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CHAPTER 1

GENERAL INTRODUCTION 

Atrial fibrillation (AF) is the most common sustained tachyarrhythmia in clinical 
practice, affecting approximately 1% of the general population. AF is characterized 
by fast and irregular atrial activation. Patients with AF have a significantly higher 
risk of thromboembolic events, including strokes 1. In addition, AF is associated with 
lower quality of life because it diminishes cardiac performance 2. The current cost 
associated with AF is a tremendous financial burden on the healthcare system 3. The 
prevalence of AF increases with age (10% of people aged > 75 suffer from AF) 4, 5. 
Because of the ageing of the population in the Western world, the number of AF 
patients and associated health care costs are expected to increase in the coming 
decades. 

Figure 1 Figure 1. Mechanisms involved in atrial remodeling 

PROGRESSION OF AF

Both in AF patients and in animal models, the stability of AF gradually increases. 
This ‘entrenchment’ of AF in patients is evidenced by a gradual prolongation of the 
duration of AF episodes, ultimately leading to persistent AF (non-self terminating, 
but still amenable to pharmacological cardioversion) and permanent AF (non-self 
terminating and insensitive to pharmacological cardioversion). 
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Two major mechanisms that are thought to be responsible for perpetuation of AF 
are electrical and structural remodeling (figure 1). Electrical remodeling is a relatively 
fast process that occurs within hours to days and involves shortening of the action 
potential duration and effective refractory period (ERP) (figure 2) 6. As a result, tissue 
can be re-excited more rapidly, allowing higher frequencies of circulating waves and/
or fibrillation waves to coexist. However, the contribution of electrical remodeling 
to AF stabilization is probably modest. In goats, 24 hours of AF leads to maximal 
reduction in atrial ERP, whereas stability of AF is still low, having increased from 
seconds in control animal to minutes. AF stability gradually increases over the ensuing 
weeks to months 7, suggesting the importance of additional remodeling processes.  
Structural remodeling is a slow remodeling process that becomes manifest at later 
stages of the pathogenesis of AF (figure 2). The structural abnormalities occurring 
in atrial myocardium as a result of AF, in particular endomysial fibrosis and myocyte 
hypertrophy, result in the loss of transverse connections between myocyte bundles, 
thereby increasing the complexity of fibrillatory conduction and the stability of AF 8, 
9.Whereas electrical remodeling can be viewed as an adaptation to calcium overload 
10 the mechanism(s) responsible for structural remodeling are not well understood.

Figure 2 Figure 2. AF remodeling processes involved in AF stabilization. The existence and 
importance of electrical and structural remodeling is generally accepted. The putative 
process of vascular and metabolic remodeling may take place during the most 
important phase of AF stabilization, may directly affect myocyte electrophysiology, 
and may be a causative mechanism in the development of structural remodeling. 
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AF AND ENERGY DEPLETION

We recently showed that during acute AF in healthy pigs, a major part of the reserve 
in coronary blood flow and oxygen extraction is recruited. Nevertheless, atrial 
lactate production increased, indicating occurrence of a supply demand mismatch 
11. In addition, a hyperemic phase follows a short episode of AF, indicating that an 
oxygen debt had been incurred 12. Other studies support the occurrence of (supply/
demand) ischemia during prolonged AF.  Expression of the hypoxia marker HIF1a is 
increased in AF patients and in goats in the first weeks of AF 13, 14. In goats, AF also 
lead to a transient reduction in phosphocreatine within the first month 15, and the 
phenotype of dedifferentiation/ hibernation of atrial myocytes is reminiscent of that 
of ventricular myocytes during low-flow ischemia 16. Therefore, it is conceivable that 
the fast and irregular activation in the atria of AF subjects may lead to a state of 
supply/demand ischemia that may be an important contributor to the creation of a 
substrate for AF.  

OUTLINE OF THIS THESIS 

The first objective of this thesis was to determine whether atrial coronary flow 
regulation is affected in a large animal model of AF due to underlying structural 
heart disease. The second aim was to investigate whether AF leads to vascular and 
metabolic remodeling. 
Clinically, congestive heart failure (CHF) is a strong independent risk factor for 
AF 17. Approximately 50% of patients with severe heart failure (NYHA class III/IV) 
develop AF. In these patients, the occurrence of AF can lead to further exacerbation 
of heart failure 18. In a dog model of CHF, pronounced (replacement) fibrosis has 
been observed, which is thought to explain the increased AF stability in this model19. 
We originally hypothesized that CHF leads to atrial vascular remodeling that would 
increase the atrial susceptibility to supply/ demand ischemia during circumstances 
such increased heart rate of AF. To this end, we investigated atrial coronary blood 
flow regulation and vascular structure in a pig model of CHF (chapter 2). 
To investigate remodeling of vascular structure as a result of AF itself, we studied 
two relatively early time points in the pathogenesis of AF in a pig model with rapid 
atrial pacing (RAP). At 1 and 5 weeks of RAP, we studied the expression of markers 
of hypoxia (HIF1a) and angiogenesis (VEGF and angiopoietin1/2), and the density 
and structure of capillaries and arterioles (chapter 3). To further substantiate the 
presence of a phase of vascular (chapter 4) and metabolic (chapter 5) remodeling 
early in the pathogenesis of AF, we studied pigs after 1 week of RAP. In chapter 
4, we perform a characterization of responsiveness to various vasodilators and 
-constrictors in isolated atrial and ventricular small muscular arteries using wire 
myography. In chapter 5, we have studied mitochondrial structure and a variety 
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of key metabolic parameters, both in tissue samples and suspensions of isolated 
mitochondria.  
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CHAPTER 2

ABSTRACT

Aims: Congestive heart failure (CHF) increases the risk for atrial fibrillation (AF), and 
AF exacerbates CHF. We have investigated the left atrial (LA) and left ventricular 
(LV) coronary vascular regulation, vascular structure and myocardial work in control 
pigs and pigs with CHF.

Methods and Results: LA and LV coronary vascular conductance and external work 
were studied in control (n=9) and CHF pigs (n=8) (4 weeks of rapid ventricular pacing). 
In a separate series, oxygen extraction and lactate production were studied in control 
(n=7) and CHF pigs (n=6). Remodeling of myocardial and vascular structure was 
studied histologically. CHF significantly decreased LA coronary conductance reserve 
(2.15±0.12 vs. 1.44±0.19; P<0.01). The response of the LA coronary conductance (CLA) 
to pacing was significantly smaller in CHF than in control pigs (+95±8 vs. +178±23% 
of baseline at 400ms; P<0.05). The external work performed by the LA was strongly 
reduced in CHF compared to control (3.1±0.5 vs. 68±17mm*mmHg at 400ms; P<0.01). 
The increase in CLA during 5 minutes of AF showed no significant difference between 
CHF and control pigs. During pacing, LA oxygen extraction tended to be lower in CHF 
pigs but this was not associated with an increase in atrial lactate production. CHF 
resulted in a significant increase in perivascular fibrosis ratio (2.87±0.1 vs. 4.01±0.5; 
P<0.05) and a significant decrease in LA capillary density (1767±538 vs. 1306±502/
mm2; P<0.05).

Conclusions: CHF leads to remodeling of atrial vascular structure, atrial contractile 
dysfunction and a marked decrease in atrial oxygen efficiency, potentially 
contributing to exacerbation of CHF. 
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INTRODUCTION

Clinically, congestive heart failure (CHF) is a major risk factor for atrial fibrillation (AF)1 AF occurs 
in up to 50% of patients with severe heart failure 1. The atrial pump function is a predictor for 
exercise capacity in CHF patients 2. The loss of the atrial contraction and the irregular ventricular 
response during AF further deteriorate the overall cardiac performance 3, 4, resulting 
in increased mortality 1. Structural remodeling of the atria is thought to be an important 
cause of increased AF stability in CHF 5. In a dog model of CHF caused by rapid 
ventricular pacing (RVP), pronounced and widespread atrial fibrosis was observed, 
along with degenerative changes in myocytes 6. These structural abnormalities 
were far more pronounced in the atria than in the ventricles 7 and are thought to 
underlie heterogeneous conduction and increased AF stability 8, 9. However, the 
exact mechanism responsible for the development of structural remodeling is not 
clearly understood. A possible explanation could be the development of metabolic 
dysfunction and/ or ischemia in the atria, as has been reported in dogs after 5 weeks 
of rapid ventricular pacing 10.
We have previously shown that in normal healthy pigs, the atrial oxygen supply 
quickly responds to changing circumstances (such as increased heart rate or AF) 
by increasing both coronary blood flow and oxygen extraction 11, 12. However, it is 
unclear whether the regulation of the oxygen supply may be affected by CHF. A small 
study in dogs with CHF 13 has shown a blunted response of atrial flow to adenosine 
administration and acute AF, suggesting impaired LA vasodilator function. The aim 
of the present study is to investigate the effect of CHF on atrial and ventricular coronary 
flow regulation, oxygen extraction and contractile performance. Furthermore, we have 
assessed alterations in vascular structure that are caused by CHF.

METHODS

Animal model
Two groups of adult Dutch Landrace pigs were studied. One group of pigs served as 
healthy controls. In the CHF group, anesthesia was induced with Zoletil (5-8mg/kg 
I.M) and Thiopental (5-15mg/kg I.V). Subsequently, pigs were intubated, mechanically 
ventilated and anesthesia was maintained with an intravenous infusion of fentanyl 
(6-12 µg/kg/h) and Isoflurane 1.0-1.5 %. Under general anesthesia pigs received a right 
ventricular endocardial pacemaker lead (bipolar screw-in J-lead Medtronic Inc., 
Minneapolis, Minnesota) connected to an implantable subcutaneous pacemaker 
(EnPulse, Medtronic Inc., Minneapolis, Minnesota). All animal procedures were in 
agreement with international standards on research animal use and were approved 
by the local ethical committee for animal experiments of Maastricht University.
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Induction of CHF
After one week of recovery from implantation, CHF was induced by three weeks of 
ventricular pacing at 220bpm at four times threshold, followed by one week of pacing 
at 180bpm. Ventricular size and function were monitored by echocardiography 
under sedation (Zoletil, 5-8mg/kg). One echocardiogram was performed before the 
initiation of ventricular pacing and a second echocardiogram was performed directly 
before sacrifice experiment to assess the ventricular pump function.

Follow-up experiments 
During sacrifice experiments, anesthesia was induced with Zoletil (5-8mg/kg I.M) and 
Thiopental (5-15mg/kg I.V), after which pigs were, intubated, mechanically ventilated 
and anesthesia was maintained with an intravenous infusion of fentanyl (6-12 µg/
kg/h), Midazolam 1.0 mg/kg/h and Propofol 0.3 mg/kg/h. After the measurements, 
pigs were euthanized by rapid excision of the heart.

Atrial electrophysiology 
To study AF stability and AF activation pattern during sacrifice experiment in control 
(n=8) and CHF pigs (n=8) an ablation catheter (RFmarinr, Medtronic Inc., Minnesota, 
MA, USA) was positioned in the right atrium for atrial pacing and AF induction. AF 
was induced 5 times by 5s burst pacing at 20Hz and 4 times stimulation threshold in 
the RA. Sustained AF was defined as a rapid, irregular atrial activation pattern lasting 
more than 5 min. AF duration was determined as the maximal duration among the 
five induced episodes. If AF lasted for more than 30min it was terminated by electrical 
cardioversion. During the AF episodes a high-density circular array with 248 unipolar 
electrodes (2.4mm inter-electrode distance) was used to record epicardial activation 
patterns in the atrial free wall. These recordings were analyzed to determine AF 
cycle length, the number of waves and breakthroughs per cycle using an automated 
wave mapping algorithm14.

Series A Coronary vascular conductance and work index
In this series, 9 control pigs (61±3kg) were included that were also used in an 
earlier study12. For the present study, all data were reanalyzed by an independent 
researcher.  In addition, 8 pigs with CHF (57±3kg) were included in this series. 
LA and LV coronary vascular conductance and atrial work indices were determined 
during normal sinus rhythm, fixed pacing rates and acute AF (maintained by atrial 
pacing at 10Hz). The instrumentation is depicted schematically in figure 1A. 

Series A: Work Indices
Right and left atrial pressure (PRA, PLA) and aortic pressure (PAo) were measured 
by Millar microtip pressure catheters. The thermodilution technique was used 
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to measure cardiac output. Simultaneous measurements of LV pressure (PLV) and 
ventricular volume were performed using a pressure-volume conductance catheter 
(Sentron Europe BV, Roden, The Netherlands). Piezoelectric crystals (Sonometrics 
2mm round crystals, Sonometrics corporation, Ontario, Canada) were implanted in 
the left atrial free wall to measure changes in LA dimension. The left atrial work 
index (LAWI) was then calculated as the area within the active part of the pressure 
distance loop15. Similarly, to determine the left ventricular work, PLV was plotted 
against LV volume. The LV work index (LVWI) was calculated as the area within the 
resulting LV pressure volume loop.

Series A: Atrial and ventricular coronary blood flow
Ultrasonic Doppler flow probes (Nano probes PS-Series, Transonic, NY, USA) 
were placed around an LA and an LV arterial branch originating from left coronary 
circumflex artery (LCx). At baseline, the coronary vascular conductance was 
calculated as the coronary blood flow divided by the difference between aortic and 
right atrial pressure. An intracoronary catheter (JR6 catheter, Cordis Corporation, 
Bridgewater, NJ, USA) was used for adenosine infusion into the LCx to determine 
the maximal vascular conductance. The coronary conductance reserve (CCR) was 
calculated as the ratio between maximal coronary conductance during adenosine 
infusion (30µg in10ml) and the maximal conductance during 10 ml saline infusion. 

Series B Oxygen extraction and lactate levels
For series B, 7 control pigs (61±3kg) were included that were also used in a previous 
study11. An independent researcher reanalyzed data for the present study. In 
addition, 6 pigs with CHF (57±3kg) were included. All animals were instrumented as 
schematically shown in figure 1B during sacrifice experiments to study the effect of 
atrial pacing on LA and LV oxygen extraction levels. In addition, the effect of atrial 
pacing on LA and LV arterial-venous lactate levels was assessed.

Series B: Instrumentation
A right atrial pacing catheter, and catheters for PRA, PLV and PAo were placed as 
described above in series A. After a left sided thoracotomy, a cannula (Braunule, 
Braun, Melsungen, Germany) was positioned in a ventricular vein to collect 
ventricular venous blood samples. Atrial venous samples were collected, as described 
previously, by creating a pocket within the coronary sinus around a LA vein, while 
the great cardiac vein was bypassed to the jugular vein11. Atrial and ventricular 
oxygen extraction were calculated as ratio between the arterio-venous oxygen 
concentration difference and arterial oxygen concentration. Oxygen concentration 
was measured using an iStat analyzer (Abbott-Laboratories, IL, USA). Samples were 
also used to determine lactate levels using a Lactate SCOUT+ (Senslab GmbH, Leipzig, 
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Germany). Oxygen extraction and lactate concentration were studied during SR and 
atrial pacing.
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Figure 1. Instrumentation during open-chest experiments. 
(A) Series A of experiments performed for determination of coronary blood flow and myocardial 
work. (B) Series B of experiments performed to quantify the oxygen extraction and lactate levels in 
arterial samples and in LA and LV venous samples.  

Histology and immunohistochemistry 
Samples from the LA and LV were immersed in buffered formalin, embedded in 
paraffin, sliced into 5µm sections and stained with Sirius red staining for assessment 
of both overall myocardial fibrosis and perivascular fibrosis ratio (fibrous tissue 
surrounding arteries/ arterioles). For determination of overall fibrosis 3 to 4 locations 
per Sirius Red-stained slide at 200x magnification were used. For the analysis, the 
epicardial, endocardial and perivascular fibrous layers were excluded, and a color 
threshold was set to determine the relative surface area of red pixels (fibrosis) per 
tissue area determined in percentage. The perivascular fibrosis ratio was calculated 
as the ratio between area of fibrosis surrounding a vessel and the vessel wall area16. 
Hematoxylin and eosin (H&E) staining was used to determine myocyte size. The 
myocyte size was determined from one H&E section (3 to 4 locations per slide) at 
a 400x magnification in transversely cut cardiomyocytes at the level of the nucleus.
To quantify capillary density, sections were stained with Griffonia Simplicifolia I (GSI) 
staining. Capillary density was calculated as the number of capillaries per surface 
area (expressed as number/mm2). To determine the capillary density, a magnification 
of 400x was used. All analysis were blinded, and performed using the Fiji software 
open source image J package (version 1.49e) 
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Statistical Analysis 
Results are expressed as mean ± SEM. Statistical analysis to compare control and 
CHF groups was performed using a linear mixed model using a Bonferroni test for 
confidence interval adjustment with an SPSS statistics software package (IBM). A 
p-value smaller than 0.05 was considered to be statistically significant.  

RESULTS

Development of CHF and the substrate for AF
The development of CHF was evidenced by a significant increase in LV end diastolic 
pressure and LA pressure, and a decrease in cardiac output and LV ejection fraction 
(table 1). LV and LA weight were increased significantly by 1.2 and 2-fold, respectively. 
At the end of the monitoring period, CHF pigs showed physical signs of end-stage 
heart failure (lethargy, ascites, cold extremities, loss of appetite and anorexia). The 
severity of CHF was confirmed by the presence of excess pericardial fluid and by 
increased lung and liver weights (table 1).
During open chest experiments, AF was induced by burst pacing and the maximal 
episode duration of AF was measured. CHF animals showed a significantly higher 
AF episode duration compared to control pigs (figure 2A). However, no significant 
difference was observed in the AF cycle length (AFCL) in control and CHF pigs in LA. 
For the RA, the AFCL was significantly higher in CHF pigs (figure2B). The number of 
waves and breakthroughs per activation cycle did not differ between control and 
CHF pigs in either atrium (figure 2C&D).

Series A: Regulation of coronary vascular conductance
In each experiment, LA and LV branches at a similar anatomical location along the 
lateral wall were instrumented with Doppler flow probes. Flow during SR was not 
significantly different between control and CHF pigs (figure 3A). However, because 
the atrial weight was higher in the CHF group, the LA flow per atrial chamber weight 
in the CHF pigs tended to be smaller (figure 3B) In response to adenosine infusion, 
the CHF group showed a smaller increase in LA flow than control pigs (figure 3C), 
translating into a significantly smaller LA CCR  (figure 3D). 
Compared to the patterns of LA and LV flow during SR in control pigs, the flow 
patterns in CHF pigs displayed a weaker fluctuation throughout the cardiac cycle 
(figure 4 A and B). This is consistent with a depressed LA and LV contractility in CHF 
pigs compared to control pigs. To further investigate the regulation of coronary 
flow in failing hearts, the effect of atrial pacing and acute induction of AF on LA and 
LV flow was assessed. During pacing at basic cycle lengths of 500ms and 400ms 
(figure 4C), LA coronary conductance (CLA) as percentage of CLA during SR increased 
significantly in control animals. By contrast, pacing at these rates did not increase 
CLA in CHF pigs.  The LV coronary conductance (CLV) as a percentage of SR showed a 
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Table 1. Physical and hemodynamic characteristics of control and CHF pigs (mean  ± 
SEM).

Parameter Control CHF

Body Weight, kg 61.8 ± 2.4 (n=16) 57.6 ± 1.9 (n=14)

LVW/BW, g/kg 2.1 ± 0.09 (n=6) 2.5 ± 0.03** (n=7)

LAW/BW, g/kg 0.3 ± 0.04 (n=6) 0.6 ± 0.06** (n=7)

Ejection Fraction, % Before Pacing 65.6 ± 9.8 (n=8)

After Pacing 26.4 ± 5.8§ (n=8)

CO/BW, l.kg/min 0.08 ± 0.009 (n=8) 0.05 ± 0.002* (n=7)

LVdP/dtmax, mmHg/min 1333 ± 72 (n=8) 721 ± 91** (n=7)

LVSP, mmHg 87.1 ± 6.0 (n=8) 71.91± 4.6 (n=7)

LVEDP, mmHg 4.7 ± 0.85 (n=8) 11.2 ± 0.87** (n=7)

LA pressure , mmHg 4.8 ± 0.87 (n=8) 8.7 ± 0.70** (n=7)

RA pressure, mmHg 3.1 ± 0.74 (n=8) 10 ± 0.61** (n=7)

Lung weight (g/kg) 7.5 ± 0.3 (n=12) 10.2 ± 0.5 (n=11)**

Liver weight (g/kg) 18.2 ± 0.5 (n=12) 29.6 ± 3.5 (n=11)**

BW: body weight; LVW: LV weight; LAW left atrial weight; CO: cardiac output; LVdp/dtmax is the 
maximal positive slope of the left ventricular pressure curve; LVSP, left ventricular systolic pressure; 
LVEDP, left ventricular end diastolic pressure; PLA, left atrial pressure; PRA, right atrial pressure
** P< 0.01; *P <0.05 CHF vs. Control; §P<0.05 vs. before pacing 

significant increase during pacing in both control and CHF pigs.
With acute induction of AF (Figure 4E), CLA in control animals increased significantly. 
However, in CHF animals (Figure 4E), AF did not result in a significant increase in CLA. 
AF resulted in a small but significant rise in CLV (Figure 4F) in both control and CHF 
pigs. 

Series A: Quantification of myocardial work  
To determine the relation of coronary flow to the myocardial work performed, LA 
and LV pressures and dimensions were recorded. Figure 5C displays examples of 
an atrial pressure distance loop of a control and a CHF pig during pacing at a cycle 
length of 400ms. The area of atrial pressure loops was strongly reduced in CHF 
pigs compared to control pigs, indicating a pronounced loss of atrial contractility 
as a result of CHF. The average LAWI in control and CHF pigs during SR and pacing 
at 500 and 400ms are displayed in Figure 5E. Control pigs showed a strong rate-
dependent increase in LAWI that was absent in CHF pigs. As expected for failing 
hearts, ventricular pressure-volume displayed a rightward shift and a smaller area in 
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CHF compared to control (figure 5D). The left ventricular work index (LVWI) showed 
a rate-dependent decrease in both groups (figure 5F). 

Series B: Oxygen Extraction and lactate production
In addition to coronary blood flow, myocardial oxygen extraction is a major 
determinant of the total oxygen delivery. In a separate series of experiments, this 
parameter was investigated by collecting venous blood samples. The LAO2 extraction 
during SR was similar in control and CHF pigs (figure 6A). Atrial pacing resulted in a 
rate-dependent increase in LAO2 extraction in control pigs, but not in CHF pigs. For 
the LV, the myocardial oxygen extraction was higher during SR than in the LA, and 
did not increase in either group during atrial pacing (figure 6B). 
To investigate whether oxygen supply matched demand during pacing, the difference 
in lactate concentration between the venous and arterial blood was determined. 
The LA arterial-venous lactate difference (figure 6C) during SR, and pacing with 500 
and 400ms did not show any difference between control and CHF pigs, and did not 
increase with increasing rate.
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Figure 2. Stability and complexity of atrial fibrillation.
(A) Duration of induced AF episodes in control (n=13) and CHF pigs (n=8). (B) AF cycle length (AFCL) 
in control (n=5) and CHF pigs (n=6). (C) Number of waves per activation cycle in control (n=5) and CHF 
pigs (n=6). (D) Number of breakthroughs per activation cycle (Nr. BT/activation cycle) in control (n=5) 
and CHF pigs (n=6). * P<0.05 
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Figure 3. Assessment of coronary blood flow. 
(A) Flow during sinus rhythm (SR) in the LA and LV of control (n=9) and CHF pigs (n=7). (B) LA and 
LV flow per chamber weight in control (n=9) and CHF pigs (n=6). (C) Left atrial flow (QLA) during 
intracoronary infusion of saline and adenosine showed a smaller maximal vasodilation in the CHF 
group. (D) The coronary conductance reserve (CCR) in the LA and LV of control (n=8) and CHF pigs 
(n=5). ** P<0.01 

Remodeling of myocardial and vascular structure
Histological sections stained with Sirius Red from the LA from control and CHF 
pigs (figure 7A) did not show differences between control and CHF pigs in overall 
myocardial fibrosis, as the percentage of the tissue area occupied by fibrous tissue 
in the LA and RA, which was not significantly different between control and CHF pigs 
(figure7A). In the LV, overall myocardial fibrosis was significantly increased in CHF 
pigs compared to healthy controls (figure 7A). However, histological sections of the 
LA stained with H&E from control and CHF pigs showed a larger myocyte size in CHF 
pigs compared to control in both atria  (figure 7B). 
To determine capillary density, GS-I staining was used. Histological sections from 
the left atrium showed a smaller number of capillaries per tissue area in CHF pigs 
compared to control, which was significant for the LA, but not the RA  (figure 7C). As 
illustrated in figure 7D, the amount of fibrous tissue surrounding arteries/ arterioles 
was quantified as perivascular fibrosis ratio. The perivascular fibrosis ratio (the ratio 
perivascular fibrous tissue area to vessel wall area) was significantly larger in the CHF 
group compared to the control group in the LA (2.87±0.1 vs. 4.01±0.5; P<0.05) but 
not in the RA.
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Figure 4. Effects of atrial pacing and AF on coronary blood flow. 
ECG, left atrial flow (QLA) and left ventricular flow (QLV) traces recorded in (A) a control pig and (B) a 
CHF pig. (C) LA coronary conductance (CLA) during sinus rhythm (SR) and pacing at 500 and 400ms, 
all values are normalized to baseline values during SR in control (n=8) and CHF pigs (n=7). (D) LV 
coronary conductance (CLV) during SR and pacing at 500 and 400 ms, all values are normalized to 
baseline values during SR in control (n=8) and CHF pigs (n=8). (E) Effect of 1 and 5 minutes of AF on 
the CLA in control (n=7) and CHF pigs (n=6) (F). The effect of 1 and 5 minutes of AF on CLV values are 
normalized to baseline values during SR in control (n=8) and CHF pigs (n=7).  ††P<0.01 vs. SR; †P<0.05 
vs. SR; ** P<0.01;  * P<0.05 
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Figure 5. The effect of atrial pacing on myocardial work. 
(A) ECG, left atrial pressure (PLA) and left atrial distance (DLA) during atrial pacing at 400ms. (B) ECG, 
left ventricular pressure (PLV) and LV volume during atrial pacing at 400ms. (C) LA pressure versus LA 
diameter during LA pacing at 400ms in a control and CHF pig. (D) LV pressure versus LV volume in a 
control and CHF pig during LA pacing at 400ms. The area of the loops in panels C and D was used to 
determine the work in index (WI), reflecting the amount of external work performed. (E) Average LA 
work index (LAWI) during SR and pacing at 500 and 400ms in control (n=8) and CHF (n=6) pigs. (F) 
Average LV work index (LVWI) during SR and pacing at 500 and 400ms in control (n=9) and CHF (n=7) 
pigs. ** P<0.01; * P<0.05 
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Figure 6. Myocardial oxygen extraction and lactate production. 
Percent oxygen extraction during SR and atrial pacing at 400 and 500ms for (A) the LA of control 
(n=6) and CHF pigs (n=5) (B) the LV of control (n=5) and CHF pigs (n=4). (C) Arterial-venous lactate 
concentration difference during SR and atrial pacing at 500 and 400ms for (C) the LA of control (n=7) 
and CHF pigs (n=5) and (D) the LV of control (n=5) and CHF pigs (n=4).  ** P<0.01; * P<0.05
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Figure 7 Figure 7. Alterations in myocardial and vascular structure caused by CHF. 
Left and middle column shows representative photographs for control and CHF LA, respectively. 
The right column shows the quantification for the parameter illustrated in that row. (A) Sirius Red 
staining used to determine the percentage of the tissue area occupied by fibrous tissue in LA, RA and 
LV of control (n=10) and CHF pigs (n=12). (B) H&E staining used to determine the myocyte diameter in 
control (n=12) and CHF pigs (n=11) (C) GS-I staining was used to assess capillary density, expressed as 
1000s of capillaries per mm2 in control (n=6) and CHF pigs (n=11). (D) Sirius staining used to specifically 
quantify perivascular fibrosis, expressed as the ratio between perivascular fibrosis tissue area and 
vessel wall area in control (n=14) and CHF pigs (n=8)
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DISCUSSION

Our study is the first to characterize left atrial coronary blood supply, contractile 
performance and vascular remodeling in a model of CHF. CHF in our pig model led to 
an increased AF stability and atrial cellular hypertrophy. CHF was also associated with 
a decreased LA coronary conductance reserve and vascular remodeling. Despite the 
smaller response of LA coronary oxygen supply to higher pacing rates, LA lactate 
levels did not display signs of oxygen shortage. Atrial contractile performance was 
strongly reduced and the increase in LA contractile work during atrial pacing was 
blunted in pigs with CHF. 

CHF and the substrate for AF 
Clinically, CHF is associated with increased risk for AF1. Moreover, in a dog model 
of CHF the increased stability of AF is thought to be a result of atrial structural 
remodeling5. In the dog model, CHF causes pronounced atrial fibrosis6. In our pig 
model, which showed a similar degree of CHF, fibrosis was increased in the LV, but 
not in the LA. In this context, it may be relevant that the dog model displayed an early 
(<24hours) and dramatic phase of atrial damage, hallmarked by myocyte necrosis, 
apoptosis and inflammatory infiltration7. The replacement fibrosis observed after 5 
weeks might be a result of the early phase of atrial damage, which may not have 
occurred in our pig model. 
We did observe marked atrial dilatation, which is also known to be a strong predictor 
for AF development17, 18. Similarly, in a goat model of complete AV block goat, atrial 
enlargement and myocyte hypertrophy without increased fibrosis were associated 
with increased AF stability19. Mathematical models have also indicated that cellular 
hypertrophy can lead to discontinuous transverse propagation and thereby lead 
to increased stability of arrhythmias20. Therefore, atrial cellular hypertrophy and 
dilation may be sufficient to explain the increased AF stability in the pig model. 

Coronary conductance reserve and vascular remodeling
We demonstrate a significant reduction in LA coronary conductance reserve in CHF 
pigs compared to control pigs. This reduction in conductance reserve will decrease 
the capacity of the LA to respond to fluctuations in demand. This finding is similar 
to what was observed in a dog model of atrial hypertrophy resulting from mitral 
insufficiency and aortic stenosis, in which LA coronary flow reserve was decreased21. 
A small study in dogs with CHF also indicated a reduced LA flow reserve13. To assess 
whether the decrease in coronary conductance reserve was related to vascular 
remodeling we studied the capillary density and perivascular fibrosis in tissue of 
control and CHF pigs. CHF pigs showed a marked reduction in the LA capillary density 
and substantial increase in perivascular fibrosis ratio. Both factors may contribute 
to the observed reduction in coronary conductance reserve. For the ventricular 
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vasculature, a correlation between impaired LV coronary flow reserve and decreased 
capillary density was demonstrated in patients with cardiomyopathy22. Modeling 
studies further support the role of capillary density as a determinant of the coronary 
flow reserve23. On the other hand, prevention of perivascular collagen formation 
after myocardial infarction can lead to improvement of myocardial perfusion and 
coronary flow reserve24. Thus, both perivascular fibrosis and capillary rarefaction 
observed in the atria of pigs with CHF may contribute to the decrease in atrial 
vasodilator reserve.

Coronary vascular conductance and work index
With decreased LV pump function, preservation of atrial contractility would help 
to maintain overall cardiac function by improving the LV diastolic filling3, 25. In the 
normal heart at rest, the atrial systole contributes between 10 and 15% of diastolic 
filling4, but its contribution increases during exercise. 26, 27 When ventricular function 
is decreased as a result of myocardial infarction, cardiomyopathy or heart with 
preserved LV ejection fraction, this ‘booster function’ of the atrial contraction also 
becomes more important (contributing up to an estimated 50% of cardiac output) 
4, 28-30. In patients with myocardial infarction31 and heart failure patients with32 and 
without2 preserved LV ejection fraction, LA function predicts exercise capacity. 
A loss of the atrial contraction, such as during AF, in these patients may thus 
contribute to hemodynamic decompensation4. However, we have observed that 
atrial contractility in pigs with CHF was nearly abolished, and by contrast to control 
animals, did not show the increase during atrial pacing. Dogs with CHF due to 5 
weeks of RVP showed a reduction in atrial fractional shortening33, but this measure 
does not allow distinction of passive and active atrial emptying. Atrial contractile 
dysfunction was also observed during atrial dilation in goats with chronic AV block. 
There, the decrease in atrial contraction was associated with decrease in the 
sarcoplasmic reticulum calcium load and atrial myofibrillar remodeling34. 
In CHF pigs the LA showed a pronounced increase in mass but the atrial blood flow 
was similar to that observed in control animals. We have recently shown that in 
normal pigs, atrial pacing caused a rate-dependent increase in LA external work, LA 
coronary conductance and oxygen extraction11, 12. By contrast, in CHF pigs neither 
the LA external work, coronary conductance, nor oxygen extraction increased 
during pacing. However, the smaller response of LA coronary conductance in 
CHF pigs was not associated with an increase in atrial lactate production. These 
findings indicate that the oxygen supply demand balance in the LA of CHF pigs is 
preserved during pacing, but that the oxygen efficiency - i.e. the amount of external 
work performed per amount of oxygen consumed - was dramatically decreased. 
Although the response of LA supply to changes in rate and rhythm was blunted, we 
cannot establish cause and effect, in the sense that a deficient atrial supply could 
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be responsible for the decrease in LA contractility or that the decreased in atrial 
contractility obviates the need to increase atrial supply. Nevertheless, the resulting 
loss of the atrial booster pump function may contribute significantly to reduced 
exercise capacity and exacerbation of heart failure, even in the absence of AF.  
 
CONCLUSIONS
This is one of the first studies to assess alterations in atrial vascular structure and 
function in failing hearts. CHF in pigs was associated with an increased AF stability, 
atrial cellular hypertrophy and atrial dilatation. The blunted response of LA coronary 
vascular conductance during atrial pacing in the CHF group was associated with 
atrial contractile dysfunction. Atrial pacing did not lead to an oxygen supply demand 
mismatch. However, the oxygen efficiency of the atria was greatly reduced in pigs 
with CHF. 

Limitations
In this study, we did not inject microspheres to determine the exact blood flow per 
grams of tissue. As an approximation, the ratio of blood flow per chamber weight was 
determined. Secondly, due to the complexity of the instrumentation, simultaneously 
measuring coronary flow and venous sampling from the LA could not be achieved, 
and was therefore performed in separate series of experiments. Therefore, it was 
not feasible to exactly determine the myocardial oxygen consumption in order to 
quantify the myocardial demand. Third, RVP was maintained for 4 weeks in this 
model and thus, we have only studied one time point in the pathogenesis of CHF 
and the resulting atrial remodeling. In dogs with CHF due to 5 weeks of RVP showed 
a marked reduction in ATP and creatine phosphate10. Therefore, such a profound 
reduction in atrial energetic state may lead to a decrease in atrial contractility, 
similar to what was observed in the hibernating ventricular myocardium due to low 
flow ischemia35. However, we cannot determine whether such depletion in atrial 
bioenergetics occurs in the pig model.
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ABSTRACT

Background: Atrial fibrillation (AF), a common cardiac arrhythmia, is characterized 
by fast and irregular atrial activation. We have previously shown that acute AF leads 
to acute supply/demand ischemia. Here, we investigate hypoxic and angiogenic 
signaling during prolonged AF and the resulting remodeling of vascular structure. 

Methods: Healthy control pigs (n=8) were compared to pigs with AF maintained by 
rapid atrial pacing (RAP, 600bpm) for 1 week (1wRAP, n=7) or 5 weeks (5wRAP, n=8). 
Tissue samples were collected from the left atrium (LA) and left ventricle (LV) in all 
3 groups. Western blots were performed to quantify expression of Angiopoietin-1 
and 2, HIF1α and VEGF. The structure and density of arterioles and capillaries was 
determined using histology and immunohistochemistry. 

Results: 1wRAP and 5wRAP led to a significant increase in HIF1α in comparison to 
healthy control. VEGF was increased compared to control at 5wRAP, but not at 
1wRAP. AF did not affect the levels of angiopoietin-1 and 2. The arteriolar density was 
not different between control, 1wRAP and 5wRAP. Although the capillary density 
was not affected at 1wRAP, the 5wRAP was associated with a significant reduction 
in capillary density compared to healthy controls. 

Conclusion:  Although hypoxic and angiogenic signaling pathways are activated, AF 
leads to capillary rarefaction. This phenomenon may restrict the ability of the atria 
to respond to fluctuations in demand.
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INTRODUCTION 

Atrial fibrillation (AF) is the most common cardiac tachyarrhythmia in clinical practice1. 
AF itself leads to atrial remodeling processes that contribute to the perpetuation 
of the arrhythmia. Electrical remodeling is a relatively fast process (1-2days) that 
involves shortening of action potential duration 2, 3. Over a much slower time course 
of months to years, structural remodeling gradually develops that increases the 
complexity of fibrillatory conduction and thereby increasing AF stability4. Cellular 
hibernation5  and (endomysial) fibrosis6  are hallmarks of structural remodeling, but 
the underlying causes are not completely understood.  
The rapid rates during AF will increase the energy expenditure on ion homeostasis 
and contraction, leading to an increased atrial oxygen demand, which may not 
be met by a commensurate increase in oxygen supply. Indeed, we have recently 
demonstrated that acute AF leads to supply/demand ischemia, as evidenced by 
lactate production within minutes of AF and a phase of reactive hyperemia after a 
short AF episode7, 8.  Increased expression of HIF1α has been observed in goats in 
the first weeks of AF and in AF patients, indicating the ischemic state persists with 
prolonged AF9, 10. In the goat model of AF, this is further supported by a transient 
decrease in phosphocreatine in the first weeks of AF11. On the longer term possible 
responses to supply/demand ischemia are an increase in supply or a decrease in 
demand. The phenomenon of atrial myocyte hibernation during AF5, which is similar 
to that observed in the ventricles during low-flow ischemia5, 12, can be interpreted as 
an adaptation resulting in a decrease of oxygen demand. An increase in supply could 
be mediated by changes in both size and density of the vessels perfusing the tissue.
In the left ventricle, Dedkov et al. proposed two mechanisms to increase O2 
supply: dilation of existing resistance-sized arterioles (Outward remodeling) and 
angiogenesis, leading to an increase in the density of arterioles and capillaries13.  In 
this study, we investigate hypoxic and angiogenic signaling and the remodeling in 
left atrial and left ventricular vascular density and structure early in the pathogenesis 
of AF (1 and 5 weeks of AF maintained by rapid atrial pacing, RAP).

METHODS

Animal model
Three groups of Dutch landrace pigs were studied (50-65kg). One group of pigs 
served as healthy controls (n=7). In the two other groups, AF was maintained by 
rapid atrial pacing for 1 week (1wRAP, n=7) or 5 weeks (5wRAP, n=7). RAP pigs 
received a right atrial endocardial pacemaker lead (J-Leads Capsurefix 5568 - 53 cm, 
Medtronic Inc. Minneapolis, Minnesota) connected to an implantable subcutaneous 
pacemaker (Itrel II, Medtronic, Minneapolis, MN). All animal procedures were in 
agreement with international standards on research animal use and were approved 
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by the local ethical committee for animal experiments of Maastricht University.

Induction of AF
After one week of recovery from pacemaker implantation, the pigs were sedated with 
an intramuscular injection of Zoletil (5-8mg/kg).  AF was maintained by rapid atrial 
pacing at 600bpm with four times pacing threshold. To prevent the development 
of heart failure in the 5wRAP group, the ventricular rate was controlled by digoxin 
10µg/kg for 1 week, followed by 5µg/kg for 4 weeks. Digoxin was discontinued 3 days 
before the sacrifice experiment in order to reach plasma levels <0.5μg/ml. 

Follow-up experiments 
For follow-up experiment animals were sedated with Zoletil (5-8mh/kg I.M.). In the 
RAP groups, pacing was stopped immediately prior to the induction of anesthesia 
and restarted directly after induction. Anesthesia was maintained with fentanyl (6µg/
kg/h), midazolam (0.8mg/kg/h) and propofol (0.3mg/kg/h). The heart was excised 
via a lateral incision. Tissue samples were collected from the LA and LV, snap frozen 
in liquid nitrogen and stored at -80oC for Western blot and immunohistochemistry. 
Additional tissue samples were stored in formalin for histological analysis. 

Immunohistochemistry
Samples fixated in formalin were embedded in paraffin and sliced into 5µm thick 
sections. To determine the capillary density, sections were stained with Griffonia 
Simplicifolia I (GSI) and photographed at a magnification of 400x. Detection of 
capillaries performed as shown in figure 1 using trainable Weka segmentation 
algorithm that is part of the open source Fiji software (www.fiji.sc). The segmentation 
algorithm had first been trained to reliably recognize capillaries based on color and 
shape. The trained algorithm was then used to segment each image into capillaries, 
myocytes and background. The segmented images were converted to a grayscale 
and thresholded to visualize only capillaries. Subsequently, a ‘particle analysis’ was 
performed to determine the number and size distribution of those capillaries. For the 
size distribution, only objects with a circularity greater or equal to 0.4 Yes I checked 
that and we used this method were included, in order to exclude longitudinally 
sectioned vessels. Capillary density was calculated as the number of capillaries per 
surface area (expressed as number/mm2). 
To determine the arteriolar density and size distribution, frozen tissue samples were 
sectioned into 5µm sections. Arterioles were labeled using an anti α-smooth muscle 
actin antibody (A2547, Sigma Aldrich, St Louis, MO). The quantification of number 
and size was performed by setting a color threshold to determine the positively 
labeled arterioles (green pixels).
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Figure 1. Quantification of capillary density.
Successive steps in this method are: (A) Original image of staining with GS-I. (B) Color-coded image 
segmented based on color and shape of objects. (C) Image converted to gray scale. (D) Black and 
white image after thresholding. (E) For determination of the number of capillaries, objects smaller 
than a minimum size (i.e.) and larger than a maximal size (i.e. arteries and veins) were excluded. For 
determination of capillary size, an additional criterion excluded non-circular objects.

Western blotting
Proteins were separated by SDS-PAGE on 4–12% Bis-Tris Standard XT precast gels 
(Bio-Rad) and moved to nitrocellulose membranes. The membranes were probed 
with the appropriate primary antibodies HIF1α (Santa Cruz, H-206, sc-10790), VEGF 
(NOVUS, VG76e), Ang1 (Santa Cruz, N-18, sc-6319), Ang2 (Santa Cruz, F-18, sc-7017) 
with 1:1000 dilutions in 5% bovine serum albumin. The protein bands were visualized 
using enhanced chemiluminescence, and the immunoblot intensities were quantified 
using Bio-Rad Quantity One. 

Statistical analysis
Results are expressed as mean ± SEM. Statistical analysis was performed using a 
linear mixed model with a Bonferroni correction using a statistical software package 
SPSS (IBM). A p value less than 0.05 was considered to be statistically significant.  
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RESULTS

HIF1α and VEGF
Representative blots from LA displayed higher HIF1α content in the 1wRAP and 
5wRAP groups compared to control (figure 2A). Quantification of the relative band 
intensity of HIF1α demonstrated a significant increase in the HIF1α expression in 
both the 1wRAP and 5wRAP LA tissue compared to healthy controls (Figure2B). In 
the LV, HIF1α was significantly increased in the 1wRAP group, but not in the 5wRAP 
group. Representative blots showed higher VEGF expression only in the 5wRAP 
group of pigs compared to control (figure 2A). The relative band intensity for VEGF 
showed no statistical difference either for the LA or LV at the 1-week timepoint. At 
the 5-week timepoint, the expression of VEGF was significantly increased in the LA, 
but slightly decreased in the LV (figure 2C).

Figure 2. Hypoxia and angiogenesis markers. 
(A) Western blots displayed an increase in the levels of HIF1-α in the LA of 1wRAP (n=7) and 
5wRAP(n=8) compared to control (n=7). (B) Quantified band intensity of HIF1-α normalized to GAPDH 
content in the LA and LV. (C) Western blots displayed similar levels of VEGF in the LA of 1wRAP (n=7) 
but increased levels in the 5wRAP(n=8) compared to control (n=7). (D) Quantified band intensity of 
VEGF normalized to GAPDH content in the LA and LV. Values are expressed as mean ± SEM. *P<0.05 
vs. control; **P<0.01. 
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Arteriolar density and size distribution
Representative immunofluorescence images of staining with a-smooth muscle 
actin (arteries and arterioles with smooth muscle cells) and DAPI (nuclei) are shown 
figure 3A, B&C). Quantification of the LA and LV arterioles density did not reveal any 
statistical difference in arteriolar density in the 1wRAP and 5wRAP pigs compared to 
healthy control for either the LA or LV (figure 4A). The distribution of arteriolar sizes 
in the LA and LV did not indicate any change in the shape of the histograms between 
groups (figure 4C&D), and the median arteriolar size was not different between the 
groups(figure 4B).

100µm 

C 

100µm 

100µm 

100µm 100µm 100µm 
100µm 

B 

A 

Figure 3 
Figure 3. Immunofluorescent staining of arterioles. 
Representative immunofluorescence images of a-SMA (smooth muscle cells) and DAPI (nuclei) 
labeling at 40X magnification from LA tissue of (A) control pigs, (B) 1wRAP pigs and (C) 5wRAP.   
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Figure 4. Arteriolar density and size distribution. 
(A) The arteriolar density, representing the number of arterioles per mm2. (B) Median arteriolar size 
in (mm) of LA and LV of control (n=7), 1wRAP (n=7) and 5wRAP (n=8) groups. Values are expressed as 
mean ± SEM. Histograms of the distribution of the arteriolar size in control, 1wRAP and 5wRAP pigs in 
(C) the LA and (D) the LV.

Capillary density and size 
Representative GS-I immunohistological sections from the LA indicated that there 
were fewer capillaries per mm2 in the 5wRAP group (figure 5A, B&C). Quantification 
of the capillary density was performed as illustrated in figure 1. Compared to 
control, the capillary density was not altered in the 1wRAP group, but it was 
significantly decreased in the 5wRAP group (figure 6A). In the LV, capillary density 
was not significantly different between the groups (figure 6A). The LA capillary 
size distribution exhibited a leftward shift towards smaller capillary size in both 
the 1wRAP and the 5wRAP group. The median capillary diameter was significantly 
smaller in the 1wRAP group, indicating a more abundant number of small capillaries 
(figure 6B&C). In the LV, the distribution showed a shift towards smaller capillary 
size after 1 week of RAP, but not after 5 weeks of RAP (figure 6D). Moreover the 
5wRAP group displayed a larger median capillary diameter in comparison to control 
and 1WRAP (figure6D).  
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Figure 5 Figure 5. GSI staining of capillaries. 
Representative image at 400X magnification showing GSI labeling in the LA of (A) a control pig (B) a 
1wRAP pig and (C) a 5wRAP pig.
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Figure 6. Capillary density and size distribution
(A) Capillary density, expressed as the number of capillary per mm2 in the LA and LV of control (n=7), 
1wRAP (n=7) and 5wRAP (n=8) groups. (B) Median capillary size in the LA and LV of control (n=7), 
1wRAP (n=7) and 5wRAP (n=8) groups. Values are expressed as mean ± SEM. *P<0.05 vs. control. 
Histograms depicting the capillary size in control, 1wRAP and 5wRAP pigs for (C) the LA and (D) the LV. 

Angiopoietin 1 & 2  
The stability of newly formed vessels is, among other factors, affected by the 
balance between the expression of Angiopoietin1 (Ang-1) and Angiopoietin 2 (Ang-
2). Figure 7 shows representative immunohistochemistry images of Ang1 and Ang2 
staining (labeled in brown) counter stained with Hematoxylin for labeling the nuclei 
in the LA of control, 1wRAP and 5wRAP(Figure7A&B). Western blots of Ang-1 and 
Ang-2 did not indicate differences in band intensity in the 1wRAP and 5wRAP groups 
compared to control (figure 8A). The relative band intensities for both Ang1 and 
Ang2 normalized to GAPDH content did not show any significant changes for either 
the LA or LV between the groups (figure 8B&C). 
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Figure 7. Distribution pattern of angiopoietin1 (Ang1) and angiopoietin2 (Ang2). 
Examples shown for Ang1 (left panels) and Ang2 (right panels) in the LA of  (A) a control pig, (B) a 
1wRAP pig and (C) a 5wRAP pig.
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Figure 8. Quantification of Ang1 and Ang2 protein levels. 
(A) Western blots displayed similar levels of Ang1 in the LA of 1wRAP (n=7) and 5wRAP(n=8) compared 
to control (n=7). (B) Quantified band intensity (normalized to GAPDH content) in the LA and LV for (B) 
ANg1 and (C) Ang2. Values are expressed as mean ± SEM. 

DISCUSSION

In this study we have studied hypoxic and angiogenic signalling and vascular 
remodeling in pigs at two relatively early time points in the pathogenesis of AF. Atrial 
ischemia may be an important factor in the vicious cycle that leads to progression 
of AF. On the one hand, ischemia can create a substrate for AF. In a dog model, 
ligation of an atrial artery, both acutely 14 and chronically 15 increases AF stability. 
In humans, ischemic heart disease is a risk factor for AF16.  Also, acute myocardial 
infarction is complicated by new onset AF in 5 to 15% of patients, 17 particularly when 
atrial branches are affected18, 19

Conversely, AF also leads to atrial ischemia. We have previously shown that acute 
AF leads to acute supply/demand ischemia, as evidenced by lactate production 
within minutes of AF7, and reactive hyperemia following a short period of AF8. Atrial 
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ischemia during prolonged AF is indicated by a decrease in phosphocreatine and an 
increase in HIF1α in the first weeks of AF in the goat model of AF. Increased atrial 
levels of HIF1α have also been reported in AF patients. The phenomenon of atrial 
myocyte hibernation 20 which is similar to ventricular remodeling during low-flow 
ischemia, may be viewed as an adaptation of energy shortage/ ischemia.  
Under normoxic conditions, HIF1α is continuously produced, but rapidly degraded 
upon hydroxylation of proline residues.  During hypoxia, prolyl hydroxylation is 
inhibited, leading to an accumulation of HIF1α  21. HIF1α can then combine with the 
constitutively present HIF1β to form a dimer that alters the expression of several 
genes. By increasing expression of CTGF, it can lead to interstitial fibrosis, at least 
in the kidney22, 23. In pigs with AF maintained by RAP, we observed increased levels 
of HIF1α in both the LA and LV after 1 week, indicating cardiac oxygen shortage as 
a result of AF. After 5 weeks, HIF1α levels had normalized in the LV, but were still 
elevated in the LA. The sustained hypoxic signaling in the LA was associated with 
increased expression of VEGF after 5 weeks.  Importantly, the HIF1α -HIF1²  dimer 
also activates transcription of VEGF21, 24. VEGF is the pivotal cytokine leading to 
angiogenesis (formation of new capillaries) and, to a lesser degree, arteriogenesis 
(formation of new arterioles) 25-27. In our pig model of AF, we did not observe any 
change in the number and size of arterioles, at either 1 or 5 weeks of RAP, in either 
the LA or LV. The number of capillaries was not affected in the LV, but showed a 
pronounced decrease in the LA in the 5wRAP group. The size distribution displayed 
a shift to smaller capillary diameters after 1 and 5 weeks of AF in the LA and shift to 
larger diameters after 5 weeks of AF in the LV. The shift towards smaller size in the 
LA may reflect a process of capillary sprouting as part of ongoing angiogenesis28.  
However, the number of capillaries in the LA was decreased after 5 weeks of AF. 
The loss of atrial capillaries will increase oxygen diffusion distances and therefore 
negatively affect the supply/ demand balance. In general, it will decrease the capacity 
of the atrial myocardium to respond to fluctuation in oxygen demand.
 Normally, interaction with pericytes is required to stabilize (newly formed) capillaries, 
and a loss of capillaries (rarefaction) occurs when pericytes detach from capillaries29.  
In several organ systems, most notably in the kidney, the interaction between 
pericytes and endothelial cells is affected by the balance between angiopoietin-1 
and -230-32, This interaction is stabilized by angiopoietin-1 but destabilized by 
angiopoietin-2. In the pig LA and LV, we did not observe a change in angiopoietin-1 
and -2 expression as a result of RAP. Therefore, the capillary rarefaction we have 
observed cannot be explained by the shift in the balance between angiopoietins. 
Capillary rarefaction is often associated with progressive fibrosis e.g. in the hypoxic 
kidney 30 and in the ventricles of heart failure patients with preserved ejection 
fraction33.
One of the reasons for this association is that, after detaching from capillaries, 
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pericytes can transdifferentiate into fibroblasts that increase (interstitial) fibrosis29. 
In the goat model of AF, we have shown that prolonged AF is indeed hallmarked by 
interstitial/ endomysial fibrosis, that gradually develops over a time course of months 
and contributes to the progression of AF6, 34. In this way, capillary rarefaction may 
reflect an important mechanism leading to the formation of a structural substrate 
for AF. 
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ABSTRACT 

Background: We have previously shown acute AF leads to acute supply/demand 
ischemia in the atrial myocardium. To investigate the ensuing alterations in the 
coronary vasculature we have studied function and structure of left atrial (LA) and 
left ventricular (LV) small muscular arteries (SMA) in healthy control pigs and pigs 
with one week of rapid atrial pacing (RAP).

Methods: SMA were isolated from the LA and LV of 7 RAP and 8 control pigs and 
mounted to record vascular wall tension by wire myography. In addition to stiffness 
and receptor-independent vasoconstriction (62.5 mM KCl), dose-response curves 
were determined for U46619 (a stable thromboxane A2 analogue), and endothelin-1 
(ET-1), representing receptor-mediated vasoconstriction; bradykinin (BK, 
endothelium-dependent vasodilation) and sodium nitroprusside (SNP, endothelium-
independent vasodilation). 

Results: After one week of RAP, both LA and LV SMA displayed a significantly higher 
contractility in response to KCL compared to control (5.3±0.6 vs. 3.5±0.5 mN/mm for 
the LA and 4.8±0.4 vs. 2.4±0.5 mN/mm for the LV; P<0.05). Furthermore, LA and LV 
SMA from the RAP group produced a higher vascular wall tension in response to the 
highest dose of U46619. The response to ET-1 did not differ significantly between the 
groups in either LA and LV SMA. The LA SMA from RAP group displayed an higher 
sensitivity to BK, with an EC50 in control and RAP animals of 1.3 x 10-09±2.6 x 10-10 M 
and 3.0 x 10-10±6.1 x 10-11 M (p<0.01). The response to SNP was similar between the 
groups both for the LA and LV. These changes in vascular pharmacology were not 
associated with smooth muscle cell hypertrophy.

Conclusions: In a relatively early stage of AF pathogenesis, sensitivity of LA and 
LV SMA to both vasoconstrictors and dilators is enhanced. The increased vascular 
responsiveness may represent an adaptive reaction to the higher myocardial oxygen 
demand during AF. 



59

Vascular behavior during atrial fibrillation

INTRODUCTION

Atrial fibrillation (AF) is the most common sustained cardiac tachyarrhythmia. The 
high activation rates during AF are likely to lead to an increase in atrial energy and 
oxygen demand. If the increased demand is not met by an increase in the oxygen 
supply, a state of supply/demand ischemia will ensue. Indeed, we have recently 
shown that acute AF leads to acute supply/ demand ischemia, as evidenced by atrial 
lactate production 1  and a phase of reactive hyperemia following a short period of 
AF 2. 
This state of supply/ demand ischemia may persist for a prolonged period. In 
RA biopsies from patients with permanent AF, markers of hypoxia (HIF1a) and 
angiogenesis (VEGF) were elevated 3. In a goat model, AF leads to a reduction in 
atrial levels of creatine phosphate 4 and an increase in HIF1a in the first weeks 5. To 
our knowledge, no previous reports exist on the effect of AF on the behavior of the 
small muscular arteries (SMA; compliance and resistance arteries) that are the main 
determinants of coronary blood flow regulation.  
 In the present study, we investigated the effect of AF on vascular responsiveness at 
a relatively early time point of its pathogenesis (one week of rapid atrial pacing). We 
have studied isolated SMA from the LA and LV to assess receptor-independent (KCl) 
and receptor-dependent (U46619 and ET-1) vasoconstriction and to endothelium-
dependent (BK) and endothelium-independent (SNP) vasodilation. In addition, 
stiffness and smooth muscle hypertrophy were studied. 
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METHODS

Animal model. Two groups of adult landrace pigs were studied. One group of pigs 
served as healthy controls (n=9, 40-55kg) In the RAP group, (n=7, 50-55kg) pigs 
received a right atrial endocardial pacemaker lead (Capsurefix 5568, Medtronic Inc. 
Minneapolis, Minnesota) connected to an implantable subcutaneous pacemaker 
(Itrel II, Medtronic, Minneapolis, MN). All animal procedures were in agreement 
with international standards of research animal use and were approved by the local 
ethical committee for animal experiments of Maastricht University.
After one week of recovery after pacemaker implantation, pigs were sedated with 
an intramuscular injection of Zoletil (5-8mg/kg). An ECG was performed to confirm 
atrial capture, and rapid atrial pacing at (600bpm) with four times pacing threshold 
was initiated. 

Tissue harvesting and vessel isolation. Both RAP pigs (after 1 week of pacing) and 
control pigs were sedated with Zoletil (5-8mg/kg I.M.). In the RAP group, pacing 
was interrupted during the induction of anesthesia. Anesthesia was maintained 
with fentanyl (6mg/kg/h), midazolam (0.8mg/kg/h) and propofol (0.3mg/kg/h). A 
left sided thoracotomy was performed to expose the heart and after 30 minutes of 
stabilization the heart was excised and a strip of tissue around the left circumflex 
artery, with a 1-2cm width of the LA and LV myocardium attached was collected and 
stored in a 4°C HEPES solution. Starting dissection from the LCx, SMA were isolated 
from the tissue using a microscopic setup and stored in HEPES physiological buffer 
salt solution that contained in (mM): NaCl 144, KCl 4.7, CaCl2 2.5, MgSO4 1.2, KH2PO4 
1.2, HEPES 14.9 and glucose 5.5 with a pH set to 7.4.

Vasomotor studies. Isolated arterial segments of approximately 2mm in length 
were mounted in multi-channel wire myograph for recording isometric force 
development (Multi-channel wire myograph system, DMT, Denmark) as described 
previously 6. Arteries where then equilibrated for 60 minutes at 37oC in an 
oxygenated Krebs-Ringer bicarbonate buffer (KRB) containing in (mM): NaCL: 118.5; 
KCL: 4.7; CaCl2: 2.5; KH2PO4: 1.2; NaHCO3: 25.0 and glucose: 5.5. After equilibration, a 
standardized normalization procedure 6 7 was performed to determine the lumen 
diameter (d100) the artery would have had in vivo under a transmural pressure of 
100mmHg. Arteries where then set to the lumen diameter d1=0.9*d100 for optimal 
active force development. Subsequently, the vessels were left to equilibrate for 
30mins. Viability and contractile performance of vessels was tested by addition of 
62.5mM KCl (receptor-independent vasoconstriction). Vessels that did not produce 
any vascular wall tension in response to KCL were excluded. Subsequently, a dose-
response curve was recorded for U46619 (10-9M to 10-5.5M). In the presence of 10-5.5M 
U46619 as a precontraction, dose-response curves were recorded for bradykinin 
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(BK, 10-11M to 10-7M, endothelium-dependent vasodilation) and the NO donor Sodium 
Nitroprusside (SNP, 10-8M to 10-4.5M, endothelium-independent vasodilation). Finally, 
a dose-response curve for endothelin-1 mediated vasoconstriction (10-10M to 10-6.5M) 
was recorded.

Vascular Morphometery. After vasomotor studies, vessels were fixated with 4% 
buffered formalin, embedded in paraffin, sliced in 5µm sections. Vessels were stained 
with Hematoxylin and Eosin (H&E) to determine the density of smooth muscle cells 
or with Lawson staining to determine the medial cross-sectional area (mCSA, the 
area in between internal and elastic lamina). Sections were photographed at 200x 
magnification and analyzed using Image J software (version 1.46r, National Institute 
of Health, USA) in a blinded fashion. Quantification of smooth muscle cell density 
was performed by counting the nuclei of smooth muscle cells and normalizing this 
number to the smooth muscle area, using ImageJ. 

Western Blot. After excision of the heart, tissue samples from the LA were snap-
frozen in liquid nitrogen and stored at -80oC for Western blotting. Proteins were 
separated by SDS-PAGE on 4–12% Bis-Tris Standard XT precast gels (Bio-Rad) and 
moved to nitrocellulose membranes. The membranes were probed with primary 
antibody for eNOS (BD Biosciences 61029) in 5% bovine serum albumin. The protein 
bands were visualized using enhanced chemiluminescence, and the immunoblot 
intensities were quantified using Bio-Rad Quantity One (Version 4.6.6, Bio-Rad 
laboratories Inc., USA)

Chemicals. U46619 (Cayman Chemical #16450) was dissolved in 100% ethanol. 
Bradykinin acetate salt (Sigma-Aldrich B3259) and Endothelin-1 (Sigma-Aldrich 
E7764) were dissolved in distilled water.

Statistical Analysis. Concentration response curves were fitted to a non-linear 
sigmoid regression curve (Graph-pad Prism 5.0). Results are expressed as 
mean±SEM. Statistical analysis comparing the highest effect size (Emax) and the EC50 
was performed using a mixed model with Bonferroni correction. A p value less than 
0.05 was considered to be statistically significant.

RESULTS

Passive properties and receptor-independent vasoconstriction
The optimal lumen diameter (0.9*d100) of vessels did not differ significantly between 
the control and RAP group (figure 1A). Passive wall tension was plotted against 
diameter, and the slope of the curve was calculated to determine stiffness. Vascular 
stiffness did not differ significantly between the groups in either the LA or LV 
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(figure 1B). Then, 62.5mM KCL was administrated to assess receptor-independent 
vasoconstriction. Both the LA and LV arteries from RAP animals generated a 
significantly larger vascular wall tension compared to control (figure 1C). 

Figure 1. Passive properties and eNOS content of SMA.
(A) Optimal lumen diameter of SMA in LA control (n=7) and RAP (n=7) and LV control (n=8) and RAP 
(n=6) (B) stiffness determined by stepwise, progressive stretching in LA control (n=7) and RAP (n=7) 
and LV control (n=8) and RAP (n=6) (C) Vascular wall tension in response to 62.5mM KCL of SMA in 
LA control (n=7) and RAP (n=7) and LV control (n=9) and RAP (n=6). * P<0.05 control vs. RAP (D) 
illustrative western blots and bar graph depicting the LA total eNOS content in control (n=6) and RAP 
(n=6) pigs.

Receptor-dependent vasoconstriction
Both for the LA and LV, the wall tension in response to the highest concentration 
of U46619 was significantly higher in RAP SMA compared to control (figure 2A&C, 
table 1). When normalized to the receptor-independent vasoconstriction (KCl), 
the maximal response to U46619 Emax showed a similar, but non-significant trend 
towards increased maximal tension in the RAP group (figure 2B&D, table 1). The 
concentration with the half-maximal effect (EC50) was not different between control 
and RAP SMA (figure 2, table 1).
In addition, ET-1 mediated vasoconstriction was assessed. The dose response curve 
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of ET-1 showed a non-significant trend towards an increased maximal effect in the LA 
and a significant increase in the LV of RAP SMA compared to control (figure 3A&C, 
table 1). However, the difference between the control and RAP SMA was not present 
when the tension was normalized to the receptor-independent vasoconstriction 
(KCL) as displayed in (figure 3B&D, table 1). RAP did not affect the EC50 in either LA 
or LV (table 1). 

Table 1. Values for highest dose concentration and concentrations with half-maximal 
effect (EC50)

Emax control RAP p-value 

10-5.5 U46619 (% 
KCL) 

LA 54.6±10.1 76.7±8.7 0.28 

LV 64.1±9.0 64.7±9.5 0.96 

10-5.5 U46619 
(mN/mm) 

LA 1.9±0.5 3.8±0.5 0.04 

LV 1.1±0.2 3.5±0.5 0.001 

10-6.5 ET-1 
 (%KCL) 

LA 113.2±20.3 105.6±2.7 0.96 

LV 125.4±17.5 137±29.3 0.86 

10-6.5  ET-1  
(mN/mm) 

LA 4.2±0.8 5.7±0.8 0.39 

LV 2.2±0.4 5.6±0.6 0.042 

10-4.5 SNP  
(%) 

LA 101.9±4.5 103.3±8.5 0.91 

LV 87.3±11.2 90.2±7.0 0.66 

10-7 BK 
(%) 
 

LA 100.0±0.4 101.6±1.4 0.37 

LV 82.5±9.6 103.9±4.0 0.53 

EC50 (M) control RAP p-value 

U46619 LA 3.2E-07±1.2E-07 8.0E-08±3.2E-08 0.19 

LV 2.0E-07±1.2E-07 1.1E-07±3.7E-08 0.28 

ET-1 LA 1.0E-07±1.4E-08 8.0E-08±9.4E-09 0.21 

LV 8.2E-08±1.5E-08 1.2E-07±2.0E-08 0.37 

BK LA 1.3E-09±2.6E-10 3.0E-10±6.1E-11 0.01 

LV 1.7E-09±1.0E-09 4.4E-10±1.3E-10 0.26 

SNP LA 2.1E-06±6.3E-07 2.8E-06±8.2E-07 0.52 

LV 4.1E-06±2.7E-06 2.8E-06±7.9E-07 0.28 

Table1. Values for highest dose concentration and concentrations with half-maximal effect (EC50)  

Endothelium-dependent and -independent vasodilatation  
In the presence of U46619, which produces a state of maximal thromboxane-
induced vascular constriction, dose-response curves for bradykinin (BK) and sodium 
nitroprusside (SNP) were determined (endothelium-dependent and -independent 
relaxation, respectively). Both in the LA and LV, the dose-response for BK was 
shifted to the left in the RAP group with respect to the control group (figure 4A&C). 
The increased sensitivity to BK was confirmed by the significantly lower EC50 in SMA 
of the RAP group compared to control, in the LA. 
The dose-response curve for the direct NO donor SNP did not show significant 
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differences between the groups in either the LA or LV (figure 4B&D). Correspondingly, 
the EC50 were similar between the control and RAP groups (table 1). 

Smooth muscle hypertrophy
After vasomotor studies, all vessels were stored for histological analysis. 
Representative vascular sections with Lawson staining did not indicate major 
differences between control and RAP arteries (figure 5A&B). Quantification of the 
medial cross-sectional area (mCSA) did not reveal significant differences between 
the control and RAP groups for either the LA or LV arteries (figure 5E).  This indicates 
that the smooth muscle cell layer did not undergo significant hypertrophy with 1 
week of RAP. Furthermore, sections stained with Hematoxylin and Eosin (figure 5 
B&D) also did not display differences in the density of smooth muscle cells within the 
smooth muscle layer between groups for either LA or LV (figure 5F).   
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Figure 2. Receptor-dependent vasoconstriction.  
Dose-response curves of U46619 showing the vascular wall tension of LA arteries in control (n=7) and 
RAP pigs (n=7)  (A) without and (B) with normalization to the receptor-independent vasoconstriction 
(KCL). Dose-response curves of U46619 showing the vascular wall tension of LV arteries in control 
(n=8) and RAP pigs (n=6)   (C) without and (D) with normalization to the receptor-independent 
vasoconstriction (KCL) **P<0.01 control vs. RAP.
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Figure 3. Endothelin-1 mediated vasoconstriction. 
Dose-response curves of ET-1 showing the vascular wall tension of LA arteries in control (n=4) and RAP 
pigs (n=5)   (A) without and (B) with normalization to the receptor-independent vasoconstriction 
(KCL). Dose-response curves of ET-1 showing the vascular wall tension of LV arteries in control (n=6) 
and RAP pigs (n=3) arteries (C) without and (D) with normalization to the receptor-independent 
vasoconstriction (KCL) **P<0.01 control vs. RAP.
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Figure 4. Endothelium-dependent and independent vasodilation. 
Dose-response curves for LA arteries of  (A) BK in control (n=4) and RAP pigs (n=4) and (B) SNP in 
control (n=5) and RAP pigs (n=7) mediated vasodilation. Dose-response curves for LV arteries of  (A) 
BK in control (n=3) and RAP pigs (n=6) and (B) SNP in control (n=4) and RAP pigs (n=6) mediated 
vasodilation. *P<0.01 control arteries vs. RAP arteries.
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Figure 5. Absence of smooth muscle cell hypertrophy. 
Lawson staining (used to determine the thickness of the smooth muscle layer thickness) in LA artery 
from (A) a control animal and (B) an RAP animal. Hematoxylin and Eosin staining (used to determine 
the smooth muscle cellular density) in LA artery from (A) a control animal and (B) an RAP animal. (E) 
Median cross-sectional area in LA and LV of SMA in control (n=8) and RAP (n=7) pigs and (F) density of 
smooth muscle in LA and LV of SMA in control (n=8) and RAP (n=7) pigs which did not show significant 
differences between the groups.
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DISCUSSION

There is increasing evidence for oxygen shortage and energy depletion in fibrillating 
atria 1, 2, 4, 5, 8. Whether the supply/ demand mismatch during AF is the result of altered 
vascular function in the atria has not been studied yet. The present study is the first 
to investigate the effect of AF on the vascular function of left atrial and ventricular 
coronary muscular arteries.
We show that 1 week of AF in pigs leads increased vascular tension, in the absence 
of smooth muscle hypertrophy. Furthermore, the LA sensitivity to endothelium 
dependent vasodilation was enhanced, but this was not associated with an increase 
in eNOS tissue content. 

Vasoconstriction
Depolarization of the SMC membrane with high extracellular KCl opens calcium 
channels, leading to a strong vasoconstriction. This ‘receptor-independent’ 
vasoconstriction was significantly larger in LA and LV SMA from the RAP compared 
to control.  This could in principle be caused by SMC hypertrophy 9, 10, but in our 
model, we did not observe SMC hypertrophy, as evidenced by similar medial cross 
section area and SMC density in control and RAP arteries. In addition, the stiffness of 
the isolated vessels was not affected by RAP meaning no smooth muscle structural 
alteration.  An alternative explanation for the increased contractility involves 
SMC calcium handling. Bowles et al have demonstrated increased calcium current 
density in coronary smooth muscle of pigs after exercise training 11. In that case, 
increased sympathetic activation during exercise was proposed as a stimulus for an 
increase in SMC calcium current density 11,  Several studies have reported increased 
sympathetic innervation in AF patients and animal models of AF 12, 13, 14, which may 
similarly contribute to increased expression of calcium channels in SMC. However, 
other aspects of SMC calcium handling may also be involved, e.g. increase in calcium 
mobilization and/ or calcium-sensitivity of the contractile apparatus. Our data do not 
allow us to distinguish between these possibilities.  
ET-1 is a vasoactive compound produced by coronary endothelial cells 15. Autocrinally, 
ET-1 can promote vasodilation by binding to ET-B receptors localized on endothelial 
cells, stimulating production of the vasodilators NO and prostacyclin 16. In the 
interstitial space, ET-1 binds to ET-A and ET-B receptors localized on smooth muscle 
cells, causing vasoconstriction 17. Tissue levels of ET-1 are increased in the LA of 
patients with AF 18. In a population of patients with CHF, AF was also associated 
with increase plasma ET-1 19. Therefore, the effect of ET-1 on vascular function was 
studied. Although we did observe a larger contractility in response to ET-1 in RAP 
LA and LV vessels, this difference disappeared when the response was normalized 
to the receptor-independent vasoconstriction. This indicates that the contractile 
force, rather than the sensitivity to ET-1 was increased in the RAP group compared 
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to control.
The thromboxane A2 analogue U46619 acts on thromboxane A2 receptors that are 
expressed by both endothelial and smooth muscle cells, resulting in vasoconstriction 
15. Thromboxane A2 is secreted during e.g. platelet aggregation 15. Both LA and LV 
SMA from RAP animals displayed a substantial increase in vascular wall tension in 
response to U-46619 compared to arteries from control animals. After normalization 
to the receptor-independent vasoconstriction, a non-significant trend towards 
increased constriction remained in LA but not in the LV, indicating that the sensitivity 
to U46619 may be slightly enhanced in the SMA of RAP pigs. 
As discussed above, there is no indication for SMC hypertrophy after 1 week of 
RAP. In isolated skeletal muscle arterioles, hypertension leads to an enhanced 
responsiveness to thromboxane A2 analogue and endothelin 20, which was related 
to the increased calcium sensitivity of the contractile apparatus of the arteriolar 
SMCs 20. In addition, aortic rings of diabetic rats have also displayed an increased 
vasoconstriction in response to ET-1 and U46619 21.

Vasodilation 
In coronary arteries, BK stimulates the endothelial production of NO, prostaglandinE2 
and endothelium-derived hyperpolarizing factor (EDHF), all of which can lead to 
relaxation of SMC 22. The phenomenon of ‘endothelial dysfunction’ is hallmarked 
by a decreased endothelial/ BK-dependent relaxation. However, in the RAP group, 
sensitivity to BK was higher than in control SMA only for the LA but not for the LV.  
The NO donor SNP can be applied to determine the sensitivity of the smooth muscle 
relaxation to NO directly 23. We did not observe differences between the groups in 
the SNP dose-response curve for either the LA or LV SMA. Therefore, the increased 
LA sensitivity to BK can be explained by an increased endothelial production of either 
NO, prostaglandinE2 or EDHF. Although we cannot distinguish these possibilities 
based on our data, a similar enhancement of bradykinin-dependent vasodilation has 
been observed in pig coronary resistance arterioles in response to exercise training 
24. There, both increased EDHF and NO production by nitric oxide synthase (NOS) 
were proposed as possible mechanisms for this enhanced endothelium-dependent 
vasodilation 24. Another study has also indicated the beneficial effect of exercise 
in preserving endothelium-dependent relaxation in hypercholesterolemia pigs via 
nitric oxide synthase 25. An improved endothelium-dependent relaxation was also 
observed in aortic rings from rats with small myocardial infarct 26. Furthermore, 
in patients with stable coronary artery disease, physical exercise increased eNOS 
expression and eNOS phosphorylation, leading to improved endothelial function 27. 
We did not observe changes in LA eNOS content as a result of AF. Therefore, the 
increased sensitivity to bradykinin in RAP arteries can not be attributed to increased 
levels of eNOS. However, our study reflects just one timepoint in the pathogenesis 
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in AF. In an earlier study, we have demonstrated eNOS uncoupling in patients with 
persistent AF and in goats after 6 months of AF, but not after 2 weeks of AF 28. In 
that context, it is conceivable that later stages of AF are hallmarked by endothelial 
dysfunction. The changes we have described here at the relatively early time point 
of 1 week of AF may represent an early, adaptive response to the higher oxygen 
demand during AF 1.

Limitations 
This study is the first study to assess the effect of AF on regulation of vascular tone 
in LA and LV arteries. We have studied only one, relatively early time point in the 
pathogenesis of AF, and a different behavior may develop in later stages. We have 
studied isolated vessels in a perfusion chamber, and have observed clear differences 
between the groups in vascular responsiveness to a selected panel of vasoactive 
agents. However, in vivo, the vascular tone will be determined not only by this 
responsiveness but also by the balance between vasoconstrictors and vasodilators 
present in the tissue. Nevertheless, altered behavior of isolated vessels provides 
important clues to the regulation of vascular tone in vivo.  

Our study is descriptive and phenomenological; further studies will have to elucidate 
the mechanism responsible for altered vascular responsiveness. For example, the 
increased force generated during receptor-independent vasoconstriction could 
result from either increased calcium influx through membrane channel, increased 
mobilization from intracellular stores and/ or enhanced sensitivity of the contractile 
apparatus to calcium. We observed an increased sensitivity to bradykinin, without 
a change in sensitivity to the direct NO donor SNP. In principle, these results could 
explained by increased NO generation by endothelial cells, or by increased production 
or/ sensitivity to the other mediators of endothelium-dependent vasodilation, 
prostaglandins and EDHF.
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ABSTRACT

Background: The high activation rates during atrial fibrillation (AF) increase atrial 
oxygen demand. We have previously shown that this causes supply/demand ischemia 
during acute AF. Here we investigated AF-induced remodelling of mitochondrial 
function after one week of induced AF. 

Methods: Using a right atrial pacemaker lead, AF was maintained by rapid atrial 
pacing (RAP) for one week in 7 Landrace pigs; 7 normal healthy pigs served as 
controls. Following the RAP period, pigs were anesthetized and intubated and 
the chest was opened to obtain snap frozen tissue and collect tissue (atria and 
ventricle) to perform structural, biochemical and functional studies. RAP-induced 
mitochondrial structural remodelling was studied by electron microscopy while 
mitochondrial function was studied in suspensions of isolated mitochondria.

Results: After one week of RAP, the phosphocreatine to Pi ratio was decreased 
when compared to the control group. This was associated with a mitochondrial 
size reduction and with a significant decrease of the total cardiolipin (CL) content. 
Although the ratio of oxidized CL to total CL was increased, mitochondrial hydrogen 
peroxide production was decreased. RAP mitochondria had a lower proton leak and 
a higher ADP stimulated respiration, independent of the respiratory substrates used. 
During fatty acid oxidation and under phosphorylating conditions, RAP mitochondria 
had a depolarized membrane potential. The mitochondrial permeability transition 
pore was more sensitive to calcium in RAP mitochondria, but only when fatty acids 
were used as respiratory substrates. RAP atria were characterized by a marked 
glucose-6-phosphate accumulation and an increase of bound mitochondrial 
hexokinase activity suggesting an impairment of glucose metabolism.

Conclusions: One week of AF causes mitochondrial remodelling at the functional 
and structural level. These phenomena may contribute to the atrial structural 
remodelling observed during AF progression.
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INTRODUCTION

Atrial fibrillation (AF) is a common arrhythmia characterized by a fast and irregular 
activation of the atria. Animal studies of AF maintained by rapid atrial pacing (RAP) 
have demonstrated that AF in itself promotes AF 1. Thus, patients with paroxysmal AF 
have a significant risk to develop persistent or even permanent form of the disease 
2. Despite extensive research, the mechanisms responsible for the progression of 
AF are still not fully understood. Typical features of AF are electrical 1, contractile 
3 and structural remodelling 4. An important aspect of electrical remodelling, the 
down-regulation of the calcium current, seems to be dependent on the alteration of 
calcium homeostasis 5.  The contractile dysfunction could be secondary to myocyte 
dedifferentiation towards a phenotype similar to the hibernating ventricular 
myocardium 6. It has recently been proposed that the structural remodelling 
could be partly controlled by the redox state of the atria 7. AF is also characterized 
by an impairment of the atrial energetic status 8 and by a metabolic remodelling 
leading to glycogen accumulation 9. Some of the AF characteristics described above 
might be caused by a mitochondrial dysfunction. For instance, it has been shown 
that 1 week of AF leads to calcium accumulation in the cytosolic as well as in the 
mitochondrial compartment 10. Proteomics and metabolomics studies have shown 
that patients with persistent AF were characterized by a metabolic switch towards 
the utilization of ketone bodies as substrates for mitochondrial tricarboxylic acid 
cycle 11. Reactive oxygen species (ROS) overproduction has been proposed to play 
a role in the development of AF secondary to their direct effect on ion channels 
(electrical remodelling) and signalling pathways involved in structural remodelling 7. 
It is interesting to note that some of the typical features of AF (i.e. cellular energetics 
impairment, ROS and Ca2+ overload) are known factors activating directly or 
indirectly the mitochondrial permeability transition pore (mPTP) 12. This non-specific 
channel localized in the inner mitochondrial membranes is known for its critical role 
in regulating life and death of the cell 13. Enhanced channel opening might contribute 
to the pathological remodelling of the heart 14. A recent report suggests that this 
channel might be involved in the development of post-operative AF in patients with 
metabolic syndrome undergoing coronary artery bypass grafting 15. Thus a growing 
body of evidence points towards the fact that mitochondrial dysfunction could be 
considered as an arrhythmogenic condition. 
In animal models and human atrial biopsies, AF is characterized by an impairment of 
cellular energetics 8 The etiology of this phenomenon is not entirely clear and could 
result from an diminished ATP synthesis and / or an increased energy demand. Using 
a goat model of rapid atrial pacing, Ausma and colleagues have argued that the 
energetic depletion was not secondary to an ischemic insult but rather correspond 
to an increased energetic demand 8. In contrast, we have shown that acute AF in 
pigs leads to a supply-demand mismatch corresponding to a mild ischemic insult 16. 
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In absence of ischemia, the mitochondrial compartment should match the increased 
energetic demand caused by AF. The literature demonstrates that this is not the 
case, implying that mitochondria are unable to fulfil one their major functions. It 
is possible that AF causes alterations in mitochondrial function and/or structure, 
impairing their capacity to match an increased energetic demand. Thus, in this study 
we have used a pig model of rapid atrial pacing (RAP) to investigate the impact of 1 
week of AF on metabolic and mitochondrial remodelling.

METHODS

Animal model
Dutch Landrace pigs weighing 60±5kg were used (n=7 for the control group and 
n=7 for the RAP group). All animal procedures were in accordance with national 
and institutional guidelines and approved by the local ethical committee. Animals 
in the RAP group were premedicated with Zoletil (5-8 mg/kg im) and anaesthesia 
was induced with Thiopenthal (5-15 mg/kg iv). After adequate sedation animals 
were intubated and mechanically ventilated (O2 saturation 90-100%; pressure 
15-20cmH2O). Anaesthesia maintained with Midazolam (0.5 mg/Kg/h iv) and Fentanyl 
(3 µg/Kg/h iv). Before starting the surgical procedure a single dose of Ampicilline (1g 
iv) was administered as perioperative antibiotic prophylaxis. The jugular vein was 
prepared and a pacemaker lead (J-Leads Capsurefix 5568 - 53 cm, Medtronic Inc. 
Minneapolis, Minnesota) was placed in the right atrial appendage under fluoroscopic 
guidance. The pacing threshold was determined using external pacemaker. The 
jugular vein was closed and the lead fixed with R knots. The pacemaker (Itrel, 
Enpulse Insync or Kappa, Medtronic) was placed in a pocket below the musculus 
sternocleidomastoideus and connected to the lead. The different wound layers 
were closed with resorbable Polysorb 2-0 (subcutaneous) and resorbable Polysorb 
3-0 (cutaneous). Up to 2 days after surgery, Buprenorphine (0.02 mg/kg I.M., twice 
daily) was given up to two days after surgery and ampicillin (20mg/kg I.M., once 
daily) was given for three days after surgery. After a recovery period of one week, 
the implanted pacemaker was switched on at a rate of 600 beats per minute at 4x 
threshold for pacing was maintained for one week.

Sacrifice experiments and tissue collection
In the RAP group the pacemaker was switched off.  Anaesthesia was induced 
and maintained as described above. After intubation and the start of mechanical 
ventilation, a left lateral incision was made, the fifth rib removed and the pericardium 
opened to expose the left side of the heart. In the RAP group, the pacemaker was 
switched on again. Tissue collection was started after an equilibration period of 30 
minutes.
A custom built clamp cooled in liquid nitrogen was used to freeze atrial and 
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ventricular tissue directly in the chest of the animals in order to biochemically 
assesses the energetic status of the respective heart chambers. Hearts were then 
excised and pieces of the left atrial appendage (LA) and of the left ventricle (LV) 
were immediately collected and immersed in a cold mitochondrial isolation buffer. 
Tissues samples from the four different cardiac chambers were immersed in 
glutaraldehyde fixative solution for further processing and ultra structural analysis 
by electron microscopy.

Isolation of mitochondria
Pieces of the LA and LV were rapidly chopped with scissors before incubating them 
at 4°C for 7 min with stirring in 25 ml of mitochondrial isolation buffer (ISA:  300 mM 
sucrose, 2 mM EGTA, 10 mM Tris-HCl, pH 7.1 at 4°C) containing 0.1 mg/ml of bacterial 
proteinase type XXIV (Sigma). The resulting tissue suspension was poured into a 50 
ml glass Potter homogenizer and homogenized for 3 min using a motorized Teflon 
pestle. The homogenate was centrifuged at 7,500 g for 7 min and the resulting pellet 
rinsed twice with 5 ml ISA (supplemented with 2 mg/ml of Free Fatty Acid Bovine 
Serum Albumin, ISA-BSA), resuspended in 20 ml ISA-BSA and subject to further 
homogenization as described above. The homogenate was then centrifuged at 
700 g for 10 min and the resultant supernatant centrifuged at 7,000 g for 10 min to 
yield a crude mitochondrial pellet that was resuspended in ISA-BSA containing 25% 
(w/v) Percoll (pH 7.1-7.2 at 4°C) and centrifuged at 17,000 g for 10 min. The resulting 
pellet was resuspended with ISA-BSA and centrifuged again at 7,000 g for 10 min. 
The final purified mitochondrial pellet was resuspended in ISA-BSA and the protein 
concentration determined by a bicinchoninic acid based assay (PierceTM BCA protein 
assay kit) according to the manufacturer specification and using BSA as a standard. 
Mitochondria were kept on ice at a final concentration of 80 mg / ml for no more 
than 5 hours. Aliquots of mitochondria were frozen in liquid nitrogen for further 
biochemical analysis.

Measurements of respiration
Oxygen consumption of isolated mitochondria was measured at 30°C in a buffer 
containing KCl 125mM, MOPS 20mM, Tris 10 mM, EGTA 10µM, KH2PO4 2.5mM, MgCl2 
2.5mM, 2mg/ml BSA, pH 7.3 at room temperature with KOH. Rates of respiration 
were determined before and after addition of 1.5 mM ADP (State 2 and State 3 
respectively) in the presence of glutamate (5mM) and malate (2mM) or Palmitoyl-
Carnitine (10µM) and malate (1mM). The permeability of the mitochondrial outer-
membrane for cytochrome c was assessed by addition of exogenous cytochrome 
c (10µM) after ADP. Rates of oxygen consumption were expressed as nanomol of 
oxygen used per min and per unit of citrate synthase (nmol O2 / min / U of CS). 
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Hydrogen peroxide emission in isolated mitochondria
The rate of H2O2 emission in isolated mitochondria was determined with the 
fluorescent hydrogen peroxide indicator, Amplex Red (10 µmol / L) in presence 
of peroxidase (10µg / ml) in a KCl-based respiration buffer (see above) at 30°C as 
described previously 17 18. Briefly, in presence of hydrogen peroxide the peroxidase 
catalyses the oxidation of amplex red to form the fluorescent compound resofurin. 
Resofurin was excited at 550 nm and fluorescence was collected at 590nm. A 
calibration curve was recorded to quantify mitochondrial H2O2 emission. The rate of 
reactive oxygen species production was assessed in absence or presence of 1.5mM 
ADP. The maximal rate of mitochondrial H2O2 emission was assessed by addition 
of the complex III inhibitor Antimycin-A (5 µmol / L). Rates of H2O2 emission were 
expressed as picomol of hydrogen peroxide per minute and per unit of citrate 
synthase (pmol H2O2 / min / U of CS).

Mitochondrial membrane potential (ΔΨm)
Mitochondria were incubated as described above in presence of 50nM of rhodamine 
123 in a KCl based respiration buffer (see above). ΔΨm was monitored in presence 
of respiratory substrates alone and 1.5mM ADP was then added. The fluorescence 
recorded was normalized to the fluorescence obtained after addition of 5µM 
of the adenine nucleotides translocator inhibitor carboxyatractyloside, CAT (i.e. 
100% reduced, minimal value) followed by 2µmol/L of the mitochondrial uncoupler 
trifluorocarbonylcyanide Phenylhydrazone, FCCP (i.e. 100 % oxidized, maximal value). 
ΔΨm in basal condition and following addition of a saturating quantity of ADP were 
expressed as a percentage normalised to the minimal and maximal values.

Mitochondrial calcium retention capacity assay
Mitochondria were incubated at 30°C in the following buffer KCl 125mM, MOPS 
20mM, Tris 10mM, EGTA 10µM, KH2PO4 2mM, pH 7.3 adjusted at room temperature 
with KOH. Extra-mitochondrial calcium was monitored using the fluorescent dye 
calcium green at a final concentration of 1 µmol/L. Calcium spikes were added 
successively until mitochondria could not buffer calcium in the medium, thus 
reflecting the maximum calcium retention capacity (CRC) before mPTP opening. A 
calibration curve with known calcium concentration was performed to quantify the 
total extra-mitochondrial calcium. CRC was expressed as micromolar of free calcium 
per unit of citrate synthase (µM free Ca2+ / U of CS). The free calcium concentration 
in the buffer was calculated taking into account the dissociation constant of the 
different calcium ligand, the quantity of metals and the pH of the assay buffer used. 
To assess the average mitochondrial calcium uptake velocity as a function of calcium 
quantity in the buffer, the area under each peak was integrated and calibrated. The 
average mitochondrial calcium uptake velocity was then expressed as micromolar of 
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total calcium per min (µM tot Ca2+ / min).

Preparation of freeze-clamped deproteinized samples
Pieces of frozen LA or LV (50 to 100mg) were placed in Eppendorf (2.5ml) containing 
one tungsten bead. Tubes were then installed in Teflon blocs, pre-cooled in liquid 
N2, of a mixer mil (Retsch MM400). Frozen pieces were pulverized by 4 cycles of 
3sec interspaced by 15sec at a frequency of 30Hz. Ice-cold perchloric acid at 10 % 
containing 25 mM EDTA was added onto the heart powder to obtain an homogenate 
of 100-200 mg / ml. The homogenate was then centrifuged for 2 min at 14,000g. The 
resulting supernatant was neutralized by successive addition of KHCO3 2.4 mol / L 
containing 10 % of KOH-MOPS until pH reaches 6.5. The obtained solution was then 
centrifuged for 2 min at 14,000g and the supernatant was analysed for its content 
in ADP and ATP. For each heart compartment (i.e. left atria and ventricle) of each 
pigs used for this study, two independent acidic extractions have been performed in 
order to perform two independent measurements for each energetic intermediates. 
Aliquots of the extracted metabolites were stored at -80°C for further biochemical 
analysis except for ATP and ADP which were measured just after extraction.

Measurement of metabolites
ADP, ATP and PCr in the neutralized samples were assessed by bioluminescence 
(Lumac luminometer M1500P). ATP and ADP assay were performed in parallel in 
order to calculate the ratio of these two energetic intermediates. For ATP assessment 
deproteinized samples (5, 10, 15, 20 and 25µL) were incubated for 10min in a final 
volume of 50µL of a buffer containing (EDTA 2mmol/L, K+-acetate, MgCl2 2mmol / L, 
pH 7.7 with Tris). Just before readings 50µL of the reaction buffer (PerkinElmer Kit, 
Ref 6016736), diluted 2-fold with deionised water, was added. Subsequently, three 
successive readings were performed in the luminometer to assess signal stability. 
For ADP assessment the protocol was identical except that the 10min incubation 
period was performed in presence of pyruvate kinase (4U/ml) and phosphoenol-
pyruvate (2.5mM, Sigma) in order to convert ADP into ATP.
PCr and ATP assays were performed in the same specimens in order to calculate 
the ratio of these two energetic intermediates. For PCr assessment the protocol 
was identical except that the 10min incubation period was performed in presence 
of creatine kinase (4U/ml, Roche, from rabbit muscle) and ultrapure ADP (35µM final 
concentration, CellTechnology) in order to convert PCr into ATP. Standard curves with 
known concentration of ATP or PCr were used in order to calibrate the experiments. 
ATP, ADP and PCr contents were expressed as µmoles per g wet weight.

Glucose-6-phosphate (G6-P) and inorganic phosphate (Pi) content
To determine the glucose-6-phosphate (G6-P) content in deproteinized samples, 100 
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and 200µL of neutralized sample were incubated for 1min at room temperature in 1ml 
final of assay buffer (KH2PO4 50mM, NADP+ 0.4mM, pH 7.4 at room temperature). The 
reaction was started by addition of 0.5U/ml of glucose-6-phosphate dehydrogenase 
and stopped when the optic density measured at 340nm reached a plateau. G6-P 
content of the deproteinized samples was expressed as µmoles / g wet weight by 
using the NADPH molar extinction coefficient.
To determine the inorganic phosphate (Pi) content in deproteinized samples, 2.5, 
5 and 10 µL of neutralized sample were incubated for 20min at room temperature 
in 0.5ml final of assay buffer (Molybdate 9.6mmol/L, Malachite green 192µmol/L, 
Monidel P40 0.09%). The optic density was then read at 610nm. A standard curve 
was performed with known concentration of KH2PO4 and total inorganic phosphate 
content was expressed as µmoles per wet weight.

Determination of Hexokinase and Citrate synthase 
Aliquots (0.75mg protein) of frozen isolated mitochondria prepared by the protease 
method (see above) were solubilized by sonication (10sec) in a buffer containing 
33mmol/L KH2PO4 , 50µmol/L dithiothreitol and proteases inhibitors (F. Hoffman-La 
Roche AG, cOmplete), pH 7.2 at room temperature. The homogenate concentration 
was adjusted to 2 mg / ml for mitochondrial hexokinase (mtHK) assay and 0.2mg/
ml for citrate synthase (CS) assay. For mtHK assay samples (75, 100 or 150µl) were 
added to 1ml assay buffer (pH 7.4 at room temperature) containing 100mmol/L 
KH2PO4, 0.4mmol/L NADP+, 10mmol/L MgCl2, 5 mmol/L ATP, 0.3% (weight / v) Triton 
X-100 and 0.5U/ml of glucose-6-phosphate dehydrogenase and incubated for 2 min 
at RT before addition of glucose (1mM final concentration) to start the reaction. 
Hexokinase activity was calculated from the rate of NADPH production corrected 
for glucose-independent rates of NADPH formation determined in parallel assays 
lacking glucose. For assay of citrate synthase mitochondrial samples (20, 30 or 40µl 
of 0.2mg protein /ml) were added to 1ml assay buffer (pH 7.4 at room temperature) 
containing 50mM KH2PO4, 0.3% (weight / v) Triton X-100 and 150 µM 5,5’-dithiobis-2-
nitrobenzoic acid (DTNB) and incubated for 2min in the presence of 0.3mM acetyl-
CoA, before addition of oxaloacetic acid (500µmol/L final) to start the reaction. One 
unit of citrate synthase was defined as equal to the reduction of 1µmole DTNB per 
min.

Western-blotting
Proteins were separated by SDS-PAGE on 4–12% Bis-Tris Standard XT precast gels (Bio-
Rad) and moved to nitrocellulose membranes. The membranes were probed with 
the appropriate primary antibodies based on instructions provided by manufacturer. 
The protein bands were visualized using enhanced chemiluminescence, and the 
immunoblot intensities were quantified using Bio-Rad Quantity One. Antibodies 
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used to assess the level of the type 4 glucose transporter (Glut-4), primary antibody 
Chemicon international  Ab1346, diluted at 1 in 4000 and secondary antibody DarPo, 
Chemicon AP182P, diluted at 1 in 4000. Antibodies used to assess the faty acids 
transporter (CD36), primary antibody provided as a gift by N. Tandon numberMO25, 
diluted at 1 in 20000 and secondary antibody RamPo, Dakocytomation P0161 diluted 
at 1 in 20000. Antibodies used to assess the type 1 glucose transporter (Glut-1), 
primary antibody Abcam ab652 diluted at 1 in 1000, secondary antibody DarPo, 
Jackson Immunolaboratories Inc, 711-035-152 diluted at 1 in 9000. AMPK-alpha 
monoclonal antibody diluted at 1 in 1000 (#2532, cell signalling technology, Inc. USA). 
PAMPK monoclonal antibody diluted at 1 in 1000 (#2535 cell signalling technology 
Inc. USA).

Quantification of Cardiolipin species by LS-MS/MS
CL was extracted from the samples by a modified Folch extraction procedure 19. 
Briefly, 50ng of tetra-myristoyl-CL [(C14:0)4-CL; Avanti Polar Lipids, INC., Alabaster, 
USA] was added as internal standard to 10 µl incubation mixture. The extraction of CL 
was carried out with chloroform/methanol (2/1) containing 0.05% BHT as antioxidant. 
Aqueous and lipid phases were separated by adding 0.01M HCL followed by intensive 
shaking and subsequent centrifugation. The lower lipid phase was collected, dried 
under nitrogen atmosphere and acidified as described by Schlame et al. Ice-cold 
methanol (2ml), chloroform (1ml) and 0.1 M HCl (1ml) were added to the sample. The 
solution was intensively mixed and incubated for 5min on ice. Phase separation was 
achieved by addition of 1ml of CHCl3 and 1ml of 0.1M HCl. The chloroform phase was 
recovered as CL-containing sample. Finally, the sample was dried under nitrogen, 
dissolved in 0.8ml CHCl3/CH3OH/H2O (50/45/5, v/v/v), mixed, and filtered over 0.2µm 
PTFE membranes. This sample was ready for immediate Liquid chromatography 
mass spectrometry (LC-MS/MS) analysis according to Valianpour et al 20.
Liquid chromatography mass spectrometry:  A TSQ Quantum Discovery Max 
(Thermo Fisher Scientific GmbH, Dreieich, Germany) was used in the negative ion 
electrospray ionization (ESI) mode. The HPLC system consisted of a Surveyor MS 
quaternary narrow bore pump with integrated vacuum degasser and a Surveyor 
auto sampler. The auto sampler tray temperature was maintained at 8°C. 10 µl of 
the lipid extract dissolved in chloroform/methanol/water (50/45/5) was injected 
(in partial loop mode) and CL was separated by using a LiChroCart column (125 x 2 
mm), LiChrospher Si60 (5 µm particle diameter; Merck, Darmstadt, Germany) and a 
linear gradient between solution A (chloroform) and solution B (methanol/water, 9:1 
(v/v)). Both solutions additionally contained 0.1 ml/l of 25% aqueous ammonia. The 
gradient was as follows: 0-0.2min, 92% A, 8% B, 0.2-4.5min, 92% A to 30% A and 8% B to 
70% B, 4.5-6min, 30% A, 70% B, 6-6.5min 30% A to 92% A, 70% B to 8% B, 6.5-11min, 92% 
A, 8% B. The flow rate was 300µl/min.
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The total time of analysis was 11min. The eluate between 0.3 and 6min was introduced 
into the mass spectrometer. Nitrogen was used as the nebulizing gas and argon was 
used as the collision gas at a pressure of 1.5mTorr. The spray voltage was 3.5kV, the 
ion source capillary temperature was set at 375°C and the cone-voltage was 30V. 
Daughter fragments from the doubly charged parent derived from (C18:2)4-CL 
with m/z (mass to charge ratio) 723.6 ((M– 2H)2-/2) were obtained using a collision 
energy of 36eV. This molecular CL species and the internal standard (m/z 619.6) were 
analyzed by mass transfer reaction monitoring their doubly charged ions and their 
respective fatty acids linoleic acid m/z 279.2, and myristic acid m/z 227.2 using the 
selected reaction monitoring (SRM) mode. The same approach was used for parent 
and daughter fragments of other molecular CL species). The quantity of these 
molecular CL species was related to (C18:2)4-CL.
To identify CL species, we separated in prior experiments first CL by thin layer 
chromatography. In the next step, we used the separated CL to run parent scans for 
C16:0, C18:0, C18:1, C18:2, C18:3, C20:2, C20:3, C20:4 and C22:6 quantitatively occurring 
in goat heart. The parent peaks found were used to run product scans to find other 
fatty acid residues and to characterize CL composition. At the end of this procedure 
we identified nineteen CL species listed in the tables. The analysis was performed in 
triplicate for each sample. Oxidized CL [(C18:2)3monohydroxylinoleic acid-CL] was 
measured in the SRM mode as a transition from m/z 731.6 to m/z 279.2 (linoleic acid).
Internal cardiolipin standard ((C14:0)4-CL) was from Avanti Polar Lipids (Alabaster, 
Alabama, USA) and the cardiolipin standard from bovine heart and all other reagents 
from Sigma (Munich, Germany).

Electron microscopy
For electron microscopy (EM) studies LA and LV tissue sections were gently sectioned 
into tiny chunks and stored in glutaraldehyde. As described previously fixed blocks 
were washed with KH2PO4 buffer containing 7.5% sucrose then post fixed with 2% 
OsO4 in 50mM veronal acetate buffer for 1h, dehydrated through graded ethanol 
series and routinely embedded in epoxy resin (Epon) 4. Ultrathin sections were cut 
from each Epon sample and then counterstained with uranium acetate and lead 
citrate 10. Sections were scanned at a magnification of 1900X using a Philips CM100 
microscope. To determine mitochondrial size and number, 5 to 6 locations were 
photographed per animal from transversely sectioned myocytes. Nucleated areas 
were excluded. All analysis was blinded and performed using image J 1.46r, (National 
Institute of Health, USA). 

Statistical analysis
All data are expressed as means±SEM and represent at least 5 independent 
preparations. All statistical analysis were performed with SPSS statistics 17.0. 
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Unpaired samples were compared by a non-parametric Mann-Whitney test. Paired 
samples were compared by a paired student t-test. Statistical analysis of electron 
microscopy data was performed using a linear mixed model with Bonferroni 
correction. Results were considered statistically significant if the p-value was less 
than 0.05 

RESULTS

Energetic status
The atrial energetic status was assessed in tissue samples directly frozen in the chest 
of the animals. This experimental approach was critical to avoid development of 
ischemia in the samples and the consequent hydrolysis of energetic intermediates.
Following one week of AF, a significant decrease of the ATP (figure 1A) and PCr (figure 
1B) contents was observed in the RAP LA when compared to the control LA. These 
changes were not associated with an increase in either ADP or inorganic phosphate 
contents (supplemental figures 1A and B). As a consequence, the ATP to ADP (Figure 
1C) as well as the PCr to Pi (figure 1D) ratios were significantly decreased in the RAP 
LA when compared to the control LA. In contrast, none of these parameters were 
affected in the left ventricle following one week of RAP (figure 1). The impaired 
energetic status was not associated to a modulation of the phosphorylation level of 
the major metabolic switch AMPK (figure 1E) suggesting that RAP does not lead to 
severe ischemia.

Substrate metabolism
Because the mitochondrial compartment is the end-point of the glycolytic pathway 
and AF is characterized by glycogen accumulation, we assessed the content of 
glucose-6-phosphate (G-6-P, figure 2A). One week of AF promoted accumulation of 
G-6-P in the RAP LA when compared to control. The accumulation of this glycolytic 
intermediate was paralleled by an increase of the total mitochondrial hexokinase 
activity, further confirming that glucose metabolism is modulated by AF (figure 2B). 
This atrial glycolytic remodelling was not associated with a change in the expression 
level of the glucose transporters 1 or 4 in the RAP atria (figure 2C). A recent study in 
a rabbit model showed that RAP leads to a downregulation of fatty-acid metabolism 
21, but in our model, one week of RAP does not lead to downregulation of CD36 
(Figure 2C). Following one week of RAP all the parameters described above were 
not altered in the ventricle (supplemental figure 2B) despite the absence of rhythm 
control.

Mitochondrial oxygen consumption 
Following one week of maintained AF, mitochondria from LA and LV were isolated 
and purified on a Percoll gradient and their function was assessed. RAP significantly 
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Figure 1. Effect of RAP on atrial and ventricular energetics
Pieces of LA and LV were snap-frozen in-vivo directly in the chest of the animal. Samples were then 
pulverized and an acidic extraction was performed to extract the energetic intermediates. Panels A 
and B: ATP (panel A) and PCr (panel B) contents were assessed as described in the methods section. 
Panels C and D: ATP to ADP (panel C) and PCr to Pi (panel D) ratios were calculated to assess the 
energetic alteration caused by AF. Panel E: Representative western-blots of the phosphorylated AMPK 
(P-AMPK) level and mean data normalized to the GAPDH content in the Cont and RAP groups. Data are 
presented in the bar graphs as means ± SEM. n = 7 independent preparation in each group.

decreased the LA mitochondrial basal respiration with palmitoyl-carnitine (PCM) 
as respiratory substrate (figure 3A). In contrast, LA mitochondria showed an 
increased ADP stimulated respiration in presence of glutamate + malate (GM) while 
no difference was observed in presence of PCM (figure 3B). These RAP-induced 
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Figure 2. Effect of RAP on substrate metabolism
Panel A: Total atrial and ventricular glucose-6-phosphate (G-6-P) content assessed in the control 
and RAP groups. Panel B: Total atrial and ventricular mitochondrial hexokinase activity (mtHK) 
normalized to the citrate synthase (CS) content assessed in the control and ventricular groups. Panel 
C: Representative Western-blots of Glut 1&4 and CD36 expression level in the atria and corresponding 
mean data normalized to the GAPDH content. Data are presented in the bar graphs as means ± SEM. 
n = 7 independent preparation in each group.

modulations of the basal and ADP stimulated respiration point towards an increase 
of the respiratory control in the LA mitochondria independently of the respiratory 
substrates used (figure 3C). Mitochondrial respiration in the LV was also affected by 
RAP. However, a parallel increase in the basal (figure 3A) and ADP stimulated (figure 
3B) oxygen consumptions was observed in presence of GM only. As a consequence, 
the respiratory control was unchanged in the RAP LV mitochondria when compared 
to the control LV mitochondria (figure 3C). 
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Figure 3. Effect of RAP on mitochondrial oxygen consumption
Mitochondria were isolated and their oxygen consumption was assessed in the control and RAP atria 
and ventricle. Oxygen consumption was measured in each group in presence of glutamate + malate 
(GM) or in presence of palmitoyl-carnitine + malate (PCM). Panel A: Basal oxygen consumption. 
Panel B: Mitochondria were incubated in presence of a saturating concentration of ADP. Panel C: 
Mitochondrial respiratory control expressed as the ratio of the ADP stimulated respiration to the 
basal respiration. Data are presented as means ± SEM. n = 5 to 7 independent mitochondrial isolation.

Mitochondrial membrane potential (ΔΨm)
Mitochondrial ΔΨm was qualitatively assessed using the fluorescent dye Rh123. 
Importantly, this experimental approach does not allow quantifying the absolute 
value of ΔΨm but enables to describe the behaviour of mitochondrial ΔΨm following 
addition of drugs. Typical traces of LA control and RAP mitochondria oxidizing PCM 
are shown in figure 4A. In absence of ADP, no differences were observed between 
RAP LA and control LA or RAP LV and control LV mitochondria (figure 4B). In contrast, 
following ADP addition RAP LA mitochondria oxidizing PCM were more depolarized 
than control LA mitochondria (figure 4C). 

Mitochondrial H2O2 emission
One week of AF results, in presence of ADP, in a significant decrease of the 
mitochondrial hydrogen peroxide (H2O2) emission in RAP LA mitochondria when 
compared to control LA mitochondria (Figure 5B). In the RAP LA mitochondria, 
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Figure 4. Effect of RAP on mitochondrial membrane potential (ΔΨm)
Mitochondria were isolated and their ΔΨm was assessed in the control and RAP atria and ventricle. 
ΔΨm was measured in each group in presence of glutamate + malate (GM) or in presence of palmitoyl-
carnitine + malate (PCM). Panel A: Typical recordings of mitochondrial ΔΨm obtained in the Cont atria 
(Cont blue line) and RAP atria (RAP, red line) in presence of PCM. Panels B and C: Mean Mitochondrial 
ΔΨm obtained in absence (Panel B) or presence of a saturating concentration of ADP (Panel C). Data 
are presented as means ± SEM. n = 5 to 7 independent mitochondrial isolation.

such phenotype was independent of either the mitochondrial energetic status or 
the respiratory substrates used (figures 5C and D). Surprisingly, the comparison of 
control and RAP LV mitochondria also showed a clear trend towards a decreased 
H2O2 emission following tachypacing. Nonetheless, in most of the experimental 
conditions, the statistical analysis did not show significant differences between 
control and RAP LV mitochondria. The use of the complex III inhibitor antimycin A to 
stimulate mitochondrial H2O2 emission showed that RAP LA mitochondria produced 
less H2O2 and / or detoxifying H2O2 more efficiently than control LA mitochondria 
(figure 5D). In presence of Antimycin A, the LV RAP mitochondria showed no 
significant differences in comparison to control LV mitochondria.
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Figure 5 Figure 5. Effect of RAP on mitochondrial H2O2 emission
Mitochondria were isolated and their H2O2 emission was assessed in the control and RAP atria and 
ventricle. H2O2 emission was measured in each group in presence of glutamate + malate (GM) or in 
presence of palmitoyl-carnitine + malate (PCM). Panel A: Typical recordings of mitochondrial H2O2 
emission obtained in the Cont atria (Cont blue line) and RAP atria (RAP, red line) in presence of GM. 
Panels B and C: Mean Mitochondrial ΔΨm obtained in presence (Panel B) or absence of a saturating 
concentration of ADP (Panel C). Panel D: Mitochondria were incubated with the complex III inhibitor 
Antimycin A. Data are presented as means ± SEM. n = 5 to 7 independent mitochondrial isolation.
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Alteration of mitochondrial calcium handling
Because AF is characterized by cytosolic Ca2+ overload, we investigated the velocity 
at which mitochondria take up Ca2+ as well as their maximal Ca2+ retention capacity 
(CRC). A CRC assay was used to evaluate the quantity of Ca2+ leading to mPTP opening 
and typical traces of such assay are shown in figures 6A and B.
Mitochondrial Ca2+ uptake velocity was assessed by integrating the area under each 
peak obtained following a Ca2+ addition during the CRC assay (figure 6A). The area 
obtained was calibrated and normalized for the integration time in order to express 
it as µmol/L of total Ca2+ per min. Figure 6C shows the evolution of the mitochondrial 
Ca2+ uptake velocity as a function of the quantity of Ca2+ added during the CRC assay 
and expressed as µmol/L of free Ca2+ per unit of citrate synthase. In this figure, each 
point corresponds to one Ca2+ addition, and all the runs performed in the control and 
RAP LA mitochondria groups oxidising GM are plotted. Figures 6A and C show that 
RAP LA mitochondria oxidizing GM were more efficient in taking up Ca2+. 
In figure 6D, the mean mitochondrial Ca2+ uptake velocity for the LA and LV in the 
presence of GM and PCM are shown. Supplementary figures 1C and 1D show the mean 
mitochondrial Ca2+ uptake velocity for a quantity of Ca2+ that did not induce mPTP 
opening. LA RAP mitochondria showed a significant increase in their Ca2+ uptake 
velocity when compared to the LA control group in presence of GM. In contrast, this 
parameter was not affected when mitochondria were oxidizing PCM. Unexpectedly, 
this analysis showed that in the RAP LV mitochondria this parameter was decreased 
when mitochondria were incubated in presence of PCM and unaffected in presence 
of GM (Figure 6D).
In RAP LA mitochondria, the effect of the mPTP inhibitor cyclosporine A (CsA) was 
significantly impaired when compared to the control LA only when mitochondria 
were incubated in presence of PCM. This result was not caused by mitochondrial 
depletion of Cyclophilin D because in presence of GM the effect of CsA did not differ 
between RAP and control LA mitochondria (figure 6E). In the RAP LV mitochondria, 
mPTP sensitivity to Ca2+ was decreased in presence of GM, but not PCM, in comparison 
to control LV mitochondria (Figure 6F).

Mitochondrial size and cardiolipin content
Following one week of maintained AF in the pig, the mitochondrial morphology 
was altered. As shown in figure 7A, RAP lead to a decrease in average area per 
mitochondrion in the LA, but not in the LV (figure 7B). Although mitochondrial 
size was decreased in the LA, their total number per surface area analysed was 
unchanged (figure 7C). This suggests that RAP decreases the total surface area of 
mitochondrial membrane. This hypothesis was confirmed by the fact that the total 
content of cardiolipin, a lipid only found in mitochondrial membranes, showed a 
pronounced decrease in the RAP LA when compared to control LA (Figure 7D). In 
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the LV, the mitochondrial size and density (figures 7B, 7C and supplemental figure 
2A) as well as the total cardiolipin content (figure 7D) were unaffected by one week 
of AF despite the absence of ventricular rhythm control. Although not statistically 
significant, RAP LA showed a strong trend towards an increased oxidized CL to total 
CL content ratio (figure 7E). In contrast, RAP LV showed a significant decrease of 
this ratio.
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Figure 6 
Figure 6. Effect of RAP on mitochondrial Ca2+ handling capacity
Panels A and B: Typical recordings obtained during a CRC assay in the Control (Cont, blue line) and 
RAP (RAP, red line) in atria mitochondria in presence of GM. Panel C: Plot showing the speed of 
mitochondrial Ca2+ uptake during a CRC assay on control and RAP isolated atrial mitochondria respiring 
on glutamate + malate (GM) as a function of the free Ca2+ quantity normalized to the mitochondrial 
citrate synthase content Panel D: Mean mitochondrial Ca2+ uptake velocity for a low free Ca2+ quantity 
that does not lead to mPTP opening. Panels E and F: Mean quantity of free Ca2+ normalized to CS 
content leading to mPTP opening in the atria (panel E) and ventricle (panel F). Data are presented as 
means ±SEM. n = 5 to 7 independent mitochondrial isolation in the control (LA and LV) and RAP (LA + 

LV) groups. GM: glutamate + malate; PCM: palmitoyl-carnitine + malate.
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Figure 7 Figure 7. Effect of RAP on mitochondrial architecture
Panel A: Electron micrograph of left atrial (LA) cross-sections in the control (left panel) and RAP 
(right panel) groups. Panel B: Quantification of mitochondrial size. Panel C: Quantification of the total 
number of mitochondria per cross-section analyzed. Panel D: Total atrial and ventricular cardiolipin 
(CL) content assessed in the control and RAP groups. Panel E: Mean oxidized CL to total CL content in 
the Cont and RAP atria and ventricle.
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Supplement Figure 1 

Supplemental figure 1. 
Panels A and B: Pieces of LA and LV were snap-frozen in-vivo directly in the chest of the animal. Samples 
were then pulverized and an acidic extraction was performed to extract the energetic intermediates. 
Panels A and B: ADP (panel A) and inorganic phosphate (Pi, panel B) contents were assessed as 
described in the methods section. Panels C and D: Bar graph showing the mean Ca2+ quantity used to 
calculate the mitochondrial Ca2+ uptake velocity presented in the figure 6D of the main manuscript.
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Supplemental figure 2. 
Panel A: Electron micrograph of left ventricular (LA) cross-sections in the control (left panel) and RAP 
(right panel) groups. Panels B: Representative Western-blots of Glut 1&4 and CD36 expression level in 
the control and RAP ventricles and mean data normalized to the GAPDH.
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DISCUSSION

Atrial metabolic remodelling and mitochondrial alterations
In this study, we show that in a pig model, one week of AF causes metabolic 
remodelling, mitochondrial alterations in structure and function as well as an 
impaired energetic status. AF is characterized by a metabolic reorientation leading 
to glycogen accumulation 4. Patients with persistent AF were characterized by 
a pronounced use of ketone bodies to feed the tricarboxylic acid cycle and by a 
concomitant inhibition of glycolysis 11. G-6-P is a glycolytic intermediate that is used 
by several metabolic pathways and is a necessary precursor for glycogen synthesis. 
Our results shows that 1 week of RAP is sufficient to increase the G-6-P content 
twofold. This accumulation was not associated with increased expression of the 
glucose transporters Glut-1 and -4. RAP also leads to an increased activity of the total 
mitochondrial hexokinase specific activity. Hexokinase is the first enzyme of the 
glycolytic pathway, catalyzing the phosphorylation of glucose to G-6-P. An increase 
of hexokinase expression would favour glucose entrapment in the atrial myocyte. We 
have previously shown that acute AF leads to an increase in atrial lactate production 
16. At present, we do not know how long this increase in lactate production persists, 
but increased G-6-P production in combination with reduced mitochondrial pyruvate 
consumption should favour G-6-P accumulation and glycogen storage.
In the RAP atria, mitochondrial oxygen consumption linked to glucose-like metabolism 
(i.e. glutamate + malate) was increased in phosphorylating conditions, while no 
changes were observed in oxygen consumption during fatty-acid metabolism 
measured under the same experimental conditions. In contrast, in absence of ADP, 
the basal respiration significantly decreased in presence of PCM only. The origin of 
this decrease is not known but could be related to the decrease in cardiolipin content. 
Indeed, in absence of ADP, mitochondrial respiration is driven by the permeability of 
the inner mitochondrial membrane (IMM) to protons. One week of RAP led to a 50% 
decrease in the cardiolipin content (figure 7D). A significant decrease of cardiolipin, 
which is the major lipid species found in the IMM, may affect the passive permeability 
to protons and thus basal mitochondrial oxygen consumption.
Unexpectedly, LA mitochondrial H2O2 emission in absence and presence of ADP was 
decreased following one week of RAP and this was independent of the respiratory 
substrates used. Moreover, maximal H2O2 emission, stimulated by inhibition of 
the respiratory complex III, was also lower in the RAP LA than in the control LA 
mitochondria. These results likely reflect an adaptive mechanism. Although not 
significant (p value = 0.07), the oxidized cardiolipin to total cardiolipin content ratio 
was increased following one week of RAP when compared to control. This suggests 
that LA RAP mitochondria evolve in a pro-oxidant environment which is in line with 
the fact that AF is associated to an increase of the damage linked to oxidative stress 
7. Interestingly, RAP LV mitochondria showed less H2O2 emission as well (Figure 
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5) and this was associated with lower cardiolipin oxidation. Thus, in both cardiac 
compartments, increased activation rates were associated to a positive adaptation 
towards less mitochondrial H2O2 emission. In absence of ADP the mitochondrial H2O2 
emission is mainly dependent on the mitochondrial ΔΨm. Although RAP modulated 
the basal respiration in opposite direction in atria and ventricle in presence of GM, 
the mitochondrial H2O2 emission was decreased in both atria and ventricles. Thus, it 
will be important in the future to assess if one week of RAP is accompanied by an 
increased activity of mitochondrial anti-oxidant mechanisms.
It is important to note that our experimental approach to assess mitochondrial ΔΨm 
is qualitative and not quantitative. Consequently, the lack of difference between 
the RAP and control mitochondria in absence of ADP does not mean that the 
mitochondrial ΔΨm absolute values were identical between these groups. To assess 
the impact of RAP on the regulation of mitochondrial ΔΨm a different methodological 
approach (i.e. use of a TPP+ electrode for instance) would be required. Such approach 
would be necessary to evaluate if some of the mitochondrial alterations in response 
to RAP correlate to a change in mitochondrial ΔΨm for given bioenergetic status. 
Nonetheless, our experimental approach allowed us to show that in presence of 
fatty-acids, RAP LA mitochondria were more depolarized during phosphorylating 
conditions than control mitochondria. Interestingly, the oxygen consumption 
measured at the same condition was not altered, suggesting an alteration of the 
proton-to-electron ratio during PCM oxidation.
In presence of GM, RAP LA mitochondrial Ca2+ uptake velocity was increased twofold 
in presence of GM. At present, we cannot determine the mechanistic origin of this 
phenomenon. Potentially, a faster mitochondrial Ca2+ uptake would be a useful 
adaptation limiting the cytosolic Ca2+ overload caused by increased atrial rates. In 
future experiments, the development of a simultaneous measurement of Ca2+ uptake 
velocity and mitochondrial ΔΨm would be a necessary step to better understand the 
origin of these differences. One week of RAP leads to mPTP sensitization to Ca2+ 
in presence of CsA only when RAP LA mitochondria oxidized fatty-acids. mPTP has 
been proposed to be a voltage gated channel 22, thus the increased mPTP sensitivity 
to Ca2+ might be secondary to more depolarized mitochondria in presence of PCM. 
Moreover, the difference in the effect of CsA was not observed in the RAP LA 
mitochondria oxidizing GM. Consequently, the decreased effect of CsA observed 
in the RAP group in the presence of fatty-acids is not secondary to a Cyclophilin D 
depletion. In patients with metabolic syndrome, a downregulation of β-oxidation 
enzymes has been shown to be significantly correlated to the development of post-
operative atrial fibrillation. 15 The same authors have proposed that POAF might be 
influenced by mPTP opening.
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Atrial energetic status and mitochondrial structural remodelling
The atrial energetic status has been investigated on samples directly frozen in the 
chest of the animal. Such approach was critical to avoid ischemia during harvesting of 
the samples; even a few seconds of ischemia is sufficient to promote PCr hydrolysis 
and concomitant increase in inorganic phosphate and AMP. Our results show that 
after 1 week of RAP, ATP and PCr content decrease without affecting the total content 
of inorganic phosphate or ADP. We have previously shown in a goat model of rapid 
atrial tachypacing that 1 week was sufficient to decrease the PCr content 8. So far it is 
not known whether this new energetic state is the consequence of an alteration of 
ATP synthesis or to an increased energetic demand caused by rapid atrial rates. The 
decreased content in cardiolipin may reflect a reduced IMM area, corresponding to 
a reduced capacity of mitochondrial ATP and PCr synthesis and/or export. Indeed, 
cardiolipin has been shown to be critical for the function of several mitochondrial 
proteins among which the mitochondrial creatine kinase 19. Under the assumption 
that after 1 week of RAP the total pool of creatine is identical in the control and 
RAP groups, the PCr to Pi ratio gives an indication of the phosphorylation potential 
(ΔGp). As we show, the PCr to Pi ratio was significantly decreased in RAP atria when 
compared to control atria. We can therefore conclude that 1 week of RAP leads to a 
significant deterioration in the atrial energetic status. In the RAP atria, the depressed 
ΔGp did not lead to phosphorylation of AMPK. AMPK is a crucial cellular energy 
sensor that is activated when the cellular energetic status is falling. It is important 
to note that the β and γ subunits of the AMPK are regulated by AMP and ADP 23. 
Although we showed a decrease in the ATP to ADP ratio in the RAP atria, this was 
caused by a decreased level of ATP without change in total ADP. This observation 
could potentially explain why RAP does not lead to AMPK activation.
LA RAP mitochondria in presence of GM were able to take up Ca2+ more rapidly than 
LA control mitochondria. It is known that RAP/ AF leads to intercellular Ca2+ overload 
24, which would also lead to mitochondrial Ca2+ accumulation 10. This may contribute 
to decreased ATP synthesis through dissipation of ΔΨm. To avoid mitochondrial Ca2+ 
overload and mPTP opening, Ca2+ is extruded through the Na+/Ca2+ exchanger and 
the accumulating Na+ is extruded through the Na+/H+ exchanger 25, 26. Consequently, a 
cytosolic Ca2+ accumulation might decrease ATP synthesis through ΔΨm consumption 
by a futile Ca2+ cycling phenomenon. Interestingly, Ausma and colleagues showed 
that RAP in a goat model decreased the PCr content without affecting the activity 
of several mitochondrial enzymes 8. Thus, an increased energy consumption in 
combination to the development of futile mitochondrial Ca2+ cycling might explain 
the decreased ΔGp as a results of RAP. 
We also demonstrate that one week of RAP is sufficient to alter mitochondrial 
morphology in our pig model. The mechanisms causing these structural changes 
are not clear. Nonetheless, RAP atria showed a 50% decrease in their cardiolipin 
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content. Cardiolipin participates to the formation of contact sites through their 
electrostatic interaction with the positively charged residues of the octameric 
mitochondrial creatine kinase (mtCK) 27. This enzyme is responsible for the synthesis 
of PCr from the mitochondrial ATP and is thought to be at the heart of contact 
sites. Thus, an alteration in the cardiolipin content might have an impact on mtCK 
function, formation of contact sites and consequently PCr export to the cytosol. 
It has been shown that a decrease in the expression level of mtCK can profoundly 
alter mitochondrial morphology 28. It would be interesting to investigate whether 
decreased cardiolipin content as a result of AF is sufficient to destabilize mtCK 
octamers and is responsible for alterations in mitochondrial morphology.

Impact of RAP on ventricular mitochondrial function
In our experimental model, the ventricular rhythm was not controlled.  In earlier 
studies in dogs and pigs, RAP significantly increased ventricular rate 29, 30. It is 
interesting to note that in our model, the increased ventricular rate as a result of 
RAP only had an effect on mitochondrial function, but did not affect mitochondrial 
structure or CL content. With respect to mitochondrial function, the changes 
comprised a modulation of the oxygen consumption, decreased H2O2 emission 
and altered mitochondrial Ca2+ handling properties. RAP ventricular mitochondria 
were less efficient in taking up Ca2+ in presence of PCM and their ADP-stimulated 
respiration was increased in presence of GM. Interestingly, mPTP sensitivity to Ca2+ 
was decreased in presence of GM while no changes were observed in presence of 
PCM. At this stage, we can only hypothesize that these mitochondrial adaptations 
might result from the increased cytosolic Ca2+ turnover secondary to the increased 
ventricular rate during RAP. The ventricular mitochondrial phenotype might be the 
results of a positive adaptive mechanism. It is known that in the pig, a prolonged 
period of RAP leads to heart failure 31. Thus, in this model it will be important to 
assess the evolution of ventricular mitochondrial function to establish whether heart 
failure and ΔGp depression are preceded by an alteration of mitochondrial function.

Limitations
We recognize that the use of isolated mitochondria has important limitations and 
that great care must be taken to translate our results to the intact heart or animal. 
It will be necessary in future studies to further develop our experimental approach 
on more integrated system (i.e. isolated cells). Nonetheless, our experimental 
approach allowed us to demonstrate that in the pig, RAP leads to metabolic and 
mitochondrial alterations in the atria as well as in the ventricle. Future studies will 
have to be performed to explain the exact mechanisms by which early mitochondrial 
remodelling contributes to the energetic impairment caused by AF.
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CONCLUSIONS

Our results show that, after a short period of induced AF by RAP in the pig, 
mitochondrial architecture and function are affected, leading to an alteration of 
the bioenergetic status of the atria. AF seems to alter mitochondrial polarization in 
presence of fatty acids under phosphorylating conditions. The disturbance of ΔΨm 
regulation might be responsible for the increased mPTP sensitivity to Ca2+ observed 
in presence of PCM and CsA. This phenomenon was paralleled by an increased 
mitochondrial Ca2+ uptake velocity in presence of GM. We hypothesize that increased 
mitochondrial Ca2+ cycling, in combination with the decreased cardiolipin content 
may contribute to the alteration of mitochondrial morphology and the impairment 
of the cellular energetic status. 
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GENERAL DISCUSSION

Atrial oxygen supply and demand 
Atrial fibrillation (AF), the most common sustained arrhythmia, is characterized by 
rapid and irregular activation of the atria. AF is self-perpetuating because it leads 
to electrical and structural remodeling that makes the arrhythmia more stable. 
Whereas electrical remodeling is a fast process (1-2 days), structural remodeling 
develops much more slowly (months to years) 1, 2.  Structural remodeling leads to loss 
of side-to-side connections between myocyte bundles and thereby to an increased 
complexity of fibrillatory conduction 3, 4. However, the exact mechanisms that are 
responsible for structural remodeling are not clearly understood. 

As in any other tissue, blood supply by the atrial coronaries is regulated to match the 
energy/ oxygen demand 5.  In the heart, it is particularly important that even under 
increased demand, metabolism remains aerobic, to avoid acidification and muscle 
fatigue that would be detrimental to cardiac pump function. Therefore the balance 
between oxygen supply and demand has to be carefully guarded (figure 1) 6. Some 
important determinants of myocardial oxygen demand are heart rate 7, myocardial 
shortening 8, myocardial wall tension 9 and contractility 10. During AF, the rate of 
electrical and contractile activity increases 5-6 fold, which is likely to increase atrial 
energy and oxygen expenditure considerably. If this increase in demand cannot be 
met, a state of supply/demand ischemia ensues. We have previously shown that in 
pigs, acute AF indeed leads to acute supply/demand ischemia, as evidenced by atrial 
lactate production during AF 11 and reactive hyperemia after a short AF episode 5. This 
subtle form of ischemia may persist in the important first weeks of AF pathogenesis. 
Goats with one week of AF have shown a decrease in creatine phosphate (PCr) 12 and 
increased expression of HIF1-a  13. Moreover, the alterations in atrial ultrastructure 
were similar to changes observed in hibernating ventricular myocardium due to low 
flow ischemia 14 .  Patients with AF exhibited increased atrial expression of hypoxic 
(HIF1-a) and angiogenic (VEGF) markers implying a state of atrial oxygen shortage 15, 

16. 

The atrial myocardium may respond in two ways to restore the supply/demand 
balance: by increasing supply and by decreasing demand. Increasing supply on the 
longer term may be effected by arteriogenesis and angiogenesis, which is the normal 
response to activation of the HIF1-a/ VEGF pathway 17.

Demand may be decreased by decreasing cellular ion fluxes and by decreasing 
contractility. Indeed, electrical and contractile remodeling may be interpreted to 
effectuate this. In addition, metabolism may shift from fatty acid oxidation to glucose 
oxidation, which is more oxygen-efficient (but not more substrate-efficient)18. 
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In this thesis, we have assessed both metabolic and vascular remodeling in pig 
models of AF. We choose pigs as a model because of the similarity in coronary 
vascular anatomy and regulation to those in humans 6, 19.

Figure 1. Schematic representation depicting the main determinants of myocardial 
oxygen supply demand balance

Metabolic remodeling 
The energy required to perform the required electrical and mechanical work 
is provided as chemical energy in the form of ATP 20.  To maintain levels of ATP 
production and utilization of ATP have to be balanced. From the total amount of 
ATP produced, 60 to 70% is used for contractility and remaining 30 to 40% for ion 
transport 21. A deficiency in the levels of ATP directly triggers a decline in cardiac 
contractile performance 20. In the ventricle, the main source of ATP production is 
the oxidation of fatty acids (70 to 90% of the ATP generation). Glucose and lactate 
oxidation (and oxidation of small amounts of ketone bodies and amino acids) are 
responsible for generation of the remaining 10 to 30% 20, 22. 
In a pig model, we have studied the effect of 1 week of AF on metabolite levels and on 
mitochondrial function and structure. We observed a decline in both PCr/Pi and ATP/
APD ratios in the LA as a result of AF. The latter indicates that the degree of metabolic 
compromise is larger than in the goat model after 1 week of AF 12.  The observed 
increase in glucose-6-phosphate and glycogen accumulation suggest a shift from 
fatty acid to glucose utilization, but this is not supported by corresponding shift in 
the expression of glucose (Glut1 and -4) and fatty acid (CD36) transporters. Isolated 



108

CHAPTER 6

mitochondria in many respects are fully functional after 1 week of AF, with efficient 
respiration and increased respiratory control. Indeed, the decreased mitochondrial 
H2O2 production and increased calcium buffering velocity suggest adaptive changes 
in response to oxidative stress and calcium overload. However, as a result of AF, 
mitochondria had a depolarized membrane potential during fatty acid oxidation and 
the mitochondrial permeability transition pore was more sensitive to calcium. Based 
on our current data, the decrease in ATP and PCr levels may be best explained by the 
significant reduction in mitochondrial size and total cardiolipin (CL) content in the 
of AF pigs. These changes are likely to reflect a decrease in the total area of inner 
mitochondrial membrane (of which CLs are a specific constituent), and thus of the 
area available for the ATP synthesizing machinery in atrial myocytes.   

Vascular remodeling
Vascular tone is determined by the tissue levels of vasodilators and vasoconstrictors, 
as well as the responsiveness of arterioles to these substances 6 23. We have studied 
the effect of AF on the latter in isolated atrial small muscular arteries (SMA, average 
size ≈450μm). In hypertension, the increased vascular myogenic response is 
associated with hypertrophy of vascular smooth muscle cells 24-26. By contrast, we 
have observed an increase in the response to receptor-dependent and -independent 
vasoconstrictors as a result of AF, but without smooth muscle hypertrophy. The 
functional consequences of this phenomenon in vivo are unclear, but it might lead 
to a shift towards increased vascular tone.
AF has been linked with systemic endothelial dysfunction in patients 27, 28. Endothelial 
dysfunction is evidenced by a blunted response to vasodilators such as bradykinin (BK) 
29. If this also occurs in arterioles in the atria itself, it would further limit the capacity 
of the atrial coronary vasculature to respond to fluctuations in demand. However, 
in isolated arterioles, we observed an increased sensitivity to BK. This endothelial 
‘hyperfunction’ has also been observed in the heart as a result of exercise and in 
response to a remote, small infarct 30, 31. As such it may reflect an adaptive response 
at this early phase of AF pathogenesis that would be consistent with an increased 
eNOS activity 31, 32.  Although the total eNOS level was unchanged after 1 week of AF, 
increased eNOS activity may still result from increased eNOS phosphorylation. In the 
goat model of AF, become ‘uncoupled’ at later stages (month) of AF 33, and it would 
certainly be interesting to assess isolated atrial arterioles at the later stage. 
In our pig model, the hypoxia marker HIF1-a was increased after one week of AF. 
After 5 weeks of AF, both HIF1-a and the angiogenesis market VEGF were increased. 
Normally, activation of HIF1-a/ VEGF signaling should lead to angiogenesis (formation 
of new capillaries) and, to a lesser extent, arteriogenesis (formation of new 
arterioles) 34, 35.  However, we did not observe any change in arteriolar density and a 
pronounced decrease in capillary density.  In the kidney, similar capillary rarefaction 
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following a phase of ischemia has been linked to a high Ang-2/Ang-1 ratio, that would 
destabilize newly formed capillaries 36-38. From our results, this mechanism cannot 
explain the capillary rarefaction we have observed in the atrium. Atrial capillary 
rarefaction represents one of the aspects of vascular remodeling that would restrict 
the capacity of the atria to accommodate fluctuations in energy/ oxygen demand.

In addition to the effect of AF itself, we studied vascular structure and function in a 
pig model of CHF, which is a strong, independent risk factor for AF in patients 39, 40. 
In a canine model, Nattel and coworkers have shown that CHF causes a pronounced 
increase in atrial fibrosis, which likely to form obstacles to conduction and thus 
increase AF stability 40-42.
We initially hypothesized that CHF would lead to vascular dysfunction and 
remodeling of vascular structure that would make the atria more liable to supply/
demand ischemia. Our results show that, also in pigs, CHF leads to an increased 
stability of AF. However, unlike the canine model, the degree of myocardial fibrosis 
was not increased. Pigs with CHF did show a marked increase in atrial chamber size 
as well as myocyte size, which are also known to contribute to AF stability 43-45. Atrial 
coronary flow reserve in the LA was decreased in CHF pigs. Analysis of vascular 
structure demonstrated a lower capillary density and increased perivascular fibrosis.  
Based on studies in the ventricle, the lower LA coronary flow reserve may indeed by 
explained by these structural changes 46-48. 
To investigate whether CHF atria are more vulnerable to supply/ demand ischemia, 
the response to atrial pacing and AF was assessed. The response of the atrial 
coronary conductance to both interventions was blunted, but (in a separate series 
of experiments) we determined that this did not lead to excess lactate production 
in the CHF group. Rather, the lack of increase in atrial supply seemed to be linked to 
a pronounced decrease in demand in CHF atria. Whereas the active work performed 
by the atria increased with pacing in normal pigs, atrial contractility was virtually 
absent in CHF pigs. In a dog model of CHF, the levels of ATP and PCr were strongly 
decreased 49. In our pig model, we cannot determine whether this loss of atrial 
contractility is caused by a deficit in atrial bioenergetics during the development of 
CHF. 
Eventually, many CHF patients develop AF, which is detrimental for ventricular pump 
function due to the rapid and irregular ventricular rate 50, 51. However, the loss of 
atrial contractility we have observed would already lead to a deterioration of overall 
pump function and exercise tolerance before the onset of AF 52 53 54.

Future Perspectives
One of the major goals of this thesis was to determine whether AF and CHF (as a 
risk factor for AF) lead to atrial vascular and metabolic remodeling. The data in this 
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thesis represent some of the first reports on these forms of remodeling in models 
of AF. At this point, we can conclusively confirm that these phenomena do exist. We 
have only obtained limited information at time points that are relatively early in the 
pathogenesis of AF. Further research should include a more complete time course of 
these changes, at both earlier and much later time points.
Although we do believe that the phase we have studied is important in determining 
further degenerative changes, we cannot prove that metabolic and vascular 
remodeling play a causative role. Proving causation will require experimental 
interventions that either exacerbate or ameliorate various aspects of the 
mitochondrial and vascular changes that occur during AF. At this point, we can make 
a tentative scheme of the adaptive and maladaptive aspects of the remodeling 
processes we have described (figure 2). ‘Adaptive’ in this case would translate to 
‘increasing the capacity of the atria to cope with the stress that results from AF (or 
CHF)’, while maladaptive changes would decrease this capacity.  In some cases, we 
simply don’t know whether a change has a positive or a negative impact on the atrial 
myocardium, e.g. in the case of glycogen accumulation. In other cases, a particular 
phenomenon may have both positive and negative consequences. For example, the 
atrial contractile dysfunction described in chapter 2 may be detrimental to cardiac 

Figure 2. Metabolic and vascular remodeling: schematic representation of adaptive 
and maladaptive changes that are caused by AF (and CHF).
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function in failing hearts but may also prevent damage to the atrial myocardium 
by obviating supply/ demand ischemia. However, several aspects of metabolic and 
vascular remodeling, at the right side of the table, are likely to reduce the capacity 
of the atria to cope with stress represented by AF. As such, these factors form viable 
candidates for a causative role in progression of AF. 
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SUMMARY 

The normal heartbeat originates in the sinus node. From there, the activation wave 
spreads over both upper chambers (atria), and also reaches the atrioventricular (AV) 
node, the only electrical connection between the upper chambers and the lower 
chambers (ventricles). Because conduction within the AV node is slow, there is a 
delay between atrial and ventricular activation. This delay allows the atria to empty 
themselves into the ventricles, before the ventricular contraction starts. During the 
ventricular contraction, blood is pumped by the right ventricle into the pulmonary 
artery and by the left ventricle into the aorta. There are numerous cardiac arrhythmias 
in which the activation sequence of the heart is disturbed. Of these arrhythmias, 
atrial fibrillation (AF) is the most common in clinical practice. In some patients, this 
arrhythmia occurs in the absence of other heart disease, so-called ‘lone AF’, but 
many patient have heart disease, for example heart failure’ that predisposes to AF. 
During AF, activation waves in the atrium propagate rapidly (up to 600 times per 
minute) and irregularly, and organized atrial contraction is lost. Some of the atrial 
activations conduct through the AV node to the ventricles, leading to a fast (up to 
180 beats per minute) and irregular ventricular rate. Patients with AF experience 
this rapid, irregular ventricular rate as palpitations, and their exercise tolerance is 
reduced because this rate cannot be properly regulated during physical exertion. In 
addition, on the long term AF patients have an increased tendency to develop blood 
clots, especially in the left atrium, leading to a higher risk of debilitating strokes and 
increased mortality. 
In the beginning of the disease process, AF is often paroxysmal, meaning that AF 
occurs in episodes that terminate spontaneously. In many patients, the duration 
of these episodes gradually increase, until AF does not terminate spontaneously 
anymore (persistent AF). At this stage, sinus rhythm can often be restored by 
treatment with antiarrhythmic drugs. Eventually however, these drugs lose their 
efficacy and AF cannot be terminated by anti-arrhythmic drug treatment (permanent 
AF). During the progression of the disease, AF itself leads to atrial ‘remodeling’; 
changes in the atrial tissue that makes the arrhythmia more stable. Several key 
players in this process have already been identified and characterized extensively. 
A fast process of ‘electrical remodeling’ occurs rapidly, in the first hours to days 
of AF, and entails the shortening of the atrial action potential, allowing a higher 
activation frequency. A much slower process of ‘structural remodeling’, developing 
over months to years, changes the structure of the atrial tissue, increasing the size 
of atrial muscle cells (hypertrophy) and the amount of connective tissue (fibrosis) 
in between muscle cells. The latter in particular is thought to represent obstacles to 
conduction, increasing the complexity of fibrillatory conduction and therefore the 
stability of AF. Although these ‘culprits’ are well known, the treatment strategies to 
prevent the progression of AF are still unsatisfactory.   One of the central problems is 
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that we do not know exactly which factors cause electrical and structural remodeling. 
One of the candidate factors is the energy balance of the atrial myocardium. In a 
cardiac muscle cell (myocyte), the molecule adenosine triphosphate (ATP) delivers 
the energy that is required for contraction, electrical activity and other metabolic 
processes. An estimated 2% of the cellular ATP pool is utilized during each heartbeat. 
The rapid rates of electrical and contractile activity during AF will increase ATP 
consumption. This increased demand needs to be matched by increased ATP 
production, and the required oxygen and nutrients have to be supplied by the atrial 
vasculature. If the energy demand by the myocardium cannot be met, a state of 
supply/demand ischemia develops. The metabolic challenge presented by AF can be 
met by scaling back energy demand and by increasing energy supply, and there are 
several indications that both phenomena occur as a result of AF. Still, there is ample 
evidence that these adaptations fall short of redressing this disbalance, that may 
represent a driving force for atrial electrical as well as structural remodeling. 
The general aim of this thesis is to investigate the metabolic and vascular 
consequences of AF itself, and of an important risk factor for AF, congestive heart 
failure (CHF). Characterizing and understanding the role of these processes may help 
in finding therapeutic approaches and targets that could inhibit the progression of 
AF. 
As an animal model, we have chosen pigs, which are known to be similar to humans 
with respect to coronary anatomy, coronary blood flow regulation and metabolism. 
We studies animals early in the disease process, in the first few weeks, a phase in 
which we expected the metabolic and vascular derangement and adaptations to be 
most pronounced. First, we studied a pig model of CHF (chapter 2). Clinically, CHF is a 
major independent risk factor for AF, with approximately 50% of patient with severe 
CHF developing AF. In the pig model, we induced CHF by rapid ventricular pacing. 
After 5 weeks, we observed that the degree to which both atrial and ventricular 
coronary vessels could dilate (i.e. increase blood flow to the cardiac muscle) was 
decreased. This in itself would reduce that capacity of the coronary vessels to 
accommodate fluctuation in energy and oxygen demand. However, during pacing 
(i.e. increased heart rate), we did not observe an increase in atrial lactate production, 
which would be a tell-tale sign of supply-demand ischemia. On the other hand, we 
demonstrate that atrial contractility has decreased dramatically in this model. Thus, 
the hypertrophied atria in this model still receive adequate coronary blood flow, 
but this does not translate to useful external work (contractility). In other words, 
the atrial oxygen efficiency (the amount of work delivered per amount of oxygen 
supplied) has decreased dramatically. In failing hearts, the atrial contraction becomes 
more important to overall cardiac function. The loss of the atrial contraction may 
contribute to reduced exercise capacity and exacerbation of heart failure, even 
before AF develops.   
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Subsequently, we assessed metabolic and vascular alterations that occur because of 
AF itself. As a relatively early time point, we chose one weeks of AF (maintained by 
rapid atrial pacing). From these pigs, we isolated atrial small muscular arteries, the 
arteries that normally determine blood flow to the myocardium. Because virtually 
nothing was known about the behavior of these blood vessels and their reaction 
to AF, we performed a basic characterization of vascular function (chapter 4). We 
observed that both the reaction to vasodilators and vasoconstrictors was enhanced 
after one week of AF. This implies that coronary vessels, and thus coronary blood 
flow, react more strongly to factors that regulate vascular tone. To some extent, 
these alterations are similar to the (adaptive) changes that occur during exercise 
training. Further studies will have to determine whether these alterations in vascular 
function persist during the time course of AF, or whether vascular dysfunction 
eventually develops.
At the same point in time, we determined a number of metabolic parameters in tissue 
and assessed the function of isolated mitochondria. On the hand, we demonstrate 
a number of changes that can be interpreted as adaptations to increased energy 
demand, metabolic stress and calcium overload (increased mitochondrial 
respiratory control, decreased production of reactive oxygen species and faster 
calcium buffering). On the other hand, we observed potential counterproductive, 
maladaptive changes, including reduced tissue levels of energy carriers (ATP and 
PCr), possibly reduced energy producing capacity (a reduction in the mitochondrial 
membrane constituent cardiolipins) and reduced mitochondrial calcium storage 
capacity during oxidation of fatty acids. The work we have performed in this study 
represents only a snapshot of metabolic changes during the pathogenesis of AF. 
While the time course of metabolic remodeling will have to be studied more closely, 
our observations do support the view that AF presents a major metabolic stress for 
atrial myocytes. 
Finally, we have studied vascular structure at two time points, after 1 and 5 weeks 
of AF. First we show an increase at both time points of HIF1a expression, a classic 
marker of oxygen shortage. HIF1a activates the transcription of VEGF, one of the 
key factors in the formation of new blood vessels. Indeed, expression of VEGF was 
increased after 5 weeks of AF. Increased expression of VEGF would normally lead to 
the formation of new blood vessels to supply the tissue in which oxygen shortage 
occurs. However, when we determined the distribution of capillaries (the small 
vessels where oxygen supply to the tissue takes place), a paradoxical decrease in 
the number of vessels was apparent after 5 weeks of AF. This suggests that newly 
formed capillaries are not sufficiently stabilized and quickly disappear. At this point, 
we do not have a mechanistic explanation for the loss of capillaries from the atrial 
myocardium, despite hypoxic signaling.  However, this phenomenon implies the 
capacity of the remodeled atria to respond to fluctuations in energy demand is 
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limited and that it remains vulnerable to supply/ demand ischemia.



122

CHAPTER 7

ARABIC SUMMARY

	   123	  

ARABIC SUMMARY 

االخالصة   

هھھھي ااالختالفاتت االتي تطرأأ على ددقاتت االقلب  ووعلى نُظُم نقل االشاررةة  ااختاللل االنَّْظم االقَْلبِيّ أأوو  ااضطراابب االنظم االقلبي

فيیما بيینهھا فمنهھا ااألكثر خطوررةةً ووااألقل خطوررةة على  االقلبيتختلف ااضطرااباتت االنظم  .االكهھربائيیة في عضلة االقلب

حاالتت إإحدىى حاالتت ااضطراابب االنظم االقلبي هھھھو االرجفانن ااألذذيیني. يیعتبر االرجفانن ااألذذيیني إإحدىى  حيیاةة االمريیض.

ً عند مرضى االقلب٬، تكمن خطوررةة هھھھذاا االمرضض في كونهھ مسبب ررئيیسي في  ااضطراابب االنظم االقلبي ااألكثر شيیوعا

االسكتة االدماغيیة.  

هھھھناكك عدةة عواامل تجعل ااإلنسانن أأكثر عرضة لمرضض االرجفانن ااألذذيیني٬، على سبيیل االمثالل تشوهھھھاتت االهھيیكل ااألذذيیني 

ألذذيیني. حتى ااألنن االعواامل االمسببة بحدووثث  تشوهھھھاتت االهھيیكل االذيي يیعتبر االسبب االرئيیسي في حدووثث االرجفانن اا

ااألذذيیني غيیر معرووفة كليیاً.  

لذلك كانن االهھدفف االعامم من هھھھذهه ااألططرووحة هھھھو ددررااسة ووفهھم ااآلليیاتت وواالعواامل االتي تشارركك في حدووثث تشوهھھھاتت  

تي من شأنهھا ووقف مظاهھھھر االهھيیكل ااألذذيیني. فهھم هھھھذهه ااآلليیاتت يیمكن أأنن يیساعد في إإيیجادد االنهھج ووااألهھھھداافف االعالجيیة اال

االرجفانن ااألذذيیني.إإحدىى أأبرزز االفرضيیاتت لحدووثث تشوهھھھاتت االهھيیكل ااألذذيیني هھھھي نتيیجة إإختاللل توااززنن ااألووكسيیجيین في 

ااألذذيین ااأليیسر.   

لذلك لقد قمت في هھھھذهه ااألططرووحة بدررااسة ااألووعيیة االدمويیة ووإإعاددةة االتمثيیل االغذاائي ووال سيیما في ااألذذيین ااأليیسر في 

االخناززيیر.أأووالً نموذذجج خنزيیر لديیهھ قصورر االقلب ااالحتقاني حيیث تمت ددررااسة ااألووعيیة االدمويیة ثالثة نماذذجج من 

ووحركة إإنقباضض ااألذذيین ااأليیسر ٬،ثانيیاًنموذذجج خنزيیر لديیهھ ررجفانن أأذذيیني قصيیر االمدىى حيیث قمت هھھھنا بدررااسة ووظظيیفة 

هھھھيیكل٬، ووووظظيیفة االميیتوكوندرريیا.ثالثاً  ووهھھھيیكل االشراايیيین االتاجيیة لالذذيین ااأليیسر كما قمت أأيیضاً بدررااسة االتمثيیل االغذاائي٬،

تم تقيیيیم بنيیة ااألووعيیة االدمويیة في ااألذذيین ااأليیسر. ووأأخيیرااً نموذذجج خنزيیر لديیهھ ررجفانن أأذذيیني ططويیل االمدىى حيیث  

االعثوررفي مجموعة قصورر االقلب ااالحتقاني على اانخفاضض في حركة إإنقباضض ااألذذيین٬، تضخم في خاليیاااألذذيین  تم 

تدفق االدمم في االشريیانن االتاجي االمؤدديي إإلى ااألذذيین ااأليیسر وواانخفاضض في كثافة ااأليیسر ٬،اانخفاضض في ااحتيیاططي 

ااألووعيیة االدمويیة في ااألذذيین ااأليیسر. في مجموعة االرجفانن ااألذذيیني قصيیر االمدىى تم  االعثورر على اانخفاضض في 

ووظظيیفة ووظظيیفة االتمثيیل االغذاائي وونقص ااألووكسجيین في ااألذذيین ااأليیسر لكن هھھھذاا االنقص لم يیكن نتيیجة  تغيیر في 

االشراايیيین االتاجيیة لالذذيین ااأليیسر ووإإنما كانن بسبب االزيیاددةة في معدلل حركة  ااألذذيین ااأليیسر خاللل االرجفانن ااألذذيیني. 
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حاالتت إإحدىى حاالتت ااضطراابب االنظم االقلبي هھھھو االرجفانن ااألذذيیني. يیعتبر االرجفانن ااألذذيیني إإحدىى  حيیاةة االمريیض.

ً عند مرضى االقلب٬، تكمن خطوررةة هھھھذاا االمرضض في كونهھ مسبب ررئيیسي في  ااضطراابب االنظم االقلبي ااألكثر شيیوعا

االسكتة االدماغيیة.  

هھھھناكك عدةة عواامل تجعل ااإلنسانن أأكثر عرضة لمرضض االرجفانن ااألذذيیني٬، على سبيیل االمثالل تشوهھھھاتت االهھيیكل ااألذذيیني 

ألذذيیني. حتى ااألنن االعواامل االمسببة بحدووثث  تشوهھھھاتت االهھيیكل االذيي يیعتبر االسبب االرئيیسي في حدووثث االرجفانن اا

ااألذذيیني غيیر معرووفة كليیاً.  

لذلك كانن االهھدفف االعامم من هھھھذهه ااألططرووحة هھھھو ددررااسة ووفهھم ااآلليیاتت وواالعواامل االتي تشارركك في حدووثث تشوهھھھاتت  

تي من شأنهھا ووقف مظاهھھھر االهھيیكل ااألذذيیني. فهھم هھھھذهه ااآلليیاتت يیمكن أأنن يیساعد في إإيیجادد االنهھج ووااألهھھھداافف االعالجيیة اال

االرجفانن ااألذذيیني.إإحدىى أأبرزز االفرضيیاتت لحدووثث تشوهھھھاتت االهھيیكل ااألذذيیني هھھھي نتيیجة إإختاللل توااززنن ااألووكسيیجيین في 

ااألذذيین ااأليیسر.   

لذلك لقد قمت في هھھھذهه ااألططرووحة بدررااسة ااألووعيیة االدمويیة ووإإعاددةة االتمثيیل االغذاائي ووال سيیما في ااألذذيین ااأليیسر في 

االخناززيیر.أأووالً نموذذجج خنزيیر لديیهھ قصورر االقلب ااالحتقاني حيیث تمت ددررااسة ااألووعيیة االدمويیة ثالثة نماذذجج من 

ووحركة إإنقباضض ااألذذيین ااأليیسر ٬،ثانيیاًنموذذجج خنزيیر لديیهھ ررجفانن أأذذيیني قصيیر االمدىى حيیث قمت هھھھنا بدررااسة ووظظيیفة 

هھھھيیكل٬، ووووظظيیفة االميیتوكوندرريیا.ثالثاً  ووهھھھيیكل االشراايیيین االتاجيیة لالذذيین ااأليیسر كما قمت أأيیضاً بدررااسة االتمثيیل االغذاائي٬،

تم تقيیيیم بنيیة ااألووعيیة االدمويیة في ااألذذيین ااأليیسر. ووأأخيیرااً نموذذجج خنزيیر لديیهھ ررجفانن أأذذيیني ططويیل االمدىى حيیث  

االعثوررفي مجموعة قصورر االقلب ااالحتقاني على اانخفاضض في حركة إإنقباضض ااألذذيین٬، تضخم في خاليیاااألذذيین  تم 

تدفق االدمم في االشريیانن االتاجي االمؤدديي إإلى ااألذذيین ااأليیسر وواانخفاضض في كثافة ااأليیسر ٬،اانخفاضض في ااحتيیاططي 

ااألووعيیة االدمويیة في ااألذذيین ااأليیسر. في مجموعة االرجفانن ااألذذيیني قصيیر االمدىى تم  االعثورر على اانخفاضض في 

ووظظيیفة ووظظيیفة االتمثيیل االغذاائي وونقص ااألووكسجيین في ااألذذيین ااأليیسر لكن هھھھذاا االنقص لم يیكن نتيیجة  تغيیر في 

االشراايیيین االتاجيیة لالذذيین ااأليیسر ووإإنما كانن بسبب االزيیاددةة في معدلل حركة  ااألذذيین ااأليیسر خاللل االرجفانن ااألذذيیني. 
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OPPORTUNITIES FOR VALORIZATION

Relevance to healthcare
Atrial fibrillation (AF) is the most common sustained tachyarrhythmia in clinical 
practice1. The prevalence of AF in the developed countries ranges between 1 to 2% 
of the general population2. In the Netherlands, an estimated 300,000 people have 
AF. The risk of developing AF strongly increases with age. In the Rotterdam study, 
performed on a large population of Dutch people aged 55 years and above, the 
overall AF prevalence was 5.5%, with 0.7% prevalence in the 55-59 years to 17.8% in 
those aged 85 years and above3. With the ageing of the general population in the 
western world, AF prevalence and the associated health care costs are expected to 
rise substantially over the next 50 years4.
Because AF leads to the formation of emboli, particularly in the left atrium, AF 
increases the risk of stroke: in 1 out of every 5 strokes AF is the underlying cause5.  This 
is the most important reason that AF is also associated with increased mortality6,7. 
As a consequence, AF represents a large, and growing burden on our healthcare 
system8, 9. 
Current AF therapy is still unsatisfactory. In the patients in whom sinus rhythm can 
be restored by electrical of pharmacological cardioversion, AF very often recurs. 
The risk of stroke can be reduced by anti-coagulation therapy, but with potentially 
harmful side-effects such as uncontrolled bleeding, including cerebral hemorrhage. 
The efficacy of ablation therapy is limited in patients with (longstanding) persistent 
AF. 

In many patients, AF gradually becomes harder to treat as a result of a slow process 
of structural remodeling. This process includes i.e. fibrosis, cellular hypertrophy 
and fatty infiltration 10, 11 that increase the complexity of fibrillatory conduction 
and thereby the stability of AF. Despite extensive research, the exact mechanisms 
responsible for structural remodeling are still poorly understood. Treatment options 
that inhibit structural remodeling could halt AF progression in patients. 

Novelty of the concept
Because of their obvious relevance in diseases such as ischemic heart disease and 
heart failure, (left) ventricular metabolism and blood supply have been investigated 
in great detail for decades. By comparison, we know very little about atrial 
metabolism and tissue perfusion, how they are affected by risk factors for AF, and 
the way in which they contribute to the pathogenesis of AF.
In this thesis, we have characterized some aspects of atrial metabolic and vascular 
remodeling as a result of atrial fibrillation (AF) and congestive heart failure (CHF, a 
major risk factor for AF. Understanding the pathophysiological processes occurring 
in the atria would help in identifying new therapeutic targets/approaches that could 
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improve the treatment AF.
AF is characterized by fast and irregular atrial activation. The rapid rates of electrical 
activity and contraction during AF must present an enormous challenge to the 
energy balance of atrial myocytes. This challenge can be met by scaling back energy 
demand and by increasing energy supply, and there are several indications in the 
literature that both phenomena occur as a result of AF. Still, there is also ample 
evidence that these adaptations fall short of redressing this disbalance, that may 
represent a driving force for atrial electrical as well as structural remodeling.

Road to product
The data in this thesis strongly support the existence of metabolic and vascular 
remodeling. We have observed striking changes in vascular regulation and 
mitochondrial physiology after one week of AF. Despite the activation of angiogenic 
signalling, capillary rarefaction had occurred after 5 weeks of AF. In the model of 
CHF, vascular remodeling coincided with profound atrial contractile dysfunction 
that is likely to accelerate the development of heart failure.   
We show that AF and CHF have a substantial impact on the atrial metabolism and 
vasculature, but our knowledge on these effects is still quite limited. On the whole, 
our data are consistent with supply/ demand ischemia and consequent metabolic 
and vascular remodeling in the important early phase of AF progression. However, 
our present data represent only snapshots of the pathogenesis of AF, and other 
time-points, both earlier and later, will have to be studied in a similar way to fully 
characterize these processes. This should include characterization of metabolic 
and vascular remodeling in a model of paroxysmal AF, where each AF episode 
may represent a renewed ischemic insult to the atrial myocardium, leading to an 
accumulation of (structural) damage. 
At present, evidence that metabolic and vascular remodeling play a causative 
role in electrical and structural remodeling are largely circumstantial. Evidence 
for causation would be strengthened using large animal models of AF by testing 
intervention strategies that selectively target determinants of the atrial supply/
demand balance. A possible approach is stimulation of atrial angiogenesis and/ or 
stabilization of newly formed capillaries to increase atrial perfusion in fibrillating 
atria. Alternatively, a treatment strategy could be targetted at ‘improving’ atrial 
metabolism12 to enhance oxygen efficiency and preserve atrial function. If successful 
in large animal models, such interventions could lead to new treatment options in 
AF patients. This would eventually lead to highly desirable ‘upstream therapy’ to 
prevent the progression of AF in patients. 
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