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Chapter 7

The expression of all inositol 1,4,5-trisphosphate receptor isoforms is

decreased in patients with chronic atrium fibrillation compared to
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L.E. Deelman, H. De Smedt, B.J.J.M. Brundel, A.H. Epema, I.C. van Gelder,
M. Duin, W.H. Van Gilst and R.H. Henning
Submitted



Chapter 7

126

Abstract

To study the transcriptional regulation of inositol 1,4,5-trisphophate receptors
(InsP3Rs) in human cardiac disease, we determined the expression of the three
known InsP3R isoforms in atrial tissue from patients with chronic atrial
fibrillation (CAF). Using semi-quantitative PCR and competitive PCR we
found that absolute InsP3R-1 mRNA levels were decreased by about 60% in
CAF patients compared to controls. InsP3R-2 and InsP3R-3 mRNA levels were
down-regulated similarly in CAF.
We also investigated the expression of the cardiac sarcoplasmic-endoplasmic
reticulum Ca2+-ATPase (SERCA2) gene. The expression of the SERCA2 gene
was decreased by 50% in CAF patients compared to controls. GAPDH
expression was identical for CAF and SR patients. No significant correlation
was present for InsP3R-1 and SERCA2 expression within the SR and CAF
group. Therefore, the expression of the InsP3R-1 and SERCA2 genes do not
appear to be tightly coupled.
Up-regulation of InsP3R-1 was reported in ventricular tissue obtained from
patients with heart failure. The opposite regulation of InsP3R in CAF and heart
failure patients may reflect specific regulatory mechanisms of the respective
myocytes. InsP3Rs might regulate Ca2+-induced Ca2+ release by modulating
Ca2+ release from internal Ca2+ stores and by modulating Ca2+ entry through the
intercalating discs. Down-regulation of InsP3Rs may be a compensatory
mechanism to prevent rate-induced Ca2+ overload in CAF.
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Introduction
Two types of structurally related intracellular calcium release channels are
expressed in the heart: the ryanodine receptor (RyR) and the inositol 1,4,5-
trisphosphate receptor (InsP3R). The RyR is activated by the entry of calcium
via voltage gated Ca2+ channels and serves as the primary Ca2+ release channel
(Gyorke and Fill, 1993; Smith et al., 1988). The InsP3R is activated by inositol
(1,4,5)-trisphosphate (InsP3), a second messenger formed in response to
stimulation of a wide variety of G-protein coupled receptors.
The function of the InsP3R in cardiac tissue is still unclear. In general, InsP3

signaling has been recognized in regulating Ca2+-induced Ca2+ release by
increasing the concentration of cytoplasmic Ca2+ (Berridge, 1997) and may
thus contribute to Ca2+ cycling in the myocyte. Indeed, stimulation of alpha-
adrenoceptors has been shown to increase InsP3 production and resulted in
increased contraction of the rat heart (Scholz et al., 1988). InsP3Rs may also
play a role in propagation of intercellular Ca2+ signals, as InsP3Rs were found
to be localized on intercalated discs in rat cardiomyocytes (Kijima et al., 1993).
Therefore, InsP3Rs may regulate Ca2+-induced Ca2+ release by modulating Ca2+

release from internal Ca2+ stores and by modulating Ca2+ entry through the
intercalating discs. Thus, the InsP3R may be involved in the induction and
maintenance of atrial fibrillation (AF).
Cloning studies demonstrated that several types of InsP3R exist. Three types
(InsP3R-1, -2 and -3) were reported in human tissue (Maeda et al., 1989;
Miyawaki et al., 1990; Yamamoto et al., 1994) and several studies showed that
the ratios at which isoform I, 2 and 3 InsP3Rs are expressed differ considerably
between cell types (Sugiyama et al., 1994; De Smedt et al., 1994;
Wojcikiewicz, 1995). The predominant InsP3R isoform expressed in rat whole
heart is InsP3R-1 (Perez et al., 1997) and is highly concentrated in the majority
of Purkinje myocytes of the conduction system (Gorza et al., 1993). However,
InsP3R-2 may be the predominate isoform in ‘working’ ventricular myocytes
(Perez et al., 1997).
The involvement of the InsP3R and its transcriptional control mechanisms has
been studied in human heart failure. In end-stage heart failure patients,
ventricular InsP3R-1 mRNA levels were up-regulated by 123% (Go et al.,
1995), whereas the ryanodine receptor was down-regulated by 31%. This up-
regulation of InsP3R-1 mRNA in the failing human ventricle is proposed to be a
compensatory response of the myocyte, providing an alternative pathway for
mobilizing intracellular Ca2+. The involvement of InsP3R isoform 2 and 3 in
these or other diseases have not been studied yet.
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Chronic atrium fibrillation shares a number of characteristics with heart failure,
i.e. increased cytosolic Ca2+ levels (Ca2+ overload) (Goette et al., 1996; Lee and
Clusin, 1987; Schouten and Morad, 1989), reduction of contractile elements
(Ausma et al., 1997) and loss of contractility (Sun et al., 1998). The observed
upregulation of InsP3R-1 mRNA in the failing ventricle may reflect a response
of the cardiac myocyte to pathological conditions. Therefore similar changes in
InsP3R expression might be anticipated in atrial tissue from patients with
chronic atrium fibrillation.
To investigate the involvement of the InsP3R in CAF, we studied the
expression of all known InsP3R isoforms in human atrial tissue. To extend the
comparison between heart failure and CAF, we investigated whether the
cardiac sarcoplasmic-endoplasmic reticulum Ca2+-ATPase (SERCA2) is down-
regulated in CAF patients as in patients suffering from heart failure (Mercadier
et al., 1990; Arai et al., 1993).

Materials and Methods
Patients

The study was approved by the Institutional Review Board, and written
informed consent was obtained from all patients. Prior to surgery, presence,
type and duration of AF were assessed by patient’s complaints and previous
electrocardiograms. In addition, medication use and exercise tolerance
according to the New York Heart Association classification were determined.
Right atrial appendages were obtained from 7 patients with CAF and 8 control
patients. For inclusion into the study, patients needed to be scheduled for open
cardiac surgery with cardio-pulmonary bypass. Exclusion criteria were duration
of AF, stability of AF, paroxysmal atrium fibrillation, renal, liver or cerebral
disease.

Harvesting of tissue, RNA isolation and cDNA synthesis.

Open cardiac surgery with cardio-pulmonary bypass was performed using
standardized surgical and anesthesiological procedures. Just before insertion of
the right atrial canula, right atrial appendages were excised and immediately
frozen in liquid nitrogen and stored at -85°C. Total RNA was isolated using an
adaptation to the standard guanidinium thiocyanate lysis method (Chomczynski
and Sacchi, 1987). Frozen appendages were crushed into smaller fragments and
were homogenized on ice in 2 ml GIT buffer (4 M guanidium thiocyanate, 25
mM sodium citrate, 0.5 % N-lauroylsarcosine and 1% β-mercaptho-ethanol)
using a rotor stator homogenization device. 200 µl of 2 M sodium acetate (pH
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4.0) was added and mixed. 200 µl of water saturated phenol was added and the
suspension was allowed to incubate on ice for 20 min. The suspension was then
centrifuged at 10.000*g for 10 min. The supernatant was transferred to a new
tube and 1 volume of 100% ethanol was added. The solution was passed
through a RNeasy spin column (RNeasy miniprep kit, Qiagen, Germany) by
centrifugation. The column was washed twice with 0.5 ml buffer RPE (Qiagen,
Germany) and RNA was eluted in 50 µl DEPC treated water. Gel analysis
confirmed RNA sample integrity by the presence of 18S and 28S ribosomal
bands . First strand cDNA was synthesized from 1 µg total RNA, using the RT-
PCR CORE kit (Perkin Elmer, USA).

Table 1.
PCR primers

Target

 template:

Primer name: Primer sequence (5’→3’): product

size (bp):

Genbank

Ac. number:

Primer

Position:

InsP3R-1 IP3for CAACACAGATAACAGAAGAGGTCCGG692 L38019 5844-5869

IP3rev TTCCACTTCACCTTGCATGTAGGC 6512-6535

GAPDH GAPDHfor CCCATCACCATCTTCCAGGAGCG 411 J02642 218-240

GAPDHrev GGCAGGGATGATGTTCTGGAGAGCC 604-628

InsP3R-1/

InsP3R-2

HIP3(1,2)for CTTCAT(A/C)GTCCTGGTGAAAGT 256 L38019/ 1: 8065-8085

2: 8200-8220

HIP3(1,2)rev CTTCCTTTGTTCTGTCATCTG D26350 1: 8300-8320

2: 8435-8455

InsP3R-1/

InsP3R-3

HIP3(1,3)for AGTGAGAAGCAGAAGAAGG 243 L38019/ 1: 7928-7946

3: 7808-7826

HIP3(1,3)rev CATCC(T/G)GGGGAACCAGTC D26351 1: 8153-8170

3: 8033-8050

SERCA2 Serca for TGTTCATTCTGGACAGAGTGGAAGG 657 M23115 1100-1124

Serca rev TTAATAAAGTTGGCAGAGTCCTCAAGG 1731-1757

Primers pairs used for the amplification of InsP3R-1, InsP3R-2, InsP3R-3, GAPDH and
SERCA2. The slashes in primers HIP3(1,2)for and HIP3(1,3)rev indicate the use of a mixture
of two primers (wobble) in order to obtain a complete match for each target template. The
coordinates for localization refer to the sequences indicated by genbank accession numbers.

Semi-quantitative PCR.

A semi-quantitative PCR analysis was performed to determine whether
SERCA2 and InsP3R-1 expression in patients with CAF differed from controls.
During a semi quantitative polymerase chain reaction the mRNA of the gene of
interest and the mRNA of the housekeeping gene glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) were coamplified in a single PCR reaction. A 50 µl



Chapter 7

130

PCR reaction mixture contained 0.5 units Taq polymerase (Eurogentec,
Belgium), 5 µl of the supplied buffer, 17.5 nmol dNTP, 2 mM MgCl2, 1 µl of
cDNA mixture and 40 pmol of each SERCA2 primer (Table 1) or of each
InsP3R-1 primers (IP3for and IP3rev, Table 1) and 40 pmol of each GAPDH
PCR primer (Table 1). Temperature cycling was performed in 0.5 ml thin-
walled tubes in a thermal cycler (DNA thermal cycler, Perkin Elmer, USA)
using a protocol of 30 cycles of 1 min. denaturation at 94 °C , 1 min. annealing
at 56 °C and 1 min. extension at 72 °C. PCR products were separated on a
1.5% agarose gel by electrophoresis and stained with ethidium bromide. The
gels were quantified by densitometry. The relative expression level of SERCA2
and InsP3R-1 mRNA in human atrial tissue cells was expressed as the ratio of
SERCA2 or InsP3R-1 and GAPDH PCR products.

Competitive PCR.

Competitive PCR was used to validate the results obtained from the semi-
quantitative PCR analysis. A competitive template was constructed by inserting
the InsP3R-1 PCR product obtained with primers IP3for and IP3rev (Table 1),
into the cloning vector pGEM(t) (Promega, USA). This construct was
transformed into E.coli strain JM109 (Promega). After propagation in JM109,
the vector containing the InsP3R-1 insert was isolated (Plasmid miniprep kit,
Qiagen, Germany). The vector was linearized by cutting in the InsP3R-1 insert
with restriction enzyme EcoO109 (Life technologies, USA). The sticky ends
generated by EcoO109, were converted to blunt ends using Mung Bean
nuclease (Promega, USA), resulting in the loss of the EcoO109 site. The vector
was subsequently recircularized and transformed into JM109 (Promega, USA).
10 PCR reactions were performed on a colony containing the vector with the
mutated InsP3R-1 insert, using primers IP3for and IP3rev (Table 1).
Temperature cycling was performed in 0.5 ml thin-walled tubes in a thermal
cycler (DNA thermal cycler, Perkin Elmer, USA) using a protocol of 20 cycles
of 1 min. denaturation at 94 °C , 1 min. annealing at 52 °C and 1 min.
extension at 72 °C. After pooling of the PCR reactions, the mutated
competitive InsP3R-1 template was isolated from the reaction mixture (PCR
clean up kit, Qiagen, Germany) and its concentration was determined by optical
densitometry.
For each patient, 12 PCR reactions were performed. Each 50 µl PCR reaction
mixture contained 0.5 units Taq polymerase (Eurogentec, Belgium), 5 µl of the
supplied buffer, 17.5 nmol dNTP, 2 mM MgCl2, 1 µl of cDNA mixture and 40
pmol of each InsP3R-1 PCR primer (IP3for and IP3rev, see table 1). The amount
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of competitive template ranged from 5*10-12 g to 5*10-18 g per reaction.
Temperature cycling was performed using a protocol of 32 cycles of 1 min.
denaturation at 94 °C, 1 min. annealing at 52 °C and 1 min. extension at 72 °C.
PCR products were cut overnight at 37°C in a 25 µl reaction volume containing
2 units EcoO109, 2.5 µl of the supplied React buffer 2 and 15 µl PCR reaction
mixture. PCR products were separated on a 1.5% agarose gel and stained with
ethidium bromide. The PCR products were quantified by densitometry.

Ratio reverse transcriptase PCR.

Ratio reverse transcriptase PCR (De Smedt et al., 1994) was used to determine
the relative expression of InsP3R-1, InsP3R-2 and InsP3R-3. Using two different
primer sets (Table 1), we were able to co-amplify either InsP3R-1 and InsP3R-2
or InsP3R-1 and InsP3R-3, taking advantage of the similarity of the primer-
template sequences. A 50 µl PCR reaction mixture contained 0.5 units Taq
polymerase (Eurogentec, Belgium), 5 µl of the supplied buffer, 17.5 nmol
dNTP, 2 mM MgCl2, 1 µl of cDNA mixture and 40 pmol of each primer.
Temperature cycling was performed in 0.5 ml thin-walled tubes in a thermal
cycler (DNA thermal cycler, Perkin Elmer, USA). The co-amplification of
InsP3R-1 and InsP3R-2 was achieved using a protocol of 35 cycles of 1 min.
denaturation at 94 °C , 1 min. annealing at 56 °C and 1 min. extension at 72 °C.
The protocol for the co-amplification of InsP3R-1 and InsP3R-3 was identical.
The amplified products were discriminated by digestion with restriction
enzymes with a cleavage site specific to one of the InsP3R isoforms. AvaII and
PstI were used to discriminate between InsP3R-1 and InsP3R-2. For the
discrimination between InsP3R-1 and InsP3R-3 EarI and PstI were used. PCR
products were cut overnight at 37°C and the fragments were separated on a 2%
ethidium bromide stained agarose gel. The fragments of the three InsP3R
isoforms were quantified by densitometry.

Statistics

All data in the tables and figures are expressed as mean ± standard deviation
(SD). For statistical comparison of clinical characteristics between the chronic
AF group and the sinus rhythm group a chi-square test with continuity
correction, Fisher exact test, Wilcoxon-Mann-Whithey test or Student’s t-test
were used when appropriate. For all statistical analysis performed, a P value
less then 0.05 was considered significant.
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Results
Patients

The patients characteristics of the CAF and SR group were not different except
for the use of Beta blockers (Table 2).

Table 2.
Clinical characteristics of patients.

Chronic AF Sinus rhythm

N 7 8
age at surgery: 70 ± 9 65 ± 10
Male/ female: 3/4 7/1

Previous duration of AF:
< 6 months 43%
> 6 months 29%
unknown 29%

Underlying heart disease:
Coronary artery disease 43% 63%
Valve disease 86% 38%
Hypertension 42% 38%

Functional class for
Exercise tolerance:
NYHA I 0 2
NYHA II 1 3
NYHA III 4 3
NYHA IV 2 0

Medication:
Digitalis 71% 38%
Calcium entry blocker 29% 25%
Beta blocker 0 63%*
Ace-inhibitor 57% 13%
AF, atrial fibrillation; NYHA, New York Heart Association.

Statistically significant differences (P<0.05) in patients characteristics are indicated by *.

The relative expression of InsP3R-1.

The mRNA of InsP3R-1 was coamplified with the mRNA of GAPDH in a
single PCR reaction. The obtained PCR products were separated using gel
electrophoresis (Fig. 1) and the intensities of the PCR products were
determined by optical densitometry. The average relative expression levels of
InsP3R-1, defined as the intensity of InsP3R-1 PCR products relative to the
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Fig. 2 Graph showing the relationship
between the relative InsP3R-I expression
and the absolute InsP3R-I levels
calculated using competitive PCR. (z)
indicates CAF patients, (ο) indicates SR
patients. A significant positive correlation
(r2=0.89 and P=0.016) is present between
the two parameters.

intensity of GAPDH PCR products are shown in Table 3. In CAF patients, the
relative expression of InsP3R-1 is decreased by 61% ± 35% when compared to
SR patients. GAPDH levels were identical for CAF and SR patients.

Competitive PCR

Competitive PCR was performed on a subset of patients (n=6) to validate the
results obtained with the semi-quantitative PCR method. The relationship
between the relative InsP3R-1 expression and the amount of calculated InsP3R-
1 by the competitive PCR method is shown in Fig. 2. There was a significant
positive correlation (r2=0.89 and P=0.016) between the two parameters.

Fig. 1 Gel showing the results of the semi-quantitative InsP3R-1 PCR reaction. The
mRNA of the InsP3R-1 gene was co-amplified with the mRNA of the housekeeping gene
glyceraldehyde-3-phosphate dehydrogenase (GAPDH). NC: negative control; no cDNA
added to reaction. Last lane: 100 bp size marker. GAPDH levels were identical for CAF
patients and SR patients.

InsP3R-I expression relative to GAPDH
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

IP
3R

-I
ab

s 
(1

0-1
4  g

/ r
ea

ct
io

n)

0

1

2

3

4

5

6

7

r2=0.89
p=0.016

Expression pattern of InsP3R isoforms in human atrial tissue.

Quantification of the relative levels of the two amplified isoforms obtained in
the same PCR reaction was performed by restriction analysis in triplo: (1) using
a restriction enzyme specific for one of both isoforms, (2) using a restriction
enzyme specific for the other isoform and (3) double digestion with both
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enzymes. Double digestion of all amplified products always resulted in
complete digestion.
A gel showing the results of a typical experiment is shown in Fig. 3. From
determination of the ratios InsP3R-1/ InsP3R-2 and InsP3R-1/ InsP3R-3 from the
two reactions, the relative expression pattern of the three isoforms can then be
obtained (Fig. 4). We observed minor differences for the average expression
patterns between CAF and SR tissue. In CAF patients, the relative levels of
InsP3R-1 mRNA are increased (+4%) at the cost of InsP3R-3 mRNA levels (-
4%).

Fig. 3  Gel showing typical results for
determination of the expression
pattern of the three InsP3R-1 isoforms
in human atrial tissue. Total RNA was
reverse transcribed as described under
“Methods”. Using a single primerset
(Table 1), two cDNA targets with similar
primer-template sequences were
amplified. The amplified targets were
discriminated by digestion with
restriction enzymes with a cleavage site
specific to one of the targets. The

intensities of the fragments were determined by optical densitometry. (A) Gel showing the
PCR products of the coamplification of InsP3R-1 and InsP3R-2. (Numbering from left to
right) Lane 1: double digestion with AvaII and PstI. InsP3R-1 is cleaved by PstI into a 167 bp
and a 89 bp fragment.  InsP3R-2 is cleaved by AvaII into a 213 bp and a 43 bp fragment. Lane
2: 100 bp size marker. Lane 3: undigested 256 bp InsP3R-1 and InsP3R-2 PCR product. (B)
Gel showing the PCR products of the coamplification of InsP3R-1 and InsP3R-3. Lane 1:
digestion with EarI results in the cleavage of InsP3R-1 into a 152bp, a 75bp and a 16bp
fragment (not visible). Lane 2: digestion with AvaII results in the cleavage of InsP3R-3 into a
149bp and a 94bp fragment. Lane 3: 100 bp size marker. Lane 4: total digestion using EarI
and AvaII. Lane 5: undigested 243 bp InsP3R-1 and InsP3R-3 PCR product.
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Fig. 4 Bar graph showing the average
relative expression pattern of the three
InsP3R isoforms in human atrial tissue.
In CAF patients, the relative levels of
InsP3R-I mRNA are increased (+4%) at
the cost of InsP3R-III mRNA levels (-
4%). Values are means ± S.D. for 7
(CAF) and 8 (SR) measurements.
Statistically significant differences are
indicated by p-values.
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The relative expression of SERCA2.

In addition to InsP3R-1 expression, we investigated the gene expression of the
cardiac sarcoplasmic-endoplasmic reticulum Ca2+-ATPase (SERCA2). The
mRNA of SERCA2 was coamplified with the mRNA of GAPDH in a single
PCR reaction (Fig. 5). In CAF patients, the relative expression of SERCA2 is
decreased by 50% ± 38% when compared to SR patients (Table 3). Again,
GAPDH levels were identical for CAF and SR patients.
The relationship between InsP3R-1 and SERCA2 expression for individual
patients is shown in Fig. 6. No significant correlation was present within the
CAF (r2 =0.001, P=0.93) and SR (r2 =0.001, P=0.93) groups.

Fig. 5 Gel showing the results of the semi-quantitative SERCA2 PCR reaction. The
mRNA of the SERCA2 gene was coamplified with the mRNA of the housekeeping gene
glyceraldehyde-3-phosphate dehydrogenase (GAPDH). NC: negative control; no cDNA in
reaction. Last lane: 100 bp size marker. GAPDH levels were identical for CAF patients and
SR patients.

Table 3.
The relative gene expression of InsP3R-1 and SERCA2.

CAF patients (n=7) SR patients (n=8)
InsP3R-1 expression (% of GAPDH) ± SD 24 ± 8 63 ± 7
SERCA2 expression (% of GAPDH) ± SD 16 ± 4 31 ± 7
The relative expression of both InsP3R-1 and SERCA2 is decreased in CAF patients
compared to SR patients (p<0.01). A semi-quantitative PCR analysis was performed to
determine SERCA2 and InsP3R-1 expression. During a semi quantitative polymerase chain
reaction the mRNA of the gene of interest and the mRNA of the housekeeping gene
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) were coamplified in a single RT-PCR
reaction.
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0.5 Fig. 6 Scatter graph showing the
relationship between the relative
expression of InsP3R-I and
SERCA2. Lineair regression analy-
sis revealed that within the CAF
and SR groups, no significant cor-
relation between InsP3R-I and
SERCA2 expression was present.
(z) indicates CAF patients, (r2

=0.001, P=0.93), (ο) indicates SR
patients. (r2 =0.001, P=0.93).
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Discussion
The present study demonstrates that: 1) all known InsP3R isoforms and
SERCA2 mRNA levels are down-regulated in CAF patients and 2) the three
isoforms of InsP3R are expressed in the human atrium at about equal levels.
This study demonstrates that all three InsP3R isoforms are down-regulated in
CAF patients. In human heart, InsP3R-1 levels have been described earlier in
ventricular but not in atrial tissue. In contrast to the substantial down-regulation
found in human atrial tissue (this study), InsP3R-1 levels were found up-
regulated by 123% in the failing human ventricle (Go et al., 1995). This
upregulation was proposed as a compensatory response of the myocyte,
providing an alternative pathway for mobilizing intracellular calcium. The
opposite regulation of atrial and ventricular InsP3R expression is quite
remarkable, as myocytes from tissue in heart failure and atrium fibrillation
share quite a number of fundamental cellular changes, including loss of
contractility (Sun et al., 1998), reduction of contractile elements (Ausma et al.,
1997) and increased cytosolic calcium levels (calcium overload) (Goette et al.,
1996; Lee and Clusin, 1987; Schouten and Morad, 1989). Therefore, the
opposite regulation of InsP3R in atrial and ventricular tissue may reflect
specific regulatory mechanisms of the respective myocytes.
Several studies have demonstrated rate-induced Ca2+ overload in response to
atrial fibrillation (Goette et al., 1996; Lee and Clusin, 1987; Schouten and
Morad, 1989). Previously, we demonstrated down-regulation of the voltage
gated L-type Ca2+ channel and unchanged expression of the Ryanodine receptor
type 2 (RyR2) (Brundel et al., 1999) in CAF. In general, depolarization of a
cell is detected by the L-type Ca2+ channel. In cardiac tissue, L-type Ca2+

channels do not directly associate with RYR2s but coupling is achieved using
Ca2+ as an intermediate. The action potential opens the L-type Ca2+ channel
resulting in a pulse of Ca2+ that is able to activate a small group of RYR2s. The
release of Ca2+ from a group of RYR2s may induce Ca2+ release from
neighboring groups of RYR2s resulting in a Ca2+ wave through the myocyte.
This model of Ca2+-induced Ca2+ release has been proposed both for RYR2s
and InsP3Rs (Berridge, 1997), suggesting that Ca2+ release by InsP3Rs may
modulate the initiation of a Ca2+ wave. Indeed, the increased contraction of the
rat heart in response to stimulation of alpha-adrenoceptors (Scholz et al., 1988),
is most likely modulated by InsP3 mediated Ca2+ release. Down-regulation of
InsP3Rs may result in lower cytoplasmic Ca2+ concentrations, impairing the
initiation of Ca2+ waves in response to opening of L-type Ca2+ channels.
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Therefore, down-regulation of both InsP3Rs and L-type Ca2+ channels may be a
compensatory mechanism to counteract rate-induced Ca2+ overload in CAF.
In addition to Ca2+ entry through L-type Ca2+ channels, Ca2+ waves may also be
initiated by Ca2+ entry through gap-junctions. The gap-junctions enable
intercellular Ca2+ signaling and reside within structures known as intercalated
discs. Previously, it has been demonstrated that InsP3Rs were localized on
intercalated discs in rat cardiomyocytes (Kijima et al., 1993), suggesting a role
of InsP3Rs in intercellular Ca2+ signaling in cardiomyocytes. The involvement
of the InsP3R in intercellular calcium signaling has been demonstrated for
many cell types, including rat astrocytes (Venance et al., 1997), rat
somatosensory cortex (Rorig and Sutor, 1996), rat pancreatic acini (Deutsch et
al., 1995) and Xenopus laevis follicle cells/ oocytes (Sandberg et al., 1992).
Injection of heparin, which selectively blocks InsP3Rs, inhibited intercellular
Ca2+ signaling in Xenopus follicular oocytes (Sandberg et al., 1992). Therefore,
down-regulation of InsP3Rs may impair Ca2+ entry through gap-junctions,
impairing the initiation of Ca2+ waves in cardiomyocytes. Again, down-
regulation of InsP3Rs could serve as a compensatory mechanism to counteract
rate-induced Ca2+ overload in CAF.
In the present study, we describe down-regulation of InsP3Rs in atrial tissue,
which may be composed of several cell types other than myocytes, e.g.
endothelial cells, smooth muscle cells, neuronal cells and fibroblasts. However,
myocytes account for about 80% of the mass of the heart (Wientzek and Katz,
1991). In addition, previous immunolocalization experiments on dog and rat
hearts have demonstrated that InsP3Rs are highly concentrated on the
intercalating discs of cardiac myocytes (Kijima et al., 1993). Therefore, it is
likely that the InsP3R mRNA levels obtained from atrial tissue predominately
reflects InsP3R mRNA levels of atrial myocytes.
Down-regulation of both InsP3Rs and SERCA2 might reflect changes in the
composition of cell types in the atrium of CAF. The extensive down-regulation
of InsP3R and SERCA2 in CAF (50-60%) should therefore result from
dramatic changes in cell type composition in CAF. However, histological
studies on atrial tissue of CAF patients (Brundel et al, unpublished data) and on
atrial tissue of an animal model of CAF (Li et al., 1999), did not reveal such
changes. Therefore, it seems most likely that down-regulation of InsP3Rs and
SERCA2 is caused by a decreased rate of transcription.
Down-regulation of the InsP3R in CAF was determined using a co-
amplification PCR technique. In a subset of patients, we validated the data
obtained with the co-amplification PCR technique by competitive PCR. Both
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methods showed an excellent correlation between the InsP3R-1 mRNA
expression determined as well as identical levels of down-regulation of InsP3R-
1 mRNA. Thus, the co-amplification PCR technique proved a valid method to
determine InsP3R-1 expression levels. The main advantage of the co-
amplification over the competitive PCR technique is the large reduction in the
number of PCR reactions per patient sample. Therefore, only minimal amounts
of cDNA are required, thus saving time, money and scarce biopsy material.
Further, in the co-amplification PCR experiments, expression levels of GAPDH
mRNA were identical for CAF and SR patients, suggesting that basic
properties of transcription are unchanged in CAF.
Using ratio reverse transcriptase PCR (De Smedt et al., 1994) we showed that
InsP3R isoform I, 2 and 3 are expressed in the human heart at almost equal
levels. CAF only slightly affected isoform expression. However, the relevance
of this significance may be questioned. As double digestion with enzymes
specific for one of the two amplified products always resulted in complete
digestion of the amplified product, only the anticipated isoforms were
amplified.
In view of the considerably decreased expression of InsP3R-1 found in CAF,
we conclude that the expression of all three isoforms of InsP3R are down-
regulated to a similar extend in CAF. The InsP3R exists as a tetrameric
complex to form a functional InsP3-gated calcium channel (Maeda et al., 1991).
The assembly of InsP3R isoforms into a tetrameric complex may result in either
a complex of identical isoforms (homotetramers) (Maeda et al., 1991; Nakade
et al., 1994) or of different isoforms (heterotetramers) (Nucifora et al., 1996;
Joseph et al., 1995; Monkawa et al., 1995). Possibly, the similar down-
regulation of all InsP3R isoforms in CAF might reflect a heterotetrameric
composition of InsP3Rs in the human atrium. However, the heterotetrameric
InsP3R composition has not been described in the human heart. At present,
speculation on the common factor inducing InsP3R down-regulation of all
isoforms in CAF is hampered by the fact that only the promoter of the type-1
InsP3R (Deelman et al., 1998; Sipma et al., 1998; Furutama et al., 1996) and
mouse type 2 InsP3R promoter (Morikawa et al., 1997) has been cloned so far.
The expression pattern found here for human biopsy material of right atrial
appendages is in reasonably good agreement with patterns described in freshly
isolated whole rat heart or ventricular myocardium (Perez et al., 1997). There,
InsP3R-1 and InsP3R-2 are the most prominent isoforms with a lower level of
InsP3R-3 (Perez et al., 1997). Care should be taken not to interpret our data
from the SR group as a standard for expression levels of InsP3R isoforms in the
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human atrium, as the material was obtained from patients undergoing open
heart surgery. Therefore, factors including underlying disease, medication and
hemodynamics may have influenced InsP3R expression in the SR group.
In addition to InsP3Rs, we used the co-amplification PCR to study mRNA
levels of the sarcoplasmic reticulum calcium ATPase (SERCA2). A similar
down-regulation of SERCA2 mRNA levels (50% ± 38% of SR patients) in
patients with CAF was observed as found with InsP3R-1. This is in good
agreement with previous results showing down-regulation of SERCA2 in CAF
(Brundel et al., 1999). In addition down-regulation of SERCA2 mRNA levels
were also observed in end stage heart failure (Mercadier et al., 1990; Arai et al.,
1993). In contrast to InsP3R, SERCA2 down-regulation may underlie both CAF
and chronic heart failure.
The relationship between the relative expression of InsP3R-1 and SERCA2 for
individual patients revealed two distinct groups, a group containing only CAF
patients and a group containing only SR patients (Fig. 6). Within the SR and
CAF groups no significant relationship between InsP3R-1 and SERCA2
expression was found, suggesting that the expression of the InsP3R-1 and
SERCA2 genes are not tightly coupled. In agreement, independent regulation
of InsP3R -1 and SERCA expression has been reported in long-term agonist
treated A7r5 cells (Sipma et al., 1998).
Although the patients characteristics of the CAF and SR group were not
significantly different except for the use of Beta blockers, differences between
the two groups may be obscured by the low number of patients in each group.
However, the relationship between the relative expression of InsP3R-1 and
SERCA2 revealed a group containing only CAF patients and a group
containing only SR patients. We therefore believe that CAF is the main factor
influencing InsP3R-1 and SERCA2 expression.
In conclusion, this study shows a down-regulation of mRNA of all isoforms of
InsP3R in CAF. This finding is opposite to the down-regulation of InsP3R-1
reported in heart failure. Down-regulation of InsP3Rs may serve as a
mechanism to prevent rate-induced calcium overload.
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