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Abstract 

Atrial fibrillation (AF) is a supraventricular tachyarrhythmia strongly associated with cardiovascular 

disease (CVD) and sedentary lifestyles. Despite the abundant benefits of regular exercise, AF incidence for 

professional endurance athletes is proportionate to CVD patients. To assess exercise dose and AF, we 

compared the effects of strenuous endurance training on mice by varying daily swim durations (120, 180 

and 240 minutes). After receiving the same cumulative work while swimming (estimated from O2 

consumption), all exercised groups showed similar elevations (P<0.04) in skeletal muscle mitochondria 

content and ventricular hypertrophy (P<0.02). By contrast, inducible AF increased (P<0.04) progressively 

with daily swim dose without markedly affecting atrial refractoriness (P>0.05). Associated with a dose 

dependency is pronounced (P<0.0001) bradycardia, (P<0.003) hypertrophy, (P<0.0007) fibrosis and 

(P<0.0001) macrophage accumulation in the atria, that is not observed in the ventricles. Our results 

demonstrate that prolonging daily swim exercise promotes progressively adverse atrial-specific 

remodelling leading to increased AF susceptibility.   
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Chapter 1: Introduction 

1.1 Characterizing Atrial Fibrillation  

 Atrial fibrillation (AF) is the most commonly diagnosed cardiac arrhythmia worldwide, and 

involves rapid, irregular atrial activity, causing cardiac desynchrony and exacerbating thrombosis 

formation, stroke tendency and overall mortality risk [1]. AF can be paroxysmal (episodes that terminate 

spontaneously), persistent (continue for more than seven days and are not self-terminating) or permanent. 

Furthermore, symptoms vary from asymptomatic to palpitations, chest pain, shortness of breath, nausea, 

dizziness, diaphoresis and generalized fatigue [1]. Various treatments and risk modifiers exist, including 

anticoagulation, rate- or rhythm-control medication, cardioversion and ablation yet AF management has 

numerous inadequacies, reflecting the complex multifactorial pathophysiology [2]. Notably, AF patients 

display a multitude of atrial electrical and structural changes, termed remodelling. Electrical remodelling 

includes reduced atrial refractoriness and increased cellular heterogeneity that can initiate AF. Structural 

remodelling, such as atrial hypertrophy and fibrosis, can also predispose conduction propagation barriers 

and alter conductivity. Together, these changes promote electrical re-entrant stability, underlying AF, and 

are discussed in detail below. 

1.2 Cardiac Electrophysiology and Function  

 To understand AF pathogenesis, normal cardiac physiology must first be addressed. The heart 

functions as a mechanical pump, supplying blood to the body. Each contraction initiates from a bioelectrical 

signal, the action potential (AP), due to excitation-contraction coupling (ECC) [3]. An AP originates in the 

sinus nodal cells and propagates through the heart via impulse conduction, measured by the intra- and 

extracellular voltage differences. Impulse conduction extends through the atria causing contraction, then 

passes through the atrioventricular (AV) node, His bundle along the septal wall and into the subendocardial 

Purkinje fibres, stimulating synchronized ventricular contraction. 

 The AP consists of five phases, determined by the opening and closing of various transmembrane 

proteins, consisting of ion channels and transporters [4,5]. The resting membrane potential (RMP) in 

working myocardial cells, or the maximal diastolic potential in spontaneously beating cells, ranges from -

95 to -40 mV and represents the lengthiest period in a cardiac cycle (phase 4) [6]. The RMP is primarily 

attributable to the conductance of inwardly rectifying K+ currents and the electrogenic ATP-dependent Na+-

K+ pump that exports 3 Na+ ions and imports 2 K+ ions per ATP [7].  

 Subsequently, phase 0 represents the fast depolarization period caused by an abrupt increase in Na+ 

influx and characterized by the upstroke velocity typically peaking at 130 to 140 mV from the RMP [8]. 

Membrane repolarization (i.e., the return to negative potentials) follows the upstroke period and includes 
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phases 1, 2 and 3. A relatively fast transient characterizes phase 1 caused by a decrease in Na+ influx and 

an increase in K+ efflux. Phase 2 consists of the plateau period (still at a depolarized voltage) via a small 

net current carried by simultaneous Ca2+ influx and counteracting K+ efflux. Lastly, phase 3 represents the 

large repolarization toward the RMP due to increased K+ efflux and decreased Ca2+ and Na+ influx. Figure 

1.1 describes the specific channels contributing to AP ionic currents.  

 Cardiomyocytes do not beat spontaneously, resulting in a stable voltage at the RMP. In contrast, 

nodal cells exhibit automaticity and undergo gradual membrane potential changes toward positive values, 

termed spontaneous diastolic depolarization. Upon reaching the threshold potential, a new AP initiates. In 

healthy conditions, AP duration (APD) determines the effective refractory period (ERP)- the shortest 

interval required before a new stimulus can elicit a subsequent AP. However, AP shape is not uniform and 

differs in various cardiac regions. Moreover, there are interspecies differences [9], even when recording 

from similar locations.  
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Figure 1.1. Representative cardiac action potential (AP) waveforms. The top panel are tracings from atrial 

(left) and ventricular (right) human myocytes. The five phases of the AP are labelled above. AP rate of change is 

directly proportional to the sum of the underlying transmembrane ion currents (lower panels). Inward currents (blue) 

depolarize the membrane, while outward currents (red) repolarize. Compared to an atrial AP, the ventricular AP 

typically has a higher plateau potential (phase 2), longer duration and a more negative resting membrane potential 

(phase 4). Copyright©2017, Elsevier Health Sciences [10]. 
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1.3 Cardiac Arrhythmogenesis  

 As mentioned above, spontaneous diastolic depolarization in sinoatrial nodal cells can provoke a 

new AP following a preceding AP. Furthermore, ectopic foci, referring to triggered automaticity outside of 

the sinoatrial node, can yield wavefront-wavetail interactions and re-enter previously depolarized tissue 

when appropriately timed (i.e., kindling). If triggered automaticity and wavefront re-entry occur, this can 

yield irregular heart rhythms termed arrhythmias [11]. Cardiac arrhythmias demonstrate considerable 

variability in appearance, type, location (supraventricular or ventricular) and underlying disease, with 

numerous proposed mechanisms. Arrhythmias can also become exacerbated by pathological conditions, 

including AF, myocardial infarction (MI), heart failure (HF), genetic diseases or adverse drug reactions 

[12]. Nonetheless, most result from triggers and modulators combined with an enhanced pro-arrhythmic 

substrate [11]. 

1.3.1 Triggered Automaticity  

 Abnormal myocardial pacing is an established source for arrhythmia initiation [13]. One example 

is triggered automaticity, which requires a preceding AP for subsequent spontaneous (yet irregular) firing 

[14]. The temporal relationship between the preceding AP and succeeding depolarization determines 

whether triggered automaticity is termed early or delayed afterdepolarization. Early afterdepolarization 

(EAD) occurs prior to termination of the preceding AP during phase 2 or 3 and can arise from APD 

prolongation. Mechanistically, this results in a period where L-type Ca2+ channels have recovered from 

inactivation and can reopen [15], causing positive voltage oscillations during the plateau (phase 2 EAD) or 

terminal repolarization (phase 3 EAD). The Luo-Rudy studies [15] also proposed another phase 3 EAD 

type, resulting from spontaneous Ca2+ release during repolarization, which then translates into Na+/Ca2+ 

exchanger (NCX) depolarization [16]. This type of EAD mechanistically resembles delayed 

afterdepolarizations but differs in timing (i.e., during the AP rather than after). EADs are also rate 

dependent, with the reactivation-driven EADs occurring predominantly with slow pacing, whereas the 

release-driven EADs occur with fast pacing [13]. Contrastingly, delayed afterdepolarizations (DADs) 

involve a depolarizing potential that occurs during diastole after the preceding AP terminates. DADs 

generally result via Ca2+-sensitive depolarizing currents following overloaded sarcoplasmic reticulum (SR) 

spontaneous Ca2+ release [17]. In particular, when the Ca2+-sensitive conductance from the forward-mode 

INCX overcomes the opposing IK1 (which attempts to maintain RMP) it activates INa, triggering 

depolarization [18]. Together, afterdepolarizations contribute to the formation of ectopic foci and AF 

initiation.  
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1.3.2 Re-entry and Conduction Block   

 Re-entry then occurs when a propagating impulse fails to terminate following initiation and persists 

due to continuous circuit activity that can re-excite the heart post-refractory period (Figure 1.2); it is the 

electrophysiological mechanism responsible for the majority of clinical arrhythmias. There are three criteria 

for a re-entrant event: unidirectional conduction block, return to the origin and interruption possibility [8]. 

In an idealized setting, the re-entry circuit wavelength is a useful concept whereby a wavelength equals the 

impulse conduction velocity times the refractory period (~APD) and represents the best predictor of 

arrhythmia inducibility [19,20]. As such, a decreased wavelength (via slowed conduction velocities and 

refractory periods) promotes re-entry conditions. Moreover, any event which leads to AP heterogeneity in 

conduction [21] or repolarization [22] predisposes re-entry via unidirectional block [23]. Re-entry and 

conduction block are also intimately linked as pathological impulse propagation occurs alongside structural 

abnormalities [24].                                                                                                                                                                    

 Re-entry classification can further divide into anatomical and functional. The former refers to a 

central block that remains fixed regarding location and circuit speed, and is caused by distinct anatomical 

structures (i.e., necrotic myocardium, scar tissue or fibrous valve rings). In contrast, functional re-entry is 

highly complex as central blocking and circuit formation arise from electrophysiological heterogeneity in 

cell conductivity, refractoriness and excitability. Thus, a wavefront propagating in regions with 

considerable cell variability can encounter a functional block, rather than anatomical, and form a re-entrant 

circuit [12]. There are also many concepts of functional re-entries, such as leading circle, spiral rotor wave 

and multiple wavelet theory. Notably, the multiple wavelet theory was first proposed as the basis of AF, 

stating that wavefronts do not spontaneously abolish but four to six simultaneous re-entrant wavelets 

maintain the arrhythmia [25].        
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Figure 1.2. A Model of Re-entry. An area of branching cardiac tissue provides separate paths (2 and 3) for impulse 

propagation. An electrode positioned at each site (1-4) records a single action potential as it travels in the proximal to 

distal direction. In healthy tissue, impulse conduction is fast, and the effective refractory period (ERP) is relatively 

long, causing wavefronts to collide at site 4 and propagate distally (top panel). However, re-entry can occur with 

unidirectional block causing retrograde impulses rather than anterograde (bottom panel). Unidirectional block can 

result from non-conducting fibrotic tissue or cellular heterogeneity, whereby the depolarized myocardium at site 3 

blocks anterograde conduction, yet the site 4 impulse can slowly propagate retrogradely into the affected region. If 

propagation from site 4 is slow enough to outlast the previous ERP, the impulse can re-excite the proximal tissue and 

travel toward both sites 1 and 2 (i.e., re-enter), establishing a circus movement. Thus, impulse timing (related to 

conduction velocity), refractory state (related to ERP), and tissue substrate (condition and length) are critical for re-

entry precipitation. Copyright©2021, American Physiological Society [8]. 
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1.3.3  Autonomic Modulation                                                                                 

  The final component of arrhythmogenesis involves cardiac autonomic input which can modulate 

development. The intrinsic system consists of parasympathetic and sympathetic afferent and efferent 

neuronal circuits, with overlapping influence on cardiac functional regulation [26]. Parasympathetic cardiac 

innervation is mediated primarily by the vagus nerve which contains 80% afferent fibers and emerges from 

four nuclei in the medulla oblongata [27]. Preganglionic parasympathetic fibers synapse at the surface or 

inside the myocardium whereas preganglionic sympathetic fibers course through the spinal 

intermediolateral column and synapse at para-vertebral extra-cardiac ganglia [27]. Postganglionic fibers 

then directly innervate the atrial and ventricular myocardium to varying degrees. Moreover, there is an 

intrinsic intracardiac autonomic nervous system (ICANS). The ICANS can interact with the efferent nerve 

supply and express multiple neurotransmitters, particularly of parasympathetic cholinergic input to the 

myocardium [28]. These ICANS neurons are primarily located in 5 groups of atrial ganglionated plexi and 

may represent local spatial control of cardiac muscle.                                                                                

 Together, the neuro-cardiac feedback system is essential for cardiac parasympathetic and 

sympathetic tone and ensures well-balanced autonomic input [29]. However, acute hemodynamic stress 

and chronic CVD promote imbalances that enhance arrhythmia vulnerability. For example, vagal nerve 

stimulation (VNS) has been associated with arrhythmia onset in experimental [30] and clinical studies [31]. 

VNS increases arrhythmia risk through acetylcholine (ACh), wherein ACh binds to muscarinic receptors 

(primarily M2) that inhibit the G protein α-subunit causing decreased sympathetic activation [32]. In 

addition, ACh shortens repolarization by activating IK,ACh which can also prevent AP firing by inducing 

hyperpolarization of the cardiac RMP. Interestingly, the pore-forming Kir3.x α-subunits of IK,ACh  display 

atria-specific expression, restricting its effects to the atrial myocardium [33]. APD shortening can then 

promote arrhythmias by reducing the wavelength, and thus facilitating re-entry [34]. Furthermore, the 

regional heterogeneity of autonomic activity, rather than elevated VNS alone, can drive arrythmia 

susceptibility [35].  

1.4 Atrial Fibrillation Epidemiology 

 Having established the fundamentals to arrhythmogenesis, we can now focus on AF and its research 

significance. In particular, AF incidence continues to rise globally, whereby the Framingham Heart Study 

(FHS) revealed a 3-fold increase over the last 50 years [36], and the Global Burden of Disease project 

estimated 46.3 million individuals were living with AF in 2016 [37]. In 2018, lifetime risk then rose to 1 in 

3 for white populations over 40 and 1 in 5 for blacks [38]. AF incidence also effects nearly 1 million 

Canadians [39], 14 million Europeans by 2060 [40] and approximately 72 million Asians by 2050 [41]. 

However, despite advancements in AF awareness and detection, the global burden remains underestimated 
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due to asymptomatic cases. Thus, understanding the fundamental causes of AF is critical for future 

prevention and treatment. 

1.4.1 Nonmodifiable Risk Factors: Age, Sex and Race/Ethnicity  

 

 Age is the most predictive AF risk factor, with incidence rising sharply after 65 [36]. The population 

of individuals >65 will also double from 12% in 2010 to 22% by 2040 [42]. As such, chronic subclinical 

inflammation is a hallmark of biological aging associated with elevated reactive oxygen species, endothelial 

dysfunction, increased collagen deposition and extracellular matrix changes [42]. Age-dependent left atria 

(LA) dilation and senile amyloidosis can also alter the myocardial tissue structure [43], and spontaneous 

Ca2+ releases from the SR that is associated with aging can trigger AF [44].  

 Another common risk factor is sex [45,46]. Despite age-related prevalence being 1.5x greater in 

men [36], women typically experience worsened symptoms related to a reduced quality of life and adverse 

outcomes such as strokes [47]. Potential sex-based differences include ion current expressions [48], 

hormone influence [49] and anatomical variations [50]. Women with AF also demonstrate elevated fibrotic 

remodelling and inflammation compared to men [42].  

 Concomitantly, AF prevalence is highest for individuals with European ancestry despite an 

increased comorbidity burden in black populations. For example, the Multi-Ethnic Study of Atherosclerosis 

showed that AF incidence was 46-65% lower in Hispanics, Asians and blacks over 65 than non-Hispanic 

whites [51]. Possible explanations include genetic, socioeconomic and environmental health determinants, 

including smaller average LA in black populations [52], unfavourable single-nucleotide polymorphisms 

associated with European ancestry [53] and (or) under detection with worsened healthcare access in 

predominantly non-white communities. The same paradox exists with ethnic groups originating from India, 

Pakistan, Nepal, Sri Lanka and Bangladesh, where reduced AF incidence could relate to smaller LA size 

[54] and ethnic variations in cardiac ion channels [55].  

1.4.2 Modifiable AF Risk Factors 

 

 Aside from nonmodifiable factors, well-established AF predictors also include hypertension, 

diabetes mellitus (DM), obstructive sleep apnea, MI, HF, poor lifestyle choices and valve-related 

disorders. For example, the FHS determined hypertension portended AF risk by 50% in men and 40% in 

women, ranking fourth after aging, valvular heart disease and HF [56]. However, due to its higher 

prevalence in the population, affecting 80% of individuals >65 and 26% of adults <45, hypertension 

accounts for more cases of AF than any other modifiable risk factor [57]. Mechanistically, chronic blood 

pressure elevations promote structural remodelling in the left cardiac chambers, including profibrotic 

changes that promote AF development [58]. Moreover, DM is associated with a 1.6-fold increased AF risk 
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[36] linked to elevated oxidative stress, inflammation and mitochondrial dysfunction, consequently 

promoting AF in metabolically stressed hearts [59].  

 Additionally, lifestyle choices play an important role. Multiple studies report a dose-dependent 

association between smoking and increased AF risk, whereby nicotine can activate profibrotic responses 

and block K+ channels contributing to the electroanatomic pathophysiology [60,61]. Long-term excessive 

alcohol consumption also has direct toxic, inflammatory and oxidative effects on the LA myocardium, 

causing enlargement and AF substrate formation [36]. Lastly, obesity prevalence continuously increases 

worldwide and is associated with hypertension, metabolic syndrome, DM, coronary heart disease and 

obstructive sleep apnea, providing the substrate for AF initiation and perpetuation [62]. 

 However, patients with the most aggressive AF onset are those with volume overload from valve-

related disorders, such as aortic regurgitation (AR) [63]. AF is observed in up to 19% of patients with severe 

AR [64] and AR prevalence in AF patients has almost doubled between 1998 and 2010 [65]. Moreover, in 

the FHS, valvular heart disease was a significantly more potent AF risk factor in females than males (18% 

vs. 5%) [66]. As AF and AR are associated with elevated atrial pressures and stretch, the resultant effect is 

atrial hypertrophy, fibrosis and inflammation that contributes to the arrhythmogenic substrate [63,67]. Our 

laboratory has also previously established that adverse atrial remodelling and AF vulnerability with AR 

requires tumour necrosis factor (TNF), a profibrotic and proinflammatory cytokine, providing a mechanistic 

link between elevated atrial stretch, adverse remodelling and AF susceptibility associated with CVD [68]. 

1.4.3 AF Comorbidities and Prognosis Impact 

 

 Although AF patients generally survive the arrhythmia, the accompanying comorbidities and 

complications, including HF, MI, stroke, dementia and possibly cancer, considerably increase mortality 

risk. HF and AF appear to have a bidirectional relationship, whereby 37% of the FHS participants with new 

AF onset had previously been diagnosed with HF [36]. Vice versa, 57% of participants with HF had pre-

existing AF. The most common pathological feature for both surrounds LA vulnerability; AF episodes 

involve an irregular heart rate (HR), shortened diastole and unsynchronized atrial contractions, causing 

reduced cardiac output and contributing to HF development [42]. Long-term, both can result in 

cardiomyopathy that promotes LV dysfunction and can increase the presence of diffuse fibrosis and 

cardiomyocyte apoptosis [69]. MI and AF are also closely associated, whereby fibrillatory episodes may 

directly cause type 2 MI through insufficient coronary perfusion [70]. Most notably, AF is associated with 

a 4 to 5-fold increased stroke risk, such that thrombus formation and stroke result from AF-mediated atrial 

fibrosis [71], enlargement [72] and alterations in blood flow [67].  



10 

 

1.5 Atrial Fibrillation Pathogenesis 

 Accepting the multiple wavelet theory, ectopic foci from the pulmonary veins and coronary sinus 

myocardium are widely recognized as the site for AF initiation by interrupting sinus rhythm and promoting 

re-entrant events when kindled [8]. As a result, cardiac excitability will vary from cell-to-cell during 

fibrillation: some fibres are refractory, others almost fully recovered and few conduct impulses at slow 

velocities. Consequently, APs propagate in multiple wavelengths, re-enter excitable tissue and become self-

sustaining. Studies regarding chronic AF patients and animal models also show significantly shorter and 

more triangular-shaped atrial APs than those in sinus rhythm [11,73]. Furthermore, atrial extrasystoles or 

electrical stimulation can induce AF in remodelled atria, with prolonged and frequent episodes causing 

more pronounced remodelling and increased AF vulnerability such that AF begets AF [74].  

1.5.1 Electrical Remodelling  

 

 AF-related electrical remodelling is highly complex, yet the most well-established phenomenon 

involves the downregulation of L-type Ca2+ channels along with its corresponding mRNA and proteins. ICa 

reductions are understood to occur irrespective of the underlying AF cause [11] and act as the primary 

mechanism for APD shortening in chronic AF. Other studies have also observed Kir2.1 upregulation, the 

main channel protein of IK1 [75], along with constitutively active components of the IK,ACh channel 

(Kir3.1/3.4) that typically has weak currents in sinus rhythm [76]. Moreover, a recent study indicated that 

cholinergic M1 receptors are simultaneously upregulated, further activating IK,Ach and thereby shortening 

atrial repolarization [77]. Ito downregulation has also been reported in chronic AF [11], as reflected in the 

widening of early atrial repolarization. Lastly, abnormal intracellular Ca2+ handling seen in severe AF 

patients can increase the open probability of the SR ryanodine receptors, resulting in more frequent Ca2+  

release from the intracellular store [78]. Increased cytosolic Ca2+ can then enhance the frequency of 

spontaneous depolarization via INCX, contributing to triggered activity in AF [79].  

 Connexins (Cx)- proteins that form hemichannels and ensure functional syncytium at intercalated 

disks- can also become dysfunctional with AF, including abnormalities in expression, function and 

localization [80]. For example, Cx43 and Cx40 are either ubiquitously expressed in cardiac tissue or 

primarily found in the atria, respectively. Atrial tissues of paroxysmal AF patients show reduced Cx40 

distribution, while persistent AF patients demonstrate severe reductions in Cx40 immunostaining [81]. 

Goats with AF-induced atrial remodelling also demonstrate considerable increases in Cx40 distribution 

heterogeneity and relocalization to the lateral margins [82]. Together, these alternations can impair 

electrical propagation and promote re-entry circuits.   
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1.5.2 Structural Remodelling  

 

 Although AF is fundamentally an electrical phenomenon, the atria of patients also demonstrate 

profound changes in tissue structure, characterized primarily by hypertrophy [83], fibrosis [84] and 

inflammation [85], collectively promoting AF.  

1.5.2.1 Atrial Hypertrophy  

 Atrial hypertrophy is often considered a precursor to AF onset and develops in response to pressure 

and volume overload from physiological stimuli, such as exercise and pregnancy, or pathological stimuli, 

including left ventricular dysfunction, systemic hypertension and valvular disease [67]. While acute atrial 

overload can cause transient electrophysiological changes, chronic exposure leads to sustained atrial stretch 

[86] that can exacerbate AF risk [87]. For instance, Fraser and Turner [88] reported the degree of atrial 

dilation correlated with AF incidence, and Henry et al. [89] showed that AF was rare (3%) when the left 

atrial diameter was less than 40 mm, but common (54%) when exceeding 40 mm in patients with valvular 

disease. The FHS also revealed every 5 mm elevation in LA diameter increased AF risk by 39% [56] and 

LA size is reported to predict AF, even following age, sex and CVD adjustment [90].  

 The effect of acute and chronic overload on AF vulnerability has also been studied in several animal 

models. In Langendorff-perfused rabbit hearts, acute increases in atrial pressure caused ERP and APD 

shortening leading to increased AF inducibility that dissipated within 3 minutes following pressure release 

[91]. Cellularly, stretch-activated ion channels (SACs) have been implicated in the cardiomyocyte 

mechanoelectrical response to overload and is linked to conduction slowing [92], heterogeneity [93] and 

increased pulmonary vein activation rates [94], providing the optimal substrate for re-entrant events. 

Moreover, animal models have demonstrated that chronic atrial overload increases AF stability through 

increased conduction heterogeneity, rather than AERP shortening [95], linked to fibrosis [96] and possibly 

immune remodelling [97]. Moreover, due to high atrial compliance [98], the response to chronic overload 

is thought to disproportionately effect the atria compared to the ventricles.  

1.5.2.2 Atrial Fibrosis  

 In this regard, cardiac fibrosis results from an accumulation of the extracellular matrix (ECM)- the 

three-dimensional elastic network of collagen fibers and non-structural proteins that embed 

cardiomyocytes, fibroblasts, immune cells and vessels- i.e., the scaffold of the healthy heart. Atrial fibrosis 

is observed in biopsies from AF patients [99] and classified as a primary determinant in AF development 

and reoccurrence [84]. Notably, atrial fibrosis is reported to have limited reversibility [100], making 

preventative strategies crucial.                                                          
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 In the normal myocardium, perimysial fibrous tissue separates myocyte bundles, while endomysial 

fibrous tissue surrounds individual myocytes. These structures are composed of type I and type III collagen, 

serving primarily to reinforce myocardial stiffness [101] and coordinate contraction [102]. In contrast, 

excessive fibrotic remodelling is characterized by an increase in fiber separation via elevated deposition of 

type I collagen bundles [103]. Historically, there are two forms of cardiac fibrosis: reparative, also called 

replacement fibrosis, and reactive, also called diffuse myocardial fibrosis (Figure 1.3 top panel). 

Reparative fibrosis occurs following tissue damage and cardiomyocyte death as evidenced through 

profound collagen deposition replacing the myocardium [104]. During the acute injury phase, inhibition of 

the reparative fibrotic pathway leads to local rupture and increased mortality [105]. In contrast, reactive 

fibrosis describes diffuse collagen deposition and cross-linking in pericapsular and interstitial areas that 

occur in chronic cardiac conditions [106].                                                                                                               

 To understand fibrosis-related AF pathology, anisotropic myocardial conduction must first be 

defined. Wavefront propagation requires a cell supplying adequate current to depolarize itself and charge 

the neighbouring tissue capacitance. Normal atrial conduction exhibits uniform anisotropy, wherein 

propagation occurs rapidly in one direction (longitudinal) and slower in another (transverse). 

Discontinuities in the cellular interconnections increase unidirectional conduction slowing caused by 

increased membrane resistance between cells [107] (Figure 1.3 bottom panel). For example, interstitial 

fibrosis predominantly separates longitudinal cellular bundles, resulting in decreased transverse conduction 

[108]. The loss of side-to-side fiber connection then causes microstructural disturbances that result in 

dissociated, non-uniform conduction with longer propagation periods and complex “zig-zag” patterns due 

to the alternative route the waves must travel [109]. Together, these changes can lead to unidirectional 

conduction block, creating the excitable gap required for a re-entrant circuit [7].                                           

 Cellularly, cardiac fibrosis can involve the activation of numerous signalling pathways, including 

the renin-angiotensin-aldosterone system (RAAS) and tumour transforming growth factor β (TGF- β) [110]. 

In brief, RAAS primarily controls haemodynamic stability through regulation of fluid volume, salt balance 

and blood pressure. Angiotensin II (Ang II), a component of RAAS, interacts with the type 1 angiotensin 

receptor (AT1-R) and stimulates mitogen-activated protein kinase, regulating gene transcription of factors 

involved in elevated ECM protein production [111]. Additionally, TGF-β is one of the strongest stimulators 

of collagen synthesis by cardiac fibroblasts and exerts its effect through binding to specific receptors 

expressed on all cell types, causing a phosphorylation cascade in which the inactive Smad 2 and 3 proteins 

form a Smad complex [112]. Smad complexes then translocate to the cell nucleus and induces fibrosis-

related gene expression. Notably, murine models have demonstrated that increased and prolonged TGF-β 

expression leads to atrial-specific elevated fibrosis content that does not extend to the ventricles [113].       
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Figure 1.3. Cardiac Fibrosis Types and the Effects on Anisotropic Conduction. There are two 

fibrotic tissue types in comparison to the extracellular matrix in a healthy heart (top left). Replacement/reparative 

fibrosis is classified as collagen-based scarring that replaces dying cardiomyocytes (top middle). In contrast, 

reactive/diffuse myocardial fibrosis manifests as cross-linked collagen deposition in pericapsular and interstitial areas 

(top right). Both types alter cardiac anisotropic conduction, but to varying degrees. As such, uniform anisotropic 

conduction in a healthy muscle bundle demonstrates longitudinal and transverse conduction between cells, as indicated 

by the arrows, and is facilitated by gap junctions (middle panel). Due to the naturally elongated shape of 

cardiomyocytes, an impulse propagating in the transverse direction will encounter more gap junctions (i.e., resistors) 

compared to an equivalent distance in the longitudinal direction, slowing conduction. Conversely, non-uniform 

anisotropic conduction occurs when there is increased connective tissue that disrupts connections such that 

propagation occurs only where myocardial regions can penetrate the large amount of collagen (bottom panel). In the 

above example, transverse conduction is considerably impacted. Each cardiomyocyte bundle in the bottom panels 

contains 12 cells labelled A to L for reference. Figure based on Schimmel et al. [106] and Anter [114] and assembled 

using BioRender.                                                                                                                      
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1.5.2.3 Atrial Inflammation 

 AF precipitation and progression also involves considerable immune remodelling regarding cell 

recruitment and activation [115], yet the precise mechanisms remain speculative. Some studies suggest that 

inflammation-related conditions, including hypertension, obesity and obstructive sleep apnea, can increase 

the release of pathogen-associated molecular patterns and (or) damage-associated molecular patterns, 

invoking an immune response [116]. For instance, studies have reported markedly increased CD45+ 

infiltration, a common marker of all inflammatory cells, in the atria of AF patients compared to those with 

sinus rhythm [117]. Additionally, atrial rapid and irregular electrical activity is reported to cause 

intracellular Ca2+ overload and oxidative stress, promoting resident immune cell activation and cytokine 

release [118]. For example, inflammatory cytokine factors, including C-reactive protein (CRP), TNF, 

interleukin (IL) IL-1β, IL-6 and soluble TNF receptors are commonly released during AF [119]. Moreover, 

these cytokines can promote changes in numerous cardiac cell types, playing an important role in the overall 

biochemical and structural changes observed with AF [120]. In particular, animal studies have demonstrated 

changed proportions of cardiac immune cells, primarily with increased macrophages, during AF onset and 

maintenance [121]. Moreover, CRP received attention as an inflammatory marker and several studies have 

shown a positive correlation between CRP and AF, arrhythmia duration and LA dimensions [121,122]. 

Additionally, TNF can disrupt the intracellular Ca2+ homeostasis in atrial myocytes by repressing SR Ca-

ATPases (SERCA2a) expression [124] and promoting atrial fibrosis through TGF-β signalling activation 

(Liew et al., 2013). TNF also promotes contractile dysfunction, fibroblast activity and cardiomyocyte 

hypertrophy [7,124] wherein TNF LA levels directly correlated with LA size in AF patients [126]. 

Macrophages are also major sources of TGF-β1 during the fibrotic process and can induce fibroblast 

transdifferentiation to myofibroblasts [127]. Thus, there seems to be a positive feedback loop between 

immune and electrophysiological remodelling, which is pivotal in AF substrate development and 

maintenance.   

 1.6 The Relationship Between Physical Activity, Excessive Endurance Training and AF 

 Regular physical activity (PA) is essential to a healthy lifestyle and provides numerous benefits, 

including improved energy economy, mental health and overall quality of life [128]. As such, most 

international guidelines recommend 150 minutes of moderate exercise or 75 minutes of vigorous PA per 

week [129]. These guidelines not only lower the risk for metabolic disorders [130], selected cancers [131] 

and CVD [132], but also independently reduce AF burden with a 45% lower all-cause mortality risk 

compared to inactive patients [133]. Nevertheless, recent studies have reported a dichotomous effect of 

exercise with the age-dependent incidence of AF, wherein risk is greater for individuals partaking in 
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excessive and strenuous exercise, particularly with endurance sports such as swimming, cycling, running 

and cross-country skiing [134]. Moreover, numerous studies suggest that the relationship between 

endurance exercise and AF risk is not linear, but rather J-shaped [135] (Figure 1.4). 

 Coelho and colleagues [136] were the first to document the association between endurance training 

and AF, whereby 26% of athletes presented with paroxysmal AF and had reproducible arrhythmia 

inducibility with programmed stimulation and exercise. Mont et al. [137] then conducted a retrospective 

analysis by reviewing lone AF patient records- a subclassification previously used to describe AF without 

pre-existing comorbidities- and observed 63% (44/70) engaged in long-term sports practice compared to 

the general population. In agreement, Myrstad et al. [138] found that older Norwegian men with a history 

of endurance sport practice had elevated AF incidence to a degree comparable with cardiovascular-diseased 

patients. Critically, as more and more professional athletes engage in extreme endurance training for up to 

4-6 hours each day, 6 days per week, for several months without sufficient (if any) scheduled days of 

appropriate recovery [139], understanding the role of exercise dose in cardiac responses and AF 

susceptibility is crucial. 

 Notably, the relationship between excessive endurance training and AF appears to depend on 

exercise parameters, including intensity, duration, frequency and cumulative dose. For example, Gerche 

and Schmied [140] concluded that low-intensity exercise reduced AF risk, whereas moderate and high-

intensity gradually increased AF prevalence. Andersen et al. [141] then assessed arrhythmia prevalence in 

cross-country skiers (n>52,000), revealing a positive association between AF and the number of completed 

races (i.e., total cumulative dose), increasing with prolonged race durations. Another study also found that 

>1500 total hours of aerobic-dominated exercise caused increased AF risk [142] and Aizer et al. [143] 

identified that AF incidence correlated with the frequency of jogging bouts per week. Lastly, Jin et al. [144] 

found that >17 MET hours per week demonstrated increased AF prevalence. Together, available data thus 

suggests that the type (endurance), intensity, duration, frequency and total dose of PA may play a crucial 

role in AF precipitation and maintenance.  

 Also important to note is that although there is some controversy surrounding the relationship 

between professional endurance athletes and increased AF risk, with studies reporting conflicting results 

[144,145], these differences primarily arise from research design [147]: most are case-controlled, possess 

poor methodological quality (not prospective and randomized) and characterized by considerable 

heterogeneity in PA reporting, involving mainly questionnaires. Thus, in this present study, a swimming 

mouse model will be used whereby workload is internally quantified through oxygen consumption (VO2), 

with the primary aim to observe whether endurance training predisposes AF while determining its 

dependability on varying exercise dose.  
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Figure 1.4. J-shaped Dose-Response Curve Between Atrial Fibrillation Risk and Physical Activity. 
Beyond guideline amounts (150 minutes of moderate-intensity or 75 minutes of vigorous-intensity per week), 

excessive exercise levels (e.g., vigorous endurance training) can result in an increased atrial fibrillation (AF) risk. The 

echocardiogram examples demonstrate the progressive cardiac remodelling from a typical sedentary subject (left), 

leisure-time athlete (middle) and professional cyclist (right). The physiological benefits of regular, moderate exercise 

(middle) and the proposed pathological mechanisms of inactivity (left) and excessive exercise (right) are also 

presented. The shaded area denotes the variance in AF risk caused by individual differences in age, sex, type of 

physical activity and genetic predisposition. Note, there are also research caveats relating to sample size, a variety of 

trial designs and small participant numbers at the highest of activity levels (far right). Figure based on Buckley et al. 

[135] and created using BioRender. Copyright©2013, Oxford University Press regarding the echocardiogram images 

[140]. 

 

1.7 Potential AF Pathophysiology in Endurance Athletes  

 Characteristics of AF in athletes often include patients <60 that excessively engaged in endurance 

sports and do not exhibit the common modifiable risk factors [148]. However, the underlying pathological 

mechanisms of AF in trained athletes remain unclear. Regular exercise promotes structural, functional and 

electrical remodelling, often termed the athlete's heart [149], and the phenotypic changes, and possible 

maladaptive alterations proposed in the literature, will now be discussed.  

1.7.1 The Athlete’s Heart Phenotype 

 

 Cardiac exercise adaptations have been systematically defined and are conditioning-type 

dependent: endurance training (sometimes described as isotonic, dynamic or aerobic) includes activities 

such as marathon running and swimming, while strength training (also referred to as isometric, static or 

anaerobic) includes weightlifting and wrestling [150]. Furthermore, there are combined endurance and 
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strength-related activities, including cycling and rowing, with most athletic disciplines possessing some 

overlap in conditioning modes [151]. Nonetheless, endurance training is associated with sustained 

elevations in cardiac output (CO) and VO2, independent of increased peripheral vascular resistance [152]. 

Moreover, VO2 is intrinsically dependent on CO: the product of stroke volume (SV) and HR. With each 

exercise bout, volume overload imposes substantial physiological and metabolic demand on the heart, 

causing transient modulation of CO [153] while chronically prompting complex dose-dependent 

adaptations of the cardiovascular system [153,154].  

1.7.1.1 Cardiac Chamber Morphology and Function 

 

 Cardiac dimensional alterations associated with athletic endurance training are well documented 

using echocardiographic and magnetic resonance imaging [156]. The first study investigating the athlete 

heart was by Morganroth et al. [157], who described endurance athletes possessing eccentric LV 

hypertrophy, characterized by an increased LV internal dimension and mass, with minor changes in wall 

thickness. Similarly, right ventricular (RV) remodelling is documented in endurance athletes [158] and 

demonstrates an increased RV:LV ratio [159], supporting the concept that the right chambers are more 

sensitive to volume overload due to lower resting pressures and thinner walls [160]. Concomitantly, 

functional changes also occur, characterized by reductions in LV ejection fraction (EF) [161] and fractional 

shortening (FS) [161,162] at rest. The observation of depressed LV function in these athletes is a geometric 

consequence of ventricular dilation with concomitant eccentric hypertrophy [163]. As such, reduced preload 

states (such as rest) will demonstrate misleading impaired function as the LV is adapted to high CO with 

chronic aerobic exercise. Thus, although ventricular function may appear depressed at rest, LV dynamics 

are instead markedly improved in trained athletes, made evident during exercise bouts. Work by Fagard et 

al. [152] supports this interpretation as they studied marathon runners completing cycling ergometry and 

demonstrated elevated FS during cycling with faster ventricular relaxation than non-athletes. These 

observations also contribute to the higher SV and contractile reserves commonly seen in trained athletes 

during exercise [152]. To determine whether similar ventricular adaptations occur in swim-trained mice, 

this study will utilize echocardiography, ventricular weights normalized to body weight and tibia length as 

well as non-invasive hemodynamics with dobutamine to assess ventricular morphology and function. 

 Strikingly, chamber enlargement with endurance training is not ventricle-specific but extends to the 

atria. In fact, LA enlargement is the echocardiographic parameter most associated with AF risk in athletes 

[164] and is supported by similar findings in hypertensive, obese and HF patients [165]. In this regard, 

Hauser et al. [166] first described atrial enlargement in a small group of marathon runners, with similar 

increases subsequently observed in veteran athletes [167]. Pelliccia et al. [168] then demonstrated LA 

enlargement in a sizeable athlete population (n=1777), and Oxborough et al. [159] identified a large, 
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indexed LA volume in 90 of the 102 endurance-trained participants, with values well above the American 

Society of Echocardiography’s normal range [169].   

 Mechanistically, there are considerable atrial volume challenges during strenuous endurance 

exercise (i.e., in response to hemodynamic and metabolic demand) that can activate the aforementioned 

remodelling pathways related to atrial stretch and hypertrophy [170]. Interestingly, ventricular dimensions 

in veteran athletes return to typical age-associated ranges years after training cessation, yet LA hypertrophy 

appears to persist [167] and contribute to AF precipitation by providing an extended path length that 

promotes re-entry. Thus, atrial stretch to volume overload may provide another mechanism for increased 

AF vulnerability in endurance athletes. Due to the exceedingly difficult task of atrial echocardiographic 

imaging in mice, this study will use atrial weight relative to body weight and tibia length as an index of 

hypertrophy to assess its role in training-induced AF risk. 

1.7.1.2 Sinus Bradycardia 

 

 Similar to cardiac morphology and function, common ECG patterns are observed with endurance 

training, including sinus bradycardia and conduction delays [171]. Specifically, sinus bradycardia, or 

reduced resting HR <60 bpm, occurs in up to 90% of elite endurance athletes [172], and is suggested to 

involve increased parasympathetic and possibly decreased sympathetic tone [147]. Moreover, these 

reductions are thought to persist for up to 10 years following athletic training termination [173].  

 Enhanced vagal tone can modulate AF risk based on findings that sleeping and eating represent the 

most common periods for arrhythmia events in athletes (i.e., when the parasympathetic system is highly 

active) [173,174]. Mechanistically, increased vagal activity can shorten the atrial refractory period and 

enhance spatially heterogeneous APDs through activation of IK,Ach channels, thereby reducing the excitation 

wavelength and facilitating re-entry [7]. Furthermore, there is an atrial gradient of IK, ACh current that, when 

combined with the heterogeneous distribution of parasympathetic ganglia, may augment the dispersion of 

atrial refractoriness [176]. In addition to increased vagal tone, some pharmacological studies also suggest 

an intrinsic slowing of the SAN firing rate in athletes [177]. However, as previously mentioned, IK, ACh can 

hyperpolarize the SAN, which decreases the pacemaker pre-potential slope and may explain those findings 

[176]. Thus, our present study will assess autonomic tone and HR slowing using atropine and propranolol 

administration to pharmacologically block cardiac autonomic modulation, with HRs derived from surface 

electrocardiography. If autonomics mediate bradycardia, the pharmacological blockade will alleviate HR 

slowing. AF inducibility will also be assessed in the presence and absence of parasympathetic inhibition 

using atropine to determine the role of vagal tone. 
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1.7.2 Skeletal Muscle Mitochondrial Adaptations 

 Coinciding with cardiac remodelling observed following endurance training, skeletal muscle 

adaptations also occur, and these muscles together account for 85-95% of the CO distribution and oxygen 

delivery during maximal exercise effort [178]. In this regard, skeletal muscle mitochondria are responsible 

for oxidizing nutrient substrates and generating ATP in working muscle to meet the energetic demands of 

exercise. The efficiency of skeletal muscle function and overall physical performance is thus determined 

by mitochondrial function (i.e., the culmination of content, structure and respiration) [179]. In the 1960s, 

John Holloszy pioneered the concept of exercise-induced mitochondrial biogenesis [180], whereby training 

adaptations can elicit steady-state improvements in protein abundance [181], mitochondrial content [182] 

and functional adjustments such as enhanced mitochondrial respiratory [183]. Moreover, training promotes 

several highly coordinated adaptive processes, including mitochondrial fission and fusion [184], involving 

the degradation of damaged and dysfunctional mitochondria (i.e., mitophagy) for improved overall quality 

[185]. In this regard, there is some evidence to suggest that excessive exercise training in humans causes 

mitochondrial impairment effecting metabolic activity [186]. Thus, determining the relationship between 

exercise dose and skeletal muscle mitochondrial remodelling, would provide important insights into 

changes that occur outside of cardiac tissue in response to prolonged strenuous exercise, and will be 

assessed by measuring cytochrome c oxidase (COX) activity in the tibialis anterior and gastrocnemius 

muscle. 

1.7.3 Atrial Fibrosis and Inflammation  

 In contrast to the predominantly beneficial adaptations of endurance sports mentioned above, 

strenuous exercise has also been linked to reductions in cardiac function and the release of biomarkers 

associated with cardiomyocyte stress with exhaustive bouts. For example, during extreme endurance 

exercise (such as participating in ultramarathons), considerable cardiac work is performed to cope with the 

increasing demands for oxygen and nutrients, along with elevations in core body temperature, altered pH, 

increased catecholamines, mechanical work and elevated reactive oxygen species. As such, human studies 

[187] and meta-analyses [188] have found elevated cardiac troponin I and T (cTnI and cTnT) levels 

following prolonged exercise, which represent markers of cellular damage [188]. Although cTn kinetics 

post-exercise remain considerably smaller than those seen following myocardial infarction [187], these 

changes could suggest that unlike the adaptive responses of the athlete’s heart phenotype (ventricular 

dilation, hypertrophy and bradycardia), there may also be adverse responses with chronic strenuous 

exercise.  

 Over the last decade, fibrosis and inflammation were speculated to contribute to AF in athletes, as 

shown in both rodent models and humans [85]. For example, our laboratory previously observed increased 
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atrial collagen deposition in 6 week swim-trained mice that behaved as AF substrate [189]. Benito et al. 

[190] similarly found evidence of myocardial fibrosis in rodents undergoing high volumes of endurance 

training, and human studies, although limited, have detected increased atrial fibrosis in elite athletes by late 

gadolinium-enhancement magnetic resonance imaging [191]. In this study, both atrial and ventricular 

collagen deposition will be quantified using a histological approach of staining cardiac sections with 

picrosirius red to assess the role of fibrosis in athletes developing AF. 

 Furthermore, given the close relationship between atrial fibrosis and inflammation, the immune 

response to chronic strenuous exercise may also contribute to AF precipitation in endurance athletes. Each 

exercise bout leads to a robust inflammatory response characterized by leukocyte mobilization and 

increased circulating inflammatory mediators produced by immune cells or active muscle tissue directly 

[192]. Depending on the type, duration and familiarity of the exercise [192,193], the release of 

proinflammatory cytokines (TNF, IL-1β and IL-6) and subsequent anti-inflammatory or regulatory 

cytokines (IL-4, IL-10 and IL-13) will vary. In this regard, regular PA is regarded as a long-term anti-

inflammatory therapy, after the acute increases in proinflammatory cytokines are resolved [195], and may 

be vital following exercise as apart of the reparative and adaptative response [196]. However, high-intensity 

and prolonged exercise bouts appear to exacerbate this response, somewhat resembling a pathological state 

(or a more extreme manifestation of a physiological response). For example, white blood cells are reported 

to increase immediately after intensive exercise (>75% VO2max), without alteration following moderate 

exercise [197]. Interestingly, our laboratory previously found no change in mast cells or neutrophils acutely 

(2 days) or after 6 weeks of swim training mice, whereas Mac-3-positive macrophage/monocyte numbers 

were significantly increased after 6 weeks [189]. In particular, macrophages are known to play a critical 

role in tissue repair by releasing proinflammatory cytokines and growth factors, such as TNF, fibroblast 

growth factor (FGF) and TGFβ1 [198], with mechanical stretch reported to cause atrial macrophage 

infiltration in rodent models [199]. Importantly, Ulven et al. [200] found that pro-inflammatory TNF was 

only stimulated by intense endurance exercise lasting more than 1 hour, and Moldoveanu et al. [194] 

reported increased TNF after three 2-3 hour moderate bouts of cycling, yet no change was found after a 

single 45 min moderate bout or one 5 min intense bout. These findings suggest duration plays an important 

role in regulating the immune response TNF release. Here, inflammation will be assessed using an 

immunohistochemical approach by staining cardiac sections with F4-80, a known marker for macrophages.  

1.8 Synopsis and Hypothesis 

 Endurance exercise imposes volume overload on cardiac chambers, while longstanding training 

prompts complex adaptations, including physiological ventricular hypertrophy, sinus bradycardia and 

enhanced performance [201]. However, it remains disputable whether excessive exercise results in adverse 

remodelling that increase AF risk [136,152]. Regardless of its cause, atrial changes associated with AF 
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appear to include enlargement, electrophysiological dysregulation, inflammation and fibrosis [7], 

collectively termed remodelling. Nonetheless, many knowledge gaps remain concerning the specific 

pathophysiology for AF in endurance athletes and whether different training parameters variably influence 

vulnerability. Several studies have assessed AF dependence on training intensity [140], frequency [143], 

duration [202], cumulative lifetime dose [141] and (or) cardiorespiratory fitness [203]. However, a critical 

limitation involves the reliance on subjective self-reporting, making the conclusions controversial [147]. 

Accordingly, this study sought to directly investigate training-induced cardiac responses and AF risk using 

a mouse swim model, particularly regarding the effects of varying daily exercise dose.  

 I hypothesize that endurance training and AF vulnerability demonstrate a dose-dependent 

relationship, and the adverse remodelling underlying AF in swim-trained mice will depend on daily 

exercise dose. 

 Based on this hypothesis, the objectives of this study were: 

 

1) Develop a means for exercise quantification in swim mice. 

2) Characterize the dose-dependent relationship between daily training and AF. 

3) Investigate the pathophysiological mechanisms underlying AF in swim-trained mice who exercised 

at variable daily doses. 
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Chapter 2: Materials and Methods 

2.1 Experimental animals   

 CD1 male mice at six weeks of age (Charles River) were randomly assigned into four groups 

(sedentary controls or one of three swim groups). All mice were housed in identical environments and 

consumed the same ad-lib diets. All experimental procedures conformed to the Canadian Council on 

Animal Care standards. 

2.2 Swim Training Protocol  

 Swim training took place in tanks (3.1 gallons, 30 cm diameter and 16.5 cm water depth) filled 

with thermoneutral water (30-32°C) [204] and equipped with submersible pumps that generate circular 

currents (Figure 2.1). To quantify work and effort associated with daily exercise, we measured O2 

consumption rates (i.e., VO2) during swimming. Since CD1 mice intrinsically swim against water currents, 

we initially attempted to vary exercise dose by systematically altering flow rates from 10-20 L/min in the 

swim tanks. Unfortunately, our VO2 measurements revealed that after mice swim for greater than ~15 

minutes, they self-regulate their swimming effort by intermittently floating or moving toward the centre of 

the tank where the current is weaker (Figure 3.1). Figure 3.2 demonstrates features of this self-regulation 

behaviour during a typical swim recording from the first and last week of training. After placement in the 

water, the VO2 magnitudes rise quickly and typically peak around 9,500 L of O2/kg/hr, followed by a 

decline to a steady state level of 8,600 L of O2/kg/hr for the remaining duration of the swim during week 1. 

Interestingly, even with self-regulation, there appears to be some evidence of fatigue based on additional 

drops in VO2 beyond 90 minutes which predominately resolves by the final week of training. Also note the 

rise in achievable VO2 values for each group by the last week of swim training, possibly suggestive of 

exercise adaptation and observationally coinciding with improved engagement with the current throughout 

the swim. 

 Nonetheless, due to the difficulty in varying exercise intensity, we elected to study the effects of 

exercise dose on cardiac responses by altering the daily durations of the swims. Since we had previously 

shown that swimming mice for 90 minutes twice daily resulted in atrial-specific changes [189], we swam 

mice for either 120, 180 or 240 minutes per day (divided into two daily swims). The two daily swims were 

separated by a 4-hour rest period. Before exercise mice begin training, each group was acclimatized to the 

apparatus by completing an initial 30 minute swim session that increased by 10 minutes each day and 

progressed variably until reaching the target duration (Table 2.1). After acclimatization, mice swam twice 

daily for varying weeks so that each mouse achieved the same cumulative dose of exercise, as determined 

by the total O2 consumed (i.e., ~695 L of O2/kg) during swimming. As a result, mice exercising for 120 

minutes each day swam for nine weeks (i.e., ~90 swims) on average, while the 180 minute mice swam for 



24 

 

six weeks (~60 swims), and 240 minute mice swam for four and a half weeks (~45 swims). Sedentary 

control mice were also placed in water containers without current for 10 minutes twice daily for six weeks.   

 

 
Figure 2.1. Mouse Swimming Apparatus. CD1 mice swam against a 15 L/min current generated by a 

submersible pump. The water current prevented floating behaviors and mice swam in pairs to minimize dunking that 

occurs when three or more exercise together. Pairs either swam in a closed apparatus connected to the calorimetry 

system (Oxymax, Columbus Instruments, Columbus, OH, U.S.A) (left image) or in the ‘open air’ containers (right 

image). Upon session completion, mice dried under a heating lamp.  
 

 

Table 2.1. Acclimation Period for the Swim Duration Protocols. The training regimens are outlined in 

increasing order. For the 240 minute group, two acclimation swims were completed per day in week 2, with a four-

hour rest period in between. Training protocols were initiated the following day and carried out to the required 

termination point, depending on the exercise regimen. All duration groups swam in a water current of 15 L/min.  

Final: 120 

minutes/day 

  Monday  Tuesday Wednesday Thursday Friday  Saturday 

(rest) 

Sunday 

(rest) 

Week 1 30 min 40 min 50 min 60 min    

 

Final: 180 

minutes/day 

Monday Tuesday Wednesday Thursday Friday Saturday 

(rest) 

Sunday 

(rest) 

Week 1 30 min 40 min 50 min 60 min 70 min   

Week 2 80 min 90 min      

 

Final: 240 

minutes/day 

Monday Tuesday Wednesday Thursday Friday Saturday 

(rest) 

Sunday 

(rest) 

Week 1 30 min 40 min 50 min 60 min 70 min   

Week 2 80 min 

90 min 

100 min 

110 min 

120 min     
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2.3 O2 Measurements 

 Concerning respirometry, a modified Oxymax system (Oxymax, Columbus Instruments, 

Columbus, OH, USA) measured %O2 in a closed swim container at a sampling rate of 0.2 Hz (5 seconds). 

The inflow rate of room air was 4 L/min to assure %O2 remained within the range of the Oxymax sensors 

(19.3% to 21.5% O2) throughout the swim period. To calculate VO2, we assumed changes in oxygen content 

were attributed exclusively to mice consumption while swimming. Therefore, VO2 equalled the 

atmospheric %O2 entering the swimming apparatus (inflow) minus the %O2 leaving (outflow), as outlined 

in the Appendix. Atmospheric %O2 was set at 20.95% during the initial calibration process, as the manual 

instructs. Lastly, to determine the volume of O2 consumed for estimating energy expenditure (ml of 

O2/kg/hr), the fractions were multiplied by the inflow and outflow rates (L/min) and divided by the animal’s 

mass. Critical environmental conditions were also monitored and accounted for, including atmospheric 

pressure, humidity and temperature [204]. VO2 from each data point was corrected using %O2 calibration, 

pressure and humidity compensations and %O2 drift baselining. Please see the Appendix for a detailed 

breakdown. 

2.4 Echocardiography 

 A 1.5% isoflurane/oxygen mixture anesthetized the mice (with 3% induction) in the supine position. 

Core temperature was monitored using a rectal probe (THM 150, Indus Instruments, Webster, TX USA) 

and maintained between 36.9 and 37.3°C on a heating pad. We also regulated the respiratory rate between 

90 and 120 per min, and the heating pad contained built-in leads for ECG (lead II) gated acquisition. A 

depilatory cream removed the chest hair (Nair, Church and Dwight, Princeton, NJ, USA), and an acoustic 

coupling gel was applied (Aquasonic 100, Parker Laboratories Inc., Fairfield, NJ, USA). The Vevo 2100 

system (VisualSonics Inc., Toronto, On, Canada) produced the Transthoracic B-Mode and M-mode 

echocardiograph measurements and came equipped with ultrasonic linear transducer scanning heads, 

operating at 30 MHz. Indices were then assessed in the left ventricular (LV) long-axis view using M-mode. 

These measurements involved using the EKG function whereby cardiac cycle capture simultaneously 

occurred in the long-axis and was analyzed using the VisualSonics data analysis suite. 

2.5 Surface Electrocardiography with Pharmacological Blockade    

 Animals were maintained under minimal anesthesia in the supine position using a 1.5% 

isoflurane/oxygen mixture. Core temperature was monitored using a rectal probe and regulated between 

36.9 and 37.3°C. Surface electrocardiograms required sub-dermal platinum electrodes (F-E7, Grass 

Technologies, West Warwick, RI, USA) attached in a lead II arrangement and connected to a Gould ACQ-

7700 amplifier with the Ponemah Physiology Platform (P3) acquisition software (Data Sciences 
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International, New Brighton, MN, USA). Intraperitoneal administration of atropine sulphate (2 mg/kg BW) 

and propranolol hydrochloride (10 mg/kg BW) caused parasympathetic and sympathetic blockade, 

respectively. Drug preparation consisted of dissolving 0.0175 g of atropine sulphate (Sigma-Aldrich, 

Oakville, ON, Canada) and 0.0375 g of propranolol hydrochloride (Sigma-Aldrich, Oakville, ON, Canada) 

in 10 mL sterile 0.9% sodium chloride saline each. 5-minute stable recordings were made at the end of a 

20-minute stabilizing window (following injection) to determine the baseline, +atropine and +atropine and 

propranolol data. Heart rates were derived from the R-R interval and analyzed using the P3 software. 

2.6 Invasive Hemodynamics 

 After being anesthetized with isoflurane (3% induction and 1.5% maintenance), mice were supine 

positioned. A rectal probe also monitored core temperature for regulation between 36.9-37.3°C. Insertion 

of a 1F pressure-transducing catheter (Scisense, London, ON, Canada) into the right common carotid artery 

allowed guidance through the aorta into the left chambers for subsequent measurements. Data were acquired 

at 5000 Hz using the Scisense ADV500 control unit (Scisense, London, ON, Canada) with the 

Acqknowledge acquisition software (Biopic, Goleta, CA, USA). Additionally, a minimum equilibration 

period of 15 minutes preceded 5 minutes of baseline data acquisition. Inotropic reserve assessment involved 

intraperitoneal injection of dobutamine (100 μL, 1.5 mg/kg). Given the dobutamine half-life (2 minutes), 

there were 20 minutes between the administration and subsequent steady-state measurements for drug 

wash-out. 

2.7 In vivo Electrophysiology: Effective Refractory Period and AF Inducibility 

 A 1.5% isoflurane/oxygen mixture anesthetized the mice for intracardiac measurements. Core 

temperature was regulated using a rectal probe and maintained between 36.9 and 37.3°C. A small incision 

exposed the right jugular vein, and a 2F octopolar recording/stimulating catheter (CI’BER Mouse, Numed, 

Hopkinton, NY, USA) entered the right atrium and ventricle via the superior vena cava. Bipolar 

electrograms were acquired using a Gould ACQ-7700 amplifier with the P3 acquisition software (Data 

Sciences International, New Brighton, MN, USA). Each electrode ring is 0.5 mm in length and separated 

by 0.5 mm. His bundle depolarization represents an isoelectric potential between a P-wave and QRS 

complex. Catheter positioning required the largest bundle amplitude to appear on lead 34 for consistent 

placement between animals (Figure 2.3). A 15-minute stabilization period then preceded 

electrophysiological assessments. Stimulations started at a cycle length of 20 ms below the R-R interval 

and progressively increased to determine the voltage capture threshold. All subsequent measurements used 

a voltage magnitude of 1.5 times the capture threshold, with a 1 ms pulse duration. Short pulse durations 
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allow for precise point stimulations, as the size of the atria is small relative to the 0.5 mm platinum 

stimulation/recording rings.  

 The atrial effective refractory period (AERP) measurements involved a driving train (S1) of 7 

pulses delivered using leads 78 and 56 at 20 ms below the R-R interval, followed by an S2 coupling interval 

initially below capture (~15 ms) and increased by 5 ms increments until atrial capture with 1-2 ms 

reductions until loss of capture (Figure 2.4). 

 The AF inducibility protocols came from published work using burst pacing with intervals less than 

the effective atrial refractory in both trained and sedentary mice [189]. For arrhythmia induction, 27 pulses 

(of 1 ms duration) at 40 ms intervals were delivered to the right atrium or ventricle and reduced to 20 ms 

intervals by 2 ms decrements, repeated three times. If there were no arrhythmia events, 20 trains were 

applied every 1.5 s for 20 pulses (of 1 ms duration) with an interpulse interval of 20 ms. VF inducibility 

followed an identical protocol. Sustained arrhythmias meant reproducible episodes of rapid, chaotic and 

continuous atrial or ventricular activity lasting longer than 10 s (Figure 2.5).  
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Figure 2.3. Intracardiac 2F Electrophysiology Catheter Placement. The 2F EP Catheter (CI’BER Mouse, 

Numbed, Hopkinton, NY, U.S.A) was introduced through the right jugular vein, directed through the right atrium and 

positioned within the ventricle. The ventricular signal (QRS complex) progressively decreases from the distal (12) to 

proximal (78) leads, whereas the atrial signal (P wave) progressively increases. Leads 78 and 56 were used to stimulate 

the high and mid right atrium whereas Lead 12 was used to stimulate the right ventricle. Correct positioning was 

confirmed through observation of the His bundle in Lead 34 as shown on the right. Lead II represents a simultaneous 

surface ECG recording. The 8 catheter leads are 0.5 mm in length and separated by 0.5 mm between each platinum 

ring. LA, left atrium; RA, right atrium; LV, left ventricle; RV, right ventricle; SVC, superior vena cava; IVC, inferior 

vena cava. Based on Aschar-Sobbi et al. [189] and created using BioRender. 
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Figure 2.4. Atrial Effective Refractory Period (AERP) Measurements. Seven pulses were delivered at 1.5x 

voltage capture threshold to the high- and mid-atria via leads 78 and 56, respectively. Pulses were delivered at 20 ms 

below the R-R interval to control for heart rate (S1; red), followed by a premature stimulation (S2; blue) below atrial 

capture (15 ms). The S2 interval was then progressively increased by 5 ms until capture and decreased by 1-2 ms until 

reestablishment of capture loss. Capture results in a P-wave (PS2) prior to the S1-stimulated QRS (QRSS1) and indicates 

that the atria were not in refractory for S2 (top). Also note the successful propagation of the S2-stimulated P-wave 

(PS2) to the ventricles (QRSS2). In contrast, S2 coupling intervals, before full atrial recovery, fail to induce atrial 

activation and results in an S1-stimulated QRS complex (QRSS1) followed by a sinus P-wave. 
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Figure 2.5. Atrial Arrythmias Detection Using an Intracardiac 2F EP Catheter. Atrial arrythmia 

inducibility was assessed in the mid (Lead 56) and high right atria (Lead 78). Atrial fibrillation was confirmed by the 

absence of regular P-waves in atrial tracings, chaotic atrial activity and irregularly regular ventricular activation lasting 

at least 10 seconds. SR, sinus rhythm.  
 

2.8 Tissue Morphometry of Hearts 

 Intraperitoneal injection with 0.2-0.25 ml heparin (1000IU/ml, Leo Pharma, Thornhill, ON, 

Canada) preceded isolations to prevent blood clots. A 1.5% isoflurane/oxygen mixture anesthetized the 

mice, and the toe-pinch method ensured non-responsiveness. A midsternal incision from the abdomen to 

the chest opened the thorax for heart extraction. Removal of the pericardium and any other residual lung 

and connective tissue followed. Then, a small lining of adipose tissue guided incisions along the 

atrioventricular connective tissue until atria and ventricular separation. Tissues were blotted dry and 

subsequently weighed. The right hindlimb was also excised and stored in bleach to expose the tibia bone. 

Tibia lengths were determined using a calliper. 
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2.9 Histology and Immunohistological Staining   

 Hearts were isolated as described above, yet instead of immediate extraction, the inferior vena cava 

was severed and followed by heart perfusion through the apex using a 30G needle with 5 mL of 1% KCl in 

0.01 M PBS (arresting the heart in diastole) and 15 mL of 4% paraformaldehyde (PFA) in 0.01 M PBS 

(fixing the tissue). Once excised, the tissues were incubated in 35 mL of 4% PFA overnight. Three 1-hour 

PBS washes followed, and we subsequently cleaned and sliced the hearts to reveal the 4-chamber view. 

Individual samples were then placed in tissue processing cassettes and underwent sequential washes with 

increasing concentrations of ethanol (70%, 80%, 95%, 100% x2), xylene (xylene-ethanol, xylene x2) and 

paraffin at 60-70°C for embedding. Tissues were then sliced into 5 μm thin sections by the Toronto Centre 

of Phenogenomics (TCP), including at three levels, 100 μm apart. Lastly, deparaffinization involved a series 

of 5-minute xylene washes (xylene x2, xylene-ethanol), 5-minute ethanol washes (100% x2, 95%, 70% and 

50%) and 10 minutes of tap water. Then, histological staining for one hour using picrosirius red (PSR) 

occurred to quantify cardiac collagen deposition. Slides were washed in 0.5% acetic acid solution twice, 

dehydrated using a series of ethanol washes (95% x2 and 100% x2), underwent xylene washes (x3) and 

mounted with coverslips using Toluene (Fisher Scientific, Waltham, MA, USA). Brightfield laser scanning 

microscopy imaged the picrosirius red-stained tissue at the Advanced Optical Microscopy Facility (AOMF) 

in Toronto, Canada. PSR fluorescence properties includes absorption and emission at 550 nm and 635 nm, 

respectively. Data were then analyzed using ImageJ software with the threshold method, which exploits the 

brightness of collagen-stained tissue relative to background tissue, expressed as percentages relative to total 

tissue pixel counts (Figure 2.6). The analysis included the left atrial appendage, with interstitial and 

pericapsular collagen examined separately, and similar-sized sections of the left ventricular free wall for 

total collagen content. 

 We conducted immunohistochemical staining of macrophages using a rat anti-mouse primary F4-

80 antibody (BIO-RAD, Mississauga, ON, Canada) with secondary goat anti-rat 647 antibodies (Invitrogen, 

Burlington, ON, Canada). Resembling the PSR protocol, prepared slides were deparaffinized using three 

xylenes washes for 5 minutes each and rehydrated using a series of increasing alcohol concentrations (100% 

for 10 minutes 2x, then 95%, 70% and 50% for 5 minutes each). After rinsing with tap water for 10 minutes, 

heat-mediated antigen retrieval involved slides submerged in 10mM Na-citrate buffer with 0.05% Tween 

20 at pH 6.0 in a boiling pressure cooker. After pot pressurization, we counted 3 minutes and then indirectly 

washed the slides with tap water for 10 minutes. Three washes were then completed for 5 minutes each, 

using a wash buffer of 1000ml TBS (2.42g Tris base, 8g NaCl, 70 ml ddH2O) with 250 µl of Triton X-100 

at pH 7.6. Subsequently, we used a hydrophobic barrier pen to circle the three tissue slices per slide and 

incubated for 1.5 hours with blocking buffer (1% BSA with 0.3M glycine in TBS) to prevent non-specific 

binding. Three rinses using washing buffer at 5 minutes each followed, and sections were incubated in a 
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primary antibody cocktail consisting of 1:100 primary antibodies in TBS with 1% BSA and 0.025% Triton 

X-100 overnight at 4°C. With the three tissue slices, two were incubated with primary antibody and the 

other with blocking buffer to act as the negative control. Twelve hours later, slides were rinsed 3x for 5 

minutes with wash buffer and incubated with a 1:100 secondary antibody dilution containing WGA 

(staining the membrane) for 1 hour at room temperature. After three additional washes for 5 minutes each 

with wash buffer, slides were mounted with anti-fade DAPI-containing medium (Invitrogen, Burlington, 

ON, Canada) to stain cell nuclei. Confocal laser scanning microscopy imaged the F4-80, WGA and DAPI 

stained tissue at AMOF in Toronto, Canada. We counted total stained cells in the left atrial appendage, 

whereby only cells co-staining for DAPI and F4-80 were considered true macrophages. Moreover, we 

normalized macrophage counts to the total DAPI cell count. 
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Figure 2.6. The Threshold Method for Collagen Content Quantification. The fluorescent properties of 

picrosirius red (PSR) were exploited using confocal laser scanning microscopy at 20x objective. Using 

ImageJ software, collagen quantification involved selecting pixels of varying intensity using manual 

threshold adjustments for collagen specifically and whole tissue, as shown on the right. Calculation of 

fibrosis content required measuring pixel counts from collagen-stained regions, expressed as a percentage 

of total tissue apparent in the field of view. A minimum of five measurements were made for each tissue 

and averaged. The representative tissue shown is from the left atrial appendage of a 240 minute mouse. 

 

2.10 Cytochrome c oxidase activity 

 Cytochrome c oxidase (COX) activity acts as a mitochondrial content marker in muscle. As such, 

a portion (15-30 mg) of the tibialis anterior and gastrocnemius muscle were placed in COX enzyme 

extraction buffer (100 mM Na–K-Phosphate, 2 mM EDTA, at pH 7.2) on ice and diluted 40-fold separately. 

Tissues were then homogenized with stainless steel beads at 30 Hz using a TissueLyser II (Qiagen), 
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repeatedly lysed four times for 1 minute and sonicated three times for 3 seconds. A test solution containing 

20 mg of horse heart cytochrome c (C2506, MiliporeSigma) was subsequently prepared and incubated at 

30°C for 15 min. In a 96-well plate, we added 50 µl of whole muscle homogenates accordingly and 

dispensed 240 µl of the test solution into each well in the Citation 5 Bio-Tek Instrument plate reader. The 

maximal oxidation rate of cytochrome c was then spectrophotometrically assessed by examining 550 nm 

absorbance change at 30°C. The COX activity measurement for each is an average of eight trials. 

2.11 Statistical Analysis 

 Summary data are presented as Mean±SEM unless otherwise stated. Statistical assessments 

primarily included the unpaired student’s t-test, one-way ANOVA with Tukey’s multiple comparison test 

and linear regression analysis. Exceptions include a Fisher’s exact test for atrial arrhythmia data and a 

paired students t-test for pre- and post-atropine treatment. *P≤0.05 for significance with analyses performed 

using Prism or Microsoft Excel.  
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3.1 Abstract 

 Atrial fibrillation (AF) is a supraventricular tachyarrhythmia strongly associated with 

cardiovascular disease (CVD) and sedentary lifestyles. Despite the abundant benefits of regular exercise, 

AF incidence for professional endurance athletes is proportionate to patients with CVD. To assess the 

relationship between exercise dose and AF, we compared the effects of strenuous endurance training on 

mice by varying daily swim durations (120, 180 or 240 minutes). After receiving the same cumulative work 

associated with swimming (estimated from O2 consumption measurements), all swim-trained groups 

showed similar elevations (P<0.04) in skeletal muscle mitochondria content and ventricular hypertrophy 

(P<0.02). By contrast, inducible AF increased (P<0.04) progressively with daily exercise dose without 

markedly affecting atrial refractoriness (P>0.05). Also associated with an exercise dose dependency was 

bradycardia (P<0.0001) as well as atrial hypertrophy (P<0.003), fibrosis (P<0.0007) and macrophage 

accumulation (P<0.0001), that was not correspondingly observed in the ventricles. Our results demonstrate 

that prolonging daily swim exercise promotes progressively atrial-specific adverse remodelling, leading to 

increased AF susceptibility.   
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3.2 Introduction 

 International guidelines recommend 150 minutes of moderate physical activity (PA) or 75 minutes 

of vigorous exercise per week for optimal health outcomes [129]. The benefits of regular exercise are broad, 

ranging from reduced metabolic disorders [130], lower incidence of selected cancers [131] and improved 

cardiovascular health, even in patients with heart disease and cardiovascular-related conditions [132]. 

Nevertheless, some studies have reported that excessive exercise is associated with increased all-cause 

mortality risk, particularly in vulnerable populations [205], although these conclusions are disputed [206]. 

The dichotomous effects of exercise are also observed with the age-dependent incidence of atrial fibrillation 

(AF), wherein these arrhythmias are higher in elite endurance athletes [137] than with sedentary lifestyles 

[206,207]. Although the relationship between exercise and AF risk is complex [135], self-reporting has 

suggested that intensity [140], duration [202], frequency [143] and total dose [142] influence AF incidence. 

A definitive study in competitive cross-country skiers also found that AF tracked with performance and 

competition numbers (i.e., cumulative work) [141]. 

 The underlying electrophysiological basis for AF with high exercise levels remains unclear. 

However, atrial hypertrophy, reduced atrial refractoriness and enhanced vagal tone are hallmark features 

reported in endurance athletes [209] that are all linked to AF [210]. Another common feature of AF 

remodelling seen in patients suffering from cardiovascular disease (CVD) and poor cardiovascular health 

[211] is atrial fibrosis which has also been reported in veteran marathon runners [191] and rodent exercise 

models [188,189].    

To better understand the complicated dependence of AF on exercise, we compared the cardiac 

responses of mice undergoing swimming for 120, 180 or 240 minutes per day, split into two sessions. We 

performed comparisons after all the mice achieved the same total work during exercise as quantified by 

integrating the total O2 consumed during swimming. Our results establish that atrial arrhythmia inducibility 

increases progressively with daily swim dose, corresponding with elevations in vagal tone, hypertrophy, 

fibrosis and increased immune cell infiltration in the atria. By contrast, the ventricles underwent similar 

degrees of physiological remodelling without showing increased arrhythmia vulnerability. 

 

3.3. Methods 

Please find detailed methodologies described in Chapter 2. 
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3.4 Results  

3.4.1 Exercise Quantification                                                                                                 

  

 As CD1 mice intrinsically swim against water currents, we initially attempted to vary exercise 

intensity by altering the flow rates of the submerged water pumps (10-20 L/min). Unfortunately, VO2 

differed negligibly when water flow rates were varied (Figure 3.1), because mice self-regulate their effort 

after swimming for about 15 minutes (see Methods for additional details). Thus, to assess the cardiac 

responses to exercise dose, we elected to vary daily swim duration (i.e., 120, 180 or 240 minutes per day, 

divided into two sessions) against a fixed current (15 L/min). We also adjusted the number of swim sessions 

for each group so that all exercised mice performed the same cumulative effort associated with swimming 

(i.e., ~695 L of O2/kg, estimated by time integration of VO2 during swims). As shown in Figure 3.2, the 

mice achieved similar (P>0.11) total O2 consumption, whereby mice swam for 120 minutes per day for 

nine weeks (i.e., ~90 swim sessions), 180 minutes for six weeks (~60 swim sessions), or 240 minutes for 

only four and a half weeks (~45 swim sessions). Interestingly, the representative VO2 recordings during 

swimming revealed the VO2 levels are higher for all three swim groups in the final week of swimming 

compared to first week (Figure 3.3 A and B). Indeed, Figure 3.3 C shows the progressive increase in mean 

VO2 during swim sessions as a function of time (in weeks) for the swim groups. These results demonstrate 

progressive improvement in aerobic conditioning throughout swim training, with the mean VO2 rising more 

steeply as a function of the number of weeks, depending on the daily swim duration. Also note that the 

mean VO2 levels at the end of training were similar (P=0.36) between the swim groups, suggesting that the 

conditioning depended directly on the total time spent training. Consistent with this observation, the slope 

of the relationship between mean VO2 versus the total hours spent swimming did not differ (P=0.07) 

between the groups (Figure 3.3 D). 

 Unlike the swim-trained mice, the VO2 levels for control sedentary mice, who were placed into the 

tanks for only 10 minutes per session with no current (i.e., not exercising but rather floating), did not change 

over six weeks. Finally, it is worth noting that when mice enter the tanks, their VO2 consumption rises 

quickly and peaks within about 15 minutes, after which the VO2 declines steadily, suggesting possible 

progressive fatigue.   

 Consistent with the progressive improvements in conditioning of the mice associated with the time 

spent swimming, we found that the mitochondrial COX activity (per milligram of homogenates) in the 

tibialis anterior and gastrocnemius muscles increased (P<0.04) after swim training compared to controls 

(Figure 3.4). Additionally, no differences (P>0.1) in COX activity were observed between the exercised 

groups, which aligns with the results in Figure 3.3 showing similar mean VO2 levels at the end of the 

training period for all 3 swim groups.   
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Figure 3.1. Self Regulation Behaviour During Swimming. Pairs of mice were placed in a swim apparatus and 

O2 consumption (VO2) was measured using a modified calorimetry system (Oxymax, Columbus Instruments, 

Columbus, OH, U.S.A). Swimming behaviour was monitored, and mice swam against a water current provided by a 

submerged pump. All groups followed the 180 minute training protocol at currents of either 10, 15, or 20 L/min and 

VO2 was quantified periodically. Averaged VO2 for each water current revealed no differences between the groups 

throughout the training programme. The n values indicate the number of mice included. Data are Mean±SEM, 

*P<0.05 using two-way ANOVA with Tukey’s multiple comparisons tests. 
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Figure 3.2. Exercise Characterization using a Mouse Swim Model. Mice swam for either 60-, 90- or 120-

minute durations twice daily. In contrast, sedentary mice were placed in the swim containers for 10 minutes twice 

daily with no current. O2 consumption measurements occurred during swim sessions and were used for titration 

analysis to ensure each exercise group completed the same cumulative dose. The training was terminated when mice 

consumed ~695 L of O2/kg while swimming.  
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Figure 3.3. VO2 Measurements During Swimming For Different Durations Each Day. Pairs of mice 

swam against a water current in the swimming apparatus, exercise behaviour was monitored and O2 consumption 

(VO2) was measured using a modified calorimetry system. (A) Representative VO2 tracings from the first week of 

each swimming regime. (B) Representative VO2 tracings from the final week of each swimming regime. (C) Average 

VO2 for each duration swim group throughout the training programs. (D) Cumulative VO2 while swimming as a 

function of total hours of exercise. The n values indicate the number of mice included. Data are Mean±SEM. 
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Figure 3.4. Skeletal Muscle Mitochondrial Adaptation. Following swim training termination, skeletal muscle 

mitochondrial content was assessed using cytochrome c oxidase (COX) activity in (A/B) the gastrocnemius 

(GASTROC) and (C/D) tibialis anterior (TA), demonstrating significant elevations when swim-trained mice were 

pooled, yet no differences between swim groups or when sedentary mice were compared to individual swim groups. 

The n values indicate the number of mice included. Data presented as Mean±SEM, *P<0.05 using a one-way ANOVA 

with Tukey’s multiple comparisons tests (A/C) or Student’s t-test (B/D). 

 

3.4.2. Cardiac Adaptations in Swim-Trained Mice      

 As expected [212], HRs measured in anesthetized mice using surface electrocardiograms were 

reduced (P<0.0001) in all swim-trained mice compared to the non-exercised group (Table 3.1). Moreover, 

linear regression analyses revealed progressive reductions in HR [F(1,28) = 93.62, P<0.0001] as daily 

exercise durations increase (Figure 3.5 B). Since autonomic modulation is strongly linked to sinus 

bradycardia in endurance athletes [213], we examined the effects of parasympathetic and sympathetic 

autonomic nerve blockade on HR using atropine and propranolol, respectively (Figure 3.5 C). Consistent 

with the prominent role of vagal tone in HR reduction, atropine elevated HRs for all groups with the 

magnitude of increase (i.e., the atropine-sensitive change in HR) being more pronounced as the swim 

durations increased, as summarized in Figure 3.5 D and E. These results support the conclusion that the 
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HR reductions on daily swim duration is at least partially mediated by enhanced cardiac vagal activity. 

Interestingly, after atropine treatment, HR in the exercised mice remained lower (P<0.0001) for all swim 

groups compared to sedentary controls (ANOVA), with relatively small differences between the exercise 

groups (Figure 3.5 C). To assess whether the lower HRs in the atropine-treated exercised mice were related 

to differences in cardiac sympathetic inputs, mice were administered propranolol 20 minutes after the 

atropine treatment. Following complete autonomic blockade, no HR differences (P>0.4, one-way ANOVA) 

were observed between swim and sedentary mice (Figure 3.5 C). The effects of propranolol demonstrate 

that the HR reductions seen with swim training are mediated partially by decreased cardiac sympathetic 

activity, which is only marginally influenced by daily exercise dose. Moreover, the absence of HR 

differences after complete autonomic blockade establishes that HR changes with exercise are not associated 

with intrinsic SAN alterations, as previously suggested [177]. 

 

Table 3.1. Extended Surface Electrocardiogram Heart Rate Data.  

 sedentary 

(control) 

120 minute 

 (60min 2x) 

180 minute  

(90min 2x) 

240 minute  

(120min 2x) 

     

Electrocardiography n 10 6 7 7 

     

Bl (bpm) 550 ± 9 496 ± 16* 436 ± 9* # 421 ± 10* # 

Atr (bpm) 586 ± 10 531 ± 15* 528 ± 13* 500 ± 8* 

Atr + Pr (bpm) 434 ± 5 432 ± 5 434 ± 8 422 ± 5 

     
Bl, baseline; Atr, atropine; Pr, propranolol. The n values shown presents number of mice included. Data presented as 

Mean±SEM.  

*P<0.05, compared with controls using one-way ANOVA with Tukey’s multiple comparisons tests. 

#P<0.05, compared with 120-min swim mice using one-way ANOVA with Tukey’s multiple comparisons tests. 
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Figure 3.5. Effect of  Swim Training on Heart Rates (HRs) and Autonomic Regulation. HR reductions 

induced by endurance training are associated with cardiac autonomic modulation. Thus, we performed surface ECGs 

on anesthetized mice before and after atropine (Atr) and propranolol (Pr) administration. (A) Representative 0.2-

second ECGs at baseline (Bl) for the control and swim groups. (B) Linear regression analysis of resting HRs as a 

function of daily swim dose. (C) HRs before and after parasympathetic (atropine) and sympathetic blockade 

(propranolol). (D) Linear regression analysis following parasympathetic inhibition. (E) Change in HR from baseline 

to atropine administration. The n values in (E) indicate the number of mice used throughout the figure. Data are 

Mean±SEM., *P<0.05, **P<0.01, ***P<0.0001, using a one-way ANOVA with Tukey’s multiple comparisons tests 

and simple linear regression analysis.  
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 In addition to the dependence of HR on exercise dose, we also observed using linear regression 

analyses that ventricle-to-body weight ratios (i.e., VW/BW) increased [R2= 0.35, F(1,16)= 8.75, P<0.01] 

with daily swim durations (Table 3.2), like the mild physiological hypertrophy seen in endurance athletes 

[157]. However, the increases in VW/BW with exercise are relatively small and only reach significant 

increases (P=0.01, unpaired t-test) when comparing sedentary mice to pooled data from the exercised 

groups (Figure 3.6 A and B). Moreover, when ventricular weights were normalized to tibia lengths (i.e., 

VW/TL) there were no differences (P=0.12) between groups and a lack of an exercise dose dependency 

[R2= 0.14, F(1,16)= 2.67, P<0.12] (Figure 3.6 C and D). Nevertheless, echocardiography measurements 

in anesthetized mice revealed progressive increases (P<0.0001) in both LV end-systolic diameters 

[R2=0.49, F(1,61)=59.51] and LV end-diastolic diameters [R2=0.28, F(1,61)= 24.21] (Figure 3.7 A and B) 

using linear regression analyses. These changes in LV dimensions were also associated with a 

corresponding clear dose-dependent [R2=0.32, F(1,60)= 27.96, P<0.0001] reduction in LV wall thickness 

with exercise duration (Figure 3.7 C). Swim-trained mice also showed reductions (both P<0.0001) in 

fractional shortening (FS) and ejection fraction (EF) compared to the controls (Table 3.2), similar to that 

seen in athletes [214] and previously reported in exercised mice [189]. However, we observed no 

differences (P>0.52) between the swim groups using one-way ANOVA with Tukey’s multiple comparisons 

test, despite linear regression revealing an exercise dose dependency for both FS [R2=0.42, F(1,61)= 44.12, 

P<0.0001] and EF [R2=0.43, F(1,61)= 46.18, P<0.0001] (Figure 3.7 D and E). Moreover, in spite of 

reduced FS, the rate of LV pressure development, with or without dobutamine treatment, was the same 

(P>0.15) between exercised and sedentary mice (Table 3.3). 
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Table 3.2. Physical Ventricular Parameters of Mice Swim-Trained for Variable Daily Durations. 
 sedentary 

(control) 

120 minute 

(60min 2x) 

180 minute 

(90min 2x) 

240 minute 

(120min 2x) 

 

Body parameters n 

 

4 

 

6 

 

3 

 

5 

     

Body Weight (g) 42.6 ±1.5 40.2 ± 1.0 38.0 ± 1.7 38.8 ± 1.2 

Tibia Length (mm) 19.3 ± 0.09 19.6 ± 0.16 19.2 ± 0.3 19.3 ± 0.1 

Ventricle Weight (mg) 151.7 ± 5.7 169.6 ± 6.0 146.5 ± 3.5 173.1 ± 3.4 

Ventricle/Body Weight (mg/g) 3.6 ± 0.1 4.2 ± 0.2 3.9 ± 0.3 4.5 ± 0.2* 

Ventricle/Tibia Length 

(mg/mm) 

7.9 ± 0.3 8.7 ± 0.4 7.6 ± 0.1 9.0 ± 0.1 

     

Echocardiography n 12 13 17 22 

     

LVDd (mm) 4.28 ± 0.06 4.47 ± 0.05 4.56 ± 0.05* 4.60 ± 0.04* 

LVDs (mm) 2.69 ± 0.05 3.03 ± 0.04* 3.09 ± 0.03* 3.16 ± 0.04* 

EF (%) 67.4 ± 1.0 60.5 ± 0.8* 60.5 ± 0.6* 59.0 ± 0.8* 

FS (%) 37.2 ± 0.8 32.2 ± 0.56* 32.2 ± 0.4* 31.3 ± 0.5* 

LVPWTh (mm) 0.79 ± 0.01 0.77 ± 0.01 0.73 ± 0.01* 0.72 ± 0.01* 

HR (bpm) 534 ± 8 461 ± 10* 432 ± 5* 423 ± 11* 
     

LVDd, left ventricular diastolic diameter; LVDs, left ventricular systolic diameter; EF, ejection fraction; 

FS, fractional shortening; LVPWth, left ventricular posterior wall thickness; HR, heart rate. The n value 

shown presents number of mice included. Data presented as Mean±SEM. 

*P<0.05, compared with sedentary using one-way ANOVA with Tukey’s multiple comparisons tests. 
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Figure 3.6. Expanded Ventricular Morphometric Data. (A) Ventricular weight (VW) normalized to body 

weight (BW), and (B) the corresponding linear regression analysis as a function of daily swim dose. (C) VW 

normalized to tibia length (TL), and (D) the corresponding linear regression analysis as a function of daily swim dose. 

Data presented as Mean±SEM with *P<0.05, **P<0.01, ***P<0.0001 using an unpaired student’s t-test for A/B; n=3 

sedentary mice (black), n=6 120 minute mice (red), n=3 180 minute mice (pink) and n=5 240 minute mice (orange). 
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Figure 3.7. Linear Regression of Echocardiographic Measurements. (A) Left ventricular systolic diameter 

(LVDs), (B) left ventricular diastolic diameter (LVDd), (C) left ventricular posterior wall thickness (PWTh), (D) 

fractional shortening (FS) and (E) ejection fraction (EF). Data presented as Mean±SEM with ***P<0.0001; n=12 

sedentary mice (black), n=13 120 minute mice (red), n=17 180 minute mice (pink) and n=22 240 minute mice 

(orange). 

 

 

 

 

 



49 

 

 

Table 3.3. Functional Ventricular Parameters of Swim-Trained Mice.   
 sedentary 

(control) 

120 minute 

 (60min 2x) 

180 minute  

(90min 2x) 

240 minute  

(120min 2x) 

     

Hemodynamics n  3 3 4 3 

     

MAP (mmHg) 82.9 ± 7.7 77.5 ± 3.3 91.4 ± 6.8 93.4 ± 13.5 

LVPs (mmHg) 78.2 ± 7.1 72.5 ± 2.2 90.5 ± 6.2 92.0 ± 10.0 

LV +dP/dtmax (mmHg/s) 9873 ± 487 8868 ± 692 9945 ± 638 9789 ± 516 

LV -dP/dtmin (mmHg/s)  -8848 ± 682 -7829 ± 321 -9810 ± 822 -10114 ± 601 

Dob +dP/dtmax (mmHg/s) 10769 ± 611 10195 ± 1144 13363 ± 714 13360 ± 1806 

     

MAP, mean arterial pressure; LVPs, left ventricular systolic pressure; LV +dP/dtmax, maximum rate of left 

ventricular pressure development; LV -dP/dtmin, minimum rate of left ventricular pressure development; Dob 

+dP/dtmax, maximum rate of left ventricular pressure development following dobutamine challenge. The n values 

shown presents number of mice included. Data presented as Mean±SEM. 

*P<0.05, compared with sedentary using one-way ANOVA with Tukey’s multiple comparisons tests. 

 

3.4.3. Dose-Dependent Arrhythmia Inducibility in Swim-Trained Mice 

  We next assessed the impact of daily exercise dose on atrial and ventricular arrhythmias following 

burst pacing, defined as reproducible bouts of chaotic activation lasting >10 seconds. As seen in Figure 

3.8, AF was not inducible in sedentary control mice. Accordingly, the incidence of sustained atrial 

arrhythmias (i.e., >10 seconds) was greater (P<0.04) in the swim-trained mice compared to the non-

exercised controls. Detailed comparisons revealed that AF inducibility did not differ between the sedentary 

controls and 120 minute group (P<0.2) or 180 minute group (P=0.07) but increased in the 240 minute group 

(P=0.01). On the other hand, when sustained AF occurred, the duration was not different (P=0.32 one-way 

ANOVA) between the exercise groups, as clearly seen in linear regression plots [R2=0.1, F(1,19)=1.66, 

P=0.2] (Figure 3.8 D). By contrast, ventricular arrhythmias were not inducible in the sedentary or exercised 

group (Figure 3.9). 
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Figure 3.8. Variable Training Duration Increases Atrial Fibrillation Inducibility, Without Refractory 

or Action Potential Shortening. We delivered rapid atrial burst pacing in vivo. Representative electrograms 

illustrate tracings of (A) sinus rhythm and (B) an atrial fibrillation. (C) Percent of mice that had sustained and 

reproducible arrythmia inducibility (>10 s). Note the percentage of atrial arrhythmias increases with the prolongation 

of daily swim duration. (D) Linear regression analyses of the average maximum arrhythmia duration in each group, 

including only the inducible mice. The dotted line represents the 10 second threshold for classification of a sustained 

arrythmia. The n values indicate the number of mice included. For (D) n=3 120 minute mice (red), n=6 180 minute 

mice (pink) and n=7 240 minute mice (orange). Data represented as Mean±SEM.  
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Figure 3.9. Swim-Trained Mice are Not Susceptible to Ventricle Fibrillation (VF). To determine whether 

training-induced arrhythmogenic remodelling is restricted to atria, stimulations were delivered to the ventricles 

using distal leads 12. Sustained VF is rapid, irregular ventricular electrical activity lasting >10 s. (A) Ventricular 

arrhythmia inducibility in control and swim groups. (B) The average maximum VF durations. The n values indicate 

the number of mice included. Together, these suggest atrial-specific arrhythmogenic remodelling in swim-trained 

mice. Data present as Mean±SEM, using a one-way ANOVA.  

 

 To better understand the potential mechanisms for the influence of daily exercise dose on AF 

vulnerability, we assessed the effects of exercise on atrial electrical refractoriness, hypertrophy and fibrosis 

since these factors are known to play central roles in AF mechanisms [8,67]. To assess atrial refractoriness 

on AF vulnerability, we measured effective refractory periods (i.e., AERPs) in anesthetized mice during 

procedures to interrogate AF vulnerability. Despite the dependence of AF vulnerability on daily exercise 

dose, AERPs were not different (P>0.42) between the groups (Figure 3.10 C). However, after a subset of 

mice were treated with atropine to block parasympathetic activity we observed, as expected, AERP 

prolongation (Figure 3.10 D), with greater (P<0.0001, one-way ANOVA) durations in swim groups 

compared to sedentary mice. Also, consistent with the strong influence of the vagus on HR, the AERP 

prolongation induced by atropine tended to rise as the daily exercise dose increased (Figure 3.10 E) and 

this was associated with reduced AF inducibility in each exercise group (0/17,  2/26 and 2/19 for 120, 180 

and 240 minute groups, respectively). Atropine treatment also abbreviated (P<0.02) atrial arrhythmia 

durations (Figure 3.10 A and B). These results establish that, while differences in AERP are not directly 

contributing to enhanced AF vulnerability induced by elevated exercise dose, parasympathetic nerve 

activity does influence AF inducibility and durations.   
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Figure 3.10. Atropine Effects on Atrial Refractoriness and AF Susceptibility in Swim-Trained Mice. 
To investigate the role of training-induced elevated vagal tone in AF susceptibility, we assessed the refractory periods 

and AF durations following intraperitoneal injections with 2 mg/kg atropine of anesthetized mice in vivo. (A) 

Arrhythmia durations and (B) arrhythmia contingency following atropine injection. (C) Atrial effective refractory 

period (AERP) in the right appendage prior to atropine administration. (D) Change in AERP following 

parasympathetic inhibition. (E) Linear regression analysis of atropine-sensitive AERPs as a function of daily swim 

dose. The n values indicate the number of mice used. For (A) n=3 120 minute mice (red), n=6 180 minute mice (pink) 

and n=7 240 minute mice (orange), including only the mice that were previously inducible for AF. Data presented as 

Mean±SEM, *P<0.05, **P<0.01, ***P<0.0001 using a two-way ANOVA with repeated measures (A) or one-way 

ANOVA with Tukey’s multiple comparisons tests (C/D).  
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 Nonetheless, the absence of AERP differences between the groups suggests that other factors must 

underlie the increased AF vulnerability observed with increasing daily exercise dose. Since fibrosis is seen 

invariably in AF [211], we assessed atrial collagen content using PSR staining in the left atrial appendages 

and ventricle. These measurements revealed more atrial fibrosis (P<0.0007, one-way ANOVA) in each 

swim group compared to sedentary mice, with linear regression analyses establishing a dependence of 

(P<0.0001) fibrosis on the daily exercise amount [R2=0.7, F(1,26)=61.8] (Figure 3.11). The dose 

dependency was also observed in both the interstitial [R2=0.47, F(1,26)=22.97] and pericapsular [R2=0.7, 

F(1,26)=61.92] regions of the atria (Figure 3.12). However, it should be mentioned that one-way ANOVA 

analyses did not reveal differences in collagen between the exercised groups (P>0.18 for interstitial and 

P>0.27 for pericapsular). Interestingly, total collagen content was additionally increased (P=0.02, one-way 

ANOVA) in the left ventricular free wall for swim groups relative to the controls with linear regression 

analyses demonstrating a dependence [R2=0.27, F(1,25)=9.22, P<0.001] on daily exercise dose (Figure 

3.13). However, it is important to note that the relative amount of fibrosis is considerably smaller in the 

ventricles compared to left atrial appendages.   
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Figure 3.11. Swim Training at Variable Daily Durations Induces Atrial Fibrosis. Left atrial appendage 

collagen was identified using picrosirius red and imaged using a slide-scanner brightfield microscope at 20x. (A) 

Representative images suggesting increased collagen deposition with prolonged swim exercise. (B) Quantification of 

atrial collagen content and simple linear regression analysis based on selecting and counting pixel brightness, 

standardized to total tissue. Data are Mean±SEM., *P<0.05, **P<0.01, ***P<0.0001; n=7 sedentary mice (black), 

n=5 120 minute mice (red), n=6 180 minute mice (pink) and n=10 240 minute mice (orange). 
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Figure 3.12. Discrimination Between Swim Training Induced Pericapsular and Interstitial 

Fibrosis. Left atrial appendage collagen was identified using picrosirius red and imaged using a slide-scanner 

brightfield microscope at 20x. Tissues were separately analyzed for collagen deposition in the pericapsular regions, 

surrounding blood vessels and the cell exteriors, and interstitial space, between myocyte bundles. (A/B) Quantification 

and linear regression of the percent interstitial and (C/D) pericapsular collagen deposition based on selecting and 

counting pixel brightness, standardized to total tissue. The n values indicate the number of mice included. Data are 

Mean±SEM., *P<0.05, **P<0.01, ***P<0.0001 using a one-way ANOVA with Tukey’s multiple comparisons tests 

or simple linear regression.  
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Figure 3.13. Swim Training Induced Minimal Ventricular Fibrosis. Left ventricular collagen content was 

identified using picrosirius red and imaged using a slide-scanner brightfield microscope at 20x. (A) Representative 

images of collagen content in the left ventricle. (B) Quantification of ventricular collagen involved selecting and 

counting pixels based on brightness (i.e., thresholding). (C) Linear regression analysis of swim dose and ventricular 

collagen data. The n values indicate the number of mice included. Data are Mean±SEM, *P<0.05, using one-way 

ANOVA with Tukey’s multiple comparisons tests (B). 

 

 The results above establish that increased AF vulnerability corresponds to differences in fibrosis 

but not AERP. As such, atrial hypertrophy is another atrial change linked to AF in endurance athletes [215]. 

We found that as daily exercise durations were prolonged, atrial (wet) weights normalized to either BW 

(i.e., AW/BW) or TL (i.e., AW/TL) were progressively increased [AW/BW: R2=0.58, F(1,16)=22.29, 

P=0.0002 and AW/TL: R2=0.56, F(1,16)=20.29, P=0.0004] as summarized in Table 3.4 and Figure 3.14. 
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Table 3.4. Physical Atrial Parameters of Mice Swim-Trained for Variable Daily Durations.   
 sedentary 

(control) 

120 minute 

 (60min 2x) 

180 minute  

(90min 2x) 

240 minute  

(120min 2x) 

 

Body parameters n 

 

4 

 

6 

 

3 

 

5 

     

Body Weight (g) 42.6 ±1.5 40.2 ± 1.0 38.0 ± 1.7 38.8 ± 1.2 

Tibia Length (mm) 19.3 ± 0.09 19.6 ± 0.16 19.2 ± 0.3 19.3 ± 0.1 

Atrial Weight (mg)  14.0 ± 0.6 15.6 ± 0.96 18.1 ± 0.5* 18.7 ± 0.5* 

Atria/Body Weight (mg/g) 0.33 ± 0.01 0.39 ± 0.03 0.48 ± 0.03* 0.48 ± 0.02* 

Atria/Tibia Length (mg/mm) 0.73 ± 0.03 0.80 ± 0.05 0.94 ± 0.04* 0.97 ± 0.02* 

Atria/Ventricle Weight (mg/g) 93.0 ± 5.75 93.0 ± 6.63 123.9 ± 5.10* 108.1 ± 3.07 

     

The n value shown presents number of mice included. Data presented as Mean±SEM. 

*P<0.05, compared with sedentary using one-way ANOVA with Tukey’s multiple comparisons tests. 
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Figure 3.14. Linear Regression of Atrial Hypertrophy Measurements. (A) Atrial weight normalized to 

body weight (AW/BW) and (B) the corresponding linear regression analysis. (C) Atrial weight normalized to tibia 

length (AW/TL) and (D) the corresponding linear analysis. Data presented as Mean±SEM with **P<0.01; n=3 

sedentary mice (black), n=6 120 minute mice (red), n=3 180 minute mice (pink) and n=5 240 minute mice (orange). 
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3.4.4. Atrial Macrophage Infiltration in Swim-Trained Mice 

 As tissue fibrosis is invariably associated with increased immune cell infiltration and inflammation 

[125], and based on previous findings that macrophages may play a prominent role in the immune response 

with exercise [189], we also quantified macrophage numbers in histological cardiac sections using F4-80 

antibodies. Linear regression analyses showed that total macrophage numbers in the left atrial appendages 

increased strongly [R2=0.65, F(1,21) = 38.65, P<0.0001] as daily training duration increased (Figure 3.15). 

By contrast, we found no difference (P=0.91) in macrophage numbers between control and swim groups in 

the ventricles and no dose dependency following linear regression analysis [R2=0.24, F(1,10) = 3.19, P=0.1]  

(Figure 3.16).  
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Figure 3.15. Swim Training at Variable Daily Durations Induces Atrial Inflammation. Given our 

observations of increased atrial collagen induced by swim training, we investigated for the presence of macrophages 

using immunohistochemistry with F4-80, a mature mouse cell surface glycoprotein expressed by macrophages. (A) 

Representative images of macrophages in the left atrial appendage. Note the visible increases in positive cells as daily 

training duration increases, evident by increased numbers of cells that co-stained for DAPI (indicating the nuclei) and 

F4-80 (macrophage marker). (B) Number of macrophages per tissue slice with (C) linear regression analysis as a 

function of daily swim dose. (D) Macrophages when normalized to total cell count with (E) linear regression analysis 

as a function of daily swim dose. The n values indicate the number of mice included. Data are Mean±SEM, *P<0.05, 

**P<0.01, ***P<0.0001, using one-way ANOVA with Tukey’s multiple comparisons tests. 
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Figure 3.16. Swim Training at Variable Durations Does Not Cause Ventricular Inflammation. The 

presence of macrophages was examined using immunohistochemistry with F4-80 antibodies, a mature mouse cell 

surface glycoprotein expressed by macrophages. (A) Representative images of macrophages in the left ventricular free 

wall. (B/C) Macrophages count per tissue slice and (D/E) when normalized to total cell count. The n values indicate 

the number of mice included. Data are Mean±SEM, using one-way ANOVA with Tukey’s multiple comparisons tests 

or linear regression analysis. 
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3.5 Discussion 

 Previous studies concluded that AF incidence shows a J-shaped dependence on exercise [135]. 

Specifically, individuals with sedentary lifestyles are associated with numerous risk factors for AF, 

including hypertension, metabolic disorders and obesity, which increase the risk of developing AF [210]. 

Fortunately, regular PA in the sedentary population can mitigate AF incidence [216]. On the other hand, 

elite endurance athletes, particularly in the veteran population, are at greater risk of developing AF. While 

several previous reports have explored the dependence of AF on "exercise dose" in athletes, these studies 

have relied invariably on self-reporting to quantify exercise [140]. To directly investigate the effects of 

exercise dose on AF vulnerability, we used a swim model of endurance training in mice, which we showed 

previously leads to increased AF induction [189]. We initially attempted varying exercise dose by adjusting 

current velocities (imposing different exercise intensities) but found that the mice self-regulate their 

swimming effort. Thus, we assessed exercise dose by altering the daily swim duration (i.e., 120, 180 or 240 

minutes, divided into two sessions) while maintaining the same absolute work based on the total O2 

consumed during swimming (i.e., ~695 L of O2/kg). Consequently, all mice swam for a consistent number 

of hours daily but did so over variable days (i.e., mice swimming for 120 minutes swam for 45 days versus 

30 days for the 180 minute groups versus 22.5 days for 240 minute group).  

 Consistent with equivalent cumulative work during swims, we observed similar increases in 

skeletal muscle mitochondrial content (i.e., elevated COX enzyme activity) between the exercised groups 

relative to controls, as expected from previous human studies [217]. Alongside skeletal muscle adaptation, 

and as typically seen in endurance athletes and rodent exercise models [156,161,188], echocardiographic 

measurements revealed small, yet dose-dependent, reductions of fractional shortening and progressive 

ventricular dilation via gradual increases in both end-diastolic and end-systole volumes with lengthened 

daily swim durations. Linear regression analyses also established a strong dose-dependency of resting heart 

rate reductions with prolonged daily swim durations linked to enhanced parasympathetic activity and 

downregulation of sympathetic activity.   

 The direct impact of daily exercise dose on ventricular dilation and autonomic nerve-dependent HR 

reductions aligns well with observations that cardiac dilation and bradycardia are most pronounced in 

athletes engaged in high cardiac output sports [218]. In this regard, a key finding in our studies was the 

strong influence of daily exercise dose to progressively promote AF inducibility without influencing 

ventricular arrhythmia risk. Thus, our study shows novel quantitative connections between AF vulnerability 

and daily exercise dose, supporting previous human studies using self-reporting [219]. Moreover, consistent 

with elevated vagal tone in endurance athletes [213] and the potential links of higher parasympathetic 

activity to AF [220], especially in athletes [48], parasympathetic blockade using atropine treatment 

decreased AF susceptibility in association with increased AERP. Presumably, these protective effects are 
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mediated by blocking vagal-dependent activation of IK,Ach  and possible blocking of ICa inhibition [221]. 

Experimental and computer models also show elevated parasympathetic activity can increase spatial 

dispersion and heterogeneity of atrial refractoriness resulting in ERP variability at different atrial sites, 

possibly caused by inhomogeneous nerve innervation and varying IK,Ach densities, that increase AF 

susceptibility [222]. More important, although we found clear evidence for elevated parasympathetic nerve 

activity as daily exercise dose is increased (as seen by the effects of atropine on HR and AERP), no 

differences in AERP were observed between any groups establishing that the increased AF vulnerability 

observed as daily exercise dose increased does not depend on variation in electrical refractoriness.   

 The absence of differences in AERP between the groups (despite alterations of vagal tone with 

exercise dose) suggests that the increased AF vulnerability is related to tissue factors such as atrial 

hypertrophy and fibrosis [168]. Consistent with the literature, we observed atrial hypertrophic remodelling 

in each swim group (measured by atrial weight normalized to body weight and tibia length) that increased 

with daily training duration. These findings are presumably caused by sustained preload elevations 

experienced during exercise [68] and are likewise observed in humans following exhaustive training [170]. 

Atrial hypertrophy thus permits an increased capacity to accommodate elevated workload through an 

amplified atrial ejection volume [168], yet excessive endurance exercise may cause severe atrial overload 

of the particularly vulnerable thin walls, modulating adverse remodelling [86,98]. Moreover, due to high 

atrial compliance, elevations in filling pressures may activate stretch-mediated pathways involving 

angiotensin II, tumour necrosis factor (TNF) and other pro-inflammatory and pro-fibrotic markers [86,222].  

 Thus, consistent with human studies showing that chronic endurance training may promote atrial 

fibrosis remodelling [191], we observed increased fibrosis in the atria, primarily in pericapsular regions, as 

daily exercise dose increased (based on linear regression analysis), with minimal to no effect on the 

ventricles. Direct evidence for the role of exercise-induced atrial fibrosis in AF pathogenesis has also been 

identified in several rodent studies [188,189] with the presumed intent to preserve structural integrity 

following hemodynamic stress. Furthermore, fibrotic remodelling remains an invariable hallmark of AF, 

regardless of the patient population [84].  

 Correspondingly, knowing the link between cardiac fibrosis, inflammation and arrhythmia 

susceptibility [83], we and others [224] hypothesized that atrial inflammation is also an integral feature of 

AF in athletes by recruiting circulating monocytes [225] and regulating resident tissue macrophages [226]. 

Accordingly, we found a significant increase in normalized macrophage numbers compared to controls, 

with considerable elevations as the daily exercise dose increased. Our observations are also consistent in 

human and rodent models, wherein macrophages are one of the primary immune cells that accumulate 

throughout the atria with AF [227]. Moreover, Oishi and colleagues [199] found that mechanical stretch in 

vitro and transverse aortic constriction in vivo induced atrial macrophage accumulation via extracellular 
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ATP-dependent recruitment through pannexin-2 channels in a mice model, further strengthening the 

association between atrial stretch and adverse remodelling. As such, our study is the first to demonstrate 

that exercise-induced inflammation in athletes has a dose dependency on daily training duration that 

increases with prolonged swimming periods, and we suspect that sustained atrial volume overload and 

stretch may contribute to the macrophage accumulation seen with strenuous endurance training.  

 Together, our results support the conclusion that a dose-dependent relationship exists between 

endurance training and AF, whereby the degree of sinus bradycardia and adverse atrial is contingent on 

daily swim duration, independent of intensity, frequency and total cumulative exercise. Notably, we found 

AF arising from excessive daily swimming shares comparable adverse remodelling seen in patients with 

CVD [228] and obesity [210], suggesting our study provides insightful implications on AF pathology 

irrespective of the patient population. 

 3.5.1 Limitations 

Despite similar atrial remodelling and AF vulnerability, the extrapolation of murine findings to 

human athletes requires caution [8]. Note also that our training protocol is not voluntary. Nevertheless, we 

minimized stress by swimming the mice in their thermoneutral range, avoiding floating preventions that 

promote drowning (i.e., tail weights and bubbling) and maintaining water depth slightly above the vertical 

body length of a mouse for ground awareness. Also note that although swim groups were not age-matched 

at the time of endpoint assessments, due to the varying number of swim sessions required to achieve the 

same cumulative dose, the sedentary and 180 minute mice were identical, and controls were only 2.5 weeks 

younger than the 120 minute group and 1.5 weeks older than the 240 minute group.  

            Moreover, despite the concern that exercise intensity will decline with exposure to the same current 

(due to repetitive training adaptation), the mice gradually increase their engagement with the water current 

as the training programme progresses (i.e., continuously moving towards the perimeter of the bucket where 

the water current is most forceful).  

 Lastly, caution should be applied when comparing the results of the one-way ANOVA/Tukey 

multiple comparisons tests and the linear regression analysis. We included both as they provide insightful 

information regarding the relationship of daily exercise dose with each investigated parameter yet provide 

slightly varying interpretations of the data. 

3.5.2. Conclusion 

            To our knowledge, this study is the first to employ a controlled swim model in mice that 

quantitatively assessed the influence of daily exercise dose on AF pathogenesis. As mentioned above, we 

propose that prolonged participation in excessive endurance activity imposes repetitive hemodynamic stress 

on the atria causing stretch and subsequent AF-related remodelling. In particular, mice demonstrate abrupt 
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increases in LV systolic pressure (LVSP), LV end-diastolic pressure (LVEDP) and HRs with swim onset, 

as expected with endurance exercise [68], whereby elevated LVSP remains throughout the swimming period 

alongside a continuous rise in LVEDP beyond ~45 minutes. Since the atria are highly compliant relative to 

ventricles, LVEDP elevations for extended periods can cause considerable volume overload in the atria 

[229], known to activate adverse remodelling pathways [86]. Thus, prolonged exposure could exacerbate 

the atrial response to exercise, acting as the primary driver of AF with extended swim durations that does 

not promote ventricular pathology or arrhythmia risk. Our results are consistent with this interpretation, as 

we observed progressive increases in vagal tone and adverse atrial-specific remodelling, including 

hypertrophy, fibrosis, macrophage accumulation and resultant AF inducibility with prolonged daily exercise 

bouts. Thus, increased AF risk in elite athletes can reflect over-recruitment of this stretch response, causing 

dose-dependent structural reinforcement at the cost of electrical perturbation. 

3.5.3. Future Directions  

 Despite observing increased atrial macrophages with prolonged swim durations, characterization 

of the subtypes and the complex temporal and spatial relationship in response to endurance training has not 

been explored. As such, future studies should aim to elucidate the inflammatory response occurring with 

variable exercise doses and determine the specific role played in exercise-induced AF. 

            Furthermore, having established a quantitative relationship between daily training duration and AF 

susceptibility, atrial responses when mice swim for 240 minutes divided into shorter bouts (i.e., reducing 

the extent of continual atrial volume challenge) would be insightful. It would also be interesting to assess 

the effects of increasing the total cumulative dose achieved by the 240 minute subgroup. We suspect 

extended weeks of exposure will promote further adverse autonomic and atrial structural remodelling. To 

this end, we are investigating whether increasing the 240 minute training regime from 4.5 weeks to 6 weeks 

would support these hypotheses.  
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Chapter 4: Extended Discussion 

 This thesis sought to investigate the relationship between training-induced cardiac remodelling and 

AF vulnerability using a mouse swim model, with a particular focus on examining the effects of varying 

daily exercise dose. As such, we utilized a novel swim apparatus for training CD1 mice that mimicked 

chronic adaptations observed in endurance athletes and whereby training was quantified by measuring O2 

consumption during swims. Together, this allowed us to prospectively study the link between daily exercise 

dose and AF susceptibility under highly-controlled conditions of constant intensity, frequency and total 

cumulative work. The primary objectives were to characterize the dose-dependent relationship between 

daily training duration and AF and determine the pathophysiological mechanisms underlying 

arrhythmogenesis in swim-trained mice. As such, this model utilized techniques, including surface ECGs, 

echocardiography, in vivo electrophysiological studies, histology and immunohistochemistry, non-invasive 

hemodynamics and morphometry, to comprehensively assess the triggers, modulators and substrates 

mediating atrial arrhythmogenesis. I hypothesized that endurance training and AF vulnerability would 

demonstrate a dose-dependent relationship, and the adverse atrial remodelling (or extreme physiological 

response) underlying AF in swim-trained mice would depend on daily exercise dose. Indeed, the results 

quantitatively revealed that increasing daily swim dose (i.e., duration) caused progressive increases in AF 

inducibility, corresponding with gradual increases in bradycardia and cardiac vagal tone as well as atrial 

hypertrophy, fibrosis and inflammation. By contrast, the ventricles showed evidence of physiological 

remodelling consistent with the athlete’s heart phenotype [152]. The lack of a similar atrial phenotype in 

the sedentary group and the increasing degrees of remodelling seen with extending daily swim duration 

suggests the prolonged nature of exercise bouts mediates this phenotype, supported by continuous 

elevations in preload throughout the swim.  

4.2 Possible Pathways Between AF Remodelling with Exercise versus CVD 

 Our results support the conclusion that a quantitative dose-dependent relationship exists between 

daily exercise duration and AF, wherein cardiac responses observed with excessive endurance training 

share similar features with pathological remodelling seen in CVD [7]. However, AF manifestation with 

exercise versus CVD may involve somewhat distinct pathways. For example, physiological cardiac 

hypertrophy leads to enhanced cardiac function and metabolic activity, as observed in our swim mice. By 

contrast, pathological hypertrophy with CVD causes impaired contractile function, apoptosis and 

upregulated fetal gene expression [230]. Mechanistically, physiological hypertrophy requires proportional 

angiogenesis to expand the coronary vasculature and ensure adequate oxygen and nutrients for 

cardiomyocyte growth, whereas diseased states lack coronary expansion causing cardiac underperfusion 

and hypoxia [231]. Comparisons of different “athletic” (e.g., hare or wild rat) and sedentary (e.g., rabbit or 
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laboratory rat) animals reveal that cardiac capillary density is inversely related to heart rate [232]. Thus, in 

contrast to most CVDs associated with increased resting HRs [233], bradycardia with endurance training 

may improve cardiac perfusion by favouring diastolic filling (and thus coronary perfusion), shown to induce 

angiogenesis in normal hearts [234]. As such, our swim mice are consistent with the description of 

physiological, rather than pathological, cardiac hypertrophy, showing progressive reductions in HR with 

increased daily exercise and similar increases regarding atrial hypertrophy measurements.  

 Moreover, while fibrosis is typically an indicator of pathological remodelling in CVD, our 

laboratory has also recently shown that the increased atrial fibrosis associated with exercise occurs in the 

absence of increased collagen synthesis or upregulation of the TGF-β pathway [235], inconsistent with 

fibrosis seen in most cardiac conditions such as hypertension, HF and cardiomyopathies [236]. As shown 

in Chapter 3, we also found atrial fibrosis predominantly in the pericapsular regions rather than interstitial, 

inconsistent with myocardial damage seen in CVD [237]. Interestingly, the lack of elevated collagen mRNA 

in fibrotic exercised atria is similar to the discordant pattern with age-related fibrosis [238]. In this regard, 

a possible alternative explanation for the increased atrial collagen observed with exercise in our mice (and 

possibly age) may relate to lysyl oxidases (LOXs). In particular, LOX physiologically cross-links collagen, 

facilitating collagen fibril stability and digestion resistance by the action of the matrix metalloproteinases 

[239]. Moreover, given that (1) we previously showed no change in neutrophil, mast cell and myofibroblast 

counts with exercise [189], (2) chronic volume overload models show significant macrophage infiltrations 

(Barnes et al., 2014) and (3) preliminary data reveals co-localization of LOXL3 with macrophages in the 

swim exercise model (unpublished data), this may suggest the potential involvement of macrophages in the 

upregulation of LOX and LOXL enzymes promoting atrial collagen increases. In other words, the increase 

in atrial fibrosis observed in exercised mice may reflect increased collagen stability, rather than increased 

collagen deposition. These findings are also consistent with the progressive rise in both atrial fibrosis and 

macrophage accumulation we observed with increased daily swim durations and may suggest an alternative 

pathway whereby increased collagen intends to preserve structural integrity, representing an extreme 

manifestation of a physiological response.   

4.3 Scaling of Exercise Dose and Response from Mouse Models to Humans  

 The task of precisely estimating how our swim protocols translate into human activity is difficult, 

as briefly discussed in Chapter 3. For example, our training protocol is not voluntary. Nevertheless, we 

believe that stress had minimal to no effects on atrial remodelling for several reasons. In addition to the 

rationale in Chapter 3, our swim-trained mice developed HR reductions, whereas mice subjected to 

psychosocial stress have chronic HR elevations [240]. Second, our laboratory previously collected fecal 

corticosterone levels from swim-trained groups, revealing no significant differences when compared to 
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sedentary mice. In fact, only slight increases in fecal corticosterone levels were observed in the exercised 

mice [189], similar to what has been reported in human endurance athletes [241].  

 Another factor to consider when comparing between species is how mice and humans augment CO 

during exercise. In addition to having much smaller hearts, mice intrinsically possess a resting HR of 500 

to 600 bpm, whereas humans typically range from 60 to 100 bpm [8]. As such, HRs in humans can jump 

3-4 times above baseline values with exercise stress, whereas mice demonstrate only ~50% elevations with 

exercise due to their already high resting HRs restricting further modulation [242]. As a result, exercise-

induced CO can increase 5- to 10-fold in humans (via a combination of HR and SV) but only 1.3- to 2-fold 

in mice, with a greater reliance on stroke volume to augment function [242]. Thus, differences in CO 

augmentation could impact the exercise dose-response relationship in mice, with increases in preload 

predicted to invoke a more potent volume overload and stimulus for remodelling compared to humans. 

These species differences might also explain the appearance of atrial fibrosis, hypertrophy and an 

arrhythmogenic substrate after only 4.5-weeks of 240 minutes of swimming per day, yet the lack of 

prospective studies makes it difficult to estimate a theoretical period for the development of a similar 

phenotype in humans. Using a rough approximate established by Benito et al. [190] and considering a 

typical mouse life expectancy is 1 to 1.5 years, our 6- to 10-week exercise protocol (including the variable 

number of acclimation swims plus training periods) would be equivalent to ≈7.4 to 12.3 years of daily 

exercise training in humans, based on an average Canadian lifespan of 82 years. However, this estimate is 

incomplete and dependent on numerous assumptions, making it challenging to translate the workload of 

any animal training regime to that of a professional athlete. Nonetheless, the ability of our mouse swim 

model to recapitulate many of the phenotypic characteristics of the exercise-induced proarrhythmic 

phenotype on a much shorter timescale, suggests these findings will be invaluable moving forward to 

understand the factors and mechanisms that determine AF predisposition in endurance athletes and the 

exercise dose dependency. Moreover, previous studies have showed that atrial filling pressures during 

exercise are remarkedly similar between humans [170] and mice [189], implying a comparable exercise 

remodelling stimuli.  

4.4 Dose-Response Relationship and Heterogeneous Cardiac Remodelling in Athletes  

 The exercise dose-response curve has only been partially delineated in humans. The optimal and 

minimal amounts of PA needed to achieve cardiovascular health benefits remain unresolved, with 

endurance athletes often exercising at levels 5-to-10-fold greater than the recommended guidelines [139] 

and requiring a sustained increase in CO that puts considerable hemodynamic stress on the heart, with 

particular burden on the atria [98]. As such, there appears to be a tipping point between adaptive and 

(potentially) maladaptive or extreme physiological phenotypes, yet it is clear that exercise is not a binary 

intervention as significant phenotypic inter-individual variability exists amongst athletes regarding the 



68 

 

exercise dose-response relationship that are not solely related to previous training [243]. For example, the 

same mutation that causes heart failure and arrhythmogenesis in one patient, can remain asymptomatic in 

another [244], with minority groups of non-responders and super-responders [245]. Additional factors 

likely account for this phenotypic variability, with the interaction between genetic and environmental 

determining the threshold for phenotypic expression. The complexity of inter-individual variability was 

also evident in our study whereby only a subset of mice from each swim group displayed atrial arrhythmia 

inducibility, despite completing the same daily exercise.  

 Taken together, we propose that prolonged participation in excessive endurance activity, as most 

elite athletes utilize, increases repetitive volume overload and causes subsequent remodelling that promotes 

AF. Importantly, the remodelling we observed in our swim-trained mice may reflect a protective process 

that reinforces the atrial myocardium in the face of hemodynamic stress. Thus, increased AF in elite athletes 

may represent the over-recruitment of this response, leading to structural reinforcement at the cost of 

electrical perturbation and is dependent on daily exercise dose. 

4.4 Future Directions 

 While we have established an association between daily swim training and proarrhythmic atrial 

remodelling in mice, it is unknown whether this represents a permanent structural change or is reversible 

with deconditioning. In particular, Guasch et al. [100] observed fully reversed AF susceptibility in 

exercised rats without a reversal in atrial fibrosis. Thus, although important, atrial fibrosis is likely not the 

sole mechanism involved in exercise-induced AF susceptibility, yet monitoring detraining would allow us 

to confirm whether aspects of cardiac remodelling (i.e., hypertrophy, immune cell infiltration) and 

arrhythmia vulnerability are reversible, shedding light on whether this represents a pathological phenotype 

or the manifestation of an extreme physiological cardiac responses to excessive exercise. Moreover, 

although there exists some research in animal models, human studies are required to confirm the 

reversibility of underlying mechanisms and how athletes receive such recommendations. 

 Another critical factor is that only male mice were assessed, despite females reportedly having 

lower AF incidence regardless of the risk factors involved [246], and demonstrating reduced susceptibility 

with strenuous endurance training compared to men [247]. Thus, additional work regarding the influence 

of sex on exercise-induced AF remodelling, and whether females display an exercise dose-dependency with 

AF, in human athlete populations would be of great interest. 

 Furthermore, despite alluding to the potential role of LOX with exercised-induced atrial fibrosis, 

the relationship remains predominately unexplored and undoubtedly requires further investigation. For 

example, if LOX/LOXLs are involved in endurance training remodelling, what LOX and LOXL isoforms 
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are modulating collagen turnover, as well as their relative cellular origins and upstream regulators and 

downstream effectors? These questions are currently being investigated by Dr. Backx.   

 Lastly, as suggested in Chapter 3, it would also be compelling to assess the effects of increasing 

the total cumulative dose achieved by the 240 minute subgroup, as we suspect extended exposure will 

promote further adverse remodelling. As such, we briefly investigated whether prolonging the 240 minute 

training regime from 4.5 weeks to 6 weeks would support these conclusions. Remarkedly, we observed AF 

inducibility in 57% (4/7) of these mice (Appendix Figure A.1). However, unexpectedly, our preliminary 

results showed no significant differences between the sedentary and extended 240 minute mice regarding 

HRs at rest, following parasympathetic inhibition or with complete autonomic blockade, while also 

demonstrating considerable variability between mice (Appendix Figure A.2). One possible explanation is 

cardiac autonomic dysfunction, as seen with extreme overtraining [139]. AERPs for the extended 240 

minute mice were also similar to sedentary mice, yet trended further towards reduction and had the highest 

percent change in durations following atropine administration (Appendix Figure A.3). Lastly, total atrial 

collagen notably increased in the extended 240 minute group compared to controls yet was similar to the 

other swim groups (Appendix Figure A.4). Thus, these findings help support a dose-dependency regarding 

cumulative dose on AF inducibility, suggesting modulation of all exercise parameters is likely required for 

achieving an optimal exercise dose without promoting AF. 
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Appendix 

A.1 Swim O2 Calculation Corrections 

A.1.1 Calibration 

 As with most technological equipment, values observed and expected do not always align. Thus, a 

two-point calibration is performed using dry room air at 20.95%O2 as the upper limit (according to the 

Oxymax manual) and 20.5%O2, 5000 ppm CO2 & N2 balanced gas (Custom, Praxair, Inc., CT, U.S.A) as 

the lower limit. These calibration gases are passed throughout the apparatus to simulate experimental 

conditions. Based on previous O2 calibrations, the measured %O2 is allowed to equilibrate for a minimum 

of 5 minutes, and an average %O2 over 1 minute is registered as observed %O2. Therefore, a calibration 

curve is be plotted as expected %O2 vs. observed %O2 such that:  

𝑦𝑖 = 𝑚 ∗ 𝑥𝑖 + 𝑐 

Where 𝑦i is the observed %O2, 𝑥i is the expected %O2, m is the gain and c is the offset of the calibration 

curve. Each data point collected during the swims is then calibrated using the generated standard curve and 

referred as 𝑥i onwards.  

A.1.2 Pressure Compensation  

The Oxymax sensor consists of an electrochemical fuel cell that measures O2 content using 

reduction chemical reactions whereby the produced electricity is directly proportional to the O2 content in 

the sampled gas. As such, the cell depends on the diffusion of gas and is intrinsically dependent on the 

partial pressure of O2 (PO2), according to Fick’s Law of Diffusion. Thus, pressure is measured 

simultaneously with air inflow, using a pressure sensor (Adafruit BME280 I2C or SPI Temperature 

Humidity Pressure Sensor, Bosch Sensortec, Kusterdingen, Germany) connected to a custom beagle board 

(Texas Instruments Incorporated, TX, U.S.A) and Python software. According to Dalton’s Law, the PO2 is 

assumed directly proportional to Patm, with pressure corrections completed according to: 

𝑥𝑖,𝑝 = 𝑥𝑖 ∗ (𝑃𝑎𝑡𝑚 𝑖/𝑃𝑎𝑡𝑚 𝑐) 

Where, 𝑥i,p = calibrated, pressure compensated %O2, 𝑥i = calibrated %O2, 𝑃𝑎𝑡𝑚 𝑖 = atmospheric pressure at 

point i and 𝑃𝑎𝑡𝑚 𝑐 = atmospheric pressure at calibration. 

A.1.3 Baselining 

 Intrinsic to the oxygen sensor is fluctuation in the recorded %O2 despite the lack of real changes. 

Thus, corrections were made by adjusting all recorded values based on fluctuations in the measured data of 

a known calibration gas using the following equation: 

𝑥𝑖,𝑏 = 𝑥𝑖+(%𝑂2 𝑘𝑛𝑜𝑤𝑛,𝑒𝑥𝑝𝑒𝑐𝑡𝑒𝑑−%𝑂2 𝑘𝑛𝑜𝑤𝑛,𝑜𝑏𝑠𝑒𝑟𝑣𝑒𝑑) 
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Where, 𝑥i,b = baselined %O2, 𝑥i = raw %O2 at point i, %O2known,expected = %O2 content of the known 

calibration gas and %O2known,observed = the measured %O2 content of calibration gas. For example, given 

one of the calibration points is dried room air (20.95 %O2), it’s easily used as %O2known,expected by 

measuring oxygen content before and after swim completion. Points used for baselining also need to be 

calibrated and pressure compensated, similar to the aforementioned individual VO2 points. 

Correspondingly, a standard linear curve is derived from the two baseline points (b1,i,p and b2,i,p) for 

estimating any value of bn,i,p– the baseline point at time n throughout the swim. Finally, to complete 

baselining, the calibrated and pressure compensated %O2 was adjusted according to the following:  

𝑥𝑖,𝑝,𝑏= 𝑥𝑖,𝑝 + (20.95%−𝑏𝑛,𝑖,𝑝) 

Where xi,p,b is the calibrated, pressure compensated and baselined observed %O2, xi,p is the value before 

baselining, and bn,i,b is the estimated baseline point at the time i. 

A.1.4 Conversion to Molarity and Volume 

VO2 is often presented at Standard Conditions of Pressure and Temperature (STP), which allows 

experimental data to be easily compared across various studies. Thus, the STP correction can be modelled 

according to the following equation, where the VO2 units are measured as volume:  

VO2 STP=

20.95%
100

*
Patm

RTin
*F-

xi,p,b
100

*
Patm

RTout
*F

mass animals
*

RTSTP

PSTP
 

Aside: at STP, Patm is 1atm (or 101.325kPa) and Temperature is 0°C (or 273.15K). 

A.1.5 Humidity Compensation 

The final correction is humidity compensation. All values recorded experimentally are desiccated 

and therefore lack the effects of humidity. As such, xi,p,b must be corrected for the lack of water (H2O) 

upon recording. To do this, we calculate the following value: 

Pbucket= Patm- PH2O. 

As such, the value of (Patm- PH2O) is always less than Patm, decreasing the recorded %O2 entering 

and leaving the apparatus. Despite this, inflow and outflow recordings have different water contents as 

water in the atmosphere fluctuates greatly and rapidly. In contrast, the water content in the swimming 

apparatus is always at 100% due to vapour from the swimming water. Given PH2O in < PH2O out, as excess 

water must exit the bucket, 𝐹1(inflow)<𝐹2(outflow). In this regard, there are no means to measure F2, implying 

it must be calculated. Assuming no mice in the bucket, %O2inflow dry=%O2outflow and therefore, xi,p,b=20.95%. 

Part of the above equation thus becomes:  
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F=

Patm-PH2O in

RTin

Patm- PH2O out

RTout

*F1  

Using the derived F, VO2 now becomes:  

VO2 STP i=

20.95%
100

-
xi,p,b
100

*
Patm-PH2O in

RTin
*F1

mass animals
*

RTSTP

PSTP
  

and PH2O in is measured using the Magnus equation:  

PH2O=
%H2O

100
*6.1094*

e
17.625xtemp c
temp c+243.04 

10
  

Where temp c= temperature of inflow air in Celsius. This is the same temperature used in the VO2 

calculation. Atmospheric %H2O and temp c are measured using the BME280 pressure and humidity sensor.  

A.2 Oxygen Consumption and Total Exercise Dose Calculations  

The grand VO2 of the swim bout is then calculated as:  

avg VO2=
∑ Ni  VO2 STP i

N
  

Where N is the number of data points selected to analyze from each swim bout.  

Lastly, the total exercise dose is defined as the total volume of O2 consumed throughout the exercise 

regime. Total exercise dose can not be hypothetically structured and must be empirically determined by 

monitoring O2 consumption during swims throughout each training protocol. For our study, previous 

experiments were conducted on mice that swam for six weeks, twice daily in 90 minute bouts (Aschar-

Sobbi et al., 2015). As such, this group swam first, and all other doses were titrated relative to this value 

(i.e., ~695 L of O2/kg). Finally, integration analysis is performed to ensure appropriate swim equivalents 

between each swim group. To achieve this titration, we estimated an average work conducted per swim 

(measured as the volume of O2 consumed per swim) according to: 

approximate work per bout (mL of O2/swim bout)= VO2 estimated * time. 

Lastly, total exercise dose was calculated using this value for each subgroup: 

current dose achieved (mL of O2/kg)= approximate work per bout * total number of swims completed. 
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Appendix Figure A.1. Dose-Dependent AF Susceptibility in Swim-Trained Mice (Extended). An 

octapolar EP recording/stimulation catheter was inserted into the right jugular vein and guided into the right ventricle 

of anesthetized mice to investigate in vivo AF vulnerability. The top panel shows the percent of mice that had sustained 

AF inducibility (>10 s) in each group. The bottom panel reveals the average maximum AF duration. The n values 

indicate the number of mice included. Summary data are Mean±SEM.   
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Appendix Figure A.2. Effect of Swim Training on Heart Rates (HRs) and Autonomic Regulation 

(Extended). The top panel demonstrates HRs from surface ECG recordings before and after parasympathetic 

blockade (atropine) and followed by sympathetic blockade (propranolol). The bottom panel shows % HR change from 

baseline with a complete autonomic blockade. Bl, baseline. The n values indicate the number of mice included. Data 

presented as Mean±SEM, *P<0.05, **P<0.01, ***P<0.0001 using a one-way ANOVA with Tukey’s multiple 

comparisons tests. 
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Appendix Figure A.3. Refractory Periods With and Without Parasympathetic Blockade (Extended). 

The top panel shows atrial effective refractory periods (AERPs) measured in vivo. The bottom panel shows % Change 

in AERP following atropine administration. The n values indicate the number of mice included. Data are Mean±SEM, 

**P<0.01, **P<0.01, ****P<0.0001 relative to sedentary mice using one-way ANOVA with Tukey’s multiple 

comparisons. 
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Appendix Figure A.4. Swim Training Induced Atrial Collagen Deposition (Extended). Left atrial 

appendage collagen content was identified using picrosirius red and imaged using a slide-scanner brightfield 

microscope at 20x. Total collagen quantification involved selecting and counting pixels based on brightness. The n 

values indicate the number of mice included. Data are Mean±SEM, *P<0.05, **P<0.01, ***P<0.0001, relative to 

sedentary mice using a one-way ANOVA with Tukey’s multiple comparisons test.  

 

 

 


