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Electrophysiology and pathology of atriain a canine heart failure model:

implications for mechanisms of atrial fibrillation. (First year)
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Background: Atrial fibrillation and heart failure are two very common cardiovascular disorders.
Clinical and experimental studies have demonstrated that atrial dilatation with atrial fibrosis or
apoptosisis considered as the structural changes of heart failure to develop atria fibrillation. In
addition, previous studies have demonstrated that atrial remodeling, including cellular, structural
and electrical remodeling, may be responsible for the initiation and maintenance of atrial
fibrillation. However, the voltage changes of atrial substrate in heart failure have not been
defined. On the other hand, the distribution, size and amount of gas junctions (consist of
connexin 40 and 43) in the cardiomyocytes may influence the electrical conduction properties of
atria. Previous studies also demonstrated that gap junctional remodeling may play an important
role of atrial remodeling and the maintenance of atrial fibrillation. However, the atrial gap
junctional remodeling in heart failure remains unclear. Therefore, the first step of our study was
to investigate the immunohistopathol ogical characteristics of different conduting substrates.

Methods : Under the guidance of noncontact mapping system, 10 adult normal dogs received
electric stimulation from different sitesin different coupling intervals. The activation sequences
were recorded for voltage anal yses. With the navigation function of the noncontact mapping
system, we marked the atrial tissues with constant high and low voltages, and sampled those
marked atrial tissues after electrophysiological study. Light microscopic studies with different
stains techniques, confocal laser scanning microscopy using quantitative immunolabeling, and
Western blotting analyses were performed for the sampled tissues to analyze the tissue
characteristics and the distribution and presentation of different cell markers.

Results : The histopathologica analyses of Trichrome stain showed that tissues with high
voltages were thicker than tissues with low voltages. In PAS study, no significant differencesin
glycogen stores were found within tissues of different voltages. In RS red stain study, no
significant differences in amounts of collagen fiber existed in different tissues. The
immunolabeling and confocal laser scanning microscopy showed that in 10 effective sets of
frozen section specimens (high voltage vs. low voltage), 7 sets (70%) showed higher Annexin-6
levelsin high voltage tissues, 5 sets (50%) showed higher Connexin-43 levelsin high voltage

tissues, and 3 sets (30%) showed higher Connexin-40 levelsin high voltage tissues. The Western



blotting anal yses using markers labeling Annexin-6, Connexin-43 & 40, Na/Ca channel, and Na
channel for analyses revealed no significant differences between different specimens.
Conclusions: There were different tissues within the right atria of adult dogs, which
demonstrated different depolarizing potentials during el ectric activation and formed
heterogenous substrates for atrial conduction. The heterogeneity in atrial thickness could be

important factor that determines the conducting properties of the atrial tissues.
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Introduction:

Atrial fibrillation (AF) and heart failure (HF) are two very common cardiovascular disorders,
and both are associated with significant morbidity and mortality (1-2). AF may worsen the
morbidity and mortality of HF and HF may predispose the development of AF. Clinical and
experimental studies have demonstrated atrial dilatation in HF, and atrial dilatation may result in
atrial fibrosis or apoptosis, which is considered as the structural changes of HF to develop AF
(3-6) In addition, previous studies have demonstrated that atrial remodeling, including cellular,
structural and electrical remodeling, may be responsible for the initiation and maintenance of AF
(3-7). However, the voltage changes of atrial substrate in HF that predispose to AF have not been
determined.

Non-contact three-dimensional mapping system (EnSite) has been used to improve the
mapping and ablation of tachyarrhythmias, especially in complex atrial tachyarrhythmias
after surgically corrected congenital heart diseases (8-10). Identification of target sites for
ablation is challenging, because reentrant circuits of atrial tachyarrhythmias are complex. The
critical sitesin these patients are often slow conduction zone (protected isthmus) bordered by
scar tissue. EnSite can provide isopotential map with color settings to display the detailed
three-dimensional activation mapping for investigating the arrhythmogenic foci or reentrant
circuits. In addition, it can also provide global voltage map to define the low voltage zone.
Voltage mapping has been developed to allow discrimination of theseslow conduction zones
from surrounding scar tissues (11). The introduction of three-dimensional mapping systems
facilitated the voltage mapping and reconstruction of complex reentrant circuits.

On the other hand, in mammalian heart, there exist gap junctions in specialized plasma
membrane regions of atrial cardiomyocytes, and gap junctions in the cardiomyocytes seem to
play an important role by forming a direct communicating channel between adjacent cells.
Distribution, size, and amount of gap junctions may influence the electrical conduction properties
(12-13). Gap junctions in mammalian atrial cardiomyocytes mainly composed of 2 types of
connexin (Cx) proteins, Cx 40 and Cx43. In 1994, Saffitz et al showed that the different
distribution and characteristics of gap junction Cx protein may determine the different conduction
properties presented in atria and ventricles (14). In 2000, van der Velden et al showed that in
rapid pacing model, the distribution patterns and the amounts of Cx 40 changed progressively,
and the increased Cx 40 distribution heterogeneity correlated with the increased AF stability and
structural atrial remodeling (15). Therefore, gap junctional remodeling may play an important
rolein atrial remodeling and the maintenance of AF. However, the atrial gap junctional
remodeling in heart failure remains unclear.

In the first step of our study, we tried to correlate the conduction properties of the atrial
substrates with their immunohistopathological characteristics. Then we planned to define the
electrical and pathological changes occurring during the remodeling process in the heart failure
models of atrial fibrillation.

Methods
Electrophysiological study and noncontact mapping:

Ten mongrel dogs weighing 20 to 25 kg were premedicated with intravenous ketamine (10-20
mg/kg) and anesthetized by intravenous sodium pentobarbital (30 mg/kg). Then they received
intubation and mechanical ventilation. Using a midline sternal incision, the chest was opened, and



the heart wass exposed for introduction of nhoncontact mapping and navigating catheters, suture of
electric pacing wire, and marking areas of interest.
Noncontact catheter systems:

The noncontact mapping system (EnSite 3000, Endocardial Solutions, Inc., St. Paul, MN,
USA) consists of an inflatable multielectrode array (MEA) catheter, areference electrode,
amplifiers, and a Silicon Graphics workstation. The MEA is positioned in theright atrial (RA)
chamber and inflated for mapping. Using mathematical techniques to process the potentials
detected by MEA, the system was abl e to reconstruct more than 3000 unipolar electrograms
simultaneously and superimpose them onto the virtual endocardium, producing isopotential maps
with a color range representing voltage amplitude. On the isopotential maps, a wave front was
defined as a discrete front of endocardia depolarization presenting as aregion of negative
polarity.

\oltage mapping

Complete RA voltage maps are obtained during SR, atrial pacing, and AF to ensure detailed
voltage description of substrate. The areas of LV Z were defined as areas of abnormal voltage with
aunipolar negative voltage lower than 30% of the maximal peak negative voltage (PNV). The
border of the low voltage zone (LV Z) was determined along the path where activation
preferentially diverted around an apparent obstacle containing voltage lower than 30% of PNV.
Electrophysiologic study:

Five bipolar hook el ectrodes were attached to the upper, middle, and lower parts of RA
anterior wall, RA appendage (RAA), left atrial appendage (LAA) to stimulate atrial tissue.
Programmed electrical stimulation was performed by a custom-made stimulator (Model 5325,
Metronic, Ltd., Minneapolis, USA) that delivered constant-current pulses of 1-ms duration. Atrial
pacing (stimulus strength, 2 X threshold) at cycle lengths of 350, 250, and 200 ms from five
pacing sites was performed for voltage mapping. Burst pacing and/or high current pacing were
also used to induce atrial fibrillation. Total episodes and duration of atria fibrillation were
recorded.

Tissue sampling and processing:

On-line analyses of noncontact voltage mapping for each activation sequence during sinus
rhythm and atrial pacing from different pacing sites, atrial tissues were marked as areas with
fixed low voltage zones and fixed high voltage zones. After electrophysiological study, the heart
was removed and washed with heparin containing cold saline. Tissue sampling was performed in
each marked zone. Tissues were divided into three parts, one part was fixed in 10% formalin for
light microscopy, the second and third parts were embedded and stored in liquid nitrogen before
cryosectioning.

I mmunohistochemistry:
Anti-connexin antibodies and other cell markers

Affinity-purified rabbit polyclona antisera against Cx40 [designated S15C(R83)] and Cx43
(C16), were used for the immunofluorescence detection of the gap-junctional proteins.
Cardiomyocytes were identified with mouse monoclonal antiserum against a-actinin and vinculin
(Sigma). Affinity-purified mouse monoclonal antisera against Na/Ca channel and rabbit
polyclonal antisera against annexin-6 were used as other cell markers for different specimens.



Secondary antibody/detection systems

Donkey anti-rabbit and anti-mouse immunoglobulins conjugated to either CY 3, CY5 were
used. CY 3-conjugated antibodies were used for single labeling and 1 CY 3-conjugated plus 1
CY5-conjugated for double labeling. In experiments in which 1 connexin was visualized with the
anti-rabit CY 3, simultaneous cardiomyocyte marking was detected with the anti-rabit CY5.
I mmunolabeling of connexins

For single labeling of one cell marker, cryosections of the samples were blocked in 0.5% BSA
(15 minutes) and incubated with rabbit anti-Cx40, anti-Cx43, anti-annexin6, and mouse
anti-Na/Ca channel antibody at 37°C for 2 hours. The samples were then treated with
CY 3-conjugated secondary antibody (1:500, room temperature, 1 hour). When simultaneous
marking of cardiomyocytes was carried out, single connexin-labeled samples were incubated with
anti-a-actinin followed by treatment with the 2 secondary antibodies. Finally, the sections were
mounted.
Confocal laser scanning microscopy

Immunostained samples were examined by confocal laser scanning microscopy with aLeica
TCS SP. The images from sections of multiple labeling were taken with either simultaneous or
sequential multiple channel scanning. For determination of the size of and the special relationship
between individual cardiomyocytes, in samples labeled with anti-vinculin, consecutive optical
sections taken at 0.5-um intervals through the full thickness of cardiac muscle, in which the long
axis of the cellslies horizontal to the sections, were used. Quantification of gap junction
aggregations, defined as the number of aggregations of Cx43-1abeled spotsin linear or disk shape
between the cells, was conducted in samples double-labeled for Cx43 and vinculin by use of
similar principles. Quantification was performed with QWIN image analysis software (Leica).
Results

Total 10 dogs were collected tissues fixed in formalin. In Trichrome stain analyses, the
thickness of sampled atrial issues was around 0.56 to 3.00 mm. The thickness ratios of low
voltage vs. high voltage areas were 0.36 to 0.88 (0.62+0.20). In PAS study, dark stained
glycogen-rich tissues were randomly embedded in the cardiomyocytes of atrial walls and showed
no significant differences between low and high voltage tissues. In RS red stain study, no
significant differences in amounts of collagen fiber existed in different tissues. Toal 10 frozen
section specimens (high voltage vs. low voltage) were collected for immunolabelling and
semiquantitative confocal laser scanning microscopy. There were 7 sets of atrial tissues showing
higher annexin-6 staining signalsin high voltage tissues than in low voltage tissues.
Semi-quantitative measurement of the densities of the connexin 43 and 40 were performed and
revealed only 5 of 10 sets of tissues showing more connexin-43 signals and 3 of 10 sets of tissues
showing more connexin-40 signals in high voltage tissues than in low voltage tissues. Finaly, the
anti-Na/Ca channel antibody stained over the whole surface of cardiomyocytesin atrial tissues, as
the anti-annexin-6 did. No significant differences were found between high and low voltage
tissues. The Western blotting analyses were also performed. However, the preliminary data
revealed no significant differences between different specimens.



Conclusions:

There were different tissues within the right atria of adult dogs, which demonstrated different
depolarizing potentials during el ectric activation and formed heterogenous substrates for atrial
conduction. The heterogeneity in atrial thickness could be important factor that determines the
conducting properties of the atrial tissues.

References:

1. Wang TJ, Larson MG, Levy D, Vasan RS, Leip EP, Wolf PA, D'Agostino RB, Murabito
JM, Kannel WB, Benjamin EJ. Temporal relations of atrial fibrillation and congestive
heart failure and their joint influence on mortality: the Framingham Heart Study.
Circulation. 2003; 107:2920-5.

2. Gronefeld GC, Hohnloser SH. Heart failure complicated by atria fibrillation:
mechanistic, prognostic, and therapeutic implications. J Cardiovasc Pharmacol Ther.
2003; 8: 107-13.

3. Aime-Sempe C, Folliguet T, Rucker-Martin C, Krajewska M, Krajewska S, Heimburger
M, Aubier M, Mercadier JJ, Reed JC, Hatem SN. Myocardia cell death in fibrillating
and dilated human right atria. JAm Coll Cardiol. 1999; 34:1577-86.

4. Sanders P, Morton JB, Davidson NC, Spence SJ, Vohra JK, Sparks PB, Kalman JM.
Electrical remodeling of the atria in congestive heart failure: electrophysiological and
el ectroanatomic mapping in humans. Circulation. 2003; 108:1461-8.

5. Okuyama Y, Miyauchi Y, Park AM, Hamabe A, Zhou S, Hayashi H, Miyauchi M,
Omichi C, Pak HN, Brodsky LA, Mandd WJ, Fishbein MC, Karagueuzian HS, Chen
PS. High resolution mapping of the pulmonary vein and the vein of Marshall during
induced atria fibrillation and atrial tachycardia in a canine model of pacing-induced
congestive heart failure. JAm Coll Cardiol. 2003; 42: 348-60.

6. Boixel C, Fontaine V, Rucker-Martin C, Milliez P, Louedec L, Michel JB, Jacob MP,
Hatem SN. Fibrosis of the left atria during progression of heart failure is associated
with increased matrix metalloproteinases in the rat. J Am Coll Cardiol. 2003; 42:
336-44.

7. Li D, Melnyk P, Feng J, Wang Z, PetreccaK, Shrier A, Nattel S. Effects of experimental
heart failure on atrial cellular and ionic eectrophysiology. Circulation. 2000; 101:
2631-8.

8. Ta CT, Huang JL, Lin YK, Hseh MH, Lee PC, Ding YA, Chang MS, Chen SA.
Noncontact three-dimensional mapping and ablation of upper loop re-entry originating
in the right atrium. JAm Coll Cardiol 2002; 40: 746-753.

9. LiuTY,Ta CT, Lee PC, Hsieh MH, Higa S, Ding YA, Chen SA. Novel concept of atrial
tachyarrhythmias originating from the superior vena cava: insight from noncontact
mapping. J Cardiovasc Electrophysiol. 2003; 14:533-9.

10. Paul T, Windhagen-Mahnert B, Kriebel T, Bertram H, Kaulitz R, Korte T, Niehaus M,
Tebbenjohanns J. Atrial reentrant tachycardia after surgery for congenital heart disease:
endocardial mapping and radiofrequency catheter ablation using a novel, noncontact
mapping system. Circulation. 2001; 103: 2266-71.

11. de Groot NM, Schalij MJ, Zeppenfeld K, Blom NA, Van der Velde ET, Van der Wall EE.



Voltage and activation mapping: how the recording technique affects the outcome of
catheter ablation procedures in patients with congenital heart disease. Circulation. 2003;
108: 2099-106.

12. Davis LM, Kanter HL, Beyer EC, Saffitz JE: Distinct gap junction protein phenotypesin
cardiac tissues with disparate conduction properties. JAm Coll Cardiol 1994;24:1124-1132.

13. Davis LM, Rodefeld ME, Green K, Beyer EC, Saffitz JE: Gap junction protein phenotypes
of the human heart and conduction system. J Cardiovasc Electrophysiol 1995;6:813-822.

14. Saffitz JE, Kanter HL, Green KG, Tolley TK, Beyer EC: Tissue-specific determinants of
anisotropic conduction velocity in canine atrial and ventricular myocardium. Circ Res
1994;74:1065-1070.

15. van der Velden HM, Ausma J, Rook MB, HellemonsAJ, van Veen TA, Allessie MA,
JongsmaHJ: Gap junctiona remodeling in relation to stabilization of atrial fibrillation in
the goat. Cardiovasc Res 2000;46:476-486.

FE AR

1 23 F22FF NS 2 ERA ™D, EREBFFAHDORH T F = fhR
% o

2.ﬁ%%itﬁw{ﬁgd3&1@;@%@&&}&%&&&1%&%&@@&am
FRFEZFS PRSP 53

SERREBENZ P F A RLEFRLE o



