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Abstract

Serotonin 5-HT, receptors are present in human atrial myocytes and have been proposed to contribute to the generation of atrial
fibrillation (AF). Here, we quantified 5-HT, receptors as well as other key genes involved in cardiac rhythm and contraction in right
atrial appendages of patients with chronic AF (CAF) and acute AF (AAF). Right atrial appendages were obtained from eleven patients
in sinus rhythm (SR), five with AAF and six with CAF (>12 months). TagMan real time quantitative RT-PCR was performed on total
RNA. Results were normalised to the average of three housekeeping genes, cyclophilin, GADPH and RL-19. The rank order of expres-
sion of h5-HT, receptors variants was (b) > (a) > (g) > (c) in the group of patients in SR. In AAF, we found a strong decrease in h5-
HT4w), h5-HTy4), and h5-HTy) transcripts. In CAF patients, the mRNA expression level of the h5-HTys, isoform significantly
increased two fold versus SR. A similar increase was reported for B;-adrenergic receptor, connexin 43 and the L-type Ca?" channel CaC-
NAIC subunit. Interestingly, CAF was associated with a strong increase in the expression of Nat/Ca?" exchanger and the voltage-
dependent Na™* channel SCN5A subunit. Our results indicate that h5-HTy,) is the dominant cardiac isoform of human 5-HT, receptors
and its expression is increased in CAF. These data support the involvement of 5-HT, receptors in atrial arrhythmia.
© 2007 Elsevier Inc. All rights reserved.
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Atrial fibrillation (AF) is the most common sustained
arrhythmia in the Western world and its prevalence is
increasing with age [1]. AF is frequently observed in
patients with hypertension and ischemic heart disease,
being more common in patients having congestive heart
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failure [2,3]. In addition, transient atrial fibrillation appears
postsurgically in approximately one third of patients
undergoing coronary artery bypass surgery [4]. Although
some progress has been made in the therapy and
prevention of atrial arrhythmia and particularly of atrial
fibrillation, the use of antiarrhythmic drugs that modulate
cardiac ion channels is associated with organ toxicity and
potential ventricular proarrhythmic effects [5,6]. Conse-
quently novel and safe therapeutic approaches need to be
developed.

Electrophysiological remodelling is a central event in
AF and is characterised by the shortening of the atrial
effective refractory period (AERP). It is associated with
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changes in gene expression and functional properties of key
proteins involved in ion transport [2,7]. Therefore, one pos-
sible approach for the treatment of AF is the development
of antiarrhythmic drugs which target membrane receptors
specifically involved in the regulation of cellular electro-
physiology of atrial cardiomyocytes. One such receptor
which has gained attention for its involvement in AF is
the serotonin 5-HT, receptor [8-10].

Several splice variants of the human 5-HT, receptor
(h5-HT4) have been described, particularly at the C-termi-
nus where alternative splicing results in divergent
sequences following Leu358 [10]. These h5-HT,4 receptor
isoforms belong to the family of seven transmembrane
domain G-protein coupled receptors (GPCRs) which acti-
vate adenylyl cyclase [10,11]. 5-HT,4 receptor activation
leads to strong positive chronotropic, inotropic and lusi-
tropic effects in human and pig atrium [8] through activa-
tion of the cAMP/PKA pathway and stimulation of
several key components of the excitation—contraction cou-
pling such as the L-type Ca’" channel current (Icap)
[12,13] and the hyperpolarization-activated pacemaker
current I; [14]. Although expressed at the mRNA Ievel
in human ventricle [15,16], 5-HT4 receptor activation does
not normally exert any effect on contractility [16,17] or
Ic,1 [12] in this tissue. However, expression level of the
5-HT,4 receptor in the ventricle was recently found to
increase in a rat model of heart failure [18] and this is
accompanied by the appearance of a positive inotropic
effect upon receptor activation [18,19]. This indicates that
the 5-HT, receptor may undergo changes in its expression
level and function depending on the pathophysiological
state of the cardiac tissue.

The preferential location of the 5-HT, receptor in the
atrium, together with its stimulatory effect on arrhythmo-
genic currents such as /¢, and Ir, makes it reasonable to
assume that the 5-HT, receptor participates in the control
of cardiac rhythmic and/or arrhythmic activity [8]. In sup-
port of this hypothesis, RS-100302, a 5-HT,4 receptor
antagonist, inhibited AF induced by rapid pacing in juve-
nile pigs [20]. Thus, 5-HT, receptors may represent a new
potential therapeutic target for the prevention or treatment
of AF.

To date, there is no detailed information on the expres-
sion levels of the different h5-HT,4 receptor isoforms in
human atrium, both in normal and pathological tissues.
One major drawback of the study of 5-HT,4 receptor
expression in human atrium is its very low density which
renders its detection rather difficult by classical biochemical
techniques [21]. In addition, specific antibodies against the
different 5-HT, splice variants are not yet available. But
most importantly, selective ligands for the different 5-HT},
receptor isoforms are still lacking and this excludes the fea-
sibility of any functional study which aims at elucidating
the role of the different 5-HT, splice variants in native tis-
sues [10]. In this study, we therefore performed the quanti-
fication of cardiac hS5-HT, receptors transcripts by
TaqMan reverse transcriptase-polymerase chain reaction

(RT-PCR). mRNA expression levels of the cardiac h5-
HT, receptor C-terminal splice variants h5-HT,g,, h5-
HT4p), h5-HTy), and h5-HTy,) were quantified in right
atrial appendages of patients with chronic AF (CAF) and
acute AF (AAF) following coronary artery bypass grafting
(CABG). Furthermore, the expression levels of a whole
panel of key genes involved in cardiac rhythm and contrac-
tion were investigated.

Methods

The investigation conforms with the principles outlined in the Decla-
ration Helsinki and was approved by the local ethical committee; informed
consent was obtained before cardiac surgery. Patients underwent coronary
artery bypass grafting (CABG, n = 19), CABG plus aortic valve replace-
ment (n=2) and mitral valve replacement (n =1). Specimens of right
atrial appendages were obtained as part of the routine atriotomy proce-
dure and were immediately frozen in liquid nitrogen. Methods used for
RNA preparation, real-time quantitative RT-PCR and statistical analysis
are detailed in the online Supplementary Data to this article.

Results and discussion
Patients

Twenty two patients undergoing cardiac surgery were
studied: all the patients were electrocardiographically mon-
itored all over the period of hospitalization. They were
divided in three different groups: sinus rhythm (SR),
patients in SR who did not develop atrial fibrillation after
cardiac surgery; acute atrial fibrillation (AAF), patients in
SR who developed atrial fibrillation after surgery; chronic
atrial fibrillation (CAF), patients with documented perma-
nent atrial fibrillation from at least one year before cardiac
surgery. Pre-surgical pharmacological therapy and the
main clinical and demographic characteristics of the
patients are given in Table 1.

mRNA expression analysis of 5-HT, receptor isoforms in
human atrial samples

We investigated the expression of h5-HT, receptor C-
terminal splice variants in the three groups of patients
either with sinus rhythm (SR, n=11), or developing
AAF (n=>75) or CAF (n = 6) (Fig. 1). The h5-HT 4, recep-
tor isoform was consistently 15- to 23-fold higher than h5-
HTy4) and h5-HTy) receptors in SR group, which were
quite similar to each other but a further 2- to 3-fold higher
than h5-HTy,) (Fig. 1). As previously shown by non-quan-
titative RT-PCR [11], we were unable to detect any messen-
ger encoding the h5-HTyy, receptor isoform in human
atrial samples (data not shown). These results indicate that,
like in the central nervous system and peripheral tissues
such as the small intestine [22], the h5-HTy, receptor iso-
form is the predominant splice variant expressed in human
atria. We then compared the expression profile of h5-HT4
receptor isoforms in the groups of AAF and CAF patients
to the group of controls in SR (Fig. 1). We found a drop in
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Table 1
Characteristics of the patients
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Sinus rhythm Acute Chronic Acute + chronic
Total number 11 5 6 11
Sex (M/F) 11/0 5/0 4/2 9/2
Age (years) 67+2 68 + 4 70 £3 69 +2
Atrial fibrillation Absent Post-CABG Permanent (>1 year)
Cardiac disease
Coronary artery disease 11 5 4
Aortic valve disease 0 2
Mitral valve disease 2% 1
Left ventricular function
Normal 2 2 1
Mild to moderate dysfunction 3 1 4
Severe dysfunction 1 0 0
Not available 5 2 0
LVEF (%) 45+5 55+10 42+£5 45+5
Hypertension (No. patients) 7 2 0 2
Medication (%)
Diuretics — 20 100 64
Digoxin — — 67 36
Antiarrhythmics 18 20 17 18
ACE-I/ARB 18 20 67 46
Nitro-vasodilators 82 100 33 64
Beta-blockers 27 60 17 36
Calcium antagonists 64 40 — 18
Anticoagulants 46 20 50 36
Aspirin 46 80 33 55

LVEEF, left ventricular ejection fraction; ACE-I, angiotensin converting enzyme-inhibitors; ARB, angiotensin II receptor blockers.

& Mitral insufficiency.

the expression levels of the h5-HT,,) splice variants in the
group of AAF patients (Fig. 1). In this group, the rank
order of expression of h5-HT, receptors variants was
(a) = (b) =(c) > (g) indicating that the predominance of
the (b) isoform in SR patients was completely lost in
AAF patients. Regarding the group of CAF patients, we
observed a significant increase in the expression level of
the h5-HT4,) receptor isoform which was twofold higher
than that observed in the SR group (Fig. 1). As observed
in the group of patients in SR, the h5-HT4, splice variant
remained the predominant 5-HT, receptor isoform
expressed in the CAF group, with a rank order of abun-
dance for the different isoforms b>a=c>g (Fig. 1).
The observed differences in 5-HT,4 receptor isoform levels
were not due to differences in primer/probe characteristics
since we have previously demonstrated that the primer/
probe set for h5-HTy, was slightly less efficient than the
primer/probe sets for the other variants [22]. The observed
up-regulation of the major 5-HT,, receptor isoform in
patients with CAF contrasts with work from Grammer
and colleagues [23] who found a slight decrease (36%) in
the amount of 5-HT, receptor in mRNA in atrial tissues
of patients with CAF. A reason for this discrepancy could
reside in the technique employed by the authors to quantify
5-HT, receptors. Indeed, they used semi-quantitative RT-
PCR which is a much less sensitive technique than TagMan
RT-PCR performed in our study. Alternatively, the dura-
tion of AF could also be a factor that might influence the
expression of 5-HT, receptors in the atrium. Indeed, Gram-

mer and colleagues [23] included patients who had CAF for
more than one month whereas we selected patients affected
by CAF for more than one year. In agreement with this
hypothesis, we found a significant decrease in the expres-
sion of the 5-HT 4, receptors in patients with AAF follow-
ing CABG.

mRNA expression of GPCRs and calcium handling proteins
in AF

5-HT}, receptors share some similarities with B-adrener-
gic receptors in their signalling cascade and their effects on
ion channels [10,24]. Therefore, we analysed mRNA
expression levels of B;-(f;-AR) and B,-(B,-AR) adrenergic
receptors in right atrial appendages of patients in sinus
rhythm, and with AAF or CAF (Fig. 2). In accordance
with a previous study [23], we observed a significant
increase in B1-AR expression in the group of CAF patients
as compared to SR and AAF groups whereas no significant
changes were detected for B,-AR transcripts between the
three groups of patients (Fig. 2). Other GPCRs such as
the MR and AT;-R and AT,-R receptors which have been
shown to be involved in the structural remodelling occur-
ring in AF [25], were also assayed by TagMan real time
RT-PCR (Fig. 2). Although we found a tendency for an
increase in the expression of theses genes in patients devel-
oping AAF vs. SR group, these changes did not reach sta-
tistical significance (Fig. 2). Furthermore, no changes in the
mRNA expression of AT{-R and AT,-R were observed in
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Fig. 1. 5-HT, receptor splice variant mRNA expression in right atrial appendages of patients with sinus rhythm, or developing acute or chronic atrial
fibrillation. mRNA expression profiles are shown for the 5-HTy), 5-HT4), 5-HT4(), and 5-HTy(,) receptor isoforms. TagMan RT-PCR analysis was
performed using total RNA extracted from each patient. Data are expressed as arbitrary fluorescent units normalized to cyclophilin, GAPDH, and RL-19
to correct for RNA quantity and integrity, and are mean values + SEM. SR, sinus rhythm (n = 11); AAF, acute AF (n =5); CAF, chronic AF (n = 6).
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Fig. 2. Comparison of the expression levels of G-protein coupled receptors and calcium handling proteins in patients with sinus rhythm versus patients
developing acute or chronic atrial fibrillation. mRNA expression of the different genes were determined by quantitative TagqMan RT-PCR using primer/
probe sets as described in Supplementary Data Supplementary Table 1. Data are expressed as fold over sinus rhythm (SR) normalised to cyclophilin,
GADPH and RL-19. Results are mean values == SEM. AAF, acute AF; CAF, chronic AF.

CAF. This is supported by another study which has shown Because cytosolic calcium abnormalities are important
that the expression of AT-R proteins is regulated at post-  mediators of AF [26], gene expression of proteins influ-
transcriptional levels in AF [25]. encing calcium handling was also investigated (Fig. 2).
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Although it has been reported that AF may down regu-
late the expression of SERCA2a and up regulate the
expression of 1,4,5-trisphosphate receptor (IP3R), respec-
tively [27-29], we did not find any significant changes in
mRNA expression of SERCA2a, IP;R or RYR2 between
the group of SR, AAF, and CAF patients (Fig. 2). Inter-
estingly, we detected a strong increase in the expression
level of NCX in patients with CAF (Fig. 2). Indeed,
expression level of NCX mRNA in the group of patients
with CAF was more than sevenfold higher than that in
SR (Fig. 2). The amount of NCX transcripts was also sig-
nificantly increased in the group of AAF patients, albeit
to a lower extent (Fig. 2). These results are in accordance
with a recent study [30]. Under physiologic conditions,
NCX extrudes intracellular Ca®>" during diastole [24]. In
contrast, NCX is over expressed in heart failure and has
been shown to contribute to both contractile dysfunction
and arrhythmogenesis [31]. Therefore, one could speculate
that the high increase in the expression of NCX observed
in CAF in the present study might contribute to the
induction and maintenance of atrial electrical remodelling
and contractile dysfunction.

Gene expression of ion channels
CAF is associated with a sustained shortening of the

atrial action potential duration and AERP [7,26]. AERP
involves functional changes in ion channels, particularly

in repolarizing K" channel activity [32,33]. We therefore
investigated whether AAF and CAF are associated with
any change in the expression levels of repolarizing outward
K™ channel subunits such as KCN5 (Kvl1.5), Kv4.3, and
HERG. No significant changes were found for Kvl.5,
Kv4.3, and HERG mRNA levels in either group
(Fig. 3A). Interestingly, a significant reduction in a cardiac
pacemaker channel, HCN4 was observed in the group of
patients with CAF (Fig. 3A). Transcripts of two other
members of this family, HCN1 and HCN2 were not signif-
icantly altered (Fig. 3A).

Besides repolarizing outward K* channels, L-type
Ca®* channel reduction also contributes to shortening
the AERP and action potential duration [32,34]. Unex-
pectedly, we found that CAF was associated with a signif-
icant increase in the mRNA amount of L-type Ca®"
channel o;c subunit (CaCNAI1C) as compared to the
group in SR and AAF, whereas no changes were observed
in the expression of T-type Ca®" channel o (CaCNA1H)
and o;g (CaCNAI1G) subunits between the three groups
of patients (Fig. 3B). The fact that we observed a simul-
taneous up-regulation of the major 5-HT4y, receptor iso-
form and the L-type Ca®* channel o, ¢ subunit in patients
with CAF might lead to excessive activation of Ic, 1 by 5-
HT,4 receptors, causing intracellular calcium overload
resulting in delayed after-depolarizations and triggered
activity [8]. While our results contrast with previous find-
ings showing that Ic,; amplitude as well as the gene
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Fig. 3. mRNA expression analysis of ion channels in atrial fibrillation. Change in gene expression was analyzed by quantitative TagMan RT-PCR.
Histograms show the relative mRNA abundance of hyperpolarization-activated inward channels and outward K™ channels (A), and Ca®* and Na™
inward and gap junction channels (B). Data are expressed as fold over sinus rhythm (SR) normalised to housekeeping genes. Results are mean

values &= SEM. AAF, acute AF; CAF, chronic AF.
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expression of L-type Ca®" channel o;c subunit and
HERG, and Kv4.3 are significantly reduced in CAF
[27,28,35,36], Schotten and colleagues [37] recently found
no change in the protein expression of the L-type Ca*"
channel o; and B, subunits in CAF. Altogether, these
observations suggest that the regulation of the L-type
Ca®* channel is particularly complex in AF.

Expression of the voltage-dependent Na™ channel (Ix,)
SCNSA subunit paralleled the observed increase in L-type
Ca®" channel (Fig. 3B), whereas it was found to be unal-
tered in another study on human AF [27]. Moreover, both
the mRNA [34] and the density of Iy, [38,39] were found to
decrease in a dog model of atrial fibrillation. Although the
exact reasons for the discrepancies between the expression
level of different ion channel genes in our study and those
mentioned above are unknown, one could argue that these
discrepancies may be due to methodological differences
(TagMan real time quantitative RT-PCR in our study wvs.
semi-quantitative RT-PCR in the other ones), differences
in patients’ medication and clinical parameters, in particu-
lar the duration of persistent AF (>1 year in this study vs.
>1-3 months in others), and differences in AF models
(human AF vs. dog model of AF induced by rapid-pacing).

Since altered expression of gap junction proteins (con-
nexins) in diseased myocardial tissue may lead to abnormal
electrical coupling between cardiomyocytes and hence con-
tribute to arrhythmogenesis [40], we examined the expres-
sion of Cx40 and Cx43. Previous studies performed in
animal models of AF reported contradictory results [40].
Although, Cx43 expression is increased in canine model
of AF [41] it is unaltered in the goat [42]. Another study
in human showed that Cx40 mRNA was expressed at sig-
nificantly higher levels in patients who developed postoper-
ative AF than those who did not [43]. In the same study,
the amounts of Cx43 were not significantly different
between the groups. Here, we found that Cx43 was signif-
icantly increased in the group of CAF as compared to SR
patients (Fig. 3B) but no significant change in Cx43 expres-
sion level was observed in AAF patients.

In conclusion, we have shown that the 5-HT,, receptor
isoform is the most preponderant 5-HT, receptor splice
variant expressed in human atrium. Furthermore, we
found that serotonin 5-HT4 receptor transcripts are differ-
entially regulated in AAF and CAF. The upregulation of 5-
HT4, receptor isoform in CAF supports the involvement
of 5-HT, receptors in atrial arrhythmia and the potential
therapeutic utility of 5-HT, receptor antagonists in this
cardiac disorder. The increase in Iy, channel expression
together with an increased expression of NCX may rein-
force the hypothesis that arrhythmogenesis in CAF is
enhanced and could provide a molecular basis for the
“AF begets AF” theory [2]. Further experiments are
required to determine whether these proteins are modu-
lated in a similar manner at the protein or functional level
in AF. These await the production of specific antibodies
against the different 5-HT, splice variants and selective
ligands for the different 5-HT, receptor isoforms.
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