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Differential regulation of atrial contraction by
P1 and P2 purinoceptors in normotensive and
spontaneously hypertensive rats

Juliano Quintella Dantas Rodrigues1, Edilson Dantas da Silva Jr1, Kleber de Magalhães Galvão1,
Regiane Miranda-Ferreira1, Afonso Caricati-Neto1, Neide Hyppolito Jurkiewicz1, Antônio G Garcia2

and Aron Jurkiewicz1

In the normotensive rat atrium, adenosine-50-triphosphate and uridine-50-triphosphate exert a biphasic effect consisting of an

initial negative inotropic effect (NIE) followed by a subsequent positive inotropic effect (PIE). We comparatively studied these

responses in normotensive Wistar rats (NWRs) and spontaneously hypertensive rats (SHRs). Compared with NWRs, the NIE

responses in the atria were lower and the PIE responses were higher in SHRs. The P1 purinoceptor antagonist, D 8-cyclopentyl-

1,3-dipropylxanthine, partially blocked the NIE responses of both ATP and UTP and mildly enhanced the PIE responses in both

NWRs and SHRs. Furthermore, the P2 purinoceptor blockers suramin and pyridoxalphosphate-6-azophenyl-20,40-disulphonic
acid tetrasodium salt induced a pronounced block of the PIE responses in both atria types. The PIE responses to ATP were

inhibited more efficiently by nifedipine. These responses were depressed by ryanodine and, to a lesser extent, carbonyl cyanide

3-chlorophenylhydrazone in SHR atria compared with NWR atria. The higher responses in SHR rats suggest the existence of an

augmented endoplasmic reticulum Ca2þ store and faster mitochondrial Ca2þ cycling in SHR atria compared with NWR atria.

These data support the hypothesis that a dysfunction of purinergic neurotransmission and enhanced sympathetic activity are

contributing factors in the pathogenesis of hypertension.
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INTRODUCTION

Genetic, environmental and other factors, such as diet, sedentary life
and smoking, have been implicated in the pathogenesis of primary
hypertension.1 In addition, alterations of sympathoadrenal axis activity
and the rate of catecholamine release have been implicated in the
pathogenesis of essential hypertension. Their involvement is supported
by the enhanced sympathetic nerve activity demonstrated using
microneurography,2 the elevated plasma levels of norepinephrine and
epinephrine in hypertension3,4 and in spontaneously hypertensive rats
(SHRs)5–7 and the sympathoadrenal axis interference caused by the use
of antihypertensive agents.8 Recent observations from our laboratories
indicating that chromaffin cells stimulated by acetylcholine
demonstrate more sustained quantal catecholamine release with
faster vesicle fusion kinetics and augmented quantal size in SHRs
compared with normotensive Wistar rats (NWRs) also support these
associations.9,10 In addition, we have demonstrated that SHR
chromaffin cells have higher basal cytosolic ([Ca2þ ]c) and mito-
chondrial calcium concentrations ([Ca2þ ]m) and that acetylcholine
induces greater transient elevations in the SHR chromaffin cell
[Ca2þ ]c compared with NWR chromaffin cells.11

As SHRs exhibit enhanced sympathetic activity, the subsequent
positive chronotropic and inotropic effects exerted through b1

adrenoceptors should also be enhanced. However, the sympathetic
drive to the heart also has an additionally relevant component
mediated by the co-release of adenosine-50-triphosphate (ATP) and
uridine-50-triphosphate (UTP) with norepinephrine,12 which also
have relevant effects on cardiac inotropism.13 In the rat atrium, for
instance, ATP and UTP first exert a negative inotropic effect (NIE)
mediated by P1 purinoceptors that is curiously followed by a positive
inotropic effect (PIE) associated with P2 purinoceptors.14–16

P1 purinoceptors are classified as A1, A2A, A2B
14,17 and A3.15 P2

purinoceptors are classified as P2X and P2Y;18 the former are coupled
to non-selective cation channels, and the latter are coupled to
G-proteins, which increase inositol triphosphate and induce Ca2þ

mobilization from the endoplasmic reticulum.19,20 Interestingly,
changes in Ca2þ homeostasis have been found in various tissues of
SHRs including the heart,21,22 mesenteric and skeletal arteries23 and
chromaffin cells.11 Furthermore, we have also found a lower
functional expression of L-type voltage-dependent Ca2þ channels
(a1D, Cav 1.3) that is compensated by a higher expression of P/Q
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Correspondence: Professor A Jurkiewicz, Department of Pharmacology, Federal University of São Paulo (UNIFESP), Rua 3 de maio n1 100, 21 Andar, São Paulo 04044-020, Brazil.
E-mail: aron.farm@epm.br

Received 6 May 2013; revised 11 July 2013; accepted 25 August 2013; published online 28 November 2013

Hypertension Research (2014) 37, 210–219
& 2014 The Japanese Society of Hypertension All rights reserved 0916-9636/14

www.nature.com/hr

http://dx.doi.org/10.1038/hr.2013.146
mailto:aron.farm@epm.br
http://www.nature.com/hr


voltage-dependent Ca2þ channels in the chromaffin cells of SHRs
compared with NWRs; concomitantly, the modulation of the Ca2þ

current by ATP24 was more pronounced in SHRs, in agreement with
an observed 10-fold higher expression of the mRNA levels of the P2Y2

subtype of purinoceptors.25

The investigation presented herein was undertaken to compara-
tively explore the dual effects of ATP and UTP on atrial contractions
in NWRs and SHRs and the effects of nifedipine (to block Ca2þ entry
through voltage-dependent Ca2þ channels), ryanodine (to deplete
the endoplasmic reticulum Ca2þ store) and the protonophore
carbonyl cyanide 3-chlorophenylhydrazone (CCCP) (to prevent
mitochondrial Ca2þ uptake) on the identified dual effects.

METHODS

Animals
Male SHRs and Wistar rats (normotensive controls-NWRs) of the same age

(4–6 months) weighing 350–550 g were used. SHRs become frankly hyperten-

sive, reaching stable mean arterial pressure values at B180 mm Hg, at 3

months of age.26,27 All experimental procedures were approved by the Ethics

Committee for the Use of Laboratory Animals of the Federal University of São

Paulo, UNIFESP (0778/11).

Tissue isolation
The rats were euthanized by guillotine, and the hearts were rapidly removed.

The left atria were dissected and mounted between platinum electrodes in

10 ml organ baths containing Krebs–Henseleit solution heated to 36.5 1C. One

end of each atrium was attached to an FT202 force transducer (CB Sciences,

USA) via a cotton thread to record isometric contractions. The transducer was

connected to an ETH 400 amplifier (CB Sciences), which was coupled to a

PowerLab digital data acquisition system (AD Instruments, Sydney, Australia),

allowing the force of contraction to be recorded and stored during the

experiment. The software used to convert analog data to digital data was Chart

for Windows (v. 4.1.2, AD Instruments), which has a PC interface (Pentium II

266 MMX, 64 MB RAM). The Krebs–Henseleit solution had the following

composition (in mM): NaCl 122.3, KCl 4.6, KH2PO4 1.2, MgSO4.7H2O 1.2,

NaHCO3 17.4; CaCl2.H2O 1.5 and D-glucose 11.1, with a pH of 7.4. The

solution was maintained at 36.5 1C and saturated with 95% O2 and 5% CO2.

Electric field stimulation
The left atria were stimulated by square-wave electrical pulses (2 Hz, 5 ms), and

the voltage level (range 10–16 V) for stimulation was 20% greater than the

atrial contraction threshold.16 The electric field was generated using platinum

electrodes, which were diametrically opposed in the chamber and connected to

a voltage electrical stimulator (Grass S48—Stimulator, Grass Inst. Div, Astro-

Med Inc., West Warwick, RI, USA). Atria were equilibrated for 40 min before

the experiments were started.16

Experimental protocol
After the equilibration period, each atria received a single dose of each

agonist.16,20 Non-cumulative concentration-response curves for ATP and UTP

(1 nM to 1 mM each) were calculated in NWR and SHR atria to determine the

concentration that produced 80% of the maximum effect (EC80). The EC80s of

ATP and UTP were used in the following experimental protocols.

The agonists were also tested after incubation with the antagonists (20 min).

The curves, in the absence or presence of the antagonists, were obtained on the

same preparation.

In addition, the biphasic effect produced by ATP and UTP on atrial

inotropism was investigated to confirm the hypothesis of P1 and P2

purinoceptor participation. Therefore, D 8-cyclopentyl-1,3-dipropylxanthine

(DPCPX) (1mM), a selective antagonist of A1 receptors, or suramin (100mM)

and pyridoxalphosphate-6-azophenyl-20,40-disulphonic acid tetrasodium salt

(PPADS) (10mM), selective antagonists of P2 receptors, were preincubated for

20 min, and the inotropic effects of ATP and UTP were analyzed, as described

by Froldi et al.16 and Gergs et al.28

To confirm the role of calcium in cardiac contraction, the left atria from

hypertensive and control rats were used to evaluate the PIE induced by ATP

and UTP in the presence or absence of an L-type calcium channel blocker

(nifedipine; 0.1mM), depletion of the endoplasmic reticulum calcium store

(ryanodine, 3.0 nM) and mitochondrial depolarization (CCCP; 0.1mM) follow-

ing a preincubation period of 20 min.

Analysis of results
Blood pressure, body weight, ventricular weights, ratio of ventricular weight to

body weight and left atria weight were compared between SHRs and NWRs

using an unpaired t-test. In addition, we analyzed contractile parameters of the

left atria, such as resting contraction, peak contraction, time to peak

contraction, time to relax, peak rate of tension increase (þ dT/dt) and peak

rate of tension decrease (�dT/dt), in both animal strains.

Inotropic effects of the nucleotides were expressed as the D% of the basal

force of contraction. Because both negative and positive effects were present

(Figure 1), the PIE was expressed as the difference between the maximum PIE

and the minimum value of contractility during the NIE divided by the basal

force of contraction (value before the NIE). Therefore, both negative and

positive effects were expressed as percentages of the same control value, as

described by Froldi et al.16 and Gergs et al.28 The percent inhibition of the

response was also calculated to compare the effects on calcium handling in

NWRs and SHRs.

Statistical analysis
Individual data are expressed as the mean±standard error of the mean

(s.e.m.), and at least six experiments (n) were performed in each case. Mean

values were compared using the conventional analysis of variance for paired

samples (Bonferroni post-test) or were subjected to Student’s t-test. Statistical

analysis was performed using GraphPad Instat (version 5.01, GraphPad

Software Inc, San Diego, CA, USA). Statistically significant differences were

considered at Po0.05.

Drugs used
The disodium salts of ATP and UTP, PPADS, suramin, DPCPX, nifedipine,

ryanodine and CCCP were purchased from Sigma (St Louis, MO, USA).

DPCPX was dissolved in dimethyl sulfoxide. The total volume of dimethyl

sulfoxide added never exceeded 0.2% v v�1 of the organ bath. All other drugs

mentioned were dissolved in Milli-Q purified water.

RESULTS

SHRs that were 16–24 weeks of age exhibited a significant increase in
mean arterial pressure accompanied by an increase in the ratio of
ventricle weight to body weight compared with NWRs (Table 1).
There was no difference in the parameters of isometric contractile
performance of the left atria of SHRs and NWRs (Table 2).

As described previously,16 ATP and UTP exert a dual effect on rat
atria. This is reflected by an initial NIE followed by a PIE. In the
continuous presence of the purinoceptor agonist, the NIE developed
slowly but gradually and plateaued within B1 min; subsequently, the
tissue started to gradually recover its basal level of contraction and
continued this increase for a few minutes to reach a stable plateau
above the baseline contraction (Figures 2a, c). For the sake of clarity in
the data analysis, we have provided a schematic of the dual nucleotide
effects, the NIE component and the PIE component in Figure 1. We
also show the formula used to estimate the normalized NIE and PIE
values as the % of the initial baseline contraction amplitude.28

Non-cumulative concentration-response curves for ATP and UTP
in left atria isolated from NWRs and SHRs
As shown in Figures 2a, c, ATP and UTP exerted a biphasic effect
on atrial inotropism. Both effects were tested at single concentrations
in each preparation (1–1000mM). For instance, at 300mM, ATP and
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UTP initially produced a smaller NIE response in SHRs when
compared with NWRs, as shown in the example record in
Figure 2a. In addition, a greater PIE response followed the NIE in
SHRs (Figure 2a).

The pooled results of the non-cumulative concentration-response
curves for ATP and UTP showed that these nucleotides induced a
diminished NIE response and an augmented PIE response in the left
atria of SHRs compared with those of NWRs (Figures 2b, d). The
maximum effects of both nucleotides were obtained at 1 mM.

The NIE response to 300mM ATP was significantly decreased in
SHRs (�46±2%) when compared with NWRs (�58±1%)
(Figure 2b). In addition, the PIE response to ATP was increased in

SHRs (46±2%) compared with NWRs (35±2%, Po0.05)
(Figure 2b).

The NIE response to 300mM UTP was decreased in SHRs
(�19.7±0.9%) compared with NWRs (�27±2%, Po0.05). How-
ever, the PIE response to this nucleotide was increased in SHRs
(33±1%) when compared with NWRs (40±3%, Po0.05).

To compare the effects of both nucleotides, a concentration of
300mM was used for ATP and UTP, which corresponds to the EC80.
Significant differences in the NIEs and PIEs were produced by ATP
and UTP at 300mM in the left atria of SHRs and NWRs (Figures 2b,
d). The Emax values for the PIE response to both nucleotides are
summarized in Table 3.
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Figure 1 (a) Shows the scheme of purinergic neurotransmission in rat atria. ATP and/or UTP are co-released with noradrenaline (NOR) or acetylcholine

(ACh). At the neuroeffector junction, ATP is degraded by nucleotidases, until adenosine (ADO) interacts with P1 receptors that are followed by an inhibition

of adenylyl cyclase (AC) and, causing a decrease in the cAMP levels, whereas PKA activity diminish Ca2þ concentration, promoting a NIE. Moreover, ATP or

UTP may activate the P2X or P2Y receptors followed by an increase of Ca2þ influx or phospholipase C/inositol triphosphate (PLPC/IP3) pathway,

respectively, leading to PIE. (b) Shows the time course effect of a single concentration of ATP or UTP in atria. The latter exposure produced a biphasic

effect represented by an initial NIE followed by a PIE. Individual vertical lines show atrial contractions elicited by field stimulation with pulses of 5 ms at

2 Hz. The basal contraction is known as baseline contraction amplitude (BCA). (c) Shows that NIE and PIE were calculated according to the formulas 1 and

2, respectively. (Figure based on Gergs et al.28).

Table 1 Characteristics of SHR and NWR at 16–24 weeks of age

NWR SHR

Blood pressure (mm Hg) 110.0±10.0 190.0±10.0a

Body weight (g) 432.0±3.5 339.0±2.4a

Ventricle weight (g) 1.0±0.08 1.3±0.11a

Heart wt/body wt (mg g�1)x10�3 2.4 3.7a

Left atria weight (mg) 180.0±2.8 189.0±1.2

Abbreviations: NWR, normotensive Wistar rat; SHR, spontaneously hypertensive rat.
Data obtained from 50 experiments.
aPo0.05 in relation to NWR.

Table 2 Baseline contractile parameters at Lmax

NWR SHR

Resting tension (gmm�2) 0.70±0.04 0.69±0.03

Developed tension (g mm�2) 0.23±0.02 0.29±0.03

Time to peak tension (ms) 41.8±0.8 43.3±1.3

Time to relax (ms) 39.8±1.3 43.6±2.0

Peak rate of tension rise (þdT/dt; g mm2 s�1) 7.9±0.7 9.9±0.9

Peak rate of tension fall (�dT/dt; g mm2 s�1) 6.3±0.6 7.6±0.7

Abbreviations: NWR, normotensive Wistar rat; SHR, spontaneously hypertensive rat.
Data obtained from 50 experiments.
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The corresponding pD2 value was significantly higher in ATP-
stimulated SHR atria (4.60±0.07) when compared with NWR atria
(4.30±0.08). The Emax was also significantly higher. Such alterations
in pD2 were not observed in atria exposed to UTP, which induced
alterations only in Emax.

Effects of P1 and P2 purinoceptor blockers on the atrial response
of SHRs and NWRs to ATP and UTP
DPCPX (1mM, preincubated for 20 min), a selective A1 purino-
ceptor antagonist,26,27 did not by itself alter basal contraction
during incubation for 20 min. The compound partially inhibited
the NIE response to 300mM ATP in SHR and NWR atria.
Moreover, the PIE response to ATP was potentiated in the
presence of DPCPX (Figure 3a). DPCPX also more effectively
inhibited the NIE produced by ATP in the left atria of
NWRs (49±2%) than in those of SHRs (35±2%, Po0.05)
(Figure 3a).

The presence of a biphasic effect of 300mM UTP in the presence
of DPCPX was also evaluated (Figure 3b). DPCPX blocked

the NIE response by 41.0±0.8% in NWRs and 54±1% (Po0.05)
in SHRs. However, DPCPX did not increase the PIE of UTP in
NWRs or SHRs (Figure 3b).
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Figure 2 Effects of ATP at 300mM (a) and UTP at 300mM (c) on the basal contraction amplitude in electrically driven left atria of NWRs and SHRs. The

ATP initially produced a NIE followed by PIE. (b, d) Concentration-response curves ATP and UTP (1mM to 1 mM) in electrically driven left atria of SHR and

NWR. The PIE responses to ATP were measured as indicated in Figure 1 and NIE response to ATP was calculated also as indicated in Figure 1 and

expressed as a percentage of baseline amplitude of contractions. Each point represents the mean±s.e.m. from 7 to 20 experiments. (*Po0.05, difference

between NWRs and SHRs, one-way analysis of variance (ANOVA), Bonferroni post-test).

Table 3 Emax and pD2 values for PIE produced by ATP and UTP in

electrically driven left atria of SHRs and NWRs

NWR SHR

UTP PIE

pD2 4.30±0.10 4.40±0.06

Emax 32.90±1.30% 40.10±3.40%a

ATP PIE

pD2 4.30±0.08 4.60±0.07a

Emax 34.90±1.90% 46.00±2.00%a

Abbreviations: ATP, adenosine-50-triphosphate; NWR, normotensive Wistar rat; PIE, positive
inotropic effect; SHR, spontaneously hypertensive rat; UTP, uridine-50-triphosphate.
Data obtained from at least six experiments were taken from Figures 2b, d. Emax is expressed
as % increment of the atrial basal contraction.
aPo0.05 in relation to NWR.
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To determine whether the PIE response was mediated by P2
purinoceptors, we tested the influence of 100mM suramin29 on the
nucleotide effects on atrial contractions. Suramin drastically
antagonized the PIEs of ATP and UTP (Figures 4, 5). The PIE of
ATP was inhibited by 55±1% in NWRs and 52.0±0.4% in SHRs
when compared with the control response normalized to 100%.
Furthermore, suramin potentiated the NIE response to ATP in SHRs
by 46±4% (Po0.05) (Figure 4a) and more effectively inhibited the
PIE response to UTP in SHRs compared with NWRs. This blockade
amounted to 33±1% for NWRs and 41.0±0.9% SHRs (Po0.05).
The NIE responses were unaltered by suramin in both SHRs and
NWRs (Figure 4b).

In addition, we tested whether PPADS (10mM) affected the
response to ATP and UTP. PPADS antagonized the PIEs of ATP
and UTP (Figures 5a, b). NWRs exhibited 53±1% inhibition of the
PIE response to ATP compared with 39±1% in SHRs. For UTP,
the PIE response in the presence of suramin was reduced by
57.0±0.8% in NWRs and 43±1% in SHRs. Curiously, the NIE of
ATP was potentiated by suramin (Figure 4a) and PPADS in SHRs but
not in NWRs (Figure 5a). This was not the case for the UTP NIE
(Figures 4b, 5b).

Effect of the L-type calcium channel blocker nifedipine on the
biphasic effects of ATP and UTP on atrial contraction
The effects of ATP and UTP on atrial inotropism were investigated in
the presence of nifedipine (0.1mM, preincubated for 20 min). Nifedi-
pine decreased basal contraction by B35±2% following incubation
for 20 min in both groups (data not shown). The PIEs of 300mM ATP
and UTP were blocked by nifedipine in SHRs and NWRs (Figures 6a,

b) and reduced in SHRs by 46±2% compared with 34.0±0.9% in
NWRs (Po0.05) (Figure 6a and Table 4). However, the PIE of UTP
was more effectively blocked by nifedipine in NWRs (30±1%)
compared with SHRs (26.0±0.4%, Po0.05) (Figure 6b and
Table 4). In addition, nifedipine did not affect the NIEs ATP or
UTP in SHRs or NWRs (Figures 6a, b).

Effect of ryanodine on the biphasic effects of ATP and UTP in
electrically driven left atria of SHRs and NWRs
At nanomolar concentrations, ryanodine allows the formation of an
open channel state of the ryanodine receptor in the endoplasmic
reticulum, which triggers the release of calcium and thus results in
Ca2þ depletion in this storage organelle.30

Preincubation with ryanodine at 3.0 nM diminished the basal atrial
contraction by B45.0% in both groups. Moreover, calcium depletion
of the endoplasmic reticulum decreased the PIEs of 300mM ATP and
UTP in SHR and NWR atria (Figures 7a, b). The PIE of ATP was
slightly inhibited in SHRs (25±2%) compared with NWRs (60±2%,
Po0.05) (Figure 7a and Table 4). However, the PIE of UTP was more
inhibited by ryanodine in SHRs (59±1%) compared with NWRs
(51±1%, Po0.05) (Figure 7b and Table 4).

The NIE of ATP was increased 46±4% by ryanodine in SHRs and
NWRs (Figure 7a). No changes were observed in the NIE of UTP in
either group (Figure 7b).

Effect of the protonophore CCCP on the biphasic effects of ATP
and UTP in the left atria of SHRs and NWRs
CCCP is a mitochondrial protonophore that dissipates the proton
gradient and causes the depolarization of mitochondria, thus blocking
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Figure 5 Effects of the P2 purinoceptor antagonist PPADS on the NIE and PIE response to 300mM ATP (a) and 300mM UTP (b) in electrically driven left

atria of SHRs and NWRs. PPADS at 10mM was present 20min before adding the nucleotides; baseline atrial contractions were not affected by this

compound. Values are expressed as mean±s.e.m. of eight experiments, *Po0.05 difference between NWRs and SHRs, #Po0.05 difference between the

inotropic response in presence and absence of antagonist. (one-way ANOVA, Bonferroni post-test).
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Ca2þ uptake and depleting Ca2þ from the mitochondrial matrix.31

We therefore also explored the effect of CCCP on the effects of ATP
and UTP at 300mM on atrial contractions.

The basal contraction was decreased B52±3% by preincubation
with CCCP (0.1mM for 20 min) in SHRs and NWRs. The PIEs of ATP
and UTP were significantly decreased by CCCP in both groups
(Figure 8). The PIE of ATP was more efficiently inhibited by CCCP in
NWRs (57±1%) compared with SHRs (40±1%, Po0.05), as shown
in Figure 8a and Table 4. The same was observed for the PIE of UTP
(Figure 8b and Table 4).

By contrast, the NIE of UTP was augmented by CCCP by 38±3%
in SHRs (Figure 8a). No changes were observed in the NIE of UTP in
NWRs (Figure 8b).

DISCUSSION

As shown in Table 1, SHRs presented an increased ventricle size and
augmented blood pressure, characterizing a hypertensive state. An
equivalent situation was described by Okamoto and Aoki26 and
Bishop et al.27 In addition, we did not observe any difference in the
contractile parameters (Table 2).

Similar to previous reports,14–16 we demonstrated that electrically
driven NWR atria present dual NIE and PIE responses to the
purinergic receptor agonists ATP and UTP. Such duality was also
observed in SHR atrial preparations, although the responses differed
from those of normotensive animals; whereas NIE responses were
smaller in SHR atria, the PIE responses were higher than those of
NWR atria, and this was true for both ATP and UTP. It appears that
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Figure 6 Effects of L-type Ca2þ channel blockers nifedipina on the PIE responses to 300mM ATP (a) and 300mM UTP (b) in electrically driven left atria of

SHRs and NWRs. Nifedipine 0.1mM was present 20 min before adding the nucleotides. Values are expressed as mean±s.e.m. of six experiments, *Po0.05

difference between NWRs and SHRs, #Po0.05 difference between the inotropic response in presence and absence of antagonist. (one-way ANOVA,

Bonferroni post-test).

Table 4 Percentage of the block (expressed as mean±s.e.m.) to the positive inotropic effect produced of ATP and UTP 300mM by nifedipine

0.1mM, ryanodine 3nM or CCCP 0.1mM in left atria of SHRs and NWRs

ATP UTP

þ Nifedipine þ Ryanodine þ CCCP þ Nifedipine þ Ryanodine þ CCCP

NWR 34.0±0.9% 60.0±2.1% 57.0±1.2% 30.0±1% 51.0±1.2% 69.0±1.2%

SHR 46.0±1.7%a 25.0±1.8%a 40.0±1.3%a 26.0±0.4%a 59.0±1.1%a 47.0±1%a

Abbreviations: ATP, adenosine-50-triphosphate; CCCP, carbonyl cyanide 3-chlorophenylhydrazone; NWR, normotensive Wistar rat; PIE, positive inotropic effect; SHR, spontaneously hypertensive rat;
UTP, uridine-50-triphosphate.
Data were calculated from the experiments shown in Figures 6–8. They are mean±s.e.m. of at least six experiments.
aPo0.05 with respect to NWR.
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in hypertensive animals, the cardiac PIEs of purinoceptor agonists
predominate over the NIEs.

The involvement of P1 purinoceptors of the A1 subtype in the
blockade of NIE responses by DPCPX was suggested by our results
and has previously been shown in normotensive rats.16 PIE responses
were likely mediated by P2 purinoceptor subtypes because they were
blocked by PPADS and suramin, as previously demonstrated in
guinea pig and frog hearts14 and in rat hearts.20,32 Suramin has been
used to characterize the involvement of P2 receptors in the contractile
responses of other preparations of vascular tissues,33 mouse vas
deferens34 and the guinea pig urinary bladder and taenia coli.35 The
extent of the inhibition elicited by PPADS and suramin of the PIEs of
ATP and UTP was slightly higher in NWR atria when compared with
SHR atria, indicating higher expression of P2 purinoceptors in the
latter. This is in agreement with the higher P2 purinoceptor densities
previously reported in the tail arteries36 and mesenteric arteries37 of
SHRs.

An interesting feature of this study concerns the interaction of P1
and P2 purinoceptors in regulating the NIEs and PIEs induced by
ATP and UTP. For instance, the decreased NIEs in the presence of
DPCPX were accompanied by enhanced PIEs to ATP in both NWR
and SHR atria (Figure 3a). This was not the case for UTP, which
elicited a smaller PIE in SHR atria (Figure 3b). Regardless, as
previously reported, it appears that adenosine receptor blockade
exposes the stimulatory effect of ATP on cardiac contractility.32

The handling of Ca2þ ions by cardiac cells is central in the
regulation of heart contractility. Thus, we explored how pharmaco-
logical interference in Ca2þ handling affected the NIEs and PIEs

induced by ATP and UTP in both normotensive and hypertensive rat
atria. The NIEs on NWR atria were little affected by nifedipine,
ryanodine or CCCP. However, in SHR atria, ryanodine and CCCP
augmented the NIEs, indicating that the endoplasmic reticulum Ca2þ

store and mitochondrial Ca2þ handling could be involved in such
responses.

Nifedipine more greatly inhibited the PIE of ATP in SHRs. This
observation could be explained by activation of P2X receptors by ATP,
which increases Ca2þ influx through L-type Ca2þ channels in
cardiomyocytes,38 inducing Ca2þ release from the endoplasmic
reticulum.39 This may also explain how the ATP-elicited PIE
response was depressed in NWR atria compared with SHR atria in
ryanodine-treated preparations (Table 4), indicating a greater size of
the endoplasmic reticulum Ca2þ store in SHRs. This finding is
consistent with our earlier observation that chromaffin cells in adrenal
medullary slices from SHRs have a greater endoplasmic reticulum
Ca2þ store.11 In this context, a plausible explanation is that the
enhanced PIE response to ATP in SHR atria could be associated with
increased release of Ca2þ from the endoplasmic reticulum.

Following treatment with CCCP, the PIEs of ATP and UTP were
depressed to a lesser extent in SHR atria than in NWR atria (Table 4).
This is again compatible with the previous observation that proto-
nophores induce a larger depletion of mitochondrial Ca2þ in SHR
adrenal slices compared with those of NWRs.11

From a clinical standpoint, the doses used here are similar to those
used in human coronary heart disease.28 This indicates that our
results may be useful to for comparison with our expectations for
human patients.
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Figure 7 Effects of ryanodine (sarcoplasmic reticulum calcium depletion triggered) on the PIE responses to 300mM ATP (a) and 300mM UTP (b) in

electrically driven left atria of SHRs and NWRs. Ryanodine 3.0nM was present 20 min. before adding the nucleotides. Values are expressed as

mean±s.e.m. of 6 experiments, *Po0.05 difference between NWRs and SHRs, #Po0.05 difference between the inotropic response in presence and

absence of antagonist. (one-way ANOVA, Bonferroni post-test).
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CONCLUSION

In conclusion, the PIEs of ATP and UTP were higher in SHR atria
compared with NWR atria. The observed pharmacological interfer-
ence in Ca2þ handling suggests the existence of an augmented
endoplasmic reticulum Ca2þ store and faster mitochondrial Ca2þ

cycling in SHR atria than in NWR atria. These data support the
hypothesis that dysfunction of purinergic neurotransmission and
enhanced sympathetic activity are contributors to the pathogenesis of
hypertension.
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