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1 At the mouse neuromuscular junction, adenosine (AD) and the A, agonist 2-chloro-N°-
cyclopentyl-adenosine (CCPA) induce presynaptic inhibition of spontaneous acetylcholine (ACh)
release by activation of A; AD receptors through a mechanism that is still unknown. To evaluate
whether the inhibition is mediated by modulation of the voltage-dependent calcium channels
(VDCCs) associated with tonic secretion (L- and N-type VDCCs), we measured the miniature end-
plate potential (mepp) frequency in mouse diaphragm muscles.

2 Blockade of VDCCs by Cd*>* prevented the effect of the CCPA. Nitrendipine (an L-type VDCC
antagonist) but not w-conotoxin GVIA (an N-type VDCC antagonist) blocked the action of CCPA,
suggesting that the decrease in spontaneous mepp frequency by CCPA is associated with an action on
L-type VDCCs only.

3 As A, receptors are coupled to a Gj, protein, we investigated whether the inhibition of PKA or the
activation of PKC is involved in the presynaptic inhibition mechanism. Neither N-(2[p-bromocinna-
mylamino]-ethyl)-5-isoquinolinesulfonamide (H-89, a PKA inhibitor), nor 1-(5-isoquinolinesulfonyl)-
2-methyl-piperazine (H-7, a PKC antagonist), nor phorbol 12-myristate 13-acetate (PHA, a PKC
activator) modified CCPA-induced presynaptic inhibition, suggesting that these second messenger
pathways are not involved.

4 The effect of CCPA was eliminated by the calmodulin antagonist N-(6-aminohexil)-5-chloro-1-
naphthalenesulfonamide hydrochloride (W-7) and by ethylene glycol-bis(f-aminoethyl ether)-
N,N,N',N'-tetraacetic acid-acetoxymethyl ester é6TA-BM, which suggests that the action of CCPA
to modulate L-type VDCCs may involve Ca’*-calmodulin.

5 To investigate the action of CCPA on diverse degrees of nerve terminal depolarization, we studied
its effect at different external K* concentrations. The effect of CCPA on ACh secretion evoked by
10mM K™* was prevented by the P/Q-type VDCC antagonist w-agatoxin IVA.

6 CCPA failed to inhibit the increases in mepp frequency evoked by 15 and 20mm K*. We
demonstrated that, at high K* concentrations, endogenous AD occupies Al receptors, impairing the
action of CCPA, since incubation with 8-cyclopentyl-1,3-dipropylxanthine (DPCPX, an A, receptor
antagonist) and adenosine deaminase (ADA), which degrades AD into the inactive metabolite inosine,
increased mepp frequency compared with that obtained in 15 and 20mM K™ in the absence of the
drugs. Moreover, CCPA was able to induce presynaptic inhibition in the presence of ADA. It is
concluded that, at high K* concentrations, the activation of A, receptors by endogenous AD prevents
excessive neurotransmitter release.
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Introduction

Synaptic transmission is subject to a variety of modulatory
influences that can modify the probability of neurotransmitter
secretion. The neuromodulator adenosine (AD) is known to
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decrease ACh release at the neuromuscular junction by
activation of A; AD receptors coupled to a pertussis toxin-
sensitive G protein (G;_3, G,) (Ginsborg & Hirst, 1972; Gross
et al., 1989; Hamilton & Smith, 1991; Zhu & Ikeda, 1993;
Mynlieff & Beam, 1994). These G proteins can cause inhibition
of the adenylate cyclase-cAMP signal-transduction pathway,
or can activate phospholipase C, with subsequent activation of
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protein kinase C (PKC) (Linden, 1991; Hille, 1994; Zink et al.,
1995; Marquardt, 1998; Nyce, 1999). On the other hand, G
protein-coupled receptors can reduce neurotransmitter release
by directly inhibiting calcium currents, rather than by acting
through a downstream soluble intracellular messenger (Hille,
1992; Herlitze et al., 1996; lkeda, 1996; Song et al., 2000).

AD is a physiological constituent of all body fluids,
including the fluid filling the extracellular space. At the
synaptic cleft, the AD concentration is closely matched to
the intracellular concentration through AD transporters (see
the review by Fredholm, 1995). In addition, AD can be formed
extracellularly when ATP, which is released together with
ACH, is hydrolyzed to AD via the ectonucleotidase cascade
(Ribeiro & Sebastido, 1987; Meriney & Grinnell, 1991;
Redman & Silinsky, 1994).

At the frog neuromuscular junction, it has been shown that
the inhibitory effect of AD upon evoked and spontaneous
neurotransmitter release is not related to a reduction in
calcium influx through the N-type voltage-dependent calcium
channels (VDCCs), suggesting that AD exerts its action at a
site distal to the locus of Ca?* entry (Silinsky, 1984; Silinsky &
Solsona, 1992; Redman & Silinsky, 1994). On the other hand,
Hamilton & Smith (1991) showed that, at rat neuromuscular
synapses, AD inhibits the motor nerve terminal Ca’* current
in response to nerve stimulation, but the mechanism(s) by
which AD induces presynaptic inhibition of spontaneous
neurotransmitter release remains unknown. We have pre-
viously shown that, at the mammalian neuromuscular junc-
tion, L- and N-type VDCCs are involved in spontaneous ACh
release (Losavio & Muchnik, 1997). At resting membrane
potential, these channels open stochastically, which allows
Ca’" influx into the nerve terminal and fusion of single
vesicles to the presynaptic membrane. One plausible mechan-
ism is that AD reduces Ca>* influx through the VDCCs
associated with spontaneous secretion, as occurs in mamma-
lian evoked release. An alternative mechanism is that AD
might directly impair transmitter exocytosis. Most of the
reports of the effect of presynaptic modulators upon sponta-
neous release show that they modulate the release machinery
downstream of Ca®>* influx (Silinsky, 1984; Prince & Stevens,
1992; Scanziani et al., 1992; Scholz & Miller, 1992; Silinsky &
Solsona, 1992; Capogna et al., 1996; Dittman & Regehr, 1996).

The aim of the present work was to investigate the
mechanism responsible for the presynaptic depression of
spontaneous quantal secretion at the mammalian synapse
induced by AD. Unlike the situation at the frog neuromuscular
synapse (Redman & Silinsky, 1994), we demonstrate that AD
and the specific AD A, receptor agonist CCPA exert their
modulatory effects by exclusively decreasing the L-type calcium
channel-sensitive component of mepp frequency. This effect
seems to be independent of direct inhibition of protein kinase A
(PKA) or activation of PKC, but does seem to involve an
action on Ca’*-calmodulin. We also studied the effect of
CCPA at different external K concentrations and found that,
at high concentrations (15 and 20mM K "), endogenous AD
blocked the effect of CCPA by occupying the A, receptors.

Methods

CF1 mouse diaphragm muscles were used. Mice (males, 30—
40 g) were anesthetized with sodium thiopental (50 mgkg™")

intraperitoneally and the left hemidiaphragm was excised
and transferred to a 5ml chamber superfused (3 mlmin~")
with Ringer Krebs solution (mM: NaCl 135, KCl 5, CaCl, 2,
MgCl, 1, D-glucose 11, HEPES 5, pH 7.3-7.4, bubbled with
0,), In some experiments, the KCl concentration of the
Ringer Krebs was raised to 10, 15 or 20 mM, by adding KCl to
control Krebs solution. All recordings were made at room
temperature (20-23°C) wusing conventional intracellular
recording techniques. Mepps were recorded at the end-plate
region of the muscle fibers using borosilicate glass micro-
electrodes (WP Instruments) with a resistance of 5-10 MQ,
filled with 3M KCIl. Muscle fibers with a resting membrane
potential less negative than —60mV (except for preparations
incubated in high K*) or mepps with a rise time greater
than 1ms were rejected. In each experimental group, the
muscles were allowed to equilibrate in the respective solution
for at least 20 min, after observing that the mepps represented
a period of stable spontaneous neurotransmitter release.
Mepp frequency in each solution was recorded for 100s
from at least 10 different neuromuscular junctions and the
values were averaged.

In order to decrease [Ca®*],, nerve terminals were loaded
with EGTA-AM (Molecular Probes), a cell-permeant buffer,
as follows. The preparation was immersed in a Ca®"-free
Ringer solution containing EGTA-AM dissolved in dimethyl-
sulfoxide (DMSO) (3 x 107"mol (30mg of muscle)™'). Pre-
parations were incubated under these conditions for 2h at
room temperature, and then rinsed for 40 min with Ca>*-free
Ringer solution (Kijima & Tanabe, 1988). The final DMSO
concentration was 0.08% (vv™"). In control experiments, this
concentration of DMSO did not affect any of the parameters
studied (data not shown).

The data given in Results represent mean values+s.e.m.
and n represents the number of animals (only the left
hemidiaphragm was used from each mouse for a given
experiment). To overcome the problem of variability in the
spontaneous release of different muscles, in each experiment,
mepp frequency was expressed as a percentage of the
frequency obtained in the same muscle in control Ringer
solution. The frequencies were measured by direct observation
from the oscilloscope screen or as mepp amplitudes, acquired
through an A/D converter controlled by computer, and
analyzed using WCP software (Dagan Corp.). The statistical
significance of differences between means was evaluated by
one-way analysis of variance (ANOVA) followed by Tukey’s
test. Differences were considered to be significant when
P<0.05 (*).

The following compounds were used: the specific AD
A, receptor agonist CCPA (Sigma, St Louis, MO, U.S.A;
500nM); the selective AD A, receptor antagonist DPCPX
(Sigma; 0.1 uM); the enzyme that converts endogenous
AD into inosine, ADA (Sigma; 0.5Uml™"); nitrendipine
(Sigma; SuM, used as an L-type VDCC blocker in a
darkened room to prevent photo-oxidation of the compound);
w-CgTx (Alomone Laboratories; 5SuM, used as an
N-type VDCC blocker); w-Aga (Alomone Laboratories,
Jerusalem, Israel; 100nM, used as an P/Q-type VDCC
blocker); H-89 (Sigma; 1 uM, an inhibitor of PKA); forskolin
(Alomone Laboratories; 20uM, an activator of PKA;
H-7 (Sigma; 10uM, an inhibitor of PKC); PMA (Sigma;
200 nM, an activator of PKC); W-7 (Sigma; 10 uM, an inhibitor
of calmodulin).
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Results

Effect of AD and CCPA on spontaneous acetylcholine
release

Figure la and b illustrates the presynaptic effects of AD
(100 uM) and the specific AD A, receptor agonist CCPA
(500nM) on spontaneous ACh release. These nucleosides
decreased the mepp frequency to 62.6+2.6% (n=06) and
53.5+1.6% (n=28) of the control values, respectively, an effect
that was totally reversible upon washout. The inset shows the
effect of CCPA as a function of its concentration: maximal
effect was observed at 500 nM. The presynaptic effect of CCPA
did not occur when preparations were preincubated with the
A selective AD receptor antagonist DPCPX (Figure 1a and c).
DPCPX (0.1 um) alone did not modify mepp frequency,
suggesting that the basal efflux of AD is minimal and does
not affect spontaneous neurotransmitter release.

Effect of AD on VDCCs

One of the possible mechanisms by which AD could induce
presynaptic inhibition of spontaneous ACh release would be
via a reduction in Ca’* influx through the VDCCs that
regulate this type of secretion. To verify this hypothesis, we
first analyzed the effect of CCPA on nerve terminals
previously incubated with a universal VDCC blocker such as
Cd>*. In Figure 2a, it can be observed that 100 um Cd>*
reduced the mepp frequency to 46.4+2.5% (n=15) of the
control values and the addition of CCPA did not induce a
significant reduction in spontanecous ACh secretion
(51.740.6%). Since we have demonstrated that L- and N-
type VDCCs are involved in tonic ACh secretion at the
mammalian neuromuscular junction (Losavio & Muchnik,
1997), we thought it worthwhile to investigate the effect of
CCPA in the presence of the specific channel blockers
(Figure 2b). The application of 5uM w-CgTx, an N-type
VDCC blocker, reduced mepp frequency to 59.2+3.8% (n=4)
of the control values and the addition of 5 uM nitrendipine, an
L-type VDCC blocker, induced a further reduction in
spontaneous ACh secretion (to 38.2+3.5%). Introduction of
500nM CCPA to the bathing solution did not significantly
modify the values obtained with both blockers (37.8+3.1%),
suggesting that VDCCs play a role in the mechanism of action
of AD. This result prompted us to examine the effect of CCPA
upon the individual VDCCs that are involved in the genesis of
spontaneous secretion. We next investigated the effects of
specific Ca®*-channel blockers and CCPA on mepp frequency.

In Figure 3a, the effect of CCPA on the nitrendipine-
sensitive component of mepp frequency can be observed: 5 uM
nitrendipine reduced spontaneous secretion to 51.2+1.3%
(n=15) of the control values. This effect of nitrendipine is
greater in the absence than in the presence of w-CgTx (see
Figure 2 and Discussion, Losavio & Muchnik, 1998).
Application of CCPA to preparations preincubated with
nitrendipine did not show any further reduction in mepp
frequency (49.8+1.3%). On reversing the order of adminis-
tration, CCPA induced a presynaptic inhibition to 56.4+2.1%
(n=15) of control values, and the addition of the L-type VDCC
blocker did not have any further effect (59.6+2.6%; see
Figure 3b). We obtained similar results when experiments were
performed using 5 uM nifedipine as the L-type VDCC blocker

(data not shown). These results clearly demonstrate that the
specific activation of the A receptor reduces spontaneous ACh
secretion that is associated with Ca’>* influx through L-type
VDCCs.

The effect of CCPA on N-type VDCCs is depicted in Figure
3c and d. When mepp frequency was recorded in the presence
of 5uM w-CgTx, its value decreased to 55.6+2.8% (n=4) of
control values, and the addition of CCPA induced a further
reduction, which was significantly different from that obtained
in w-CgTx alone (38.84+1.9%, P<0.05). When the sequence of
drug application was reversed, CCPA reduced mepp frequency
to 54.54+2.1% (n=4) of control values, and subsequent
application of @-CgTx produced a further decrease to
37.24+2.2% (P<0.05 when compared to CCPA alone). The
mepp frequency observed when preparations were exposed to
the combined application of w-CgTx and CCPA was very
similar to that obtained when nitrendipine was applied after w-
CgTx, suggesting that the reduction of spontaneous release
induced by CCPA was due to its effect on L-type VDCCs.

Spontaneous secretion is not related to Ca®* influx through
P/Q-type VDCCs (Losavio & Muchnik, 1997). As expected,
100 nM w-Aga, a specific antagonist of P/Q-type VDCCs, did
not modify mepp frequency (98.3+1.4% of control values,
n=4) and did not alter the effect of CCPA (53.9+0.8% of
control values, Figure 3e).

Mechanism of action of CCPA on L-type VDCCs

It has been reported that AD A, receptors are negatively
coupled to the adenylate cyclase-cAMP signal-transduction
pathway (G protein Gj;_3), and that they also signal via
phospholipase C (G protein G,) (Fredholm, 1995; Nyce, 1999).
Thus, in order to test the hypothesis that AD decreases basal
L-type VDCC activity by inhibiting the PKA pathway, we
investigated whether a specific PKA blocker such as H-89
(Dezaki et al., 1996) altered (i.e., mimicked or blocked) the
effect of CCPA on mepp frequency. In the absence of PKA
inhibitors, the PKA activator forskolin (20 uM) increased
spontaneous ACh release to ~202% of control values. The
addition of H-89 (1 uM) to the solution significantly reduced
the stimulatory effect of forskolin (P<0.05), suggesting that
H-89 inhibits PKA in our system (Table 1). We then studied
the effect of CCPA in the presence of H-89, and found that
CCPA still induced presynaptic inhibition to a degree similar
to that induced in control solution (53.8+3.7% of control
values, n =4, Figure 4a). These results suggest that CCPA does
not modulate L-type VDCCs by decreasing the basal activity
of PKA.

We also investigated whether activation of A, receptors, via
G, protein, could trigger the formation of inositol trispho-
sphate and diacylglycerol, which are known to activate PKC,
leading to a decrease in the activation of L-type VDCC:s. If this
were the case, application of 10 uM H-7, a PKC blocker at that
concentration (Fu et al., 1993; Plomp & Molenaar, 1996),
should reverse the presynaptic inhibition induced by CCPA.
Addition of H-7 to the solution containing CCPA did not
modify the effect of the A, analog on mepp frequency
(55.6+1.9% of control values, n =4, Figure 4b). On the other
hand, if stimulation of PKC is the reason for inactivation of L-
type VDCCs, 200 nM PMA, a phorbol ester known to activate
PKC at neuromuscular junctions (Shapira et al., 1987,
Redman et al., 1997; Angleson & Betz, 2001), would occlude
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Figure 1 AD and CCPA inhibit spontaneous ACh release in mouse skeletal muscle. (a) Mepps recorded from diaphragm muscle
fibers bathed with control Ringer solution (Vm: —74.4mV), with 500 nM CCPA (Vm: —73.5mV), and with 500 nM CCPA in the
presence of the A -selective AD receptor antagonist DPCPX (0.1 uM, Vm: —73.9 mV). Calibration: 3mV, 2.5s. Mepp amplitude was
not modified by CCPA and/or DPCPX. (b) Summary graph bar of the presynaptic inhibition induced by AD and CCPA. The effect
of CCPA on mepp frequency (s™') as a function of concentration is shown in the inset. Control: 1.03+0.03 (n=8); CCPA: 1 nM:
1.07+0.03 (n=4); 10nM: 0.88+0.04 (n=4), 100nM: 0.68+0.03 (n=4), 250nM: 0.63+0.01 (n=3), 500 nM: 0.554+0.03 (n=3),
700nM: 0.55+0.04 (n=4). ECs: 19.4nM. (c) DPCPX prevented the modulatory effect of CCPA. In (b,c), data are expressed as
percentages of control values (black bars). Error bars indicate s.e.m. *P<0.05.
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Figure 2 CCPA failed to induce presynaptic inhibition in the
presence of Cd** and w-CgTx + nitrendipine. (a) The universal
VDCC blocker Cd** (100 uM) decreased mepp frequency and
blocked the effect of AD. (b) The combined application of 5uM w-
CgTx (an N-type VDCC antagonist) and 5 uM nitrendipine (Nit; an
L-type VDCC antagonist) also diminished mepp frequency and
prevented the inhibition induced by CCPA. Data are expressed as
percentages of control values (black bars). Error bars indicate s.e.m.
*P<0.05.

CCPA action. We found that application of PMA increased
the mepp frequency to 158.5+2.3% of control values (n=4),
and further application of CCPA induced a reduction of
spontaneous release to 71.8 +8.5% of control (Figure 4c). To
evaluate the effect of H-7 in our system, we analyzed whether
H-7 could attenuate the stimulatory effect of PMA. H-7
reduced the increase in mepp frequency induced by PMA (see
Table 1). In combination, these results suggest that neither the
cAMP-PKA pathway nor the phospholipase C-PKC pathway
are involved directly in the modulation of spontaneous
secretion by AD.

Recently, Ivanina et al. (2000) have demonstrated that both
the Gfiy subunit of G protein and calmodulin directly bind to
the cytosolic N terminus and the C terminus of the o,¢ subunit
of L-type VDCCs, reducing the conductance of the channel.
The inhibition occurs at basal cellular levels of Ca?*, and is
eliminated by EGTA. Thus, in order to investigate whether
activation of A, receptors modulates L-type VDCCs in a
calmodulin-dependent manner, we incubated the preparations
with 50 uM W-7, an antagonist of calmodulin (Prior & Singh,
2000). W-7 itself did not modify the mepp frequency
(102.4+1.7%, n==6), but prevented the expected decrease in
mepp frequency with CCPA (101.3+4.8%, Figure 5a). We
also performed experiments with the cell-permeant high-

affinity Ca®* chelator EGTA-AM. Muscles pretreated with
EGTA-AM also blocked the inhibition induced by CCPA,
suggesting that the modulation may be Ca’*-dependent
(EGTA-AM: 33.7+1.7% of control values, n=4, EGTA-
AM + CCPA: 32.94+2.5%, Figure 5b).

Effect of CCPA at different external K concentrations

To investigate the effect of CCPA on diverse degrees of nerve
terminal depolarization, we studied its effect at different
external K* concentrations (10, 15 and 20 mM). Figure 6a
shows the increase in asynchronous ACh release when muscle
fibres are bathed in 10mM K* (323.9+10.6% of control
values, n=4). The addition of 500nM CCPA reduced the
mepp frequency to 165.6+12.4% of control. When prepara-
tions were pretreated with the specific A; receptor blocker
DPCPX (0.1 uM), the presynaptic modulation induced by
CCPA was abolished (301.0+37.5% of control, n=4,
Figure 6b). The increase in asynchronous ACh secretion
induced by high K* concentrations is due to Ca®* influx
through P/Q-type VDCCs (Losavio & Muchnik, 1997).
Therefore, we investigated the effect of CCPA in the presence
of 100nM w-Aga. Incubation with the P/Q-type antagonist
reduced the effect of 10mM K7™ on mepp frequency
(130.5+10.2%, n=4) and prevented the inhibitory effect of
CCPA (129.84+9.9%), suggesting that, at high K" concentra-
tions, CCPA reduces asynchronous ACh secretion by mod-
ulating the P/Q-type VDCCs (Figure 6c).

In 15mM K™ (Figure 7a), asynchronous secretion increased
to 870.7+37.7% of control values (n=135), but, interestingly,
the addition of CCPA did not exert any modulatory effect
(868.2+28.0% of control values). Similar results were
obtained when the effect of CCPA on the mepp frequency
induced by 20mM K% was investigated (20mM K™:
3983.9+462.9% of control values; 20mM K™* + CCPA:
4005.5+513.8%; n=4, Figure 7b). To evaluate whether the
absence of an effect of CCPA upon tonic ACh secretion in 15
and 20mM K* was due to the fact that presynaptic A,
receptors had already been occupied by endogenous AD,
0.1 um DPCPX was added to the solution before incubation in
high K solutions. When mepp frequency was recorded in 15
and 20mM K™, an increase to 1542.8+107.1% (n=35) and
7404.34+205.9% (n=15) of control values, respectively, was
observed (Figure 7c and d). These values were significantly
higher than those obtained in 15mM and 20mM K™ in the
absence of the A; AD receptor antagonist (P <0.05). Figure 8a
and b summarizes the effect of CCPA and its antagonist
DPCPX at different external K* concentrations. The effect is
expressed as the percentage change in mepp frequency
compared to that in control solutions. At 5 and 10mM K,
CCPA inhibited transmitter release by 46.5 and 48.8%,
respectively, whereas, at 15 and 20mM K*, CCPA failed to
exert any inhibitory effect. DPCPX did not modify neurose-
cretion when it was added to 5 and 10mM K™ solutions, but
increased asynchronous ACh release by 79 and 66% in 15 and
20mMm K.

Consistent with these results, as shown in Figure 9a and b,
ADA (0.5Uml™"), the enzyme that inactivates endogenous
AD by converting it into inosine (Redman & Silinsky, 1994),
also increased the ACh secretion evoked by 15 and 20 mMm K+
(15mMm K* + ADA: 1507.5+12.3% of control values, n=4;
20mM K* + ADA: 6389.6+410.3%, n=4). Interestingly, in
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Figure 3 CCPA reduced the nitrendipine (Nit)- but not the w-CgTx-sensitive component of mepp frequency. (a) Lack of effect of
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different from that obtained in Nit alone. (b) Lack of effect of Nit on spontaneous ACh secretion in the presence of CCPA. The
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in the presence of 5 uM w-CgTx. CCPA induced a further reduction in mepp frequency when applied after w-CgTx. (d) Effect of w-
CgTx on spontaneous ACh secretion in the presence of CCPA. w-CgTx further reduced mepp frequency induced by CCPA. (e)
Effect of CCPA on spontaneous ACh secretion in the presence of 100 nM w-Aga. The P/Q-type VDCC blocker did not exert any
change in spontaneous secretion and did not block the action of CCPA. Data are expressed as percentages of control values (black

bars). Error bars indicate s.e.m. *P<0.05.

Table 1 Effects of activators and inhibitors of
second-messenger pathways on mepp frequency

Protein kinase A Protein kinase C

Solution Mepp frequency  Solution Mepp frequency
(% of control (% of control
values) values)
Forskolin 201.6+15.2 (4) PMA 158.5+2.3 (4)
Forskolin+H-89 122.4+52 (4) PMA+H-7 96.8+1.7 (4)
H-89 99.0+1.9 (4) H-7 95.6+2.8 (4)

these conditions, CCPA was able to modulate spontaneous
secretion (15mM K* +ADA +CCPA: 692.3+119.1% of
control values; 20 mM K* +ADA + CCPA:
2934.54548.1%). All these results suggest that, at high K*

concentrations, endogenous AD induces presynaptic inhibition
of asynchronous ACh release by occupying A, receptors.

Discussion

We have shown that, at the mouse neuromuscular junction,
the modulator AD and the specific AD A, receptor agonist
CCPA decreased spontaneous acetylcholine release by 37 and
43.4%, respectively. Among the mechanisms that could
contribute to this modulation are the reduced entry of calcium
through the channels associated with tonic secretion (L- and
N-type VDCCs, Losavio & Muchnik, 1997) and direct
impairment of neurotransmitter exocytosis. Our results pro-
vide evidence that presynaptic VDCCs play the main role in
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involved directly in CCPA modulation. (a) The specific PKA
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presynaptic inhibition of spontaneous transmitter release. In
the light of this, it can be predicted that, at presynaptic
receptors, AD should have the same effect as universal Ca>*
blockers such as the divalent cation Cd**. We found that
incubation of preparations with Cd>* decreased mepp
frequency and blocked the inhibitory effect of CCPA. The
same result was observed when the effect of CCPA was studied
in the presence of the specific N- and L-type VDCC

junction when nerve terminals were stimulated electrically
(Hamilton & Smith, 1991). In contrast, at frog neuromuscular
junctions, this mechanism was not found to be associated with
the inhibitory action of AD (Silinsky & Solsona, 1992;
Redman & Silinsky, 1994; Robitaille et al., 1999), suggesting
that, in this species, as in other tissues, the nucleoside inhibits
tonic secretion by modulating the release machinery down-
stream of Ca®™ influx (Prince & Stevens, 1992; Scanziani et al.,
1992; Scholz & Miller, 1992; Capogna et al., 1996; Dittman &
Regehr, 1996; for a review see Wu & Saggau, 1997).

In order to investigate which of the VDCCs was involved in
the presynaptic effect of CCPA, we studied the different
blocking effects of specific VDCC blockers and CCPA on
mepp frequency. Our experiments demonstrated that CCPA
reduced spontaneous ACh release by exclusively modulating
L-type VDCCs, since incubation with nitrendipine reduced
spontaneous secretion and prevented CCPA-mediated inhibi-
tion. On reversing the order of administration of the drugs,
CCPA prevented the effect of nitrendipine. AD has also been

British Journal of Pharmacology vol 142 (1)



120 S. De Lorenzo et al

Adenosine and spontaneous acetylcholine release

a 400 1

350 1 *

=

300 1

250 1

200 1

150 1

100 1

Mepp frequency (% of control values)

50 1

Control K* 10 mM K* 10 mM + CCPA

T

4007

350 1 l

300 1

250 1

200 1

150 1

100 1

Mepp frequency (% of control values)

50 1

K*10 mM + DPCPX K*10 mM + DPCPX +
CCPA

Control

160 7

140 1 '

—

1201

1007 1

801

60 1

40 1

Mepp frequency (% of control values) ©

201

Control w-Aga w-Aga + w-Aga +

K*10mM K*10 mM + CCPA
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expressed as percentages of control values (black bars). Error bars
indicate s.e.m. *P <0.05.

observed to modulate the basal L-type Ca®>* current in ferret
isolated right ventricular myocytes (Qu ez al., 1993), frog
pituitary melanotrophs (Mei et al., 1996) and rabbit carotid
body chemoreceptor cells (Rocher ez al., 1999). On the other
hand, the w-CgTx-sensitive component of spontaneous secre-

tion was not affected by CCPA, since when CCPA was added
to a solution containing the toxin it induced a further
reduction of the secretion. This value was similar to that
obtained when preparations were exposed to both blockers.
When the effect of w-CgTx was evaluated after exposure to
CCPA, it also produced a further decrease in spontaneous
secretion, although this effect was smaller than that
obtained when w-CgTx was applied alone. If we assume that
CCPA reduced the nitrendipine-sensitive component of
spontaneous ACh secretion, these results are consistent with
those reported in a previous paper when mepp frequency was
studied in the presence of nifedipine and @-CgTx in rat
muscles. We found that simultaneous application of both
antagonists reduced the mepp frequency to less than the
arithmetic sum of the individual effects of nifedipine and
w-CgTx, suggesting that L- and N-type VDCCs act synergis-
tically to control spontaneous secretion at individual release
sites, with probable overlapping of their domains (Losavio &
Muchnik, 1998).

Previous studies of neuromuscular junctions have shown
that activation of A, receptors is coupled to pertussis toxin
(PTX)-sensitive G proteins (Gj,, class) (Hamilton & Smith,
1991; Mynlieff & Beam, 1994). Activation of G; proteins by
AD might cause the inhibition of the adenylate cyclase-cAMP
signal-transduction pathway, leading to inactivation of
L-type VDCCs, as has been shown in other cells (Ebersolt
et al., 1983; Linden, 1991; Zink et al., 1995). However, in our
experiments, this mechanism does not seem to be involved,
since H-89, a specific PKA inhibitor, neither mimicked
nor blocked the effect of CCPA. On the other hand,
stimulation of G, proteins by AD might activate the
phospholipase C-PKC pathway, leading in this case to a
decrease in Ca?' current, as was observed in isolated
hippocampal neurons and dorsal root ganglion neurons
(Doerner et al., 1988; Rane et al., 1989). Application of H7,
a PKC blocker, did not reverse the presynaptic inhibition
induced by CCPA, and did not by itself modify basal
mepp frequency. Furthermore, PMA, an activator of PKC,
known to induce an increase in spontaneous neurotrans-
mitter release at the mouse neuromuscular junction via a
mechanism independent of Ca?™ influx at the nerve terminal
(Scornik et al., 1990), did not prevent the effect of CCPA,
suggesting that activation of PKC did not have any effect on
CCPA-induced depression of spontaneous release. All these
results are in agreement with those reported by Hamilton &
Smith (1991). These authors demonstrated that the observed
reduction in the prejunctional Ca?* current induced by AD
could not be reversed by either cAMP analogues or the
adenylate cyclase activator forskolin, and neither did PMA or
a diacylglycerol analog have any effect. Recently, Hirsh
& Silinsky (2002) showed that the inhibitory effect of
2-chloroadenosine on mepp frequency was independent of
PKA inhibition.

Another alternative is that CCPA could inactivate L-type
VDCCs by acting through the G protein fy subunit via a
membrane-delimited pathway, independently of soluble in-
tracellular messengers (Hille, 1994; Herlitze et al., 1996; Ikeda,
1996; Dolphin, 1998). The activation of A; AD receptors in
cholinergic interneurons has been shown to reduce N-type
Ca’* currents via a membrane-delimited, G;,, class G-protein
pathway (Song et al., 2000). Although the inhibitory action of
Gpy protein seems to be selective for some types of Ca?™
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channels, N- and P/Q-type VDCCs being the principal targets
(Snutch & Reiner, 1992; Zhang et al., 1996; Jarvis & Zamponi,
2001), Ivanina et al. (2000) have demonstrated that, at basal
cellular levels of Ca’", G protein By subunits have an
inhibitory effect on L-type VDCCs in a voltage-independent,
but calmodulin-dependent manner. Here we propose that
CCPA inhibits spontaneous ACh secretion by a mechanism
that involves Ca’*-calmodulin, since treatment of prepara-
tions with the calmodulin antagonist W-7 and the intra-
cellular Ca*>* chelator EGTA-AM eliminates the modulatory
effect of CCPA.

In order to study the effect of CCPA on different degrees
of depolarization of nerve terminals, we investigated its action
at different external K* concentrations. We found that, at
moderate levels of K* (up to 10mM K*), CCPA (exogenous
AD) induced presynaptic inhibition of spontaneous
ACh release. AD coming from the hydrolysis of released
ATP through the ectonucleotidase pathway, in parallel
with that released from both nerve and muscle cells (Cunha
& Sebastido, 1991; 1993; Smith, 1991; Lloyd et al., 1993)
(endogenous AD), does not appear to occupy most of the
A, receptors. In contrast, at high levels of K* (15 and
20 mM), CCPA failed to exert its inhibitory effect, suggesting
that under these conditions presynaptic A, receptors were
occupied by endogenous AD. The assumption that at
high levels of neurotransmitter release endogenous AD exerts
an inhibitory effect was confirmed by the fact that DPCPX,
applied to the solutions containing high K™, induced
an increase in mepp frequency when compared to
values obtained in 15 and 20mM K ¥ in the absence of the

antagonist. Consistent with this notion, we found that
ADA, which completely inactivates extracellular AD,
mimicked the facilitatory effect of DPCPX and allowed
the inhibitory action of CCPA (which is not metabolized
by ADA).

It has previously been shown that w-Aga (a P/Q-type VDCC
blocker) inhibits the presynaptic Ca>* currents and ACh
release induced by either electrical or K* depolarization at the
mammalian neuromuscular junction (Protti & Uchitel, 1993;
Bowersox et al., 1995; Losavio & Muchnik, 1997). We
demonstrated that, at 10mM K™, w-Aga prevented the action
of CCPA, suggesting that, in these conditions, AD inhibits
mepp frequency by reducing Ca>* influx through P/Q-type
VDCCs. Taking into account the observation that AD
decreases the presynaptic Ca>* current in the rat when the
nerve is electrically stimulated (Hamilton & Smith, 1991), we
speculate that AD modulates P/Q-type VDCCs when ACh
release is evoked. However, further investigations are needed
to clarify whether AD induces presynaptic inhibition of P/Q-
type VDCCs by a mechanism that involves calmodulin. It
has been found that Ca’"-calmodulin may exert two
opposing effects on P/Q-type VDCCs, initially facilitating
and then inactivating channel opening (Lee et al., 2000;
DeMaria et al., 2001).

In conclusion, our results are consistent with the hypothesis
that, at mammalian neuromuscular junctions, activation of A,
receptors induces presynaptic modulation of spontaneous ACh
release due to the modulation of VDCCs rather than inhibition
of the release machinery downstream of Ca’*t influx. We
found a differential inhibition of the calcium channels
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associated with tonic secretion: CCPA inhibits the nitrendi-
pine-sensitive component of secretion, while the w-CgTx-
sensitive component is not affected. The inhibitory effect of
CCPA is independent of PKA inhibition and PKC activation,
but seems to be related to Ca®*-calmodulin. On the other
hand, we demonstrated that, when spontaneous secretion was
increased by exposing nerve terminals to high K+ concentra-
tions, endogenous AD induced presynaptic inhibition as a
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