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SUMMARY

1. The effects of extracellular adenosine triphosphate (ATP) on the basal L-type
Ca** current (I,) were investigated in ferret isolated right ventricular myocytes
using the gigaohm seal voltage clamp in the whole-cell and cell-attached
configurations.

2. Micromolar levels of extracellular ATP reversibly inhibited I, in a con-
centration-dependent manner, without any significant changes in the voltage
dependence of either the peak I, I-V relationship or steady-state activation curve.

3. In contrast, micromolar levels of extracellular ATP did significantly alter the
inactivation characteristics of I,. Ten micromolar ATP: (i) increased the degree of
steady-state inactivation of I, ; (ii) altered the time constants of I, inactivation at
0mV; and (iii) decreased the time constant of I, recovery from inactivation at
—70 mV.

4. The inhibitory effect of ATP on I, was not blocked by atropine, a muscarinic
cholinergic receptor antagonist, or CPDPX (8-cyclopentyl-3,4-dipropylxanthine), an
A, adenosine receptor antagonist. In contrast, the inhibitory effect of 10 um ATP
could be nearly completely antagonized by 100 #M suramin, a purinergic P, receptor
antagonist.

5. The potency order of ATP analogues in inhibiting I, was 2-methyl-thio-ATP
> ATP > a,f-methylene-ATP, indicating involvement of a P,y-type ATP receptor.

6. Pretreatment of cells with pertussis toxin (PTX) did not prevent the ATP-
induced decrease in I,. However, (i) ATP produced an irreversible decrease of I, in
the presence of intracellular GTPyS, and (ii) the inhibitory effect was significantly
attenuated in the presence of intracellular GDPSS, indicating the involvement of a
PTX-insensitive G protein in the P,y receptor-coupling process.

7. Neither (i) replacing extracellular Ca?* with 1 mm Ba?*, nor (ii) intracellular
perfusion of 10 mm BAPTA for at least 30 min attenuated the inhibitory effect of
ATP on the current through Ca®** channels, suggesting that the inhibitory effect was
not obligatorily dependent upon influx of Ca®** or changes in [Ca?],.
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8. Ensemble-average current behaviour constructed from cell-attached patch
recordings of single L-type Ca** channels (110 mm BaCl,) demonstrated that when
10 um ATP was added to the superfusate on the outside of the patch electrode the
inhibition of I, was still observed, providing evidence for the involvement of
intracellular diffusible second messenger(s).

9. Bath application of the protein kinase C (PKC) activator PMA (44-phorbol-12-
myristate-13-acetate) did not decrease I,, and the PKC inhibitor staurosporine did
not block the ATP-induced decrease in I,, indicating that the inhibition was not
mediated by activation of PKC.

10. Internal perfusion of 100 um IP,+7-7 um IP, did not alter the inhibitory effect
of ATP on I,, indicating that inositol phosphates were not involved.

11. Neither (i) internal perfusion of a specific peptide inhibitor of protein kinase
A (PKI) for 30 min, nor (ii) application of an intracellular ‘cAMP clamp’
(1 mM cAMP + 10 gm IBMX)) changed the effect of ATP on I,, indicating that the
cAMP-dependent protein kinase A (PKA) pathway was not involved.

12. In ferret right ventricular myocytes inhibition of I, by ATP occurs
independently of adenosine A, receptors. ATP inhibits I;, without significantly
affecting the voltage dependence of activation, but it does modify the inactivation
gating properties. Inhibition occurs by extracellular ATP binding to a P,y receptor
and subsequent activation of a PTX-insensitive G protein. Our results indicate that
some of the conventional second messenger systems ([Ca®*];, PKC, inositol
phosphates, cAMP-PKA) are not essential for the inhibitory effect of extracellular
ATP on I,.

INTRODUCTION

The role of extracellular adenosine triphosphate (ATP) as either a primary
neurotransmitter or modulator of ion channel activity is now recognized in a number
of different tissues (e.g. Hoyle & Burnstock, 1986; Burnstock, 1990; Bean, 1992;
Evans, Derkach & Surprenant, 1992; Edwards, Gibb & Colquhoun, 1992; El-
Moatassim, Dornard & Mani, 1992). However, it is still generally considered that
direct ATP-mediated effects on mammalian cardiac muscle are relatively un-
important (reviewed in Olsson & Pearson, 1990). A prevailing view is that ATP either
has to be hydrolysed to adenosine or act via adenosine receptors to produce any
pharmacological effects in mammalian cardiac muscle (e.g. Olsson & Pearson, 1990;
Ragazzi, Wu, Shryock & Belardinelli, 1991). Studies on the effects of extracellular
ATP on mammalian isolated cardiac myocytes are limited, and have to date been
conducted almost exclusively on rat ventricular myocytes (e.g. Christie, Sharma &
Sheu, 1992; Scamps, Rybin, Puceat, Tkachuk & Vassort, 1992). However, the extent
to which the effects of extracellular ATP observed in rat ventricular myocytes can
be applied to myocytes isolated from cardiac tissues of other mammalian species has
not yet been determined.

In the preceding paper we demonstrated that adenosine inhibits basal L-type I,
in ferret right ventricular myocytes by binding to an A, receptor coupled to a
pertussis toxin (PTX)-sensitive G protein (Qu, Campbell, Whorton & Strauss,
1993a). Adenosine reduced basal I, without altering either its steady-state or
kinetic gating characteristics. We have also previously demonstrated in these
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myocytes that, in contrast to results reported in rat myocytes (see Discussion),
extracellular ATP decreases basal L-type I,, [Ca®']; transients, and cell length
changes elicited upon depolarizing voltage clamp stimulation without changing free
myoplasmic [Ca®**]; under resting conditions (Qu, Himmel, Campbell & Strauss,
1993b). Our previous results imply an important functional role for both extracellular
adenosine and ATP in ferret right ventricular myocardium. Therefore, it is critical
to determine if ATP produces its inhibitory effect on basal I, in ferret right
ventricular myocytes independently of hydrolysis to adenosine or activation of
adenosine A, receptors.

In the present study we characterize the effects of extracellular ATP on basal L-
type I, in ferret right ventricular myocytes. We demonstrate that micromolar levels
of extracellular ATP inhibit basal L-type I,, and that these inhibitory effects can be
clearly distinguished electrophysiologically, pharmacologically and biochemically
from those produced by adenosine. The involvement of ATP-specific P,y receptors
and a PTX-insensitive G protein in the receptor-coupling process for inhibition of I,
is demonstrated, and the possible involvement of four different second messenger
pathways ([Ca?®*];, protein kinase C, inositol phosphates, cAMP-dependent protein
kinase A) is examined.

Preliminary accounts of this work have appeared in abstract form (Qu, Campbell,
Whorton & Strauss, 1991; Qu, Campbell, Himmel & Strauss, 1992).

METHODS

Myocyte isolation and electrophysiological recording techniques

The myocyte isolation (right ventricles of 10 to 16-week-old male ferrets) and storage
procedures, voltage clamp amplifier, stimulating, recording and data-acquisition equipment and
software, perfusion system and chamber, patch pipette fabrication for whole-cell recordings of I,
and whole-cell internal perfusion technique were all identical to those described in detail in the
preceding paper (Qu et al. 1993a). Voltage clamp protocols for measuring current—voltage and
steady-state inactivation relationships, kinetics of recovery, and drug application sequences, and
the methods of quantitative analysis applied for each of these protocols, were also identical to those
described in the preceding paper. For cell-attached recordings of single L-type Ca®*' channels
borosilicate glass tubing with 1-5 mm o.d., 0:86 mm i.d. was used (Corning 7052, A-M Systems,
Inc., Everett, WA, USA). The shanks of the electrodes were coated with ‘Sylgard’ (Dow Corning)
to within approximately 50-100 uMm of the tip.

Solutions and drugs

In all experiments myocytes were initially perfused and gigaseals formed in ‘ control extracellular
Na*-containing solution’ containing (mm): 144 NaCl, 54 KCl, 1-8 CaCl,, 1 MgCl,, 10 Hepes, pH =
7-40. For whole-cell recording of I, myocytes were then perfused with a ‘ Na*-free NMDG solution’
containing (mm): 144 N-methyl-p-glucamine chloride (NMDG), 54 CsCl, 1-8 CaCl,, 1 MgCl,,
12 pm-tetrodotoxin (TTX), 10 Hepes, pH = 7-40. The patch pipettes were filled with ‘K*-free
intracellular solution containing (mm): 120 CsCl, 20 TEA-C], 1 MgCl,, 5 EGTA, 5 Mg-ATP, 5
disodium creatine phosphate, 0-2 Na-GTP, 10 Hepes, pH = 7-40. Pipettes had resistances of
2-4 MQ. For measurements of whole-cell I5,, 1-8 mm CaCl, was replaced with 1 mm BaCl, and
MgCl, was removed (e.g. Campbell, Giles & Shibata, 1988). Complete replacement of Na* by NMDG
suppressed or greatly minimized I, and Na*—Ca?* exchanger current, 12 gM TTX minimized any
residual flow of other cations through the Na* channel, and complete replacement of K* by Cs* and
TEA* suppressed any voltage- and agonist-activated K* currents. In a limited series of
experiments designed to test for the possible effects of Cl~-, both extracellular and intracellular
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solutions were simultaneously modified so as to reduce Cl~: extracellularly, NMDG solution was
modified by replacing 144 mm NMDG-Cl + 54 mm CsCl with 144 mm NMDG-methanesulphonate
(MSA)+ 54 mm Cs-MSA, and the patch pipette solution was modified by replacing 120 mm CsCl
with 120 mM caesium aspartate (all other compounds were the same as control solutions).

For recording of single Ca?" channel activity in the cell-attached configuration, membrane
potential was ‘zeroed’ by perfusing with ‘isotonic K* solution’ containing (mm): 140 KCl,
12-1 NaCl, 1 EGTA, 1 MgCl,, 10 Hepes, pH = 7-40). Pipettes were filled with isotonic Ba?* solution
containing (mm): 110 BaCl,, 10 Hepes, pH = 7-40. Pipette resistances were 8-15 MQ. Assuming a
transmembrane potential of 0 mV in isotonic K* solution, the patch holding potential was set at
—170to —90 mV (i.e. close to the normal resting potential), and 200 ms test pulses typically to + 10
to +30 mV were applied. Two hundred to 300 consecutive traces of channel activity were recorded
in control, during bath application of 10 um ATP, and wash-out. These 200-300 traces were then
used to construct ensemble-average currents. To control for ‘run-down’ or other experimental
variability, each series of 200-300 pulses was bracketed by a similar control or ATP application
series (i.e. either control-ATP—control or ATP—control-ATP).

Depending upon experiments, solutions were modified by appropriate addition/substitution of
compounds and drugs. Stock solutions of 1 mM-ATP (sodium salt) were made fresh daily in NMDG
I, solution (without TTX) and refrigerated until used. Staurosporine was dissolved in dimethyl
sulphoxide (DMSO) to give 1 mM stock and stored at 0—4 °C until used. 8-Cyclopentyl-1,3-
dipropylxanthine (CPDPX) was dissolved in DMSO to give 10 mM stock and stored at —20 °C until
used. Phorbol ester was dissolved in DMSO to give 1 mMm stock and stored at —70 °C until used.
Drugs and compounds were obtained from the following companies: CPDPX and 2-methyl-thio-
ATP, Research Biochemicals Incorporated, Natick, MA, USA ; PTX, List Biological Laboratories,
Inc., Campbell, CA, USA ; adenosine, ATP, a,8-methylene-ATP, GTPyS, GDP/AS, ATPyS, atropine
(sulphate salt), 3-isobutyl-1-methyl-xanthine (IBMX), phorbol ester (48-phorbol-12-myristate-13-
acetate; PMA), methanesulphonic acid, and aspartic acid, Sigma, St Louis, MO, USA; BaCl,,
Aldrich, Milwaukee, WI, USA; WIPTIDE (PKI), (Peninsula Laboratories, Inc., Belmont, CA,
USA; p-myo-inositol 1,4,5-trisphosphate, D-myo-inositol 1,3,4,5-tetrakisphosphate, and 5,5’
difluoro-BAPTA (potassium salt), Calbiochem, La Jolla, CA, USA; cAMP (free acid), Boehringer
Mannheim, Indianapolis, IN, USA; and TTX, Sigma and Calbiochem. Suramin was kindly
provided as a gift from Dr T. K. Harden (Department of Pharmacology, University of North
Carolina, Chapel Hill, USA).

All experiments were conducted at room temperature (21-23 °C) and within 8-12 h of myocyte
isolation. Currents have not been ‘leakage corrected’. Results are given as means+s.D. Statistical
analysis was conducted using Student’s paired ¢ test. Differences were considered significant at
P < 005.

RESULTS

ATP-mediated inhibition of I, : basic electrophysiological characterization

In all myocytes examined application of extracellular ATP in the micromolar range
reversibly inhibited I, in a concentration-dependent manner (see also Qu et al.
1993b). Under control conditions 10 uM extracellular ATP inhibited peak I, at 0 mV
by 459+ 11:0% (n = 10 myocytes). To determine if the inhibition of I, mediated by
ATP displayed different electrophysiological characteristics from the inhibition
mediated by adenosine (Qu ef al. 1993 a), the effects of ATP on the I, current—voltage
(I-V) relationship, steady-state inactivation relationship, and kinetics of inactivation
and recovery were determined.

Figure 14 illustrates the mean peak different I, I-V relationship (I, peax —Z500ms)
and the isochronal (500 ms) I-V relationship obtained before and after application of
10 um ATP (n = 5 myocytes). Ten micromolar ATP reduced the amplitude of the
peak I, I-V relationship without appreciably altering its voltage dependence
(ATP produced at most a 5 mV depolarizing shift, a value well within the range of
error of our measurements). The effect of ATP on the isochronal I-V relationship was

minimal. The mean apparent reversal potentials, £, in the absence and presence
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of 10 um ATP were not statistically different (control: E,., = +6471+31 mV,n =5;
ATP: E., =+636+34mV, n=6; P> 02). The effect of ATP on I, was also
measured in low-Cl~ solutions (see Methods). Under such low-Cl~ conditions,
10 mMm ATP inhibited I, (—10 or 0 mV) by 39-:0+54% (» = 3 myocytes), a value
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Fig. 1. Basic electrophysiological effects of 10 uM extracellular ATP on I,. 4, mean peak
difference (Ig, peax —Ica, 500ms) 80d isochronal (500 ms) I-V relationships in control (Ill) and
10 um ATP (A). B: main figure, steady-state I, inactivation relationship in control and
10 um ATP. Continuous lines are fits to the data sets using two Boltzmann relationships
and the equations for ‘f’ and ‘r’ given in the text. Inset, effects of 10 um ATP on I,
inactivation kinetics at 0 mV. Representative double-exponential fits to I, inactivation
in control ([J) and 10 uM ATP (A ). Best-fit values of time constants were: control, 7, =
10 ms, 7, =82 ms; ATP, 7, =19 ms, 7, =72 ms. C, the effect of 10 um ATP on the
kinetics of I, recovery from inactivation at a holding potential (HP) —70 mV. Upper
panels, I, recovery waveforms in control (upper panel) and 10 uMm ATP (middle panel)
elicited at 0 mV. Lower panel, semilogarithmic transformation of the I, recovery time
course for the currents illustrated in the upper panels [], control; A, 10 gum ATP. The
data have been fitted with a general equation I = I, (1 —exp(—¢/7))?, where I, = I, =
the peak amplitude of I, elicited by the first pulse, and I, = I = the peak amplitude of
I, elicited by the second pulse (Qu et al. 1993a). Best-fit time constants of recovery:
control, 7,,, = 49 ms; 10 um ATP, 7., = 81 ms.

similar to that observed under control conditions (4594 11:0%). In combination,
these results indicate that extracellular ATP is indeed inhibiting I, i.e. that the
reduction of macroscopic I, is not due to activation of some other conductance (see
also Fig. 8).
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The effects of 10 um ATP on the inactivation characteristics of I, are illustrated
in Fig. 1B and C and are summarized in Table 1. Figure 1B illustrates the effect of
10 um ATP on the I, steady-state inactivation relationship. As described in the
previous paper (Qu et al. 1993a), the inactivation curves in both control and ATP
were non-monotonic or ‘U-shaped’, and could be described as the sum of two

TABLE 1. Summarized effects of 10 um ATP on I,;, inactivation characteristics

Control 10 um ATP n (significance)

A. Mean r value (+80 mV):

Control 0299+ 0-062 0208 +0-022 8 (0001 < P < 0-002)

Ba* 0-467 +0-082 0-284+0-020 3 (002 < P < 005)

BAPTA+t 0511 +0-032 0178 +0-082 4 (0002 < P < 0:005)
B. Kinetics of inactivation (0 mV):

7,(ms) 112424 187+4-3 8 (P < 0-001)

7, (ms) 80-5+7-8 717+ 99 8 (0:01 < P < 0-025)
C. Kinetics of recovery (—70 mV):

Treo (MS) 52+13 100+ 28 6 (0:001 < P < 0-002)

* 1-8 mM Ca’* replaced with 1 mm Ba?*.

t 5 mM EGTA in the patch pipette replaced with 10 mm BAPTA ; myocytes perfused for at least
30 min prior to conducting measurements.

n = number of myocytes.

Results are given as means +s.p. Statistical analysis was conducted using Student’s paired ¢ test.
Differences considered significant at P < 0-05.

Boltzmann relationships, ‘f’+ ‘r’ (where the r relationship characterizes the degree
of ‘bend-up’ or incomplete inactivation at depolarized potentials; e.g. Rasmusson et
al. (1990)):

Control: f=1/(1+exp((V+21:5)/4:5))+r,
r = 0-27/(1 +exp((30— V)/80)),

ATP: f=1/(1+exp((V+22:5)/4'5)) +7,
r = 0-20/(1 +exp((37— V)/10)),

where V is in millivolts. Ten micromolar ATP had no significant effect on the
inactivation relationship for potentials hyperpolarized to 0 mV. However, ATP
altered the r relationship by reducing the degree of ‘bend-up’ at depolarized
potentials. At 4+ 80 mV the mean r value was significantly reduced by ATP (Table 1).
This reduction of the mean r value at +80 mV by 10 um ATP was also observed in
both (i) 1 mm Ba?* and (ii) 1-8 mm Ca®* when 5 mu intracellular EGTA was replaced
with 10 mm BAPTA (Table 1). Ten micromolar ATP also altered both time constants
of I, inactivation at 0 mV (Fig. 1B, inset). Finally, 10 mm ATP produced a marked
slowing of the kinetics of recovery from inactivation at —70 mV (Fig. 1C). As
summarized in Table 1, all of these effects were significantly different from control.

These basic electrophysiological measurements indicate that both adenosine and
ATP inhibit basal L-type I, in ferret right ventricular myocytes, and that neither
compound significantly affects I, activation characteristics. However, adenosine did
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Fig. 2. Inhibition of I, by ATP occurs by a different mechanism from inhibition produced
by adenosine. 4, extracellular ATP does not have to be hydrolysed to adenosine to inhibit
I,,. Ten micromolar ATPyS, a non-hydrolysable ATP analogue, inhibited I, to a similar
degree as 10 um ATP. B, the inhibitory effects of 1 mm adenosine and 1 mm ATP on basal
I, are additive. The myocyte was exposed to 1 mM adenosine initially to maximally
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not produce any significant effects on either the r relationship or the kinetics of I,
inactivation or recovery (Qu et al. 1993a). These electrophysiological results
therefore strongly suggest that the effects of ATP and adenosine on I, are mediated
via different cellular mechanisms.

ATP-mediated inhibition of I,: demonstration of direct effects distinguishable from
those produced by adenosine

Micromolar levels of extracellular adenosine reversibly inhibit basal I, in these
ventricular myocytes by binding to an A,-specific receptor and activating a PTX-
sensitive G protein (Qu et al. 1993a). It was therefore critically important to
demonstrate that the inhibition of I, was being produced by ATP directly, i.e. not
through hydrolysis to adenosine and/or activation of adenosine A, receptors. To
address this issue three different experimental protocols were conducted.

Does ATP have to be hydrolysed to adenosine to inhibit I, ?

To address this question a non-hydrolysable ATP analogue, ATPyS, was
employed. Extracellular perfusion of 10 um ATPyS produced a reversible inhibition
of I, (Fig. 24). In a total of four myocytes 10 um ATPyS inhibited peak I, at 0 mV
by 40-3+12:8%, a value similar to that produced by 10 um ATP (45:9+11-0%).
These results indicate that ATP does not have to be hydrolysed to adenosine to
inhibit I,.

Are the effects of adenosine and ATP additive?

If adenosine and ATP inhibit I, by the same pharmacological and biochemical
mechanisms, then their maximal inhibitory effects should not be additive.
Representative results from such an additive experiment using supramaximal
concentrations (1 mm) of adenosine and ATP on I, at 0 mV are illustrated in Fig.
2B. The myocyte was initially exposed to 1 mM adenosine to maximally inhibit I,
(Qu et al. 1993 a). After reaching steady-state inhibition 1 mm ATP was added. In the
presence of 1 mM adenosine ATP was still able to decrease I,, i.e. the effects of
adenosine and ATP were additive. In a total of four myocytes subsequent addition
of 1 mm ATP in the presence of 1 mMm adenosine caused an additional inhibition of I,
of 36:6 1 6:4 %. These results strongly suggest that adenosine and ATP inhibit I, by
different pharmacological and biochemical mechanisms.

Are adenosine A, receptors involved in mediating the ATP effect?

To address this question, CPDPX, a specific A, receptor antagonist, was perfused
before and during application of ATP. Fifty nanomolar CPDPX completely blocked
the inhibitory effect of adenosine on basal I, in these myocytes (Qu et al. 1993a).
However, 50 nMm CPDPX did not block the inhibitory effect of 10 um-ATP (Fig. 3). In

inhibit I ,, and then 1 mM adenosine + 1 mM ATP was perfused after the inhibitory effect
of 1 mm adenosine reached steady state. In this and all subsequent similar figures I, was
elicited at 0 mV (500 ms) from HP = —70 mV.
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a total of four myocytes in the presence of 50 nMm CPDPX, 10 um ATP inhibited I,
by 41:5+7:6 %, a value similar to the inhibition observed in control (45:9+11-:0%).
Increasing the concentration of CPDPX to 100 nm also did not block the effect of
10 um ATP (n = 2 myocytes). These results indicate that ATP exerts its inhibitory

] .
0 —
} 250 pA
i 2 100 mS
- 1 3
_ | ATP (10 um)
< 500 ——_____Washouw
= CPDPX (50 nm)
L
. 2
-1000 4 1 3
T T T T T T T T 1
0 3 6 9
Time (min)

Fig. 3. Inhibitory effect of 10 um ATP on I, in the presence of 50 nm CPDPX, an
adenosine A, receptor antagonist. Note that CPDPX did not attenuate the effect of ATP
on I, indicating that ATP inhibits I, independently of adenosine A, receptors.

effect through a receptor distinct from the adenosine A, type. In addition, ATP also
inhibited I, in the presence of 10 uM atropine, a muscarinic cholinergic antagonist
(n = 3 myocytes).

Pharmacological characterization of ATP’s effect on I,

The results described above suggest the involvement of an ATP-selective
P,-type purinergic receptor in mediating inhibition of I,. Two sets of experiments
were therefore conducted to further demonstrate the involvement of P, receptors and
to determine the specific receptor subtype.

Suramin

The trypanocidal compound suramin has recently been reported to be a selective
antagonist of P, receptors (e.g. vas deferens: von Kiigelgen, Biiltmann & Starke,
1989; PC12 cells (IC;, = 30 um): Nakazawa, Fujimori, Takanaka & Inoue, 1990;
bladder and taenia coli: Hoyle, Knight & Burnstock, 1990; coeliac ganglion neurons
(ICyo = 1-5 um): Evans et al. 1992; medial habenula neurones: Edwards et al. 1992).
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As illustrated in Fig. 4, 100 gM suramin was able to nearly completely antagonize the
inhibitory effect of 10 um ATP on I, at 0 mV. In a total of five myocytes, during
initial perfusion of 10 um ATP I, at OmV was inhibited by 34:8+12-7%.
Subsequent perfusion of 10 um ATP+ 100 um suramin caused I, to increase to

0 —_
‘ 250 pA
2
4 100 mS
i 3
-3 -5
- Suramin
< ATP @ ———————
2 _600 Wash-out
\8 ________
2
w/ m
3 \-n_
1 5
-1200 T T — T T .
0 10 20
Time (min)

Fig. 4. Suramin reversibly antagonizes the inhibitory effect of ATP on I;,. After inhibition
of I;, by 10 um ATP had reached steady state, 10 um ATP + 100 uM suramin was applied.
In this particular myocyte, 100 uM suramin in the presence of 10 um ATP brought I,
back to approximately 92 % of its mean initial control value. The effect of suramin was
reversible upon wash-out.

92:4+8:9% of its mean initial control value. In additional control experiments
application of 100 xM suramin alone consistently produced a small and reversible
inhibition of I, at 0 mV of 6+ 1% (= = 3 myocytes). If this 6 % inhibition is taken
into account, then 100 M suramin completely antagonized the inhibitory effect of
10 um ATP.

P, receptor subtype

While the results obtained with suramin indicate the involvement of ATP-
selective P,-type receptors, the use of suramin alone does not allow distinction
between subclasses of P,-type receptors (e.g. Hoyle et al. 1990). P, receptors have
been subclassified as P,x and P,y. The reported potency order among ATP analogues
for binding to P,y receptors is 2-methyl-thio-ATP > ATP > a,f-methylene-ATP,
while the order is reversed for P,y receptors (e.g. Williams, 1987; Burnstock, 1990;
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Harden, Boyer, Brown, Cooper, Jeffs & Martin, 1990). However, ATP receptors on
platelets, mast cells and lymphocytes apparently do not fit into this subclassification
(e.g. Gordon, 1986; Burnstock, 1990).

The mean concentration—response curves for ATP, 2-methyl-thio-ATP, and
a,f-methylene-ATP are illustrated in Fig. 5. The curves were constructed as the

06
3 04
%
H
< 02 (3) fa)
@ 1B 3
; A (4)

0001 0-01 04 1 10 100 1000
Concentration (zm)

Fig. 5. ATP inhibits I, by binding to a P, receptor. Concentration—response relationships
for inhibition of I, by 2-methyl-thio-ATP (¥), ATP (Hl) and a,f-methylene-ATP (%).
Curves constructed as mean reduction in peak Io, (1-(Ijzonist/Zeontror)) 8t O mV (HP =
—70 mV). The numbers in parentheses indicate the number of myocytes measured from
at each concentration. The data were fitted by conventional Michaelis-Menten
relationships (E = E_,,[agonist]/(IC;, + [agonist]) (continuous curve), with E_,, = 45%,
IC;o = 0-05 uM for 2-methyl-thio-ATP; and E_,, = 50 %, IC;, = 1 um for ATP. The effect
of a,f-methylene-ATP on I, was minimal even at 1 mM. Due to rapid desensitization at
high concentrations (10 uM, 1 mmM) the effect of 2-methyl-thio-ATP was smaller than that
produced by lower concentrations, thereby precluding measurements of true steady-state
effects. Therefore, at 10 um and 1 mM the maximal effects of 2-methyl-thio-ATP were
simply measured and the mean values plotted.

mean reduction in normalized peak I, (1—1,z0ni5t/Icontror) 8t 0 mV. The data were
fitted (continuous curves) by conventional Michaelis-Menten relationships (¥ =
E .« [agonist]/(IC,,+ [agonist]) with the following values: 2-methyl-thio-ATP,
E o = 45%, 1Cy, = 0:05 um; ATP, E,,, = 50%, IC;, = 1 um. The effect of a,p-
methylene-ATP was minimal even at 1 mm.

The potency order for inhibition of peak I, (2-methyl-thio-ATP > ATP >
a,f-methylene-ATP) indicates that ATP binds to a P,y receptor. In addition,
the inhibitory effects of 1 mmM ATP and 1 mm 2-methyl-thio-ATP on I, were not
additive, confirming that both ATP and 2-methyl-thio-ATP were acting at the same
receptor type.

Involvement of G proteins in the P,y receptor-coupling mechanism
Is a PTX-sensitive G protein involved in the P,y receptor-coupling process?

To address this question a ribosylation assay was conducted as described in the
preceding paper (Qu et al. 1993a). Figure 64 illustrates a representative result from
a myocyte that had been incubated with PTX for 4 h at 37 °C (a time sufficient to
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Fig. 6. A PTX-insensitive G protein is involved in coupling P,, receptor activation to
inhibition of I,. A, PTX pretreatment (4 h; Qu et al. 1993a) significantly attenuated the
inhibitory effect of adenosine on I,, but did not block the inhibitory effect of ATP. B,
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produce greater than 90% ribosylation of PTX-sensitive G proteins). PTX
pretreatment essentially abolished the inhibitory effect of 10 uM adenosine on basal
Ic, (Qu et al. 1993a). However, in the same myocyte PTX pretreatment did not
attenuate the effect of 5 um ATP. In a total of five myocytes pretreated with PTX
for 4 h, 5 um ATP consistently inhibited I, to a similar extent as in control (non-
PTX pretreated) myocytes obtained from the same isolation (PTX, 33:4+2:6%
inhibition ; control, 35-6 +4-3 % inhibition). These results indicate that, in contrast to
the inhibition of basal I, mediated by adenosine, ATP inhibits I, through a
mechanism independent of activation of a PTX-sensitive G protein.

Is a PTX-insensitive G protein involved in the P,y receptor-coupling process?

To address this question the non-hydrolysable GTP analogue, GTPyS, and the
non-degradable GDP analogue, GDPSS, were employed. For these measurements
200 um GTP in the control patch pipette solution was replaced with either
1 mm GTPyS or 1 mM GDPSS. These compounds were then perfused into myocytes
for at least 30 min prior to conducting measurements.

When 200 um GTP was included in the pipette (i.e. control conditions) 10 gum ATP
produced a completely reversible inhibitory effect on Io,. When GTP was replaced
with 1 mm GTPyS (Fig. 6B), 10 um ATP still inhibited I, to an extent similar to
control (41-0+12:1%, n = 4 myocytes). However, the inhibitory effect of ATP was
completely irreversible in the presence of GTPyS. This irreversibility was consistently
observed in all myocytes perfused with 1 mm GTPyS (n = 4). When 1 mm GDPSS
was included in the patch pipette (Fig. 6 C) the inhibitory effect of 10 um ATP on I,
was significantly attenuated compared to control (21:2+12:2%, » = 4 myocytes),
and the effect was only partially reversible. Such partial reversibility of agonist
effects in the presence of intracellular GDP/S has been observed in other preparations
(e.g. Bosma, Bernheim, Leibowitz, Pfaffinger & Hille, 1990). The underlying reasons
are presently unclear.

These results indicate that activation of a PTX-insensitive G protein is involved
in the P,y receptor-coupling mechanism mediating the inhibitory effect of ATP on
Ig,.

Tests of possible intracellular mechanisms mediating the inhibitory effect of ATP
on I,

Is the inhibitory effect of ATP dependent on changes in [Ca®*];?

To address this question, the effects of replacing (i) extracellular Ca®* with Ba?*
and (ii) control intracellular EGTA with BAPTA were investigated.

Ba?* is capable of carrying current through L-type Ca®* channels while eliminating
or greatly minimizing contributions of ‘Ca**-dependent inactivation’ (Eckert &
Chad, 1984 ; Campbell & Giles, 1990). Figure 74 illustrates representative results on

ATP inhibited I, irreversibly when 200 zM GTP in the patch pipette was replaced with
1 mm GTPy8. C, the effect of ATP on I, was significantly attenuated when 200 gM GTP
in the patch pipette was replaced with 1 mm GDPSS. All experiments were conducted at
least 30 min after the whole-cell recording configuration was obtained.
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the effect of 10 um ATP on the peak Iy, I-V relationship obtained from a single
myocyte. Ten micromolar ATP decreased Iz, at —25 mV (the mean peak I-V
potential) by 49-7+11-8% (» = 5 myocytes), a value not significantly different from
its inhibitory effect on I, recorded under control conditions (459+11:0%, 0 mV).
Therefore, ATP reversibly inhibited peak Iy, to the same extent as peak I,.

A 200 | Ic, (PA)
-70 -40 20
V(mV)
-1100
B 500 | Ic, (PA)
-70 -40 20 50
V(mV)
-3000

Fig.7. A, effect of 10 um ATP on Ba®* flux through the Ca?* channel. Peak current—voltage
relationships in 1-0 mm Ba?* (control) (A), 1-0 mm Ba?* + 10 um ATP (V) and 1-0 mm Ba®*
(wash-out) (A). B, effect of 10 um ATP on I, (1-8 mm Ca?*) with 10 mm BAPTA in the
pipette. Peak difference (I, peax —Ica 500ms) 80d isochronal (500 ms I-V relationships in
control (H), 10 uMm ATP (A) and wash-out (V).

BAPTA is a much stronger and faster Ca®* chelator than EGTA. By replacing
EGTA with BAPTA in the patch pipette, the [Ca®*]; transient is expected to be more
rapidly and efficiently buffered. Figure 7B shows representative results on the effect
of 10 um ATP on the I, I-V relationship obtained from a single myocyte when
5 mM EGTA was replaced with 10 mm BAPTA in the patch pipette solution and the
myocyte was perfused for longer than 30 min prior to conducting measurements. In
10 mm BAPTA, 10 um ATP inhibited I, at 0 mV by 43:3+8:8% (n = 4 myocytes),
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a value similar to that observed with normal control 5 mm EGTA (4594 11:0%).
These results indicate that the inhibitory effect of ATP is not attenuated by strong
buffering of [Ca®*], with BAPTA.

In combination, the Ba?* and BAPTA results suggest that the inhibition of L-type
I, by ATP is not obligatorily dependent upon Ca?* jon influx or changes in [Ca?*],
(see also Fig. 8).

Single-channel second messenger test

To determine if ATP inhibits I, by activating intracellular diffusible second
messenger(s), single Ca®* channel activity was recorded using the cell-attached patch
clamp configuration (see Methods). ATP was applied by externally perfusing
myocytes (but not the patch surface under the pipette). If ATP exerts its effects by
activating intracellular diffusible second messengers, effects on Ca?* channels
recorded under the patch should be demonstrable even if ATP does not have direct
access to Ca’' channels isolated in the patch (e.g. Hille, 1992).

The upper panels of Fig. 8 illustrate six consecutive traces of single L-type Ca®*
channel activity recorded in control and after bath application of 10 um ATP elicited
at + 10 mV from a holding potential of —80 mV. In this particular patch, there were
at least three Ca?t channels. The lower panel of Fig. 8 shows ensemble averages of
channel activity constructed from 200 traces obtained from the same myocyte in
control, 10 um ATP and wash-out. Bath application of ATP decreased the amplitude
of the ensemble-average current. The effect was reversible upon wash-out. An
inhibitory effect of bath-applied 10 uMm ATP on ensemble-average Ba** currents was
observed in a total of three patches (each containing at least three Ca®* channels). The
mean single-channel conductance measured from these three cell-attached patches in
control and bath-applied 10 um ATP were not significantly different (control,
19+2 pS; ATP, 20+2 pS; P < 0:05).

These single-channel results directly confirm the inhibitory effects of ATP on I,,
and suggest that the effect may involve cytosolic diffusible second messenger(s)
generated following P,y receptor activation. However, these results do not exclude
the additional possibility that P,y receptors may also modulate Ca®* channels by a
direct G protein—channel interaction, i.e. similar to the muscarinic receptor
activation of Iy, described in atrial myocytes (e.g. Breitwieser & Szabo, 1988).

Possible second messengers: are protein kinase A, protein kinase C, or inosttol
phosphates involved ?

The second messenger systems associated with P, receptor subtypes have not been
established unambiguously. In a number of cells ATP and other nucleotides
produce an increase in inositol trisphosphates and elevation of free [Ca?*];, suggesting
the involvement of phospholipase C (PLC) (e.g. hepatocytes: Charest, Blackmore &
Exton, 1985; HL60 cells: Dubyak, Cowen & Meuller, 1988; adrenal medullary cells:
Boeynaems, Pirotton, van Coevorden, Raspe, Demolle & Erneux, 1988; rat
ventricular myocytes: Danziger et al. 1988; Legssyer, Poggioli, Renard & Vassort,
1988; reviewed in Burnstock, 1990; El-Moatassim et al. 1992). It has also been
demonstrated in turkey erythrocytes that the P,y receptor is coupled to PLC by
GTP-dependent proteins (Harden et al. 1990). It is therefore possible that activation

11 PHY 471
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of PLC, increases in [Ca®*);, activation of protein kinase C (PKC), or production of
inositol phosphates (IP,, IP,) might be important in mediating the effect of ATP on
I,. Finally, it is well documented that simulation of the cAMP-dependent protein
kinase A pathway increases L-type I, (e.g. Hartzell, 1988). However, it is not clear

A Control B 10 um ATP

50 ms 50 mS

c

— ATP (10 um)
— Wash-out

— Control

<
4—| Q
50 ms

Fig. 8. The effect of 10 um ATP on the ensemble-average behaviour of single Ca®* channels
recorded in the cell-attached configuration. In this particular patch there were at least
three Ca?* channels. The upper panel shows a selected series of six consecutive Ca?*
channel recordings in both control (4) and 10 yum ATP (B) at +10 mV (HP =—-80 mV,
pulses applied at 0-5 Hz, currents filtered at 2 kHz, digitized at 10 kHz). C, ensemble
averages each constructed from 200 consecutive traces in control, 10 uM ATP and wash-
out from the same myocyte in A and B. Bath-applied ATP decreased the amplitude of the
ensemble-current and the effect was reversible.

0-25

if inhibition of this pathway under basal conditions decreases I, (see Qu et al.
1993 a).

To test for the possible involvement of PKC two approaches were used. First, the
effect of 44-phorbol-12-myristate-13-acetate (PMA), which is a direct activator of
PKC, was examined to determine if it could imitate the effect of ATP. In three
myocytes, application of 200 nMm PMA did not inhibit I, ; rather, there was a slight
stimulatory effect. Increasing PMA to 1 uMm failed to produce any effect on I, (n =
2 myocytes). Second, a non-specific PKC inhibitor, staurosporine (100 nm), was used
to determine if it could block the effect of ATP on I.,. To determine if inositol
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phosphates could imitate and attenuate the effect of ATP on I, 100 xm
IP,+7-7 um IP, were internally perfused for 20 min prior to application of ATP.
Finally, to determine if ATP reduces I, by inhibiting basal activity of PKA two
approaches were used: (i) 2 yum PKI, a specific peptide inhibitor of cAMP-dependent

60

50- T ;
d 000 ans

20-_ /

10 4

Percentage inhibition

Control

PKI

cAMP + IBMX
B 82+

BAPTA
Staurosporine
IP; +IP,

Fig. 9. Tests for possible involvement of different second messenger pathways ([Ca®*],,
PKA, PKC and inositol phosphates) in mediating the inhibitory effect of 10 yum ATP on
I;, at 0 mV. Summarized results obtained using the different experimental protocols
described in the text. Data give as means+s.p. for » > 4 myocytes for each protocol.
None of the experimental manoeuvres significantly affected the inhibition of I, by ATP.

PKA, was internally perfused for 30 min prior to application of ATP, and (ii) a
‘cAMP clamp’ was imposed, i.e. 1 mM cAMP + 10 um IBMX (a phosphodiesterase
inhibitor) was internally perfused for an additional 10 min after reaching steady-
state effects so as to maximally activate the cAMP-PKA system (Qu et al. 1993 a).

The results of all of these different experimental manoeuvres are summarized in
Fig. 9 (results of n = 4 myocytes for each case). None of the interventions affected
the inhibition of I, by 10 um ATP. Therefore, none of the second messenger systems
which we tested for appears to be critically involved in coupling P,y receptor
activation to I, inhibition.

DISCUSSION

Our results are the first to demonstrate that both adenosine and ATP inhibit basal
L-type I, in ferret isolated right ventricular myocytes. The present study is also the
first in isolated cardiac myocytes to demonstrate that (i) adenosine and ATP exert
their effects by different and distinct pharmacological and biochemical mechanisms,

11-2
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(ii) that ATP is able to exert direct electrophysiological effects on ventricular L-type
I, through ATP-selective P,y receptors independently of adenosine A, receptors,
and (iii) that a PTX-insensitive G protein is involved in coupling activation of the
P,y receptor to inhibition of I.,. Finally, while we have not identified the second
messenger systems involved, our results indicate that [Ca?'];, protein kinase C,
inositol phosphates and cAMP-dependent protein kinase A are not essential for
mediating the inhibitory effect of ATP on I, in these myocytes.

Effect of ATP on the electrophysiological properties of I,

Similar to our previous results obtained with adenosine (Qu et al. 1993a), ATP
reversibly inhibited the basal L-type I, of ferret right ventricular myocytes in a
concentration-dependent manner. However, while neither adenosine nor ATP
significantly altered the voltage dependence of I, activation, ATP did produce
effects on I, inactivation characteristics that were distinctly different from those
produced by adenosine. Ten micromolar adenosine reduced peak I, at 0 mV by
360+ 12:0% (B, = 35%, IC,, = 0-3 um) without altering either the time constants
of inactivation of I, at 0 mV or the time constant of recovery from inactivation at
—70 mV (Figs 5 and 6 in Qu et al 1993 a). Adenosine also did not affect either the ‘f’
or ‘r’ relationships of the I, steady-state inactivation relationship (Figs 3 and 4 in
Qu et al. 1993 a). In contrast, 10 um ATP reduced I, by 459+ 11:0% (E ., = 50 %,
IC,, = 1 M) while significantly altering both time constants of inactivation of I, at
0 mV and markedly slowing recovery from inactivation at —70 mV (Fig. 1B and C).

ATP also significantly altered the inactivation ‘r’ relationship (Fig. 1B). This
effect could be interpreted in terms of extracellular ATP acting like an open Ca®*
channel blocker. However, our data clearly indicate that this is not the case: (i) the
inhibitory effect saturated at 50 % ; (ii) the effect was irreversible with GTPys and
significantly attenuated by GTPSS; (iii) ATP inhibited single Ca®* channel activity
without direct exposure to Ca®* channels in the patch; and (iv) the inhibitory effect
could be antagonized by 100 gM suramin. The last two points are clear evidence that
ATP is not acting as a direct open Ca** channel blocker.

The mechanisms underlying the differences in the electrophysiological effects of
adenosine and ATP on I, are presently unclear; however, the effects of ATP on I,
inactivation and recovery were consistently observed and were significantly different
from both control conditions and the effects produced by adenosine. These results
combined with the fact that the same voltage clamp protocols and methods of
analysis were used for both compounds, indicate that the electrophysiological
differences observed between adenosine and ATP on I, inactivation are genuine.
Unfortunately, the mechanisms governing both inactivation and recovery of L-type
I, in cardiac muscle are still not understood (e.g. Campbell & Giles, 1990). While
it is now generally accepted that inactivation of cardiac L-type I, displays both
voltage- and current-dependent components, the relative contributions of these two
components have not been accurately quantified. Attributing the differences in the
effects of adenosine and ATP to one specific component of I, inactivation is
therefore not possible at present.
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Possible biochemical mechanisms by which ATP inhibits basal I,

Our results demonstrate separate pharmacological and biochemical mechanisms
by which adenosine and ATP inhibit basal I,, both at the receptor level and the
GTP-binding protein level. In contrast to adenosine, (i) ATP inhibits basal I, by
binding to an ATP-specific P,y receptor (Figs 3, 4 and 5), and (ii) the effect of ATP
on basal I, is insensitive to pretreatment with PTX (Fig. 6.4). However, the effect
of ATP is modulated by GTP analogues (GTPyS, GDPSS; Fig. 6 B and (), indicating
that P,y receptors are coupled through a PTX-insensitive G protein to mechanisms
regulating I,.

It has been demonstrated in rat ventricular myocytes that the rank potency order
for ATP analogues in increasing resting [Ca’*]; is consistent with the presence of
ATP-selective P,y receptors (Bjornsson, Monck & Williamson, 1989). In the same
preparation, Scamps et al. (1992) have proposed that ATP produces both a
stimulatory and an inhibitory effect on L-type I,, possibly mediated by subtypes of
purinergic P, receptors. These investigators proposed that the stimulatory effect is
mediated by an isoform of a G protein. However, in contrast to the findings of
Scamps et al. (1992), we consistently observed a decrease in peak I, upon application
of ATP which remained stable over a period of up to 10 min.

The cell-attached single-channel experiments suggest that some type of in-
tracellular diffusible second messenger(s) is produced upon exposure to extracellular
ATP (although our measurements do not allow us to conclusively rule out direct G
protein modulation of I,). The intracellular mechanisms involved are presently not
clear. Nonetheless, our experimental results (summarized in Fig. 9) strongly suggest
that ATP does not inhibit I, by (i) increasing [Ca®*); (Iz,, BAPTA; and fura-2
measurements: Qu et al. 1993d), (ii) reduction of basal protein kinase A activity
(PKI, ‘cAMP clamp’), (iii) activation of protein kinase C (PMA, staurosporine), or
(iv) production of inositol phosphates (IP,, IP,). One group of potential second
messengers which we have not yet tested for are arachidonic acid and its metabolites,
i.e. prostaglandins, thromboxanes, leukotrienes and epoxides. Arachidonic acid can
be produced either by activation of phospholipase A, or from diacylglycerol (by the
action of diacylglycerol lipase) following activation of phospholipase C (Rana &
Hokin, 1990). It has been reported in a number of organs that ATP stimulates the
production and release of prostaglandins (e.g. Needleman, Minkes & Douglas, 1974),
and that in vascular endothelial cells this effect is mediated by P,y receptors
(Needham, Cusack, Pearson & Gordon, 1987; Carter, Hallam, Cusack & Pearson,
1988). As another possibility, it has been observed in bovine pulmonary artery
(Martin & Michaelis, 1989) and aortic (Pirotton, Robaye, Lagneau & Boeynaems,
1990) endothelial cells that ATP activates phospholipase D, which hydrolyses
phosphatidylcholine to phosphatidic acid and choline. It will be interesting to see if
any of these pathways can mimic or alter the effect of ATP in these myocytes.

Comparison to previous results and possible physiological implications

The responses to extracellular ATP are diverse and variable among different cell
types (e.g. Gordon, 1986; Burnstock, 1990 ; El-Moatassim ef al. 1992). Extracellular
ATP increases free [Ca%*], in a variety of cell types (Burnstock, 1990; Bean, 1992),
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and such increases enhance Ca®*-dependent inactivation of I, (Eckert & Chad, 1984).
For example, in guinea-pig bladder smooth muscle cells ATP decreased I, by
increasing [Ca**]; (Schneider, Hopp & Isenberg, 1991). However, in mammalian
cardiac myocytes the effects of ATP have only been studied in rat ventricular
myocytes, with variability in results. In this preparation extracellular ATP has been
reported to activate a non-specific cation current, which appears to be the main
mechanism by which ATP increases [Ca?*}; levels (Christie et al. 1992). However,
while there does seem to be a consensus that extracellular ATP increases resting
[Ca?*];, both ATP-mediated increases and decreases in I, have been reported
(Scamps et al. 1992), as well as both increases (Daziger et al. 1988) and decreases
(Bjornsson et al. 1989) in the [Ca?*], transient. The effects of extracellular ATP on
Ca?* homeostatic mechanisms in rat ventricular myocytes therefore appear to be
complicated and not entirely agreed upon at present.

In contrast to results obtained in rat, we consistently failed to observe any
increases in resting [Ca?'), in ferret ventricular myocytes upon application of
micromolar levels of extracellular ATP (Qu et al. 1993b). Furthermore, we have yet
to find any consistent evidence for the presence of ATP-activated non-selective
cation channels, as evidenced by the lack of any consistent changes in holding
current or the apparent ., of I, (in either NMDG or normal Na*, K* solutions: see
Qu et al. 1993b). These results, combined with the Ba®* and BAPTA results (Figs 7
and 8), suggest that in ferret right ventricular myocytes increases in [Ca®*); are not
primarily involved in mediating the inhibitory effect of ATP on I,.

In addition to being released as a co-transmitter from nerve terminals (Burnstock,
1990), ATP can also be released from endothelial cells, aggregating platelets and
hypoxic myocardium (Paddle & Burnstock, 1974; Clemens & Forrester, 1980;
Gordon, 1986). ATP in the coronary circulation can approach micromolar levels
(Born & Kratzer, 1984), and higher levels can be reached under ischaemic conditions
(Clemens & Forrester, 1980). Despite uncertainty on the mechanisms underlying
cardiac L-type I, inactivation, it is now clear that alteration of the inactivation
characteristics of I, has a significant effect on repolarization of the cardiac action
potential (e.g. Rasmusson et al. 1990). The effects of ATP on I, should therefore
produce physiologically important effects in ferret ventricular myocytes. This is
clearly indicated by the fact that extracellular ATP inhibits the basal action
potential, [Ca®*]; transients and cell length shortening in these myocytes (Qu et al.
1993b). Our results would suggest that in ferret ventricular myocardium extracellular
ATP could serve a cardioprotective role by being potentially antiarrhythmogenic. In
contrast, in rat ventricle extracellular ATP would appear to be arrhythmogenic. The
effects of ATP therefore appear to be fundamentally different between the two
species. It will be interesting to examine the effects of ATP on Iy, in other
mammalian myocytes, especially human, to assess the applicability of the effects
which we have observed in ferret ventricular myocytes.
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