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ATP modulates intracellular Ca** and firing rate through a
P2Y, purinoceptor in cane toad pacemaker cells

Yue-kun Ju, Wenbing Huang, Lele Jiang, Julian A. Barden* and David G. Allen
Departments of Physiology and *Anatomy, Institute for Biomedical Research, University of Sydney F13, NSW 2006, Australia

The effect of extracellular ATP (10~100 xM) on intracellular Ca** concentration ([Ca**'];) and firing
rate has been studied in single pacemaker cells isolated from the sinus venosus of cane toads. In
spontaneously firing cells, ATP initially increased peak [Ca’']; by 43 + 5%, increased diastolic
[Ca**]; by 20 + 3 % and increased the firing rate by 58 + 8 %. These early effects were followed by a
late phase in which both the peak [Ca’']; and the firing rate declined. Adenosine, and UTP
(respectively, P1- and P2Y,, c-selective agonists) caused no significant change in [Ca*']; or firing
rate, while of-methylene ATP (a P2X ;agonist) caused a small increase in firing rate but no changes
in [Ca®*];. In contrast the P2Y,-selective agonist 2-MesADP (1 xM) mimicked the biphasic effects of
ATP and these effects were inhibited by the purinoceptor antagonists suramin and PPADS and by
the P2Y,-selective antagonist MRS 2179. Immunohistochemistry established that P2Y, purinoceptors
were present on the cell surface. Western blotting analysis demonstrated that the P2Y, antibody
recognised a 57 kDa protein. After sarcoplasmic reticulum Ca’* release was prevented with caffeine
or ryanodine, ATP no longer had any effect on [Ca']; or firing rate. Furthermore, the SR Ca’* store
content was decreased during the late phase of 2-MesADP application. The effect of ATP was
coupled to phospholipase C (PLC) activity because the PLC inhibitor U-73122 eliminated the
effects of ATP. Our study shows that in toad pacemaker cells, the biphasic effects of ATP on
pacemaker activity are mainly through P2Y, purinoceptors, which are able to modulate Ca** release
from the SR Ca”* store.
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The classic study by Drury & Szent-Gyorgyi (1929)
established that ATP and its derivatives could exert
chronotropic effects on the intact heart. Later investigations
in frog atrial tissue showed that exogenous ATP had a
biphasic action on force production and spontaneous
firing rate with an initial positive inotropic and chrono-
tropic phase followed by a negative phase (Burnstock &
Meghji, 1981). It was suggested that the positive phase was
mediated by P2 purinoceptors, activated by ATP, while
the negative phase was mediated by P1 purinoceptors,
activated by adenosine. It has also been established that
ATP is produced by a range of sources within the heart.
ATP is a cotransmitter released from sympathetic nerve
terminals with adrenaline in the amphibian heart (Hoyle &
Burnstock, 1986). ATP is also released by myocytes during

results establish the involvement of ATP and purinoceptors
in the regulation of the heart rate.

Based on recent molecular cloning studies, a number of P2
subtypes are now recognised. P2X, represent ligand-gated
ion channels and P2Y, represent G protein-coupled
receptors (for review see Burnstock, 1996; von Kugelgen &
Wetter, 2000). Many of these receptor subtypes have been
found in the heart (for review see Vassort, 2001). Several
members of the P2Y family such as P2Y,,,¢ are found in
the heart tissues and are coupled to phospholipase C
(PLC) though a G, protein pathway (Morris et al. 1990;
Filtz et al. 1994). In many cell types activation of these P2Y
receptor subtypes mediates inositol 1,4,5-trisphosphate
(IP,;) formation and causes release of Ca®* from intra-

hypoxia and ischaemia (Forrester & Williams, 1977). The
sympathetically released ATP appears to be functionally
important in the cane toad pacemaker region because
some of the effects of sympathetic nerve stimulation,
including the tachycardia, can be mimicked by application
of ATP (Bramich et al. 1990). In addition, the early phase
of sympathetic tachycardia can be abolished after P2
purinoceptor desensitisation (Bramich et al. 1990). These

cellular stores (for review see Berridge, 1997).

ATP has now been shown to produce a wide variety of effects
in cardiac preparations (for review see Vassort, 2001). For
instance, the positive inotropic responses observed in
whole hearts can be observed in isolated ventricular
myocytes and have been shown to involve increased
systolic intracellular Ca** concentration (Danziger et al.
1988). At a more mechanistic level, extracellular ATP has
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been reported to both increase and decrease the L-type
Ca’* current (Alvarez et al. 1990; Qu et al. 1993), to open a
non-specific cation current (Friel & Bean, 1988), to affect
a variety of K* currents (Matsuura & Ehara, 1997), and to
affect several ion exchangers including the Na*/H" and the
CI'/HCO;™ exhangers (Pucéat & Vassort, 1995).

Studies on the mechanism of pacemaker firing and its
regulation by neurotransmitters have made considerable
progress in recent years. A number of laboratories have
demonstrated that interventions which affect intracellular
Ca®* concentration ([Ca*'];) also influence firing rate
(Zhou & Lipsius, 1993; Ju & Allen, 1998; Bogdanov et al.
2001). A particularly clear example is that ryanodine,
which reduces sarcoplasmic reticulum (SR) Ca** release,
generally slows the firing rate (Rigg & Terrar, 1996; Ju &
Allen, 1998). Normally some of the Ca®" released from the
SR is extruded from the cell on the Na*/Ca** exchanger,
generating an inward current which acts as a pacemaker
current; thus when the systolic [Ca®]; is reduced by
ryanodine, the firing rate is reduced (Zhou & Lipsius, 1993;
Ju & Allen, 1998). #-adrenergic stimulation increases firing
rate and several studies have now suggested that the
enhanced firing rate arises partly through its effects on
[Ca**]; and the Na'/Ca’" exchanger in addition to the
phosphorylation of conventional pacemaker currents (Ju
& Allen, 1999; Vinogradova et al. 2002). f-adrenergic
stimulation is generally thought to increase [Ca*']; by
cAMP-dependent phosphorylation of proteins but a
recent study suggested that there is an atypical #-receptor
which operates through a G protein/PLC/IP; pathway to
elevate [Ca®']; (Bramich et al. 2001). In a previous study
these workers suggested the involvement of the SR Ca** by
showing that depletion of intracellular Ca** stores with
caffeine abolished the response to sympathetic nerve
stimulation (Bramich & Cousins, 1999).

So far there have been no detailed studies of the effects of
ATP on pacemaker cells. It is not known which subtypes of
purinoceptors are involved nor whether ATP affects
[Ca®*].. Studies on the intact heart are complicated by the
presence of ecto-ATPases which rapidly degrade ATP to
adenosine, and by the possibility that exogenous drugs
may affect autonomic nerves or intracardiac neurons in
addition to the various cardiac myocytes. To avoid these
problems we have isolated single cane toad pacemaker
cells and applied drugs directly to the pacemaker cells. We
confirm earlier studies showing that ATP produces an early
acceleration of firing rate and a later decline. We show for
the first time that ATP also affects the intracellular Ca**
concentration ([Ca*'];) in pacemaker cells. Based on
pharmacological, immunohistochemical and Western
blotting studies, we show that the effects of ATP on [Ca®'];
and heart rate are primarily through P2Y, purinoceptors.
We also show that changes in the Ca** content of the SR
play a role in the response of pacemaker cells to ATP.
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METHODS

Preparation of pacemaker cells

These experiments were approved by the Animal Ethical
Committee of the University of Sydney and conform to Australian
guidelines. Toads (Bufo marinus) were killed by decapitation and
pithed. Single pacemaker cells were enzymatically isolated from
the sinus venosus as previously described (Ju et al. 1995; Ju &
Allen, 1998). The cells were routinely superfused with the
following (standard) solution (mm): NaCl 110, KCl 2.5, MgSO,
0.5, CaCl, 2, NaHepes 10, glucose 10; pH 7.3; equilibrated with air.
Drugs were applied from a fine tube positioned within 200 gm of
the cell to ensure a rapid onset of action. All experiments were
performed at room temperature (22°C) which is close to the
physiological temperature for these semi-tropical amphibia.

Fluorescence measurements

After isolation, cells were incubated with 5 gM indo-1-AM for
10-15 min (Ju & Allen, 1998). Loaded cells were illuminated at
360 = 5 nm with a UV light source whose intensity was reduced
30-fold with a neutral density filter. The emitted fluorescence was
directed to two photomultiplier tubes via either a400 + 5 nm or a
510 £ 5 nm interference filter. The analogue signals were digitised
and the ratio of fluorescence signals at 400 nm/510 nm (R) was
calculated and converted to [Ca**]; using the following equation
(Grynkiewicz et al. 1985):

[Caz+]i = Kdﬂ[(R - Rmiu)/(Rmax - R)]

An in vivo calibration method was used and gave the following
values: Ry, 0.11; Ry 1.94; £, 2.84; Ky, 606 nM; where R, is the
ratio at zero [Ca™];, Ry, is the ratio at saturating [Ca*']; and  is
the ratio of fluorescence at 510 nm at zero and saturating [Ca’*],.
[Ca™]; signals were filtered at 10 Hz which does not distort the
signals from this preparation (Ju & Allen, 1998).

Voltage-clamp procedure

The perforated-patch technique was used to record membrane
currents. The pipette solution contained (mm) 100 KCl, 10 KH,PO,,
10 Tes, 5 NaH,PO,, 2 MgSO,, pH 7.3. Nystatin (240 ug ml™") was
added to the pipette solutions. The series resistance of perforated
patches were < 20 MQ; cell capacitances were 30-50 pF. Series
resistance and capacitance compensation were made once cell
access had been achieved.

Immunohistochemistry

Antisera were raised in sheep against a non-homologous,
extracellular epitope from the rat P2Y, receptor sequence (Yao et
al. 2001). Antibody specificity was established using enzyme-
linked immunosorbent assays (ELISA), Western blotting and
affinity purification. Antisera were purified using a Protein G
column to separate IgG fractions and were affinity purified using
Affi-Gel 10 (Bio-Rad).

Isolated single pacemaker cells were attached to poly-L-lysine-coated
slides for 1 h before being fixed using 1% paraformaldehyde for
1 min at room temperature. Fixed cells were washed with
physiological solution for 10 min then treated with 10 % BSA for
30 min. The cells were then incubated with sheep anti-P2Y, anti-
serum at 1:100 dilution for 2 h. Thereafter the cells were washed
(3 x 10 min) and then incubated with cyanine 3-labelled donkey
anti-sheep secondary antiserum (Jackson Immunoresearch) at
1:250 dilution for 1 h. The slides were washed (3 X 10 min) and
then mounted and examined using a Leica TCS-NT laser scanning
confocal microscope. Standard controls were obtained in the
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absence of either primary or secondary serum to establish specific
labelling.

Western blotting

Total protein was extracted from toad tissues and rat aorta (as
positive control) in a lysis buffer containing NaH,PO, 10 mm, pH
7.4, EDTA 4mM, DTT 1mM, protease inhibitors cocktail
5 gl ml™', phenylmethylsulphonyl fluoride (PMSF) 1 mM and
SDS 1 %. After centrifugation, the supernatants were boiled and
subjected to 10 % sodium dodecyl sulphate-polyacrylamide gel
electrophoresis (SDS-PAGE). The proteins were then transferred
onto a PVDF membrane and probed with sheep anti-P2Y,
antiserum in the absence or presence of the epitope peptide that
was used to generate the antibody. The epitope peptide was pre-
incubated with P2Y, antiserum at 4° C overnight prior to
application. Anti-sheep IgG-HRP (Santa Cruz, USA) was used for
the secondary detection of the immune bands. The images were
processed using a UVISAVE apparatus (UVItec Limited,
Cambridge, England).

Drugs

The following drugs were used: adenosine 5 -triphosphate (ATP),
adenosine 5'-diphosphate (ADP), uridine 5 -triphosphate (UTP),
2-methylthioadenosine 5'-diphosphate (2-MesADP), adenosine,
pyridoxal-phosphate-6-azophenyl-2",4"-disulphonic acid tetra-
sodium (PPADS), a,f-methylene-ATP, suramin (all from Sigma),
U-73122 (from Calbiochem-Novabiochem), MRS 2179 (from
Tocris).

Statistics

All statistical data are presented as means * s.E.M. with the number
of cells studied as 7. Statistical tests were Student’s paired or unpaired
ttestsand P < 0.05 was taken as the level of significance.

RESULTS

Effects of ATP on [Ca’*]; and firing rate in isolated
cane toad pacemaker cells

[Ca®*]; was recorded from single isolated toad pacemaker
cells and showed spontaneous elevations (Ca** transients)
which accompanied each action potential (Ju & Allen,
1998). Application of ATP 10-100 uM caused biphasic
changes in both [Ca*']; and firing rate as shown in Fig. 1.
The initial positive phase (fast phase) occurred within
several seconds of application of ATP and reached a peak
in 5-10 s. The peak systolic [Ca*']; increased by 43 + 5%
from 624 + 33 nM to 880 +49nM (n=22, P<0.0001)
and was accompanied by a 20 £ 3 % increase in diastolic
[Ca*']; from 230 + 13 nM to 275+ 16 nM (P < 0.0001).
The spontaneous firing rate also increased by 58 = 8%
from 24+ 1 min™! to 36 £ 2 min' (P < 0.0001). In the
inhibitory phase (slow phase, 10— 40 s after application of
ATP) the diastolic [Ca®']; declined 12 + 2 % compared to
the control and 25 + 7% compare to the positive phase
(P < 0.0001). The spontaneous firing rate also declined to
12 + 1 min~" which was 52 + 6 % of control (P < 0.0001);
in some cases the cells became quiescent (e.g. Fig. 3B). The
peak [Ca*']; declined significantly compared to the initial
positive phase (P < .0001) but was not significantly different
from the original control (P > 0.05). The effects of ATP
were concentration-dependent and reversible. When
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concentration was 1 M or lower, ATP had no significant
effects on either [Ca®']; or firing rate (n =5). Maximal
responses were observed at 100 uM (n=10) and a
concentration of 10 x#M gave a near maximal response.

Determination of the subtype of purinoceptor
involved

The effects of ATP on single toad pacemaker cells were
similar to an early study on intact frog atrial tissue
(Burnstock & Meghji, 1981). They showed that the positive
effects of ATP could be mimicked by af-methylene ATP, a
P2X, ; receptor agonist (for review see Harden et al. 1995).
To test this possibility, we applied af-methylene ATP
(100-500 M) to toad pacemaker cells and observed a
small increase in firing rate of 26 + 8% (n =7, P < 0.02).
However, as shown in Fig. 2A, there was no significant
change in peak or diastolic [Ca**]; (peak systolic [Ca*']; in
the fast phase increased by 1+ 4%, diastolic [Ca*];
decreased by 5 £ 3%; P > 0.05, n = 7). In contrast, when
ATP (100 gM) was applied to the same cell, the typical
biphasic response was observed (not shown). In voltage
clamp experiments, we found no inward current induced

ATP (100pM)
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Figure 1. Biphasic effect of ATP on [Ca**]; and firing rate
in a toad pacemaker cell

Continuous record of [Ca*']; from a spontaneously firing toad
pacemaker cell before and during 100 M ATP application (lower
panel). Upper panel shows the instantaneous firing rate calculated
from the interval between each Ca*" transient. Initially (fast phase)
both [Ca®*];and firing rate increase. Subsequently (slow phase)
both [Ca’*];and firing rate decline.
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by ATP at a holding potential of —60 mV (data not
shown). These results suggest that the increased [Ca*'];
caused by ATP is not through a P2X receptor.

In frog atria the P1 agonist adenosine mimicked the
negative chronotropic effect of ATP and this effect was
blocked by the Pl receptor antagonist theophylline
(Burnstock & Meghji, 1981). In mammalian pacemaker
cells adenosine evokes a time-independent potassium
current which modulates pacemaker activity (Belardinelli
et al. 1988). To determine the involvement of P1 receptors
in our preparation we applied adenosine on single toad
pacemaker cells. In 15 cells, adenosine (1-1000 xMm)
caused no significant change in either firing rate or [Ca*"];
(Fig. 2B). However, the same cell responded to ATP
application (not shown). In addition, these cells also
responded to the muscarinic agonist carbachol (10 um).
Carbachol slowed or stopped spontaneous pacemaker
firing in eight out of eight cells tested (Fig. 2C). It is
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< 1200 PmATP (200 iM) ]
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0ol : ‘ : :
0 20 40 60 80
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Adenosine (100 uM)
= 1200 . )
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—~ 2000 “
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Figure 2. The effect of «g-methylene ATP, adenosine and
carbachol on [Ca**]; and firing rate

All records show [Ca**]; recorded in a spontaneously firing toad
pacemaker cell. A, af-methylene ATP (afmATP, 200 uM) caused
no change in [Ca*]; although it slightly increased firing rate.

B, adenosine (100 M) caused no significant change in either
[Ca®]; or firing rate. C, carbachol (10 M) caused cessation of
firing.
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believed that carbachol activates a potassium channel
(Kaan) (Pfaffinger ef al. 1985) and that the same channel is
activated by adenosine in mammalian sino-atrial node
pacemaker cells (for review see Belardinelli et al. 1988).
These results suggest that P1 receptors are not the cause of
the slow phase of ATP actions in toad pacemaker cells.

So far, we have found no evidence that effects of ATP on
[Ca’*]; in toad pacemaker cells were linked to either P1 or
P2X receptors. It is known that [Ca®*]; can be modulated
through P2Y receptors which are G protein-coupled
and involve the mobilisation of Ca** from intracellular
stores. While P2Y, receptors are adenine nucleotide-
specific, P2Y,,4 receptors respond to uridine nucleotide
triphosphates (Lustig et al. 1993). To identify the subtype
of P2Y receptors we applied UTP (100-300 gm) to
pacemaker cells. No significant change in either [Ca®'];
or firing rate (data not shown, n =11, P> 0.05) was
observed. However, 2-MesADDP, a selective P2Y, receptor
agonist, mimicked the effects of ATP but at a lower
concentration (1 #m) (Fig. 3A). Note that 2-MesADP
produces both positive and negative phases of activity. At
high concentrations (100 gM) the fast phase could be

>
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Figure 3. The effect of 2-MesADP on [Ca?*], and firing rate

A, application of 1 M 2-MesADP caused biphasic changes in both
[Ca’*];and firing rate. B, application of a high concentration of
2-MesADP(100 uM) caused a brief fast phase (single large Ca**
transient) followed by a pronounced slow phase.
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reduced to a single large Ca** transient followed by a
pronounced inhibition of firing rate (Fig. 3B). In voltage
clamp experiments 2-MesADP induced no significant
inward or outward current when membrane potential was
held at —60 mV (n =9, data not shown) suggesting that
there is no ligand-activated current (P2X receptor). These
results are consistent with the profile for P2Y, receptors
(for review see Vassort, 2001).

Inhibition of the effects of ATP by purinoceptor
antagonists

To confirm that the effect of ATP was through a P2
receptor, 10 uM suramin, a relatively non-specific P2
receptor antagonist, was used (Fig. 4) (Ralevic & Burnstock,
1998). Suramin completely blocked the effects of ATP on
firing rate in both fast and slow phases (P < 0.01,n = 5).In
the fast phase, the percentage increase in the peak [Ca*'];
and the resting [Ca’']; by ATP was also significantly
reduced by suramin (P < 0.05, P < 0.01 respectively). The
diastolic [Ca®*]; did not change significantly in the
presence of suramin. Figure 4D and E shows pooled data of
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these comparisons. PPADS (10 uM), a P2 purinoceptor
antagonist, also significantly blocked the effects of ATP on
peak Ca’* and firing rate. In four control experiments,
ATP increased systolic [Ca*']; by 28 + 10 % and increased
the firing rate by 78 £ 21 %. In the presence of PPADS,
ATP had no significant effect either on systolic [Ca*'];
(7 £ 11 %) or on firing rate (20 £ 18 %).

The most potent and selective P2Y, antagonist is the
bisphosphate derivative 2’-deoxy-N°-methyladenosine-
3’,5"-bisphosphate (MRS 2179) (von Kugelgen & Wetter,
2000). MRS 2179 (10 pm) transiently reduced the peak
[Ca**]; and firing rate as demonstrated in Fig. 5B.
However, after 2 min exposure these transient effects
became insignificant. In the presence of MRS 2179, the
effect of 2-MesADP on [Ca’']; and firing rate were
significantly reduced (P < 0.02, P< 0.01 respectively,
n = 7). During the slow phase, the reduction of firing rate
was also significantly reduced compared to 2-MesADP
alone (P <0.05). ATP-induced changes in [Ca*']; and
firing rate were also blocked by MRS 2179 (n = 5, Fig. 5).
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Figure 4. Suramin inhibits ATP-induced changes in [Ca**]; and firing rate

[Ca®]; recorded from a spontaneously firing pacemaker cell when ATP was applied (A), and when suramin
was applied (B). After 2 min in the presence of suramin, ATP was reapplied (C, all records from the same
cell). D and E, bar graphs of the percentage changes caused by ATP and suramin (SUR) plus ATP, calculated
using the pre-ATP or pre-suramin periods as control. Bars show + 1S.E.M. (n = 5).* P < 0.05 from preceding

control (Student’s paired ¢ test).
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The results with suramin, PPADS and MRS 2179 are all
consistent with a P2Y, receptor being involved in both the
fast and slow phases of the ATP response.

Detection of P2Y, receptors by
immunohistochemistry and Western blotting

The existence of a P2Y, receptor was further confirmed by
using a P2Y, receptor antibody (Yao et al. 2001; Fong et al.
2002). Strong fluorescence signals of cyanine 3-labelled
donkey anti-sheep secondary antibody were detected in
cells labelled with P2Y, primary antibody as shown in
Fig. 6. There was no fluorescence signal detected when
only the fluorescent secondary antibody was used (data
not shown). P2Y, signals were mainly distributed in the
surface of the pacemaker cells provided the initial fixation
procedure did not permeabilise the surface membrane.
The results confirm the presence of P2Y, receptors on the
surface membrane of toad pacemaker cells.

To establish whether the antibody specifically recognises
the P2Y, receptor, we performed Western blot analysis on
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isolated sinus venosus tissue from cane toad. Rat aorta
and toad aorta tissue were used as positive controls since it
is known that P2Y, receptors are present on smooth
muscle cells (Pediani ef al. 2003). Total protein extracts
were subjected to 10 % SDS-PAGE and probed with the
P2Y, antibody. Figure 6B showed one major band of
approximately 57 kDa was observed in the rat aorta
sample. This band is most probably the glycosylated form
of P2Y, as reported by others (Moore et al. 2000; Fong et al.
2002). The same band was present in the toad aorta and
sinus venosus tissue, together with an additional band of
about 114 kDa. The molecular mass of this additional
band suggests it might represent a dimer of the P2Y,
receptor. However, the reason why the dimer only
appeared in toad tissue is unknown. After P2Y, antibody
was pre-absorbed with the epitope peptide, the 57 kDa
band was completely abolished in all of three tissues.
Preincubation with epitope peptide also greatly attenuated
the 114 kDa band. These results suggest that both bands
were related to the P2Y, receptors.

Fast phase
80 - mmmm 2-MesADP
—= MRS
60 - ——3 MRS+ 2-MesADP
40 -
*
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> ot
-20
40
Rate Peak Ca?* Resting Ca?*
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o !J@
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-40 - *
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-80 - .
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Figure 5. MRS 2179 inhibits 2-MesADP-induced changes in [Ca**]; and firing rate

[Ca*']; recorded from a spontaneously firing pacemaker cell before and during application of 2-MesADP (A)
or MRS 2179 (B). After 2 min in the presence of MRS 2179, ATP was applied in the same cell (C). D and E, bar
graphs of the percentage changes caused by ATP, MRS 2179 and ATP in the presence of MRS 2179, calculated
using the pre-ATP or pre-MRS 2719 periods as control. Bars show £ 1 S.EM. (n=7). *P < 0.05 from

preceding control (Student’s paired ¢ test).
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The effects of ATP and 2-MesADP were dependent
on theloading of the SR Ca**store

The changes in [Ca®*]; mediated by P2Y receptors generally
arise through IP;-dependent release of Ca** from intra-
cellular stores (Vassort, 2001). To explore the mechanism
by which ATP increased [Ca**]; in toad pacemaker cells we
used caffeine to deplete the SR of Ca** (Callewaert et al.
1989). Figure 7A shows the [Ca*']; response to rapid
application of caffeine (10 mM) in a spontaneously firing
pacemaker cell. Caffeine caused a large and rapid rise in
[Ca’*]; as described previously (Ju & Allen, 1998). The
spontaneous [Ca*']; signals ceased for about 20 s before
spontaneous firing gradually recovered. We have
proposed that the cessation of firing was a consequence of
the depletion of the SR Ca** store (Ju & Allen, 1999). Here
we show that after depletion of the SR store with caffeine,

A
2
@
B & @ & o & 4“06
\s{b\ 6@ pbo bcsh QD{k L3 b‘b
‘\é‘ Q‘% &0'?’6 &Olb Q-'?} '\oro &0’0
kDa
114
81
64
495
37
Anti-P2Y1 + + + + + +
Epitope peptide - - - + + +

Figure 6. Inmunohistochemistry and Western blotting of
P2Y, purinoceptors

A, pacemaker cell fixed and stained with P2Y, antibody and
fluorescent secondary antibody. Bar indicates 6 ym. B, Western
blots demonstrating P2Y, expression in toad tissues. Total protein
extracts were subject to 10 % SDS-PAGE and probed with P2Y,
antiserum in the absence (lanes 2—4) and presence (lanes 5-7) of
epitope peptide. One band of about 57 kDa was observed in the rat
aorta sample that is known to express P2Y, receptors. This band is
probably the glycosylated form of P2Y,. The same band was present
in the toad samples, whereas an additional band of about 114 kDa
was also seen in these samples. This band may be a dimer of the
P2Y, receptor. Preincubation with the epitope peptide greatly
attenuated the 114 kDa band and abolished the 57 kDa band,
suggesting specific labelling.
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ATP no longer had any effect on either firing rate or [Ca**];
as shown in Fig. 7B. In five cells, ATP under control
conditions increased resting [Ca**]; by 20 + 5 % but when
reapplied after application of caffeine the increase was no
longer significant (decrease of 2 + 2 %). It could be argued
that, because caffeine generally stops firing completely, the
effect of ATP is still present but not detectable when the
cell is not firing. However this interpretation is made less
likely by the observation that the effects of ATP were also
prevented by pretreatment of the cells with ryanodine
(10-20 gM) which slowed but did not stop cell firing.
Before application of ryanodine, ATP caused 39 =4 %
increase in peak [Ca®']; (P < 0.02, n = 6). However, after
20-30 min in the present of ryanodine, ATP failed to
produce a significant change in peak [Ca*']; (P < 0.05).
These results suggest that the effect of ATP in the fast phase
was dependent on release of Ca’" from the SR store.

Is the slow phase of the ATP response also related to SR
Ca®™ release? We showed above that spontaneous firing
slows or ceases when the SR stores is depleted of Ca** by
caffeine. It seemed possible that ATP or 2-MesADP
partially emptied the SR of Ca®* as a consequence of the
increased Ca’* release in the rapid phase. This possibility

A Caffeine
1200 _ —
1000 -
S 800
£
~ 600
S 400 |
200 -
0 J
0 20 40 60 80 100
Time (s)
B
1200 - Caffeine ATP
1000 -
S 800
£
— 600
S, 400 -
200
0 J
0 20 40 60 80 100
Time (s)

Figure 7. Inhibition of ATP effect after SR Ca?* store is
depleted with caffeine

A, arapid application of caffeine evoked a rise in [Ca**];. The cell
stopped firing for a period of time after application of caffeine.

B, ATP was applied immediately after caffeine application. ATP no
longer produced any of its characteristic effects on [Ca**]; or firing
rate.
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is supported by the similarity between the effects of a
high concentration of 2-MesADP (Fig. 3B) and caffeine
(Figs 7A and 8A). To test this hypothesis we applied
caffeine during the slow phase response. In the control
period, the peak of the caffeine-induced [Ca**]; signal was
1359 £ 202 nM. During the slow phase following 2-MesADP
application, the caffeine-induced Ca** signal was reduced
to 641 £ 100 nm (Fig. 8, n = 10, P < 0.002). After 3-5 min
in standard solution, the caffeine-induced [Ca®']; signal
recovered to control (Fig. 8D, 1209 =210 nMm, n=7).
This result suggests that the reduction of systolic [Ca*'];
observed in the slow phase was caused by partial depletion
of the SR Ca** store.
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% 400
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Figure 8. SR Ca”* store is partially depleted by 2-MesADP

[Ca*];recorded in a single toad pacemaker cells; all records from
the same cell. A, rapid application of caffeine caused a transient
increase in [Ca®*];, which was followed by a short period of
quiescence and a gradual recovery of firing. B, 2-MesADP caused a
characteristic increase followed by a decrease in firing rates.

C, caffeine was applied during the quiescent period caused by
2-MesADP. D, re-application of caffeine after wash off of
2-MesADP.
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Involvement of PLC in the ATP-induced [Ca®'];
responses

P2Y receptors are generally coupled to phospholipase C
(PLC) (Vassort, 2001). To test whether inhibition of PLC
could also block the effect of ATP, we used the PLC
inhibitor U-73122 (1 um). U-73122 was applied to the
cells that responded to ATP application as shown in Fig. 9.
Application of U-73122 alone caused a transient increased
firing rate and [Ca*']; (Fig. 9B), which may be explained by
the observation that U-73122 can cause the release of Ca®*
from intracellular stores (Mogami et al. 1997). After
3-5 min exposure to U-73122, the ATP-induced [Ca*'];
changes were significantly reduced (Fig. 9C). In five cells
after using U-73122, ATP did not produce significant
changes in either firing rate or [Ca®*]; (P> 0.05). This
result suggests the involvement of PLC in the coupling of
the P2Y, receptor to Ca** release.
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[
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—~ 400 1
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= 200 {
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Figure 9. U-73122 inhibits the effect of ATP on [Ca**];and
firing rate

Spontaneous Ca** transients recorded from the same pacemaker
cell. A, ATP induced a typical biphasic effect. B, application of
U-73122 to the cell. Note that there is a small acceleration of the
firing rate. C, After 2 min application of U-73122, ATP caused no
significant change in [Ca*']; or firing rate.
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DISCUSSION

Theinvolvement of P2Y, purinoceptorsin
modulation of cardiac pacemaker activity

In the present study we have demonstrated that ATP induces
a biphasic effect on [Ca*"]; associated with changes in firing
rate in isolated toad pacemaker cells. These results are
consistent with early studies in intact heart tissue, in which
ATP produced a transient tachycardia followed by a slower
heart rate (Hollander & Webb, 1957; Burnstock & Meghyji,
1981). Early studies suggested that these responses to ATP
were through P2X or P1 receptors (Burnstock & Meghyji,
1981; Belardinelli et al. 1988). However, in our preparation
the P2X, ; agonist aff-methylene ATP caused only a small
monophasic increase in rate which cannot explain the
response to ATP. The P1 agonist adenosine had no effect on
firing rate or [Ca®'];. In contrast the P2Y,-selective agonist
2-MesADP mimicked both the increase and the decrease
in firing rate produced by ATP but was more potent than
ATP. In addition, MRS 2179, a specific P2Y, purinoceptor
antagonist, inhibited the effect of 2-MesADP and ATP. Our
results demonstrate that a P2Y, receptor is the principal
receptor involved in modulation of [Ca**]; and firing rate in
toad pacemaker cells. These findings were supported by the
presence of a surface membrane-located P2Y, purinoceptor
judged by antibody binding. Furthermore, immunoblotting
revealed that the sinus venosus of cane toad contains a
protein with a molecular mass similar to that of P2Y,
receptors. The apparent molecular mass of 57 kDa is close to
previous reports of P2Y, receptors in rat and human brain
tissue (Moore et al. 2000; Fong et al. 2002). Although this
molecular mass is higher than the 42 kDa predicted from the
amino acid sequence (Ayyanathan ef al. 1996), it is believed
that the difference can be explained by glycosylation of sites
on the extracellular C-terminal (Moore et al. 2000).

The primary P2Y, antibody used in this study was raised
against an epitope in the rat P2Y, receptor. The epitope
sequence chosen was: CALIKTGFQFYYLPAVY and the
homologous region in the Xenopus P2Y, receptor is
CSLTKTGFQFYYLPAVY. Thus only two residues close to
the Cys link residue differ between the two mammalian
and amphibian species and would not be expected to
seriously interfere with antibody binding. Therefore, it is
not surprising that good cross-reactivity between species
was achieved.

Although our data point clearly to the P2Y, receptor as the
main purinoceptor underlying the effects of ATP on
[Ca®*]; and firing rate, we do not exclude minor roles for
other receptors. A wide range of P1, P2X and P2Y receptors
have been described in mammalian hearts (Vassort, 2001).
Our experiments suggest some role for P2X,; receptors
because af-methylene ATP slightly increased firing
rate. Furthermore P2X receptor antibodies also showed
substantial binding to our cells (not shown).
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More surprising was the lack of effect of adenosine on toad
pacemaker cells. It is conceivable that our isolation
procedure destroyed P1 receptors in these cells. However,
similar results have been observed in intact toad sinus
venosus tissue in which no proteases were used (D. Hirst
and N. Bramich, personal communication). Furthermore,
our cells showed a consistent response to carbachol,
demonstrating that muscarinic receptors were functional.
Since adenosine and carbachol receptors are thought to be
coupled to the same potassium channels (K, 440) this also
establishes that the channel itself is functional (Pfaffinger
etal. 1985).

Involvement of PLC and IP; in the response to ATP
The coupling of P2Y, purinoceptors to PLC is well
established from many previous studies (Morris et al.
1990; Filtz et al. 1994). We found that the effects of ATP or
2-MesADP were eliminated by the PLC inhibitor U-73122.
This result is consistent with ATP acting through a P2Y,
receptor coupled to PLC activation. It has also been shown
that U-73122 abolished the membrane depolarisation
evoked by sympathetic nerve stimulation in intact toad
pacemaker preparations (Bramich et al. 2001). Thus ATP
released from the sympathetic terminals appears to act
through the same pathway. In many tissues, PLC activation
is linked to increased IP; production which binds to IP;
receptors causing Ca’" release from intracellular stores (for
review see Berridge, 1997). In ventricular myocytes, the
role of IP; in cardiac excitation—contraction coupling is
controversial (Bers, 2001) although recent studies have
demonstrated IP; receptor expression in atrial myocytes
and suggest that IP; facilitates SR Ca*" release (Lipp et al.
2000). As yet we do not have direct evidence for a role for
IP; in toad pacemaker cells. Assuming that IP; levels are
enhanced by ATP, IP; may cause a slow release of Ca*,
leading to the increase in resting [Ca’']; which lasts
10-20 s. This increase in resting [Ca**]; may then enhance
Ca**-induced Ca’* release leading to the increased peak
[Ca™],.

Does ATP affect firing rate through its effects on
[Ca®™]2

The mechanisms by which ATP first accelerates and then
slows the firing rate are not established. One possibility is
that one or more of the conventional pacemaker currents
are affected by ATP and this possibility needs direct
testing. However an intriguing possibility is that the [Ca**];
changes we observed are part of the cause of the firing
changes. In support of this possibility is fact that all the
purinoceptor agonists and antagonists changed firing rate
and [Ca’']; in parallel suggesting that the two are closely
associated.

The relationship between SR Ca** stores and the effects of
ATP is also most easily understood if [Ca**]; can affect the
firing rate. One observation is that ATP has no effect on
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diastolic or systolic [Ca**]; or on firing rate when the SR
Ca’* is depleted by caffeine, or SR Ca*" release is inhibited
by ryanodine. Our hypothesis to explain this is that ATP
can no longer cause the increased Ca** release from a Ca**-
depleted SR store and consequently the increased peak
[Ca**]; and increased firing rate are absent. A second
observation is the reduced store content and firing rate
during the slow phase of the action of ATP. We assume this
arises because when SR release is enhanced, in the absence
of other changes, the cell will gradually lose Ca** through
increased Na'/Ca®* exchanger activity until reduced
loading of the store causes the peak [Ca®']; to return to its
previous level. The quantitative aspects of this process
have been explored in detail in ventricular cells (Trafford
etal. 2000; Eisner et al. 2000).

It has previously been shown that the acceleration of firing
rate caused by sympathetic nerve stimulation is also
dependent on the SR Ca** load (Bramich & Cousins, 1999).
We have also shown that some effects of isoprenaline on toad
pacemaker cells were dependent on the SR Ca** store (Ju &
Allen, 1999). A reduced SR Ca®' store content was also
related to slowing and irregularity of pacemaker activity
during metabolic inhibition (Ju & Allen, 2003). Thus there
is increasing evidence to suggest that SR Ca’" loading
exerts an important role in determining the heart rate.
Two possible mechanisms by which this might occur are as
follows: (i) increase in the SR Ca*' store will tend to cause
larger Ca®" release and therefore larger systolic [Ca’'];. This
will increase the efflux of Ca** on the Na*/Ca*" exchanger
causing additional inward current and more rapid
depolarisation of the pacemaker potential; (ii) alternatively,
an increased Ca®* store might cause an increased frequency
of Ca** sparks during diastole (Ju & Allen, 2000; Huser et
al. 2000; Bogdanov et al. 2001). Sparks occurring close to
the surface membrane may cause localised Na'/Ca®*
exchanger activity and enhance the firing rate (Bogdanov
et al. 2001). The attraction of this mechanism is that it can
potentially explain changes in the firing rate even when the
amplitude of the Ca** transients is unchanged, as occurs in
the late phase of the action of ATP.

Conclusions

This study establishes that ATP affects firing rate and
[Ca’']; in toad pacemaker cells through a P2Y, purino-
ceptor. The effects on both firing rate and [Ca*']; are
biphasic with an initial increase followed by a later
decrease. The coupling between the P2Y, purinoceptor
and the [Ca’']; and firing changes involves PLC and
probably operates by increasing Ca’" release from the SR
which subsequently becomes depleted. It is likely that
these changes in Ca** handling have an important role in
the changes in firing rate.
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