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Abstract  
Atrial fibrillation (AF) is the most common type of cardiac arrhythmia. It is associated with severe co-

morbidities and is characterised by rapid, irregular atrial contractions. Treatment for AF can be 

challenging: pulmonary vein isolation (PVI) surgery is commonly used for AF, but success rates drop 

with time. Patient outcomes are improved when PVI is combined with ablation of the Ganglionated Plexi 

(GP), structures important in initiating and maintaining AF. The mechanisms underlying this relationship 

are unknown. GPs are neuron clusters found on the surface of the heart, which integrate signals from 

the central nervous system (CNS) and peripheral nervous system (PNS) to control heart rate and 

rhythm.  

This thesis aims to examine changes that occur in the GP with AF, focusing on neuron excitability and 

plasticity due to their likely role in AF generation. Immunohistochemistry, whole-cell patch clamping and 

a novel method of calcium imaging in an intact atrial GP preparation were used to compare the 

responses of spontaneously hypertensive rats (SHRs), which are particularly susceptible to AF, to 

Wistar-Kyoto (WKY) controls. SHR GP neurons showed increased excitability: they exhibited a 

depolarised resting membrane potential (RMP), lower rheobase, lower action potential (AP) threshold 

and greater spontaneous excitatory postsynaptic current (sEPSC) amplitude. Additionally, evoked 

cholinergic intracellular calcium responses were larger in SHR GP neurons, again indicating increased 

neuron excitability. Multiple GP neuron subtypes were identified electrophysiologically, and SHRs 

showed a higher proportion of neurons with fast after hyperpolarisations (AHPs), which will likely affect 

GP function. Glutamatergic receptors, central to plasticity in the brain, were examined to determine if 

they contribute to changes in GP excitability. GP neurons did not respond to the co-application of 

glutamate and glycine, suggesting glutamate receptors do not contribute to synaptic transmission or 

plasticity in the GP.  

Together, the data in this thesis reveal significant differences in excitability, neuron heterogeneity, 

membrane function, and synaptic transmission in WKY and SHR GPs. Given the higher propensity of 

SHRs for AF and the known role of the GP in initiating and maintaining AF, these cellular changes may 

contribute to AF mechanisms. These data improve our understanding of GP neurons, which will aid the 

future development and refinement of AF therapies.    



ii 
 

Acknowledgements 
I would like to acknowledge my supervisor, Associate Professor Johanna Montgomery, who, in the first 

instance, fought on my behalf to give me the opportunity to come to the University of Auckland and 

undertake this PhD. She has provided valuable support and mentorship throughout. I am also very 

grateful for the other members of the Montgomery lab group who were always willing to answer my 

many questions. Specifically, my fellow neurocardiac researchers, Dr Liam Argent, Dr Jesse Ashton 

and Dr Yufeng Hou. Additionally, thanks to Dr Juliette Cheyne for her coding inspiration. 

Finally, I would like to thank the Marsden fund for supporting my research financially.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

“The most dangerous phrase in the English language is ‘We’ve always done it this way.’” 

- Dr Grace Hopper  

  



iii 
 

Table of Contents 

Abstract .................................................................................................. i 

Acknowledgements .............................................................................. ii 

List of Figures ...................................................................................... vi 

List of Tables ....................................................................................... vii 

Abbreviations ..................................................................................... viii 

Chapter 1 : Introduction ..................................................................... 1 

 Atrial fibrillation (AF) ................................................................................................................ 1 

1.1.1 Mechanisms of AF initiation and maintenance ............................................................... 1 

1.1.2 AF disease progression .................................................................................................. 3 

1.1.3 Who is affected by AF? ................................................................................................... 3 

1.1.4 Current therapies for AF .................................................................................................. 4 

1.1.5 Animal models of AF ....................................................................................................... 6 

 The autonomic nervous system .............................................................................................. 7 

1.2.1 The peripheral nervous system ....................................................................................... 8 

1.2.2 The extrinsic cardiac nervous system ............................................................................. 9 

1.2.3 The intrinsic cardiac nervous system ............................................................................ 11 

1.2.4 GP ablation surgery for AF ............................................................................................ 17 

1.2.5 Other evidence for GP in AF ......................................................................................... 17 

 Cholinergic receptors ............................................................................................................ 18 

1.3.1 Nicotinic acetylcholine receptors ................................................................................... 19 

1.3.2 Cholinergic receptors in the brain ................................................................................. 22 

1.3.3 Cholinergic receptors in the ICNS ................................................................................. 23 

 Glutamate receptors .............................................................................................................. 24 

1.4.1 N-methyl-D-aspartate receptors (NMDARs) ................................................................. 25 

1.4.2 NMDARs in plasticity ..................................................................................................... 26 

1.4.3 Evidence for glutamate receptors in the GP ................................................................. 28 

 General Aims......................................................................................................................... 30 

Chapter 2 : Methods ......................................................................... 31 

2.1 Ethical approvals and experimental animals ......................................................................... 31 

2.2 Atrial Dissection..................................................................................................................... 31 

2.3 Histology ................................................................................................................................ 34 

2.3.1 Tissue preparation and sectioning ................................................................................ 34 

2.3.2 Haematoxylin and Eosin staining .................................................................................. 34 

2.4 Immunohistochemistry .......................................................................................................... 34 

2.4.1 Antibody labelling .......................................................................................................... 34 

2.4.2 Image acquisition .......................................................................................................... 37 



iv 
 

2.5 Western Blots ........................................................................................................................ 37 

2.5.1 Homogenate preparation .............................................................................................. 37 

2.5.2 Western Blotting ............................................................................................................ 37 

2.6 Whole-cell patch clamp recordings ....................................................................................... 38 

2.6.1 Recording setup ............................................................................................................ 38 

2.6.2 Membrane test, Resting Membrane Potential (RMP) and Rheobase measurements .. 39 

2.6.3 Action Potential (AP) recordings and analysis .............................................................. 39 

2.6.4 sEPSCs recordings and analysis .................................................................................. 40 

2.6.5 Drug application ............................................................................................................ 40 

2.6.6 ATCh recordings and analysis ...................................................................................... 43 

2.6.7 Glutamate application and analysis .............................................................................. 43 

2.7 Calcium Imaging ................................................................................................................... 45 

2.7.1 Dye preparation and loading ......................................................................................... 45 

2.7.2 Drug application ............................................................................................................ 45 

2.7.3 Image acquisition .......................................................................................................... 45 

2.7.4 Image analysis .............................................................................................................. 45 

2.8 Statistical Analysis ................................................................................................................ 46 

Chapter 3 : Electrophysiology of SHR and WKY GP neurons ....... 48 

 Introduction ............................................................................................................................ 48 

 Aims ...................................................................................................................................... 50 

 Results .................................................................................................................................. 51 

3.3.1 Passive membrane properties and rheobase of SHR and WKY GP neurons .............. 51 

3.3.2 AP characteristics of SHR and WKY neurons and identification of slow and fast AHP 

neurons ....................................................................................................................................... 51 

3.3.3 Examining trains of APs in SHRs and WKYs and identifying distinct firing profiles in 

different neuron subtypes.............................................................................................................. 57 

3.3.4 sEPSCs in SHRs and WKYs ......................................................................................... 61 

 Discussion ............................................................................................................................. 65 

3.4.1 SHR GP neurons have more depolarised RMPs and lower rheobase than WKY GP 

neurons ....................................................................................................................................... 66 

3.4.2 The single AP profile was different in SHRs compared to WKYs ................................. 67 

3.4.3 WKY and SHR neurons can be grouped into slow and fast AHP neuron types ........... 67 

3.4.4 The properties of trains of APs were similar in SHRs and WKYs ................................. 69 

3.4.5 Different neuron types can be identified by their phasic, adapting or tonic AP firing 

profiles ....................................................................................................................................... 70 

3.4.6 SHR sEPSCs have larger amplitudes and slower kinetics than in WKYs .................... 70 

3.4.7 SHR neurons show large neuron-to-neuron variation in sEPSCs amplitudes .............. 71 

3.4.8 Future Directions ........................................................................................................... 72 

 Conclusions ........................................................................................................................... 73 

 



v 
 

Chapter 4 : Calcium imaging and ACh receptors in GP neurons .. 74 

4.1 Introduction ............................................................................................................................ 74 

4.2 Aims ...................................................................................................................................... 76 

4.3 Results .................................................................................................................................. 77 

4.3.1 Recording the change in somatic Ca2+ in response to ATCh application ..................... 77 

4.3.2 Effect of Hex on the ATCh evoked Ca2+ responses of SHR and WKY GP neurons .... 80 

4.3.3 ATCh evoked inward currents recorded in SHR and WKY GP neurons ...................... 82 

4.3.4 Hex block of ATCh evoked inward currents .................................................................. 82 

4.4 Discussion ............................................................................................................................. 86 

4.4.1 Successful development of a method to calcium image GP neurons ........................... 86 

4.4.2 The ATCh evoked Ca2+ response of SHR GP neurons is larger than in WKYs ........... 87 

4.4.3 Declining Ca2+ response amplitudes and durations with repeated ATCh stimulation in 

SHRs compared to WKYs ............................................................................................................. 90 

4.4.4 Hex partially inhibits ATCh evoked Ca2+ responses in WKY and SHR GP neurons .... 90 

4.4.5 The ATCh evoked inwards currents are similar in SHR and WKY GP neurons ........... 91 

4.4.6 Hex partially inhibits ATCh evoked inward currents in WKY and SHR GP neurons to a 

similar extent ................................................................................................................................. 92 

4.4.7 Future Directions ........................................................................................................... 92 

4.5 Conclusions ........................................................................................................................... 93 

Chapter 5 : Glutamate receptors in the GP ..................................... 94 

 Introduction ............................................................................................................................ 94 

 Aims ...................................................................................................................................... 95 

 Results .................................................................................................................................. 96 

5.3.1 Examining GluN1 expression in the GP of SHR or control rats .................................... 96 

5.3.2 Examining GP neuron responses to local application of glutamate .............................. 97 

 Discussion ........................................................................................................................... 101 

5.4.1 Lack of molecular evidence of NMDARs in the GP .................................................... 101 

5.4.2 SHR GP neurons do not respond to glutamate .......................................................... 101 

5.4.3 Future Directions ......................................................................................................... 102 

 Conclusions ......................................................................................................................... 103 

Chapter 6 : General Discussion ..................................................... 104 

 SHR GP neurons are more excitable compared to WKYs ................................................. 104 

 SHR and WKY GPs contain different neuron subtypes ...................................................... 105 

 Rat GP neurons do not express glutamatergic receptors ................................................... 106 

 Research limitations and future research directions ........................................................... 107 

 Implications for AF research and treatment ........................................................................ 109 

 Conclusions ......................................................................................................................... 110 

Supplementary Figures .................................................................... 111 

References ........................................................................................ 113 

 



vi 
 

List of Figures  
Figure 1.1 Electrical initiation and maintenance of AF. ........................................................................... 2 

Figure 1.2 Hierarchy of the cardiac nervous system. ........................................................................... 10 

Figure 1.3 Location of GPs on the posterior left atria. .......................................................................... 11 

Figure 1.4 Human cardiac GP. ............................................................................................................. 13 

Figure 1.5 Cholinergic GP neurons are tightly wrapped by glial cells in rat and human tissue. ........... 14 

Figure 1.6 Cholinergic and adrenergic GP neurons of a WKY rat. ....................................................... 15 

Figure 1.7 Cell types of the GP. ............................................................................................................ 16 

Figure 1.8 Nicotinic acetylcholine receptor (nAChR) structure. ............................................................ 20 

Figure 1.9 Common nAChR subunit compositions. .............................................................................. 21 

Figure 1.10 NMDAR subunit structure. ................................................................................................. 27 

Figure 2.1 Diagram depicting isolation of the atrial preparation. .......................................................... 32 

Figure 2.2 Rat atrial preparation. .......................................................................................................... 33 

Figure 2.3 Representative DIC images of GP neurons in the atrial preparation .................................. 38 

Figure 2.4 Example AP traces showing MATLAB analysis of their properties. .................................... 41 

Figure 2.5 Easy Electrophysiology analysis of sEPSCs. ...................................................................... 42 

Figure 2.6 MATLAB analysis of an ATCh induced current during a GP neuron whole-cell patch clamp 

recording. .............................................................................................................................................. 44 

Figure 2.7 Calcium imaging analysis pipeline. ...................................................................................... 47 

Figure 3.1 Passive membrane properties of SHR and WKY neurons. ................................................. 52 

Figure 3.2 The rheobase of SHR and WKY neurons. ........................................................................... 53 

Figure 3.3 AP properties of WKY and SHR neurons. ........................................................................... 54 

Figure 3.4 AHP properties of WKY and SHR neurons. ........................................................................ 55 

Figure 3.5 The GP of WKYs and SHRs contain distinct neuron types with unique AHPs. .................. 56 

Figure 3.6 Properties of AP trains in SHRs and WKYs. ....................................................................... 58 

Figure 3.7 Properties of the AHP following a train of APs. ................................................................... 59 

Figure 3.8 Different neuron types have different AP train characteristics. ........................................... 60 

Figure 3.9 Frequency of sEPSCs in WKY and SHR neurons. .............................................................. 62 

Figure 3.10 The amplitude and kinetics of sEPSCs in SHR and WKY neurons. .................................. 63 

Figure 3.11 Individual neurons within WKY and SHR ganglia show variability in the amplitude and 

kinetics of sEPSCs. ............................................................................................................................... 64 

Figure 4.1 The Ca2+ response to ATCh application in WKY and SHR GP neurons. ............................ 78 

Figure 4.2 The change in ATCh evoked responses in WKY and SHR GP neurons over time. ........... 79 

Figure 4.3 Hex block of Ca2+ responses to ATCh. ................................................................................ 81 

Figure 4.4 ATCh application evoked inward currents in WKY and SHR GP neurons. ......................... 83 

Figure 4.5 Current-voltage relationship of the response to ATCh in SHR and WKY GP neurons. ...... 84 

Figure 4.6 Hex block of ATCh evoked inwards currents. ...................................................................... 85 

Figure 5.1 Western blotting to examine GluN1 protein expression in hippocampus, GP, and ventricular 

samples. ................................................................................................................................................ 98 



vii 
 

Figure 5.2 Immunohistochemistry of GluN1 labelling in the absence (top) and presence (bottom) of the 

GluN1 antibody blocking peptide. ......................................................................................................... 99 

Figure 5.3 SHR GP neurons do not exhibit inward or outward currents in response to glutamate and 

glycine application. .............................................................................................................................. 100 

 

Figure S.1 Transformed data were used to statistically analyse the change in ATCh evoked responses 

in SHR and WKY GP neurons over time. ........................................................................................... 111 

Figure S.2 Hex block of ATCh evoked currents in individual GP neurons across time. ..................... 112 

 

 

 

List of Tables  
Table 1 Primary antibodies used in immunohistochemistry (IHC) and western blotting (WB). ............ 36 

Table 2 Secondary antibodies used in immunohistochemistry. ............................................................ 36 

Table 3  Experimental animal numbers and mean membrane properties. ........................................... 52 

  



viii 
 

Abbreviations 
ACh    Acetylcholine 

AF    Atrial Fibrillation  

AHP   Afterhyperpolarisation  

AMPAR   α-amino-3-hydroxy-5-methyl-4-isoxasolepropionic acid receptor 

ANS   Autonomic nervous system 

AP    Action potential  

ATCh    Acetylthiocholine 

AV    Atrioventricular 
 

BK channel  Big-conductance channel 
 

Ca2+   Calcium 

CaMKII   Calcium/calmodulin-dependent protein kinase II 

cAMP   Cyclic adenosine monophosphate  

ChAT   Choline acetyltransferase 

CI    Confidence interval 

Cm     Membrane capacitance 

CNS    Central nervous system 

CTD    C-terminal domain 
 

DIC   Differential interference contrast  
 

EAT    Epicardial adipose tissue 

ER    Endoplasmic reticulum 
 

GAPDH   Glyceraldehyde 3-phosphate dehydrogenase 

GP   Ganglionated plexi  
 

HCN    Cyclic nucleotide-gated 

HEPES   4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 

Hex    Hexamethonium bromide  

HFS    High-frequency stimulation 
 

ICNS   Intrinsic cardiac nervous system 

iGluR   Ionotropic glutamate receptors  

IP3    inositol-1,4,5-triphosphate 
 

KCa    Ca2+ activated K+ channels 

Kv    Voltage-gated K+  
 

LTD    Long-term depression 

LTP    Long-term potentiation 
 

mAChR   Muscarinic acetylcholine receptor 



ix 
 

MAP2   Microtubule-associated protein 2 
 

nAChR   Nicotinic acetylcholine receptor 

NMDA   N-Methyl-D-aspartic acid 

NMDAR  N-methyl-D-aspartate receptor 
 

PBS   Phosphate buffered saline 

PBS-T    PBS 0.4% Triton X-100  

PKA    Protein kinase A 

PKC    Protein kinase C 

PLC   Phospholipase C 

PNS   Peripheral nervous system 

PVI    Pulmonary vein isolation 
 

Rm    Membrane resistance 

ROI   Region of interest 

RT   Room temperature  

RyR    Ryanodine receptors 
 

SA   Sinoatrial  

SD    Standard deviation 

SEM    Standard error of the mean 

sEPSCs   Spontaneous excitatory postsynaptic currents 

SHR   Spontaneously hypertensive rat 

SK channel  Small-conductance channel 

Syn1   Synapsin 1 
 

TH   Tyrosine hydroxylase 
 

VNS    Vagal nerve stimulation 
 

WKY    Wistar-Kyoto  
 

αBt    α-Bungarotoxin 



1 
 

Chapter 1 : Introduction  

 Atrial fibrillation (AF) 

AF is the most common type of pathological arrhythmia (Chugh et al., 2014). It is particularly prevalent 

in developed countries and disproportionately affects ethnic minorities (Tomlin et al., 2017). AF has 

many risk factors, including age, weight, blood pressure, smoking and diabetes (Mahmood et al., 2014). 

Despite medical advances in AF treatment, the prevalence of the disease is growing annually (Chugh 

et al., 2014). 

AF is characterized by a rapid, irregular heart rate and rhythm. Under normal circumstances, electrical 

activity is initiated in the sinoatrial (SA) node. It spreads in a controlled manner through the atria, causing 

them to contract before reaching the ventricles that subsequently contract (Gordan et al., 2015). 

However, in AF, aberrant electrical activity results in fast uncontrolled atrial contraction. Consequently, 

the atria do not effectively empty blood into the ventricles. The ventricles also receive disorganised 

electrical activity from the atria through the AV node, resulting in an irregular AF heartbeat. Two main 

mechanisms underly the atypical electrical activity: Re-entrant activity, when loops of electrical activity 

form, and ectopic activity (particularly around the pulmonary veins (PVs) (Haissaguerre et al., 1998)) 

when sites away from the SA node initiate activity (Nattel, 2002).  

AF is a progressive disease (Crijns et al., 2008); it begins with paroxysmal AF when normal sinus rhythm 

is re-established in less than seven days. Paroxysmal AF develops into persistent AF, where episodes 

last more than seven days, and finally, permanent AF, where sinus rhythm is not restored. This decline 

is rapid, and 30% of patients progress from persistent to permanent AF within a year (Crijns et al., 

2008).  An increase in autonomic innervation, atrial enlargement, and fibrosis are characteristic. 

Subsequently, AF significantly increases the risk of other diseases, including stroke (Wolf et al., 1978), 

heart failure (Swedberg et al., 2005) and dementia (Alonso & Arenas de Larriva, 2016). 

1.1.1 Mechanisms of AF initiation and maintenance  

The exact mechanism of AF is not fully understood, but specific patterns of electrical activity are 

characteristic. Irregular afterdepolarisations in myocytes during cardiac action potentials (APs) are often 

the source of AF initiation (Figure 1.1). Early afterdepolarisations, before the cell is fully repolarised, 

gives time for the cell to enter a secondary unregulated depolarisation. Whereas late 

afterdepolarisations mean a depolarising transient-inward current can form, which may trigger 

additional APs. Both mechanisms result in ectopic foci that trigger AF (Heijman et al., 2015).  

Generally, it is accepted that AF is sustained by re-entrant activity (Figure 1.1). After an AP, there is a 

delay before the cell is repolarised (refractory period), in which it cannot be reactivated. However, if the 

AP propagates elsewhere and returns to the initial cell once it is sufficiently repolarised, it will re-fire. In 

this way, loops of self-propagating APs are created. The ability of atria to maintain re-entrant activity 
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Figure 1.1 Electrical initiation and maintenance of AF. 

A. A depiction of the irregular afterdepolarisations that can initiate AF by evoking additional APs, 

showing early afterdepolarisations (EADs) (blue dashed line) and late afterdepolarisations (LADs) (red 

dashed line) and their resulting APs (solid lines) B. Early and late afterdepolarisations initiate aberrant 

electrical impulses (green arrows) in the atria. Irregular activity is then sustained by re-entrant activity 

(left) or ectopic activity (right). The foci (green spot) are typically found at the base of the PVs. 

Abbreviations: LA, Left atria; LV, left ventricle; PVs, pulmonary veins; RA, right atria; RV, right ventricle 

 

 

depends on the wavelength (the distance travelled in one refractory period), which is determined by 

conductance velocity and the path length. If the path length is longer than the wavelength, re-entrant 

activity will occur (Nattel, 2002). This re-entrant model is not the only explanation for the patterns of 

electrical activity seen in AF. For example, an increase in ectopic activity in a specific region can also 

be responsible (Figure 1.1). Over half of the 45 drug-resistant AF patients studied by Haissaguerre et 

al. had a single point of ectopic activity. More than 90% of these foci were located in the pulmonary 

veins (Haissaguerre et al., 1998). The pulmonary veins (PVs) contain pacemaker cells (Chen et al., 

2000) which can generate spontaneous activity and irregular rhythm. These pacemaker cells have 

increased activity in the early stages of AF, strengthening their ectopic activity (Chen et al., 2000). 

Additionally, patients with AF have a longer effective refractory period within the PVs, promoting re-

entrant activity (Jaïs et al., 2002). The PVs' structure changes in AF and fibrotic PV sleeves, with 

disorganized muscle fibres, further promote the formation of ectopic sites (Hocini et al., 2002; Khan, 

2004). PVs are particularly susceptible to inappropriate electrical activity because they undergo large 

conformational changes as blood is pumped from the atria. These conformational changes stimulate 

stretch-activated cation channels and can alter the refractory period of the area (Chang et al., 2007). 

Risk factors such as hypertension increase the pressure and conformational stresses on the PVs and 

therefore increase the risk of this mechanism of AF. 
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1.1.2 AF disease progression 

As AF progresses from paroxysmal to permanent AF (Crijns et al., 2008), atrial remodelling and 

increased autonomic innervation occur. Acute atrial electrical remodelling is characterized by 

shortening of the AP duration, which increases the chance of re-entrant activity as described above. AP 

shortening occurs due to faster repolarization and reduced L-type Ca2+ current (Heijman et al., 2015). 

Increased autonomic activity alters Ca2+ entry, storage and ion channel properties. Higher sympathetic 

activity leads to postsynaptic β-adrenergic receptor activation and subsequent activation of protein 

kinase A (PKA) and Calcium/calmodulin-dependent protein kinase II (CaMKII) phosphatases. This 

increase in sympathetic activity allows extracellular Ca2+ to enter through L-type Ca2+ channels and 

release of Ca2+ from the sarcoplasmic reticulum through ryanodine receptors (RyR) (Grimm & Brown, 

2010). Increased intracellular Ca2+ is designed to promote cardiac contraction, but in AF, large Ca2+ 

transients result in ectopic activity. Conversely, an increase in parasympathetic activity and 

acetylcholine (ACh) release activates ligand-gated K+ channels. The resulting outward K+ current 

reduces the AP duration and promotes ectopic activity (Chen et al., 2014). There are also other 

molecular changes seen. For example, the density of L-type Ca2+ channels are reduced in AF (Van 

Wagoner et al., 1999), which leads to a loss of pacemaker control of contraction. L-type Ca2+ currents 

mediate membrane excitation-contraction coupling of cardiac myocytes. The reduced expression of 

connexins has also been associated with AF. Connexins form gap junctions between cells and are 

involved in their electrical coupling. Loss of Connexin-40 expression leads to compromised atrial 

cardiomyocyte coupling and results in a loss of coordination, promoting AF (Ausma et al., 2003; Gollob 

et al., 2006).  

Structural remodelling during AF is characterized by atrial enlargement and fibrosis. These changes 

lead to abnormal conductance pathways through the atria. In the regions of fibrosis, the local conduction 

of electrical impulses is slowed, meaning that propagation is uneven across the atria. This uneven 

conduction can lead to loss of normal heart rhythm and promote macro re-entrant activity, therefore 

acting as a substrate for AF (Li et al., 1999). These changes in the atria can originate from AF itself or 

from other diseases such as obesity (Wang et al., 2004). In a process called steatosis, prolonged 

obesity leads to the deposition of lipids in tissues such as the heart. Steatosis in the heart eventually 

leads to myocardial apoptosis and deposition of fibrous scar tissue (Zhou et al., 2000).  

1.1.3 Who is affected by AF? 

In 2017 AF affected 37.6 million people worldwide, a number that is rising annually (Lippi et al., 2021). 

AF incidence increases with age, so AF is set to become more widespread as the world population 

ages. AF is seen more frequently in women than men due to their higher life expectancy, leading to an 

increased AF mortality rate in women (Gillis, 2017). AF has a greater prevalence in developed countries 

than developing countries, with the highest rates in North America. The prevalence here has seen the 

most dramatic increase of 40% in just 20 years (Chugh et al., 2014). The incidence of AF varies between 

different ethnicities. For example, NZ Europeans with heart failure are three times more likely to have 

AF than Singapore- Asians (Tan et al., 2019).  In NZ, 1.7% of the population has AF (Tomlin et al., 

2017), but this is significantly higher in the Māori and Pacific ethnic minorities. Māori and Pacific patients 
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are diagnosed with AF younger and have an increased risk of stroke compared to their NZ- European 

counterparts (Gu et al., 2018; Poppe et al., 2018; Tomlin et al., 2017). 

The Framingham Heart Study was the first substantial long-term epidemiological study that aimed to 

assess the risk factors involved in cardiovascular health and disease (Mahmood et al., 2014). Since 

1948, observational data has been acquired, revealing that many factors, most significantly, age, 

weight, and blood pressure, increase the likelihood of cardiovascular disease and AF (Mahmood et al., 

2014). Obesity causes atrial dilation, fibrosis and diastolic dysfunction, and for every BMI unit increase, 

there is a 4% increased risk of developing AF (Wang et al., 2004). Obesity is also correlated with other 

diseases, such as diabetes and high blood pressure, and each are independent risk factors in AF 

(Wanahita et al., 2008). AF is significantly more common in patients with underlying cardiac disorders, 

such as chronic heart failure, leading to atrial cell death and fibrosis. The outcome of patients with 

cardiovascular disease has improved dramatically in recent years. Therefore, the pool of people with 

underlying heart conditions who have increased susceptibility to AF has also increased (Nattel, 2002). 

Some genetic factors predispose an individual to AF (Ellinor et al., 2012). In non-familial AF, this is 

usually a minor contributor, with other risk factors playing a much more significant role. Unlike non-

familial AF, familial AF is a genetic disease, and although rare, it provides an interesting opportunity to 

identify key proteins involved in the disease. Multiple genes that encode subunits of K+ channels, such 

as K+ voltage-gated channel subfamily Q member 1 (KCNQ1), have been associated with familial and 

non-familial AF (Tsai et al., 2008). These mutations are often associated with other diseases like long 

QT syndrome. Mutations in other genes that encode Na+ channels (Chen et al., 2007) and connexins 

(Gollob et al., 2006) have also been associated with AF. All of these proteins are essential in maintaining 

electrical coordination within the heart. Therefore, loss or increased function inevitably leaves the heart 

more susceptible to AF.   

AF itself is a risk factor for other diseases. Individuals with AF are 5.6 times more likely to develop 

stroke (Wolf et al., 1978). During AF, abnormal atrial contraction disrupts blood flow into the ventricle 

and allows blood stasis, making it more prone to clotting. Thromboemboli can then travel to other organs 

in the body, such as the brain, causing ischemia and stroke (Nattel, 2002). Patients with AF are 1.5 

times more likely to develop Dementia (Alonso & Arenas de Larriva, 2016; Bunch et al., 2010). This 

increase may be explained by the increased thromboemboli formation mentioned above, leading to 

small silent infarctions in the brain. Alternatively, dementia may be caused by reduced cerebral 

perfusion due to a reduced ejection fraction. Other factors such as AF medications must also be 

considered. Anticoagulation medication increases the chance of microbleeds in the brain, another 

mechanism for developing Dementia (Alonso & Arenas de Larriva, 2016). AF also increases the risk of 

heart failure and increases mortality from the disease (Swedberg et al., 2005). Heart failure leads to 

electrical and structural remodelling, which promotes the initiation and maintenance of AF. AF itself 

causes further remodelling and promotes heart failure, resulting in comorbidity (Swedberg et al., 2005).  

1.1.4 Current therapies for AF 

Pharmacological agents are used to control both heart rate and rhythm. In a randomized trial of severe 

AF, the mortality rate of patients receiving rate controlling drugs was 21.3%, and in patients receiving 
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rhythm controlling drugs was 23.8% (Wyse et al., 2002). However, patients receiving rhythm control 

have more severe side effects and are more commonly hospitalized (Hohnloser et al., 2000; Wyse et 

al., 2002).  To restore sinus rhythm, antiarrhythmic drugs often need to be supplemented by other 

methods such as electrical cardioversion, partly explaining the high hospitalization rate. Management 

of AF is complicated, and many patients are required to take multiple medications in an attempt to treat 

their symptoms (Hohnloser et al., 2000; Wyse et al., 2002). The most common class of rate controlling 

drugs are beta-blockers such as Metoprolol Succinate (Wyse et al., 2002). These drugs inhibit the 

sympathetic nervous system by blocking β-adrenergic receptors. Specifically, the block of β-adrenergic 

receptors in the atrioventricular (AV) node reduces heart rate. Non-dihydropyridine Ca2+ channel 

blockers such as Diltiazem are also widely used for rate control in AF (Demircan et al., 2005). They act 

by inhibiting L-type Ca2+ channels, which increases the refractory period of the AV node. On the other 

hand, cardiac glycosides like Digoxin act by inhibiting the Na+K+ ATPase. The use of Digoxin is 

common, although its effects are slower, so it is prefered for less severe cases of AF (Lopes et al., 

2018). Digoxin increases the parasympathetic drive to the AV node, which counteracts the increase in 

sympathetic drive seen in AF. This leads to reduced AV conductance and therefore reduced heart rate 

(Van Gelder et al., 2016).  

There are also many rhythm controlling drugs that are used alone or in combination with rate controlling 

drugs (Kirchhof et al., 2020). Flecainide and Propafenone act by inhibiting fast inward Na+ channels. 

Inhibition of fast inward Na+ channels slows the conduction of APs, specifically in rapidly firing cells, 

and therefore controls heart rhythm (Van Gelder et al., 2016). Class III antiarrhythmic drugs such as 

Sotalol act by prolonging the repolarising stage of the AP. Inhibition of K+ channels lengthens the 

effective refractory period of the cell, and a longer effective refractory period (or specifically QT interval) 

prevents re-entrant activity (Piccini & Fauchier, 2016). Other rhythm controlling drugs such as 

Amiodarone act on multiple channels. Amiodarone is primarily a K+ channel antagonist, but it also acts 

on Na+ channels, Ca2+ channels, and beta-adrenergic receptors (Piccini & Fauchier, 2016). During 

prolonged episodes of AF, it is clinically beneficial to return the heart to sinus rhythm (Corley et al., 

2004). This can be achieved with electrical stimulation or bolus injection of a rhythm controlling drug 

such as those mentioned above.  

Drug resistant AF is often treated with catheter ablation therapy (Morillo et al., 2014; Wazni et al., 2005), 

but ablation is fast becoming the primary treatment method of AF (Nielsen et al., 2017). The most 

common methods of catheter ablation are radiofrequency ablation and cryoablation. Catheter ablation 

electrically isolates the areas that most commonly form ectopic foci from the rest of the heart, thereby 

preventing the spread of rapid uncontrolled activity. Compared to radiofrequency ablation, cryoablation 

is a relatively new method that uses low temperatures. It allows the surgeon to first reversibly cool the 

target site, and determine it's clinical effect, before irreversibly damaging the region. Whereas, 

radiofrequency ablation uses high temperatures to induce scarring and currently has similar clinical 

outcomes to cryoablation (Andrade et al., 2019). Catheter ablation for AF treatment can target different 

regions of the heart, such as the cavotricuspid isthmus (Pérez et al., 2009), but the most common and 

the most effective is pulmonary vein isolation (PVI). PVI is achieved by using a catheter to create 
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circumferential lesions around the ostium of each PV (Jaïs et al., 2008). The PVs are targeted because 

they are the primary site of ectopic activity in AF (Jaïs et al., 2002).  

Many studies have focused on determining whether antiarrhythmic drugs or radiofrequency ablation of 

ectopic sites is most effective against AF. In a large randomized clinical trial of 2204 patients with AF, 

there was no improvement in mortality seen in the ablation compared to drug therapy groups. 

Interestingly, although the overall mortality was similar, the burden of AF was reduced with ablation 

(Packer et al., 2019). A significant improvement in mortality was seen when assessing the subset of 

patients with AF and heart failure with a preserved ejection fraction (Packer et al., 2021). These trials 

confirm that a combination of therapies targeted to each patient is essential for AF treatment.  

1.1.5 Animal models of AF 

Many animal models have been developed to study AF. One approach commonly used in larger animals 

involves applying atrial burst pacing to mimic the electrical stimulation seen in AF. An example of this 

is in goats, where Wijffels et al. showed that AF itself promotes further episodes of AF and this is related 

to atrial remodelling (Wijffels et al., 1995). AF is also induced by activation of the autonomic nervous 

system (ANS) through vagal nerve stimulation (VNS). Strong VNS shortens the atrial effective refractory 

period, which increases the atria's susceptibility to re-entrant activity, and thereby AF (Schauerte et al., 

2000; Zhang et al., 2009). Models of other diseases, such as chronic heart failure, are often repurposed 

as models of AF. This is because the structural and electrical remodelling is similar in both diseases 

(Nishida et al., 2009). These models are also useful when investigating the interactions of clinically co-

occurring diseases.  

Transgenic models can be used to look at the pathways involved in AF. Overexpression of specific 

genes and identification of the resulting AF phenotype have helped identify some of the major proteins 

involved. Some of the most common genetically modified mouse models alter the expression of G-

protein coupled receptors, ion channels, intracellular Ca2+ modulators, and junctional complexes (Riley 

et al., 2012). Overexpression of ACE or angiotensin II receptors leads to cardiac hypertrophy and AF 

in mice (Xiao et al., 2004). Hypertrophy is seen due to the role of angiotensin II in vasoconstriction, 

fibroblast proliferation and sympathetic activation. Overexpression of the renin-angiotensin system 

(RAS) is also associated with AF through the same pathway. Murine models have shown that cardiac 

adenosine 1 receptor activation leads to activation of G-protein-coupled inwardly rectifying K+ channels 

(Riley et al., 2012). This results in a shortening of the AP and, therefore, promotion of AF. Many genetic 

models of AF have shortened APs due to direct mutations in K+ or Na+ channels. Additionally, RyRs 

have been implicated in the initiation of AF, and their role has been confirmed with transgenic mouse 

models (Li et al., 2014). Altered RyR expression leads to a leak of Ca2+ from the ER, which results in 

ectopic activity. Furthermore, genetic overexpression of junctional complexes, like connexins, that 

electrically couple cardiomyocytes results in AF (Hong et al., 2008). 

In most of the models discussed, AF does not occur spontaneously. Instead, it must be electrically or 

chemically evoked. However, some models, such as aged spontaneously hypertensive rats (SHRs), 

can be used to look at both evoked and spontaneous episodes of atrial arrhythmia (Choisy et al., 2007; 



7 
 

Scridon et al., 2012). Age and hypertension are both risk factors in AF, making aged SHRs particularly 

susceptible to the disease. As SHRs progress from 3 to 24 months, they move from systemic 

hypertension to early systolic failure and finally decompensated heart failure (LeGrice et al., 2012). 

SHRs have enlarged, dilated hearts, which show more than twice the amount of collagen when 

compared to age-matched Wistar-Kyoto (WKY) controls (LeGrice et al., 2012). SHRs undergo electrical 

remodelling, showing altered L-type Ca2+ currents and increased sympathetic tone (Choisy et al., 2007; 

Herring et al., 2011). They have shorter effective refractory periods and increased atrial conduction 

heterogeneity compared to WKYs (Lau et al., 2013) and as SHRs age, the atrial conduction speed 

decreases (Hayashi et al., 2002). Aged SHRs (14 months) but not WKYs experience spontaneous 

episodes of AF (Scridon et al., 2012). However, AF is most commonly stimulated with electrical pacing. 

It is usually evoked with right atrial burst pacing (Hayashi et al., 2002) or S1S2 pacing (Parikh et al., 

2013). S1S2 involves pacing the heart with an evenly spaced S1 stimulus before applying a premature 

S2 stimulus that is 'out of time' with the initial pacing (Parikh et al., 2013). AF can also be stimulated 

chemically. For example, Heptanol is used to block gap junctions, decreasing atrial conduction velocity 

and therefore promoting AF (Hayashi et al., 2002), while carbachol infusion is used to increase 

parasympathetic drive (Ashton et al., 2020). No matter how AF is stimulated, it is more easily initiated 

and sustained in SHRs than WKYs and in older than younger animals (Crijns et al., 2008; Diness et al., 

2011). These properties, as well as the relatively low cost and ease of small rodent models, make SHRs 

particularly appealing when studying AF.  

Clinically AF is complicated, so no animal model will represent the disease perfectly. Therefore, it is 

crucial that research is replicated in various systems.  

 

 The autonomic nervous system 

The nervous system is composed of the central nervous system (CNS) and the peripheral nervous 

system (PNS). The CNS includes the brain, brainstem, and spinal cord, while the PNS is composed of 

nerves and neurons outside of the CNS (Powley, 2013). There are groups of neurons called ganglia 

found throughout the PNS. These ganglia integrate signals from the CNS and PNS before innervating 

the target tissue, where they control physical responses (Powley, 2013).  

A series of ganglionated plexi (GP) are located on the surface of the heart. These GP are embedded in 

epicardial fat tissue and cluster around the PVs. They form a complex network of neurons that receive 

efferent inputs from the CNS and afferent inputs from the heart (Fedele & Brand, 2020). The GP are a 

heterogeneous group of neurons that integrate these signals (Edwards et al., 1995). The ultimate 

purpose of the GP is to regulate heart rate and rhythm and they play an important role in triggering 

arrhythmias such as AF. For example, electrical stimulation of PV GPs induces AF in dogs (Scherlag 

et al., 2005) and in humans (Lim et al., 2011; Salavatian et al., 2016), whereas destruction of GPs 

improves the outcome of AF patients (Katritsis et al., 2013). The precise role of GP in AF is not fully 

understood.  
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1.2.1 The peripheral nervous system  

The PNS comprises the somatic nervous system, that mediates voluntary control of the body, and the 

ANS, that mediates involuntary functions. The somatic nervous system contains afferent sensory 

neurons, efferent motor neurons and efferent interneurons. These neurons efficiently pass information 

between the body’s periphery and the CNS, enabling rapid responses to the environment. The ANS is 

composed of a network of afferent and efferent neurons, arranged into autonomic ganglia which are 

located throughout the body. Afferent neurons transmit signals from the periphery to the CNS, while 

efferent neurons pass signals away from the CNS. The traditional view of the PNS is as a relay system 

between the external environment and the CNS; however, it is becoming clear that the PNS has 

essential functions in and of itself. The ANS is involved in a vast range of processes, including control 

of digestion through the enteric nervous system, control of respiratory rate and variability, vasodilation 

and constriction, and immune system regulation, to name a few (Powley, 2013).  The role of the ANS 

in the control of heart rate and rhythm has been particularly well studied (Durães Campos et al., 2018). 

The ANS is divided into the sympathetic and parasympathetic components. The sympathetic system is 

nicknamed the ‘fight or flight’ response, while the parasympathetic system is nicknamed the ‘rest and 

digest’ response. These components oppose one another. In the heart, increased sympathetic tone 

increases rate, contractility, and conductivity, whereas increased parasympathetic tone decreases 

these outputs. The heart's sympathetic or parasympathetic tone is influenced by intrinsic factors, like 

diastolic stretch, and extrinsic factors, like hormones and autonomic input from the brain and spinal 

cord (Armour, 2008; Durães Campos et al., 2018). 

The ANS comprises of preganglionic neurons in the brainstem or spinal cord that project to and synapse 

with postganglionic neurons in the peripheral ganglia. The postganglionic neurons then innervate the 

target tissue. Sympathetic preganglionic neurons initiate in the spinal cord, in the thoracic and lumbar 

segments (T1-L3). Sympathetic postganglionic neurons are located in paravertebral ganglia, which sit 

beside the spinal cord segment, or prevertebral ganglia, which are located distal to the spinal cord 

closer to the target organ. Parasympathetic preganglionic neurons initiate in the brain stem and sacral 

spinal cord (S2-S4). Unlike the sympathetic postganglionic neurons, the parasympathetic 

postganglionic neurons are located in or on the target organ and are arranged into GP. These plexi 

receive and integrate neuronal inputs. The postganglionic neurons in both sympathetic and 

parasympathetic systems then project into the target tissue (Powley, 2013; Wehrwein et al., 2016). 

Preganglionic neurons are cholinergic, and they release the neurotransmitter ACh, which binds nicotinic 

ACh receptors (nAChRs) on the postganglionic neuron. However, the postganglionic neurotransmitters 

are distinct between the two systems. The sympathetic nervous system uses norepinephrine, while the 

parasympathetic nervous system uses ACh. Target organs have adrenergic and cholinergic receptors 

to receive both of these signals (Johnson, 2019).  

The ANS interacts with cardiac myocytes via neuromuscular junctions. Neurotransmitters such as ACh 

and noradrenaline are released from the presynaptic nerve terminal, cross the synaptic cleft and bind 

to the postsynaptic endplate. During sympathetic stimulation, noradrenaline or epinephrine bind to β1-

adrenergic receptors on the cardiomyocyte membrane. This leads to activation of the GTP-binding 
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protein, which then activates adenylyl cyclase to convert ATP to cyclic adenosine monophosphate 

(cAMP). cAMP activates PKA that has a myriad of downstream effects (Wehrwein et al., 2016). The 

most important mechanisms for increased cardiac contraction in response to sympathetic stimulation 

are outlined below. PKA phosphorylates troponin I, enhancing the dissociation of Ca2+ from the 

myofilaments and, therefore, the speed of relaxation, which reduces the time required before the next 

contraction. Phosphorylation of phospholamban increases the sarcoplasmic reticulum reuptake of Ca2+, 

again increasing relaxation speed. RyR phosphorylation increased sarcoplasmic reticulum Ca2+ uptake. 

Increased sarcoplasmic reticulum Ca2+ availability increases inotropy as larger Ca2+ stores result in 

more rapid release and contraction. PKA phosphorylation also directly regulates the L-type voltage-

dependent Ca2+ channels that are essential for the cardiac AP (Bers, 2002).  

Under normal rest conditions, parasympathetic control of heart rate predominates. The parasympathetic 

postganglionic neurons release ACh, which binds to muscarinic receptors on the cardiomyocytes. 

Muscarinic receptors activate inhibitory G proteins, stimulating ACh dependant inwardly rectifying K+ 

channels. Increased activity of these channels results in an increased hyperpolarisation that lengthens 

the AP and therefore increases the time before the next contraction can be initiated. The inhibitory G 

proteins also inhibit adenylyl cyclase activity resulting in less cAMP production and less PKA activity 

and the subsequent sympathetic effects (Gordan et al., 2015).  

1.2.2 The extrinsic cardiac nervous system 

The cardiac parasympathetic nervous system originates in the ventral lateral region of the medulla 

oblongata (called the nucleus ambiguous; Figure 1.2), located in the brain stem. The parasympathetic 

system receives sensory input from receptors such as baroreceptors and chemoreceptors that are in 

the bifurcation of the carotid artery and in the aorta. Baroreceptors convert the mechanical stretch of 

arteries (as a measure of blood pressure) into APs that regulate parasympathetic output. 

Chemoreceptors detect decreases in pH, inferring an increase in CO2 and a drop in O2. They evoke a 

reduction of parasympathetic activity, leading to increased heart rate (Marshall, 1994). Parasympathetic 

nerves travel through the vagus nerve from the medulla oblongata to their postganglionic sites in the 

intrinsic cardiac nervous system (ICNS) (Armour, 2008; Durães Campos et al., 2018). The vagus 

contains approximately 80% afferent and 20% efferent inputs (Agostoni et al., 1957). The vagus splits 

into superior and inferior branches that innervate distinct cardiac regions of the heart on the left and 

right sides (Armour et al., 1997). 

Unlike the cardiac parasympathetic nervous system, the cardiac sympathetic nervous system starts 

with neurons located in the upper thoracic spinal cord, which receive inputs from interneurons that 

originate in the medulla oblongata of the brain. They then project axons through the T1-T5 thoracic 

nerves and synapse with postganglionic nerves in the cervical, stellate, and thoracic ganglion that 

innervate the heart (Armour, 2008; Durães Campos et al., 2018). Mediastinal nerves enter through the 

heart hilum and project to seven main regions by following major vessels or heart groves (Pauza et al., 

2000), where they synapse with the ICNS.  

 



10 
 

 

 

Figure 1.2 Hierarchy of the cardiac nervous system. 

Afferent (blue) and efferent (green) neurons are integrated at different levels for neural control of the 

heart. Parasympathetic and sympathetic neurons transmit signals from the CNS to the PNS and finally, 

the ICNS that lies on the surface of the heart. Local circuit neurons (yellow) create feedback loops in 

the intrinsic and extrinsic ganglia to control transmission. 

Abbreviations: DRG, Dorsal Root Ganglia 

 

 

Brain

Bra in  Stem
 Medulla  

Sp ina l  ord
      T  

  tracard iac
gang lia

 n trins ic
ganglia

D  

 odose

 
a
g
u
s

 fferent

 fferent

Parasympathetic

Symapthtic

 ocal circuit 

neurons



11 
 

1.2.3  The intrinsic cardiac nervous system 

The extrinsic cardiac system, outlined above, integrates with the ICNS through a series of nerve fibres 

and neurons. It is estimated that the ICNS contains over 43,000 neurons (Pauza et al., 2000), which 

are arranged into clusters on the surface of the heart called ganglionated plexi (GP). GP are typically 

found at branch points in nerve fibres surrounded by epicardial tissue (Choi et al., 2017). Ganglia cluster 

around the heart hilum and are concentrated on the posterior left atrium and the superior posterior 

ventricles. There are more than five times as many GP on the atria compared to the ventricles (Armour 

et al., 1997).  

There are five major atrial sites where GPs are found reliably (Figure 1.3). The superior left, and superior 

right atrial GP are located on the posterior of the left and right atrium respectively. The posteromedial 

left atrial GP (the inferior left GP) and the posterior right atrial GP (the anterior right GP) are located 

adjacent to the interatrial groove on the left atrium. The posterolateral left atrial GP (also the inferior left 

atrial GP) is smaller than the other atrial GPs, and it is located near the atrioventricular groove. GPs are 

also found in 5 major sites on the ventricles, the two most significant of which are the aortic root GP 

and the anterior descending GP. These are located at the base of the aorta and pulmonary artery, 

respectively. The remaining GPs are clustered at the superior aspect of the ventricles and around the 

interventricular groove (Armour et al., 1997).  

  

Figure 1.3 Location of GPs on the posterior left atria. 

Regions where GPs cluster (brown) on the Left Atria (LA). GPs include the superior left LA GP (1), 

inferior left LA GP (posteriolateral LA GP) (2), inferior right LA GP (posteriomedial LA GP) (3) and the 

posterior right GP (anterior right GP) (4).  

Abbreviations: IVC, inferior vena cava; LA, left atria; LSPV, left superior pulmonary vein; LIPV, left 

inferior pulmonary vein; LSPV, right superior pulmonary vein; LIPV, right inferior pulmonary vein; SVC, 

superior vena cava. 
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The pathways of vagal interaction with the ICNS have been studied using GP ablation in dogs by Hou 

et al. Activation of the right or left vago-sympathetic trunk stimulated the anterior right GP, and/or the 

superior left GP. The anterior right GP then regulates SA node activity. However, for AV node regulation, 

the activity must also travel through the inferior right GP (Hou, Scherlag, Lin, Zhang, et al., 2007; Hou, 

Scherlag, Lin, Zhou, et al., 2007). The GPs act as sites of integration and regulation of vagal tone. More 

simply, the SA node is regulated by ganglia that are located inferior and posterior to it and the ganglia 

that sit in the interatrial groove and the coronary sulcus junction control the AV node (Kapa et al., 2016). 

However, there are interconnections between these ganglia for the control and regulation of signals. 

The intracardiac network and its interaction with the upstream ANS is complex and has not yet been 

clearly mapped. A network of pre and post ganglionic neuronal fibres run between the GPs. Fibres 

range from less than 20µm up to 600µm in diameter (Tan et al., 2006). Preganglionic nerves travel 

through the epicardial tissue and synapse with post ganglionic neurons in the GP. This allows for the 

integration of sympathetic, parasympathetic, and afferent signals. The postganglionic neurons then 

travel to their target sites and innervate the muscle (Pauza et al., 1999).  

The general location of major GP complexes is consistent across patients (Pauza et al., 2000). Some 

species variation in GP location is seen (Pauza et al., 2002; Zarzoso et al., 2013), but this is expected 

due to the differences in gross cardiac anatomy between species (Hill & Iaizzo, 2015). The overall 

regulation of the SA and AV node by multiple interconnected GPs is conserved (Fedorov et al., 2006; 

Glukhov et al., 2010). Smaller mammals such as rats and mice have less overall innervation compared 

to larger mammals such as sheep, pigs, and humans. For example, mice have an average of 19 GP, 

pigs have 362, and humans have 836 (Wake & Brack, 2016). Due to the increased number, the ganglia 

are therefore distributed across a larger area of the heart. Generally, larger animals have more complex 

nervous systems (Sousa et al., 2017), and this holds true for the ICNS.   

Each human GP (Figure 1.4) ranges in size from a few neurons to more than 400 neurons (Pauza et 

al., 2000). The largest GP is the posterior right atrial GP containing an average of 200 neurons (Armour 

et al., 1997). Smaller GPs are found in the branches of major nerves and vessels. Ganglia can either 

lie in one plane with neurons sitting next to one another or in dense globular structures (Pauza et al., 

2002). There is some species variability in ganglia size and composition. For example, dogs have 

unusually large GP covering greater than 1mm2. However, most GP across species (rat, guinea pig, 

dog, and humans) are around 0.2mm2  and contain 100-200 neurons (Pauza et al., 2002). The overall 

number of GP neurons increases from mice (approx. 1,000) and rats (approx. 6,500) to pigs (approx. 

12,000) and humans (approx. 43,000) (Wake & Brack, 2016). This increase is explained by an increase 

in GP number rather than any significant change in GP size or neuron density. Changes occur in the 

GP with age:  In humans, although the is no change in the number of ganglia, the area of each ganglia 

increases. As the area increases the density of the neurons decreases, and the size of neuron cell 

bodies increases. There are also changes in the structural organisation of the ganglia and 

interconnecting fibres (Jurgaitiene et al., 2004; Pauza et al., 2002; Pauza et al., 2000). The autonomic 

innervation of the heart decreases with age (Hotta & Uchida, 2010) and the changes in the GP reflect 

this.  
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Figure 1.4 Human cardiac GP. 

Haematoxylin and Eosin image of a large human GP with GP neuron somas  ▼  surrounded by fibers 

and glial cells (lighter pink area). The GP is embedded in epicardial adipose tissue (*). Scale bar 200µm 

 

GPs contain unipolar and multipolar neurons that have single or multiple processes (Avazzadeh et al., 

2020). Bipolar neurons generally have one neurite extending from each pole that branches, whereas 

unipolar neurons have one long prominent neurite that does not branch (Horackova et al., 1996). 

Neuron cell bodies are generally oval, measuring on average 23 µm by 32 µm and covering an area of 

61.5 µm2 (Pauza et al., 2002). Typical neurons have large non centrally located nuclei with prominent 

nucleoli (Figure 1.5). 

GP neurons are tightly wrapped by glial cells, as indicated in Figure 1.5 and the function of these glial 

cells is not yet known. However, glial cells in the CNS and elsewhere in the PNS provide structural 

support and influence neuron excitability and synaptic activity. These glial cells are found closely 

associated with synapses to form tripartite synapses (Araque et al., 1999). They have postsynaptic 

receptors to respond to neurotransmitter release and changes in extracellular ion concentrations. 

Neuron excitability can be regulated by the reuptake of neurotransmitters and ions such as K+ by glia. 

Glial cells also release gliotransmitters, such as glutamate, ATP, and adenosine. Additionally, they can 

secrete other synaptogenic factors (like transforming growth factor-β , leading to the formation of new 

synapses, including neuromuscular junctions (Eroglu & Barres, 2010; Tedoldi et al., 2021). There are 

two main types of glial cells found in the ICNS, Schwann cells and satellite cells which both express the 

Ca2+ binding protein S100B (Figure 1.5) (Fregoso & Hoover, 2012). Schwann cells wrap around nerve 

fibres, while satellite cells encase the soma. Overall, glia are very important in controlling neuron 

activity, and the high density and close association of glia to GP neurons (Figure 1.5) suggests they are 

essential in the ICNS, but further research is needed to confirm their role.   
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Figure 1.5 Cholinergic GP neurons are tightly wrapped by glial cells in rat and human tissue. 

Images of rat GP neurons (A) and human GP neurons (B, C) showing choline-acetyltransferase (ChAT) 

positive (green) cholinergic cell bodies and fibres encased by S100B positive (red) glial cells. A lower 

magnification image shows the whole human GP (C) that is tightly packed with GP neurons (green) and 

glial cell nuclei (white).  

Scale bars; 20µm (A, B); 100µm (C) 

 

Cardiac ganglia are surrounded by thick capsules of collagen and fibroblasts (Armour et al., 1997), and 

they are found embedded in epicardial adipose tissue (EAT). This adipose tissue may protect the ICNS 

from mechanical stresses but EAT does not only play a protective role, and not all adipose tissue is 

identical. For example, atrial adipose tissue has higher acetylcholinesterase activity than ventricular 

adipose tissue (Couselo-Seijas et al., 2019). Adipocytes have muscarinic ACh receptors (mAChRs) and 

so are influenced by ACh levels. ACh can change EAT expression of metabolism, cell growth, transport, 

and immune proteins. For example, applying ACh to human adipose tissue increases the secretion of 

pro-inflammatory proteins (Couselo-Seijas et al., 2019). ACh application also enhances lipid storage in 

epicardial stromal cells (Couselo-Seijas et al., 2020). In this way, the ANS can influence the EAT, and 

EAT activity can regulate the ANS. The extent of the EATs influence on the GP is not yet fully 

understood.   

The two major neural phenotypes in the GP are adrenergic (tyrosine-hydroxylase (TH) positive) and 

cholinergic (choline-acetyltransferase (ChAT) positive) (Figure 1.6), and the vast majority of neurons 

are cholinergic. There is a specific type of TH positive cells that are small and round and cluster together 

in distinct regions of the GP. These have been named small intensely fluorescent (SIF) cells. However, 

the larger more ‘typical’  P neurons can also be TH positive (Slavíková et al., 2003). Studies have 

shown that there is overlap between the adrenergic and cholinergic neurons, with 10-20% of GP 

neurons in rats (Ashton et al., 2020), mice (Zarzoso et al., 2013), and humans (Hoover et al., 2009) 

having dual phenotypes. Hoover et al. showed that human GP neurons were also positive for nitric 

oxide synthase and vasoactive intestinal peptide (Hoover et al., 2009), suggesting nitric oxide and 

vasoactive intestinal peptide are released as co-transmitters at postganglionic parasympathetic nerves. 

This observation has been made in GPs across species (Klimaschewski et al., 1992; Parsons et al., 
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2006; Richardson et al., 2003). Unlike ACh, vasoactive intestinal peptide increases cAMP synthesis 

and therefore, increases heart rate. Whereas, nitric oxide leads to a reduction in heart rate by facilitating 

ACh release, inhibiting NE release, and decreasing the hyperpolarisation activated K+ ‘funny’ current, 

leading to an increased refractory period (Fedele & Brand, 2020). GP neurons are also positive for 

neuropeptide Y (NPY) (Richardson et al., 2003), a co-transmitter in sympathetic adrenergic neurons 

that can inhibit cholinergic release, therefore inhibiting the parasympathetic response (Fedele & Brand, 

2020).  

 

 

Figure 1.6 Cholinergic and adrenergic GP neurons of a WKY rat. 

Immunohistochemistry images of choline acetyltransferase (ChAT) positive GP neurons (red) and 

tyrosine hydro ylase  TH  positive neurons  blue . Typical  h T and TH positive neurons  ▼  and fibre 

bundles (*) are indicated. 

Figure reproduced from J. L. Ashton, J. E. G. Smith, et al. (Ashton et al., 2020) 

 

Electrophysiologically GP cells are classified as type I cells which are phasic (also known as somatic 

cells), and type II cells which are tonic (Figure 1.7). Phasic cells only fire one (or very few) APs in 

response to a depolarizing current step, whereas tonic cells produce sustained AP responses. Type II 

cells are split into slow afterhyperpolarisation (AHP) (principal) cells and pacemaker cells (sensory 

neurons) (Fedele & Brand, 2020). Somatic phasic cells are monopolar and have small soma and receive 

local excitatory synaptic inputs. Slow AHP cells are multipolar principal neurons that have slow AHPs, 

as the name suggests. These are the most abundant GP cells, and they are the only type that receives 

presynaptic efferent input from the vagus. Slow AHP cells also receive other local inputs suggesting 

they have a role in integrating the extrinsic and intrinsic nervous systems. Pacemaker cells (P- cells) 
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are pseudounipolar or bipolar and have a hyperpolarisation-activated inward rectifying current (Edwards 

et al., 1995). These cells receive little to no excitatory synaptic input (Edwards et al., 1995), and unlike 

the other cell types, they do not have synaptophysin positive boutons. Pacemaker cells make up around 

10% of all GP cells and are thought to be sensory neurons due to the lack of synaptic inputs (Klemm et 

al., 1997). Sensory cells receive afferent signals and relay information back to the CNS, explaining why 

they do not have excitatory synaptic inputs. Type I and type II neurons were first described in guinea-

pigs (Edwards et al., 1995; Klemm et al., 1997) but have since been identified in isolated rat GP 

(Selyanko, 1992) and in working heart brainstem preparations (McAllen et al., 2011). 

 

 

Figure 1.7 Cell types of the GP. 

GP neurons are classified as type I cells and type II cells. Type I cells are phasic cells (also known as 

somatic cells), they are monopolar with small soma. Type II cells are sub-divided into slow AHP cells 

(known as principal cells) and sensory cells (known as pacemaker cells). Slow AHP cells are multipolar 

and receive parasympathetic input from the vagus, as well as local inputs. Sensory neurons are 

pseudounipolar or bipolar and are thought to be afferent (indicated by the black arrow) (Edwards et al., 

1995). The GP neurons innervate the cardiac muscle layer (pink), and the GP is embedded in adipose 

tissue (grey circles).  
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1.2.4 GP ablation surgery for AF  

Research into a novel AF treatment that involves GP ablation during PVI provides strong evidence of 

the GPs involvement in AF. PVI alone disrupts several major atrial GP sites, likely impacting the 

treatment's success. For example, transecting the main left atrial GP during PVI reduces AF recurrence 

by as much as 25% one year after surgery (Katritsis et al., 2013). During targeted GP ablation surgery, 

the GPs are located with high frequency stimulation (HFS) by monitoring their parasympathetic 

response. These sites are then ablated with radiofrequency currents (Po et al., 2009). GP ablation alone 

is less effective than PVI, but when GP ablation is paired with PVI the success rate of the treatment 

improves (Katritsis et al., 2011; Katritsis et al., 2013; Po et al., 2009). It is not yet fully understood why 

GP ablation reduces AF burden, but it may be due to a reduction in the number of autonomic neurons. 

More significant parasympathetic denervation leads to better outcomes for AF patients undergoing GP 

ablation (E. Pokushalov et al., 2009). The results of GP ablation are promising, but many of the studies 

have relatively short follow up times (of around six months) so it will be important to assess the long-

term success of GP ablation in the future. 

Although HFS allows effective targeting of GP ablation therapy, the exact location and function of each 

GP is still unknown. Patient to patient variability in the network also complicates the surgery (Pauza et 

al., 2000). Interestingly, right atrial GP ablation is used to increase the heart rate in vasovagal syncope, 

a disease where an excessive vagal drive leads to an abnormally low heart rate (Hu et al., 2019; Sun 

et al., 2016). This only highlights the complexity of GP ablation as the same surgery in AF patients 

reduces heart rate.  

1.2.5 Other evidence for GP in AF 

Changes in autonomic tone, either an increased sympathetic or vagal (parasympathetic) drive, promote 

AF. Immediately before an episode of paroxysmal AF, increases in sympathetic tone followed by an 

increase in vagal tone have been described (Bettoni & Zimmermann, 2002). Increased vagal tone 

decreases the AP duration and the atrial effective refractory period facilitating re-entrant activity. 

Increased sympathetic tone drives an increase in intracellular Ca2+. The Ca2+ is then exchanged with 

extracellular Na+ resulting in a net depolarizing current and early afterdepolarisations (Stavrakis et al., 

2015).  Because GP act as a site of control and integration of sympathetic and parasympathetic activity, 

they are inevitably involved in AF.  

Long term changes to the autonomic innervation of the heart in AF can occur through neural 

remodelling. For example, rapid atrial pacing in dogs results in an increased sympathetic innervation 

density and heterogeneity (Chang et al., 2001; Jayachandran et al., 2000). Autonomic remodelling can 

also occur quickly after rapid atrial pacing (within 24 hrs), resulting in sympathetic and parasympathetic 

hyperinnervation (Zhang et al., 2015). Due to rapid pacing, the increased susceptibility to AF could be 

reversed with GP ablation verifying their involvement (Lu et al., 2008).  

PVs are the primary sites for ectopic activity in AF, and the ganglia surrounding the PVs are involved. 

Trains or continuous HFS applied to PV ganglia in dogs induces AF (Scherlag et al., 2005). This 

stimulation leads to an overload of parasympathetic activity, which can result in a complete AV block. 
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Continuous HFS of human PV ganglia also induces AF (Scherlag et al., 2005); in this case, over 

activation of the GP increases parasympathetic tone. In dogs, injection of ACh into the fat pads at the 

PVs' base (rich in GPs) leads to spontaneous AF. In the remaining animals where AF was not 

spontaneous, it was easily induced with a single electrical stimulus. AF originated from a site in the 

myocardium adjacent to the ACh injection area, suggesting  that excessive autonomic activity in the GP 

leads to increased ACh release, which drives the PVs' ectopic activity (Po et al., 2006). ACh released 

by the GP promotes AF by reducing the AP duration. HFS of areas away from the PVs can also promote 

AF. In humans, HFS in the Vein of Marshall results in AV conduction slowing, promoting AF. Destruction 

of the GP in this area with ethanol prevents the AV slowing, showing they are also crucial in AF initiation 

(Báez-Escudero et al., 2014; Herring et al., 2019). 

Work from our lab has identified structural and functional differences in the GP of aged SHRs compared 

to WKYs (Ashton et al., 2020). As SHRs are particularly susceptible to AF (LeGrice et al., 2012) these 

differences are proposed to underly or contribute to the disease. SHR, compared to WKY GP neurons, 

had a larger number of cholinergic (ChAT positive) and adrenergic (TH positive) neurons and an overall 

increase in the number of synapses. This suggests that structural remodelling has occurred in the GP 

of SHRs, resulting in aberrant changes to the GP neuronal network. Electrically, SHRs had altered AP 

profiles with lower AP amplitudes, shorter AP half-widths and longer AHP decay times, differences that 

are likely to be caused by changes in voltage-gated ion channel expression. SHRs also had a higher 

frequency of spontaneous excitatory postsynaptic currents (sEPSCs), indicating that their GPs are more 

excitable and more synaptically interconnected (Ashton et al., 2020). Overall, these experiments 

suggest that plastic changes occur in the GP of SHRs, which may be underlying AF due to the GPs role 

in regulation of heart rate and rhythm. 

 

 Cholinergic receptors 

ACh is the principal neurotransmitter in the ICNS, it is synthesised in cholinergic neurons, and released 

at the presynaptic terminal. ACh then crosses the synaptic cleft and binds to receptors at the 

postsynaptic terminal. There are two types of ACh receptors: the nicotinic acetylcholine receptor 

(nAChR) and the muscarinic acetylcholine receptor (mAChR). ACh was initially thought to only function 

as a neurotransmitter. However, it is now accepted that there is a non-neuronal cholinergic system with 

many functions, including signal transduction, cell phenotype regulation, and anti-inflammation. As 

such, ACh is released by various non-neuronal cells such as mesenchymal cells, immune cells, 

endothelial cells and epithelial cells. Intuitively, many of these cell types also express nAChRs and 

mAChRs (Wessler & Kirkpatrick, 2008). The following section will focus on the use of ACh as a 

neurotransmitter and the role of AChRs in neurons, as this is most relevant for this thesis.   

nAChRs are a family of receptors that have essential roles in both the CNS and the PNS. They are 

ligand-gated ion channels that are permeable to cations. nAChRs are pentameric and can be made of 

a range of homologous and heterologous subunit combinations to make different receptor subtypes 

with distinct pharmacological and functional properties. nAChRs are widely expressed in the brain, 
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where they are involved in several processes, including synaptic plasticity, learning and memory. They 

are commonly found at presynaptic and postsynaptic sites, where they regulate neurotransmitter 

release and neuron excitability (Gotti et al., 2009). nAChRs can regulate synaptic plasticity in the brain 

by driving or inhibiting glutamatergic long-term potentiation (LTP) and long-term depression (LTD). They 

are also permeable to Ca2+, an ion that is central to synaptic plasticity mechanisms. Increased cellular 

Ca2+ has long-lasting, activity-dependent downstream effects by activating kinases (especially CaMKII) 

and phosphatases (especially protein phosphatase 1 and 2) (Dani & Bertrand, 2007). Neuronal nAChRs 

have been identified throughout the ICNS. Different groups of ICNS neurons express different nAChR 

subtypes (Skok et al., 1999) and the expression of the nAChRs changes in diseases such as AF (Ashton 

et al., 2020). The role of these peripheral receptors in plasticity has not yet been defined.  

mAChRs are G-protein coupled receptors that act through second messengers. In neurons they 

promote postsynaptic excitation by altering the activity of ion channels. There are five subtypes of 

mAChRs (M1-M5) that are split into two groups. The first group are mAChRs that lead to Gq/11 G-

protein activation, resulting in neuron depolarisation and increased excitability. These changes are 

achieved by activating phospholipase C (PLC), which initiates the inositol-1,4,5-triphosphate (IP3) 

cascade and activates protein kinase C (PKC) that increases intracellular Ca2+. The second group of 

mAChRs activate the Gi/o G-protein resulting in postsynaptic inhibition through inhibition of adenylyl 

cyclase activity, therefore, decreasing PKA activity and cAMP (Brown, 2010). mAChRs are 

predominantly involved in parasympathetic activity. They have a wide range of functions throughout the 

body, from regulating heart rate to the control of neurotransmitter release in the brain, with each receptor 

type having distinct roles. Briefly, M1 receptors are found throughout the brain and play a role in 

cognition. M2 receptors inhibit sympathetic activity primarily at the SA node and slow heart rate. M3 

receptors are primarily found in smooth muscle such as the gastrointestinal tract, bronchi and blood 

vessels and are involved in contraction. M4 and M5 receptors are found in the CNS and are involved in 

regulating dopamine release (Ishii & Kurachi, 2006).  

Most of the ACh-dependant fast excitatory signals in the ICNS are transmitted through nAChRs rather 

than mAChRs (Beker et al., 2003; Cuevas & Berg, 1998). This is because mAChRs act through second 

messengers, which tends to result in slower and longer-lasting effects. As nAChRs are important in 

plasticity in the brain and the mechanisms underlying this plasticity have been studied extensively (Ji 

et al., 2001; Mansvelder & McGehee, 2000), this presents the intriguing idea that some form of nAChR 

mediated plasticity also occurs in the ICNS.  

1.3.1 Nicotinic acetylcholine receptors 

nAChRs are ligand-gated ion channels that are permeable to Na+, K+ and Ca2+ (Figure 1.8). They are 

members of the Cys- loop receptor family that also includes gamma-aminobutyric acid (GABA) 

receptors, glycine receptors, and serotonin receptors. nAChRs form pentametric complexes. 

Homomeric comple es are made of α subunits, or heteromeric comple es are made of at least two α 

and two β subunits (Del Signore et al., 2004).  
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All nAChR subunits have similar structural properties. There is a large N-terminal extracellular domain, 

four hydrophobic transmembrane domains (M1-4) and a short C-terminal extracellular domain (Figure 

1.8). When the subunits are assembled, the M2 domain lines the pore. Between the 3rd and 4th 

transmembrane domains (M3-M4), there is a large cytoplasmic loop of 100- 150 amino acids (Romanelli 

& Gualtieri, 2003). It is used for intracellular signalling and contains many phosphorylation sites. The 

loop mediates processes like trafficking receptors to the plasma membrane, scaffold protein binding 

and G- protein binding. The extracellular regions and transmembrane domains are well conserved 

between subunits, but the M3-M4 cytoplasmic loop varies. These similarities between subunit structure, 

and the various possible combinations of subunits, make it difficult to specifically block one receptor 

type (Gotti et al., 2009; Zoli et al., 2018).  

 

 

Figure 1.8 Nicotinic acetylcholine receptor (nAChR) structure. 

A single nAChR subunit (A) with extracellular N and C terminal domains, four transmembrane domains 

(M1-4) and a large cytoplasmic loop between the M3 and M4 domains. Subunits assemble to form 

pentameric receptors (B) with a central channel lined by the M2 domains of each homologous subunit. 

Receptors conduct cations. 

 

nAChRs move between three states. When the ion channel is closed and there is no agonist bound, 

they are in a resting state. When the agonist binds, there is a conformational change, and the receptor 

becomes active. In this state, the channel is open, and cations can pass through. When a high 

concentration of agonists is applied, they rapidly move from an active to a desensitised state where 

they remain until the agonist is removed. In the desensitised state, the antagonist remains bound, but 

the channel is closed. Receptor desensitisation can also occur on a longer time scale with low 

antagonist concentrations (in the nM range), and this is thought to occur due to chronic exposure to 

antagonists (Giniatullin et al., 2005). This type of desensitisation particularly affects the α β  receptors, 
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and recovery from desensitisation of these receptors is slower (Zhou et al., 2003). Desensitisation has 

been well studied with nicotine as cigarette smoking leads to receptor desensitisation (Buisson & 

Bertrand, 2002). 

ACh binds to the pentameric receptor complexes in a ligand-binding site formed between adjacent 

subunits. There are five binding sites in homomeric receptors, whereas in heteromeric receptors, there 

are usually two sites between adjacent α and β subunits  Figure 1.9). The final subunit in heteromeric 

receptors is called the accessory subunit because it is not used for ACh binding. It typically functions to 

alter the sensitivity of the receptors (Zoli et al., 2018). Accessory subunits can change the receptors 

pharmacological and physiological properties, alter their up-regulation, and change their sensitivity to 

allosteric modulators (Brown et al., 2007; Gotti et al., 2009).  

 

 

Figure 1.9 Common nAChR subunit compositions. 

Homomeric α7 nAChR with five ACh binding sites (yellow) located at subunit interfaces. Heteromeric 

α4β2 and α3β4 nAChRs each with two ACh binding sites located between α and β subunits  

 

Agonist binding induces a conformational change and allows the channel to open. nAChRs also have 

allosteric binding sites, away from the ACh binding site, to regulate channel opening and receptor 

desensitisation. Most modulators bind to the cytoplasmic loop, but sites have also been identified within 

the four transmembrane domains and the extracellular C-terminal domain (CTD) (Chatzidaki & Millar, 

2015). Many different ions and molecules can act as allosteric promoters or inhibitors of nAChRs. For 

example, Ca2+ (Mulle et al., 1992) and Zn2+ (Hsiao et al., 2001) ions can potentiate nAChRs that contain 

α , α , or α  subunits in a voltage-independent manner. Low concentrations of these ions lead to 

potentiation, whereas higher concentrations result in inhibition. Ca2+ also acts as an allosteric promoter 
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of α  receptors by binding the N-terminal domain (Galzi et al., 1996). Steroids such as progesterone 

and testosterone also have allosteric effects on nAChRs, but unlike Ca2+ and Zn2+ ions, even at low 

concentrations, they inhibit antagonist binding (Williams et al., 2011). The large number of naturally 

occurring allosteric modulators highlights the breadth of potential regulation of nAChRs.  

Some subunits such as α1, β1, γ, δ and ϵ are only found in muscle nAChRs, and others are associated 

with neuronal nAChRs (Chatzidaki & Millar, 2015). There are two main classes of neuronal nAChRs, 

α  containing receptors  that are α-Bungaroto in  αBt  sensitive  and non- α  containing receptors. α  

containing receptors bind nicotinic agonists with low affinity and desensitise rapidly, whereas non- α  

containing receptors have high affinity for nicotinic agonists and desensitise slowly. In the brain, 

heteromeric α β  and homomeric α  receptors are predominant. However, in the autonomic ganglia 

and adrenal medulla of the P S α β  receptors are most common (Figure 1.9) (Gotti et al., 2009). Even 

within these main receptor types, there is variation by the inclusion of other subunits. For e ample, α5 

subunits are e pressed throughout different brain regions and around 10% of α β  receptors in the 

brain contain α5 subunits. Deleting 5 in mice leads to a considerable reduction in nicotine sensitivity 

and a loss of function of the thalamus and striatum (Brown et al., 2007). To further complicate the variety 

of possible nAChRs, heteromeric receptors can assemble with different stoichiometry. For instance, 

 α  2 β  3 receptors are more sensitive to   h than  α  3 β  2 receptors (Zhou et al., 2003). 

Different receptor subtypes have different permeabilities to Ca2+. Negatively charged residues in the 

pore-lining on the M2 domain regulate Ca2+ permeability. In α subunits, there is a negative glutamate 

residue at the cytoplasmic side of the pore entrance. In β subunits, this is missing, making them less 

negative and less permeable to positive Ca2+ ions. Therefore, α  receptors are 10- 20 times more 

permeable to Ca2+ than heteromeric nAChRs. This is because they are composed of five highly negative 

α subunits rather than the two or three α subunits in heteromeric receptors (Fucile, 2004). nAChRs are 

inwardly rectifying, which means that at membrane potentials of above -40mV the current flow through 

the channel is reduced. At more negative membrane potentials the channels are open and Ca2+ can 

enter the cell (Haghighi & Cooper, 1998). 

1.3.2 Cholinergic receptors in the brain   

n  h s are found throughout the   S, and α  n  h s are the most common subtype in the brain. 

They are found in the cortex, hippocampus, hypothalamus and brain stem (Zoli et al., 2018).  Many 

studies focus on the role of nAChRs in learning and memory in the CA1 region of the hippocampus. α  

receptors are highly expressed in this region, and they are found at glutamatergic and GABergic 

synapses. nAChRs are found presynaptically, postsynaptically and perisynaptically (Fabian-Fine et al., 

2001; Ji et al., 2001).  

Cholinergic neurons sparsely innervate the brain, but they are found in most brain regions (Dautan et 

al., 2016). Cholinergic neurons generally release ACh at high concentrations, and it is then broken down 

by acetylcholinesterase. However, the diffusion of the neurotransmitter by volume transmission means 

the effects are less localised than classical glutamatergic transmission, which is contained within 
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synapses. This feature of ACh transmission means the relatively few cholinergic neurons in the brain 

can modulate many other glutamatergic and GABergic neurons (Dani & Bertrand, 2007).  

Activation of presynaptic nAChRs results in increased neurotransmitter release probability (Sharma & 

Vijayaraghavan, 2003). Presynaptic nAChR activity leads to Ca2+ influx, and this can initiate Ca2+ 

induced Ca2+ release, which promotes vesicle fusion and neurotransmitter release (Sharma & 

Vijayaraghavan, 2003). Additional neurotransmitter can indirectly activate synaptic plasticity as 

increased presynaptic glutamate release leads to a greater chance that glutamate will be bound to 

NMDA-type glutamate receptors (NMDARs; see Section 1.4.1) while the postsynaptic neuron is 

depolarised. The increased probability of successful coincidence detection by NMDAR results in 

enhanced LTP induction (Mansvelder & McGehee, 2000).  

Postsynaptic nAChRs activation and receptor channel opening leads to the flow of ions into the neuron 

and membrane depolarisation. If this depolarisation occurs at the same time as the depolarisation 

evoked by glutamate, the depolarisation is additive. This stronger depolarisation can enhance 

glutamatergic LTP because the Mg2+ block of NMDAR receptors is removed more effectively (Ji et al., 

2001). Postsynaptic nAChRs, specifically the highly Ca2+ permeable α  receptors, increase 

postsynaptic Ca2+, initiating intracellular signalling pathways that can alter gene expression through 

phosphatases and kinases (Dani & Bertrand, 2007).  

nAChRs are inwardly rectifying receptors, so they are open at negative membrane potentials. This 

means that they increase intracellular Ca2+ when the cell is at rest. This Ca2+ combines with the Ca2+ 

that enters during NMDAR activation and reduces the barrier for initiating LTP (Ji et al., 2001). The 

timing of postsynaptic nAChR stimulation is essential for producing LTP. When postsynaptic nAChR 

activation occurred 1 - 5 s after presynaptically stimulated APs, LTP was observed. However, when 

postsynaptic nAChR activation occurs 1 s before presynaptically stimulated APs, LTD results (Ge & 

Dani, 2005). This may be explained by receptor overactivation leading to desensitisation.  

There are a large proportion of nAChRs that are found at extrasynaptic and perisynaptic sites (Jones & 

Wonnacott, 2004). These receptors can alter plasticity by effecting dendritic signal integration and 

receptor desensitisation (Lendvai & Vizi, 2008). They locally depolarise the preterminal site, which 

activates voltage-gated ion channels. This causes Ca2+ influx and increases neurotransmitter release 

(Jones & Wonnacott, 2004).  

In the CNS there is especially high nAChR expression on GABAergic interneurons. α  is the primary 

receptor here, but other nAChRs are also present (Jones & Yakel, 1997). ACh stimulation of 

interneurons in the hippocampus elicits APs, and pyramidal neurons receive these APs as inhibitory 

inputs. Activation of inhibitory interneurons reduces the ability of the surrounding cells to initiate LTP by  

reducing postsynaptic depolarisation, which is essential for LTP (Ji et al., 2001). 

1.3.3 Cholinergic receptors in the ICNS   

In cultured rat ICNS neurons α2 - α5, α  and β2 - β4 subunit mRNAs have been identified, with individual 

neurons expressing a subset of these. For example, only half of the neurons were found to express α  

subunits. Additionally, neurons displayed different responses to nicotinic agonists supporting the idea 
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of a heterogenous population of cells in the ICNS. However, in this initial study, the results consisted of 

data from only very few neurons (<12) (Poth et al., 1997). The expression of these subunits has since 

been confirmed with subunit-specific antibodies in isolated (Skok et al., 1999) and non-dissociated 

(Purnyn et al., 2002) rat    S neurons. α  followed by α  positive neurons were the most common 

(Skok et al., 1999) and immunohistochemistry of β  and α  subunits in rat ICNS neurons has shown 

that these receptors' expression is concentrated at synapses (Ashton et al., 2020). Subunit specific 

antibodies can also be used to partially block ACh evoked currents providing functional evidence for 

their expression in the ICNS (Cuevas & Berg, 1998; Purnyn et al., 2002).   

F. Beker et al. showed that the Ca2+ response of dissociated ICNS neurons could be 50% reduced by 

either the nAChR antagonist mecamylamine or the mAChR antagonist atropine. They also showed that 

the nAChR Ca2+ response was dependant on external Ca2+ while the mAChR response was linked to 

internal Ca2+ stores. On the other hand, the fast inward currents could only be blocked with 

mecamylamine, not atropine. Suggesting that the ICNS nAChRs and mAChRs are important in Ca2+ 

responses to ACh, but nAChRs carry the majority of the current (Beker et al., 2003). This result is not 

unexpected from what is known about the mechanism of action of mAChRs and nAChRs.  

Dissociated rat ICNS neurons have been used to show that the α  antagonist αBt decreases the   h 

evoked current by 40% (Cuevas & Berg, 1998) and in situ canine hearts perfused with αBt had a 

reduced sinus length (Bibevski et al., 2000). However, α-Conotoxin ImI which is also a selective α  

antagonist had no effect on ACh evoked currents in intact mouse ICNS neurons (Harper & Adams, 

2021). Furthermore, α  subunit deficient mice had no change in heart rate responses compared to 

control animals, and showed no differences in autonomic tone at rest, or when evoked by vagal 

stimulation (Deck et al., 2005). These mixed results in different experimental conditions and species 

show that the e pression of α  subunits in the GP (Ashton et al., 2020) does not necessarily mean they 

are functional. On the other hand, experiments investigating the role of α  containing receptors are 

more consistent. α-conoto in M  , a α /β  receptor antagonist, and α-conoto in  u B, a α /β  receptor 

antagonist, both attenuate vagally stimulated heart rate in dogs (Bibevski et al., 2000), while α-conotoxin 

RegIIA a α -containing receptor antagonist partially inhibits synaptic transmission in the mouse ICNS 

(Harper & Adams, 2021). These results indicate α  containing receptors are not only widely e pressed 

(Skok et al., 1999), but also, they have an important role in ICNS synaptic transmission. 

 

 Glutamate receptors 

In the CNS, glutamate acts as the primary neurotransmitter, but glutamatergic synaptic transmission 

can also occur in the PNS. Glutamate binds to two types of receptors, metabotropic glutamate receptors 

and ionotropic glutamate receptors (iGluRs). Metabotropic glutamate receptors are G-protein–coupled 

receptors that initiate signalling pathways involved in synaptic plasticity, memory, and neuronal 

development. They are split into three groups. Group I metabotropic glutamate receptors are stimulatory 

and act through the PLC pathway. Group II and III metabotropic glutamate receptors are inhibitory and 

are negatively coupled to adenylyl cyclase (Fucile, 2004). On the other hand, iGluRs are ligand-gated 
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cation channels. There are three types of i lu s, α-amino-3-hydroxy-5-methyl-4-isoxasolepropionic 

acid receptors (AMPARs), N-methyl-D-aspartate receptors (NMDARs), and kainate receptors. iGluRs 

are involved in fast excitatory neurotransmission, and they are critical in synaptic plasticity and memory 

(Paoletti & Neyton, 2007).  

iGluRs are membrane proteins that form tetrameric complexes (a dimer of dimers) around a central 

pore. Glutamate binds to extracellular sites on the receptor, causing a conformational change. In the 

open state, ions flow through the channel and across the membrane, resulting in depolarisation of the 

neuron (Traynelis et al., 2010). Kainate receptors are expressed throughout the brain, although at much 

lower concentrations than their AMPA and NMDA counterparts, and are hence thought to be less vital 

for conventional plasticity mechanisms (Pinheiro & Mulle, 2006). NMDARs and AMPARs are typically 

localised to the postsynaptic density, where they are held in place by postsynaptic scaffolding proteins 

(Elias & Nicoll, 2007). Depending on their subunit composition NMDARs and AMPARs are permeable 

to K+, Na+ and Ca2+ ions. They are linked through their cytoplasmic domains to kinases and 

phosphatases that initiate downstream signalling cascades (Lau & Zukin, 2007). NMDARs initiate 

plasticity by promoting insertion or removal of AMPARs at the synapse. This strengthens or weakens 

the synapse in an activity dependant manner which is the major basis of plasticity. Although less 

common, there are also mechanisms of NMDAR independent plasticity (Grosshans et al., 2002).  

Unlike the other iGluRs, NMDARs have voltage-dependent inhibition due to the binding of extracellular 

Mg2+ at resting (negative) membrane potentials. NMDARs also require binding of a co-agonist, glycine 

or D-serine, alongside glutamate (Hansen et al., 2018). NMDARs act as coincidence detectors of 

neuronal activity: They must bind presynaptic neurotransmitter simultaneously with postsynaptic 

depolarisation to open and conduct ion flow. NMDARs are highly permeable to Ca2+, and activation 

results in Ca2+ influx into the postsynaptic spine, leading to downstream signalling and ultimately 

synaptic plasticity (Lau & Zukin, 2007).  

1.4.1 N-methyl-D-aspartate receptors (NMDARs) 

NMDARs form tetrameric complexes of GluN1, GluN2 or GluN3 subunits. Each of these subunits has 

several different subtypes, either encoded by different genes or by splicing variants of the same gene 

(Paoletti & Neyton, 2007). The majority of NMDARs are heterodimers of two GluN1 subunits and two 

GluN2 subunits (Figure 1.10). GluN1/ GluN3 heterodimers are also found in the CNS, but they are less 

widely expressed than the conventional GluN1/ GluN2 receptors (Cavara & Hollmann, 2008; Chatterton 

et al., 2002).  

The overall structure of NMDAR subunits is conserved (Figure 1.10). They comprise a large 

extracellular domain, three transmembrane domains, a re-entrant loop (M2), and a smaller CTD (Figure 

1.10). The extracellular domain can be divided into the amino-terminal domain and the ligand-binding 

domain. The amino-terminal domain is used for the tetramer assembly and contains binding sites for 

allosteric modulators (Traynelis et al., 2010). The best-studied allosteric modulator is Zn2+ which binds 

GluN2 subunits. Zn2+ causes a conformational change in the amino-terminal domain, leading to cleft 

closure and inhibition of the ion channel (Sirrieh et al., 2013). The ligand-binding domain contains a 
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glycine binding site on GluN1 (and GluN3) and a glutamate binding site on GluN2 subunits (Traynelis 

et al., 2010). Agonists interact with the N-terminal domain and the extracellular loop between M3 and 

M  transmembrane domains. The α-aminocarboxylic acid groups of the agonists fit into a pocket in the 

ligand-binding domain and the size of this pocket gives the GluN1 and GluN2 subunits selectivity for 

glycine or glutamate, respectively (Laube et al., 1997). The fastening of the ligand-binding domain 

around the ligand leads to a conformational change. This causes the M3 helical domain to move from 

its resting position, where it is occluding the pore, to an open position. In the open position, anions can 

move into the pore. The M2 re-entrant loop, found in the pore interior, is known as a selectivity filter. At 

the tip of the re-entrant loop is a Q/R/N site. This site is conserved across iGluRs and is named due to 

the glutamine (Q) or arginine (R) residue found in non-NMDARs and the asparagine (N) residue in 

NMDARs. The Q/R/N site is the narrowest part of the pore and distinguishes the Ca2+, Mg2+ and Na+ 

anions. The conductance properties and ion selectivity for GluN1 and GluN2 subunits are similar. 

However, GluN3 is less permeable than the other subunits because it has positive glycine (G) at the 

Q/R/N site, which repels the positive anions (McClymont et al., 2012).  

The CTD of NMDARs is used for intracellular signalling, and this varies between subtypes (Figure 1.10). 

Scaffolding proteins bind the CTD and couple the receptors to downstream signalling molecules. 

Scaffolding proteins are also important in the trafficking of receptors from the cell soma to synapses 

(Jeyifous et al., 2009) as well as acting as structural proteins to anchor the receptors to the postsynaptic 

density (Waites et al., 2009). The most common PDZ- containing scaffolding proteins are postsynaptic 

density protein of 95 kDa (PSD-95), synapse-associated protein-97 (SAP97) (Waites et al., 2009), 

synapse-associated protein-102 (SAP-102) (Lau & Zukin, 2007), and Shanks (Ehlers, 1999). 

NMDARs are blocked in a voltage-dependent manner by Mg2+. At rest, the Mg2+ ion is trapped in the 

pore, but when the cell becomes depolarised the positive Mg2+ ion is repelled, and the pore becomes 

permeable to K+, Na+ and Ca2+. NMDARs are typically activated in an AMPAR dependent manner:   

AMPARs are rapidly opened by glutamate, which causes a fast excitatory postsynaptic current. The 

resulting depolarisation is enough to remove the NMDAR Mg2+ block, producing a slower NMDAR 

dependant fast excitatory postsynaptic current (Hansen et al., 2018).  

1.4.2 NMDARs in plasticity 

The number and composition of postsynaptic NMDARs are not static. They are trafficked to and from 

the postsynaptic density in an activity-dependent manner. Several mechanisms regulate NMDAR 

expression, including increased gene expression and protein synthesis, leading to increased synaptic 

receptors via exocytosis. Conversely, NMDAR endocytosis and ubiquitin-dependent degradation can 

reduce synaptic NMDARs (Lau & Zukin, 2007). NMDAR expression is very dynamic as they can be 

rapidly exocytosed and endocytosed from an extrasynaptic pool (Harris & Pettit, 2007), and they can 

diffuse between synaptic and extrasynaptic regions (McQuate & Barria, 2020). 

NMDARs are assembled in the endoplasmic reticulum (ER) and then trafficked to postsynaptic density, 

where membrane insertion occurs (Lau & Zukin, 2007). GluN1 subunits are held in the ER by a HELY 
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Figure 1.10 NMDAR subunit structure. 

Classical NMDARs consist of two GluN1 (left) and two GluN2 (right) subunits that assemble into 

tetramers. Each subunit is composed of an amino-terminal domain that binds allosteric modulators such 

as Zn2+ in the case of GluN2. A ligand-binding domain binds glycine (Gly) or D-serine in GluN1 or 

glutamate (Glut) in GluN2 subunits. A transmembrane domain with three transmembrane domains 

making the pore wall (M1, M3, M4) and a re-entrant loop (M2). Finally, a cytoplasmic CTD acts as the 

site for binding of secondary messengers, and this domain varies between subunits. The NMDAR pore 

is permeable to cations, and the binding of Mg2+ inhibits it.  

 

 

amino acid sequence on their CTD. The retention sequence is masked when the GluN1/GluN2 

heterodimer assembles, so the receptor can exit the ER (Standley et al., 2000). This process is 

modulated by phosphorylation by PKA and PKC of sites near the ER retention signal, promoting 

exocytosis. PKA activity can also enhances rapid receptor exocytosis through SNARE complexes (Scott 

et al., 2001). On the other hand, endocytosis of NMDARs is a clathrin-mediated process that is 

regulated through internalisation motifs on the CTD of subunits. Endocytosis occurs at a perisynaptic 

site proximal to the synapse and is regulated by the dephosphorylation of these motifs by activity-

dependent phosphatases (Lavezzari et al., 2003). Lateral movement of NMDARs into the perisynaptic 
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site is also modulated by activity dependant phosphorylation and dephosphorylation (Lau & Zukin, 

2007).  

The best-described form of synaptic plasticity involves NMDAR-dependent regulation of postsynaptic 

AMPARs. An increase in AMPARs is indicative of LTP, while a decrease leads to LTD. These processes 

have been described extensively in many brain regions, with a focus on research in the hippocampus 

(McQuate & Barria, 2020; Tsien et al., 1996). High-frequency stimulation (HFS) of synapses mimics a 

very active presynaptic neuron, resulting in significant glutamate release that depolarises the 

postsynaptic membranes and opens NMDARs to initiate signalling cascades that ultimately result in the 

insertion of AMPARs into the synaptic membrane (Shi et al., 1999). Conversely, low-frequency 

stimulation, mimicking an inactive synapse, results in prolonged low-level NMDAR activation, 

decreasing synaptic AMPARs (Dudek & Bear, 1992). LTD and LTP are closely linked to internal Ca2+ 

levels. Strong NMDAR activation results in high Ca2+ that triggers LTP. In contrast, consistent low 

NMDAR activation results in slight increases in Ca2+, resulting in LTD pathways (Lüscher & Malenka, 

2012). Increased postsynaptic Ca2+ due to NMDAR activation leads to activation of phosphatases and 

kinases such as CamKII, PKA, and PKC. This leads to the phosphorylation of AMPAR subunits, which 

promotes their exocytosis and increases the synapse's conductance. Dephosphorylation of AMPAR 

subunits reduces their open probability and leads to their endocytosis and LTD (Ji et al., 2001). 

However, LTP and LTD can also occur without changes in AMPARs. NMDAR activation results in PKC 

and subsequent tyrosine kinase Src activation. These kinases then promote NMDAR exocytosis and 

incorporation into the postsynaptic density. Phosphorylation of the CTD reduces the internalisation of 

NMDARs (Grosshans et al., 2002) and can also alter the conduction of receptors. Additionally, PKC 

mediated phosphorylation increases the NMDAR channel opening probability and reduces the voltage-

dependent Mg2+ block (Chen & Huang, 1992). On the other hand, persistent low-level stimulation of 

NMDARs initiates downstream signalling that causes dephosphorylation and internalisation of NMDARs 

leading to LTD (Ji et al., 2001). 

1.4.3 Evidence for glutamate receptors in the GP 

Although more widespread in the CNS, glutamate receptors are also expressed in the PNS. For 

example, NMDARs have been observed in the neurons of the dorsal root ganglia (McRoberts et al., 

2001). There is some emerging evidence of NMDAR expression in the heart and the ICNS, however, 

many of these studies rely on immunohistochemistry without any functional data. One study examining 

expression of the GluN1 subunit of NMDARs  in post-mortem human hearts, showed positive antibody 

staining in the cardiomyocytes, GP, and across all heart regions (Gill et al., 2007). Homogenous GluN1 

staining was also seen in the myocardium, ganglia and nerve fibres of rats (Gill et al., 1998) and 

monkeys (Mueller et al., 2003). NMDAR antibodies are notoriously challenging to work with, so these 

widespread positive results within many cardiac tissue types should be interpreted with caution.   

Some recent papers have assessed receptor expression in the ICNS with single-cell quantitative 

reverse transcription PCR (Achanta et al., 2020; Moss et al., 2021) and RNA sequencing (RNA-Seq) 

(Moss et al., 2021) in porcine and rat hearts. Using a laser capture microdissection technique to dissect 

out single neurons from the GP they show that genes involved in the glutamatergic system are highly 
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expressed. Neurons expressed genes for AMPAR subunits (Gira1, Gira4), Kainate subunits (Girk1, 

Girk4) and NMDAR subunits (Grin2A/B/D). The relative expression of each gene was upregulated in 

some cells and downregulated in others (Moss et al., 2021). The Grin2 gene that was found to be 

expressed in the GP encodes the GluN2 subunit of NMDARs. There is no evidence for functional GluR2 

homomers, so it is surprising that the GluN1 subunit gene (Grin1) was not identified. This data proposes 

that several essential glutamatergic receptor genes are expressed in the pig ICNS. However, further 

work is necessary to determine if gene expression translates to the presence of functional receptors at 

synapses.  

Preliminary links between NMDA and AF have been proposed. Shi et al. showed NMDAR activation 

reduced heart rate variability and increased AF susceptibility in rats. They exposed rats to saline, NMDA 

or NMDA plus MK-801 (an NMDA antagonist) through intraperitoneal injection. They reported that the 

NMDA treatment led to increased sympathetic activity, decreased vagal activity, atrial fibrosis, and 

degradation of gap junctions. The NMDA group also had a reduced effective refractory period, and 

S1S2 or burst pacing could more easily initiate AF compared to controls (Shi et al., 2017). Chronic 

application of NMDA for 14 days also resulted in increased fibrosis and increased susceptibility to 

ventricle arrhythmia induction (Shi et al., 2014). These results must be interpreted carefully as NMDA 

was applied systemically. Although changes were observed in the heart, NMDA is likely to be acting in 

many other locations throughout the nervous system. There is currently no evidence to confirm the 

NMDA is acting directly on the heart itself, and no change in GluN1 expression was observed between 

treatment groups (Shi et al., 2014; Shi et al., 2017).  
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 General Aims 

GP dysfunction has been associated with AF initiation and maintenance, but little is known about how 

the GP neurons change in disease. To improve precision and longevity of AF treatments, such as GP 

ablation, it is essential that we better understand the functional and structural properties of GP neurons 

and how they contribute to disease. There is emerging evidence AF induces changes in GP excitability, 

and it has been suggested that a form of plasticity alters the strength of synaptic transmission in the GP 

(Ashton et al., 2020). Therefore, the overall aim of this thesis is to examine the structural and functional 

changes that occur in the GP with AF and determine if activity dependant plasticity underlies these 

changes.      

The objectives of this thesis are as follows: 

• Determine the basic electrical properties of GP neurons in aged SHRs, as a model of AF, and 

in WKY controls. 

• Develop a method to visualise simultaneous activity in a population of GP neurons using 

calcium imaging.  

• Ascertain whether differences in evoked Ca2+ responses are evident between SHR and WKY 

GP neurons and determine the contribution of cholinergic signalling to these responses.  

• Establish if glutamate receptors are expressed and contribute to the excitation of neurons within 

the GP due to their essential role in brain plasticity. 

These objectives have been addressed in this PhD thesis with electrophysiology, imaging, and cell 

biology techniques. The resulting data from these experiments provide new information about how the 

rat GP changes in AF and thus provides a basis for future investigations of potential AF mechanisms 

and ultimately the development of treatments.  

 

  



31 
 

Chapter 2 : Methods 

2.1 Ethical approvals and experimental animals 

All animal experiments were approved by the University of Auckland Animal Ethics Committee (approval 

number 2090) and conducted in accordance with the New Zealand Animal Welfare Act 1999. Male 

SHRs aged to 16 to 20 months (300 - 500 g) were used as a model of AF, with and age-matched WKYs 

used as controls. Male Wistar rats (2 - 3 months, 300 - 400 g) were used for optimisation experiments 

to establish methods for calcium imaging. 

2.2 Atrial Dissection 

The atrial preparation of GP neurons was used for experiments in this thesis as described in our recent 

work (Ashton et al., 2020). Briefly, the rats were deeply anaesthetised (5% isoflurane in O2, 4 min) and 

euthanised by cervical dislocation. A thoracotomy was performed and heparin (500 IU) was injected 

into the left ventricular cavity before cannulation and perfusion of the left ventricle with 4°C 

carbogenated (5% CO2, 95% O2) cutting solution (mM; 93 N-Methyl-D-glucamine (NMDG) [Sigma 

M2004] , 2.5 KCl [Sigma 60129], 1.2 NaH2PO4 [Sigma S3264], 30 NaHCO3 [Sigma S6297], 20 HEPES 

[Sigma H3375], 25 glucose [Sigma 49139], 5 L-ascorbic acid [Sigma A5960], 2 thiourea [Sigma T7875], 

3 Na-pyruvate [FSBM 1050/53], 10 MgSO4 [Sigma M5921], 0.5 CaCl2 [Sigma C4901], pH 7.35 - 7.4) 

(Ting et al., 2014). After 5 mins of perfusion, the heart was extracted and placed in a dish of ice cold 

carbogenated cutting solution for microdissection using a dissection microscope (Leica Wild Heerbrugg 

MTR 29). All overlying tissue was removed until only the atria with its associated EAT and connective 

tissue remained. As indicated in Figure 2.1 the superficial layer of the posterior atria was flattened by 

dissecting along the superior vena cava, the left caval vein, and by connecting the pulmonary veins. 

The area between these vessels was then carefully dissected away from the underlying myocardial 

layer, leaving a thin layer of adipose and connective tissue containing the GP neurons and 

interconnecting nerves (Figure 2.2). For physiology experiments, the atrial preparation was pinned out 

onto a silicone plate with insect pins (ENTO SPHINX 03.20:Minutens WHT/500) and digested with 

collagenase D (0.75 mg/mL, Sigma 110888) and trypsin (2.5 mg/mL, Sigma T4799) in carbogenated 

cutting solution for 1 hour at 37°C. The tissue was then placed in recording solution (mM; 118 NaCl 

[Sigma S7653], 4.7 KCl [Sigma 60129], 1.13 NaH2PO4, 25 NaHCO3 ,11.1 glucose, 1.3 MgCl2 [Sigma 

68475], 1.8 CaCl2) (Rimmer & Harper, 2006) at room temperature (RT) until experiments begun.  
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Figure 2.1 Diagram depicting isolation of the atrial preparation. 

(Left) Schematic showing a posterior view of the rat heart, indicating where incisions were made (red) 

to produce a flat atrial preparation. (Right) A schematic of the atrial preparation stretched onto a silicone 

plate (blue) with the location of the main GPs of interest indicated (green)  

Abbreviations: IVC, inferior vena cava; LA, left atria; LAA, left atrial appendage; LCV, left caval vein; 

LPV, Left Pulmonary Vein; MPV, Middle Pulmonary Vein; PAs, pulmonary arteries; RPV, Right 

Pulmonary Vein; SVC, superior vena cava 
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Figure 2.2 Rat atrial preparation. 

Posterior view of the isolated rat heart (left) indicating the major pulmonary vessels (*), the left atrial 

appendage (LAA), dark pink heart muscle and creamy white cardiac adipose tissue. The atrial 

preparation (right) has been dissected from the underlying cardiac muscle leaving connective tissue, 

ganglia, interconnecting fibres, and some adipose tissue. Vessel walls are retained on the periphery of 

the preparation and used to secure the preparation to the silicone plate. The locations of the main GP 

used for electrophysiology and calcium imaging experiments are indicated (green).  

Abbreviations: LAA, left atrial appendage; LCV, left caval vein; LPA, left pulmonary artery; PVs, 

Pulmonary Veins; RPA, right pulmonary artery; SVC, superior vena cava;  
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2.3 Histology 

2.3.1 Tissue preparation and sectioning  

Rat atrial preparations were fixed in 4% paraformaldehyde overnight at 4°C and then cryoprotected with 

20% sucrose (in 0.01 M phosphate buffered saline, PBS, 0.025% Azide) for 24 hours at 4°C, before 

being embedded in Optimum Cutting Temperature Compound (Sakura Finetek, 25608-930) and frozen 

at -80°C. Frozen tissue blocks were sectioned at 10 - 50 µm on a cryostat (Leica CM3050 S) and 

mounted onto positively charged slides (superfrost plus, Thermo Scientific, J1800AMNZ).  

2.3.2 Haematoxylin and Eosin staining 

Haematoxylin and Eosin was primarily used to quickly identify regions of the frozen sections that 

contained GPs and were therefore of interest for further immunostaining studies.   

Rat atrial GP sections were washed in water to remove any surrounding Optimum Cutting Temperature 

Compound (10 mins) and then stained following a standard Haematoxylin and Eosin protocol (Sigma-

Aldrich, 2014). Slides were dipped in a beaker of running water for all wash steps. Briefly, slides were 

incubated in Haematoxylin Gils for 5 min, washed, immersed in 1% acid alcohol, washed, immersed in 

1% lithium carbonate, washed, immersed in 1% eosin and washed. Slides were then dehydrated in 

100% ethanol and xylene before being coverslipped with DPX mountant (Sigma 06522) and left 

overnight to dry. Slides were visualised using a light microscope (Nikon Alphaphot-2 YS2).  

2.4 Immunohistochemistry 

2.4.1 Antibody labelling  

Sections were rinsed in PBS and then blocked with 5% normal donkey serum (NDS, Sigma-Aldrich, 

D9663) in PBS 0.4% Triton X-100 (Sigma, X100) (PBS-T) for 2 hours at RT. Sections were incubated 

with primary antibodies (  
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Table 1) diluted in 1% NDS in PBS-T overnight at 4°C. For control experiments that examined the 

antibody specificity of GluN1 immunolabelling, primary antibodies were pre-incubated with GluN1 

extracellular blocking peptide (Alomone BLP-GC001) at a 10 times molar excess (30 min, RT) prior to 

primary antibody labelling. Primary antibody solution was washed off (3 x 10 min in PBS) and sections 

were incubated with secondary antibodies (Table 2) diluted in 1% NDS in PBS-T for 1 hour at RT. 

Secondary solution was washed off (3 x 10 min in PBS) and samples were either directly mounted with 

Citifluor AF1 (Electron Microscopy Sciences, 17970-25) or incubated with Hoechst (Sigma, 33258) for 

15 min at RT, washed (3 x 10 min in PBS) and then mounted. Coverslips were secured with nail varnish 

and slides were stored at 4°C in the dark until needed.   
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Table 1 Primary antibodies used in immunohistochemistry (IHC) and western blotting (WB). 
 

Antibody Host Species Manufacturer and cat # Concentration  

ChAT Goat (Polyclonal) Millipore, AB144P 1:50 (IHC), 1:1000 (WB) 

MAP2 Chicken (Polyclonal) Abcam, ab5392 1:400 (IHC) 

Syn1 Mouse (Monoclonal)  Synaptic Systems, 106 011 1:200 (IHC) 

NMDAR1 Guinea pig (Polyclonal) Alomone, AGC-046 1:200 (IHC), 1:200 (WB) 

β  Tubulin 
(Class III) 

Mouse (Monoclonal) Covance, MMS-435P 1:2000 (WB) 

GAPDH Mouse (Monoclonal) Abcam, ab8245 1:1000 (WB) 

 

 

Table 2 Secondary antibodies used in immunohistochemistry. 
 

Antibody Fluorophore Manufacturer and cat # Concentration  

Goat anti-chicken IgG 
(H+L) 

Alexa Fluor 488 Invitrogen, A-11039 1:200 

Donkey anti-Mouse IgG 
(H+L) 

Alexa Fluor 594 Invitrogen, A-21203 1:200 

Donkey anti-rabbit IgG 
(H+L) 

Alexa Fluor 647 
Jackson ImmunoResearch 
711-605-152 

1:200 

Donkey anti-mouse IgG 
(H+L) 

Alexa Fluor 647 
Jackson ImmunoResearch 
715-605-151 

1:200 
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2.4.2 Image acquisition  

Images were acquired with an Olympus FV1000 confocal using an oil immersion 60x objective lens 

(numerical aperture [NA] = 1.35). Gain and offset were optimised for each channel, and images were 

taken at 2x zoom. 1024 x 1024 x 20 xyz pixel resolution was used. Z-stacks were acquired at 0.5 µm 

intervals to satisfy the Nyquist limit. 16 bit images were captured with the Olympus BX61 upright 

microscope monochrome camera using FluoView 4.2 acquisition software. Areas that contained a GP 

with entire neuron somas (groups of 3 + neurons) were selected. 

2.5 Western Blots  

2.5.1 Homogenate preparation 

Fresh frozen rat hippocampus and atrial GP preparations were homogenised with 1:2 RIPA lysis buffer 

(150 mM NaCl, 0.1% Triton X-100, 0.5% sodium deoxycholate, 0.1% Sodium dodecyl sulfate, 50 mM 

Tris – HCl, pH 8.0) and 1:1 0.5 mm Zirconium Oxide Beads (FisherScientific, ZROB05-RNA) using 

bullet blender (Next Advance, 5E Pro) (5 min). Homogenates were centrifuged briefly, and beads were 

discarded. Samples were then centrifuged (10000 rpm, 15 min, 4°C), and the supernatant was stored 

at -80°C. Protein concentrations were determined with a Millipore Direct Detect Spectrometer (Millipore, 

DDHW00010-WW) using internal protein standards for calibration. 

2.5.2 Western Blotting 

Proteins were denatured by incubation in laemmli sample loading buffer (Sigma, S3401) and 

dithiothreitol (DDT, 1:100) at 95°C for 2 min. Proteins were separated by electrophoresis for 30 min at 

100 V followed by 60 min at 150 V (NuPAGE 4-12% Bis-Tris protein gels, Invitrogen, NP0335) and 

transferred onto a PVDF membrane for 80 min at 100 V (Immobilon-FL, Millipore, IPFL00010). Sample 

loading was checked with Ponceau S solution (abcam, ab270042). Membranes were then blocked for 

1 hour at RT (Odyssey blocking buffer, LI-COR, 927-50000) and incubated with primary antibody (  
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Table 1) diluted in 1:1 blocking buffer: Tris-buffered saline (TBS-T, 20 mM Tris, 150 mM NaCl), 0.1% 

Tween-20 overnight at 4°C. Membranes were then washed for 3 x 10 min in PBS-T and incubated with 

donkey anti-rabbit 800CW (IR Dye, LI-COR, 926-68022), donkey anti-mouse 680LT (IR Dye, LI-COR, 

926-32213) or donkey anti-guinea pig 680RD (IR Dye, LI-COR, 926-68077) secondary antibodies 

(1:10,000) diluted in 1:1 blocking buffer: TBS-T for 2 hours at RT. After final washing (3 x 10 min TBS-

T) blots were imaged with a ChemiDoc imaging system (BIO-RAD, 17001401).  

2.6 Whole-cell patch clamp recordings 

2.6.1 Recording setup 

After digestion in trypsin and collagenase (see Section 2.2), rat atrial preparations were transferred into 

a recording chamber on a Zeiss Axioskop upright microscope and immobilised with a harp slice holder. 

Samples were perfused at 2 - 3 mL/min via gravity flow with a carbogenated recording solution heated 

to 34ºC with an in-line heater (Warner instruments, TC-324B).  The microscope was equipped with 40x, 

and 10x water immersion lenses (Zeiss N-Achroplan Ph2 Objective Lenses IR 40x/0.80 W or 10x/0.5 

W) and differential interference contrast (DIC) microscopy was used to visualise the GP (Figure 2.3).  

 

Figure 2.3 Representative DIC images of GP neurons in the atrial preparation 

10x DIC image (left) of WKY GP preparation showing nerve fibres (▼), adipocytes (*) and GP neurons 

(box). 40x DIC image (right) of the same GP depicted in the left boxed region, showing numerous GP 

neuron soma. The position of a patch clamp microelectrode bound to a GP neuron by a giga-ohm seal 

is indicated (<). 
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Whole-cell patch clamp recordings were made using borosilicate glass pipettes (Sutter Instrument 

Company, BF150-86-7.5). Electrode resistance was at 4-  MΩ   arishige electrode puller, PC-10). 

Electrodes were filled with potassium gluconate internal solution (mM; 120 K-gluconate [Sigma 60245], 

40 HEPES, 5 MgCl2 [Sigma 68475], 2 Na2ATP [Sigma A26209], 0.3 Na2GTP [Sigma 51120], pH 7.2 

with KOH) unless stated otherwise. The liquid junction potential was calculated to be -10 mV, and 

holding potentials were adjusted accordingly. The pipette was positioned with a micromanipulator 

(Sutter Instruments MPC-200) that controlled a headstage (Axon instruments CV-7B). As the pipette 

entered the bath, positive pressure (80 mmHg) was applied to keep the tip clear of debris. The pipette 

tip was gently vibrated by tapping against the pipette micromanipulator head stage to break through the 

connective tissue surrounding the GP. For post-hoc identification of recorded GP neurons, Alexa Fluor 

568 hydrazide (50 µmol/L, Life Technologies, A10437) was included in the internal solution. 

Electrophysiological recordings were made with a MultiClamp 700B amplifier (Molecular Devices, 

California, USA) and A-D converter (Digidata 1440B, Axon Instruments, California, USA). pClamp 10 

and Clampfit 10 software (Axon Instruments, California, USA) were used for data acquisition and 

analysis. To prevent electrical noise interference a Faraday cage and grounding of equipment were 

employed throughout. 

Analysis of whole-cell patch clamp recording data was performed using MATLAB (R2019b) and scripts 

are available at: (https://github.com/Joscelin1/Whole-cell-Patching-Analysis.git). 

2.6.2 Membrane test, Resting Membrane Potential (RMP) and Rheobase measurements 

Access resistance, membrane resistance (Rm) and membrane capacitance (Cm) were measured in 

voltage clamp by applying a 10 mV 100 ms step. This was done immediately after achieving the whole-

cell patch clamp configuration and at intervals of less than 10 mins throughout every recording. For 

voltage clamp recordings an online bridge balance compensation was applied. The resting membrane 

potential (RMP) was measured in zero current clamp mode. Neurons were discarded if the access 

resistance exceeded 20 MΩ, the  m changed by more than 50% of its original value or if a current of 

absolute magnitude greater than 200 pA was required to maintain a holding potential of -70 mV.  

For rheobase recordings in current clamp mode, 300 ms depolarising current injection steps were 

applied at successively higher currents until the current elicited a single AP. Rheobase was defined as 

the lowest current (to the nearest 2 pA step) that elicited a single AP normalised to Cm.  

2.6.3 Action Potential (AP) recordings and analysis  

Single APs were evoked in current clamp with a 3 ms pulse of sufficient current (500 pA to 1000 pA). 5 

sweeps were recorded and measurements were averaged across all sweeps. Basic AP properties were 

analysed using MATLAB (Figure 2.4A). A period of 25 ms before the stimulation was used for a baseline 

measurement and the AP threshold was determined with a double differential to find the value at which 

the trace changed from a slow to a fast rise profile. The AP peak and AHP trough amplitude were 

detected, and the time between these values was recorded. Half the AHP amplitude was used as a 

threshold to determine the time taken for AHP decay.  
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Trains of APs were stimulated with 1 s 100 pA depolarising steps (0 pA to 700 pA) in current clamp. 

The properties of AP trains were analysed with MATLAB (Figure 2.4B). The number of APs, peak 

heights and the interpeak intervals were recorded for each current step. AHP properties of the train 

were assessed at 200 pA because at higher current steps the AHP diminished. The AHP was analysed 

as mentioned above. However, the AP peak to AHP trough time could not be measured, as the location 

of the final AP was variable depending on the firing rate of each neuron. To better describe the shape 

of the AHP decay, an exponential curve was fitted in MATLAB, and the decay constant (Tau) was 

measured.  

2.6.4 sEPSCs recordings and analysis 

sEPSCs were recorded in voltage clamp (sampling rate of 10 kHz) with neurons held at -70 mV for 3 

min. A 2 kHz low pass gaussian filter was applied and the baseline was manually corrected to adjust 

for baseline decay using pClamp 10 software.  sEPSCs were detected with Easy Electrophysiology 

software (Garcia et al., 2014), an open-source platform designed to simplify the complicated task of 

sEPSC identification and analysis. Template matching to automatically detect events of appropriate 

shape and duration was used. A template was created by fitting a biexponential function (using the 

‘generate template’ function  to a representative event in each recording. A threshold of greater than 5 

pA and greater than 2 times the standard deviation (SD) of the baseline was used to select events. The 

correlation cut off was set to 0.4, this is a measure of how well the template fits each potential event, 

as described in detail in (Jonas et al., 1993). Detected events were then manually verified while blinded 

to the rat strain (SHR or WKY). An example sEPSC that has been detected by the Easy 

Electrophysiology software is provided in Figure 2.5 and the features that were measured have been 

indicated. 

2.6.5 Drug application 

Acetylthiocholine (ATCh, Sigma A5751, 500 µM) (Cuevas & Berg, 1998) and glutamate (Sigma G8415, 

100 µM) - glycine (Sigma A1067, 10 µM) (Zhang et al., 2018) mix were diluted in recording solution on 

the day of the experiment. In initial experiments, an ACh concentration range (0.175 mM – 1 mM) was 

applied to determine the dose-response range. The lowest concentration required to stimulate a 

response (as detected by Cal-520 AM fluorescence changes, see Section 0) in all ACh sensitive 

neurons within 200 µm of the tip was determined and subsequently used for all experiments (500 µM 

ACh). Local application of ATCh with a micropipette (4 - 7 MΩ resistance  was achieved using a 

picospritzer (Physiology Workshop, D1075) for 50 ms duration at approximately 100 µm away from the 

patch clamped neuron. The volume of ATCh applied was optimised by varying the pressure (0.5 bar – 

3 bar) of the picospritzer to ensure the electrophysiological response of each neuron was in the middle 

of its dynamic response range.  

ATCh was also locally applied during and after bath application of nicotinic receptor antagonist 

Hexamethonium Bromide (Hex, 300 µM, Sigma H0879) (Scott & Bennett, 1993). A minimum delay of 5 

min was allowed for antagonists to reach and bind their targets and they were then washed out for 20 

mins before recordings were taken in each case. A delay of 120 mins was used between consecutive 

Hex bath applications to allow time for the evoked response to recover to near 100% (Figure S.2). 
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Figure 2.4 Example AP traces showing MATLAB analysis of their properties. 

Trace of a single AP (A) with AP threshold (blue *), AP peak (blue o) and AHP trough (red •) detected. 

Lines indicate 20% and 50% of AHP amplitude, which were used to determine AHP decay time. Right 

trace shows an example AP train (B) with AP peaks (blue *), AHP trough (red •) and 50% of AHP 

amplitude (red line), which was used to calculate AHP decay time. Inset box highlights the AHP (#) with 

an exponential decay curve fitted (red) used to calculate the decay constant (Tau). 
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Figure 2.5 Easy Electrophysiology analysis of sEPSCs. 

An example sEPSC with properties measured with the easy electrophysiology (Garcia et al., 2014) 

software. Peak amplitude is the difference between the minimum value and 10 ms of preceding 

baseline; half-width is the full-width at half-maximum; rise time is the time taken to rise from 10% to 

90% of the peak ma imum  green •  as a percentage of peak amplitude; decay time is the time taken 

for the trace amplitude to reduce by 37% (red *). 
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2.6.6 ATCh recordings and analysis  

The response of neurons to ATCh application (50 ms, see Section 2.6.5) was recorded while neurons 

were voltage clamped at -70 mV. ATCh was applied with 60 s intervals to ensure neurons were fully 

repolarised before the subsequent application. The ATCh signal before antagonist application was 

averaged from 3 sequential sweeps to account for response variability. The raw data was averaged to 

minimise the effect of baseline noise, and the response was analysed with MATLAB (Figure 2.6). The 

response amplitude, width at half the peak amplitude, and the response maximum delay after ATCh 

application were measured (Figure 2.6). Rise and decay time were measured as the time taken for the 

response to increase from or decrease to 20% of the maximum amplitude, respectively.  

The integrity of the whole-cell patch was monitored throughout each experiment with membrane tests 

performed every 10 mins (minimum). The recording was terminated when the whole-cell recording 

parameters described in section 2.6.2 were beyond the limits set (range of time taken to occur was 20 

- 120 mins). This was when the access resistance increased (> 20 MΩ), the Rm changed significantly 

(> 50% of its original value) or if a current large current (> 200 pA) was needed for a holding potential 

of -70 mV. 

Current-voltage curves for ATCh current responses were measured in voltage clamp by increasing the 

holding potential from -70 mV to +40 mV in 20 mV increments. A caesium gluconate internal solution 

(mM; 120 Cs-gluconate [Sigma G4625], 40 HEPES, 5 MgCl2, 2 Na2ATP, 0.3 Na2GTP, 5 QX314 [Sigma 

L5783], pH 7.2 with KOH) was used to prevent APs at depolarised membrane potentials. Current 

responses to one ATCh application were recorded at each membrane potential step, and the current 

peak amplitude was measured.  

2.6.7 Glutamate application and analysis 

The response to glutamate with glycine (see Section 2.6.5) was recorded with neurons clamped at -70 

mV and +40 mV. +40 mV was chosen to remove the voltage dependent Mg2+ block of NMDARs. A 

caesium gluconate internal solution was used to prevent APs at depolarised potentials to enable 

visualisation of NMDAR-mediated currents. pClamp software was used to examine potential current 

responses. The baseline was an average of the recorded trace 10 s before drug application and the 

peak response was measured 1 s after application and averaged across 0.5 s. The peak was averaged 

across 3 sweeps at +40 mV where the drug was applied once a minute. ATCh was subsequently applied 

to all cells as a positive control to ensure neuron responsiveness to known cholinergic input. ATCh was 

applied with the same pressure and duration from the same location as the glutamate, and 100% of GP 

neurons recorded showed responses to ATCh.   
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Figure 2.6 MATLAB analysis of an ATCh induced current during a GP neuron whole-cell patch 

clamp recording. 

Raw trace of ATCh response at -70 mV is shown in grey with filtered trace in red: response minimum 

(o) and width at half height (*) were detected. Rise time was measured as the time taken to reach max 

amplitude from 20% amplitude, while decay time was the time taken to return to 20% of max amplitude. 

A threshold of 20% was used to ensure deviations in the baseline did not affect this measurement. 
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2.7 Calcium Imaging 

2.7.1 Dye preparation and loading 

The Ca2+ responsive dye Cal-520 AM (AAT Bioquest, 21130) was first dissolved in 6.75 µl 20% Pluronic 

F-127 in DMSO (Thermo Fisher, P3000MP), made to 40 µL with recording solution (Methods 2.2) and 

vortexed (15 min, RT). Recording solution was added to a final volume of 4 mL resulting in a final dye 

concentration of 0.01 mM (Gooch et al., 2019).  

GP preparations were digested as described in Methods Section 2.2 to loosen the connective and 

adipose tissue and improve dye access to the GP soma. The preparation was incubated with the Cal-

520 AM dye solution (2 hours, 34ºC) in a chamber bubbled with carbogen gas (95% O2, 5% CO2) (Brain 

Slice Keeper 2, Automate Science S-BSK2). The GP preparation was then transferred into the recording 

chamber of a Zeiss Axioskop upright microscope and held in place with a harp slice holder. The 

recording chamber was continually perfused (gravity flow of 2 - 3 mL/min) with carbogenated recording 

solution at 34ºC, and the sample was washed in the chamber for 10 min before recording commenced.   

2.7.2 Drug application 

A picospritzer microelectrode was positioned inside the GP where recordings were performed, and 

ATCh (500 µM or as stated) was applied at 1 bar for 200 ms. Antagonists were bath applied as 

described above (Section 2.6.5).  

2.7.3 Image acquisition 

Cal-520 AM was excited with a mercury lamp (Zeiss mbq 52 AC 50 Watt) using a neutral density filter 

(Chroma UVND_0.6_25%T, 325577). Images (672 x 512 pixels) were captured with a Digital CCD 

Camera (Hamamatsu ORCA-R2 / C10600) system using an exposure of 100 ms for a final acquisition 

rate of 10 Hz. Each recording was 4 min long with a total recording time of 12 min per ganglia. The 

location of GP cells and the drug application site were recorded with DIC light microscopy images 

(Figure 2.3). 

2.7.4 Image analysis 

The pipeline that was used for the analysis of all calcium imaging data is outlined in Figure 2.7. First, 

the soma of each of the neurons was identified using a DIC image of the GP. These were manually 

segmented in ImageJ (FIJI 4.0.5) as regions of interest (ROIs). The ROIs were imported into MATLAB 

(R2019b) as a mask alongside the raw fluorescence image data. The xy area of individual cell ROIs 

was averaged for each frame, creating an averaged intensity vs time profile. To account for the decay 

seen in the baseline due to photo bleaching of the fluorescent signal, a two-step background subtraction 

method was developed as follows. A 200 frame moving average trace of each ROI was used for initial 

background estimation. This averaged background was subtracted from the original profile resulting in 

a first pass background-subtracted profile. From this profile, signal peaks were identified as a signal 

amplitude of greater than 3 times the SD of the background signal. This was used to create a 1D mask 

identifying areas within the original trace that exhibited a strong fluorescence signal relative to the 

background. This mask is dilated by 300 frames to fully encompass the response signal (Figure 2.7. 

green trace). This mask was inverted, so signal regions were excluded, and background regions only 
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were selected. The background region was then used to fit a background profile through to the original 

Z-axis profile with cubic spline interpolation (using the default MATLAB function csaps). This 

background trace accurately followed the baseline decay (due to photobleaching) and was subtracted 

from the original Z-axis profile. This process was repeated for each cell. This method was necessary 

because the unusually large and long changes in fluorescence in response to ATCh application made 

conventional methods of background subtraction inaccurate. To convert raw signal to the normalised 

ΔF/F0 metric, the background-subtracted profile was divided by the averaged absorbance of each cell 

at the beginning of each recording (using the first 100 frames). The amplitude and duration at half 

maxima of Ca2+ responses were then measured for each cell.  

Image analysis was performed using scripts available at: (https://github.com/Joscelin1/Calcium-

Imaging-Analysis.git). 

 

2.8 Statistical Analysis  

GraphPad Prism Version 8.2.1 was used to assess data for statistical significance. The statistical test 

chosen for each data set is outlined in each figure legend. Briefly, a Sharpiro-Wilk Normality test was 

used to determine if the data had a gaussian distribution. An unpaired student's T-test was then chosen 

for non-multiple comparisons between SHR and WKY data that were normally distributed, and a paired 

student's T-test was used for normally distributed paired data. For non-normally distributed data, a 

Mann-Whitney test to compare ranks was chosen and a Wilcoxon matched-pairs signed-rank test was 

used for paired data (e.g. before and after Hex treatment). For analysis of the difference between more 

than two groups, for example the change in amplitude height over time between WKYs and SHRs (in 

Figure 4.2 and Figure 4.3), a two-way ANOVA statistical test was used. Our data were either parametric 

or could be effectively transformed into a parametric distribution by performing log-transform, further 

details are included in the relevant results sections. 

Significance of results are marked with * p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 throughout. 

Data are presented as mean ± standard error of the mean (SEM) unless stated otherwise. Where the 

median and 95% confidence intervals (CIs) are more appropriate they are given as (median, lower 

interval, upper interval [median, 95%CI]). 
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Figure 2.7 Calcium imaging analysis pipeline. 

Each neuron is selected with a region of interest (ROI) in ImageJ using a DIC image of the GP. These 

ROIs are imported into MATLAB to continue the analysis. A cell mask is created using the ROIs, and a 

Z-axis profile of each cell is made. Initially, a moving average (200 frames) Z plot is created. This is 

used to mask the regions where there are ATCh evoked peaks. The mask is used to remove the ATCh 

peaks in the original Z-axis plot, which can then be fitted with a background trace (using spline fitting). 

This background trace is subtracted from the original Z-axis plot to give the final background-corrected 

change in fluorescence  Δ F) 
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Chapter 3 : Electrophysiology of 

SHR and WKY GP neurons 

 Introduction 

There is strong evidence that changes occur in the GP during AF and these changes underly the 

disease. In humans, when GP ablation is used in conjunction with PVI, a routine AF treatment, the 

outcome of patients is significantly improved (Katritsis et al., 2011; Katritsis et al., 2013; Po et al., 2009), 

and freedom from AF is achieved in an additional 18% of patients after two years (Katritsis et al., 2013). 

Overactivation of PV GPs with electrical (Scherlag et al., 2005) or chemical (Po et al., 2006) stimulation 

increases their ectopic activity and drives AF. Increased autonomic tone and hyperinnervation are seen 

in AF (Chang et al., 2001; Jayachandran et al., 2000), and increased autonomic denervation following 

PVI improves the outcomes of patients (E. Pokushalov et al., 2009). Currently, there is little consistency 

in which GPs are targeted during ablation, and patient-to-patient variability in GP networks further 

complicates the surgery (Pauza et al., 2000). Additionally, the currently available studies have relatively 

short follow-up times, so the long-term success of the treatment is uncertain (Katritsis et al., 2011; 

Katritsis et al., 2013; Po et al., 2009). The GP appears to be hyperactive in AF, but the exact changes 

that occur at the level of the ICNS still need to be clarified. This will ultimately improve the targeting of 

GP ablation and the outcome of patients with AF. 

Aged SHRs are particularly susceptible to AF when compared to WKY controls: they have spontaneous 

episodes of AF (Ashton et al., 2020; Scridon et al., 2012) and are more easily stimulated into episodes 

of AF with electrical pacing (Crijns et al., 2008; Diness et al., 2011). SHRs are hence a model employed 

to study AF, and they will be used in this thesis to look at the changes occurring in the GP. Previous 

work in our research group has identified molecular and electrophysiological differences in the GP of 

SHRs compared to WKYs (Ashton et al., 2020). Compared to WKYs, SHRs have a greater overall 

number of cholinergic and adrenergic neurons, with more synapses on each (Ashton et al., 2020). This 

finding aligns with the broader evidence that increased innervation occurs in AF (E. Pokushalov et al., 

2009). Whole-cell patch clamping revealed slower AP kinetics and increased sEPSC frequency in SHRs 

(Ashton et al., 2020). Together, these data suggest there are differences in the transmission of electrical 

signals in the GP of SHRs at the level of individual neurons. It provides initial evidence consistent with 

some form of plasticity occurring in the GP with AF. Additional experiments are required to further 

characterise the electrical differences in the GP of SHRs and better understand the mechanisms 

involved. This includes experimental and functional characterisation of GP neurons at physiological 

temperatures and with physiological solutions to ensure the measured properties reflect those occurring 

in vivo as closely as possible. This is important because there is evidence that overactivation of the GP 

underlies AF (Po et al., 2006; Scherlag et al., 2005), but the changes that occur within the GP itself 

remain unclear.  
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The GP integrates signals from the CNS and the extrinsic cardiac nervous system to modulate heart 

rate and rhythm (Armour, 2008). It receives sympathetic and parasympathetic signals that are either 

afferent or efferent (Introduction Figure 1.2) (Armour, 2008), and therefore, it is not surprising that the  

GP is comprised of a heterogeneous population of neurons (Dyavanapalli et al., 2009; Edwards et al., 

1995; Selyanko, 1992). There are two major phenotypes, adrenergic or cholinergic, with some neurons 

displaying dual phenotypes (Ashton et al., 2020; Hoover et al., 2009) (Introduction Figure 1.6). GP 

neurons have different morphologies; some are unipolar, while others are bipolar or multipolar with 

varying numbers of processes (Avazzadeh et al., 2020). Different neuron types were initially defined in 

the guinea pig GP using electrophysiology (Edwards et al., 1995). Three major neuron types were 

identified: somatic cells, principal cells (known as slow AHP cells) and pacemaker cells. Somatic cells 

are phasic and receive local inputs, while principal cells and pacemaker cells are tonic. Principal cells 

receive vagal and local input, but pacemaker cells do not receive any excitatory synaptic inputs 

suggesting that they are afferent sensory neurons (Edwards et al., 1995). While it is hard to define these 

precise neuron types across different experimental conditions and species, a consistent categorisation 

of GP neurons involves separating subtypes by the length of their AHP. Neurons with fast AHPs are 

classified as Type I cells, while neurons with slow AHPs are classified as Type II (Dyavanapalli et al., 

2009; Edwards et al., 1995; Selyanko, 1992). Type I and II cells have been identified in vitro rat GP 

preparations (Dyavanapalli et al., 2009; Selyanko, 1992), similar to the preparation used throughout 

this thesis. In the rat GP, both slow and fast AHP neurons have phasic and tonic subpopulations 

(Selyanko, 1992) and a further subpopulation of multiply adapting neurons has been described. Multiply 

adapting neurons have a reduced response (AP firing rate) to a constant stimulus over time (Rimmer & 

Harper, 2006). Given that the GP neurons are a heterogeneous population, it will be very important to 

investigate the different GP neuron subtypes in SHR compared to WKYs to determine whether specific 

subtypes may differentially contribute to overall GP excitability changes and AF.   

 

  



50 
 

 Aims 

Some of the basic properties of SHR and WKY GP neurons have been described previously in our 

published work  (Ashton et al., 2020). However, research in this chapter will aim to re-examine these 

neurons at near-physiological temperature (34ºC) and with recording solutions as close to physiological 

conditions as possible. As well as recording the basic membrane properties, new protocols will be run 

to characterise the neurons further. Moreover, neuron subtype analysis will be performed to look at the 

different populations of neurons in the SHR and WKY GP. This will be the first-time neuron subtype 

differences have been identified in the GP in a rodent model of AF.    

The specific aims of the research in Chapter 3 are:  

1) To use the whole-cell patch clamp technique to characterise the passive membrane properties 

and rheobase of SHR and WKY GP neurons. 

2) To examine the characteristics of single APs and trains of APs in SHR and WKY GP neurons. 

A focus will be given to distinguishing different GP neuron subtypes based on fast or slow 

AHPs. A further subtype grouping will be made by looking at tonic, phasic or adapting firing 

profiles in response to prolonged current injection steps. 

3) To measure the frequency and kinetics of sEPSCs in SHR and WKY GP neurons and assess 

the inter-group and intra-group variability.  

Together these experiments will provide information on the functional changes occurring in SHR GP 

neurons as a model of AF. 
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 Results 

3.3.1 Passive membrane properties and rheobase of SHR and WKY GP neurons 

Whole-cell patch clamp experiments were performed in SHRs (8 SHRs, 26 neurons) and WKYs 

(4 WKYs, 11 neurons) using an atrial preparation of GP neurons (Figure 2.2; Methods 2.2)(Ashton et 

al., 2020). Passive membrane properties were measured (Figure 3.1; Methods 2.6.2). No significant 

differences in Cm (WKY 71.01 ± 7.400 pF; SHR, 69.51 ± 4.820 pF) or Rm were observed (WKY 321.0 

± 40.54 MΩ; SHR 336.2 ± 42.50 MΩ). The RMP of SHR neurons was significantly more depolarised 

than WKYs (p = 0.0082; WKY -57.83 ± 5.492 mV; SHR -50.25 ± 1.605 mV). Consistent with greater 

neuronal excitability in SHRs, the minimum current injection (300 ms duration) required to elicit a single 

AP (i.e. rheobase) was lower in SHRs compared to WKYs (WKY 0.8310 ± 0.7836 pA/ pF; SHR 0.4884 

± 0.5099 pA/ pF; p = 0.0007; Figure 3.2).  

3.3.2 AP characteristics of SHR and WKY neurons and identification of slow and fast AHP 

neurons 

APs were evoked in SHRs and WKYs by applying a 5 ms current injection of 500 pA or 1000 pA. The 

AP amplitude was not significantly different between WKYs and SHRs (WKY 75.49 ± 2.695 mV; SHR 

74.10 ± 1.830 mV). However, the AP width at half AP amplitude was lower in SHRs (p = 0.0155; WKY 

1.755 ± 0.2560 ms; SHR 1.290 ± 0.05681 ms). The AP threshold was also significantly lower in SHRs 

(p = 0.0086; WKY 31.91 ± 1.317 mV; SHR 26.17 ± 1.183 mV) (Figure 3.3). The AHP amplitude of SHRs 

was significantly larger than WKYs (p = 0.0060; WKY 5.841 ± 1.540 mV; SHR 11.69 ± 1.110 mV) (Figure 

3.4 B). To further investigate the AHP kinetics, the AHP decay time at half AHP amplitude and the time 

between AP peak and AHP trough were measured (Figure 3.4 C and D). There were no significant 

differences in the AHP decay time (WKY 77.44 ± 13.13 ms; SHR 60.54 ± 9.470 ms) or time between 

AP peak and AHP trough (WKY 21.71 ± 5.396 ms; SHR 10.97 ± 2.580 ms) between SHRs and WKYs. 

Exemplars showing long and short AHP profiles are depicted in Figure 3.4 E.  

Further analysis into the kinetics of the AHP was performed. Three distinctive AHP profiles were 

identified, and SHR and WKY neurons were classified as fast, slow, or no AHP. Fast AHP neurons had 

an AP peak to AHP trough time of less than 15 ms (open circles Figure 3.4D) and a sigmoidal decay 

profile (Figure 3.5 left). Slow AHP neurons had AP peak to AHP trough time greater than 15 ms (open 

circles Figure 3.4D) and an inverted parabola decay profile (Figure 3.5 middle). No AHP neurons did 

not have any detectable AHP as the trace did not go below baseline following the AP (Figure 3.5 right).  

The distribution of neuron types classified by the AHP profile was qualitatively different between SHRs 

and WKYs (Figure 3.5), but more cells must be recorded to perform statistical analysis. SHRs had a 

larger proportion of fast AHP neurons (SHR 25 neurons total: 17 Fast AHP; 4 Slow AHP; 4 No AHP) 

while WKYs have a similar number of each neuron type (WKY 11 neurons total: 4 Fast AHP; 4 Slow 

AHP; 3 No AHP).   
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Figure 3.1 Passive membrane properties of SHR and WKY neurons. 

Left and middle: No significant differences in membrane resistance (Rm) or membrane capacitance 

(Cm) were observed between WKYs and SHRs. Right: The resting membrane potential (RMP) of SHR 

neurons was significantly more depolarised [means ± SE; Unpaired T-test **, p<0.001].  

 

 

 

 

 

Table 3  Experimental animal numbers and mean membrane properties. 

The table indicates the number of animals and neurons used for all electrophysiology experiments 

(unless stated otherwise) and their passive membrane properties [means ± SE]. 
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Figure 3.2 The rheobase of SHR and WKY neurons. 

Rheobase as a proportion of membrane capacitance (Cm) [means ± SE Unpaired T-test ***p<0.0001]. 

Rheobase is the minimum depolarising current injection (300 ms duration) that will elicit a single AP 

(4 WKYs, 11 neurons; 11 SHRs, 22 neurons). 
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Figure 3.3 AP properties of WKY and SHR neurons. 

(A) Illustration of the AP properties measured in WKY and SHR neurons. The AP amplitude from 

threshold (mV) was unchanged (B) but AP width (ms) at half AP amplitude (C) and AP threshold (ms) 

above baseline (D) were reduced in SHRs compared to WKYs [means ± SE; Unpaired T-test, *p < 0.05, 

p** < 0.01] (4 WKYs, 10 neurons; 11 SHRs, 25 neurons). 
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Figure 3.4 AHP properties of WKY and SHR neurons. 

(A) Illustration of the AHP properties measured in WKY and SHR neurons. AHP amplitude (B) AHP 

decay time (ms) at half AHP amplitude (C) time of AHP minimum after AP peak (ms) [means ± SE; 

Unpaired T-test **p < 0.01 ***p < 0.001]. Open circles indicate neurons that have slow AHPs. (E) 

Overlaid example traces of WKY (blue) and SHR (red) APs evoked by a 5 ms 500 pA current injection 

step with baseline indicated (dashed line). Neurons with no AHP (4 WKYs; 3 of 10 neurons; 11 SHRs, 

4 of 25 neurons) were excluded from AHP analysis 
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Figure 3.5 The GP of WKYs and SHRs contain distinct neuron types with unique AHPs. 

Neurons were classified into 3 groups, fast AHPs, slow AHPs and no AHPs. The AHP profile of these 

neuron types are distinct (bottom) and qualitatively, the distribution of each neuron type is different in 

SHRs and WKYs (top) (4 WKYs, 11 neurons; 11 SHRs, 25 neurons). 
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3.3.3 Examining trains of APs in SHRs and WKYs and identifying distinct firing profiles in 

different neuron subtypes 

Trains of APs were evoked by injecting 1 s current steps of 100 pA to 700 pA (in 100 pA increments) 

(Figure 3.6A). With increasing stimulation current, the number of APs increased in a non-linear fashion, 

with no significant differences between SHRs and WKYs (Figure 3.6C). Large neuron-to-neuron 

variation in the number of APs at each current step was seen in both strains (indicated by large SD bars 

in Figure 3.6C; 700pA stimulation current; WKY 45.17 ± 15.92 APs; SHR 43.30 ± 16.33APs [means ± 

SD]). The time between AP peaks varied across the AP train. The first inter-peak interval (WKY 34.98 

± 17.51 ms; SHR 30.74 ± 13.65 ms [means ± SD]), when compared to the last inter-peak interval (WKY 

87.77 ± 38.72 ms; SHR 81.50 ± 48.42 ms [means ± SD]), was significantly increased in both WKYs 

(p < 0.0001) and SHRs (p < 0.0001). However, there was no difference between strains (Figure 3.6B). 

There was also an increase in amplitude between the first and last AP in both strains (WKY 3.091 ± 

0.9881 mV; SHR 4.280 ± 0.7282 mV), but no significant differences between strains.  

The AHP after a train of APs was measured during the 200 pA stimulation step (Figure 3.7). No 

significant differences in AHP amplitude (WKY 6.904 ± 1.479 mV; SHR 8.999 ± 1.010 mV), AHP decay 

time at half AHP amplitude (WKY 0.2938 ± 0.06627 ms; SHR 0.2224 ± 0.02332 ms) or AHP decay 

constant Tau (WKY 0.7155 ± 0.2752 s; SHR 0.4978 ± 0.1139 s) were seen. AP peak to AHP trough 

analysis could not be performed in this case because the location of the final AP in the train was variable 

depending on the firing rate of each neuron. AP trains were compared between slow and fast AHP 

neuron subtypes (classified in Section 3.3.2; Figure 3.5) and no subtype-specific differences were 

observed in the number of APs in a train or the train AHP measurements (data not provided). 

Distinctive AP train firing patterns that have been described previously (Rimmer & Harper, 2006) were 

seen in SHR and WKY GP neurons. GP neurons were classified into three subtypes: Phasic, Adapting 

and Tonic (Figure 3.8). Phasic neurons only fired one AP at all current injection steps (100 to 700 pA) 

and were rare (WKY; 0 of 12 neurons, SHR; 1 of 22 neurons). Adapting neurons (WKY; 4 of 12 neurons, 

SHR; 6 of 22 neurons) had characteristic short bursts of APs followed by a pause in firing at low current 

injections (100 to 300 pA). At higher current injections (300 to 700 pA) adapting neurons had sustained 

and rapid AP firing. Tonic neurons were most common (WKY: 8 of 12 neurons; SHR: 15 of 22 neurons) 

and had slow, evenly spaced APs at low current injections (100 to 300 pA), which became rapid at 

higher current injections. Qualitatively, the distribution of phasic, adapting and tonic neurons was similar 

in SHRs and WKYs (WKY: Phasic 0%, Adapting 33.3%, Tonic 66.6%; SHR: Phasic 4.55%, Adapting 

27.3%, Tonic 68.2%) but more cells are required for statistical analysis. Both slow AHP and fast AHP 

neuron types (Section 3.3.2) in SHRs and WKYs showed adapting and tonic AP train profiles.  
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Figure 3.6 Properties of AP trains in SHRs and WKYs. 

(A) Example trace of a train of APs produced from a 1 s duration 200 pA current injection in a WKY GP 

neuron. The increased inter-peak interval length  ▼  and post-train AHP (*) are indicated. (B) An 

increased inter-peak interval (ms) between first APs and last APs was detected in both WKY (blue) and 

SHR (red) when stimulated with a 200 pA injection [means ± SD]. (C) AP number with increasing current 

injection steps (pA) [means ± SD] (4 WKYs, 11 neurons; 11 SHRs, 20 neurons). 
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Figure 3.7 Properties of the AHP following a train of APs. 

A train of APs was stimulated with a 1 s duration 200 pA current injection, which resulted in an AHP 

before the neuron returned to its resting membrane potential. Train AHP amplitude from baseline (mV) 

(A) AHP decay time (s) at half AHP amplitude (B) decay constant (Tau, s) (C) are shown [means ± SE]. 

No significant differences were observed between WKY and SHR for any AHP properties (4 WKYs, 11 

neurons; 11 SHRs, 20 neurons).  
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Figure 3.8 Different neuron types have different AP train characteristics. 

Three major response subtypes were seen to 1 s duration current injection steps of 100 to 700 pA (in 

100 pA steps). Phasic neurons only had one AP at all currents; Adapting neurons had short bursts of 

APs followed by a pause at low currents (100 to 300 pA) which become sustained at higher currents; 

Tonic neurons had more consistently spaced APs at all currents. The current used to elicit the example 

responses are as follows: Phasic 500 pA; Adaptive, 200 pA; Tonic, 100 pA. 
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3.3.4 sEPSCs in SHRs and WKYs 

The sEPSCs of neurons voltage clamped at -70 mV were recorded for 3 mins. A threshold amplitude 

of 5 pA was used to ensure detected events were above background signal fluctuations. The frequency 

of sEPSCs was not significantly different between WKYs and SHRs (p = 0.0806; WKY 0.2025 ± 0.07297 

Hz; SHR 0.4623 ± 0.1028 Hz) (Figure 3.9) but the amplitude of sEPSCs was greater in SHR than WKY 

neurons (p <0.0001; WKY -6.711, -6.933, -6.502 pA; SHR -10.05, -10.20, -9.862 pA [median, 95%CI]) 

and was non-normally distributed in both groups (Figure 3.10A). Distributions of sEPSC amplitudes 

were left skewed with the majority of events being less than 15 pA for both strains, and very few events 

(less than 5) of greater than 100 pA. The relative frequency of events in SHRs is shifted towards larger 

amplitude events compared to WKYs (Figure 3.10B). SHR neurons have slower sEPSC kinetics when 

compared to WKYs with an increased half-width (p = 0.0012; WKY 2.100, 1.900, 2.280 ms; SHR 2.380, 

2.26, 2.460 ms [median, 95%CI]), rise time (p = 0.0117; WKY 1.600, 1.500, 1.760 ms; SHR 1.860, 

1.760, 1.960 ms [median, 95%CI]) and decay time (p = 0.0004; WKY 1.380, 1.320, 1.480 ms; SHR 

1.600, 1.540, 1.660 ms [median, 95%CI]) (Figure 3.10C - E). For the exact sEPSC measurement 

process, refer to Methods 2.6.4. The half-width, rise time and decay time of events were consistent 

across individual neurons in WKYs and SHRs (Figure 3.11B- D). However, there was considerable 

variability in the amplitude of events in individual SHR neurons (Figure 3.11A). There was a large range 

observed in the median amplitude of sEPSCs in SHRs (SHR neuron smallest median value; -7.220 pA; 

SHR neuron greatest median value -29.28 pA; difference 22.06 pA), whereas there was less neuron-

to-neuron variation in WKYs (WKY neuron lowest median value; -6.279; WKY neuron greatest median 

value -8.008; difference 1.729 pA). Generally, SHR neurons with fewer sEPSCs have larger amplitude 

events (Figure 3.11A). 
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Figure 3.9 Frequency of sEPSCs in WKY and SHR neurons. 

WKY and SHR neurons were voltage clamped at -70 mV and sEPSCs were recorded. No significant 

differences are seen in the frequency of sEPSCs per neuron [means ± SE; Unpaired T-test ns p>0.01] 

(4 WKYs, 9 neurons; 7 SHRs, 14 neurons). 

A subset of neurons did not have any detectable sEPSCs (WKY: 3 of 9 neurons; SHR: 2 of 14 neurons). 
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Figure 3.10 The amplitude and kinetics of sEPSCs in SHR and WKY neurons. 

The amplitude across all sEPSCs recorded in 3 mins is increased in SHRs compared to WKYs (A) and 

the distribution has shifted towards a higher frequency of larger events (B). The half-width (C), rise time 

(D), and decay time (E) of sEPSCs are also increased in SHRs [median ± 95%CI; Mann-Whitney test 

*p<0.05 **p <0.01 ***p<0.001 ****p<0.0001] (4 WKYs, 6 neurons; 7 SHRs, 12 neurons). 
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Figure 3.11 Individual neurons within WKY and SHR ganglia show variability in the amplitude 

and kinetics of sEPSCs. 

sEPSC measurements of individual GP neurons (WKY, blue; SHR, red) over 3 mins are displayed. A 

minimum amplitude threshold of -5 pA was used to distinguish detectable events from background noise 

(A). Substantial amplitude variation is seen between SHR neurons, whereas less amplitude variation is 

observed across WKY neurons (A). Responses of >100 pA are not shown in (A) as they were very 

infrequent. There is some neuron-to-neuron variation in sEPSC half-width (B), rise time (C), and decay 

time (D) in both WKYs and SHRs, but unlike amplitude all neurons have significant overlap. All graphs 

indicate the median (horizontal black line) (4 WKYs, 6 neurons; 7 SHRs, 12 neurons). 
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 Discussion 

The overall aim of this chapter was to characterise the electrophysiological properties of rat GP neurons 

and determine if there are any functional differences between SHRs and WKYs. We know that changes 

occur in the GP during AF (Po et al., 2006; Scherlag et al., 2005), but the mechanism underlying these 

changes remain unclear. Therefore, evaluation of SHRs (animals that are particularly susceptible to AF 

(Scridon et al., 2012)), compared to WKY controls, will help to elucidate changes in the GP that may 

contribute to AF. In the first instance, the basic electrophysiological properties of SHR and WKY 

neurons were re-characterised from previous studies by our group (Ashton et al., 2020) under 

physiological conditions that more accurately reflect the in vivo conditions.  

In this initial study of WKY and SHR neurons by Ashton et al., recordings were made at RT with 

recording solutions that were high in glucose (25 mM) and Mg2+ (2 mM) (Ashton et al., 2020). High 

glucose affects excitatory transmission and alters synaptic plasticity (Gispen & Biessels, 2000) while 

high Mg2+ has many effects, including altering the synaptic release of neurotransmitters (Slutsky et al., 

2010) and affecting glutamatergic transmission through NMDAR pore block (Ji et al., 2001). Mg2+ also 

affects the conduction of other channels, such as gap junctions, that are important in electrical coupling 

(Palacios-Prado et al., 2013). It has also been long established that temperature profoundly affects the 

kinetics of excitatory transmission. For example, higher temperatures depolarise the RMP and decrease 

the AP amplitude (Hodgkin & Katz, 1949). The previous recordings were made at RT (Ashton et al., 

2020), which will likely have altered the kinetics compared to recordings from the same GP neurons in 

vivo. Now that the method for whole-cell patch clamping SHR GP neurons has been developed (Ashton 

et al., 2020), it is important to further refine these techniques and record from neurons at temperatures 

and in solutions that are as close to physiological conditions as possible. In this thesis, the Mg2+ and 

glucose concentrations were significantly reduced to be more consistent with previous studies (1.3 mM 

Mg2+; 11 mM glucose) (Cuevas et al., 1997; Xu & Adams, 1992a), and experiments were performed at 

34ºC rather than RT. 

Furthermore, in this study, during voltage clamp experiments neurons were held at -90 mV, which is a 

hyperpolarised state for rat GP neurons that have a RMP of -40 mV to -70 mV (Ashton et al., 2020; 

Rimmer & Harper, 2006; Selyanko, 1992). Hyperpolarisation of the neurons will affect voltage-gated 

channels and inhibit inward currents. For example, during an AP the membrane must reach a threshold 

potential, the further away the RMP is from this threshold value, the less likely it is to fire and AP. 

Voltage clamping the GP neurons at -90 mV will result in recordings that do not reflect the physiological 

responses of neurons in vivo, and therefore a higher holding potential of -70 mV was used in this thesis.  

Additional properties such as the characteristics of trains of APs were described in these GP neurons 

for the first time, providing more information on the differences between WKYs and SHRs. GPs are 

made of a heterogeneous population of neurons with different electrical properties (Edwards et al., 

1995), and in this chapter, different neuron types were defined in SHRs and WKYs using their AHP 

properties and their AP train characteristics. There is no previous work using electrophysiology to look 
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at the differences in neuron-type populations during AF, so this work will provide a fresh perspective on 

modification of the GP with arrhythmia. 

3.4.1 SHR GP neurons have more depolarised RMPs and lower rheobase than WKY GP 

neurons 

The membrane capacitance (Cm) and membrane resistance (Rm) were consistent in SHRs and WKYs. 

Cm is proportional to the neuron surface area and therefore indicates that the size of SHR and WKY 

GP neurons are similar. Interestingly, the Cm of both SHRs and WKYs was normally distributed despite 

the rat GP consisting of many different neuron types (e.g. principal and sensory neurons (Selyanko, 

1992)). Even though the different neuron types have distinct electrical properties and putative functions 

(Edwards et al., 1995; Selyanko, 1992), they were similarly sized. This normal distribution of GP neuron 

size has also been reported with microscopy (Pardini et al., 1987; Pauza et al., 2000). Rm can be used 

as a proxy for the number of open ion channels and the ease of ion flow through the membrane. There 

was no significant difference in Rm between WKYs and SHRs, suggesting the number of open ion 

channels at rest is similar. In previous experiments performed with a holding potential of -90 mV, which 

is more hyperpolarised than the natural RMP of GP neurons (Ashton et al., 2020; Rimmer & Harper, 

2006; Selyanko, 1992), the Rm of SHR GP neurons was higher than we have reported, while the Rm 

of WKYs was comparable (Ashton et al., 2020). This could be due to a less hyperpolarised holding 

potential altering the driving force of ions across the membrane, therefore influencing the Rm. 

Additionally, the increased temperature in our experiments will influence the opening kinetics of ion 

channels that could also influence the Rm.  

The RMP of SHR GP neurons was higher (more depolarised) than WKYs (Figure 3.1). A higher RMP 

means the neuron is more excitable as less depolarisation is needed to reach its AP threshold and fire 

and AP. Specific ion channels are active at the RMP and are therefore the most likely to be different in 

SHRs compared to WKYs. Cyclic nucleotide-gated (HCN) channels are open at hyperpolarised states 

and at the RMP and allow the flow of K+ and Na+ across the membrane (Kase & Imoto, 2012). HCN 

mediated currents have been identified in rat (Cuevas et al., 1997) and guinea pig (Edwards et al., 

1995) GP neurons. Increased HCN activity or expression in SHRs would explain the increase in the 

RMP as they depolarise the membrane (Kase & Imoto, 2012). Small-conductance (SK) channels are 

Ca2+ activated K+ channels (KCa) that are also active at the RMP, and SK channel inhibition leads to 

membrane depolarisation (Zhang & Huang, 2017). Like BK channels, SK channels are present in the 

GP (Pérez et al., 2013), and a reduction in their activity may lead to the increase in RMP in SHRs. 

Although increased HCN channel activation or decreased SK channel activation would increase the 

RMP, you would expect to see corresponding changes in the Rm (as more or less ions flow through the 

channels). Therefore, it is likely that several mechanisms, and ultimately more than one ion channel, 

are responsible for the increased RMP in SHRs.  

The rheobase of SHR GP neurons was significantly lower than WKY neurons. On average, 40% less 

current was required to fire an AP in SHRs, therefore they are significantly more excitable. The lower 

rheobase is likely due to the depolarised RMP in SHRs. If neurons passively sit at a potential closer to 

their threshold potential, they will require less current to elicit an AP. Increased excitability in SHR 
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neurons is likely to increase the activity of the GP, and increased GP stimulation has been associated 

with the initiation and maintenance of AF (Scherlag et al., 2005).  

3.4.2 The single AP profile was different in SHRs compared to WKYs 

When comparing our data to the data previously collected in the lab (Ashton et al., 2020), several 

differences in the AP kinetics were apparent. Our data, recorded at 34ºC, showed a reduced AP half-

width and AHP half-width in both SHRs and WKYs compared to previous work at RT (Ashton et al., 

2020). This difference was expected as it is well established that the kinetics of APs are faster at warmer 

temperatures (Hodgkin & Katz, 1949). Although the overall kinetics have changed, the relative 

differences between SHRs and WKYs are mostly consistent (Ashton et al., 2020).  

The AP half-width of SHR neurons was shorter compared to WKYs, while the AP amplitude remained 

consistent. The AHP dynamics were also altered; SHRs had larger amplitude AHPs compared to WKYs. 

The AHP of rat GP neurons is mediated by delayed outwards K+ currents conducted through KCa 

channels and voltage-gated K+ (Kv) channels. Non-specific inhibition of delayed outwards K+ currents 

by TEA in cultured rat GP neurons increases the AP duration and inhibits the AHP (Xu & Adams, 1992a, 

1992b). Dramatically increasing the external K+ concentration also reduces the AHP in rat GP neurons, 

confirming the role of delayed outwards K+ currents in the AHP (Dyavanapalli et al., 2009). The KCa 

channel is particularly important, and inhibition of KCa alone by cadmium reduces the AHP by around 

50% (Xu & Adams, 1992a). Overexpression or greater activation of KCa or Kv channels would explain 

the increased AP half-width and AHP amplitude in SHRs. However, an increase in KCa or Kv mediated 

currents would also hyperpolarise the RMP of SHRs. This is not what was observed, implying that an 

increase in these channels must be accompanied by changes in other ion channels that mediate the 

RMP, such as the HCN channels.   

The AP threshold of SHR GP neurons was lower than in WKYs, and this is likely to be closely linked to 

the more depolarised RMP. As with rheobase, the closer passive membrane potential is to its threshold 

value, the less current input required to fire an AP. A lower threshold means the SHR neurons are more 

excitable and will fire APs in response to smaller membrane depolarisations than WKYs.  

3.4.3 WKY and SHR neurons can be grouped into slow and fast AHP neuron types 

Unlike the other AP properties, there was a large neuron-to-neuron variation in the AHP dimensions 

(Figure 3.4). Interestingly, neurons with similar AP amplitudes, widths and thresholds have dramatically 

different AHP profiles. Many other groups have described the diversity of GP neuron AHPs (Edwards 

et al., 1995; Rimmer & Harper, 2006; Selyanko, 1992). Therefore, we decided to further analyse the 

AHPs in our data to identify subpopulations of neurons and compare these populations in SHRs and 

WKYs. 

In accordance with previous studies (Edwards et al., 1995; Rimmer & Harper, 2006; Selyanko, 1992), 

two main groups of GP neurons were identified, fast AHP (Type I) neurons and slow AHP (Type II) 

neurons. Slow AHP neurons were classified as having an AP peak to AHP trough of greater than 15 

ms and tended to have smaller AHP amplitudes (< 10 mV) and longer AHP decay times (> 100 ms). 

Whereas, fast AHP neurons had an AP peak to AHP trough of less than 15 ms with larger AHP 
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amplitudes and shorter AHP decay times. The AHP shape of slow and fast AHPs were very distinctive. 

Slow AHP neurons have an inverted parabola decay profile with no inwards inflexion, while fast AHP 

neurons have a sigmoidal decay profile (Figure 3.5).  An additional neuron type was classified in our 

data, neurons with no detectable AHP. The ion channels that control the size and dynamics of AHPs 

have been studied in GP neurons previously and they are likely to be differently expressed in fast, slow 

and no AHP neuron subtypes. High external K+ concentration increased the duration of AHPs in slow 

AHP neurons but had a lesser effect on fast AHP neurons (Dyavanapalli et al., 2009), suggesting 

delayed outward K+ currents are more critical in one neuron type over another. The AHP of GP neurons 

is mediated by KCa channels (Dyavanapalli et al., 2009; Xu & Adams, 1992a) and typically, SK channels 

are most important in controlling the fast AHP, while big-conductance (BK) channels are more important 

for the slow AHP (Vogalis et al., 2003). The AHP of rat GP neurons is sensitive to apamin (a specific 

SK channel antagonist) (Rimmer & Harper, 2006) and increased SK channel number or conductance 

in fast AHP compared to slow AHP neurons would explain the difference in AHP shape. Equally, higher 

BK channels in the slow AHP neurons could also explain these differences.  

For the first time, the composition of short, long and no AHP neurons have been assessed in WKY and 

SHR GPs (Figure 3.5). In SHRs, there was a shift towards neurons with fast AHPs from slow and no 

AHP neurons that were predominant in WKYs. Neurons with fast AHPs have been described as unipolar 

phasic neurons that receive local excitatory inputs (Edwards et al., 1995). This neuron classification 

has been complicated by the demonstration that neurons with fast AHPs have both tonic and phasic 

firing profiles (Rimmer & Harper, 2006; Selyanko, 1992), and will be addressed in Section 3.4.4. An 

increase in fast AHP neurons in SHRs could lead to more efficient transmission of local excitatory inputs 

to the cardiomyocytes and to other GP neurons both within and between GPs. Overactivation of the 

cardiomyocytes or other GPs that are innervated by the aberrant GP could stimulate the ectopic activity 

that underlies AF. Neurons with slow AHPs are thought to be principal neurons that receive both local 

inputs and excitatory inputs from the vagus (Edwards et al., 1995). They are multipolar neurons and 

are the most common type of neuron in the GP (Edwards et al., 1995; Klemm et al., 1997). Due to their 

vagal inputs, these neurons are essential in integrating the extrinsic and intrinsic nervous systems. A 

third type of neuron (pacemaker cells) that also have a slow AHP were identified in cultured Guinea Pig 

GP neurones (Edwards et al., 1995). These neurons display spontaneous APs have not been identified 

in our study or other in vitro rat GP studies (Dyavanapalli et al., 2009; Rimmer & Harper, 2006), so they 

will not be discussed further. In SHRs, a loss of slow AHP neurons may reflect a loss of vagal control 

and this drop in CNS regulation could result in overactive GP. Immediately preceding AF episodes there 

is an increase in vagal tone (Bettoni & Zimmermann, 2002), the GP may be adjusting to this increase 

by reducing the number of neurons receiving that type of input. 

It should be noted that the overall increase in AHP amplitude (Section 3.3.2) is likely to be explained by 

this shift in neuron type; Fast AHP neurons with larger AHP amplitudes were predominant in SHRs 

compared to WKYs. Overall, neurons with different AHP properties are likely to have diverse functions 

in the integration and transmission of signals in the GP. Our data show the proportion of these neurons 

was altered in SHRs compared with WKYs. This could result in the GP processing and transmitting 
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afferent and efferent signals differently, and ultimately this is likely to change the way the GP is 

regulating heart rate and rhythm.  

3.4.4 The properties of trains of APs were similar in SHRs and WKYs 

The firing rate of SHR and WKY GP neurons in response to prolonged current injections (1 s duration, 

100 to 700 pA) were the same, but interestingly there was large variation in the firing rate of neurons 

within each group. The variation is not surprising because the GP is made of a heterogenous population 

of neurons with different putative functions (Edwards et al., 1995; Fedele & Brand, 2020). When the AP 

train responses of neurons were sorted by the previously defined slow, fast and no AHP neuron types 

(see Section 3.3.3), there was no correlation between AP train frequency and neuron type (data not 

shown). This suggests that there is variation within neuron types and complicates the electrical 

classification of neurons. Interestingly block of KCa currents did not increase the AP frequency (Cuevas 

et al., 1997; Xu & Adams, 1992a) even though it significantly reduced the AHP of single APs 

(Dyavanapalli et al., 2009; Xu & Adams, 1992a), suggesting that the AHP amplitude or duration does 

not dictate the AP train firing frequency. This aligns with our data that shows SHRs have larger AHPs, 

but do not differ in their AP train firing frequency compared to WKYs. As well as AHP duration, fast 

transient outward K+ currents and Kv outward currents dictate firing frequency (Bean, 2007). These 

currents have been identified in the GP (Xi-Moy & Dun, 1995; Xu & Adams, 1992a), and application of 

the fast transient outward K+ current inhibitor 4-aminopyridine significantly and reversibly increases the 

firing frequency of rat GP neurons (Xi-Moy & Dun, 1995). Kv4 channels mediate the fast transient 

outward K+ current while Kv7.1 - 7.5 (potassium voltage-gated channel subfamily Q (KCNQ)) channels 

mediate the muscarine sensitive Kv current. As the firing frequency of SHRs and WKYs is similar the 

expression of these channels does not appear to have changed with hypertension and increased atrial 

arrhythmias. 

Due to the striking differences in the single AP AHPs, the train AHP was measured. No significant 

differences were identified between SHRs and WKYs, however, there was a trend towards larger train 

AHPs in SHRs, which was consistent with the single AP data. The slow AHP generated after AP trains 

is thought to be mediated by SK channel activation (Pedarzani et al., 2005), suggesting that these 

channels’ e pression is similar in SH s and W Ys. The change in height and interpeak intervals across 

the AP train was also assessed. No differences were seen between SHRs and WKYs, but the height 

and the interpeak interval from the first to the last AP increased. The change in APs from an initially 

high frequency to a slower frequency is referred to as spike adaptation or spike accommodation (Ha & 

Cheong, 2017). During an AP train, the intracellular Ca2+ levels increase due to the activation of voltage-

dependent Ca2+ channels. KCa are important in accommodation as the increase in Ca2+ opens KCa 

channels and allows K+ to flow out of the cell, which leads to hyperpolarisation and inhibition of APs 

(Ha & Cheong, 2017). BK channels that mediate fast Ca2+ dependent K+ currents are involved in early 

accommodation, while SK channels mediate slow Ca2+ dependent K+ currents (IAHP) are involved in late 

accommodation (Storm, 1990). Muscarine sensitive Kv currents that develop over AP train and are 

carried by K+ voltage-gated channel subfamily Q (KCNQ) channels are also crucial for accommodation 

(Ha & Cheong, 2017). The strong accommodation in SHR and WKY GP neurons suggest these 
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channels are highly expressed. Spike accommodation limits the amount of information transmitted by 

each neuron and has a role in neural coding (Ha & Cheong, 2017). This may be a mechanism by which 

GP neurons can adapt to changing stimuli, such as the increased parasympathetic input in AF (Zhang 

et al., 2015). Although no overall differences were seen in SHR compared to WKY, more subtle neuron-

type specific differences may be present.  

3.4.5 Different neuron types can be identified by their phasic, adapting or tonic AP firing 

profiles 

In the rat GP, three distinctive neuron types were identified using their AP train response to prolonged 

current stimulation. Phasic neurons fired only once to all current injections, adapting neurons had a 

short burst of APs followed by a pause at low currents and had strongly accommodating AP trains at 

higher currents, and tonic neurons had slower, more evenly spaced APs. These neuron types have 

been described previously in other GP neurons (Rimmer & Harper, 2006). In contrast to initial studies 

of guinea pig GP neurons, where most neurons were phasic (Edwards et al., 1995), we only identified 

one phasic neuron (1/ 32 neurons). The remaining neurons respond with a train of APs (adapting or 

tonic); this discrepancy with cultured neurons has been seen in other in vitro GP studies (Rimmer & 

Harper, 2006; Selyanko, 1992). The proportions of phasic, tonic and adapting neuron types were similar 

in SHRs and WKYs suggesting that differences in neuronal subtypes do not correlate with hypertension 

or AF. However, the range of responses to the same stimulation again indicates that different neuron 

types perform different functions, stressing the complexity of the GP and the way it integrates excitatory 

inputs.  

3.4.6 SHR sEPSCs have larger amplitudes and slower kinetics than in WKYs 

As the cardiac muscle and CNS vagal inputs have been removed in the atrial preparation used in this 

study, the sEPSCs that were recorded are presumably generated within the GP itself. Indeed, previous 

work has documented spontaneous GP activity in de-centralised hearts (Ardell et al., 1991). The 

average frequency of sEPSCs per neuron in SHR and WKY neurons was very variable, ranging from 

1.5 Hz to 0 Hz reflecting a wide range of GP neuron activity. GP neurons are known to display significant 

variability in the numbers of synapses formed onto their soma (Ashton et al., 2020; Klemm et al., 1997), 

which supports the high neuron-to-neuron variation in sEPSC frequency. Approximately 10% of Guinea 

Pig GP neurons have been described to not have any synaptophysin positive boutons: these neurons 

correlated with P-cells (Klemm et al., 1997) (which are thought to be sensory neurons) that do not 

receive excitatory input (Edwards et al., 1995). A small proportion of SHR and WKY GP neurons were 

inactive with no sEPSCs, implying that P-cells are also present in the rat GP. Our data did not find any 

significant difference in the frequency of sEPSCs in SHRs compared to WKYs, but previous work in the 

lab (Ashton et al., 2020) saw a significantly greater frequency in SHRs. Due to limited animal availability, 

our data set consists of fewer neurons recorded from fewer animals than the original experiments 

(Ashton et al., 2020). Because there was a large range in sEPSC frequency between neurons within 

the same phenotype, a greater sample size may be necessary to elucidate statistically relevant 

differences between phenotypes.  
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The data from the experiments in this thesis show a higher mean frequency of sEPSCs and altered 

kinetics in SHRs and WKYs than previously reported (Ashton et al., 2020). These original experiments 

were performed at RT with a holding potential of -90 mV, which is more hyperpolarised than the natural 

resting potential of these neurons (Ashton et al., 2020; Rimmer & Harper, 2006; Selyanko, 1992). 

Altering the holding potential will change the driving force of ions across the membrane leading to 

altered kinetics and sEPSC frequency. In our recordings we used a higher temperature (34ºC) to better 

reflect the in-vivo conditions which increased the frequency and kinetics of the sEPSCs, probably due 

to faster channel kinetics and neurotransmitter release (Pyott & Rosenmund, 2002).  

An overall shift in the median amplitude of sEPSCs from lower amplitude events (around -6 pA) in 

WKYs, to higher amplitude events (around -10 pA) in SHRs was recorded. This shift towards higher 

amplitude s PS s reflects an increase in the neurons’ excitability. The increased excitability may be 

due to increased neurotransmitter release, an increased number of postsynaptic receptors, or increased 

postsynaptic receptor conductance. Higher amplitude sEPSCs are more likely to bring the GP neuron 

closer to threshold to trigger APs, and so the neuron is more likely to transmit the excitatory input onto 

other GP neurons. The kinetics of SHR sEPSCs were also slower compared to WKYs with increased 

half-width, rise time and decay time. These changes in kinetics may reflect an altered nAChRs subunit 

composition, as nAChRs are essential for synaptic transmission in the GP and different types of 

nAChRs have different activation and desensitisation kinetics (Beker et al., 2003; Cuevas & Berg, 

1998). Slower sEPSC kinetics results in a higher likelihood of summation of sEPSCs, increasing the 

probability of eliciting an AP. Increased synaptic strength may result from neural remodelling at the pre- 

or postsynaptic site in the SHR GP. This GP neural remodelling and increased connectivity may be a 

mechanism underlying the increase in sympathetic and parasympathetic activity that is seen in AF 

(Zhang et al., 2015). 

3.4.7 SHR neurons show large neuron-to-neuron variation in sEPSCs amplitudes 

To investigate whether the differences in SHR sEPSCs were universal for all neurons or specific for 

certain neurons, each neuron’s amplitude, half-width, rise time, and decay time were assessed 

individually. There was little neuron-to-neuron variation in the kinetics of sEPSCs within each 

phenotype, but there was large variation in the sEPSC amplitude of SHR neurons. This large neuron-

to-neuron variation in amplitude was not seen in WKYs, suggesting that a certain subpopulation of 

neurons are receiving more synaptic input in SHRs. Due to the isolated nature of the preparation, these 

data suggest that increased synaptic connectivity may be occurring within GP in SHRs. However, from 

an experimental perspective, the reduced neuron-to-neuron variation in WKYs may be explained by the 

lower number of neurons that were sampled. This will decrease the likelihood of sampling specific 

neuron subtypes (i.e. those that have low-frequency high amplitude sEPSCs). It is also important to 

note that the few SHR neurons with higher amplitude sEPSCs are likely to be skewing the overall 

phenotype differences discussed in Section 3.3.6.  
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3.4.8 Future Directions 

The data described in this chapter confirm that electrical differences occur in SHR compared to WKY 

GP neurons. Molecular changes in specific ion channels will likely mediate the global differences in 

passive membrane properties and AP dynamics observed in SHRs. Therefore, it is essential to 

elucidate which ion channels are responsible for specific aspects of these differences. This could be 

achieved functionally with application of specific channel antagonists whilst recording membrane 

properties, or by looking for expression changes at the gene or protein level (eg. with RNA sequencing 

or western blotting). SK channels are closely linked with RMP and AHP amplitude, which are both 

increased in SHRs. SK channels are involved in synaptic plasticity in the brain (Ha & Cheong, 2017; 

Pedarzani et al., 2005), therefore they could also have a potential role in synaptic changes in the GP. 

We have evidence of synaptic differences in SHRs due to their increased sEPSC amplitude and the 

previously identified molecular differences including increases in presynaptic and postsynaptic proteins 

(Ashton et al., 2020; Klemm et al., 1997), but the mechanism instigating these changes is unknown. 

Therefore, determining if SK channels have been altered in SHRs would be a good starting point, 

especially as other work in GP neurons has seen a reduction in AHP size and a difference in the AP 

train firing profile when applying the specific SK channel antagonist Apamin (Rimmer & Harper, 2006).   

We have demonstrated that there are different types of neurons present within WKY and SHR GPs, 

and that the relative frequency subtypes are phenotype specific. In the future, it will be essential to 

precisely define and identify the different GP neuron types, both structurally and functionally, in WKYs 

and SHRs as they undoubtedly have different functions. Thus far, previous publications have grouped 

GP neurons by different parameters (e.g. AHP length vs AP train profile) and these neuron subtypes 

vary depending on the system and species that are studied (Dyavanapalli et al., 2009; Edwards et al., 

1995; Rimmer & Harper, 2006; Selyanko, 1992). As we have demonstrated, a purely electrical 

categorisation is not sufficient because there is a significant overlap in the properties of different neuron 

subtypes. The electrical properties of neurons could be combined with a morphological or protein 

expression classification. Initial studies investigated the polarity of GP neurons and compared this to 

their electrophysiology (Edwards et al., 1995), but this approach has not been applied since. In our 

work, we have dye-filled all the recorded neurons, which allows us to identify their morphology and 

relate this to their electrical properties. Initial images have been taken, but neuron type analysis will be 

performed after the submission date of this thesis due to the time constraints of this PhD. Another 

approach to better understand the different neuron types in the GP is single-cell RNA sequencing to 

molecularly phenotype the neurons (Achanta et al., 2020). This could be used in combination with the 

electrical categorisation we have described in this chapter. Once a more robust process for neuron-

type identification has been developed, the differences in SHR and WKY neurons will be more easily 

identified, allowing us to better understand how differences in neuron subtypes may be underlying AF.  
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 Conclusions 

Taken together, the observed depolarised RMP, decrease in rheobase, decrease in the AP threshold, 

and the increase in sEPSC amplitude and kinetics all indicate that SHR GP neurons are more excitable 

than WKY neurons. Artificial overactivation of the GP promotes AF (Po et al., 2006; Scherlag et al., 

2005), so the pathological overactivation of GP neurons in SHRs (due to their increased excitability) is 

also likely to promote AF.  

The data show that SHR and WKY GP neurons are a heterogenous population that can be distinguished 

by their AP profile or AP train firing. Fast, slow and no AHP neuron types were identified, and each 

neuron type has subpopulations that show tonic and adapting AP train responses to prolonged current 

injections. SHR and WKY GP neurons also have significant neuron-to-neuron variation in sEPSC 

frequency and amplitudes, highlighting the complexity of the GP and its synaptic interconnections. The 

proportion of different neuron subtypes was altered in SHRs compared to WKYs, meaning the GP will 

receive and integrate excitatory signals differently. This difference in the composition of the GP or the 

adaptation of specific subpopulations could provide a mechanism underlying AF initiation and 

maintenance.  
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Chapter 4 : Calcium imaging and 

ACh receptors in GP neurons 

4.1 Introduction 

Within the GP, ACh acts as the primary neurotransmitter. ACh binds to its corresponding nAChRs or 

mAChRs at presynaptic and postsynaptic terminals (Gotti et al., 2009). Receptor activation leads to ion 

conductance through nAChRs to mediate fast excitatory transmission and initiation of secondary 

messenger pathways via mAChRs (Beker et al., 2003; Brown, 2010; Cuevas & Berg, 1998). This 

signalling results in nAChRs and mAChRs having important functions in the release of 

neurotransmitters, regulation of neuronal excitability, and synaptic plasticity in the CNS and PNS (Gotti 

et al., 2009). 

mAChRs are G-protein coupled receptors that use two main secondary messengers, cAMP or IP3, 

depending on the receptor subtype involved. Inhibition of cAMP production leads to activation of K+ 

channels or inactivation of Ca2+ channels resulting in postsynaptic inhibition, whereas IP3 increases 

intracellular Ca2+ by release of internal Ca2+ stores or inhibition of KCa, resulting in postsynaptic 

excitation (Brown, 2010). There are 5 mAChR subtypes, and M2-M4 are expressed in the ICNS (Allen 

& Burnstock, 1990; Hassall et al., 1993). The mAChR antagonist atropine reduces the ACh evoked 

Ca2+ signal by 60% in cultured ICNS neurons (Beker et al., 2003), showing that although mAChRs do 

not influence the inward currents (Beker et al., 2003) they have an important role in intracellular Ca2+ 

signalling in GP neurons.  

nAChRs are ligand-gated ion channels permeable to Na+, K+ and Ca2+ that are inwardly rectifying 

receptors, conducting inward ion flow at the RMP (Del Signore et al., 2004). nAChRs are pentameric 

complexes of α and β subunits, with the specific composition of the receptor subunit isotypes dictating 

their chemical and electrical properties. The three most common types of receptors are; heteromeric 

α β  receptors, heteromeric α3β4 receptors and homomeric α  receptors. α  receptors are activated 

and desensitised very quickly, whereas α β  and α3β4 receptors are relatively slow (Albuquerque et 

al., 2009). α  receptors have a low affinity for nicotinic agonists and a large Ca2+ permeability. In 

contrast,  α β  and α β  receptors have a very high affinity for agonists and a relatively low 

Ca2+ permeability (Albuquerque et al., 2009). α  and α β  receptors are widely e pressed in the brain, 

while α β  are primarily found in the PNS (Zoli et al., 2018). All of these receptor types are expressed 

in the ICNS (Poth et al., 1997; Skok et al., 1999), with approximately 50% of neurons showing α  

expression, making α  the most common subunit (Skok et al., 1999). In the mouse ICNS, the α3 nAChR 

antagonist α-conotoxin RegIIA partially blocked synaptic transmission while the α  antagonist, α-

conotoxin ImI, had no effect on ACh evoked currents (Harper & Adams, 2021). However, in dissociated 

rat    S neurons, the α  antagonist αBt reduced the amplitude of   h evoked currents by more than 

40% (Cuevas & Berg, 1998). This discrepancy in the α  receptor dependant current between intact 
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whole-mount mouse ICNS neurons (Harper & Adams, 2021) and cultured rat ICNS neurons (Cuevas & 

Berg, 1998) may be due to species variation, or more likely the changes created by the use of in vitro 

system. 

nAChRs have an essential role in regulating heart rate as the application of various nAChR antagonists 

has been shown to result in a loss of sinus rhythm (Bibevski et al., 2000; Deck et al., 2005), but the 

mechanism underlying this control is not fully understood. Direct injection of ACh into the PV fat pads 

(that contain GPs) in dogs provokes spontaneous, or easily induced, episodes of AF (Po et al., 2006). 

This provides a further link between ACh receptors in the regulation of heart rate and rhythm in AF.  

There is now evidence that differences in the expression (Ashton et al., 2020) or function of specific 

nAChR subtypes in the GP of SHRs compared to WKYs is contributing to the increased AF susceptibility 

of SHRs (Scridon et al., 2012). While β  subunits are similarly expressed in SHR and WKY GP neurons, 

with around 5% of synapses being β  positive, SHR GP neurons have more αBt positive puncta than 

WKYs, suggesting a greater amount of α  receptors are present (Ashton et al., 2020). Hex, a broad-

spectrum nAChR antagonist, reduces sEPSCs in SHRs and WKYs by around 80% (Ashton et al., 2020). 

A more detailed study of the ACh evoked nAChR dependent currents would clarify the role of nAChRs 

in ganglionic transmission, and any differences in the response of SHRs compared to WKYs GP may 

identify receptors involved in the development of cardiac arrhythmias.    

Within the CNS, nAChRs are essential in learning and memory and have been particularly well studied 

in the hippocampus (Fabian-Fine et al., 2001; Ji et al., 2001; Kenney & Gould, 2008). nAChRs are 

permeable to Ca2+, the concentration of which is essential in plasticity mechanisms (Dani & Bertrand, 

2007). Additionally, the nAChRs regulate glutamatergic LTP and LTD (Kenney & Gould, 2008), where 

the elevated intracellular Ca2+ activates kinase and phosphatase cascades, mediated by enzymes such 

as CaMKII and PP1/2 (Dani & Bertrand, 2007). Presynapticallly, nAChRs produce Ca2+ influx, which 

promotes vesicle fusion and neurotransmitter release that can induce plasticity (Sharma & 

Vijayaraghavan, 2003) and Ca2+ increase at rest reduces the barrier for LTP induction (Ji et al., 2001). 

Postsynaptically, nAChR opening leads to membrane depolarisation, causing the neuron to be more 

excitable as it is closer to its threshold potential. In the brain, this also means NMDAR inhibition by Mg2+ 

is released more readily (Ji et al., 2001). The presence of nAChRs in the ICNS (Poth et al., 1997; Skok 

et al., 1999) and the initial evidence of activity-dependent changes in the GP during AF (Ashton et al., 

2020) leads us to hypothesise nAChR dependant plasticity, similar to that found in the brain, contributes 

to AF. 

The GP receives and integrates many different signals from efferent vagal inputs to afferent sensory 

cell inputs and regulatory local circuit inputs, emphasising the complexity and importance of the 

network-wide interactions of GP neurons (Edwards et al., 1995; Powley, 2013). The importance of these 

connections is highlighted by the discrepancies between experiments performed in vitro compared to 

experiments within intact ganglia (Cuevas & Berg, 1998; Harper & Adams, 2021). In this chapter, 

calcium imaging of GP neurons, where whole ganglia are imaged simultaneously, will be employed for 
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the first time. From this, we will provide a new perspective on ganglionic transmission in the GP where 

we reveal the role of nAChRs in multiple neurons concurrently.  

 

4.2 Aims 

We hypothesise that differences in WKY and SHR responsiveness to cholinergic stimulation are 

mediated by changes in the overall or subtype-specific expression of ACh receptors in the GP. As such, 

this chapter aims to identify variations in the nAChR signalling in WKYs and SHRs, in the context of 

potential nAChR mediated plasticity mechanisms in the GP. To address this, a method to record GP 

ganglia in an intact atrial preparation with calcium imaging needed to be developed. This then enabled 

recordings of the Ca2+ and electrical responses of WKY and SHR GP neurons to ATCh, an ACh mimetic, 

which will activate postsynaptic ACh receptors. Finally, calcium imaging and whole-cell patch clamping 

have been employed during nAChR antagonist application to determine the fraction of the ATCh evoked 

signal carried by nAChRs.  

The specific aims of the research in Chapter 4 are:  

1) To examine the Ca2+ responses of WKY and SHR GP neurons to local application of ATCh, 

using a newly developed method that allows us to visualise the GP neurons with the Cal-520 

fluorescent indicator. 

2) To assess the proportion of the Ca2+ response in WKY and SHR GP neurons that is carried by 

nAChRs by bath applying Hex, a broad spectrum nAChR antagonist. 

3) To look at the current evoked by ATCh stimulation by whole-cell patch clamping WKY and SHR 

GP neurons.  

4) To determine the proportion of the ATCh evoked inward current mediated by nAChRs and look 

for differences between WKY and SHR GP neurons. 

These experiments will provide functional evidence of the response of neurons to ATCh and begin to 

investigate the ACh receptor dependant signals and whether these differ in the GP of SHR and WKY.  
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4.3 Results 

4.3.1 Recording the change in somatic Ca2+ in response to ATCh application 

Using our novel calcium imaging method (see Methods 0), the Ca2+ responses of WKY (4 WKY, 95 

cells) and SHR (4 SHR, 80 cells) GP neurons were analysed with widefield imaging of the Ca2+ sensitive 

fluorescent dye Cal-520. Spontaneous release of Ca2+ could not be detected within these neurons, 

possibly because the Ca2+ fluorescent changes were below our detection threshold, or because, as 

previously observed in whole-cell patch clamp experiments (Section 3.3.4), GP neurons have a low 

level of spontaneous activity in this preparation. However, the local application of ATCh (500 µM, 200 

ms) reliably evoked an overall increase in Cal-520 fluorescence in GP soma in WKYs and SHRs, 

reflecting an increase in intracellular Ca2+ (Figure 4.1A).  

 We observed the fluorescence response to ATCh was significantly larger in SHR compared to WKY 

GP neurons (Figure 4.1B-D), evident by an increased response amplitude (p = 0.0053; WKY 0.03304, 

0.02885 to 0.04573 ΔF/F0; SHR 0.05351, 0.03801 to 0.06811 ΔF/F0 [median, 95%CI]) and duration 

(p < 0.0001; WKY 0.08611, 0.07944 to 0.09444 s; SHR 0.1344, 0.1217 to 0.1567 s [median, 95%CI]). 

We also observed there was a greater number of small amplitude responses in WKYs compared to 

SHRs, resulting in a significant rightward shift in the cumulative frequency plot (Figure 4.1E). An overall 

increase in the Ca2+ responses of SHRs relative to WKYs is consistent with the hypothesis that SHR 

GP neurons are more excitable (Chapter 3; (Ashton et al., 2020)). 

The responses to repeated application of ATCh with 1 min intervals were recorded in WKY and SHR 

neurons (Figure 4.2). The data had a non-parametric distribution, but it could be effectively normalised 

via a log transform, allowing for a two-way ANOVA parametric statistical analysis to be performed. We 

present our data with means and SEMs derived from the raw data, however, the statistical testing and 

corresponding P-values were carried out on the transformed data. The log-transformed data can be 

seen in Figure S.1. The amplitude of the first response (peak 1) was significantly different between 

WKY and SHR GP neurons (p = 0.0358; WKY 0.05561 ± 0.004971 ΔF/F0; SHR 0.07494 ± 0.006552 

ΔF/F0), but there were no significant differences in subsequent responses (peak 2: p = 0.6555; WKY 

0.05127 ± 0.003934 ΔF/F0; SHR 0.06324 ± 0.005748 ΔF/F0; peak 3: p = 0.9989; WKY 0.04295 ± 

0.003143 ΔF/F0; SHR 0.04931 ± 0.004438 ΔF/F0). The amplitude of the response decreased over time 

in both WKYs and SHRs (p < 0.0001), and the change in peak amplitude over time was also different 

in WKYs and SHRs (p < 0.0001) (Figure 4.2C). Correspondingly, the duration at half maximum 

amplitude of the response is also different between WKY and SHR GP neurons across all responses 

in the period tested (peak 1: p < 0.0001; WKY 0.08861 ± 0.004934 s; SHR 0.1565 ± 0.007677; peak 2: 

p = 0.0005; WKY 0.09711 ± 0.005557; SHR 0.1412 ± 0.006606; peak 3: p < 0.0001; WKY 0.08963 ± 

0.00404; SHR 0.1312 ± 0.006423). There was no significant change in the response duration over time 

(p = 0.0589), but there was a difference in the relative change over time of WKYs compared to SHRs 

(p = 0.006) (Figure 4.2D). These data indicate that the GP neurons in SHRs show more variability in 

their Ca2+ responses across time compared to WKYs.   
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Figure 4.1 The Ca2+ response to ATCh application in WKY and SHR GP neurons.  

(A) Example pseudo colour image of the fluorescent Ca2+ response of SHR GP neurons to locally 

applied ATCh (200 ms, 500 µM) (B) Mean traces of SHR (red) and WKY (blue) neurons with ± SEM 

highlighted in grey (C) The amplitude [median ± 95%CI; Mann-Whitney test **p <0.01] and (D) duration 

at half maximum [median ± 95%CI; Mann-Whitney test ****p <0.0001] of the response (E) Cumulative 

frequency plot of response amplitude (4 WKY, 95 cells; 4 SHR, 80 cells). 
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Figure 4.2 The change in ATCh evoked responses in WKY and SHR GP neurons over time. 

(A) Amplitude (ΔF/F0) and (B) full duration at half maximum of the fluorescent Ca2+ response of WKY 

and SHR GP neurons to successive ATCh applications (200 ms, 500 µM) separated by 1 min intervals 

[mean ± SE; Sidak’s multiple comparisons *p<0.05, ***p<0.001, ****p<0.0001] (4 WKY, 95 cells; 4 SHR, 

80 cells) (C, D) Alternative representation of the data in (A) and (B) respectively, indicating the 

significance of the interaction between peak number and genotype, the inter-peak difference over time, 

and the genotype variation across all peaks [mean ± SE; two-way ANOVA ***p<0.001, ****p<0.0001]. 

The data represented in this graph are the means and SEMs of the ordinal data, but for statistical 

analysis, the data were log10 transformed to fit the assumption of normality necessary for the two-way 

ANOVA test. For transformed data, see Figure S.1. 
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4.3.2 Effect of Hex on the ATCh evoked Ca2+ responses of SHR and WKY GP neurons 

To assess the proportion of the Ca2+ response that was mediated by nAChRs, Hex a broad-spectrum 

nAChR antagonist, was applied to intact atrial GP preparations (see Methods 2.7.2). The Cal-520 

fluorescent response to the ATCh application (200 ms, 500 µM) was observed to be partially blocked 

by bath application of Hex (300 µM) in both WKY and SHR GP neurons (Figure 4.3). ATCh stimulation 

was performed three times (Figure 4.3A) before, during and after (20 min wash) Hex application, and 

an average of the responses at each timepoint was taken to reduce the impact of interpeak variability. 

We note that addition of Hex resulted in the overall reduction in the amplitude of the ATCh response, a 

change which was partially recoverable by washing off the Hex (Figure 4.3B) for both WKYs (Before 

vs. Hex p < 0.0001; Hex vs. Wash p < 0.0001; Before 0.04994 ± 0.003796 ΔF/F0; Hex 0.01451 ± 

0.001624 ΔF/F0; Wash 0.02119 ± 0.002175 ΔF/F0) and SHRs (Before vs. Hex p<0.0001; Hex vs. Wash 

p = 0.0038; Before 0.07093 ± 0.006092 ΔF/F0; Hex 0.02240 ± 0.002589 ΔF/F0; Wash 0.03067 ± 

0.003290 ΔF/F0). There was a significant difference between the amplitude of responses in WKYs and 

SHRs (p = 0.0008), but the relative change in WKYs and SHRs response before, during and after Hex 

application was the same (p = 0.3519). The percentage of the response amplitude remaining after Hex 

in WKYs and SHRs was also unchanged (Figure 4.3D; p = 0.3913; WKY 25.90, 20.28 to 30.99 %; SHR 

27.49, 23.40 to 30.27 % [median, 95%CI]). The duration at half maximum of ATCh responses were also 

reduced by Hex and partially recovered after wash (Figure 4.3C) in WKYs (Before vs. Hex p < 0.0001; 

Hex vs. Wash p < 0.0001; Before 0.1013 ± 0.005583 s; Hex 0.03966 ± 0.003934 s; Wash 0.06969 ± 

0.003945 s) and SHRs (Before vs. Hex p<0.0001; Hex vs. Wash p < 0.0001; Before 0.1512 ± 0.009133 

s; Hex 0.05675 ± 0.003584 s; Wash 0.09738 ± 0.005218 s). As with amplitude, there was a significant 

difference between the duration of responses in WKYs and SHRs (p < 0.0001), but the relative change 

before, during and after Hex application was not different (p = 0.5493). The percentage response 

duration remaining after Hex was not significantly different in WKYs and SHRs (Figure 4.3E; p = 0.1480; 

WKY 31.15, 27.21 to 33.09 %; SHR 35.54, 28.72 to 39.75 % [median, 95%CI]).  
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Figure 4.3 Hex block of Ca2+ responses to ATCh. 

Bath application of Hex (300 µM) reduced the ATCh (200 ms, 500 µm) evoked fluorescence response 

in both WKY and SHR GP neurons. (A) Example trace of a WKY GP neuron before (black) and during 

(pink) Hex application in response to three local, transient  T h applications. The amplitude  ΔF/F0) 

(B) and the duration and half maximum (C) of responses in WKY (blue) and SHR (red) GP neurons 

were significantly reduced during Hex application. Partial recovery was observed after 20 min of wash, 

although neither response amplitude or duration returned to pre-treatment levels in this time frame 

[mean ± SE; two-way ANOVA and Sidak’s multiple comparisons **p<0.01, ***p<0.001, ****p<0.0001]. 

The percentage of the initial response amplitude (D) and duration (E) remaining after Hex application 

in WKYs and SHRs were not significantly different [median ± 95%CI; Mann-Whitney test] (4 WKY, 95 

cells; 3 SHR, 67 cells). Only neurons that continued to respond with a response peak of > 0.01 ΔF/F0 

during Hex treatment were included in the duration analysis (C, E).  
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4.3.3 ATCh evoked inward currents recorded in SHR and WKY GP neurons 

As the amplitude and duration of the Ca2+ responses to ATCh were significantly different in WKYs and 

SHRs, the current evoked by ATCh application was recorded in individual GP neurons by whole-cell 

patch clamping to examine potential differences in AChR mediated currents. ATCh application (50 ms, 

500 µM) evoked inward currents, with a fast rise and a slow decay profile, in every GP neuron that was 

recorded (4 WKY, 8 cells; 8 SHR, 15 cells). When comparing the properties of this current in WKYs and 

SHRs there were no statistical differences in amplitude (p = 0.1215; WKY -2.199 ± 0.4337 pA/ pF; 

SHR -3.112 ± 0.8098 pA/pF), width at half the amplitude (p = 0.5121; WKY 9.909 ± 1.379 s; SHR 10.79 

± 0.6410 s), peak delay after ATCh application (p = 0.3549; WKY 4.950 ± 0.6927 s; SHR 4.233 ± 0.4147 

s) or rise time (p = 0.6593; WKY 3.533 ± 0.5365 s; SHR 3.309 ± 0.2319 s) (Figure 4.4B-E). However, 

current decay time was significantly longer in SHRs compared to WKYs (Figure 4.4F; p = 0.0478; WKY 

16.26 ± 1.619 s; SHR 22.07 ± 1.815 s).  

The current-voltage relationships of the response evoked by ATCh were determined in WKY, and SHR 

GP neurons (Figure 4.5) by applying ATCh (50 ms, 500 µM) while stepping the holding potential 

from -70 mV to +40 mV in 20 mV increments. The current-voltage curve of the ATCh induced currents 

showed strong inward rectification in both WKY and SHR GP neurons. No statistically significant 

differences were observed at any membrane potential between WKY and SHR neurons.  

4.3.4 Hex block of ATCh evoked inward currents 

Bath application of Hex (300 µM) inhibited ATCh evoked inwards currents (Figure 4.6) in all the GP 

neurons recorded (4 WKY, 8 cells; 4 SHR, 7 cells). The current amplitude dropped to less than 4% of 

the initial response in both WKY and SHR GP neurons in the presence of Hex (Figure 4.6C). There was 

no statistical difference in the amplitude of the remaining currents between WKY and SHR GP neurons 

(p = 0.3333; WKY 2.884 ± 0.6726 %; SHR 3.998 ± 0.8519 %). The ATCh evoked current amplitude 

partially recovered from Hex inhibition in all neurons following the wash period (Figure 4.6A). Due to 

the technical constraints of whole-cell patch clamping, recordings were terminated after different wash 

lengths. To visualise the response amplitude recovery of individual neurons, refer to Figure S.2. In 

longer recordings, the current amplitude recovery was greater, with the longest recording of 60 mins 

equating to a current amplitude recovery of 90% (Figure S.2). Additionally, the response recovery was 

observed to increase towards baseline amplitude in all neurons recorded. This was an important 

observation as multiple neurons were recorded in each animal, and all neurons were exposed to the 

bath application of Hex. Therefore, a minimum delay of 120 mins between recordings was used to 

ensure there was sufficient Hex wash. Some preliminary experiments in which Hex was bath applied 

for a longer period (20 min) and at a higher concentration (600 µM), showed some residual ATCh 

evoked current remained in each case (data not shown), supporting that the Hex resistant response 

was not due to limited inhibitor access or concentration. 
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Figure 4.4 ATCh application evoked inward currents in WKY and SHR GP neurons. 

(A) Example raw trace of inward current in response to ATCh application (50 ms, 500 µM). Response 

amplitude (B), width and half the amplitude (C), peak delay after ATCh application (D), response rise 

time (E) and decay time (F) measured in WKY and SHRs [means ± SE; Unpaired T-test, *p< 0.01] 

(4 WKY, 8 cells; 8 SHR, 15 cells) 
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Figure 4.5 Current-voltage relationship of the response to ATCh in SHR and WKY GP neurons.  

Current-voltage curve of the response to local ATCh (50 ms, 500 µM) application [means ± SE] 

(4 WKY, 9 cells; 5 SHR, 10 cells). 
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Figure 4.6 Hex block of ATCh evoked inwards currents. 

(A) Amplitude of inward currents evoked by ATCh (50 ms, 500 µM) applied every 60 s in WKYs (blue) 

and SHRs (red), expressed as a percentage of the initial response amplitude for each neuron. Hex 

(300 µM) was bath applied at 4 min and washed at 10min [means ± SE] (B) Example current trace from 

a WKY GP neuron in response to ATCh before (black) and after (grey) bath application of Hex. 

(C) Remaining current amplitude in the presence of Hex, expressed as a percentage of the initial 

response before Hex application in WKYs and SHRs [means ± SE] (4 WKY, 8 cells; 4 SHR, 7 cells) 
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4.4 Discussion 

This chapter aimed to provide an insight into ACh evoked responses and the role of AChRs in the GP, 

and whether these are different in WKY and SHR GP neurons. Previous studies in canines have shown 

that the local application of ACh to the atrial fat pads that surround the GP stimulates episodes of AF 

(Po et al., 2006), indicating a potential role for ACh receptors in the GP in AF. We have previously 

shown that SHR GP neurons are more excitable when compared to WKYs (Chapter 3; (Ashton et al., 

2020)). This increase in neuronal excitability may be linked to the increased AF susceptibility of SHRs 

(Scridon et al., 2012) due to the role of the GP in control of heart rate and rhythm (Durães Campos et 

al., 2018). In the CNS, there is a wealth of evidence showing that nAChRs are involved in neuron 

excitability, neurotransmitter release and synaptic plasticity (Gotti et al., 2009). As nAChRs are widely 

expressed in the ICNS (Poth et al., 1997; Skok et al., 1999), we aimed to investigate whether they are 

similarly involved in neuron excitability in the GP. 

In order to measure ACh-evoked excitability across a population of GP neurons, fluorescent calcium 

imaging methods needed to be developed in our atrial preparation. This then enabled the use of calcium 

imaging and whole-cell patch clamping to record the responses of WKY and SHR GP neurons to 

cholinergic stimulation and determine the proportion of these responses that are mediated by nAChRs 

by using the antagonist Hex.  

4.4.1 Successful development of a method to calcium image GP neurons  

We have developed a novel method to record the Ca2+ responses of GP neurons in a rat ex-vivo atrial 

preparation by using widefield imaging of neurons loaded with the fluorescent Ca2+ sensitive dye, Cal-

520. Existing studies looking at the properties of GP neurons have focused on immunohistochemistry 

and electrophysiology (Ashton et al., 2020; Edwards et al., 1995; Harper & Adams, 2021; Selyanko, 

1992). While useful for many applications, these techniques have limitations, which motivated us to 

employ a new technique in these neurons. Immunohistochemistry is generally performed on fixed 

tissue, which means functional experiments cannot be performed and data represents a snapshot in 

time. Whole-cell patch clamp recordings provide precise cellular electrophysiological information in 

living tissue, but they are largely limited to recordings of single neurons (or very few neurons) at any 

one time due to practical constraints. Calcium imaging has the advantage of allowing simultaneous 

recordings of activity from multiple neurons in a given field of view. In our case, we recorded activity-

dependent changes in Ca2+ fluorescence in up to 25 GP neurons concurrently. Calcium imaging 

experiments have been performed in cultured ICNS neurons by Beker et al. (Beker et al., 2003). But 

this technique is limited as the neurons have been dissociated, so they have lost their functional 

interconnections and synapses, significantly impacting their spontaneous and induced activity patterns. 

Calcium imaging in our atrial preparation maintains intact GPs, enabling us to look at network-wide 

responses and neuron-to-neuron interactions. The GP integrates many different signals to regulate 

heart rate and rhythm; efferent, afferent, sympathetic and parasympathetic (Edwards et al., 1995; 

McAllen et al., 2011; Selyanko, 1992). Therefore, the neuron network interactions are of particular 

interest.  However, it is important to note that external input from the vagal and sympathetic nerves are 

not present in our preparation, and it is known that these inputs drive significant activity in the GP 
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(McAllen et al., 2011). It will therefore be of strong interest in future studies to advance calcium imaging 

techniques to a more intact preparation such as that employed by McAllen et al. (McAllen et al., 2011). 

To the best of our knowledge, the Ca2+ changes of GP neurons in an intact atrial preparation have not 

previously been recorded. Hence this method provides excellent potential for new research and insights 

into the functioning of the GP. For example, experiments are already being performed in our lab where 

nerve fibres are electrically stimulated with AF paradigms (Hayashi et al., 2002; Parikh et al., 2013) and 

the change in the Ca2+ response of GP neurons are recorded. These experiments aim to provide new 

evidence of specific activity-dependent changes in GP neurons that link to AF.  

Interestingly this calcium imaging method is not limited to the neurons of the GP; it can be extended to 

other cell types. We recorded significant spontaneous activity in glial cells that were wrapping 

interconnecting fibres or tightly associated with cell bodies. Glial cells form tripartite synapses with 

neurons in the GP and elsewhere in CNS and PNS (Eroglu & Barres, 2010; Tedoldi et al., 2021) where 

they detect and regulate extracellular neurotransmitters and ions. In the CNS, various glial cells have 

been implicated in the regulation of neuron excitability by the rapid reuptake of these molecules. They 

can also influence neuron activity by Ca2+ sensitive secretion of gliotransmitters, such as ATP and 

adenosine (Eroglu & Barres, 2010; Nedergaard et al., 2010). Although glial cells are abundant in the 

GP (Figure 1.5), very little is known about their purpose and function (Tedoldi et al., 2021). Ca2+ is 

suggested to provide a mechanism for glial-glial communication and glial-neuron communication 

(Nedergaard et al., 2010). Therefore, the glia’s high spontaneous  a2+ activity may mean they are 

influencing the nearby GP neurons. Glia are involved in all the major neurodegenerative diseases, 

including  lzheimer’s, Dementia and   S (Halliday & Stevens, 2011; Orre et al., 2014; Philips & 

Robberecht, 2011), highlighting their importance in normal neuron functioning. GPs are important in the 

pathogenesis of AF (Choi et al., 2017), and due to the central role of glia in the control of neuron 

excitability and communication, it is logical that GP glia are involved in GP dysregulation in AF.   

4.4.2 The ATCh evoked Ca2+ response of SHR GP neurons is larger than in WKYs 

Our data reveal an increase in the amplitude and duration of ATCh induced Ca2+ responses in SHR 

compared to WKY GP neurons. Three main mechanisms may be underlying this change; an influx of 

Ca2+ through membrane-bound nAChRs, the opening of voltage-gated Ca2+ channels or internal release 

of Ca2+ stores. 

An increase in specific nAChRs, such as the α7 receptors which have particularly high Ca2+ permeability 

(Fucile, 2004), could explain the increase in ATCh evoked Ca2+ response that were recorded in SHRs 

compared to WKYs. Moreover, immunohistochemistry has shown that SHRs relative to WKYs have 

greater numbers of αBt positive synapses  αBt binds specifically to α7 receptors) and reduced numbers 

of β2 positive synapses (Ashton et al., 2020). This follows the idea that there is a change in the 

proportion of different nAChR subtypes in SHRs that alters their Ca2+ response.   

Increased numbers of voltage-gated Ca2+ channels in SHR compared to WKYs could also be a part of 

the larger intracellular Ca2+ transients observed in response to the same ATCh stimulation.  ATCh binds 

and opens nAChRs leading to membrane depolarisation, which subsequently activates and opens 
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voltage-gated channels such as the voltage-gated Ca2+ channels (Cav), resulting in Ca2+ influx (Shen & 

Yakel, 2009). The neuronal Cav1.2, Cav2.1 Cav2.2, and Cav2.3 channels have been identified in rat GP 

neurons (Jeong & Wurster, 1997; Tu et al., 2014) and are all involved in neuron excitability and 

neurotransmitter release (Catterall, 2011). If an increase in the number or activation of these channels 

is responsible for the increased in Ca2+ transients in SHRs, a corresponding change in the inwards 

currents would be expected as more positive ions could flow into the neuron, but we do not see a 

change in the inward currents with whole-cell patch clamp. However, in these experiments the neurons 

were voltage clamped at -70 mV, which will influence the opening of voltage-gated channels. Therefore, 

further direct measures of Ca2+ channel currents are required to elucidate their contribution to the 

intercellular Ca2+ transients by isolating these currents pharmacologically.  

As an alternative, or in addition to, to a change in influx of Ca2+ from extracellular sources an increase 

in intracellular Ca2+ release from internal stores may occur in SHRs compared to WKYs. The major 

mechanism of Ca2+ induced Ca2+ release involves the activation of IP3 or ryanodine receptors (RyRs) 

on the ER membrane, resulting in the release of its Ca2+ stores into the cytoplasm. This is primarily 

designed as a system to amplify small Ca2+ fluctuations into large increases in intracellular Ca2+ that 

can initiate downstream signalling pathways such as changes in cell excitability or transcription (Shen 

& Yakel, 2009). An increase in the activation or numbers of IP3 receptors or RyRs may explain the 

increased SHR Ca2+ response without changing the size of the inwards currents. In support of this, a 

study in cultured neonatal rat ICNS neurons showed that 40% of the Ca2+ response to ACh remained 

in Ca2+ free solution, showing that a significant proportion of the Ca2+ response of GP neurons is reliant 

on internal stores (Beker et al., 2003), suggesting these stores play an important role in GP neuron 

activity.  

A ryanodine sensitive component to the intracellular Ca2+ response has been identified in cultured ICNS 

neurons (Beker et al., 2003), confirming RyRs are active in these neurons. In the brain, RyRs are 

coupled to n  h s, particularly the α  receptors that are most  a2+ permeable (Dickinson et al., 2008), 

therefore an increase in  y  activation or an increase in the number of α  n  h s could be underlying 

the larger Ca2+ response seen in SHRs.  

The mAChR component of the ACh evoked Ca2+ response in ICNS neurons in vitro has been isolated 

by blocking nAChRs with the antagonist Mecamylamine: the mAChR dependent Ca2+ response was 

unaffected by reducing the external Ca2+ availability (Beker et al., 2003), suggesting these receptors 

are central to the internal Ca2+ release in GP neurons.  M1-M4 mAChRs are expressed in the ICNS 

(Allen & Burnstock, 1990; Hassall et al., 1993), and they respond to ACh activation by initiating 

secondary messenger pathways (Brown, 2010). M2 and M4 receptors are G-protein coupled receptors 

that use cAMP as the secondary messenger which activates the PKA kinase (Ishii & Kurachi, 2006). In 

the case of M4 receptors, activation leads to inhibition of Cav1 and Cav2 type receptors in ICNS neurons 

(Cuevas & Adams, 1997). Therefore, fewer M4 receptors in SHRs may reduce voltage-gated Ca2+ 

inhibition resulting in increased Ca2+ responses. M1 and M3 mAChRs act through the IP3 secondary 

messenger via PLC activation. IP3 can then bind to its receptors on the ER membrane and initiate 

intracellular Ca2+ release (Ishii & Kurachi, 2006).  The Ca2+ response to muscarine in ICNS cultures 
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was significantly blocked by a M1 receptor antagonist and a PLC inhibitor suggesting the IP3 pathway 

is important (Beker et al., 2003). It would be interesting to determine whether a more active IP3 pathway 

could explain the greater Ca2+ response seen in SHRs. In rat superior cervical ganglion, inhibition of 

IP3 receptors inhibits the neurons ability to undergo synaptic plasticity (Vargas et al., 2011), indicating 

the potential importance of these receptors in GP plasticity.  

Elevated levels of Ca2+ in SHRs could potentially have widespread effects due to Ca2+’s important role 

in many cellular pathways. Increased intracellular Ca2+ rapidly enhances vesicle fusion at the 

presynaptic terminal to increase  the release of neurotransmitters (Sharma & Vijayaraghavan, 2003). 

Ca2+ also initiates signalling cascades involving kinases and phosphatases such as PKC and CaMKII 

that have many downstream effects. For example, high Ca2+ can lengthen the desensitisation period of 

nAChRs in the short term, while it can alter gene expression in the long term (Shen & Yakel, 2009). 

Ca2+ also influences the induction and expression of synaptic plasticity, which has been best studied in 

the brain. The amplitude and duration of Ca2+ responses are central to the direction of the resulting 

changes in synaptic strength. Fast, high amplitude Ca2+ changes are indicative of LTP, while slow, low-

level Ca2+ changes promote LTD (Evans & Blackwell, 2015). This highlights the potential consequences 

that the increased Ca2+ response amplitude and duration in SHR GP neurons could have on their 

synaptic connectivity and subsequent influence on the heart.  

There is an established link between changes in RyR expression, leading to Ca2+ leak from the ER, and 

initiating AF (Hong et al., 2008; Li et al., 2014). This link has been studied in the context of ectopic 

activity in cardiomyocytes, however, if there are global changes in RyR expression in AF, it is likely to 

be influencing the cardiac neurons as well. Overall, the exaggerated Ca2+ response of SHRs compared 

to WKYs suggests the neurons are more excitable. Larger Ca2+ transients mean the neuron is 

depolarised for an extended period, and it is more easily excited again during this time, subsequently 

increasing the probability of transmitting excitatory outputs onto other neurons. Increased GP activity 

has been associated with episodes of AF (Po et al., 2006; Scherlag et al., 2005), therefore the increased 

SHR GP excitability due to larger intracellular Ca2+ responses may also be linked to AF.  

It is important to note that in our experiments, we are exposing a large proportion of the ganglia, and 

the whole cell membrane of each neuron, to ATCh. Under physiological conditions, ACh is released at 

the postsynaptic terminal and primarily functions within the synapse (Del Signore et al., 2004). 

Therefore, we need to consider that the activated receptors are potentially peri- or extra-synaptic 

receptors (Jones & Wonnacott, 2004) that ACh would not typically activate strongly. Increased GP 

neuron excitability in SHRs may activate more distal receptors as occurs in the brain (Farrant & Nusser, 

2005). Here, extra synaptic receptor activation is linked to excitotoxicity and neuronal death in 

neurological diseases (Milnerwood et al., 2010; Parsons & Raymond, 2014). Therefore, will be of 

interest to separate out the contribution of these more distant non-synaptic receptors to the intracellular 

Ca2+ changes in relation to AF.  
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4.4.3 Declining Ca2+ response amplitudes and durations with repeated ATCh stimulation in 

SHRs compared to WKYs 

The amplitude of ATCh evoked Ca2+ responses in SHR and WKY GP neurons were reduced with 

repeated applications of ATCh (separated by 1 min intervals). The simplest explanation is that exposure 

to the excitation light leads to photo-bleaching of the Cal-520 fluorescent dye. So, even with the same 

Ca2+ response, the corresponding fluorescence response is slightly reduced. However, there is a 

significant difference between this reduction in WKYs and SHRs, showing other mechanisms are 

involved in the decline.  

The amplitude of the Ca2+ response in SHRs is initially larger than in WKYs, but as the number of ATCh 

applications rises, the amplitude reduces to WKY levels. The duration of the response also decreases 

through time in SHRs but not WKYs. This reduction in the SHRs response could be related to a 

depletion of internal Ca2+ stores. This may indicate that Ca2+ induced Ca2+ release from the ER is 

upregulated in SHRs compared to WKYs. Alternatively, excessive stimulation may result in receptor 

desensitisation at a higher rate in SHRs. Certain nAChRs are more susceptible to desensitisation than 

others, for example, α β  receptors desensitise readily with long low-level activation (Giniatullin et al., 

2005). Therefore, this could be indicating a change in receptor subtype in SHR compared to WKY GP 

neurons. There are many potential mechanisms underlying the phenotype differences observed, so 

further, more targeted experiments using specific receptor antagonists are required.  

4.4.4 Hex partially inhibits ATCh evoked Ca2+ responses in WKY and SHR GP neurons  

Hex inhibited the Ca2+ response evoked by ATCh in WKY and SHR GP neurons, which is anticipated 

as Hex is a broad-spectrum nAChR antagonist. We found that around 30% of the response amplitude 

and duration remained in both SHRs and WKYs after Hex application, showing that nAChRs carry most 

but not all of the Ca2+ signal. The majority of the remaining Ca2+ response is likely caused by mAChR 

induced Ca2+ release from internal Ca2+ stores. In cultured rat ICNS neurons, around 60% of the ACh 

evoked Ca2+ signal was blocked by Atropine (a mAChR antagonist) or Mecamylamine (a nAChR 

antagonist), with less than 20% of the response remaining when both drugs were applied (Beker et al., 

2003). The remaining response after broad-spectrum nAChR and mAChR antagonist inhibition may be 

due to incomplete block of certain receptors, such as the α  receptors that are particularly resistant to 

inhibition.  

The Hex inhibition was proportional in WKYs and SHRs, with a larger Ca2+ response remaining in SHRs 

after inhibition. This suggests that nAChR independent mechanisms are involved in the phenotype 

differences we see (discussed in Section 4.4.3). We also observed that in WKYs and SHRs, the Hex 

block was effective to different extents in different neurons within the same ganglia. This likely reflects 

a range of nAChR expression levels between GP neurons, which was observed in previous 

immunohistochemical studies (Ashton et al., 2020), making different GP neurons more or less sensitive 

to ACh signal transduction, which could be vital for their function. For example, sensory cells in the GP 

do not receive excitatory synaptic inputs (Klemm et al., 1997), so they may have a lower requirement 

for nAChRs. In contrast, slow AHP cells are principal cells that receive and integrate synaptic inputs 
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from the vagus and local networks (Edwards et al., 1995; Selyanko, 1992), as such, they are likely to 

have many nAChRs.  

4.4.5 The ATCh evoked inwards currents are similar in SHR and WKY GP neurons 

ATCh evoked slowly desensitising inwards currents in all of the GP neurons that were recorded. This 

was expected as immunohistochemical studies of the GP indicate that all neurons express nAChRs 

(Ashton et al., 2020; Poth et al., 1997; Skok et al., 1999). The inward current has a relatively slow decay 

suggesting that heteromeric nAChRs are responsible for a large proportion of the signal. It is possible 

that a smaller α7 homomeric nAChR inward current (which is expected to have a rapid rise and decay 

profile (Palma et al., 1999)) is being masked by the large heteromeric nAChRs component. To isolate 

the specific currents that are mediated by different nAChR subtypes, further experiments using more 

specific antagonists such as the α /β  antagonist α-conotoxin AuIB, or the α7 antagonist αBt are 

required. The current-voltage curve of the current evoked by ATCh was inwardly rectifying and had a 

relationship consistent with all the neuronal nAChRs, including the most common α β , α β  and α  

receptors (Haghighi & Cooper, 1998). Therefore, this provides further evidence of widespread nAChR 

expression in GP neurons but does not provide any information on the specific receptor subtypes 

present.  

The ATCh evoked inwards current properties were similar in WKY and SHR GP neurons (Figure 4.4), 

implying that the overall electrical signalling of the GP neurons in response to ATCh is comparable. The 

data describing the kinetics of the currents had large ranges in both phenotypes. The GP is made of a 

heterogeneous population of neurons that receive different inputs (e.g. vagal vs local circuit inputs) 

(Edwards et al., 1995; Klemm et al., 1997), which may explain this neuron-to-neuron variation. With 

regards to current amplitude, SHR GP neurons showed the same inward current to ATCh stimulation 

compared to WKY controls, but a larger Ca2+ response was observed with calcium imaging. This is 

interesting as it suggests that the net flow of ions across the cell membrane is equal though the 

intracellular Ca2+ ions are increased. There may be a change in the proportion of the ions that enter 

from external sources, for example, less Na+ ions and more Ca2+ ions resulting in no net change to the 

overall currents. This would be achieved by a change in the voltage-gated channel type or nAChR 

subtype. The other more straightforward explanation is that the change in Ca2+ response is due to 

changes in the levels of Ca2+ that are released from internal stores as discussed in Section 4.4.2.  

The ATCh current showed a longer decay time in SHRs compared to WKYs. Potential factors 

contributing to this could include a shift from rapidly desensitising nAChRs such as α7 receptors to more 

slowly desensitising receptors such as α β , α β  receptors (Gotti et al., 2009; Palma et al., 1999), 

resulting in an increased decay time. Alternatively, it may be due to a change in the membrane location 

of receptors or a change in the allosteric modulators such as Ca2+ and Zn2+ ions, which can alter the 

nAChRs kinetics (Galzi et al., 1996; Hsiao et al., 2001). However, caution should be used when making 

conclusions from this data due to the relatively large response variation (9.5 s up to 32.5 s) and large p 

value (p = 0.0478). More neurons should be recorded to achieve more reliable results, which is 

particularly important due to the mixed population of GP neurons (Edwards et al., 1995; Selyanko, 1992) 

that may have subtly different ATCh evoked current kinetics.  
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4.4.6 Hex partially inhibits ATCh evoked inward currents in WKY and SHR GP neurons to a 

similar extent 

Approximately 3% of the ATCh evoked inward current remained during Hex inhibition in SHR and WKY 

GP neurons showing that nAChRs are responsible for almost all the current, which has been seen 

previously in ICNS cultures (Ashton et al., 2020; Beker et al., 2003; Harper & Adams, 2021). The 

remaining Hex resistant current has also been observed when electrically stimulating presynaptic 

nerves (Ashton et al., 2020; Gagliardi et al., 1988; Seabrook et al., 1990; Selyanko & Skok, 1992). 

These previous studies have suggested that the current is caused by the electrical stimulation triggering 

the release of other neurotransmitters such as nitric oxide, which will evoke a nAChR independent 

current response. However, we are directly applying ATCh; therefore, this concept cannot explain the 

Hex resistant current in our case. The current could be due to Hex's incomplete block of specific 

n  h s, such as the α  homomeric receptors, which are particularly resistant to broad-spectrum 

antagonists (Papke et al., 2010). It will be interesting to further dissect the nAChR responses to 

determine if any receptor subtype changes in SHRs and WKYs are being missed by widespread Hex 

inhibition.  

4.4.7 Future Directions 

For the first time, we have measured the Ca2+ dynamics of GP neurons in intact atrial preparations. Due 

to this thesis's time constraints we have assessed the amplitude and duration of the fluorescent Ca2+ 

changes, but spatial analysis has not yet been performed. This data has significant potential and could 

be used to analyse the proportion of neurons responding, the speed of responses in relation to the 

stimulus, or the interaction of different neurons through time. This analysis would give an interesting 

perspective on the connections between GP neurons, and we could then compare WKYs and SHRs. 

We may also be able to identify different neuron types based on their Ca2+ dynamics, size, and location 

within the GP. We have recorded delayed Ca2+ responses that are secondary to the responses which 

are directly evoked by ATCh, and this could be used to look at the speed of signal transduction from 

one neuron to another. Also, there is significant spontaneous activity from glial cells in our recordings, 

so it would be interesting to compare these responses in WKY and SHR GP to see if the changes in 

Ca2+ responses observed in neurons are reflected in the glia, and what this could mean for altering 

neuronal activity. 

The results presented in this chapter indicate that the Ca2+ response of SHR GP neurons to ATCh is 

larger than in WKYs, without any significant phenotypic differences in ATCh evoked inwards currents. 

Hex, a broad-spectrum nAChR antagonist, resulted in incomplete inhibition of the Ca2+ response, but 

the difference between WKYs and SHRs remained, suggesting the change is nAChR independent. We 

hypothesise that the differences in Ca2+ responses between WKYs and SHRs are caused by internal 

Ca2+ release. Important future experiments include applying ATCh while using a Ca2+ free solution. If 

the response is still larger in SHRs, we would have established the involvement of internal Ca2+ release. 

A mAChR antagonist such as Atropine should then be applied, and if the phenotype dependant change 

is reduced, mAChRs are involved in the differences observed and could then be investigated further. 
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Whole-cell patch clamp experiments indicated that the ATCh evoked inward currents were almost 

entirely mediated by nAChRs. nAChRs are pivotal to fast excitatory transmission in the GP (Beker et 

al., 2003; Cuevas & Berg, 1998), and we have previously shown that SHR GP neurons are more 

excitable than WKYs (Chapter 3; (Ashton et al., 2020)), therefore a further investigation into these 

currents would be valuable. First, we would determine the proportion of the current that is held by 

different nAChR subtypes and compare these between WKYs and SHRs. We have begun to investigate 

this by repeating the experiments outlined in this chapter, and instead of using the broad-spectrum 

antagonist Hex, we are applying α-conotoxin AuIB, a specific α3β4 antagonist followed by αBt, a specific 

α7 receptor antagonist.  

Overall, the experiments in this chapter provide initial evidence for altered cholinergic transmission in 

SHR and WKY GP neurons, but follow-up experiments are required to determine the exact receptors 

involved.  

4.5 Conclusions 

We have presented a novel method to visualise the Ca2+ responses of rat GP neurons in an intact atrial 

preparation, allowing us to compare the responses of WKY and SHR GP neurons. This method has 

lots of potential as it enables us to investigate the network-wide responses of interconnected neurons. 

We have implemented this method to discover that the Ca2+ response to ATCh was larger in SHR 

compared to WKY GP neurons. Exaggerated levels of intracellular Ca2+ have potentially widespread 

effects due to the many functions of Ca2+, including neurotransmitter release, initiation of signalling 

cascades through kinases and phosphatases, and regulation of gene expression (Shen & Yakel, 2009). 

Ca2+ also has a central role in synaptic plasticity (Evans & Blackwell, 2015) and therefore elevated Ca2+ 

could be altering the synaptic connections of SHR GP neurons. More broadly, a larger Ca2+ response 

is indicative of increased neuron excitability in SHRs relative to WKYs. Altered neuron-to-neuron 

interconnections alongside increased excitability could be underlying an overall loss of control in the 

GP. Overactivation of GPs promotes AF (Báez-Escudero et al., 2014; Herring et al., 2019; Po et al., 

2006; Scherlag et al., 2005), so the changes we have observed may be contributing to the disease.   

30% of the Ca2+ response in WKYs and SHRs remained after Hex, a broad spectrum nAChR antagonist, 

while almost all inwards currents were blocked. This shows that nAChRs mediate the fast excitatory 

transmission in the GP, but other receptors contribute to the Ca2+ response in these neurons. SHRs 

have increased Ca2+ responses but unchanged inwards currents, suggesting that Ca2+ induced Ca2+ 

release from internal stores may be important. Further experiments are required to narrow down the 

mechanism and the exact receptors underlying these changes. If we can identify a specific pathway 

that is malfunctioning, it may be causing the increase in the SHRs susceptibility to AF (Scridon et al., 

2012), therefore providing an attractive target for future research.  
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Chapter 5 : Glutamate receptors 

in the GP 

 Introduction 

In the brain, glutamate receptors are essential in synaptic plasticity, defined as an activity-dependent 

change in synaptic strength that provides a mechanism to underpin learning and memory (Lau & Zukin, 

2007). The expression of glutamatergic receptors changes in an activity-dependent manner to 

strengthen (LTP) or weaken (LTD) the synapse over extended periods of time (Dudek & Bear, 1992; 

Shi et al., 1999). NMDARs and AMPARs, are ligand-gated ion channels that are particularly important 

in the induction and maintenance of plasticity respectively (Lau & Zukin, 2007). NMDARs act as 

coincidence detectors of pre- and postsynaptic activity as they only open if they bind glutamate and 

glycine released from presynaptic terminals at the same time as an inhibitory Mg2+ ion is dislodged from 

the channel pore by postsynaptic depolarisation (Traynelis et al., 2010). NMDAR activation leads to 

Ca2+ influx, which results in a cascade of downstream signalling pathways (Traynelis et al., 2010). The 

brain’s principal mechanism of plasticity involves NMDAR dependent insertion or removal of AMPARs 

into the synapse. High-level  MD   activation increases  MP   e ocytosis, and the synapse’s 

conductance increases (LTP) (Shi et al., 1999). Conversely, prolonged low-level NMDAR activation 

results in persistently low Ca2+ levels that promote the endocytosis of AMPARs and reduce the 

synapse’s conductance   TD  (Dudek & Bear, 1992). 

NMDARs have been identified in the GP of rats (Gill et al., 1998), monkeys (Mueller et al., 2003) and 

humans (Gill et al., 2007). These initial studies rely on immunohistochemistry and do not include any 

functional data to corroborate their findings. GluN1 was found to be widely expressed throughout the 

heart:  immunostaining was observed in the GP and the cardiomyocytes, and also in all heart regions 

from the atria to the ventricles (Gill et al., 2007). Such extensive expression is surprising as it is well 

established that the major neurotransmitter in the GP is ACh rather than glutamate (Slavíková et al., 

2003). The essential enzymes in glutamate production and release were identified in a rat study of GP 

neurons (Wang & Miller, 2016). Together, these results suggest glutamate may have an important role 

alongside ACh in mediating neurotransmission in cardiac GP. Other evidence of NMDARs in the GP is 

from single-cell analysis of RNA expression. AMPAR and NMDAR subunit RNA have been identified in 

the rat (Achanta et al., 2020) and pig GP (Moss et al., 2021). These studies are important as they show 

that glutamate receptor RNA is present, without which NMDARs could not be expressed. However, low 

and variable expression of some subunit RNAs does not provide conclusive evidence that functional 

NMDARs are present.  

During AF, changes occur in the GP in an activity-dependent manner (Chang et al., 2001; Jayachandran 

et al., 2000). Systemic infusion of NMDA in rats increased their susceptibility to AF (Shi et al., 2014; Shi 

et al., 2017), so if NMDA is acting directly on the GP, glutamatergic plasticity may be underlying the 
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changes that occur in the GP in AF.  At a molecular level, synaptic nAChR expression was altered in a 

rat model of AF (Ashton et al., 2020). This change in synaptic receptor expression suggests these 

neurons have the propensity to undergo a form of synaptic plasticity. However, the exact mechanism 

underpinning these receptor changes remains to be identified. 

Research in Chapter 5 addresses the hypothesis that NMDAR-dependent mechanisms, that are known 

to be critical for plasticity in the brain, are also partly or fully responsible for the neuronal changes seen 

in SHRs.  

 

 Aims 

The aim of this chapter is to determine if the principal NMDAR-dependent mechanism of plasticity in 

the brain is also present in the GP neurons of the heart. To address this hypothesis, we must initially 

confirm whether glutamate is used as a neurotransmitter in the GP, and then determine whether 

differences in glutamatergic transmission occur in WKY and SHR neurons. This will be achieved by 

examining the expression of the GluN1 subunit of NMDARs and examining GP neuron responses to in 

vitro application of glutamate.  

The specific aims of the research in Chapter 5 are:  

5) To examine the expression of the obligatory GluN1 subunit of NMDARs in the GP of WKY and 

SHRs with western blotting and immunohistochemistry. 

6) To assess electrophysiological responses in GP neurons in response to local application of 

glutamate and glycine.   

Together these experiments will identify a potential role for these receptors in GP neurotransmission 

and plasticity.  
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 Results 

5.3.1 Examining GluN1 expression in the GP of SHR or control rats  

To determine if NMDARs are present in the GP, western blotting and immunohistochemistry of atrial 

GP preparations was performed (as described in Methods 2.5 and 2.4 respectively). Western blotting 

was used to look for overall expression of GluN1 in the GP while immunohistochemistry aimed to look 

at the distribution of this receptor subunit at a cellular level.  

For western blotting experiments the relative neuronal content of the atrial preparations was increased 

by micro-dissecting the GP away from the surrounding epicardial fat and connective tissue and pooling 

the GP from 3 animals. As the specificity of GluN1 antibodies are known to be variable, initially the 

specificity was confirmed in the brain before probing the expression in the GP. In rat hippocampal lysate, 

the GluN1 antibody detected a band at ~ 100 kDa, which corresponds to the expected molecular weight 

of GluN1 (Figure 5.1A). A second band of ~ 75 kDa was also observed in the hippocampal sample, this 

may be due to a splice variant of GluN1. This second band was anticipated as the manufacturer also 

detected it in brain lysates (Alomone labs, 2021). No protein bands of appropriate molecular weights 

were detected in the ventricular lysate or in samples that were pre-incubated with the GluN1 antibody 

blocking peptide (Figure 5.1A).  

GluN1 protein was not detected in SHR and Wistar GP lysates (Figure 5.1B). A range of protein 

quantities from 10 – 30 µg were examined because at higher amounts (Figure 5.1B, SHR 30 µg) the 

high fat content of the GP preparations leads to a smeared signal on the Western Blot. Again, GluN1 

was detected in protein samples from the hippocampus (positive control), showing that the GluN1 

protein could be detected using our methods. The loading control detecting glyceraldehyde 3-

phosphate dehydrogenase (GAPDH) showed equivalent protein amounts in each sample.  Detection 

of β3 Tubulin was examined to verify the neuronal content of each protein sample. All GP samples 

showed a low neuronal content, with a faint band only present in the 30 µg protein lane. The low 

neuronal content of the GP samples makes detecting neuronal proteins such as GluN1 difficult, 

meaning it is not possible to conclude whether GluN1 is present. 

Immunohistochemistry was subsequently employed to further investigate whether NMDARs are 

expressed in the GP, and if so whether they show a synaptic localisation. Multiple antibodies directed 

against different NMDAR subunits were tested, however all immunostaining with these antibodies 

resulted in a diffuse non-specific staining that was observed in fat cells, myocytes and neurons alike. 

The neuronal cell body marker microtubule-associated protein 2 (MAP2) was included in the 

immunolabelling process to identify the GP neuronal cell bodies and fibre locations (Figure 5.2; white). 

The most promising immunostaining was observed with the Alomone AGC-046 GluN1 antibody. 

Example images from this immunostaining are shown in Figure 5.2. Punctate GluN1 labelling was 

observed in the GP neurons, particularly on the soma. This punctate labelling co-localised with 

Synapsin 1 (Syn1) immunostaining, suggesting that the GluN1 labelling was localised to the synapses 

of GP neurons (Figure 5.2; merge). We next determined the specificity of this punctate staining by 

examining whether the signal remained following pre-incubation with the GluN1 blocking peptide. In the 
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presence of the GluN1 blocking peptide, the punctate immunostaining was still observed (Figure 5.2; 

bottom, green), demonstrating that the punctate signal is not specific GluN1 antibody binding.  

5.3.2 Examining GP neuron responses to local application of glutamate   

Whole-cell patch clamping was used to determine whether functional glutamatergic transmission can 

be detected in the GP. Unlike the initial imaging experiments outlined above, this physiological 

technique does not rely on finding a specific, reliable glutamate receptor antibody. Rather, these 

experiments directly look for functional glutamate-induced responses in live GP neurons. Glutamate 

(100 µM) plus glycine (10 µM) (Zhang et al., 2018) were locally applied for 50 ms via a picospritzer to 

SHR GP neurons concurrently held in voltage clamp (3 SHRs, 9 cells) (Methods 2.6.7). Glycine was 

included as it is a co-agonist for glutamate and is required for NMDAR channel opening  (Traynelis et 

al., 2010). Responses to glutamate and glycine were examined at both -70 mV and +40 mV. This 

enabled the potential detection of glutamatergic currents mediated by AMPARs at -70 mV and NMDARs 

at +40 mV. Current through NMDARs is inhibited at negative resting potentials by Mg2+ (Traynelis et 

al., 2010), therefore clamping the membrane potential at +40 mV was required to enable the potential 

detection of NMDAR-mediated currents in response to glutamate. However, no current responses were 

observed in SHR GP neurons in response to glutamate at either -70 mV (-0.4448 ± 0.5887 pA) or at 

+40 mV (-0.8681 ± 0.9373 pA) (Figure 5.3). Importantly, all GP neurons examined subsequently 

responded to locally applied ATCh (-53.94 ± 15.94 pA) (Figure 5.3) when applied in the same location 

under the same conditions, showing that the GP neurons remained healthy and responsive to 

cholinergic stimulation.  
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Figure 5.1 Western blotting to examine GluN1 protein expression in hippocampus, GP, and 

ventricular samples.  

Blots show GluN1 protein is present in hippocampal samples, and that this signal is blocked with the 

GluN1 blocking peptide. (A) GluN1 band (~100 kDa) is present in hippocampal protein samples, but not 

when the blot is preincubated with GluN1 blocking peptide. No GluN1 is detected in a negative control 

ventricle (Vent) sample. GAPDH loading controls indicate equivalent protein loading. (B) GluN1 protein 

is detected in control (Hipp) but not GP samples (Prep). β  Tubulin bands indicate low neuronal content 

in GP sample lanes. Image has been over exposed to highlight the weak bands.  
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Figure 5.2 Immunohistochemistry of GluN1 labelling in the absence (top) and presence (bottom) 

of the GluN1 antibody blocking peptide. 

MAP2 (white), GluN1 subunit (green) and Syn1 (red) immunostaining in GP neurons. Final panel shows 

a merge of GluN1 subunit and Syn1 staining with areas of overlap appearing orange.  

Scale Bars: 20 µm 

 

  



100 
 

 

Figure 5.3 SHR GP neurons do not exhibit inward or outward currents in response to glutamate 

and glycine application. 

Glutamate (100 µM) and glycine (10 µM) (Glut) was locally applied to SHR GP neurons (3 SHRs, 

9 cells). No response was observed above the background noise fluctuations when neurons were 

voltage clamped at -70 mV or at +40 mV as indicated. All neurons subsequently responded to 

acetylthiocholine (ATCh; 500 µM), which was applied at the same location with the same duration and 

pressure as the glutamate mix [mean ± SE; Paired T-test **p <0.01]. 
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 Discussion 

The overall aim of Chapter 5 was to determine if glutamatergic transmission occurs in the GP and 

whether NMDARs, that essential for synaptic plasticity in the brain (Lau & Zukin, 2007), are expressed 

at GP neuron synapses. Indeed, we have previously observed that synaptic differences are present in 

SHR compared to WKY GP neurons (Ashton et al., 2020), but the mechanism underlying these 

differences is currently unknown. By examining whether NMDARs are present in the GP, we aimed to 

explore the role of glutamatergic plasticity in SHRs as a model of AF.  

5.4.1 Lack of molecular evidence of NMDARs in the GP  

Our data suggest that NMDARs are not expressed in the GP of aged SHRs or control WKY rats. Initial 

western blot analyses were inconclusive as insufficient neuronal protein could be extracted from the 

atrial GP preparations. GP neurons are embedded in epicardial fat tissue and encased in collagenous 

connective tissue (Armour et al., 1997). So, even with microdissection of the GP and pooling of several 

animal samples, the adipose content was too high for quality western blotting. Immunohistochemistry 

does not require high overall protein content, so this was employed as an alternative technique to 

search for NMDAR expression. However, no positive, specific, NMDAR subunit immunostaining was 

detected in the GP of SHRs or WKYs. The observed punctate staining remained in the presence of the 

primary antibody blocking peptide (Figure 5.2), providing strong evidence that this signal was non-

specific. Other studies have shown GluN1 staining in Sprague Dawley rat GP (Gill et al., 1998), but 

these results have not been reproduced. The precise antibodies used in this study have been 

discontinued, so we were unfortunately unable to repeat these experiments exactly. However, multiple 

anti-NMDAR and anti-AMPAR subunit antibodies that have been validated in the brain were tested in 

our rodent GP preparations (data not shown), and no convincing glutamatergic receptor staining was 

seen with any of these antibodies. It is not possible to decisively conclude that NMDARs are not present 

from these results as both western blotting and immunohistochemistry rely on the specificity of the 

antibody used. Therefore, it is difficult to conclude whether the receptor is not present, or the antibody 

has not bound. For example, putative cardiac GP neuron NMDARs may have structural or post-

translational differences to NMDARs in the CNS. Therefore, positive controls in the hippocampus 

indicate the protocol is working but they cannot prove that the receptor is not being missed in the GP 

preparations due to location-specific receptor differences. In summary, no evidence of NMDARs in the 

GP was found with either western blot or immunohistochemistry.   

5.4.2 SHR GP neurons do not respond to glutamate  

In order to strengthen the above data that suggested NMDARs are not expressed in GP neurons, 

functional examination of glutamatergic-mediated currents needed to be performed. For the first time, 

we have directly recorded the response of rat GP neurons to glutamate using whole-cell patch clamp 

techniques combined with the picospritzer application of glutamate. Our data show that aged SHR 

neurons do not have an electrical response to the local application of glutamate. It is worth noting that 

all the recorded neurons subsequently responded to ATCh, and so were healthy and capable of 

mediating fast excitatory depolarising currents. These results provide the first functional evidence that 

glutamate is not acting as a neurotransmitter in these neurons. It suggests that glutamatergic receptors 
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such as AMPARs and NMDARs are not expressed functionally at GP neuron synapses. In the brain, a 

similar glutamate application has been shown to result in postsynaptic currents with an average 

amplitude of more than 100pA, and that these currents are blocked by the NMDAR antagonist AP5 

(Zhang et al., 2018). We would therefore expect a similar excitatory current to be detected if NMDARs 

were present in the GP. Glutamate may still have a role but in paracrine signalling rather than fast 

excitatory neurotransmission (Skerry & Genever, 2001). This would explain the evidence of NMDAR 

subunit RNA (Achanta et al., 2020) and proteins (Gill et al., 1998) in the GP.   

There are some limitations to our data that warrant further discussion. Due to the practical limits of the 

whole-cell patch clamping technique, only a subset of GP neurons was recorded. As mentioned in 

previous chapters, there are multiple different neuron types within the GP, from sensory cells receiving 

afferent inputs to slow AHP cells that receive preganglionic inputs (Figure 1.7) (Edwards et al., 1995). 

Some subtypes of neurons are less common than others (Figure 3.5) and because our recordings are 

from a relatively small number of neurons (9 cells) it is possible that certain subtypes were not included 

in the data set. Therefore, if glutamatergic transmission is specific to certain GP neuron subtypes, it 

may not have been detected. However, if the initial studies by Gill et al. are correct, NMDAR and 

AMPAR expression is very widespread, which contradicts this idea (Gill et al., 1998).  

SHR neurons were examined in these studies because, in AF, GP neurons become more excitable 

(Ashton et al., 2020). In the brain, more excitable neurons have undergone LTP, and therefore they 

have increased NMDARs and AMPARs at their synapses (Lau & Zukin, 2007). We hypothesised that 

SHR neurons would have a significantly higher density of glutamate receptors than controls, and 

subsequently examination of glutamate-mediated currents in SHRs would be the best starting point. 

Now that no response has been seen in SHRs, repeating this result in control WKY animals will be 

essential. Although unlikely, there could be a loss of function mechanism in disease, which results in a 

loss of glutamatergic transmission. However, if glutamate plays a pivotal role in the GP, it would be 

expected that some transmission would remain in the SHRs even if it is altered.  

5.4.3 Future Directions 

As indicated above, it will be important to replicate these experiments in young, healthy rats to enable 

us to conclude that glutamatergic transmission is not crucial in the GP in rats. It would also be valuable 

to record from a larger sample size of GP neurons to ensure that all heterogeneous subtypes are 

included in our data set (Edwards et al., 1995; Selyanko, 1992). It will also be critical to extend our 

experimental preparation beyond the rodent and examine glutamatergic responses in human GP 

neurons. Ultimately, AF impacts humans, so it will be relevant to study potential AF mechanisms in the 

human GP.  

Glutamate is not only used as a fast excitatory neurotransmitter but functions as a signalling molecule 

elsewhere in the body (Skerry & Genever, 2001). Therefore, it would be interesting to examine 

glutamatergic signalling in other cell types in the GP. For example, NMDARs are expressed in 

astrocytes in the cortex (Palygin et al., 2011). Astrocytes in the brain respond to glutamate and transmit 

signals to other astrocytes (Cornell-Bell et al., 1990) and to neurons (Parpura et al., 1994). In the GP 
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many glial cells tightly wrap around the neurons (Figure 1.5), and their importance in synaptic 

transmission is beginning to be recognised (Tedoldi et al., 2021). It would be interesting to determine if 

glutamatergic signalling is important in the GP glia like it is in brain astrocytes. A similar technique of 

whole-cell patch clamping glial cells and recording their response to glutamate could be employed.  

 

 Conclusions 

Overall, SHR GP neurons do not respond to glutamate, and our data do not support evidence for 

NMDAR receptors at GP neuron synapses. I can conclude that fast excitatory glutamatergic 

transmission and, therefore, iGluRs do not perform a fundamental role in the GP of SHRs. There may 

be some secondary role for glutamatergic transmission in the GP, but further experiments are needed 

to elucidate this. Some form of synaptic plasticity occurs in the GP during AF (Ashton et al., 2020), but 

glutamatergic plasticity does not appear to control these changes. It is more likely that other less well-

studied forms of activity-dependent plasticity, likely cholinergic forms, lead to the differences seen in 

SHR compared to WKY GP neurons. 
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Chapter 6 : General Discussion 
The overall aim of this thesis is to improve our understanding about the role of the GP in AF. We 

addressed this aim by using whole-cell patch clamping, calcium imaging and immunohistochemistry to 

compare the structure and function of GP neurons from SHRs and WKYs. Aged SHR rats were used 

as a disease model due to their greater susceptibility to AF compared to WKY controls (Crijns et al., 

2008; Diness et al., 2011; Scridon et al., 2012). We found that SHR GP neurons were more excitable 

than WKYs, with depolarised RMPs, lower rheobases, reduced AP thresholds, greater sEPSC 

amplitudes and larger ATCh evoked Ca2+ responses. We also showed the GP was composed of a 

heterogeneous population of neurons in terms of their functional phenotypes. A difference in GP neuron 

subtypes between WKY and SHRs was identified based on their AHP profile, an electrical characteristic 

that has been used to characterise neuron subtypes previously (Edwards et al., 1995; Rimmer & Harper, 

2006; Selyanko, 1992). Additionally, we demonstrated that glutamatergic receptors are not used for 

transmission in the rat GP. Overall this research has revealed some interesting differences in the GP 

neurons of WKYs and SHRs that could contribute to the SHRs greater susceptibility to AF (Scridon et 

al., 2012). 

 SHR GP neurons are more excitable compared to 

WKYs 

We aimed to determine if there were any differences in the excitability of SHR GP neurons compared 

to WKYs. Increased neuronal excitability means the same presynaptic stimulation will induce a larger 

change in membrane potential, and subsequently, the electrical signalling is more easily transmitted 

through the GP. Overactivation of the sympathetic or parasympathetic nerves that innervate the heart 

has been shown to elicit AF (Malpas, 2010; Zhang et al., 2009), and neuromodulation of ICNS neurons 

with Hex subsequently suppresses AF (Gibbons et al., 2012). Therefore, the increased neuronal 

excitability and overactivation of ICNS neurons are likely to contribute to the disease.  

We initially characterised the electrophysiological properties of WKY and SHR GP neurons using more 

physiological conditions than in previous studies (Ashton et al., 2020). We also employed calcium 

imaging to simultaneously record the responses of groups of WKY and SHR GP neurons for the first 

time. Intracellular Ca2+ is inherently linked to cell excitability (Evans & Blackwell, 2015), so 

characterising the Ca2+ responses across the GP was essential. We found that SHR compared to WKY 

GP neurons had a depolarised RMP, a decreased rheobase, a decreased AP threshold, and an 

increased sEPSC amplitude. Additionally, the Ca2+ response of SHR GP neurons to ATCh stimulation 

was larger than WKYs. Together, the electrophysiology and the Ca2+ responses of SHR GP neurons 

indicate that they are more excitable than WKY neurons.  

SHR GP neurons had a larger AHP compared to WKYs, which may be caused by an increase in the 

KCa SK channel activity, a channel that, when inhibited, reduces the AHP of whole-mount rat GP 

neurons (Rimmer & Harper, 2006). We also recorded that SHR neurons had a larger ATCh evoked 
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Ca2+ response than WKYs, indicating that there may be an overall increase in Ca2+ signalling in these 

neurons. As SK channels are activated by Ca2+, elevated intracellular Ca2+ may be responsible for their 

increased activity. However, it should be noted that if this were the only mechanism, then overactive 

KCa channels would drive the RMP of SHRs to be more hyperpolarised, which is not consistent with our 

results. Other channels involved in establishing the RMP may contribute to the more depolarised RMP 

observed in SHR neurons, such as HCN channels (Kase & Imoto, 2012) which have been identified in 

GP neurons previously (Cuevas et al., 1997; Edwards et al., 1995). 

The increased ATCh evoked Ca2+ responses in SHRs compared to WKYs may be due to multiple 

pathways; different nAChR expression, altered voltage-gated Ca2+ channels or increased intracellular 

Ca2+ release (Catterall, 2011; Evans & Blackwell, 2015; Xu & Adams, 1992b). The greater Ca2+ 

response and sEPSC amplitude observed in SHRs compared to WKYs could be explained by a higher 

number of Ca2+ permeable nAChRs present in the neuronal membrane. This statement is supported by 

a previous study demonstrating that, compared to WKYs, SHR GP neurons had greater numbers of α7 

nAChR positive synapses (Ashton et al., 2020), which are more Ca2+ permeable than other nAChR 

subtypes (Shen & Yakel, 2009). Our results show sEPSCs are not mediated by glutamate (as in the 

brain) because GP neurons did not respond with any excitatory inward currents to glutamate (plus 

glycine) application. Furthermore, previous studies have demonstrated sEPSCs are sensitive to nAChR 

blockade (Ashton et al., 2020). This suggests differences in nAChR expression underlie the altered 

sEPSC amplitudes and kinetics we observed in SHRs.  

Increased intracellular Ca2+ enhances the fusion of vesicles at the presynaptic membrane, resulting in 

more neurotransmitter release (Sharma & Vijayaraghavan, 2003). Together, the greater Ca2+ response 

to ATCh and the higher sEPSC amplitude in SHR GP neurons compared to WKYs are consistent with 

greater neurotransmitter release. This enhanced synaptic transmission could increase the excitability 

of interconnected neurons or lead to more neurotransmitter release at neurocardiac synapses at the 

level of cardiomyocytes.  

Overall, SHR GP neurons are more excitable than WKY GP neurons. Aberrant increases in neuron 

excitability underpin many neurological diseases, including Alzheimer's Disease (Palop et al., 2007), 

Parkinson’s Disease (Ridding et al., 1995), and Down Syndrome (Hanson et al., 2007), where increased 

or changed excitatory activity leads to abnormal synaptic plasticity resulting in network dysfunction (Lee 

et al., 2016). AF is promoted by electrical and chemical stimulation of the ICNS (Po et al., 2006; 

Scherlag et al., 2005), although the exact mechanism is not fully understood. Greater neuron excitability 

in SHRs is likely to lead to network dysfunction and overactivation of the GPs, promoting AF in these 

animals.  

 SHR and WKY GPs contain different neuron subtypes 

It has been well documented that the GP is composed of a heterogeneous population with different 

electrophysiological characteristics (Edwards et al., 1995; Rimmer & Harper, 2006; Selyanko, 1992). 

However, thus far, there is no research examining the relative change to the different populations in 
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disease. The data in this thesis support the hypothesis that specific GP neuron subtypes exhibit different 

relative frequencies in WKYs and SHRs, and this is contributing to AF.  

In this thesis, we used the AHP decay profile and properties of trains of APs to classify neuron subtypes, 

as has been done previously (Edwards et al., 1995; Rimmer & Harper, 2006; Selyanko, 1992), and then 

compared these subtypes between WKYs and SHRs. Three subtypes of GP neurons were identified: 

fast AHP, slow AHP and no AHP cells. SHRs had a larger proportion of fast AHP cells, while WKY 

neurons had a similar proportion of each subtype. A fast AHP will increase the speed with which a 

neuron can repolarise and subsequently fire another AP. This relative change in neuron subtype may 

be underlying the SHRs greater susceptibility to AF (Choisy et al., 2007; Scridon et al., 2012) as a 

change in the composition of the GP is likely to result in altered network control and signal transduction 

within and between GPs. We also identified three distinct AP train firing profiles; phasic, adapting and 

tonic. The proportion of neurons with these AP train profiles was similar in WKYs and SHRs, suggesting 

that this electrical property is not underlying the differences in we recorded GP neuron excitability. It 

was interesting that different neurons had such distinct profiles. These diverse AP train profiles indicate 

that each neuron subtype is adapted to respond to the same stimulation differently, resulting in different 

signal integration, which probably reflects their unique functions. 

Large neuron-to-neuron variability was recorded in the sEPSC frequency and kinetics of WKYs and 

SHRs. This implies that neuron subtypes receive different levels of synaptic input and are 

interconnected to varying extents. The range in the number of synaptic connections depending on 

neuron type has been demonstrated with immunohistochemistry (Klemm et al., 1997). We also 

identified large neuron-to-neuron variability in the proportion of the Ca2+ response to ATCh stimulation 

that was blocked by the nAChR antagonist Hex. This suggests heterogeneity in the overall or subtype-

specific nAChR expression levels, which has also been shown with immunohistochemistry of nAChRs 

in WKY and SHR GP neurons (Ashton et al., 2020). A neuron with a low number or size of synapses 

would have fewer nAChRs, which would also mean it receives fewer sEPSCs or receives sEPSCs with 

lower amplitudes. Therefore, in our data the range in nAChR dependant Ca2+ responses is likely to 

reflect the range in sEPSCs.  

We have used electrophysiology and calcium imaging in conjunction with previous 

immunohistochemistry studies (Ashton et al., 2020; Klemm et al., 1997) to show the GP is composed 

of a heterogeneous population of neurons. Additionally, we have presented initial evidence of neuron 

subtype differences in SHRs compared to WKYs, which indicates that the composition of the GP is 

different in disease. This would alter how the GP receives and integrates inputs and would ultimately 

affect the way it modulates cardiomyocyte function.  

 Rat GP neurons do not express glutamatergic 

receptors 

The GP has been widely linked to the initiation and maintenance of AF (Hou, Scherlag, Lin, Zhang, et 

al., 2007; Scherlag et al., 2005; Stavrakis et al., 2015) but the exact changes occurring within the GP 
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itself remain to be elucidated. A mechanism of synaptic plasticity that leads to altered network signalling 

has been proposed (Ashton et al., 2018), and initial evidence that activity dependant changes are 

occurring have been recorded (Chapter 3; Chapter 4; (Ashton et al., 2020)). Additionally, there is some 

data proposing that glutamate receptor proteins (Gill et al., 2007; Gill et al., 1998) and RNA (Achanta 

et al., 2020; Moss et al., 2021) are expressed in the GP. Therefore, we hypothesised that glutamate 

receptors are expressed in the GP of SHRs and glutamatergic plasticity, similar to that seen in the brain 

(Paoletti & Neyton, 2007), contributes to the difference we see in the excitability of SHR compared to 

WKY GP neurons.  

Whole-cell patch clamped GP neurons did not respond with any current to the application of glutamate 

and glycine, demonstrating that glutamatergic signalling is not important to fast excitatory transmission 

in the GP. Therefore, glutamatergic plasticity is very unlikely to explain the differences seen in WKY 

and SHR GP neurons. Additionally, we did not find any evidence of NMDAR protein expression, a 

central receptor for plasticity in the brain (Lau & Zukin, 2007). Together these data show plasticity in 

the GP must be occurring through glutamate independent mechanisms.  

We have shown that nAChR are important for transmission in the GP (Chapter 4.3.4), and previous 

studies confirm nAChRs are expressed at the synapses of GP neurons (Ashton et al., 2020). 

Additionally, ACh is the primary mediator for fast excitatory synaptic transmission in the GP (Beker et 

al., 2003; Cuevas & Berg, 1998), suggesting that nAChR dependant rather than glutamatergic 

dependant plasticity may be occurring in the GP. nAChRs have been linked to plasticity in many brain 

regions, from the hippocampus (Drever et al., 2011) to the visual cortex (Bear & Singer, 1986; 

Dringenberg et al., 2006). The proposed mechanism of AChR dependent LTP in these brain regions 

involves AChR activation of glutamate receptors. ACh mediated depolarisation of the postsynaptic 

neuron leads to removal of NMDAR Mg2+ pore block, initiating the conventional pathway of 

glutamatergic plasticity (Drever et al., 2011; Rasmusson, 2000). Due to the lack of glutamatergic 

receptors in the GP, an alternative mechanism of plasticity must be involved. It may be centred around 

the large increase in intracellular Ca2+ caused by AChR activation as observed in our calcium imaging 

studies (Figure 4.1). Ca2+ has a short-term impact on neurotransmitter release but also has a long term 

effect by altering gene expression (Dani & Bertrand, 2007). This could have consequences on synaptic 

strength by increasing the transcription and expression of nAChR or other synaptic voltage-gated 

channels. The Ca2+ response in SHRs to ATCh is larger than in WKYs, which could be driving further 

aberrant plasticity, resulting in changes to the GP network and providing a potential mechanism for AF. 

 Research limitations and future research directions 

Our experiments were performed in an isolated decentralised atrial preparation. This preparation has a 

significant advantage over studies in dissociated neurons as it maintains the fibres and synaptic 

connections within and between atrial GPs. However, in vivo, the GP has many connections to the CNS 

and PNS upstream, which have been severed in our preparation (Armour, 2008; Durães Campos et al., 

2018). For example, the sympathetic and parasympathetic inputs from the vagus nerve are not 

functional, which will have a knock-on effect on the GP neuron subtypes that receive vagal synaptic 
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inputs (Edwards et al., 1995). Previous studies have shown a high level of spontaneous activity in GP 

neurons when these connections are maintained (McAllen et al., 2011), which will influence GP 

plasticity thresholds, highlighting the importance of advancing to a more intact system for further 

plasticity studies in AF.  Furthermore, we have largely removed the cardiac muscle from the preparation 

to prevent contraction movement from interfering with our recordings. This means that sensory cells will 

not be receiving afferent inputs (Edwards et al., 1995; Klemm et al., 1997), again undoubtedly 

influencing signal integration in the GP. In future experiments, it will be essential to assess the function 

of WKY and SHR GPs in more complete systems, such as the working heart brainstem preparation 

(McAllen et al., 2011), and eventually in an in vivo setting.  

In this thesis, we have used SHRs as a model of AF. SHRs are a particularly well studied model for 

cardiovascular disease, with more than 4,000 PubMed papers referring to them in the last ten years 

(PubMed search, 2021). SHRs reliably develop systemic hypertension with age, and subsequently, they 

develop spontaneous AF which is not found in normotensive WKY controls (Choisy et al., 2007; Scridon 

et al., 2012). SHRs have enlarged hearts with significant fibrosis that undergo electrical remodelling 

(LeGrice et al., 2012), all of which are properties found in the hearts of human patients with AF (Crijns 

et al., 2008; Pellman et al., 2010). Although SHRs are an attractive small animal model for AF, several 

drawbacks exist. The size of an average human heart is significantly larger than rats, and this is 

important due to the ‘critical mass hypothesis’ (Garrey, 1914), where the probability of entering 

sustained AF is proportional to the tissue area (Byrd et al., 2005), meaning human hearts are more 

susceptible to AF. There is a minimum path length required for waves of activity to enter re-entrant 

circuits, which is provided by the cardiac muscle mass, and this re-entrant activity underpins the chaotic 

atrial contraction seen in AF (Byrd et al., 2005). There are gross anatomical differences between the 

hearts of different species, meaning the cardiac AP is very different, again effecting the activity that 

underpins AF (Hill & Iaizzo, 2015; Milani-Nejad & Janssen, 2014). Additionally, there are species 

differences in the size, composition, and location of GPs (Pauza et al., 2002; Wake & Brack, 2016), 

which is important when considering our research aims.  

Another complication when using SHRs as a model of AF is that the differences we have recorded 

could be partly or entirely due to their increased level of hypertension relative to WKYs (Chan et al., 

2011). Although this may influence the conclusions that we draw from our data, hypertension is strongly 

associated with AF, so the results will still be very relevant. In humans more than 60% of AF patients 

have hypertension (de Vos et al., 2010; Ogunsua et al., 2015) and hypertension results in a 1.8 fold 

increase in the risk of developing AF (Ogunsua et al., 2015). Therefore, the mechanisms that underly 

hypertension inevitably overlap with those that initiate and maintain AF.  

In our research, we used male SHRs and WKYs. We chose to study male and not female rats as the 

majority of the existing literature on AF in SHRs is focused on males, meaning it is easier to compare 

our research to previous work. Also, male SHRs have greater chamber dilation, systolic and diastolic 

dysfunction and fibrosis compared to age-matched females, so they better reflect the changes occurring 

in human cardiac hypertension (Chan et al., 2011). From human epidemiological studies, we know that 

males have a higher incidence of AF than females (Chugh et al., 2014), but interestingly AF has a 
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higher risk of mortality and other comorbidities in women (Emdin et al., 2016). Therefore, it will be 

important to compare research in both genders to understand the variations in AF pathogenesis in the 

future. 

Overall, research in SHRs provides a good starting point to elucidate the mechanisms that might be 

involved in AF, but it is essential to translate our research into larger animal models such as pigs and 

sheep that more closely reflect the human heart (Hill & Iaizzo, 2015; Milani-Nejad & Janssen, 2014). 

This will serve as an intermediatory step before research is performed in humans. In humans, AF is 

associated with many comorbidities, and it has several genetic and environmental causes (Mahmood 

et al., 2014), making the identification of particular underlying mechanisms very complex. Therefore, 

human studies will be more valuable when our research questions are more targeted.   

 Implications for AF research and treatment  

Current and historical research into the causes of AF has focused on elucidating the genetic factors in 

familial AF (Brugada et al., 1997; Gudbjartsson et al., 2007) and the mechanisms that promote ectopic 

(Hove-Madsen et al., 2004; Voigt et al., 2014) or re-entrant activity (Stavrakis et al., 2015) in the 

cardiomyocytes. Of the research that focuses on the ANS, most looks at the increased neural 

innervation (Chen et al., 2014; Jayachandran et al., 2000) or the direct effect of more autonomic activity 

on the cardiomyocytes (Chen et al., 2014). Therefore, our work is making an important contribution to 

the small but growing field of research investigating the ICNS in AF.  

Research investigating the role of GPs in AF has a focus on patient trials, where GP ablation is 

compared to more traditional drug therapies (Morillo et al., 2014; Packer et al., 2021; Wazni et al., 

2005). Although this research is clearly critical, our research focuses on elucidating the molecular 

mechanisms underlying the GPs role in AF.  This research is essential for us to understand the process 

underpinning AF and provide the basis for novel AF treatments in the future.   

Currently, the treatment of AF is complicated, with patients often being prescribed multiple rate and 

rhythm controlling drugs, such as beta-blockers, Na+ channel blockers and K+ channel blockers 

(Hohnloser et al., 2000; Wyse et al., 2002). The majority of these patients develop drug-resistant AF 

that is then ordinarily treated with surgical intervention (Morillo et al., 2014; Wazni et al., 2005), the most 

common of which is pulmonary vein isolation (PVI). PVI can be combined with GP ablation, which 

significantly improves the outcome of patients (Katritsis et al., 2011; Katritsis et al., 2013; Po et al., 

2009), but GP ablation alone has poor results (Katritsis et al., 2013; Mikhaylov et al., 2010; Zhou et al., 

2011). Additionally, due to the lack of understanding about GPs, the therapy is not standardised with 

different GP ablation techniques resulting in different success rates (Evgeny Pokushalov et al., 2009). 

The long-term effectiveness of GP ablation is still relatively unknown, as most studies have follow up 

times of 3 years or less. If we better understand why patients that receive GP ablation have reduced 

episodes of AF compared to those who don't, we will be able to improve the targeting of surgery and 

ultimately increase its success rate.    



110 
 

Low-level VNS is being investigated as a novel AF therapy, and it is currently used as a treatment for 

drug resistant epilepsy (Elliott et al., 2011). Low-level VNS reduces paroxysmal AF (Shen et al., 2011) 

and rapid atrial pacing induced AF (Yu et al., 2013) in canine models. Notably, stellate ganglion 

remodelling occurred in these animals (Shen et al., 2011). Transcutaneous VNS, that involves non-

invasive low-level electrical stimulation of the vagus nerve in the ear is now being used in initial clinical 

trials in human patients with paroxysmal AF (Stavrakis et al., 2020). The treatment significantly reduced 

disease burden compared to control, which is promising, although further trials are needed as it was 

performed in a small cohort of less than 30 patients in each group (Stavrakis et al., 2020). The 

mechanism underlying the success of transcutaneous VNS remains to be elucidated. Low-level 

stimulation is important for plasticity, specifically LTD, in the brain (Lüscher & Malenka, 2012) and low-

level VNS can induce autonomic remodelling in the PNS (Shen et al., 2011; Yu et al., 2016). Therefore, 

it is likely that low-level VNS is inducing long term plasticity in the ICNS itself where it could be reversing 

the changes to GP neuronal network and excitability that we have identified in our experiments. 

However, to confirm this theory further research is necessary. This includes examining the structure 

and function of GP neurons in human tissue, to compare patients with and without AF and determine 

whether similar electrophysiological changes to those observed in SHRs are occurring. The GP of 

patents before and after AF therapies, such as low-level VNS, could then be compared to elucidate 

whether plasticity is underlying the success of the treatment.  

 Conclusions 

The overall aim of this thesis was to improve our understanding about the changes that occur in the GP 

with AF. We have achieved this goal by identifying that SHR GP neurons are more excitable than WKYs, 

suggesting that an increase in GP neuron excitability contributes to AF. A difference in the composition 

of GP neuron subtypes in SHR s may also be promoting AF. Finally, we hypothesised that glutamatergic 

plasticity is altering the synaptic connections in the GP, but this was disproved by showing that there 

were no detectable responses to glutamate and glycine application in SHR GP neurons. However, an 

alternative hypothesis was presented where nAChRs and elevated intracellular Ca2+ are underlying GP 

plasticity. This thesis adds to our knowledge on the function of the GP in AF, and it provides initial 

research that could, in the future, aid the development and refinement of new AF therapies.   
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Supplementary Figures 
 

 

Figure S.1 Transformed data were used to statistically analyse the change in ATCh evoked 

responses in SHR and WKY GP neurons over time. 
Log10 transformed data of the amplitude (ΔF/F0) (A) and duration at half maximum amplitude (B) of the 

Ca2+ response to successive ATCh applications in WKY (blue) and SHR (red) GP neurons [mean ± SE; 

Sidak’s multiple comparisons *p < 0.05, ***p < 0.001, ****p < 0.0001] (4 WKY, 95 cells; 4 SHR, 80 cells). 
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Figure S.2 Hex block of ATCh evoked currents in individual GP neurons across time. 

The amplitude of ATCh evoked (50 ms, 500 µM) inwards current in individual WKY (blue) and SHR 

(red) GP neurons as a percentage of the initial response were measured across time. Bath applied Hex 

(300 µM) dramatically reduced the current amplitude in all neurons. Wash of Hex resulted in an increase 

in the amplitude of all neurons in a time-dependent manner. Due to experimental constraints of whole-

cell patch clamp recordings, recordings were terminated at different time points, but amplitudes trended 

towards a return to baseline levels in all (4 WKY, 8 cells; 4 SHR, 7 cells). 
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