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Abstract 

The importance of hypertension as a risk factor for the development of AF is well 

recognized. Despite this leading importance, the role of essential hypertension in 

providing a substrate for AF is incompletely understood. The present study was 

undertaken to investigate the possibility of having rats as an adequate animal model for 

the relationship between hypertension and AF in man and to elucidate the role of 

hypertension as a risk factor for AF. The results of this study show that structural 

remodeling especially in the form of increased amount of interstitial fibrosis seems to be 

the major contributing factor to the AF sustainability. Although it can be conc1uded that 

hypertension could accelerate the accumulation of fibrosis which occurs during the 

normal process of aging, a c1ear relationship between hypertension and AF in this rat 

model was not found. Further work in the other animal models of hypertension would be 

interesting. 
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Résumé 

L'Hypertension est reconnue comme un facteur de risque imwrtant dans le 

développement du fibrillation auriculaire (FA). Cependant, le rôle exact de 

l'hypertension essentielle dans la pathogenèse du FA n'a pas été élucidé. La présente 

expérience a comme but d'investiguer la possibilité d'utiliser des rats comme modèle 

animal adéquat pour étudier la relation entre l'hypertension et la FA. De plus, nous 

visons à éclaircir le rôle de l'hypertension comme facteur risql?~ pour la FA. Les. 

résultats démontrent que le remodelage structurel, se manifestant sous forme de fibrose 

interstitielle, contribue largement à soutenir la FA. Alors qu'il peut être conclu que 

l'hypertension peut accélérer l'accumulation de fibrose qui survient normalement avec 

l'âge, la présente étude n'a pu trouver de relation claire entre l'hypertension et la FA 

dans le modèle animal employé. D'autres travaux avec différents modèles animaux de 

l'hypertension seraient intéressants. 
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1.1.1. Definition 

1. Introduction 

1.1. Atrial Fibrillation 

Atrial fibrillation (AF) is characterized by wavelets propagating in different 

directions and causing disorganized atrial depolarizations without effective atrial 

contraction. Electrical activity of the atrium can be detected on electrocardiogram (ECG) 

as small irregular baseline undulations of variable amplitude and morphology, called f 

waves, at a rate of 350 to 600 beats/min (Figure 1). Each recorded f wave is not 

conducted through atrioventricular (AV) junction, so a rapid ventricular response 

comparable to the atrial rate does not occur. Many atrial impulses are concealed because 

of a collision of wavefronts, or they are blocked in the AV junction without reaching the 

ventric1es. The ventricular response is grossly irregular and, in an untreated patient with 

normal AV conduction, is usually between 100 and 160 beats/min 1. 

Owing to the loss of effective atrial contraction, and the irregular and excessively 

rapid ventricular rhythms that can be caused by AF, acute and sometimes life­

threatening decompensation of otherwise compensated cardiac disease might occur. In 

fact, sustained AF with an uncontrolled ventricular response rate can, by itself, cause 

severe congestive heart failure (CHF) after several weeks to months, but this is 

reversible with proper rate and/or rhythm controt2. The loss of atrial contraction also 

leads to stasis of blood in the atria, which promotes clot formation and the occurrence of 

thromboemboli. These thromboemboli tend to propagate, particularly to brain but also to 

other organs (inc1uding the kidneys, mesenteric circulation and the heart itself), 

potentially leading to infarction3
. These considerations probably account for the 
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significant role of AF in the occurrence of stroke: AF is the single most important cause 

ofischaemic stroke in people oIder than 754
• 

A. 

B. 

2."nv ___ _ 

Figure 1: ECG from a normal subject (A) with clear P waves compared to one from a 

patient with AF (B) with f waves. The irregularity of the ventricular rhythm could be 

seen in the ECG from the patient with AF. (adapted from Braunwald. Heart Disease: A 

Textbook of Cardiovascular Medicine. 2001: 833-835) 
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1.1.2. Epidemiology 

1.1.2.1. Incidence of AF 

Atrial fibrillation is the most common sustained cardiac arrhythmia encountered by 

clinicians5
. Currently, more than 2.2 million people in United States have atrial 

fibrillation6
• Although data are difficult to compare, the prevalence of AF seems to be 

similar in the western world, Europe and U.S.A, but perhaps lower in Asia7
• 

1.1.2.2. Increase in Prevalence of AF 

Recent data suggests that AF is a disease that is increasing in prevalence8
• This 

could be due to a number of reasons such as an increase in the number of elderly patients 

in the population, recent improvements in survivaIs after cardiovascular incidences such 

as myocardial infarction, or simply a trend toward an increase in the telemetry and 

routine electrocardiograms. However, data from the Framingham Heart Study support 

an increase in the prevalence of AF over time in men when the analysis was restricted to 

the electrocardiograms performed routinely in biennial examinations. In this study 

between 1968 and 1989, the prevalence of AF in men nearly tripled from 3.2% to 9.1 %9. 

1.1.2.3. AF, Disease of Aging 

The incidence of AF increases dramatically with increasing age in a way that it 

doubles with each de cade after 50 years IO
;l1. The prevalence increases from 0.1 % for 

those <50 years of age to between 7.3% and 13.7% for those ~80 years of age12
• Figure 

2 is taken from the RenfrewlPaisley study that was performed in Scotlandl3
• 

3 



1.1.2.4. Gender Differences in AF 

Although the etiology of gender difference was not clear, in a study which was 

performed 10 years agolO, men developed AF at 1.5 times the rate of women even after 

adjustment for potential confounders. While the incidence and prevalence of AF was 

greater in men, because of the greater longevity in women, women made up the majority 

of AF cases. It is estimated that 53% of aIl people affected by AF are female6
• The result 

from the RenfrewlPaisley study shows higher incidences of AF in males than in females 

up to the age of 64 (figure 2). 

16 
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Figure 2: Age and sex specifie prevalence of AF in a population cohort from Scotland. 

A higher prevalence of AF is noted among men up to the age of 64 compared to women. 

(adapted from Stewart S, Hart CL, Hole DJ et al. Population prevalence, incidence, and 

predictors ofatrial fibrillation in the RenfrewlPaisley study. Heart. 2001;86:516-521) 
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1.1.3. Mechanisms 

In Order to better describe each of the mechanisms of AF, a review of the atrial 

action potential followed by a brief definition of re-entry and its conceptual models is 

presented. 

1.1.3.1. A trial Action Potential 

The atria are composed largely of fast-channel tissue, with atrial-cell activation 

depending on the large phase 0 inward Na+-current (INa) that depolarizes atrial myocytes 

from their normal resting potential of between -70 m V and -80 m V to an overshoot 

potential of about +30 mV (figure 3). The large size of INa explains the rapid atrial 

conduction velocity of around 1 meter per second in the direction parallel to fiber 

orientation. Following depolarization, INa is inactivated and atrial cells remain in their 

refractory phase (the refractory period) until inactivation starts to be removed, at about -

60 mV. Repolarization, is the process by which atrial cells retum from their depolarized 

state to their resting state. It depends on a series of time-dependent outward K+ currents. 

These currents include the short-lasting transient outward current Ito (phase 1 of the 

action potential), the ultra-rapid delayed rectifier current IKur (phases 1 and 2), and the 

rapid (lKr) and slow (lKs) delayed rectifier currents. The time from initial depolarization 

until the time at which excitability is restored during late phase 3 of the action potential 

defines the refractory period. The refractory period is often defined experimentally by 

the longest coupling interval of a twice-diastolic threshold current pulse that fails to 

capture the tissue, known as the effective refractory period (ERP). 

5 



1: Ito t 

2: Ica ~ 

ERP 

Figure 3: A schematic representation of the atrial action potential with inward current 

(downward arrows) and outward currents (upward arrows). Numbers indicate the phases 

of the action potential. INa: Sodium current responsible for depolarization of atrial 

myocytes; Ito: Short-lasting transient outward current; ICa: Inward calcium current 

during phase 2 of the action potential; IKr: Rapid potassium current responsible for 

repolarization; ks: Slow potassium current responsible for repolarization; IKl: Inward 

rectifier potassium current responsible for maintaining the cell membrane potential 

during phase 4 of the action potential. 
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1.1.3.2.lle-ent~ 

In the norrnally-activated heart, the propagating impulse initiated by the sinus node 

stops after sequential activation of the atria and ventricles because it is surrounded by 

refractory tissue that has been just excited and because it meets the inexcitable fibrous 

annulus. Under special conditions, the impulse may not die out after complete activation 

of the heart and may persist to re-excite the atria or the ventricles after the end of the 

refractory period. This phenomenon is called re-entrant excitation. 

Re-entry arises from abnorrnal impulse propagation between different zones of 

tissue (figure 4, 1 and II). After initial depolarization of an action potential, Na + channels 

are inactivated and the cell cannot be re-fired until the cell repolarizes to a potential 

(about -60mV) at which Na+ channels recover from inactivation, refractory period. An 

ectopic complex (figure 4, 2) arising in zone II during the refractory period of action 

potential 1 in zone 1 will initially fail to activate zone l, but may propagate through an 

alternative pathway to return to zone 1 when its refractory period is over, causing 

reactivation at this site (figure 4, 3). The impulse will now leave zone 1 and move 

towards zone II and, if the time to return to zone II is sufficiently long, then zone II will 

be reactivated (figure 4, 4). Ifthere is an appropriate substrate for re-entry, zones 1 and II 

can repeatedly reactivate each other once re-activation has been initiated, resulting in 

persistent re-entrant activitY. 

Re-entrant excitation as a cause of cardiac arrhythmia has been studied since the 

second decade of this century. The characteristics of re-entrant excitation and the 

conditions necessary for its initiation and maintenance were weIl defined by Mines14;15, 

and Garrey16. 

7 



-60mV 
- 80 mV ......)I~R~P .. c ~"""""","~"""""",",_..........,J 

Actionpotentials in zones 1 and 2 

Figure 4: Re-entry occurring between two tissue zones, 1 and II, which are connected as 

shown on the right. A premature activation (2) in zone II, which fails to initiate firing in 

zone 1 because zone 1 is still in refractory period, may conduct back to zone 1 (dashed 

line) at a time when it can respond with an action potential (3). This action potential may 

propagate to initiate (4) in zone II, and the process can continue indefinitely. RP, 

refractory period. 

(adapted from Nattel S. New ide as about atrial fibrillation 50 years on. Nature. 2002; 

415:219-226) 
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1.1.3.3. Conceptual Models of Re-entry17 

1.1.3.3.1. Closed-Circuit Re-entry 

In the beginning of this century, Mines considered that re-entry occurs in "closed 

circuits in myocardium" l 5. The determinants of this form of closed-circuit re-entry are 

illustrated in figure 5. The inexcitability of the core that underlies the substrate may be 

caused by the anatomical arrangement of potential conducting pathways, by anatomical 

obstacles like the venae cavae or pulmonary veins, or by a region of inexcitability 

caused by heart disease. Because the size of the circuit is fixed, re-entry depends 

critically on a circuit time that is greater than the refractory period, and the circuit time 

equals the path length divided by conduction velocity. The refractory period determines 

whether re-entry can be maintained (refractory period must be less than circuit time), but 

does not directly affect circuit time or tachycardia rate. 

1.1.3.3.2. Leading-Circle Re-entry 

A great limitation of the closed-circuit re-entry concept is that it does not account 

for the dynamic nature of re-entry in arrhythmias like AF, in which the re-entry substrate 

appears functional rather than fixed, as pointed out by Garrey in early twentieth 

century16. Allessie et al presented the first detailed conceptual model of functional re­

entry in 197i8
• Re-entry is maintained in a leading circle, which establishes itselfin the 

smallest circuit that can maintain continuous activity (figure 5). This minimum circuit 

size for re-entry is given by the wavelength, a concept first presented by Mines15 and 

later quantified by Wiener & Rosenblueth19 as the product of conduction velocity and 

refractory period. The core of the re-entry circuit is continuously invaded by centripetal 
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impulses from the circulating re-entrant wave and is thus continuously excited. A change 

in conduction velocity causes the re-entrant impulse to move concentrically based on the 

path length traveled in one refractory period; increased conduction velocity moves the 

wave outwards, to travel in a longer orbit, whereas decreased conduction velocity allows 

the wave to move inwards to a smaller path. Because the circuit time equals the 

refractory period (by definition in a path equal to wavelength), refractory period is the 

sole determinant of circuit time and tachycardia rate. 

1.1.3.3.3. Spiral-Wave Re-entry 

More recently, Pertsov et al suggested that the concept of spiral wave activity, a 

generalized form of continuous activity in excitable media, may be applicable to cardiac 

re-entri°. As indicated in figure 5, spiral re-entry differs from the other models in that 

the core is fully excitable. Maintenance of spiral-wave re-entry depends on the curvature 

of wavefronts at the tip of the spirafl. A present limitation on the applicability of the 

spiral-wave concept is the difficulty of formulating predictions regarding the stability 

and rate of re-entry based on simple electrophysiological properties like conduction 

velocity and refractory period. 

10 



Closed drcuit reentry Leading drde reentry Spiral wave reentry 

Figure 5: Schematic diagrams of closed-circuit re-entry (left) as suggested by Mines in 

the beginning of the century with a core that is not excitable and a fixed circuit size; 

leading-circuit re-entry (middle), a model that was proposed by Allessie et al. in 1977 to 

account for the dynamic nature of the re-entry. The re-entry wave establishes itself in the 

smallest circuit determined by wavelength (product of refractory period and conduction 

velocity) that can maintain continuous activity with a core that is continuously activated 

by centripetal impulses from the leading circle; and spiral-wave re-entry (right), a more 

recent model suggested by Pertsov et al. which differs from the other models in that the 

core is fully excitable and that maintenance of re-entry wave depends on the curvature of 

wavefronts at the tip of the spiral. 

(adapted from Nattel S, Li D, Yue L. Basic mechanisms of atrial fibrillation--very new 

insights into very old ideas. Annu Rev Physiol. 2000;62:51-77) 
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1.1.3.4. AF Mechanisms 

The conceptual framework for understanding the mechanisms of AF has been 

grounded in ideas developed in the early twentieth centurl2
• The predominant 

competing theories at the time were that AF is caused by: 

• Rapidly discharging, spontaneously active, atrial ectopic foci 

• Multiple-circuit reentry 

• Single-circuit reentry with fibrillatory conduction 

Over the past 50 years, the dominant concept of AF mechanism has been based on the 

multiple-wavelet hypothesis of Gordon Moe23
. However, observations obtained over the 

last few years have resulted in a better understanding of the mechanisms of AF. This, 

recently evolving evidence have thrown us back to the debates of the early twentieth 

century suggesting that the mechanisms mentioned above may all be involved in atrial 

fibrillation24
• 

1.1.3.4.1. Rapid Ectopie Activity 

Focal ectopic activity can arise from enhanced normal automaticity or from 

triggered activity related to early and delayed afterdepolarization. 

1.1.3.4.1.1. Automaticity 

One of the main differences between cardiac muscle and most other kinds of 

excitable cells is the spontaneous, intrinsic rhythm generated by sorne specialised 

pacemaker cells, which is called automaticity. Pacemaker activity is normally found 

only in nodal and conducting tissue. These cells share a common characteristic: during 

12 



diastole the membrane potential slowly goes up to less negative values. This slow 

change in membrane potential at phase 4 (figure 3) is called diastolic depolarization 

which has different slope in different pacemaker tissues. The fastest rate of diastolic 

depolarization is found in the sinus no de cells which act as the normal pacemaker for the 

heart25 . The functional determinants of spontaneous automaticity are the maximum 

diastolic potential, the rate of phase 4 depolarization, the threshold potential, and the 

action potential duration. Enhanced automaticity normally results when phase 4 

depolarization is accelerated, reaching threshold earlier and increasing automatic rate. 

1.1.3.4.1.2. Triggered Activity 

Triggered activity is the term used to describe impulse initiation in cardiac fibers 

that is dependent on afterdepolarization26. Afterdepolarization is an oscillation of the 

membrane potential that occurs near the time that the cell is repolarizing. The 

oscillations occurring during phase 2 or 3 of the cardiac action potential are known as 

"early afterdepolarizations" (EADs)27 and those occurring just after repolarization or 

during phase 4 of the cardiac action potential are known as "delayed 

afterdepolarizations" (DADsi8 (figure 6). When afterdepolarizations are large enough to 

reach the threshold potential, the resultant action potentials are referred to as "triggered". 

EAD-induced triggered activity is generally cycle-Iength dependent29. Any factors 

which cause excessive lengthening of action potential duration (APD) and promote 

inward Na+ and/or Ca2+ current may induce EADs, particularly at slow activation rates30
• 

DADs usually occur under a variety of conditions in which there appears to be a 

large increase in Ca2+ in the cytoplasm and the sarcoplasmic reticulum of the myocytes. 

This explains the tendency of drugs such as digitalis to cause DADs31
. The ionic 

13 



mechanism responsible for DAD is the result of a net inward current known as the 

transient inward current which could occur when the intracellular concentration of 

[Ca2+]in increases beyond its normal range32
• A rise in [Ca2+]in could cause a transient 

inward current by activating the Na+/Ca2+ exchanger across the cell membrane33
. This 

counter-transport system acts to transfer one Ca2+ ion out of the cell in exchange for 

three Na+ ions, resulting in a net influx of one positive charge which acts to depolarize 

the cell membrane. 

A single rapidly firing atrial focus would be expected to produce a regular 

tachycardia, but if the firing rate is so rapid that areas of the atria are unable to respond 

in al: 1 fashion, a fibrillatory atrial response will result. In a study by Haissaguerre and 

colleagues, it has been shown that AF is frequently initiated by ectopie activity arising 

from the pulmonary vein region34
• 

Figure 6: Schematic diagram of early after depolarizations (EADs) and delayed after 

depolarizations (DADs). 

(adapted from Pogwizd S, Bers D. Trends Cardiovasc Med. 2004; 14:61-66) 
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1.1.3.4.2. Multiple-Circuit Re-entry 

On the basis of earlier studies, in late 1950s and early 1960s, Moe formulated the 

so-called "multiple-wavelet" hypothesis to explain the mechanisms of true 

fibrillation23
;35. Since, at that time, simultaneous recording from a sufficient number of 

atrial sites to document the complex excitation pattern was impossible, Moe et al36 

developed a computer model of AF which was based on multiple re-entrant wavelets in 

a two-dimensional sheet with realistic properties. The key feature of the model was a 

non-homogenous distribution of refractory periods in otherwise identical elements. 

According to Moe's finding based on his computer model, fibrillation is 

maintained by the presence of a number of independent wavelets that wander randomly 

through the myocardium around islets or strands of refractory tissue. Each of the 

wavelets may accelerate or decelerate as it encounters tissue in a more or less advanced 

state of recovery of excitability. They may extinguish, divide, or combine with a 

neighbour wavelet, and they may continuously fluctuate in size and change direction of 

propagation. In Moe's theory the number ofwavelets present at one time could vary, and 

could be changed by the changing of electrophysiologic properties of the atrial tissue. 

The likelihood of spontaneous termination of fibrillation depends on the average number 

of wavelets present. If many wavelets exist (fine fibrillation), the chance that all 

wavelets extinguish simultaneously is small. On the other hand, with only a small 

number of wavelets present (coarse fibrillation), at a certain moment the waves may die 

out or fuse into a broad single wave front. This may result in transition into atrial flutter 

or resumption of normal sinus rhythm. 

A direct test of the multiple-circuit hypothesis was performed by Allessie et a1.37
• 

They inserted two egg-shaped multipolar electrodes, containing 480 recording terminaIs 
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ln each, into the atrial cavities of isolated, Langendorff-perfused dog hearts. Atrial 

fibrillation was induced by a single premature stimulus while acetylcholine was 

administered continuously to the perfusion fluid. During maintained fibrillation, 

excitations of right and left atria were mapped consecutively. As Moe's the ory 

mentioned, the presence of multiple independent wavelets was demonstrated. 

The persistence of multiple-circuit re-entry depends on the continuous presence of 

excitable tissue in front of the head of propagating wave fronts. The leading circuit re­

entry theory suggests that functional re-entrant circuits spontaneously establish 

themselves in the minimum path length for re-entry, the wavelength, given by the 

product of refractory period and conduction velocity. Thus, short ERPs and small 

conduction velocities favour multiple-circuit re-entry by reducing minimum circuit size 

and allowing the atria to accommodate more circuits. Correspondingly, increased atrial 

size should favour multiple-circuit re-entry by allowing for more wavelets to coexist. 

Refractoriness heterogeneity should also promote multiple-circuit re-entry, because of 

spatial variability of conduction around variably refractory tissue. Premature impulses 

are generally required to initiate re-entrant activity of any form. 

1.1.3.4.3. Single-Circuit Re-entry 

As a re-entrant mechanism, the maintenance of single circuit-re-entry depends on 

the wavelength being shorter than the circuit size. Because a single functional re-entrant 

circuit tends to be less stable than multiple circuits, particular conditions are needed to 

stabilize single-circuit re-entry in the atria. Atrial flutter, the classic example of atrial 

single-circuit re-entry, is usually maintained by a macroreentry circuit, depending on a 

combination of anatomic factors and a slowly conducting atrial region. AF results if the 
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impulses coming from a single, rapidly firing circuit encounter conduction barriers in the 

atria, resulting in zones that do not respond in a 1: 1 fashion (fibrillatory conduction). 

Fibrillatory conduction can result from spatially varying ERPs or from source-sink 

mismatches related to anatomic properties of atrial tissue38. 

Mapping studies have suggested the importance of single-circuit re-entry in 

underlying AF of isolated canine right atria exposed to high acetylcholine 

concentrations39. A mathematical modeling approach points to single spiral wave rotors 

underlying AF in simulated canine atrial tissue with heterogeneous acetylcholine 

distribution40. Similar evidence for the ability of single macroreentry circuits to form the 

basis of AF is shown in experimental congestive heart failure41 . The relevance of this 

mechanism is supported by clinical data as we1l42;43. 

1.1.4. Risk Factors for A trial Fibrillation 

Although underlying cardiovascular disease and age are the best predictors of 

increased risk of AF44, non-cardiac causes of AF have been reported. The non-cardiac 

predisposing conditions include excessive alcohol intake, hyperthyroidism, severe 

infections, and pulmonary disorders45 . Obstructive sleep apnea may also be related, in 

which case the provision of continuous positive airway pressure reduces the risk of the 

recurrence of AF46. Both vagal and sympathetic mechanisms of paroxysmal atrial 

fibrillation have been described (neurogenic atrial fibrillation)47, as have familial forms 

of the condition48. "Lone" AF (i.e., that occurring in the absence of a cardiac or other 
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explanation) is common, particularly in patients with paroxysmal atrial fibrillation-up to 

45% of such patients have no underlying cardiac disease49
. 

Aside from age and male gender, two of the most important risk factors of atrial 

fibrillation 12, the recognized cardiac conditions associated with AF are various types of 

valvular heart disease, acute myocardial infarction, myocarditis, pericarditis, 

hypertrophic cardiomyopathy, congenital heart disease, congestive heart failure, and 

hypertensive cardiovascular diseaselO
;12. In fact, currently, hypertension is recognized as 

the most prevalent, independent, and potentially modifiable risk for atrial fibrillation ll
;12. 
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1.2. Hypertension 

1.2.1. Definition and Epidemiology 

Blood pressure (BP) is distributed in a typical bell-shaped curve within the overall 

population (figure 7). The long-term risks for cardiovascular mortality associated with 

various levels of pressure rise progressively over the entire range ofblood pressure, with 

no threshold that clearly identifies potential danger. Therefore, the definition of 

hypertension is somewhat arbitrary. Perhaps the best operational definition is "the level 

at which the benefits (minus the risks and costs) of action exceed the risks and costs 

(minus the benefits) ofinaction."l 

Essential or primary hypertension, a term that is used to indicate hypertension of 

unknown cause, refers to a lasting increase in blood pressure with heterogeneous genetic 

and environmental causes. Its prevalence rises with age, irrespective of the type ofblood 

pressure measurement. In developed and developing countries alike, essential 

hypertension affects 25-35% of the adult population, and up to 60-70% of those beyond 

the seventh decade of life. Hypertension aggregates with other cardiovascular risk 

factors, such as abdominal obesity, dyslipidaemia, glucose intolerance, 

hyperinsulinaemia, and hyperuricaemia, possibly because of a common underlying 

cause50
• 

Originally, kidney was identified as the source of elevated intravascular pressure, 

but later studies in the 19th century refuted that interpretation. This left open the 

possibility of other causes. That possibility was bolstered by laboratory investigations of 

the 1930s and 1940s that clearly established the multifactorial nature of blood pressure 

control and, therefore, the likelihood of several origins ofhypertension51
• 
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Figure 7: Percent distribution of systolic blood pressure (SBP) for men screened for the 

Multiple Risk Factor Interventional Trial who were 35 to 57 years old and had no history 

of myocardial infarction (n = 347,978) (bars) and corresponding 12-year rates of 

cardiovascular mortality by SBP level adjusted for age, race, total serum cholesterol 

level, cigarettes smoked per day, reported use of medications for diabetes mellitus, and 

estimated household income (using census tract ofresidence). 

(adapted from National High Blood Pressure Education Pro gram Working Group: 

National High Blood Pressure Education Program Working Group report on primary 

prevention of hypertension. Arch Intern Med 1993; 153: 186) 
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A number of so-called secondary hypertensions have been recognized. Most of 

these "secondary hypertensions" have been discovered through the study of hypertensive 

patients with signs or symptoms inappropriate for essential hypertension. Sorne of the 

major secondary causes inc1ude: pheochromocytoma, Cushing's syndrome, aortic 

coarctation, renal arterial disease, and primary aldosteronism51
• 

1.2.2. Pathophyisiology 

Sodium and fluid balance and vasomotor tone are cornerstones in BP regulation. 

Both mechanisms are affected by numerous genetic and environmental factors, and are 

controlled by hormonal, nervous system, paracrine, and intracellular feedback loops. 

The interactions between these factors change with age. These interactions account for 

the heterogeneous pattern of the hemodynamic alterations that lead to and sustain high 

blood pressure throughout life. 

1.2.3. Genetics of Hypertension 

Blood pressure is a quantitative trait with continuous variation from low to high 

values in outbred populations of humans or animaIs. As with most quantitative traits, 

differences in BP result from the contributions of many genes (i.e. BP is a polygenic 

trait) interacting with each other and the environment. 

The vast majority (98-99%) of patients with essential hypertension, in whom the 

cause is not due to obvious lesions in a single gene, are in a highly complex situation. 
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The many genetic alterations responsible for high BP would be expected to be subtle, 

such as upregulated or downregulated expression of an active gene or point mutations 

that may alter but not abolish the activity of a protein. Because human essential 

hypertension is a polygenic disorder that is intrinsically genetically heterogeneous, 

different patients carry different subsets of genes that lead to elevated blood pressure. 

These genes that affect BP can be described as having altemate variant forms associated 

with either increased or decreased BP. The genetic component of essential hypertension 

are thought to be largely additive in nature, such that BP observed in a particular patient 

is dependent on the interaction of the environment with the balance between the number 

and the relative strength of the low and high BP alleles present. Understanding of the 

molecular basis of BP regulation is further complicated by the existence of genes that 

have no direct effect on BP but that influence BP in a specific environmental context, 

such as high dietary salt intake52
. 

1.2.4. Experimental Models of Hypertension 

Model organisms have been utilized for over a century to understand biological 

processes. The difficulty in studying a disease process such as hypertension begins with 

the fact that the etiology of this disease is heterogeneous. Due to the fact that 

hypertension can be primary or secondary and that the pathophysiology of essential 

(primary) hypertension is heterogeneous, a spectrum of experimental animal models of 

hypertension has been developed. These experimental models of hypertension could be 

placed in the following categories: 
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1.2.4.1. Renovascular Model 

More than 150 years ago, Richard Bright first linked the kidney to high blood 

pressure, but it was another 100 years before Goldblatt firmly established the potential 

of the kidney to cause hypertension. Goldblatt et a1.53 produced the first reliable form of 

experimental hypertension with remarkably simple intervention of narrowing the main 

renal artery to perturb renal hemodynamics. Since then, interest in the kidney in the 

development of essential hypertension has waxed and waned. Chronic renovascular 

hypertension has been produced in different large and small experimental animaIs by 

constriction of the renal artery such as in non-human primates 54, dogs55
;56, and 

rodents57
;58. The advantage ofthese models is that one can start the hypertension process 

at investigator's convenience and that the main pathophysiologic mechanism which 

causes hypertension is known. 

The chief pathophysiologic mechanism underlying renovascular hypertension 

involves activation of both limbs of the renin-angiotensin-aldosterone (RAA) system. 

The reduction of renal blood flow due to renal artery stenosis initiates hypersecretion of 

renin, which accelerates conversion of angiotensin 1 to angiotensin II and enhances 

adrenal release of aldosterone. The result is profound angiotensin-mediated 

vasoconstriction and aldosterone-induced sodium and water retention leading to 

hypertension59
• 

1.2.4.2. Page Kidney Model 

In 1939 Page induced hypertension in dogs by wrapping a kidney with cellophane 

and described an intense inflammatory reaction to this foreign material producing 

constrictive perinephritis, compression of the kidney parenchyma, and hypertension60
• 
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Page proved that extirpating the affected kidney could cure this high blood pressure. 

Since then other animaIs such as rabbits61 have been used as an experimental model of 

hypertension induced by renal wrapping. Page's observations were experimental until 

1955 when he and a colleague reported a case of a football player who suffered a blunt 

in jury to the kidney producing renal hematoma and renin-mediated hypertension62
• From 

then on cases of hypertension secondary to kidney compression are referred to in 

literature as "Page" kidney. 

Any significant external compression of the kidney causes renal hypoperfusion and 

ischemia which activates the RAA axis ultimately leading to hypertension63
-
65

. Despite 

the clinical evidence from Page kidney cases showing the importance of RAA system in 

development of hypertension, Hart et al. have found no systemic or local activation of 

the RAA pathway in the experimental canine model of hypertension due to renal 

wrapping66
• Therefore, the pathophysiologic mechanism of hypertension due to renal 

wrapping is rather ambiguous. 

1.2.4.3. Undernutrition, Glucocorticoids Models 

There is now strong epidemiological evidence that maternaI malnutrition and 

reduced growth in utero is linked with higher incidence of known cardiovascular 

disease, including hypertension67
;68. Therefore, animal experiments have been created in 

which cardiovascular disease including hypertension have been programmed by 

maternaI malnutrition69
;7o. In addition, there is growing interest in the role of 

glucocorticoids as mediators of the effects of intra-uterine deprivation. In one 

experiment maternaI protein restriction during pregnancy in the rat results in high blood 

pressure in the offspring and this effect is prevented by the inhibition of maternaI 
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corticosteroids biosynthesis during pregnancy71. In fact, animal models of hypertension 

exist by treatment of pregnant rats 72 and ewes 73 with the synthetic glucocorticoid 

dexamethasone which results in induction of hypertension in the offspring. 

The mechanisms underlying the programming of hypertension by maternaI 

undernutrition are likely to be multifactorial and complex. However, a role for the 

kidney and the endothelium in the maintenance of raised blood pressure has been 

reported. Nephrogenesis has been compromised in kidneys submitted to intrauterine 

undernutrition leading to a reduction in total nephron number based on clinical and 

experimental studies74
-
78

• This is likely to contribute to the development of hypertension 

in adult life. Moreover, a broad spectrum of evidences suggests that intrauterine 

undernutrition promotes alterations in NO, a well-known vasodialator, pathways 79-81. 

Decrease in NO synthesis play an important role in endothelium dysfunction observed in 

experimental models ofundernourished-induced hypertension. 

1.2.4.4. Environmentally-Induced Hypertension Models 

In recent years, the important role of environmental factors in cardiovascular 

disorders, particularly hypertension has received great attention from scientists and 

physicians. To better understand the ways in which the environmental factors affect the 

cardiovascular functions, researchers have tried to produce experimental hypertension in 

animaIs by exposing them to different environmental challenges. 

Stress-induced hypertension by exposing rats to two weeks of irregular foot 

electric shocks combined with buzzing noise82
, diet-induced hypertension by chronic 

fructose treatment of rats associated with insulin resistance and hyperinsulinemia83
, and 

cold-induced hypertension including cardiac hypertrophy by chronic exposure of rats to 
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mild cold (5 °C)84 are important examples for models of environmentally-induced 

hypertension. Activation of syrnpathetic nervous system and the RAA system are 

accepted to be at the core of the pathophysiological mechanisms underlying 

environmental-induced hypertension83;85;86. 

1.2.4.5. Pharmacologically-lnduced Hypertension Model 

The DOCA-salt-induced model of hypertension is a typical representative of 

pharrnacologically-induced hypertension. A very high dose of deoxycorticosterone 

acetate (DOCA) in the presence of isotonic saline in drinking water as a co-factor is 

required to induce hypertension in rats. This model often needs surgical reduction of 

renal mass or unilateral nephroctomy. Therefore, the combination of DOCA-salt and 

unilateral nephroctomy results in hypertension, cardiac and renal hypertrophy, and 

nephrosclerosis87
• 

There is evidence for the involvement of arginine vasopressin88, syrnpathetic 

nervous system89, the endothelin system90, and oxidative stress91 in the pathogenesis of 

DOCA-salt hypertension. The major limitations ofthis model are: 1) large doses of drug 

are required; 2) surgical reduction of renal mass is required; and 3) ingestion of large 

amount of salt is required. This model would be potentially useful to investigate the role 

of sodium in the developmental stages of hypertension. 

1.2.4.6. Genetically-lnduced Hypertension Rodent Models 

Over the past decade, transgenic and gene-targeting technology has been utilized to 

study the cardiovascular effects of over-expression or ablation of genes which have been 

considered candidates in the genetic basis of hypertension. These types of genetic 
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models usually have relatively good normotensive controls, the same strain of animaIs 

without genetic alteration. These are excellent models to study the role of a specifie gene 

in the pathogenesis of hypertension and its consequence, especially with the new 

advances in the field of molecular biology which allows scientists to target genes in 

specifie tissues. Several experimental rodent models of hypertension exist in which 

known genes responsible for controlling the blood pressure have been modified. Several 

examples could be found in the literature such as introduction and overexpression of 

mouse renin-2 gene in Sprague-Dawley rats92
• 

Other types of genetically-induced hypertension models are produced by 

selectively breeding rats with high blood pressure. Many hypertensive rat strains have 

been produced ranging from spontaneously hypertensive rats (SHRs) to spontaneously 

hypertensive heart failure (SHHF) rats which are the strains used in the experiments 

presented in this thesis. These models exhibit end-organ damage phenotypes similar to 

those seen in human essential hypertension, inc1uding L VH, stroke and renal failure. 

The SHR was introduced by Okamoto and Aoki in 196393 as a model of genetic 

hypertension which is thought to be similar in many respects to hypertension in man94
• 

The pathogenesis of hypertension in the SHR appears to be heterogeneous; cellular, 

central nervous system, neurohormonal, and renal abnormalities have been proposed. 

The SHR is a "normal-renin" model, and its blood pressure is relatively sodium­

independent. 

The SHHF rat represents a congenital model of dilated cardiomyopathy with 

hypertension progressing to decompensated heart failure which exhibits several hallmark 

signs ofhuman disease state. While progression to decompensated heart failure occurs in 
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100% of these rats at old age, such transformation does not necessarily occur in all 

SHRs95;96. 

1.2.5. SHR, A Model for Essential Hypertension 

Ruman genetic (essential) hypertension is recognized as a multifactorial disease 

involving many genes, but the causative genes have not yet been fully identified. 

Therefore, it seems a logical approach to study the pathophysiological alterations of 

essential hypertension in a laboratory animal with a short life span in which 

hypertension is produced naturally through genetic inbreeding that shares similarities 

with the human disease. The SHR is such an experimental model in which the disease is 

very similar to essential hypertension in man94
. Both have their apparent onsets early in 

life. Their elevated arterial pressure is mediated through a slow and progressively 

increased total peripheral resistance which demands cardiac and vascular adaptation. 

Eventually, cardiac failure, strokes, and renal lesions result in a shortened life span by 

about one-third in both forms of hypertension. In both genetic diseases, neural 

mechanisms seem to predominate in the early stages, whereas in the later and more 

complicated phases structural, renal, endocrine, humoral, and metabolic mechanisms 

also may participate. In both forms of hypertension there seems to be susceptibility for 

aggravation of the disease by excess dietary sodium, stress, and other environmental 

factors. Therefore, it is justifiable to use SHRs in this study as a model for essential 

hypertension in man. However, a major drawback of this model is the lack of an 

appropriate control which has been genetically altered yet is free from the disease and 

the complexity of the genetic mutations which have affected not only blood pressure but 
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many other regulatory systems as well. Regardless of this Issue, Wistar rats are 

commonly accepted as the best normotensive control for SHRs. 

1.3. Relationship between Atrial Fibrillation and Hypertension 

In a review done by Healey et al in 200397
, hypertension is associated with cardiac 

structural changes that are linked with atrial fibrillation. Theses changes include left 

ventricular hypertrophy (L VH), left atrial enlargement (LAE) , changes in left atrial 

mechanical function, altered left atrial electrophysiology, and increased atrial ectopic 

activity. Moreover, in a study done by Verdecchia et al. in 2003 10°, on untreated 

hypertensive patients in sinus rhythm and free of overt cardiovascular disease or 

hyperthyroidism, age and LV mass were determined as the sole independent predictors 

ofAF. 

1.3.1. Left Ventricular Hypertrophy 

One of the most important effects of hypertension on the heart that is very well 

studied is hypertrophy of the left ventricle. L VH by itself, detected by 

electrocardiography or echocardiography, has been identified as an important risk factor 

for AF I1
. In the Framingham study, patients with an electrocardiographically determined 

diagnosis of LVH had a 3 to 3.8 fold increased risk of developing AF. The risk of 

developing AF aiso increased by 28% for each 4-mm increase in echocardiographically 

measured left ventricular thickness 12. Moreover, recently Verdecchia et al. 100 have 

substantiated the role of L VH as an independent predictor of AF in apparently 

uncomplicated subjects with essential hypertension. 
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1.3.2. Left Atrial Enlargement 

Support for LAE as a causal risk factor for AF cornes from cohort studies that use 

enlargement of the left atrium as a prospective predictor of the occurrence of AF and 

show that the risk of atrial fibrillation is correlated with the severity of increase in left 

atrial diameter. For example, in the Framingham study, among 4,731 patients who 

underwent baseline echocardiography, the risk of developing AF increased by 39% for 

each 5 mm increment increase in left atrial diameter12
• In other prospective studies, it 

was confirmed that LAE predicts the development of AF103
• Moreover, newer, more 

precise measurements of left atrial size by monitoring the left atrial volume 

echocardiographically have been used recently by Tsang et a1. 104
. In this cohort, a 30% 

increase in left atrial volume was correlated with a 43% increased risk of AF, and left 

atrial volume was a more sensitive marker for AF risk than conventional left atrial 

diameter. 

LAE may develop early in patients with hypertension, before any evidence of L VH 

or atrial arrhythmia 105. Most studies have reported that the magnitude of atrial 

enlargement correlates with the degree of hypertension106
;107. LAE in hypertensive 

patients may be the result of elevated left ventricular filling pressure108 and impairment 

of left ventricular diastolic function 109
;110. LAE is an important step in the progression 

from hypertension to AF. Cross-sectional studies have demonstrated that hypertensive 

patients with a history of paroxysmal AF have larger left atria than do patients without 

history of paroxysmal AF 111. AIso, in the study by Verdecchia et al. 100 left atrial size was 

determined as an independent predictor of chronicization of AF in untreated 

hypertensive patients. 
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1.3.3. Left Atrial Mechanical Function 

In hypertensive patients who go on to develop AF, methods of assessing left atrial 

function, such as measuring left atrial fractional shortening, have documented impaired 

left atrial function compared with hypertensive patients who remain in sinus rhythm Ill, 

Impaired contractile function of the left atrium has also been shown to predict the 

development of AF in patients with heart failure l12
, Moreover, Doppler 

echocardiographic studies have confirmed the importance of left atrial function as a 

measure for susceptibility to AFI09
, However, in the study which was done by 

Verdecchia et al., Doppler measurements (E- and A-wave velocities on the transmitral 

inflow pattern, as weIl as their ratio) did not predict occurrence of AF 100, 

1.3.4. Changes in Atrial Electrophysiology 

Changes in atrial electrophysiology has been noted to occur early in hypertensive 

heart disease, preceding the appearance of L VH and LAE 113, Two distinct changes in 

atrial electrophysiology, both of which are associated with development and 

maintenance of AF, have been studied, These two changes are the prolongation of atrial 

conduction velocity, and the decrease in atrial refractoriness I14
-
116

, Slowing of atrial 

conduction velocity was assessed by measuring the p-wave duration on the 

electrocardiograms, However, the only evidence for increased dispersion of atrial 

refractoriness and shortened ERP were obtained from animal studies in which the left 

atrial pressure of the animaIs were elevated by balloon dilation or in the case of isolated 

rabbit hearts the atrial pressure was increased by 15 cm H20 117
;1l8, Therefore, it is 

reasonable to postulate that changes in atrial electrophysiology could be a mechanism by 

which hypertension predisposes individuals to AF, 
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1.3.5. Atrial Ectopic Activity 

Atrial fibrillation is now known to be frequently initiated by atrial premature beats 

arising from within the pulmonary veins34
. Hypertension is associated with an increased 

frequency of premature atrial contractions. However, the site of origin for these 

contractions is not determined. In a study of 85 patients with essential hypertension, 

patients with L VH had an increase in the number of atrial premature beats compared 

with hypertensive patients without L VH, while both groups had more atrial premature 

beats than an age-matched control group119. 

1.4. Hypertension as a Risk Factor for AF 

Currently, hypertension is the most prevalent, independent, and potentially 

modifiable risk factor for atrial fibrillation ll ;12. The relative risk of developing AF in 

patients with hypertension is modest (relative risk, 1.4 to 2.1) compared with other 

conditions such as heart failure (relative risk, 6.1 to 17.5) and valve disease (relative 

risk, 2.2 to 8.3)97.However, because as mentioned before, almost 25-35% of the adult 

population and up to 60-70% of those beyond the seventh decade of life has high blood 

pressure, hypertension is the primary risk factor for atrial fibrillation in North America. 

Cohort studies suggested that hypertension was present in 50% to 53% of North 

Amercian patients with AF98;99 and was causative in 15%12. The incidence of AF among 

hypertensive patients is approximately 94 of 1,000 patient-years. In a cohort of 

hypertensive patients, those who subsequently developed AF had a higher mean 

ambulatory systolic pressure JOo. 
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2. Goals of the 5tudy 

The importance of hypertension as a risk factor for the development of atrial 

fibrillation is weIl recognized. However, despite its leading importance as a highly 

prevalent risk factor, only a few c1inical data are available regarding predictors and 

outcome of AF in large populations of subjects with essential hypertension free of other 

coexisting and predisposing cardiovascular conditions. So that, the role of essential 

hypertension as a risk factor for AF is still incompletely known. 

Recent data indicates that in hypertensive patients with sinus rhythm and no other 

major predisposing conditions, risk of AF increases with age, LV mass, and LA size 

(which predisposes to chronicization of AF)100. However, it is important to note that LV 

mass and LA size increase during the process of aging independently of presence of 

hypertension and could increase the risk of AF101
;102. Therefore, the role of hypertension 

per se in providing a substrate for AF needs to be elucidated further. 

This present study was undertaken to understand the conditions that will provide a 

substrate for AF in patients with essential hypertension. Understanding these underlying 

conditions will be useful to design new treatments. The study was undertaken in rats as 

low-cost experimental animaIs with short life span. Using an animal model allowed us to 

study the effects of hypertension alone without the presence of other coexisting 

cardiovascular diseases and without the confounding factor of drug therapies that are 

seen in patients. Moreover, the rather short life span of rats allowed us to study the 

effects of hypertension from the beginning of its course. SHRs have been used in this 

study as a model of genetic hypertension in man for the reasons explained before. 
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Introduction: 

Atrial fibrillation (AF) is the most common sustained cardiac arrhythmia 

encountered by clinicians and is responsible for substantial morbidity and mortality in 

general population!. The most important risk factors for AF are age, male gender, 

hypertension, thyrotoxicosis, smoking, diabetes, left ventricular (LV) hypertrophy, left 

atrial (LA) enlargement, valvular and coronary heart disease, congestive heart failure, 

and stroke2
• 

Because of its high prevalence in the population (53% according to the Manitoba 

Follow-up study\ hypertension independently accounts for more AF cases than any 

other risk factors4
• However, despite its leading importance as a highly prevalent risk 

factor, only a few c1inical data are available regarding predictors and outcome of AF in 

large populations of subjects with essential hypertension free of other coexisting and 

predisposing cardiovascular conditions. So that, the role of hypertension as a risk factor 

for AF is still incompletely known. 

Recent data indicates that in hypertensive patients with sinus rhythm and no other 

major predisposing conditions, risk of AF increases with age, LV mass, and LA size 

(which predisposes to chronicization of AF) 4. However, it is important to note that LV 

mass and LA size increase during the process of aging independently of presence of 

hypertension and could increase the risk of AF5
-
7
• Therefore, the role of hypertension per 

se in providing a substrate for AF needs to be elucidated further. 

The present study was undertaken to investigate the possibility of having rats as an 

adequate animal model for the relationship between hypertension and AF in man and to 

understand the role of hypertension as a risk factor for AF. 
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Methods: 

Animal Groups and Experimental Protocols 

The research protocol was approved by the Institutional Animal Care and Use 

committee of Montreal Heart Institute. Rats (obtained from Charles River laboratories) 

were studied at three different age groups of young (6 months), middle-aged (13 

months), and old (19 months). In aU the age groups, studies were performed on Wistar 

rats (control), and spontaneously hypertensive rats (SHRs). In the old age group, studies 

were also performed on spontaneously hypertensive heart failure (SHHF) rats. 

Moreover, 10 three-month old Wistar rats were used for the cholinergie stimulation and 

the thoraeic aortie constrietion experiments. In the experiments requiring a thoraeotomy, 

animaIs were anesthetized with 3% isoflurane. Endotraeheal intubation was performed 

as described before8
. The eannula was conneeted to a volume-cycled rodent ventilator 

with a tidal volume of 2.5 ml (oxygen supplemented) and respiratory rate of 75 

breaths/min. Body temperature was kept at 37°C throughout the experiments with a 

heating pad. 

Hemodynamic and Echocardiography Measurements 

Noninvasive blood pressure (BP) was measured by the tail-cuff plethysmography 

method in unanesthetized rats prewarmed for 10 minutes. For the eehoeardiography 

measurements, animaIs were sedated with midazolam (2 mg/Kg, IP) and lightly 

anesthetized with 1 % isoflurane. Two-dimensional echoeardiography in the rat was 

performed using an eehoeardiogram (HP 5500) equipped with a 5-7.5 MHz transducer. 

AU measurements were done from leading edge to leading edge aeeording to the 

American Society of Echocardiography guidelines. 
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In- Vivo Eleetrophysiology Study 

A Lead 1 electrocardiogram was recorded from the skin. Right atrium (RA) was 

exposed by a right thoracotomy between the third and the fourth rib. Two Teflon-coated 

(except at their tips) bipolar electrodes were hooked on the RA. The effective refractory 

period (ERP) of the RA was measured by the S2 extra stimulus method using 10 

regularly paced SI beats at three different cycle lengths (CL), 100, 120, and 150-msec 

with twice threshold current. Burst RA pacing (CLs of 15 to 5-msec above ERP, in 10-

msec increments) for various durations with 10 times threshold current was used to 

induce AF. The induced arrhythmia was considered to be AF when the atrial bipolar 

electrogram morphology was nonuniform, the activation intervals were irregular, and 

had a cycle length < 35 msec. AF was said to be sustained if it lasted for> 30 seconds. 

Cholinergie Stimulation 

Experimental protocol was followed as explained before. Baseline (before 

injection) electrophysiology study was performed. Carbamylcholine chloride (carbachol) 

was injected (2 mg/Kg, IP). Five minutes post-injection the electrophysiology study was 

repeated. 

Thoracie Aortie Constrietion 

The che st cavity was entered in the second intercostals space at the left upper 

sternal border through a small incision. The thymus was then gently deflected out of the 

field of view to expose the aortic arch. After the aorta was isolated distal to the carotid 

arteries, it was constricted by a 2-0 silk suture ligature tied firmly against a 25-gauge 

needle. The needle was promptly removed after ligature. The change in blood pressure 

proximal to the point of constriction was verified with a fluid-filled catheter inserted into 

the right carotid artery and connected to a pressure transducer. Electrophysiology studies 
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were carried out at before, and 10, 30, 60 minutes after aortic constriction. It should be 

noted that atropine (0.05 mg/Kg, lM) was injected every 25 minutes starting before the 

first electrophysiology study. 

Histological Analysis 

The hearts of the rats were weighed after conclusion of the in-vivo studies. The 

hearts were then fixed in 4% buffered formalin for >24 hours and then placed in 70% 

alcohol. Trimming was done in aU the paraffin-embedded tissue blocks for 400 Ilm. Five 

sections were made in each RA and LA at every 200 Ilm of intervals. On each level, 

transmural sections of 5 Ilm were cut perpendicularly to the epicardium and mounted 

onto slides. The sections were stained with either trichrome Masson or HPS. The slides 

were examined by light microscopy at 400X magnification. The ratio of the area 

occupied by interstitial fibrosis to the total area was determined in each trichrome­

stained sample using a computer-assisted image analysis software (SigmaScan). Results 

were given as percentage fibrosis of total atrial surface area. 

Statistical Analysis 

AU statistical analyses were performed using Systat. Data are expressed as mean ± 

SEM. When appropriate, statistical analyses were performed using multiple-way 

analysis of variance (ANOV A), multiple-way repeated measures of analysis of variance, 

Chi -square test. 
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Results: 

Cholinergie Stimulation and Thoracie Aortie Constrietion 

Cholinergie stimulation experiment was performed on five rats in order to 

investigate the feasibility of inducing sustained AF in rats. The mean ERP at cycle 

length of 120 msec before injection of carbachol was 37 ± 2.6 msec. After injection of 

carbachol, ERP decreased to values below 20 msec. Sustained atrial fibrillation was 

initiated in an the animaIs while trying to determine the ERP. AF would last for 

durations longer than 20 minutes. Attempts to stop the fibrillation by burst pacing were 

not successful. 

Thoracic aortic constriction experiment was performed on five rats in order to 

investigate the effect(s) of an acute increase in atrial pressure and the resulting atrial 

stretch on development of AF. Atropine was injected in three animaIs before constriction 

of the aorta to block the parasympathetic effect that might be activated as a result of 

aortic constriction. The electrophysiology study was performed on the other two rats 

without the injection of Atropine. Sustained AF was not induced in any of the rats at any 

time. ERP increased in an the animaIs from this group after constriction of the aorta. 

Figure 1 show the change in ERP of the right atrium from the three rats with atropine 

injection at different times following constriction as weIl as the change in blood pressure 

measured from the right carotid artery after constriction of the aorta. The change in 

blood pressure is comparable to the difference in blood pressure between normal Wistar 

rats and SHRs. 

Hemodynamie and Eehoeardiography Measurements 

The hemodynamic and echocardiography measurements are summarized in table 1. 

As expected blood pressure is significantly higher in the SHRs compared to their age-
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matched controls. AIso, the blood pressure of SHHF rats is comparable to that of SHRs. 

The echocardiography measurements show that EF% and PWSV are lower in the SHRs 

compared to their age-matched controls. Although at old age EF% seems to be lower in 

the SHRs compared to controls, a statistical significance is not present. Left ventricular 

hypertrophy exists in the middle-aged and old SHRs when their LV mass is compared to 

that of age matched control rats. Left ventricular mass increases significantly in both 

Wistars and SHRs as they age up to 13 months, but it remains unchanged to the old age. 

Left atrial dimension (LAD) is lower in the young and middle-aged SHRs compared to 

the Wistar rats. But the difference between the LADs of the two groups is disappeared at 

old age. However, LAD increases significantly in both strains of rats as a result of aging 

up to middle age. 

Electrophysiology Study 

ERP was longer in the SHRs only at young age in all the basic cycle lengths when 

compared to young Wistar rats (table 2). At the other age groups this difference was not 

present. When comparison was made at different ages within the same strain, no 

difference was found in the ERP except at the basic cycle lengths of 100 msec for the 

Wistars and 120 msec for the SHRs (P < 0.05). Figure 2 represents a sample 

electrocardiogram from Lead 1 and the associated electrogram from RA while it is 

fibriIlating. There is no difference in the AF cycle length and duration among aIl the 

groups. The percentage of rats with sustained AF in every group is shown in table 2. It 

should be noted that sustained AF was induced in 100 % of the controls, SHRs, and 

SHHF rats at old age. 
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Histological Analysis 

Figure 3 shows representative atrial sections with and without increase amount of 

interstitial fibrosis and figure 4 shows the percentage amount of interstitial fibrosis in 

both atria of each group. In the left atrium of the SHRs, interstitial fibrosis is 

significantly more than that of the controls in middle age and old rats. Moreover, while, 

the amount of interstitial fibrosis is increased only in the left atrium of the middle-aged 

SHRs when compared to young SHRs, fibrosis is increased in both atria in controls and 

SHRs as they grow from 13 months to old age. The amount of interstitial fibrosis in the 

left atrium of the SHHF rats is comparable to that of old SHRs (Figure 4). 

Discussion: 

Principle Findings 

In the present study, we have found no difference in AF sustenance between the 

normal and hypertensive rats at different age groups. However, despite lack of statistical 

significance, it is important to note the increase in the percentage of rats with induced 

sustained AF as the animaIs from each group age. In Wistar rats, sustained AF is 

induced in 100% of the old age group while it was only induced in 33% and 29% of 

middle-aged and young rats. Increased amount of interstitial fibrosis was only noted at 

old age. In SHRs, sustained AF was induced in only 17% of young animaIs, but 

increased to 44% and 100% as the interstitial fibrosis accumulated over time. In the 

SHHF rats, AF was induced in aIl the animaIs in the presence of heart failure at old age 

while severe LV hypertrophy, LA enlargement, and LA interstitial fibrosis was noted in 

this group. 
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Moreover, hypertension could accelerate the accumulation of fibrosis which occurs 

during the process of aging. While fibrosis was increased significantly in the SHRs at 

middle age compared to young SHRs, in Wistar rats such an increase was only observed 

at old age. Furthermore, the amount of interstitial fibrosis at old age was higher in SHRs 

compared to Wistars. 

Possible Mechanism(s) of AF in this Model 

Although epidemiologically linked to an increased incidence of AF, the 

mechanisms by which hypertension enhances the frequency of AF in man remain 

incompletely elucidated. In general, AF may result from more than one mechanism, 

automatic triggers, after depolarizations, and reentrant substrates. AF might have various 

inÎtiators (autonomie, hormonal, stimulants due to pathological conditions) or it might 

occur as an isolated disorder-a condition known as 'lone AF,9;lO. 

Arrhythmogenic remodeling, that promote the occurrence of cardiac arrhythmias 

could be in the form of alterations in atrial electrophysiology or structure that provide a 

reentrant substrate or could lead to automatic trigger activities. The multiple wavelet 

theory has been widely accepted as an explanation for the mechanism of AF 

sustenancell
. According to this theory, fibrillation requires several reentrant wavelets to 

coexist. 

In the electrophysiology studies that we performed in these experiments, ERP does 

not seem to have a role in arrhythmogenic remodeling. It is conceivable that 

hypertension, aging, and heart failure cause changes in cellular electrophysiology of 

atrial myocytes. We do not have enough evidence to be able to exc1ude the presence of 

alterations in cellular electrophysiology, which could contribute to AF vulnerability. 

However, the lack of pro-arrhythmic alteration in ERP should be noted. Moreover, an 
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acute increase in the afterload and the immediate effect of elevated LV pressure on atrial 

pressure and stretch did not lead to pro-arrhythmic changes in the ERP and development 

of AF as evident from the thoracic aortic constriction experiments. 

Structural Remodeling and AF 

Theoretical models have associated atrial interstitial fibrosis as a substrate for 

AF12
;13. Increased AF vulnerability has been associated with increased atrial interstitial 

fibrosis in animal models with induced heart failure 14
, mitral regurgitation15

, and 

aging16
;17. Also in humans, it has been observed that atrial fibrosis increases with age in 

patients with AF18
;19. Moreover, it has been shown recently that the alterations in atrial 

conduction produced by atrial inters titi al fibrosis alone are sufficient to produce a 

substrate for AF20
• 

Studies have shown that LA enlargement is a risk factor for AF and stroke, 

especially in men21
;22. AIso, it has been shown that echocardiographic LA enlargement is 

commonly found in hypertensive patients with LV hypertrophy, and that in such 

patients, LA enlargement is particularly prevalent in older and more obese patients 

independent of the degree of LV hypertrophY3. 

In this rat model, structural remodeling especially increased amount of interstitial 

fibrosis seems to be the major contributor to the AF sustainability. Although the role of 

LA enlargement is not clear in the Wistar rats and SHRs, its enlargement by 

approximately 40% in the SHHFs at old age compared to old controls could contribute 

to the fact that aIl the animaIs from this group developed sustained AF. 

Furthermore, although, heart failure was present in the SHHF rats, a new study 

from our lab suggests that structural, not ionic, remodeling is the primary contributor to 

AF maintenance in experimental heart failure24
• 
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Clinical Implication 

In this model, aging and hypertension predispose the heart to AF mainly due to the 

same mechanism (increased amount of interstitial fibrosis). The signalling pathways that 

will lead to increase amount of interstitial fibrosis in each condition should be 

investigated further. 

Due to the limited efficacy and the nontrivial adverse effects of the presently 

available drug therapies for AF, the prevention of arrhythmogenic remodeling is 

emerging as a potential new treatment strategy5;26. Since the structural remodeling is a 

process that occurs over time, drug therapies that start at young age and prevent these 

changes might be found useful. 

Limitation of the Study 

It is important to note that it was feasible for us to only use three animaIs per group 

at 19 months due to the unavailability of the strains at older ages. AIso, the results 

observed in this rat model may not mimic the events seen in human. Therefore, one 

should be careful when extrapolating the results of this study to clinical settings. 

In general, our inability to find a clear relationship between hypertension and AF 

in this rat model was disappointing. Further work in other species and other models of 

hypertension would be interesting in order to define an adequate animal model for the 

relationship between hypertension and AF in man. This would allow for a study of the 

relevant basic mechanisms and potentially for the development of improved preventive 

approaches. 
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Table 1 
Hemodynamic and Echocardiography Measurements 

Young Young Middle- Middle- OId OId SHHF 
Wistar SHR aged aged Wistar SHR 

Wistar SHR 
(n =7) (n = 6) (n =9) (n = 9) (n =3) (n =3) (n =3) 

BP 130 ± 6.9 192 ± 2.2* 132 ± 3.3 189 ± 6.4* 133 ± 4.1 183 ± 3.9* 185 ± 8.5§§ 
(mmHg) 

EF(%) 58 ± 0.8 52 ± 2.2* 57 ± 0.8 49 ± 2.1 * 53 ± 1.8 45 ± 3.3 31 ±2.0§ 

LV 
1.4 ± 0.03 1.3 ± 0.04 1.6 ± 0.04t 1.8 ± 0.06t* 1.6 ± 0.1 1.9 ± 0.1 ** 2.5 ± 0.1§ Mass 

(g) 

PWSV 3.95 ± 0.2 2.92 ± 0.2* 3.4 ± 0.1 2.77 ± 0.2* 3.4 ± 0.3 2.2 ± 0.2** 1.39 ± 0.3§ 
(cmls) 

LAD 4.8 ±0.2 3.7 ± 0.2* 5.5 ± 0.1 t 4.7 ± 0.3t* 5.6 ± 0.1 5.6±0.9 9.1 ± 0.7§§ 
(mm) 

AFS 33 ± 0.9 34 ± 1.1 29 ± 1.3 32 ± 2.2 28 ±0.7 25 ± 6.2 11 ± 0.5§ 
(%) 

Values are given as mean ± SEM. 
* : P < 0.01, **: P < 0.05 (Wistar Vs. Same age SHR); t : P < 0.01 (age effect) 
§: P < 0.01, §§ : P < 0.05 (Old Wistar Vs. SHHF) 
BP: blood pressure; EF: ejection fraction; LV: left ventricular; PWSV: posterior wall 
shortening velocity; LAD: left atrial dimension; AFS: atrial fractional shortening. 
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Table 2 
In- Vivo Electrophysiology Study 

Young Young Middle- Middle- Old Old SHHF 
Wistar SHR aged aged Wistar SHR 

Wistar SHR 
(n = 7) (n = 6) (n = 9) (n =9) (n =3) (n=3) (n = 3) 

ERPlOO 26 ± 1.9 43 ± 3.4* 31±1.3t 34 ± 2.6 30 ± 2.3 28 ± 1.2 37± 6.0 

ERP120 27 ± 2.2 45 ± 3.5* 32 ± 1.6 35 ± 2.5t 30 ± 2.9 29±2 36 ± 6.1 

ERP1SO 27 ± 2.4 45 ± 3.4* 31±1.4 36 ± 2.5 29± 2.6 31 ± 2.3 34 ± 7.6 

AF cycle 
32 ±2.7 30 ± 2.9 28 ± 1.8 31±1.7 26 ± 2.7 30 ± 0.5 27 ± 3.9 

length 
(ms) 

AF 
7.0 ± 7.4 6.1 ± 3.2 14.7 ± 6.7 

duration 
15.5±6.1 195 ± 167.8 21.3 ± 3.6 29.2 ±4.9 

(S) 

Sustained 29 17 33 44 100 100 100 
AF(%) 

Values are given as mean ± SEM. 
* : P < 0.01 (condition effect, Wistar vs. SHR); t : P < 0.05 (age effect) 
ERP: effective refractory period measured at three different cycle length of 100, 120, 
and 150 ms; AF cycle length: mean cycle length of 10 atrial signaIs during atrial 
fibrillation; AF duration: Duration of atrial fibrillation; Sustained AF: AnimaIs with 
episodes of sustained AF. 
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Figure 3: 
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Figure 4: 
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Figure Legends: 

Figure 1. (A) Systolic blood pressure before and after constriction of the thoracic aorta 

measured in three rats with atropine injection. Change in blood pressure is comparable 

to the difference in blood pressure between normal Wistar rats and SHRs. (B) ERP 

measured before, 10, 30, and 60 minutes after constriction of aorta in three rats with 

atropine injection at basic cycle length of 120 msec. BP: blood pressure; ERP: effective 

refractory period; AB: aortic banding. 

Figure 2. This figure shows a representative example of an episode of atrial fibrillation 

after burst pacing. The top trace shows the atrial stimulation signal. The middle trace is 

the Lead 1 ECG from skin where the irregularity of the ventricular rhythm with no clear 

P waves could be seen, and the bottom trace is the electrogram from the right atrium 

recorded during an episode of atrial fibrillation with a mean cycle length of 29ms. 

Figure 3. Representative atrial tissue sections with no interstitial fibrosis in a young rat 

(A) and with increased interstitial fibrosis in an old rat (B). The sections are magnified at 

x 400 and are stained with trichrome Masson. The atrial myocytes and the fibrotic tissue 

are stained red and green respectively. 

Figure 4. Mean ± SEM of % interstitial fibrosis in the atria of different groups. SHR: 

Spontaneously hypertensive rat; SHHF: Spontaneously hypertensive heart failure. 
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4. Discussion 

4. 1. General Findings of this Study 

In the present study, we have found no difference in AF sustenance between the 

normal and hypertensive rats at different age groups. At young age, AF was induced in 

only 17% of hypertensive rats in the absence of L VH, LAE, and myocardial damage 

(accumulation interstitial fibrosis) compared to 29% of normal rats. Moreover, at young 

age, the result of the electrophysiology study shows that ERP was higher in the SHRs 

compared to control rats. This difference in ERP disappears between the two groups at 

older ages. Higher ERP at young age in the SHRs compared with their controls is not 

considered a "pro-arrhythmic" phenomenon. Therefore, hypertension by itself in the 

absence of structural damage to the myocardium did not provide a substrate for 

maintenance of AF. 

At middle-age, L VH was present in the hypertensive rats compared to their age­

matched controls. At this age, no significant LAE was observed except the enlargement 

that occurred in the left atrium of both SHRs and their controls as a result of aging. The 

left atrial diameter was smaller in the SHRs compared to the controls up to this age. An 

important change that was observed at this age was the increase in the amount of 

interstitial fibrosis in the SHRs compared to young hypertensive rats, while such an 

increase was absent in the control rats. Sustained AF was induced in 44% of SHRs 

compared to 33% of controls. Therefore, a mere hypertrophy of the left ventricle and a 

small change in the amount of interstitial fibrosis was not sufficed to cause a statistical 

difference between the AF sustainability of the two groups. 
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Sustained AF was observed in aIl the rats at old age regardless of their blood 

pressure. At old age, significant L VH was present in the hypertensive rats compared to 

controls. While there was no statistical difference between the Ieft atrial sizes of the two 

groups of rats, interstitial fibrosis was significantly increased in both groups compared to 

their younger counterparts. However, such an increase was greater in the SHRs. The fact 

that sustained AF was induced in aIl the normotensive and hypertensive animaIs could 

lead to the conclusion that myocardial damage in the form of accumulation of interstitial 

fibrosis is the determining factor in providing a substrate for maintenance of AF in this 

model. On the other hand statistical difference was not obtained between the percentages 

of rats with sustained AF at old age compared to that in younger ages. However, it 

should be noted that only 3 old animaIs were used per group due to the unavailability of 

the strains of rats used in these experiments in ages above three months old. In fact both 

aging and increased amount of interstitial fibrosis have been related to AF in the 

literature before. 

4.1.1. Relationship between Atrial Fibrillation and Aging 

Aging has been proposed to be one of the most important predictors of AF in 

several studies13
;98. It has been associated with atrial dilationl02 and increased 

nonuniform atrial interstitial fibrosis in a rat model of aging12o• Moreover, in a study 

performed on dogs aging is also Iinked with a change in distribution of gap junctions in 

a way that they are polarized to the cell termini 121. In terms of electrophysiological 

changes associated with aging that would promote AF, various data exist in the 

literature. 
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With regards to the effects of aging on atrial conduction velocity, prior animal 

studies of aging-related changes in electrophysiology have demonstrated development of 

conduction slowing, frequently associated with the presence of interstitial fibrosis. In a 

study of the cellular electrophysiology of old canine atria, Anyukhovsky et al. 122 showed 

a reduction in the conduction velocity with an increased window of conduction slowing 

in response to premature stimuli but not during normal beats. Similady, Hayashi et al. 120 

observed that interatrial conduction time was prolonged in aged rat hearts. Moreover, in 

a recent clinical study, Kistler et al. 123 have provided evidence of generalized 

conduction slowing in the aged human atria. 

Several prior studies have evaluated the specifie effects of increased age on atrial 

refractoriness. There have been conflicting results with this regard, sorne studies 

showing an increasel24
;125 , while others have found no prolongation in atrial effective 

refractory period with agingl26
. Evidence for lack of change in action potential duration 

and therefore the effective refractory period is also present in animal studies performed 

on rats I27
;128. However, Kistler and his colleagues have indicated an increase in atrial 

ERP with aging in human in a recent studyl23. 

4.1.2. Fibrosis and AF 

Atrial fibrosis is a common pathological finding in the atria of patients with AF 

and is increased with age in humans. Theoretical models have implicated atrial 

interstitial fibrosis as a substrate for AF133
;134. Furthermore, atrial fibrosis as a substrate 

for AF sustenance has been observed in animal models of agingl20
, mitral 

regurgitation135
, and CHF130 as mentioned before. 
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Increased interstitial fibrosis makes the atria a structurally heterogeneous substrate. 

Increased heterogeneous interstitial fibrosis and the resulting non-uniform atrial cellular 

uncoupling provide a suitable substrate for activation wavefront breakups leading to 

increased incidence of pacing-induced AF. Heterogeneity is a major mechanism of 

wavebreak that converts single re-entrant wavefront to fibrillation (multiple 

wavefronts) 136. Atrial fibrosis and its concomitant decrease in side-to-side electrical 

coupling in the myocytes, can cause a shi ft from uniform anisotropy to non-uniform 

anisotropy in atrial conduction134
. In non-uniformly anisotropic tissue, slow and 

heterogeneous conduction may occur during transverse propagation in the absence of 

variations in intrinsic membrane properties, making it possible for re-entry to occur in 

relatively small circuits leading to multiple wavelets and the associated AF in the atrial 

tissue. 

In general, atrial fibrosis in itself can be sufficient to form a substrate for AF as 

confirmed by a recent animal model137
• This indicates that atrial fibrosis would be a 

significant predictor for AF vulnerability in patients with pronounced atrial interstitial 

fibrosis, even in the absence of other pro-arrhythmic factors and it might play a pivotaI 

role in association of hypertension and increased risk of AF. 

4.1.3. Heart Failure, Hypertension and AF in this Model 

In a separate study that was performed on SHHF rats, AF was induced in all the 

animaIs in the presence of heart failure at old age while severe LV hypertrophy, LA 

enlargement, and LA interstitial fibrosis was noted in this group. Interestingly, in a study 

by Kannel et a1.98 hypertension unaccompanied by cardiac enlargement on x-ray films, 

electrocardiographic evidence of LVH, or cardiac failure was only weakly related to the 
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occurrence of atriai fibrillation, suggesting that myocardiai damage was a prerequisite as 

observed in our study. Congestive heart failure by itself is one of the main risk factors 

for AF in the literature. 

4.1.4. Relationship between Atrial Fibrillation and CHF 

Congestive heart failure is a major public health problem in the western world and 

is a common cause of atrial fibrillation129. Mechanisms underlying AF associated with 

CHF are still incompletely understood. However, structural remodeling such as atrial 

enlargement and increased interstitiai fibrosis seems to play a major role130 
. AIso, the 

possible atrial electrophysiological characteristics that predispose to AF in animaIs and 

patients with CHF have been determined. 

Animal studies of atrial electrical remodeling in CHF have demonstrated 

conflicting results. While in the study by Li et al. 130, no apparent change in atrial ERP is 

observed in the presence of CHF in dogs, the work of Cha et al. 131 shows that CHF 

significantly increases the atrial ERP. However, in both studies discrete regions of slow 

conduction are associated with the development of interstitial fibrosis. In addition, in the 

research performed by Sanders et al. 132 , atrial remodeling due to CHF is characterized by 

abnormalities of conduction, and increased refractoriness. 

4.1.5. Electrical Remodeling and AF in this Model 

In the electrophysiology studies that we performed in these experiments, ERP does 

not seem to have a role in arrhythmogenic remodeling. It is conceivable that 

hypertension, aging, and heart failure cause changes in cellular electrophysiology of 

atrial myocytes as noted before. We do not have enough evidence to be able to exc1ude 
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the presence of alterations in cellular electrophysiology, which could contribute to AF 

vulnerability. However, the lack of pro-arrhythmic alteration in ERP should be noted. 

Moreover, an acute increase in the afterload and the immediate effect of elevated LV 

pressure on atrial pressure and stretch did not lead to pro-arrhythmic changes in the ERP 

and development of AF. 

4.2. Conclusion 

Hypertension by itself in young animaIs without the presence of L VH and atrial 

damage does not predispose the atria to AF in this model. This is supported by the 

clinical studies in which increased risk of AF in hypertensive patients is associated with 

L VH and age. Despite the importance of L VH as an underlying risk factor for AF in 

hypertensive patients, in our study on hypertensive rats, L VH alone did not cause an 

increase in AF sustainability. This could be indicative of the fact that structural damage 

is necessary in the atria to provide a suitable substrate for AF maintenance in 

hypertensive patients. 

In this rat model of hypertension, structural remodeling especially in the form of 

increased amount of interstitial fibrosis seems to be the major contributing factor to the 

AF sustainability. Moreover, it can be concluded that hypertension could accelerate the 

accumulation of fibrosis which occurs during the process of aging as atrial interstitial 

fibrosis occurred much earlier in the SHRs compared to their controls. Although the role 

of LA enlargement is not clear in the Wistar rats and SHRs up to the age studied, its 

enlargement by approximately 40% in the SHHFs at old age compared to old controls 

could contribute to the fact that all the animaIs from this group developed sustained AF. 
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In general, given the well-recognized relationship between hypertension and AF, it 

is also possible that the rat model is not an optimal one for man. The reasons for this are 

unc1ear, but may have to do with general differences in cardiac electrophysiology, with 

processes that simply require a longer period of time than available in the rat life span, 

or with differences in heart size between species. 

4.3. Future Directions 

Due to the limited efficacy and the nontrivial adverse effects of the presently 

available drug therapies for AF, the prevention of arrhythmogenic remodeling is 

emerging as a potential new treatment strategy. The prominent role of structural versus 

electrophysiological remodeling as a substrate for AF sustenance in the context of aging 

and hypertension has been underlined in this work and various other studies. Therefore, 

drug therapies that start at young age and prevent the structural damage to the heart 

tissue, which is a process that occurs over time, might be found useful. 

Various pathways have been suggested over the years in the literature that are 

responsible for the myocardial damage due to hypertension and senescence. The RAA 

system has emerged as a potential candidate mediating the regulation of the cardiac 

myocyte growth and the accumulation of collagen in cardiac fibroblasts 138-141. Both 

angiotensin II and aldosterone increase perivascular collagen deposition and interstitial 

fibrosis in-vivo 142 • Therefore, modulation of the RAA system by angiotensin converting 

enzyme (ACE) inhibitors, angiotensin II receptor antagonists or aldosterone antagonists 

can alter the progression of myocardial fibrosis and its consequences. 
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Ample evidence exists in the literature for the cardioprotective effects of the ACE 

inhibitors and aldosterone blockers against the structural remodeling of the myocardium. 

Protective effects of long-term enalapril, an ACE inhibitor, treatment against myocardial 

damage due to aging has been shown in various animal studies I43
;144. Enalapril 

prevention of myocardial fibrosis has been related to enzymatic-mitochondrial or 

cellular cycle modifications 145. Cardiac protective effects of spironalactone, an 

aldosterone blocker, has been shown in a recent study on old normotensive rats by 

significant prevention of cardiac fibrosis l46
• 

BeneficiaI effects of ACE inhibitors and aldosterone blockers for the heart have 

also been shown in pathophysiologic conditions such as hypertension. Long-term 

treatment of SHRs with an ACE inhibitor has been shown to prevent the structural 

remodelingI47
;148. Inhibition of RAA system provides tissue protection even when the 

origin of hypertension is not an overstimulation of RAA 149. This suggests that ACE 

inhibitors can exert direct tissue effects that are not a consequence of their hemodynamic 

actions. Moreover, treatment of SHRs with spironalactone in combination with and ACE 

inhibitor has been shown to preserve the myocardium against damagel50
• 

Other substances that seem to be involved in structural remodeling are advanced 

glycation endproducts (AGEs). These are the late products of the modification of 

proteins, lipids, and nucleic acids by reducing sugars, and have been shown to 

accumulate slowly in cardiovascular tissue with normative age and at accelerated rates 

in patients with hypertension 151. It has been suggested that accumulation of AGE can 

alter the structure and function of the cardiovascular system by crosslinking of 

collagenI52
;153, crosslinking of circulating proteins such as lipoproteins l54

, and cellular 

signalling leading to vascular and myocardial stiffening, endothelial dysfunction, and 
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atherosclerotic plaque formation l5l
. Receptors for AGE have been found on cardiac 

fibroblasts, macrophages, mesangial ceIls, smooth muscle ceIls, as weIl as endothelial 

ceIls155
• Therefore, long term inhibition of AGEs could be regarded as a therapeutic 

option for preventing cardiac remodeling. 

Despite the evidence for the cardioprotective effects of ACE inhibitors, 

aldosterone blockers, and AGE inhibitors, no work exists in the literature investigating 

the long term effects of these treatments on the arrhythmogenic remodeling in the atria 

leading to sustained AF during the process of aging and hypertension. Considering the 

great potential for preventive methods as the first line of therapy against structural 

changes that provide a substrate for AF, it will be of great value to investigate the 

outcome of therapies with these substances starting at young age. Rats could be used in 

these studies considering the structural damage that occurs in their myocardium as a 

result of senescence and hypertension. 

On the other hand, our inability to find a clear relationship between hypertension 

and AF in this rat model was disappointing. Further work in other species and other 

models of hypertension would be interesting in order to define an adequate animal 

model for the relationship between hypertension and AF in man. This would allow for a 

study of the relevant basic mechanisms and potentially for the development of improved 

preventive approaches. 

62 



5. Bibliography 

1. Braunwald. Heart Disease: A Textbook of Cardiovascular Medicine. 2001: 833-

835. 

2. Fenelon G, Wijns W, Andries E et al. Tachycardiomyopathy: mechanisms and 

clinical implications. Pacing Clin Electrophysiol. 1996; 19:95-106. 

3. Nattel S. New ideas about atrial fibrillation 50 years on. Nature. 2002;415:219-

226. 

4. Hart RG, Halperin JL. Atrial fibrillation and stroke : concepts and controversies. 

Stroke. 2001;32:803-808. 

5. Wilhelmsen L, Rosengren A, Lappas G. Hospitalizations for atrial fibrillation in 

the general male population: morbidity and risk factors. J Intern Med. 

2001;250:382-389. 

6. Feinberg WM, Blackshear JL, Laupacis A et al. Prevalence, age distribution, and 

gender of patients with atrial fibrillation. Analysis and implications. Arch Intern 

Med. 1995;155:469-473. 

7. Lip GY, Golding DJ, Nazir M et al. A survey of atrial fibrillation in general 

practice: the West Birmingham Atrial Fibrillation Project. Br J Gen Pract. 

1997;47:285-289. 

63 



8. Ryder KM, Benjamin EJ. Epidemiology and significance of atrial fibrillation. Am 

JCardiol.1999;84:131R-138R. 

9. Wolf PA, Benjamin EJ, Belanger AJ et al. Secular trends in the prevalence of 

atrial fibrillation: The Framingham Study. Am Heart J. 1996;131:790-795. 

10. Benjamin EJ, Levy D, Vaziri SM et al. Independent risk factors for atrial 

fibrillation in a population-based cohort. The Framingham Heart Study. lAMA. 

1994;271 :840-844. 

Il. Psaty BM, Manolio TA, Kuller LH et al. Incidence of and risk factors for atrial 

fibrillation in older adults. Circulation. 1997;96:2455-2461. 

12. Kanne! WB, Wolf PA, Benjamin EJ et al. Prevalence, incidence, prognosis, and 

predisposing conditions for atrial fibrillation: population-based estimates. Am J 

Cardial. 1998;82:2N-9N. 

13. Stewart S, Hart CL, Hole DJ et al. Population prevalence, incidence, and 

predictors ofatrial fibrillation in the Renfrew/Paisley study. Heart. 2001;86:516-

521. 

14. Mines GR. On dynamic equilibrium in the heart. J Phsiol (Lond) 46,349-382. 

1913. 

15. Mines GR. On circulating excitations in heart muscles and their possible relation 

to tachycardia and fibrillation. Trans R Soc Cano Sec IV, 43-52. 1914. 

64 



16. Garrey WE. The nature of fibrillary contraction of the heart, !ts relation to tissue 

mass and from. Am J Physiol. 33[397],414. 1914. 

17. Nattel S, Li D, Yue L. Basic mechanisms of atrial fibrillation--very new insights 

into very old ideas. Annu Rev Physiol. 2000;62:51-77. 

18. Allessie MA, Bonke FI, Schopman FJ. Circus movement in rabbit atrial muscle 

as a mechanism oftachycardia. III. The "leading circle" concept: a new model of 

circus movement in cardiac tissue without the involvement of an anatomical 

obstacle. Circ Res. 1977;41:9-18. 

19. Wiener N, Rosenblueth A. The mathematical formulation of the problem of 

conducion of impulses in a network of connected excitable elements, specifically 

in cardiac muscle. Arch Inst Cardiol Mex. 16,205-265. 1946. 

20. Pertsov AM, Davidenko JM, Salomonsz R et al. Spiral waves of excitation 

underlie reentrant activity in isolated cardiac muscle. Circ Res. 1993;72:631-650. 

21. Cabo C, Pertsov AM, Baxter WT et al. Wave-front curvature as a cause of slow 

conduction and block in isolated cardiac muscle. Circ Res. 1994;75:1014-1028. 

22. Garrey WE. Auricular fibrillation. Physiol Rev. 4, 215-250. 1924. 

23. Moe GK, Abildskov JA. Atrial fibrillation as a self-sustaining arrhythmia 

independent of focal discharge. Am Heart J. 58, 59-70.1959. 

24. Nattel S. Atrial electrophysiology and mechanisms of atrial fibrillation. J 

Cardiovasc Pharmacol Ther. 2003;8 Suppll:S5-11. 

65 



25. Vas salle M. Cardiac automaticity and its control. Excitation and Neural Control 

ofthe Heart. 1982: 59-77. 

26. Cranefield PF. Action potentials, afterpotentials, and arrhythmias. Circ Res. 

1977;41:415-423. 

27. Roden DM, Hoffman BF. Action potential prolongation and induction of 

abnormal automaticity by low quinidine concentrations in canine Purkinje fibers. 

Relationship to potassium and cycle length. Circ Res. 1985;56:857-867. 

28. January CT, Fozzard HA. Delayed afterdepolarizations in heart muscle: 

mechanisms and relevance. Pharmacol Rev. 1988;40:219-227. 

29. Damiano BP, Rosen MR. Effects ofpacing on triggered activity induced by early 

afterdepolarizations. Circulation. 1984;69:1013-1025. 

30. Singh BN. Arrhythmia control by prolonging repolarization: the concept and its 

potential therapeutic impact. Eur Heart J. 1993;14 Suppl H:14-23. 

31. Ferrier GR, Saunders JH, Mendez C. A cellular mechanism for the generation of 

ventricular arrhythmias by acetylstrophanthidin. Circ Res. 1973;32:600-609. 

32. Lederer WJ, Tsien RW. Transient inward current underlying arrhythmogenic 

effects of cardiotonic steroids in Purkinje fibres. J Physiol. 1976;263 :73-1 00. 

33. Lipp P, Pott L. Transient inward current in guinea-pig atrial myocytes reflects a 

change of sodium-calcium exchange current. J Physiol. 1988;397:601-630. 

66 



34. Haissaguerre M, Jais P, Shah DC et al. Spontaneous initiation of atrial fibrillation 

by ectopic beats originating in the pulmonary veins. N Engl J Med. 

1998;339:659-666. 

35. Moe GK. On the multiple wavelet hypothesis of atrial fibrillation. Arch Int 

Pharrnacodyn Ther. 140, 183-188. 1962. 

36. Moe G.K., Rheinboldt W.C., Abildskov J.A. A computer model of atrial 

fibrillation. Am Heart J. 1964;67:200-220. 

37. Allessie MA, Lammers W, Bonke FI. Experimental evaluation of Moe's multiple 

wavelet hypothesis of atrial fibrillation. In: Zipes D, Jalife J, editors. Cardiac 

electrophysiology and Arrhythmias. 1985. 

38. Berenfeld 0, Zaitsev AV, Mironov SF et al. Frequency-dependent breakdown of 

wave propagation into fibrillatory conduction across the pectinate muscle 

network in the isolated sheep right atrium. Circ Res. 2002;90: 1173-1180. 

39. Schuessler RB, Grayson TM, Bromberg BI et al. Cholinergically mediated 

tachyarrhythmias induced by a single extrastimulus in the isolated canine right 

atrium. Circ Res. 1992;71:1254-1267. 

40. Kneller J, Zou R, Vigrnond EJ et al. Cholinergic atrial fibrillation in a computer 

model of a two-dimensional sheet of canine atrial cells with realistic ionic 

properties. Circ Res. 2002;90:E73-E87. 

41. Derakhchan K, Li D, Courtemanche M et al. Method for simultaneous epicardial 

and endocardial mapping of in vivo canine heart: application to atrial conduction 

67 



properties and arrhythmia mechanisms. J Cardiovasc Electrophysiol. 

2001; 12:548-555. 

42. Katritsis D, Iliodromitis E, Fragakis N et al. Ablation therapy of type 1 atrial 

flutter may eradicate paroxysmal atrial fibrillation. Am J Cardiol. 1996;78:345-

347. 

43. Liu TY, Tai CT, Chen SA. Treatment of atrial fibrillation by catheter ablation of 

conduction gaps in the crista terminalis and cavotricuspid isthmus of the right 

atrium. J Cardiovasc Electrophysiol. 2002; 13: 1044-1046. 

44. Crystal E, Connolly SJ. Atrial fibrillation: gui ding lessons from epidemiology. 

Cardiol Clin. 2004;22:1-8. 

45. Page RL. Clinical practice. Newly diagnosed atrial fibrillation. N Engl J Med. 

2004;351 :2408-2416. 

46. Kanagala R, Murali NS, Friedman PA et al. Obstructive sleep apnea and the 

recurrence of atrial fibrillation. Circulation. 2003; 1 07:2589-2594. 

47. Fuster V, Ryden LE, Asinger RW et al. ACC/AHA/ESC guidelines for the 

management of patients with atrial fibrillation: executive summary. A Report of 

the American College ofCardiology/ American Heart Association Task Force on 

Practice Guidelines and the European Society of Cardiology Committee for 

Practice Guidelines and Policy Conferences (Committee to Develop Guidelines 

for the Management of Patients With Atrial Fibrillation): developed in 

68 



Collaboration With the North American Society ofPacing and 

Electrophysiology. J Am Coll Cardial. 2001;38:1231-1266. 

48. Brugada R, Tapscott T, Czemuszewicz GZ et al. Identification of a genetic locus 

for familial atrial fibrillation. N Engl J Med. 1997;336:905-911. 

49. Levy S, Maarek M, Coumel P et al. Characterization of different subsets of atrial 

fibrillation in general practice in France: the ALFA study. The College of French 

Cardiologists. Circulation. 1999;99:3028-3035. 

50. Staessen JA, Wang J, Bianchi G et al. Essential hypertension. Lancet. 

2003;361: 1629-1641. 

51. Dustan HP. History of clinical hypertension: From 1827 to 1970. In: oparil S, 

Weber MA, editors. Hypertension- A comparison to Brenner and Rector's The 

Kidney. 2000: 2-3. 

52. Cicila GT. Genetics of hypertension: Investigative Strategies. In: Izzo JL, Black 

HR, editors. Hypertension Primer. 2003: 216. 

53. Goldblatt H, Lynch J, Hanzel RF, Summerville WW. Studies on experimental 

hypertension: the production of persistent elevation of systolic blood pressure by 

means ofrenal ischemia. J Exp Med. 59, 347-379. 1934. 

54. Panek RL, Ryan MJ, Weishaar RE et al. Development of a high renin model of 

hypertension in the cynomolgus monkey. Clin Exp Hypertens A. 1991;13:1395-

1414. 

69 



55. Conway J. Changes in sodium balance and hemodynamics during development 

of experimental renal hypertension in dogs. Circ Res. 1968;22:763-767. 

56. Brown TC, Davis JO, Olichney MJ et al. Relation of plasma renin to sodium 

balance and arterial pressure in experimental renal hypertension. Circ Res. 

1966;18:475-483. 

57. Wiesel P, Mazzolai L, Nussberger J et al. Two-kidney, one clip and one-kidney, 

one clip hypertension in mice. Hypertension. 1997;29:1025-1030. 

58. Ledingham lM., Cohen R.D. Changes in the extracellular fluid volume and 

cardiac output during the development of experimental renal hypertension. Can 

Med Assac J. 1964;90:292-294. 

59. Pickering TG, Laragh JH. Renovascular hypertension. In: Brenner BM, Rector 

FC, editors. The Kidney. Saunders Co. Philadelphia, 1991: 1940-1967. 

60. Page IH. The production of persistent arterial hypertension by cellophane 

perinephritis. JAMA 113,2046-2048. 1939. 

61. Denton KM, Anderson WP, Korner PI. Renal blood flow and glomerular 

filtration rate in renal wrap hypertension in rabbits. J Hypertens. 1983;1:351-355. 

62. Engel W.J., Page I.H. Hypertension due to renal compression resulting from 

subcapsular hematoma. JUrai. 1955;73:735-739. 

63. Schwarz A, Lenz T, Klaen R et al. Hygroma renale: pararenallymphatic cysts 

associated with renin-dependent hypertension (Page kidney). Case report on 

70 



bilateral cysts and successful therapy by marsupialization. J Urol. 1993; 150:953-

957. 

64. Sasaguri M, Noda K, Matsumoto T et al. A case ofhyperreninemic hypertension 

after extracorporeal shock-wave lithotripsy. Hypertens Res. 2000;23:709-712. 

65. Pintar TJ, Zimmerman S. Hyperreninemic hypertension secondary to a 

subcapsular perinephric hematoma in a patient with polyarteritis nodosa. Am J 

Kidney Dis. 1998;32:503-507. 

66. Hart CV, Meyer DM, Tazelaar HD et al. Load versus humoral activation in the 

genesis of early hypertensive heart disease. Circulation. 2001; 1 04:215-220. 

67. Osmond C, Barker DJ. Fetal, infant, and childhood growth are predictors of 

coronary heart disease, diabetes, and hypertension in adult men and women. 

Environ Health Perspect. 2000;108 Suppl 3:545-553. 

68. Barker DJ, Gluckman PD, Godfrey KM et al. Fetal nutrition and cardiovascular 

disease in adult life. Lancet. 1993;341:938-941. 

69. LangIey-Bvans SC, Welham SJ, Sherman RC et al. Weanling rats exposed to 

maternaI Iow-protein diets during discrete periods of gestation exhibit differing 

severity of hypertension. Clin Sei (Land). 1996;91:607-615. 

70. Kwong WY, Wild AB, Roberts P et al. MaternaI undernutrition during the 

preimplantation period of rat development causes blastocyst abnormalities and 

programming of postnatal hypertension. Development. 2000;127:4195-4202. 

71 



71. Langley-Evans SC, Phillips GJ, Benediktsson R et al. Protein intake in 

pregnancy, placental glucocorticoid metabolism and the programming of 

hypertension in the rat. Placenta. 1996;17: 169-172. 

72. Levitt NS, Lindsay RS, Holmes MC et al. Dexamethasone in the last week of 

pregnancy attenuates hippocampal glucocorticoid receptor gene expression and 

elevates blood pressure in the adult offspring in the rat. Neuroendocrinology. 

1996;64:412-418. 

73. Dodic M, May CN, Wintour EM et al. An early prenatal exposure to excess 

glucocorticoid leads to hypertensive offspring in sheep. Clin Sei (Lond). 

1998;94:149-155. 

74. Merlet-Benichou C, Gilbert T, Muffat-Joly M et al. Intrauterine growth 

retardation leads to a permanent nephron deficit in the rat. Pediatr Nephrol. 

1994;8:175-180. 

75. Law CM, de Swiet M, Osmond C et al. Initiation of hypertension in utero and its 

amplification throughout life. BMJ. 1993;306:24-27. 

76. Langley-Evans SC, Welham SJ, Jackson AA. Fetal exposure to a matemallow 

protein diet impairs nephrogenesis and promotes hypertension in the rat. Life Sei. 

1999;64:965-974. 

77. Hinchliffe SA, Lynch MR, Sargent PH et al. The effect ofintrauterine growth 

retardation on the development of renal nephrons. Br J Obstet Gynaecol. 

1992;99:296-301. 

72 



78. Celsi G, Kistner A, Aizman R et al. Prenatal dexamethasone causes 

oligonephronia, sodium retention, and higher blood pressure in the offspring. 

Pediatr Res. 1998;44:317-322. 

79. Franco MC, Arruda RM, Dantas AP et al. Intrauterine undemutrition: expression 

and activity of the endothelial nitric oxide synthase in male and female adult 

offspring. Cardiovasc Res. 2002;56:145-153. 

80. Franco MC, Dantas AP, Akamine EH et al. Enhanced oxidative stress as a 

potential mechanism underlying the programming of hypertension in utero. J 

Cardiovasc Pharmacol. 2002;40:501-509. 

81. Goodfellow J, Bellamy MF, Gorman ST et al. Endothelial function is impaired in 

fit young adults oflow birth weight. Cardiovasc Res. 1998;40:600-606. 

82. Lin Q, Li P. The effects of chronic stress on blood pressure and heart rate in rats. 

Chin J Physiol Sci 6, 101-107. 1990. 

83. Hwang IS, Huang WC, Wu JN et al. Effect offructose-induced hypertension on 

the renin-angiotensin-aldosterone system and atrial natriuretic factor. Am J 

Hypertens. 1989;2:424-427. 

84. Fregly MJ, Kikta DC, Threatte RM et al. Development of hypertension in rats 

during chronic exposure to cold. J Appl Physiol. 1989;66:741-749. 

85. Coste SC, Qi Y, Brooks VL et al. Captopril and stress-induced hypertension in 

the borderline hypertensive rat. J Hypertens. 1995;13:1391-1398. 

73 



86. Sun Z, Cade R, Morales C. Role of central angiotensin II receptors in cold­

induced hypertension. Am J Hypertens. 2002;15:85-92. 

87. Sellye H. Production ofnephrosclerosis by overdosage with deoxycorticosterone 

acetate. Can Med Assoc J 47,515-519. 1942. 

88. Crofton JT, Share L, Shade E. The importance ofvasopressin in the development 

and maintenance of DOC-salt hypertension in the rat. Hypertension 1, 31-38. 

1978. 

89. Katholi RE, Naftilan AJ, Oparil S. Importance ofrenal sympathetic tone in the 

development of DOCA-salt hypertension in the rat. Hypertension. 1980;2:266-

273. 

90. Matsumura Y, Hashimoto N, Taira S et al. Different contributions of endothelin­

A and endothelin-B receptors in the pathogenesis of deoxycorticosterone acetate­

salt-induced hypertension in rats. Hypertension. 1999;33:759-765. 

91. Manning RD, Jr., Meng S, Tian N. Renal and vascular oxidative stress and saIt­

sensitivity of arteriai pressure. Acta Physiol Scand. 2003; 179:243-250. 

92. Langheinrich M, Lee MA, Bohm M et al. The hypertensive Ren-2 transgenic rat 

TGR (mREN2)27 in hypertension research. Characteristics and functionai 

aspects. Am J Hypertens. 1996;9:506-512. 

93. Okamoto K, Aokik. Development of a strain of spontaneously hypertensive rats. 

Jpn Circ J. 27,282-293. 1963. 

74 



94. Trippodo NC, Frohlich ED. Similarities of genetic (spontaneous) hypertension. 

Man and rat. Circ Res. 1981;48:309-319. 

95. Boluyt MO, Bing OH, Lakatta EG. The ageing spontaneously hypertensive rat as 

a model of the transition from stable compensated hypertrophy to heart failure. 

Eur Heart J. 1995;16 Suppl N:19-30. 

96. Heyen JR, Blasi ER, Nikula K et al. Structural, functional, and molecular 

characterization of the SHHF model ofheart failure. Am J Physiol Heart Circ 

Physiol.2002;283:H1775-H1784. 

97. Healey JS, Connolly SJ. Atrial fibrillation: hypertension as a causative agent, 

risk factor for complications, and potential therapeutic target. Am J Cardiol. 

2003;91:9G-14G. 

98. Kannel WB, Abbott RD, Savage DD et al. Epidemiologic features of chronic 

atrial fibrillation: the Framingham study. N Engl J Med. 1982;306:1018-1022. 

99. Krahn AD, Manfreda J, Tate RB et al. The natural history of atrial fibrillation: 

incidence, risk factors, and prognosis in the Manitoba Follow-Up Study. Am J 

Med. 1995;98:476-484. 

100. Verdecchia P, Reboldi G, Gattobigio R et al. Atrial fibrillation in hypertension: 

predictors and outcome. Hypertension. 2003;41:218-223. 

101. Gates PE, Tanaka H, Graves J et al. Left ventricular structure and diastolic 

function with human ageing. Relation to habituaI exercise and arterial stiffness. 

Eur Heart J. 2003;24:2213-2220. 

75 



102. Henry WL, Gardin JM, Ware JH. Echocardiographic measurements in normal 

subjects from infancy to old age. Circulation. 1980;62: 1054-1061. 

103. Ciaroni S, Cuenoud L, Bloch A. Clinical study to investigate the predictive 

parameters for the onset of atrial fibrillation in patients with essential 

hypertension. Am Heart J. 2000;139:814-819. 

104. Tsang TS, Bames ME, Bailey KR et al. Left atrial volume: important risk marker 

of incident atrial fibrillation in 1655 older men and women. Maya Clin Proc. 

2001;76:467-475. 

105. Miller JT, O'Rourke RA, Crawford MH. Left atrial enlargement: an early sign of 

hypertensive heart disease. Am Heart J. 1988; 116: 1048-1051. 

106. Tedesco MA, Di Salvo G, Ratti G et al. Left atrial size in 164 hypertensive 

patients: an echocardiographic and ambulatory blood pressure study. Clin 

Cardial. 2001 ;24:603-607. 

107. Valdez RS, Motta JA, London E et al. Evaluation ofthe echocardiogram as an 

epidemiologic tool in an asymptomatic population. Circulation. 1979;60:921-

929. 

108. Appleton CP, Galloway JM, Gonzalez MS et al. Estimation of left ventricular 

filling pressures using two-dimensional and Doppler echocardiography in adult 

patients with cardiac disease. Additional value of analyzing left atrial size, left 

atrial ejection fraction and the difference in duration ofpulmonary venous and 

mitral flow velocity at atrial contraction. J Am Coll Cardial. 1993;22:1972-1982. 

76 



109. Gerdts E, Oikarinen L, Palmieri V et al. Correlates ofleft atrial size in 

hypertensive patients with left ventricular hypertrophy: the Losartan Intervention 

For Endpoint Reduction in Hypertension (LIFE) Study. Hypertension. 

2002;39:739-743. 

110. Matsuda M, Matsuda Y. Mechanism ofleft atrial enlargement related to 

ventricular diastolic impairment in hypertension. Clin Cardial. 1996;19:954-959. 

111. Barbier P, Alioto G, Guazzi MD. Left atrial function and ventricular filling in 

hypertensive patients with paroxysmal atrial fibrillation. J Am Coll Cardial. 

1994;24: 165-170. 

112. Pozzoli M, Cioffi G, Traversi E et al. Predictors ofprimary atrial fibrillation and 

concomitant clinical and hemodynamic changes in patients with chronic heart 

failure: a prospective study in 344 patients with baseline sinus rhythm. J Am Coll 

Cardial. 1998;32:197-204. 

113. Madu EC, Baugh DS, Gbadebo TD et al. Effect of ethnicity and hypertension on 

atrial conduction: evaluation with high-resolution P-wave signal averaging. Clin 

Cardial. 2001;24:597-602. 

114. Fukunami M, Yamada T, Ohmori M et al. Detection ofpatients at risk for 

paroxysmal atrial fibrillation during sinus rhythm by P wave-triggered signal­

averaged electrocardiogram. Circulation. 1991 ;83: 162-169. 

77 



115. Guidera SA, Steinberg JS. The signal-averaged P wave duration: a rapid and 

noninvasive marker of risk of atrial fibrillation. J Am Coll Cardiol. 

1993;21: 1645-1651. 

116. Satoh T, Zipes DP. Unequal atrial stretch in dogs increases dispersion of 

refractoriness conducive to developing atrial fibrillation. J Cardiovasc 

Electrophysiol. 1996;7:833-842. 

117. Ravelli F, Allessie M. Effects of atrial dilatation on refractory period and 

vulnerability to atrial fibrillation in the isolated Langendorff-perfused rabbit 

heart. Circulation. 1997;96:1686-1695. 

118. Solti F, Vecsey T, Kekesi V et al. The effect ofatrial dilatation on the genesis of 

atrial arrhythmias. Cardiovasc Res. 1989;23:882-886. 

119. Loaldi A, Pepi M, Agostoni PG et al. Cardiac rhythm in hypertension assessed 

through 24 hour ambulatory electrocardiographic monitoring. Effects of load 

manipulation with atenolol, verapamil, and nifedipine. Br Heart J. 1983;50: 118-

126. 

120. Hayashi H, Wang C, Miyauchi Y et al. Aging-re1ated increase to inducible atrial 

fibrillation in the rat model. J Cardiovasc Electrophysiol. 2002;13:801-808. 

121. Koura T, Hara M, Takeuchi S et al. Anisotropic conduction properties in canine 

atria analyzed by high-resolution optical mapping: preferential direction of 

conduction block changes from longitudinal to transverse with increasing age. 

Circulation. 2002; 1 05:2092-2098. 

78 



122. Anyukhovsky EP, Sosunov EA, Plotnikov A et al. Cellular electrophysiologic 

properties of old canine atria provide a substrate for arrhythmogenesis. 

Cardiovasc Res. 2002;54:462-469. 

123. Kistler PM, Sanders P, Fynn SP et al. Electrophysiologic and electroanatomic 

changes in the human atrium associated with age. J Am Coll Cardiol. 

2004;44: 109-116. 

124. DuBrow W, Fisher EA, Amaty-Leon G et al. Comparison of cardiac refractory 

periods in children and adults. Circulation. 1975;51:485-491. 

125. Sakabe K, Fukuda N, Soeki T et al. Relation of age and sex to atrial 

electrophysiological properties in patients with no history of atrial fibrillation. 

Pacing Clin Electrophysiol. 2003;26: 1238-1244. 

126. Taneja T, Mahnert BW, Passman R et al. Effects of sex and age on 

electrocardiographic and cardiac electrophysiological properties in adults. 

Pacing Clin Electrophysiol. 2001 ;24: 16-21. 

127. Goldberg PB, Roberts 1. Age-related changes in rat atrial sensitivity to lidocaine. 

J Gerontol. 1981 ;36:520-528. 

128. Su N, Duan J, Moffat MP et al. Age-related changes in electrophysiological 

responses to muscarinic receptor stimulation in rat myocardium. Can J Physiol 

Pharmacol.1995;73:1430-1436. 

79 



129. Ehrlich JR, Nattel S, Rohnloser SR. Atrial fibrillation and congestive heart 

failure: specific considerations at the intersection of two common and important 

cardiac disease sets. J Cardiovasc Electrophysiol. 2002; 13:399-405. 

130. Li D, Fareh S, Leung TK et al. Promotion of atrial fibrillation by heart failure in 

dogs: atrial remodeling ofa different sort. Circulation. 1999;100:87-95. 

131. Cha TJ, Ehrlich JR, Zhang L et al. Dissociation between ionic remodeling and 

ability to sustain atrial fibrillation during recovery from experimental congestive 

heart failure. Circulation. 2004;109:412-418. 

132. Sanders P, Morton JB, Davidson NC et al. Electrical remodeling ofthe atria in 

congestive heart failure: electrophysiological and electroanatomic mapping in 

humans. Circulation. 2003;108:1461-1468. 

133. Spach MS, Josephson ME. Initiating reentry: the role of nonuniform anisotropy 

in small circuits. J Cardiovasc Electrophysiol. 1994;5: 182-209. 

134. Spach MS, Boineau JP. Microfibrosis produces electricalload variations due to 

loss of side-to-side cell connections: a major mechanism of structural heart 

disease arrhythmias. Pacing Clin Electrophysiol. 1997;20:397-413. 

135. Verheule S, Wilson E, Everett T et al. Alterations in atrial electrophysiologyand 

tissue structure in a canine model of chronic atrial dilatation due to mitral 

regurgitation. Circulation. 2003; 1 07 :2615-2622. 

136. Weiss JN, Chen PS, Qu Z et al. Ventricular fibrillation: how do we stop the 

waves from breaking? Circ Res. 2000;87:1103-1107. 

80 



137. Verheule S, Sato T, Everett T et al. Increased vulnerability to atrial fibrillation in 

transgenic mice with selective atrial fibrosis caused by overexpression ofTGF­

beta1. Circ Res. 2004;94:1458-1465. 

138. Lijnen P, Petrov V. Antagonism of the renin-angiotensin-aldosterone system and 

collagen metabolism in cardiac fibroblasts. Methods Find Exp Clin Pharmacol. 

1999;21 :215-227. 

139. Lijnen PJ, Petrov VV, Fagard RH. Induction of cardiac fibrosis by angiotensin II. 

Methods Find Exp Clin Pharmacol. 2000;22:709-723. 

140. Lijnen P, Petrov V. Induction of cardiac fibrosis by aldosterone. J Mol Cel! 

Cardiol.2000;32:865-879. 

141. Neumann S, Ruse K, Semrau R et al. Aldosterone and D-glucose stimulate the 

proliferation of human cardiae myofibroblasts in vitro. Hypertension. 

2002;39:756-760. 

142. McEwan PE, Gray GA, Sherry L et al. DifferentiaI effects of angiotensin II on 

cardiae eell proliferation and intramyoeardial perivascular fibrosis in vivo. 

Circulation. 1998;98:2765-2773. 

143. Inserra F, Romano L, Ereole L et al. Cardiovaseular changes by long-term 

inhibition of the renin-angiotensin system in aging. Hypertension. 1995;25:437-

442. 

144. Ferder L, Romano LA, Ereole LB et al. Biomoleeular changes in the aging 

myoeardium: the effect ofenalapril. Am J Hypertens. 1998;11:1297-1304. 

81 



145. de Cavanagh EM, Piotrkowski B, Fraga CG. Concerted action of the renin­

angiotensin system, mitochondria, and antioxidant defenses in aging. Mol 

Aspects Med. 2004;25:27-36. 

146. Lacolley P, Safar ME, Lucet B et al. Prevention of aortic and cardiac fibrosis by 

spironolactone in old norrnotensive rats. J Am Coll Cardial. 2001;37:662-667. 

147. Brilla CG, Matsubara L, Weber KT. Advanced hypertensive heart disease in 

spontaneously hypertensive rats. Lisinopril-mediated regression of myocardial 

fibrosis. Hypertension. 1996;28:269-275. 

148. Wang JM, Wang Y, Zhu ZS et al. Diverse effects oflong-terrn treatment with 

imidapril and irbesartan on cell growth signal, apoptosis and collagen type 1 

expression in the left ventric1e of spontaneously hypertensive rats. Life Sei. 

2004;75:407-420. 

149. Williams B. The renin angiotensin system and cardiovascular disease: hope or 

hype? J Renin Angiotensin Aldosterone Syst. 2000;1:142-146. 

150. Pereira LM, Mandarim-de-Lacerda CA. Myocardial changes after spironolactone 

in spontaneous hypertensive rats. A laser scanning confocal microscopy study. J 

Cell Mol Med. 2002;6:49-57. 

151. Zieman SJ, Kass DA. Advanced glycation endproduct crosslinking in the 

cardiovascular system: potential therapeutic target for cardiovascular disease. 

Drugs.2004;64:459-470. 

82 



152. Verzijl N, DeGroot J, Thorpe SR et al. Effect of collagen turnover on the 

accumulation of adv'anced glycation end products. J Biol Chem. 

2000;275:39027-39031. 

153. Bailey Al Molecular mechanisms of ageing in connective tissues. Mech Ageing 

Dev.2001;122:735-755. 

154. Bucala R, Mitchell R, Arnold K et al. Identification of the major site of 

apolipoprotein B modification by advanced glycosylation end products blocking 

uptake by the low density lipoprotein receptor. J Biol Chem. 1995;270: 10828-

10832. 

155. Balais GL, Bank AJ, Kass DA et al. Advanced glycation end-product cross-link 

breakers: a novel approach to cardiovascular pathologies related to the aging 

process. Am J Hypertens. 2004;17:23S-30S. 

83 


