensitive but as the SybrGreen dye will generate
a signal with any dsDNA present it is less specific and may give misleading results in the
presence of genomic DNA or primer dimers.}”® 18 The hydrolysis probe system uses a
target sequence combined with a fluorescent tag/quencher complex. The target sequence
binds to a specific region of interest within the amplicon and the probe is then hydrolysed
by the action of DNA polymerase cleaving the fluorescent tag from the quencher region
and thus enabling the detection of fluorescence from the fluorescent tag. This means that
the fluorescence detected is proportional to the quantity of amplicon present. This system

is more specific than the SybrGreen based detection system.*’ 18

5.2.9 The TagMan microfluidic card system

A recent innovation in the performance of RT-gPCR is the TagMan low density array card
(TLDA) (Life Technologies, USA). This card uses a system of microfluidic channels to

divide an aliquot of the PCR reaction solution into 48 wells which are preloaded by the
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manufacturer with primer sets for gene targets. These targets may be chosen by the
experimenter in a custom array and more than one aliquot of the same sample can be used
allowing gene targets in multiples of 48 to be rapidly and accurately assessed for a single

sample.®

5.2.10Endogenous controls

The results of RT-gPCR may be affected by variation due to technical factors including
pipetting technique, variable reverse transcription efficiency and variable amplification
efficiencies. Normalisation to an internal reference gene is a common method to correct
for this variation, but, for this technigque to have validity it is important an endogenous
control gene is selected that is stably expressed in all the tissues being studied and is not
affected by the experimental conditions (i.e. by the development of PH in this study).”®
184 In order to choose a reference gene that met these conditions an experiment was
performed using the TagMan® Rat Endogenous Control Arrays containing 18 commonly

used endogenous control genes (Table 5-3).

Gene Protein

18S rRNA | (Ribosomal RNA)

Actb B-actin

Arbp Ribosomal protein, large, PO

B2M B-2 microglobulin

Gapdh glyceraldehyde-3-phosphate dehydrogenase

Gusb B-glucuronidase

Hmbs hydroxymethylbilane synthase

Hprt hypoxanthine guanine phosphoribosyl transferase

Pgkl Protein PKG-1

Ppia peptidylprolyl isomerase A (cyclophilin A)

Ppib peptidylprolyl isomerase B (cyclophilin B)

Rplp2 ribosomal protein, large P2

Thp TATA box binding protein

Tfrc transferrin receptor

Ubc ubiquitin C

Ywhaz tyrosine 3-monooxygenase/tryptophan 5-monooxygenase activation
protein, zeta

Table 5-3. The gene names and proteins encoded by the 18 targets included on the endogenous control array.

Sixteen additional cDNA samples were created by reverse transcribing a second mRNA
samples (total mMRNA 16 ng) from mRNA from samples with a relatively high mRNA
concentrations as described in section 5.2.7. These samples included all six regions of the
AV node with samples from both control and MCT rats (Table 5-4).
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Atrium | Transitional Inferior nodal | Compact | Penetrating Ventricle
tissue extension node bundle
Control | 3 1 0 1 0 2
MCT 2 1 1 1 1 3

Table 5-4. Sample numbers used in the rat endogenous control array experiments.

These sixteen samples were used with the Rat Endogenous Control Array cards. The cards
were prepared by combining 20 pl of the cDNA reaction with 35 pl nuclease-free water
and 55 pl 2x Master Mix (Life Technologies, USA).100 pl of this reaction mixture was
added to each reservoir of the TLDA card. The TLDA cards were centrifuged using a
Sorvall centrifuge (Thermoscientific, USA) with a custom bucket and card holder at 1200
rpm for two periods of 1 min. The cards were sealed using the TagMan Array Micro
Fluidic Card Sealer (Life Technologies, USA) and the fill reservoirs were trimmed. The
cards were inserted into the ViiA 7 Real-Time PCR system (Life Technologies, USA) and
underwent thermal cycling for 40 cycles (Table 5-5).

Step Hold Cycle (14 Cycles)
Denature Anneal/Extend

Temperature | 50°C 95°C 95°C 60°C

Time 2 min 10 min 15 sec 1 min

Table 5-5. Viia 7 Real-Time PCR settings for thermal cycling during PCR.

The results of this experiment were analysed using the Genorm algorithm contained within
the Real Time Statminer (Integromics, S.L., USA) software package. This algorithm uses
the principle that if control genes are stably expressed across tissue samples then the ratio
between them will remain constant. It then analyses multiple putative control genes using
stepwise elimination of the control genes until the most stably expressed combination of

control genes is determined.*®

The Genorm algorithm is demonstrated that the most stable
combination of endogenous control genes was B2M (B-2 microglobulin) and PKG1. B2M
plays a role in the major histocompatiblility complex 1, PKG-1plays a role in the
phosphoprotein glycolysis (rat genome database). There are no reports of MCT or PH

affecting either of these genes.
5.2.11Gene targets

The TLDA card system allows for the choice of targets using TagMan (Life Technologies,

USA) hydrolysis probes. These are selected from a library of predesigned probes, which
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have the advantage of being previously validated via the company but the disadvantage
that the primer sequences are not available to the researcher for further investigation.

We selected a strategy of 96 targets, which included markers of fibrosis and inflammation,
growth factors and other miscellaneous targets well as the main focus of this study. This
study is focussed on expression of the key genes (ion channels and transporters, connexins,
intracellular Ca** handling proteins and autonomic receptors) that determine the cardiac
action potential and its impulse generation and conduction. A list of all 96 targets is
included in the Appendix. This chapter will focus only on the targets of interest to this

study, which are shown in Table 5-7.
5.2.12Preamplification of cDNA

The TLDA based system recommends a minimum starting input of 30 ng of RNA, but, the
maximum concentration of RNA extracted from the microdissected samples from the AV
node regions was 16 ng. Provisional experiments using the cDNA samples were
performed using a SYBR-green based detection system looking for targets with known
high expression in the working myocardium and nodal tissues including 18S, 28S, Cx43
and HCN4. These experiments showed limited amplification, reinforcing concerns that
low starting concentrations of RNA may limit our ability to quantify targets using the

TLDA cards. In light of these concerns, a preamplification process was performed. 2% 189

Preamplification uses the same principles as PCR requiring the combination of specific
primer sets for the genes of interest (TagMan PreAmp pool, Life Technologies, USA),
dNTPs and DNA polymerase followed by thermal cycling with an exponential
amplification of the amplicon. The benefit of performing preamplification is that the
exponential increase in amplicons occurs for all targets before the mRNA is diluted and
divided into wells in the TLDA cards. This reduces the stochastic variability associated
with low copy numbers of cDNA.*®® # The process of preamplification has been shown
to increase the sensitivity of the TLDA system in several tissues, but has not previously

been used with heart tissue.® 18°
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Gene name

Protein encoded

Brief description

Inward currents

Scnla-Rn00578439_ml

Nayl1.1

Alternative Na* channel
responsible for Iy,

Scn5a-Rn00565502_m1 Nay1.5 Na® channel responsible for In,™
Scn10a-Rn00568393_m1 Nay1.8 (uncertain)

Scnlb-Rn00441210 ml Nayp1 B-subunit of Na* Channel*®
Cacnalc-Rn00709287 ml1 | Cayl.2 o-subunit of the L ty;oe Ca**
Cacnald-Rn00568820 m1 | Cayl.3 responsible for I, *
Cacnalg-Rn00581051 ml1l | Cay3.1 a-subunit of the T tyye Ca?*
Cacnalh-Rn01460348 m1 | Cay3.2 responsible for I, *
Cacna2d1-Rn01442580 ml | Cayo281 (uncertain)
Cacna2d2-Rn00457825 m1l | Cay282 (uncertain)
Cacnb2-Rn00587789_m1 CayP2 (uncertain)

Hcn1-Rn00670384 ml HCN1 Hyperpolarisation cation channel
Hcn2-Rn01408572_mH HCN2 responsible for 1/
Hcn4-Rn00572232_m1 HCN4

Clcn2-Rn00567553_m1 CLC-2 Stretch activated CI” channels
Clcn3-Rn01535195_m1 CLC-3 thought to play a role in

pacemaking™®" 1%

Outward currents

Kcna2-Rn02769834_s1 Kvl.2 o-subunit responsible for IK,sk,W52
Kcna4-Rn02532059 sl Kvl.4 a-subunit responsible for I
Kcna5-Rn00564245 sl Kv1.5 Ik

Kcnb1-Rn00755102_m1 Kv2.1 a-subunit responsible for Iy slow’>
Kcnd2-Rn00581941_m1 Kv4.2 lio £

Kcnd3-Rn00709608 m1 Kv4.3

Kcnh2-Rn00588515_m1 ERG1 a-subunit responsible for Iy,
Kcngl-Rn00583376_m1 KvLQT1 I s>

Kcnj2-Rn00568808_s1 Kir2.1 a-subunit responsible for ly;>
Kcnj12-Rn02533449 sl Ki2.2

Kcnj14-Rn00821873 m1 | K;2.4 Possibly I;>
Kcnj3-Rn00434617_m1 Kir3.1 a-subunit responsible for Ik ach™>
Kcnj5-Rn01789221 mH K;3.4

Kcnj8-Rn01492857_m1 Ki6.1 a-subunit responsible for I atp™™
Kcnj11-Rn01764077_s1 Ki6.2

Abcc8-Rn00564778_m1 SUR1 Regulatory subunit of Ix atp>
Abcc9-Rn00564842_m1 SUR2

Kcnip2-Rn01411451_ m1 | KChIP2 Auxiliary subunit to 1,
Kcnel-Rn02094595 s1 minK Auxiliary subunit to I, and Ik s>~
KCNK1-Hs00158428 m1 | TWIK1 Two-pore Domain Potassium
Kcnk3-Rn00583727_m1 | TASKL Channels'** **°

Table 5-6. The genes of interest, the proteins they encode for and a brief description of their function.
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Gene name

Protein encoded

Brief description

Intracellular Ca** cycling

Ryr2-Rn01470303_m1 RyR2 Ryanodine receptor™
Ryr3-Rn01328415 g1 RyR3

Slc8al-Rn00570527 ml NCX1 Na‘/Ca”* exchanger™
Atp2a2-Rn00568762_m1 SERCAZ2a Responsible for moving Ca”* out

of the cytosol into the
sarcoplasmic reticulum®®

PIn-Rn01434045_m1

Phospholamban

Responsible for regulation of
SERCA activity™

Atp2b1-Rn01502902_m1

PMCA1

Membrane pump responsible for
removal of Ca* from the cell

Casq2-Rn00567508 m1

Calsequestrin 2

Ca”* binding protein in the
sarcoplasmic reticulum>®

SIn-Rn02769377_s1 Sarcolipin Responsible for regulation of
SERCA activity'®®
Connexins
Gjd3-Rn01771737_s1 Cx30.2 Ultra-small conductance
connexin®
Gjal-Rn01433957_m1 Cx43 Medium conductance connexin®
Gja5-Rn00570632_m1 Cx40 High conductance connexin®
Gja7-Rn01750705_m1 Cx45 Low conductance connexin®

lon channel transporters

Atplal-Rn01533986_ml Na'/K" ATPase al
subunit

Atpla2-Rn00560789_ml Na'/K" ATPase 02
subunit

Atp1a3-Rn00560813_m1 Na'/K" ATPase a3
subunit

Na'/K* pump™®

Atp1b1-Rn00565405_m1

Na'/K" ATPase B1
subunit

B subunit of Na*/K* pump*

Slc9al-Rn00561924 m1l

Na'/H" transporter

Na‘/H" transporter®

Autonomic regulato

Irs

Adrala-Rn00567876_m1l

Adrenergic receptor,
la/lc

a-adrenergic receptor

Adralb-Rn01471343 ml

Adrenergic receptor,
alb

a-adrenergic receptor

Adrb1-Rn00824536_s1

Adrenergic receptor,

Bl

[-adrenergic receptor

Adrb2-Rn00560650_s1

Adrenergic receptor,

[-adrenergic receptor

B2

Chrm2-Rn02532311 sl M2 muscarinic Muscarinic receptor
receptor

Adoral-Rn00567668_m1 Adenosine Al Adenosine receptor
receptor

Table 5-7. The genes of interest, the proteins they encode for and a brief description of their function.
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Before preamplification can be performed the targets on the TLDA cards must be selected
allowing production of a TagMan PreAmp Pool (Life technologies, USA) which contains
primer sets for all of the targets on the TLDA cards (except 18S which is assumed to be of

high abundance).

Preamplification was prepared as per manufacturer’s guideline. 4 pl of cDNA was
combined with 4 ul of custom TagMan PreAmp Pool and 8 ul of TagMan PreAmp Master
Mix (2X) (Life Technologies, USA). Thermal cycling was performed on the Veriti 96-
Well Fast Thermal Cycler (Life Technologies, USA) for 14 cycles (Table 5-8). The
resulting preamplification product were stored at -80°C until they were quantified using
the TLDA cards.

Step Hold Cycle (14 Cycles) Hold Hold
Denature Anneal/Extend
Temperature | 95°C 95°C 60°C 99.9°C 4°C
Time 10 min 15 sec 4 min 10 min Until storage
at -80°C

Table 5-8. Veriti 96-Well Fast Thermal Cycler settings for preamplification.

5.2.13 Preparation of the TaqgMan Array Micro Fluidic Card

The preamplified samples were prepared for the TLDA cards by combining 7 pl of the
Preamplification product with 103 pl nuclease-free water and 110 pl 2x Master Mix (Life
Technologies, USA).100 pl of the reaction mixture was added to two reservoirs of the

TLDA card (allowing assessment of 96 targets).

The atrial and ventricular samples with a total MRNA of 160 ng did not undergo
preamplification. These samples were prepared for the TLDA cards by combining 20 pl of
the cDNA reverse transcription product with 90 pl nuclease-free water and 110 ul 2x
Master Mix (Life Technologies, USA).100 pl of the reaction mixture was added to two
reservoir of the TLDA card.

The TLDA cards were centrifuged using a Sorvall centrifuge with a custom bucket and
card holder at 1200 rpm for two periods of 1 min. The cards were sealed using the
TagMan Array Micro Fluidic Card Sealer and the fill reservoirs were trimmed. The cards
were inserted into the ViiA 7 Real-Time PCR system and underwent thermal cycling for
40 cycles with the same settings as the endogenous control array cards (Table 5-5). The

amplification plots were exported to ExpressionSuite for analysis.
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5.2.14 Final protocol for RT-qPCR

Animals were sacrificed and an AV node dissection was prepared. The sample was frozen
and sectioned into 50 pum sections. Cx43 and HCN4 immunolabelled sections were created
for every 300 um of tissue. Masson’s trichrome sections were created for every 300 pm of
tissue. The images from the immunolabelled and Masson’s trichrome slides were used to
create and AV node ‘map’. Haematoxylin and Eosin stains were performed. Samples were
microdissected and added immediately into the lysis buffer stored on ice. RNA was
extracted using the Mirvana extraction kit. The sample was treated with TurboDNase.
RNA concentration was measured using the Qubit fluorometer. RNA was reverse
transcribed to cDNA using SS vilo mastermix. cDNA was preamplified using the custom

TagMan pools. cDNA was quantified using the TLDA card system with 96 targets.
5.2.15 Control samples

Control samples were run using a water control and a no-reverse transcriptase enzyme
(no-RT) control for mRNA samples both before and after preamplification. The
SuperScript VILO mastermix used for the reverse transcription of the experimental
samples is ‘pre-mixed’ with SuperScript Il (the reverse transcription enzyme) meaning
that it is difficult to use SuperScript VILO mastermix in no-RT experiments. The
SuperScript 11 First-Strand synthesis system (Life technologies, USA) is not ‘pre-mixed’
meaning the reagents can be prepared as for a standard reverse transcription reaction but
without the addition of SuperScript 111, therefore the SuperScript 111 First-Strand synthesis
system was used for the no-RT control experiment. Samples were processed as per
manufacturer’s guidelines using random hexamers but the SuperScript III was replaced

with RNA-free water.
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5.2.16 Data analysis

Data were analysed using a combination of ExpressionSuite and RealTime Statminer
software. ExpressionSuite software allows the results of the PCR runs for all the TLDA
cards to be loaded simultaneously.*®* The amplification curves were assessed and samples
that had failed to amplify for all or most targets were omitted (on the assumption that there

was a problem with sample preparation) (Figure 5-6).

10

A | |

0.1

ARn (Log)

0.001

34 36 38 40

Cycle
Figure 5-6. qPCR amplification plots for all samples. ARn is the change in fluorescence due to the PCR reaction
(current fluorescence — baseline fluorescence). A) Sample from the compact node showing good amplification
with the majority of targets amplifying well. There are three targets which do not amplify which will have an
undetermined C, value which is replaced with 40. B) Sample from the compact node of a different rat. No targets
have amplified indicating a failure of sample preparation; the entire sample was omitted from further analysis.

A threshold of fluorescence can be selected and the fractional cycle at which this
fluorescence level is exceeded can be recorded from the x-axis. This is commonly called
the threshold cycle (Cy), but recent guidance suggests the phrase quantification cycle (C,)
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be used. It is important to set the threshold above the baseline fluorescence level but
within fluorescence levels reached during the exponential phase of the PCR reaction. A
graph with cycle number on the x-axis and log (fluorescence) on the y-axis yields a linear
increase in log (fluorescence) during the exponential phase of the reaction and aids setting
the detection threshold at the correct level (Figure 5-7). It is important that the threshold is

kept constant when comparing the same target between different samples.'™ **
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Figure 5-7. Determining C, values for individual targets. With log(ARn) plotted against cycle number there is a
linear amplification phase. The greed and red markers represent the beginning and end of the baseline. As long
as the detection threshold is placed within this linear phase the difference in C, between each sample will be the
same (because the linear amplification plots are parallel to each other). A) Amplification curves Cx45. There is a
relatively high abundance and therefore all samples cross the detection threshold and will have a relatively low
C,- B) Amplification curves for Cx30.2. There is a lower abundance and therefore the C, values are higher. Some
samples do not cross the detection threshold and will therefore not generate a C, value, but this has been reported

as 40 in this study.
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The amplification curves for all samples of a given target were assessed simultaneously
and appropriate threshold and C, settings applied. After the data had been assessed the Cq
values were calculated for all targets. If a target had not amplified then it did not cross the
cycle threshold and therefore the Cq values were undetermined. Where individual targets
had not amplified in a sample where the majority of targets had amplified these
undetermined values were replaced with a C, value of 40 to represent an assumed very
low abundance of the target within that sample (if all or most of the targets had failed to

amplify the entire sample had already been omitted as described above) (Figure 5-7).1%*

The C, values were analysed with the Real Time Statminer software. This software is
specifically designed to handle C, data generated from qPCR experiments. The software
was informed which of the target genes to use as the endogenous controls and ACq was

calculated using the formula;*™® 18

ACq = Cq endogenous control — Cg target

It can be seen from this calculation that a positive ACq represents low abundance of the
target MRNA and a negative AC, represents high abundance of the target mRNA.
Assuming an efficiency of 100% (i.e. the amplicon doubles with each PCR cycle) the

relative quantification (RQ) can be calculated using the formula:'"

RQ =2"%

With this formula a value of greater than 1 means a greater expression of the target gene
than the endogenous control genes and a value of less than 1 means a lower expression of

the target gene than the endogenous control genes.

The TLDA microfluidic cards are able to generate large amounts of data with multiple
targets and multiple regions of interest. Several specific statistical parameters have been
developed for comparing the data generated by gene expression analysis. Limma is a
statistical package that allows robust comparison of gene expression even when the
sample numbers are small by using data from the variance of all the targets studied to
improve the estimates of the variance of each target.®" " The performance of the limma
test has been compared with several other statistical methods to analyse gene expression
data test and has been found to perform well.>*> % The limma package is included in the
RealTime Statminer statistical package and has been used for the analysis of all gPCR

results.
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A potential problem with testing multiple regions with many targets is the possibility of
multiple comparisons leading to a number of type | statistical errors (i.e. false positives).
Several different approaches to this problem have been suggested; some authors argue that
correcting for multiple testing leads to a reduction in the ability to detect real differences
between groups (i.e. a type Il error) and therefore no corrections should be applied.*®?
Other authors use a variety of different algorithms to reduce the chance of a type | error at
the expense of increasing the risk of a type Il error. The Benjamini-Hochberg correction
uses an approach of estimating the false discovery rate (FDR), i.e. the proportion of
significant results that are false positives. Using the Benjamini-Hochberg corrected P
values a 0.1 and 0.2 correspond to a FDR of 10 and 20% respectively.*?* % The value
used as the cut off for ‘statistical significance’ is chosen arbitrarily in a manner analogous
to the choice of choice of 0.05 as the P value for ‘standard’ statistical tests. Using our data
it was seen that an FDR corrected P value of less than 0.2 gave broadly similar results to
an uncorrected P value of 0.05. For example, in the atrium an FDR corrected P value of
0.2 gives 23 significant results (using the limma test) and the uncorrected P value of less
than 0.05 gives of 19 significant results (using the limma test); there were no instances
when the uncorrected P value was significant and the FDR was not significant. The
corrected P value using the Benjamini-Hochberg calculation was used for all analysis of
the mRNA data with two levels of statistical significance, a FDR corrected P value cut-of

for significance of 0.05 and 0.2.

The techniques described above were used to compare the same targets across different
regions within the control group and for the same regions between the control and MCT
groups. Comparisons between two different targets in the same tissue type is made more
difficult by the variability in several of the processes key to quantifying mRNA in the
gPCR process, for example the efficiency of the reverse transcription step, the efficiency
of the primers and the use of different detection thresholds for different targets.
Nevertheless it has been suggested that tentative conclusions about different levels of
expression can be made between targets if there is a greater than 10 fold difference in the

expression of two targets in the same tissue type.”
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5.3 Results

There was an appropriate lack of amplification for the water, and no-RT control samples.
5.3.1 Assessment of preamplification

The samples with a total mMRNA of 160 ng that had not undergone preamplification were
compared with the samples that had a total mMRNA of 16 ng and had been preamplified in
order to assess whether preamplification had affected the results of the PCR experiment.
In the ideal situation, the AC, of target within the sample would be unchanged by
preamplification as both the endogenous control amplicon and target amplicon should
have increased by the same amount and therefore the ACq of the unamplified sample is
equal to the AC, of the preamplified sample. Figure 5-8 shows the relationship observed.
The results were significantly correlated (P< 0.0001) with an R? value of 0.61 (Figure 5-8).
Looking at the relationship it can be seen that the majority of the deviation froma 1:1
relationship occurs when the AC, values are greater than 0 in the unamplified samples, i.e.
when the starting concentration of the mRNA of interest is low, particularly when looking
at the unamplified samples. The absolute values for the C, for then non-amplified samples
were higher than for the preamplified samples despite their 10 times greater starting
concentration. In this context it appears that the very low concentrations of mRNA for the
targets in the unamplified samples were at the limits of detection of RTqPCR (despite
starting with 160 ng of mMRNA) and therefore inaccurate quantification of these targets has
caused deviation from the 1:1 relationship. These findings support the need for
preamplification with the low concentrations of mMRNA in the microdissected tissue
samples. The findings also support the validity of the preamplification methodology.
Unfortunately because there were no samples with high enough concentrations of mMRNA
to allow the reverse transcription of 160 ng total mMRNA samples in the nodal tissues it was

not possible to compare the preamplified and unamplified samples from the nodal tissue.
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Figure 5-8. Correlation of ACT from preamplified and unamplified samples from the atrium and ventricle of all
rats. Linear regression analysis showed a non-zero gradient of 0.84 (P<0001), R? = 0.62.

5.3.2 Normalisation strategy and interpretation of unamplified samples

The choice of normalisation strategy will affect AC, values for all the targets. The
endogenous control experiment suggested that B2M and PKG-1 were the most stably
expressed across the different tissue regions and not affected by MCT administration. As
described above the pooled preamplification primers could only be purchased after the
design of the TLDA card had been finalised and therefore the endogenous control genes
needed to be selected before preamplification was performed. This led to concern that the
preamplification process may distort quantification of either B2M or PKG-1 meaning that
they were no longer optimal endogenous controls. To investigate this potential difficulty
the Genorm algorithm was run again on the five potential endogenous control genes on the
final TLDA card design (18S, B2M, GAPDH, HPRT, PKG-1). This time it suggested that
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B2M and HPRT were the optimal endogenous controls, although, this was determined

using fewer possible combinations than with the endogenous array experiment.

When a target does not amplify for an individual sample it may be due to mRNA levels
being below the limits of detection or due to technical problems with the PCR reaction. As
described above if the majority of targets did not amplify in a sample it was assumed to be
a technical problem with the sample and this sample was excluded from further analysis.
If a target was noted to have consistently high Cq values and sometimes did not amplify in
a sample where other targets had amplified normally it was assumed that this was due to
low concentrations of the target within that sample. If all samples that had not amplified
due to low concentrations were excluded from analysis this would lead to a systematic

exclusion of low concentration samples which could distort the data.

In light of the two concerns outlined above data analysis was compared using
normalisation with three strategies, either B2M and HPRT; B2M and PKG-1 or all targets
combined as the endogenous control. For each normalisation strategy two methods of
dealing with high Cq values were used; either all Cq values above 38 were omitted or all
samples were included using a Cq value of 40 for individual targets that did not amplify
within a sample. These six different strategies were used to calculate an adjusted P value
(using the limma test) comparing the control and MCT rats for each target in each tissue
type. The results of these six strategies are shown Figure 5-9. They reveal that all six
strategies are qualitatively similar, i.e. where one strategy gave a low P value for a given
target in a given tissue region the other five strategies also tended to give a low P value
and vice versa for high P values. This finding supports the robustness of the analysis
technique and implies that any of the six strategies could be chosen without a major

distorting effect on the results.

It was decided to perform all subsequent analyses using a strategy of normalising to the
endogenous control targets of B2M and PGK-1 determined in the endogenous control
target experiment as these two targets were chosen after analysis of a panel of 18 genes
improving the performance of the Genorm analysis. It was also decided that all Cq values
should be included and a Cq value of 40 was used when an individual target had not
amplified despite the overall sample amplifying well to avoid the problem of

systematically omitting the data from samples with low concentration of targets.
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Figure 5-9. Comparison of six different normalisation strategies for all six regions within the AV node. Each target is represented as a horizontal line. The FDR adjusted P value comparing control
and MCT rats for significant differences is represented on a colour scale for each target with each normalisation strategy for each tissue region. The black boxes represent missing data due to the
exclusion of targets with a CT of greater than 38. Within each tissue region there are qualitatively similar adjusted P values for the different targets demonstrated by a consistent colour bar, but,
between tissue regions there are different colour bars. A) P values using B2M and HPRT and excluding C, values of >38, B) P values using B2M and HPRT and including C, values. C) P values
using normalisation against all targets and excluding C values of >38, D) P values using normalisation against all targets and including all C, values, E) P values using B2M and PKG1 and
excluding Cq values of >38, F) P values using B2M and PKG-1 and including all C, values.
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5.3.3 Relative expression of mRNA targets

There were a total of nine control and eight MCT treated rats used in the experiment, but
all the data from one control rat were omitted as none/very few of the targets amplified for
all the regions suggesting a problem with the tissue processing (Figure 5-6). Individual
samples from single tissue regions were also omitted due to technical failures in the
processing steps or poor amplification across all the targets. The final of experimental rats

in each group for each region of the AV node are shown in Table 5-9.

Control MCT
Atrium 7 7
Transitional tissue 8 6
Inferior nodal extension 8 8
Compact node 8 7
Penetrating bundle 8 7
Ventricle 8 7

Table 5-9. n-numbers for all PCR experiments.

Table 5-10 shows the expression of all the mRNA targets for both control and MCT
treated rats in all 6 regions. The data for each target are normalised so that the control
atrial sample has an expression of 100%; figures above and below this number represent
upregulation and downregulation respectively for the other tissue regions in both the
control and MCT treated rats. The figures in the table are normalised to allow comparison
of an individual target across regions and between the control and MCT treated rats.
Normalisation in this manner prohibits comparison between the different targets and
therefore the data are also displayed as relative quantification with normalisation to the
most lowly expressed target (Cx30.2) for the control atrium only to give an indication of
the differences in expression comparing the targets (Figure 5-10). Using this normalisation
strategy, the most highly expressed target (SERCAZ2a) has a value of 3,807,312
demonstrating the high range of quantification for which RTqPCR can be used. The values
are displayed in Figure 5-10 on a logarithmic scale given this wide dynamic range. As
described in section 5.2.16, differences of greater than tenfold in expression levels allow

tentative conclusions regarding the relative expression levels of the different targets.
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Atrium Transitional Inferior nodal Compact node Penetrating Ventricle
tissue extension bundle
Control | MCT Control | MCT Control | MCT Control | MCT Control | MCT Control | MCT
Inward currents
Nay1.1 100 61 90 40 49 16 67 33 20 23 53 78
Nay1.5 100 169 45 75 11 17 9 21 33 57 167 103
Nay1.8 100 47 16 18 9 88 4 40 687 347 3 7
Nayf1 100 111 70 91 27 44 43 46 22 32 112 121
Cayl.2 100 46 146 84 93 48 80 36 90 54 62 101
Cayl.3 100 16 17 0 45 0 36 16 52 3 16 7
Cay3.1 100 38 41 8 39 9 45 46 30 5 14 10
Cay3.2 100 45 14 1 22 2 27 12 18 19 43 34
Cayo251 100 77 21 15 18 5 9 8 7 15 71 45
Cay252 100 83 18 3 31 4 48 79 111 9 58 30
Cavp2 100 113 42 34 15 18 23 36 17 29 87 128
HCN1 100 147 234 213 426 239 426 372 143 235 1 7
HCN2 100 80 32 17 27 16 20 25 18 114 1299 385
HCN4 100 39 487 154 800 143 1162 343 2428 853 78 119
CLC-2 100 71 98 77 58 30 69 69 69 91 86 82
CLC-3 100 79 87 72 182 71 117 106 133 143 55 156
Outward currents
Kv1.2 100 9 17 1 9 0 3 2 15 2 20 7
Kvl.4 100 36 35 11 8 3 12 10 9 7 25 26
Kvl.5 100 74 158 109 179 51 192 156 136 92 57 48
Kv2.1 100 56 65 38 33 20 35 30 28 30 143 84
Kv4.2 100 14 13 1 10 2 1 1 1 9 97 38
Kv4.3 100 49 61 39 45 22 38 25 31 14 37 15
ERG1 100 39 38 8 13 5 13 13 14 14 54 32
KyLQT1 100 83 35 14 16 14 26 17 20 24 109 84
Kir2.1 100 48 76 41 20 21 27 24 74 80 149 159
Kir2.2 100 33 19 3 19 1 11 4 5 7 43 22
Kir2.4 100 117 20 0 24 2 24 2 23 26 357 72
Kir3.1 100 26 36 6 8 3 7 3 5 2 18 7
Kir3.4 100 58 117 70 59 31 86 51 32 24 10 19
Ki6.1 100 72 69 71 83 74 48 65 46 96 96 108
Kir6.2 100 36 51 12 25 4 21 19 16 19 208 84
SUR1 100 60 24 9 11 4 10 10 3 15 120 41
SUR2 100 51 72 47 57 39 40 28 71 58 82 72
KChIP2 100 24 59 37 121 11 21 4 39 23 270 170
minK 100 1060 104 96 98 8 240 124 154 77 354 694
TWIK1 100 93 27 3 41 2 13 12 86 32 14 17
TASK1 100 70 37 26 15 7 10 18 9 24 90 54
Intracellular Ca** cycling
RyR2 100 43 20 3 9 1 20 8 8 14 87 63
RyR3 100 85 49 54 14 16 18 21 9 21 42 48
NCX1 100 73 36 18 30 8 48 34 56 22 65 52
SERCA2a 100 56 69 38 46 19 35 31 12 13 30 81
Phospholamban 100 25 88 29 93 18 92 34 98 61 70 123
PMCA1 100 103 71 69 84 58 77 68 80 82 91 69
Calsequestrin 2 100 87 55 39 29 20 48 38 25 20 83 65
Sarcolipin 100 28 89 31 56 16 38 16 2 1 0 0
Connexins
Cx30.2 100 47 1743 1 3249 20 3012 1415 1374 65 55 35
Cx43 100 50 17 14 5 2 3 4 2 18 86 56
Cx40 100 170 41 40 43 25 35 36 622 337 188 287
Cx45 100 99 125 113 127 104 158 132 311 247 55 111
lon channel transporters
Na'/K* ATPase
ol subunit 100 71 114 94 66 60 107 85 82 93 34 51
Na'/K* ATPase
02 subunit 100 40 90 56 103 37 81 54 113 82 174 102
Na'/K* ATPase
03 subunit 100 129 184 99 896 97 1078 283 405 97 210 34
Na'/K* ATPase
B1 subunit 100 146 30 56 16 25 22 41 21 18 68 44
Na'*/H*
transporter 100 88 76 72 45 69 104 81 78 65 53 54
Autonomic regulators
Adrenergic
receptor, la/lc 100 58 34 22 29 8 33 27 27 48 121 119
Adrenergic
receptor, a-1b 100 34 23 0 24 0 22 14 17 52 370 144
Adrenergic
receptor, f 1 100 62 103 82 88 46 85 7 68 42 80 61
Adrenergic
receptor, -2 100 58 121 81 99 75 95 93 63 95 81 85
M2 muscarinic
receptor 100 48 23 12 14 4 13 18 5 9 25 30
Adenosine Al
receptor 100 116 21 20 36 12 16 59 8 15 40 34

Table 5-10. Relative abundance (mean value) of RNA from six tissue regions of the AV node for both control and
MCT rats. For each target, the relative quantification was normalised to the atrium of the control animal.
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Adenosine Aireceptor
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Na/K transporter
Na'-K" ATPase 1 subunit
Na'-K"ATPase o3 subunit
Na*-K"ATPase o2 subunit
Na'-K" ATPase al subunit

Cx45
C x40
Cx43
Cx30.2

Sarcolipin
Calsequestrin 2
PMCA1
Phospholamban
SERCA2a
NCX1

RyR3

RyR2

TASK1
TWIK1
minK
KChipP2
SUR2
SUR1
Kir6.2
Kir6.1
Kir3.4
Kir3.1
Kir2.4
Kir2.2
Kir2.1
KvLQT1
ERG1
Kv4.3
Kv4.2
Kv2.1
Kvl.5
Kvl.4
Kvl.2

cLC-3 1 1
cLc-2- I
HCN4 - H
HCN2 o H
HCN1 - b
Cavp2 |-1
Cavg2§52 = |—{
Cavg2sl = |—{
Cavd.2 =
Cav3.1- H
Cavi.3 =
Cavi.2 i
Navpl - hH
Nav1.8 |—¢
Nav1.s5 - H
Navi.1 f
T T T T T T T 1

e Q Y v % ™ ) © A

N N N N N N N N N

Figure 5-10. Relative quantification of targets in the control atrium. All targets are normalised to the lowest
expressing target (Cx30.2). The scale is logarithmic and therefore each marked interval is x10 greater than the
last. A greater than x10 difference in the expression level allows tentative conclusions to be drawn regarding the
expression levels (see section 5.2.16).
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5.3.4 Regional specific expression of ion channels and connexions in the
rat AV node.

As described in section 1.5.2, previous studies describing the ion channel expression of the
AV node have used rats, rabbits and humans. Although important species differences exist
there is considerable overlap between the species with a characteristic expression profile
for ion channels and transporters, connexins, intracellular Ca?* handling proteins and
autonomic receptors that differentiates the working myocardium from nodal tissue. A
comparison of the data from the control rat’s AV node with previous studies is important
both to validate the results of this study and to develop further understanding of the
similarities and differences between the rat AV node and the AV node of other species.
Figure 5-11 — Figure 5-16 show how the relative expression for each target across the six

regions of the AV node in the control animals.

Figure 5-11 shows the relative expression of the HCN channels in the AV node. One of
the most characteristic findings from previous studies of the AV node is an increased
expression of HCN4 at both the mRNA and protein level in the nodal tissues, which is in
keeping with the pacemaker role of the AV node.”® ™ ™ The results of this study are
entirely in keeping with previous findings showing a significant increase in expression of
HCN4 mRNA in the inferior nodal extension, compact node and penetrating bundle
compared with both the atrial and ventricular myocardium. In addition to this, HCN1
MRNA levels have previously been shown to be raised in the compact node of rabbits, rats
and humans and this is again replicated in this study of the rat.”> ™ "® A study of the
human AV node showed no significant differences in the expression of HCN2 across the
atrium, ventricle or nodal tissues although both mouse and rat studies have shown that
HCN2 is up-regulated in the ventricle compared with both the nodal tissues and atrium.”*
83,87 The results of this study are in keeping with the expectation of high levels of HCN2
in the working myocardium with significantly greater quantities in the ventricle and atrium
compared to the nodal tissue. This supports the idea that there may be species specific
differences in ion channel expression although it is important to note that all the patients in
the human study had cardiomyopathy which may also account for the differences.”® The
relative contributions of the different HCN channels to the pacemaker potential is
uncertain, although the ratio of expression for HCN1:HCN2:HCN4 is 127:1:447 within
the compact node strongly suggesting that HCN4 is to be the most significant ion channel

contributing to the funny current in the AV node.
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Figure 5-11. Relative quantification of mRNA for the six different regions of the AV node in control rats. Letters above the bar graphs denote a significant difference between that region and the
region with the corresponding letter. Capital letters indicate significance with a corrected P value of <0.05 and lower case letters indicate significance with a corrected P value of <0.20 (using the
limma test). Expression of a and B subunits of inward current carrying ion channels. A - Atrium, TT - Transitional tissue, INE - Inferior nodal extension, CN - Compact node, PB - Penetrating
bundle, V - Ventricle.
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Figure 5-12. Relative quantification of mRNA for the six different regions of the AV node in control rats. Letters above the bar graphs denote a significant difference between that region and the
region with the corresponding letter. Capital letters indicate significance with a corrected P value of <0.05 and lower case letters indicate significance with a corrected P value of <0.20 (using the
limma test). Expression of a and p subunits of further inward current carrying ion channels. A - Atrium, TT - Transitional tissue, INE - Inferior nodal extension, CN - Compact node, PB -
Penetrating bundle, V - Ventricle.
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Figure 5-13. Relative quantification of mRNA for the six different regions of the AV node in control rats. Letters above the bar graphs denote a significant difference between that region and the
region with the corresponding letter. Capital letters indicate significance with a corrected P value of <0.05 and lower case letters indicate significance with a corrected P value of <0.20 (using the
limma test). Expression of « and B subunits of K* channels. A - Atrium, TT - Transitional tissue, INE - Inferior nodal extension, CN - Compact node, PB - Penetrating bundle, V - Ventricle.
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Figure 5-14. Relative quantification of mRNA for the six different regions of the AV node in control rats. Letters above the bar graphs denote a significant difference between that region and the
region with the corresponding letter. Capital letters indicate significance with a corrected P value of <0.05 and lower case letters indicate significance with a corrected P value of <0.20 (using the
limma test). Expression of « and B subunits of further K* channels. A - Atrium, TT - Transitional tissue, INE - Inferior nodal extension, CN - Compact node, PB - Penetrating bundle, V - Ventricle.
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Figure 5-15. Relative quantification of mRNA for the six different regions of the AV node in control rats. Letters above the bar graphs denote a significant difference between that region and the
region with the corresponding letter. Capital letters indicate significance with a corrected P value of <0.05 and lower case letters indicate significance with a corrected P value of <0.20 (using the
limma test). A and B). Expression of Ca?* handling proteins (A) and connexins (B). A - Atrium, TT - Transitional tissue, INE - Inferior nodal extension, CN - Compact node, PB - Penetrating
bundle, V - Ventricle.
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Figure 5-16. Relative quantification of mRNA for the six different regions of the AV node in control rats. Letters above the bar graphs denote a significant difference between that region and the
region with the corresponding letter. Capital letters indicate significance with a corrected P value of <0.05 and lower case letters indicate significance with a corrected P value of <0.20 (using the
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Another characteristic finding within the AV node is the down regulation of Nay1.5 which
has been demonstrated in the rat and human although this was not demonstrated (to
statistical significance) within the rabbit.’* ™ ’® This study again replicates previous
findings with a significant decrease in mRNA for Na,1.5 in the transitional tissue, inferior
nodal extension, compact node and penetrating bundle (Figure 5-11 Ai). This study also
demonstrates a reduction in the mRNA for Na,1, the main  subunit of Na,1.5, in the
inferior nodal extension, compact node and penetrating bundle, which was not
demonstrated in the human study and not studied in other species.” A decrease in Na,1.1
and an increase in Na,1.8 were also noted although the expression levels of these channels
were much lower than for both Na,1.5 and Na,1and therefore the functional relevance of

these changes is uncertain.

Studies looking at the expression of the proteins underlying the Ca®* channels within the
AV node have been undertaken using rat, rabbit and human hearts.”® "® # These studies
demonstrated an increase in Ca,1.3 and Ca,3.1 in the compact node but no change in
Cay1.2 in rabbits and humans.” " In rats higher levels of Ca,1.3, Ca,3.1 and Ca,3.2 have
been shown in the nodal tissue compared with the working myocardium, but low levels of
Cay1.2 in the nodal tissues compared with the myocardium.®® There is low expression of
Cay1.3 compared with the other Ca** channels.?® Ca,1.3 activates at more hyperpolarised
potentials than Ca,1.2 and therefore may play an important role in AV node conduction,®
supporting this AV block is evident in Ca,1.3 deficient mice.*® This study shows no
consistent pattern of change in Ca,1.2 and Ca,1.3 (Figure 5-12). Perhaps even more
strikingly the expression level of Ca,1.3 mRNA was lower than the other three Ca,
channels by a factor of approximately 300 this is similar to the previous rat study®® and
suggests that there may be important species differences in the Ca®* currents with Ca,1.3
playing a much less significant role in rats than mice.” ® In contrast to the previous study
in rats which demonstrated increased Cay1.3, Cay3.1 and Cay3.2 in the nodal tissues
compared to the working myocardium, this study demonstrated a reduction in the levels of
Ca,3.1 in the nodal tissues compared with the atrium (but not the ventricle) and a
reduction in Ca,3.2 in the nodal tissues compared with the both the atrium and the
ventricle.®® A similar pattern was seen with the mRNAs encoding for accessory subunits
of the Ca* channels (Cava281, Cava282 and Cayf32) with reductions seen in the nodal

tissue compared with the working myocardium.

There are no data regarding the distribution of the CI" channels within the AV node,
although CLC-2 has been shown to be present in the SA node consistent with its role in
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pacemaking.'® In our study there was a reduction of CLC-2 in the inferior nodal extension
compared to the working myocardium, but an increase in CLC-3 (Figure 5-11). The

functional consequences of these findings are undetermined.

As described in section 1.4.1 there is considerable diversity in K* channels and also
considerable variation in the expression of the different K* channels between species. The
most characteristic finding within the nodal tissues (both SA node and AV node) is low
expression of K;;2.1 in both rabbits and humans.”® " K;,2.1 is responsible for the inwardly
rectifying lxi, which is a significant determinant of the negative resting potential of the
working cardiac myocytes. Low levels of K;2.1 results in a less negative resting potential
in the nodal cells and facilitates pacemaker function (see section 1.4.2). The results of this
study are again in keeping with previous findings with significant reductions of K;2.1 in
both the inferior nodal extension and compact node (Figure 5-15). There is a more mixed
picture with the other K;, channels. In humans there is an increase in K;;2.2 in the compact
node, in rabbits K;2.2 was expressed in low quantities in all tissues other than the
ventricle.”> "® In my study the ratio of expression for K;2.1:K;2.2:K;;2.4 in the compact
node was 3117:22:1 suggesting that K;2.1 is the main determinant of lx; in rats; despite
this the pattern was similar in all the K;2.x channels with a marked reduction in the nodal

tissues.

There is a more mixed picture with regards to the other voltage-gated K* channels. The
previous literature describes a reduced expression of all the o and B subunits for the K*
channels in the AV node compared with the working myocardium (K,1.4, K\4.2, KChiP2,
ERG, K;;6.2 and SUR2A\) in the rabbit.”® In contrast the human study demonstrated
increases in K 1.4, K\4.2, K;:3.1 K;;3.4 and minK in the compact node compared to the
working myocardium and no change in K.4.3, K,1.5, ERG, KyLQT and KChAP.”? Apart
from the reduction in K;:2.1 described above there were no K* channels which showed a
reduced expression in the human AV node.”? The results of this study are much more in
keeping with the findings from the rabbit study with a widespread reduction in mMRNA
expression of the proteins that form both the o and B subunits of the K* channels (Figure
5-13 and Figure 5-14). This includes a reduction in the expression of Ky 1.4, Ky4.2, Ky4.3
and KChIP2 in the inferior nodal extension and compact node; these mMRNAs encode the
proteins that underlie the channels that give rise to Iy, ¢ which is the dominant repolarising
current seen in the working myocardium of the rat. A strikingly similar pattern is also seen
in the levels of the mMRNAs which are responsible for other K* channels including ly s
(Kv1.2 and K,2.1), Ik ate (Ki6., Ki16.2, SUR1 and SUR2), I (ERG1, MinK) and Ik s
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(KyLQT1). The two pore K* channel, TASK1, also showed a pattern of reduced expression
within the node with downregulation seen in the inferior nodal extension, compact node
and penetrating bundle compared with the working myocardium. The other two pore K*
channel, TWIKZ1, was expressed in very low levels in all tissue with no consistent pattern
of expression. K;3.1 and K;:3.4 which form the ion channel responsible for Ik ach are
highly expressed in the atrium with low expression levels in both the nodal tissues and the
ventricles. This is surprising given the importance of Ik ach in slowing AV node
conduction.”® There are no previous reports of the relative quantification of K;;3.1 and
Kir3.4 in the nodal tissues and working myocardium but a lower relative quantity does not
necessarily mean that the currents are not important (for example the low expression of the
MRNAs for the proteins of the calcium clock described below). Only the mMRNA encoding
for K, 1.5 showed up-regulation in both the compact node and inferior nodal extension;
this protein is responsible for the current, Ik, and has been shown to play a role in
repolarisation in the rat.>? The finding of upregulation in the node is consistent with the

study of the human AV node and also the rat SA node.”* 2!

As described in section 2.1.2.1, there is debate as to which currents are relevant to the
action potential in rats, but, it is interesting to note that mRNA expression levels for
proteins known to have an important role, e.g. K;2.1, were similar to the expression levels
of K* channels that have not previously been shown to be important in rats, e.g. K,LQT1
(in the compact node the relative quantification was 1:1.5 for K;;2.1: K,LQT1). Despite
the difficulty in knowing the relevance of each individual K* channel responsible for the
K* currents, the widespread reduction of the K™ channels with a similar pattern across the
different mMRNAS suggests that the repolarising K* currents in the AV node are generally

significantly reduced.

No consistent pattern of expression has been demonstrated with regards to the expression
of the proteins controlling intracellular Ca?* handling within the AV node. In the rabbit
AV node there is a reduction of SERCAZ2a, RyR2 and RyR3 but in the human no change is
seen in NCX, SERCAZ2a or RyR2 but there is an increase in RyR3 compared with the
ventricle.”® "® % The results of this study are shown in Figure 5-15A. There is a consistent
pattern with reduction in the expression of RyR2, RyR3, calsequestrin 2, NCX1 and
SERCAZ2a in the nodal tissues compared with the working myocardium. As expected there
is high expression of sarcolipin in the atrium but very low expression in the ventricle.®
Interestingly there was a gradually decreasing expression of sarcolipin throughout the

tissues of the AV node. No consistent pattern of change was seen with PMCAL,
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phospholamban or calsequestrin 2. These findings are consistent with the previous studies
although they are surprising given the importance of these proteins in pacemaker function
in the ‘calcium clock’ hypothesis. However, a reduced expression of RyR2 and SERCA2a
has previously been shown in the rat sinus node compared with the atrial myocardium**
indicating that the findings in this study are not incompatible with the pacemaking
function of the AV node.

The distribution of the connexion isoforms in the mouse, rat, rabbit and human have
previously been described with a characteristic finding of reduced expression of the
medium conductance Cx43 in the nodal tissues and high levels of the high conductance
Cx40 in the His-Purkinje system.”® "> "® There are some important species differences seen
with high levels of Cx40 seen in the atrium in humans, but low levels in the atrium of
rats.”> ™ The findings of this study are in keeping with previous results showing the
expected pattern of a reduction in Cx43 in the transitional tissue, inferior nodal extension,
compact node and penetrating bundle compared with the working myocardium (Figure
5-15B). Cx40 is expressed in low levels in all tissues apart from the penetrating bundle.
Previous studies in the rabbit and human have shown no changes in the distribution of the
low conductance Cx45 across the working myocardium and nodal tissues, but in this study
the levels of Cx45 were greater in the penetrating bundle than the other tissues with higher
levels in both the atrial and nodal tissues than the ventricle.” "® In mice, the ultra-low
conductance Cx30.2 is functionally important with increased levels of Cx30.2 leading to a
paradoxical slowing of conduction in the AV node.'® In this study, greater expression
levels of Cx30.2 were seen in the inferior nodal expression although the relative
expression of Cx30.2 was much lower than the other three connexin mRNAs (in the
inferior node, the ratio of expression for Cx30.2:Cx40:Cx43:Cx45 is 1:40:182:595)
suggesting that Cx30.2 may only play a limited role in rats.

The distribution of the Na'/K* ATPase in the AV node has not previously been
investigated. There is no consistent pattern seen across the different subunits with a lower
expression of the al subunit in the ventricle and a greater expression of the a2 subunit in
the ventricle compared with both the atrium and the nodal tissues (Figure 5-16 A).
Interestingly, there was an increase in the expression of the a3 subunit in both the inferior
nodal extension and the compact node. This has not previously been demonstrated in the
AV node, although a greater expression of the a3 subunit has been shown in the SA node
compared with the atrium, suggesting that the expression of the a3 subunit may be related

to a ‘nodal phenotype’.*?! Despite these regional differences, the relative expression of the
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al phenotype was much greater than that of both the a2 and a3 subunits (in the compact
node the ratio for al:02:03 is 16:1:1). The B subunit of the Na*/K" ATPase showed a
reduced expression in the nodal tissues. There is no consistent pattern in the expression of
the Na'/H" transporter with low levels in the inferior nodal extension and ventricle but

higher levels in the atrium and compact node.

The distribution of the a and  adrenoceptors and the muscarinic receptors within the AV
node have not previously been investigated. The 1 adrenoceptor was the most highly
expressed of the adrenoceptors that were measured. There was no consistent pattern in the
expression of the B; and 3, adrenoceptor across the different regions of the AV node but
there was a significant reduction in both the a; and a, adrenoceptors in the nodal tissues
(Figure 5-16 B). There was also a reduction in the M, muscarinic receptor and the
adenosine Al receptor seen in the nodal tissues. The reduction of the M, muscarinic
receptor in the nodal tissues mirrors the changes seen in K;;3.1 and K;.3.4 which are
activated in response to activation of the M, muscarinic receptor and adenosine Al

receptor by acetylcholine and adenosine respectively and give rise to the current, Ik acn.?*

5.3.5 Remodelling of ion channels in the monocrotaline model

The qPCR experiment to measure the relative quantification of the ion channels,
connexins, intracellular Ca** handling proteins, ion exchangers and autonomic receptors
within the control rat’s AV node has largely confirmed the previous data available but has
also highlighted some important species differences. The agreement between the control
group and previously published data supports the validity of the methodology employed
and suggests that the comparison of the control and MCT animals for each region of the

AV node will give meaningful insights into remodelling due to PH.

There are currently no other studies that demonstrate ion channel remodelling in the AV
node in animal models that mimic disease process (in contrast to specific ‘knock-out’
studies) and therefore there are limited data with which to compare the changes seen in
this study. There are however data looking at remodelling within the working myocardium
in the MCT model with the majority of studies looking at the ventricle!?33% 136 137,140, 142
and more limited studies and unpublished results from our laboratory looking at ion

channel remodelling within the atrium®* and sinus node (unpublished observations).

Figure 5-17 to Figure 5-22 demonstrate the changes seen for each target in the MCT rats

for each region of the AV node with respect to the control rats. The values are normalised
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to the control region such that a value of less than 1 represents downregulation and a value
of greater than 1 indicates upregulation. Two levels of significance are denoted as

described in section 5.2.16.
5.3.5.1 Ventricular tissue

Previous studies measuring mRNA expression for the ion channels of the ventricle looked

130,137 or used the whole heart'?®

separately at the LV and RV free walls , In contrast my
study has investigated the septum of the ventricle which may limit the agreement between
my results and previous studies. When the LV and RV have been compared, the most
dramatic changes are in the RV with more limited changes in the LV.**" There is a down-
regulation of a wide range of K* channels in the RV in the MCT treated rats. There is
substantial although not complete overlap between our study and the study of Benoist et
al.;**" in the study of Benoist et al. there was a reduction in K,1.4, K,1.5, K\4.2, K\4.3,
K,LQT1, HERG, K;:2.1, K;:3.1 and KChIP2 with no K* channels showing upregulation. In
this study there was a down-regulation of K, 2.1, K\4.2, K\4.3, K,LQT1, KChIP2, K;2.2,
Ki2.4, K;3.1, K;/6.2, SUR2 and TASK1 (Figure 5-22). There was a borderline increase in
Ki:3.4 (adjusted P value=0.08; limma test). Both studies support the idea that there is a
widespread reduction in both the resting K* currents and the voltage-activated K* currents

which may account for the prolongation of the QT interval in the MCT treated rats.

There are some differences between the two studies in terms of the Ca** channels with
Benoist et al."*" demonstrating a reduction in Ca,1.2 but an increase in Ca,3.1 whereas
this study demonstrated a borderline increase in Ca,1.2 (adjusted P value=0.19; limma test)
and no change in Ca,3.1 (Figure 5-22). This study also demonstrated a reduction in Ca,3.2
and Ca,0262 which have not previously been investigated (Figure 5-22). The expression
of HCN1 and HCN4 have previously been shown to be unchanged (unpublished
observations), which is in keeping with this study (Figure 5-22); HCN2 channels have not
previously been measured but in my study they show a downregulation. This may be of
relevance given the increased expression of HCN2 in the ventricle compared with the
other HCN isoforms in the control rats in this study and in previous of studies of HCN
expression in rats.®” There are no previous studies describing changes in CI” channels in
response to PH. In my study there was an upregulation of CLC-3 but no change in CLC2
(Figure 5-22). Up-regulation in CLC-3 would be expected to shorten the action potential

which may protect against EADs and DADs.***
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Studies looking at connexins in the MCT model have focused on Cx43. No difference has
been demonstrated in the total protein expression of Cx43 although there is increased
lateralisation which accounts for a reduction in function.*® The results of this study are in
keeping with these findings with no differences in the total expression levels of mRNA for
Cx43 (Figure 5-22); gPCR is not able to address the question of lateralisation. There are
no previous data on expression of the other connexin isoforms in the ventricle. In this
study there was an increase in the expression of Cx45 (Figure 5-22) which is a novel
finding, although given that this is a low conductance connexin the relative contribution of

this to conduction in the ventricle is uncertain.

There are limited data regarding intracellular Ca**-handing proteins and ion exchangers
although a reduction in SERCAZ2a, an increase in RyR3 and preserved phospholamban has
been demonstrated previously (unpublished observations). In this study no changes were

seen in any of the intracellular Ca** handling proteins (Figure 5-22).

A decrease in 1 adrenergic receptors in the ventricle of MCT animals has previously been
described and is thought to underlie the poor inotropic response to adrenergic stimulation
in PAH.?" In this study, no significant changes were seen in the § adrenergic receptors
although there was a reduction in the a1b adrenergic receptor (Figure 5-22). There are no
studies demonstrating the effects of MCT on the Na’™-K* ATPase; in this study there was

an increase in the a1 subunit but a decrease in the 02, a3 and  subunits (Figure 5-22).
5.3.5.2 Atrial tissue

Within the atrium previous studies have again demonstrated a dramatic reduction in the
expression of many K* channel isoforms including K,1.4 K.4.2, ERG, K;;2.2 K;;6.2 and
SURL1 but also an up-regulation of K;2.1 (unpublished observations). In this study a
reduction were seen in K,1.2 K,1.4 K,2.1 K/4.2 K/4.1 ERG, KChIP2, K;2.1, K;3.1, K.
3.4 K;6.1, K;;6.2 and SUR2 with no K* channels being upregulated (Figure 5-17). Despite
the quantitative differences seen these results suggest a reduction in the overall outward
K™ currents and therefore prolonged atrial repolarisation which would be expected to lead
to an increase in the atrial refractory period. There is again some discrepancy in the
changes in the Ca** channels with either no change or a decrease in Ca,1.2 reported but no
change seen in Ca,1.3, Ca,3.1 and Ca,3.2.*%* In this study there was a decrease in Ca,1.2

but no other changes in Ca®* channel mRNA expression (Figure 5-17). Previously no
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change was seen in HCN4 levels (unpublished observations) although in this study there
was a significant downregulation (Figure 5-17).

An upregulation of Cx43 and Cx45 has previously been shown (unpublished observations),
but no differences were seen in any of the connexin isoforms in this study(Figure 5-17). In
one previous study a reduction in right atrial sarcolipin, phospholamban and SERCA2a
was shown'*®, in another study no changes were seen in SERCA2a, RyR2 and RyR3, and
there was an upregulation in NCX (unpublished observations). In this study SERCA2a
was unchanged but there was a reduction in sarcolipin, phospholamban and RyR2. A
reduction in the a2 subunit of the N*/K* ATPase, the al adrenergic receptor, 1

adrenergic receptor and the M2 muscarinic receptor was also seen (Figure 5-17). There are

no previous data with which to compare these results.
5.3.5.3 Remodelling within the atrioventricular node

There are no studies demonstrating remodelling of ion channels, connexins and Ca?*-
handling proteins within the AV node in response to disease; however, there are several
studies that have demonstrated remodelling in the SA node in the MCT model, a heart
failure model and ageing (unpublished observations).*?* 122 These studies have
demonstrated different patterns of remodelling for the different disease processes. For
example, HCN4 is upregulated in the sinus node in response to myocardial infarction,

unchanged in ageing and downregulated in the MCT model (unpublished observations).*?"

122

In the present study the most consistent finding was that of downregulation of HCN4
across the transitional tissue, inferior nodal extension and compact node (Figure 5-18,
Figure 5-19 and Figure 5-20). There were no significant changes seen in the penetrating
bundle (Figure 5-21). Another consistent finding was downregulation of the K* channels
which was seen in the transitional tissue, inferior nodal extension and compact node
although there are different o and 3 subunits affected in the different regions. The largest
number of changes were seen in the inferior nodal extension with a reduction in K, 2.1,
K4.2, K\4.3, minK, KChIP2, K;;2.4 K;3.4 and TWIK1 (Figure 5-19); there was a
reduction in KChIP2, K;;3.1 and K;;6.2 in the transitional tissue (Figure 5-18) and a
reduction KChIP2 in the compact node (Figure 5-20). No changes were seen in the Na*
channels and the only the voltage-dependent Ca** channels to change were Ca,1.2 and

Ca,1.3 in the inferior nodal extension, where they were downregulated (Figure 5-18,
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Figure 5-19 and Figure 5-20). Cx30.2 showed reduced expression in both the inferior
nodal extension and transitional tissue (Figure 5-18 and Figure 5-19). No changes were
seen in the other connexin isoforms in any of the nodal tissues (Figure 5-18, Figure 5-19,
and Figure 5-20). A reduction in CLC-3 was seen in the inferior nodal extension, but there
were no other changes seen in the expression of the CI” channels (Figure 5-18, Figure 5-19
and Figure 5-20).

With regards to the intracellular Ca**-handling proteins, a reduction in both
phospholamban and sacrolipin was seen in both the transitional tissue and inferior nodal
extension (Figure 5-18 and Figure 5-19). There was also a reduction in RyR2 in the
inferior nodal extension and PMCAL in the compact node (Figure 5-19 and Figure 5-20).
Regarding the Na*/K* ATPase, there was reduced expression of the a2 subunit in the
inferior nodal extension and the a3 subunit in both the inferior nodal extension and the
compact node (Figure 5-19 and Figure 5-20). The Na*/H" antiporter was upregulated in
the inferior nodal extension and indeed this was the only transcript to show upregulation in
the nodal tissue (Figure 5-19). Both the ol and 1 adrenergic receptors were decreased in
the inferior nodal extension but unchanged in the other regions of the nodal tissue (Figure
5-19).

It is notable that the penetrating bundle was the only region investigated in which no
significant changes were seen in any of the mRNA transcripts measured (Figure 5-21). It
is tempting to speculate that this may be because the penetrating bundle is enclosed within
the central fibrous body giving it a degree of protection from the raised pressures within
both the RV and RA. Similarly it is possible that the thin walled RA may be more
susceptible to the raised pressures than the relatively thick walled ventricular septum.
Supporting this hypothesis is the fact that there was downregulation of a total of 23
transcripts in the RA versus 17 in the ventricle (Figure 5-17 and Figure 5-22). This
observation may provide a clue to suggest that remodelling seen is a direct effect of the
raised pressure within the RV although this question cannot be assessed further within the

current study.
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Figure 5-17. Remodelling of ion channel expression in the atrium of the MCT treated rats. All the values are normalised to the corresponding control value for the target and tissue region.

Therefore a value greater than 1 represents upregulation and a value less than 1 represents downregulation.
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Figure 5-18. Remodelling of ion channel expression in the transitional tissue of the MCT treated rats. All the values are normalised to the corresponding control value for the target and tissue
region. Therefore a value greater than 1 represents upregulation and a value less than 1 represents downregulation.
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Figure 5-19. Remodelling of ion channel expression in the inferior nodal extension of the MCT treated rats. All the values are normalised to the corresponding control value for the target and
tissue region. Therefore a value greater than 1 represents upregulation and a value less than 1 represents downregulation.
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Figure 5-20. Remodelling of ion channel expression in the compact node of the MCT treated rats. All the values are normalised to the corresponding control value for the target and tissue region.
Therefore a value greater than 1 represents upregulation and a value less than 1 represents downregulation.
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Figure 5-21. Remodelling of ion channel expression in the penetrating bundle of the MCT treated rats. All the values are normalised to the corresponding control value for the target and tissue
region. Therefore a value greater than 1 represents upregulation and a value less than 1 represents downregulation.
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Figure 5-22. Remodelling of ion channel expression in the ventricle of the MCT treated rats. All the values are normalised to the corresponding control value for the target and tissue region.

Therefore a value greater than 1 represents upregulation and a value less than 1 represents downregulation.
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5.4 Discussion

As described in the Introduction (see section 1.4.1) there is a complex set of interactions
including the assembly of the o and 3 subunits of the ion channels, the voltage and time
dependent properties of the individual transmembrane ionic currents, cell:cell coupling
and the complex anatomy of the heart that determines impulse generation and propagation.
This makes it difficult to anticipate the effects that the upregulation and downregulation of

individual mRNA transcripts may have.

The functional experiments in Chapters 3 and 4 demonstrated a relative failure of
conduction within the AV node in response to MCT with the suggestion that both the fast
and slow pathways were affected proximal to the penetrating bundle. Given their critical
role in conduction it may have been anticipated that there would be an alteration in the
connexins. However, the only connexin that was significantly affected within the nodal
tissue was Cx30.2 which was downregulated (Figure 5-18 and Figure 5-19). This is
somewhat surprising given that studies have demonstrated that ‘knocking-out’ the very
low conductance Cx30.2 leads to an increased conduction velocity across the AV node.*®
However, there is not a simple relationship between conduction velocity and the safety of
conduction. Modelling studies have suggested that intermediate reductions in cell:cell
coupling leads to a reduced conduction velocity but an increase in the safety of conduction
(section 1.4.5).** Within this framework a reduction in the very low conductance Cx30.2
could lead to an increase in cell to cell coupling which maintains conduction velocity but
reduces the safety of conduction. It is also notable that the relative expression of Cx30.2
was much lower than all the other connexins and it may be that any changes in Cx30.2 are

only having very limited effects (Figure 5-10).

There was a consistent downregulation of HCN4 (the main protein underlying Is) across
the atrium, transitional tissue and inferior nodal extension (Figure 5-17, Figure 5-18 and
Figure 5-19) and this raises the question as to whether Iz may also have a role in
conduction across the AV node. If has mainly been considered in relation to pacemaking
function, generating an inward current during diastole that is responsible for phase 4
depolarisation and subsequent activation of voltage dependent Ca** and Na* channels.
Indeed an I+ blocking drug ivabradine is used clinically to reduce sinus rate. Initial studies
on a small number of patients demonstrated no effects on the AV node and therefore

subsequent larger studies have not investigated the effects of ivabradine on the AV
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node.?%2? There are several recent studies that suggest that I may play a more significant
role in AV node conduction than previously recognised. Both this study and previous
studies have demonstrated high levels of HCN4 in the AV node (Figure 5-11).7% "™ "
Indeed, in this study and previous studies HCN4 has been used as a marker of AV nodal
tissue.” ™ " There is also functional evidence that I¢ plays a role in AV nodal conduction;
although ivabradine was not shown to have an effect on the human AV node another I¢
blocking agent, zatebradine, has been shown to increase in AH interval, AVERP and
Wenckebach cycle length in humans.'*? Ivabradine has also been shown to slow the
ventricular response to AF in dogs with the mechanism thought to be specific to I
blockade within the AV node slowing conduction and not a direct effect of I; blockade on
the atrium.”®® Finally as discussed in section 1.5.2.2 cardiac specific knockout of HCN4 in

mice is lethal at around day 5 due to the development of CHB.%*

The mechanism by which a reduction in I¢ could lead to a reduction in AV node
conduction has not been elucidated. As described in section 1.4.4, conduction relies on the
electrotonic flow of ions between cells from an upstream ‘source’ to a downstream ‘sink’
with conduction failing if the current consumed by the ‘sink’ is greater than current
generated by the ‘source’.®* Within this framework it is possible that I; may make the
resting potential during diastole more positive and therefore reduce the current consumed
by the nodal cells in order to trigger an action potential. This reduction in the ‘sink’ could
improve both the velocity and safety of conduction. The downregulation of HCN4 seen
would be expected to lead to a reduced I; and therefore a reduction in diastolic
depolarisation which could lead to the nodal cells acting as a larger ‘sink” and hence
reducing the velocity of impulse propagation and the safety of conduction. Further
experimental evidence is needed to test this hypothesis this but it may provide a link
between the reduced HCN4 expression seen in this chapter and the reduced velocity and

safety of conduction seen in the functional experiments.

As well as I the ‘calcium clock’ is thought to play an important role in phase 4 diastolic
depolarisation therefore pacemaking (section 1.4.4). As described above, reductions were
seen in phospholamban, sacrolipin and RyR2 levels in the nodal tissues. SERCAZ2a and
NCX were not statistically significantly reduced although the mean value for mMRNA
expression was lower in both cases for the MCT treated rats compared with the control
rats (Figure 5-18, Figure 5-19 and Figure 5-20). There is no current evidence regarding
how downregulation of these calcium clock genes may affect AV node conduction,

although it could be a similar mechanism to that discussed for HCN4, i.e. a reduction in
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phase 4 depolarisation and therefore a more negative resting potential leading to a greater
current ‘sink” during conduction with subsequent reduction in conduction velocity and the

safety of conduction.

Another striking change seen in all the areas investigated was the reduction in the
transcripts encoding for the K™ channels (Figure 5-17, Figure 5-18, Figure 5-19, Figure
5-20 and Figure 5-22). Reduction of the K* currents in the ventricle has been shown in a
number of different disease models including heart failure, myocardial infarction and
PH.*% %37 |n these disease models the reduction in the both the voltage dependent
repolarising K* currents and the inward rectifying K* currents leads to a prolongation of
the action potential duration which predisposes to both EADs and DADs. Within our study
the functional experiments demonstrated an increased VERP and suggested an increased
AERP which are consistent with previous functional experiments and are in keeping with
a prolonged action potential duration. There was also a suggestion of an increased
incidence of ectopic beats coming from the AV node tissue. The mechanism of these
ectopics cannot be elucidated from the current methodology, however, it is possible that

they may be due to either EADs or DADs in the context of the prolonged action potential.

Several different action potentials have been described within the AV node with different
morphologies and responses to early stimuli defining which population they belong to.
Despite these differences in morphology the action potential of the nodal cells is broadly
similar within the AN and N cells (APDgg, 75-80 ms) but longer within the NH cells
(APDgo, 92 ms) (see section 1.5.2.2).%% ™ The action potential duration within the nodal
cells is longer than that of the atrial myocardium but shorter than that of the His bundle
cells.®® ™ It is tempting to think that a reduction in the voltage dependent K* currents and
action potential duration prolongation in the nodal tissues would lead to a reduction of
excitability for subsequent beats and therefore could explain a reduction in AV node
conduction and increase in Wenckebach cycle length. Supporting this interpretation K*
current blocking agents specific for Ik, (E4031 and (R)-2-(2,4-bis-trifluoromethyl-
phenyl)-N-[2-0x0-5-phenyl-1-(2,2,2-trifluoro-ethyl)-2,3-dihydro-1H-benzo[e]1,4-
diazepin-3-yl]-acetamide) cause a prolonged AH interval and AVERP in rats.”? As
described in section 1.5.2.5 single cell studies in both guinea-pig ventricular cells and
rabbit AV nodal cells have suggested that the Wenckebach phenomenon may be due to
slow inactivation of the voltage-dependent K* currents leading to “post-repolarisation
refractoriness’.** ™3 This demonstrates that although the voltage-dependent K* currents

are required for nodal cell repolarisation and recovery of excitability their ongoing
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activation also contributions to a reduction in excitability.**> *** Within this context the
effects of a reduction in the voltage-dependent K* currents could either promote or inhibit
AV nodal conduction. The pharmacological studies suggest that reductions in K* currents
may reduce AV node conduction and therefore that the reductions seen in in Ky2.1, Ky4.2,
Kv4.3, minK and KChIP2 in the inferior nodal extension may play some role in the

relative failure of conduction in the MCT treated rats (Figure 5-19).%

In working myocardium conduction is dependent on the upstroke of the action potential
which is largely determined by Ina Which for which the principle o subunit is Na,1.5.
Levels of Na,1.5 were unchanged in all the tissue types studied suggesting that alterations
in Ina Mmay not be the cause of either the slowed conduction in the atrium or the failure of
conduction in the AV node (Figure 5-17, Figure 5-18, Figure 5-19, Figure 5-20, Figure
5-21 and Figure 5-22). Despite this both experimental and modelling studies have shown
that in regions of reduced cell:cell coupling, such as the AV node, conduction becomes
more dependent on the more slowly activating and inactivating Ca®* currents.”” A
reduction in Ca,1.2 and Ca,1.3 was demonstrated in the inferior nodal extension (Figure
5-19), an area of particularly low cell:cell coupling. Although the reduction was only
statistically significant in the atrium and inferior nodal extension a similar qualitative
reduction was seen in all the nodal regions investigated (Figure 5-17, Figure 5-18, Figure
5-19, Figure 5-20 and Figure 5-21). Surgical disruption of the inferior nodal extension has
been shown to increase the Wenckebach cycle length and it seems possible that the down-
regulation of Ca,1.2 may also provide part of the explanation for the relative failure of

conduction in the AV node of the MCT treated animals.***
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6 Remodelling In response to
pulmonary hypertension at the

protein level

6.1 Introduction

The results of the previous chapter demonstrate marked changes in mMRNA expression of
key ion channels, intracellular Ca** handling proteins and connexins across the different
regions of the AV node and between the control and MCT treated rats. The functional
consequences of these changes were discussed using the assumption that a downregulation
of MRNA levels led to a reduction in functional current. This is an approach that has been
used in several studies and offered valuable insights into arrhythmogenic remodelling in
various disease conditions.*” ** 12122 However, there are many important processes that
occur between mRNA expression and functional effects within the cell including
translation of the mMRNA into a protein, the folding, transport and assembly into a
functional channel, the phosphorylation state of the proteins and the degradation of the
proteins. In addition to these processes microRNAs may lead to degradation of mMRNA
(which will lead to a reduction in the measured quantities of mMRNA), or repression of
translation into protein (which will lead to maintained mRNA measurements but will

reduce the protein production and therefore function).*®

In light of these potential confounding factors it is useful to measure expression of the
protein levels as well as the mMRNA levels of the molecules of interest. Protein
measurement can be undertaken with both immunofluorescence and Western blotting.
Experience in our laboratory has suggested that the quantities of tissue available from the
rat AV node are insufficient to allow for accurate detection by Western blotting and
therefore immunohistochemistry was the technique that was chosen for this study. Both
immunohistochemistry and Western blotting require antibodies with a high specificity for
the proteins of interest. Within our laboratory we have validated antibodies for HCN4,
RyR2, Cx40 and Cx43 on rat tissue. In light of this, immunohistochemistry experiments

were restricted to these targets with the aim of validating the assumption that mMRNA
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levels measured in the RT-qPCR experiment will give information about protein

expression in the cells.
6.2 Methods

The animals were generated as described in section 2.2.2. Prior to termination in vivo ECG
was performed and PH was confirmed in all the MCT animals as described in section 2.4.
Tyrode’s solution ( NaCl — 120 mM, CaCl — 1.2 mM, KCI — 4mM, MgS04.7H,0 — 1.3 mM,
NaH,P04.2H,0 1.2 mM, NaHCO03; — 25.2 mM, glucose — 5.8 mM) was generated on the
day of the termination and bubbled with 95% O,/5% CO,. Heparin 1000 U was injected.
30 min later the rats were sacrificed and the heart excised. Hearts were immersed with
oxygenated Tyrode’s solution and the aorta was retrogradely perfused to flush the heart.
The hearts were snap frozen with isopentane that had been chilled by immersion in liquid

nitrogen and the hearts were stored at -80°C.*"

The whole hearts were sectioned at 10 pum in a LM cryostat (Leica, Germany) at a
temperature of -18 °C. Three sections were created per slide. The slides were stored at -80

°C for processing at a later date.

For each animal every 15" slide was selected and underwent Masson’s trichrome staining
as per the protocol described in section 5.2.3. The slides were imaged with the panoramic
250 Flash Il (3DHistech, Hungary) and viewed using the panoramic viewer software
(3DHistech, Hungary). The images were reviewed and for every slide demonstrating AV
nodal tissue a corresponding slide underwent immunostaining as per protocol in section
5.2.2. Each slide contained three sections allowing for a dual labelling of Cx43 and HCN4
on one section, Cx40 and RyR2 on another and a control sample on the final section. The
specificity of the antibodies, optimum dilutions and appropriate secondary antibodies has
previously been empirically determined within our laboratory and are shown in Table 6-1
and Table 6-2. The immunolabelled slides were imaged with the panoramic 250 Flash |1

using epifluorescence and viewed using the panoramic viewer software.

A combination of the Masson’s trichrome stained slides and the immunostained slides
imaged using the panoramic viewer software was used to define the different regions of
the AV node. These regions were then imaged using a LSM5 PASCAL confocal laser
scanning microscope (Zeiss, Germany). The specificity of the staining was assessed by

comparing the patterns of staining with each antibody with previously demonstrated
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staining patterns in cardiac myocytes. The confocal images were quantified by assessing

the intensity of the signals within the region of interest using the Volocity (Improvision,
Waltham, MA, USA) software package.

Antibody Manufacturer Species antibody | Monoclonal/ | Concentration
raised in Polyclonal used

HCN4 Alomone, Israel Rabbit Polyclonal 1:100
(ACC-052)

RyR2 Thermo-Scientific, Mouse Monoclonal | 1:1000
USA (MA3-926)

Cx40 Santa Cruz, USA Goat Polyclonal 1:100
(sc-20466)

Cx43 Millipore, Germany | Mouse Monoclonal | 1:1000
(MAB3068)

Table 6-1. Primary antibodies used for immunohistochemistry experiments.

Primary | Manufacturer | Species | Specificity | Fluorescent | Concentration
antibodies antibody tag used
bound raised in
RyR2 and Millipore, Donkey | Mouse IgG | Cy3 1:400
Cx43 Germany
(AP192 C)
HCN4 Millipore, Donkey | Rabbit 1IgG | FitC 1:100
Germany (AP
182F)
Cx40 Life Donkey | Goat IgG Alexa Fluro | 1:100
Technologies, 488
USA (A-
11055)

Table 6-2. Secondary antibodies used for immunohistochemistry experiments.

The differences between control and MCT treated rats for each region were compared

using a Student’s t-test. The differences between the control regions were compared using

a 2-way ANNOVA with multiple comparisons.

6.3 Results

The histology and immunofluorescence images were used to look for morphological

differences in the AV node of the control and MCT rats. Examples are shown in Figure

6-1 and Figure 6-2. No gross changes in morphology of the AV node were seen between

the control and MCT rats and therefore further analysis was not performed with the

Masson’s trichrome or epifluorescent images. The images were analysed for all the rats
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and used to determine the position of the six regions of the AV node as described in
section 5.2.4 (Figure 6-1 and Figure 6-2).

The staining patterns for HCN4, RyR2, Cx40 and Cx43 are shown in Figure 6-3 to Figure
6-8. RyR2 showed mainly striated intracellular staining in the working myocardium which
is in keeping with previous studies demonstrating alignment along the T-tubules (Figure
6-3 and Figure 6-8). In the nodal tissues there was a less clear staining pattern with mainly
membranous staining and limited intracellular staining with striations (Figure 6-4, Figure
6-5 and Figure 6-6). There are limited data regarding RyR2 distribution patterns in the
nodal tissues, but a similar pattern has previously been demonstrated in the rabbit in both
the neonatal AV node and the adult SA node.” *°

HCN4 was present in the inferior nodal extension, compact node and penetrating bundle
where there was patchy staining in both the cell membrane and intracellular space (Figure
6-4, Figure 6-5 and Figure 6-6). Within the transitional tissue there were regions of
positive and negative staining for HCN4 suggesting strands of nodal like tissue extending
from the compact node into the atrium (Figure 6-4).There was only background staining

seen in the working myocardium (Figure 6-3 and Figure 6-8)."

In the tissues studied Cx40 was expressed in the penetrating bundle where it showed a
punctate membranous staining pattern (Figure 6-7). Only background staining was seen in
all other tissue regions (Figure 6-3, Figure 6-4, Figure 6-5, Figure 6-6 and Figure 6-8).
Cx43 was present in the working myocardium but absent from the nodal tissues (Figure
6-3, Figure 6-4, Figure 6-5, Figure 6-6, Figure 6-7 and Figure 6-8). The distribution was
strongly localised to the gap junctions connecting the working myocardial cells

longitudinally.”

The results of the protein quantification are shown in Table 6-3. Within the control group
HCN4 protein expression was significantly greater in the compact node than the atrium,
transitional tissue and the ventricle. Cx40 was highly expressed in the penetrating bundle
with a low level in all other regions of the myocardium. Cx43 expression was significantly
greater in the ventricle than the inferior nodal extension, compact node and penetrating
bundle. No regional differences in expression were shown for RyR. Comparisons between

the control and MCT groups revealed no significant differences in any of the regions.
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Figure 6-1. Images from the slidescanner for Masson’s trichrome staining and immunohistochemistry in the
control rat. A) Penetrating bundle. Ai-iii show identification of the penetrating bundle which is encased in the
central fibrous body. Aiv) Immunostaining for Cx43 (red) and HCN4 (green) The penetrating bundle stains
strongly for HCN4 but Cx43 is absent. The atrium and ventricle stain strongly for Cx43 but HCN4 is absent. Av)
Immunostaining for RyR2 (red) and Cx 40 (green). RyR2 is expressed throughout all the myocardial tissues but
Cx40 is only present in the penetrating bundle. B) Images as per section A demonstrating the compact node and
transitional tissue. The compact node is bounded by the tricuspid valve annulus inferiorly and extends into the
transitional tissue. The compact node stains strongly for HCN4; Cx43 is absent. The transitional tissue shows an
intermediate staining pattern. RyR2 is expressed throughout the myocardial tissues; Cx40 is absent. C) Images as
per section A demonstrating the inferior nodal extension. The inferior nodal extension is a small area of tissue on
the tricuspid annulus along the right atrial side of the atrial septum. It stains for HCN4 but Cx43 is absent. RyR2
is present throughout the myocardial tissues; Cx40 is absent. See section 5.2.4 for further details. LV — left
ventricle, RA —right atrium, RV, right ventricle, VS — ventricular septum.
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Figure 6-2. Images from the slidescanner for Masson’s trichrome staining and immunohistochemistry in the
MCT treated rat. All labels as per Figure 6-1.



Atrium
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Figure 6-3. Immunohistochemistry staining patterns for the atrium in control and MCT rats. In the left panel Cx40 is stained green and RyR?2 is stained red, in the right panel HCN4 is stained
green and Cx43 is stained red.
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Transitional tissue

Control MCT | Control MCT
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Figure 6-4. Immunohistochemistry staining patterns for the transitional tissue in control and MCT rats. In the left panel Cx40 is stained green and RyR2 is stained red, in the right panel HCN4 is
stained green and Cx43 is stained red.



Inferior nodal extension

Control MCT | Control MCT

Figure 6-5. Immunohistochemistry staining patterns for the inferior nodal extension in control and MCT rats. In the left panel Cx40 is stained green and RyR2 is stained red, in the right panel
HCNA4 is stained green and Cx43 is stained red.
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Compact node

Control MCT | Control MCT

Figure 6-6. Immunohistochemistry staining patterns for the compact node in control and MCT rats. In the left panel Cx40 is stained green and RyR2 is stained red, in the right panel HCN4 is
stained green and Cx43 is stained red.
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Penetrating bundle

Control MCT | Control MCT
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Figure 6-7. Immunohistochemistry staining patterns for the penetrating bundle in control and MCT rats. In the left panel Cx40 is stained green and RyR?2 is stained red, in the right panel HCN4 is
stained green and Cx43 is stained red.



Ventricle

Control MCT | Control MCT

Figure 6-8. Immunohistochemistry staining patterns for the ventricle in control and MCT rats. In the left panel Cx40 is stained green and RyR2 is stained red, in the right panel HCN4 is stained
green and Cx43 is stained red.
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Atrium Transitional tissue Inferior nodal Compact node Penetrating Ventricle
extension bundle
Control | MCT Control | MCT Control | MCT Control | MCT Control | MCT Control | MCT
(n=4) (n=4) (n=4) (n=4) (n=4) (n=3) (n=4) (n=4) (n=4) (n=4) (n=4) (n=4)
HCN4 | 2270+ |22.60+ |22.89+ [24.06+ |3838+ [3548+ |46.64+ |4447+ |3954+ |3699+ |2563+ |25.77%
0.67 0.937 0.94 2.38 5.28 4.63 2.03 7.99 3.46 5.50 2.32 0.89
RyR2 | 47.04+ |4889+ |51.20+ |3553%+ |3577+ [29.69+ |4653+ |3517+ [29.15+ |33.30%x |47.04+ |[59.17+
2.44 4.47 5.85 7.21 5.72 291 4.06 6.25 1.04 491 2.45 8.89
Cx40 |20.64+ |[2149+ |19.10%+ |19.27+ |2229+ |20.02+ |21.71+ |2257+ |3041+ |2448+ [19.89+ |20.83+%
0.93 1.16 0.4528 | 0.39 1.34 1.35 1.09 1.29 3.40 1.78 0.36 0.62
Cx43 2407+ |2425+ |2419+ |23.71+ |16.95+ |17.74+ |1432+ |1577+ |16.77+ |1561+ [3219+ |3533%
2.33 0.80 3.89 2.10 0.77 1.41 1.07 1.20 2.76 1.01 5.60 3.23

Table 6-3. Results of protein quantification with epifluorescence. All values are means + SEM and are in arbitrary fluorescence units.
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Figure 6-9. A) Protein expression level assessed by fluorescence for each region in control and MCT treated rats. The significant differences (P<0.05 using ANNOVA with multiple comparisons)
are marked with letters above each region. There were no significant differences between control and MCT treated animals assessed by Student’s t-Test. B) Corresponding data from the RT-
gPCR experiment (see Chapter 5). Letters correspond to significant differences between the control regions (lower case letters, P<0.2, upper case letters, P<0.05; see section 5.2.16). The bars
indicate significant differences between the control and MCT rats assessed by limma test(* P<0.2; ** P<0.05 see section 5.2.16). A) Atrium; B) Transitional tissue; C) Inferior nodal extension; D)
Compact node; E) Penetrating bundle F) Ventricle.
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6.4 Discussion

Quantification of protein using the confocal images reveals qualitatively similar results to
those demonstrated by PCR for the control rats. For HCN4 the highest levels of protein
were detected in the compact node whereas the mMRNA experiments demonstrated the
greatest quantity of HCN4 within the penetrating bundle but in both experiments the nodal
tissue showed greater quantities of HCN4 than the working myocardium (Figure 6-9).
Similarly Cx43 protein expression was high in the atrium and ventricle with low levels in
the compact node and inferior nodal extension which is in concordance with the mRNA
data in which Cx43 expression was high in the atrium and ventricle but low in the inferior
nodal extension, compact node and penetrating bundle (Figure 6-9). The pattern of Cx40
expression was similar between the protein and mRNA experiments with high levels seen
in the penetrating bundle and relatively low levels seen in all other areas (Figure 6-9).
Some differences were seen with RyR2: in the protein experiments there were no
significant differences detected between any of the regions and although the atrium and
ventricle showed high levels of RyR2 as in the mRNA experiments there was also

surprisingly high expression of RyR2 in both the transitional tissue and compact node.

Comparing the signal intensity of the staining pattern for the four targets (RyR2, HCN4,
Cx40 and Cx43) in each region between the control and MCT treated rats revealed no
significant differences in the means. This is in contrast to the findings from the mRNA
experiments where significant reductions were demonstrated for HCN4 and RyR2 in the
nodal tissues. This discrepancy raises questions regarding the importance of the mMRNA

remodelling in determining functional changes in electrophysiology of the MCT animals.

It is possible that the failure of the protein data to follow the mRNA data is due to
technical factors. The most obvious of these is the smaller sample size in the
immunofluorescence experiments. There are other issues regarding the use of
immunofluorescence to quantify protein expression. Immunofluorescence involves the
binding of antibodies as an intrinsic part of the methodology but this is an inherently
variable process that is affected by the preservation and thickness of the tissue
preparations, the time of the antibody application, the concentration of the antibody and
temperature. These factors were standardised by performing the staining for all rats on the
same day and imaging all the slides on the same day. Despite this the results show a
relatively large standard error which makes determining differences between the control

and MCT treated animals difficult. The compact node for all control and MCT treated
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animals are shown in Figure 6-10. It can be seen that there are differences in staining
intensity within both the control and MCT groups although the differences are much
greater in the MCT group. Although the mean value of the signal intensity was lower in
the MCT treated rats the compact node from a single MCT treated rat showed a high
signal intensity which was greater than that that from any of the control rats. There was no
significant difference in the mean value but there was a significant difference in the

variance of the control and MCT animals assessed by the F-test (P=0.05).

Background fluorescence and non-specific staining reduce the specificity of the
fluorescent signal for the protein of interest. This results in a large ‘signal to noise ratio’
when using immunofluorescence to quantify protein; for example the ratio between the
highest and lowest signal for HCN4 is 2:1 (compact node:atrium) in the
immunofluorescence experiments and 31:1 (penetrating bundle:ventricle) in the RTgPCR
experiments. In order to correct for the problems of non-specific staining and background
fluorescence | have attempted to ‘correct’ the values for each region by subtracting the
fluorescence of a region with no specific labelling for the protein of interest from all other
regions for that animal. For this technique to be used, a region with no specific staining is
required. For HCN4 and Cx40 the fluorescence from the atrium has been subtracted from
all other regions and for Cx43 the fluorescence from the compact node has been subtracted
from all other regions. There were no regions which showed an absence of labelling for
RyR2 and therefore ‘correction’ has not been applied to the RyR data. Although the
corrected data are more similar to the mRNA data there are still no differences between
the control and MCT treated rats for the protein levels (Figure 6-11).

In a further attempt to clarify the situation an analysis has been performed pooling the
values for the nodal tissues (i.e. inferior nodal extension, compact node and penetrating
bundle) and omitting the values for the MCT treated animal that had abnormally high
fluorescence (Figure 6-10). Using a t-test to compare the difference between the control
and MCT treated rats gave a P value for of 0.06 with a trend towards reduced HCN4

expression in the MCT treated rats.
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Figure 6-10. HCN4 labelling in the compact node (green signal). A) The samples used for assessment of the quantity of HCN4 in the compact node are shown for all the control and MCT treated
rats. One MCT treated rat showed very high levels of HCN4 staining (bottom right panel). B) Scatter plot of HCN4 protein expression in the compact node. Mean and standard error bars shown
demonstrating the greater variability in the MCT rats.
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Figure 6-11 A) Protein expression level assessed by fluorescence for each region corrected by removing the value for regions with no specific staining (see text for details). The significant
differences between regions (P<0.05 using ANNOVA with multiple comparisons) are marked with letters above each region. There were no significant differences between control and MCT
treated animals assessed by Student’s t-test. B) Corresponding data from the RT-gPCR experiment (see Chapter 5). Letters correspond to significant differences between the control regions(lower
case letters, P<0.2; upper case letters, P<0.05; see section 5.2.16). The bars indicate significant differences between the control and MCT treated rats assessed by the limma test;* P<0.2, ** P<0.05
(see section 5.2.16). A) Atrium; B) Transitional tissue; C) Inferior nodal extension; D) Compact node; E) Penetrating bundle F) Ventricle.
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The difficulties with immunofluorescence outlined above mean that it is difficult to know
if there is no change in protein expression in the MCT treated rats or simply an inadequate
methodology with insufficient n-numbers to demonstrate a change. If there is no change in
the expression of proteins in the MCT treated rats it is possible that this is due to the
acuteness of the MCT model meaning that there is insufficient time between the
development of pulmonary hypertension and animal sacrifice for the transcriptional
changes at the mRNA level to be reflected in the protein levels; however, if this is the case
it raises questions regarding the relevance of the mRNA changes seen in Chapter 5 for the

functional changes seen in the AV node (Chapters 3 and 4).

Despite the limitations described above the protein expression experiments have delivered
findings consistent with the gPCR data for the control rats. Further work with larger n-
numbers is required to characterise the change in protein levels seen in the AV node in the
MCT model.
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{ Effects of macitentan administration

INn the monocrotaline model

7.1 Introduction

Studies using the MCT model have given positive results from drug therapy including
ERAs, sildenafil and prostanoids which are now widely used in clinical practice as well as
several experimental compounds which are under investigation for the treatment of PAH
in the future.® 2%2% There are no data on the effects of treatment for PAH on
arrhythmias in patients with PAH and there are limited data documenting the effects of
experimental compounds on arrhythmias in models of PH, although as described in
section 1.6.4 a reduction of lateralisation of Cx43 has been shown with ERAs and
sildenafil and a reduction of dysregulation of the Ca®* handling proteins with sildenafil in
the MCT model.* 14

Endothelin is a 21-amino acid peptide which is produced mainly by the vascular system
and acts in a paracrine manner to regulate vasoconstriction, cell proliferation, cell
migration and fibrosis.?*° Activation of the endothelin system plays a central role in the
pathogenesis of PAH.?'° ERAs are widely used in clinical practice for patients with World
Health Organisation (WHO) class Il to IV symptoms, either as monotherapy or in
combination with other agents.> #*?** They have beneficial effects on haemodynamic
parameters, objective measurements of exercise capacity and subjective symptom scores.*
211,212 Data regarding ERAs and mortality are limited, although registry data suggest a
survival benefit with the ERA bosentan.' ***' 22 Macitentan is a new ERA which has been
shown in animal studies to have improved tissue penetration, longer receptor binding and
affinity for both the endothelin A and B receptor compared with the older ERA
bosentan.?’” The use of macitentan to treat PAH has been investigated in a phase 111
clinical trial enrolling WHO class Il to 1V patients showing a significant improvement in
exercise capacity and haemodynamic parameters at 6 months and a significant reduction in

morbidity over a follow up period of up to 36 months.***

The experimental design of the animal studies in the MCT model has varied such that
some studies have started therapy on the same day as the MCT injection, i.e. a ‘prevention’

strategy, whereas others have waited until there is evidence of the animals displaying PH
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before commencing therapy, i.e. a ‘treatment’ strategy. In cases where ‘prevention’ and
‘treatment’ have been compared there has been a greater effect with ‘prevention’ than with
‘treatment’ in terms of survival, parameters of heart failure and arrhythmogenic
remodelling of the Ca**-handling proteins.**? 2% 2%8. 215 These findings raise questions
about the extent to which ‘prevention’ studies are applicable to clinical practice,
particularly given that the dramatic successes seen in ‘prevention’ studies have not been

borne out in clinical practice.

The effect of macitentan on the echo and ECG parameters of PH demonstrated in chapters
2 and 3, and also the possibility of macitentan administration leading to survival benefits

were investigated.
7.2 Methods

The MCT model was created in a similar manner to chapter 0; however, some minor
alterations to the protocol were made to allow the administration of macitentan. Male
Wistar rats (n=36; weight 200 g; Charles River, UK) were arbitrarily assigned to three
equal groups (n=12). All animals received pulverised chow only from day 0 to day 11.
The control group (CON) received saline injection (3 ml/kg) by ip injection on day 0 and
macitentan (Actelion Pharmaceuticals Ltd, Allschwil, Switzerland) 30 mg/kg/day admix
to pulverized chow from day 11 to the day of termination. The MCT only group received
MCT 60 mg/kg by ip injection on day 0 and pulverized chow only from day 11 to the day
of termination. The macitentan treated group (MACI) received MCT injection 60 mg/kg
by ip injection on day 0 and macitentan 30 mg/kg/day admix to pulverized chow day 11 to

the day of termination.?®” Monocrotaline was prepared as described in section 2.2.2.

ECG and echo recordings were performed as described in section 2.2.4 and 2.2.5. ECG
and echo were recorded on day 0 immediately prior to injection, and on day 7, day 14 and
day 21.

The animals were weighed and their clinical condition was assessed twice weekly in the
first 18 days and daily thereafter. Animals were sacrificed on the day that the following
pre-specified symptomatic endpoints were met as described in section 2.2.3 i.e.
tachypnoea, reduced movement, piloerection and distress or weight loss greater than 10g
over a 48 hour period. Unlike the protocol described in section 2.2.3 the control animals

were not sacrificed within 24 hours of the monocrotaline animals. Each animal was
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monitored with those that did not meet the symptomatic criteria electively sacrificed on
day 28. This change was made to allow assessment of mortality differences between the

groups.

Analysis of the echo and ECG parameters was performed using two-way repeated
measures ANNOVA with the two factors being time and treatment group; time was the
repeated measure. Multiple comparisons were made to compare the means of each
measured parameter between the three treatment groups at each timepoint. Corrections for
multiple testing were not made due to the small sample size.™ Survival analysis was

performed using the log-rank (Mantel-Cox) test.

7.3 Results

Table 7-1 shows that both the MCT group and the MACI group had increased heart
weight and decreased body weight compared with the CON group. The differences
between the MCT group and MACI group were not significant. There was no difference in
lung weight between the MACI group and the CON group. Although the MCT group did
show an increase in lung weight compared with the CON group, there was no significant

difference when the MCT group and MACI group were compared directly.

CON (n=12) | MCT (n=11-12) | MACI (n=12)
Body weightat day 21 (g) | 359 + 11 331+6* 328+6*
Heart Weight (g) 1.24+0.12 1541 +0.21** | 146+0.14**
Lung weight () 2.36 +1.08 3.206+0.71* 2.85+0.35

Table 7-1. Body weights on day 21 and heart and lung weights on termination of the CON, MCT and MACI
groups. Mean £ SEM. * P<0.05 MCT or MACI vs. CON assessed by unpaired Student’s t-test; **P<0.005 MCT
or MACI vs. CON assessed by unpaired Student’s t-test.

Figure 7-1 shows that both the MCT and MACI group developed echo evidence of PH

with a change from a ‘rounded’ pulmonary velocity profile to a ‘spike and dome’
morphology. The timings of these changes are summarised in Figure 7-2. The earliest
changes in echo parameters were seen at day 7 with a reduction in PVmax of 10% in the
MCT group and 13% in the MACI group compared with the CON group (Table 7-2 and
Figure 7-2A). The reduction of PVmax in both MCT and MACI groups when compared
with the CON group suggests that PH had begun to develop by day 7. The only other
parameter to show a significant difference was a reduction of LV internal diameter by 17%

in the MACI group compared with the control group.
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At day 14 there was evidence of PH in both the MCT and MACI groups, with reductions
in PVmax of 20% in the MCT group and 14% in the MACI group compared to the CON
group. The PAAT was reduced by 25% in the MCT group compared with the CON group

and 20% compared with the MACI group. There was no significant change in PAAT in

the MACI group compared with the CON group. No other significant changes were seen
between the MACI and MCT groups. (Figure 7-2 and Table 7-3)

At day 21, both the MCT and MACI groups continued to show evidence of PH with a
reduction in PAAT of 39% in the MCT group and 21% in the MACI group compared with

the CON group. The rise in RV pressure caused compression of the LV which resulted in

a decrease in LV internal diameter in both diastole and systole in both the MCT and
MACI groups (Table 7-4). Although the MACI group continued to show evidence of PH,
this was less severe than in the MCT group. The MACI group had a 28% greater PAAT

and a 50% lower PAD than the MCT group. Further demonstration that pulmonary

hypertension was less severe in the MACI group than the MCT group was the finding that

the RV wall thickness in systole was 23% smaller in the MACI group. There was also a

borderline 28% reduction in RV internal dimension in systole (p=0.052) (Table 7-4;

Figure 7-2 B-D).

CON (n=11/12) MCT (n=11/12) | MACI (n=11/12)
PAAT ms 299+15 305+14 304+1.6
PAD m/s* 13.9+0.9 15.1+1.9 13.1+0.7
PVmax m/s 1.15+0.04 1.05+0.03* 0.99 £ 0.02 **
RV internal diameter 0.12 +0.03 0.19+0.03 0.16 £ 0.02
(diastole) (cm)
RV internal diameter 0.07+0.01 0.06 £0.01 0.06 £ 0.01
(systole) (cm)
RV wall thickness 0.05+0.01 0.06 +£0.01 0.05+0.00
(diastole) (cm)
RV wall thickness 0.07 £0.01 0.07 £0.00 0.08 £0.01
(systole) (cm)
LV internal diameter 0.71+0.01 0.72+£0.02 0.69+0.01
(diastole) (cm)
LV internal diameter 0.35+0.01 0.33+0.03 0.29+0.01*
(systole) (cm)
LV anterior wall 0.18 +0.01 0.18 £0.01 0.17+0.01
thickness (diastole) (cm)
LV anterior wall 0.30+£0.01 0.31£0.01 0.30+0.01
thickness (systole) (cm)

Table 7-2. Echo parameters of PH at day 7 post injection. Mean + SEM. * P<0.05 MCT or MACI vs. CON
assessed by two-way repeated measures ANNOVA with multiple comparisons; ** P<0.005 MCT or MACI vs.
CON assessed by unpaired two-way repeated measures ANNOVA with multiple comparisons.
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CON (n=11/12)

MCT (n=11/12)

MACI (n=11/12)

PAAT ms 30.2+1.0 228+ 1.7 ** 29.1+£1.0 §¥
PAD m/s* 149+14 188+ 1.5 16.3+1.2
PVmax m/s 1.20+0.04 0.96 £ 0.02 ** 1.03 £0.03 **
RV internal diameter 0.16 £ 0.03 0.17 £0.02 0.22 £0.02
(diastole) (cm)

RV internal diameter 0.07+£0.01 0.08 £ 0.02 0.10+0.01
(systole) (cm)

RV wall thickness 0.05 +0.00 0.06 £0.01 0.06 +0.00
(diastole) (cm)

RV wall thickness 0.07+0.01 0.09+£0.01 0.08 +0.00
(systole) (cm)

LV internal diameter 0.75+0.01 0.70 £ 0.02 0.70 £0.01*
(diastole) (cm)

LV internal diameter 0.34+£0.01 0.32+0.02 0.31+£0.02
(systole) (cm)

LV anterior wall 0.17 £0.00 0.18 +£0.01 0.18 £0.01
thickness (diastole) (cm)

LV anterior wall 0.29+£0.01 0.31+0.01 0.34 £0.02

thickness (systole) (cm)

Table 7-3. Echo parameters of PH at day 14 post injection. Mean + SEM. * P<0.05 MCT or MACI vs. CON

assessed by two-way repeated measures ANNOVA with multiple comparisons; ** P<0.005 MCT or MACI vs.
CON assessed by two-way repeated measures ANNOVA with multiple comparisons; 1 P<0.005 MCT vs. MACI
assessed by two-way repeated measures ANNOVA with multiple comparisons.

CON (n=11/12) MCT (n=11) MACI (n=11/12)
PAAT ms 28.7+0.9 175+ 1.6 ** 22.5+ 1.0 ** ¥
PAD m/s* 158+ 2.2 34.7 +3.7 ** 173+ 1.9 11
PVmax m/s 1.18 £ 0.04 0.97 £ 0.03 ** 1.00 £ 0.05 **
RV internal diameter 0.16 £ 0.02 0.27 £0.03 ** 0.21+0.02
(diastole) (cm) (p=0.052)
RV internal diameter 0.08 £0.02 0.14+0.03* 0.12+0.03
(systole) (cm)
RV wall thickness 0.05+0.01 0.09 £ 0.01 ** 0.07+0.01*
(diastole) (cm)
RV wall thickness 0.07£0.01 0.13+0.01 ** 0.10 £ 0.01 ** §
(systole) (cm)
LV internal diameter 0.78 £0.01 0.66 = 0.04 ** 0.68 + 0.02 **
(diastole) (cm)
LV internal diameter 0.39+£0.02 0.26 £ 0.03 ** 0.27 £ 0.02 **
(systole) (cm)
LV anterior wall 0.17£0.01 0.21+£0.02* 0.21+£0.01*
thickness (diastole) (cm)
LV anterior wall 0.29 +0.01 0.37 £0.03 ** 0.34+£0.02*

thickness (systole) (cm)

Table 7-4. Echo parameters of PH at day 21 post injection. Mean + SEM. * P<0.05 MCT or MACI vs. CON
assessed by two-way repeated measures ANNOVA with multiple comparisons; ** P<0.005 MCT or MACI vs.
CON assessed by two-way repeated measures ANNOVA with multiple comparisons; 1 P<0.05 MCT vs. MACI
assessed by two-way repeated measures ANNOVA with multiple comparisons; ++ P<0.005 MCT vs. MACI
assessed by two-way repeated measures ANNOVA with multiple comparisons.
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Figure 7-1. Echo images showing the development of PH assessed by the pulmonary velocity profile. The profile has a typical ‘rounded’ shape prior to injection. At day 21 no change is seen in the
CON animal but the MCT animal shows a change to a typical ‘spike and dome’ morphology with a reduced PAAT and increased PAD. The MACI animal has an intermediate profile between the
two groups.
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The results of the In vivo ECG recordings are shown in Table 7-5 and Figure 7-2. There

were no significant changes in any parameters at day 7. At day 14, the QT interval was

prolonged in the MCT group by 25% compared with the CON group and 20% compared

with the MACI group. There was no change in the QT interval in the MACI group
compared with the CON group. At day 21, QT interval was increased by 98% in the MCT

group and by 61% in the MACI group compared with the CON group. QT interval was
shorter by 18% in the MACI group than in the MCT group. The only other ECG

parameter to show any significant changes was an increase in heart rate of 7% in the

MACI group compared to the MCT group at day 14 but no changes were seen at day 21.

CON (n=12) MCT (n=11) MACI (n=12)
Day 7
Heart rate (bpm) 395.1+11.0 405.0+9.5 395.8+11.5
PR interval (ms) 49,53 + 1.52 49.11 +1.08 46.53 + 1.08
QRS duration (ms) 13.9+0.31 13.4 £0.59 13.84 + 0.48
QT interval (ms) 49.67 £2.72 43.85+1.76 50.55 + 2.53
Day 14
Heart rate (bpm) 401.6 + 6.7 383.6 £ 8.5 4122+7.6
PR interval (ms) 48.07 +1.19 49.01 +1.16 47.79 + 3.37
QRS duration (ms) 14.40 + 0.33 14.84 + 0.46 13.65 + 0.52
QT interval (ms) 4741 +1.34 59.73+3.27** | 50.26+2.87
Day 21
Heart rate (bpm) 3935+7.8 372.1+8.1 380.5+12.2
PR interval (ms) 48.54 +0.94 47.87 +1.41 48.21 + 1.55
QRS duration (ms) 14.33 £ 0.34 15.29 £ 0.78 14.07 £ 0.40
QT interval (ms) 47.00 + 1.15 84.13+3.96** | 71.41 £4.30 ** 7

Table 7-5. ECG measurements at day 7, day 14 and 21 post injection. Mean + SEM. ** P<0.005 MCT or MACI
vs. CON, 1 P<0.05 MCT vs. MACI.
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Figure 7-2. Development of PH. Mean and SEM plotted at each time point. The MACI group was compared with the MCT group and the CON group assessed by two-way repeated measures
ANNOVA with multiple comparisons. Pulmonary hypertension developed in the MACI group by day 7 (i.e. before the initiation of macitentan) with a reduced PVmax. There is a significant
improvement in the MACI group compared to the MCT group at day 14 and day 21 with a reduced PAD, right ventricular internal dimension and QT interval and an increased pulmonary artery
acceleration time.
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The mean £ SEM day of termination was 28 + 0 in the CON group, 25 £ 1 in the MCT
group and 26 = 1 in the MACI group. The median (interquartile range) day of survival was
28 (28-28) in the CON group, 28 (23-28) in the MCT group and 28 (24-28) in the MACI
group. Freedom from symptomatic endpoints at day 28 was 100% in the CON group, 42%
in the MCT group and 58% in the MACI group. There was a significantly worse survival
in both the MCT and MACI groups when compared with the CON group (MCT P=0.002,
MACI P=0.014). The difference in freedom from symptomatic endpoints between the
MCT and MACI groups was not statistically significant (P=0.50) (Figure 7-3)..

100 ; == Control
== MCT

== Maci

501

Percent survival

T T T 1
0 7 14 21 28
days

Figure 7-3. Kaplan-Meir curves showing the freedom from symptomatic endpoints. The animals were sacrificed
on the day they met their symptomatic endpoints. There is a significant difference between the CON and MACI
treated groups (p=0.01) but no difference between the MACI treated and MCT groups (p=0.50).

7.4 Discussion

This study shows that treatment with the ERA macitentan delays the progression of
established PH in the rat MCT model. PH is developing by day 7 in the MCT and MACI
groups. Macitentan treatment was initiated at day 11, and the data show significant
slowing of progression of the echo and ECG parameters of PH by as early as day 14
(Figure 7-2 B). The MACI group showed less severe parameters of PH than the MCT
group at both day 14 and day 21 as evidenced by the higher PAAT and lower PAD (Figure
7-2. 3B-C). Delaying the progression of PH resulted in reduced structural and electrical
remodelling with improvements in right ventricular internal diameter and QT interval at
day 21 (Table 7-5; Figure 7-2 E). These findings suggest that treatment with macitentan is
able to improve haemodynamic parameters in animals with established PH in earlier
stages of the disease. Despite the early beneficial effects of macitentan on pulmonary
pressures the data shows that the pulmonary pressures do increase in the MACI group,
albeit later than in the untreated MCT group with a significant decrease in PAAT and
increase in QT in the MACI group compared with the CON group (Figure 7-2).
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In spite of increasing interest in treating patients with PAH earlier in their disease course,
advanced therapies for PAH are considered only in patients who have proven raised
pulmonary vascular resistance and symptoms.® ?'® Invasive pulmonary pressure
monitoring in MCT injected rats has demonstrated that pulmonary pressures are
significantly raised by day 10 and increase progressively, leading to RV failure and
death.”® 2! In the light of such previous studies we elected to initiate therapy at day 11, in
order to mirror the clinical situation with respect to initiation of treatment. In my study,
the earliest indication of PH was seen at day 7 with a reduced PVmax, and there was clear
evidence of PH in the untreated MCT group at day 14. This suggests that our experimental
protocol is comparable to the clinical situation.

The characteristic finding from the previous chapters in both in vivo and ex vivo
experiments was QT prolongation which is thought to be due to a combination of an
increase in Ca?* currents and a decrease in K* currents and promotes the formation of
EADs and DADs (section 1.6.4). In patients with PAH the QT is raised and a QT¢ of
greater than 480 ms is an independent predictor of mortality.® In addition to this the QTc
is correlated to pulmonary pressures and RV dilation and inversely correlated to RV
function.”® The lesser degree of prolongation of the QT interval in the MACI group
suggests that macitentan may act to reduce the risk of ventricular arrhythmias as well as

improving haemodynamic parameters.

In this macitentan study no change was seen in heart rate in the in vivo ECG at day 21
which is in contrast to the results in chapter 3, but it should be noted that the termination
day ECG data described in chapter 3 is not comparable with the day 21 data described in
this chapter. In the current study there is a non-significant 5% reduction in heart rate at
day 21 which can be compared with the non-significant reduction of 2% seen in chapter 3
at day 21. The heart rate of the MACI group is in between the MCT and CON, but no
significant differences were seen in comparison with either group. Consistent with
previous findings no change in the PR interval and QRS duration was documented in any
of the three groups. In order to investigate whether treatment with macitentan in the MACI
groups has reversed the arrhythmic remodelling seen in previous chapters with the MCT
injected rats a more detailed experimental protocol including both functional and
molecular biology experiments would be required. However, it should be noted that both
the MCT and MACI group developed PH and the experiment was allowed to progress
until the symptomatic endpoints were developed, which is likely to minimise any

differences between the two groups.
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It is interesting to note that despite the using the same dose regime of MCT to that of
Iglarz et al. we have seen a considerably more severe phenotype in the MCT group than
previously demonstrated. In my study, 28-day freedom from symptomatic endpoints was
42% compared with a survival at day 28 of approximately 90% in their experiments.?’
Although these outcomes are not directly comparable, the severe phenotype seen in our
experiments may be attributable to the relatively low body weight of the rats at the time of
MCT injection. Therefore the benefits of macitentan therapy may to some extent have
been masked by the severity of the MCT model phenotype, due to more rapid progression
of the underlying lung pathology, together with a shorter treatment duration before

symptomatic endpoints were reached.

The mechanism by which MCT treatment leads to PH is still debated.?*® The initial insult
is thought to occur in the pulmonary endothelial cells provoking an inflammatory
response.*® Progressive smooth muscle medial hypertrophy takes place from around day 4,
and increases progressively until day 15.*% ?*® Circulating levels of endothelin are raised
in the MCT model and these raised levels are not affected by ERAs, even if these drugs
are given at the same time as the MCT injection.?*® The beneficial effects of ERAs are
thought to be attributable to a combination of improved endothelial function, vasodilating
properties, and a reduction of smooth muscle hypertrophy within the media of the
pulmonary vessels.?** 29222 Gjven the importance of inflammation and medial
hypertrophy in the early stages of the MCT model it is tempting to suggest that macitentan
treatment may limit the pro-inflammatory and proliferative effects of endothelin if it is
given early in the model development, before PH has developed. The relatively rapid
improvement in haemodynamic parameters seen in my study suggests that the vasodilating
effects of endothelin blockade may be more relevant in established PH, as was present in

my study.

The results from my study are in keeping with clinical trials of PAH, in which despite
early functional improvements, clear mortality benefit has not been shown.* In clinical
practice PAH has an insidious presentation and diagnosis is typically late. Therefore the
direct relevance of animal studies in which treatment is commenced before the
development of PH to clinical practice is debatable. The results of my study suggest that
treatment with macitentan may offer benefits in terms of haemodynamic parameters, RV
function and QT prolongation, although we have not demonstrated a survival benefit. The

relative contribution of anti-inflammatory, anti-proliferative and vasodilating actions of
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ERAs to treatment of PAH at different timepoints in the disease process are yet to be

determined.

In this set of experiments the CON group received saline injections at day 0 and
macitentan from day 11 to assess whether macitentan treatment had any effect on rats
without PH. There were no adverse events seen in the CON group confirming the safety of
macitentan. Given the experience of the control and MCT groups described in previous
chapters a decision was made not to create a new control group that received saline
injection and pulverized chow from day 11 for these experiments. Comparison of the
control group previously described in chapter 0 with the CON group in this set of
experiments does reveal some significant baseline differences at day 0 with a borderline
greater weight in the controls in the current study (223.7 g vs. 208.0 g, P=0.07) suggesting
that the CON group were older than the control group in chapter 2. In keeping with this
suggestion there was a significantly lower heart rate in CON compared with the control
group from chapter 0 heart rate (402 bpm vs. 450 bpm, P<0.0005). Although the echo
images are similar between the CON group and the control group from chapter 2 these
baseline differences and small differences in methodology have precluded a direct
comparison between the CON group and control group from chapter 2. Nevertheless the
main aim of the macitentan study was to compare the differences between the untreated
PH in the MCT group and the treated PH in the MACI group.

Macitentan was administered via food admix to animal cages housing four rats. The dose
was adjusted to animal weight and food intake was monitored to ensure that the correct
dose of macitentan was being consumed on average between the four rats. However, it
was not possible to ensure that each individual rat received exactly the specified dose. In
addition to this when the animal’s health deteriorated their food intake may have
diminished. Despite this, the earliest deterioration in the MACI group was seen on day 21,
meaning that the animal would have received macitentan treatment for a minimum of 10

days.

The macitentan treatment study shows that while macitentan treatment does not reverse
the progression of established PH, nevertheless worthwhile haemodynamic benefit takes
place. The beneficial effect on QT prolongation suggests that the haemodynamic benefits
of macitentan treatment may reduce the arrhythmogenic remodelling that takes place, in
the ventricle at least. This study did not investigate the effects of macitentan treatment on
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the AV node dysfunction and arrhythmogenic remodelling that has been demonstrated in

previous chapters.
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8 Summary and future directions

This study is the first to demonstrate down-regulation of the key ion channels and Ca**
handling proteins in the AV node in response to a disease process. These findings are
consistent with the literature regarding the importance of ion channels in normal AV node
physiology and offer new insights into mechanisms underlying AV node dysfunction in

response to abnormal cardiac physiology.

AV node block is a common clinical condition and is the indication for over half of all
implanted pacemakers.??® Despite the high frequency and severity of AV block there is
limited data regarding the pathological basis and location of dysfunction within the cardiac
conduction system. A prolonged conduction time from the His bundle to the Ventricle
implies disease in the His-Purkinje system and is predictive of AV block.?** However, the
conduction time from the His bundle to the ventricle may be normal in patients who go on
to require pacemaker implantation for AV block.?** Wenckebach conduction normally
occurs within the AV node itself and although this phenomenon used to be thought to be a
benign finding there is increasing data that it predicts AV block and poor outcomes,
particularly in older, non-athletic populations.?>??" These findings point to the importance
of pathology within the AV itself as the cause of AV block, but there are limited data

regarding the cellular mechanisms underlying this AV node dysfunction.

There is recent data pointing to the importance of ion channels in normal AV conduction.
A genome wide association study has demonstrated several loci are associated with a
prolonged PR interval.??® These loci includes genes for ion channels and several cardiac
developmental genes known to be important for the patterning of ion channels during
embryogenesis.??® There is also a recognition that several disease causing ion channel
mutations that have been characterised as causing Brugada syndrome and long-QT
syndrome are also associated with conduction system disturbances and AV block.®® In
addition to these findings in patients gene knockout studies have pointed to the importance

79,199 i

of several ion channels including HCN4® and the voltage sensitive Ca** channels n

maintaining normal AV conduction.

The changes seen in this study have offered new insights into the normal function of the
AV node. The findings of down-regulation in HCN4 and the intracellular Ca**-handling

proteins are particularly intriguing and point to the possibility that both the membrane
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clock and Ca®* clock could play a role conduction in the normal AV node (as described in
the discussion for Chapter 5, section 5.4). This hypothesis is in line with the findings from
recent studies that point to the importance of I; in AV nodal conduction. The importance
of I; and the Ca?* clock in AV nodal conduction could be examined in whole heart and AV
node tissue preparations similar to those described in Chapters 3 and 4. Several techniques
including pharmacological blockade of I; and the Ca®* clock, and genetic ‘knock-out’ of
the key components of both the membrane and Ca?* clocks could be used to identify

which factors are most important.

Computer modelling is used to integrate experimental data regarding the structure and
function of the heart and can be used to generate predictions about the effects that a
change seen at the molecular level will have on both individual cardiac cells and the heart
as a whole organ. Provisional work has been performed investigating possible effects
caused by the alterations in mRNA level seen in Chapter 5. This work has been performed
in collaboration with Simon Castro and Dr Michael Coleman from Professor Zhang’s
group (School of Physics and Astronomy, Manchester University). A Pre-existing model
of the rabbit AV node has been used.”* Within each tissue region the cell models have
been modified by changing the current density for the each of the currents in proportion to
the changes in mMRNA expression for the proteins that underlie the currents. In this
provisional experiment all currents densities have been modified according to the ratio of
relative quantification of mRNA for control:MCT regardless of whether the difference in
MRNA expression between the control and MCT group were significant, this has been
done to avoid loss of data at this provisional stage. Where there are several proteins
underlying a single current the ratio of relative quantification for control:MCT has been
calculated and this has then been scaled in accordance with the conductance of the
individual proteins to provide a final figure for the modification of the current density.
This approach has previously been used to model the action potential of rabbit Purkinje

fibres in a heart failure model using the formula:

(é- gondfon ) MCT

Scaling factor for ionic current density in the MCT animals = —=L "~ 100%

n
o R .
(a gion dilun )control

i=l

229

Where dion is ion channel expression (or density) for each channel included in the model

and on IS the channel conductance for that ion channel. n is the total number of different
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ion channel types which contribute to an ionic current.??

Modelling of cell:cell coupling
has used a similar approach in which the ration of mRNA in the control:MCT group has
been calculated for each connexin and then a final figure for modification of cell:cell
coupling has been calculated for each region based on both the relative expression of the
mRNA for each connexin isoform and the relative conductance of each connexin isoform.
The ion channels and connexins used in the cell models, expression of these ion channels
and subsequent calculations used for modification of the ionic currents in each region of

the AV node are shown in the appendix (Table A-2 to Table A-7).

The new MCT cell models are then incorporated into the model for the whole AV node. In
this provisional experiment the data for the atrium and ventricle mRNA expression has
been used to model the atrial and ventricular cells respectively. The data for the inferior
nodal extension mMRNA expression has been used to model the AN cells, the data for the
compact node mRNA expression has been used to model the N cells and the data for the
penetrating bundle MRNA expression has been used to modify the NH cells. There is no
data for the Purkinje fibre cells and therefore this region has not been altered. Although
this approach makes many assumptions it has been used to model currents in the sinus
node.*” The model of the AV node derived from the MCT treated rats exhibits AV node
block within the compact node (Figure 8-1). This is similar to the findings of Chapter 4 in
which block was demonstrated in the AV node proximal to the His bundle. Further work is
planned to refine this model to more accurately reflect the rat AV node and to look at the
effects of changing individual currents in order to generate a hypothesis regarding which
changes in mMRNA expression are likely to be significant with regards to AV node
dysfunction and to see if these differences were statistically significant in the mRNA

experiment.
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Figure 8-1. Results of the computer simulation with incorporating the mRNA data. A Control and MCT action
potential from AN cells. B Control and MCT action potential from N cells. C. 1D simulation for control AV node.
The model is paced from the atrium at a cycle length of 330ms, there is 1:1 conduction through the from the
atrium, through the AV node and into the ventricle. D. 1D simulation for MCT AV node. The model is paced
from the atrium at a cycle length of 330ms. Block occurs in the region of the AN to N cells, corresponding to the
anatomical compact node.

Some of the findings of this thesis require further investigation. In the first instance, it
would be valuable to do further work with the MCT model to understand the significance
of the changes in mRNA expression demonstrated in Chapter 6. This could involve
expanding the study by measuring changes in protein expression for the targets identified
as changing at the mRNA level. This would ideally involve an increase in the sample
numbers for the experiments in Chapter 6 and expanding these experiments to look at
other proteins, for example the K* channels that were shown to be down-regulated in both
the working myocardium and the nodal tissues. | have used immunohistochemistry to
quantify protein because immunohistochemistry can be used with small tissue samples - it
gives information about the distribution of protein, and it can be used to quantity protein.
The ability to study small samples and gain information regarding protein distribution is
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important because of the structural complexity of the AV node. The main drawback to the
use of immunohistochemistry is that it is only semi-quantitative, which may limit the
ability of immunohistochemistry to show differences between the control and MCT
treated rats. It may be that other techniques to quantify protein such as Western-blotting or
proteomics could quantify protein more accurately. However, there are considerable
technical challenges with either technique to quantify protein from the small tissue regions
of the AV node in rats. Another aspect to validating the functional significance of the
changes in ion channels and Ca®* - handling proteins is to look at the characteristics of the
ionic currents in the myocardial cells. For example the mRNA data shows a reduction in
both HCN4 and the proteins underlying the repolarising K* currents. These currents could
be quantified using the patch-clamp technique on both working myocardial cells and AV
nodal cells to see if there was a down-regulation in current corresponding to the down-

regulation of mRNA expression.

Chapter 7 outlined treatment of PH in the MCT model, but it was limited to in vivo echo
and ECG to assess these changes and was therefore not able to offer any further insight
into the potential benefits for AV node dysfunction. Further studies could be performed
using the techniques described in Chapters 3 - 6 to assess if treatment of PH has protected
the AV node. These studies are complicated by the fact that the macitentan treatment
group did go on to develop PH, albeit later than the MCT only group. On this basis it
seems likely that the AV node would show less dysfunction in the macitentan treated
group than the MCT only group, but still have some evidence of dysfunction compared
with the control group. Possible solutions to this problem would include electively
sacrificing all rats at day 21 post injection, at which timepoint there were maximal
differences between the macitentan and MCT only treated rats. It would also be possible
to vary the timing of the initiation of macitentan. A ‘prevention’ strategy with macitentan
treatment commencing on the day of injection could be used, although the clinical
relevance of this strategy is debatable. Alternatively macitentan could be initiated after
injection but earlier than day 11, for example at day 7 by which time the PVmax was
already reduced. Supporting this, clinical studies have demonstrated that earlier treatment
in PAH leads to maximal clinical benefit.*° Finally, if a therapeutic agents that was able
to reverse established PH was used it would be possible to investigate whether this also
reversed the AV node dysfunction caused by PH.

AV node dysfunction is seen in many different pathological conditions. This study has

been limited to investigating PH in the MCT model. It would be interesting to study other
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pathological conditions that lead to AV node dysfunction to see if similar dysregulation of
ion channels and Ca?*" handling proteins are seen in other settings.

This study has offered new insights into AV node function in both the physiological and
pathological state that enhance the understanding of normal AV node function and
dysregulation in disease. The insights offered by this study require further investigation,
but may provide a better understanding of AV node function and dysfunction which could

in turn lead to the development of new therapies.
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A. Appendix

Gene name Protein encoded
18S-Hs99999901 sl 18S
B2m-Rn00560865 m1 -2 microglobulin
Gapdh-Rn99999916 s1 GAPDH

Hprt1-Rn01527840_m1

hypoxanthine-guanine phosphoribosyltransferase

Pgk1-Rn00821429 g1

phosphoglycerate kinase 1

Scn5a-Rn00565502_m1 Nay1.5
Scnla-Rn00578439 _ml Nay1.1
Scnl10a-Rn00568393 ml Nay1.8
Scnlb-Rn00441210 ml Naypl
Cacnalc-Rn00709287_m1l Cayl.2
Cacnald-Rn00568820 ml Cayl.3
Cacnalg-Rn00581051_m1l Cay3.1
Cacnalh-Rn01460348 ml Cay3.2
Cacna2d1-Rn01442580 m1l Caya26l
Cacna2d2-Rn00457825 m1 Cay252
Cacnb2-Rn00587789_m1 Cavp2

Clcn2-Rn00567553_m1

chloride channel 2

Clcn3-Rn01535195_m1

chloride channel 3

Hcn1-Rn00670384_ml HCN1
Hcn2-Rn01408572_mH HCN2
Hcn4-Rn00572232_m1 HCN4
Kcna2-Rn02769834 sl Kvl.2
Kcna4-Rn02532059 sl Kv1l.4
Kcna5-Rn00564245 sl Kv1l.5
Kcnb1-Rn00755102_m1 Kv2.1
Kcnd2-Rn00581941 m1 Kv4.2
Kcnd3-Rn00709608 m1 Kv4.3
Kcnel-Rn02094595 sl MinK
Kcnh2-Rn00588515 m1 ERG1
Kcnip2-Rn01411451 m1 KCHIP2
Kcnj8-Rn01492857_m1 Ki6.1
Kcnj11-Rn01764077_s1 Ki6.2
Abcc8-Rn00564778_m1 SUR1
Abcc9-Rn00564842_m1 SUR2
Kcngl-Rn00583376_m1 KyLQT1
Kcnj2-Rn00568808_s1 Ki2.1
Kcnj12-Rn02533449 s1 Ki2.2
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Gene name Protein encoded
Kcnj14-Rn00821873_m1 Ki2.4
Kcnj3-Rn00434617_ml Ki3.1
Kcnj5-Rn01789221_mH Ki3.4
KCNK1-Hs00158428 m1l TWIK1
Kcnk3-Rn00583727_m1 TASK1
Casq2-Rn00567508_m1 Calsequestrin 2
Ryr2-Rn01470303_m1 RyR2
Ryr3-Rn01328415 g1 RyR3
PIn-Rn01434045_m1 Phospholamban
Slc8al-Rn00570527_m1 NCX1
Atp2a2-Rn00568762_m1 SERCAZ2a
Atp2b1-Rn01502902_m1 PMCAL1
Gjal-Rn01433957 ml Cx43
Gja5-Rn00570632_m1 Cx40
Gja7-Rn01750705_m1 Cx45
Gjd3-Rn01771737_s1 Cx30.2

Atplal-Rn01533986_mi1

Na'/K*" ATPase a-1 subunit

Atpla2-Rn00560789_m1

Na*/K" ATPase a-2 subunit

Atpla3-Rn00560813 ml

Na'/K" ATPase a-3 subunit

Atplb1-Rn00565405_m1l

Na'/K" ATPase B 1 subunit

Slc9al-Rn00561924 m1l

Na'/H" transporter

Chrm2-Rn02532311_s1

muscarinic acetylcholine receptor M2

Adoral-Rn00567668 m1l

adenosine Al receptor

Adrala-Rn00567876_m1l

adrenergic receptor, la/lc

Adralb-Rn01471343_ml

adrenergic receptor, a-1b

Adrb1-Rn00824536_s1

adrenergic receptor, 1

Adrb2-Rn00560650_s1

adrenergic receptor, -2

SIn-Rn02769377_s1

sarcolipin

Mef2c-Rn01494046_m1

myocyte enhancer factor 2C

Bmp2-Rn00567818_m1

bone morphogenetic protein 2

Nfkb1-Rn01399583_m1l

nuclear factor of kappa light polypeptide gene
enhancer in B-cells 1

Nkx2-5-Rn00586428_m1

Nkx2-5

Rest-Rn01413148_ml

RE1-silencing transcription factor

Sp1-Rn00561953 m1

Sp1 transcription factor

Thbx3-Rn00710902_m1

ThX3

Thx5-Rn01481891_m1

ThX5

Ctgf-Rn01537279_g1

connective tissue growth factor

111b-Rn00580432_m1

interleukin 1 B

Tnf-Rn01525859 g1

tumor necrosis factor

Fn1-Rn00569575_m1

fibronectin 1

Vim-Rn00579738_m1

vimentin

Tgfb1-Rn00572010_m1

Transforming growth factor, 1
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Gene name

Protein encoded

Col1al-Rn01463848 m1l

Collagen type 1 a

Col3al-Rn01437681_m1

Collagen type 3 a

Mmp2-Rn01538170_m1

matrix metallopeptidase 2

Mmp9-Rn00579162_m1

matrix metallopeptidase 9

EIn-Rn01499782_m1

elastin

Timp1-Rn01430875_gl Timp 1
Timp2-Rn00573232_m1 Timp 2
Timp3-Rn00441826_m1 Timp 3
Timp4-Rn01459160 m1 Timp 4

Myh6-Rn00691721_g1

myosin heavy chain 6

Myh7-Rn01488777_g1

myosin heavy chain 7

Nppa-Rn00561661 m1

Atrial natriuretic peptide precursor

Nppb-Rn00676450_g1

Brain natriuretic peptide

Edn1-Rn00561129 ml

endothelin 1

Ednra-Rn00561137_m1

endothelin receptor type A

Ednrb-

endothelin receptor type B

Trpcl-Rn00585625_m1l

Transient receptor potential channel 1

Table A-1. Full list of targets included on TLDA gPCR card.




Control

Atrium 20.4 42.6 44.8 37.3 24.6 | * 28.8 26.4 | 4.4

Transitional tissue 2.8 2.1 2.8 3.6 2.5 1.1 3.8 3.6 | too low to measure
Inferior nodal extension 1.1 0.5 0.8 0.4 1.0 0.3 0.5 0.5 | too low to measure
Compact node 0.6 2.5 0.8 1.5 0.8 1.0 2.0 1.4 | too low to measure
Penetrating bundle 1.5 0.8 0.8 1.5 1.5 0.4 1.3 0.9 | too low to measure
Ventricle 52.0 62.8 67.6 46.2 89.8 67.2 50.0 62.2 | 6.1

MCT

Atrium 19.8 44.9 39.0 42.6 13.2 26.0 40.4 76.4

Transitional tissue 4.2 5.6 1.0 2.5 9.3 3.7 6.8

Inferior nodal extension 3.0 2.3 1.7 3.6 1.1 3.1 1.8 1.1

Compact node 2.7 0.7 4.1 1.3 1.9 1.8 1.8

Penetrating bundle 0.6 2.1 1.7 0.6 1.6 0.5 0.6

Ventricle 69.2 65.0 50.0 112.0 27.4 75.0 16.6 94.2

Table A-2. RNA concentrations of all samples (in ng/ul). For all samples with concentrations of greater than 1 were reverse transcribed using a total of 16ng of RNA. For samples with a
concentration of less than 1ng/ul a total of 16 x sample concentration was used for reverse transcription (because the maximum volume for the reaction was 16ul).

€ee



| Atrium
ICurrent Protein: Contral  d,,, MCT d,,, Significant  MCT/Control (5) Fion g zzzling factor for current (parcent)
I HCNL o7 142 147 12.3 sglf
HCN2 58 48 B0 34.6
HCN4 1014 ap1 = 39 165
Wlese Ma, 1.1 251 214 61 17.0 152
Nz, 1.5 4850 7881 159 17.3
Na,B1 1201 1325 111
Na,1.8 3 1* 47
[ Ca,l2 208 141 = 45 18.0 45
I Ca,13 3 0 16 1.0
[ a,3.1 545 208 38 - 42
I Ca3.2 1108 4n5 45 -
||<u_ K15 533 293 74 74
I ERGL 201 75 - 39 3|
I k,LaT1 gal 573 B3 83
I Mink 2 18 1060 I
I|<=0w K12 450 £ " 9 al
| K14 254 T 36 36
<o K42 aa - 14 183
K43 1182 583 * 49 4.0
KChIP2 2184 525 ¢ 24 -
| [ K21 475 o7 * 4B 238 338
K.2.2 811 203 33 340
K.2.4 ] 10 117
lIsERCA SERCAZa 202744 112405 56 56|
IR\;R RyR2 21877 o2az a3 - 43I
RyR3 134 114 = B5 -
I|\|=cz NCx1 5253 4257 73 - ?3'
(- ol Na™-K pump 18412 11570 71 - 53l
2 Na*-K* pump 1812 755 * 4p
o3 Na™-K" pump 00 128 129
BNz ™K pump 12042 26253 145
\|Electrical coupling Cx30.2 1] 1] 47 9.0 59
Cxdl 158 282 170 200.0
Cxd3 5780 2865 50 80.0
Cxd5 212 205 EE] 30.0
Wless (sarcolemmal calcium pump) PRCAL 485 504 103 103§

44

Table A-3. Data used to model ion channel conductance and electrical coupling used in the computer modelling of the atrial cells in the MCT model of the AV node. Data is taken from the mMRNA

expression from the atrium. * p<0.05 for difference in control and MCT mRNA expression assessed by limma test.



Inferior nodal extension
Current Proteing Contral 4 MET & Significant  MCT/Contral (%) Fine o sczling factor for current (percent)
Wl HCNL 411 230 56 13.3 19|
HCHZ 18 a 53 34.6
HCN4 2112 1445 * 13 1.5
I... Na,1.1 1 55 32 17.0 122
MNa, 1.5 532 202 151 17.3
Nayf1 230 527 180
Na, 1.8 o 2= 943
loar Ca,12 223 143 * 52 18.0 51
I Ca,l3 1 a 1 210
Ilm Ca,3.1 25 50 23 - 15
Ca,3.2 240 17 7
1. K15 054 289 I8 28|
I ERG1 a7 10 - 33 EE|
les K, LOT1 12 o5 B5 B5
I hink 1 0 3
| . K12 28 1. 1 1
fless K14 2 7 35 35
| . K42 5 1. 22 163
K43 531 259 * 49 40
KChIP2 2835 245 * 9 -
| [P0 K21 a6 el 103 238 40)
K.2.2 115 3 3 34.0
K.2.4 2 a 7
SERCA SERCAZa 22404 32087 42 42
IRyR RyR2 1282 134 7- sl
RyR3 15 22" 117 -
I|\ucz NCX1 1772 452 26 - 26'
| - 21 Na*K* pump 10787 as57 97 - 73|
o2 Na*-K* pump 1675 704 * 35
o3 Na™-K" pump 2838 o8 11 -
B1Na™-K pump 2541 4551 156
\|Electrical coupling Cx30.2 2 ] 1 2.0 582
Cxdl 85 k] L3 2000
Cxd3 214 129 41 80.0
Cxd5 10:30 343 32 30.0
W\ze= {sarcolemmal calcium pump) PMCAL 410 281 ] 59|

Table A-4. Data used to model ion channel conductance and electrical coupling used in the computer modelling of the AN cells in the MCT model of the AV node. Data is taken from the mRNA
expression from the inferior nodal extension. * p<0.05 for difference in control and MCT mRNA expression assessed by limma test.
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| Compact node
ICurrent Protains Contral d,, MCT d,, Significant  MCT/Control (%) Vi 5y =caling factor for current {percent)
fi- HCN 411 252 &7 133 31
HCNZ 12 15 126 346
HCN4 11775 2474 * 29 16.3
| Ma,1.1 734 115 49 170 175
Ma,1.5 401 206 248 17.3
Ma,f1 522 551 108
Ma, 1.8 i} 1= B34
o Cal2 745 112 = 45 180 45
I Cal3 1 2 44 210
(. a,3.1 245 252 102 71
I Ca3.2 208 137 45 -
... K15 1022 231 21 81
.. ERGL 25 25 * 102 102
I K,LOT1 183 118 55 5
I Mink 4 2 52
flezcu k1.2 15 e 73 73|
fless k1.4 29 25 - 34 B4
s K42 0 o~ 143 18.3
K43 451 200 * &5 40
KChIP2 451 51 * 18 -
Wl K21 128 114 * a9 238 &7
K22 85 24 37 30
K.2.4 2 2 129
SERCA SERCA2a 70401 G223 33 33
IRyR RyR2Z 4403 1870 38 - 33I
RyR3 24 25 * 116 -
Il'\ucz NCx1 2225 1095 70 - 7o
(e ol Na*-K pump 17540 12822 79 - 75
o2 Na*-K' pump 1545 1031 * 57
23 Na™K" pump 1088 231 25 -
Bl Na™-K pump 3600 7278 185
\|Electrical coupling Cx30.2 2 1 47 2.0 102
Cxd0 55 57 101 2000
Cx43 154 247 180 200
Cxd5 1284 1078 a4 300
Wlze= {sarcalemmal calcium pump) PMCAL 75 333 39 B9||

Table A-5. Data used to model ion channel conductance and electrical coupling used in the computer modelling of the N cells in the MCT model of the AV node. Data is taken from the mRNA
expression from compact node. * p<0.05 for difference in control and MCT mRNA expression assessed by limma test.



| Penetrating Bundle
ICurrent Proteins Contral  d,, MMCT d,, Significant  MCT/Cantrol (35) o i) sraling factor for currant {percent)
{i- HONL 125 227 165 133 36
HCH2 10 86 649 346
HCN4 24805 2850 * 35 16.9
Wlese Ma, 1.1 70 T2 113 17.0 159
Mz, 1.5 1548 2655 172 173
Na,f1 288 382 144
Na, 1.8 17 i 5
[ Ca,12 278 185 * 81 18.0 50
I Ca,l13 1 o 5 210
[ a,3.1 183 0 18 - 65
I Cal2 200 210 105
I K15 723 400 58 68
I ERGL 28 25 * 95 95
I K, LaT1 140 185 118 118
I Mink 2 1 50
I|<=0w K12 867 10 * 14 14
Ilﬁs K14 22 13 * B4 34
| . K42 1 R 832 183
k4.3 360 170 * 46 4.0
KChIP2 342 509 ¢ &0 -
| [ K21 a52 380 * 108 238 111
K.2.2 a2 &2 134 34.0
K.2.4 2 2 115
lIsERCA SERCA2a 24420 2EG45 110 110
IR\;R RyR2 1878 2005 179 - 180
RyR3 12 25 * 237 -
I|\|=cz NCX1 3283 1213 40 - 40
(- ol Na™-K' pumip 12448 15218 114 105
o2 Na*-K' pump 2188 1558 * 72
o3 Na™-K' pump an2 a7 4 -
Bl Nz pump 3781 3187 B4 -
\|Electrical coupling Cx30.2 1 a E] 2.0 35
Cxdd 235 535 54 200.0
Cxd3 138 1022 733 80.0
Cxd5 2530 2006 79 30.0
Wles (sarcolemmal calcium pump) PRACAL k2] 401 103 103

Table A-6. Data used to model ion channel conductance and electrical coupling used in the computer modelling of the NH cells in the MCT model of the AV node. Data is taken from the mRNA
expression from the penetrating bundle. * p<0.05 for difference in control and MCT mRNA expression assessed by limma test.
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Current Proteins Contral i, MET Do Significant  MCT/Cantral (%) ¥ i 81 scaling factor for current (percent)
I+ HCNL 1 7 539 13.3 72
HCN2 750 222 30 34.6
HZN4 785 1211 * 152 16.5
e Na,1.1 187 272 146 170 53
MNa, 1.5 7785 47TE 62 17.3
Na,f1 1248 1450 108
N3, 1.8 o a* 240
loar Ca,12 183 210 * 161 15.0 151
Ca,l3 a a 44 210
[ Ca,3.1 78 57 73 - 78
Ca3.2 478 at3 78 -
[ K15 an1 264 B4 B4
e ERG1 108 84 * 55 55
[P K, LOT1 753 574 77 77
Mink 5 11 196
[Fr K12 20 34 * 38 38
[ K14 a3 a5 * 103 103
i tmse K42 47 1o * 40 1E.3
K,4.3 444 182 * 41 a0
KChIP2 SEET 3721 * 63 -
lgs K21 ] TEI * 106 238 87|
K.2.2 282 132 50 340
K.2.4 20 [} 20 -
SERCA SERCAZa 51244 164842 268 268
RyR RyR2 18787 13525 72 - 72
RyR3 55 a4 = 114 -
lizce NCXL 3211 3025 79 - 79
e ol Na*-K pump 5804 2280 148 112
o2 Na*-K* pump 3228 1942 * 58
o3 Na'-K pump 208 34 15 -
B1Nz"-K pump 12221 7048 54 -
Electrical coupling Cx30.2 il a 63 9.0 B0
Cxdl 288 456 153 200.0
Cxd3 4578 3214 65 80.0
Cud5 440 g00 200 30.0
|z (sarcolemmal czlcium pump) PMCATL 444 338 76 76

Table A-7. Data used to model ion channel conductance and electrical coupling used in the computer modelling of the ventricular cells in the MCT model of the AV node. Data is taken from the
mMRNA expression from the ventricle. * p<0.05 for difference in control and MCT mRNA expression assessed by limma test.
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Control

20ms

Figure A-1. Optical activation maps in
the SA/AV node preparation. The
activation map was created in Optiq
using the time at which the optical signal
was 90% from baseline to peak
(Tact90_Basic).All sequences are shown
with a 20ms colour scale. A) Control
rats. Conduction velocity in the atrium
was rapid in all preparations. B) MCT
treated rats. Some preparations showed
slowed conduction velocity but others
showed preserved conduction velocity.
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